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Increasing emphasis on molecular level understanding of cellular processes has allowed 

certain diseases to be redefined in terms of underlying molecular level abnormalities rather than 

pathological differences.  In an attempt to understand some of these molecular level 

characteristics, this research was undertaken to utilize aptamers as molecular probes in cancer 

studies.  Aptamers are short DNA/RNA strands that show a preferential binding with variety of 

molecules, and are generated by a process called Systematic Evolution of Ligands by 

Exponential enrichment (SELEX).  

First, in an attempt to develop sensitive probes for intracellular proteins, DNA aptamers 

were selected utilizing Capillary Electrophoresis based SELEX (CE-SELEX) targeting Protein 

Kinase C delta (PKCδ).  PKCδ is an important signal transduction protein that plays a significant 

role in tumor initiation.  The selected aptamer was later labeled with a fluorophore and 

developed into a fluorescent probe for protein detection studies. 

Second, a novel strategy to identify over-expressed proteins on the cell membranes 

utilizing aptamers has been implemented.  Here, an aptamer selected using Cell based SELEX 

(Cell-SELEX) has been utilized as a tool for biomarker identification.  The aptamer TD05 

selected against a Burkitt’s lymphoma (BL) cell line was chemically modified to covalently 
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crosslink with its target and to capture and to enrich the target receptors using streptavidin coated 

magnetic beads.  The separated target protein was identified using mass spectrometry.  Using this 

method, we were able to identify membrane bound Immunoglobin Heavy mu chain (IGHM) 

which is an established marker protein as the target for aptamer TD05.  This study demonstrates 

aptamers selected against whole cells can be effectively utilized to identify cancer related marker 

proteins. 

Third, since the identified biomarker is expressed only on the target BL cells, this 

selectivity was exploited to demonstrate that the aptamer can be used as a drug carrier.  Aptamer-

photosensitizer conjugates were engineered to effectively target cancer cells that express 

identified biomarker.  Introduction of the aptamer-photosensitizer conjugates followed by 

irradiation with light has selectively destroyed target cancer cells utilizing induced singlet 

oxygen. 

Finally, to avoid undesirable side effects associated with photosensitizers, as a proof-of-

concept a FRET principle based “prodrug” and an aptamer based drug delivery platform were 

engineered.  The engineered hypothetical “prodrug” was effectively activated upon reaching 

aptamer platform aided by DNA Template based functional Group Transfer Reactions (DTGTR).  

The developed strategy further demonstrates that aptamers can be used as drug delivery 

platforms.  

.
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CHAPTER 1 
INTRODUCTION 

Fundamental understanding of biological processes has been greatly influenced by the 

completion of the human genome project.  Today, the National Center for Biotechnology 

database consists of completed genome data for more than 800 different organisms.1  This vast 

pool of information has resulted in a revolution in the biological sciences.  Increasing emphasis 

on molecular level understanding of bio-organisms has allowed certain diseases to be re-defined 

in terms of underlying molecular level abnormalities rather than pathological differences.   

 In an attempt to understand some of these molecular level characteristics, this research 

was undertaken to utilize aptamers as probes to target tumor-promoting proteins and to 

investigate the feasibility of developing aptamers into fluorescent probes.  We have focused on 

the identification of biomarker proteins utilizing aptamers evolved from cell-SELEX 

methodology and have been able to demonstrate that the identified biomarker protein can be 

applied in therapeutic applications.   

In order to set the foundation for these objectives, this chapter explores the role of proteins 

in diseases, with particular emphasis on cancer, and how understanding these roles can lead the 

development of diagnostic and therapeutic approaches and can stimulate further basic research. 

Role of Proteins in Cancer  

Cancer ranks as the second major cause of death in the United States. 2  The origin of 

cancer cannot be correlated to a single genetic or proteomic alteration.  Since all living cells rely 

on proteins for their survival and growth, slight modifications of proteins can result in different 

cellular mechanisms.  The alteration of proteins can be in their levels of expression,3 or in 

changes to post-translational modifications (glycosylation, phenylation, formylation, acetylation) 

4 or by mutations at the genetic level.5  Such changes can induce uncontrolled cell growth 
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leading to cancer, particularly, when receptor proteins are involved.  Therefore, detection of 

alterations of cell receptor protein expression levels and evaluation of their involvement in 

cancer initiation is important.  Furthermore, these discoveries can lead to the invention of novel 

diagnostic approaches and targeted therapy strategies.  

Most of the key proteins discovered so far are associated with membrane receptors.  For 

example, overexpression of the number of a serum marker proteins, such as α-fetoprotein, 6 

carcino-embryonic antigen (CEA) for colon cancer7 and prostate specific antigen (PSA) for 

prostate cancer8 are well established markers strongly related to tumor initiation and growth.  

Also, several growth factor proteins, such as epidermal growth factor receptor 2 (EGFR2),9 

vascular enhanced growth factors (VEGF),10 platelet-derived growth factor (PDGF)11 and 

insulin-like growth factors (IGF)12 are classic tumor related proteins that play key roles in tumor 

initiation.  Overexpression of these proteins is most likely due to activation and/or mutations of 

the encoding gene.13  For example, the EGFR2 gene encoding the EGFR2 receptor protein is 

activated in various cancers.14  These receptors are responsible for cell-cell or cell-stromal 

communication through signal transduction with intracellular growth factors or ligands.  This 

signaling activates the transcription of various genes through phosphorylation or 

dephosphorylation, and ultimately the induced signaling cascade triggers enhanced cell growth.  

According to a reported clinical study, it has been shown that approximately 85% of breast 

cancer patients have significantly elevated levels of EGFR2 protein and this elevation is strongly 

correlated with disease recurrence, metastasis or shortened survival.15-34  These studies have all 

shown that the identification of molecular basis of diseases can lead to a more in-depth 

understanding of cancer.  Molecular profiling in diseased cells using various probes is important 
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in this process, and should eventually lead to the identification of new biomarkers that can help 

in early diagnosis. 

Molecular Probing of Cancer for Biomarker Discovery 

Transcription Profiling Based Molecular Marker identification  

The approach termed “molecular profiling” is the investigation of abnormalities of many 

genes or proteins on a common platform.35  The identified unique molecular signatures are 

correlated with tumors to identify subsets of patients and to tailor treatment regimes to achieve 

more personalized medical therapies.  Detection of these molecular signatures can also lead to 

methodologies for early detection of cancer.   

Currently, molecular profiling studies rely largely on the analysis of genetic mutations 

using DNA micro-arrays.36  For example, a recent genetic analysis of diffuse B- cell large 

lymphoma (DBCL) using DNA micro-array techniques enabled the re-classification of two 

molecularly distinct forms of DBCL with different proliferation rates, host responses, and tumor 

differentiation rates.37  The results showed that the two subsets have significantly different 

survival rates, demonstrating that, even within a common category of lymphoma, there are 

subsets that can be further divided into subcategories.  There are also many studies currently 

being reported using DNA micro-arrays to identify different disease subcategories based on 

genetic level differences. 35 

Although DNA/RNA arrays are effective in analyzing millions of genes in a common 

platform, a disadvantage of DNA/RNA array analysis is sample preparation, because RNA is 

extremely labile and easily degradable. 38  The lack of stability of mRNA can also be responsible 

for false negative results, especially if unknown subpopulations of cells do not express high 

levels of mRNA.  This low expression level can be lost by contamination from higher abundance 

mRNAs .39   In addition, mRNA expression may not necessarily correlate with protein expression 
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patterns in a given cell.  The information generated from array-based methods may not reflect the 

related protein expression levels in cancer, because proteins can also be mutated and /or altered 

in post-translational processing stages that can initiate the cancer formation.40  In addition to 

micro-array based methods, genetic analysis using a polymerase chain reaction (PCR) based 

method is considered to be more sensitive.  However, amplification of gene products has been 

reported to have variable sensitivities, which can lead to false positive or false negative results.41   

Protein Profiling Based Molecular Marker Identification 

Instead of detecting the mRNA corresponding to a given protein, the protein itself can be 

identified by various methods.  Currently, the major method of disease related protein 

identification utilizes mass spectrometry (MS), including both electrospray ionization (ESI)42 

and matrix-assisted laser desorption ionization (MALDI).43  In addition, a number of novel 

techniques have been developed.  For example, surface-enhanced laser desorption time of flight 

MS (SELDI-MS),44 proximity ligation,45 cell-based bioactivity analysis, and immunological 

assays such as enzyme linked immunoabsorbant assays (ELISA)46 have been used to identify 

biological molecules.  However, due to the poor limits of detection, and sensitivities as well as 

sample loss during the tedious sample preparation, the identification of biologically important 

molecules in disease origination has been hindered.  Therefore, currently the focus is on more 

systematic approaches to identify biomarker proteins related to disease origination. 

One way of addressing this issue is the generation of molecular probes that specifically 

recognize different expression patterns of proteins on the cancer cell membrane.  In this regard, 

aptamers show potential in identifying such molecular differences.  Since aptamers can be 

selected without having to introduce a specific epitope, use of these molecules can help the 

identification of the molecular targets that are overexpressed in specific cells.  The new 
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information generated by aptamer-based molecular analysis has led to re-exploration of diseases 

based on underlying molecular abnormalities. 

Aptamers 

Aptamers are small oligonucleotides that specifically bind to a wide range of target 

molecules, such as drugs, proteins, or other inorganic or organic molecules, with high affinity 

and specificity.47-50  The concept of aptamers is based on the ability of small oligonucleotides 

(typically 80-100mers) to fold into unique three-dimensional structures that can interact with a 

specific target with high specificity and affinity.  Aptamers are made of RNA,51 modified 

RNA,52 DNA, 53 or modified DNA54 and some peptide aptamers have also been reported.55  

Aptamers have been selected for a variety of targets, including ions,56 small molecules,57 

peptides,58 single proteins,59 organelles,60 viruses,61 entire cells62 and tissue samples.63  In the 

case of more complex samples, such as tissues or cells, the aptamers primarily recognize the 

most abundant proteins. 

Aptamer-Protein Interactions 

Naturally, some proteins are known to interact specifically with DNA and/or RNA.  For 

example, most of the transcription factors and nuclear proteins are known to interact with 

DNA/RNA through non-covalent binding to mediate various cellular events.  Binding of these 

“nucleic acids of prey” for their associated “protein baits” is relatively weak.  Despite the low 

affinities, these interactions are specific, selective, and functional.  

The interaction of a DNA/RNA aptamer with its target molecules does not necessarily 

involve a DNA or RNA recognition capability.  In fact, most of the DNA or RNA aptamers have 

been selected for common plasma or membrane proteins that do not possess a nucleic acid 

recognition capability.64  Interaction of an aptamer with its target molecule is a combination of 

non-covalent and electrostatic interactions, and it also depends on the ability of nucleic acids to 
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fold into a unique three-dimensional secondary structure which can fit into a binding pocket in 

the protein.  This compact folding of nucleic acids is the key to enhanced “trapping” of the 

aptamer in the protein pocket, especially for RNA aptamers, which have an extra hydroxyl group 

at the 2’ position of the sugar ring.  Figure 1-1, shows the anti-thrombin DNA aptamer binding 

via electrostatic interactions with thrombin protein.  The affinities of these types of interactions 

are in the picomolar to sub-nanomolar range.    

 
 

Figure 1-1.  Thrombin aptamer and thrombin protein interaction. Ribbon diagram of thrombin 
protein interacting with thrombin aptamer predicted by x-ray Crystallography. 
Aptamer binds with thrombin via a strong electrostatic interaction.  Reprinted by 
permission from Journal of Molecular Biology.65 

Systematic Evolution of Ligands by EXponential enrichment (SELEX)   

The process by which aptamers are selected is called Systematic Evolution of Ligands by 

EXponential enrichment (SELEX), which was introduced by two independent laboratories in 

1990.66, 67  Typically, the SELEX process is a combination of in vitro evolution and 

combinatorial chemistry.   
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Figure 1-2.  The SELEX process. The library containing DNA or RNA molecules is incubated 
with the protein target of interest.  The DNA/RNA bound to the target is separated 
from the unbound sequences.  Separated high affinity sequences are amplified by 
Polymerase Chain Reaction (PCR), and this process is repeated until the library is 
enriched with the potential aptamer sequences. 

The first step involves the chemical synthesis of a DNA library with completely random base 

sequences flanked by pre-defined primer binding sites.  The initial library of the SELEX process 

is incredibly complex with at least 1015 different DNA molecules.  The immense complexity of 

the generated pool justifies the hypothesis that the library will contain a few molecules with 

unique three-dimensional structural characteristics to facilitate specific interactions with the 

target molecule.  As exemplified in Figure 1-2, a typical selection process involves successive 

incubation and separation of high affinity binders, followed by PCR amplification.  Finally, the 

evolved DNA library is cloned and sequenced to obtain the potential aptamers.  However, the 

high complexity of the library leads to difficulties in the separation of the few desired sequences 
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from the rest of the library.  Thus, a well controlled and effective partitioning process is the key 

step in increasing the efficiency of aptamer selection.  

Separation Methods in SELEX 

Conventional SELEX Separation Techniques   

Nitrocellulose filters and affinity chromatography are established methods for separating 

protein bound sequences 68, 69  In nitrocellulose filtration, the DNA or RNA library is incubated 

with the protein target and filtered through a nitrocellulose film.  Since nitrocellulose is sticky 

only to the protein molecules, the protein-nucleic acid complex is retained on the film, while the 

free nucleic acids are removed.  Denaturing reagent is introduced to dissociate the bound nucleic 

acid sequences from the complex prior to the PCR amplification step.  While the nitrocellulose 

filter binding method is most common, several studies have demonstrated that the unbound 

DNA/RNA sequences interact nonspecifically with the nitrocellulose membrane and interfere 

with the separation efficiency of the selection process.70  This non-specific interaction of DNA 

with the membrane often results in the enrichment of sequences that have a high affinity towards 

the membrane instead of the proteins, resulting in a high background with false positive 

sequences.  The problem can be partially counteracted by introducing a high-salt washing to 

remove the non-specifically bound sequences. 

In using affinity columns, the target protein is immobilized on a solid support.  The 

SELEX library is passed through the column, and the sequences with high affinity towards the 

target protein are retained.  The bound sequences are subsequently removed and used for PCR 

amplification.  A major limitation of affinity columns is the need to immobilize the protein 

target, thereby hindering access its potential binding pocket.  Thus, use of both nitrocellulose 

filters and affinity columns can limit the selection of aptamers.  For this reason, there has 
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recently been increased effort to introduce cost-effective, simple, and efficient techniques for the 

separation of aptamer sequences from the library.   

Novel SELEX Separation Strategies 

Target-immobilized magnetic beads71 and capillary electrophoresis (CE)72-75, are newer 

methods for SELEX separations.  The magnetic bead method is rapid and easy, and it requires a 

relatively low sample volume, but it suffers from the same flaws as affinity columns; i.e. 

potential loss of the binding site due to immobilization of the target on to the magnetic beads.  

Non-specific interactions of magnetic beads with the DNA library can also hinder the selection 

efficiency.  

Capillary electrophoresis offers several advantages for SELEX separations.  This method 

provides high separation efficiency, and the selection occurs in free solution so there is little non-

specific binding observed.  A schematic of the method is shown in the Figure 1-3.  DNA library 

containing protein-bound and unbound sequences is injected into the capillary and a high electric 

filed is applied.  Because of their relatively small sizes the unbound sequences migrate rapidly 

and leave the capillary first.  The bound sequences migrate more slowly and are collected as they 

elute.  Subsequently, the high affinity sequences are further amplified using PCR.  The process is 

repeated until the library is enriched with aptamer candidates.    

Aptamer Signaling as Molecular Probes in Cancer Protein Analysis 

Specific signaling aptamers, which combine binding specificity and signal transduction 

capability, are promising probes for real-time detection of nucleic acids and proteins both in vivo 

and in vitro.   Recent studies from our group have shown that signaling aptamers can recognize 

Platelet-Derived Growth Factor (PDGF) and thrombin in a complex biological mixture.76-78  

However, one of the major limitations in using aptamers in vivo is their susceptibility towards 

nuclease degradation. 
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With the advancement of fluorescent based techniques, many research groups have focused 

on developing signaling aptamers (aptamer beacons) that may have potential as in vitro 

diagnostic tools.79 

 

Figure 1-3.  The CE-SELEX process.  After incubation with the protein target the library is 
injected into the capillary. Upon application of the electric field, free DNA sequences 
migrate faster (peak highlighted in blue) than the DNA sequences bound to the 
protein target (peak highlighted in red). The separated bound DNA sequences are 
amplified and proceed to subsequent rounds of selection.  

Signaling aptamers are types of molecular beacons, in which an aptamer is incorporated into 

fluorescence based signaling mechanisms.  As a result, selection methods that incorporate 

Fluorescence Resonance Energy Transfer (FRET) based mechanisms80 have been introduced 

usually as a FRET pair, into the starting library.  However, one of the challenges in using 

fluorescence based signaling aptamers as a diagnostic tool is the high background signal of the 

biological fluids.  One report addressed this problem by engineering a structure switching 

excimer aptamer probe targeting Platelet Derived Growth Factor.81  This excimer aptamer probe 
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represents the first study demonstrating the potential uses of aptamers as in vitro diagnostic 

probes for cancer markers. 

Despite the demonstrated success in selecting aptamers against single proteins, the 

application in real systems is still a challenge, because the aptamers are selected in artificial 

buffer systems where only the target protein is present.  Non-specific interactions with nuclear 

proteins commonly present in real biological samples are known to interfere with the specific 

recognition. 82, 83  Another limitation is the rapid nuclease degradation. In order to prevent 

nuclease degradation, several reports have successfully used modified aptamers, with -OCH3, -

NH2, -F substituents at the 2’ position of the sugar ring. 82, 83 Also, use of locked nucleic acids 

have shown an increase in nuclease resistance82, 83.   

Multiple Aptamer Probes Targeting Whole Living Cells 

For cancer diagnosis and study, there has been increasing interest in identifying aptamers 

for more complex targets such as cells.  Use of living cells as the targets for aptamer selection 

will enable the generation of a panel of aptamers capable of binding to native cell membrane 

proteins.  The use of whole cells as targets to select aptamers offers several advantages:84, 85 

• A panel of aptamers can be selected to target multiple proteins for the cancer study.  This 
can be achieved without prior knowledge of up/down regulated genes related to the 
proteins. 

• Aptamers selected against whole cells can lead to the discovery of novel biomarkers 
even when the expression of distinct protein candidates is not known in advance. 

• By chemical modification of aptamers, the aptamers can be converted into specific 
transporters of drugs in therapeutic approaches.  

• Aptamers selected against whole cells can be used as in vivo imaging agents. 

• Use of subtractive SELEX strategy can reveal protein expression profiles, which can 
effectively distinguish the transformed cells from healthy cells at a molecular level. 

• Finally, the aptamers are selected against the native state of the proteins in the cellular 
environment. 
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For the above mentioned reasons, cell-based aptamer selection is a promising scheme for the 

creation of molecular probes for profiling and imaging of cancer. 

The first example of cell-based aptamer selection was a whole cell selection for anti-

Prostate Specific Membrane Antigen aptamer (PSMA).86  PSMA is a tumor marker for prostate 

cancer, and its expression is primarily prostate specific.  In this study, Lupold et al.86 selected 

RNA aptamers for targeting the extra-cellular domain of the PSMA fusion protein.  To increase 

the nuclease stability of the aptamers in the serum, 2’-fluoropyrimidines were incorporated.  The 

resulting aptamer was able to recognize PSMA expressed by prostate cancer cells, and 

demonstrated the feasibility of specifically selecting aptamers for known protein targets on a 

cellular membrane.  

Following this approach, the selection of an aptamer targeting U251 glioblastoma cells was 

reported.87  Glioblastoma is one of the most common brain malignancies.  The aggressive nature 

of the glioblastoma cells is considered to originate from hyper-vascularity, focal necrosis, and 

rapid cellular proliferation.  Out of the aptamers selected, authors reported that the target of the 

aptamer GBI-10 was tenascin-C, an integral membrane protein considered to be a stromal marker 

for epithelial malignancy.  

Two other studies reported the selection of aptamers with functional capability towards cell 

targets.  Guo et al. demonstrated the feasibility of the selection of aptamers that promote cell  

adhesion using osteoblasts from human osteosarcoma cells.88  The author selected aptamers to 

act as osteoblast capturing probes in order to create artificial tissue engineering platforms.  

Another intriguing study showed aptamer selection against mutated human Receptor Tyrosine 

Kinase–REarranged during Transfection (RTK-RET) using RET-expressing cells as targets.89  

This work led to the selection of an aptamer that can recognize the extra-cellular domain of the 
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RET receptor.  One of the identified aptamers was shown to inhibit the dimerization of the RET 

receptor and blocked the downstream RET-dependent intracellular signaling pathways, 

demonstrating that the selected aptamers could be used as potential therapeutic agents for the 

RET receptor.  

Whole Cell-SELEX Strategy 

The selection strategies described above have all been designed to target a protein 

previously known to be present in the cell membrane.  However, a recent study from our group 

demonstrated a universal strategy to select a panel of aptamers for whole cellular targets.84, 85  

The newly developed cell-based aptamer selection method, called cell-SELEX, is illustrated in 

Figure 1-4.   

Using this approach, several aptamers were selected targeting a cultured leukemia cell line: 

a CCRF-CEM, which is a cultured precursor T cell acute lymphoblastic leukemia (ALL) cell 

line, and a B-cell line from the human Burkitt’s lymphoma Ramos cell line as the control. 

Introduction a counter selection strategy excluded the selection of the most popular receptors on 

all cell membrane surfaces, and minimized non-specific membrane interactions.  The cell-

SELEX method generates highly specific molecular probes able to recognize one type of cancer 

cell line.  

In cell-SELEX, the initial library is incubated with the target cell line.  Following 

incubation, the cells are washed to remove unbound DNA, and the bound sequences are 

dissociated by heating.  The resulting sequences are incubated with a counter cell line to ensure 

the subtraction of common binders.  Introduction of the counter selection step eliminates the 

possibility of selecting aptamers for common membrane proteins and enhances the probability of 

recognizing protein candidates exclusively expressed in the cell line.  The supernatant now 

enriched with sequences that do not bind to the control cells, is collected and PCR amplified.   
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Figure 1-4.  The cell-SELEX aptamer selection process developed by the Tan group. A ssDNA 

pool is incubated with target cells. After washing, the bound DNAs are eluted by 
heating to 95°C. The eluted DNAs are then incubated with negative cells for counter-
selection. After centrifugation, the supernatant is collected and the selected DNA is 
amplified by PCR. The PCR products are separated into ssDNA for the next round of 
selection. Finally the enriched library with aptamer sequences is cloned and 
sequenced to obtain aptamer candidates. 85 

 

 

Figure 1-5.  Enrichment of the pool with the desired sequences for target cells. (a) The green 
curve represents the background binding of the starting DNA library. An increase in 
fluorescence intensity with the number of cycles is indicative of enrichment of the 
affinity towards the target cells. (b) Little change is observed for the control cells.85 
(For information on flow cytometry, see Appendix A) 

a 
b 
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The progress of the selection is monitored by flow cytometry using fluorescence-labeled DNA 

libraries and aptamer probes, as shown Figure 1-5.  This process is continued for about 20 

rounds, and the resulting enriched library is cloned and sequenced.  The sequences are collected 

and aptamers are identified.  

Table 1-1.  Screening of aptamers selected using Cell-SELEX.  Each aptamer was screened with 
different types of leukemia cells to identify common receptor profiles. 85,90 

 Cell line Aptamer 
Sgc8a 

Aptamer 
Sgc3b 

Aptamer 
Sgc4c 

Aptamer 
Sgd2d 

Aptamer 
Sgd3e 

Cultured 
cell lines 

Molt-4  (T cell-ALL) ++++ +++ ++++ ++++ ++++ 

 Sup-T1  (T cell-ALL) ++++ + ++++ ++++ ++ 
 Jurkat    (T cell-ALL) ++++ +++ ++++ ++++ ++++ 
 SUP-B15  (B cell-ALL) + 0 ++ + 0 
 U266  (B-cell myeloma) 0 0 0 0 0 
 Toledo  (B-cell 

lymphoma) 
0 0 ++++ ++++ + 

 Mo2058  (B-cell 
lymphoma) 

0 ++ ++ 0 + 

 NB-4    (AML, APL) 0 0 +++ ++++ 0 
Cells from 
patients 

 
TALL 
Large B-cell lymphoma 

 
++ 
0 

 
+++ 
0 

 
+++ 
0 

 
+++ 
0 

 
+++ 
0 

See appendix A for an explanation of used for binding tendency (i.e. ++++, +++, etc…) AML: 
acute myeloid leukemia; ALL: acute lymphoblastic leukemia, APL: acute promyelocytic 
leukemia.  a-e: Aptamers Sgc8, Sgc3, Sgc4, Sgd2, sgd3 selected against T-cell acute lymphoma 
cell line: CCRF-CEM respectively (see reference 85 and 90).  For more information on flow 
cytometer analysis see Appendix A. 
 

The aptamers selected in the previous study84, 85 were also tested to determine their 

feasibility as molecular probes for recognition and targeting.  Since one aptamer interacts with 

protein targets on the cell membrane, the probes were tested with different leukemia cell lines to 

investigate common protein profiles as shown in Table 1-1.90  Several of the aptamers selected 

against the T-cell leukemia cell line also showed binding with other categories of leukemia cells.  

For example, aptamer Sgc3 primarily recognizes T cell acute lymphoblastic leukemia cells, 

while aptamer Sgc8 recognizes both B-cells and T cell acute lymphoblastic leukemia cells. The 
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results summarized in Table 1-1 indicate that a panel of aptamers specific for each cell type is 

useful in revealing over- or under-expressed specific protein signatures, thus eliminating the 

need for detailed knowledge of distinct expression patterns of membrane proteins prior to 

selection. 

Applications of Aptamers in Cancer 

Biomarker identification has enabled the development of therapeutic applications that can 

precisely target elevated levels of proteins or genes.  Such approaches anticipate that targeted 

imaging of elevated levels of cellular molecules may be used as a tool in diagnosis and or 

therapy.   

Currently, a number of techniques have been used to image tumors.  For example, one 

study exploited the increased glycolysis in cancer by observing the increased uptake of 18F-

labeled fluorodeoxyglucose by positron emission tomography (PET).91  In addition to PET, there 

are many other imaging techniques available, such as magnetic resonance imaging (MRI),92  

computed tomography (CT),93 ultrasound methods and optical technologies.94  These methods 

for whole-body imaging provide primarily anatomical information or functional information at a 

macroscopic level.  Recent research has focused on cellular-level recognition using specific binding 

by molecular probes, which can produce or alter signals that are detected by imaging devices such as 

PET.  However, a major limitation is inadequate availability of tumor specific imaging probes.  

This lack results in low sensitivity and reduced specificity, as well as poor spatial localization in 

clinical applications of molecular imaging.  In this regard, aptamers can be effective candidates for 

new probes for both biomarker identification and therapeutic targeting of tumor cells.90, 95-99   For 

example, labeling oligonucleotides with gamma  or β−positron emitters for in vivo imaging has 

been already demonstrated. 100, 101  In particular, the labeling of a phosphodiester oligonucleotide 

with 18F showed potential for in vivo imaging in a primate PET study.100, 101   
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Use of aptamers as molecular imaging probes in combination with PET will greatly 

increase the specificity of current imaging techniques.  A recent study demonstrated that an 

aptamer specifically selected against tenascin-C (aptamer TTA1) and modified with 99mTc could 

be used as an imaging probe to specifically recognize tenascin abundant cell surfaces.102  

Aptamer TTA1 was chemically modified with 2'-F-pyrimidines and 2'-OMe-purines to increase 

the nuclease resistance in vivo.  It has been modified with a 3’-3’ linkage to increase the stability, 

and the 5’ end was modified with diethylenetriaminepentaacetic acid (DTPA) via a polyethylene 

glycol (PEG) linker.  The DTPA chealates with 99mTc for imaging aptamer localization.  This 

study demonstrated the potential applicability of aptamers in xenografted human tumor imaging.  

Results from our laboratory have also demonstrated the wide-range of feasibility of aptamer-

based cell profiling and imaging using a cocktail of labeled aptamer probes to target specific cell 

types.84,85  

Aptamers can also be chemically modified for drug delivery.  Recently, two studies were 

published describing aptamer conjugated to a chemotherapeutic drug doxyrubicin95 and a toxin.96  

Because most of the chemotherapeutic agents are DNA intercalating reagents, DNA/RNA 

aptamers themselves can carry packed chemotherapeutic agents, but toxins must be conjugated 

to the aptamer.  For example, anti PSMA (Prostate Specific Membrane Antigen) aptamers were 

conjugated to recombinant gelonin an N-glycosidase protein.  Gelonin causes cell death by 

cleaving a specific glycosidic bond in rRNA, thus disrupting protein synthesis.  The aptamer-

toxin conjugates showed IC50 (Inhibition Concentration) of 27nM for cells which express 

PSMA compared to non-PSMA expressing cells. 

Also, two independent studies have demonstrated the feasibility of using aptamers for gene 

therapy using SiRNA.97,103  Since the aptamers can readily be chemically modified to conjugate 
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biomolecules with different functionalities, aptamer-SiRNA complexes were designed for release 

after internalization into the endosome.   

Aptamers and Antibodies 

The interaction of an antibody with its epitope is analogous to binding of an aptamer with 

its target.  Even though antibodies have been known for more than three decades, aptamers show 

inherent advantages that merit their application in biomedical and analytical sciences, as well as 

in basic molecular biology.104  Unlike antibodies, which need tedious procedures involving 

animals for production, generations of aptamers can be prepared by a simple automated chemical 

reaction.  Since aptamers are short DNA/RNA strands, they have much longer shelf lives than 

antibodies.  Aptamers are stable and chemically robust, and are able to regain activity after 

exposure to heat and denaturants.  Also, the selection process can be manipulated to obtain 

aptamers with desired properties for binding to specific regions of the target proteins.  In 

biomedical applications, use of antibodies is limited by their large size and their inability to 

penetrate large solid tumors.105  However, aptamers are smaller in size, and they show higher 

penetration and higher clearance rates compared to antibodies.  Affinities of aptamers are 

comparable with antibodies, with KD ranging typically from 0.3 to 500nM. 53, 106-110 

Photodynamic Therapy 

While use of SiRNA and other chemotherapeutic agents are successful in treating cancer, 

these drugs must be co-localized in a specific cellular compartment in order to produce their 

therapeutic effects.111  Photodynamic therapy (PDT) is an alternative method which cleverly 

exploits the ability of a photosensitizer (PS) to be excited into the excited state by UV, visible, or 

near infra-red light (λ = 200nm-700nm).  The excited PS reacts with dioxygen in the surrounding 

tissue to produce singlet oxygen which subsequently reacts with unsaturated double bonds to 

disrupt cell membranes and protein structure.  The lifetimes of singlet oxygen in biological 
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systems is typically around 0.04 microseconds, and, as a consequence, the radius of action of 

photo damage is considered to be 0.02 micrometers.112  Thus, PDTs with predetermined 

localizations are considered to be among the most effective treatment modalities for cancer.  This 

technique was introduced in the 1890’s by Finsen who treated the skin condition lupus vulgaris 

using a heat –filtered light from a carbon arc lamp.113  The Nobel Prize was awarded to Finsen in 

1903 for his investigations of the use of light to cure diseased cells. 

Mechanisms of Photosensitizing Action 

The PDT process is summarized in the extended Jablonski diagram shown in Figure 1-6.  

When the porphyrin moiety of PS absorbs light of the correct wavelength, it is excited to the first 

excited singlet state, S1.  The S1 state can return to the ground state by fluorescence or 

radiationless decay, or it can undergo intersystem crossing to a triplet state, T1, which is longer 

lived and chemically more reactive than S1.  For this reason, most of the biological reactions are 

mediated by PS in the triplet state, which can interact with the triplet ground state of O2 to 

generate the excited singlet state of oxygen and return PS to its ground state.  This excited 

oxygen can induce photo-oxidative reactions with various biomolecules. 

Biological Damage of Singlet Oxygen  

The generated singlet oxygen can react with unsaturated lipids and amino acid residues 

(Figure 1-7).114  Since unsaturated lipids and proteins are commonly present in biological 

membranes, the major cause of cell death is damage to the cell membrane.  This leads to vascular 

shutdown and necrosis.  Photo damage to the membrane activates the immune system, which is 

triggered to recognize, track down and destroy the remaining tumor cells.  

Current Delivery Systems in Photodynamic Treatment. 

Efficiency of PDT is determined by successful localization of the PS in diseased tissue.  

Unlike other chemotherapeutic or toxin agents, the PS does not need to be released from the 



 

33 

delivery agent.  As long as the delivery agent shows preferential selectivity for the target tissue, 

the improved photo-destruction will take place. 

        

Figure 1-6.  Extended Jabonski diagram.  The generation of excited porphyrin states and reactive 
dioxygen species is illustrated.  State energies: blue porphyrin sensitizer, green 
dioxygen. Upon irradiation of light the porphyrin is excited into excited states which 
then react with ground state triplet oxygen in the surrounding tissues. 

For this reason, an improved delivery system for PSs will preferentially increase the 

concentration of the PS at the diseased cells and increase PDT effectiveness.  A number of PS 

delivery systems have been introduced.  Photoimmuno conjugates comprise the most common 

approach.115  The idea is that new antigens specific for diseased cells are present in the tumor 

cells, and it is possible to exploit the specific recognition of a monoclonal antibody (MAb) for its 

antigen.  However, a limitation of this procedure is the need to conjugate the PSs to the antibody.   

After the conjugation of molecules to MAbs, the antibodies can lose their affinities toward 

their antigens.  Besides, due to their large sizes, the tissue penetration efficiency of PS/Mab 

conjugates is poor.  For this reason, alternative approaches have been introduced.  For example, 
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PSs have been conjugated to serum proteins such as bovine serum albumin (BSA), 116 low 

density lipoproteins (LDL)117, annexins118, steroids119 and transferrin.120   

 

Figure 1-7.  Reactions of singlet oxygen with biomolecules.  Singlet oxygen react with molecules 
containing unsaturated bonds and α−amino acid residues, resulting in damage to 
membranes and proteins  

However, these delivery systems have shown non-specific localization into different sites, 

difficulties in conjugation chemistries, and the loss of specificity, and affinity after conjugation, 

thus decreasing their targeting ability and effectiveness as delivery agents. Alternatively, 

conjugation of a PS with an aptamer may provide a more effective way to deliver the PS to the 

target site. 
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Overview of Dissertation Research 

The scope of the research work presented here is to investigate the applicability of 

aptamers as probes in cancer studies.  First, CE-SELEX methodology was used to select an 

aptamer targeting a tumor promoting protein.  In a second project, aptamer selected using cell-

SELEX method was used to identify a cancer-cell specific biomarker.  The aptamer binds to 

biomarker was subsequently used for therapeutic targeting of tumor cells.  Finally, a fourth 

project demonstrates proof-of-concept of aptamer-based pro-drug design. 
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CHAPTER 2 
SELECTION OF HIGH AFFINITY DNA LIGANDS FOR PROTEIN KINASE C-δ 

Introduction 

Development of fluorescent proteins, such as green fluorescent protein (GFP), that co-

express with a protein of interest has been widely applied and can be considered as the most 

successful way to monitor molecular events in real time121  However, co-expression, in particular 

for protein kinase C-delta (PKCδ), has been shown to affect its biological function.  One way to 

address this problem is the development of PKCδ specific probes that can track the translocation 

of the protein in vivo.  Recent studies from our group demonstrated that fluorescently labeled 

aptamers can be used as tools to study protein-protein interactions.122  The focus of this chapter 

is, therefore, to select DNA aptamers and to develop DNA based fluorescent probes targeting 

PKCδ . 

Protein Kinase C Family of Proteins 

Protein Kinase C is a family of serine and threonine kinases that mediate a wide variety of 

cellular signaling processes such as cell growth, differentiation, apoptosis and tumor 

development.123-125  Also, PKC is known as the major receptor for tumor-promoting phorbal 

esters in the cell.  To date, eleven isoforms of PKCs have been identified. Based on the structural 

composition of the regulatory moiety, three major sub families are known: 1) conventional PKCs 

with four homologous domains, whose activation depends on calcium and responds to diacyl 

glycerol (DAG) or 12-O-tetradeconoylphorbal-13-actate (TPA), 2) novel PKCs activated by 

DAG, or TPA, which are calcium independent, and 3) atypical PKCs, whose activation 

mechanism does not depend on DAG, TPA, or calcium.126  

We are interested in PKC isoform δ (PKCδ), which is ubiquitously distributed in a variety 

of cells and belongs to the novel PKC (group 2) sub family.  Changes of the cellular processes 
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observed with/without treatment of cells with TPA are assumed to be mediated by PKCδ.  

Extensive biochemical studies have established that PKCδ is mainly implicated in regulation and 

programmed cell death in non-cardiac cell types.127  Furthermore, unlike closely related isoforms 

PKCβ and PKCε, PKCδ slows proliferation, induces cell cycle arrest, and enhances the 

differentiation of the various undifferentiated cell lines.128  Also, PKCδ activates NFκ B (nuclear 

factor κ B), which is a ubiquitous transcription factor that plays a key role in regulating the 

immune and inflammatory responses.129, 130 

The interaction of binding and anchoring proteins specific for PKC plays a significant role 

in co-localization and interaction with specific substrates.131  The mechanism of PKCδ  signaling 

is frequently studied by producing stable cell clones that over-express PKCδ  with a fluorescent 

reporter using corresponding expression vectors and/or by using fluorescently labeled protein 

specific antibodies.132  Apart from using antibodies, recent work has shown that fluorescence 

resonance energy transfer (FRET) based reporters for kinase activities are viable probes for 

phosphorylation in live cells. 133  However, several studies indicate that the over-expression is 

not always physiologically relevant.  For example, several groups reported that over-expressed 

PKC iso-enzyme overwhelmed the endogenous enzyme, causing non-specific localization and 

substrate phosphorylation in CHO cells,134 smooth muscle cells,135 NIH 3T3 fibroblast cells,136 

human gliloma cells,137 and capillary endothelial cells.138  For these reasons, development of a 

new methodology for specific fluorescence labeling of endogenous proteins including PKCs 

would be very useful. 

In this regard, use of aptamers as reporter molecules to track PKC translocation can be 

promising.  One way to obtain protein-specific DNA aptamers is by capillary electrophoresis 

based systematic evolution of ligands by exponential enrichment (CE-SELEX).72, 73, 75  This 
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method has shown significant advantages over conventional SELEX techniques.  For example, 

the first study on CE-SELEX was reported to obtain aptamers with low-nanomolar dissociation 

constants in only four rounds of CE-SELEX. 73, 75  In this work, we have used CE-SELEX to 

identify DNA sequences which specifically bind to PKCδ, with the objective of producing 

fluorescent probes  for in vitro studies.   

Materials and Methods 

Instrumentation 

PCR was performed using a Bio-Rad thermocycler.  The CE instrument that was used is a 

home-made CE system (see Figure 2-1).  Radiation quantification was done using a Bio-Rad 

personal phospho-imager.  Fluorescence measurements were made on a JOBIN YVON-SPEX 

Industries Fluorolog-3 Model FL3-22 spectrofluorometer. 

Initial Library Design 

The aim of the SELEX experiment was to identify DNA sequences that specifically bind to 

PKCδ and to develop fluorescent probes targeting PKCδ.  The SELEX process was initiated by 

preparation of an initial library, consisting of a pool of oligonucleotides with a continuous stretch 

of 30 randomized nucleotides.  The random sequences were flanked on both sides by fixed 

sequences used for the hybridization of PCR primers during subsequent rounds of amplification.  

SELEX library: 5’-GCCAGGGGTTCCACTACGTAGA (N)30 ACCAGGGGGCAGAGAGAAG 
GGC-3’ 
Reverse Primer: 3’-CGGTCCCCAAGGTTGAGCATCA-5’ 

All oligonucleotides, including PCR primers, were synthesized using standard phosphoramidite 

chemistry and purified by denaturing Poly Acrylamide Gel Electrophoresis (PAGE) to remove 

truncated DNA fragments produced in the chemical synthesis.   
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PKCδ Expression and Purification  

Human recombinant PKCδ was a gift from the laboratory of Dr W. Cho, University of 

Illinois at Chicago, and was over-expressed from E. Coli stain BL21 (DE3) and purified using Ni 

beads .  

PCR Optimization  

Once the library was synthesized, the next step was PCR optimization of the DNA library. 

PCR is one of the major steps in the SELEX process, and it is necessary to optimize the 

conditions (melting temperature, number of cycles) for PCR to obtain the highest yield without 

any nonspecific amplifications.  The final optimized conditions for the PCR reaction were: 23 ng 

of forward primer, 23 ng of biotin-reverse primer, 0.4 mM  each of DNTP and 10 mM Tris-HCl 

(pH = 9.2) with 3.5 mM MgCl2, and 75 mM KCl buffer in 50uL reaction volumes.  A total of 15 

cycles of denaturation (30 s, 95ºC), annealing (30 s, 57.5ºC), and extension (20 s, 72ºC) were 

performed followed by final extension for 5 minutes at 72ºC.   

The PCR products were verified by analyzing aliquots on 2.5% agarose gel stained with 

ethidium bromide.  In order to obtain a single stranded DNA library of the PCR amplified 

product, a second PCR amplification was carried out using 3’-biotin-attached reversed primer.  

Amplified DNA was made single stranded using streptavidin sepharose (Amersham Biosciences, 

Upsala, Sweden).  Double stranded DNA from the PCR reaction was added to the equilibrated  

streptavidin column, which was washed with PBS buffer.  The dsDNA, which was retained in 

the column, was eluted with 200 mM NaOH. The eluted DNA fraction was de-salted using 

SephadexTM G-25 DNA grade NAP columns (Amersham Biosciences, Upsala, Sweden).  

Recovered DNA was quantified by measuring the absorbance at 254 nm and was used in the 

following/subsequent round of selections. 
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Combinatorial Selection of Aptamer 

A 2mM solution of the library was prepared in the binding buffer (10 mM HEPES, 0.1M 

NaCl, 1mM DTT, 8.1mM Na2HPO4, 1.1mM KH2PO4, 1mM MgCl2) at a pH of 8.05.  Before 

selection, the 2mM DNA library was denatured at 95ºC for 5 minutes and then cooled at 4ºC.  

Human recombinant PKCδ was diluted in the binding buffer and added to the DNA library to 

give a final PKCδ concentration of 50nM.  The mixture was kept at room temperature for 15 

minutes to allow complete binding.  The CE selections were performed on a home-made CE 

system, shown in Figure 2-1.  A high-voltage power supply (Gamma High Voltage Research 

Inc., Ormond Beach, FL) provided the electric field.  DNA was detected using a UV/Vis detector 

(CE-Thermo Capillary Electrophoresis, CRYSTAL 110). A 50μm × 36cm- long (26 cm to 

detector), poly(vinyl alcohol)-coated capillary (Agilent Technologies, Palo Alto, CA) was used 

for separations.  Each day, capillaries were initially flushed with CE separation buffer (8.1mM 

Na2HPO4, 1.1mM KH2PO2, 1mM MgCl2, 2.7mM KCl, 40mM NaCl, pH 8.08) for 30 minutes. 

An initial potential of 12.5kV was applied during separations.  However, after the 4th round, the 

applied voltage was reduced to 7.5kV to prevent base line interferences due to Joule heating.  For 

CE-SELEX selections, samples were injected onto the capillary hydrodynamically (Δh= 5cm, 

10s), and absorbance at 254nm was monitored.  After non-binding sequences migrated through 

the capillary, CE fractions containing high affinity DNA sequences were collected into a sample 

vial by applying pressure.  

Aptamer Labeling with AT32P 

Samples containing oligonucleotide (3.74nmole) and [γ-32P] ATP (8.3pmole) were 

incubated overnight at room temperature with 50 units of polynucleotide kinase (Promega). 

Unincorporated ATP was removed using a G-25 column (Amersham Biosciences). 
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Figure 2-1.  Home made CE set-up used in SELEX experiments.  Samples were introduced 

hydrodynamically. Protein-DNA complexes were collected by applying pressure to push 
the samples out of the capillary. 

Electrophoretic Mobility Shift Assay (EMSA) 

 Binding of aptamers to the human recombinant PKCδ was investigated by EMSA.  Native 

4% polyacrylamide (16cm × 20cm × 1.5mm) gels were prepared using stock solutions of 40% 

acrylamide, 2.6% bisacrylamide, 10X TB, pH 8.5 95% glycerol, and 10% ammonium persulfate. 

The gels were equilibrated at 4ºC and 20mA for 30 minutes prior to sample loading.  The 

proteins and the DNA were serially diluted in 30% glycerol and binding buffer, respectively.  

Aptamers (8nM final concentration) were incubated for 30 minutes with increasing amounts of 

PKCδ (0-2uM) in 2X binding buffer with 200μg/uL BSA in a final volume of 25μL.  At the end 

of the incubation, samples were loaded while the current was running.  Electrophoresis was 

continued at 30mA constant current for three hours.  A quantitative analysis of the relative 

amounts of the radioactivity present in the different bands was obtained from direct counting of 

the gel on a Bio-Rad instant phosphor imager system.  Despite the enrichment achieved in the 8th 
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round, we introduced an additional gel retardation step to eliminate the low affinity sequences 

from the pool.  A separate preparative EMSA assay was performed after the 8th CE-SELEX 

round using 8nM of PKCδ and 100nM of DNA library from the 8th pool.  In order to avoid to the 

non-specific interactions, the DNA concentration was increased by a factor of 10 by adding 

sheared salmon-sperm DNA to the binding buffer. DNA sequences bound to protein were 

extracted using the crush and soak method in which the band corresponded to the DNA-Protein 

complexs was excised from the gel and crushed followed by soaking in the elution buffer to elute 

bound DNA. 139 The DNA bound to the protein was recovered by phenol extraction followed by 

ethanol precipitation.  

Cloning and DNA Sequencing 

The resulting pool from the 9th round was PCR amplified, cloned using the TOPO-TA 

cloning kit (InVitrogen, Carlsbad, CA), ligated into the TA cloning vector and transformed into 

Escherichia coli.  White colonies were isolated and sequenced using a 96-well format 

MegaBACE 1000 capillary sequencer (GE Healthcare) at the ICBR sequencing facility.  The 

resulted sequences were analyzed with the program Sequencing Analysis Clustlaw 6.0 software. 

Fluorescence Anisotropy Measurements 

Fluorescence measurements were performed on a Fluorolog-Tau-3 spectrofluorometer 

(Jobin Yvon, Inc., Edison, NJ).  All experiments were carried out at room temperature using a 

100μL cuvette.   

The fluorescence intensity of the aptamer was monitored by exciting the sample (TAMRA 

label) at 555nm and measuring the emission at 585nm.  Bandwidths for both the excitation and 

the emission monochromators were set at 10nm.  Corrections were also made for potential 

dilution factors in the titration experiments. 
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Results and Discussions 

The SELEX Process 

The need for effective separation methods in SELEX experiments is described in Chapter 

1. The SELEX process is a versatile method for identifying nucleic acids that bind to proteins 

with affinities and specificities comparable to antibodies.  The aim of the SELEX experiment 

described in this chapter is to identify DNA sequences that specifically bind to PKCδ, with the 

objective of developing fluorescent probes.  One of the advantages of CE-SELEX is its high 

separation efficiency, which reduces the number of selection rounds required to achieve an 

enrichment of the library.  For example, the first study by Bowser group on CE-SELEX was 

reported to obtain aptamers in the sub-nanomolar affinity with only four rounds of selection. 72 

After the synthesis of the DNA library, PCR conditions were optimized.  As shown in 

Figure 2-2, after 15 PCR cycles the amplification was sufficient to proceed with the selection.  

The positive control sequence with identical primer sites was also amplified correctly, while the 

negative control with no template sequences was not amplified indicating that no primer-dimer 

formed or non-specific amplification of contaminant had taken place.    

One difference of CE-SELEX compared to conventional SELEX techniques, is the smaller 

sample volumes.  Usually, the conventional SELEX experiments are performed using a larger 

volume of very diverse DNA library, because having a large number of independent sequences 

increases the probability of finding high affinity sequences.  So, scaling the volume of a DNA 

library down to dimensions typical for CE can hinder the selection of the best aptamers.  For 

example, synthesis of DNA strands composed of 30 random bases produce 1014 to 1015 

independent nucleic acid sequences.  During the first round of selection, it is necessary to 

introduce all independent sequences to capture the best aptamer.  In CE-SELEX, the introduction 

of large number of DNA sequences can be done in two ways:  
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Figure 2-2.  PCR Optimization. Lane 1: 25bp ladder, Lane 2: negative control (without template 
sequence), Lane 3: positive control ( DNA template with identical primer sites) Lane 4: 
amplified DNA library. The positive control and the DNA library were amplified in 15 
PCR cycles. The negative control does not show any bands, indicating that no primer-
dimer formation or non-specific amplification had taken place. The final optimized 
conditions for the PCR reaction were: 23 ng of forward primer, 23 ng of biotin/-reverse 
primer, 0.4mM each of DNTP and 10 mM Tris-HCl buffer (pH = 9.2) with 3.5 mM 
MgCl2 and 75 mM KCl in 50uL volumes. A total of 15 cycles of denaturation (30 s, 
95ºC), annealing (30 s, 57.5 ºC), and extension (20 s, 72ºC) were performed followed by 
final extension for 5 minutes at 72ºC. The PCR products were verified by analyzing 
aliquots on 2.5% agarose gel stained with ethidium bromide. 

(1) Use of large injection volumes (still much smaller than conventional SELEX volumes) to 

increase the number of molecules used in CE-SELEX, and (2) use of high concentration of DNA 

library, thereby increasing the number of potential binders in the starting pool.  Since the 

injection volumes can not be significantly manipulated, we initiated the SELEX process by 

employing a high concentration of DNA library (2mM), which provides 1013 DNA molecules 

with an injection volume in the nano-liter range.   

The disadvantage of using a high concentration of DNA is that the peaks observed in the 

CE are relatively broad and can interfere with the separation efficiency (see Figure 2-3).  Also, 

these large peaks can be mis-shaped due to the high ionic concentrations employed in the 

experiments.  Both high concentration of ions and analytes can lead to de-stacking of the flow of 
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ions giving broad peaks.  This is the major drawback in using CE as the separation method in 

SELEX experiments.   

 

Figure 2-3.  Electropherogram of 2mM DNA library.  Observed electropherogram of 2mM DNA 
library with retention time of 129 seconds. The peak width observed for the DNA library 
is 30 seconds, which is much larger than typical CE peak widths. CE conditions: Binding 
buffer with 10mM HEPES,1mM MgCl2, 16mM KCl pH 8.05, 12.5kV at room 
temperature, UV detection at 254nm 

Therefore prior to the actual selection, we estimated the migration time of the free library 

by observing the absorbance of DNA at 254nm (see Figure 2-3).  This allowed us to estimate the 

collection time of the protein-DNA complexes which migrate more slowly than the free DNA.   

Prior to the SELEX experiments, the initial DNA library was denatured and then slowly 

cooled to room temperature to allow the formation of stable secondary structures.  During the 

first 2 rounds of selection, PKCδ was kept at 100nM concentration and incubated with the 2mM 

DNA library at room temperature for 15 minutes to allow complete binding.  Typically, in 

SELEX experiments, the selection process starts with a low ratio of DNA to protein to allow all 

the binding species to be captured and amplified.  However, as the selection progresses, the ratio 



 

46 

of DNA to protein is increased to make the selection more stringent.  This way, only the best 

binders will be retained, and the poor binders will be removed.  Therefore, in our SELEX 

experiments, after the 2nd round of the SELEX process, the DNA-to-protein ratio was increased.  

Also, the pH of the buffer was adjusted to 8.05 to match the pI of the protein.  When the free 

protein is at its pI, it carries no charge and does not migrate with the electrophoretic flow.  

Protein bound to DNA carries the negative charge of the DNA molecule and migrates ahead, 

with the electrophoretic flow, but because of the greater size of the protein-DNA complex, it 

migrates much more slowly than the free DNA.  After the free DNA eluted to the waste 

reservoir, the voltage was applied for another five minutes.  The outlet of the capillary was then 

placed into a collection vial and pressure was applied to push the DNA-PKCδ complex out of the 

capillary.  Captured fractions were PCR amplified using 50μL reaction volumes.  A second PCR 

step was employed with a biotinylated reverse primer and dsDNA was converted in to ssDNA 

using a streptavidin column. 

Even though CE shows high separation efficiencies, we did not achieve enrichment with 

a low number of SELEX rounds (fewer than 4 rounds). The initial paper 73 introducing the CE-

SELEX method, used human recombinant IgE as the target.  The molecular weight of IgE is 

115kDa.  In comparison, the molecular weight of PKCδ is 70kDa, significantly less than IgE.  

Since the mobility shift depends on the differences of the molecular weights of the protein-DNA 

complexes and the free DNA, the mobility shift of PKC−DΝΑ is considerably less.  Due to this 

smaller difference, the free and bound DNAs are not separated well, increasing the probability of 

collecting non-specifically interacting sequences. This effect of size difference on the separation 

using CE-SELEX can limit the versatility of CE-SELEX method.  
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The peak shape is also a potential limitation of the CE-SELEX technique, because low 

affinity sequences migrate in different rates, resulting in broad peaks. Figure 2-4 exemplifies the 

observed absorbance at 254nm of the libraries corresponding to pools from 2, 4 5 and 8.  As 

shown in Figure 2-4, even with 100uM DNA, the peaks observed in rounds 2, 4, 6 and 8 are 

significantly broad.  Since only a few DNA sequences binding with PKCδ, the peak 

corresponding to bound DNA sequences cannot be seen in Figure 2-4 because it is below the 

limit of detection.   

 

Figure 2-4.  Electropherograms of the unbound DNA observed during SELEX rounds 2, 4, 6, 
and 8. DNA samples from the previous round were incubated with PKCδ and 
separated using CE. CE conditions are identical except for the voltage. Due to 
interferences from joule heating, the voltage was reduced to 7.5kV after round 2. 
Despite the number of the round, the peak corresponding to free DNA is broad which 
can decrease the separation efficiency. 

Despite these challenges, we achieved a significant enrichment of the library at the 8th 

round.  The progress of the selection was monitored using Electro Mobility Shift Assay (EMSA) 

as described in the methods and materials.  The results for the 8th pool and the initial library are 

shown in Figures 2-5 and 2-6, respectively.  By comparing the binding curves corresponding to 

the initial library (Figure 2-6) and enriched pool from round 8 (Figure 2-5), we observed a 60% 

enrichment of high affinity sequences.  However, since the enrichment was relatively poor, we 

introduced an additional gel extraction step to capture the sequences with the highest affinity.   
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Figure 2-5.  Affinity of enriched DNA pool from 8th round. A 3nM of 32P labeled DNA pool was  

incubated with 4, 8, 16, 32, 64, 128, 250, 500, 1000, 2000nM PKCδ and analyzed by 
EMSA image (4% PAGE). Fraction bound was plotted as a function of protein 
concentration. As the concentration of PKCδ increases, there is an increase in the bound 
fraction, indicating that the DNA pool has been enriched with specific binders. 

 
                                                                                   
Figure 2-6.  Affinity of starting DNA pool. 32P labeled starting library (3nM) was incubated with 

4, 8, 16, 32, 64, 128, 250, 500, 1000, 2000nM of PKCδ  and analyzed by EMSA. 
Fraction of bound DNA plotted was as a function of PKCδ concentration. Despite the 
increase in protein concentration, the fraction of bound DNA remains less than 20%, 
suggesting the starting librarycontained a low concentration of specific binders. 
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Analysis of Consensus Secondary Structure of High-Affinity DNA Ligands 

The sequencing data for clones were analyzed using Sequencing Analysis Clustal W 6.0 

software.  As shown in the Figure 2-7, these were 53 sequences, of which 11 unique ligands can 

be grouped into 11 sub-families based on their sequence similarities.   

Typically, the classification of sequences is based on the fragments of sequences conserved 

during the selection due to evolution (color coded in Figure 2-7).  Inspection of the evolved 

sequences for the group of ligands shown in Figure 2-7 shows short segments of conserved 

primary sequences, disrupted by less conserved sequence regions of different lengths.  By 

observing the patterns of these conserved fragments, the individual sequences can be pooled into 

a single subfamily. The number on the right hand side of the Figure 2-7 corresponds to the 

random region of the starting library retained during the selection.  

Analysis of Binding Sequences for PKCδ 

According to CE-SELEX experiment, highly repeated sequences should be the best 

aptamer candidates. As shown in Table 2-1 sequence PB 9 represents a higher population in the 

library, while the population for sequence PB 12 smaller. This indicates that sequence PB 9 is a 

higher affinity sequence, while sequence PB 12 is a non-specifically enriched sequence. 

Therefore, sequence PB 9 was chosen for further investigation with PB 12 as the control 

sequence.   

The binding analysis of aptamer sequence PB 9 and sequence PB 12 was performed using 

EMSA.  Each sequence was labeled with 32P and the resulting sequences were analyzed for 

fraction of binding with PKCδ using EMSA with a fixed protein concentration at 400nM. As 

expected, aptamer sequence PB 9 from the major class showed higher affinity towards the 

protein, i.e. higher fraction of bound sequence for a given concentration of PKCδ.   
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Aptamer_PB4-A06        ---------GATCCGGACGCACGGTGGGATGGACAAC-----------------28 

Aptamer_PB4-G09 (PB 1) -------------CCGACCAACCGCGGGGGGCACACCTC---------------26 

Aptamer_PB4-F12        --------------ACGCAAACCGTGAGTGGTGGAAGGATCATG----------30 

Aptamer_PB4-H03        ------CGAACAGCATCCGGAGGACGAATCGGGTTA------------------30 

Aptamer_PB4-H05        -------GACCACAGCCGAGGCC--GGACATGAGCGTACA--------------31 

Aptamer_PB4-F09        --------GGAGATCAGCAACGTTAGGAAACACAGCTA----------------30 

Aptamer_PB4-C07 (PB3)  --------CGTGAGGCTGAGACCATGGATATTAGGGCC----------------30 

Aptamer_PB4-H12        -----CGCAACACACACGGGACCATCAACAGTACA-------------------30 

Aptamer_PB4-E11        ---------------TCGCGACCTAAGGGAGCACGTTCTGTCTCCA--------31 

Aptamer_PB4-H08       ---------GGTAGCAGGAA-TAGAGACGTGAGGCGTAAA---------------30 

Aptamer_PB4-B03 (PB4)  ---------CGAAGGAAGGG-TAGCGGATCGAGAGGGGGA--------------30 

Aptamer_PB4-G01        ----------GCAGCAAGGC-TAGAAAGAGAGGACAGCGGT-------------30 

Aptamer_PB4-F01        ------------GGCAAGGGATAGGGAAAAGGGCGGGTAAAG------------30 

Aptamer_PB4-H07 (PB5)  ---TACAAACAGACCAGGTGGCAGAGAGAAGGGC--------------------31 

Aptamer_PB4-F07        -------------CCAGCGGGCAGAGAGAAGGGCACGGTGTG------------29 

Aptamer_PB4-D11        ----------GAGGCAGTAAACGGGAGGGGACAAAGGGCT--------------30 

Aptamer_PB4-D06 (PB 6) ----------CAGCTGAACGGCAGGCGTGGACAA--GGAGAT------------30 

Aptamer_PB4-B10         ------------GACAGGTGGAGGAGCGAACAAGCGGAT--------------27 

Aptamer_PB4-C08        ---------GAGAAAGAGAAGGAGTGAGACGCAGACAAA---------------30 

Aptamer_PB4-F04        ----------AGAGATGGTGACAGAGGATTGTGATCTCAC--------------30 

Aptamer_PB4-A10        -------TTGGGAGCCTTGGGTCCGGGAACACAAGGGC----------------31 

Aptamer_PB4-B12 (PB7)  --------GGAGGAGCCGAGGGTCCCAGAAGAAGGGA-----------------29 

Aptamer_PB4-D02        ---------GTG--ACCAGAAGGTCCA-GACTGGAGGCCGCC------------30 

Aptamer_PB4-B11        --------TGTATAGCTCCCATTCATGGCGCTGGTAC-----------------29 

Aptamer_PB4-E08        -----------GCACACCCCACTGAAGGCTCCGGTGCGGTA-------------30 

Aptamer_PB4-G06        -----------GAGGGGGACGA-GGTGAATGCACACGGGATT------------30 

Aptamer_PB4-F11 (PB 8) ----------GGGTGGTGACGA-ATGGGTTGCATACCCGAT-------------30 

Aptamer_PB4-H06        ----------GGTCTATGTCGATATCGGTTGTATCCGGGG--------------30 

Aptamer_PB4-C10        ---------GTGGAAAGGAAGTCCTCGAGGGTATGCGGT---------------30 

Aptamer_PB4-A09        ------------CAGCCCTGAGCATGCGTACTCCCCCCTGACCCC---------33 

Aptamer_PB4-G08  (PB 9)------------ACACGACGGGAATACTGACTCCCCCCCATGT-----------31 

Aptamer_PB4-E12        -------------TGCCCCGGCCATTTGTCCTACACCCCCCTC-----------30 

Aptamer_PB4-F06        -------------TGCCACCCCCACAGACCTTTCCCCCCCTAG-----------30 

Aptamer_PB4-G10        -----------CAGGCAGCTCCGAAAGACGGGACCCCCCC--------------29 

Aptamer_PB4-G12        ----------TGA-GTCCCCGCACCAGCGACCCTCCCCCCT-------------30 

Aptamer_PB4-G11        ----------------GAGCGGCGAAGCTCACAGCCCCCCCACACA--------30 

Aptamer_PB4-B06.b      ----------CGGGGCGGTAGTAATTCCCTCCAGATCGGT--------------30 

Aptamer_PB4-E07 (PB 10)-------------CCCTAGTGTTACTCTACCACATAATGCATC-----------30 

Aptamer_PB4-A07        -------------GACCACCGCTGTTCACCCCGGTACTACTTC-----------30 

 

Figure 2-7.  Sequences obtained from high throughput sequencing of pool of round 9.  The same 
color indicates the conserved similar sequence fragments captured during the 
evolution. The dash lines correspond to the fixed primer regions. Short fragment of 
sequences of the same color correspond to sequences evolved during the selection 
process. According to sequence homology, 11 subfamilies were identified. 
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Aptamer_PB4-C11 (PB 11)-----CATGC--TGCCAGGGGTTCCACTACGTAGAGGCAAT-------------34 

Aptamer_PB4-E06        -------TGCC-TGCCAGGG--TTCACTACGTAGAGGTA---------------29 

Aptamer_PB4-G04        ---------CCGTGCCAGGGGTTCCACTACGTAG--------------------25 

Aptamer_PB4-D12(PB 12)-TGGGGAACGGAATGCCAGGGGTTCCACTACGTAGA-------------------35 

Aptamer_PB4-D08      TTCGCAGTGCCAGGGGTTCCACTACGTAGAGTTGCTTCATCCGCTCATATGCACG 55 

Aptamer_PB4-F02        CAGCGTGCCAGGGGTTCCACTACGTAGAGCGATGTGGCTTGGGGAGGGTGCGT 53 

Aptamer_PB4E1       TGCCAC--TGCCAGGTGTTCCACTACGTAGAT--GGGACGGCAAGGTGGACAGCAG 52 

Aptamer_PB4-H10  ----GACAAGGTGCCAGG-GTTCCACTACGTAGACCCGCAACGGGGACACGCGCACCAC 54 

Aptamer_PB4-B02 (PB 13)----CACGGGTCTCGTTGTCGAATGCGTGCAAGG--------------------30 

Aptamer_PB4-C03        ------TCTTCTCCTCTCCTTCTTTACTAGTTGCGATACGTAGTGGAACCTGGC48 

Aptamer_PB4-E03        ---------GCTGCCTGTCCATGTGACTGGATGTGCTA----------------29 

Aptamer_PB4-D01        ------------GCGATTTCGTGTCAACTGTTGTGTCGCCTC------------30 

Aptamer_PB4-H04        ------GAGCGAGAGTTAAGT-CTTTGGTTCGTGCAA-----------------30 

Aptamer_PB4-D10        ---TCACAGAAAGGGACTCCATCTCCACGGGCA---------------------30 

 

Figure 2-7.  Continued 
 

Table 2-1.  Evolved family of sequences with percentage of population. Higher percentages are 
indicative of sequences with preferential binding with PKCδ with high affinity. 

Family  Sequence Percentage of Population   
PB9 
PB12 
PB11 
PB2 
PB3 
PB1 
PB4 
PB6 
PB5 
PB7 
PB8 

ACACGACGGGAATACTGACTCTCCCCCATGT 
TGGTGAACGGAATGCCGGGGCTTCCACTACGCAGA 
CATGCTGCCAGGGGTTCCACTACGTAGAGGCAA 
CCAGGGGGCAGAGAGAAGGGCATGGTGTG 
GTAAAGGGCCAAAGACTGTATGAATACCAT 
AGCCGAGTGCTCGCAACGGTTTAGCCCCAT 
CAACGAGAGTAGAACGAGGGGATGTCTGCA 
GGACGGGCAAAGAAAGAGGGAAGAGAACAG 
GCCAAGAGCAACGAGGAAGCAGGATAGGGC 
CATACGTGGTCATGCATACCCGTAACCGTT 
ACAAAAGAAGGAGAGGGAGAAGGGATAGGT 

   32% 
   4% 
   24% 
   11 % 
    9% 
    4% 
    4% 
    4% 
    3% 
     2% 
     2% 

 
As exemplified in Figure 2-8, compared with sequence PB 12, aptamer sequence PB 9 shows 

approximately five times higher binding with the given concentration of PKCδ.  After the 

demonstrating the affinity for PKCδ, the feasibility of modifying the aptamer probe with a 

fluorescent label was investigated.  Since the final goal of this study was to use the aptamer for 

fluorescent based assays, the binding constant of the labeled aptamer was determined by 

observing the change of fluorescent anisotropy of aptamer PB 9 labeled TMR 

(Tetramethylrhodamine) at the 5’ end. 
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Figure 2-8.  Affinity of 32P labeled aptamer PB 9 to PKCδ. 32P labeled aptamer PB 9 (14nM) was 

incubated with 400nM PKCδ in the binding buffer and analyzed by EMSA. Similarly, 
14nM of 32P labeled PB12 incubated with PKC-δ (400nM) was analyzed. Fraction of 
bound PB9 with PKCδ was normalized to 1. Binding of aptamer was PB 9 with is 
approximately 5 times higher than binding with PB 12, demonstrating the higher affinity 
of aptamer PB 9 towards PKCδ. 

  Fluorescence anisotropy is the measurement of the change in the rotational motion of a 

small molecule interacting with large molecule. Since aptamers are small molecules, binding to a 

large protein molecule significantly increase their molecular weights and decrease the rotational 

motion.  This results in a detectable variation of the initial anisotropy. The fluorescence 

anisotropy r, is calculated by the equation: 

r = (IVV – G·IVH) / (IVV + 2G· IVH)   (2-1) 

 Subscripts V and H refer to the orientation (vertical or horizontal) of the polarizers for the 

intensity measurements, with the first subscript to corresponding to the position of the excitation 

polarizer and the second subscript to the emission polarizer.  The term G refers to the G-factor, 

which is the ratio of sensitivities of the detection system for vertically and horizontally polarized 

light.   



 

53 

Figure 2-9 shows the binding curve generated by monitoring the change in fluorescence 

anisotropy of aptamer PB 9 upon addition of PKCδ.  The increase fluorescence anisotropy upon 

addition of aliquots of PKCδ indicates a change in the rotational motion of TMR labeled aptamer 

PB 9 when it binds with PKCδ.  Since TMR-labeled aptamer PB 9 is small, when it is free in 

solution, the rotational motion of TMR is high, resulting in low anisotropy. On the other hand, 

when aptamer PB 9 is bound to PKCδ,  the size increases significantly, thus, decreasing the 

rotational motion and increasing the anisotropy. 

 
 

Figure 2-9.  Affinity of TMR labeled PB-9 to PKCδ.  Change of anisotropy of 5’-TMR labeled 
aptamer PB 9 observed upon addition of PKCδ. Αs aliquots of PKCδ are added the 
fluorescence anisotropy increases, because of the much larger size of the TMR 
labeled aptamer PB 9 bound to PKCδ. On the other hand, control random sequence 
does not change its anisotropy with increase in concentration of PKCδ, indicating that 
the random sequence does not bind to PKCδ. 

The dissociation constant of the PB9-PKCδ was calculated from the fluorescence 

anisotropy data to be 122 nM.  A control experiment with a TMR labeled random DNA sequence 
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showed no significant change of fluorescence anisotropy when PKCδ was added, thus 

demonstrating that the fluorescently labeled aptamer probe PB 9 can bind with 

PKCδ specifically.  

Specificity of Aptamer PB 9 

Since aptamer PB 9 showed high affinity towards the target PKCδ, we wanted to assess the 

specificity of binding.  Therefore, the specificity of binding of the aptamer PB 9 with human 

PKCδ was investigated by EMSA, using a similar protocol that was used for the binding assays 

indicated above. It has been reported in the literature that, high affinity of an aptamers towards 

one particular target does not necessarily mean that the binding is preferential for one target 

protein.  For example, an aptamer selected against coenzyme A recognizes AMP, and an aptamer 

selected for xanthine also recognizes guanine.140, 141  Since the target protein PKCδ belongs to a 

closely related family of isoforms, the specificity of this aptamer towards PKCδ was assessed by 

measuring its affinities for PKCδ  and closely for related PKCα and PKCφ.   

 
Figure 2-10.  Specificity of aptamer PB9 towards PKCδ.  A 32P labeled PB9 (14nM) was added 

to a fixed concentrations (400nM) of PKCδ, PKCα, and PKCφ  and analyzed by 
EMSA. Fraction of bound aptamer PB9 with PKCδ  was normalized and compared 
with other isoforms. The affinity of aptamer PB9 for PKCδ is approximately 5-times 
the affinity for PKCα and 2.5 times the affinity for PKCφ 
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Specificity was measured using 32P labeled aptamer PB 9 and observing the fraction of bound 

DNA at a fixed concentration of each protein.  As shown in Figure 2-10, the affinity of aptamer 

PB 9 towards PKCδ is approximately 5 times the affinity for PKCα and approximately 2.5 times 

the affinity for PKCφ, thus demonstrating the specificity of aptamer PB 9 towards PKCδ. 

Conclusion 

We have selected DNA aptamers capable of in vitro PKCδ  monitoring using CE-SELEX.  

This aptamer will enable us to apply fluorescently labeled aptamers to study protein-protein 

interactions in signal transduction leading to tumor promotion.  In this work we have 

demonstrated that fluorescently tagged aptamer PB9 can specifically recognize PKCδ with a ΚD 

of 122 nM under in vitro conditions.  This work shows that, by using CE-SELEX, molecular 

probes can be generated for studying intracellular proteins and their functions.   
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CHAPTER 3 
APTAMER DIRECTLY EVOLVED FROM LIVE CELLS RECOGNIZES MEMBRANE 

BOUND IMMUNOGLOBIN HEAVY MU CHAIN IN BURKITT’S LYMPHOMA CELLS 

Previous chapter demonstrated the importance of generating molecular probes that allow 

the detection of important signal transduction proteins.  Aptamers for PKCδ were selected, and 

subsequently one of the aptamer probes was tagged with fluorophore for the detection of 

PKCδ in vitro.142  While intracellular proteins are important in a variety of biological 

mechanisms, membrane proteins are equally or more important in detection of cancer.   

Detection of cancer when the cells are in a pre-malignant state can provide a higher 

probability of increasing the cure rate with current treatment strategies.  One way of approaching 

the issue of early cancer diagnosis is finding new biomarkers. By definition, biomarkers involve 

quantitative measurements of biological species which are “abnormal” in their levels compared 

to reference “normal” levels.  In cancer they often act as key molecules in transforming healthy 

cells into malignant cells.  Because of their importance, recently much interest has been focused 

on the identification of membrane marker proteins.143   In particular, proteomic approaches, in 

particular, have emerged as established tools. 144, 145  These include the analysis of complex 

protein samples using two-dimensional gel electrophoresis,146 as well as shotgun methods that 

employ different membrane solubilization strategies, such as isotope-coded affinity tagging,147 

multidimensional protein identification technology148 and surface-enhanced-laser-desorption- 

ionization combined with time-of-flight mass analysis of complex biological mixtures.149  

Although these approaches are effective in identifying a large number of proteins in their 

expression patterns, identifying specific protein markers that strongly correlate with cancer 

remains a big challenge.   
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In this regard, there is growing interest in using monoclonal antibodies to target cell 

surface proteins that are significantly expressed on diseased cells or tissues.  In particular, 

magnetic beads conjugated to monoclonal antibodies have been used to isolate membrane 

proteins and plasma proteins using whole cellular lysates.150, 151  However, the major problem 

with antibodies is the difficulty in generating cell specific antibodies for the detection of the 

expression levels in a single type of cell for unknown epitopes. 

In order to address this issue, we have developed an effective method to generate aptamer-

based molecular probes for the specific recognition of cancer cells. 84,85  Using the Cell-SELEX 

method described in the Chapter 1, we have generated aptamer TD05 which only recognizes 

Ramos cells, from a Burkitt’s Lymphoma (BL) cell line (described below).84, 85  For example, as 

shown in Table 3-1, aptamer TE13, which was selected against this cell line, shows different 

levels of binding with different leukemia/lymphoma cell lines. On the other hand, aptamer TD05 

shows preferential binding to the target Ramos cell line.  Based on the observed selectivity of 

aptamer TD05, we hypothesized that this aptamer might be recognizing a protein related 

primarily to BL cells but not to other cells. 

Burkitt’s Lymphoma 

Burkitt’s non-Hodgkin’s lymphoma (BL) is a heterogeneous collection of highly 

aggressive malignant B-Cells.  BL was first reported as an endemic in equatorial Africa and in 

New Guinea, and it also is commonly found in HIV-infected patients.152  At the molecular level, 

BL is associated with deregulation of the expression of c-myc, a gene that encodes a basic helix-

loop-helix transcription factor that specifically binds to DNA sequence.  The gene c-myc plays 

an important role in the transcriptional regulation of downstream genes that control a number of 

cellular processes, such as cell cycle progression and programmed cell death.153, 154  These tumor 
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cells usually express B-cell-specific tumor markers such as CD19, CD20 immunoglobin and Ig κ 

and λ light chains. 155-157  

Table 3-1.  Recognition patterns of aptamers TD05 and TE13 with different leukemia cell lines, 
Aptamer TD05 exclusively recognizes Ramos cells, indicating that TD05 might be 
interacting with BL specific protein, while aptamer TE13 interacting with a wide 
range of cells (for information aptamer TD05, see reference 84)  

Cell Line Aptamer TD05 Aptamer
TE13 

Ramos (Burkitts’ Lymphoma) ++++ ++++ 
CCRF CEM (T cell line, human Acute Lymphoblastic 
Leukemia) 

-0- ++++ 

MO2058 (Mantle lymphoma cell line ) -0- + 
Jurkat, (human acute T cell leukemia)  -0- +++ 
Toledo (Human Diffuse large cell Lymphoma) -0- +++ 
HL69 (small cell lung cancer) -0- -0- 
NB-4 (acute promyelocytic leukemia)  -0- +++ 
HL-60 (acute promyelocytic leukemia)  -0- +++ 

This data were obtained from partly unpublished work.  The experiments were performed by Dr 
Zhiwen Tang.  An explanation of the symbols used to evaluate cell binding (i.e. +++, ++++…) is 
given in appendix A 
 

Principle of Photocrosslinking of DNA with Proteins 

Interaction site of proteins and nucleic acids, in particular the crosslinking of proteins with 

nucleic acids, have been studied for decades.  For example, UV-crosslinking combined with 

immunoprecipitation (UV-X-ChIP) assays has been used in mapping protein DNA 

interactions.158  Similarly, there have been several attempts made to map interactions between 

aptamers and proteins using photo-aptamers containing photo-active bases that can induce 

formation of highly reactive radicals upon irradiation with light. 159 For example, the interaction 

of single-stranded DNA aptamers with basic fibroblast growth factor has been studied by 

photochemically crosslinking the protein with the aptamer. 159, 160  
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Figure 3-1.  Protocol for the identification of IGHM protein on Ramos cells. (1) Incubation of 
biotinylated photoactive aptamer TD05 with the cells. (2) Irradiation of photoactive 
aptamer TD05 to initiate crosslinks to the membrane protein (3) Cell lysis and 
extraction with steptavidin-labeled magnetic beads (4) Release of protein-aptamer 
complexes from the beads (5) Gel electrophoresis (6) MS analysis 

A multi-step process was used to identify the target protein of aptamer TD05 on the 

Ramos membrane, as shown schematically in Figure 3-1. First, the aptamer probe was 

chemically modified with a photoactive uracil derivative at selected sites and linked to biotin via 

S-S-bomd. After incubation with Ramos cells, the target protein was separated by lysing and 

extraction with streptavidin linked to magnetic beads.  The beads were removed by reduction of 

the –S-S- link.  The crosslinked proteins were separated by gel electrophoresis and analyzed by 
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mass spectroscopy (MS) and by a database search.  Last, the identity of the target protein was 

confirmed using an existing antibody and the selected aptamer.  Detailed description about each 

step is discussed in the later sections. 

Aptamer TD05 Recognize Proteins on the Membrane 

Since aptamers are known to interact with different molecules such as sugars, peptides, and 

small organic molecules, it was necessary to confirm that selected probes interact selectively 

with membrane proteins.  In order to determine this, we adapted a previously described 

procedure, based on the ability of certain proteases to selectively cleave amide bonds on 

membrane proteins. 144 By employing the protease of choice, one can selectively “shave” off the 

extracellular domain of the proteins (Figure 3-2). Since the ”shaved”cells no longer contain most 

of the extracellular portion of a membrane proteins, the resulting decrease in the binding of 

aptamer TD05 gives an idea of the identity of the binding site. 

 

Figure 3-2.  Partial digestion of exracellular membrane proteins using trypsin and proteinase K 
(indicated by scissors). 144  Trypsin cleaves carboxy terminal Lys and Arg residues of the 
proteins, and is thus more selective than protenase K, which cleaves peptide bonds 
adjacent to carboxylic groups of aromatic and aliphatic amino acids.144  

Therefore, using this method, we carried out experiments by partially digesting cell surface 

proteins with proteinase K to confirm that aptamer TD05 binds with cell surface proteins.  

Protienase K acts on the cell membrane and cleaves peptide bonds adjacent to carboxylic groups 

of aromatic and aliphatic amino acids.  After treatment with proteinase K, flow cytometric 
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analysis of binding of FITC labeled aptamer TD05 showed no binding with Ramos cells, 

suggesting that its target protein has been cleaved from the membrane (Figure 3-3). 

 

Figure 3-3.  Binding of aptamer TD05 with Ramos cells after treatment with proteinase K at 
different time intervals.84 The fluorescence signal resulting from binding of FITC labeled 
aptamer TD05 with Ramos cells shifts to a lower value with increase in time of protease 
digestion, indicating that membrane proteins are being digested and binding of aptamer 
TD05 is lost. (For information on flow cytometric analysis see appendix A.) 

Methods and Materials 

A panel of aptamers targeting Burkitt’s lymphoma cells was selected by using cell-based 

SELEX.  As shown in Table 3-1, aptamer TD05 showed significant and specific binding with 

Ramos cells.  The aptamer sequence TD05 was modified with photo-active 5-iodo deoxyuridine 

(5-dUI) nucleotides.  

The original FITC labeled aptamer TD05 is 5’ FITC- 5’-
ACCGGGAGGATAGTTCGGTGGCTGTTCAGGGTCTCCTCCCGGTG-3’ 
 
The modified aptamer TD05 with 5dUI disulfide link and biotin 
5’-ACCGGGAGGAUAGTUCGGTGGCTGTTCAGGGUCTCCUCCCGGTG-S-S-T-PEG-(3) –
Biotin 
Control TE02 sequence with 5-dUI disulfide link and biotin 
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5’fluorescene-ATCUAACTGCUGCGCCGCCGGGAAAATACTGTACGGTTAGA-S-S-PEG-
(3)-biotin 
 

All DNA synthesis reagents were obtained from Glen Research.  Biotin controlled pore 

glass beads (Biotin-CPG) were used for all the biotin labeled aptamer synthesis.  All 

oligonucleotide sequences were synthesized using standard phosophoamidite chemistry using an 

ABI3400 DNA synthesizer.  Three poly ethylene glycol (PEG) units were introduced between 

the aptamer and the biotin to avoid the interference of biotin with the spatial folding of the 

aptamer.  Mild deprotection conditions were used to avoid reduction of the disulfide bond.  

Following precipitation with ethanol, the precipitated DNA was purified using high-pressure 

liquid chromatography (HPLC), on a ProStar HPLC station (Varian, CA) equipped with a 

photodiode array detector, using a C-18 reversed phase column (Alltech, C18, 5uM, 250 × 

4.6mm).   

The conditions of disulfide bond reduction using Tris(2-carboxyethyl)phosphine (TCEP) 

were optimized by passing a 500nM biotinylated aptamer probe was passed through a mini 

column packed with streptavidin sepharose labeled magnetic beads (Amersham Biosciences, 

Upsala, Sweden) three times.  After washing with  PBS, the beads were placed into a micro-

centrifuge tube, treated with 50-100mM TCEP, and heated for 10, 20, or 30 min at 75ºC to 

cleave the disulfide bond linking the aptamer and the biotin.  The supernatant and the beads were 

analyzed by 2.5% agarose gel electrophoresis stained with ethidium bromide. 

Competition Assays with the Modified Aptamer Probes 

Following cell lines were obtained from American Type Culture Collection CCRF-CEM 

(CCL-119, T cell line, human Acute Lymphoblastic Leukemia), Ramos (CRL-1596, B-cell line, 

human Burkitt’s lymphoma), CA46 (CRL 1648, B-Cell line, Human Burkitt’s lymphoma), 

Jurkat (TIB-152, human acute T cell leukemia), Toledo (CRL-2631, B-cell line, human diffuse 
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large-cell lymphoma), K562 (CCL-243, chronic myelogenous leukemia, CML), NB-4 and HL-

60 (CCL-240, acute promyelocytic leukemia).  

All of the cells were cultured in RPMI medium 1640 (American Type Culture Collection) 

supplemented with 10% FBS (heat-inactivated; GIBCO) and 100 units/mL penicillin–

streptomycin (Cellgro).  Cells were washed before and after incubation with wash buffer (4.5g/L 

glucose and 5mM MgCl2 in Dulbecco’s PBS with calcium chloride and magnesium chloride; 

Sigma).  Binding buffer used for selection was prepared by adding yeast tRNA (0.1mg/mL; 

Sigma) and 1mg/mL sheared salmon sperm DNA to the wash buffer to reduce non-specific 

binding. 

The effect of replacement of thymine (T) with 5-dUI was investigated by conducting 

competition assays.  Briefly, 1µM aptamer TD05 was mixed with 10µM in 500 μL of the 

modified aptamer probe were incubated with 1 × 106 cells for 30 min at 4º C in the binding 

buffer.  After washing with the wash buffer, the cells were analyzed by observing the decrease in 

the fluorescence of FITC-labeled aptamer TD05 using a FACScan cytometer (BD 

Immunocytometry Systems) by counting 30,000 events. A FITC-labeled unselected ssDNA 

library was used as a negative control.  

Aptamer Labeling with AT32P 

Samples containing oligonucleotide (3.74 nmole) and [γ-32P] ATP (8.3pmole) were 

incubated overnight at room temperature with 50units of polynucleotide kinase (Promega). 

Unincorporated ATP was removed using a G-25 column (Amersham Biosciences). 

Protein-Nucleic Acid Photo-Crosslinking 

A 0.023μCi aliquot of (Counts Per Minutes of 5× 104) of 5’-32P labeled aptamers was 

added to 400 × 106 cells in the binding buffer.  The cells and the aptamers were incubated at 4ºC 
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for 30 minutes to allow for complete binding.  A control with the TE02 aptamer sequence was 

performed in parallel.  The unbound aptamers were washed until no radioactivity was detected in 

the wash buffer.  Cells and bound aptamer were re-suspended in the wash buffer in a cuvette 

with a 10cm path length. To initiate crosslinkage, the sample was irradiated with 55pulses of 

308nm light from a Lambda Physik, model LPX240 XeCl excimer laser operating at 16.065mJ 

per pulse for 20 seconds. During the irradiation, the cell suspension was constantly stirred to 

allow the maximum crosslinking.   

Cell Lysis and Protein-Aptamer Extraction. 

The cells were suspended in lysis buffer containing a protease inhibitor cocktail (Sigma), 

1mg/mL salmon sperm DNA (Eppendroff), 1mg/mL tRNA (Fisher), 50mM HEPES, and 1mM 

EGTA, and the suspension was homogenized using a Dounce homogenizer at 75 strokes per 

minute.  The crude mixture was centrifuged at 4000 rpm for 30 min at 4ºC.  Water-soluble 

protein extracts were separated from the crude membrane by centrifugation at 4000 rpm for 30 

min.  The pelleted crude membrane was solubilized in buffer containing PBS (Fisher), 0.5% NP-

40 (Sigma), 1.25% Cholesteryl-hemisuccinate (CHS; Tris-HCl salt, Sigma), and 2.5% n-

dodecyl-β-D-maltoside (DDM, Sigma) with gentle agitation at 4ºC.  The solubilized membrane 

proteins were separated from cell debris by centrifuging at 3000 rpm for 30 minutes at 4ºC.  

Crude cell lysate was stirred with 2mg/mL of streptavidine labeled magnetic beads (Invitrogen) 

at 4ºC for 2.5 hours.  Captured probes were magnetically separated and washed with 3 different 

solutions (15 minutes each): with PBS containing 1% NP-40; 10mM EDTA containing 1%NP-

40; and 0.05% SDS solutions by stirring for 15 minutes at 4ºC. Harsh washing steps were 

employed to ensure that only crosslinked proteins remained and to minimize the non-specific 

binding.  
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Release of Captured Complex and Protein Gel Electrophoresis 

Complexes captured on magnetic beads were heated at 75ºC for 30 minutes with 10mM 

TCEP and a sample loading buffer.  The solution was loaded on to 10%-bis-Tris PAGE and 

200V was applied for 55 minutes.  Protein bands were visualized using Bio-Rad gel-code blue 

staining reagents according to the manufacture’s instructions.  The gel was subsequently exposed 

to Bio-Rad personal phosphor imager screens overnight and visualized by Bio-Rad phosphor 

personal phosphoimager.  The single band appeared in the gel was excised, digested, and 

analyzed by a QSTAR LC-MS/MS, equipped with a MASCOT® database at the Protein 

Chemistry Core Facility, University of Florida.  The conditions used in the MS analysis were as 

follows: Capillary rpHPLC separation of protein digests was performed on a 15cm x 75um i.d. 

PepMap C18 column (LC Packings, San Francisco, CA) in combination with an Ultimate 

Capillary HPLC System (LC Packings, San Francisco, CA) operated at a flow rate of 

200nL/min.  Online tandem mass spectrometric analysis was accomplished by a hybrid 

quadrupole time-of-flight instrument (QSTAR, Applied Biosystems, Foster City, CA) equipped 

with a nanoelectrospray source.   

Tandem mass spectrometric data were searched against the IPI human protein database 

using the Mascot search algorithm. In general, probability-based MOWSE scores that exceeded 

the value corresponding to p<0.05 were considered for protein identification. 

Partial Digestion of Membrane Proteins Using Trypsin 

 A sample containing 5×106 CCRF-CEM cells was washed with 2ml PBS, and incubated at 

37ºC with 1mL of 0.05% Trypsin/0.53mM EDTA in HBSS or 0.1mg/ml trypsin in PBS either 

for 2 min or 10 min. Fetal Bovine Serum was then added to quench the proteinase action.  After 

washing with 2 ml binding buffer, the treated cells were used for aptamer binding assay using 

flow cytometry. 
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Characterization of Aptamer Binding Protein on Ramos Cells 

Alexa Fluor 488 labeled Anti-IgM heavy chain (2mg/mL Molecular probes, Invitrogen) 

was used to further confirm the protein target.  Competition experiments were carried out by first 

incubating with 0.5uM TD05-FITC with 1 × 106 Ramos, Toledo, and CEM cells at 4ºC for 15 

min.  After wash off the excess TD05-FITC, labeled anti-IgM heavy chain (2µg/mL) was 

incubated with the samples at 4ºC for 15 minutes and washed off the excess probe and decrease 

of the binding of FITC-TD05 was analyzed by flow cytometry.   

Trypsin digestion experiments were conducted as described above using 2µg/mL of Alexa 

Fluor 488 labeled anti-IGHM antibody.  Briefly, cells were partially digested with trypsin at 

37ºC for 2 min and 10 min. Cells were then washed and incubated either with Alexa Fluor 488 

labeled antibody or FITC labeled aptamerTD05. After washing to remove unbound sequences, 

binding was analyzed using flow cytometry. 

Fluorescence Imaging. 

All cellular fluorescent images were collected using a confocal microscope consisting of an 

Olympus IX-81 automated fluorescence microscope with a Fluoview 500 confocal scanning unit.  

The dye conjugates were excited at 488 and 543nm.  Images were acquired after five to ten 

second delays, during which the instrument was focused to yield the highest intensity from the 

fluorescence channels.  The images were assigned color representations which were not 

indicative of the actual emission wavelengths.  Bright spots in the images are corresponding to 

dead cells. 

Results and Discussion 

Probe Modification and the Effect of Modification on Aptamer Affinity and Specificity 

Modification of aptamer TD05 with photoactive 5-dUI facilitates its covalent crosslinking 

with the target protein on the cell membrane, so that only the crosslinked target protein is 
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extracted.  First, in order to achieve high crosslinking efficiency, the position of the photoactive 

nucleotide 5-dUI in the aptamer TD05 was optimized.  Since 5-dUI and deoxythymidine have 

similar covalent radius, we initially hypothesized that the modification would not affect the 

aptamer binding with Ramos cells.  However, when all of the deoxythymidine were replaced 

with dUI, the aptamer no longer recognized Ramos cells.  To avoid problems with aptamer 

folding, 5-dUI was introduced only in alternating positions at the first two and final two 

deoxythymidine bases (Figure 3-4). Next, biotin was linked through a disulfide bridge at the 3’ 

end of the aptamer.  The purpose of the biotin was to complex with streptavidin-coated magnetic 

beads to help efficient release of the aptamer-protein target from the beads. 

Binding of modified aptamer TD05 with the target cells was analyzed through a 

competition assay with unmodified FITC-labeled aptamer using flow cytometry. In the presence 

of modified aptamerTD05 (no FITC label), the fluorescence corresponding to unmodified 

aptamer TD05 with FITC label shifts to a lower value, indicating that modified aptamer binds 

with Ramos cells and displaces the FITC labeled unmodified aptamer. (Figure 3-5).  

Finally, the conditions pertaining to concentration, temperature and time were optimized to 

achieve effective release of captured aptamer probe from the magnetic beads using Tris(2-

carboxyethyl)phosphine (TCEP). 

Separation of Captured Complex From the Crude Cell Lysate and MS Analysis of 
Captured Protein 

In order to trace the aptamer-protein complex during the isolation process, we labeled the 

aptamer TD05 with 32P at the 5’ end.  The resulting 32P labeled photoactive aptamer TD05 bound 

to Ramos cells were irradiated with nanosecond pulses of a XeCl excimer laser to initiate the 

crosslinking of the aptamer with the cell surface protein.  Chemical crosslinking of aptamer 

TD05 with its target protein was introduced to maximize the specificity of the extraction and to 
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minimize contamination caused by nuclear proteins.  In addition to covalent crosslinking, the 

non-specific interactions were further minimized by using a cocktail of sheared salmon-sperm 

DNA and RNA in the cell lysis buffer. 

 
Figure 3-4.  Modified aptamer with photoactive 5-dUI, linked to biotin via a disulfide bond.  5-

dUI facilitated covalent crosslinking and the disulfide bridge allowed efficient release of 
the captured complex from the magnetic beads.  The photoactive bases are shown by the 
squares. The structure is predicted by the m-fold program.  
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Figure 3-5.  Binding of modified aptamer with 5-dUI and biotin linker with Ramos cells.  In the 

presence of modified aptamer TD05, the fluorescence of the FITC labeled unmodified 
aptamer TD05 was shifted to a lower fluorescence value, indicating that the modified 
aptamer TD05 competes with the unmodified aptamer TD05.  

To avoid contamination caused by plasma proteins, water soluble proteins were removed by 

lysing the cells in a high salt aqueous buffer (without any detergents added).  Since cell-

membrane and membrane proteins contain hydrophobic regions, these proteins are not soluble in 

high salt aqueous buffer.  Once the soluble proteins were removed, the crude membrane was 

solubilized in membrane solubilization buffer containing a number of cationic and neutral 

detergents to aid in removing membrane proteins from the cell membrane. 

The mixture of membrane proteins was incubated with streptavidin-coated magnetic beads 

to extract aptamer sequences that bear biotin at the 3’ end, along with the covalently bound target 

protein.  The extraction was repeated 3 times until approximately 90% of the complex was 

extracted onto the beads.  Since the aptamer TD05 was labeled with 32P, we detected the 

efficiency of the extraction was determined by measuring the radioactivity on the beads 

compared to cell extract using a Geiger counter.  
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One of the challenges in isolating protein from cell lysates is the interference of nuclear 

and other non-specific proteins with the aptamer.  Insufficient washings of the complex led to 

contamination with nuclear proteins resulting in a smeared band after gel electrophoresis.  

Therefore, harsh washing conditions varying from PBS to 0.05% SDS were introduced to ensure 

the efficient removal of non-specific nuclear proteins absorbed onto the magnetic beads.  

Crosslinking of the protein target to the aptamer made it possible to use harsh washing 

conditions without losing the target protein.  

The aptamer TD05-protein complexes were subsequently removed from the beads by 

reduction of the S-S bridge between the aptamer and biotin. Following the release of the aptamer 

TD05-protein complex, the high sensitivity of 32P enabled us to recognize the protein-aptamer 

complex using gel electrophoresis and a standard phosphor imager.  As shown in Figure 3-6, the 

band corresponding to the cross-linked aptamer TD05 with protein was retarded compared to the 

free aptamer TD05, which is smaller in size.  Figure 3-7, shows the image for the TE02 control 

sequence, which was not retarded, indicating that aptamer TD05 is selective for the target 

protein.  

 

Figure 3-6.  Phospho images for 10% tris-bis PAGE analysis of the captured complex. The 
shifted band in lane 2 corresponds to the cross-linked aptamer-TD05-Protein complex.  
Lane 1. cell lysate Lane 2. aptamer TD05-protein complex.  

Despite the harsh washing conditions employed during the sample preparation process, the 

results still indicated a significant amount of nuclear proteins.  However, four candidates were 
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isolated based on their molecular weights and the nature of membrane proteins, and these are 

marked * in the Table 3-2, which shows the candidates identified by the MASCOT library 

search. 

 
Figure 3-7.  Phospho images for control TE02 Sequence: Lane 1 Cell lysate; Lane 2. With 

modified TE02 extraction.  TE02 is a control sequence. No shifted band is seen in either 
lane.  

Table 3-2.  Identified proteins and their IPI values based on European Protein Data Bank using 
MASCOT database search.  These candidates could potentially be the target for 
aptamer TD05  

Protein Candidate IPI Value 

Nucleolar protein Nop56 IPI00411937 
Heterogeneous nuclear ribonucleoprotein L isoform a IPI00027834 
NONO protein IPI00304596 
Splice Isoform 1 of Myelin expression factor 2 IPI00555833 
Heterogeneous nuclear ribonucleoprotein M isoform a IPI00171903 
Lamin B1 IPI00217975 
Paraspeckle protein 1 alpha isoform IPI00103525,IPI00395775 
Keratin, type II cytoskeletal 2 epidermal IPI00021304 
L-plastin IPI00010471 
Splice Isoform Short of RNA-binding protein FUS IPI00221354,IPI00260715 
IGHM protein*  IPI00477090 
60 kDa heat shock protein, mitochondrial precursor IPI00472102 
SYT interacting protein SIP IPI00013174,IPI00550920 
HNRPR protein IPI00012074 
Keratin 9 IPI00019359 
Keratin, type I cytoskeletal 10 IPI00009865,IPI00295684 
Splice Isoform 1 of Heterogeneous nuclear ribonucleoprotein K IPI00216049,IPI00216746, 

IPI00514561 
Keratin 1 IPI00556624 
Probable RNA-dependent helicase p68 IPI00017617 
Large neutral amino acids transporter small subunit 1* IPI00008986 
Splice Isoform 1 of Development and differentiation-enhancing 
factor 2* 

IPI00022058 

Splice Isoform 4 of Potassium voltage-gated channel subfamily 
KQT member 2* 

IPI00328286 
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Of the four candidates we determined the protein candidate IGHM to be the most probable match 

because (1) IGHM protein was known to be expressed in B-cells; (2) its molecular weight 

corresponded to the molecular weight of the protein excluding the molecular weight of the 

aptamer; (3) it is a membrane protein; (4) the other three protein candidates are commonly 

expressed in all types of cells.  Following the MS analysis, further experiments were performed 

to confirm the identification, as described in the next section.  

Confirmation of the Protein IGHM as the Binding Target for Aptamer TD05  

 

 
 
Figure 3-8.  Aptamer TD05-FITC and Alexa Flour 488 -anti-IGHM binding analysis with 

Ramos, CCRF-CEM and Toledo cells (A) Aptamer TD05-FITC binding with Ramos 
cells. Higher fluorescence intensity observed for Ramos cells indicates that FITC- TD05 
recognizes Ramos cells but not CEM or Toledo cells. (B) Binding patterns of Alexa Fluor 
488 labeled anti-IGHM antibody with Ramos cells, CEM and Toledo cells correlated 
with binding pattern on FITC-TD05 i.e. higher fluorescence signal for Ramos cells while 
background fluorescence signal for other cell lines. (For information on flow cytometric 
analyses see Appendix A) 
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With the MS results suggesting that IGHM is the target for aptamer TD05, we first 

investigated the binding of Alexa Fluor 488 labeled anti-IGHM antibody with Ramos, CCRF 

CEM, and Toledo cells. As shown previously in Table 3-1, the aptamer TD05 exclusively 

recognizes Ramos cells but not control cell lines.  Figure 3-8 shows the flow cytometric data for 

Ramos, CCRF-CEM and Toledo cells after incubation with (A) FITC-TD05 and (B) Alexa Fluor 

488 labeled anti-IGHM antibody.  The much greater fluorescence intensities for the Ramos cells, 

as well as the very similar patterns of the peaks, indicates that IGHM is very likely the target 

protein. 

Aptamer TD05 and anti-IGHM antibody were further assayed with another Burkitt’s 

lymphoma cell line that is known to express surface IGHM (CA-46 cell line, see Figure 3-9).  As 

expected, aptamer TD05 and anti-IGHM antibody showed binding with the CA-46 cell line, 

further indicating that IGHM could be the target protein.  

 
Figure 3-9.  Aptamer TD05-FITC and anti-IGHM antibody binding with surface IgM positive 

CA46, a B-lymphocyte Burkitt’s lymphoma cell line.  Shifted fluorescence intensity of 
both aptamer TD05-FITC and Alexa Fluor 488 labeled antibody is indicative of binding 
with CA-46 cells. (For information on flow cytometric analysis see Appendix A)  
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Several leukemia cell lines that are not related to B-cells were also tested to further analyze the 

binding of FITC-TD05 and anti-IGHM antibody. As shown in Table 3-3, neither the aptamer nor 

the antibody showed any binding towards cell lines other than cell lines originated from B cell 

non-Hodgkin’s lymphoma. 

Table 3-3.  Binding patterns of aptamer TD05 and anti-IGHM with different cell lines. Aptamer 
TD05 does not show binding with tested cell lines except for Ramos and CA-46. 
Similarly, anti-IGHM anti body does not bind to other tested cell lines 

Type of Leukemia Cell line Aptamer TD05 IGHM antibody 
B-cell non-Hodgkin’s 

lymphoma 
 

Ramos  
Toledo 
CA-46 

++++ 
-0- 
+++ 

++++ 
-0- 
+++ 

T-Cell lymphoblast 
leukemia 

 
Promyelocytic leukemia 
 

CEM-CCRF 
Jurkat 
HL-60 
NB-4 
K562 

-0- 
-0- 
-0- 
-0- 
-0- 

-0- 
-0- 
-0- 
-0- 
-0- 

Explanation of the symbols used to evaluate cell binding is given in the Appendix A. 
 

If both aptamer TD05 and anti-IGHM antibody bind to similar epitopes or epitopes close 

to each other on the IGHM protein, we should observe a competition between the two in binding 

should be observed.  We investigated the effect of aptamer TD05 binding with Ramos cells upon 

addition of anti-IGHM antibody.  Interestingly, aptamer TD05 did not affect the anti-IGHM 

binding with Ramos cells.  However, anti-IGHM antibody reduced the interaction between 

aptamer TD05 with Ramos cells, as shown in Figure 3-10.  These results suggest that aptamer 

TD05 and anti-IGHM both bind to the same site, but the affinity for anti-IGHM binding is much 

greater than that for aptamer TD05.  

In addition, the co-localization of the Alexa Fluor 488 labeled anti-IGHM antibody and 

tetramethylrhodamine-labeled TD05 aptamer was monitored using confocal microscopy.  As 

shown in Figure 3-11, both probes heavily stain the cell periphery of the corresponding target 

Ramos cells. 
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Figure 3-10.  Competition of aptamer TD05-FITC and anti-IGHM antibody for the target 

protein.  After addition of the antibody, the fluorescence corresponding to FITC 
labeled TD05 decreases, compared to FITC- TD05 binding in the absence of anti-
IGHM antibody. (For more information on flow cytometric analysis see Appendix 
A). 

 
 
Figure 3-11.  Binding of Alexa fluor 488 labeled anti-IGHM antibody and TMR labeled TD05 

aptamer with Ramos cells. Both aptamer and antibody stains the cell membrane 
periphery. (A) Ramos cells and Anti-IGHM, (B) Ramos Cells and TMR labeled aptamer 
TD05, (C) optical Image of the cells 
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            B       C 

 
Figure 3-12.  Flow cytometric results for the anti-IGHM binding with Ramos cells after Trypsin 

digestion. (A ) Control experiments with FITC labeled TD05, and Alexa Fluor 488 
labeled anti-IGHM antibody. Higher fluorescence intensity observed for both aptamer 
and antibody indicates that both probes bind with Ramos cells before the trypsin 
digestion.  Analysis of Binding of (B) TD05-FITC (C) Alexa Fluor 488 labeled anti-
IGHM with Trypsin digested cells. Both show that there is no effect on binding (either 
with the aptamer or the antibody) after trypsin treatment 
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The study of the effect of the treatment of the cells with trypsin also provides support for 

the assignment of IGHM as the target protein. Figure 3-12 shows flow cytometric results prior to 

and after trypsin digestion.  Interestingly, we observed neither aptamer TD05 binding nor anti-

IGHM binding was lost by partial digestion with trypsin.  These results contrasts with the results 

from experiments using proteinase K (see Figure 3-3).  In that study, binding of aptamer TD05 to 

Ramos cells was lost after proteinase K digestion.  This may be explained by the lower 

specificity of proteinase K compared to trypsin.  Evidently, the binding site for aptamer TD05 

and anti-IGHM is cleaved by proteinase K but not by trypsin. 

Discussion 

Here, we have presented a simple strategy for identifying differentially expressed proteins 

by employing aptamer probes selected against target tumor cells.  This method integrates the 

selection of molecular probes targeting specific cells and the use of cell specific aptamers for 

effective identification of target proteins.  Our group’s previous work with aptamer selection and 

screening against cancer cells has established that aptamer binding signatures pertaining to each 

cell type can indicate expression patterns of protein candidates and that each aptamer candidate 

has its own identity when recognizing target proteins in complex biological specimens.84, 85, 90  

Furthermore, we have shown that it is feasible to recognize up-regulated proteins that may have a 

role in transforming unhealthy cells into diseased cells.161   

We also have exploited the remarkable versatility for chemical modification of DNA 

aptamers by incorporating different functionalities to improve their performance as molecular 

probes.  These modifications improved two important features: probe stability and collection 

efficiency.  Enhanced stability of the aptamer-protein complex through incorporation of 5-dUI 

allowed the complex to sustain harsh washing conditions in extraction, which was important in 

purification and enrichment of the targeted proteins from a cell lysate sample.  Enhanced 
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efficiency of the biotin aptamer removal from the streptavidin support occurred through 

introduction of a readily cleavable disulfide bond. 

The typical approach for solubilizing membrane proteins from the cell membrane is to use 

carefully optimized ratios of the detergents that mimic the membrane in an artificial 

environment.  However, poor optimization of detergent compositions can result in misfolding of 

the receptor and/or irreversible denaturation of the receptor molecule, because the native 

conformation of the receptor molecule depends on the hydrophobic lipid bilayer of the cell 

membrane.  Poor optimization of the detergents may also lead to possible disruption of the 

aptamer-protein when the target protein mis-folds or denatures.  This protein alteration, caused 

by changes in the lipid composition of buffers, is one of the major concerns in identification of 

membrane proteins using protein specific aptamers and can possibly be one of the limitations 

when using these probes in identifying molecular markers.  We have addressed this issue by 

modifying the aptamer with photoactive 5-dUI to facilitate covalent crosslinking of the probe 

with the target protein, which increases the stability of the complex.  

Conjugations using biotin-strepavidin have been exploited for many applications in 

immunology, affinity chromatography and other separation applications.162-164  However, one of 

the major disadvantages of such interactions is that such affinity requires harsh conditions to 

elute the biotin bearing-ligand from of the streptavidin-coated solid support, resulting in either 

damage to the protein-ligand complex or the need for larger sample volumes to allow pre-

concentration prior to SDS-PAGE analysis.146  In this study, the aptamer was modified with a 

disulfide functional group prior to the biotin at the 3’ end.  Typically, disulfide linkage can be 

easily hydrolyzed by treatment with commonly used reducing agents prior to gel electrophoresis.  

This modification allows the biotin bearing aptamer along with its protein to dissociate from the 
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beads more efficiently with sample volumes compatible for gel electrophoresis.  Also, this 

approach can dramatically reduce potential sample loss during the sample preparation process.   

The discovery of IGHM on the Ramos cells supports the initial expectations of this study, 

because binding of aptamer TD05 with Ramos cells correlated with reported IGHM expression 

patterns of these cells compared to other cell lines and in real bone marrow samples.  IGHM 

protein is one of the major components of the B-cell receptor complex expressed in mature 

Burkitt’s lymphoma cells, 165 and it is known that IGHM expression on premature B-lymphocytes 

is closely related to Burkitt’s lymphoma development166 and is a marker for this form of cancer. 

Also, several literature references emphasize the active role of IGHM in Burkitt’s lymphoma cell 

proliferation and survival.166-168  Accordingly, these findings demonstrate the adaptability of this 

approach in identifying cell membrane receptors that have altered expression levels in tumor 

cells.  

In conclusion, we have shown that cancer-cell-specific aptamers provide an effective tool 

in identifying target proteins that show increased expression levels in a chosen pool of diseased 

cells.  The ease in chemical modification of the DNA aptamer probe has lent needed binding 

stability and strength for the effective capture, enrichment, and identification of corresponding 

target receptors on the cell membrane surface.  In addition, findings of this approach show that 

the generation of aptamers using Cell-SELEX followed by identification of the binding entity for 

each aptamer can be useful in discovering disease-specific marker proteins in a given cell type. 

In contrast to conventional methods, such as phage display antibody production targeting a 

previously known specific protein, the novelty of cell-SELEX based protein discovery is rooted 

in its focus on finding cell surface membrane markers with no prior knowledge of the molecular 

contents of the cell surface. Also, owing to the easy chemical manipulation and reproducible 
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generation of DNA aptamers by automated synthesis, this method is more universal and 

technically feasible.  Finally, apart from the ability to identify disease markers that may play key 

roles in cancer progression, this method can also be useful in early diagnosis, targeted therapy, as 

well as a molecular tool for the recognition and mechanistic studies of diseased cells. 
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CHAPTER 4 
APTAMERS EVOLVED FROM WHOLE CELL SELECTION AS SELECTIVE ANTI-

TUMOR PHOTODYNAMIC AGENTS 

In the previous chapter, we described a systematic approach to identify a protein marker 

specific for Burkitt’s lymphoma (BL) cells.161  In doing so, aptamer TD05 selected using cell-

SELEX method was used to capture membrane bound IGHM protein from BL cells.  Membrane 

bound IgM is known to express uniquely in BL cells and is known as a marker protein for BL. 

Since aptamer TD05 exclusively binds to this BL marker, we hypothesized that aptamer TD05 

can be used for drug delivery.  Therefore, the focus of this chapter is to demonstrate that aptamer 

TD05 can be used as a drug delivery agent to selectively kill BL cells. In order to demonstrate 

the targeting ability of aptamer TD05, a photosensitizer (PS) was used as the drug candidate.  

Pages 31 to 34 in the introduction described photodynamic therapy, in which a localized PS 

creates a toxic environment when it is irradiated. 

Introduction to Photosensitizers 

The mechanism of PSs and their biological applications in treating cancer cells are 

described in Chapter 1.  In this section, the chemical structures of PSs and their structural 

properties are described.  

The majority of photosensitizers commonly known as phorphyrins, contain a tetrapyrrole 

aromatic nucleus similar to that in many naturally occurring ring structures, such as heme, 

chlorophyll, and bacteriochlorophyll.  The PS used in this study belongs to a category of PSs 

called “second generation photosensitizers”, which were developed to increase the hydrophilic 

nature by introducing polar substituents on the ring structures. 169  Figure 4-1 shows two 

examples of the first and second generation PSs.   

One of the most commonly used photosensitizers is Chlorin e6, with a main absorption 

band at 643nm attributed to the extended pi system. 
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Figure 4-1.  Chemical structures of photosensitizers.  First generation photosensitizers(left) and 

Chlorin e6 (right), a second generation photosensitizer. Chlorin e6 contains additional 
carboxyl groups to increase the water solubility. 

The visible to IR-wavelength absorption makes Ce6 molecules desirable candidates for 

photodynamic therapy, because use of wavelengths shorter than 600nm would result in 

substantial light losses due to absorption by chromophores present in the tissues. 170 

The biggest challenge in using PS in photo-therapeutic treatment of cancer is the 

nonspecific targeting of healthy cells that leads to severe side effects.170  To address this issue, a 

number of strategies were introduced, as described on pages 31-33.  While these approaches are 

effective in therapeutic targeting of tumor cells, there still is a need for improvement in 

selectivity.  For example, even if immunoconjugates are successful in targeting the cancer cells, 

they have been shown to induce immune responses and to cross react with shared antigens in the 

normal tissue.  In addition, conjugation of drugs is tedious especially with proteins.171  

Owing to their many significant advantages, including small size, easy chemical synthesis 

with high reproducibility, easy chemical manipulation, low immunogenity and high blood 

clearance rates, aptamers can be readily applicable in cancer therapy.172  Therefore, we have 

combined the high selectivity of the aptamer TD05 with easy chemical manipulation of DNA to 
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develop a highly selective aptamer-photosensitizer (PS) conjugate to destroy aptamer specific 

cancer cells.   

Methods and Materials 

Synthesis of the Conjugate 

Amine modified aptamer TD05 and non-specific control DNA were synthesized in house  

using an ABI3400 DNA/RNA synthesizer (Applied Biosystems, Foster City, CA and the probes 

were purified using reversed phase HPLC (Varian, Walnut Creek, CA) with a C18 column 

(Econosil, 5u, 250 × 4.6 mm) from Alltech (Deerfield, IL).  A Cary Bio-300 UV spectrometer 

(Varian, Walnut Creek, CA) was used to measure absorbances to quantify the manufactured 

sequences.  All oligonucleotides were synthesized by solid-state phosphoramidite chemistry at a 

1 μmol scale.  The completed sequences were then deprotected in concentrated ammonium 

hydroxide at 40 ºC overnight and further purified twice with reversed phase high-pressure liquid 

chromatography (HPLC) on a C-18 column.  

TD05-NH2  5’-NH2-ACCGGGAGGATAGTTCGGTGGCTGTTCAGGGTCTCCTCCCGGTG-
3’ 
Control Sequence: 5’NH2- CACCTGGGGGAGTATTGCGGAGGAAGGTAGTCTGATTGGC 
 

Photodynamic ligand Chlorin e6 (Ce6) (Frontier Scientific, Logan, UT) was conjugated to 

amine modified DNA using N-hydroxysuccinimide ester (NHS) of Ce6 and dicyclohexyl 

carbodiimide (DCC) as a coupling agent.  Equimolar amounts of NHS and Ce6 and DCC were 

dissolved in anhydrous DMF in the dark for 30 min.  The activated Ce6 was then added to excess 

amine-modified TD05 in NaHCO3 at pH=7 by vigorously stirring overnight in the dark. The un-

conjugated Ce6 in the supernatant was removed by ethanol precipitation of DNA 5 times.  The 

resulting crude mixture was separated by reversed phase HPLC.  The conjugated DNA and Ce6 

were quantified by measuring the absorbance at 260nm, where DNA absorbs, and at the two 
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absorption maxima for Ce6, 404 nm and 643nm, using a Varian UV/Vis spectrometer.  The 

calculated εDNA/εCe6 was approximately 1. 

Cell Lines and Binding Buffer 

The following cell lines were obtained from American Type Culture Collection CCRF-

CEM (CCL-119, T cell line, human ALL), Ramos (CRL-1596, B-cell line, human Burkitt’s 

lymphoma), K562 (CCL-243, chronic myelogenous leukemia, CML), HL-60 (CCL-240, acute 

promyelocytic leukemia), and Jurkat (TIB-152, human acute T cell leukemia). NB-4 (acute 

promyelocytic leukemia) was a gift from the Department of Pathology, University of Florida.  

All of the cells were cultured in RPMI medium 1640 (American Type Culture Collection) 

supplemented with 10% Fetal Bovine Serum (FBS, heat-inactivated; GIBCO) and 100 units/mL 

penicillin–streptomycin (Cellgro). Cells were washed before and after incubation with wash 

buffer (4.5g/L glucose and 5mM MgCl2 in Dulbecco’s PBS with calcium chloride and 

magnesium chloride; Sigma).  Binding buffer used for selection was prepared by adding yeast 

tRNA (0.1mg/mL; Sigma) and 1mg/mL sheared salmon sperm DNA into wash buffer to reduce 

non-specific binding. 

Characterization of the Conjugates 

After observing the UV/Vis absorbance, the conjugates were further assayed for binding to 

target Ramos cells using competition assays.  All cell lines were washed with binding buffer 

prior to competition assays, and were then incubated with 250nM of FITC-labeled TD05 at 4ºC 

for 20 minutes. After incubation, the cells were washed to remove the unbound probe. Binding of 

FITC-TD05 was analyzed by flow cytometry to obtain the maximum binding.  For competition 

assay, cells were incubated with equimolor mixtures of FITC-TD05 and Ce6-TD05 for 20 

minutes at 4ºC. After equilibration, cells were washed to remove the unbound probe and 

analyzed for the binding with flow cytometry counting 10000 events.   
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Detection of singlet oxygen generation was done by using a commercially available singlet 

oxygen sensor green reagent (Invtirogen).  Fluorescent measurements were made using 

excitation/emission 488/525 nm. A solution of 1μM of sensor green reagent was irradiated for 20 

sec, and a 10 μM of either free Ce6 or TD05-Ce6 was added and increase in the fluorescence 

intensity was monitored as a function of time. 

Fluorescence Imaging. 

All cellular fluorescent images were collected using a confocal microscope setup 

consisting of an Olympus IX-81 automated fluorescence microscope with a Fluoview 500 

confocal scanning unit. The Ce6 dye conjugates were excited at 633nm and the emission was 

collected at 660nm. Images were taken after a five to ten second period during which the 

instrument was focused to yield the highest intensity from the fluorescence channel.  Bright spots 

observed in the images of the control and the target cells are corresponding to the dead cells.  

Images were taken using the same gain however; image processing software was adjusted to 

obtain the maximum fluorescent intensity for the control cells. 

Flow Cytometry 

Fluorescence measurements were also made using a FACScan cytometer (Becton 

Dickinson Immunocytometry Systems, San Jose, CA) counting 10000 events. Cell experiments 

were performed using a final volume of 300 μL.   

In Vitro Photolysis 

Ramos cells (50,000) and equal number of control cell lines were washed with the cold 

binding buffer in 500μL and subsequently incubated with 250nM of TD05-Ce6 probe at 4ºC for 

20 min, cells were then washed with 1 mL of wash buffer by centrifuging at 950rpm, exposed to 

white fluorescent light (fluence rate = 2.8Jmin-1 ) for 4 hours, and then re-cultured  in RPMI-
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1640 for 36 hours. The cell viability was determined by propidium iodide incorporation 

(Invitrogen). Experiments were repeated three times, each time in triplicate.  

Results and Discussion 

Results presented in previous chapters show that the aptamer TD05 binds selectively to 

Ramos cells.  Subsequently, we found that aptamer TD05 binds with membrane bound IGHM, a 

known marker for Burkitt’s lymphoma cells.  As shown in Figure 4-2, FITC-labeled TD05 

aptamer selectively binds to Ramos cells, but not with other leukemia cells. 

 
Figure 4-2.  Aptamer TD05-FITC binding to different leukemia cells. Higher fluorescence 

intensity observed for Ramos cells is an indication that aptamer FITC-TD05 selectively 
binds to Ramos cells.  

Therefore, we hypothesized that aptamer TD05 could be used for selective destruction of 

Ramos cells by conjugating to a photosensitizer followed by illumination of light.  Use of 

aptamers in selective targeting of one specific tumor will effectively localize the PS on the cell 

membrane prior to illumination of light, thus increasing the therapeutic efficacy and selectivity 

of the PS. 
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Conjugation of DNA with the photosensitizer Ce6 solves several problems associated with 
PSs.   

• Conjugation of negatively charged DNA with Ce6 increases the aqueous 
solubility of Ce6, and makes it more useful for in vivo applications.  

• The DNA aptamer has the targeting ability to localize the photosensitizer on the 
tumor membrane.  

• Since PS absorbs near in the IR, these probes can also be used as imaging agents.  

Conjugation of Ce6 with Amine Modified Aptamer TD05 

First, amine-modified TD05 aptamer was chemically conjugated to Ce6 by reaction with the 

N-hydroxysuccinamide ester (NHS) of Ce6, using dicyclohexyl carbodiimide (DCC) as a 

coupling agent as shown is Figure 4-3. 

 
Figure 4-3.  Reaction of conjugation of chlorin e6 with an amine modified TD05 aptamer probe.  
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Characterization of Aptamer TD05-Ce6 Conjugates 

Since Ce6 molecules show characteristic absorption bands at 404nm and 643nm, 

Ce6/DNA conjugates should show an absorbance maximum corresponding to Ce6 as well as 

DNA.  Therefore, to confirm the conjugation of TD05 with Ce6, the purified aptamer TD05-Ce6 

conjugate was characterized by observing the absorbance at 260 nm for DNA, and at 404nm, and 

643nm for Ce6.  As shown in Figure 4-4, the conjugates indeed show absorbance at the expected 

wavelengths, suggesting that the Ce6 has been conjugated with amine modified DNA.  After 

verifying the conjugation of Ce6 with DNA, we next investigated whether Ce6 can still act as an 

efficient reactive singlet oxygen generator.  This was necessary because interactions between the 

electronic states of the dye chromophores and nucleic acids bases can lead to fluorescence 

quenching. 

 
Figure 4-4.  UV-Vis absorption of Ce6 conjugated with DNA.  The observed absorbance at 

260nm is characteristic for DNA and absorbance at 404 nm and 643 nm are characteristic 
of Ce6 molecules.  

Since Ce6 is a near-IR dye, it could possibly be Ce6 could be quenched by DNA bases 

making the Ce6 less efficient as a photosensitizer.  Therefore, the effectiveness of Ce6 was 
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evaluated using a commercially available singlet oxygen detection kit, which contains a reduced 

version of FITC dye.  The dye shows no fluorescence until it is oxidized by singlet oxygen.  

Therefore, in the presence of reduced sensor dye, the increase in the fluorescence signal with 

irradiation of Ce6 dye is proportional to the amount of singlet oxygen generated in solution.  

Figure 4-5 compares the results for free Ce6 with TD05-Ce6 conjugates.  Conjugation with 

aptamer TD05 did not result in significant decrease in the sensor fluorescence, indicating that the 

photosensitizing properties of Ce6 were not lost.  The observed slight decrease in the 

fluorescence signal with dye could be explained in terms photo bleaching effect with prolong 

irradiation.  Next, it was necessary to evaluate whether conjugation has affected the specific 

binding of TD05 aptamer to Ramos cells.  Since Ce6 is extremely hydrophobic, it can non-

specifically accumulate on the membrane, thus decreasing the specificity. 

 
 Figure 4-5.  Singlet oxygen generation ability of free Ce6 dye and Ce6 conjugated to aptamer 

TD05.The singlet oxygen generation was measured using fluorescence enhancement of 
sensor green, which is a reduced form of the FITC dye.  

Figure 4-6 shows the flow cytometric results for an in vitro binding study using FITC 

labeled TD05 by itself and an equimolar mixture of FITC-TD05 and Ce6-TD05.  When Ce6-

TD05 is present the fluorescence due to FITC-TD05 decreases to about 50% of its original value, 

showing that TD05-Ce6 recognizes Ramos cells with selectivities similar to that of FITC-TD05.   
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Binding of TD05-Ce6 to Ramos cells was also visualized using confocal microscopy.  As 

shown in Figure 4-7 fluorescence from Ce6 was significantly higher in the presence of Ramos 

cells as compared to control CEM-CCRF cells, indicating that the TD05-Ce6 conjugates retain 

the selectivity for Ramos cells. 

Investigation of Toxicity of Aptamer TD05-Ce6 Conjugates 

We next evaluated whether TD05-Ce6 can selectively kill Ramos cells upon illumination 

of light.  Ramos cells were used as the target cells, with CEM, K562, HL-60, and NB-4, which 

do not express IGHM, as the control cells.  All the experiments were conducted in the dark to 

minimize the photo-bleaching of the PSs.  Cells were incubated with 250nM of TD05-Ce6 

conjugate in the dark at 4ºC for 30 min.  Since the KD for TD05 is 75nM,84 slightly more than 

75nM TD05-Ce6 was used to ensure the cells with IGHM were properly stained.  A washing 

step prior to illumination ensured the removal of unbound probe to decrease the non-specific 

killing and to mimic higher clearance of unbound molecules from the body in the background 

tissues. 

 
Figure 4-6.  Binding of aptamer TD05-Ce6 conjugate.  Competitive binding of aptamer TD05 

with Ramos cells before and after Ce 6 conjugation.  
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Figure 4-7.  Fluorescence confocal images.  (A) TD05-Ce6 bound to the cell membranes of 
target Ramos cells. (B) Control CEM cells which do not show binding.  Higher 
fluorescence signal observed on the membrane periphery is an indication of aptamer 
TD05-Ce6 conjugates binding to Ramos cells. On the other hand, CEM cells showed 
only a background fluorescence intensity suggesting that TD05-Ce6 conjugates do not 
bind. 

Since Ce6 molecules absorb long-wavelength of radiation, a commercially available 

fluorescence bulb was used (fluence rate = 2.8 mJ/min, and for 4 hours).  Because the toxicity 

induced by PSs leads to slow killing of the cells, the exposed cells were re-cultured in the fresh 

media.   

Cell viability was determined 36 hours after illumination by propidium iodide 

incorporation using flow cytometry counting 10,000 events.  Propidium iodide (PI) is a DNA- 

intercalating dye, which cannot pass through the healthy cell membrane.  When the cell 

membrane is damaged by reactive oxygen species, the dye is able to diffuse into the nucleus and 

intercalate into the genomic DNA, resulting in increased fluorescence.  Therefore, by monitoring 

the fluorescence of the PI treated cells, the toxicity can be assayed. 

The results of the toxicity study are shown in Figure 4-8.  The heights of the bars gave the 

percent cell viability with 100% corresponding to cells without any added aptamer or free Ce6. 

A 

B 
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Thus, the efficacy of the treatment is indicated by a decrease in bar height.  Clearly, the TD05-

Ce6 conjugates markedly decreased cell viability (71.3% ± 6.9% decrease) as shown in Figure 4-

8.  The toxicities observed in control CEM (35.8% ± 7.4), K562 (30% ± 3. 37), NB4 (36.4 ± 

7.09), and HL60 (<1%) cells are over 50% less than toxicity for the targeted cell lines.  This 

suggests that the specific interaction of TD05-Ce6 on the cell membrane can induce selective cell 

death.  The slight toxicity of aptamer photosenstizer conjugate toward the CCRF-CEM, K-562, 

and NB-4 could be due to non-specific interactions with the cell membrane.  While unconjugated 

Ce6 is insoluble in aqueous media, the conjugation of the DNA aptamer with Ce6 dramatically 

increases its aqueous solubility, resulting in an increased interaction of the hydrophobic portion 

of Ce6 with the cell membrane. 

 
Figure 4-8.  Cell toxicity of aptamer TD05-Ce6 treated cells. Ramos cells after 30 min 

incubation at 4ºC. After removing the unbound probes, each sample was irradiated with 
light for 4 hours, and subsequently grown in fresh media for 36 hours. After 36 hours, 
cells were analyzed by monitoring the fluorescence enhancement resulted from PI 
incorporation into the genomic DNA of the dead cells. 

Referring to Figure 4-8, the free aptamer without Ce6 and the free Ce6 samples did not 

show significant toxicities. The toxicity clearly demonstrates the feasibility of aptamer-PS 
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conjugates in effectively destroying cells that interact selectively with TD05-Ce6.  Removal of 

the unbound TD05-Ce6 after incubation prevents the aptamer conjugates or free drug conjugates 

from entering into the cells, and it removes any nonspecific binding.  Taken together it is 

suggestive that the interaction of TD05-Ce6 on the cell membrane is specific and can induce 

selective cell death.  

We next investigated the possibility of toxic effects could be due to the interaction of  

aptamer TD05-Ce6 conjugates with its target protein , but not due to toxicity generated by 

irradiation of the PS.  Figure 4-9 shows percentage cells viability without irradiation.  As 

anticipated, the un-irradiated samples did not show any significant decrease in viability, 

indicating aptamer TD05-Ce6 conjugate is not toxic in the absence of light.  To further 

demonstrate the specificity of the method, separate control experiments using a random DNA 

sequence attached to the Ce6 dye were performed.  Because a random sequence does not bind to 

Ramos cells, the irradiated random DNA sequence attached to Ce6 dye should not lead to any 

toxicity towards Ramos cells. 

 
Figure 4-9.  Cell viability observed for CEM and Ramos cells with no irradiation of light.  Cells 

were incubated with APS conjugate and free Ce6 in the dark.  Following the washing 
step, cells were grown for 36 hours prior to toxicity analysis using PI incorporation. 
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As shown in Figure 4-10, the random DNA labeled with Ce6 did not show any toxicity 

towards Ramos cells, however, 26% ± 2.15% decrease in cell viability was observed for CEM 

cells.  This could be due to non-specific interaction of DNA attached to Ce6 with the CEM cell 

membrane.   

 
Figure 4-10.  Observed cell viability for HL-60, NB-4, K562, CEM and Ramos cells with Ce6 

attached to a random DNA sequence.  

  Photoactive therapy has great potential in cancer treatment, but administration of 

photoactive drugs for extended periods is usually not feasible.  For this reason, conjugation of a 

photosensitizer with a probe that can be localized at the tumor site will enhance the therapeutic 

effectiveness.  Here, we have exploited the specific recognition capability of DNA aptamers 

evolved using live cells along with ability of chemical manipulation of DNA to effectively target 

one type of cells.  Covalent attachment of PS to aptamer provides stability in the cellular 

environment.  The small size of the aptamer –PS conjugate facilitates tissue penetration for 

treatment of solid tumors.  Problems with the stability of aptamers could be addressed by 

incorporating unnatural nucleic acids at the pre-defined sites in the aptamer to increase resistance 

to nuclease degradation. 
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CHAPTER 5 
APTAMER EVOLVED FROM CELL-SELEX AS AN EFFECTIVE PLATFORM FOR DRUG 

RELEASE  

The previous chapter showed that aptamers can be used as carriers to deliver type II PSs to 

the tumor surface.173  However, a further increase in selectivity is still necessary to prevent the 

damage to the surrounding tissues caused by singlet oxygen.  Patients who go through PDT 

treatments are often required to avoid sunlight for several weeks to months following the 

treatments due to the accumulation of the photosensitizer (PS) in the surrounding tissues.171, 174  

One way to address this issue is by exploiting the photochemical and photophysical 

properties of PSs themselves.  For example, it has been shown that the photosensitizing ability 

and the fluorescence emission of a PS can be successfully quenched by utilizing FRET 

(Fluorescence Energy Resonance Transfer) with fluorescence quenchers.175  Zheng et.al. and 

others demonstrated this principle by engineering a photodynamic molecular beacon, in which a 

quencher carefully positioned close to a PS using a polypeptide linker to effectively quenches 

ROS generation and fluorescence.175, 176  The FRET quenching mechanism depends strongly on 

the proximity of the PS and the quencher.  When the PS-peptide-quencher conjugate reaches the 

tumor environment, tumor specific proteases cleave the peptide and release the quencher from 

close proximity to the PS.  The PS remains in contact with the tumor and upon irradiation at the 

appropriate wavelength the PS produces fluorescence and cytotoxic singlet oxygen.  Choi et al. 

177 later demonstrated the feasibility of quenching of the photosensitizing ability of the PSs in 

xenografted tumor models using polylysine conjugates, followed by protease cleavage to restore 

toxicity.  While the idea of specific peptides targeted by proteases secreted at the tumor 

environment is attractive, this method suffers from lack specificity of the peptide.  In addition, 

peptide and small molecule conjugation chemistry is not straight forward and the structural 

rigidity required for efficient quenching of PS and quenchers is limited in peptides. 
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In the following sections, we introduce an aptamer-based prodrug therapy which takes 

advantage of the ability of aptamers to selectively target tumor cells.  The pro-drug utilizes a 

FRET-based PS quenching mechanism, and a DNA template-assisted disulfide bond reduction 

has been introduced to activate the pro-drug. 

DNA Directed Functional Group Transfer Reactions 

Liu et al. 178 introduced  DNA Template based functional Group Transfer Reactions 

(DTGTR) in 2000. These reactions have proven to be effective in generating precise, well 

controlled reaction products.  

 
Figure 5-1.  DNA Template based Functional Group Transfer Reactions. (a). Oligonucleotide is 

linked to a reactive group through a linker. (b). Hybridization of complementary 
oligonucleotides brings A and B closer together with their most favorable orientations 
and for higher rates of reaction. 

Figure 5-1 shows one type of DTGTR scheme.  The reactants are linked to two 

complementary DNA strands. Hybridization of the two complementary DNA templates brings 

the reactants close together and orients them properly for reaction, resulting in higher reaction 

rates at low concentrations.  These orientations also increase the probability of generating the 

desired product with minimal side product formation.  Therefore, we hypothesized that the 

targeting ability of aptamers and the kinetic advantages of DTGTR could be combined to create 

a platform that triggers drug release.   
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Utilization of DTGTR as a drug delivery method has already been demonstrated. For 

example, Ma and Taylor’s “nucleic acids-triggered catalytic drug release” took advantage of 

positioning two reactants in close proximity.179  This study focused mainly on targeting mRNA 

expression to trigger drug release.  The authors linked an imidazole to a DNA nucleotide and a p-

nitrophenol group to a complementary DNA strand via an ester bond.  Hybridization of the DNA 

strands brought the ester group close to the imidazole, facilitating base hydrolysis of the ester to 

generate free p-nitrophenol. 180   

Alternatively, DNA aptamers can be attractive agents in applying drug delivery platforms 

via DTGTR.  Apart from clinical advantages of DNA aptamers, one of the inherent properties of 

DNA is its structural rigidity, which can be manipulated to engineer PS/quencher pairs with 

increased quenching efficiency, as well as higher rates in release of the quencher by DTGTR.  

By combining suppression of the photosensitizing effect by the quencher, selective bond 

breakage by DTGTR and tumor recognition ability by the aptamer, we have designed a DTGTR 

based-aptamer complex to trigger the release of drug candidates at the tumor surface.  Since 

aptamer Sgc8 evolved from cell-SELEX shows preferential binding to T cell lymphoma CEM 

cells,85,90 we hypothesized that the aptamers can be used as a platform to deliver drug candidates 

to the CEM cells.   

As shown in Figure 5-2, the newly designed aptamer template has three characteristics:  

1. Tumor recognition ability from the aptamer  

2. DNA platform for prodrug hybridization  

3. Activator to release the drug by DTGTR.    

The “prodrug” is composed of a DNA sequence complementary to an aptamer platform having 

closely positioned fluorophore and quencher.  Until the prodrug reaches the tumor environment 

and hybridizes with the platform, fluorescence is quenched.  Hybridization of the pro-drug with 
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platform allows the activator to react with the pro-drug to release the quencher and restore 

fluorescence.  

 
 

Figure 5-2.  Aptamer-based DTGTR as a tool for drug release.  The prodrug contains a 
fluorophore, which is quenched due to FRET.  Upon hybridization with the platform, 
activator (DTT molecule) cleaves the disulfide linker between the quencher and the 
fluorophore, and the fluorescence is restored. 

Methods and Materials 

DNA Synthesis and Purification 

Aptamer Sgc8 modified with reaction template and non-specific control DNA was 

synthesized at the 1umole scale using standard phosphoimidite chemistry and was purified using 

reversed phase HPLC.  An ABI3400 DNA/RNA synthesizer (Applied Biosystems, Foster City, 

CA) was used for the synthesis of all DNA sequences.  Table 5-1 shows all the sequences used in 

this study.  For internal labeling either FITC-dT or 5-NH2-dT was used.  For 3’ end labeling 

either dabsyl-Controlled Pore Glass (CPG) or black-hole quencher 2 CPG (BHQ2-CPG) was 
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used.  Dithiol phosphoamidite (DTPA) was used at the 5’ end as the activator.  A ProStar HPLC 

(Varian, Walnut Creek, CA) with a C18 column (Econosil, 5u, 250 × 4.6 mm) from Alltech 

(Deerfield, IL) was used to purify all fabricated DNA.  A Cary Bio-300 UV spectrometer 

(Varian, Walnut Creek, CA) was used to measure the absorbance to quantify the manufactured 

sequences.    The completed sequences were then deprotected in concentrated ammonium 

hydroxide at 65º C overnight and further purified with reverse phase high-pressure liquid 

chromatography (HPLC) on a C-18 column.  

Fluorescence Measurements 

Fluorescence measurements were performed on a Fluorolog-Tau-3 spectrofluorometer 

(Jobin Yvon, Inc., Edison, NJ) (37 ± 0.1) ºC using a 100- L cuvette.  After adding the cDNA-

DTT probe, the resulting fluorescence intensity of the PBFSSD was monitored by exciting the 

sample (FAM label) at 488 nm and measuring the emission at 505 nm.  Bandwidth for both the 

excitation and the emission were set at 10 nm.  Corrections were also made for potential dilution 

factors in the titration experiments. 

Cell line and Reaction Conditions 

CRF-CEM (CCL-119, T cell line, human ALL) cells were obtained from American Type 

Culture Collection.  The optimum reaction buffer was 0.1M Na3PO4 at pH=8.01.  All reactions 

were performed at 37ºC for 2 hours.  Briefly, probe and the prodrug in appropriate ratios was 

incubated with 50,000 cells for 2 hours.  Upon completion of the reactions, the  mixture was 

immediately cooled to 4ºC and 350μL of cell binding buffer (4.5 g/L glucose and 5 mM MgCl2 

in Dulbecco’s PBS with calcium chloride and magnesium chloride; Sigma), yeast tRNA 0.1 

mg/ml; (Sigma) and 1mg/mL sheared salmon sperm DNA was added prior to flow cytometric 

analysis.  The data were analyzed by obtaining the mean fluorescence signal of the histogram for 

each sample. 
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Table 5-1.  Sequence of DTS reactions.  DTT refers to DTPA , D refers to DabsyldT, F refers to 
FITCdT, 6 refers disulfide phosphoamidite, C3 refers to carbon-3 spacer 
phosphoamidite, N refers to Dabsyl-CPG.  

Name Sequence 
PBC3DTT 
PBFSSD 
Sgc8Tem-C3DTT 

DTT-C3-GA TGG TGC GGA GCC  
GGC TCC GCA CCA F C6 TN  
DTT-C3-GAT GGT GCG GAG CCA TCT AAC TGC TGC GCC 
GCC GGG AAA ATA CTG TAC GGT TAG A 

Sgc8RTem-C3DTT DTT-C3-NNN NNN NNN NNN NNA TCT AAC TGC TGC GCC 
GCC GGG AAA ATA CTG TAC GGT TAG A 

Sgc8Random NNN NNN NNN NNN NNA TCT AAC TGC TGC GCC GCC GGG 
AAA ATA CTG TAC GGT TAG A 

Sgc8Tem GAT GGT GCG GAG CCA TCT AAC TGC TGC GCC GCC GGG 
AAA ATA CTG TAC GGT TAG A 

 
Results and Discussion 

Probe Design and Mechanism of Activation 

Aptamer Sgc8 was chosen for this study because of its high affinity for CEM-CCRF 

cells.85  A platform sequence consisting of 14 DNA bases was linked to dithiol phosphoamidite 

at the 5’end.  Reduction of dithiol phosphoamidite generates dithiothreitol (Cleavlan’s reagents, 

DTT) to act as the DTGTR activator.  For the DNA based prodrug a quencher and either a 

fluorophore or a photosensitizer were linked via a S-S linkage to the DNA that is complementary 

to the platform sequence.  The basic hypothesis is that, upon hybridization of the prodrug with 

the cDNA platform, the DTT group aligns with the disulfide group and cleaves the disulfide 

linker to the quencher, thus restoring fluorescence.  The mechanism of DTT mediated disulfide 

cleavage is outlined in Figure 5-3.  The FRET probe was aided in proving the concept of 

DTGTR.  A 14 mer sequence was aligned incorporating a FRET pair to monitor the reduction of 

the disulfide linker between a Dabsyl quencher and an FITC fluorophore as shown in Figure 5-3. 

Initially, the fluorescence restoration was investigated using large excess of free DTT, and 

fluorescence signal was monitored.   
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Figure 5-3.  Mechanism of fluorescence restoration of the hypothetical pro-drug upon reduction 
of disulfide linker. The prodrug contains a 14 mer DNA sequence modified with a 
FITC fluorophore and linked to a Dabsyl quencher through a disulfide bridge.  The 
activator platform contains a 14 mer complementary sequence attached to a DTT 
molecule. Upon hybridization of prodrug with the platform, the DTT group comes 
into the close proximity of the disulfide linker. DTT molecule cleaves the disulfide 
linker, releasing the quencher and restoring fluorescence. 
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As shown is Figure 5-4, upon addition of free DTT, the fluorescence signal increased 

within 1 hour reaction time, confirming the positioning of the FITC and Dabsyl.  Following the 

confirmation of the synthetic product of PBFSSD, we investigated whether DTT bonded to the 

platform can also rapidly reduce the disulfide bond.  The fluorescence signal enhancement was 

monitored by adding equal amounts of PB-C3DTT and free DTT respectively, to two prodrug 

samples.  As shown in Figure 5-5, when PB-C3DTT was used, the increased local concentration 

of DTT due to DNA hybridization enhanced the rates of fluorescence restoration compared to 

free DTT. 

 

Figure 5-4.  Verification of de-quenching effect upon reduction of disulfide link.  Increase in 
fluorescence signal with free DTT indicates that fluorescence can be restored by 
cleaving disulfide link to remove the quencher. 

Investigation of Quencher Release Using Aptamer Sgc8tem-C3-DTT on the CEM Cells 

Following the preliminary work with a short DNA sequence, the feasibility of applying the 

same prodrug on a cell membrane was investigated.  In doing so, Sgc8 aptamer targeted to CEM-

CCRF cells was modified with DTT via the platform and a 3-carbon spacer as shown in Figure 

5-6.  Introduction of the 3-carbon spacer increased the flexibility and free rotation, thus, 

minimized steric effects caused by the large fluorophore and quencher pairs.  
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Figure 5-5.  Restored fluorescence upon addition of PB-C3-DTT to PBFSSD. When PB-tem-
c3DTT was added at 1200s, the fluorescence signal increased, confirming the 
reduction of the disulfide bond due increased local concentration. When an equal total 
concentration of free DTT was added, the fluorescence did not increase. 

Since the aptamer and target cell interaction depends on the unique three dimensional 

folding of the aptamer, it is possible that the aptamer binding would be affected by introducing 

additional bases at the 3’ or 5’ end.  The secondary structure predicted by m-fold for Sgc8 

aptamer is a hair pin, as shown in Figure 5-6-A.  Theoretically, addition of 14 additional bases at 

the 5’ end and subsequent hybridization to the pro-drug should further stabilize the hair-pin 

structure.  However, it is also arguable that the DNA aptamer can refold when the extra bases are 

added.   
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Figure 5-6.  Aptamer –platform and hypothetical prodrug. Aptamer consists of three key 
elements: (A) Tumor recognition element, (B) Reaction platform, (C) Activator 
molecule (DTT). (D) The hypothetical prodrug consists of cDNA to hybridize with 
the platform. The mechanism of cleavage of the disulfide linker is shown in Figure 5-
3.  
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Therefore, in order to investigate specific binding of the aptamer when modified, a competition 

assay was performed by introducing excess modified aptamer to cells bound to the unmodified 

aptamer Sgc8 labeled with FITC.  As shown in Figure 5-7, the fluorescence intensity of FITC-

Sgc8 decreased, indicating that FITC-Sgc8 was displaced from the cell membranes by the 

modified Sgc8 and verifying that the modified-Sgc8 retains its binding ability.  We next 

investigated whether the restored fluorescence on the cell membrane upon disulfide reduction 

can be detected using flow cytometry.  A 250nM sample of PBFSSD along with aptamer 

Sgc8tem was incubated with 3000 fold excess of free DTT to allow complete reduction of the 

disulfide bond.  Upon completion of the reaction, the reduced probe was incubated with CEM 

cells and the restored fluorescence on CEM cells was analyzed using the flow cytometry.  As 

shown Figure 5-8, the fluorescence intensity for the cells with DTT treated probe was increased 

compared to the cells with untreated probe, indicating that fluorescence restoration can be 

detected on the cell membrane.   

Next, we investigated whether Sgc8tem-C3-DTT probe can also reduce the disulfide bond 

on the cell membrane.  The CEM cells were incubated with (1) 30-fold excess of Sgc8tem-C3-

DTT and PBFSSD, (2) the positive control (3000-fold excess of free DTT), and (3) the negative 

control (nothing but the PBFSSD, Sgc8temC3) to investigate the reaction.  After 2 hours of 

reaction at 37ºC, the restored FITC fluorescence on the cell membrane was monitored using flow 

cytometry.  The heights of the bars give the mean fluorescence intensity observed in the 

histogram for each reaction.  All reactions were done in triplicate.  As shown in Figure 5-9, a 30-

fold excess of aptamer Sgc8tem-C3-DTT reduces the disulfide linker, whereas a 3000-fold 

excess of free DTT is needed to achieve the same fluorescence enhancement, demonstrating the 

effective cleavage by increased local concentration.   
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Figure 5-7.  Binding of Sgc8tem with CEM cells. The fluorescence intensity of aptamer Sgc8-

FITC decreases in the presence of a 10-fold excess of Sgc8tem and Sgc8-Random 
indicating that Sgc8 binding is retained after attachment of additional bases at the 5’ 
end. 

 

 
Figure 5-8.  Flow cytometric results for DTT treated PBFSSD on CCRF-CEM cells. The cells 

were treated with equal concentrations of PBFSSD and Sgc8tem with and without 
excess DTT at 37ºC. The increase in the fluorescence indicates that PBFSSD was 
cleaved by excess DTT. 
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Figure 5-9.  Reduction abilities of free DTT and DTT attached to DNA aptamer template.  Each 

probe was incubated in the reaction buffer with CEM-CCRF cells.  After 2 hours, the 
restored fluorescence was analyzed using flow cytometry. 

Next, ratios of Sgc8Tem-C3DTT to PBFSSD (250nM) were varied 5, 10 and 30 to 

determine the minimum ratio of Sgc8Tem-C3DTT needed to achieve the highest fluorescence 

restoration.  Addition of excess template shifts the equilibrium to the bound state allowing the 

entire PBFSSD to be hybridized with Sgc8Tem-C3DTT template.  According to the Figure 5-10, 

free DTT fails to reduce the disulfide linker at any of these ratios, but as the concentration of 

Sgc8Tem-C3DTT increases the amount of sulfide reduction increases by the same factor. 

Then the specificity of disulfide cleavage was investigated using a random template 

bound to DTT via a 3-carbon linker.  As shown in Figure 5-11, the Sgc8-Random-tem-C3DTT, 

does not increase the fluorescence intensity, indicating that the disulfide linkage is not cleaved 

without DNA hybridization and that the template mediated disulfide reduction using DTT 

attached to the aptamer platform is specific.  
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Figure 5-10.  Disulfide bond reduction of PBFSSD using DTT bound to aptamer platform and 

free DTT.  Respective ratios of Sgc8c3tem/DTT incubated with 250nM PBFSSD in 
binding buffer and with CEM-CCRF cells for 2 hours at 37ºC. Following 2 hours 
incubations, restored fluorescence was detected using flow cytometry.  

 
Figure 5-11.  Specificity of disulfide bond reduction by DTT attached to Sgc8-tem-c3DTT.  

Sgc8-sequence with random DNA template linked to DTT (Sgc8-R-Tem-C3DTT) 
failed to reduce the disulfide bond.    
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In conclusion, a new model of drug delivery utilizing DTGTR has been demonstrated.  

Based on the observed results using FITC-Dabsyl pair, we have shown a proof-of-concept for 

PS/quencher based pro-drugs.  The ability of aptamer to specifically recognize a target cell line, 

followed by the drug activation mechanism could be utilized in precise control and delivery of 

PS based prodrugs in exact tumor locations.  
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CHAPTER 6 
SUMMARY AND FUTURE WORK 

Summary of In vitro Selection of Aptamer Targeting PKCδ  

This dissertation demonstrated the versatility of aptamers for variety applications: selective 

binding to a predetermined protein, recognition of a biomarker on tumor cell membranes, 

localization of a photosensitizer for photodynamic therapy, and localization of a prodrug for 

controlled PDT. 

The initial phase of the research (Chapter two) focused on the selection of an aptamer for a 

single protein using CE-SELEX.  The selected aptamer was modified with a fluorophore to 

detect PKCδ.  The aptamer showed reasonable specificity for PKCδ compared to PKCα and 

PKCϕ.  While CE-SELEX showed high separation efficiencies when a larger protein (IgE, 

115kDa) was used73, the separation efficiency was low for the much smaller PKCδ  (90 kDa).  

This is mainly because of the overlap of the broad free-DNA peaks and the small difference in 

electrophoretic mobility when the aptamer binds to a single protein.  Therefore, the major 

drawback of CE-SELEX for small target proteins leads to the selection of aptamers with poor 

affinities.  To address this problem, the combination of gel electrophoresis or other conventional 

SELEX procedure along with CE may be useful. 

Biomarker Discovery 

 The work described in Chapter 3 involved the identification of a biomarker using 

aptamers generated against Ramos cells.  This was accomplished by taking advantage of the 

ability of easy chemical modification of DNA.  Discovery of the biomarker demonstrated the 

capability of aptamers selected using cell-SELEX to recognize Ramos cell specific protein 

(IGHM) and to systematic identification of proteins that are significantly expressed in a cancer 

cell.  
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Recent advances including the results of this work in aptamer selection and the ability to 

target whole cells have led to investigation of applicability of aptamers as molecular probes in 

disease recognition and therapy.  Based on these examples, the feasibility and the promise in 

cancer therapy using aptamers are becoming much more realistic and significant.  As described 

in this research, an important advantage of this approach is that, aptamer selection is done with 

no prior knowledge of the protein expression patterns of a given cell.  Subsequent identification 

of interacting proteins on these cell membranes can lead to the discovery of new biomarkers, 

thus forming a solid molecular foundation for molecular medicine.  However, the current 

approach of aptamer selection needs to be more refined in terms of selection efficiency as well as 

methods of protein identification.  With the advances in the fields of molecular probe 

engineering, nanotechnology, imaging instrumentation aptamers can be highly efficient 

molecular probes for cancer and other significant diseases.  In summary, using aptamers as 

molecular probes can enable highly effective molecular imaging and profiling of diseases. 

Summary of Targeted Therapy Study 

Chapter 4, we demonstrated that aptamers selected for specific recognition of a marker 

protein can be used as a drug carrier, in particular a photosensitizer for the destruction of Ramos 

cells.  This demonstrated ability of aptamers to target tumors with high selectivity makes 

targeted therapy possible in a number of “pretargeting” strategies.  Moreover, aptamers do not 

induce immunogenic reactions, and are effective in penetrating the solid tumors.  Due to the easy 

chemical manipulation, aptamers can readily be modified with functional groups making them 

attractive in bio-conjugations.  For example, we have demonstrated the feasibility of conjugation 

of an aptamer for Ramos cells with photosensitizers.  Despite the many advantages of aptamer, 

their broader use in animal models needs to be investigated and potential problems in in vivo 

applications needs to be addressed.181   
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The investigation of aptamers-based drug carriers was extended in Chapter 5.  To avoid 

undesirable effects associated with photosensitizers, as a proof-of-concept we demonstrated PS 

can be delivered to CCRF-CEM cells in an inactive form using the FRET principle to a nearby 

quencher.  After localization on the cell membrane, the PS was activated by a template-based 

bond cleavage reaction to remove the quencher and restore fluorescence.  This pro-drug design 

clearly demonstrated that targeted therapies can be controlled for optimum drug release. 

Future Work 

Aptamers with Increased Nuclease Stability 

This work has demonstrated some of the advantages of aptamers as therapeutic carriers, 

but challenges of applying aptamers in vivo studies are their instability in the serum.  Since they 

consist of nucleic acids, aptamers can readily be digested by nucleases and cleared from the 

body.  For example, unmodified antisense oligonucleotide has a half life in serum of less than a 

minute; 182 and, an unmodified aptamer against thrombin has shown significantly low half-

lives.182  For this reason, the future of aptamers as therapeutic carriers relies mainly on the 

introduction chemical functionalities that can resist the nuclease degradation.  Modification of 

the DNA backbone, as well as introduction of non-natural bases into the DNA sequence, have 

been demonstrated to be effective in this regard.183  For example, substitution of 2’-hydroxy 

group of the ribose moiety of an RNA aptamer by a fluorine or amino group increased the 

stability of the aptamer by several orders of magnitude184.   Another strategy exploited 

phosphorothioate-modified aptamers for targeting at an immune receptor on T cells in vitro and 

in vivo.183  
Floege, J. et al. substituted the 2’ position of the sugar ring of a PDGF aptamer with 

O-methyl- or fluoro- groups and replaced the non-binding portions of the aptamer sequence with 

hexaethylene glycol spacers.  They observed a much longer half-life in serum and the binding 

affinity of the aptamer for PDGF was not significantly altered.185  
External labels have also been 
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evaluated for increased nuclease-resistance of aptamers.186  
It was found that aptamers linked to a 

biotin label at the 3’-end showed increased stability in vitro, while a biotin-streptavidin group at 

the 3’-end protected the aptamer from nucleases even in vivo.  Besides the efforts in post-SELEX 

modifications for enhanced aptamer stability, some studies have turned direct use of modified 

DNA or RNA bases in the SELEX process.187  
Aptamers isolated in this way can have the built-

in ability to resist nuclease digestion.  

The first aptamer based FDA approved drug against VEGF-A is currently on market. 181  

In this aptamer the pyrimidines were modifies at the 2’NH2 position with long poly ethylene 

glycol chains to prevent nuclease degradations, and to increase the blood residence-time. 181  

Table 6-1 summarizes the modifications of unconventional nucleic acid bases that have shown to 

demonstrate prolonged lifetimes in real biological samples.   

Table 6-1. Different types of chemical modifications, for stabilization of aptamers and for 
enhancing pharmacokinetics, immobilization and labeling. 188 

Functional Group Position Purpose 
2’-F or 2’-NH2 nucleotides 

2’-OMe-nucleotides 

dT-Cap 

Polyethyleneglycol (PEG) 

Diacyl glycerol 

Biotin 

Primary Amines (-NH2)  

Pyrimidines 

Pyrimidines and purines 

3’-end 

5’-end 

5’-end 

5’-end, 3’-end, other 

defined positions 

5’-end and 3’-end  

Protection  against endonucleases 
Protection against minor 
endonucleases 
Protection against exonucleases 
Reduced plasma clearance 
 
Reduced plasma clearance 
 
For Immobilization solid supports or 
attachment to other SA-conjugates 
NHS-EDC chemistry, introduction of 
drug conjugates  

 

Aptamers as Targeting Moiety in Gene Therapy 

Apart from PDT, aptamers have a potential as a targeting agents in gene therapy, which 

was introduced as a treatment modality for genetic diseases.  However, with the developments of 

in bio-technology and increased variability of viral vectors, this modality is increasingly popular 
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in cancer therapy.189  One of the most used vectors in gene therapy is Adeno Associate Virus 

vectors (AAV), which is a single stranded DNA parvovirus with a genome of 4700 nucleotides. 

189  In the case of cancer treatment AAV was shown to be effective in delivering suicide genes 

into the cancer cells.  So far, the incorporation of saporin into the virus vectors has been 

demonstrated to be effective in inducing cell death in B16 melanoma cells.190  A possible 

extension of the present work would involve linkage of aptamer Sgc8 to AAV for delivery into 

CEM cells.  Infection can be monitored using a GFP fused gene along with the suicide gene and 

by monitoring the expression of the tag. 

Additional Structural Studies of Aptamer Site Recognition 

In Chapter 3 we demonstrated a method to identify the protein that in interacting with 

aptamer TD05 by covalent crosslinking of the probe, thereby generating a “frozen” aptamer 

protein complex.  By introducing 13C isotope at the C5 position of the 5-dUI additional 

information could be obtained.  By observing the location of the isotope covalently crosslinked 

with the protein epitope, the interaction site of the protein can be determined.  Stable isotope 

labeling with deuterium, 18O, or 13C, having known ratios with their non-labeled counter parts 

allows MS detection of  products from the enzymatic digestion based solely on their distinctive 

patterns of the isotope peaks.  The identification of the epitope of the protein interacting with the 

aptamer help scientists to understand the nature of the binding of the aptamer with its protein, 

and to modify the aptamer for use as a drug carrier.  Figure 6-1 exemplifies the structure of the 5-

iodo deoxy uracil with 13C incorporated at the C5 position.  When cross-linked with a 13C-

labeled base, each amino acid in the corresponding to the peptide fragment will have a higher 

m/z based on the degree of crosslinking. 

The proposed scheme for the characterization of the binding site of the epitope of the IgM 

protein using 13C labeled aptamer is shown below (Figure 6-2).  Aptamers containing 13C-labeled 
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5-iodouridine will be incubated with target cell line.  After washing off the unbound aptamers, 

aptamer-cell complex can be irradiated with a 308nm excimer laser to induce covalent 

crosslinking.  After crosslinking, the extra-cellular membrane will be removed using trypsin and 

protienase K and subsequently analyzed by LC-MS/MS.  By detecting the presence of 5-dUI* 

with 13C, the epitope of the protein can be determined.   
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Figure 6-1.  Structure of 5-iodo deoxy uridine. (*) position refers to the 13C on the base. 
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Figure 6-2.  The proposed method for determination of aptamer binding site on IGHM. The 
modified aptamer with isotope encoded aptamer probe is cross-linked with the protein.  
The extracted tryptic digested peptides will be characterized by LC/MS/MS.  By 
observing the presence of an isotope on the peptide fragment, the amino acids of the 
protein that are bound to the aptamer can be characterized. 
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APPENDIX  
FLOW CYTROMETRIC ANALYSIS OF BINDING OF FLUOROPHORE LABELED 

APTAMER WITH CELLS  

Chapter 3 - 5 described the utilization of flow cytometry to evaluate the binding of 

fluorophore labeled aptamer with the corresponding cell line.  Modern flow cytometers are 

capable of analyzing thousands of cells per second by simultaneously obtaining multiple 

parameters including front and side scattering as well as signals from one or more fluorophores.  

A flow cytometer is similar to a microscope, instead of producing an image of the cell; flow 

cytometer offers binding events in a form of a histogram.  

Instrumentation 

 

Figure A-1.  Typical flow cytometer setup.  Cells are hydrodynamically injected and with the aid 
of the sheath flow one cell at a time pushed into the optical path.  As the cells 
intercept the laser, scattered light is collected.  If the cells are stained with a 
fluorescence tags, the emitted fluorescence is collected and converted into a digital 
data set. 
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Flow cytometers use the principle of hydrodynamic focusing of cells by a laser (or any 

other light excitation source).  Figure A-1 illustrates the schematic representation of a flow 

cytometer.  A suspension of cells is injected into a flow cytometer hydrodynamically.  The 

combined sheath flow is reduced in diameter, forcing each the cell into the center of the stream.  

Therefore, flow cytometer detects one cell at a time.  As the cells intercept the light source, they 

scatter light based on the sizes and shapes.  If the cells are stained with a probe tagged with a 

fluorophore, the fluoresced light will indicate which cells contain the probe.  The scattered or 

emitted light from each cell is converted into electric pulses through the photo-multiplier tube 

(PMT) detectors.  

Data Interpretation 

A histogram displays the cell count plotted on the Y-axis (Events) as function of relative 

fluorescence intensity of cells on the X axis in log scale.  Figure A-2 illustrates a typical 

histogram obtained for Ramos cells with no fluorescent tag (average intensity = 7.33) with a 

FITC molecule.  Binding of FITC-tagged aptamer TD05 shifts the average intensity to 54.4, but 

incubation with a labeled random DNA sequence does not cause a signal increase (see Figure A-

3).  Using the data for fluorescence tagged aptamer binding and the non-specific DNA sequence; 

a threshold value can be introduced.  Based on the threshold value and the fluorescence intensity 

observed for each binding, a percentage of the cells with fluorescence above the set threshold can 

be estimated: 0: <10%   +: 10-35%, ++: 35-60%, +++: 60-85%, ++++ : >85%.  For example as 

illustrated in Figure A-4, point A corresponds to no binding of the probe i.e. fluorescence 

detected on the cells are in the background level hence, cells detected below the threshold A are 

considered unbound, and equals to <10% of the fluorescence of the aptamer bound cells.  The 

binding observed for each cell lines above the point A is calculated by the equation A-1. 
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Figure A-2.  Histogram obtained from the flow cytometer. Y axis indicates number of cells 
detected in the given experiment, and the X axis indicates the relative fluorescence 
intensity detected in each cell. The mean fluorescence intensity for this histogram is 
7.33. 

 

Figure A-3.  Histogram obtained to find out the binding of fluorescence tagged aptamer probe. 
Red curve shows higher fluorescence intensity with a mean fluorescence value of 
54.37. The blue curve obtained for the same cell line with a fluorescence tagged 
random DNA indicates that the sequence does not bind with the cell line. 
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Figure A-4.  Fluorescence tagged aptamer binding with different cells.  The highest value of 
fluorescence indicated by B correlates to maximum binding, i.e. positive control 
(++++).  Point A and below correspond to <10%, hence this correlates to background 
signal.  The histograms in between point A and B correlates to ++, +++, etc… 

 

Binding percentage   = Mean fluorescence of the background signalMean fluorescence of 
the signal -
Mean fluorescence of 
the positive control Mean fluorescence of the background signal-

× 100 (A-1)
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