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The work described here details the experimental progress toward an improved 

means of HIV-1 diagnosis and an explanation of the experimental approaches 

taken to advance a previously developed HIV-1 reverse transcriptase detection 

assay using RNA aptamers for protein capture.  After characterization of the 

identity and function of the aptamer samples to be used, we first set about 

clarifying the nature of the assay and pinning down sources of variability inherent 

in the original Aptamer Antibody Sandwich Assay (AASA) such that through the 

course of this work we might bring the assay to a point of high reproducibility. 

In doing so, we devised a set of criteria for data analysis and filtration and 

established a process to examine whether modifications to the method resulted in 

measurable improvement.  Two new methods were tested in the hope that they 

might later be extended to our ultimate project goal of distinguishing binding 

affinity variations among HIV-1 reverse transcriptase protein and its mutant 
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variants. Both method modifications involved the addition of a fluorescently 

labeled Cy5 probe to the immobilized aptamer construct.  The addition of a 

fluorescent label to each printed aptamer allowed for detection of aptamer 

presence in addition to protein binding, essentially serving as a simple internal 

control for aptamer-protein binding.  

After optimizing the AASA aptamer construct and experimental 

procedure, the AASA was extended to a multiplexed array format.  Using four 

groups of aptamers selected against two HIV-1 RT variants (wild-type and mutant 

3) we tested the hypothesis that immobilized anti-HIV-1 aptamers might be 

capable of binding HIV-1 RT variants and regardless of their selective target. The 

experiments described here are the first example of these aptamers being used in a 

multiplexed array format, and the results are not only a clear exemplification of 

the capacity of RNA aptamers for detection in this novel, immobilized assay 

format, but also an indicator of the utility and flexibility of RNA aptamer 

functionality.  The promising results described in these preliminary studies are the 

starting block from which several interesting aptamer-protein interaction and 

drug-competition studies have begun. 
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Introduction 

 

 

The first portion of this dissertation details the experimental progress toward an improved means 

of HIV-1 diagnosis and a detailed explanation of the experimental approach taken to advance our 

HIV-1 reverse transcriptase aptamer microarray assay and print method.  We began by 

ascertaining with absolute certainty the identity and function of the aptamer samples chosen for 

use during the course of this project’s evolution.  The aptamers were originally selected by 

Ellington lab postdoctoral researcher Ania Szafranska and her undergraduate assistants Carlos 

Garcia and Patrick Goertz.  The experiments described in Chapter 2 were undertaken with the 

intention of corroborating and further clarifying the work leading up to this point and to come to 

the best possible understanding of what seemed at the outset to be an apparent lack of 

reproducibility in the proof of concept aptamer antibody sandwich assays (AASAs) on the part of 

both the author and her predecessor Dr. James Collett.  Briefly stated, upon recapitulation of the 

original assay (referred to herein as Method B), it was clear that the results appeared generally 

similar to previous results, but there were some important discrepancies.  The work here aims to 

clearly characterize the nature of the apparent variability and to bring the array based AASA to 

the point of reproducibility. 

The second experimental goal of this work described in Chapter 3 was to improve on 

Method B (AASA) to have a greater degree of between-assay reproducibility.  The criteria for 

filtration established through the work in Chapter 2 were used to examine whether the addition 

of an internal Cy5 labeled aptamer probe resulted in any improvement in data reproducibility.  

Two new methods were tested in the hope that they might later be extended to our ultimate 
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project goal of distinguishing binding affinity variations among HIV-1 reverse transcriptase 

protein and its mutant variants.  The dual-color method modifications involve only a single 

difference in experimental procedure from the Method B assay.  That is, during anchor 

hybridization an additional Cy5 labeled LNA probe complementary to the aptamer 5’ terminus is 

added to the hybridization mixture.  Upon printing, each aptamer is labeled not only with 

biotinylated anchor, but also with a Cy5 probe to indicate aptamer presence and quantity.  We 

hoped this modification would act as an internal, quantitative indicator and allow for further 

standardization of experimental results.  Using the comparison of Cy5 labeled aptamer to Cy3 

antibody sandwich labeled protein, we hoped to more accurately quantify protein target binding 

regardless of variations in pin deposition or aptamer concentration differences.  Based on the 

results of these experiments, we determined the extended probe construct Method D to proceed 

to the multiplexed array assays.  

The final experimental section details the use of the Method D AASA in a multiplexed 

array format.  We used four groups of aptamers selected against two HIV-1 RT variants (wild-

type and mutant 3) to test the hypothesis that immobilized HIV-1 aptamers might bind 

promiscuously to protein variants other than their selective targets.  The four groups of aptamers 

were immobilized and assayed for binding against HIV-1 wild-type and so-called “drug 

resistance mutant variants” 3, 5 and 9. These proteins were isolated and studied because of their 

resistances to commonly used HIV-1 drug therapies.  The experiments described here are the 

first example aptamers being used in a multiplexed array format.  The promising results 

described in these preliminary studies are the starting block from which several interesting 

aptamer-protein interaction and drug-competition studies have begun. 
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Chapter 1:  The emerging field of aptamer microarraying,  its applications to 

HIV-1 detection and advantages over previously used protein detection 

methods 

 

1. STRATEGIES FOR PROTEIN DETECTION AND ELUCIDATION OF INTERMOLECULAR 

INTERACTIONS 

 

1.1  Immunoassay methods for protein detection 

 

Proteins play a vast number of important roles in biological organisms.  Thus, their 

presence, absence and relative abundance in biological samples – if known – can serve as 

important indicators of metabolic activity, infectious or hereditary disease, or the efficiency of a 

simple biological function.  Comparative shapes and functional properties of proteins can be 

used to elucidate phylogenetic relationships or to deduce functional relationships of similar 

counterparts in diverse organisms.  Proteins can also serve as a probe-able source of extremely 

specific information, a kind of biological barcode.  Because of the informational complexity 

bound up in the very specific and unique shapes that proteins are able to assume, their utility as 

targets for recognition can be extremely powerful, especially when coupled with highly specific 

capture molecules.   

A great deal of effort and research has been directed toward maximizing the specificity of 

protein recognition and to optimizing assays for protein capture and signaling.  The most 

commonly used and well-known class of capture molecules employed in these techniques is, of 
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course, antibodies, often used for protein capture in both ELISA and ELONA methods.  These 

have proven particularly powerful and versatile tools when adapted to diagnostic assays and have 

been used in a variety of ways to probe the intermolecular interplay between proteins and other 

molecules.  The application of antibodies and other biological molecules to the interesting 

problem of protein surface probing and detection has led to a greater understanding of 

intermolecular interactions as well as a powerful and varied tool-kit from which to approach the 

more practical science of diagnostics. 

 

 

1.1.1  Enzyme Linked Immunosorbent Assay (ELISA) 

 

Enzyme-linked immunosorbent assay (ELISA) is used mainly to detect the presence of a 

protein antigen or antibody in a biological sample.  Briefly stated, in ELISA, an unknown 

amount of protein antigen adsorbed onto a surface is exposed to an antibody with high affinity 

and specificity for the antigen.  The presence of the protein is then signaled by way of an enzyme 

conjugated to the bound antibody.  ELISA can be performed using either a single primary 

enzyme-conjugated antibody or using an “antibody sandwich assay” in which primary antibody 

is followed by a secondary enzyme-conjugated antibody able to recognize the Fc region of that 

primary antibody.  While this method adds another layer of complexity to the assay, it is still 

more advantageous than the single antibody method, since it not only increases the specificity of 

the assay but also improves efficiency over all.  For a number of reasons, it is simpler to prepare 

enzyme-conjugated secondary antibodies with specificity for the antibody Fc region than to 

prepare an enzyme-conjugated primary antibody for every protein you wish to probe using the 
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ELISA method.  In either case, however, primary antibody is allowed to bind to the protein 

surface (followed by secondary antibody using the latter method.  In the final step of any ELISA, 

the conjugate enzyme’s innate activity is co-opted to produce some form of detectable signal.  

Depending on the enzyme’s particular activity and the design of the assay, that signal typically 

takes the form of a color change, fluorescence or some spectrophotometrically monitored output.  

The resulting signal is then compared to a calibration curve or range of values established for 

that particular antigen-antibody assay. 

Because ELISA can be used to evaluate the presence or absence of a protein, it is also a 

useful tool for determining serum antibody concentrations.  HIV and other forms of viral testing 

employ ELISA methods for the detection of antibodies produced in the human immune system’s 

response to viral infection (U.S. National Library of Medicine, 2009).  The high sensitivity 

attainable through ELISA made it the first screening test widely used for HIV.  However, since a 

cut-off can only be determined by comparison with known standards, perhaps the most 

troublesome problem associated with the use of ELISA to determine a life-threatening HIV 

infection is in establishing the cut-off between a positive (infected) and negative (not infected) 

result.  In fact, the standard range for expression of any antibody is relatively broad in the human 

population.  The same difficulty arises in testing for prostate cancer which employs ELISA for 

prostate-specific antigen (PSA) detection.  Thus a positive ELISA result for these and many 

other diseases is essentially a diagnostic clue that is relatively uninformative unless corroborated 

by secondary testing. 

Another approach to the ELISA involves a competitive assay where sample antigen is 

pre-incubated with primary antibody and then exposed to competing antigen adsorbed onto the 

surface of polystyrene microtitre wells.  Primary antibody in the sample remaining unattached to 
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sample antigen may attach to competing antigen and be followed by enzyme-coupled signaling.  

A strong primary antibody signal (either through direct conjugation or enzyme-conjugated 

secondary antibody) will thus indicate a low level of antigen in the sample.   

Before the development of ELISA, the primary immunoassay method employed 

radioactively-labeled antigens or antibodies. The method was aptly named radioimmunoassay. 

Safer, alternative enzyme mediated signaling described above has reasonably become the 

favored alternative because radioactivity is associated with a variety of health risks. 

 

 

1.1.2  Enzyme Linked Oligonucleotide Assay (ELONA) 

 
In the mid-nineties, a biotech start-up in Boulder, Colorado developed a new twist to the 

ELISA immunoassay using oligonucleic acid aptamers in conjunction with protein antibodies.  

They dubbed their new detection method ELONA, for enzyme-linked oligonucleotide assay 

(Drolet et al., 1996).  Using an aptamer selected against the vascular endothelial growth factor 

(VEGF) protein, they demonstrated the use of aptamers as potentially powerful analytical and 

diagnostic tools.   In their assay, VEGF protein was adsorbed onto the microtitre plate surface, 

and then fluorescein tagged VEGF aptamers were allowed to bind.  After aptamer binding, an 

alkaline phosphatase conjugated anti-fluorescein antibody was used to amplify the aptamer 

binding signal.  The following year, Tasset et al. selected a pair of DNA aptamers against the 

protein thrombin that bind to separate epitopes on the protein surface.  The pair was used more 

recently to show that an aptamer-only sandwich could both capture and signal the presence of 

thrombin on the surface of gold nanoparticles using the activity of an enzyme conjugated to the 
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signaling aptamer (Ikebukuro et al., 2004).   More recently, Ferreira et al. (2007) reported a 

selection for a DNA aptamer against a truncated peptide of the epithelial cancer biomarker 

MUC1.  Their scheme involved an aptamer - antibody sandwich ELISA where a secondary 

antibody labeled with alkaline phosphatase was employed for signal amplification.  It is a 

relatively short leap to imagine the immobilization of large numbers of aptamers selected against 

diagnostically or analytically relevant protein targets printed in a large-scale multiplex format for 

probing complex biological mixtures for a range of specificities en masse.  The adaptation of the 

antibody sandwich assay to microarray format seemed a small hurdle compared with the wealth 

of information and potential diagnostic value that aptamer microarrays might ultimately yield. 

 

 

1.2  Microarray “chip” based detection methods 

 

Microarray technology evolved from the Southern blot technique in which fragmented 

DNA is attached to a substrate and then probed with a known complementary gene or 

oligonucleic acid fragment.  The use of a collection of distinct DNAs in arrays for expression 

profiling was first described in 1987.  Initially, the technique was used to identify genes in 

human fibrosarcoma cells whose expression is modulated by the presence of the protein 

interferon (Kulesh et al., 1987).  These early gene arrays were made by spotting cDNA samples 

onto filter paper with a pin-spotting device.  The use of miniaturized microarrays for gene 

expression profiling was first reported almost ten years later (Schena et al., 1995), and a 

complete eukaryotic genome (Saccharomyces cerevisiae) on a microarray was published in 1997 

(Lashkari et al.). 
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1.2.1  DNA arrays 

 

DNA arrays are distinguished from other types of microarrays in that they either measure 

DNA or employ DNA as a means of capturing a complementary target sequence.  The DNA 

microarray was the first - and arguably the most elegant - of the multiplexed array technologies.  

An array consists of a series of pin-deposited spots of DNA.  Each spot contains a roughly 

picomolar quantity of a specific, known, DNA probe which may be a short portion of a gene or 

some other sequence of interest.  These printed spots are used to probe (by way of 

complementary hybridization) a cDNA or RNA sequence contained in the experimental sample 

that has been labeled with a fluorophore or other quantifiable signal source.  In its most advanced 

form, measurement of the signal emitted from a particular spot may be directly correlated to the 

relative abundance of nucleic acid sequences in the prepared sample.  In standard microarrays, 

the printed DNA spots are immobilized on glass or silicon slides by either adsorption or covalent 

bonding to a chemical matrix.  Other commonly used solid matrices include lysine, epoxy-silane, 

amino-silane and polyacrylamide. Microscopic beads, instead of the large two-dimensional solid 

support, may also be used for probe attachment.  In this case, beads are coated with DNA probe 

and sequestered in microtitre plate wells, and the so-called array is actually a microtitre plate 

containing an array of DNA probe-coated beads. 

Thus immobilized as microarrays, DNA fragments can be used in expression profiling to 

directly detect labeled DNA or reverse transcribed RNA after extraction from cells.  Immobilized 

DNA of known sequence and known grid locale is then allowed to hybridize to labeled 

experimental sample, which is translated into quantitative data.  Since a single array can contain 

tens of thousands of probes, a single microarray experiment generates a vast amount of data.  

This multiplexed, high-throughput application of arrays has dramatically accelerated 
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comparative investigation and led to a much greater understanding of cellular processes.  DNA 

arraying has been used in a variety of analyses including phenotypic comparisons where a 

particular gene expression has changed in response to pathogen introduction (Adomas et al. 

2008; Pollack et al., 1999; Moran et al., 2004).  Microarrays have been employed for industrial 

purposes to assay the existence of a variety of organismal species used in human and livestock 

food sources and to test for unwanted contaminants (Kulesh et al., 1987). 

Other applications and advances on the DNA array technique include on-chip Chromatin 

immunoprecipitation (or “ChIP on chip”), wherein DNA sequences bound to a particular protein 

are first isolated by immunoprecipitation of the protein from a cell lysate.  The extracted DNA 

fragments are then hybridized to a microarray and the resulting array signals reveal the 

sequences of parts of a particular genome ostensibly bound to protein.  Detection of a  single 

nucleotide polymorphism (SNP) among alleles within or between populations was first 

undertaken by Hacia et al. in 1999.  SNP detection has been employed in a variety of practical 

applications including genotyping, forensic analysis, disease-related genetic profiling, 

identifying drug-candidates, evaluating germline mutations in individuals or somatic mutations 

in cancers, assessing loss of heterozygosity, and genetic linkage analysis.  DNA arrays can also 

be used to probe exon junctions using probes specific to the expected or potential splice sites of 

predicted exons for a gene.   
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1.2.2  Protein capture arrays 

 

The theoretical background for protein microarray-based ligand-binding assays was 

initially developed in the late 1980s (Ekins, 1989).  According to the model, antibody 

microarrays would not only permit simultaneous screening of an analyte panel, but be more 

sensitive and rapid than conventional screening methods.  Interest in screening large protein sets 

is thought to have arisen as a result of the achievements in genomics by the use of DNA 

microarrays and the Human Genome Project.  The first array approaches attempted to 

miniaturize biochemical and immunobiological assays (e.g. ELISA), which are usually 

performed in 96-well microtitre plates. 

Protein capture array methods apply a multiplex approach for the identification of 

protein-protein interaction.   The most commonly used protein microarray format is the antibody 

microarray, where antibodies are spotted onto the protein chip and used as immobilized, known 

capture molecules for the detection of proteins from cell lysate solutions.  An antibody 

microarray typically contains a collection of capture antibodies affixed to a solid surface such as 

glass, plastic or silicon.  They are often used for detection of serum proteins and, most 

commonly, antigens produced in response to an infection.  Antibody microarrays are often used 

in general research for detecting protein expression from cell lysates.  They are also used to 

detect special biomarkers from serum or urine for diagnostic applications (Rivas et al., 2008; 

Chaga, 2008).  Protein microarrays as multiplexed ELISA measurement devices for biomedical 

applications are most commonly used to determine the presence or relative amount of proteins in 

biological samples, e.g. blood.  Multiplexed methods for protein capture can be used in a huge 

variety of laboratory applications as well.  For example, they have been used to identify the 

substrates of protein kinases, to identify transcription factor protein-activation, or to identify the 
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targets of biologically active small molecules.  They also have obvious potential to be an 

important tool for proteomics research (Stoevesandt, 2009). 

The most commonly used of the variety of capture molecules available is antibodies.  

However, as with ELISA methods, antigens or target proteins may also be used in applications 

where antibodies are detected in serum - as in the detection of HIV proteins or PSA mentioned 

earlier.  More recently, there has been a push toward the use of other types of capture molecules 

such as peptides or aptamers (deSoultrait et al., 2002; Collet et al., 2005).  The latter will be 

discussed at greater length in Parts Three and Four of this chapter.  There are a variety of reasons 

to expand to other capture molecules, but perhaps the most practical is that there are no 

antibodies for most proteins and raising antibodies involves the expensive (and somewhat 

controversial) use of sacrificed animal vectors.  Nevertheless, antibodies still represent the most 

well-characterized and effective protein capture agent used in microarrays.  It is reasonable to 

imagine that the wide variety of biological molecules (nucleic acids, peptides, protein receptors, 

enzymes, etc.) being applied to the problem of protein capture will eventually result in a better, 

more multi-faceted perspective on protein detection methods and protein-based intermolecular 

interactions. 

Protein microarrays present a powerful diagnostic tool and experimental means of 

understanding and discovering interactions between biological molecules.  However, a very 

difficult problem associated with them is that protein concentrations in extracted biological 

samples are usually many orders of magnitude lower than those of mRNAs (Chen, 2006).  

Therefore, protein capture array methods must be adaptable to a much larger range of detection 

and though they are very similar to DNA hybridization arrays used in expression profiling, they 

cannot be directly compared as an analytical method.  
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1.2.3  Peptoid arrays 

 

Oligomers of N-substituted glycines, or peptoids, were first described by Simon et al. in 

1992 as a motif for the generation of chemically diverse libraries of novel molecules.  Simon and 

coworkers showed that peptoids can be used in a variety of applications.  For example, they can 

be employed as peptidase resistant replacements (or mimics) for previously selected peptide 

aptamers known to bind a variety of proteins including bovine pancreatic alpha-amylase, 

hepatitis A virus 3C proteinase and human immunodeficiency virus transactivator-responsive 

element RNA.  Peptoids’ protein binding abilities and chemical lability have more recently been 

adapted to the microarray format not only in the guise of protein capture agents but also as 

modular elements used in screening peptoid libraries for greater affinity protein binders (Kwon 

and Kodadek, 2008; Lim et al., 2009).  These studies employ click chemistry as a means of 

appending so called “lead compounds” (known for low or moderate affinity binding to a 

particular protein).  These peptoid libraries immobilized as microarrays can be used to increase 

the complexity of known ligand libraries and then screened for higher-affinity protein binding.  

The development and evolution of peptoid chemistry and its adaptation to the microarray format 

offers another interesting means of addressing the questions surrounding protein surface 

chemistry and interactions and can serve as a potentially useful diagnostic tool. 
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1.3  Mass spectral analysis for protein detection and characterization  

 

 Mass spectral analysis presents a viable option for identification of proteins in biological 

samples as well.  Indeed, a variety of effective means for protein analysis have been devised as 

expansions on tandem mass spec or MS/MS, first developed in 1986 (Forbes et al., 2007).  

Generally speaking, however, mass spec is an analytical technique mainly used for the 

determination of the elemental composition of a sample molecule, most often a peptide or small 

protein.  The basic mass spectral technique involves ionizing chemical compounds to generate 

charged molecular fragments and subsequently measuring their mass-to-charge ratios.  Because 

of the difficulties associated with sequencing proteins – the greatest of which is the generation of 

a sufficient amount of protein required for the complete sequence of even a short protein – so-

called “shot-gun” sequencing is used.  Using shot-gun sequencing, a protein may be identified by 

a small portion of its entire sequence. This is an extremely powerful technique in general and a 

very precise means of assaying for the presence of a protein or determining the identity of a 

particular unknown sample.  However, as a high-throughput means for identification of 

distinctions between very similar proteins, it may be more appropriate to expand and improve 

upon current multiplex and microarray formats.  Other inexpensive means of identification in 

concert (activity assay, western blot, ELISA) can provide reliable enough evidence of protein 

identity to negate the absolute necessity for mass spectral protein sequencing. 

Nonetheless, the variety and range of precision of the various techniques employed in 

protein detection and identification seemingly leaves one important aspect to be desired.  That is 

a marriage of precision in conclusive detection and identification with an experimental high 

throughput scale on par with current DNA microarray technology.  The work described in the 
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following chapters has been a striving toward this marriage, linking the protein capture 

techniques advanced through the years as first blotting then ELISA and ELONA with the high-

throughput potential that DNA array technology has brought to a high point of precision for the 

detection and profiling of HIV-1 reverse transcriptase protein.   
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2.  HIV-1 AND CURRENT APPROACHES TO DIAGNOSTICS AND THERAPEUTICS 

 

2.1  The Human Immunodeficiency Virus – HIV-1 

 

HIV is a member of the genus Lentivirus within the family of Retroviridae.  Lentiviruses 

have many common morphologies and biological properties.  Many species of organism can be 

infected by lentiviruses, which are characteristically responsible for long-duration illnesses with 

a long incubation period (Lévy, 1993).  They are transmitted as single-stranded, positive-sense, 

enveloped RNA, and upon entry to the target cell, the viral RNA genome is converted to double-

stranded DNA by a virally encoded reverse transcriptase present in the viral particle.  The viral 

DNA is integrated into host cellular DNA by a virally encoded integrase, along with host cell 

transcription co-factors (Smith et al., 2006).  After host cell infection, two paths are possible: 

either the provirus becomes latent and the infected cell continues to function normally, or the 

provirus becomes active and takes over cellular machinery and resources producing a large 

number of viral particles that are liberated upon cell lysis and can infect other cells. 

Currently, two strains of HIV are known to exist:  HIV-1 and HIV-2.  HIV-1 was initially 

discovered and dubbed the lymphadenopathy associated virus (LAV).  It is more virulent than 

HIV-2, is relatively easily transmitted, and is the cause of the majority of HIV infections world-

wide.  HIV-2 is less transmittable and is largely confined to West Africa (Reeves and Doms, 

2002). 
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2.1.1  HIV-1 infection and AIDS 

 

Infection by HIV occurs through the transmission of bodily fluids, and the virus may be 

present as both free viral particles and virus within infected immune cells.  HIV primarily infects 

vital cells in the human immune system such as CD4+ T cells, macrophages, and dendritic cells.  

In full expression, HIV causes the disease in humans known as autoimmune deficiency 

syndrome (AIDS), and viral proliferation leads to lowered levels of CD4+ T cells through three 

main mechanisms:  direct killing through depletion of virally co-opted cell resources; increased 

rates of apoptosis in infected cells; and “indirect” killing of infected CD4+ T cells by CD8+ 

cytotoxic T lymphocytes.  Dramatically decreased levels of CD4+ T cells result in a 

compromised immune system and failed immune response.  This can lead to opportunistic 

infections or malignancies associated with progressive immune system failure and, eventually, 

death (Lawn, 2004).  Without treatment, about 9 out of every 10 persons with HIV will progress 

to AIDS after 10–15 years, though many progress more quickly (Buchbinder et al., 1994).  Even 

after HIV has progressed to diagnosable AIDS, the average survival time with antiretroviral 

therapy (as of 2005) is estimated to be more than 5 years (Schmeider et al., 2005).  Diagnosed 

AIDS, if not treated through antiretroviral therapy, usually causes death within a year (Morgan et 

al., 2002).  Even in the best case scenario, HIV infection is synonymous with a life plagued by 

immune system related health issues and constant anti-retroviral treatment with the 

understanding that the virus will always have the potential to out-evolve or “outsmart” available 

drug therapies.  Thus, there can be no argument that a desperate and constant need for reliable, 

precise diagnostics and more effective therapeutic agents exists.  To underscore the importance 

of addressing this virus and its effect on humanity, a quick search of the National Institutes of 



17 
 

Health spending shows that over $3.2 billion went to fund HIV and AIDS related research in 

2009. 

 

 

2.1.2  Mechanism of infection 

 

Viral cell entry begins through interaction of the trimeric envelope complex (gp160 

spike) along with CD4 and a chemokine receptor (generally either CCR5 or CXCR4) on the cell 

surface (Chan and Kim, 1998; Wyatt and Sodroski, 1998).  Viral protein gp120 binds to integrin 

α4β7 activating LFA-1, the central integrin involved in the establishment of virological synapses, 

which facilitate efficient cell-to-cell spreading of HIV-1 (Arthos et al., 2008).  The gp160 spike 

contains binding domains for both CD4 and chemokine receptors involved in viral fusion to the 

cell surface. 

The first step in fusion involves the high-affinity attachment of the CD4 binding domains 

of gp120 to CD4.  Once gp120 is bound with the CD4 protein, the envelope complex undergoes 

a structural change, exposing the chemokine-binding domains of gp120 and allowing them to 

interact with their chemokine receptor target.  This allows for a more stable two-pronged 

attachment, which in turn allows the N-terminal fusion peptide gp41 to penetrate the cell 

membrane.   Repeat sequences in gp41, HR1 and HR2 then interact, causing the collapse of the 

extracellular portion of gp41 into a hairpin.  The hairpin loop structure brings the virus and cell 

membranes close together, allowing fusion of the membranes and subsequent entry of the viral 

capsid. (Chan and Kim, 1998; Wyatt and Sodroski, 1998). 
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After HIV has bound to the target cell, HIV RNA and various enzymes, including reverse 

transcriptase, integrase, ribonuclease and protease, are released into the cell (Chan and Kim, 

1998).  During microtubule based transport to the nucleus, viral genomic ssRNA is reverse 

transcribed into dsDNA and then integrated into the host chromosome. 

 

 

2.1.3  HIV-1 reverse transcriptase -  a therapeutic and diagnostic target 

 

Immediately after viral capsid entry into the cell, HIV’s reverse transcriptase “liberates” 

the single-stranded (+)RNA from the attached viral proteins by reverse transcribing it into the 

complementary DNA (Zheng et al., 2005).  The process of reverse transcription is extremely 

error-prone and because of the RT’s lack of fidelity in reverse transcription, it is during this step 

that mutations leading to drug resistance are most likely to arise.  The reverse transcribed 

complementary DNA strand forms a double-stranded viral DNA intermediate that is then 

transported into the cell nucleus.  This DNA can be incorporated into the host cell's genome by 

another viral enzyme called integrase, and then lie dormant in a latent stage of HIV infection 

(Zheng et al., 2005).  To actively produce the virus, cellular transcription factors must be present.  

The most important of these is NF-κB, which is up-regulated when T-cells become activated 

during immune response to infection (Hiscott et al., 2001).  This means that the cells most likely 

to be killed by HIV are the same cells needed and deployed for fighting the infection.  In the 

viral replication process, integrated provirus is copied to mRNA and then spliced into smaller 

pieces.  These small pieces produce the regulatory proteins Tat (which encourages new virus 

production) and Rev.  As Rev accumulates it gradually starts to inhibit mRNA splicing (Pollard 
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and Malim, 1998).  At this stage, structural proteins Gag and Env are produced from the full-

length mRNA.  The full-length RNA viral genome binds to Gag protein and is packaged into 

new viral particles.  Because of its importance in HIV infection and its early-stage appearance in 

the HIV cycle of proliferation, the reverse transcriptase is a prime target for therapeutic and 

diagnostic research interest. 

 

 

2.1.4  Low fidelity, high rate of mutation  

 

Despite the best efforts of HIV researchers and the pharmaceutical industry, drug 

resistance mutations that can inactivate many of the anti-RT compounds are found to arise on a 

regular basis (Johnson et al., 2008).  This is primarily because the process of reverse 

transcription, as mentioned above, involves no proofreading mechanism.  The mutation rate of 

HIV reverse transcriptase has been determined to be 3.4X10-5 per nucleotide per replication 

cycle (Mansky and Temin, 1995).  Considering that approximately 10 billion (1010) HIV-1 

virions are produced daily in an infected individual (Perelson et al., 1996), viruses with almost 

every possible single mutation as well as most double mutations are readily generated.  The 

development of drug-resistant viruses in patients quickly leads to the failure of highly active 

antiretroviral therapy or HAART (Hirsch et al., 2008).  Indeed, the proportion of drug-resistant 

strains in new HIV-1 infection increased from 3.4% in 1995-1998 to 12.4% in 1999-2000 in 

North America (Little et al., 2002).  With the increasing prevalence of drug resistance, it is of 

great necessity to develop new antiretroviral drugs that can specifically target common mutant 
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HIV-1 RTs as well as low-cost diagnostic assays capable of identifying drug-resistant forms of 

HIV-1 RT in order to guide therapies. 

The research in the following chapters is an extension of the preliminary work by Jim 

Collet and has been focused on accomplishing this goal.  The development of a precise, high 

throughput detection and diagnostic method capable of probing a variety of HIV-1 RT protein 

variants would serve as an unprecedented tool for the study of the spread of drug resistance HIV-

1 infection and also provide a more precisely tailored approach to HIV therapeutics.   

 

 

2.2  Current and developing therapeutic approaches – reverse transcriptase inhibitors 

 

HIV-1 reverse transcriptase (RT) is a primary target in the generally accepted highly 

active antiretroviral therapies used in the treatment of HIV and AIDS (reviewed in Piacenti 

2006).  Twelve of twenty-five anti-HIV drugs approved by the FDA inhibit the DNA polymerase 

activity of HIV-1 RT.  These drugs can be further classified as nucleoside analog RT inhibitors 

(NRTI) and non-nucleoside RT inhibitors (NNRTI).  The NRTI drugs lack 3' hydroxyl moieties 

and function as DNA chain terminators, while the NNRTI drugs allosterically inhibit RT 

polymerase activity.  In HAART, multiple anti-HIV drugs including both NRTI and NNRTI 

drugs are used in order to reduce the probability of the evolution of viral resistance.  Specific 

functionality and characteristics of each class of inhibitors is described in detail in the following 

subsections. 

Since there is currently no vaccine or cure for HIV or AIDS (Fan, 2005), the only known 

method of prevention is avoiding exposure to the virus.  However, a course of antiretroviral 
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treatment administered immediately after exposure, referred to as post-exposure prophylaxis, is 

believed to reduce the risk of infection if begun as quickly as possible (Palella et al., 2005).  

Unfortunately, most infections are not immediately caught, and the main treatment for HIV 

infection consists of highly active antiretroviral therapy, or HAART (DHS Working Group on 

Antiretroviral Therapy, 2005).  HAART has been highly beneficial to many HIV-infected 

individuals since its introduction in 1996, when protease inhibitor-based treatment initially 

became available (DHS Panel on Clinical Practices, 2005).  Current HAART options are 

combinations of multiple therapeutic agents consisting of a total of at least three that belong to 

multiple classes of antiretroviral agents.  Typically, these classes are two nucleoside analogue 

reverse transcriptase inhibitors (NRTIs) plus either a protease inhibitor or a non-nucleoside 

reverse transcriptase inhibitor (NNRTI).  Newer classes of drugs such as entry inhibitors provide 

treatment options for patients who are infected with viruses already resistant to common 

therapies.  However, these drugs are not widely available and not typically accessible in 

resource-limited settings. 

HAART is neither a cure nor is it capable of removing all virally associated symptoms.  

In fact, high levels of HIV-1, often HAART resistant, return if treatment is stopped (Martinez-

Picado, 2000; D’Aquila, 2000).  Despite this, many HIV-infected individuals have experienced 

remarkable improvements in their general health and quality of life, which has led to a large 

reduction in HIV-associated morbidity and mortality in the developed world (Wood et al., 2003; 

Chene et al., 2003).  One study suggests that the average life expectancy of an HIV infected 

individual is 32 years from the time of infection if treatment is started early enough.  In the 

absence of HAART, progression from HIV infection to AIDS has been observed to occur at a 

median of between nine and ten years and the median survival time after developing AIDS is 
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only 9.2 months (Morgan, 2002).  HAART sometimes achieves far less than optimal results.  In 

some circumstances the therapy is effective less than fifty percent of the time.  This stems from a 

number of causes including medication intolerance/side effects, prior ineffective antiretroviral 

therapy and infection with a drug-resistant strain of HIV.  However, these are the least of the 

HIV infected population’s worries considering that anti-retroviral drugs are still prohibitively 

expensive for most, even in the context of highly developed economies.  In fact the majority of 

the world's HIV infected individuals does not even have access to medications and treatments for 

HIV and AIDS. 

Despite these relatively effective common therapies and the potential discovery of a 

novel approach to HIV therapeutics, the race to keep up with viral mutation is still on.  This 

requires an understanding of the virus’s mutation rate, its most common sites for mutation and 

the mechanisms of mutation.  Simply slowing the reverse transcriptase down with yet another 

stereochemically viable response to the mutation challenge – while effective in the short term – 

is scientifically an extremely inefficient and expensive exercise.  Applying what we know about 

one key viral protein (HIV-1 RT) to combat the virus’s apparently inexhaustible capacity for 

mutation while simultaneously continuing to augment that knowledge with further research is of 

utmost importance.  To that end, researchers in the Ellington lab have developed a novel way of 

looking at the reverse transcriptase and developing more effective means of understanding and 

probing its most common sites of mutation.  The work described in the section below describes 

the application of aptamer selection and microarraying to the questions of HIV-1 reverse 

transcriptase wild-type and mutant protein surface interaction.  Researchers in the Ellington lab 

have selected RNA molecules (aptamers) able to specifically adhere tightly to the HIV-1 RT 

protein surface.  Selected HIV-1 RT aptamers have been tested experimentally for a number of 
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practical applications.  They can be used to probe protein surfaces, to selectively adhere to the 

protein active site, and, when immobilized as microarrays, to capture and signal the presence of 

protein in complex biological mixtures. 

 

 

2.3  Multiplexed HIV protein identification 

 

Current immunoassay methods for determination of HIV infection employ ELISA and 

western blotting techniques to indicate the presence of antibodies raised in defense against viral 

infection.  The result of these assays is an inadequately simple answer to what turns out to be a 

much more complex question given the rapid pace of viral evolution.  As our understanding of 

the virus and its mutant varieties has grown, the most widely used method for detection has 

remained the same.  In fact a more adequate and complex means of HIV detection and probing 

might enable not only a better means for diagnosis, but also answers to questions that have 

previously gone unanswered.  For example, if it were possible to accurately and conclusively 

detect infection and also determine the number and nature of mutant forms of a virus for a given 

patient, we would be better able to treat the individual and reach a clearer understanding of the 

spread of the disease itself.  A robust multiplexed method for detection of a number of similar 

proteins in a sample would result not only in more efficient diagnosis, but in a clearer 

understanding of the manifestation of the disease, its effect on protein expression, and its relative 

epidemiological and evolutionary trajectory or state of mutation. 

From an epidemiological standpoint, we might then be able to answer questions of a 

broader nature and more effectively determine whether infection proceeds differently in different 
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populations, whether and what socioeconomic or genetic factors might be involved and whether 

and what environmental factors lead to a population or individual being more likely to be 

infected.  These questions are slowly being answered now, but a great deal of information is 

lacking that would allow for more effective and timely treatment of infections that already exist 

and more effective means for prevention of new infections.  
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3.  APTAMER MICROARRAYING – EVOLUTION OF EXPERIMENTAL APPROACHES 

 

3.1  Aptamers:  Highly efficient binding protein-specific molecules 

 

Almost two decades ago methods were devised for isolating high-affinity nucleic acid 

species, termed “aptamers,” from large random sequence pools (Ellington and Szostak, 1990; 

Tuerk and Gold, 1990; Bock et al. 1992).  This process has sometimes been termed SELEX, for 

“systematic evolution of ligands by exponential enrichment” or in vitro evolution or selection.  A 

schematic illustration for a single round of the selection process for a protein-binding RNA 

aptamer selection is shown in Figure 1.1. 

 

 

Figure 1.1: Nitrocellulose filter-based protein target selection.  In vitro selection for protein-
binding RNA species by capture on nitrocellulose filter.   
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In vitro evolution of protein-binding nucleic acid aptamers typically begins with the 

chemical synthesis of a pool of DNA templates that includes a central randomized sequence 

region of between 30 and 100 nucleotides.  The random region is flanked by constant regions 

that can be used for amplification of the pool.  One constant region often contains recognition 

sequence for transcription by T7 RNA polymerase.  Even though long random sequence pools 

have the potential to contain upwards of 1.6 X 1060 sequences, a typical pool will have a 

diversity of only 1013-1015 unique species due to the limitations of chemical DNA synthesis.  

After synthesis, the single-stranded DNA pool is amplified via the polymerase chain reaction 

(PCR) to generate a dsDNA library containing multiple copies of each original sequence.  The 

double-stranded library can be further transcribed in vitro to yield a RNA pool.  In a typical 

selection the nucleic acid pool is incubated with target protein, and this binding reaction is 

passed through a nitrocellulose filter to capture protein-bound species.  The filter is then washed 

to remove non-specifically and weakly bound nucleic acid sequences.  Any binding sequences 

that remain are eluted from the filter under high salt, high temperature protein denaturing 

conditions (i.e., 7 M urea and 100º C).  Resulting binding species are then amplified for 

subsequent rounds of selection by some combination of reverse transcription, PCR, and in vitro 

transcription. 

The progress of an anti-protein aptamer selection is typically monitored using a variant of 

the same filter-binding assay used to capture the RNA-protein binding complex during selection.  

First the selective aptamer pool is radiolabeled by incorporation of an α - 32P nucleoside 

triphosphate during enzymatic synthesis or by addition of a 5’ 32P via gamma-labeled ATP and 

polynucleotide kinase.  Then, radiolabeled pool is incubated with its target protein and filtered 

through a sandwich of nitrocellulose and nylon.  Protein-bound species are captured on the upper 
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nitrocellulose layer while any remaining, non-binding species are captured on the lower layer of 

nylon.  With the radiolabel attached to indicate aptamer presence on nitrocellulose or nylon, the 

protein bound quantity can be calculated as a percent of total detected radiolabel.  Percent 

radiolabel found on the nitrocellulose filter indicates the protein binding fraction of the 

population, or the “aptamer” binding species.  If the assay is carried out as a function of 

increasing protein concentration, then the average dissociation constant (Kd) of the population 

for its protein target can be determined.  In a typical selection, an increase in RNA pool affinity 

for a given protein target may not be observed for several rounds, and then affinity will quickly 

increase and level off.  While the process of selection and the ultimate affinities of aptamers vary 

widely as a function of the target protein, buffer binding conditions, and stringency of selection, 

in our and others’ experience, aptamers with picomolar and even low nanomolar dissociation 

constants can often be identified after 8-12 rounds of selection (Nimjee, Rusconi and Sullenger, 

2005).  To date, more than 450 successful in vitro selections of aptamers have been published 

(aptamer.icmb.utexas.edu), (Lee et al. 2004).  The following sections describe in vitro aptamer 

selections against the HIV-1 reverse transcriptase protein performed in three different labs. 

 

 

3.2  HIV-1 RT aptamer selections 

3.2.1  Craig Tuerk – selected HIV-1 reverse transcriptase aptamers 

 
Craig Tuerk and colleagues in Larry Gold’s lab reported the first selected high-affinity 

ligands of HIV-1 reverse transcriptase in 1992.  They were isolated by what they termed the 
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SELEX procedure (systematic evolution of ligands by exponential enrichment) described above 

from RNA pools containing 32-mer random regions.  Post-selection sequence analysis revealed a 

pseudoknot consensus with primary sequence bias at some positions, and they reported that at 

least one of the ligands was a potentially useful therapeutic agent because of its apparent 

inhibition of HIV-1 reverse transcriptase’s cDNA synthesis activity.   

 

 

3.2.2  Don Burke – selected HIV-1 reverse transcriptase aptamers 

 

Tuerk’s research was followed fairly closely by the selection of another group of HIV-1 

RT binding RNA aptamers by Don Burke from the same lab in 1996.  Burke selected more 

inhibitors of HIV-1 RT, many of which differed significantly in sequence and structure from the 

pseudoknot active site ligands selected by Craig Tuerk.  Burke reported HIV-1 RT inhibition of 

cDNA polymerization as “half-maximal inhibition at 0.3 to 20 nM” and determined the minimal 

binding element of each isolate and subjected a few of these to further rounds of selection with 

the hope of improving the specificity of the selected aptamers.  With this selection, Burke and 

colleagues not only sought to isolate an effective high-affinity ligand with HIV-1 RT inhibitory 

potential, but also went to some lengths to uncover the nature of the aptamer – protein 

interaction.  Interestingly, their structural studies showed that all of the Burke isolates recognize 

either the same or overlapping sites on the protein in spite of their seemingly dissimilar 

secondary structures.  The diversity of sequences capable of binding the protein and the variation 

in means of binding provide an excellent sequence palette to work from in performing 

immobilized binding and microarray studies.  The ultimate goal of this work is to study HIV-1 
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RT binding using these in concert with the Tuerk aptamers and a group of aptamers selected in 

the Ellington lab. 

 

3.2.3  Ellington lab - selected aptamers against Wild-type and Mutant 3 HIV-1 reverse 

transcriptase 

 
3.2.3.1  70.15 extension aptamers – work by Ania Szafranska, Carlos Garcia and Patrick Goertz 

 

As part of an effort to select anti HIV-1 RT aptamers with extremely high affinities 

researchers in the Ellington laboratory chose a novel “extension” aptamer selection.  The 

extension refers to a novelty in pool design.  Essentially a standard RNA pool with a 30 mer 

random region was appended to a constant region encoding the HIV-1 RT aptamer “70.15” 

originally selected by Don Burke’s group (section 3.2.2).  To facilitate transcription and pool 

regeneration, the pool was designed with a T7 promoter region at the 5’ end, upstream of the 

aptamer and extension regions.  The 70.15 aptamer and 30 mer extension region consists of the 

“70.15” aptamer sequence linked by a 24 mer constant region to the 30 mer random region.  For 

the actual selection, a 1 μM pool of DNA was used as the “Round Zero” starting pool.  It was 

expected that during the course of selection, the constant pseudoknot aptamer domain of the 

RNA pool would act as an anchor to the protein active site and that the random region would be 

able to extend outside the active site and bind to the region most commonly known to be mutated 

in drug resistance variants.  Since the pool already contained the strong 70.15 HIV-1 RT aptamer 

region, the nitrocellulose filter selection was done under very stringent binding and wash 

conditions.  Filter capture was followed by multiple high-salt washes to ensure that only the 
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aptamers to remain bound would have a significant increase in binding over the original 70.15 

aptamer.  Carlos Garcia, Patrick Goertz, and Ania Szafranska successfully selected aptamers 

against HIV-1 RT, resulting in the isolation of novel aptamers with Kd values as low as 100 pM 

when tested in filter-binding assays. 

 

3.2.3.2  Mutant 3 RNA aptamer selection – work by Na Li 

 

With the ultimate goal of developing a diagnostic tool or a potential therapeutic agent for 

drug-resistant HIV-1 variants, Na Li isolated and characterized two aptamers against the well 

known, drug-resistant HIV-1 RT Mutant 3 (M3).  The protein was chosen from the multidrug-

resistant HIV-1 RT panel and prepared by Ellington lab collaborators (Accacia, Austin, TX).  

One of the aptamers, M302, was found to bind M3 but showed no significant affinity for wild-

type (WT) HIV-1 RT, while another aptamer, 12.01, bound to both M3 and wild-type HIV-1 RT. 

In contrast to all previously selected anti-RT aptamers, neither of these aptamers showed 

observable inhibition of either polymerase or RNase H activities.  Aptamers M302 and 12.01 

competed with one another for binding to M3, but they did not compete with a pseudoknot 

aptamer for binding to the template/primer cleft of wild-type HIV-1 RT.  These results represent 

the surprising identification of an additional RNA-binding epitope on the surface of HIV-1 RT.   

These aptamers were chosen for use in further studies in multiplexed microarray assays.  

The goal of these studies was to distinguish differences in aptamer binding among wild-type and 

mutant variants.  By immobilizing and studying aptamers to mutant HIV-1 RT, we hope to 

introduce an additional and useful measure for determining and categorizing HIV-1 drug 

resistance. 
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3.2.3.3  Mutant 3 RNA aptamer selection – Naeem Husain 

 

Under the direction and mentorship of the author, Naeem Husain of the Ellington lab has 

also selected aptamers able to bind to HIV-1 RT drug resistant variant M3 (unpublished).  

Interestingly, some of the selected aptamers seemingly have the capacity to bind to novel 

epitopes on both the wild-type and mutant proteins, ultimately allowing both broad and specific 

detection of HIV-1 RT drug resistance mutant variants.  This selection resulted in the creation of 

multiple aptamers capable of specifically binding to the surface of Mutant 3 HIV-1 reverse 

transcriptase, and at least one that binds in a non-competitive way with other aptamers.  This 

indicates that Naeem’s selection resulted in aptamers capable of binding to different epitopes on 

the surface of the protein, a characteristic unlike any previously characterized HIV-1 RT aptamer 

group. 

 

 

3.2.4  DNA aptamer selections 

 
In 2005, Mosing and coworkers at the university of Minneapolis used capillary 

electrophoresis-SELEX (CE-SELEX) to isolate single-stranded DNA aptamers with affinity for 

HIV-1 reverse transcriptase.  The basic novelty in CE-SELEX is that the capillary 

electrophoresis is used to separate binding and non-binding sequences.  Using this technique, 

Mosing’s group reported a successful selection of aptamers with dissociation constants as low as 

180 pM after only four rounds of selection and boasted the first report of aptamers isolated by 

CE-SELEX with higher affinity than those obtained for the same target using conventional 
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selection techniques.  No motifs were identified among the 27 clones, suggesting that a great 

many sequences are capable of binding HIV-1 RT with low picomolar dissociation constants. 

While this selection yielded interesting results and a potentially useful group of aptamers, 

we chose to work with RNA aptamers only.  This was for sake of consistency and simplicity 

during assay optimization, and there is no reason to believe that the Mosing lab’s ssDNA 

aptamers would not also function well in the context of immobilized protein detection, and that 

these aptamers may be used in future ssDNA microarray studies.  



33 
 

4.  DEVELOPMENT AND PROOF OF APTAMER MICROARRAY TECHNIQUES 

 

4.1  Development of aptamer microarrays 

 

Given that aptamers against a wide array of targets can be made, the question becomes: 

How can these aptamers be adapted to microarray technologies?  In theory, this should be 

simple, given that aptamers are like other nucleic acid probes, and methods for the production of 

gene expression arrays are now quite robust.  In practice, though, aptamers function very 

differently than simple hybridization probes.  Aptamers must retain their tertiary structures 

following immobilization, and must be immobilized in such a way that the array surface does not 

sterically hinder binding by the protein target.  Neither consideration applies to nucleic acid 

hybridization where even non-specific immobilization of long nucleic acids by electrostatic 

interactions with poly-lysine is apparently good enough to yield specific hybridization (Figure 

1.2). 

 

Figure 1.2:  A schematic comparison of DNA and aptamer microarrays.  An example of a cDNA  
Microarray where DNA is printed on polylysine slides for hybridization capture of 
its complementary DNA sequence (left) is compared to an Aptamer Microarray 
printed with 5’ biotinylated RNA aptamers onto a streptavidin coated slide for 
capture of fluorescently labeled target proteins (right).  
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Researchers in the Ellington lab have gone to some lengths to solve the immobilization 

and printing problems.  Studies in the following chapters will show how our alternative 

approaches to slide immobilization and target binding play out in terms of precision and 

background minimization as well as the printed-array longevity.  There is some debate as to 

whether the capillary spotting print method is the most reliable method of arraying when 

compared to advances in the field.  However, it has been our method of choice not only because 

of its proven effectiveness and relatively high level of precision, but also because it is the most 

adequate means of addressing the questions pertinent to the proof-of-concept experimental 

development we have undertaken through the years of this project’s evolution.  The University 

of Texas Microarray Core Facility is equipped with three such arrayers that are maintained by a 

highly skilled staff.  Thus the chosen print method is not only the most experimentally well 

suited to our purposes, but is also the most readily available and technically supported method 

available. 

 

 

4.2  Aptamer immobilization 

 

One potentially simple way to avoid the problem of steric hindrance (proximity or 

conformation of adjacent aptamers or bound protein interfering with binding interactions) would 

be to actually plan an aptamer selection based around the aptamer set’s ultimate experimental 

purpose.  The aptamers used in the immobilization experiments described in this and further 

chapters were not selected with a mind to immobilization.  Most were intended to be tested as in 

vivo therapeutic agents and have been “retro-fitted” for microarray assays.  In designing a 
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selection with ultimate immobilization in mind, it would be reasonable to extend one of the 

constant regions of the selective pool, providing an additional sequence buffer ahead of the 

folded, functional structure.  In this scheme, the extended constant region would have to be 

sequestered from binding interactions during selection either by hybridization to a 

complementary oligonucleic acid or by some other means.  However, working with the reagents 

and tools at hand, we chose to immobilize the aptamers using the constant regions present during 

selection.  Simply stated, the immobilization method consisted of aptamer constant region 

hybridization to a complementary biotinylated oligonucleotide followed by attachment to a 

NeutrAvidin (Pierce Biotechnology, Rockford, IL) coated slide surface.  Initial studies employed 

hybridization to biotinylated DNA anchors.  Later we turned to a more rigid hybridization 

format, using locked nucleic acid (LNA) anchors since they offer the greatest combined 

attachment stability and recognition specificity relative to other non-covalent forms of 

immobilization.  LNAs and their use in this work will be explained in greater detail in Section 

4.2.2 below. 

 

 

4.2.1 Transcriptional biotinylation 

 

Another alternative for immobilization involves transcribing aptamers with a 5’ terminal 

biotin prior to immobilizing them on NeutrAvidin or streptavidin coated slides.  By incorporating 

biotinyl-GpG into in vitro transcription reactions at a 3:2 molar ratio of biotinyl-GpG to GTP, 

many transcripts will initiate with the biotinylated analog.  Unfortunately, while a maximum of 

40% biotinylation can frequently be achieved, there is enough variability that the yield of each 
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batch must be quantified using a gel-shift assay.  This is a difficult obstacle when considering an 

already complex, high-throughput, multiplex assay where hundreds or even thousands of 

aptamers are being immobilized.  This is a problem we have addressed in the development of the 

antibody sandwich assay discussed in following experimental chapters.  We have also previously 

found that high loading of streptavidin was necessary to ensure the robust capture and detection 

of protein analytes and that NeutrAvidin, as compared to streptavidin, generally yields lower 

background/autofluorescence. 

While we have successfully printed aptamers that are conjugated to the surface via a 

generic 18 nucleotide linker appended to the aptamer’s 3’ terminus, it is quite likely that the 

length and composition of this biotin-aptamer linker might have an effect on target binding 

function.  This effect is difficult to predict and unfortunately impossible to avoid.  To clarify the 

possibility of this immobilization linker effect, Yang et al. (2007) found that a slightly longer 3’ 

linker to biotin (C3-biotin versus dT-biotin) yielded slightly better protein-dependent signals 

with a surface amplification scheme involving rolling circle amplification, while Cho et al. 

(2005) found that no linker was better for a similar scheme in which ATP was being detected.  

Given these results, we performed preliminary tests for each aptamer set prior to large-scale 

printing. 

 

 

4.2.2  Biotinylation through “anchor” hybridization 

 

LNAs are a novel class of conformationally restricted ribonucleotide analog that were 

first described by Wengel and co-workers in 1998.  The LNA monomer is a conformationally 



37 
 

restricted nucleotide analogue with an extra 2´-O,4´-C-methylene bridge added to the ribose ring. 

The kinetics and thermodynamics of a series of oligonucleotide duplex formations of DNA–

DNA and DNA–LNA octamers studied using stopped-flow absorption measurements at 25 °C 

and melting curves (Christensen et al., 2001) illustrated that oligonucleotides containing LNA 

monomers show greatly enhanced thermal stability when hybridized to their complementary 

DNA or RNA and are considered promising candidates for efficient and highly specific sequence 

recognition (Figure 1.3).  The rigidity of the locked ribose ring results in greatly increased 

melting temperatures by enhancing base stacking and backbone stability (You et al., 2006).  

Conveniently for our purposes, biotinylated LNAs can be obtained from commercial suppliers 

such as IDT (Coralville, IA).  

 

 

Figure 1.3:  Locked nucleic acid (LNA) used in anchoring of aptamers to streptavidin or 
NeutrAvidin coated slides.  The LNA monomer is a conformationally restricted 
nucleotide analogue with an extra 2´-O,4´-C-methylene bridge added to the ribose 
ring.  Figure adapted from Christensen et al. 2001. 

 

When we began using LNA anchoring, aptamers were re-designed with a constant region 

extension specific for anchoring.  This was done not only to standardize the use of the anchoring 
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reagent but we also hoped to minimize steric interference and the possibility that we might be 

sequestering aptamer constant region involved in protein binding.  These effects have not been 

studied in quantitative detail for any of the aptamer groups used in these studies, but we hoped to 

address and minimize them to the greatest extent possible in the print construct and anchoring 

design.  It should be noted that the extension sequences were chosen to have minimal 

complementarity to the aptamer sequences used in these studies.  In other words the design 

includes a minimum of shared complementarity between the extension and any portion of the 

target binding aptamer region.  Retro-fitting an aptamer with a hybridization extension may be 

considered advantageous since the design of the extension sequence can readily take into account 

the constant regions of a given set of aptamers.  However other problems may arise when 

choosing an extension in the context of many different aptamer sequences from multiple 

selections. This and other design concerns will be discussed and experimentally illustrated in the 

studies described in Chapter 4.   

Using the LNA anchor design, aptamers can be immobilized either by first hybridizing 

anchor and aptamers prior to printing, or by hybridizing the aptamers to pre-printed LNA 

anchors.  From a strictly practical perspective, hybridization in a tube prior to printing presents a 

more stoichiometrically controlled option.  Anchor hybridization prior to printing minimizes the 

potential for non-specific aptamer/slide binding and also reduces the number of on-slide 

hybridization steps, which are typically messier and require relatively large volumes of reagents.  

With these factors in mind, we opted for in-tube rather than on-slide anchor hybridization.  Our 

work shows that aptamers can readily retain target-binding function following LNA-mediated 

immobilization.  While the strength and specificity conferred by the rigidity of the LNA 
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backbone led us to choose the LNA anchors over DNA, in fact either could be used to carry out 

hybridization to aptamers for immobilization. 

We have found that aptamer arrays must be printed in aqueous solution and under 

conditions of high humidity in order to maintain the activity and integrity of the protein and the 

biotin-avidin non-covalent interaction.  Furthermore, assays must be performed almost as soon as 

the slides have been printed.  This means that arrayer calibration, printing, and the many steps of 

assaying that follow must take place serially and continuously.  Even printing and assaying a few 

slides can require working throughout a 12- to 15-hour day.  For this reason, ongoing work is 

aimed at optimizing methods for the covalent attachment of amine-modified LNAs to epoxy-

coated slides and increasing slide storage longevity.  The use of more sturdy covalent 

attachments in place of the biotin:streptavidin linkage may well improve slide longevity and 

assay practicability.   

Other groups have used different approaches for the preparation of functional nucleic 

acid arrays.  Corn’s group at UC-Irvine used T4 ligase to attach RNA aptamers endwise to 

ssDNA microarrays with a ligation efficiency of 85 ± 10%, as measured by surface plasmon 

resonance imaging (SPRI), (Li et al., 2006).  While this method is not readily adaptable to a 

multiplex format, it is potentially an excellent tool for the sensitive detection of targets and for 

the examination of binding kinetics.  In fact, such SPRI chips have been used to accurately detect 

human thrombin at concentrations as low as 500 fM and vascular endothelial growth factor 

(VEGF) at 1 pM (Li et al., 2007).   
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4.3  Printing aptamer arrays 

 

Beyond considerations for immobilization substrate and attachment chemistry, there are 

practical issues involved with print deposition in aptamer arrays.  In developing the array design 

and print conditions, we tried where possible to follow many of the procedures associated with 

printing gene expression arrays, in large measure because that technology is mature enough that 

many of the difficulties we might otherwise have faced have already been worked out.  

Following aptamer biotinylation or hybridization to biotinylated LNA anchors, aptamers are 

printed onto NeutrAvidin or streptavidin coated custom glass slides (Pierce Biotechnology, 

Rockford, IL).  However, before printing any large-scale array using an automated printer, it was 

necessary to show experimental proof-of-principal on a small scale, testing printing geometry 

and on-slide assays in small-scale experiments using a manual arraying device made by V & P 

Scientific (San Diego, CA). 

Large-scale automated printing was achieved using a custom-built automated arrayer 

whose design specifications were developed by the Brown laboratory at Stanford University 

(DeRisi, Iyer and Brown, 1999).  The print studies described here all employ an 8-pin setup with 

the DeRisi print head, and arrays are printed as 2 columns of 8 array blocks running the length of 

a rectangular coated glass slide.  Each block’s center-to-center spacing is set to 9 mm to facilitate 

compatibility with a Rainin 8-channel p200 manual pipetter.  Aptamer samples are loaded into 

384-well plates which, not coincidentally, are geometrically compatible with the 8-pin print 

head. 
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4.4  Target protein labeling 

 

Given the variety of labeling techniques and chemistries available, a good deal of 

consideration must be devoted to the method of protein labeling used to signal the presence of 

protein bound to arrayed aptamers.  Seemingly the most straightforward and inexpensive of these 

is to simply covalently label the surface of the protein with the fluorescent moiety of your 

choosing.  Direct labeling of proteins has been successfully used in testing protein capture in the 

Ellington lab, however, there are a variety of attendant problems.  Efficiency of protein labeling 

varies from batch to batch, requiring time-consuming optimization of assay conditions and 

leading to inconsistency in assayed binding.  Furthermore, direct labeling methods introduce 

signal variations among aptamers, likely due to the fact that multiple and various epitopes on a 

protein can be labeled.  This introduces a level of variability specifically associated with (and 

unique to) each protein preparation.  Similarly, the lack of homogeneity in labeling may make 

attempts to accurately measure protein-bound protein concentrations in the array context even 

more problematic.  There is also evidence from a number of labs (Martinez et al., 2003; Timlin et 

al., 2005) and in our own unpublished work that suggests the interactions between 

oligonucleotides and fluorophores conjugated to target analytes confound interpretation of 

fluorescent signals in microarray assays.  This latter phenomenon, is simply a factor that we must 

continue to be aware of since the use of fluorophores is essentially a necessity.  However, the 

complications that result from direct labeling are easily surmounted (or at least traded in for 

lesser problems) by employing different methods for labeling aptamer-bound protein.   

Because of problems with direct-labeling, there has been an increasing trend in the 

literature toward the use of ELISA-style sandwich assay protein detection schemes (Schweitzer 
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et al., 2002; Nielsen, and Geierstanger, 2004; Perlee et al., 2004; Varnum et al., 2004; Zangar et 

al., 2006).  In fact, the influence of established practices and reagent markets for quantitative 

ELISAs – originally introduced in 1971 – have the advantage of 39 years of evolution (Engvall 

and Perlman, 1971).  Thus, for the experimental studies in the following chapters and the 

preliminary experiments described below, we chose to proceed with a novel aptamer antibody 

sandwich assay scheme. 

 

 

4.5  Proof of concept in lysozyme aptamer arrays (Cho, Collett and Ellington, 2005) 

 

Some earlier important demonstrations of protein detection microarrays used direct 

labeling of protein for ratiometric quantification against reference sample (Haab, Dunham and 

Brown, 2001).  By initially using a well-known labeling procedure we were able to better 

optimize print and assay experimental conditions for multiplex aptamer arrays (Collett, Cho and 

Ellington, 2005).  Drawing from relevant microarray literature, a range of buffer and assay 

conditions were tested and optimized for the specific capture of fluorescently labeled target 

proteins either (1) alone in binding buffer or (2) in competition with labeled intracellular proteins 

from cell lysates (Collett, Cho and Ellington, 2005; Collett et al., 2005).  The selection and 

results of these first aptamer microarray designs and assays (described in the following section) 

are the starting point from which the HIV-1 RT aptamer array project, and ultimately the 

author’s work, began.  This first assay method incorporates the most elegant forms of 

biotinylated slide attachment and directly labeled protein. 
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4.5.1  Print and assay of anti-lysozyme arrays 

 

To test the concept of RNA aptamer arrays, a group of Ellington lab-selected anti-

lysozyme RNA aptamers were used.  Briefly described, RNA aptamers were transcribed in vitro 

in reactions supplemented with biotinyl-GpG, leading to the specific addition of a 5’ biotin 

moiety (described in section 4.2.1 above).  The 5’ biotinylated aptamers were transcribed in vitro 

and purified via denaturing PAGE to remove excess biotin from the reaction mixture.  Purified 

aptamers were diluted into anti-lysozyme selection buffer and thermally equilibrated into their 

active conformations by heating to 70°C for 3 minutes and then gradually cooling to 4°C.  These 

were spotted onto streptavidin-coated microarray slides prior to assaying for lysozyme binding.  

After spotting, arrays were incubated at room temperature and 75 – 85% humidity to allow 

biotinylated aptamer binding to streptavidin.  The unprinted surface was then blocked with 

binding buffer supplemented with bovine serum albumin and Tween – 20 and washed to remove 

any non-biotinylated aptamers.  Thus immobilized, lysozyme aptamers were then incubated with 

Cy3-labeled HIV-1 RT followed by thorough washing with blocking buffer and SB (10 mM 

sodium hydroxide adjusted to pH 8.5 using boric acid).  Afterward slides were dried and imaged. 

After the completion of an assay, an Axon Instruments 4000B microarray scanner was 

used to measure spot fluorescence data.  Emission intensity data for the lysozyme surface Cy3 

(570 nm emission) label was collected after excitation at 532 nm.  The false-colored image seen 

in Figure 1.4 below display the resulting image.  For data analysis, GenePix software (Molecular 

Devices, Sunnyvale, CA) may be used to assign Cy3 as green in color and Cy5 as red, and each 

spot may be manually flagged based on the quality of the image after visual assessment.  Taking 

into account these flags, background subtracted intensity is then calculated so that slides could be 

normalized against a SYBR55-stained control slide.  In experiments where data was collected 
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from both channels, the background signals for Cy3 and Cy5 were normalized on reference 

slides (treated with equimolar amounts of Cy3 and Cy5) by adjusting the photomultiplier tube 

voltage and laser power during scanning and by normalizing data in the GenePix program.   

 

 

Figure 1.4.  Anti-lysozyme aptamer array (Collett, Cho and Ellington, 2002).  (A) Biotinylated 
RNA anti-lysozyme aptamers on a streptavidin coated slide after treatment with 
Cy3-labeled lysozyme at 1 g/mL in selection buffer.  Each row contains 10 
replicates spots of a single aptamer clone isolated from an in vitro selection against 
hen egg white lysozyme.  (B) Identically arrayed spots of the same aptamer clones 
as in (A) after treatment with SYBR 555 nucleic acid stain 

 

Biotinylated anti-lysozyme RNA aptamers spotted on microarray slides retained their 

ability to bind and capture lysozyme, as shown in Figure 1.4 (microarray slide after treatment 

with 1 µg/mL Cy3-labeled lysozyme).  To test signal response and lower limits of detection for 

the aptamers, 10 identically spotted microarray slides were each treated with Cy3-lysozyme in 

selection buffer, at concentrations ranging from 100 fg/mL to 100 µg/mL.  All of the aptamers 

produced a signal with a mean spot signal-to-noise (SNR) ratio greater than 2 and a mean spot 

pixel intensity saturation of less than 5% at two or more consecutive orders of magnitude of 

lysozyme concentration.  The dynamic ranges of binding are shown in Figure 1.4.  The best SNR 
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among all aptamers across all concentrations was shown by Clone 7 at 10 ng/mL of Cy3-

lysozyme, with a mean SNR of 78 (standard deviation = 5.7) and a lower limit of detection of 1 

pg/mL (70 fM).  Aptamers on the microarray retained their specificity for target protein in the 

presence of a 10,000-fold (w/w) excess of T-4 cell lysate protein.  The RNA aptamer 

microarrays performed comparably to current antibody microarrays and within the clinically 

relevant ranges of many disease biomarkers. 

These promising results show the clear feasibility of the aptamer microarray in an 

aptamer – sandwich antibody assay.  Thus we chose to advance this line of research and expand 

the project to the detection of HIV-1 reverse transcriptase.  The following chapters will briefly 

explain the preliminary work toward this goal and in much greater detail, the work that the 

author undertook to adapt a novel microarray format to an HIV diagnostic assay and ultimately 

drug-resistance mutant protein analysis. 
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Chapter 2:  Analysis of the HIV-1 reverse transcriptase aptamer antibody 

sandwich assay (AASA) Method B 

 

 

1.  Introduction:  Reproducibility of the HIV-1 aptamer antibody sandwich assay (AASA)  

 
Analysis of preliminary assay results and small-scale recapitulation results for the HIV-1 

RT aptamer antibody sandwich assay showed some apparently inexplicable discrepancies in  

assay reproducibility.  For this reason, we decided that extensive examination and full-scale 

recapitulation of the assay was absolutely essential to the integrity of the project.  This was 

necessary prior to proceeding into the multiplexed format where multiple groups of aptamers 

would be used in detection and protein binding studies against the wild-type and a variety of 

drug-resistance mutants.   For this reason, roughly one third of the work and technical input 

through the course of this work was designed with the purposes of reproducibility and sample 

integrity in mind.  While by no means a novel addition to the experimental advancement of 

microarraying in the context of protein-binding aptamers, this work was considered absolutely 

necessary in the context of the validity of this method and this project’s longevity.  That is to say, 

much of the experimental work described in this chapter is simple, thorough, controlled 

repetition of Jim Collett’s original proof-of-concept experimental findings or large-scale efforts 

aimed at clearly identifying and cataloging aptamer samples.  Data collection and analysis 

methods used were similar to those established by Dr. Collett, with a few important additions.  

These new analyses represented in the following chapter are compared side-by-side to Dr. 
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Collett’s original work.  This is simply for the purpose of illustrating the similarities and 

differences in experimental findings that may result from the performance of the same 

experiments over time by two different researchers. 

Initially, experimental work to recapitulate Dr. Collett’s final HIV-1 aptamer antibody 

sandwich array experiments was done so that the author might have a frame of reference for 

progress and competence by way of comparison to original data.  It was also hoped that we 

might pinpoint any potential sources of variability in experimental results.  As many sources of 

error were addressed as possible and to the best of our analytical abilities considering the great 

resources at our disposal.  Each portion of these analyses was discussed at length by our group 

and over telephone and email communications with Dr. Collett, who graciously guided the 

author through the often tricky technical process of experimental recapitulation. 

 

2. Recapitulation of the AASA Method B 

 

First with the original lysozyme capture aptamer arrays and later with HIV-1 aptamer 

arrays, it was successfully shown that RNA aptamers could be printed in arrays and assayed for 

protein binding.  As discussed in Chapter 1, this successful assay platform was rendered even 

more robust by the addition of the antibody sandwich method for labeling and detection of 

aptamer-bound protein.  This detection scheme was first described in great detail by Dr. Collett 

(Dissertation, 2006), and is also the primary basis for the nearly identical assay method used in 

this and the following chapters. 
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2.1.  Method design 

 

For the purpose of clarity, it is important to first describe the assay methods used by the 

author and her predecessor.  The surface labeled protein capture aptamer arraying and assay 

method - referred to as “Method A” here and throughout - is the original method employed in the 

first lysozyme and HIV-1 RT protein capture arrays.  Two important features of this assay 

method that set it apart from later methods are that (1) the protein is directly labeled and (2) the 

assay is tethered to slide surface by way of biotinylated ssDNA hybridization to the aptamer 3’ 

constant region present during selection.  

After proofing this method and reapplying it in the context of HIV-1 reverse transcriptase  

capture, Dr. Collett decided to alter the Method A assay, changing the direct protein label to an 

antibody sandwich format.  This change reduced the total amount of labor involved in the 

process by removing the necessity for protein preparation and labeling, and increasing 

experimental reagent consistency.  The AASA method is herein referred to as “Method B”.  

Further chapters discuss additional assay Methods C and D, but the focus of Chapter 2 is Method 

B and the recapitulation and binding characterization of that assay method.  A schematic 

representation of the on-slide complexes for each of the two methods (A & B) is shown below in 

Figure 2.1. 
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Figure 2.1.  Methods A and B assay detection styles for protein capture and signaling using RNA 
aptamers against HIV-1 reverse transcriptase.  For Method A, the RNA aptamer is 
immobilized on the slide via streptavidin biotin linkage and protein target is surface 
labeled with Cy3 fluorophore.  Method B employs the same means of slide 
tethering, and differs in that the antibody sandwich assay is used to signal the 
presence of unlabeled protein target after binding. 

 
Method A involved a biotinylated DNA tether hybridized to the aptamer’s 3’ end for the printing 

step.  After printing, the fluorescently labeled HIV-1 reverse transcriptase was allowed to bind 

before excess protein was washed away.  Method B employs the AASA where aptamer is 

attached to the streptavidin coated slide via a biotinylated anchor oligonucleotide hybridized to 

the aptamer’s 3’ end.  In this assay, protein binding is followed by two additional steps of 

primary and secondary antibody binding. Incorporation of the antibody sandwich steps not only 

standardizes labeling binding signal but also allows for signal amplification. 

The remainder of this section focuses on a description of the origin and characteristics of 

the group of aptamers used originally by Dr. Collett to establish the HIV-1 aptamer microarray 

assay Methods A and B.  The aptamer set, selected and characterized by Dr. Szafranska and two 

undergraduate researchers working closely with her and Jim Collett at the time, was used many 
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times and by a variety of researchers, thus it was not difficult to imagine that possible 

contamination or storage mistakes had been made.  For this reason, we sought first to establish 

the validity of those samples, at the outset of the author’s work, all aptamers were sequenced, 

size checked, transcribed and tested for protein binding. 

 

 

3. The 70.15 aptamer selection – Work by Ania Szafranska, Carlos Garcia and Patrick 

Goertz 

 

As mentioned before, we ultimately hoped to develop an array method to finely sense 

sequence or conformational differences between HIV-1 reverse transcriptase variants. As a 

starting point, Ellington lab researchers attempted to select anti-RT aptamers that would cover a 

relatively large surface area on the protein and extend out to regions of the protein surface 

commonly known to be mutated in drug-resistance variants.  This approach is in contrast to most 

others, who sought to select relatively small aptamers that might easily be synthesized and more 

readily be of therapeutic utility.  Perhaps the best example of this variety of aptamers is the 

thrombin aptamers selected by Schultze et al. in 1994. 
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3.1.  70.15 Extension pool design 

 

The pool design strategy was to use a known aptamer as an effective anchor to the HIV-1 

RT protein and to append a 30 mer random region that would extend out to the surrounding 

protein surface.  The 'anchor' aptamer was chosen to be a variant of the canonical anti-RT 

pseudoknot aptamer (Tuerk, MacDougal & Gold) known for its ability to bind to the polymerase 

active site with a Kd of 5 nM.  The chosen variant was the pseudoknot-like aptamer 70.15 that 

has a reported Kd of 64 nM (43nM as tested by Ellington lab’s Yuxuan Wang).  A weaker 

binding aptamer variant was chosen so that the selection would not be too far skewed toward 

round zero pool binding.  An aptamer sequence with a weaker binding constant would allow not 

only for functional anchoring and blocking of an already well-probed binding site, but also for a 

somewhat more “normal” selection where RNA pool in great excess may bind and release and 

based on the random sequence be allowed to reach an optimal binding equilibrium with the 

protein target.  The synthesized pool consisted of the 39 nucleotide 70.15 aptamer extended at its 

5' end by a 24 nucleotide linker and a random 30 mer sequence (Figure 2.1).  A T7 RNA 

polymerase promoter sequence was added upstream of the N30 region allowing for pool 

regeneration by RNA transcription.  Flanking 20 mer constant regions were used for PCR 

amplification with each round of selection.  In order to 'mark' the pool and distinguish it from 

wild-type sequences or recombinants already present in the laboratory environment, an 

adenosine residue was excluded from the connecting pseudoknot loop (arrow and X in Figure 

2.2).   

HIV-1 RT is known to undergo conformational changes upon binding to nucleic acids 

and nucleotide substrates, reported in Science by both Huang and Spence.  We therefore 
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anticipated that mutations in HIV-1 RT might not only affect individual contacts with a 

particular aptamer, but also influence the induced fit of aptamer to enzyme.  By having a stable 

set of extended anti-RT aptamer variants, it might prove possible to identify variants based not 

only on differences in affinity for molecular contact points but also on differences in affinity for 

conformational preferences.  A set of aptamers that recognized conformational subsets of the 

enzyme might prove to be particularly diagnostically relevant for the detection of known HIV-1 

RT mutants. 

 

 

 

 

 

Figure 2.2.  The 70.15 extension pool and watermarked 70.15 core aptamer sequence.  Predicted 
secondary structure for TPK-like watermarked 70.15 RNA aptamer used as the core 
binding sequence for the 70.15 extension pool.  The red X denotes the absence of an 
A residue which is a watermark to distinguish this sequence from the originally 
selected aptamer. 
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3.2.  70.15 extension aptamer selection against HIV-1 reverse transcriptase 

 
Starting with the extended pool, sixteen rounds of selection were carried out against the 

wild-type HIV-1 RT.  The progression of the selection was monitored using standard 

nitrocellulose filter-binding assays.  After the completion of the selection, aptamers were cloned 

and sequenced and one major sequence family containing an octamer sequence motif   5’ – T 

A/G A A/G C G T - 3’ was found.  While this family largely retained the 70.15 pseudoknot-like 

core sequence, all of the sequences save one (e32) had between 1 and 21 base deletions.  Other 

selected aptamers contained extensive deletions that spanned the 70.15 region, including 

nucleotides predicted to form the helices important for maintaining the 70.15 aptamer’s 

pseudoknot-like structure (Burke et al. 1996).  An awareness of these characteristics is important 

to the extent that they may have interesting effects on aptamer-protein binding, though such 

differences are likely to be indistinguishable from other sources of variability. 

 

 

3.3.  Verification of aptamer I.D.s – Sequencing and kinetics comparative analysis 

  

Aptamer sample handling and storage are two likely sources of variability that may 

contibute to data reproducibility issues.  Aptamer storage conditions have been fairly well 

established. Typically, aptamers are stored not as RNA but as dsDNA PCR products in buffer at 

-20 ºC.  Upon use, these dsDNA templates are transcribed by T7 RNA polymerase and used for 

no longer than 1 month depending on the application.  In the microarraying experiments 

described later, aptamer groups were transcribed, tested in small-scale experiments and used only 

once.  This type of experiment is very amenable to single use since only a very small amount of 
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aptamer is needed and experiments are done en masse over the course of a few days.  However, 

these aptamers had been tested and used for a number of uses over the course of several years, 

and while we may trust that the utmost care was taken of the samples, it is nonetheless easy to 

assume that simple mistakes might be made.  For instance, if one aptamer with a very strong 

binding affinity is cataloged in a plate well adjacent to an aptamer with very low binding affinity 

and the low binder suddenly showed high affinity for target, the problem is easily attributed to an 

error in cataloging.  In at least one case this scenario proved true.  This type of error, while small 

and easy to clarify, as well as a variety of other smaller issues with reproducibility led us to the 

decision to very carefully and repeatedly verify the sequences of each aptamer used.  Indeed, the 

entire set was re-sequenced, re-cataloged, regenerated and purified anew.  In addition to these 

measures, prior to each microarraying experiment, a few aptamers were re-sequenced for each 

experiment throughout the course of this project.  During the course of the experiments described 

in this work, there was never a discrepancy found in any of the aptamers’ sequences when 

compared with the originally determined sequences and aptamer i.d.s assigned to their respective 

wells. 

While it is not the purpose of this work to list the number and variety of obvious and not-

so-obvious instances of contamination, mis-cataloging and miscommunication, suffice it to say 

that nearly a year was spent in simply discovering and addressing these issues and establishing a 

simple, effective protocol for use and storage. 
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4. Experimental Methods – Method B HIV-1 RT AASA 

 

For each of the HIV-1 RT aptamer antibody sandwich array experiments in this and 

subsequent chapters, several months of aptamer preparation and reagent optimization were 

needed prior to the print run.  After preparation, arrayer calibration, print run and array assay 

work were performed nearly continuously over the course of roughly 30 hours.  This section 

details the steps not only involved in the Method B experiment but also Methods C and D 

described later in Chapters 3 and 4. 

 

4.1.  Aptamer preparation 

 

After coming to a point of relative certainty as to the integrity of aptamer samples, DNA 

templates for the newly sequenced and regenerated aptamer clones were amplified from dsDNA 

templates using the following forward and reverse primers respectively: 

5’ - GATAATACGACTCACTATAGGGAATGGATCCACATCTACGA – 3’ 

5’– CTCGTGATGTCCAGTCGCGATACCAGATAGTAGTGCAATCTGTTTTCCA – 3’ 

For all of the experiments described in the work below, a 3’ anchor hybridization extension was 

used so that the aptamer conformation as it existed during selection would be free.  As stated 

earlier, this extension was not used in Dr. Collett’s preliminary Method B studies.  We began 

using it later after considering the possible effects of aptamer conformation restriction.  Thus the 

reverse primer appends an 18 residue anchor sequence to the 3’ end of each aptamer template 

during PCR amplification.  Double-stranded DNA templates were purified using size-exclusion 

spin columns and sized on 2% agarose.  The 140 residue 70.15 extension aptamers were 
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transcribed in vitro using Ampliscribe T7 RNA polymerase transcription kits from Epicentre 

Biotechnologies (Madison, WI).  Transcripts were purified using 8% denaturing PAGE and 

eluted in Ambion RNAse H – free millipure water (Austin, TX) over night.  Purified aptamers 

were then ethanol precipitated in sodium acetate and resuspended in fresh Ambion water. 

 

 

4.2. Print construct hybridization 

 

Before printing RNA aptamers in arrays, each RNA aptamer must be prepared and 

hybridized to biotinylated anchor for slide attachment.  For this purpose, each purified aptamer 

sample was diluted to a concentration of 2 μM and mixed with 1 μM biotinylated anchor 

oligonucleotide bt-1890a-LNA.  Anchor LNA was synthesized and purified by IDT (Coralville, 

IA).  The following sequence was used in the hybridization reaction for every printed aptamer: 

5' -BioTEG-TTT+CT+CG+TGA+TGT+CCAG+TCGC 

 Aptamer and anchor were added to the hybridization reaction containing 1X reverse 

transcriptase binding buffer (RTB) 100 mM NaCl, 20 mM Tris HCl pH 7.5, 5 mM MgCl2, 1 mM 

DTT.   The reactions were thermally equilibrated to 70 ºC for 3 minutes followed by 1 ºC per 

second cooling to 4 ºC.  After cooling, each mixture was supplemented with glycerol to 5% (v/v) 

to maintain hydration.  10 μl of each sample was then loaded into 8 replicate wells in a 384 well 

plate ready for printing. 
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4.3.  Tandem printing in high humidity enclosure 

 

Once the aptamers had been prepared as described above and loaded into plates, the plate 

and slides to be printed on were attached to the arrayer.  The arrayer is calibrated so that it will 

accurately extract aptamer sample solution from a designated group of plate locations or “loads” 

and print the sample onto precisely designated slide locations.  The arrayer used in these 

experiments is equipped with a print head capable of holding up to 32 pins.  For our 

experimental setup, only 8 pins were used to print two sets of 8 identical arrays onto each of 12 

slides.  The particular style of printing used is referred to as “tandem” printing since the identical 

sets of arrays were printed from the same load one sample at a time and each array was printed 

with 3 technical replicates.  This setup has the advantage of producing 2 arrays per slide which 

are as nearly identical as is possible, since for each slide, 2 arrays are printed by the same pin.  

One “load” from the sample plate consists of 8 identical aliquots of the same aptamer sample so 

that 8 X 2 X 3 spotted technical replicates are printed on each slide for each sample. 

The capillary pin deposition method of printing was results in such a small volume of 

sample printed onto each spot that a huge number of technical replicates may be printed from 

single sample load.  In printing the Method B AASA arrays, each pin printed a total of 12 slides 

X 2 tandem arrays X 3 technical replicates yielding 72 spots per sample for a single load.  Using 

this print head configuration, 2 identical sets of 8 arrays were printed onto each slide.  Method B 

aptamer arrays were printed with glycerol and under conditions of high humidity in order to 

minimize spot drying.   

Briefly described, the print sequence consists of the following steps:   
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1.  The 8-pin print head picks up one load of 8 identical aptamer samples.  For example the first 

load would be aptamer e01. 

2.  The first load/sample is spotted in tandem triplicates onto the first slide. 

3.  The first loaded sample is spotted the same way on the remaining 11 slides. 

4.  The 8-pin print head is washed via sonication in saline buffer and dried three times under 

vacuum before moving to the next sample load – e02. 

5.  The process is repeated until all samples are printed. 

Figure 2.3 below shows a schematic representation of the printing machinery used, and a color 

coded example of the slide and array orientation that would result from a print run using a set of 

8 pins printing in tandem.  This schematic describes the print layout used for these Method B 

aptamer array experiment. 
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Figure 2.3.  Print head arrangement for tandem array printing using capillary action pin arrayer.  
The DeRisi arrayer used for these experiments employed capillary action pins in an 
8-pin print head arrangement. Arrays were printed in tandem such that the 8-pin 
print-head prints two sets of 8 identical arrays on either side of each printed slide.  
Thus Pin 1 (green) is responsible for printing Array 1 (A1) and also Array 9 (A9); 
Likewise Pin 6 (grey) prints both A6 and A14, and so on.  Since deposition volume 
during spotting is so minute, a single sample load may be used to print hundreds of 
spots depending on the print and buffer conditions. 

 
As shown in Figure 2.3, each pin in the print head is responsible for printing two arrays on each 

slide.  Pin 1 (coded red) prints Array 1 and also Array 9.  Pin 4 (coded blue) prints array 4 and 

array 12 and so on.  Thus, after printing, each slide contains two arrays that are as nearly 

identical is as technically possible to create.   

Using this configuration, prepared aptamers were printed onto custom Neutravidin-coated 

slides (Pierce Biotechnology) under 70-80% humidity using the University of Texas Microarray 

Core Facility’s humidity chamber-enclosed DeRisi microarrayer (Figure 2.4).  After printing, 

slides were incubated for 30 minutes inside the enclosure to allow streptavidin capture of the 

biotinylated LNA - aptamer complexes. 
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Figure 2.4:  The DeRisi arrayer in a humidity enclosure.  This arrayer is set up to print aqueous 
biological samples onto slides using capillary pins.  The humidity enclosure is ideal 
for printing aqueous samples containing biological molecules such as RNA, DNA 
and protein. 

 
After aptamer samples were printed as described above, adhesive FlexWell partitioning 

pads (Grace BioLabs) were applied the slides to create 16 individual wells around each of the 16 

arrays.  A cartoon depiction of the molecular construct resulting from the print process is shown 

in Figure 2.5 below. 
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Figure 2.5:  Biotinylated LNA anchored aptamer construct for the Method B aptamer arrays. The 
printing scheme involves a ribonucleotide oligomer (RNA) aptamer whose 3’ end is 
hybridized to a biotinylated locked nucleic acid (LNA) anchor printed onto a glass 
slide coated with streptavidin or Neutravidin. 

 

 

4.4. Slide blocking 

 

In order to avoid non-specific protein binding and minimize background signal, it is 

important to block the surface of the slide not printed with spots of aptamer sample prior to 

target protein binding.  The surface is blocked with a solution of nonspecific binding agents and 

detergents.  Because our assay employs the use of antibodies and is similar in many ways to 

ELISA and Western blot methods, we chose to use reagents standard to those methods and found 

that they worked very well.  Thus, prior to target incubation, each of the FlexWell partitioned 

array wells were blocked for 45 minutes at room temperature with 100 μl of 1 X RTB- Blocking 

Buffer:  RTB supplemented with 1X Roche Western Blocker (Roche Molecular Diagnostics) and 
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0.1% Tween-20 detergent.  Wells were rinsed three times with 100 mL of blocking buffer prior 

to application of the protein target. 

 

 

4.5.  HIV-1 reverse transcriptase wild-type protein target incubation 

 

After removal of the blocking buffer, 850 pM HIV-1 reverse transcriptase wild-type 

protein solution (Ambion, Austin, TX) was applied in 50 μl aliquots to each of the wells on the 

printed microarray slides.  After 30 minutes, protein solution was removed and the wells were 

rinsed three times with 100 uL of RTB - Blocking Buffer. 

 

 

4.6.  Method B antibody sandwich assay 

 

As stated earlier, sandwich assay steps were carried out using methods and reagents 

common to other antibody-based methods such as Western blot and ELISA.  Anti-HIV-1 reverse 

transcriptase wild-type protein antibody raised in rabbit was obtained from Dr. Stuart Le Grice 

(NIH AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH).  

Secondary polyclonal Cy3-labeled goat anti-rabbit IgG was purchased from Amersham.  Primary 

antibody was diluted into 1 X RT Blocking buffer.  Prior to incubation with primary antibody, 

wells were rinsed 6 times with 100 μL of RTB - Blocking Buffer.  After rinsing, 50 µL of 0.2 

µm-filtered primary antibody was applied to the slides for two hours, after which, the wells were 
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rinsed as before.  Primary antibody incubation and rinsing was followed by incubation with 50 

uL of secondary antibody at a concentration of 20 µg/mL for one hour.  All of these incubations 

were performed at room temperature. 

Since the concentration strength of the primary antibody varies from preparation to 

preparation, it is not possible to specify a particular concentration used that may be generalized 

to further assays.  Each new batch of primary antibody must be optimized to the assay conditions 

prior to large-scale assay.  For the purposes of these experiments, the primary antibody received 

from Dr. Le Grice was used at an optimized dilution of 1:10,000.  To contrast, it may be noted 

that in other experiments performed with earlier antibody preparations from the same source, 

1:6,000 or 1:5,000 dilutions were used.  A simple experiment testing multiple dilutions is 

sufficient to ascertain the optimal dilution.  Excess primary antibody yields very high 

background and indistinguishable or barely distinguishable spots after assay. 

 

 

4.7.  Post-assay slide processing 

 

Each slide (with FlexWell partitions still attached) was then immersed in a 50 mL conical 

tube filled with 45 mL of RTB – Blocking Buffer.  The tubes were agitated on a rotating shaker 

at 120 rpm for 5 minutes at room temperature.  RTB – Blocking Buffer in the tubes was replaced 

with fresh RTB supplemented with 0.1% Tween-20, and the tubes were agitated again for 5 

minutes.  The same wash process was repeated by removing the slides and placing them into 45 

mL of RTB.  After being removed from the tubes, FlexWell pads were peeled away from slide 

surfaces and slides were briefly dipped into millipure water.  Rinsed slides were dried for 10 
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seconds in a TOMY slide spinner and scanned immediately using the University of Texas 

Microarray Core Facility’s Axon 4000B scanner at a photomultiplier tube (PMT) gain of 

600/600 for each channel.  In all of the Method B assays experimental results shown here, the 

PMT gain was 600 for the Cy3 channel.  In later experiments - described in Chapters 3 and 4 – 

for any instance where PMT gain was varied to optimize either Cy3 or Cy5 channel output, data 

were normalized to 600/600. 

 

 

5.  Experimental Results 

 

In order to fully understand the extent of the variability inherent in the Method B assay, 

we decided to run a series of experiments structured so that statistical information could be 

derived from the dataset.  In the context of a historically well-defined microarray experiment, a 

dataset containing at least 3 technical replicates is enough to consider statistically valid.  

However with the added complexity of multiple protein and antibody incubations, the amount of 

variability inherent in the assay might be far greater than in a single hybridization step, whether 

from a purified nucleic acid sample or complex mixture.  Though it may seem redundant, it is 

important to note that the experimental procedures established for DNA and RNA hybridization 

arrays have a huge historical background compared with aptamer microarraying.  Thus, we 

reasoned that if we ever hope to successfully reach a point of quantitative precision in aptamer 

arraying, it is of the utmost importance that we very clearly understand the sources of variability 

inherent in the assay.  This understanding - in combination with the simple issues of human error 

that the project seemed fraught with at the outset - led us to go to extremes in data collection and 
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analysis.  We hope that a better understanding of the assay and its practical strengths and 

shortcomings will be apparent in the experiments described here. 

In large part, it is clear that the Method B as well as the Method A assays are functionally 

viable.  Either one clearly, works to the extent that aptamers immobilized on slides are able to 

specifically bind and retain target protein.  What’s more, it is readily apparent that using a group 

of aptamers with a variety of binding affinities for the same protein results in differential levels 

of binding taken as a measure of fluorescence intensity.  It was the intention of this work to bring 

the Method B assay and aptamer microarray based detection of HIV-1 reverse transcriptase to a 

high standard of quantitative precision and reproducibility. 

 

 

5.1. Rank-ordering comparisons of the Method B AASA arrays 

 

The first and most straightforward approach in looking at the Method B binding data – 

especially as a large set with a combination of factors contributing to data variability – was to 

first compare rank ordered binding data as a function of spot intensity.  We first compared data 

from supposedly identical arrays printed by the same pin during the same print run.  Excel’s 

simple sort function was used to rank order data.  Other methods of ordering (1,2,2,3; 1,2,2,4; 

1,3,3,4; etc.) were dismissed since two intensity values are rarely, if ever, seen to be exactly the 

same.  Comparing binding affinities as a function of background subtracted intensity at 532 nm, 

the un-altered data could be quickly compared in pair-wise rank orderings for emergent patterns, 

similarities and differences.  Based on previous experience with the print process and in order to 

insure that at least 2 or 3 high quality slides resulted from the very long process of calibration 
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and printing, 12 slides were printed and scrutinized under the microscope.  From the 12 printed 

slides, 5 slides with the set of 70.15 extension aptamer array slides were selected to be assayed 

for binding in the presence of the wild-type HIV-1 RT (2 slides), the drug resistance Mutant 3 

(M3) RT (2 slides) and in the absence of protein (1 slide).  It has been shown in Dr. Collett’s 

HIV-1 aptamer array experiments that the 70.15 aptamers do not specifically bind to M3.  The 

M3 assayed slide, therefore, serves as a negative control.  Figure 2.6 shows one array from each 

of the assay treatments as an example of the images that result from these experiments. 

 

 

Figure 2.6.  Three arrays from three different slides from the same print run.  Each slide was 
assayed at the same time under different target-binding conditions:  (A) binding to 
HIV-1 reverse transcriptase wild-type protein, (B) HIV-1 reverse transcriptase 
drug-resistance mutant 3 protein and (C) the negative control showing potential 
background binding in the absence of protein.  The negative control slide was post-
stained to show the presence of printed RNA aptamer oligonucleotide remaining 
bound to the surface of the printed slide after assay completion.  Yellow arrows 
indicate the location of the array on the original printed slide.   

 
Data processed from the signal intensities represented above shows clearly that even 

when immobilized on a slide surface, aptamers have a variety of affinities for the wild-type RT, 
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no discernable affinity for the drug-resistance mutant and that the assay results in little to no 

background signal in the absence of protein.  These data were also used in pair-wise, rank-order 

comparisons to visually determine whether data sets that look at the outset like clean, low-

background results, could prove upon closer scrutiny to be inconsistent. 

Pair-wise comparisons were created by sorting the background subtracted raw intensity 

data scanned by the 532 nm “green channel” for each of the arrays chosen and assayed.  While 

only clean, intact slides were chosen to assay and be subsequently examined, arrays were 

otherwise selected arbitrarily.  After sorting the aptamers based on their binding intensity data, 

they were color-coded for ease of comparison.  In the following rank-ordering illustrations, a 

false heat-map style color coding was used to show differences between the two arrays in each 

pair-wise comparison. Closest rank-ordered aptamer pairs within a particular two-array 

comparison are shades of green while further apart aptamers with the same i.d. are marked with 

blue, violet and red successively.  These colors bear no significance other than that each color is 

assigned to an aptamer based entirely on its distance in rank-order from its counterpart in the 

array to which it is being directly compared.  As such, this is a very simple, straightforward look 

at how one array compares to another printed and assayed together on the same day with the 

same reagents.  The print run, slide selection, assay and post-assay slide processing were done all 

on the same day within a continuous span of roughly 16 to 20 hours. 
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5.2.  Same pin / same slide rank-ordered array comparisons 

 

The simplest and presumably most direct comparison of arrays - arrays that were: (1) 

printed by the same pin (2) and printed onto the same slide - was first examined.  One of the 

most common observations in the arrays printed using the chosen arrayer and conditions is that 

while a particular array may seem very consistent in terms of spot size and resulting binding data 

for arrays printed by the same pin, frequently arrays printed by different pins have very different 

spot sizes.  Because of this clear difference, the rank-ordered data comparisons were approached 

from a perspective of increasing in number of differences.  The first comparisons are between 

arrays printed by the same pin on the same slide.  Then arrays printed by the same pin onto 

different slides are compared.  Finally comparisons are made of different-slide / same-pin and 

different-slide / different-pin pair-wise array combinations.  In performing these comparisons, 

we hoped to ascertain whether pin deposition and slide surface variations might contribute to 

binding data variability.  The first rank-ordered pair-wise comparisons are of two arrays printed 

by the same pin onto the same slide.  Figure 2.7 illustrates this simplest comparison. 

  



69 
 

 

Figure2.7.  Arrays printed by the same pin on the same slide for two slides containing HIV-1 RT 
aptamer array.  Rank-ordered binding results from 2 slides for arrays 1 and 9, both 
printed by pin 1 are shown.  Aptamers are color-coded by the number of rank orders 
they lie away from their counterpart in the pair-wise comparison.  In general, color 
coded greens and blues indicate aptamers closer together in rank order while violet 
and red coding indicates aptamers further apart in rank order.  The slide orientation 
and arrays used in these comparisons are indicated by arrows on the slide maps to 
the bottom right. 
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In the pair-wise comparisons of arrays printed by Pin 1, a few simple observations can 

first be made for each of the two slides.  For Slide 1, 6 aptamers fall more than 6 rank orders 

apart from one another, 23 of the remaining aptamers fall 2 or fewer rank orders apart, and 11 

aptamers fall within the blue mid-range of 3 to 5 ranks.  Comparison of the two Pin 1 printed 

arrays from Slide 2, shows that only 5 aptamers fall 4 or more rank orders apart, and the 

remaining 35 aptamers fall within 3 or fewer rank orders from one another.  Simply stated, it 

seems apparent that aptamer arrays printed on the same slide by the same pin result in very 

similar data patterns when their rank orderings are compared. 

 

 

5.3.  Different pin / same slide rank-ordered array comparisons 

 

Arrays printed by different pins onto the same slide were compared next.  In order to 

obviate any contrast in arrays printed by different pins and how it plays out in terms of data 

comparability, Arrays 2 and 5 from Slide 1 are compared to Arrays 6 and 7 side-by-side in 

Figure 2.8. 
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Figure 2.8.  Arrays printed by the different pins onto the same slide.  Rank ordered binding 
results from 2 slides for arrays 2 and 5 or 6 and 7 both printed by pins 2 and 5 or 6 
and 7, respectively are shown.  Color coded greens and blues indicate aptamers 
closer together in rank order, while violet and red coding indicates aptamers further 
apart in rank order.  The slide orientation and arrays used in these comparisons are 
indicated by arrows on the slide maps to the bottom right. 
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It is clear, based on color differences in the different pin, same slide comparisons that 

there is a substantial increase in the number of aptamer pairs falling farther apart in rank order.  

For Slide 1, 7 aptamer pairs (coded red-orange) fall more than 10 rank orders apart and 7 others 

fall 6 or more ranks apart.  In fact only 7 aptamers lie in the green range.  For Slide 2, however, 

more than half of the aptamers fall within the green range, 9 aptamers are within the blue mid-

range of rank order distances and only 2 show greater than 10 rank order differences.  These 

results seem to indicate that differences in pin deposition may lead to decreased data 

comparability.  If pin deposition is a source of variability, it is impossible to tell whether the 

variability is due to minute differences in pin size and shape, slight differences in pin function 

within the print head or to some other factor.  It is disconcerting, however, to recognize that two 

arrays printed under identical conditions at the very same time, on the same slide can have such 

clear differences at such a basic level. 

 

 

5.4.  Same or different pin / different slide rank-ordered array comparisons 

 

Next, arrays printed on different slides by either the same pin or different pins are 

compared in the rank ordered pair-wise comparisons shown in Figure 2.9.  The left-hand panel 

shows the Pin 1 comparison of each example of Array 1 for the two slides.  The right-hand panel 

shows the pair-wise comparison of Array 4 (printed by Pin 4) from Slide 1 to Array 13 (printed 

by Pin 5) from Slide 2. 
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Figure 2.9.  Rank order comparisons of HIV-1 RT aptamer arrays printed by the same or 
different pins onto two different slides.  Results for arrays 2 and 5 or 6 and 7, 
printed by pins 2 and 5 or 6 and 7 respectively, are shown.  Color coded greens and 
blues indicate aptamers closer together in rank order, while violet and red coding 
indicates aptamers further apart in rank order.  Blue arrows indicate the same pin/ 
different slide comparison and red arrows represent the different slide / different 
pin.  The slide orientation and arrays used in these comparisons are indicated by 
arrows on the slide maps to the bottom right. 
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The left same pin / different slide comparison shows that roughly 3 quarters of the 

aptamers lie 2 or fewer rank orders apart.  The comparability of these two arrays is seemingly 

relatively high despite the fact that they were printed on two separate slides.  Of the remaining 

aptamer pairs, only 4 are in the upper violet and red-orange range lying 6 or more rank orders 

apart.  The pair-wise comparison of arrays printed by different pins onto different slides shows a 

dramatic difference in data comparability.  While 25% of aptamers compared here are within 2 

rank orders of one another, more than 25% fall more than 9 rank orders apart, and another 

quarter fall 7 or more rank orders apart.  This comparison clearly indicates that arrays printed by 

different pins (Pin 4 and Pin 5) onto different slides have the potential to produce extremely 

dissimilar results with respect to target - binding rank order. 

 

 

5.5.  Rank-ordered array comparison summary 

 

Figure 2.10 summarizes the above comparisons showing the pair-wise comparisons with 

aptamer identification names removed.  Array pair-wise comparisons are arranged from left to 

right in the order they were presented in the above text.  The general trend reflects decreasing 

rank-ordered comparability coincident with increasing violet, and red colored rank orderings. 
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Figure 2.10.  Summary color comparison for pair-wise comparisons of same and different pin 
comparisons based on rank-ordered background subtracted intensity data (532nm) 
for the group of 70.15 extension HIV-1 RT wild-type aptamers.  After sorting 
aptamers from least to greatest intensity, the pairs of arrays to be compared were 
arbitrarily chosen and then color coded such that greens indicate aptamer pairs 
closest together in rank ordered comparison followed by blue, violet and finally 
reds showing the greatest distance of 10 or more rank orders apart. 
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Though these comparisons are relatively simplistic, they serve to clearly illustrate the 

amount of variability that can arise from a single experiment.  Each of the arrays used in these 

comparisons was printed on the same day at the same time onto identical slides with an identical 

set of aptamers.  After printing, the slides were assayed together under identical conditions and 

using the same reagents.  Prior to assay, the two slides chosen for comparison were scrutinized 

under light microscope and after assaying and post-processing the arrays were further analyzed 

for print quality, clarity and consistency of spots.  Despite the measures taken to carefully select 

and analyze only the highest quality arrays, an obvious and simply illustrated discrepancy 

remains from one array to another.  It appears that the data for individual aptamers are not 

comparable in the simplest sense of raw rank-ordering. For this reason, it was decided that 

additional data filtration and normalization criteria would be applied to during data analysis.  Of 

the resulting 32 arrays printed from the Method B experiment, roughly half resulted in visibly 

clean, high-quality arrays from which the data described in the following section were derived. 

 

 

6.  Data filtration and analysis of experimental results 

 

Because of the obvious differences that arise in array-to-array comparisons of data from 

arrays printed and assayed under identical conditions, we have sought to develop a means of data 

filtration that will lead to the most accurate and clearest expression of the data.  Inasmuch as it is 

obvious that arrays vary from one to another for some instances, it is also obvious that the array 

data takes on very similar trends.  Specifically, some aptamers seem to consistently appear 
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relatively higher in intensity than others, and in contrast, some apparently have little to no target 

binding ability in the context of slide immobilization. 

For all the analytical methods we tested including the ones described here, the acquisition 

of data and subsequent analysis were as follows:  Assayed slides were scanned using an Axon 

Genepix 4000B fluorescence slide scanner (Molecular Devices, Inc. Toronto, Canada).   The 

same software was used to sort and format intensity data and then statistically filter and separate 

valid, useful data from marred or aberrant data.  At the same time, slide image data was visually 

scrutinized and manually filtered.  In this step, any clearly scratched or marred arrays or spots 

were excluded from the data set whether the software was able to recognize “something” or not.  

After this, background subtracted median spot intensities were extracted from the intensity 

images and exported into Microsoft Excel.  These raw data were then subjected to a battery of 

normalization and filtration criteria.  The following sections describe in more detail how 

filtration criteria were brought to bear.  The data filtration steps are arranged as they took effect 

in the data analysis process, from the roughest or crudest to the most complex. Examples of the 

effect of these filtration steps are shown in order to exemplify the effect each measure had on the 

appearance of each data set. 

 

 

6.1.  First level filtration - Visual selection of array 

 

The first and simplest method of data filtration is the visual selection of clean, high-

quality arrays after slides have been assayed, processed and image-scanned.  In this step of 

filtration, the images produced after scanning were judged based on their visible characteristics 
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and notes were made regarding the quality of each array on each of the printed slides.  Figure 

2.11 shows the slide notes for the 2 slides (32 arrays) used in these experiments.  Arrays that 

have been scratched significantly by the pipette tips during the assay process are marked with a 

green lightning bolt, arrays that are simply too dirty or have impossible to see spots are marked 

with a black slashed circle, good arrays are marked with a smiley face, and very good arrays are 

marked with a heart.  The chosen symbols were deemed appropriate to the simplicity of their 

purpose.  These notes are the digital translation of the author’s lab notebook. 

 

 

Figure 2.11.  Visual assessment cartoon representation of slide critique notes for the two slides 
used in these analyses.  Each of the 16 arrays on the two slides was judged and 
categorized by the simple criteria listed in the lower blue legend.  Where no symbol 
is assigned to an array, the data were not of the highest quality, but no obvious 
abnormalities could be seen. These usually had either high background or relatively 
small printed spot size. 

 



79 
 

6.2.  Second level filtration – Automated and manual spot flagging 

 

After choosing the best array data from the assayed and processed slide images, each 

array’s spots were carefully scrutinized manually and also using the Genepix software.  The 

software is capable of distinguishing circular image features and flagging spots that are aberrant 

in some way.  Software-analyzed arrays were first flagged this way and then each spot was 

double checked by the author and additional flags were added where necessary.  Manually 

assigned flags become part of the final data output so that flagging notes could then be taken into 

consideration during later analysis steps.  The most common result of this was in the occurrence 

of an unprinted spot or in a highly damaged spot.  When comparing the overall data sets to one 

another, these differences do not have an obvious effect; however, if we hope to achieve an assay 

with which we might quantitatively compare data for a single aptamer to another single aptamer 

on the same or different arrays, it is important to be assured that each triplet of spots is of the 

highest possible quality.  Because the data was not yet filtered, it is possible that some of the 

rank ordering differences shown earlier are due not only to mechanical differences in deposition 

but also to the fact that the data was not filtered in any way.  This may be the cause, for instance, 

in the large number of aptamer pair rank order differences seen in the same slide comparison of 

Array 2 and Array 5, since Array 2 of Slide 1 was discarded (marked with a black slashed circle) 

after visual assessment and deemed unfit for use in further analysis. It will be interesting to see 

whether trends seen in the crude rank-ordering analysis are adhered to in this and finer analyses.   
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6.3.  Third level filtration – imposed quantitative parameters 

 

After a great deal of analytical trial and error consisting of running analyses and applying 

filtration criteria we homed in on the criteria that resulted in the greatest percent data “survival” 

that still maintained low standard deviations for both the individual aptamer triplet and the larger 

group of averaged aptamers. The following criteria were decided upon for use in defining viable 

triplet spot data: 

 Data whose triplet spot values fall at least 3 standard deviations above the median 

background. 

 Data spot triplets having a background subtracted median spot intensity of 30,000 or 

greater for any spot in a triplet technical replicate set were not included.  I.e. a 

background subtracted median intensity cut-off of 30,000 was applied to each individual 

spot for every printed aptamer.  

 Data spot triplets having any member greater than two times or less than half the 

background subtracted median spot intensity for any member in a particular triplet of 

technical replicates were removed from the analysis. 

 

Prior to making final analysis based on filtered data, the combination of these filtration criteria 

was assessed for validity by comparison of data distributions before and after filtration.   
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6.4.  Distribution plots (filtered vs. unfiltered) 

 

Comparisons of data distributions before and after application of the chosen filtration 

criteria might show whether filtration using the established guidelines results in any major 

alterations in data distribution.  It was our intention through applying these filtration steps to 

arrive at the most clear and true description of the data, one that is both statistically valid and 

does not obscure visually obvious traits and trends in the raw data or trends in the overall data 

distribution.  To that end, the chosen filtration criteria were applied and box-and-whisker 

distribution plots were made for comparison of raw and filtered data.  Figures 2.12, 2.13 and 

2.14 below represent the distribution data for three sets of arrays printed by the same pins.  These 

sets were chosen because they comprise the only sets of three or more arrays printed by the same 

pin after visually assessed aberrant arrays were discarded. 
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Figure 2.12.  Pin 1 data distributions after three levels of filtration for each of two aptamer array 
slides assayed for binding to HIV-1 reverse transcriptase.  (A) shows unfiltered data 
for Arrays 1 and 9 printed by Pin 1.  (B) shows distributions of the same data after 
the filtration criteria were imposed.  (C) shows the resulting distributions after the 
filtered data sets were normalized to filtered median spot value.  The slide map in 
the lower right panel indicates the slide locale of arrays used in analysis. 
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Figure 2.13.  Pin 3 data distributions after three levels of filtration for each of two aptamer array 
slides assayed for binding to HIV-1 reverse transcriptase.  (A) shows unfiltered data 
for Arrays 3 and 11 printed by Pin 3. (B) shows distributions of the same data after 
the filtration criteria were imposed.  (C) shows the resulting distributions after the 
filtered data sets were normalized to the filtered median spot value.  The slide map 
in the lower right panel indicates the slide locale for arrays used in this analysis.
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Figure 2.14.  Pin 4 data distributions after three levels of filtration for aptamer arrays from each 
of two slides assayed for binding to HIV-1 reverse transcriptase.  (A) shows the 
unfiltered data for Arrays 4 and 12 printed by Pin 4. (B) shows distributions of the 
same data after the filtration criteria were imposed.  (C) shows the resulting 
distributions after the filtered data sets were normalized to the filtered median spot 
value.  The slide map in the lower right panel indicates slide position for arrays 
used in analysis.    

 
The distribution plots for each of the three sets contain a few distinguishing features, the 

most obvious of which is that after filtration and prior to normalization, median value remains 

roughly the same for each array.  This means that information that has been excluded through 

filtration does not have a strong affect on the basic character of the data.   
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After normalization of filtered data sets to 1, as expected, the trends remain relatively the 

same.  Pin 1 distributions are altered very little after the imposed filtration and normalization 

criteria.  This is very likely due to the fact that of these three sets, the data printed by this pin had 

the fewest data points filtered out.  Distributions of data for Pin 3 and Pin 4 seem to be generally 

less skewed toward higher intensities after filtration under the same criteria.  Thus, the 

distribution comparison results provide some measure of reassurance that our chosen filtration 

criteria do not greatly alter data character.  To augment this analysis, we chose to further 

compare arrays to one another using a standard statistical test called the “single factor analysis of 

variables” test. 

 

 

7.  Single factor analysis of variables (ANOVA) tests for pin and slide related variance 

 

The single factor ANOVA for repeated measures can be used to make comparisons of 

two groups of measurements.  It is generally used to determine whether there are statistically 

significant differences in two sets of data with equal variances.  This test will be used here to 

directly compare array triplet spot mean values in a pair-wise fashion.  Generally stated, the 

comparison takes into account the entire group of mean values (40 intensity means per array 

group) and assigns a value for the comparison called the P-value.  The P-value is a chosen 

significance level of probability of similarity.  The statistical null hypothesis that the ANOVA 

assumes is that the two groups are identical.  Thus, when we compare two arrays based on 

factors allegedly contributing to variability (pin deposition for example), a P-value of near 1 

indicates that the chosen factor is quite probably not a source of variability and that there is 
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insufficient evidence to reject the statistical null hypothesis.  Conversely, a near zero P-value 

indicates that the chosen category for comparison is more likely to be a source of statistical 

variability, and that the null hypothesis can be rejected.  In making these and other quantitative 

comparisons, it is important to select a significance level appropriate to the analysis.  The 

significance level is a chosen cut-off to which the P-value may be compared when determining 

whether to accept or reject the null hypothesis and categorize two groups of means (here, two 

arrays) as being similar or dissimilar.  For the purposes of this analysis, we have used two 

standard significance values of 0.05 and 0.01.  In addition, keeping in mind that the use of the 

higher significance will lead to more stringently filtered data, we have also applied a more 

stringent P-value cut-off of 0.5 in the ANOVA analyses.  Since these comparisons are of arrays 

which we assume are nearly identical to a great extent, we hoped to draw out finer points of 

dissimilarity or variability. 

It has been the aim of these analyses to determine whether and where sources of variance 

arise and if that variance is due to a particular factor by which the data may be categorized such 

as the pin used in printing or the slide an array of aptamers was printed on.  Unfortunately, our 

analyses are limited to the physical constraints of the experimental setup.  Because these aptamer 

array experiments were done by the same person, using the same equipment and reagents and 

assayed on the same day, the only pair-wise comparisons we can make are limited to the 

categories of variance of pin deposition and slide surface differences. Given these constraints, all 

of the single factor ANOVA comparisons are a function of (1) pin used in printing and (2) slide 

onto which a particular array was printed.  Since the previous rank-ordering and data distribution 

analyses indicate that there may be data variability due to pin effects in combination with slide 

effects, it is serendipitous that these factors readily avail themselves to closer examination.  In 
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the first single factor ANOVA tests, the 70.15 extension aptamer arrays assayed for binding with 

the Method B AASA were subjected to within-slide array comparisons.  The second set of single 

factor ANOVA tests - all arrays from Slide 1 - are compared to their counterparts on Slide 2. 

 

 

7.1.  Within-slide ANOVA testing for pin related array variance 

 

The first ANOVA comparisons made were of arrays printed by the same pin onto the 

same slide.  Recall that 8 pins print 16 arrays in tandem onto a single slide, so that 1 pin is 

responsible for the deposition of two identical arrays.  The first comparison is of triplet spot 

means for intensity data collected after assaying the immobilized 70.15 extension aptamer group 

for binding to HIV-1 reverse transcriptase.  Thus, this experiment represents a comparison of 

aptamer-binding signal resulting from the antibody sandwich assay for two arrays printed by the 

same pin onto a single slide.  Figure 2.15 shows the ANOVA comparisons for each of the two 

slides.  For each slide, Array 1 is compared to its Pin 1 printed counterpart Array 9 on the same 

slide, Array 2 to Array 10 printed by Pin 2, and so-on. 
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Figure 2.15.  Within slide single factor ANOVA comparisons of arrays printed in tandem by the 
same pin.  For each of the two panels, the numerical value at the intersection of two 
arrays represents the P-value for the compared means between the two arrays.  
Light blue intersections represent comparisons of arrays printed by different pins.  
 

In addition to the same-pin comparisons represented by color-coded P-values at the 

intersections along the diagonal of each panel, a handful of different pin array comparisons were 

made for each of the two slides.  These comparisons are shown here to illustrate the contrast in 

comparability of data printed by the same and different pins even within a group of arrays 

printed on the same slide.  Generally speaking, a P-value can be interpreted as an indicator that a 

particular factor (in this case the pin used to print an array) is a contributor to data variability.  

By and large, ANOVA comparisons for arrays printed by any pin have P-values greater than 

0.05.  At the 0.01 significance level, no array pair – whether printed by the same or by different 

pins is significantly different from its comparative counterpart.  In fact the only data point that 

indicates statistically significant dissimilarity at either of the standard cut-offs is the Pin 3 (Array 

3 and Array 11) comparison for Slide 1 (left panel).  The Pin 3 comparison yielded a modestly 

low 0.0393 P-value between the two standard cut-offs of 0.01 and 0.05.  This discrepancy may 

be simply explained by the quality of Array 3 for Slide 1 which was marked as scratched and 

very poor quality (Figure 2.11).  Otherwise it is clear from these data that none of the array 
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comparisons indicate any real statistical dissimilarity.  Considering the natural trend of the data 

and the expected high level of similarity that should result from such an experiment, it is 

interesting to compare using a higher stringency P-value cut-off of 0.5.  At the 0.5 cut-off, P-

values for same pin comparisons (along the diagonal) on each of the two slides fall within a 

statistically significant level of similarity while most comparisons of arrays printed by different 

pins (light blue highlights) for both slides fall below the cut-off.  The 4 exceptions to this 

generalization which holds true for the remaining 20 pair-wise comparisons are marked with 

blue stars.  Since the P-value cut-off is an arbitrary number chosen to reflect natural data trends 

or particular imposed stringencies, it is important to note that any of these three cut-offs is valid, 

though in this case, the higher stringency may yield a more meaningful result. 

 

 

7.2.  Two slide panel 

 

 The single factor ANOVA test for repeated measures was also used in comparing arrays 

printed by the same pin onto the two different slides used in these Method B AASA analyses.  

Figure 2.16 shows the same-array ANOVA comparisons for the two slides.  The color coding 

follows the standard established in earlier sections. 

 



90 
 

 

Figure 2.16.  Between slide single factor ANOVA comparisons of arrays printed by the same pin 
onto two different slides.  The numerical value at the intersection of two arrays 
represents the P-value for the compared means within each of the two arrays.  Light 
blue intersections represent comparisons of arrays printed by different pins.  
. 

 
As seen in the within-slide comparisons, arrays printed on different slides by the same 

pin, generally speaking, have P-values greater than either of the standard cut-off significance 

levels of 0.01 or 0.05.  Only one comparison (again Array 3) resulted in a P-value of 0.048.  In 

fact 12 of the 16 P-values fall above the more stringent 0.5 cut-off, while the remaining 3 

ANOVA comparisons, including Array 4, Array 7 and Array 12, for the two slides have P-values 

no lower than 0.398.  Array 3’s significantly lower P-value of 0.048 can likely be explained by 

the quality of the array after processing (see Figure 2.11 above). 
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8.  Conclusions 

 

Through the course of the work toward recapitulation of the HIV-1 AASA array (Method 

B) work it is clear that a relatively high level of reproducibility has been achieved.  We have also 

substantially advanced the method for analytical assessment.  Perhaps the most difficult aspect of 

this project has been not in perfecting and troubleshooting experiments, attaining a level of 

competence required to recap the assay, and repeatedly producing consistent data.  Rather, the 

difficulty has been in analyzing and expressing the acquired data in the most apt form with an 

firm level of assurance as to the validity of the analysis.  We reasoned:  What good is a 

diagnostic assay that under the most controlled conditions is not readily reproducible and highly 

quantitative?  The questions of what guise the assay will take on as a diagnostic test and how that 

assay might be optimized for in-field, laboratory or high throughput analysis are moot if we 

cannot say our assay is exceedingly robust in the experimental utopia of a well-funded university 

lab. 

The work described in this chapter not only led us to a better means of data analysis, but 

also a better understanding of the Method B AASA.  The Method A’s original use of the 70.15 

extension aptamer group was ultimately intended for determining a broad spectrum of mutant 

proteins.  In these experiments with the purified Mutant 3 protein, it is clear that not a single 

aptamer is capable of binding in the immobilized assay conditions.  Whether this holds true for 

all drug resistance mutants is an interesting question, and is the subject of Chapter 4 where 70.15 

extension aptamer binding to two other HIV-1 RT mutants will be examined. 

The application of data analysis methods to the Method B AASA have shown that the 

binding data produced using the 70.15 extension aptamers, under the best of circumstances, falls 
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in normal distributions and can be filtered and normalized fairly.  Aptamer triplet spot 

background subtracted median intensity data was filtered out if any of the following criteria were 

not met for Cy3 data:  (1) all triplet spot members’ intensities fall above 3 standard deviations of 

the median background, (2) all triplet members have a median spot intensity of 30,000 or greater, 

and (3) no triplet members’ intensity substantially deviates from the 2 other members of its 

aptamer I.D. group.  Data distributions before and after the listed filtration steps followed by 

normalization to 1 show that there is no substantial drift or skew in arrayed binding data.  This is 

positive indication that the filtration methods we have chosen to apply allow for removal of data 

outliers, but do not significantly alter the innate character of array data sets. 

A closer look at the filtered, normalized arrayed data through two analysis methods - 

rank-ordering and ANOVA P-value comparisons - shows that despite the imposed filtration 

criteria, one interesting reproducibility issue clearly emerges.  Though a number of sources of 

error might potentially affect the final result of such a complex assay, we chose to examine two 

that we have relatively little control over:  pin deposition and slide surface differences or 

aberrations. 

Rank-ordering analysis of the Method B AASA data was performed by comparing two 

supposedly identical arrays whose binding intensities had been rank ordered.  The first 

comparison was made between arrays printed on the same slide by the same arrayer pin.  The 

second was a comparison of arrays printed by the same pin onto different slides, and the final 

comparisons were of arrays printed by either (1) the same pin onto different slides or (2) 

different pins onto different slides.  From these comparisons it seems clear that differences in pin 

deposition played out in the binding intensity rank order for aptamers.  Pair-wise array 

comparisons yielding the lowest number of differences in rank-ordered aptamer binding data 
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were very clearly those printed by the same pin.  At the same time, it became apparent that slide 

surface variation was either extremely low or did not play a significant role in data variation.  

The clearest illustration of the pin effect can be seen in the final two between slide comparisons.  

Arrays printed by the same pin onto different slides resulted in only 10 aptamer pairs falling 3 or 

more rank orders apart.  This is a level of reproducibility greater than the within-slide same pin 

comparisons; where 14 (for Slide 1) or 15 (for Slide 2) aptamer pairs fell 3 or more rank orders 

apart.  As a stark contrast, only 10 aptamer pairs in the final pair-wise comparison fell 2 or fewer 

rank orders apart for the between slide, different pin comparison.  We decided to quantitatively 

analyze this apparent pin effect by making pair-wise array comparisons of triplet spot mean data 

using the single-factor analysis of variables (ANOVA) test. 

The ANOVA test for data mean comparability corroborates the validity of rank-ordering 

comparisons, though at low levels of stringency ascribes no statistical significance to these 

comparisons.  However, the variability that seems apparent in rank-ordered comparisons is 

supported by a high stringency ANOVA cut-off.  At the two standard cut-offs of 0.01 and 0.05 

no observed statistical difference is apparent between any of the pair-wise array comparisons, 

and we can accept the null hypothesis that arrays printed using this method are virtually 

identical.  At a higher cut-off of 0.5, a difference clearly emerges, and apart from a few 

exceptions, comparisons of arrays printed by the same pin or different pins fall clearly into two 

separate groups.  This difference, we reasoned might simply boil down to variations in the 

amount of aptamer printed on a in a given spot.   

Such a difference might easily be accounted for by applying further standardization 

measures before applying the method to the detection of HIV-1 RT drug resistance mutant 

protein variants.  We hypothesized that the addition of an internal probe which would 
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quantitatively signal the presence of printed aptamer would allow for precise standardization of 

the assay, and a greater assurance that the measured protein binding signal from our AASAs 

would directly correlate to aptamer protein binding.  The following chapter describes the 

standardizations we imposed on the assay and an assessment – using the analytical techniques 

established here – of the effect of those assay standardizations in two further iterations on the 

HIV-1 RT AASA, the so-called Methods C and D. 
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Chapter 3:  Detection of HIV-1 reverse transcriptase using a dual-color 

aptamer antibody sandwich assay (AASA) microarray method 

 

1. Experimental Methods: Dual – color AASA microarrays 

 

Work described in the previous chapter showed that the Method B assay for HIV-1 

reverse transcriptase protein detection instituted a few clear advances on the original 

immobilized aptamer array format.  The addition of the Cy3 labeled antibody sandwich labeling 

resulted in a more standardized and facile means of protein detection. However, statistical 

analysis of array data showed that the Method B assay still had room for improvement.  Though 

the statistical significance of the variability was shown to be relatively low, differences in 

aptamer binding data remained obvious, especially at high P-value cut-offs.  We hypothesized 

that the assay could be advanced further and produce more precisely quantitative data by the 

addition of an internal Cy5 probe such that each printed aptamer would be fluorescently labeled 

and therefore quantifiable.  The resulting analytical ratio of internal Cy5 aptamer probe to Cy3 

protein antibody labeling signal might prove a more precise means of calculating aptamer target 

binding. 
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1.1.  Design rationale 

 

 

For both of the dual color array methods presented in this chapter, purified and prepared 

RNA aptamers were printed onto streptavidin-coated glass slides exactly as described  in Chapter 

2  (Section 4).  Likewise, the assay method was identical to that presented in the previous chapter 

except during the hybridization of the LNA anchor, a Cy5-labeled probe for the aptamers’ 

unanchored 5’ end was added.  A schematic depiction of the resulting anchored aptamer 

complex, hybridized to probe and anchor and then bound to a Neutravidin or streptavidin coated 

slide surface, is shown below in Figure 3.1. 

 

Figure 3.1.  Probed aptamer immobilization construct using a 5’ Cy5 LNA probe and 3’ 
biotinylated LNA anchor. 

 

The assay procedure for both Methods C and D described in the following experimental 

sections were identical to the Method B.  To summarize the assay briefly, prepared aptamer 

samples were printed onto Neutravidin coated slides in triplicate within 16 separate blocks and 
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printed slides were incubated to allow biotin-labeled aptamer capture.  Afterward, slides were 

partitioned using FlexWell pads (Grace BioLabs; Bend, OR) and unprinted slide surface was 

blocked to prevent nonspecific binding of protein target.  Arrays were then incubated with 

protein target HIV-1 reverse transcriptase and excess protein was washed away.  Protein binding 

was followed by antibody sandwich detection with Cy3 labeled secondary antibody.  Figure 3.2 

below shows cartoon representations of the two dual color HIV-1 reverse transcriptase detection 

methods tested and described in the below results.  The single difference between Methods C and 

D is that the Method C assay probe is hybridized to the aptamer selection constant region, and in 

Method D the probe region is extended.  The extension was designed to have minimal 

complementarity to the 70.15 aptamer group and to allow for the entire primary aptamer 

sequence present during selection to be free in the immobilized array format.  We reasoned that 

the extension could also be readily generalized to additional aptamer groups, thus simplifying the 

experimental design process and limiting the expense of the assay to a single synthetic Cy5 

labeled probe. 
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Figure 3.2.  Dual-color AASA detection Methods C and D.  Method C (left) is the first of the 
four aptamer microarray methods to employ a Cy5 labeled probe (light blue/red 
star) at the 5’ end of immobilized aptamers.  Method D (right) uses the same 
principle, however the Cy5 probe is attached to an extended region (red-orange) at 
the unanchored 5’ end.  The Method D design was implemented in order to 
diminish the possibility of the bound probe’s interference in aptamer folding and 
protein binding. 

 

 

1.2.  Print construct hybridization 

 
The 70.15 extension aptamers with either the original primer sets or the extended primer 

sets were amplified from sequence spot-checked dsDNA aptamer stocks and transcribed into 

ssRNA.  After PAGE purification, each aptamer was diluted to a concentration of 2 μM and 

mixed with 1 μM biotinylated anchor oligonucleotide bt-1890a-LNA:   

5'-BioTEG-TTT+CT+CG+TGA+TGT+CCAG+TCGC-3’ 
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and 1 μM Cy5 labeled oligonucleotide probe: 

5'LNACy5Probe 5’-CG+TAGA+TG+TGG+ATCC+ATTC+C+C/5Cy5Sp/-3’ 

(IDT DNA Technologies; Coralville, IA) into 1X RT binding buffer  (RTB: 100 mM NaCl, 20 

mM Tris HCl pH 7.5, 5 mM MgCl2, 1 mM DTT).  Hybridization reactions were thermally 

equilibrated to 70 ºC for 3 minutes followed by 1 ºC per second cooling to 4 ºC then each 

mixture was supplemented with glycerol to 5% (v/v) to maintain hydration during printing.  10 ul 

of each sample was then loaded into 8 replicate wells in 384 wells plates and printed onto 

Neutravidin coated glass slides.   

 

 

2. Experimental Results 

 

 
The Method C modification was first tested on a small scale for the immobilized 

construct’s ability to remain functional in the context of the Cy5-labeled internal probe.  Because 

the aptamers were selected in the context of a “free” 5’ constant region, it was understood that 

there might exist the potential for aptamers to have lowered or lost target binding affinity.  

However, since all of the aptamers used in these experiments contained the known 70.15 binding 

motif which should remain free, we reasoned that the likelihood of lowered or lost binding 

affinity should not regularly occur.  Nonetheless, a small subset was tested and confirmed by 

manual printing and assay prior to printing and assaying the complete aptamer group.  Thus, we 

began testing the first dual color arrays using the Method C format while planning for (design, 

ordering, and molecular preparations and purifications) the Method D design that would extend 

the probe binding region and provide a ground for comparison of the same aptamer set with both 
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freed and probe-hybridized 5’ constant regions.  We hypothesized that hybridization of probe to 

the aptamer construct region may have some effect on target binding and decided at the outset to 

examine that possibility.  We reasoned that if probe hybridization significantly altered some or 

all of the aptamers’ ability to bind target, we would not only have a means of perfecting signal 

(i.e. probe extension), but also an insight into the structure and function of the affected aptamers. 

That is, if hybridization of probe to an aptamer’s constant region results in loss of target binding, 

we can assume that constant region plays an important role in target binding.  This possibility 

also underscores the potential versatility of this method which may be extended not only as a 

diagnostic tool, but also as a means for probing aptamer target binding interactions en masse as 

an alternative to or in concert with more laborious methods such as boundary mapping. 

The complementary Cy5 probe was designed to hybridize to the 5’ constant region of the 

70.15 extension aptamers and signal the presence of each printed aptamer.  Instead of basing 

protein binding quantitation solely on the protein signal, the amount of printed aptamer indicated 

by Cy5 fluorescence would also be factored into the calculation as a ratio of aptamer probe 

compared to bound HIV-1 RT indicated by the sandwich assay Cy3 signal.  Notwithstanding 

slight inaccuracies in measured aptamer concentration, binding could then be expressed as a ratio 

of the two quantities.  With this functional addition to the original construct, we hoped that 

variations in concentration and amount of printed aptamer would be rendered irrelevant.  Apart 

from the internal probe, Method C and D assays are in every respect – microarrayer used, print 

conditions, assay process, protein signaling method, data acquisition and analysis – identical to 

the previous AASA Method B for HIV-1 reverse transcriptase detection.  
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2.1. Method C – Probed aptamer constant region 

 

 
Of the Method C arrays printed and assayed, nine high-quality arrays were chosen using 

the visual criteria described in Chapter 2 and subjected to the established filtration criteria also 

detailed in Chapter 2.  A dual-colored image example for one of the 9 printed arrays is shown in 

Figure 3.3. 

 

 

 

Figure 3.3.  Method C - internally probed aptamer-antibody sandwich array after HIV-1 protein 
binding assay.  The three panel view above shows an example of one Method C 
dual colored array.  From left to right:  The Cy5 signal image, the Cy3 signal image, 
and the combined red:green signal image.  Aptamers are arranged in numerically 
ordered triplicates from left to right and from top to bottom.   

 
 The leftmost, Cy5 channel, acquired signal image shown above may be interpreted as a 

visual representation of total printed, probed aptamer remaining on the array after the array was 

subjected to the protein binding assay and subsequent washing and drying steps.  All of these 

aptamers were prepared from dsDNA templates which were sequence spot-checked and 

manually tested for binding prior to assay (Chapter 2, Section 4.1).  It may be useful to note for 
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later comparison that these aptamers were prepared as a group from the same reagent mixtures 

and subjected to as nearly identical physical and temporal conditions as possible.  In addition, all 

spots in this array have been printed by the same arrayer pin.  Print setup is described in Chapter 

2, Section 4.3).  Given these conditions, visual assessment of the red channel image indicates an 

apparent similarity between triplicate spotted aptamer samples with the exception of e18 and 

e30.  Aptamer e04 was not printed.  The Cy3 channel, green center panel represents protein 

binding signaled by Cy3 labeled secondary antibody after HIV-1 RT protein binding and 

antibody sandwich steps.  The variation in green signal intensity apparent in this panel clearly 

indicates that the group of 40 selected 70.15 extension aptamers maintain the ability to bind and 

signal protein in the 5’ constant region probed design conformation and that aptamers behave as 

expected with regards to the positive and negative controls.  Because of the consistent binding 

behavior of these three aptamers over time, e01, e14 and e15 are considered experimental 

controls in the form of quick visual references.  Using this reference, it is clear that aptamer e01 

shows relatively high protein binding signal while aptamers e14 and e15 show no binding 

affinity, and that the assay was completed successfully.  The third, dual-color panel is simply an 

example of the red:green ratio combination of the two previous panels.  The data extracted from 

these ratios was combined and averaged and can be seen below in Figure 3.4 compared to the 

Method B array data.  Aptamers are arranged in order of highest to lowest binding affinity.
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Figure 3.4.  Method C and Method B binding intensity data compared.  The upper bar chart 
shows averaged ratios of background subtracted mean intensity data for each 
aptamer across 9 arrays.  The lower chart shows the averaged background 
subtracted mean intensity data for the Method B assay across 10 arrays.  Aptamers 
are listed in rank order of binding affinity. 

 
Before comparing the two, it is important to clarify that the individual data points for 

each of these methods can be considered relative or directly comparable to data within its own 

experimental set.  This is because the two sets are mathematically dissimilar.  Method B is 

expressed as normalized fluorescence intensity while Method C is a ratiometric comparison.  
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Thus, a comparison of individual aptamer binding data between methods would yield relatively 

meaningless results.  It is reasonable, however, to use this analytical perspective to gauge and 

compare relative change in overall trends and general characteristics.  Though no direct 

individual aptamer assessments can be made, some interesting trends are apparent when 

comparing the two groups of rank ordered aptamer binding data.   

The two most noticeable differences are in (1) error bar size, which is dramatically 

smaller in Method C when compared to Method B, and (2) the data spread, which is far greater 

in the Method C assay.  The difference in error bar size can be quantitatively analyzed by 

calculating the percent coefficient of variance (% CV) for each data set.  % CV is the standard 

deviation expressed as a percent of the mean. 

 

Percent Coefficient of Variance (% CV): 

   Standard Deviation / Mean * 100 = % CV 

  

For the purpose of this analysis, % CV was calculated for each aptamer and then the average % 

CV was determined for each of the two methods. For the Method B data, the average % CV was 

determined to be 23 %.  For Method C, average % CV for all arrayed aptamer data was 

calculated to be 13 %.  As for the data spread, a greater than 30 - fold difference separates the 

highest measured Cy3:Cy5 ratio value from the lowest in the Method C assay, whereas there is 

only a roughly 6-fold difference between the highest and lowest averaged intensities in the 

Method B assay. 

This relatively simple quantitative evidence is sufficient indication that the internal probe 

may be an improvement on the original AASA Method B, however further characterization of 
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rank ordered aptamer binding is necessary to conclusively determine whether the improvement is 

significant. 

 

 

2.2. Rank-ordering comparisons of Method C antibody sandwich arrays 

 
 

The Method C dual-color antibody sandwich arrays were subjected to the pair-wise 

comparison system established in the previous chapter (Section 5).  Arrays from two different 

slides were used in the Method C assays.  For those two slides, 9 of the 32 printed arrays were 

considered to be of high enough quality for use in data analysis.  The first pair-wise comparison 

was made for arrays printed by the same pin onto the same slide (Figure 3.5). 
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Figure 3.5.  Arrays printed by the same pin on the same slide for each of two slides.  Rank 
ordered binding results from 2 slides for arrays 5 and 13, printed by pin 5 onto slide 
1 can be seen on the left and results from arrays 6 and 14 printed by pin 6 onto slide 
2 can be seen on the right.  In general, color-coded greens and blues indicate 
aptamers closer together in rank order while violet and red color coding indicates 
aptamers farther apart in rank order.  
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The pair-wise comparison of arrays printed by Pin 5 on Slide 1 shows very little 

difference in binding from array to array.  Three fourths of the aptamers fall 2 or fewer rank 

orders apart, and nearly all of the remaining 9 aptamers are spread by 5 or fewer rank orders.  In 

fact only one aptamer pair has a greater than 5 rank difference.  The comparison of Pin 5 printed 

data from Slide 2 is nearly as similar but a few aptamers show a much greater deal of variability 

in binding from array to array.  Of the 40 aptamers, 28 fall 2 or fewer rank orders apart while 2 

aptamers lie at the opposite extreme of 10 or more rank orders’ separation.  The remaining 10 

aptamers fall in the middle region.  It appears evident from these comparisons that aptamers 

printed by the same pin on the same slide result in relatively little data variability as a result of 

the Method C internal probe assay modification. 

The second of the three pair-wise comparisons is of arrays printed by different pins onto 

the same slide.  This comparison is meant to illustrate whether there is any effect caused by pin 

deposition on the comparability of the final array data.  Figure 3.6 below shows the results of 

two pair-wise comparisons where arrays printed by Pins 5 and 8 onto Slide 1 are compared and 

arrays printed by Pins 6 and 8 onto Slide 2 are compared.  Heat map coloring is used to 

distinguish closely ranked pair (blue to green) from more and more distant pairs (violet to red). 
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Figure 3.6.  Arrays printed by different pins on the same slide for each of two slides.  Rank 
ordered binding results from 2 slides for arrays 5 and 8, printed by pins 5 and 8 onto 
slide 1 can be seen on the left and results from arrays 6 and 8 printed by pins 6 and 
8 onto slide 2 can be seen on the right.  In general, color-coded greens and blues 
indicate aptamers closer together in rank order while violet and red color coding 
indicates aptamers farther apart in rank order.  
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As was seen with the Method B array data, it is apparent at first glance that pin deposition 

- i.e. differences in amounts of aptamer deposited by different pins - seems to play an important 

role in data reproducibility.  Only 18 of the 40 aptamers fall 2 or fewer rank orders apart for 

Slide 1.  19 are in the same category for the same pair-wise comparison made for the arrays 

printed on Slide 2.  The number of aptamer pairs that fall more than 10 ranks apart has gone up 

to 4 for Slide 1 and 5 for the Slide 2 comparison. 

The final pair-wise comparisons can be seen below in Figure 3.7.  In this visual analysis, 

arrays printed by either the same or different pins onto different slides are shown for comparison. 
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Figure 3.7.  Between slide comparisons of arrays printed onto different slides.  Rank ordered 
binding results from 2 slides for array 6 printed, printed by pin 6 on slides 1 and 2 
are shown in the left panel and arrays 14 and 16 printed by pins 6 and 8 onto the 
two slides can be seen on the right.  In general, color coded greens and blues 
indicate aptamers closer together in rank order while violet and red color coding 
indicates aptamers farther apart in rank order.  
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For the same-pin comparison on the left, 16 aptamer pairs fall within 2 or fewer rank 

orders apart and only 2 aptamers wind up differing more than 10 ranks in the pair-wise 

comparison.  The greatest number, 22 aptamers, fall within the midrange.  This is not the case, 

however for the comparison of arrays printed onto different slides by different pins.  In this case, 

only 16 aptamers fall 2 or fewer rank orders apart and 8 aptamers fall 9 or greater ranks apart.  

The final summary of pair-wise array comparisons for Method C is shown in Figure 8.  

Aptamer names have been removed in this case so that the rank order color assignments might be 

highlighted.  Numbers at the base of each column indicate the averaged rank order differences 

for each pair-wise comparison.  These were derived by assigning each aptamer pair the value 

according to its color code for all colors 0 to 9, and the “10 or greater” color values were 

assigned the actual number of rank orders the aptamers fell from one another (a value from 10 to 

39).   



112 
 

 

Figure 3.8.  Summary color comparison for the Method C assay.  Pair-wise comparisons for 
same and different-pin comparisons of rank ordered red:green ratio data using 
background subtracted intensities for the group of 70.15 extension aptamers 
selected against the wild-type protein HIV-1 reverse transcriptase.  After sorting 
aptamers based on binding affinity, the compared array pairs were arbitrarily 
chosen and color coded such that greens indicate aptamers closer together in rank 
order while blues, violets and reds fall greater and greater rank orders apart.  
Numbers at the base of each column indicate the average of all rank orders for each 
pair of arrays compared. 
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 This simple but apt illustration again shows the trend seen with the Method B data.  

Having selected a group of aptamers proven to bind the HIV-1 reverse transcriptase wild-type 

protein, and then having proven the potential for a viable diagnostic assay in the form of the 

original array data, our aim here is to improve upon that assay to the point of maximal 

reproducibility.  The summary data shows clearly that the improvement of the addition of the 

Cy5 internal aptamer probe did not result in the negation of the variability effect imparted by 

differences in pin deposition.  The trend illustrated in the color change from green to red as the 

complexity of the comparison increases from left to right across Figure 3.8 clearly shows this 

phenomenon.  However, a small incremental improvement can be seen, and in the final section 

of this chapter all summary data will be compared.   

 

 

2.3. Method D – Extension of the internal probe region 

 
 

Based on the selection scheme and physical parameters and our understanding of aptamer 

functionality, we reasoned that the hybridized indicator may be interfering with the aptamers’ 3D 

conformations since the hybridized internal probe used in the Method C assays bound to the 

aptamer constant region that was present during the aptamer group’s selection.  In light of this 

line of reasoning, the entire aptamer set was re-created with a unique binding extension to which 

the indicator probe might be hybridized, thus freeing up all aptamer sequence that was present 

during selection. 
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Hoping to improve upon Method C and correct the potential problem of lowered HIV-1 

RT binding signal, an extension was added to the 5’ end of each primer by amplification with an 

extended PCR primer.  Aptamers were transcribed afresh and a new Cy5 labeled LNA probe 

complementary to the unique extension was hybridized along with the anchor prior to printing.  

The HIV-1 RT binding and antibody sandwich assay carried out was in every other aspect 

identical to that in Method C.  Resulting data were pooled from the nine highest-quality printed 

slides resulting from the assay.  One of the arrays is shown below in Figure 3.9.  

 

 

Figure 3.9.  Method D internally probed aptamer-antibody sandwich array.  The three panel view 
above shows an example of one Method D dual-colored array.  From top to bottom:  
The Cy5 signal image post assay, the Cy3 signal image post assay and the 
combined red:green signal image.  Aptamers are arranged in numerically ordered 
triplicates from left to right and from top to bottom.   
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The Cy5 fluorescence signal image shown in the uppermost of the three panels represents 

total amount of printed, probed aptamer remaining on the array surface after the array was 

subjected to the protein binding assay and subsequent washing and drying steps.  All of these 

aptamers were prepared from dsDNA templates as described in Chapter 2, Section 4.1.  

Aptamers were prepared as a group from the same reagents and subjected to as nearly identical 

physical and temporal conditions as possible.  All of the triplicate spots in this array (and every 

array used in these experiments) has been printed by the same pin.  The Cy3 channel image 

shown in the green center panel represents protein binding signaled by Cy3 labeled secondary 

antibody.  Variation in green signal intensity in this panel is a clear indicator that the 70.15 

extension aptamers maintain an apparent variety of abilities to bind and signal protein and that 

aptamers behave as expected with regards to the consistent binding references e01, e14 and e15.  

Aptamer e01 clearly shows protein binding signal while aptamers e14 and e15 show no binding 

affinity for the wild-type HIV-1 RT protein.  The third, dual color panel is simply an example of 

the red:green ratio image combination of the two previous panels.  The data extracted from these 

ratios was combined and averaged prior to analysis.  Figure 3.10 below shows the Method D data 

raw intensity data compared to Method B.  Aptamers are arranged in order of highest to lowest 

signal intensity (Method B) or red:green ratio (Method D). 
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Figure 3.10.  Averaged binding intensity data for HIV-1 RT AASA Methods  B and D.  The 
Method D panel shows the averaged ratios for background subtracted mean binding 
data listed in rank order.  The lower Method B panel shows background subtracted 
mean intensity data listed in rank order.  The value for each aptamer shown 
represents an average of triplicate spots for 9 arrays. 

 
Again, it is important to recall that the data within each panel and experiment should be 

considered relative only to data within its own set, though each set may be used to estimate the 

relative change in overall appearance of the data between methods.  Because the Method D assay 
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results in a ratiometric measurement and the Method B data is a simple average of normalized 

intensities, Method B and D data cannot be directly quantitatively compared.  A look at general 

characteristics for the two sets, however, shows some interesting apparent differences. 

The two most noticeable differences are that the size of the error bars and the data spread.  

The size of the error bars is, again, dramatically decreased in the Method D assay compared with 

the probe-less assay format. The data spread between highest and lowest measured intensity is 

far greater in the Method D assay.  Applying the % coefficient of variance (% CV) comparison 

to Method D AASA data yields an averaged % CV of 15 % compared to the previously 

calculated Method B average of 23 %.  Recall that the average % CV for Method C AASA data 

was 13 %.  When the data spreads are compared, a roughly 12-fold difference separates the 

highest and lowest averaged ratios for Method D, compared to a 6-fold difference between the 

highest and lowest averaged intensities extracted for Method B data.  Neither of these measure 

up to the Method C spread of 30-fold.  After looking at these preliminary comparisons, the rank-

ordered pair-wise comparisons for Method D AASA will be used to show whether differences in 

pin deposition and slide surface might be factors affecting the outcome of these preliminary 

analyses. 

 

 

2.4.  Rank-ordering comparisons of Method D antibody sandwich arrays 

 
 

The Method D dual color antibody sandwich array data was used in pair-wise comparisons 

to determine whether the change in the assay method resulted in more consistent data when 

entire arrays are compared and to show whether and to what extent pin effects persist.  Arrays 
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from two different Method D slides were used in the first comparison.  For each of the two 

slides, 9 of the 32 printed arrays were considered to be of high quality for use in data analysis.  

Figure 3.11 below shows the simplest “within slide” comparison using rank-ordered array data 

from arrays printed by the same pin onto the same slide. 
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Figure 3.11.  Arrays printed by the same pin onto the same slide for each of two Method D 
slides.  Rank-ordered binding results for arrays 6 and 14, printed by Pin 6 onto Slide 
2 can be seen on the left, and results from arrays 6 and 14 printed by Pin 6 onto 
Slide 4 can be seen on the right.  In general, color-coded green and blue pairs 
indicate aptamers closer together in rank order while violet and red color coding 
indicates aptamers farther apart in rank order.  
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The pair-wise comparison of Pin 6 printed arrays for Slide 2 shows minimal difference in 

binding from array to array.  Twenty-nine of the aptamers in the Slide 2 (left) comparison fall 2 

or fewer rank orders apart, and 8 of the remaining 11 aptamers are spread by 5 or fewer rank 

orders.  Of the 3 aptamer pairs that remain, only one is greater than 10 ranks apart.  The 

comparison of Pin 6 printed data from Slide 4 shows even fewer rank order differences.  Of the 

40 aptamers, 33 fall 2 or fewer rank orders apart and only one of the remaining 7 aptamers (e38) 

is 5 rank orders from its mate.  Again, this evidence suggests that aptamers printed by the same 

pin onto the same slide result in very low data variability, and at first glance it is apparent that 

the Method D data has produced some of the most identical rank-ordered data for this 

comparison type. 

The second of the three pair-wise comparisons is of arrays printed by different pins onto 

the same slide.  This comparison is intended to illustrate the effect of pin deposition on the 

comparability of the final data derived from the arrays.  Figure 3.12 below shows the results of 

two within slide pair-wise comparisons where arrays printed by Pins 6 and 8 on Slide 3 or Slide 

4 are evaluated for aptamer rank order comparability. 
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Figure 3.12.  Arrays printed by different pins onto the same slide for each of two slides.  Rank 
ordered binding results from 2 slides for arrays 6 and 8 printed by pins 6 and 8 onto 
slide 3 (left) or slide 4 (right).  In general, color-coded greens and blues indicate 
aptamers closer together in rank order while violet and red color coding indicates 
aptamers farther apart in rank order.  
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In the comparison of within slide pin variance above, some interesting things can be seen.  

For Slide 3 (left), 19 of the 40 aptamer pairs fall 2 or fewer rank orders apart and 17 fall in the 

same category for Slide 4.  For each of these comparisons, only 2 aptamer pairs fell at the 

opposite extreme of greater than 10 ranks apart, and 12 aptamers fall between 3 and 5 rank 

orders apart.  The remaining pairs fall between 6 and 9 ranks apart.   The final and most complex 

of the between slide pair-wise comparisons can be seen below in Figure 3.13.  For the between 

slide comparisons, first arrays printed by the same pin are compared and then arrays printed by 

different pins are compared.  This comparison serves to obviate any differences that may arise 

upon printing onto different slides or in printing arrays with different pins. 
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Figure 3.13.  Between slide comparisons of arrays printed onto different slides.  The left panel 
shows rank ordered binding results for array 6 printed by Pin 6 onto Slides 2 and 4.  
Arrays 14 and 16 printed by Pins 6 and 8 onto the two slides are show on the right.  
In general, color-coded greens and blues indicate aptamers closer together in rank 
order while violet and red color coding indicates aptamers farther apart in rank 
order.  
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For the same-pin comparison (left), 25 aptamer pairs fall 2 or fewer rank orders apart and 

only 2 pairs differ more than 10 or more ranks.  8 aptamers fall within the middle blue range of 3 

to 5  ranks apart.  For the between slide comparison of arrays by different pins (right), only 19 

aptamers fall 2 or fewer rank orders apart and again only 2 are separated by 10 or more rank 

order differences.  One fourth of all paired aptamers fall in the middle range for this comparison 

and one fifth fall between 6 and  9 ranks apart.   

The final color-only summary of pair-wise array comparisons for Method D can be seen 

in Figure 3.14.  Aptamer names have been removed so that rank order color assignments are the 

primary focus.  Numbers at the base of each column indicate the averaged rank order differences 

for each pair-wise comparison.  These were derived by assigning each aptamer pair the value 

according to its rank-order difference and color code.  Values in the “10 or greater” category 

were assigned according to the actual rank order difference (a value from 10 to 39). 
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Figure 3.14.  Summarized color comparison for the Method D assay.  Pair-wise comparisons for 
same and different-pin comparisons of rank ordered red:green ratio.  Numbers at the 
base of each column indicate the average of all rank orders for each pair of arrays 
compared. 
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This clearly illustrates the existence of the same trend seen with the Method B and C data 

sets.  It is again important to point out that the purpose of these experiments was incremental 

improvement with the ultimate goal of maximizing the HIV-1 RT AASA’s reproducibility.  The 

trend of increasing red as the complexity of the comparison increases from left to right in Figure 

3.14 reiterates the apparent fact that at least one source of variability in the data originates from 

differences in pin deposition.  While these rank-ordered analyses serve to describe each data set 

relative to itself and shed some light on the differences that arise, it is not necessarily obvious 

from this or the previous bar chart comparisons that the Method D extended probe assay is an 

improvement on the Method C assay.  However, the bar charts alone are sufficient to illustrate 

that the probed assays are both improvements over the original Method B sandwich assay 

originally designed by Dr. Collett, and while % CV averages and data spread indicate Method D 

may be a slight improvement, it is not necessarily obvious whether Method C or D is truly 

superior.  The final section compares the three methods using data extracted from the rank 

ordered comparisons for all three methods. 

 

 

3. Conclusions 

 
The studies described in this chapter were undertaken with the goal of improving upon 

the reproducibility of the Method B AASA for detection of HIV-1 reverse transcriptase. It has 

been our aim to advance the method to the greatest extent possible so that it may be extended to 

a multiplex assay wherein multiple groups of aptamers are used to distinguish between RT and 

its mutant variants in complex biological mixtures.  With each alteration in the method, 

therefore, there should be an established, quantifiable means of conclusively determining 
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whether improvement has been made.  Chapter 2 described how a variety of within-experiment 

measurements were used to determine one clear source of variability, and it was established that 

the differences in the way capillary pins deposit sample onto slide during the print process 

introduces variation in the outcome of an experiment.  Rank ordering the binding results for one 

array and then comparing arrays within the same experiment to what should be their identical 

counterparts printed by the same or different pins onto the same or different slides turned out to 

be an apt way of distilling and precisely assessing the AASA microarray data. 

Because of the inherent difference between data collected from the un-probed and Cy5-

probed arrays, it was necessary to distill the data to a simple common ground both visually and 

quantitatively.  For the inter-method comparisons, this was done in three ways.  First we looked 

at the raw data and calculated the coefficient of variance as a percentage of triplet spot means or 

% CV.  This quantitative value is used to indicate the level of variability expressed as standard 

deviation for a single mean or for an entire data population.  % CV values for each of the three 

AASA methods were condensed by averaging % CV values calculated for each triplet spot mean 

within a method.  The second way AASA methods were compared was by examining the raw 

data spread.  Raw data spread is a fairly rough measure of aptamer binding differentiation within 

a method and simply takes into account the fold difference between the highest and lowest 

measured binding affinity whether it be Cy3 intensity for the single-colored method or the ratio 

of Cy3:Cy5 intensities for the dual-colored methods.  The final quantitative measure used to 

compare the data sets was rank-ordered distance scoring first described in Chapter 2.  The rank-

ordered distance score for each aptamer pair in every pair-wise comparison was calculated by 

averaging the aptamer rank orders for each pair-wise comparison.  The rank-ordered distance 

score was calculated for each of the three assay methods.  All of these comparisons were taken 
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into account in the final analysis of the three AASA microarraying methods, and used to gauge 

which of the immobilized assay methods should be used in the multiplexed aptamer experiments. 

First looking at % CV and data spread, we can superficially compare the three data sets.   

Whether the Method C or D assay is compared to the AASA Method B, several clear 

improvements can be seen as a result of the aptamers’ extended probe regions.  Comparisons of 

standard deviations for individual aptamer means shows that relative to the single-color Method 

B, statistical error for both of the Cy5 probed assay methods is diminished significantly.  Further 

using data spread as a measure of the level of distinguishability of aptamers for a given AASA 

method, it seems apparent that Methods D (12-fold) and even more so Method C (30-fold), yield 

more distinct binding data than Method B (6-fold).  Whether there is utility in aptamer 

distinction is irrelevant in the context of binding to a single protein, however in a more complex, 

multi-protein context, this capacity may be a valuable attribute.  Of course if the chosen aptamer 

groups are incapable of binding to other similar targets, the value will be rendered moot.  Finally 

a comparison of % CV averages for each of the three methods shows that the level of variability 

inherent in the Method B assay (23 %) is substantially greater than either of the probed AASA 

methods.  Method C and D yielded average % CV values of 13 % and 15 % respectively.  Based 

on these analyses, it appears that Methods C and D are very similar and both superior to the 

single-color AASA method, while Method C’s level of aptamer distinction places it well above 

the others. 

It is worthwhile to note, also, that no great differences in general binding ability can be 

seen between Methods C and D.  From this, we may assume that if the hybridization of probe to 

the aptamer constant region in the Method C assay hindered binding, it was relatively small.  The 

extended probe design still has the advantage of being easily generalized to other aptamer 
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groups.  Rank ordering comparisons of the Method D assay data will be used to further illustrate 

the changes and improvements brought about by the use of internal aptamer probes and later to 

compare the two probed methods. 

Table 3.1 below shows the summarized results for three methods (B, C and D) and their 

averaged pair-wise comparison rank order distances.  A greater overall average for a particular 

pair-wise comparison indicates that a greater number of aptamer pairs within a pair-wise 

comparison are farther apart in rank order and therefore a higher degree of variability which, by 

extrapolation, may be attributed to the analyzed factor.  Another way to conceptualize this value 

would be to say that for a particular comparison, on average, rank-ordered aptamers will fall this 

number of ranks apart.   

We considered calculating the Spearman or Pearson correlation coefficients for these 

descriptive array comparisons, but since these correlations compare whether and how far rank 

ordered values drift from one another in when compared, the result of the calculation would be 

fairly uninformative.  Use of these tests is mainly focused on determining whether or not one 

group tends to be either higher or lower than another since the array data generated is consistent 

enough so as not to yield larger or smaller values overall from array to array.  In addition, the 

graphical representation of these would yield a scatter plot for each pairwise array comparison, 

and essentially less effective for such large comparisons than color-coded rank-ordering. 
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Table 3.1.  Comparison of rank order distance averages for each of the three sandwich antibody 
assay methods including the single-color Method B and the dual-color Methods C 
and D.  The same-pin comparisons include pair-wise comparisons of arrays printed 
by the same pin on the same slide or onto different slides as averaged rank-order 
values.  The different-pin comparisons include pair-wise comparisons of arrays 
printed by different pins onto either the same slide or different slides.  

 

 
A look at the two same-pin, same-slide comparisons after rank order distances are 

averaged indicates very little difference among the three methods.  In fact, the probed methods, 

C and D, are only slightly lower in rank order average than the single-color Method B.  Two 

same-pin, same-slide comparisons are shown for each of the assay methods in order to illustrate 

the variation inherent in the comparison itself, and it is important to note that the range of 

variation for the same-pin, same-slide comparisons within a method is relatively large (~50 %).  

Since array pairs were arbitrarily chosen for comparison, the difference between the first and 

second column of same-slide averages cannot be construed to bear any analytical significance.   

When averaged rank orders for arrays printed by the same pin onto different slides are 

compared, a more significant difference arises.  It appears that the introduction of the internal 

probe into the assay actually results in a slight increase in the rank order average relative to the 

non-probed assay.  In its simplest, most controlled form (i.e. using only one pin to print arrays), 
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perhaps the single-color assay is the most consistent means of measuring HIV-1 reverse 

transcriptase binding, though the range of variability makes it difficult to determine conclusively 

whether or not this is absolutely true. 

The different-pin comparisons tell a somewhat more complex and interesting story.  In 

the same-slide comparisons the variation among the 6 supposedly comparable averages there is 

an 86 % difference between the highest and lowest values which incidentally happen to be both 

extracted from the Method B data.  Same-slide comparisons for the Method C data yield only a 4 

% variation in averages and Method D same-slide data varies by 8 %.  This is perhaps the most 

interesting and telling information for these compiled comparisons.  The level of consistency is 

apparent in Methods C and D indicated in the low level of variation in their averaged rank order 

data.  Not only are the rank ordered averages lower for Methods C and D compared to Method B, 

but the averages for same and different slides vary only slightly.  This is not true for Method B 

which shows a much larger variation. 

By and large, Methods C and D yield relatively similar results.  However, the Method C 

data showed a lower level of variation as measured by % CV average and a greater range of 

individual binding intensity values than either of the previous methods.  These coarse 

comparisons are outweighed by the the fact that the scores for the Method D AASA were over-

all slightly lower than those of Method C.  Another clear advantage of the Method D assay is that 

its extended probe region is not unique to the 70.15 aptamer set, and can be appended to other 

aptamer groups provided there is minimal sequence complementarity to the aptamer region.  For 

these reasons, we chose to move forward to the multiplexed aptamer format using the Method D 

assay.  The final chapter describes the experimental efforts dedicated to the use of the Method D 

assay in the detection of HIV-1 reverse transcriptase and 3 of its known mutant variants. 
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Chapter 4:  Distinguishing HIV-1 mutant variants using a 

multiplexed aptamer microarray 
 

 

1.  Introduction:  HIV-1 Drug-Resistance Mutant Reverse Transcriptase 
 

 
Nearly half of the anti-HIV drugs employed in HIV-1 therapies act to inhibit the 

polymerase activity of HIV-1 reverse transcriptase.  Because of its role in viral replication, HIV-

1 RT is the primary target in highly active antiretroviral therapies (HAARTs) used in the 

treatment of AIDS (reviewed in Piacenti 2006).  These drugs, classified as nucleoside analog RT 

inhibitors ((1) NRTI) and non-nucleoside RT inhibitors ((2) NNRTI) act to either (1) terminate 

the elongating chain by acting as decoys or (2) to allosterically inhibit RT polymerase activity.   

In the first (1) type, the drug acts as a nucleoside mimic recognized by the polymerase that lacks 

a 3’ hydroxyl necessary for chain continuation.  In the second type (2) , the drug binds to the 

protein in a way that causes a conformational change in the active site, causing the protein to lose 

its catalytic function.  In HAART, multiple anti-HIV drugs, including both NRTI and NNRTI 

drugs, are used in concert and act to reduce viral propagation and the probability of the evolution 

of viral resistance.   

Nonetheless, drug-resistance mutations still arise on a relatively regular basis (Johnson et 

al., 2008), primarily because the process of viral reverse transcription involves no proofreading 

mechanism.  The mutation rate of HIV-1 RT has been determined to be 3.4 X 10-5 per nucleotide 

per replication cycle (Mansky and Temin, 1995).  Considering that approximately 10 billion 

(1010) HIV-1 virions are produced daily in an infected individual (Perelson et al., 1996) viruses 



133 
 

with almost every possible sustainable single mutation as well as most of the known sustainable 

double mutations are expected to be readily generated.  The development of drug-resistant 

viruses in patients quickly leads to the failure HAART (Hirsch et al., 2008).  This is reflected in 

the proportion of drug-resistant strains in new HIV-1 infections which has increased from 3.4% 

in 1995-1998 to 12.4% in 1999-2000 in North America (Little et al., 2002).  Considering the 

increasing prevalence of drug resistance, development of new antiretroviral drugs that can target 

mutant HIV-1 RTs and also low-cost diagnostic assays capable of identifying drug-resistant 

forms of HIV-1 RT are potentially of great value and have necessarily been the target of our and 

others’ research focus.   

Aptamers are nucleic acid binding species selected in vitro and have proven to be as good 

as monoclonal antibodies for differentiating even very similar protein targets.  In particular, 

numerous RNA and DNA aptamers have been isolated that target wild-type HIV-1 RT 

(Reviewed in Held 2006).  The first HIV-1 RT aptamer was isolated in the Gold lab from a RNA 

pool that spanned a 32 nucleotide (32N) random region (Tuerk and Gold, 1992). Some of the 

selected aptamers were characterized by their ability to fold into a pseudoknot structure.  This 

group of aptamers was shown to bind to the wild-type reverse transcriptase with dissociation 

constants in the low nanomolar range.  Additional RNA aptamers against wild-type HIV-1 RT 

have since been selected from N70 and N80 pools (Burke et al., 1996).  These aptamers formed 

either pseudoknot or stem-loop structures, and again bound wild-type HIV-1 RT in the low 

nanomolar range. DNA aptamers against HIV-1 RT have also been selected, and in addition to 

having similar structures and characteristics to those of RNA aptamers (Schneider et al., 1995), 

some of them were shown to form G-quartets in their folded binding structures (de Soultrait V, 

2002 JMB). 
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While we know that these groups of selected aptamers bind to their cognate selective 

target (wild-type HIV-1 RT), relatively little is known about how anti-RT aptamers interact with 

the known drug-resistant RT variants.  Pseudoknot-like anti-RT RNA aptamers expressed in vivo 

have been shown to be effective against HIV strains resistant to AZT, 3TC, ddI, ddC and 

nevirapine, but their binding properties in vitro are unknown.  Nor is the correlation between 

binding in vitro and activity in vivo known (Joshi and Prasad, 2002).  In addition, some 

pseudoknot-like aptamers can strongly inhibit several subtypes of HIV-1 RT (A, B, D, E, and F), 

only moderately inhibit subtypes C and O, and poorly inhibit the chimeric A/D subtype as shown 

by Joshi’s in vivo assays (2002).  Using a broader range of RT strains (including strains of HIV-

1, HIV-2, and simian immunodeficiency virus SIVcpz, which are also known to have varying 

drug sensitivities, the Burke lab has explored RT inhibition by different anti-RT aptamers by in 

vitro assay (Held 2007, Kissel 2007).  Later studies found that a DNA aptamer – RT1t49 (co-

tested with TPK1.1, 80.55, RT8) is the only aptamer to date that inhibits RT (both polymerase 

activity and RNase H activity) across HIV-1, HIV-2, and SIVcpz clades.  This aptamer 

apparently folds into a stem-loop structure and binds to the template-primer cleft of RTs (Fisher 

2002).  The combination treatment of RT1t49 with NRTI (AZTTP or ddCTP) is synergistic, 

while the combination treatment of RT1t49 with NNRTIs (Nevirapine or Efavirenz) is additive 

as tested by in vitro assay (Kissel 2007).  Using RT1t49, the Prasad lab isolated two Mutants 

(N255D and N265D) resistant to aptamer inhibition of HIV-1 RT (Fisher 2002). These two 

mutations are not resistant to either NRTIs or NNRTIs tested, but affect sensitivity of a majority 

of anti-HIV-1 RT aptamers being tested (Fisher 2005).   

The breadth of these studies and the persistence of researchers in aptamer selection 

against the protein stand to underscore the importance of HIV-1 RT as a diagnostic and 
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therapeutic target.  As molecular tools, aptamers - whether RNA or DNA - are clearly viable as 

specific and sensitive HIV-1 RT binding agents, and readily synthesized de novo.  These 

characteristics along with the clear functionality of RNA aptamers in the earlier described 

immobilized assay format have led to these culminating experiments.   

In the following experiments, we use the Method D assay with an expanded group of 

RNA aptamers that consisting of species drawn from some of the first HIV-1 RT selections as 

well as two novel selections performed in the Ellington lab against drug-resistance Mutant 3.  

These three groups will be immobilized in multiplexed arrays along with the previously 

examined 70.15 extension aptamer group in an array with a broad spectrum of aptamer form and 

specificity.  The simple commonality of these constructs are two constant regions appended to 

each aptamer used for hybridization of a biotinylated LNA immobilization anchor and a Cy5 

labeled LNA fluorescent probe.  Otherwise, the diverse groups of aptamers used are RNA 

aptamers that were selected by different people over a span of roughly ten years under slightly 

different selection conditions.  Though the group is diverse in terms of primary sequence 

characteristics and also secondary structure (where known) all of the aptamers were selected 

against HIV-1 RT variants.  We thus hypothesized that the four groups of aptamers would retain 

binding functionality for their selective targets (wild-type or mutant 3) in the context of the 

developed AASA, and also show binding affinity for other HIV-1 RT protein variants. 
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2. Detection of HIV-1 RT mutant proteins using novel aptamer species 

 

 
The experiments described herein were designed to illustrate the utility of the Method D 

assay technique and to test our proposed hypothesis from two important perspectives.  First, the 

four diverse groups of aptamers are tested for binding on printed microarrays against wild-type 

HIV-RT and three drug resistance mutant variants, effectively probing the aptamers’ abilities to 

distinguish between forms of HIV-1 RT.  With some optimization, these assays might allow for 

tailored therapeutics based on detection of multi-drug-resistance mutant strains of HIV.  The 

second apparent strength of this technique lies in the assay’s potential as a novel method for 

characterizing interactions between proteins and nucleic acids.  These potential uses as well as 

the assay’s limitations and restrictive aspects will be explored and the assay’s potential for 

advancement as a diagnostic tool will be discussed in the context of these limitations and the 

field of HIV diagnostics writ large. 

 

 

2.1.HIV-1 reverse transcriptase proteins used in selection 

 
 

Wild-type HIV-1 RT was purchased from Ambion (Austin, TX) and Mutant 3, Mutant 5 

and Mutant 9 HIV-1 RTs were prepared as previously described with some minor modifications 

(Hou et al 2004) – and obtained from our collaborators at Accacia, L.L.C. (Austin, TX). All of 

the proteins used, whether purchased or prepared by collaborators, were tested for activity via 

radiolabeled polymerase extension activity assay.  HIV-1 RT proteins were further characterized 
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by molecular weight verification using denaturing PAGE.  Protein concentration was verified 

using the Bradford assay.  

 

 

2.2.  Aptamers used in the multiplex HIV-1 drug resistance mutant detection arrays 

 
Multiplexed aptamer arrays used for binding experiments using the prepared drug 

resistance Mutant reverse transcriptase proteins (Accacia L.L.C.) were printed in multiplexed 

triplicate spot arrays using 96 individual aptamer species selected by the Ellington and Gold labs 

(Li et al. 2009; Burke et al, 1996).  Four aptamer groups were derived from selections against 

either the wild-type or Mutant 3 variant of full HIV-1 RT.  As discussed in the previous section, 

aptamers were chosen to represent an array of binding specificities and affinities from which we 

surmised a variety of binding interactions would result.   

Researchers Na Li and Naeem Husain of the Ellington lab have selected two aptamer 

groups against the drug resistant Mutant 3 protein.  These will be described in greater detail in 

the following subsection 2.3.  In addition to these, the 70.15 extension aptamers selected in the 

Ellington lab, described in Chapter 1 and used in array assay method development (Chapter 2 

and 3) were also printed.  This aptamer group has been shown by the author and her predecessor 

to positively bind wild-type protein in four immobilized assay formats (A, B, C and D), and can 

be considered a positive control for the wild-type experiments.  The fourth aptamer group, the 

so-called “Burke WT” aptamers, was chosen from one of the first wild-type anti HIV-1 reverse 

transcriptase aptamer selections (Burke et al. 1992).  The selection for this group of aptamers 
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utilized two pools having relatively long random regions of N70 and N80.  The Burke WT 

aptamer selection resulted in several hundred cloned and sequenced species. 

When choosing untested aptamers selected by Na Li, Naeem Husain and Gold lab 

researchers, we looked for aptamers within each group with the highest target binding affinities 

in hopes of maximizing the potential for binding in the foreign context of an immobilized assay.  

We also hoped to successfully find aptamers capable of binding more than one HIV-1 RT 

variant.  This has previously not been shown using HIV-1 RT aptamers, and in fact these 

selections designed to maximize aptamer-target specificity and affinity.  Despite this, we hoped 

to choose strong binding species but where possible, not to veer too far in the direction of 

extreme specificity.  We hypothesized that this would leave open the opportunity for binding in 

novel, non-orthogonal aptamer-protein pair interactions.  

 

 

2.3. Selection of aptamers against drug-resistance Mutant 3 HIV-1 reverse transcriptase 

 

 
Two Ellington lab aptamer selections against Mutant 3 HIV-1 reverse transcriptase 

resulted in two very interesting groups of aptamers with a variety of affinities and specificities to 

the drug-resistance Mutant 3 HIV-1 RT variant against which they were selected.  A few 

aptamers showed an affinity for the wild-type protein.  Groups of clones from each selection 

were chosen based on their binding constants, which were determined using the radioactive 

nitrocellulose filtration assay.  In this assay, radiolabeled aptamer and protein target are allowed 

to bind, filtered through nitrocellulose (partitions protein and bound aptamer) and nylon 

(partitions remaining unbound aptamer) so the level of protein binding can be quantitated.  Given 
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their apparent binding promiscuity, we hoped that the Mutant 3 aptamer groups would also prove 

capable of binding other reverse transcriptase variants in the context of the immobilized array. 

 

2.3.1.  Mutant 3 aptamer selection from the R50 (N50) pool – Na Li Selection 

 
Na Li’s selection produced a very interesting pair of HIV-1 RT drug resistance Mutant 3 

(M3) aptamers that have now been extensively characterized and studied (Li et al, 2008).  Of 

specific interest were aptamer M302 (Mutant 3, clone 2) and 12.01 (round 12, clone 1).  Both 

aptamers were selected against M3 in a selection involving regular negative selections designed 

to weed out wild-type protein binders. However, aptamer 12.01 from this selection has the ability 

to bind the wild-type protein.  Table 4.1 below shows binding constants for the M302 and 12.01 

aptamer clones. 

 

 

Table 4.1.  Comparison of binding affinities of Na Li’s Mutant 3 aptamers in the presence of the 
wild-type and the Mutant 3 drug resistance variant HIV-1 reverse transcriptase. 
Dissociation constants (Kds) are reported as nM concentrations. 
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Clone 12.01 has a relatively high affinity for either protein. Conversely, M302’s 

specificity is for M3 protein only; M302 has an extremely low dissociation constant for the M3 

protein.  Thus, we hoped that the 12.01 aptamer along with other similar aptamers selected by Na 

Li would prove to be good candidates for the exploration of binding interactions with other HIV-

1 RT variants (M5 and M9) prepared by our collaborators (Accacia L.L.C.) 

 

2.3.2.  Mutant 3 aptamer selection from an N100 pool – Naeem Husain Selection 

 
From the aptamer group selected against Mutant 3 by Naeem Husain, came a group of 

aptamers with a much wider range of binding specificities for both wild-type and Mutant 3 HIV-

1 reverse transcriptases than was seen in Na Li’s selection.  Binding constants were determined 

for a number of Naeem’s clones (Table 4.2), and it seems clear that most of the characterized 

aptamers with low dissociantion constants for M3 usually have similarly low Kds for the wild-

type.  One exception, clone 16, shows a relatively dramatic binding affinity difference for the 

two protein variants.  From the standpoint of our multiplex aptamer array goals, this group offers 

a great deal of potential in terms of its variety of binding capabilities. 
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Table 4.2. Comparison of binding affinities of Naeem Husain’s Mutant 3 aptamers in the 
presence of the wild-type and the Mutant 3 drug resistance variant HIV-1 reverse 
transcriptase. Dissociation constants (Kds) are reported as nM concentrations. 

 

Prior to printing the multiplexed arrays, a subset of aptamers from all four of the chosen 

aptamer groups were tested in small manually printed array format.  To our great surprise, all of 

the aptamer groups proved successfully capable of binding their cognate target proteins in the 

context of immobilization and under buffer and binding conditions used in the 70.15 extension 

aptamer binding assays.  With this set of aptamers and relatively high confidence in the 

established arraying method and protein signaling assay, we elected to proceed and compiled the 

96 aptamer multiplex array for testing against HIV-1 RT wild-type protein and three drug-

resistance mutant variants. 

 

  

(nM)                                (nM)
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3. Method D detection of HIV-1 RT variants in a multiplexed format 

 
 

In preparation for printing the full-scale multiplexed RNA aptamer arrays, cDNA 

templates for each of the 96 HIV-1 reverse transcriptase binding species were extended such that 

amplification using these forward and reverse primers might be facilitated: 

Forward: 

5’ - GATAATACGACTCACTATAGGGAATGGATCCACATCTACGA – 3’ 

Reverse: 

5’– CTCGTGATGTCCAGTCGCGATACCAGATAGTAGTGCAATCTGTTTTCCA – 3’ 

These primers are identical in sequence to those used in the original preparation of 70.15 

extension aptamer set for the Method D assay.  Amplification using these primers results in the 

inclusion of an extended hybridization region for biotinylated anchor and Cy5 fluorescent probe.  

Thus, all of the aptamers eventually used in printing were “sequence-modified” to be amplifiable 

by this primer pair.  Double-stranded DNA templates were purified using Promega Wizard spin 

columns or Millipore (Bedford, MA) PCR cleanup plates.  Aptamer templates were  size checked 

by running a 5uL portion of each sample on 4% agarose in TBE.  Each aptamer was then 

transcribed in vitro using the Ampliscribe High-yield T7 RNA polymerase kit made by Epicentre 

(Madison, WI).  Transcripts were purified on 8% denaturing PAGE and eluted over night in 

RNAse free millipure water (Ambion, Austin, TX) at room temperature.  The following day 

RNA was precipitated in 0.3 M sodium acetate and 95% ethanol. 
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4.  Multiplexed aptamer arrays 

 
A total of 96 RNA aptamers from four aptamer groups were chosen for printing in the 

multiplexed array format.  Each printed array included the 40 sequences from the  previously 

printed 70.15 extension aptamer group reported in Chapter 1, the two groups of aptamers 

selected in the Ellington lab against HIV-1 drug resistance Mutant 3, and a fourth group of 

aptamers selected by Burke et al in 1996 against the wild-type HIV-1 RT protein.  Aptamers 

were printed in triplicate onto each of 16 slides using the Method D construct described in 

Chapter 3.  Each slide contained 16 arrays of aptamers whose printed orientation can be seen in 

the example slide in Figure 4,1.  In the left panel, an array image map of aptamer probed Cy5 

signal is shown, and the panel to the right shows identifying names for each aptamer spot 

triplicate. 

 

Figure 4.1.  Print orientation and aptamer I.D. maps for multiplexed HIV-1 reverse transcriptase 
aptamer microarrays. 
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A total of 8 slides were printed and assayed with or without protein target.  Half of each 

slide was assayed with protein target, and the other identical tandem-printed half was assayed 

without.  One protein was used per slide, and two slides were assayed per protein, so the final 

result of the experiment was 16 assayed arrays for each protein.  After assay, drying and 

imaging, one exemplary array was chosen for data analysis for each of the four proteins based on 

the visual assessment criteria established in Chapter 2.  The remaining slide data, though 

currently unused, may be used later in further statistical analyses.  After assaying for binding 

with the four HIV-1 reverse transcriptase variants (wild-type, Mutant 3, Mutant 5 and Mutant 9) 

and extracting Cy3 and Cy5 intensity data from the acquired images, results were analyzed both 

visually and quantitatively. Array images for the Cy3 channel (protein signal only) for each of 

the four assayed proteins can be seen below in Figure 4.2.  
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Figure 4.2.  Cy3 fluorescence signal data for multiplexed HIV-1 RT aptamer microarrays. The 
arrays assayed against four HIV-1 reverse transcriptases including the wild-type 
and three drug-resistance Mutant variants, Mutant 3, Mutant 5 and Mutant 9 
proteins.  Horizontal orange bars serve to delineate the start of each aptamer group.  

 
Preliminary visual assessment of Cy3 signal data for the four arrays shows that with wild-

type protein, 70.15 extension aptamer binding is consistent with previous experiments.  Aptamer 

e01 shows a high level of protein binding relative to e14 and e15, neither of which shows any 

apparent binding affinity for the wild-type protein.  Expected binding criteria having been met, 

we then examine the other known wild-type binders more closely.  Burke WT aptamers show a 

comparatively low level of binding to the wild-type protein over all and seem relatively 
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incapable of binding to any of the Mutant variants.  However, the two aptamer groups selected 

against the M3 protein show some interesting trends of non-cognate protein binding.  For 

instance, 5 members (not counting one duplicate of aptamer 12.01) of Na Li’s aptamer group 

show strong binding with the wild-type protein.  In addition to 12.01, four aptamers apparently 

bind to HIV-1 RT wild-type protein in the context of the Method D AASA.  In fact the duplicate 

12.01 aptamer shows relatively high affinity for all of the protein variants.  Naeem Husain’s 

Mutant 3 selection also yielded at least one promiscuous aptamer in Clone 14, a relatively weak 

binder in the context of the radiolabeled filtration.  This presents a promising corollary to the 

70.15 extension aptamers e14 and e15, both of which are reasonably strong binding species in 

solution but lose all dectectable binding affinity in the immobilized assay.  Unfortunately, the 

Burke WT aptamer groups show relatively low overall binding in the multiplexed microarray 

assay.  It is difficult to say whether this is a result of some functional change imposed by the 

immobilization construct, a dramatic difference in binding relative to other aptamer groups or 

some other, unknown factor.  In future and ongoing work, these and other other groups of HIV-1 

RT aptamers will be studied further, not only for their ability to bind in the context of the 

immobilized AASA, but also in competition assays with known HIV therapeutic agents. 

While these results visually affirm the validity of our hypothesis we felt that a more 

quantitative analysis of the binding data might prove a more powerful descriptive tool. These 

promising results show that not only do diverse groups of aptamers, never tested in microarray 

function in the context of the AASA, aptamers selected for one HIV-1 RT variant are in many 

cases capable of binding non-cognate RT variants.  We hoped that placing these results in a more 

quantitative context would have the advantage of clarifying seemingly obvious data trends and 

may elucidate other less apparent characteristics in the data set. 
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5.  Principal Component Analysis (PCA) for multiplexed arrays 

 

Principal component analysis data transform was employed in order to determine whether 

the visually observable binding trends in the multiplexed microarray data would be corroborated 

by quantitative analysis.  Bear in mind, this small data set represents a proof-of-principal, “one-

off” experiment.  Nevertheless, a few obvious trends in the data can quickly be singled out.  For 

instance, the 70.15 aptamers selected against the wild-type HIV-1 RT appear to bind their 

selective target fairly exclusively and have little or no observable binding preference for the 

mutant variants of the protein while a aptamers from three different groups show binding to the 

wild-type protein.  Conversely, only 8 aptamers show significant binding to the mutant 3 RT 

variant.  Using these trends as a point of reference, we hoped PCA would help to clarify binding 

data in a more quantitative way.  To this end, the PCA data transform was applied to the log2 

background subtracted intensity ratios for intensity data from the four arrays shown above in 

Figure 4.2 as well as the negative, no-protein control. Figure 4.3 shows the resulting vector plot 

for the F1 and F2 eigenfunctions.   
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Figure 4.3.  Principal component analysis of HIV-1 reverse transcriptase variant binding for 96 
anti-HIV-1 RT  proteins. 

 

The dispersed wild-type binding cluster (blue dots) has segregated into the first quadrant 

is perhaps the most clear descriptive we can garner from this plot. The tighter mutant 3 cluster 

(violet squares) is also fairly distinct but is overlain by the negative control in the fourth 

quadrant, while the negative control cluster is broadly scattered throughout the remaining three 

quadrants.  Given that the first two eigenfunctions shown (F1 and F2) account for only 42.87 % 

and 19.08 % of all variability within the data set, it is easy to understand the plot’s lack of 

distinguishing characteristics.  These low values can almost certainly be attributed to the 

preliminary nature of the data set. Nonetheless, this plot in concert with visual analysis of the 

array images provides sufficient evidence that there is aptamer discrimination between HIV-1 

I.                                                             II. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   III.                                                              IV. 
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reverse transcriptase variants.  Based on previous experience testing the 70.15 aptamer described 

in earlier chapters,  improvement of data quality and repetition of the assay using the larger 

multiplexed format  and four protein variants will almost certainly result in clearer segregation. 

The causes of inconsistency in the data set, studied in detail in the previous chapters, are now 

well enough understood that further experiments are underway.  Perhaps the most important 

factor in improving the assay is the sheer number of components and steps used in a single 

experiment. Analysis of the data from these and other experiments is being used in conjunction 

with PCA data to determine the best aptamers to use in multiplexed array experiments.  

Winnowing the number of aptamers used to the most consistent binding species, will simplify 

the assay considerably and lead to higher quality data.  

 

 

6.  Conclusions 

 

These preliminary studies show the excellent potential for multiplexed aptamer 

microarray detection as an HIV-1 diagnostic tool.  The clear functionality of the immobilized 

binding assay has proven not only reproducible, but also generalizable to diverse aptamer 

groups.  These aptamer groups show a range of detectable binding specificites not only for the 

proteins targets against which they were selected, but in some cases also for similar non-cognate 

protein variants.  Though it seemed likely this should prove true, we had reason to doubt that any 

aptamer group selected for binding to a specific target would be capable of binding to any other 

protein no matter how similar.  The 70.15 extension aptamer group, selected against the wild-

type HIV-1 RT protein, for example, has no apparent affinity for any of the three mutant 

proteins.  This in itself is interesting since these aptamers were selected to bind outside the active 
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site, potentially on the surface of the protein most likely to contain mutated amino acid residues.  

It appears that because of the selection design, the resulting aptamers are more specific than any 

others for the wild-type protein.  Most interestingly, perhaps, are the two aptamer groups 

selected against the HIV-1 RT drug resistance variant Mutant 3.  Na Li’s aptamer set was not 

only selected specifically for M3, but also subjected to a negative selections against the wild-

type protein wherein she took steps to remove any sequences that would bind the wild-type 

protein.  Despite this measure, her selection still resulted in aptamers capable of binding the 

wild-type and having a variety of specificities for the two other mutant variants M5 and M9.  

Naeem Husain’s aptamer selection produced a similarly behaving set of aptamers, though he did 

not use the technique of negative selection to remove wild-type binders.   

These results pose a variety of interesting questions regarding the nature of binding in the 

context of immobilization as opposed to the commonly-used in-solution methods and the nature 

of aptamer-protein binding in general. For instance, when Na Li tested her aptamers for binding  

to M3 and the wild-type in solution, she found only one aberrant aptamer clone, 12.01.  Why 

then do 5 other aberrant binding species surface in the context immobilization and what does this 

indicate about the structure and function of the interaction?  What’s more, what conclusions 

about the interaction can be made given that some aptamers (such as 12.01) are broadly 

promiscuous and seemingly capable of binding any HIV-1 RT variant while others (such as 

M307), specifically do not bind wild-type protein.  It would seem that an aptamer such as M307 

binds to some alternate site or surface feature on the protein that all of the mutant variants have 

in common.  This belies a greater and more interesting range of specificity and binding 

complexity than is readily explained in this short preliminary study.  Just as curious, perhaps, is 

the entire Burke WT group’s apparent inability to bind to even its cognate protein.  It is 



151 
 

interesting to note, again, that the 70.15 extension aptamer group actually contains the Burke-

selected aptamer sequence 70.15.  This aptamer was not selected for printing in the multiplex 

because of its relatively low binding affinity compared to other selected species.  In hindsight, it 

is clear that it would have been interesting to see whether the 70.15 aptamer maintains 

functionality in the immobilized assay outside the context of the extended selection. 

Principal component analysis further shows the capacity of these aptamers as a 

multiplexed group for discrimination between very similar protein species.  Though this one-off 

experimental data is superficial, it clearly underscores a few important trends that are apparent 

upon visual assessment.  Use of this data transform method in concert with improvements in data 

quality – specifically through assay simplification via downsizing – has the potential to yield a 

potent tool for distinction of similar protein species.  

 In fact, the odds are stacked against the technique’s being used as a diagnostic tool given 

(1) the complexity and expense of the assay format and (2) the expense and laborious preparation 

of the required reagents.  It seems, rather, that immobilized AASA’s real strength lies in its use 

as a probe for aptamer function and elucidation of aptamer-protein binding interactions. Future 

and ongoing studies are being done to reiterate this work and extend it to more precise 

characterization with these and other aptamer-protein interactions.  The focus of those studies 

will be on characterization of the interaction synergy that may exist between aptamers and HIV-1 

RT targeted therapeutics in competition studies. 
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Chapter 5:  Conclusions 

 

The ultimate goal of this work has always been to create a multiplexed microarray assay 

format using RNA aptamer-target binding.  Ideally, such an assay should be robustly 

reproducible, economically feasible and sensitive enough to lend new insight into the 

intermolecular relationships between nucleic acid aptamers and their cognate proteins.  We 

hoped that if we could create a tool that uses inexpensive (though relatively delicate) reagents 

like RNA aptamers with robust function, we might use it both in diagnostic applications and to 

shed light on the finer points of aptamer-protein binding interactions.  Though a great deal is 

known about the properties governing molecular interactions, designing effective binding species 

is still done through iterative selection and the ways we go about probing those interactions is 

extremely laborious.  This work details the development and improvement of a multifunctional 

and modular assay format that can be used on a large scale to probe nucleic acid protein binding.  

The format – proofed here using anti HIV-1 reverse transcripase aptamers – employs 

immobilization and binding detection methods that can be expanded and optimized to probe 

other aptamer – protein interactions.  The experimental work shown here and previously 

indicates that the assay format is both sensitive and robust given the nature of the reagents.  

This work initially was aimed at recapitulation of the HIV-1 aptamer antibody sandwich 

assay (AASA) array method.  In doing so, we also sought to advance the rudimentary method for 

analytical assessment.  Our primary focus at the outset and the subject of the first experimental 

chapter (2)  was in devising a method to analyze and expressing the acquired data in the most 

transparent and accurate way possible.  In doing so, we devised a better means of data analysis 

and a better understanding of the Method B AASA which employs a biotinylated locked nucleic 
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acid immobilization tether hybridized to each aptamer’s 3’ constant region and a single color 

binding signal analysis.  From the project’s inception, and the first assays using Cy3 labeled 

protein described by Jim Collett (2006), studying the binding behavior of the 70.15 aptamer 

group in the presence of HIV-1 drug resistance mutant variants was the ultimate goal, and that is 

where we kept our sights. A schematic representation of the data collection and manipulation 

process is shown below in Figure 5.1. 

 

Figure 5.1.  Schematic representation of the AASA data collection, manipulation and analysis. 

 

The application of the chosen data analyses to the Method B AASA showed that the 

binding data for the 70.15 extension aptamers, falls in normal distribution and so can be 

normalized and compared fairly between experiments.  Analysis included the following devised 

“filtration” steps prior to normalization:  (1) all triplet members have a median spot intensity of 

30,000 or greater, and (2) no triplet members’ intensity substantially deviates from the 2 other 

members of its aptamer I.D. group.  We used data distribution as a simple measure of the 

integrity of the filtered data, considering a normal distribution to be positive indication that the 

chosen filtration method resulted in removal of data outliers, and resulted in no significant effect 

on data integrity. 
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After data filtration and normalization we analyzed array data by rank-ordering and 

ANOVA P-value comparisons.   These comparisons helped to clarify sources of variability in the 

data and indicate areas where improvement in reproducibility needed to be made.  For the single 

color Method B (and also future method comparisons) AASA, analyses were broken down into 

four groups by comparing (1) arrays printed by the same pin on the same slide (2) two arrays 

printed by the same pin but onto different slides, (3) arrays printed by different pins on the same 

slide and (4) arrays printed by different pins onto different slides.  These comparisons showed 

clear differences in arrays printed by different pins and it was decided that the most likely cause 

of these differences lay in the amount of aptamer deposited by different pins during the print 

process.  If one pin prints a much larger amount of aptamer onto a spot, then protein binding and 

resulting signal will increase accordingly.  Fortunately, these analyses also showed that  slide 

surface variation did not play an important role in data variation.  This phenomenon, “the pin 

effect”, is most clearly seen obviated in the different pin comparative analyses (3) and (4).  

Overall, arrays printed by the same pin on the same or different slides varied in aptamer binding 

rank order less than those printed by different pins. We applied the single factor ANOVA test to 

quantitatively assess the pin effect. 

Overall, ANOVA tests agree with the rank-ordering comparisons, though when at the 

standard cut-offs (P-value 0.05 and 0.01), no significant between-array differences were 

obviated.  However at a higher cut-off of 0.5, the between array difference emerges such that 

arrays printed by the same or different pins fall clearly into two separate groups.  Based on this 

information and our understanding of the assay, we felt it important to strive for a higher level of 

reproducibility and advance the AASA method using a dual color assay format.  Moving forward 

with this information and a desire to create a more reproducible assay, we chose to modify the 
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AASA in two additional ways.  We used the criteria and analysis methods established in testing 

the Method B AASA to gauge whether alterations in the method, resulted in improvement of 

binding data.  The two experimental alterations were done in two separate groups.  First we 

designed a dual color AASA by adding a Cy5 labeled LNA probe to each aptamer’s 3’ constant 

region.  The resulting construct was used in the so-called Method C assays.  The final 

modification was also a dual color probe approach, but instead aptamer RNA was extended via 

PCR to incorporate region exclusively dedicated to Cy5 probe binding.  This addition served to 

both free up the aptamer constant region – which may well have a role in binding – and to make 

the AASA more versatile since we intended to extend this assay to use of a number of aptamer 

groups.  Each of the dual color assay experiments was run and then compared to the single-color 

assay to determine whether any improvement in reproducibility was made. 

In order to create a common ground for comparison of single and dual color assays, we 

looked at the raw data and calculated the coefficient of variance as a percentage of triplet spot 

means or % CV.  % CV values for each of the three AASA methods were condensed by 

averaging % CV values calculated for each triplet spot mean within a method.  AASA methods 

were also compared by examining the raw data spread which simply takes into account the fold 

difference between the highest and lowest measured binding affinity whether it be Cy3 or ratio 

of Cy3:Cy5 intensities for the data.  We reasoned that a greater spread between the highest and 

lowest binding species indicates a higher level of binding intensity differentiation.  The final 

measure used to compare the data sets was rank-ordered distance scoring first described in 

Chapter 2.  These comparisons in concert were used to gauge which of the immobilized assay 

methods should be used in the multiplexed aptamer experiments. 
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Several clear improvements were seen as a result of the dual color construct AASAs.  

Relative to the single-color Method B, statistical error for both of the Cy5 probed assay methods, 

C and D, drops significantly.  Data spread comparisons showed that Methods D (12-fold) and 

even more so Method C (30-fold), yielded more distinct binding data than Method B (6-fold).  A 

comparison of % CV averages among the methods shows that the level of variability inherent in 

the Method B assay (23 %) is substantially greater than either of the probed AASA methods.  

Method C and D yielded average % CV values of 13 % and 15 % respectively.  Based on these 

analyses, it appears that Methods C and D are very similar and both superior to the single-color 

AASA method, while Method C’s level of aptamer distinction places it well above the others.   

Rank order comparisons of the three methods further clarify the improvement of the 

probed methods.  These were done, as mentioned above, by breaking the comparisons into four 

parts including two same-pin and two different-pin comparisons and then distilled into averages.  

While very little variation can be seen for any of the assays when considering AASA results 

from arrays printed by the same array, variation increases slightly when arrays printed by the 

same pin onto different slides are compared, and even more when arrays printed by different pins 

were compared.  As an example, the different pin - same-slide comparison yielded an 86 % 

difference between the highest and lowest values, whereas Method C yielded only a 4 % 

variation in averages and Method D same-slide data varies by 8 %.  It is clear from this 

comparison that the dual color Methods C and D are more reproducible, though the two methods 

yielded very similar results.  The rank ordering averages data also showed that the scores for the 

Method D AASA were over-all slightly lower than those of Method C.   

Another clear advantage, mentioned only briefly above, is that the Method D construct 

utilizes an extended probe region that can be applied to any aptamer group.  A common Cy5 
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probe can be hybridized to any aptamer provided the aptamer is appended with the appropriate 3’ 

extension.  For this and the above reasons, we chose to use the Method D assay in the final 

multiplexed aptamer array experiments described in Chapter 4. 

We proceeded to apply the Method D AASA to an expanded set of aptamers in a 

multiplexed format (multiple groups printed in the same array).  We used two sets of aptamers 

selected against the wild-type protein including the original 70.15 aptamer set and a group of 

aptamer selected by Burke et al. (1996) and two aptamer groups selected against HIV-1 RT drug 

resistance mutant 3 selected in the Ellington lab by Na Li and Naeem Husain.  Only one of the 

aptamer groups  (70.15) had ever been tested for binding in the context of immobilization and 

none had been tested for binding to HIV-1 RT drug resistance mutants 5 and 9.   

Upon assay, the aptamer groups showed a range of detectable binding not only for their 

selective targets, but also for non-cognate protein variants.  Though we hypothesized this would 

be the case, there was reason to doubt that any aptamer group selected for binding to a specific 

target might be capable of binding to any other protein no matter how similar.  For instance, it is 

apparent that the 70.15 aptamer group has no affinity for any protein other than its selective 

target..  The more interesting result was that members of the two aptamer groups selected by Na 

Li and Naeem Husain against Mutant 3 show a variety of promiscuities for both the wild-type 

and the other mutant proteins.   

We used Principal Component Analysis to further characterize the binding data.  Though 

this proof-of-principle experimental data is superficial, PCA seems to corroborate the visually 

obvious trends in the intensity data.  However, clear wild-type and mutant 3 clustering is 

somewhat overshadowed by the large negative control (no protein) as well as mutant 5 and 9 
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spreads.  The preliminary nature of the data is sufficient to explain this.  In fact, the F1 and F2 

eigenvalues leave a significant portion of variability unaccounted for.   

Nevertheless, these results are significantly clear to bring up a variety of interesting 

questions regarding the nature of binding in the context of immobilization as opposed to the 

commonly-used in-solution methods and the nature of aptamer-protein binding in general.  The 

ability of any aptamer to bind non-cognate targets belies a greater and more interesting range of 

specificity and binding complexity than has been previously described.  Conversely, it seems that 

some aspect of immobilization hindered the entire Burke aptamer set from binding even its 

selective target.  It would be interesting to see whether the 70.15 aptamer sequence alone 

maintains functionality in the immobilized assay outside the context of the extended selection.   

 It is clear that immobilized aptamers can be effectively used as a tool for probing 

aptamer-protein interactions but their use as diagnostic tools is not feasible.  This is due more to 

the fact that laborious and expensive preparation of reagents (RNA, proteins, custom-printed 

arrays) and the cumbersome nature of the assay itself than to the viability of the results.    The 

immobilized AASA’s real strength lies in its use in screening for aptamer function and 

elucidation of binding interactions.  The use of immobilized aptamers may have potential for 

improvement if the immobilization step can be simplified and improved.  The use of light-

directed synthesis may be one means of accomplishing this (Lackey et al., 2009). Sara Stewart in 

the Ellington lab continues to carry out studies reiterating this work and extending it to binding 

studies employing a smaller set of these same four aptamer groups.  The focus of those studies 

will be on characterization of the interaction synergy that may exist between aptamers and HIV-1 

RT targeted therapeutics in competition studies. 
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