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Aptamers are nucleic acid species with specific binding properties that are 

selected in vitro from large pools of random oligonucleotides.  In the present work, I 

adapted microarray technology for the production of DNA oligonucleotide microarrays to 

print biotinylated RNA aptamer clones and pools onto streptavidin coated microarray 

slides in ways that preserved the specific protein binding functionalities of the aptamers. 

The resulting RNA aptamer microarrays could reliably detect fluorescently labeled HIV-

1 reverse transcriptase (RT), hen egg white lysozyme, and other proteins in a dose-

dependent manner, with linear signal responses that spanned up to 7 orders of magnitude 

of analyte concentration, and lower limits of detection in the pg/ml range.  Aptamers on 

the microarray retained their specificity for target proteins in the presence of a 10,000 

fold (w/w) excess of T-4 cell lysate protein. Aptamer microarray development was 

facilitated by the optimization of high-throughput and highly parallel methods for the 

enzymatic synthesis of 5’ biotinylated RNA aptamer clones and pools.  As an alternative, 

unmodified RNA aptamers were prepared for immobilization by appending an 18 nt 
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generic linker sequence to their 3’ ends that was hybridized to a 5’ biotinylated 

LNA/DNA anchor oligonucleotide, thereby forming a duplex with a Tm of 80oC.   

Applications for RNA aptamer microarrays as molecular diagnostics for HIV-1 treatment  

were potentiated by detecting the specific capture of unlabeled RT on the microarrays 

using fluorescent antibody sandwich methods.  Microarray tests of wild type and drug-

resistant RT produced recombinantly in our laboratory indicated a nascent ability for 

RNA aptamers to distinguish between closely related RT phenotypes, thereby further 

demonstrating the potential utility of RNA aptamer-based diagnostics in the treatment of 

HIV. 
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Chapter 1: Introduction 

 
The RNA aptamer microarrays for the specific quantitation of proteins described 

herein were developed within a context of prior art that evolved from five important 

innovations introduced into life science research within the last 35 years:  enzyme-linked 

immunosorbent assays (ELISAs); monoclonal antibodies; recombinant antibody display 

methods; in vitro selection of oligonucleotide aptamers; and microarrays for gene and 

protein expression profiling.  Due to their influence, these existing technologies in many 

ways determined the range of commercially-available materials with which my aptamer 

microarrays were constructed and used.  Moreover, the attributes of these technologies 

have established a context within which my work may be considered.  Accordingly, a 

brief review of the origins and currents states of these technologies is offered below.            

ELISA, MONOCLONAL ANTIBODY, AND RECOMBINANT ANTIBODY DISPLAY 
TECHNOLOGIES 

 
ELISA techniques were first described in 1971 by Engvall and Perlmann in their 

reports of sandwich immunoassays for the specific quantitation of immunoglobulin G 

(IgG) and other antigens (Engvall, Jonsson et al. 1971; Engvall and Perlman 1971; 

Engvall and Perlmann 1972).  Soon after their introduction, ELISAs quickly supplanted 

radioimmunoassays (RIAs) (Yalow and Berson 1960) for specific protein quantitation in 

research laboratories. RIAs at the time required the use of hazardous radioisotopes and 

scintillation counters that were large, slow, and expensive, whereas ELISAs could be 

rapidly processed using colorimetric reagents in microplates and then directly read in 
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relatively small and inexpensive spectrophotometric plate readers. These advantages 

facilitated the rapid commercialization of ELISA technology into a wide variety of 

successful clinical and research laboratory products that fueled the growth of molecular 

diagnostics into a global $2 billion/year industry (Simonsen 2006) and encouraged the 

development and marketing of laboratory automation equipment such as the BioMek 

2000 multichannel liquid-pipetting robot.  The utility of this technology is also evidenced 

by the more than 40,000 PubMed entries that mentioned “ELISA” in their abstracts in the 

years 2001 to 2005 (Lequin 2005).  In addition, the heavy dependence on ELISA 

screening for HIV infection in battling the AIDS pandemic has familiarized the general 

public with the term, as has the use of ELISA methods in inexpensive home pregnancy 

test kits.    

Early ELISAs relied on polyclonal antibodies (pAbs) from immunized animal 

sera for the affinity (noncovalent) capture and sandwich detection of target proteins.  The 

incorporation of monoclonal antibodies (mAbs) (Kohler and Milstein 1975) that bind to 

unique antigen epitopes significantly improved the specificities and sensitivities of many 

ELISAs during 1980s.  As importantly, because they are produced from hybridomas, 

mAbs provided an inexhaustible supply of affinity reagents with vary little variation in 

binding affinity and specificity between production batches (Uotila, Engvall et al. 1980; 

Payne, Marshall et al. 1988).  Accordingly, the use of mAbs helped to stabilize ELISAs 

as reliable commercial products that did not require the re-validation and re-optimization 

of protocols and reagents that were necessary when a new batch of PAbs were harvested 

from immunized animals to replenish antibody supplies for the ELISA production.    
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The advantages of mAbs, however, came at a cost: Beyond the immunization, 

care and feeding of an animal, mAb production requires the labor-intensive tasks of 

harvesting B lymphocytes from the animal’s tissues, fusing them with myeloma cells to 

form immortal hybridomas that must be grown in tissue culture facilities, and then 

screening of the hybridoma cells to establish monoclonal populations that encode mAbs 

with the desired specific binding properties (Payne, Marshall et al. 1988).  In 1989, the 

successful cloning of antibody genes (Orlandi, Gussow et al. 1989), followed in 1990 by 

the demonstration of phage display for the direct selection of recombinant protein-

binding antibodies (McCafferty, Griffiths et al. 1990) obviated in many cases the need for 

labor-intensive hybridoma cell fusion methods. Recombinant antibody display methods 

have now been adapted to a variety of platforms, including yeast display (Boder and 

Wittrup 1997), bacterial display (Francisco, Campbell et al. 1993), ribosome display 

(Hanes, Schaffitzel et al. 2000; Lipovsek and Pluckthun 2004) and mRNA display 

(Lipovsek and Pluckthun 2004).  Although these new tools have opened promising 

avenues for the automated production of affinity ligands, the transformation, growth, and 

plasmid extraction steps required affinity maturation of antibodies by phage, yeast, and 

bacteria place ultimate limitations on the throughput of these approaches when compared 

with the entirely in vitro ribosome or mRNA display methods for acquiring high-affinity 

antibodies (He and Khan 2005; Hoogenboom 2005).  Ribosome and mRNA display, 

however, are still in their early, formative stages, and it remains to be seen if the highly 

refined and currently expensive cell-free protein expression systems used in these 

methods will be amenable to automation.      

 



IN VITRO APTAMER SELECTION 

 
In 1990, an entirely new class of affinity ligands was derived from an unexpected 

source: oligonucleotides.  Ellington and Szostak demonstrated the isolation of rare RNA 

species (that they termed “aptamers”) - from large (1010) random sequence pools that 

were selected in vitro to bind to a variety of organic dyes with high affinity and 

specificity (Ellington and Szostak 1990).  Working independently and simultaneously, 

Tuerk and Gold reported a similar process (that they termed the “systematic evolution of 

ligands by exponential enrichment, or “SELEX”) that selected RNA ligands that could 

specifically bind to T4 DNA polymerase (Tuerk and Gold 1990).   Soon after, it was 

shown that single-stranded DNA (ssDNA) could be selected in vitro as well, and could 

inhibit the function of thrombin, an enzyme that does not interact physically with nucleic 

acids (Bock, Griffin et al. 1992). 

 

 

Figure 1.1.  Design for Round 0 DNA template pool for PCR amplification and 
subsequent in vitro transcription with T7 RNA polymerase to produce RNA 
aptamers. 

 

In vitro selection of RNA aptamers begins with the chemical synthesis of a pool 

of ssDNA template oligonucleotides that include a central randomized sequence region of 

 4



(typically) 30-100 nucleotides (Figure 1).  The pools typically have a diversity of 1014-

1015 unique species. The random region of each  template is flanked on the 5’ end by a 

constant sequence region that contains a forward priming site and a T7 RNA polymerase 

promoter, and on the 3’ end by a constant sequence region containing a reverse priming 

site.  For the selection of anti-protein RNA aptamers, the DNA pool is amplified by 

polymerase chain reaction (PCR) to generate a double-stranded DNA pool (dsDNA) that 

is then transcribed in vitro with T7 RNA polymerase to yield a pool of single-stranded 

RNA oligonucleotides.  The RNA pool is placed into a buffer having an ionic 

composition that supports the folding of the RNA into low free energy structures and then 

incubated with the target protein.   

 

Figure 1.2.  In vitro selection of RNA aptamers that bind to proteins. 
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As illustrated in Figure 2, the mixture of the RNA aptamer pool with its target 

protein is passed through a filter (or a column or other partitioning device) to separate 

complexes of RNA species bound to the protein from RNA species that do not bind to the 

protein. The filter is then washed with a high salt solution to further remove any 

nonspecifically bound RNA.  RNA species that remain are eluted from the filter with a 

chaotropic agent such as 7M urea that denatures the target protein.  The recovered RNA 

sequences are then reverse transcribed back into ssDNA.  The selection cycle is 

completed by amplifying the ssDNA into dsDNA that has been enriched with the 

templates of high-binding RNA oligonucleotides.  The dsDNA templates are then 

transcribed into RNA to begin the next cycle of selection. 

Progress in enriching the template pool with sequences that code for high-binding 

RNA species can be monitored through successive selection cycles using the filter 

binding assay depicted in Figure 3.   Once the pool has attained a sufficient degree of 

aggregate binding to the target (typically, when 50% of the RNA pool binds to the target) 

it is cloned into E. coli., and then 20-40 colonies are picked for sequencing. The isolated 

sequences are grouped into aptamer families based on sequence similarity or on their 

predicted structural similarities as estimated by an RNA free-energy prediction algorithm 

such as mfold (Zuker 2003). Representative aptamer sequences from each family are then 

transcribed into RNA and tested using a filter binding assay to determine their binding 

affinity for the target protein. Aptamers with low picomolar to low nanomolar 

dissociation constants (Kd) are usually identified after 8-12 rounds of selection (Nimjee, 

Rusconi et al. 2006).    To date, more than 250 successful in vitro selections of RNA or 
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DNA aptamers have been published.  Their targets have included 136 proteins, 55 

organic molecules, 29 peptides, 26 nucleic acids, 9 aminoglycosides, and 9 inorganic 

molecules, as well as African trypanosomes, tumor microvessels, B. anthracis spores, and 

P12 (pheochromacytoma) cells from the rat (source: Aptamer Database, 

http://ellingtonlab.org/aptamer  )(Lee, Hesselberth et al. 2004).   

Each round of in vitro selection is straightforward yet nonetheless labor intensive, 

requiring three enzymatic reactions and purification of their products, as well as the 

partitioning steps to isolate high affinity binders in each selection round.  As such, 

manual aptamer selections typically take two weeks or longer for an individual to 

perform. In 1998, the in vitro selection of RNA sequences was adapted to a Biomek 2000 

liquid-handling robot that could perform 5 rounds of selection unattended (Cox, Rudolph 

et al. 1998).  Over the following several years, the robotic protocols and equipment were 

refined to the point where automated selections against multiple protein targets could be 

completed on a single Biomek 2000 robot within 2-3 days (Cox and Ellington 2001; Cox, 

Hayhurst et al. 2002; Cox, Rajendran et al. 2002; Ellington, Cox et al. 2005).   

 

MICROARRAY TECHNOLOGY 

 
In 1995, Patrick Brown and coworkers reported the printing of cDNA 

oligonucleotides onto glass slides to create high density microarrays that they used to 

monitor the mRNA expression of 48 genes in Arabidopsis in parallel (Schena, Shalon et 

al. 1995).  At about the same time, the Affymetrix corporation had begun to market 

chemically-synthesized oligonucleotide chips that were used in 1998 for one of the first 

http://ellingtonlab.org/aptamer
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genome-wide analyses of mRNA expression in yeast (Holstege, Jennings et al. 1998). 

From these beginnings, the use of microarray technology in life science research has 

grown enormously; indeed, the number of abstracts in PubMed that included the term 

“microarray” increased from 3 in 1995 to more than 4400 in 2005.  During this interval, 

gene expression microarrays have grown in scale to routinely include tens of thousands 

of spots, and now typically require specialized bioinformatics tools and databases to 

manage and analyze the millions of data points that may result from a single study.   

Genome-wide microarray mRNA expression analyses have facilitated the 

mapping of genetic regulatory networks (Sudarsanam, Iyer et al. 2000), with the goal of 

understanding the systems biology of cells.  Systems biologists seek to understand the 

topology and functioning of all intracellular networks for genetic regulation and 

biomolecular processes under homeostatic and perturbed conditions (Selinger, Wright et 

al. 2003; Levesque and Benfey 2004; Aderem 2005).   Proponents of the field envision 

methodically describing these networks to uncover the particular circuits that malfunction 

and give rise to genetic diseases such as cancer. (Hanahan and Weinberg 2000; Khalil 

and Hill 2005)  Doing so, however, will require a global view of molecular events; 

therefore, sensitive and accurate tools will be needed for measuring the intracellular 

concentrations, fluxes, interactions of proteins in space and time, and in a massively 

parallel manner (Aderem 2005).  Toward this end, a growing number of research groups 

and companies are developing microarrays for the affinity capture of soluble, proteins for 

proteomic expression profiling (MacBeath and Schreiber 2000; Haab, Dunham et al. 

2001; Knezevic, Leethanakul et al. 2001; Sreekumar, Nyati et al. 2001; MacBeath 2002; 

Mitchell 2002; Schweitzer and Kingsmore 2002; Walter, Bussow et al. 2002; Lopez and 
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Pluskal 2003; Zhu and Snyder 2003; LaBaer and Ramachandran 2005; Cretich, Damin et 

al. 2006) and as molecular diagnostics for cancer and autoimmune disorders (Robinson, 

DiGennaro et al. 2002; Walter, Bussow et al. 2002; Miller, Zhou et al. 2003; Zangar, 

Varnum et al. 2005; Rasooly and Jacobson 2006). While the progress made using 

microarrays for genome-wide expression mRNA expression profiling has been 

heartening, proteome-wide protein expression profiling is expected to be much more 

difficult. The kinetics of nucleic acid hybridization on DNA microarrays are relatively 

straightforward and well understood; affinity interactions between proteins, however, are 

difficult to predict due to the vast heterogeneity of shapes, surface chemistries, splicing 

variants, and post-translational modifications of the proteins in a proteome. (LaBaer and 

Ramachandran 2005).    

Nonetheless, due to their high sensitivity, dynamic range, ease of use, and 

amenity to high-throughput methods,  protein capture microarrays are viewed as 

promising alternatives or adjuncts to traditional proteomics tools such as 2D 

polyacrylamide gel electrophoresis and liquid chromatography/mass spectrometry (Cutler 

2003; Zangar, Varnum et al. 2004).   Knezevic, Krizman, and co-workers (Knezevic, 

Leethanakul et al. 2001) produced a protein capture microarray composed of 368 

antibodies to examine protein expression in the cancer microenvironment of the oral 

cavity, and found reproducible changes in the relative abundance or phosphorylation state 

of 11 proteins.   Sreekumar et al (Sreekumar, Nyati et al. 2001) created microarrays 

spotted with 146 antibodies directed against stress response, cell cycle, and apoptosis 

proteins from LoVo colon carcinoma cells.  They then applied fluorescently-labeled cell 

lysates from untreated LoVo cells and from LoVo cells that had been exposed to ionizing 
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radiation to the microarrays.  The relative amounts of protein captured by the antibodies 

on the microarray documented for the first time an increase in the expression levels of the 

proapoptotic protein DFF40/CAD due to irradiation of carcinoma cells.  Miller, et al used 

a microarray of 184 antibodies to screen for serum biomarkers that could aid in the 

diagnosis of prostate cancer, and found five proteins that were elevated expression levels 

in the sera of prostate cancer patients (Miller, Zhou et al. 2003). 

From current examples of antibody array development, it is possible to envision 

the massively parallel deployment of tens of thousands of antibodies in microarray 

formats to detect the expression patterns and functions of intracellular proteins on a 

proteome-wide scale.  There is, however, a fundamental challenge to this approach in that 

antibodies are well known for their tendency to cross-react with other cellular proteins 

(MacBeath 2002; Schweitzer and Kingsmore 2002; Zhu and Snyder 2003), and there is a 

relative lack of readily available, high-quality antibodies whose affinities and specificities 

have been validated against intracellular proteins.   Vendors seldom provide data on the 

degree of specificity of the antibodies that they sell except to note if there may be cross-

reactivity with homologous proteins from species closely related to that of the target 

protein. A recent test of more than 100 commercial antibodies showed that only about 5% 

of  these were suitable for use in a microarray format for the detection of proteins from 

cellular lysates(MacBeath 2002).  Similarly, only 20% of 115 commercially-supplied 

antibodies tested by Haab et al in the microarray format showed a linear relationship 

between antigen concentration and signal output at concentrations of 1.6 µg/ml or less. 

(Haab, Dunham et al. 2001)   Lueking et al.,  created a microarray spotted with crude 

lysates from 92 clones that expressed fusion proteins from the human fetal brain library 
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hEx1, and then probed it with monoclonal antibodies against human glyceraldehyde-3-

phosphate dehydrogenase (GAPDH),  the C-terminal fragment of heat shock protein 90α 

(HSP90α), and α-tubulin  While the anti-GAPDH antibody appeared to bind to its 

cognate protein exclusively, the anti-HSP90α protein cross-reacted significantly with two 

other proteins, and the α-tubulin antibody cross-reacted with nine other proteins 

(Lueking, Horn et al. 1999; Jenkins and Pennington 2001; Eickhoff, Konthur et al. 2002).  

Although pre-spotted anti-cytokine antibody arrays have begun to be sold by a few 

vendors (i.e. BD Clontech, www.clontech.com; Schleicher and Schuell, 

http://www.schleicher-schuell.com ) they are supplied with few data that confirm the 

specificities of their antibodies other than to note cross-reactivity with homologous 

proteins from other species.  The problem is such that Zhu and Snyder (Zhu and Snyder 

2003), as well as Kusnezow and Hoheisel (Kusnezow and Hoheisel 2002) have cited the 

lack of specific protein capture agents as perhaps the most critical obstacle to the further 

development of antibody microarrays.   

While the newer display methods for antibody maturation can produce affinity 

ligands with highly improved specificities (Fermer, Andersson et al. 2004), it is not yet 

clear when the automation of these methods will enable the high-throughput levels that 

will be required to assemble antibody arrays with high proteomic coverage or highly 

multiplexed arrays for molecular diagnostics.  Given the success described above, 

however, in the automation of in vitro selection of anti-protein RNA aptamers, it is useful 

to consider if RNA aptamers are suitable alternatives to antibodies as affinity ligands for 

protein capture microarrays. While aptamers can also demonstrate cross-reactivity, it is 

http://www.clontech.com/
http://www.schleicher-schuell.com/
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typically minimal.  Since aptamers are selected wholly in vitro, their specificities can be 

crafted by the addition of negative selection steps (Geiger, Burgstaller et al. 1996; 

Martell, Nevins et al. 2002; White, Shan et al. 2003).  There are numerous examples of 

aptamers that discriminate strongly between proteins that are greater than 95% similar in 

sequence, or that even differ by only a few amino acids (Conrad, Keranen et al. 1994; 

Hicke, Marion et al. 2001).  Stereoselective aptamers have also been isolated that can 

distinguish between L-tyrosine and D-tyrosine (Mannironi, Scerch et al. 2000).  Also, 

whereas monoclonal antibody production typically requires the carefully controlled and 

cost-intensive fermentation of mammalian cells, aptamers can be readily manufactured 

through chemical synthesis or by via widely-used inexpensive enzymatic reactions such 

as PCR and in vitro transcription.   

 

GOALS OF THIS RESEARCH   

 
In light of the foregoing, my advisor and I chose the development of RNA 

aptamer microarrays for specific protein detection to be the primary goal of my 

dissertation research.  This work began with demonstrations of microarrays spotted with 

RNA anti-lysozyme aptamers that had been previously generated in our laboratory using 

automated in vitro selection methods.  I then advanced high throughput production 

methods for RNA aptamer microarrays that were adapted to equipment originally 

designed for the printing, processing, and analysis of cDNA microarrays for gene 

expression profiling.  Finally, I developed of RNA aptamer microarrays for the specific 

detection of the HIV reverse transcriptase enzyme in complex biological fluids, and to lay 
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the foundation for new class of aptamer-based molecular diagnostics for the rapid and 

inexpensive detection of drug-resistant variants of HIV reverse transcriptases.  
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Chapter 2.  Prototyping and reagents development 

INTRODUCTION 

Early protein capture microarrays 

At the time I began developing RNA aptamer microarrays in January of 2002, 

reports of microarrays being used for the specific detection of proteins in biological fluids 

had only recently begun to appear in the literature.  In 1999, Leuking, et al used a 

modified colony-picking robot to spot lysates from 92 bacterial recombinant protein 

expression clones onto polyvinylidene difluoride (PVDF) filters at high density. They 

then probed the array with monoclonal antibodies to confirm the expression levels of 

recombinant protein from the expression clone in each spot, and to screen the specificities 

of the monoclonal antibodies that they used (Lueking, Horn et al. 1999).  In 2000, 

Macbeath and Schreiber used equipment designed for printing cDNA microarrays to print 

high-density arrays of 3 purified proteins (protein G, p50 from the NFkb complex, and 

FRB) in 40% glycerol onto aldehyde-derivatized glass microscope slides that had been 

coated with bovine serum albumin (BSA) that was the activated with N-hydroxy-

succidimidyl (NHS) ester bifunctional linkers.  The NHS ester groups covalently linked 

the spotted proteins to the BSA monolayer by conjugating to primary amines on each 

protein’s surface. Although the proteins immobilized in this way were expected to be 

bound in random orientations on the slide, they were shown to capture fluorescently 

labeled target proteins (IgG, IkBa, and FKBP12, respectively) with which they were 

known to specifically interact (MacBeath and Schreiber 2000).     
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In early 2001, Haab, Dunham, and Brown created one of the first “antibody 

chips” for the highly parallel quantitation of proteins in complex solutions by arraying 

115 antibodies onto a poly-L-lysine coated glass microscope slide (Haab, Dunham et al. 

2001).  They tested the binding affinity and specificity of the antibodies on the 

microarray using a ratiometric fluorescent detection approach that had been adapted from 

cDNA gene expression profiling methods.  Subsets of the antibodies on the slide were 

probed with mixtures of their respective cognate antigens.  The antigens had been 

covalently labeled with Cy3 fluorescent dye, and then mixed in serial dilutions with a 

reference sample containing fixed concentrations of respective antigens that had been 

labeled with Cy5.  Increasing ratios of Cy3:Cy5 signal strength measured by the 

microarray scanner indicated the capture of increasing concentrations of Cy3-labeled 

antigen protein in a linear, dose-dependent manner.  While some of the antibodies tested 

in this way could detect their target proteins at concentrations as low as 1 ng/ml, only 

20% of the arrayed antibodies could provide specific and accurate measurements of their 

cognate ligands at concentrations of 1.6 µg/ml or less.  The authors were nonetheless 

encouraged, and pointed out that this level of sensitivity would be adequate for detecting 

certain biomarker proteins in biological fluids, such the breast cancer biomarkers c-erbB-

2, CEA, and CA 15.3 that have clinically relevant concentrations that range from 5-35 

µg/ml in patient samples.   

Later in 2001, Knezevic, Krizman, and co-workers (as mentioned in the 

introduction) reported their use of protein capture microarrays composed of 368 

antibodies to examine protein expression in the cancer microenvironment of the oral 
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cavity (Knezevic, Leethanakul et al. 2001).  Using this tool, the authors discovered 

reproducible changes in the relative abundance or phosphorylation state of 11 proteins.   

At about the same time, Sreekumar et al  (Sreekumar, Nyati et al. 2001)  reported their 

production of microarrays spotted with 146 antibodies directed against stress response, 

cell cycle, and apoptosis proteins from LoVo colon carcinoma cells.  They then probed 

the microarrays with fluorescently-labeled cell lysates from untreated LoVo cells and 

from LoVo cells that had been exposed to ionizing radiation.  The relative amounts of 

protein captured by the antibodies on the microarray documented for the first time an 

increase in the expression levels of the proapoptotic protein DFF40/CAD due to 

irradiation of carcinoma cells.  In addition, the microarray provided a holistic, detailed 

depiction of expression levels for other proteins already known to be involved in 

apoptosis, antiapoptosis, and transcriptional regulation in carcinoma cells.  Macbeath 

(MacBeath 2002), however, noted in a later review, that the authors of these studies did 

not attempt to control for unintended cross-reactivity of the antibodies with other cellular 

proteins.  In light of the often cited tendency of antibodies to cross-react with multiple 

intracellular proteins (Haab, Dunham et al. 2001; MacBeath 2002; Zhu and Snyder 

2003), these studies were deemed as interesting tools for discovery but not adequate for 

quantitative analysis. 

 

Early aptamer biosensors 

Between 1990, when the first accounts of in the vitro selection of aptamers were 

published, and 2002 (when I began my development of RNA aptamer microarrays) rapid 
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progress in the in vitro selection of aptamers against a wide range and growing number of 

targets (Lee, Hesselberth et al. 2004) had encouraged the incorporation of aptamers into 

biosensors for the specific detection of analytes in solution. Drolet et al. replaced the 

primary antibody in an enzyme-linked immunosorbent assay (ELISA) for VEGF specific 

quantitation with a fluoresceinated, nuclease-resistant 2'-amino-2'-deoxypyrimidine RNA 

aptamer (Drolet, Moon-McDermott et al. 1996).  The assay was conducted in the 

standard ELISA microplate format, with an anti-VEGF monoclonal antibody used for 

VEGF capture. Secondary detection and signal development was accomplished using an 

anti-fluorescein antibody fragment (Fab) conjugated to alkaline phosphatase. The authors 

demonstrated that sandwich assays that incorporated aptamers could achieve accuracy, 

precision, and specificity performance comparable to standard ELISA analytical 

methods.  Portyrailo, et al., in 1996, conjugated a fluorescein-labeled anti-thrombin DNA 

aptamer via a covalent linkage to silanized glass within a flow cell, and then measured 

the change in fluorescence polarization (anisotropy) in the fluorescein emission signal of 

the aptamer as increasing concentrations of thrombin were passed through the flow cell 

(Potyrailo, Conrad et al. 1998).   The system proved capable of measuring thrombin in 

solution across 3 orders of magnitude, and with a lower limit of detection of 5nM.   In the 

year 2000 Lee and Walt described a fiber optic biosensor in which a DNA anti-thrombin 

aptamer was immobilized onto silanized beads that were then embedded into channels at 

the distal, sensing tip of the of the fiber optic element.  This device could detect 

fluorescein-labeled thrombin in PBS at concentrations as low as 1 nM, and unlabeled 

thrombin (in a competitive assay against fluorescein-labeled thrombin) at concentrations 
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as low as 10 nM. The dynamic ranges of the fiber optic sensor extended from low 

nanomolar to low micromolar concentrations.   

  

Vision and strategy for RNA aptamer microarray development 

My advisor and I formulated our RNA aptamer microarray development strategy 

to lay a foundation for the production of highly multiplexed sensors for proteomics 

research, and for molecular diagnostic applications in diseases with confounding 

phenotypic complexity such as cancer or HIV.  Such microarrays might ultimately be 

comprised of many thousands of RNA aptamers for the specific quantitation of proteins 

in biological samples.  Our envisioned source of de novo RNA aptamers for such chips 

was the automated vitro selection systems that had been developed in our laboratory.  

These liquid-handling workstations could feasibly be operated in parallel in large 

facilities as had been recently done with large suites of DNA sequencing machines for the 

Human Genome Project (Lander, Linton et al. 2001).  The output of each automated 

selection would be a polyclonal pool of DNA templates for high-binding RNA aptamers 

specific for a single antigen that would be cloned into E. coli and then isolated using 

commercially available colony-picking robots.   The resulting individual DNA templates 

would then be sequenced, but would also be directly transcribed in vitro by liquid-

handling robots to produce the individual RNA aptamers in a highly parallel manner.  

The monoclonal aptamers could then be spotted onto microarray chips to rapidly assess 

the binding affinity and specificity of each aptamer clone.  In all, this process would 

comprise a fully automated, end-to-end pipeline for producing specific ligands against 



proteins in a highly parallel manner, in which the rate of production would likely be only 

limited by the rate at which purified proteomic targets could be obtained for in vitro 

selection.  

 

Figure 2.1. Nitrocellulose Filter binding Assays. (A) Concept of the assay. (B) Images of 
nitrocellulose and nylon filters recorder in a phosphorphorous screen 
imager.  Spots on the filters indicate the relative amount of radioactive RNA 
captured. 

 

In the near term, we saw a utility in aptamer microarrays for rapidly screening 

aptamer clone performance that could be immediately exploited prior to realizing their 

envisioned proteomic or molecular diagnostic end uses.  Currently, the prevailing 

technique for assessing aptamer performance – the filter binding assay (Conrad, Keranen 
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et al. 1994) - is a cumbersome  process that employs expensive and hazardous 

radiolabeled RNA (see Figure 2.1-A).  The RNA oligonucleotides to be assayed (as 

members of polyclonal pools or as monoclonal aptamer isolates) are typically first treated 

with a phosphatase to cleave their 5’ terminal triphosphates to leave a monophosphate.   

A kinase enzyme is then used with γ-32P ATP to label the 5’ terminus with a radioactive 

phosphate group.  The radiolabeled RNA is then diluted into the appropriate binding 

buffer and mixed as aliquots with serial dilutions of the target protein.  After allowing 

time for the RNA and target protein to reach a practical binding equilibrium, the mixture 

is applied to a nitrocellulose filter sandwiched above a nylon filter within the blocks of a 

96-well “dot blot” vacuum manifold.  A vacuum is then applied to the manifold to draw 

the buffer in the wells through the filter.  The upper nitrocellulose filter traps the target 

proteins but allows free RNA oligonucleotides to pass through. RNA species that bind 

tightly to the target protein also remain trapped on the upper filter; unbound RNA species 

that may have passed through the upper filter are trapped on the lower nylon filter. A 

high-salt buffer is then passed through the wells to rinse the filters and remove any RNA 

that remains weakly bound to the nitrocellulose filter or to the target protein.  The 

vacuum manifold block is then disassembled, and the radioactive filters are removed and 

dried on a gel-drying apparatus under a vacuum.  After drying, the filters are placed side-

by-side under a phosphorous screen for a few hours to overnight.  The phosphorous 

screen is then read in a phosphoimager device under fluorescent light.  Luminescence 

levels in each spot on the phosphorous screen correspond to the radioactivity emanating 

from each well spot on the filters (see Figure 2.1-B).  By comparing the radioactive 

signal in each spot on the upper filter to the signal that emanated from its respective spot 
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of the lower filter, an inference may be made as to what percentage of the total RNA was 

bound to the target protein at each serial dilution of the analyte.  This information is 

usually presented as a binding curve with the target analyte concentration shown along 

the x-axis and the percentage of bound RNA shown on the y-axis; the concentration of 

target protein where the percentage of bound RNA equals 50% is interpreted as the 

dissociation constant, or Kd.   Published dissociation constants for aptamers that bind to 

proteins are typically in the picomolar to nanomolar range.   

Because filter binding assays for aptamer characterization usually employ three or 

more technical replicate samples across a range of serial dilutions (as shown in Figure 

2.1-B), one is typically limited to fully testing just a few aptamers per 96-well dot blot 

manifold.  Microarrays, on the other hand, can provide much higher levels of throughput.   

As will be described in the next chapter, adhesive dividers can be applied to a printed 

microarray slide that conveniently isolate 16 blocks of microarray spots on a slide into 

wells with 9 mm spacing in register with standard multichannel pipettes or liquid 

handling robots. Within each well there is adequate space to print several hundred 100 

µm microarray spots.  The higher numbers of individual aptamer sequences that can be 

characterized at one time using a microarray approach encouraged us to sample more 

isolated sequences from in vitro selections than had been previously done in the Ellington 

laboratory.  As will be described in later chapters, this extra sampling yielded aptamers 

with interesting properties that might have been otherwise overlooked.    

In developing our RNA aptamer microarrays, we sought a design that would 

function as compatibly as possible with recently established methods for producing, 

processing, and analyzing cDNA microarrays (Cheung, Morley et al. 1999; DeRisi 1999) 
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to take advantage of the growing installed base of equipment and expanding availability 

of commercial supplies intended for gene expression profiling.  Fortunately, our 

colleagues in the Iyer laboratory within the Center for Systems and Synthetic Biology 

graciously made available to us a surplus robotic microarrayer that had been custom built 

for cDNA microarray production according to specifications developed by the Brown 

laboratory at Stanford (DeRisi 1999).  This was, notably, the same kind of contact 

printing, split-steel quill pin arrayer that Haab et al. had recently adapted for the 

production of antibody microarrays (Haab, Dunham et al. 2001).   The refurbishing of 

this arrayer and its adaptation for aptamer microarray production will be described in the 

following chapter on high-throughput methods development.   

       

RESULTS AND DISCUSSION 

Attachment chemistry and choice of microarray slides 

A primary consideration in producing RNA aptamer microarrays was the choice 

of conjugation chemistry for immobilizing the aptamers onto glass microscope slides.  

Poly-L-lysine was at that time (and continues to be) the most commonly used surface 

chemistry on slides used for the production of printed DNA oligonucleotide microarrays.  

In this approach (Figure 2.2), the positively charged lysine groups on the slide surface 

electrostatically bind to the negatively charged phosphodiester backbone on the printed 

DNA oligonucleotides, while leaving their bases accessible for hybridization with the 

fluorescently labeled cDNA in the experimental sample that is applied to the slide.  Initial 

attempts in our laboratory (prior to my arrival) to utilize poly-L-lysine slides for 



immobilizing RNA aptamers, however, had proved unsuccessful.  The likely explanation 

for this was that the electrostatic interactions between phosphate groups on the aptamers 

and the lysine groups on the slide had pulled the aptamers into inactive conformations.   

It therefore appeared necessary, as depicted in Figure 2.2, to tether the aptamers by their 

5’ or 3’ termini with linkers sufficiently long to allow the aptamers to remain folded into 

their active conformations and free from surface interactions that would retard their 

function.  

 

Figure 2.2. A comparison of the active conformation of DNA printed on polylysine sides 
for hybridization capture of cDNA vs. that of 5’ biotinylated RNA aptamers 
printed on streptavidin coated slides for affinity capture of proteins. 
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Aptamers used in biosensors thus far had been produced via chemical synthesis 

with amine-modified terminal nucleotides for covalent immobilization of the 
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oligonucleotides onto a silanized and chemically activated solid support (Potyrailo, 

Conrad et al. 1998; Lee and Walt 2000).  Covalent linking also typically requires the 

complicating use of organic solvents, multi-step chemical reactions,  or labile reagents 

such as succinimidyl esters that are quickly hydrolyzed to inactive forms in aqueous 

solutions (Hermanson 1996).   In the interest of expediency, we decided to modify our 

RNA aptamers to incorporate a 5’ or 3’ terminal biotin that could be linked to a 

streptavidin coated slide. Although the binding of biotin by streptavidin is an affinity 

interaction, it is nonetheless extremely strong, with a dissociation constant of 1.3 x 10-15 

M.  The binding also functions well in wide variety of pH levels, buffer salts, and 

temperatures, and in the presence of detergents and some denaturants (Hermanson 1996).  

Biotin and streptavidin also offer the convenience of being able to remain in aqueous 

solutions for months or longer without losing their activity.  In addition, we knew of at 

least one company, Xenopore, from whom we could obtain streptavidin coated slides so 

that we could bypass development efforts involved with coating the slides ourselves with 

an activated surface.  

I began my experiments by trying to determine what would be the optimum 

concentration of biotinylated aptamers to spot on a streptavidin coated slide.  I obtained 

streptavidin coated slides from Xenopore Corporation (Hawthorne, NJ), who carried the 

slides as catalog item, as well as from Pierce Biotechnology, where they were developing 

prototype microarray slides with various streptavidin formulations.  As a surrogate for 

biotinylated aptamers, I serially diluted fluoresceinated biotin (Molecular Probes, 

Eugene, OR) into a typical RNA aptamer binding buffer (100 mm NaCl, 20 mM Tris HCl 

pH 8.5, and 5 mM MgCl2), and then spotted 1 µl of these mixtures onto each type of slide 



using a multichannel pipette.  The slides were allowed to incubate at room temperature 

for 10 minutes to allow capture of the fluoresceinated biotin to proceed.  The incubation 

was performed within a hydrated chamber to prevent the drying out of the spots that 

would leave fluoresceinated biotin nonspecifically adsorbed to the slides.  The slides 

were then rinsed with 25 ml of selection buffer, and then washed by gentle agitation 

conical tubes for 30 minutes in selection buffer supplemented with NaCl up to 1 M (a 

typical buffer for the washing steps in filter binding assays).  

  

 

Figure 2.3. Testing of streptavidin coated slides with fluoresceinated biotin. 

 

After washing, the streptavidin coated slides were again rinsed with selection 

buffer and then centrifuged dry.  The slides were then examined using a Molecular 
 25
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Dynamics FluorImager laser scanner with an excitation wavelength of 488 nm and a 

longpass filter that allowed light with wavelengths greater than 515 nm to pass through to 

its detection system (image shown in Figure 2.3).  The denser spots on the Pierce slides 

indicated that their coatings accommodated a higher loading of the fluoresceinated biotin 

than did the Xenopore slides.  On the Pierce slides, it appeared that the concentration of 

the fluoresceinated biotin applied to the slide could be increased to between 120 nM and 

1.2 µM before the streptavidin became saturated (indicated by smears of excess 

fluoresceinated biotin around the spots).  Accordingly, I used slides from Pierce for all of 

my further experiments.  Over the following four years, we developed a mutually-

beneficial relationship with Pierce’s research and development team that resulted in our 

receiving streptavidin coated slides at reduced prices in exchange for feedback on the 

performance of their products.  The early batches of slides from Pierce were coated with 

“Streptavidin HBC”, a proprietary high biotin-binding formulation that used recombinant 

streptavidin that had been engineered to allow a tighter packing of the streptavidin per 

surface area. My later experiments employed slides coated with Neutravidin, another 

Pierce formulation wherein the streptavidin is engineered to display a reduced 

glycolylsation, thereby diminishing nonspecific binding to biomolecules. 

 

Hybridization capture of fluorescently labeled oligonucleotides     

Rather than immediately attempting to observe the capture of protein targets by 

RNA aptamers on the microarray, I chose to first, as a control, test the hybridization of a 

Cy3-labeled DNA oligonucleotides to an immobilized biotinylated DNA oligonucleotide 
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using buffers and conditions that would be similar to those that I was planning to use for 

the affinity capture of fluorescently labeled protein.  A 45 nt biotinylated oligo 

(banth.45.5bioTEG – see materials and methods) was diluted into lysozyme selection 

buffer (SB) to a concentration of 20 µM.  A different, 38 nt biotinylated oligo 

(Thromb1_aptcore_5bioTEG) was separately diluted into SB as well.  Each of these 

oligos were then manually spotted 3 times onto each of a series of 4 streptavidin slides 

(as shown in Figure 2.4) using a steel microarray pin that had become too blunt for use on 

the robotic microarrayers.  The slides were then incubated for 2 minutes in a hydrated 

chamber to allow the biotinylated spots to be captured by the streptavidin slide coating, 

and then blocked for 1 hour in selection buffer supplemented with 2.25% (w/v) bovine 

serum albumin (BSA) in SB.  After blocking, the slide was dipped in SB, and then 

centrifuged dry at 1500 rpm for 5 minutes.  A 22 x 25 mm LifterSlip was then placed on 

top of the array spots on each slide.  Meanwhile, a 45 nt Cy3-labeled oligonucleotide 

(banth.45.5Cy3) with a complementary sequence to banth.45.5bioTEG was diluted into 

SB to yield 10-fold serial dilutions from 2 µM to 2 nM.  Each of the four dilutions of 

fluorescently labeled oligo was dispensed in a 20 µl aliquot under the LifterSlip of a 

streptavidin slide.   The four slides were then incubated within a hydrated chamber for 5 

minutes and then washed by gentle agitation in 50 ml of selection buffer supplemented 

with Nacl to 1 M and 0.2% Tween 20 in a conical tube on a rotary shaker.  The slides 

were then centrifuged dry, and then scanned on a Axon 4000B laser microarray scanner 

at the photomultiplier tube (PMT) voltages indicated in Figure 2.4.  As expected, the 

resulting images indicated that, across all four dilutions, a high amount of Cy3-labeled 



oligo had been captured via hybridization by the spots of the oligo with a complementary 

sequence, while no significant hybridization appeared to have occurred in the areas 

spotted with the noncogante control oligos on the slides.   

 

Figure 2.4.  Confirmation of the immobilization of biotinylated oligonucleotides on 
streptavidin coated slides. 

 

In vitro transcription of 5’ biotinylated RNA aptamers  

For my initial experiments in adapting RNA aptamers to function analytically in a 

microarray format, I chose to work with set of aptamer sequences that had been 

previously selected in vitro against hen egg white lysozyme by a senior graduate student 

in our laboratory, Colin Cox, using a Biomek 2000 liquid-handling robot (Cox and 

Ellington 2001).   Lysozyme is an ideal protein for in vitro studies with RNA aptamers 

because it is inexpensive and highly stable, and has a high net positive charge (+8) that 
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facilitates electrostatic binding interactions with aptamers, since oligonucleotides tend to 
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l 

Figure 2.5. DNA template sequences (N30 variable regions) for anti-lysozyme RNA 
aptamers used in initial aptamer microarray trials.  From Cox and Ellington, 

 

Immobilization of the RNA aptamers onto streptavidin slides required that they be 

biotiny

 

ently 

992) 

have net negative charges.  The aptamers from the anti-lysozyme selection had been 

categorized into six sequence families (Figure 2.4) that were isolated from 33 picked 

colonies after cloning of the polyclonal pool of DNA aptamer templates from the fina

round of in vitro selection.  

 

2001. 

lated on their 5’ or 3’ termini.  Large, parallel chemical synthesis of modified 

RNA oligonucleotides however, would have been relatively expensive and difficult to

ultimately scale up to the highly multiplexed microarrays that we envisioned. 

Fortunately, senior graduate students Fang En Lee and Matt Levy had very rec

optimized methods previously reported by Pituelle, et al. (Pitulle, Kleineidam et al. 1

for incorporating 5’ biotinyl-GpG as an initiator dinucleotide during in vitro 

transcriptions with T7 RNA polymerase to produce 5’ biotinylated, RNA 
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oligonucleotides.  With their help, I was able to adapt this approach to enz

produce full-length (including 5’ and 3’ constant regions) RNA aptamers for printing o

streptavidin coated microscope slides.  The in vitro transcriptions were essentially 

identical to conventional methods (see Materials and Methods) except that the GTP

substrate nucleotides were replaced with a 3:2 mixture of biotinyl-GpG and GTP to f

the incorporation biotinyl-GPG during transcription initiation (see Figure 2.6-A).   

Purifications of the reactions were performed is as standard in the Ellington laborato

using denaturing polyacrylamide gel electrophoresis (PAGE), excision of the shadowed 

bands of the desired 80 nt RNA product, overnight elution in Tris-EDTA (TE) buffer, and

then ethanol precipitation.  To determine the degree of biotinylation (the percentage of 

transcripts incorporating a 5’ biotin) aliquots of the purified RNA oligos were 

radiolabeled on their 3’ ends with α-32P dideoxy-ATP using poly-A polymeras

RNA was incubated with streptavidin, and then examined using gel mobility shift assays 

as shown in Figure 2.6-B.  Typically, 25-40% of the RNA aptamers produced using this 

method incorporated the 5’ biotin-GpG.  We later found that biotin-GMP (which was 

easier to synthesize) could be used in place of biotin-GpG with similar results. The tota

yields of RNA oligonucleotide from the biotinylating transcriptions, however, were 

usually quite low, producing only 15-20% of the mass of full-length RNA product th

would be expected from a normal in vitro transcription. 



 

Figure 2.6. Development of biotinylating transcriptions. (A) Illustration showing the 
incorporation of biotinyl-GpG in the 5’ position during in vitro transcription. 
(B) Gel mobility shift assay for measuring the relative amounts of 
biotinylated vs. unbiotinylated RNA produced by in vitro transcriptions with 
biotinyl-GpG. 

  

Fluorescent labeling of target protein 

For detecting the capture of the target protein by the aptamers on the microarray,  

I adapted methods recently published by Haab et al. for the specific capture of 

fluorescently labeled proteins on antibody microarrays (Haab, Dunham et al. 2001) , and 

covalently labeled my target protein, lysozyme, with Cy3, Cy3.5 or Cy5 fluorescent dyes 

(Amersham) equipped with amine-reactive N-hydroxysuccinimidyl ester conjugation 

chemistries.   Cy3 and Cy5 had also been (and continue to be) the most widely-used 

fluorescent reagents used for cDNA microarrays; accordingly, the excitation and 

emission wavelength ranges for these fluorophores were compatible with the lasers and 
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filters of the Axon 4000A and 4000B microarray scanners that were available for me to 

use in the Iyer laboratory.   

Fluorescent labeling of the lysozyme was readily accomplished using pre-

measured vials of the Cy3- and Cy5 NHS-ester dyes and by optimizing the protocol 

suggested by the manufacturer as described in the materials and methods.   Excess dye 

after labeling was removed using standard column desalting methods.  Typically, the 

addition of 1 ml of 0.5 mg/ml of lysozyme in 0.1 NaHCO3 at ph 9.3 to each vial of dye, 

followed by incubation in the dark on a rotator at room temperature for one hour would 

give optimal labeling results, yielding an approximately 1:1 dye:protein molar ratio. 

 

Aptamer immobilization and affinity capture of target protein 

An initial series of expedient, qualitative tests of the ability of one of the anti-

lysozyme aptamers (Clone 1) to capture fluorescently labeled lysozyme was performed 

using a variety of reagent formulations to discover a starting point for further quantitative 

optimization.  A 5’ biotinylated aptamer form of was transcribed in vitro and purified as 

described above.  The aptamer was then diluted into anti-lysozyme selection buffer and 

thermally equilibrated into an active conformation by heating to 70oC for 3 minutes and 

then gradual cooling to 4oC.   The aptamer was then spotted in 1 µl aliquots onto 

streptavidin slides using a manual pipette. A biotinylated anti-thrombin DNA aptamer 

was spotted onto the slide as a negative control.  The slides were incubated for 2 minutes 

at normal room temperature and humidity to allow the biotinylated oligonucleotides to be 

captured by the streptavidin on the slide surface.  Separation of the biotinylated RNA 
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oligonucleotides produced by in vitro transcription from unbiotinylated species prior to 

spotting proved to be unnecessary; unbiotinylated aptamers were simply washed away 

when subsequent blocking, target, and washing buffers were subsequently applied, while 

the biotinylated aptamers remained anchored by the streptavidin throughout the process.   

A blocking procedure needed to be developed that would prevent nonspecific 

binding of the fluorescently labeled protein to the background areas of the streptavidin 

slides, but that also would be compatible with the immobilized RNA aptamers.  Blocking 

substances that were tried over the full course of my development of aptamer microarrays 

included 3% (w/v) bovine serum albumin (BSA), 0.05-1% (v/v) Tween-20, free biotin, 

biotinylated casein, biotin methyl ester, and Roche Western Blocker (a casein-based 

formula).  Surprisingly, 0.1% Tween-20 alone in selection buffer proved to be the most 

effective blocker for fluorescently labeled lysozyme.   

Not knowing what concentrations of fluorescently labeled lysozyme would 

constitute an appropriate dynamic range for testing my nascent aptamer microarrays, I 

looked to the few precedents in the literature at the time (MacBeath and Schreiber 2000; 

Haab, Dunham et al. 2001) and chose 11 µM (158 µg/ml) as an upper limit.  Following 

experimental procedures that I had previously worked out for testing the hybridization 

capture of fluorescently labeled oligos, I pipetted two 0.5 µl spots of 30 µM 

concentration of  biotinylated anti-lysozyme aptamer Clone 1 in SB into the upper half of 

a streptavidin slide, and two 0.5 µl spots of a 30 µM concentration of a biotinylated anti-

thrombin DNA aptamer (Thromb1_apt-core_5BioTEG) in SB into the lower half.   After 

a 10 minute incubation to allow immobilization of the biotinylated oligos, I applied 10 µl 
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of 11 µM Cy 3.5-labeled lysozyme over the spots in the upper and lower halves of the 

slide.  As shown in Figure 2.7-A (see below), this concentration swamped the slide with 

fluorescent protein so thoroughly that no spots could be discerned, even at very low 

scanner PMT settings (300V).   Through an iterative, trial-and-error process, I began to 

see clear spots on the slides (Figures 2.7-B) after I had reduced the concentration of 

biotinylated aptamer (and the control oligo) spotted onto the slides from from 30 uM to 

245 nM, and reduced the target protein concentration to 110 nM (1.58 µg/ml). 



 

 

Figure 2.7. Initial qualitative tests of anti-lysozyme aptamer microarrays. (A) 30 mM of 
biotinylated anti-lysozyme aptamer spotted in upper half of slide, 30 mM of 
a biotinylated anti-thrombin aptamer spotted in lower half; 10 ml of 11 mM 
Cy3.5 labeled lysozyme in selection buffer with 0.5% Tween-20 applied to 
upper and lower halves of slide. (B) 246 nM of biotinylated anti-lysozyme 
aptamer spotted in upper half of slide, 246 nM of a biotinylated anti-
thrombin aptamer spotted in lower half; 10 ml of 110 nM Cy3.5 labeled 
lysozyme in selection buffer with 0.5% Tween-20 applied to upper and 
lower halves of slide.  

 

Initial prototyping of RNA aptamer microarrays using a manual pin-printing 
system 

 
Having established the basic conditions for observing the capture of lysozyme on 

the microarray, I attempted to make quantitative comparisons in binding performance 
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between 3 anti-lysozyme RNA aptamers (clones 1, 3, and 6) from Colin Cox’s previous 

anti-lysozyme selection (Cox and Ellington 2001).  By this time I had begun to 

experimentally process my microarrays within a benchtop plexiglass humidity chamber 

that was built according to my specifications by the Chemistry and Biochemistry 

Department machine shop.  The chamber was equipped with a small, manually controlled 

Vicks personal steam inhaler (Proctor and Gamble, Cincinnati, OH) and a small digital 

hygrometer from VWR International (West Chester, PA) with which I could maintain the 

relative humidity (RH) at 75-85%.  The high humidity environment, as well as the 

addition of glycerol to 5% (v/v) to the printing buffer, improved the signal quality from 

the microarray spots by preventing drying out of the aptamer spots during the biotin 

capture incubation period.   The humidity chamber also prevented the drying of the 

blocking, target, and washing buffers as I applied and removed these solutions to and 

from slides.  Importantly, I had at this point also begun to print my microarrays using a 

32 pin manual microarraying system (Figure 5.8) manufactured by VP Scientific (San 

Diego, CA).  In operation, the pins of the hand-held tool are precisely dipped into a 384 

well plate that is held in register with the tool by a microplate indexing bracket. (Figure 

2.8-A).  Printing buffer in the microplate is adsorbed as drops onto the solid steel pins of 

the pin tool.  The pin tool is then mounted onto a glass slide indexing system (Figure 2.8-

B) and then pressed firmly down to print the spots on the microarray slide.  The glass 

slide indexer is composed of two moveable plates to allow the printing of up to 768 spots 

on a standard microscope slide, at a center to center spacing of 750 microns on the Y axis 

and 1,125 microns in the X axis. The usual diameter of spots printed on my aptamer 

microarrays with this device was about 600 µm.  Cleaning of the pins after printing to 



prevent cross-contamination of the aptamer samples in the microplate was performed on 

a polypropylene wash station (Figure 2.8-C) that provided small basins for 5% bleach, 

distilled water, and isopropyl alcohol for the washing and rapid drying of the pins.  

Drying of the pins was expedited using a hand-held hair dryer. 

 

 

 

Figure 2.8 Hand-held microarray pin-printing system. (A) Manual pin tool and supply 
plate indexing system. (B) Pin tool being applied to the indexing slide 
holder to print spots onto glass microarray slides. (C) Wash station for 
cleaning the pins after the printing of each aptamer sample. 
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DNA templates for anti-lysozyme RNA aptamers clones 1, 3, and 6 (see Figure 

2.5 for sequences), as well as an aliquot form the starting Round Zero DNA pool of 

randomized N30 RNA aptamer templates (Bell, Denu et al. 1998; Cox and Ellington 

2001) were transcribed in vitro in 20 ml reactions and then gel-purified as described in 

the Materials and methods section.  The degree of biotinylation of clone was determined 

in a gel mobility shift assay as described above.  This information was then used to dilute 

each of the RNA aptamers into separate aliquots of lysozyme selection buffer (SB) to 

achieve an effective concentration of 75 nM of biotinylated RNA.  The aptamer samples 

were thermally equilibrated, supplemented with glycerol to 5% (v/v), and then spotted 

onto 24 streptavidin coated slides using the manual, 32-pin arraying system described 

above. Nine adjacent replicate spots were printed for each aptamer sample.  The relative 

size and placement of this array on the slides can be observed in Figure 2.9-A.  The 

humidity was maintained at 75-85% RH during printing and subsequent incubation 

periods and exposures of the slides for blocking and target applications.  The slides were 

incubated for 30 minutes to allow capture of the biotinylated aptamers, and then blocked 

for 1 hour in SBT (SB supplemented with 0.5% (v/v) Tween-20) supplemented with 3% 

(w/v)BSA.  After blocking, the slides were placed in a vertical position for 3 minutes to 

drain off excess buffer. The slides were then laid flat on a sheet of laboratory tissue, and a 

22 x 25 mm LifterSlip was placed on top of the array spots on each slide.  One of 12 

serial dilutions of 5 µM to 10 pM Cy3-labled lysozyme in SBT in a volume of 20 µl was 

gently pipetted under the LifterSlips on each of 12 slides.  Another series of 12 slides 

were treated in the same way with serial dilutions of Cy5-labled lysozyme.  The treated 

slides were then allowed to incubate under high humidity for 20 minutes. 



At the end of the target incubation period, each slide was dipped into SB with 

0.5% Tween-20 to remove the LifterSlip, and then placed within a 50 ml conical tube 

containing 45 ml of SBT.  The tubes were then gently rocked for 5 minutes, after which 

time the buffer in the tubes was exchange with fresh SBT, and then rocked for another 

five minutes.  The 24 slides were then removed from the tubes, placed in racks and 

centrifuged dry, and then scanned on the Axon 4000B scanner at 600V PMT and 100% 

power in both the red and green channels.   

 

Figure 2.9. Manually-printed microarrays of anti-lysozyme RNA aptamers. (A) Close up 
of slide showing size and orientation of arrayed aptamer spots. (B) 
Microarrays that were  printed with anti-lysozyme RNA aptamer clones 1, 3, 
and 6, with the Round 0 pool printed as well to serve as a negative control.  
Upper row: slides probed with a dilution series of Cy3-labeled lysozyme.  
Lower row:  slides probed with a dilution series of Cy5-labeled lysozyme. 
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inding characteristics of anti-lysozyme RNA aptamers on microarray slides 

As shown in images of the series of scanned microarrays in Figure 2.9-B, a dose-

dependent decrease in spot intensity could be observed on the slides across decreasing 

concentrations of treatment with both Cy3- and Cy5-labeled lysozyme.  For each scanned 

microarray, the GenePix Pro 4.0 software that accompanies the 4000B scanner was used 

to statistically analyze the pixel intensities of the spots on each scanned microarray, as 

well as the local background area surrounding each spot.  The data for each scan were 

saved in the GenePix Pro results file format (GPR).  The 24 GPR files were then serially 

uploaded to a MySQL database that I had created on one of the Linux servers in the 

Ellington laboratory.  The database consisted of a “features” table with fields that 

included all of the fields present in the GPR files, and an “experiments” table in which I 

recorded experimental details about each slide that was processed, such as the date, the 

concentration of the target protein(s) that were used, and the type of fluorophore the 

target protein had been labeled with.  Using standard Structured Query Language (SQL) 

commands, I extracted from the database the mean and standard deviation of the median 

background-subtracted intensities (BSIs) of the 9 replicate spots for each of the four 

aptamer samples present on each of the 12 slides in Cy3-Lysozyme dilutions series and 

the 12 slides in the Cy5 dilutions series. These data were then collated and graphed as 

scatter plots in the SigmaPlot 8.0 statistical graphing program, as shown in Figures 2.10-

A and –B, with regression lines drawn through each aptamer’s data series using a 4-

parameter sigmoidal function. 

B



  

 

Figure 2.10.  Binding affinity data for anti-lysozyme RNA aptamers from microarray and 
filter binding assays.  (A) Dilution series for Cy3-labeled lysozyme tested 
on microarrays.  (B) Dilution series for Cy5-labeled lysozyme tested on 
microarrays.  (C) Dilution series filter binding assay for anti-lysozyme 
aptamer Clone 1.  (D) Relative binding affinities of Clone 1 for unlabeled, 
Cy3-labeled, and Cy5 labeled lysozyme (all at 125 nm) in solution as 
measured on a filter binding assay.  
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 In Figure 2.10-A, the dose-dependent rise in BSI with increasing Cy3-lysozyme 

concentrations seen in all three aptamer clones correlates well with the images of the 

microarrays in the Cy3-lysozyme dilution series shown in Figure 2.9-B.  The Round Zero 

pool of random RNA sequences, as expected, showed no increase in signal with 
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increasing target protein concentrations, indicating a very low degree of non-specific 

binding of the Cy3-lysozyme to RNA in general.  Of the three aptamers, Clone 1 showed 

the highest binding affinity to Cy-3 lysozyme.  This result was consistent with the 

original automated anti-lysozyme in vitro selection study (Cox and Ellington 2001) 

wherein Clone 1 had been reported to have the highest binding affinity of all of the clones 

tested.  On the microarray, Clone 1 showed a dynamic range for sensing changes in Cy3-

lysozme concentration that extended from 50 pM (71.5 pg/ml) to 500 nM (715 n/ml).  

This range was as sensitive but of shorter span than the 50 pM to 1 µM range that was 

observed for Clone 1 in a filter binding assay (shown in Figure 2.10-C) that was 

performed by undergraduate research assistant Travis Bayer using radiolabeled RNA and 

native, unlabeled lysozyme.  It should be noted that, at the PMT setting used (600V), the 

upper limit of the Clone 1 dynamic range on the microarray was limited not by an 

apparent kinetic saturation of the RNA oligonucleotides on the slide by Cy3-lysozyme 

molecules, but rather by the saturation of the PMT by the fluorescent output from Cy3-

lysozyme in the Clone 1 spots at the highest concentrations of the assay.   Spot intensities 

of Clones 3 and 6, however, did not reach saturating levels until the Cy3-lysozyme 

concentration was 500 times higher (5 µM).  This suggests, as will be discussed in the 

following chapter, that assembling a microarray with aptamer clones that have a range of 

specific binding affinities for the same target should extend the overall dynamic range of 

the device.  As an alternative, others have offered algorithms for merging microarray 

measurements made at a range of PMT settings into an extended linear scale (Dudley, 

Aach et al. 2002). 
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 The binding affinities of Clones 3 and 6 for Cy3-lysozyme on the microarray 

were much weaker than that of Clone 1; the lower ends of their dynamic ranges began at 

a 1000-fold higher concentration (50 nM) of target protein than that of Clone 1.  Of the 

two, Clone 6 showed somewhat higher signal intensities across this range than did Clone 

3, indicating a higher binding affinity for Cy3-lysozyme.  This was, however, in 

contradiction with in the original automated anti-lysozyme in vitro selection study (Cox 

and Ellington 2001) wherein Clone 3 was observed on a filter binding assay as having 

more than twice the binding affinity for lysozyme than Clone 6.  Surprisingly, as shown 

in Figure 2.1-B, Clone 6 showed no significant binding to Cy5-lysozyme on in the 

microarray at any of the concentrations tested.  Clones 1 and 3, however, did show linear 

signal responses to increases in Cy5-lysozyme concentrations, although this occurred at 

much higher concentrations (50 nM to 1 µM) than the dynamic ranges observed for 

Clone 1 and 3 when probed with Cy3-lysozyme (Figure 2.10-A).    

The differences seen when comparing the performance of Clone 6 on the Cy3-

lysozyme microarrays to that seen on the Cy5-lysozyme microarrays (as well as to the 

previously reported filter binding assay using unlabeled lysozyme) were illuminated by a 

subsequent “single-point” filter binding assay (also performed by Travis Bayer) that 

compared the binding affinities of Clones 1, 3, and 6 for unlabeled lysozyme, Cy3-

lysozyme, and Cy5-lysozyme, all at 125 nM (See Figure 2.10-D).  As in all of the other 

assays, Clone 1 clearly showed the highest binding affinity for the labeled and unlabeled 

lysozymes.  In addition, the rank order and relative strength of binding of the aptamers to 

the unlabeled lysozyme in this assay was nearly identical to the filter assay results 

reported in the original study (Cox and Ellington 2001).  The rank order of binding of the 
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aptamers to Cy3-lysozyme seen on the microarrays was also repeated on the filter assay, 

with Clone 6 showing a 4-fold higher percentage of radiolabeled RNA binding to 125 nM 

Cy3-lysozyme on the filter than did Clone 3, and Clone 6 showing a 3-fold higher BSI on 

a microarray probed with 100 nM Cy3-lysozyme that that shown by Clone 3. 

 Significantly, a comparison of Figures 2.10-B and 2.10-D shows that the 

complete lack of binding by Clone 6 to Cy5-lysozyme seen on the microarrays was also 

apparent on the filter assay.  This suggests that the absence of signals for Clone 6 across 

the Cy5-lysozyme microarray dilution series was more likely due to a physical interaction 

that reduced the binding affinity of Clone 6 for lysozyme labeled with Cy5, rather than an 

aptamer-induced quenching of the fluorescent output of the Cy5 fluorophore(s) attached 

to the lysozyme’s surface. 

 

Fluorophore bias in RNA aptamer binding to labeled lysozymes  

The comparative binding affinities of the anti-lysozyme aptamer Clones 1, 3, and 

6 toward Cy3-lysozyme vs. Cy5-lysozyme were also observed in series of competitive 

binding tests on microarrays.   Five streptavidin slides were printed and processed as in 

the dilution series above, with six spots each of Clone 1, 3, and 6 on each slide. After 

incubation for biotin capture and blocking, the slides were treated with a cross dilution 

series of Cy3- and Cy5-lysozyme from 100 nM to 0 nM with the following Cy3:Cy5 

proportions:  1:0, 3:1, 1:1, 1:3, and 0:3.  After the 20 minute target capture incubation 

period, the slides were washed and dried as above. Prior to scanning, the PMT voltages in 

the red and green channels on the scanner were normalized by comparing the fluorescent 



signal of a streptavidin slide onto which dilution series of Cy3- and Cy5-lysozyme had 

been manually spotted side-by-side in 1 µl aliquots and allowed to dry (Figure 2.11-A). 

After scanning, the GPR files from the 5 slides in the cross-dilution series were uploaded 

to the MySQL database as before, and the data were then statistically transformed and 

graphed as described above. 

 

Figure 2.11. Microarrays tests of ratiometric biases in aptamer binding to Cy3- vs. Cy5-
labeled lysozyme.  (A) Microarray slide with anti-lysozyme RNA aptamer 
samples printed on the right-hand side. A alternating dilution series of Cy3- 
and Cy5-labeled lysozyme was manually spotted onto the slides just before 
scanning (large spots on left-hand side) so that the intrinsic differences in 
quantum yield from the two fluorophores could be normalized.  ( B) 
Microarray images of aptamers probed with a cross-dilution series of Cy3- 
and Cy5-labeled lysozyme. (C) Graphs of the relative fluorescent intensities 
detected in the Cy3 (green trace) and Cy5 (red trace) channels for each 
tested aptamer clone at each ratio in the cross-dilution series.  
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Images of the scanned microarrays from the five competition assays are shown 

Figure 2.11-B, along with corresponding graphs of signal strength for each clone across 

series of slides.  Of the three RNA aptamer clones, Clone 1 appeared to be the most 

evenly balanced in its binding affinity toward Cy3-lysozyme vs. Cy5-lysozyme.  At the 

1:1 ratio of the labeled proteins, Clone 1 showed an approximately 1.4-fold preference 

for Cy5-lysozyme.  This slight bias was nearly identical to the 1.3-fold higher biding 

affinity that Clone 1 showed toward Cy5-lysozyme over Cy3-lysozyme in results from 

the filter binding assay described in Figure 2.10-D.  The preference of Clone 3 for Cy5- 

vs. Cy3-lysozyme was 5-fold on the 1:1 microarray slide, while on the filter assay it was 

somewhat less pronounced at 3-fold.  The signal response of Clone 3 in the red and green 

channels across the series was significantly lower when compared to Clone 1, as it had   

been in the Cy3 and Cy5-lysozyme dilution series described in Figures 2.10-A and –B. 

Clone 6, as had been seen on the previous 12-slide Cy5-lysozyme dilution series and in 

the filter assay, once again showed no observable binding affinity towards Cy5-lysozyme 

on any of the slides throughout the cross dilution series. 

Interestingly, while the Cy5 signals increased an apparently linear rate as the 

Cy3:Cy5 ratio in the treatments increased from 1:0 to 1:3 (Figure 2.11-C), the Cy5 signal 

unexpectedly decreased as the ratio of Cy3:Cy5 reached 0:1.  This could possibly be 

explained by a loss of fluorescence resonance energy transfer (FRET) from the Cy3 

(donor) to Cy5 (acceptor) that may have been occurring when both fluorophores were 

present in the 3 intermediate ratio microarrays.  FRET might also account for the steep 

drop in the Clone 1 Cy3 signal from the 1:0 slide, where no Cy5 was present to possibly 
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draw off fluorescent light energy, to the 3:1 slide, where the significant amount of Cy5 

present could have partially quenched the Cy3 signal. 

 

CONCLUSIONS 

Many basic inferences about the feasibility and nature of the affinity capture of 

fluorescently labeled protein by immobilized RNA oligonucleotides were possible from 

my early work with manually-printed RNA aptamer microarrays.  The most important 

finding was that these microarrays could be successfully fabricated using reagents and 

materials similar to those used with automated steel pin arrayers, and would likely be 

amenable to the higher throughput methods that will be reported in the following chapter.  

When I began my adaptation of RNA aptamers to the microarray format, I was concerned 

that special nuclease-free materials and equipment would be required.   The stability of 

the RNA aptamers, however, was robust even as the increasing complexity of the 

experiments extended the total fabrication, incubation and processing time for the 

microarrays to over four hours at room temperature.  The optimization of the 

biotinylating in vitro transcription reaction was important as well, in that it showed a way 

forward for the highly parallel enzymatic production of modified RNA for 

immobilization on the microarrays.  

The dynamic ranges for protein detection displayed by aptamers on the 

microarray spanned the concentrations of several important cancer biomarkers (Haab, 

Dunham et al. 2001).  It was encouraging to see that the binding characteristics of the 

three aptamers on the microarray were generally in line with what had been previously 



 48

observed in the original report of the automated in vitro selection (Cox and Ellington 

2001).  The close comparison between the microarray results and the subsequent filter 

binding assay reported in this chapter was heartening as well, in that it provided evidence 

that the low signal output from Clone 6 in the red channel across all concentrations of 

Cy5-lysozyme was more likely to be due to steric hindrance of aptamer biding from the 

presence of the fluorophore on the lysozyme, rather than to quenching of the fluorophore 

by the aptamer.  Although the labeling of the target protein provided an immediate, facile 

method for detecting affinity capture on the microarray (as opposed to developing a 

sandwich assay), the near-absolute fluorophore binding bias observed with Clone 6, as 

well as the weaker bias shown by clone 3, indicated that screening of aptamers for these 

kinds of biases will be necessary, especially if are to be used in fluorescent ratiometric 

measurements.    

 

MATERIALS AND METHODS 

Buffers    

Lysozyme selection buffer (SB) was composed of 100 mm NaCl, 20 mM Tris HCl, pH 

7.5, and 5 mM MgCl2.   Blocking and wash buffers consisted of SB supplemented with 

0.1% (v/v) Tween-20 (Sigma).  

Sequences for hybridization tests  

banth.45.5bioTEG 

BIOTEG/GCCTGCGTGGAATCCCTGATTCATTAGAGGTAGAAGGACGCAGGC; 
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banth.45.5Cy3 

CY3/GCCTGCGTCCTTCTACCTCTAATGAATCAGGGATTCCACGCAGGC 

Thromb1_apt-core_5BioTEG 

BIOTEG/AGTCCGTGGTAGGGCAGGTTGGGGTGACT 

Aptamer template amplification and biotinylating in vitro transcriptions 

DNA templates of 100 nt in length for anti-lysozyme RNA aptamer Clones 1, 3, 

and 6 were obtained from Colin Cox from his archive of sequences from a previous in 

vitro selection against hen egg white lysozyme (Cox and Ellington 2001).  The 

randomized N30 double-stranded DNA template pool from which the aptamers had been 

selected (Round 0) has been previously described (Bell, Denu et al. 1998).  The templates 

were amplified via polymerase chain reaction (PCR) and then purified by ethanol 

precipitation. 

  RNA aptamers of 80 nt length with 5’ biotin moieties were transcribed from 

individual DNA templates from each of the aptamer clone families, as well as from 

template mixtures from Round 0 and Round 12 selection libraries.  The 5’ biotinyl-GMP 

was synthesized via standard phosphoramidite chemistry using dmf-G-RNA-CPG, and 

5'-biotin phosphoramidite purchased from Glen Research (Sterling, VA), and then 

purified on a Poly-Pak column (Glen Research).  Biotinylated RNA was produced in 20 

µL in vitro transcriptions using Ampliscribe T7 RNA polymerase from Epicentre 

(Madison, WI).  The reaction mixture contained 500 ng of double-stranded DNA 

template, 5 mM ATP, 5 mM CTP, 5 mM UTP, 2 mM GTP, 3 mM  5’ biotinyl-GMP, 2 

units of T7 RNA polymerase,  and 15 mM of dithiothreitol in a buffer composed of 60 
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mM Tris HCl pH 8.0, 10 mM NaCl, 40 mM MgCl2, and 8.0 mM spermidine.  

Transcriptions were performed at 37oC for 4 hours, followed by treatment with 

Ampliscribe DNase for 30 minutes at 37oC.  The transcribed RNA aptamers were 

purified on 8% polyacrylamide gels in 7M urea and then precipitated with ethanol and 

ammonium acetate.  Purified aptamers were resuspended in water containing 20 units of 

SUPERase-In RNase inhibitor (Ambion, Austin, TX) and stored at -20oC. 

To assess the efficiency of the biotinylating transcriptions, thawed aliquots of 

biotinylated RNA aptamers, as well as unbiotinylated control RNA oligonucleotides, 

were radiolabeled at their 3’ ends with α-32P labeled cordycepin-5’-triphosphate (ddATP) 

from Amersham Biosciences (Amersham, UK) using yeast poly(A) polymerase from 

USB (Cleveland, OH) according to the manufacturer’s protocol.  Biotinylated RNA and 

non-biotinylated RNA controls were incubated separately at 4oC with a 10-fold molar 

excess of streptavidin from Sigma (St. Louis, MO) for 30 minutes and then 

electrophorectically separated in an 8% polyacrylamide gel in 7M urea.  The gel was 

dried and then placed under a phosphorous screen overnight; the screen was read the 

following morning in a Molecular Dynamics Phosphorimager:SI (Amersham 

Biosciences).   The percentage of RNA transcripts incorporating a 5’ biotin was 

determined by dividing the amount of radioactivity from the shifted RNA band by the 

total amount of radioactivity in the lane.   
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Target protein preparation and labeling 

 Crystallized hen egg white lysozyme obtained from Sigma was dissolved in 0.1 

M NaHCO3 pH 9.3 at a concentration of 1 mg/mL.  Aliquots of 1 mL of this solution 

were added to vials of Cy3-N- hydroxysuccinimidyl (NHS) ester and Cy5-NHS ester 

fluorescent dye (Amersham Biosciences), and then rotated slowly in the dark for one 

hour at room temperature to allow coupling of the dye to primary amines on the protein.   

The reaction mixture from each vial was then layered onto a NAP-25 desalting column 

(Amersham) and eluted with phosphate-buffered saline (PBS).  The concentration and 

degree of labeling of the eluted lysozyme in each case was determined by 

spectrophotometry according to the dye manufacturer’s protocol. 
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Chapter 3. Development of high-throughput methods for the production 
and processing of aptamer microarrays 

 

INTRODUCTION 

 
 Having shown that RNA aptamers could retain their functionality when manually 

printed and processed in a manner similar to that used for printed DNA oligo 

microarrays, I sought to adapt them for use with high throughput microarray production, 

experimentation, and analysis systems.   My primary asset for this phase was a surplus, 

early model De Risi robotic arrayer that was graciously made available to me by Dr. 

Vishwanath Iyer.   As before, I was somewhat concerned that the RNA aptamers might 

be degraded after being printed into microspots by the tempered steel, quill-tipped pins 

on the arrayer, because the pins could not be autoclaved or otherwise easily made-

nuclease free.  Also, if degradation or denaturation of the aptamers by the blocking, 

target, or wash reagents and procedures would occur, there would be a much smaller 

margin for the resulting loss of functionality when reading from spots of 100 µm 

diameter than what had been provided by the 600 µm diameter spots that I had printed 

with the manual arrayer.  These concerns, fortunately, were not realized; as recounted 

below, I was able to develop procedures for reliably producing aptamer microarrays 

printed with hundreds of spots, and found that they could sensitively and specifically 

detect target proteins in buffer and cellular lysates at concentrations that spanned several 

orders magnitude.  Work described in this chapter was peer-reviewed and published in 
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the journals Analytical Biochemistry and Methods (Collett, Cho et al. 2005; Collett, Cho 

et al. 2005).  

   

RESULTS AND DISCUSSION  

Higher throughput methods for amplification, in vitro transcription and 
purification of biotinylated RNA aptamers 

 
 Producing microarrays printed with more than just a few different aptamers 

required adapting my reagents, reactions, and purifications for the enzymatic synthesis of 

biotinylated RNA to a microplate format that could be used with hand-held multichannel 

pipettes.  Moreover, adapting the procedures to microplates was seen as essential for 

demonstrating that the production of RNA aptamer microarray reagents could  be 

eventually transferred to liquid handling robots. 

 For this phase of my project, I wanted to continue using inexpensive and robust 

hen egg white lysozyme as a target analyte, but with a more diverse set of aptamer 

species on the microarray beyond the six sequences that Colin Cox had isolated in his 

previous automated in vitro selection of anti-lysozyme RNA aptamers (Cox and Ellington 

2001).  I therefore procured from Mr. Cox the archived, Round 12 polyclonal pool from 

his selection that contained the DNA templates of the final, enriched library of high-

binding RNA aptamers that had resulted from his selection.   With the assistance of 

undergraduate research assistants Christine Wan and Allysia Matthews, an aliquot of 

DNA from the Round 12 pool was cloned into E. coli for sequencing using standard 

methods.  From 96 picked colonies, 80 readable sequences were obtained.  The 30 
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nucleotide (N30) variable regions of the aptamers were extracted from the sequence reads 

using the Aptabench program written by undergraduate research assistant Michael 

Hoffman. Aptabench uses a local implementation of the BLAST algorithm (Altschul, 

Gish et al. 1990) to search the sense and antisense strands of the sequences to find the 

N30 constant primer regions, and then writes the intervening variable regions to a web-

enabled MySQL database.  20 unique aptamer species were found among the 80 readable 

sequences. These 20 sequences were then uploaded to the MEME (Bailey and Elkan 

1994) server at the San Diego Supercomputer Center (meme.sdsc.edu) which sorted the 

sequences into 14 families (shown in Figure 3.1) based on shared sequence motifs.  

Among the 80 readable sequences in the present study, representatives of all of the 6 

sequence families (Clones 1-6) that had been found among the 33 picked colonies in the 

original in vitro selection study were recovered in our second cloning and sequencing of 

the Round 12 pool,  along with 8 new sequences (Clones 7-14).   All of the new 

sequences were found as single isolates of among the 80 picked colonies except for Clone 

8, which was found 3 times.   



 

Figure 3.1. Sequences of anti-lysozyme RNA aptamers isolated from the Round 12 pool 
of an automated in vitro selection against lysozyme.   

 The 80 DNA templates that had been isolated from the Round 12 pool, as well as 

the Round 12 pool itself and the Round Zero randomized N30 pool from the original in 

vitro selection were amplified using 41.30 and 24.30 primers (Bell, Denu et al. 1998) and 

standard PCR methods.  Purification of the PCR products was effected using Millipore 

Multiscreen FB bind-and-elute plates; these were found to yield superior templates for 

subsequent in vitro transcription reactions when compared to Mutliscreenµ96 sequencing 

cleanup plates that relied on agitation and mechanical filtration for purification.  The 

resulting 100 nt dsDNA templates were then inspected on a 96-well Invitrogen (Carlsbad, 

CA) E-gel cartiridge (Figure 3.2-A).  Each E-gel cartridge houses a 2% agarose gel 
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impregnated with ethidium bromide and has electrodes that plug into a power control 

module for running the gels.  On the upper side of the cartridge are 96 sample-loading 

ports that are spaced in standard register with multichannel pippetors and liquid-handling 

workstations.  The E-gels used here were read on a UV transilluminator (FBTIV-88, 

Fisher Scientific) equipped with a Kodak EDAS 290 gel imaging systems (New Haven, 

CT).     

 

Figure 3.2. 96-well agarose gel cartridges for high-throughput inspection of DNA and 
RNA oligonucleotides. (A) Invitrogen E-gel 96 cartridge containing 2% 
agarose impregnated with ethidium bromide.  Image shows amplified 100 nt 
DNA templates for RNA aptamers. (B) RNA aptamer oligonucleotides of 80 
nt length imaged on the 2% agarose E-gel 96 cartridge. (C) Gel mobility 
shift assays to observe the proportion of RNA transcripts that incorporated 
biotinyyl-GMP in their 5’ positions.  (D) Image of an E-gel cartridge loaded 
into its power supply base. 
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Representatives of each the 20 unique DNA sequence for the RNA anti-lysozyme 

aptamers were used as templates for the in vitro transcription of 5’ biotinylated, 80 nt 

RNA aptamers as described in Chapter 2.  Megaclear-96 bind-and-elute filter plate kits 

from Ambion (Austin, TX) were then used to purify the transcribed RNA products in a 

high-throughput manner.   Because the length of the 80-mer N30 aptamer transcripts was 

at the low end of the range specified by the filter plate’s manufacturer, I increased the 

amount of ethanol used in the binding buffer from the recommended 50 µL to 70 µL to 

enhance binding of the transcripts to the filter membrane.  In addition, I eluted the 

purified RNA from the membrane with nuclease-free water instead of the elution solution 

supplied with the kit to preclude the possibility that EDTA (contained in the elution 

solution) might interfere with the divalent cations needed to fold aptamers into their 

active conformations. The purity of the RNA produced and purified in this high 

throughput manner could be conveniently assessed using the 96-well agarose E-gel 

cartridges described above (Figure 3.2-B).  Superase-in nuclease inhibitor (Ambion) was 

routinely added to the purified RNA aptamers, which were then stored at -20oC until used 

for spotting onto microarrays.    

As described before in Chapter 2, 20-40% of RNA aptamer transcripts typically 

incorporated a biotinyl-GMP in their 5’ as indicated by mobility shift assays on 

denaturing polyacrylamide gel electrophoresis (PAGE) using radiolabeled RNA.   It soon 

became evident, however, that confirming the degree of biotinylation for each transcript 

using PAGE would not scale up for high throughput rates of aptamer production.  As an 

alternative, I found that SYBR Gold nucleic acid stain could be used to read the shift in 
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RNA bands on the polyacrylamide gels, thereby eliminating the need for radiolabeled 

RNA.  An even more convenient alternative was discovered when I found that I could 

detect the RNA band shift using the 96-well agarose E-gel cartridges described above 

(see Figure 3.2-C).  The tradeoff with this approach, however, was that the resolution was 

lower than on PAGE, so the E-gels could only be used to qualitatively assess the degree 

of biotinylation.  With experience, this level of resolution proved be adequate for 

preparing aliquots of RNA that were adequately biotinylated for microarray spotting    

 

Automated microarrayer refurbishment 

 The DeRisi automated arrayer that I obtained from Dr. Iyer (Figure 3.3) had been 

custom built here at the ICMB according to open-source specifications that had been 

published Dr. Patrick Brown’s lab at Stanford University (DeRisi 1999).  The X, Y, and 

Z robotic rails (Parker Automation) on the arrayer were actuated by a screw-drive 

mechanism, whereas the newer De Risi arrayers in Dr. Iyer’s laboratory have 

magnetically levitated and driven rails for faster and smoother travel of the printhead.  

Certain parts from the screw-drive arrayer had been removed to equip the new arrayers.  

Accordingly, to bring the older arrayer back into service, I ordered and installed onto it 

the following equipment: a new 32 pin print pin holder from Die-tech (San Jose, CA); 32 

MicroQuill 2000 stainless steel split-tip arrayer pins (Majer Precision Engineering, 

Tempe, AZ); a vacuum drying station for the arrayer pins (Die-Tech, San Jose, CA), a 

GAST vacuum pump, model DOA-P704-AA (Benton Harbor, Michigan), and a Branson 

2000 Ultrasonic Cleaner (McMaster Supply).  



  

Figure 3.3. DeRisi automated arrayer that was used to RNA aptamer microarrays with 
spots of  100 µm in diameter.  

 The reassembled arrayer was controlled by its original Dell Optiplex computer 

running Microsoft Windows 98 and version 2.4 of the ArrayMaker open-source 

controller software that was written by Dr. Joseph DeRisi (see 

http://derisilab.ucsf.edu/arraymaker.shtml for updated versions of the software and 

printing manual).   Once in operation, the arrayer operated flawlessly throughout my 

years of work with it.  I am thankful to Dr. Iyer, Jonathon Davis, and Kerry Keiger for 

devoting their time in training me on the proper use of the DeRisi Arrayer. 

 The optimized printing conditions developed in Chapter 2 required that the 

aptamer microarrays be spotted at 75-85% RH.  I therefore constructed a 2 m x 2 m x 2.3 
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m tall chamber to completely enclose the arrayer (Figure 3.4), and installed within it a 

digitally controlled humidifier (further details in Materials and methods).   

 

Figure 3.4. Environmental chamber that was built to house the DeRisi arrayer to control 
the relative humidity during microarray printing. 

  

Microarray slide incubation chambers 

 
 The DeRisi arrayer had been designed to print genomic microarrays composed of 

tens of thousands of spots are printed onto a slide.  Such microarrays are typically treated 

with a single experimental solution that contiguously covers the entire surface of the 

slide.  My initial aptamer microarrays, however, were printed with only 2-4 blocks of 100 
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to 200 spots that covered only a small portion of the slide.  Furthermore, I had found that 

it was necessary to keep the aptamers hydrated throughout my experimental procedures 

to achieve a reproducible quality of results.  I therefore tried out a variety of products  for 

partitioning and enclosing the arrays on each slide.   

Initially, I drew a “buffer corral” around each array with a PAP pen (Bioindustrial 

Products, San Antonio, TX)  that applied an inert, hydrophobic substance in a line on the 

slide.  Although this method kept my arrays hydrated, the irregular shapes of the corrals 

that I unavoidably drew made it difficult to apply the treatment solutions to the 

microarrays in a controlled manner that minimized technical variation between 

experiments.   

The adhesive Coverwell perfusion chambers (Grace Bio-Labs, Bend, OR)  were 

an improvement, and were used for the majority of the results reported in this section.  

The Coverwell chambers did not leak, but the strong adhesive they employed made them 

difficult to remove so that the slides could be washed, dried and scanned.  Furthermore, 

because of their size and shape only 2-3 chambers could be used on each slide, and these 

had to be individually treated, thereby limiting the throughput in processing my array 

experiments.  The Coverwell chambers were nonetheless adequate for the performing the 

experiments described in this chapter, and sufficed until I devised methods for the DeRisi 

arrayer to print two columns of 8 blocks on each slide to allow processing of the slides 

with multichannel pipettes and liquid-handling workstations, as I will described in the 

following chapter.   
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Printing and processing of RNA aptamer microarrays 

 To demonstrate the transition of my manual aptamer microarray production 

methods to high-throughput automated arraying systems, I printed a series of streptavidin 

coated slides with 26 aptamer samples, and then probed them with a dilution series of 

Cy3-labled lysozyme.   The samples included the 14 unique biotinylated anti-lysozyme 

RNA aptamers that had been isolated from the Round 12 pool as described above, as well 

as samples from the polyclonal Round 0 and Round 12 pools of the original in vitro 

selection.   The samples also included several biochemical replicates of some of the 14 

aptamers that had been isolated from colony clones, amplified, and transcribed in parallel 

with the others. These served as controls to detect potential variations in the quality of my 

enzymatic synthesis of the aptamers. 

 Immediately prior to printing, the biotinylated aptamer RNA samples were 

retrieved from storage at -20oC, thawed on ice, and then individually diluted into 40 µl of 

1X selection buffer (SB - 100 nM NaCl, 5 mM MgCl2) within the wells of  a 96-well 

PCR microplate to achieve an effective concentration 500 nM of biotinylated RNA in 1X 

SB per well.  The aptamers were heated in a thermalcylcer to 70oC and then cooled at 

0.1o/second to equilibrate them in their active conformations. Due to the high salt content 

of the SB buffer used for spotting, glycerol to 5% (v/v) was added as an anti-desiccant to 

maintain the aptamers in their active conformations during the incubation time required 

for the capture of the biotinylated RNA by the streptavidin coating on the slides.   

Although buffers with up to 40% glycerol have been used by others to prevent the drying 

out and denaturing of proteins printed onto microarrays (MacBeath and Schreiber 2000; 
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Pavlickova, Schneider et al. 2004), I found that the viscosity of high-glycerol buffers 

impeded the streptavidin’s capture of the biotinylated aptamers, and led to smearing of 

the spots (comet tails) when the microarrays were subsequently treated with blocking and 

target buffers.  Raising the humidity to this high level allowed us to reduce the glycerol to 

a minimum.  Completely eliminating the glycerol, however, caused the spots to flatten 

out under high humidity into irregular shapes.  

8 µl of each aptamer sample were then transferred as replicates to adjacent wells 

in a 384-well microarray printing reservoir plate (Genetix).  The plate was then placed 

onto the DeRisi arrayer, which was then used to print ten replicate spots in 26 rows 

divided into two blocks  onto 14 streptavidin coated slides.   The microarrays were then 

incubated at high humidity for 30 minutes to allow the biotinylated aptamers to be fully 

captured by the streptavidin slide coating.  Next, the spotted area of each microarray was 

covered with a Coverwell perfusion chamber in preparation for application of the 

blocking and target buffers.  The microarray slides were blocked for one hour at room 

temperature with SBT buffer (100 µL of SB with 0.1% Tween-20 added).  As before, we 

found that there was no need to remove unbiotinylated transcripts in the aptamer samples 

prior to spotting, as these were simply washed away when the slide was subsequently 

inundated with blocking buffer.  After blocking, the last two slides in the print run were 

treated with the fluorescent nucleotide stain SYBR 555  as positive controls to confirm 

that the RNA had been immobilized in each spot on the microarrays.   

The experimental slides printed with anti-lysozyme aptamers were probed for 30 

minutes with 100 µL of solutions of target protein (at different concentrations) in SBT 
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buffer.  The target protein (lysozyme) was labeled with either Cy3 or Cy5 fluorescent 

dyes.  Following treatment with target solution, the slides were individually washed in 

SBT buffer with gentle agitation, and centrifuged dry.  The slides were scanned on a 

microarray scanner with the photomultiplier tube (PMT) voltage set at 600V in both the 

green (Cy3) and red (Cy5) channels and with the laser power set at 100% in both 

channels. 

 

Results of affinity capture of fluorescently labeled lysozyme on high density RNA 

aptamer microarrays 

As shown in Figure 3.5, biotinylated anti-lysozyme RNA aptamers spotted on 

microarray slides using the automated arrayer retained their ability to bind and capture 

lysozyme.  To test the signal responses and lower limits of detection of the aptamers, ten 

identically-spotted microarray slides were each treated with Cy3-lysozyme in selection 

buffer, at concentrations ranging from 7 fM (100 fg/ml) to 7 µM (100 µg/ml).  All of the 

aptamer clone samples, as well as the Round 12 affinity-enriched pool, 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 2 or more consecutive orders of magnitude of 

lysozyme concentration.  The dynamic ranges of a representative selection of the aptamer 

clones are shown in Figure 3.6.    The best SNR among all aptamers across all 

concentrations was shown by Clone 7 at  700 pM (10 ng/ml) of Cy3-lysozyme, with a 

mean SNR of 78 (standard deviation = 5.7). 

 



  

Figure 3.5. Images of anti-lysozyme RNA aptamer microarrays printed on the DeRisi 
arrayer.  (A) Microarray treated with 70 nM Cy3-labeled lysozyme. (B) 
Positive control microarray stained with SYBR 555 fluorescent dye.  

 

The overlapping linear dynamic ranges of the aptamers spanned seven orders of 

magnitude from 700 fM (10 pg/m) to 7 uM (100 µg/ml), as shown in Figure 3.6.  The 

polyclonal aptamer transcript samples from the Round 12 library also had a broad linear 

response range that covered 3 orders of magnitude, from 1 ng/mL to 1 µg/mL.  This 

suggested that the enriched polyclonal mixtures of aptamer templates recovered at the 
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end of an in vitro selection may in some cases be adequate for immediate use on protein 

detection microarrays without requiring the isolation and characterization of individual 

aptamer clones.  Chips spotted with multiple aptamers or pools that have different 

affinities for the same target may be useful for quantitating analytes in biological fluids 

across a wide range of concentrations, as has also been suggested for antibody 

microarrays(Mitchell 2002). 

 

Figure 3.6. Dynamic ranges of RNA aptamers detecting Cy3-labeled lysozyme on the 
microarray. 

 

Interestingly, the Round 12 pool had the lowest limit of detection (LOD) at 7 fM 

(1 pg/ml), while Clones 2 and 7 had LLD values of 70 fM (10 pg/ml).  The sensitivity of 
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Clone 7 was especially surprising, given that this clone comprised only 1 of the 80 

aptamers that were isolated from the Round 12 affinity-enriched library (Cox and 

Ellington 2001).  In contrast, the somewhat less sensitive Clone 1 was identified 36 times 

among the 80 isolated clones.    The LOD values for many of the aptamers tested were 

comparable to those reported for immobilized antibodies in other biosensor assays or 

microarrays (Pavlickova, Schneider et al. 2004).   

In some instances, different templates representing the same aptamer clone had 

been transcribed in separate reactions and spotted on separate rows of the microarray.  

These replicate samples for aptamer Clone 2 (Figure 3.7) displayed very similar 

affinities, sensitivities, and dynamic ranges for Cy3-lysozyme, as did samples for Clone 

2,  3, and 5 (data not shown).  This suggested that the high-throughput and highly parallel 

methods used here for preparing, spotting, and normalizing biotinylated RNA aptamer 

chips should largely avoid variations that might otherwise significantly compromise 

direct comparisons of aptamer binding in a microarray format.  



 

Figure 3.7. Comparison of dynamic ranges of biochemical replicates of anti-lysozyme 
RNA aptamer Clone 2 detecting Cy3-labeled lysozyme on the microarray. 

 

Dye conjugation to proteins biases aptamer binding    

Two-color labeling strategies have been used with gene expression microarrays to 

measure statistically significant changes in expression patterns between control and 

experimental samples.  While such strategies should also prove useful for protein 

detection microarrays, experience with cDNA and antibody microarrays has shown that 

microarray results can be systematically biased by the fluorophore used in each of the 

two channels of an experiment (Jin, Riley et al. 2001; Miller, Zhou et al. 2003).  I 

therefore attempted to determine whether the anti-lysozyme aptamers would also show a 
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dye bias by treating an aptamer microarray with a mixture of 500 ng/mL Cy3-labeled 

lysozyme and 500 ng/mL Cy5-labeled lysozyme. 

   

 

Figure 3.8. Fluorophore biases in RNA aptamer binding to protein. (A) Signal profiles for 
clones 1, 2, and 3 as sampled from the microarray image in the upper left 
corner. Green trace indicates Cy3-lysozyme signal; red trace indicates Cy5-
lysozyme signal. (B) Cy3/Cy5 ratios of fluorophore bias for RNA aptamers 
binding fluorescently labeled lysozyme. 

 
As shown in Figure 3.8,  the aptamers showed a wide range of bias in their 

binding affinities for Cy3- vs. Cy5-labled lysozyme.  Clone 1 demonstrated virtually no 

bias toward either fluorophore.  Clones 3 and 14 had, respectively, 2- and 3.3-fold biases 

toward Cy5-lysozyme, while Clones 5, 6, 7, and 9 had 1.6- to 9.5-fold biases toward 

Cy3-lysozyme; Clone 2, however, had a 42-fold bias toward Cy3-lysozyme.  The 

extreme bias towards Cy3-lysozyme shown by Clone 2 is somewhat remarkable as the 
 69
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Cy3 and Cy5 fluorophores are nearly identical in structure, differing only by the presence 

of 2 extra carbons in Cy5 that link the bicyclic ring structures.  These biases indicate that, 

as has been the case for DNA and antibody microarrays, researchers must proof their 

reagents prior to gathering and interpreting two-color microarray data for protein 

detection.  One advantage of using aptamers in microarrays is that a multitude of aptamer 

families typically result from any selection experiment, providing many opportunities to 

identify species whose binding is not excessively skewed due to dye conjugation.  

 

Aptamer microarrays can be used with cell lysate  

A T-4 lymphoblastoid cell lysate with a protein concentration of 1 µg/mL was 

labeled with Cy5 and mixed with Cy3-labeled lysozyme in order to determine the 

specificity of protein capture by aptamers immobilized on the microarrays.  As shown in 

Figure 3.9, the aptamers displayed linear responses to Cy3-labeled lysozyme even in the 

presence of competing intracellular proteins.  In contrast, the aptamers did not bind to the 

cell lysate proteins; all of these aptamers had Cy5 signals that were lower than 

background.   



 

Figure 3.9. Binding specificity of RNA aptamers in the presence of competing 
lymphocyte cell lysate. (A) Images of aptamer Clone 1 binding to Cy3-
labeled lysozyme in serial dilutions of 1 µg/ml to 100 pg/ml in a mixture 
with Cy5-labeled cell lysate that was maintained at a constant concentration 
of 1 µg/ml. (B) Graph of anti-lysozyme aptamers maintaining a dos-
dependent response in binding to Cy3-lysozyme in the presence of Cy5-
labled cell lysate at a constant concentration of  1 µg/ml.  
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The microarray spot images in Figure 3.9 show that Clone 1 could detect Cy3-

lysozyme at concentrations as low as 100 pg/mL in the presence of a 10,000-fold higher 

background (w/w) of Cy5-labeled cell lysate protein.  Although the potential degradation 

of immobilized RNA aptamers by nucleases is obviously a concern when working with 

cell lysates, the arrays showed no diminution in performance even after incubation in cell 

extract for 30 minutes at room temperature. 

 

Optimization of multiplex detection of proteins on microarrays  

To be useful for systems biology research, future embodiments of high density 

aptamer microarrays would be expected to contain aptamers the absolute and specific 

detection of a wide variety of proteins  My colleague Dr. Eun Jeong Cho, assisted by Dr. 

Ania Szfranska, and I tested an ensemble of biotinylated RNA and DNA aptamers printed 

together in microarrays on streptavidin slides to determine if we could simultaneously 

detect multiple proteins in biological fluids.  The aptamers were taken from previously 

published in vitro selections performed by our lab and others, and included RNA 

aptamers specific for lysozyme (Cox and Ellington 2001), and ricin-A chain 

(Hesselberth, Miller et al. 2000), as well as single-stranded (ss)DNA aptamers specific 

for thrombin(Bock, Griffin et al. 1992), IgE(Wiegand, Williams et al. 1996), and basic 

fibroblast growth factor (bFGF)(Jellinek, Lynott et al. 1993).  All of the aptamers had 

been originally selected using different buffers and incubation conditions. By exploring a 

matrix of buffer compositions, a common buffer (PBS supplemented MgCl2 and 0.1% 

Tween-20) was found that supported robust affinity capture for all the aptamers, with 
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limits of detection of 72 pg/mL (5 pM) for lysozyme, 15 ng/mL (0.5 nM) for ricin, 1.9 

ng/mL (0.01 nM) These results were peer-reviewed and published in the journals 

Methods and Analytica Chimica Acta (Cho, Collett et al. 2006). 

 

Investigation of background fluorescence within spots on RNA aptamer arrays 

In January-February 2005, while I was training fellow graduate student Gwen 

Stovall to produce and process aptamer microarrays, some of the foregoing experiments 

were repeated using a subset of the anti-lysozyme RNA aptamers described above.   My 

advisor, Dr Ellington, noticed that the scanned images of the microarrays that we were 

now producing showed a much lower fluorescent signal from Clone 7 relative to the other 

the aptamers on the arrays (see Figure 3.10) than we had seen in the previous 

experiments.  At that time of those experiments (April, 2004), the strikingly high affinity 

Clone 7 showed for Cy3-labled lysozyme was surprising, but it was observed in two 

different microarray experiments performed ten days apart (4/12/04 and 4/22/04).  The 

two new experiments showing diminished Clone 7 performance were performed 

independently; one by me while training Ms. Stovall, using new biotinylated RNA that I 

had transcribed and stored frozen on 10/26/04; and one performed in my absence on 

2/16/06 by Ms Stovall using biotinylated RNA that had been prepared by our fellow 

graduate student Fang En Lee on 2/11/06.  The new experiments used fresh crystalline 

lysozyme that had been recently labeled with Cy3-NHS ester with a resulting degree of 

labeling of 71% whereas the previous Cy3-labeled lysozyme that I was using in April 

2004 had had a degree of labeling of 83%.  Accordingly, there were no apparent 



significant differences in reagents that could immediately account for the differences in 

Clone 7 performance. 

 

 

Figure 3.10. Microarray experiments showing RNA aptamers capturing Cy3-labeled 
lysozyme performed on 4 different dates. (A) 4/12/04 experiment using 100 
nM Cy3-lysozyme. (B) 4/22/04 experiment using 70 nM Cy3-lysozyme.  
(C) 1/31/05 experiment using 7 nM Cy3- lysozyme. (D) 2/16/05 experiment 
using 70 nM Cy3- lysozyme.  

 

I reexamined the images from the 4/12/04 and 4/22/04 experiments, trying to 

determine if there was some other agent that would cause Clone 7 to autofluoresce at 550 

nm and thereby generate occult signal strength in the Cy3 (green) channel.  I recalled that 

on 4/12/04 I had done a microarray test of the aptamers using 100 nM (1.43 µg/ml) Cy5-

lysozyme as the target analyte, but had scanned the slide with the Axon 4000B scanner 

set to excite and read in both the Cy3 and Cy5 channels simultaneously (532 nm and 635 
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nm lasers set at 100%, with the PMT voltage at 600 in both 500 nm and 670 nm detection 

channels) even though, at the time, I had only been interested in the Cy5 channel signal 

shown in Figure 3.11-A.    I had routinely scanned my slides using both channels in this 

way (regardless of which fluorophores I had applied to a chip) in order to keep the 

structure of the data output files from the scanner congruent with the 2-channel structure 

of the table that I had created in MySQL to manage my microarray data. 

 

Figure 3.11. Detection of within-spot background fluorescence.  (A) Cy5 channel image 
of a microarray treated with 100 nM Cy5-labeled lysozyme. (B) Cy5/Cy3 
ratio channel image of the same microarray shown in image A. (C) Cy3 
channel image of the same microarray as shown in image A.  

When I looked at the Cy5/Cy3 ratio and Cy3 only channel images of the 4/12/04 

slide that had been treated with only Cy5 lysozyme (Figures3.11-B and –C), I found - to 

my surprise - that Clone 7 had emitted a very strong signal in the Cy3 channel, even 

though there had been no Cy3-lysozyme present in the target solution that I had applied 
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to the slide.  By raising the brightness and contrast in GenePix Pro to 100%, I could 

discern fainter but definite fluorescence emitting from several other clones as well.   

 

Figure 3.12.  Graph of Cy3 channel BSI values for RNA aptamers on a microarray 
treated with 100 nM Cy5-labeled lysozyme only. 

 

Statistical analysis (Figure 3.12, above) of the 4/12/04 slide images shown in 

Figure 3.11 revealed that the ten replicate spots of Clone 7 had a mean Cy3 channel 

background-subtracted intensity of 4184.3, which was more than eight times higher than 

the next highest aptamer in the Cy3 channel.  Variation between the 10 replicate spots 

printed for each of the aptamer samples appeared low, indicating that the fluorescence 

was sample-specific. Moreover, the similarity of the BSI values for aptamer biochemical 
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replicates (i.e. Clones 3.1, 3.2, and 3.3) suggested that the anomalous green fluorescence 

was associated with particular sequences.  Six other aptamer samples besides Clone 7 had 

Cy3 channel SNRs greater than 3 (Figure 3.13), indicating that the observed phenomenon 

was probably not simply due to a fluorescent contaminant being present in Clone 7 alone.   

 

 

Figure 3.13. Signal-to-noise ratios for RNA aptamers on a microarray treated with 100 
nM Cy5-labeled lysozyme only.  

   

A literature search on PubMed using the terms “microarray” and 

“autofluorescence” turned up reports from authors at Sandia National Laboratory that 

documented examples of within-spot background fluorescence DNA oligonucleotide 

microarray slides for ratiometric analyses of gene expression. (Martinez, Aragon et al. 

2003; Sinclair, Timlin et al. 2004; Timlin, Haaland et al. 2005).  Their investigations 

were conducted uses a novel “hyperspectral” microarray scanner.  This device excites the 

microarray surface with a narrow wavelength range of light as commercially–produced 

scanners typically do, but instead of collecting only the expected emissions for a given 

fluorphore using a bandpass filter,  it samples the emitted fluorescence from the slide 

over wavelengths ranging from 540 to 745 nm.   This allowed the authors to extract pure-

component spectra for of all fluorescence-emitting species and generate independent 
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concentration maps that show the locations and concentration of each fluorescent species 

on the microarray.  

 With their novel scanner, the Sandia team inspected DNA hybridization slides 

manufactured by 9 different commercial and academic laboratories, and found that 

within-spot background fluorescence (that they termed “contaminating fluorescence) was 

actually quite common.  They proposed that controlling for contaminating fluorescence 

with hyperspectral scanning should significantly improve the reproducibility of 

microarray studies.  Their latest report directly compared the performance of their 

hyperspectral scanner with that of an Axon 4000B scanner and presented data on how 

ratiometric microarray studies may be confounded by contaminating fluorescence 

(Timlin, Haaland et al. 2005).  They found that such fluorescence is often skewed toward 

the green (Cy3) channel, and can account for the highly variable data low-intensity data 

recorded in many microarray studies.  The authors also analyzed instances of dye 

separation within spots and background emission anomalies as well.   

The Sandia group offered few detailed speculations as to what typically causes 

contaminating fluorescence; examples discussed in their studies suggested, for the most 

part, extrinsic, technical sources rather than anything perhaps related to specific 

interactions between oligonucleotides printed on the DNA microarrays and the 

fluorophores conjugated to their biomolecular targets.  There has been, however, at least 

one example reported of an RNA aptamer that increases the quantum yield from its target 

fluorophore (malachite green) by 2000-fold upon binding.  Interestingly, Cy3 and Cy5 

molecules have nearly identical heterobicyclic ring structures that differ only by Cy5 

having two additional carbons in the central carbon chain linker region   One can 
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therefore imagine an interaction between a highly structured nucleic acid species (such as 

an aptamer) and a Cy5 molecule wherein the aptamer upon binding forces the 

heterobicyclic rings of Cy5 closer to a distance that approximates the inter-ring distance 

on Cy3, thereby enabling the Cy5 molecule to absorb and emit light energy at the same 

wavelengths that Cy3 does.   

Although the potential ability for oligonucleotides to significantly modulate the 

emitted wavelengths or quantum yields of fluorophores is intriguing, the nature of such 

interactions are still poorly understood.  The apparent potential for confounding 

interactions between aptamers and fluorophores that may be used to label target proteins 

for microarray detection suggests that it could be advantageous to develop label-free 

sandwich detection systems for aptamer microarrays, as I have done in the following 

chapter.  This approach would be expected to reduce to nucleotide/fluorophore 

interactions separating the immobilized aptamer that captures the protein relatively far 

away from the secondary signalling ligand that would be labeled with a fluorophore or an 

enzyme for signal development.     

 

CONCLUSIONS 

Comparisons with other aptamer microarray developments  

Between the times when I began developing aptamer microarrays in 2002 and the 

submission for publication of my first report of their successful implementation in 2004, 

two other groups (both commercial entities) published demonstrations of aptamer-based 

detection of proteins in a microarray format.  The biotechnology company SomaLogic 
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demonstrated  a printed microarray composed of ssDNA photoaptamers for the detection 

of 17 different proteins without requiring fluorescent-labeling of the target  analytes 

(Bock, Coleman et al. 2004).   The photoaptamers used on the chip had been selected 

against their targets from pools composed of ssDNA oligonucleotides that contained a 

30-40 nt random region in which all thymidines were replaced with 5-bromo-

deoxyuridine (BrdU) (Brody, Willis et al. 1999; Brody and Gold 2000; Golden, Collins et 

al. 2000; Petach and Gold 2002; Bock, Coleman et al. 2004)..  The distinguishing feature 

of the SomaLogic microarray is that, upon capture, target proteins are illuminated with 

UV light to cross-link them to the BrdU bases on their cognate, ssDNA photoaptamers.  

This allows the slide to be washed very stringently in order to remove non-specifically-

bound proteins.  The captured proteins are detected on the chip by staining with an NHS-

ester activated fluorescent dye (referred to as a Universal Protein Stain, or UPS) or by 

treatment with a cocktail of antibodies specific for each of the captured proteins, followed 

by treatment with fluorescently-labeled secondary antibodies for signal development.  It 

is interesting to note that while the photoaptamer chip yielded analyte detection 

sensitivity within the physiological range of its target proteins, we achieved 

commensurate results with both RNA and DNA aptamers using simpler, non-covalent 

capture approaches (Collett, Cho et al. 2005; Collett, Cho et al. 2005).  

As an alternative to sandwich methods for label-free detection, the use of 

fluorescence anisotropy with aptamers in a microarray format was demonstrated by the 

company Archemix (McCauley, Hamaguchi et al. 2003).  In this approach, chemically 

synthesized immobilized aptamers were modified with biotin on their 5’ ends and 

fluorescently-labeled on their 3’ ends within a flow cell.  The aptamers showed 
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significant changes in fluorescence polarization (anisotropy) in the presence of their 

target proteins.  This approach could also potentially be adapted to high-throughput 

methods for production;  because full-length RNA aptamers can be easily biotinylated at 

their 5’ ends during in vitro transcription (Collett, Cho et al. 2005; Collett, Cho et al. 

2005) (as summarized above), it may also prove possible to adapt methods for the 

enzymatic labeling of 3’ ends with fluorophores (Huang and Szostak 1996).  As with the 

aptamer chips described above, such label-free RNA aptamer chips could be mass-

produced by transcription without the need for chemical synthesis of modified 

oligonucleotides.  Although there are currently no commercially available slide or 

microplate scanners that can measure the fluorescence anisotropy of individual 

microarray spots, the increasing sophistication of these kinds of devices suggests that 

such capabilities may soon become available. 

 

Indications for further development of aptamer microarrays 

The foregoing work demonstrated that aptamer microarray production could be 

successfully adapted to commonly used materials and equipment for high-throughput 

production of DNA hybridization microarrays.  RNA aptamers produced in parallel via 

enzymatic synthesis, and arrayed as a group on microarrays could specifically detect 

fluorescently labeled protein in a dose-dependent manner across several orders of 

magnitude of concentration.  To our knowledge, ours was the first reported example of 

functional RNA oligonucleotides being used to detect target analytes in a high-density 

printed microarray format.  The dynamic ranges of the aptamers on the microarray 
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coincided with the in vivo concentrations of important cancer biomarkers (Haab, Dunham 

et al. 2001) and other clinically relevant biomolecules.  Accordingly, the progress that we 

had made in prototyping RNA aptamer microarrays thus far encouraged my colleagues 

and I to apply the technology toward a real-world problem – the management of drug-

resistant HIV – as described in the following chapter. 

MATERIAL AND METHODS 

Aptamer cloning, amplification and biotinylating transcription   

Using standard cloning and amplification methods, eighty 100-mer aptamer 

templates were isolated from the final (Round 12) pool of a previous in vitro selection 

against hen egg white lysozyme(Cox and Ellington 2001).  The randomized N30 double-

stranded DNA template pool from which the aptamers had been selected (Round 0) has 

been previously described(Bell, Denu et al. 1998).  Purification of aptamer template 

DNA was facilitated by using 96-well Multiscreen filter plates from Millipore (Billerica, 

MA).  Isolated aptamer clones were sequenced on a Beckman CEQ sequencer according 

to the manufacturer’s protocols.  Aptamer sequences were analyzed using a local 

implementation of the BLAST algorithm(Altschul, Madden et al. 1997) that 

automatically eliminated any sequences with poorly preserved constant regions that 

might impede subsequent amplification and transcription reactions.  The 30 nt variable 

regions of the aptamers were grouped into clone families using the MEME server at the 

San Diego Supercomputer Center (meme.sdsc.edu), which implements a motif-finding 

algorithm based on finite mixture model expectation(Bailey and Elkan 1994). 
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RNA aptamers of 80 nt length with 5’ biotin moieties were transcribed from 

individual DNA templates from each of the aptamer clone families, as well as from 

template mixtures from Round 0 and Round 12 selection libraries.  The 5’ biotinyl-GMP 

was synthesized via standard phosphoramidite chemistry using dmf-G-RNA-CPG, and 

5'-biotin phosphoramidite purchased from Glen Research (Sterling, VA), and then 

purified on a Poly-Pak column (Glen Research).  Biotinylated RNA was initially 

produced in 20 µL in vitro transcriptions using Ampliscribe T7 RNA polymerase from 

Epicentre (Madison, WI).  The reaction mixture contained 500 ng of double-stranded 

DNA template, 5 mM ATP, 5 mM CTP, 5 mM UTP, 2 mM GTP, 3 mM 5’ biotinyl-

GMP, 2 units of T7 RNA polymerase, and 15 mM of dithiothreitol in a buffer composed 

of 60 mM Tris HCl pH 8.0, 10 mM NaCl, 40 mM MgCl2, and 8.0 mM spermidine.  

Transcriptions were performed at 37°C for 4 hours, followed by treatment with 

Ampliscribe DNase for 30 minutes at 37oC.  The transcribed RNA aptamers were 

purified on 8% polyacrylamide gels in 7M urea and then precipitated with ethanol and 

ammonium acetate.  Purified aptamers were resuspended in water containing 20 units of 

SUPERase-In RNase inhibitor (Ambion, Austin, TX) and stored at -20°C. 

To assess the efficiency of the biotinylating transcriptions, thawed aliquots of 

biotinylated RNA aptamers, as well as unbiotinylated control RNA oligonucleotides, 

were radiolabeled at their 3’ ends with α-32P labeled cordycepin-5’-triphosphate (ddATP) 

from Amersham Biosciences (Amersham, UK) using yeast poly(A) polymerase from 

USB (Cleveland, OH) according to the manufacturer’s protocol.  Biotinylated RNA and 

non-biotinylated RNA controls were incubated separately at 4°C with a 10-fold molar 
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excess of Neutravidin (Pierce Biotechnology, Rockford, IL) for 30 minutes and then 

electrophorectically separated in an 8% polyacrylamide gel in 7M urea.  The gel was 

dried and then placed under a phosphorous screen overnight; the screen was read the 

following morning in a Molecular Dynamics Phosphorimager:SI (Amersham 

Biosciences).  The percentage of RNA transcripts incorporating a 5’ biotin was 

determined by dividing the amount of radioactivity from the shifted RNA band by the 

total amount of radioactivity in the lane.   

To develop more economical and higher-throughput methods for producing long, 

biotinylated RNA aptamers, 10 µL transcriptions were performed in 96-well microplates. 

The transcription products were purified using a Megaclear 96 filter plate kit (Ambion) 

following the manufacturer’s protocol, and gel mobility shift assays to confirm RNA 

biotinylation were performed on E-gel 96 agarose gel cartridges impregnated with 

ethidium bromide (Invitrogen, Carlsbad, CA). 

 

Target protein and lymphocyte cell extract preparation and labeling   

Crystallized hen egg white lysozyme obtained from Sigma (St. Louis, MO) was 

dissolved in 0.1 M NaHCO3 pH 9.3 at a concentration of 1 mg/mL.  Aliquots of 1 mL of 

this solution were added to vials of Cy3-N- hydroxysuccinimidyl (NHS) ester and Cy5-

NHS ester fluorescent dye (Amersham Biosciences), and then rotated slowly in the dark 

for one hour at room temperature to allow coupling of the dye to primary amines on the 

protein.  The reaction mixture from each vial was then layered onto a NAP-25 desalting 

column (Amersham) and eluted with phosphate-buffered saline (PBS).  The 
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concentration and degree of fluorescent labeling of the eluted lysozyme was determined 

by spectrophotometry according to the dye manufacturer’s protocol.  The degree of 

labeling for Cy3-lysozyme was found to be 0.85 moles dye/mole protein; for Cy5-

lyozyme, it was 0.93 moles dye/mole of protein. 

To create controls to test the specificity of aptamer binding, approximately 

4.3x107 CEM:SS human T4 lymphoblastoid cells(Foley, Lazarus et al. 1965; Nara, Hatch 

et al. 1987; Nara and Fischinger 1988) (obtained from Dr. Peter L. Nara through the NIH 

AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH) were 

centrifuged at 5000 rpm at 4°C for 5 minutes.  Pelleted cells were washed with PBS, 

centrifuged as before, resuspended in 3.38 mL of M-PER mammalian protein extraction 

reagent (Pierce Biotechnology), shaken for 10 minutes at room temperature, and then 

centrifuged for 15 minutes at 4°C for 15 minutes.  Supernatants containing dissolved cell 

membranes and hydrophobic membrane proteins were removed, and the remaining 

pellets consisting of intracellular proteins and nucleic acids were resuspended in M-PER 

and then frozen at -80°C.  Aliquots of CEM cell lysate were later thawed and total protein 

content was estimated using a bicinchoninic acid (BCA) total protein assay kit (Pierce 

Biotechnology).  CEM cell lysates in 1 mL aliquots containing 1 mg/mL of total protein 

were then immediately labeled with Cy5-NHS ester fluorescent dye (Amersham 

Biosciences) using reagents and methods from a BD Clontech (Palo Alto, CA) Protein 

Labeling and Extraction kit.  The dye reaction products were purified on NAP-25 

desalting columns, eluted in a 3.5 mL volume of the kit’s desalting buffer, and then 

concentrated to 1 mL by centrifugation in Millipore Centricon YM-3 tubes (3000 dalton 
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MWCO) at 7500 x g at 4°C for 45 minutes.  The final protein content was determined by 

spectrophotometry as per the labeling kit manufacturer’s protocol, and the degree of 

fluorescent labeling of the lysate was calculated to be 0.95 moles of Cy5 per mole of 

protein (assuming an average protein molecular weight of 60 kDa, as recommended by 

the labeling kit manufacturer).  A protease inhibitor cocktail (set IV, CalBioChem, San 

Diego, CA) was added to the labeled protein extracts, which were then stored at 4°C until 

used in microarray experiments (within 1-2 days).  

 

Environmental control enclosure for the DeRisi arrayer 

The arrayer’s original enclosure was built from angled aluminum rails and ¼ inch-thick 

transparent acrylic plastic sheets (Regal Plastics, Austin, TX), which proved to be a rather 

inflexible design.  Accordingly, when the arrayer was moved into the new facilities for 

the Center for Systems and Synthetic Biology, the frame of the enclosure was rebuilt 

using PVC plumbing pipe and the rigid, transparent acrylic sheets were replaced with 

translucent, flexible “drop-cloth” plastic sheeting that was taped onto the PVC frame, 

except for the door and side of the enclosure facing the control computer that remained 

covered with the clear acrylic.  Humidity with the chamber was controlled by a by a 

Kenmore portable ultrasonic humidifier with a digital humidistat (Sears, Roebuck, and 

Co., Hoffman Estates, Illinois).  The buildup of condensation on the arrayer’s metal 

surfaces and, importantly, the microarray slides was reduced by placing a small fan inside 

the chamber that kept the air within the chamber circulating during arraying procedures. 
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Microarray printing and processing   

Custom microarray slides were supplied by Pierce Biotechnology with a high 

concentration coating of streptavidin.  Aliquots of aptamer clone RNA (consisting of 

mixtures of biotinylated and unbiotinylated species from in vitro transcriptions with 

biotinyl-G) were thawed on ice.  The concentrations of biotinylated RNA were 

normalized based on the gel mobility shift assays described above.  A final concentration 

of 500 nm biotinylated RNA in selection buffer (SB; 100 mM NaCl, 20 mM Tris HCL, 

pH 7.6, and 5 mM MgCl2 was incubated at 70°C for 3 minutes and then slowly cooled to 

4°C to allow the aptamers to fold into their active conformations.  Glycerol was added to 

a final concentration of 5% in the spotting buffer.  A 10 uL aliquot from each aptamer 

sample (5 pmol of biotinylated RNA) was then dispensed into a well of a 384-well 

reservoir microplate that was kept chilled on ice until just prior to microarray spotting.   

Aptamer microarrays were spotted using an automated arrayer that had been 

custom built according to specifications developed at the Brown laboratory at Stanford 

University (DeRisi 1999).  Spotting was performed at room temperature within an acrylic 

plastic enclosure where the relative humidity was maintained at 80-90%.  Twenty-six 

aptamer samples were spotted on each slide in two blocks of 13 rows with 10 replicate 

spots per sample.  After spotting, the slides were incubated within the chamber for 30 

minutes to allow time for the biotin moieties on the aptamers to be bound to the 

streptavidin coating on the slides.  The spotted area on each slide was then enclosed 

within a SureSeal perfusion chamber (Schleicher and Schuell, Keene, NH) composed of a 

self-adhesive rubber gasket with a clear plastic cover that was applied to the slide surface.  
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A blocking solution of 100 µL of SB with 0.1% Tween-20 (referred to as SBT) was 

pipetted into each chamber.  The slides were blocked for one hour at room temperature, 

at which point the SBT was removed, and 100 µL of target protein in SBT was pipetted 

into the chamber.  After 30 minutes of incubation at room temperature, the target solution 

was withdrawn from the chambers and replaced with 100 µL of SBT.  The chambers 

were then peeled away from the surfaces of the slides.  The slides were immediately 

rinsed with 5 mL of SBT, and then immersed individually into 50 mL conical tubes filled 

with SBT.  The tubes were gently rocked for five minutes to wash away non-specifically 

bound protein, emptied, immediately refilled with SBT, and then rocked again for 5 

minutes.  The slides were withdrawn from the wash tubes, and then dried by immediate 

centrifugation for 5 minutes at 600 rpm at 25°C. 

To confirm the spotting of RNA aptamers, some of the streptavidin slides were 

spotted, blocked, washed, and dried as described above, but were not treated with 

fluorescently labeled lysozyme.  After drying, these slides were stained with SYBR 555 

oligonucleotide stain (Molecular Probes, Eugene, OR) and scanned to check the quality 

and consistency of the RNA aptamer spots. 

 

Microarray slide scanning and analysis 

  Treated slides were scanned on an Axon Instruments (Union City, CA) 4000B 

microarray scanner using 532 nm and 635 nm wavelength excitation lasers and detection 

filters for Cy3 (570 nm) and Cy5 (670 nm) emission wavelengths.  The resulting images 

were analyzed using the scanner’s accompanying GenePix 4.1 software, with the Cy3 
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signal assigned to the green channel, and the Cy5 signal to the red channel.  Spots of 

obviously poor quality were flagged as bad and not included in the analysis, but no more 

than three of the ten replicate spots in each sample row were eliminated in this way.  For 

each spot, the background-subtracted intensity (BSI) was calculated by subtracting the 

median local background signal from the median foreground signal.  Replicate spots for 

each aptamer or aptamer library were grouped, and the mean BSI value for each group 

was divided by the corresponding mean value for the respective group of spots on a 

control slide that had been treated with SYBR 555 fluorescent nucleic acid stain 

(Molecular Probes, Eugene, OR) and scanned as described above.  In Fig. 5, median 

rather than mean values were used.  The lower limit of detection for each aptamer sample 

was defined as the lowest concentration of target protein where the spot mean foreground 

intensity minus the local mean background intensity was greater than the local mean 

background intensity plus one standard deviation. 

In experiments that collected data 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 (PMT) voltage and laser power 

during scanning and by normalizing data in the GenePix program.  Data files were 

exported from GenePix and uploaded to a MySQL 4.0 database.  Data collected from 

multiple slides were collated and statistically processed with locally-produced Perl scripts 

and in Microsoft Excel, and then plotted in graphs using SigmaPlot 8.0. 
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Bioinformatics and programming 

Each GenePix results (GPR) file that was output from the Iyer laboratory’s Axon 

4000B scanner was opened in Microsoft Excel, and rows containing header information 

were deleted.  A column assigning a “scan” key index was added, and each record in the 

file was given an identical “scan” serial number.  The file was then upload to a MySQL 

database (running on Linux RedHat server 9.0)  into a table with an identical structure to 

the GPR file.  Average background-subtracted intensities for 10 replicate spots for each 

aptamer then tabulated for each aptamer across multiple scans (one for each 

concentration in a dilution series) using standard SQL commands.  Alternatively, median 

values for replicate spots for each scan were tabulated using the following custom perl 

script:  

#!/usr/bin/perl 
 
use DBI; 
use IO::Handle; 
 
print "Password: "; 
system("stty -echo"); 
my $password = <STDIN>; 
system("stty echo"); 
print "\n";   #disabled echo 
chomp($password); 
print "1.   F635_Median\n2.   F635_Mean\n3.   
F635_SD\n4.   B635_Median\n5.   B635_Mean\n6.   
B635_SD 
7.   Perc_gt_B635plus1SD\n8.   Perc_gt_B635plus2SD\n9.   
F635_Perc_Sat\n10.  F532_Median 
11.  F532_Mean\n12.  F532_SD\n13.  B532_Median\n14.  
B532_Mean\n15.  B532_SD 
16.  Perc_gt_B532plus1SD\n17.  
Perc_gt_B532plus2SD\n18.  F532_Perc_Sat\n19.  
Ratio_Med_532over635 
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20.  Ratio_Mean_635minus532\n21.  
Median_Ratios_532over635\n22.  Mean_Ratios_635minus532 
23.  Ratios_SD_635minus532\n24.  
Rgn_Ratio_635minus532\n25.  Rgn_R2_635minus532 
26.  FminusPixels\n27.  BminusPixels\n28.  
Sum_of_Med\n29.  Sum_of_Mean\n30.  
Log_Ratio_635minus532 
31.  F635_MedianminusB635\n32.  
F532_MedianminusB532\n33.  F635_MeanminusB635 
34.  F532_MeanminusB532\n35.  
F635_Total_Intensity\n36.  F532_Total_Intensity\n37.  
SNR_635 
38.  SNR_532\n39.  Flags\n40.  Normalize\n\nSelect the 
number of a field to display.\n\n";  
my $fieldin = <STDIN>; 
chomp($fieldin); 
my $fieldlessone = ($fieldin - 1); 
 
my @fields = (F635_Median, F635_Mean, F635_SD, 
B635_Median, B635_Mean, B635_SD, Perc_gt_B635plus1SD, 
Perc_gt_B635plus2SD, F635_Perc_Sat, F532_Median, 
F532_Mean, F532_SD, B532_Median, B532_Mean, B532_SD, 
Perc_gt_B532plus1SD, Perc_gt_B532plus2SD, 
F532_Perc_Sat, Ratio_Med_532over635, 
Ratio_Mean_635minus532, Median_Ratios_532over635, 
Mean_Ratios_635minus532, Ratios_SD_635minus532, 
Rgn_Ratio_635minus532, Rgn_R2_635minus532, 
FminusPixels, BminusPixels, Sum_of_Med, Sum_of_Mean, 
Log_Ratio_635minus532, F635_MedianminusB635, 
F532_MedianminusB532, F635_MeanminusB635, 
F532_MeanminusB532, F635_Total_Intensity, 
F532_Total_Intensity, SNR_635, SNR_532, Flags, 
Normalize); 
 
print "Enter the serial number(s) for the scan(s) for 
which you wish to retrieve data.\n"; 
my $scansin = <STDIN>; 
chomp($scansin); 
my @scans = split/\,/, ($scansin); 
 
print "Enter the comma-separated clone names for which 
you wish to retrieve data.\n"; 
my $Namesin = <STDIN>; 
chomp($Namesin); 



 92

my @Names = split/\,/, ($Namesin); 
 
print "\n\n$fieldin\. $fields[$fieldlessone]\n"; 
 
my $rdbh = DBI->connect("dbi:mysql:microarray2", 
"collett", "$password"); 
 
 foreach my $Name(@Names) { 
 
  foreach my $scan(@scans) { 
   
  my @exp = ("");    #return Name, scan, and 
groupcount and load into @exp 
  my @values = (""); 
  my @values2 = (""); 
  my $exp_sql = qq[SELECT In_dex from 
feat532635 where Flags != -100 and Name like '%$Name%' 
and scan = '$scan']; 
  #print "$exp_sql\n"; 
                my $exp_sth = $rdbh-
>prepare(qq[$exp_sql]);  
                $exp_sth->execute;  
                $exp = $exp_sth->fetchall_arrayref; 
  #print "$exp\n"; 
  my $rowcounter = 0; 
  foreach my $row(@$exp){ 
   my $index = @$row; 
  # print "$index\t"; 
   $rowcounter++; 
  } 
  #my $count = $rowcounter; 
  #print "Rowcounter = "."$rowcounter\n"; 
   
  if (int($rowcounter) % 2 == 1) { 
   my $odd = (($rowcounter-1)/2); 
   my $rsql = qq[SELECT 
$fields[$fieldlessone] from feat532635 where Name  
like '%$Name%' and scan = '$scan' and Flags != -100 
order by $fields[$fieldlessone] limit $odd, 1]; 
   #print "$rsql\n"; 
   my $rsth = $rdbh->prepare(qq[$rsql]); 
   $rsth->execute; 
   @values = $rsth->fetchrow_array; 
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   print 
"$Name,"."$scan,"."$rowcounter,"."@values\n"; 
   } 
 
  else { 
   my $even1 = ($rowcounter/2)-1; 
   my $rsql = qq[SELECT 
$fields[$fieldlessone] from feat532635 where Name  
like '%$Name%'  and scan = '$scan' and Flags != -100 
order by $fields[$fieldlessone] limit $even1, 1]; 
   #print "EVEN\t"."$rsql\n"; 
                        my $rsth = $rdbh-
>prepare(qq[$rsql]); 
                        $rsth->execute; 
                        @values = $rsth-
>fetchrow_array; 
   #print "count variable at line 86 = 
"."$rowcounter\n"; 
 
   my $even2 = ($rowcounter/2); 
   my $rsql2 = qq[SELECT 
$fields[$fieldlessone] from feat532635 where Name  
like '%$Name%' and scan = '$scan' and Flags != -100 
order by $fields[$fieldlessone] limit $even2, 1]; 
                        #print "EVEN\t"."$rsql2\n"; 
                        my $rsth2 = $rdbh-
>prepare(qq[$rsql2]); 
                        $rsth2->execute; 
                        @values2 = $rsth2-
>fetchrow_array; 
   my $sum = (($values[0] + $values2[0])); 
   my $even_med = $sum/2; 
   #print 
"EVEN\t"."$Name\t"."$scan\t"."$exp"."$sum\t"."$even_me
d\t"."$values[0]\t"."$values2[0]\n"; 
   print 
"$Name,"."$scan,"."$rowcounter,"."$even_med\n"; 
   } 
   
  }#end of foreach loop for @Names 
        } #end of foreach loop for @scans 
 
$rdbh->disconnect; 
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Chapter 4: Microarray screening of novel RNA extension aptamers for 
the specific detection of  HIV-1 reverse transcriptases 

 

INTRODUCTION 
 For the final phase of my dissertation research, my advisor and I sought to apply 

the technology that we had advanced for the production and processing of RNA aptamer 

microarrays toward developing a new class of aptamer-based molecular diagnostics for 

the acquired immunodeficiency syndrome (AIDS) that is caused by the human 

immunodeficiency virus (HIV).  In 2005, 3.1 million people around the world died from 

AIDS-related diseases; of these, 570,000 of the victims were children.  40 million people 

worldwide are currently living with HIV, with 4.9 million new infections reported in 

2005 (UNAIDS 2005).  In the United States and other developed countries, however, the 

introduction of  highly active antiretroviral therapy (HAART) since 1995 has 

dramatically reduced death rates from HIV (Piacenti 2006).  HAART is based on the 

synergistic use of nucleoside analog reverse transcriptase inhibitors (NRTI), non-

nucleoside reverse transcriptase inhibitors (NNRTI), protease inhibitors, and (more 

recently) fusion inhibitors that, together, can reduce titers of HIV to undetectable levels.  

From 2000 to 2004, the number of AIDS deaths per year in the United States declined 

from 17,139 to 15,798, while the number of persons living with HIV rose from 320,177 

to 415,193 (CDC HIV/AIDS Fact Sheet, 2006).   In Europe, Australia, and Canada, the 

number of deaths due to AIDS decreased 80% in fours years after HAART became 

widely available in these countries (Porter, Babiker et al. 2003). 
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The success of HAART, however, may be short-lived.   Compounds that inhibit 

the activity of the HIV protease and reverse transcriptase (RT) enzymes were initially 

effective in retarding the onset of AIDS, but the hypermutability of HIV proteins has 

given rise to an increasing number of drug-resistant HIV strains (Richman 2001).  

Moreover, transmission of drug-resistant HIV rose from 3.4% of the newly-infected over 

1995-1998 to 12.4% in 1999-2000 (Little, Holte et al. 2002).  The rapid development of 

drug resistance in patients with chronic HIV requires clinicians to take a strategic 

approach in choosing which antiretroviral drugs to begin therapy with and which to hold 

in reserve for use when primary treatment regimens fail (Kuritzkes 2004; Richman, 

Morton et al. 2004). Accordingly, in vitro diagnostic assays that identify particular 

genotypes or phenotypes of drug-resistant forms of HIV have become essential tools in 

chronic HIV therapy (Hirsch, Brun-Vezinet et al. 2003; Kuritzkes 2004; Murray and 

Struble 2004).  In addition, drug-resistance testing has been recently recommended for 

the initial assessment of acute HIV infections, and for the management of HIV during 

pregnancy (Hirsch, Brun-Vezinet et al. 2003; Daar and Richman 2005). 

The early detection of drug-resistant strains can profoundly influence outcomes in 

HIV therapy by explaining and even anticipating antiretroviral failure (Clevenbergh, 

Durant et al. 2000), and has been widely adopted in standard HIV care (Hirsch, Brun-

Vezinet et al. 2000).  Genotyping tests for drug resistance involve PCR amplification of 

HIV sequences from plasma, followed by the direct sequencing of selected HIV genome 

regions (typically protease and RT genes) that are screened for resistance mutations. 

There are, however, differing guidelines for inferring resistance phenotypes from specific 

patterns of HIV genome mutations due to the complexity of the data, and because all of 
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the sequence polymorphisms associated with a resistant phenotype may not have been 

identified (Hirsch, Brun-Vezinet et al. 2000).  Phenotypic testing measures the ability of 

actual HIV viral isolates from patient samples to infect cell cultures dosed with inhibitory 

drugs.   Alternatively, the protease and RT genes may be amplified from HIV plasma, 

and then inserted into a modified HIV cloning vector that includes a reporter gene.  The 

vector is then transfected into laboratory host cells to test the degree of HIV replication in 

the presence of chemotherapeutic inhibitors (Hirsch, Brun-Vezinet et al. 2000).    

The technological sophistication and expense of current drug resistance tests has 

limited their use to developed countries.    Although large scale humanitarian efforts to 

provide HIV treatment in resource-poor regions such as Africa are being addressed by 

drug price reductions and the distribution of generic formulations, the cost and 

complexity of  current diagnostic tests used and monitor HIV drug-resistance during 

treatment may limit the efficacy of these initiatives in areas of the world where AIDS 

infection rates are the highest.   In light of this critical need, my advisor and I 

hypothesized that RNA aptamers could be used in ELISA-style microarrays for the rapid 

and inexpensive molecular diagnosis of resistance to nucleoside analog reverse 

transcriptase inhibitors (NRTIs) in HIV-infected populations.   

RNA aptamers previously selected against RT by other researchers (Tuerk, 

MacDougal et al. 1992; Burke, Scates et al. 1996) were reported to bind with high 

affinity to the template binding cleft in the central “palm” domain of the enzyme very 

near to the dNTP entry site on the enzyme (see Figure 4.1-A) that harbors many NRTI 

resistance mutations (Huang, Chopra et al. 1998).   The high affinity of the template-

binding cleft for RNA aptamer oligonucleotides coincides with structural evidence 



indicating that numerous contacts are made between amino acid residues in the palm 

domain of the enzyme and the double-stranded RNA helix (Huang, Chopra et al. 1998) 

formed by the hybridization of human tRNA Lys3 to the primer binding site (PBS) on the 

HIV viral genome to initate retroviral reverse transcription (Harrich and Hooker 2002).  

Moreover, a crystallized complex of a 33 nt Tuerk pseudoknot RNA aptamer (Figure 4.1-

B) bound to the template binding cleft of RT highlighted the important role of positively-

charged arginine and lysine residues on both the p51 and p66 subunits in binding to RNA 

aptamers that are by nature polyanionic (Tuerk, MacDougal et al. 1992; Jaeger, Restle et 

al. 1998).   

 

Figure 4.1. HIV-1 reverse transcriptase (RT) structure. (A) Crystal structure of a stalled 
complex of RT with a DNA template:primer and a deoxythymidine 
triphosphate (dTTP) determined at a resolution of 3.2 angstroms. The dTTP 
nucleotide (colored yellow) is surrounded by amino acids (colored pink) that 
are typically mutated in multidrug-restistant RT (Huang, Harrison et al. 
2000). (B)  Crystal structure of RT complexed with a 33 nt Tuerk psedoknot 
RNA aptamer (colored green).  The aptamer is positioned in the enzyme’s 
template-binding cleft.  Red-colored residues on RT were predicted to make 
contact with the aptamer.  Note the proximity of the 3’ nucleotide on the 
aptamer (colored light blue) to sites of drug-resistance mutations (colored 
pink) (Jaeger, Restle et al. 1998). 
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Structural and biochemical differences between RT found in a wild type (WT) 

strain of HIV (HXB2) and drug-resistant RT variants indicate that the mechanism of 

resistance is often due to a repositioning of the viral RNA template/tRNALys3 

primer (TP) complex. This shifting of the TP complex within the template-binding cleft 

of the enzyme retards the incorporation of NRTI dideoxy chain terminator drugs such as 

ddI, ddG, and 3TC (Boyer, Tantillo et al. 1994; Gao, Boyer et al. 1998; Sarafianos, Das 

et al. 1999).   Significantly, some of the amino-acid substitutions that enable drug 

resistance in these RT variants (such as M184V, found in 52% of all NRTI-resistant HIV 

strains) were observed to be within 7 to 25 angstroms of  the 3’ terminal nucleotide of the 

anti-RT RNA pseudoknot aptamer in the crystallized complex with WT RT shown in 

Figure 4.1-B. 

Based on the foregoing evidence, we surmised that RNA aptamers selected 

against RT could likely be used to distinguish among NRTI resistant variants of HIV RT.  

Moreover, resistance mutations that do not directly lie near an aptamer binding site may 

potentially be distinguished,  due to the large conformational changes that frequently 

accompany mutation.  Resistance mutations to AZT and ddI that occur distal to the 

polymerase active site nonetheless propagate long-range structural changes that influence 

aspartate residues at the active site (Ren, Esnouf et al. 1998).   Similarly, since 

nonnucleoside reverse transcriptase inhibitors (NNRTI) such as nevirapine, and 

mutations that relieve NNRTI inhibition cause changes in the conformation of the active 

site and the kinetics of polymerization  (Spence et al., 1995; Spence et al., 1996), the 

potential for RNA aptamers selected against specific RT phenotypes to distinguish 

between them and structurally dissimilar phenotypes appear promising.    
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The use of RNA aptamers for shape recognition of RT phenotypes could form the 

basis of a new generation of molecular diagnostics for the rapid phenotyping of drug-

resistant RT from patient samples that would be much cheaper and faster than genotyping 

or directly phenotyping viral isolates in the presence of a panel of RT inhibitors.  

Accordingly, my advisor and I drafted a research plan for the in vitro selection of RNA 

aptamers against WT RT and its drug-resistant variants, and for proofing the affinities 

and specificities of these aptamers on microarrays as a first step in the development of 

aptamer-based molecular diagnostics for HIV.  We envisioned the eventual development 

of  ELISA microarrays that would be spotted with hundreds or ultimately thousands of  

RNA aptamers that had been selected against RT variants using the automated, high-

throughput systems that had been developed in our laboratory.  In practice, pre-printed 

aptamer microarray assays would be processed with simple, expedient procedures similar 

to those now commonly used for microplate ELISAs.  The pattern of RT binding to the 

panel of RNA aptamers on the microarrays could then be used to infer which drug-

resistant RTs might be present in the serum of an HIV-infected individual. 

Our research plan for developing RT-detecting microarrays was included in a 

successful multi-center grant proposal that is now being funded by the Public Health 

Service.  Collaborators on the grant include the V.R. Prasad laboratory at the Albert 

Einstein College of Medicine in New York, the Paul Johnson laboratory at the New 

England Primate Research Center and Harvard Medical School, and the biotechnology 

company Accacia International (Austin, TX).     A primary initiative of this collaboration 

has been the development of anti-HIV gene therapies wherein RNA aptamers with high 

affinity and specificity for RT are transfected into uninfected immune stem cells to render 
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them invulnerable to subsequent infection by HIV (Joshi and Prasad 2002).  The 

protected stem cells may then be transplanted into the bone marrow of HIV patients 

whose existing complement of immune cells have been inactivated by radiation 

treatment.  Because the pseudoknot-like aptamers used in this strategy are believed to 

bind to the template-binding cleft of RT (Burke, Scates et al. 1996) they have been 

termed “template analog” inhibitors of RT (Fisher, Joshi et al. 2002; Joshi and Prasad 

2002).    

An important component of the above gene therapy strategy has been the isolation 

of RNA aptamers with exquisitely high affinities in the Ellington laboratory using novel 

“extension” aptamer selections.  This approach employed a starting random sequence 

template pool that included an extra constant sequence region that coded for an existing 

anti-RT RNA aptamer (70.15; see Figure 4.2-A) that had been selected by Donald Burke 

in the Gold laboratory at the University of Colorado in 1996.  As shown in Figure 4.2-B, 

the 39 nt 70.15 aptamer sequence was inserted into the template design 3’ to the T7 

promoter region and 5’ to a central 30 nt variable region.  A 24 nt constant linker region 

with minimal complementarity to other constant regions in the template was included in 

the design to separate the aptamer and variable regions.  A 1 µM pool of 158 nt DNA 

templates (the “70.15-N30” pool) of this design was used as the “Round Zero” starting 

round pool for in vitro selections of RNA aptamers that bind to RT.  It was expected that 

during the course of selection, the constant pseudoknot aptamer domain of the RNA 

oligonucleotides would provide a basal level of the binding to RT in the area of the 

template-binding cleft.   Stringent partitioning of the binders via high salt washes were 

used to isolate aptamers with variable regions that added a significant increase in binding 



affinity to RT beyond what was provided by the pseudoknot aptamer region alone.  

Successful selections against RT using the extension aptamer templates were carried out 

by Carlos Garcia, Patrick Goertz, and Ania Szafranska in our laboratory, and resulted in 

the isolation of novel aptamers with Kd values as low as 100 pM (clone 70.15.16.10) 

when tested in filter binding assays. 

 

Figure 4.2.  Template design for 70.15-N30 RNA aptamer selection pool. (A) Predicted 
structure of Tuerk pseudoknot-like RNA aptamer 70.15. (B) Template 
design and expected two-part binding of 70.15 extension aptamers to RT.  

 

I obtained from the RT selection team colony PCR DNA templates for anti-RT 

RNA aptamers that had been cloned and isolated from the tenth (R10) and sixteenth 

rounds (R16) of the 70.15-N30 extension  aptamer selections by Tim Tsai, and then 

sequenced by the ICMB DNA sequencing facility.  I transcribed the templates,  printed 

the resulting RNA extension aptamers onto microarrays, and tested their binding 

affinities and specificities for WT RT, as well as for a multi-drug resistant variant of RT.  

Binding of RT to the aptamers was detected not only by fluorescently labeling the target 
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protein as in the preceding chapters, but also by using sandwich detection methods that 

employed unlabeled primary detection antibodies and fluorescently labeled secondary 

antibodies.  As described below, the microarray format proved to be an effective and 

facile platform for screening the performance of the aptamers to reveal correlations 

between binding affinity and sequence similarity among a relatively high number of 

tested clones.  In addition, aptamers that had been selected against WT RT showed 

differential patterns of binding on the microarray when challenged with mutant RT vs. 

WT RT.  This result provided a promising indication that our laboratory’s in vitro 

selection methods should, with continued effort, yield aptamers that will be capable of 

distinguishing a variety of drug-resistant RT phenotypes, and that our envisioned use of 

RNA aptamers in molecular diagnostics for clinical drug-resistance testing may indeed be 

feasible. 

 

RESULTS AND DISCUSSION        

Printing aptamers in a format for high-throughput assay processing 

In seeking higher throughput processing for the aptamer microarray experiments 

in this chapter, I devised procedures to use 8 pins to print my arrays in 2 columns of 8 

blocks that ran the length of the slide, with a block center-to-center spacing of 9 mm that 

was in register with our hand-held multichannel pipettes.  To accomplish this using the 

DeRisi arrayer, I loaded my aptamer samples into the 384-well printing reservoir plates in 

the alternating pattern shown in Figure 4.4.    Although I was only printing with 8 pins, 



this reservoir plate pattern was compatible with using a 32 pin array configuration and a 

36 mm tandem print setting within the ArrayMaker control software. 

 

Figure 4.3. 384-well reservoir microplate loading pattern for printing blocks with 9 mm 
spacing on the DeRisi arrayer.  Using a 12-channel pipette, samples from 
rows A and B rows of a 96-weel microplate (A) are respectively transferred 
into rows A-D and E-H of a second 96-well microplate (B).  Following the 
color-coded scheme in the diagram, an 8-channel pipette is then used to 
transfer columns 1-6 from (B) to 384-well microplate (C), and columns 7-12 
from (B) to 384-well microplate (D).   

 
After printing, the 16-block printed slides were covered with a 16-well reusable, 

hard plastic barrier sold by Schleicher and Schuell and then inserted into their Fast Frame 

device (Figure 4.4-A) for experimental processing.  While this format increased the 

efficiency of my work, the hard plastic barriers often leaked.  Moreover they were 

difficult to clean due to small pits on their plastic surfaces, and I was concerned that 

residues that remained on them would contaminate my treatment solutions and 

compromise my experiments.  An optimal solution to these problems was found when I 
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obtained disposable 16-well “Flexwell” adhesive pads from Grace BioLabs that were 

compatible with the Fast Frame device, did not leak, and were reasonably easy to remove 

from the slides.  The Flexwell pads were used in subsequent microarray experiments that 

could be processed using hand-held multichannel pipettes or on our laboratory’s Biomek 

2000 liquid-handling robots, as shown in Figure 4.4-B. 

   

Figure 4.4. High-throughput experimental processing of 16-well microarray slides. (A) 
Microarray slides covered with 16-well barrier pads, loaded into a 4-slide 
Fast Frame. (B) Three FAST Frames mounted on the platform of a Biomek 
2000 liquid-handling workstation for the automated processing of 192 
microarray experiments in parallel. 

 

Transition to biotinylated LNA anchor oligonucleotides for aptamer immobilization 

on streptavidin coated microarray slides.   
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Although the biotinylating transcriptions using a 3:2 ratio of biotin-GMP to GTP 

as described in the previous chapters were effective in producing 5’ biotinylated RNA 

aptamers for immobilization onto streptavidin coated microarray slides, this approach had 

certain drawbacks that prompted me to search for an alternative biotinylation method.  

The biotin-GMP used in the biotinylating transcriptions was not commercially available, 
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and was therefore synthesized using relatively expensive phosphoramidite chemistry on 

our laboratory’s oligonucleotide synthesizer.  Synthesis was followed by deprotection 

and column purification steps that added several hours to the overall labor required for 

biotin-GMP production.  Because each 1 µmol synthesis and purification resulted in 

approximately 800 nmol of biotin-GMP, and each 20 µl transcription required 60 nmol of 

biotin-GMP, only about thirteen biotinylated aptamer clones (or 26 clones using 10 µl 

reactions) could be produced per synthesis. Furthermore, although the degree of 

biotinylation of 80-mer RNA oligonucleotides produced in typical 20 µl transcriptions 

using biotin-GMP typically ranged from 20-40%, the total yields of RNA from these 

reactions were usually reduced to about 15 µg (normal transcriptions without biotin-GMP 

routinely yielded 75 µg of total RNA)  resulting in an average net output of about 4.5 µg 

or 160 pmol of 80-mer 5’ biotinylated RNA per 20 µl reaction.   Given our input of 60 

nmol of biotin-GMP into each reaction, it was obvious that we were wasting the vast 

majority of an expensive reagent using this approach.  

To overcome the limitations that had become apparent  in using the above 

biotinylating transcriptions, my advisor suggested that I reconsider simply extending the 

3’ ends of the aptamer templates with a generic linker sequence, and then hybridizing 

them to a 5’ biotinylated complementary DNA oligo that could be used to anchor the 

resulting duplexes to the streptavidin coated microarray slides.  We had initially avoided 

this method due to the possibility that the linker sequences on the RNA or on the 

complementary biotinylated anchor oligo might spuriously interact with the variable 

regions of some of the aptamers and cause them to fold into inactive conformations that 



would disrupt their functionality on the microarrays.    To address this concern, Dr. Matt 

Levy in our laboratory suggested substituting locked nucleic acids (LNAs) into the 

sequence of the biotinylated anchor oligo (see Figure 4.7) to increase the hybridizing 

efficiency of the complementary linker regions to such a high degree that the anchor 

oligo would be very unlikely to bind to any other another sequence region along a given 

aptamer’s length. 

   

Figure 4.5. Immobilization of aptamers using a complementary biotinylated 
oligonucleotide that incorporates Locked Nucleic Acids (LNAs).  Inset 
shows the ribose derivative structure of an LNA, with a methylene unit 
linking the 2’ oxygen and 4’ carbon.  

 

LNAs are a novel class of conformationally restricted ribonucleotide analogues 

(see inset, Figure 4.7) that were first described by Wengel and co-workers in 1998 
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(Singh, Kumar et al. 1998).  They have a bicyclic nucleic acid structure wherein a 

methylene unit links the 2’-oxygen and the 4’-carbon atoms to lock the ribose ring into  a 

more thermodynamically stable position.  This modification dramatically increases the 

Tm of duplexes of oligonucleotides that incorporate LNAs in their sequences.    

To test the biotinylated LNA/DNA approach, I appended an 18 nt generic linker 

sequence to the 3’ end of the DNA templates for the 70.15-N30 aptamers used in the 

experiments in this chapter.  I transcribed the aptamer sequences in normal in vitro 

transcriptions using T7 RNA polymerase, then purified the resulting 140 nt RNA 

aptamers on Ambion MegaClear filter plates as described in Chapter 3.  50 pmol of each 

aptamer were then mixed in RT binding buffer (RTB: see Materials and methods) with 25 

pmol of a biotinylated LNA/DNA  oligo (bt-1890a-LNA) with the sequence 5' -BioTEG-

TTT+CT+CG+TGA+TGT+CCAG+TCGC (TEG indicates a 15-atom tetra-

ethyleneglycol spacer arm; plus signs indicate that the preceding base is an LNA).   The 

aptamers were thermally equilibrated into active conformations and, at the same time, 

annealed to the biotinylated LNA/DNA anchor oligo by heating in a thermalcycler to 

70oC for 3 minutes then gradually cooling to 4oC at rate of  0.1oC per second.  To initially 

confirm binding to the streptavidin slides, the resulting aptamer/ bt-1890a-LNA duplexes 

were spotted onto a slide using a manual pipette and then probed with a Cy3-labeled 

DNA oligonucleotide that was complementary to the  downstream template primer region 

located 5’ to the linker region.    
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Recombinant expression and purification of wild type HIV-1 reverse transcriptase. 

 The anti-RT 70.15 extension RNA aptamers printed on the microarrays had been 

selected in vitro using WT HIV-1 RT from Ambion (Austin, TX) as the target protein.  

This RT is sold by Ambion as a molecular biology grade enzyme for laboratory research.  

The price ($249.00 for 70 µg)  was unfortunately rather high for me to reasonably use 

Ambion RT for all of my planned microarray experiments.  Other investigated sources of 

purified RT were found to be similarly priced.   Cost was a concern because in my 

previous efforts to label protein targets with NHS-ester fluorescent dyes, I often found it 

difficult to work with less than 1-200 µg.  At this amount or lower, much of the protein 

would be lost when attempting to separate unbound dye from the labeled protein using 

desalting columns, or when concentrating the purified sample in centrifugation 

membranes.  Moreover, I found that successfully labeling proteins with fluorophores was 

very much a trial-and-error process; each particular protein required serial attempts to 

optimize incubation times and temperatures, buffer conditions, pH, and initial unreacted 

dye to protein ratios to approach an ideal 1:1 molar ratio of conjugated dye to protein.   

Accordingly, to allow myself the freedom to liberally experiment and make mistakes 

with less concern for the cost of the target protein, I undertook efforts to produce WT RT 

myself using recombinant expression methods.  

 A BL21 E. coli expression clone that contained a plasmid coding for the p66 

subunit of WT (HXB2) RT was obtained from Wilson Laboratory at the National 

Institute for Environmental Health and Safety, as was a separate DH5-α E. coli clone 

containing a vector for His-tagged p51 RT subunit expression that was originally 
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constructed by our collaborators in the Prasad Laboratory at the Albert Einstein College 

of Medicine.  Following procedures published by the Wilson group (Hou, Prasad et al. 

2004), the p66 and p51-His expression clones were grown separately in overnight 

cultures that were then used to inoculate production cultures comprised of 4 one-liter 

volumes for the p66 expression clone, and 1 one liter volume for the p51-His clone.  

After induction with IPTG and further incubation for 4 hours at 37oC, the cells were 

pelleted and frozen.  

 To extract and purify active, heterodimeric RT, p66 and p51-His cell pellets were 

first combined at a respective 4:1 ratio by weight, lysed by sonication, and then incubated 

briefly at 4oC to allow the p66 and p51-His RT subunits to associate and form 

heterodimers.  The lysate was then clarified by ultracentrifugation, and the resulting 

supernatant was applied to Ni+ agarose columns with gravity flow-through.  The use of a 

high p66/p51 ratio in the lysate had ensured that mainly p66/p51-His heterodimers were 

bound to the columns.  The columns were washed with buffer containing 1 M NaCl, and 

the heterodimeric RT was eluted in fractions from the Ni+ column using imidazole 

concentrations ranging from 40 mM to 200 mM. 

 Denaturing polyacrylamide gel electrophoresis of the resulting fractions (Figure 

4.8-A) indicated a high-recovery of heterodimeric RT that was 90-95% pure.  On 

average, the yield of purified heterodimeric RT was about 5-10 mg per liter of p51 

production culture.  The reverse transcriptase activities of the purified RT fractions were 

confirmed by observing the incorporation of α-32P d-ATP into DNA oligonucleotides that 

were extended from a 24 nt DNA primer annealed to an 80-mer RNA template.  As 

shown in Figure 4.8-B, the recombinant WT HIV-1 RT fractions that I recovered had 



robust reverse transcription activity, indicating the presence of correctly folded 

heterodimeric RT that could be confidently used in aptamer microarray development.   

This was confirmed in a nitrocellulose filter binding assay by Patrick Goertz (data not 

shown) wherein 16 of 21 tested anti-RT 70.15 RNA aptamers showed percentages of 

bound RNA that were within 10% of one another when tested against Ambion RT vs. our 

own recombinant RT.   
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Figure 4.6. Purity and activity of recombinantly produced HIV-1 wild-type reverse 
transcriptase. (A) SDS-PAGE of His-tagged heterodimeric RT. The five 
lanes on the left hand-side of the gel show fractions eluted from a Ni+-
agarose column.  “Ambion HIV RT” denotes recombinant wild type HIV-1 
RT purchased from Ambion.  (B) Denaturing PAGE of radiolabeled 80 nt 
DNA oligonucleotides produced via reverse transcription of an RNA 
template by purified fractions of recombinant RT (shown in the five left-
hand lanes of the gel).  DNA products from positive control reactions using 
Ambion HIV-1 RT are shown in lanes marked “Amb HIV RT” and from 
recombinant  Moloney murine leukima virus RT (Invitrogen SuperScript II)  
in lane marked “MMLV SSII”.  A negative control sample from a mock 
reaction without any added RT enzyme is marked “No Enz”.  

   

Recombinant expression and purification of multidrug-resistant HIV-1 reverse 
transcriptases. 

 
 The goals of our program for developing novel aptamer-based HIV therapeutics 

and diagnostics included proofing the performance of our aptamers in the presence of the 

multidrug-resistant HIV-1 reverse transcriptases that commonly arise during HAART 

(Porter, Babiker et al. 2003; Piacenti 2006).  There were, unfortunately, no ready sources 

of drug-resistant RT protein for our group to select aptamers against, or for me to use in 

the development of RNA aptamer microarrays for the detection of drug-resistant RT 

phenotypes.  I therefore initiated in our laboratory an effort to recombinantly express and 

purify a panel of multidrug-resistant RTs that had been isolated by the curators of the 

Stanford HIV Drug Resistance Database (Rhee, Gonzales et al. 2003; Johnston, Dupnik 

et al. 2005).  This panel (Figure 4.7) is comprised of 12 recombinant infectious molecular 

clones of the HIV-1 NL4-3 genome that were modified to include the most commonly 

documented multidrug NRTI resistance mutations seen in HIV patients receiving 

multidrug antiretroviral therapy.  I obtained the panel of HIV genomes as plasmids in 



individual E. coli glycerol stocks from the NIH AIDS Reagent Program with the intent of 

cloning each of the 12 different RT variants into expression hosts for recombinant protein 

production.  I was at this point very fortunate to be joined in my efforts by Dr. Arti 

Pothulkuchy, a protein biochemist with Accacia International with extensive experience 

in recombinant protein expression and purification.  Our efforts were given a further 

boost when we were joined by Accacia research technician Siddarth Gopalakrishnan, 

who later assumed most of the cloning and recombinant protein production work. 
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Figure 4.7. Panel of 12 NRTI-resistant HIV-1 genomic clones assembled by the curators 
of the Stanford HIV Drug Resistance Database.  Abbreviations: TAM - 
thymidine analog mutations; ABC - abacavir; ddI - didanosine; 3TC - 
lamivudine; d4T - stavudine; TDF - tenofovir; AZT - zidovudine; p24 - 
logarithm of the p24 antigen concentration (pg/ml) of the initial virus stock; 
Fold Decreased Susceptibility - Fold resistance as determined by the 
ViroLogic PhenoSenseTM Assay; >> indicates that the fold resistance 
(reduction in drug susceptibility) was greater than the upper limit of assay 
detection, which is 300-fold for 3TC and ~1,000 fold for AZT.  Non-
nucleoside RT inhibitor resistance mutations at position 103 (K103N) were 
present in clones 2, and 10, and at position 190 (G190C and G190A) in 
clones 7 and 11. The "ins" at position 69 for clone 7 indicates the presence 
of a double amino acid (SS) insertion following a T69S substitution at 
position 69. (table and legend from http://hivdb.stanford.edu/).  

 
  To clone the mutant RT genes, we designed forward and reverse primers 

(encoding restriction enzyme sites for NdeI and Hind III)  for the amplification of the 

1680 nt p66 subunit nucleotide sequences from each of the drug-resistant HIV genomes. 

Recovered p66 genes were then cloned into a pET21a(+) vector and transformed into 

bacterial hosts for sequence verification and subsequent protein expression.  A separate 

reverse primer for amplifying the coding sequence for the 1320 nt p51 subunit from the 

p66 gene was similarly prepared and inserted in a pET30a(+) vector so that the amplified 

p51 sequence included a His tag appended to the C terminus.  Both of the vectors were 

transformed into BL21 E. coli hosts from which active NRTI-resistant RT was expressed 

and purified in a manner similar to that described above for the WT RT enzyme.  At the 

time of this writing, we have successfully cloned expressed and purified heterodimeric 

Mutant 3 (M3; GenBank AY351769) as shown in the stained SDS-PAGE image in 

Figure 4.10-A.  The reverse transcription activity of the M3 RT  was confirmed via 

radioactive dNTP incorporation as described above for the WT enzyme (Figure 4.10-B).  

http://hivdb.stanford.edu/


The high levels of DNA oligonucleotide synthesis indicated by the assay assured us that 

we had produced correctly folded and functional mutant RT that could be used in our 

selections of RNA aptamers that specifically bind to M3, and in our microarray tests for 

selective RNA aptamer binding to M3 on the microarrays.  Efforts to produce other 

mutant RTs in the multidrug resistant panel are now well underway in the Ellington 

laboratory, with several other mutants currently in various states of cloning progress and 

expression optimization. 

 

Figure 4.8  Recombinant expression and purification of NRTI-resistant HIV-1 reverse 
transcriptase Mutant 3 (gb AY751369).  (A) SDS-PAGE of Mutant 3 RT 
purified fractions (M3) with our own recombinant WT RT as well as 
MMLV RT and Ambion (Amb) RT as markers. (B)   Denaturing PAGE of 
radiolabeled 80 nt DNA oligonucleotides produced via reverse transcription 
of an RNA template by purified fractions of recombinant  M3 RT (lanes 2-
11).  DNA products from positive control reactions using Ambion HIV-1 
RT are shown in lanes 1 and 2; a sample from a mock negative control 
reaction is shown in lane 12. 
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Microarray detection of fluorescently labeled HIV-1 reverse transcriptase. 

 
 As outlined in the introduction to the chapter, the goal of this phase of my 

research was to prototype RNA aptamer microarrays from which molecular diagnostic 

tools for the rapid identification of NRTI-drug resistant HIV strains could develop.  

Given our previous success in adapting RNA aptamers that had been selected against 

protein targets in solution to function in the context of microarrays for the specific 

detection of fluorescently labeled proteins (Collett, Cho et al. 2005; Collett, Cho et al. 

2005; Cho, Collett et al. 2006),  it appeared reasonable to expect that this could be done 

for reverse transcriptase (RT) as well. 

 Forty-two anti-RT 70.15-N30 RNA aptamers (21 from Round 10 and 21 from 

Round 16)  were hybridized at their 3’ ends to the 5’ biotinylated bt-1890a-LNA anchor 

oligo, and prepared for microarray printing as described above and in Materials and 

methods.  A sample of 70.15-N30 RNA oligonucleotides with randomized variable 

regions were similarly prepared from the starting 70.15-N30 Round Zero pool; this 

sample served as a negative control.  The canonical 33 nt anti-RT RNA Tuerk 

pseudoknot aptamer (Tuerk, MacDougal et al. 1992) was likewise prepared to serve as an 

index that could relate results from the present work to previous studies of anti-RT RNA 

aptamers (Burke, Scates et al. 1996; Kensch, Connolly et al. 2000).  The aptamer samples 

were printed at high humidity onto streptavidin coated microarray slides as triple 

replicate spots within 16 replicate blocks on each microarray slide.  The slides were 

incubated for 30 minutes to allow streptavidin capture of the biotinylated moieties of the 
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aptamers.  During this time, Flexwell pads were applied the slides to partition the 16 

blocks among 16 separate wells. All wells on the slides were then blocked for 45 minutes 

with 75 µl 1X Roche Western Blocker in RTB with 0.1% Tween-20.  

Recombinant WT RT (expressed and purified as described above) was 

fluorescently labeled with Cy3-NHS ester dye (Amersham) and purified as described in 

the materials and methods.  The degree of labeling was 2.9 moles of conjugated dye per 

mole of RT enzyme.   Target buffer was prepared by serially diluting Cy3-labeled RT 

into blocking buffer to achieve RT concentrations ranging from 10 µg/ml (85 nM) to 1 

pg/ml (8.5 fM).  A similar dilution series included Cy5-labeled CEM lymphocyte lysate 

in the target buffer at a constant concentration of 10 µg/ml across all aliquots. After 

removal of the blocking buffer, the target buffers were applied as 50 µl aliquots to the 

wells on the microarray slides  After 30 minutes, the target buffer was withdrawn and the 

wells were rinsed three times with 100 ml of RTB with 0.1% Tween-20 (RTBT), after 

which each slide (with the Flexwell pad still attached) was immersed into a 50 ml conical 

tube filled with 45 ml RTBT.  The tubes were agitated on a rotating shaker at 120 RPM at 

room temperature for 5 minutes.  The buffer in the tubes was replaced with fresh RTBT, 

and the tubes were agitated again for 5 minutes.  The slides were then removed from the 

tubes, and their Flexwell pads peeled away from their surfaces, after which they were 

centrifuged dry and then immediately read in an Axon 4000B scanner.  

Figure 4.9-A shows the scanned image of an RNA aptamer microarray that was 

treated with 850 pM (100ng/ml) of Cy3-labled WT RT.    Differences in binding affinity 

toward RT among the aptamer samples were immediately apparent, with some samples 



emitting fluorescent signals that saturated the scanner’s photomultiplier tube (PMT), and 

others samples yielding signals that were near or below background levels. The averaged 

background-subtracted intensities from the fluorescently labeled WT RT captured by 

each of the aptamers are shown in the graph in Figure 4.9-B.  
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Figure 4.9. Microarray of 70.15-N30 anti-WT RT RNA aptamers binding to 850 pM 
Cy3-labeled wild type RT.  (A) Scanned image of microarray recorded at 
600 V PMT and 100% laser power in  532 and 635 channels of an Axon 
400B scanner.  (B) Average BSI values for aptamer samples printed as triple 
replicates on the microarray.  Blue bars indicate values for Round 10 
aptamers; green bars indicate values for Round 16 aptamers. Error bars 
indicate +1 standard deviation. 

 

  Almost all of the aptamer samples showed measurable binding to Cy3-RT when 

compared to the random-sequence Round Zero negative control. Variation among 

technical replicates of each aptamer sample (3 spots each) was low, as indicated by the 

small standard deviations shown as error bars on the graph in Figure 4.10-B.   Bars on the 

graph colored blue identify Round 10 aptamers; those colored green denote Round 16.  

The balance of Round 10 to Round 16 aptamers appeared evenly divided (10 vs. 11, 

respectively) among the upper half (21 of 42) of 70.15-N30 aptamer clones when rank-

ordered by binding affinity.  This result was in general agreement with filter binding 

assays of the Round 10 and Round 16 pools performed by the selection team that showed 

only a marginal increase from 32% to 35% of pool RNA bound to RT after the additional 

6 rounds of selection.  Moreover the highest binding clone tested on the filter binding 

assay from Round 10 (10.16; Kd = 150 pM) as well as the highest on the filter from 

Round 16 (16.10; Kd = 100 pM) were, respectively, the clones with the second highest 

and highest BSIs on the microarray at 850 pM of Cy3-labeled RT.   

When tested in a dilution series of concentrations of Cy3-labeled RT that ranged 

from 85 nM (10 µg/ml) to 8.5 fM, (1 pg/ml), sets of aptamers could be found that, 

together, covered a broad dynamic range of analyte concentration.  As an example, 

binding curves of clones 16.05, 16.06, and 16.16 are shown to overlap in the graph in 



Figure 4.10-A to collectively detect RT across five orders of magnitude ranging from 100 

fM to 1 nM.    
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Figure 4.10. Dynamic ranges and limits of detection for anti-RT aptamers on 
microarrays.  (A) Dynamic ranges for detection of Cy3-labeled RT by anti-
RT aptamers 16.05, 16.06, and 16.10.  (B) Rectangular averaged line signal 
profile for four replicate spots of aptamer 16.10 showing detection of C3-
labeled RT at its detection limit of 85 fM.  (C) Rectangular averaged line 
signal profile for four replicate spots of aptamer 16.10 showing detection of 
C3-labeled RT at its detection limit 85 fM in a mixture with 1 µg/ml Cy5-
labeled CEM lymphocyte cell extract. 

 

Clone 16.10 proved to be exquisitely sensitive, with limits of detection (LOD) at 

85 fM (Figure 4.10-B).   Clone 16.10 proved to be highly specific as well,  as it showed 

an LOD of 85 fm for Cy3-RT even in the presence of 107-fold greater concentration of 

Cy5-labled CEM lymphocyte lysate protein (10 µg/ml), as shown in Figure 4.11-B.  A 

dilution series performed 2 months later, however, resulted in a higher LOD of 8.5 pM.  

This difference was associated with a change in the Cy3-labeled RT stock that was used 

to perform the LOD measurements.  The labeled RT used in the first assay with an LOD 

of 85 fM had a dye:protein molar ratio (the average molecules of dye conjugated to a 

each RT molecule) of 2.9, whereas labeled RT used in the second assay had a molar 

dye:protein molar ratio of only 0.71.  Accordingly, it appears likely that the lower 

sensitivity seen in the second assay was due to the lower fluorescent quantum yield from 

the second preparation of labeled RT that would be expected given its 4-fold lower 

effective degree of fluorophore labeling. 
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Specific detection of wild type vs. drug-resistant HIV-1 reverse transcriptase 

 The 70.15-N30 anti-WT RT aptamers were also tested against a multidrug-

resistant variant of RT that were performed using microarrays from the same print run as 

those used in screening the anti-RT activity of the 44 aptamer samples described above.  

Recombinant RT variant M3 (GenBank AY351379; see Figure 4.8) bearing the mutations 

E44D, M41V, D67N, T69D, L210W, and T215Y was labeled with Cy3-NHS ester dye 

and purified as described in materials and methods; the degree of labeling on the Cy3-

labeled M3 RT (Cy3-M3) was 3.0.  The Cy3-M3 was diluted into blocking buffer, and 

then used to treat microarrays printed with anti-WT RT 70.15-N30 aptamers as described 

above.  



 

Figure 4.11. Microarray image of anti- RT (wild type) aptamers binding to wild type RT 
as compared to an image of the same aptamers binding to drug-resistant RT 
mutant M3.  (A) Microarray treated with 850 pM WT RT. (B) Microarray 
printed with same aptamers as in A after treatment with 850 pM M3 RT. 
Note: Although both microarrays were scanned with identical PMT and 
laser power settings, brightness and contrast levels were separately adjusted 
to optimize image quality. Refer to the graph in Figure 4.12 for actual BSI 
values.  

 
A visual comparison of the microarray treated with 850 pM of Cy3-WT RT 

(Figure 4.11-A) with the microarray treated with 850 pM Cy3-M3 RT (Figure 4.11-B) 

shows a clear difference in the pattern of binding of the aptamers towards the drug-
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resistant vs. the wild type forms of the enzyme.  Whereas clones 10.16, 16.10, and 16.25 

(and several others) show high binding to WT RT, they show no measurable affinity for 

the drug-resistant mutant M3.  Conversely, while clones 10.02 and 16.17 appeared to be 

relatively weak binders to WT, they were the only clones that showed robust binding to 

M3 on the microarray.  

These visual impressions are confirmed by the graph shown in Figure 4.12. For 

clearer reading, the spot background-subtracted intensity data depicted in the graph were 

first filtered to include only those aptamer samples with signal-to-noise ratios greater than 

5.  Next, because the average BSIs on the M3-treated microarray were much lower than 

on the WT-treated microarray, the BSIs from the M3 microarray were normalized by 

multiplying them by 41.9, which set the BSI of the brightest clone (10.02) on the M3 

slide to equal that of the brightest clone on the WT slide (16.10).   None of the 15 clones 

that had shown the highest affinity to WT RT (with BSIs ranging from approximately 

10,000 to 63,000 on the WT slide) showed any significant binding towards M3 RT.  Two 

clones that had shown a much weaker comparative affinity for WT RT – clones 10.02 

and 16.17 – were the only ones that showed any significant binding to M3 RT. 



 

Figure 4.12. Graph of the BSI values of anti-WT RT aptamers on a microarray treated 
with 850 pM Cy3-labeled WT RT, as compared to an identical microarray 
treated with 850 pM Cy3-labeled M3 RT (see normalization details in text).  
Graphed values corresponded to microarray images shown in Figure 4.11.  

 
These results offer some support to our hypothesis that, because many of the 

documented NRTI-resistance mutations are clustered around the template binding cleft 

where RNA pseudoknot aptamers are known to bind (Jaeger, Restle et al. 1998), changes 

in shape resulting from the mutations will be detectable on the microarray as differences 

in the binding profiles of particular aptamers.  Due the fact that we have at the present 

time only one mutant protein to test against the anti-WT aptamers on the microarray, it is 

difficult to infer whether the significant binding shown by clones 10.02 and 16.17 

towards M3 are due to their having a higher specific affinity for M3 in the area of the 
 124
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NRTI-resistance mutations, or if these clones are simply the only aptamers from the 

70.15-N30 selection that bind to an invariant part of the enzyme that is not under 

selection pressure during HIV treatment with NRTI drugs.  Nonetheless, this result was 

an encouraging early sign that, as our program in the Ellington laboratory to select RNA 

aptamers against the remaining RTs in the multidrug-resistant panel proceeds, we shall 

likely isolate groups of aptamers that will each be highly specific a particular NRTI-

resistant RT.  

 

Antibody sandwich detection of RT captured by RNA aptamers on the microarray 

 Fluorescent labeling of target analytes up to this point had provided a facile 

means for detecting the capture of proteins on the RNA microarrays. This had allowed 

me to focus other fundamental aspects of the technology, such as the mode of surface 

immobilization of the aptamers on the microarrays or the optimization of slide blocking 

and washing procedures.  Direct labeling, however, appeared likely to introduce variation 

that would be difficult control for in assays for the multiplex determination of specific 

and absolute protein concentrations.  Due the vast physicochemical surface heterogeneity 

displayed by proteins, labeling typically requires optimization of reaction conditions for 

effective conjugation to reactive amino acids on each particular protein, thereby 

complicating the determinancy of labeling multiple target proteins in complex biological 

fluids.  Another concern is the steric hindrance that labeling might introduce into target 

epitope areas to which aptamers or antibodies have been selected to bind. In addition, 

there is evidence in this work (Chapter 3) and from others (Martinez, Aragon et al. 2003; 
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Timlin, Haaland et al. 2005) that spurious interactions between oligonucleotides and 

fluorophores conjugated to target analytes may confound interpretation of the fluorescent 

signals coming from microarrays.   Although some of the early, important demonstrations 

of protein detecting microarrays used direct labeling of protein for ratiometric 

quantification against reference samples (Haab, Dunham et al. 2001; Miller, Zhou et al. 

2003) there is a growing trend in the literature that suggests, for the near future, protein-

detecting microarrays for proteomics research or clinical applications will mainly rely on 

label-free, ELISA-style sandwich detection schemes for absolute quantitation of proteins 

in complex biological fluids (Schweitzer, Roberts et al. 2002; Nielsen and Geierstanger 

2004; Perlee, Christiansen et al. 2004; Varnum, Woodbury et al. 2004; Zangar, Daly et al. 

2006).  This is also understandable given the influence of established practices and 

reagent markets for microplate ELISAs for absolute protein quantitation that have 

evolved over the 35 years since the assay was introduced in 1971 (Engvall and Perlman 

1971). 

 To test sandwich detection methods on RNA aptamer microarrays, I obtained 

rabbit polyclonal antibodies against WT RT from the AIDS Reagent program at NIH.  

Cy3-labeled goat anti-rabbit polyconal antibodies were purchased from Amersham.  In 

order to optimize sandwich reagent concentrations,  I  performed a checkerboard dilution 

series (Crowther 2001) across multiple microarray slides that had been covered with 

Flexwell pads to allow partitioning of the slides into 16 separate wells.   The RNA 

aptamer microarrays used in this series were from the same print run and were processed 

at the same time as the assays described above that were treated with fluorescently 

labeled RT.  Except as noted below, materials and methods for experimentally processing 



the sandwich assays were also identical to those used for the microarrays treated with 

fluorescently labeled RT, with all steps performed at room temperature. 
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Figure 4.13. Microarray capture of WT RT with antibody sandwich detection. (A) 
Microarray printed with identical anti-WT RT aptamers as shown in Figure 
4.9, but treated with unlabeled 850 pM WT RT instead, followed by primary 
detection with a rabbit polyclonal antibody, and secondary detection with a 
Cy3-labeled goat anti-rabbit antibody.  (B) Graph of averaged BSI values of 
microarray spots for aptamer samples shown in A.  Blue bars indicate values 
for Round 10 aptamers; green bars indicate values for Round 16 aptamers. 
Error bars indicate +1 standard deviation.     

 
Unlabeled WT RT at four 10-fold dilutions from 8.5 nM to 8.5 pM, primary 

antibody (0.2 µm filtered) at dilutions of 500, 1000, 2000, and 4000 to one, and 

secondary antibodies at 250, 500, 1000, and 2000 to one were each diluted into blocking 

buffer supplemented with 1 mM DTT.   After blocking, the target dilutions containing the 

unlabeled RT were applied to the slides and incubated for 30 minutes.  The target 

solutions were then withdrawn from the wells on the microarray slides, and the wells 

were rinsed with 6 times with 100 µl of blocking buffer. 0.2 µm-filtered primary antibody 

was applied to the slides for two hours, after which the wells were rinsed as before, 

followed by application of the secondary antibody for one hour. The slides were washed, 

centrifuged dry, and scanned as had been done for the microarrays treated with 

fluorescently labeled protein. 

Optimal SNR values for the greatest majority of spots using the ranges of reagents 

tested in this series were obtained on a microarray treated with 850 pM unlabeled WT 

RT, the primary antibody at 1:4000 dilution, and the Cy3-labeled secondary antibody at 

1:1000 dilution.  The resulting image of the array (Figure 4.13-A) showed greater 

differences in BSI levels between the highest affinity and the lowest affinity spots on the 

microarray than what had been seen on the slide treated with Cy-RT at the same 
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concentration.  More of the high binding spots on the sandwich microarray were at or 

near PMT saturation levels, even though the slide was scanned with PMT levels at 500 V 

in the 532 channel, rather than the 600 V that had been used on the Cy3-RT slide.  

Aptamers on the sandwich microarray with the lowest BSIs appeared to be somewhat 

diminished due to relatively high background levels caused by nonspecific binding of the 

Cy3-labeled secondary antibody to the Neutravidin coating on the slides.  Indeed,  the 

average of all of the spot local median background pixel intensities on the sandwich 

microarray was 3719, with a standard deviation of 322, whereas the similarly calculated 

background values on the microarray treated with 850 pM of  Cy3-labeled RT (with a 

degree of labeling of 0.71)) had an average of 818 with a standard deviation of 196.  The 

graph of the averaged BSI of each aptamer in Figure 4.14-B shows slightly more 

variation among triple replicate spots for each sample (indicated by the standard 

deviation error bars) than that seen on the Cy3-RT microarray.  The distribution of Round 

10 vs. Round 16 aptamers in the highest binding 21 of the 42 70.15-N30 aptamers was 

almost even, as it had been on the Cy3-RT slide.  



 

Figure 4.14.  Graph depicting BSI for a series of microarrays showing aptamer binding to 
unlabeled RT at concentrations ranging from8.5 pM to 8.5 nM that was 
detected using primary and secondary antibodies as in shown in Figure 4.13-
A.   

 
Figure 4.14 shows the averaged BSIs for the 11 highest binding aptamers at 

concentrations of 8.5 nM, 850 pM, 85 pM, and 8.5 pM to allow comparison of clones 

with fluorescent intensities that were out the range of the PMT at when tested at 850 pM 

RT.  Significantly, the rank order of the six highest-binding clones on the sandwich assay 

at 85 pM was identical the binding rank order seen for the six highest binding clones on 

the Cy3-RT slide at 850 pM.   If it is assumed that the uniformly higher signal intensities 

for these clones seen on the sandwich assays vs. the direct labeling assays were mainly 

due to the differing modes of signal development, one could infer that direct labeling did 

not disrupt target binding by these aptamer clones. This would suggest that the aptamers 
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were binding to epitopes on the WT RT enzyme that contained relatively few solvent-

accessible lysine residues to which the NHS-ester Cy3 dye molecules were expected to 

be conjugated.  Apart from this speculation, the high agreement in the rank ordering of 

the highest binding clones suggests that elements to common to both assays, such as the 

slides, buffers, and printing and blocking procedures, were not major sources of 

unpredictable metrological variation. 

A direct comparison of  the signal intensities on the sandwich assay vs. the Cy3-

labeled RT assay for all of the tested aptamers is presented in Figure 4.15.  As shown on 

the graph, the 7th and 8th ranking aptamers on the sandwich assay – clones 16.17 and 

10.02 – respectively showed 17.2- and 16.9-fold higher signal intensities on the sandwich 

assay than on the assay using CY3-labeld RT;  these were noticeably higher differences 

than those seen for any of the other aptamers tested on the microarrays.   Accordingly, 

one could assume the converse from above and predict that these two aptamers bind in 

the vicinity of solvent-accessible lysine residues, and are sterically hindered when these 

lysines are labeled with fluorophores.  Interestingly, clones 16.17 and 10.02 were the 

only aptamer clones that showed significant binding when tested against drug-resistant 

M3 RT that had been labeled with Cy3.  It is also worth noting the 9.2-fold higher BSI 

shown by the canonical 33 nt Tuerk pseudoknot (TPK) RNA aptamer on the sandwich 

microarray vs. that seen on the Cy3-RT microarray.  The disruption of binding of the 

TPK to Cy3-RT that apparently  resulted from the conjugation of fluorophores to lysine 

residues on WT RT is not surprising given the 3 solvent-accessible lysine residues 

located within the enzyme’s template-binding cleft that were observed to contact the TPK 



aptamer in the reported crystal structure of the TPK complexed with WT RT (Jaeger, 

Restle et al. 1998).  

 

   

Figure 4.15. Graphical comparison of microarray BSI levels for aptamers capturing 850 
pM RT using either antibody sandwich or direct target labeling methods for 
analyte detection. 

 

Correlations of sequence and function for anti-RT aptamers 

 Sequences for the anti-RT 70.15-N30 aptamers were compared to look for 

patterns in RNA primary structure that could be correlated with relative fitness for RT 

binding on the microarray.  One such correlation that appeared strikingly obvious is 

shown in an alignment of the Round 16 sequences (Figure 4.16) for aptamers that were 
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tested on the microarray.   Seven of the aptamers (grouped at the bottom of the 

alignment)  had lost most or all of the 5’ half of the 39 nt nucleotide region that 

comprised the 70.15 pseudoknot-like structure that was present in the original 70.15-N30 

DNA template design of the Round 0 pool. The losses were contiguous and encompassed 

two of the four sets of nucleotides (outlined with green and red boxes on the alignment) 

that were predicted to form the helices that maintain the pseudoknot-like structure of the 

70.15 aptamer  (Burke, Scates et al. 1996).   As indicated by the BSI values for each 

sequence (measured at 850 pM of RT on the sandwich microarray), the loss of the 

pseudoknot structure was correlated with having a much lower BSI when compared with 

the group of aptamers that retained the 70.15 structure. The group that lost the structure 

had median and average BSI values of 2973 and 3985, respectively, whereas aptamers in 

the alignment that retained the 70.15 structure had respective median and average BSIs of 

19900 and 24051.  The fact that the seven sequences that shared the 70.15 deletion motif 

had an approximately six-fold lower binding affinity than those that kept the structure 

suggests that, by the sixteenth, final round of the selection, some of the sequences may 

had begun to optimize for replicability at the expense of binding affinity.  It would follow 

that if, during in vitro selection, the 70.15 pseudoknot structure of RNA aptamers 

recovered after partitioning presented an impediment to processive reverse transcription, 

those aptamers that eliminated the structure could achieve a higher rate of turnover into 

full-length DNA templates that could be used in the following round of selection. 
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 The remaining aptamers in the alignment that retained the 70.15 structure were 

subdivided into two groups: one large group of 11 sequences that shared a 12 nt 

nucleotide consensus motif composed of the sequence GTRGARCTCGRC within their 

N30 variable regions, and another small group of two “orphan” sequences that each 

shared no variable region motifs with any other sequences.  Within the larger group, all 

but one of the sequences (16.25) had deleted from 1 to 21 bases in a range that extended 

from the latter half of the linker region into the first seven nucleotides of the 70.15 

structure.  There was, however, no obvious correlation between binding fitness and 

deletions in this region, as BSI values among this subgroup ranged from 30956 to 299 in 

what appeared to be a fairly even distribution. 

CONCLUSIONS     

 
 The results in this chapter constitute an encouraging beginning for the 

development of RNA aptamer microarrays for the rapid molecular diagnosis of NRTI-

resistance in HIV patients receiving antiretroviral therapies, as well as for possible 

diagnostic applications in other diseases with confounding phenotypic complexity such as 

cancer.  Aptamers on the microarray were capable of detecting fluorescently labeled 

HIV-1 RT in buffer and in lymphocyte lysates in a dose-dependent manner, with lower 

limits of detection in the femtomolar (pg/ml) range.  In addition, microarray screening of 

aptamers isolated from the final round pool of the 70.15-N30 extension aptamer selection 

against WT RT yielded sets of aptamers that, together, detected RT over a dynamic range 

that spanned four orders of magnitude.   
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Our development of label-free, sandwich detection methods for RNA aptamer 

microarrays simplifies the preparation of the target analytes, which will be important for 

developing clinical assays for infectious materials from diseases such as HIV.   Although 

encouraging results were seen in this initial trial of sandwich methods using polyclonal 

antibodies, the transition to using monoclonal antibodies or aptamers that can be 

produced in unlimited supplies for detection should contribute to the analytical stability 

of aptamer microarray assays over the long term (Anderson, Godfrey et al. 1983; Drolet, 

Moon-McDermott et al. 1996). 

Significantly, aptamers on the microarray that had been selected to bind to WT 

RT showed a nascent ability to distinguish a multidrug-resistant RT mutant.  This result 

suggests that efforts underway in the Ellington laboratory to select aptamers that can 

specifically distinguish between each in the full panel of 12 multidrug-resistant RTs 

should within a reasonable time bear fruit.  Moreover, our investment of resources for the 

cloning, expression, and purification of recombinant RTs will provide a source of 

analytical standards for calibrating ELISA-style aptamer microarray assays as they move 

into clinical trials.   

We designed our RNA aptamer microarrays to be produced and processed using 

materials and methods that were very similar to those used for printed  DNA 

oligonucleotide microarrays.  Accordingly, future embodiments of our aptamer 

microarrays will benefit from rapidly advancing metrological  innovations that are being 

applied to gene and protein expression microarrays (Cronin, Ghosh et al. 2004; Varnum, 

Woodbury et al. 2004; Daly, White et al. 2005; Timlin, Haaland et al. 2005; White, Daly 

et al. 2006). The adaptation of our aptamer microarray assays to formats compatible with 



 137

multichannel pippetors and liquid-handling robots should facilitate the transfer of the 

technology into clinical settings and system biology research.  Moreover, because the 

high-throughput methods described herein provide a practical means for screening the 

performance of up to many thousands of aptamer sequences against multiple target 

analytes, they may also be applied to yield basic insights into the nature of RNA fitness 

landscapes and molecular evolution (Ellington, Cox et al. 2005).  

 

MATERIALS AND METHODS 

Recombinant expression and purification of HIV-1 reverse transcriptases 

Chemicals and materials for cloning, expression and purification of HIV-1 reverse 

transcriptases 

HIV-1 genomic DNA clone p4755-5 encoding drug-resistant mutant reverse 

transcriptase (Mutant 3 or M3) was obtained as a glycerol stock through the AIDS 

Research and Reference Reagent Program, Division of AIDS, NIAID, NIH from Dr. 

Robert W. Shafer Restriction enzymes used for double digestion were from New England 

Biolabs (NEB), Ipswich, MA. pET vectors from Stratagene, La Jolla, CA. Isopropyl β-D 

Thiogalactopyranoside (IPTG) used was from Gold Biotechnolgy (St. Louis, MO).  Ni-

NTA Superflow nickel resin and Plasmid mini prep purification kit were from Qiagen, 

Valencia, CA. DEAE sepharose was from Pharamcia. Imidazole was from EMD 

Biosciences. Top 10 competent cells were from Invitrogen.  E.coli BL21(DE3) codon 

plus cells were from Novagen. Slide-a-lyzer dialysis cassettes were from Pierce 

Biotechnolgy. 
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Primers for RT gene cloning 

Forward primer for p66 and p51 subunit cloning: jc_RT_1_p66F_p51F 

GGAGATATACATATGCCCATTAGCCCTATTGAGACTGTACCAGTAAAATTAA

AGCCA 

Reverse primer for p66 subunit cloning: jc_RT_2_p66R 

CCGCAAGCTTCTATAGTACTTTCCTGATTCCAGCACTGACTAA 

Reverse primer for p51 subunit cloning: jc_RT_3ns_p51RH 

CCGCAAGCTTCCATAATTTCACTAAGGGAGGGGTATTAACAA 

 

Recombinant RT expression conditions 

Two separate E. coli BL21 clones, one bearing the p66 plasmid and the other the 

p51 plasmid, were respectively inoculated in 500 ml and 125 ml of LB and grown 

overnight at 300C.  The next day, 100 ml of p51 cells were used to inoculate 1000 ml of 

TB, and  400 ml of p66 cells were used to inoculate 4000 ml of TB. Cells were grown at 

37oC  in baffled Erlenmeyer flasks on a shaker at 180 RPM until an OD of 0.6 was 

reached, at which time RT expression was induced in both cultures by the addition of 0.5 

mM IPTG. The cells were then grown for an additional 3 hours at 37oC, after which they 

were pelleted by centrifugation in 500 ml bottles at 5000 rpm for 20 minutes at 40C, and 

then stored at -800C. 

 

Recombinant RT purification buffers 
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Buffer A: 50 mM Tris HCl, pH 7.9, 60 mM NaCl, 8% glycerol (v/v), and 1 mM 

dithiothreitol (DTT);  Buffer B: 50 mM Tris HCl, pH 7.9, 500 mM NaCl, 8% glycerol 

(v/v), and 1 mM DTT.;  2X Storage Buffer: 200 mM NaCl, 100 mM HEPES, pH 8.0, 2 

mM DTT. 

   

Recombinant RT purification procedures  

Pellets of p66 and p51 were resuspended in Buffer A at a respective 4:1 ratio 

(typically,  and pooled. Cells were disrupted using a flow-though high-pressure 

homogenizer (kindly provided by Dr. Scott Stevens and operated by Adam Roth of the 

ICMB) and then centrifuged at 28,000 g for 45 minutes at 4oC. All subsequent steps were 

then performed in a cold room at 4oC or on ice.  

Supernatants from lysate centrifugation were loaded onto DEAE Sepharose 

columns equilibrated with  Buffer A. The gravity flow-through was collected, pooled, 

supplemented with NaCl to 500 mM and imidazole to 10 mM, and then loaded onto Ni+-

NTA columns pre-equilibrated with Buffer B supplemented with imidazole to 10 mM..  

The columns were then washed with 12 column volumes (CV) of Buffer B with 

additional NaCl to 1M, 12 CV of Buffer B with 5 mM imidazole, and 12 CV of Buffer B 

with 10 mM imidazole.   RT was then eluted with 1 CV each of Buffer B supplemented 

with imidazole in the order of 40 mM, 60 mM, 100 mM, and 200 mM.  Eluted fractions 

were assayed with SDS-PAGE.   Fractions were then pooled according to purity and then 

dialyzed overnight into 2X Storage Buffer using 3 ml Slide-a-lyzer dialysis cassettes with 

a 3500 MWCO.  Purified RT fractions were then supplemented with glycerol to 50% 
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(v/v), and then frozen at -20oC  use for within 4-6 weeks or frozen at -80oC for longer 

term storage. 

Fluorescent labeling of RT 

 Cy3 and or Cy5 NHS-ester dye (Amersham) in a prepackaged vial optimized for 

the labeling of 1 mg of IgG was used to label the recombinant reverse transcriptases used 

in the experiments.  The dessicated dye was dissolved in 1 ml of 100 NaCl, 50 mM 

HEPES pH 8.6, and 1 mM DTT.   This volume was reduced in proportion to the mass of 

RT to be labeled (typically 1- 500 µg).   RT dialyzed into labeling buffer was then added 

to added to the tube to bring the volume up to 1 ml.  The mixture was rotated in the dark 

at room temperature for one hour, and then desalted in 2 ml Zeba desalting spin columns 

that had been equilibrated with RTB (100 mM NaCl, 20 mM HEPES pH 7.5, 5 mM 

MgCl2 and 1 mM DTT). 

  

Primary detection and fluorescent secondary antibodies for sandwich detection 

 Anti-HIV-1 RT polyclonal antibodies from rabbit were obtained from Dr. Stuart 

Le Grice through the NIH AIDS Research and Reference Reagent Program, Division of 

AIDS, NIAID, NIH.  Polyclonal Cy3-labled goat anti-rabbit IgG was purchased from 

Amersham.  
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DNA aptamer template amplification and in vitro transcriptions of RNA aptamers 

 The randomized Round Zero starting pool for the original  in vitro selections of 

the anti-RT 70.15 extension aptamers that were printed on the microarrays had the 

following template sequence structure: 

GATAATACGACTCACTATAGGGAATGGATCCACATCTACGA -N30-

AAGCTTCGTCAAGTCTGCAGTGAACCTACGAACCCAGGAGATAAGGGGGAAACT

CTGGAAAACAGATTGCACTTACTATCTGGTATC (N30 indicates 30 nt variable 

region; italicized letters indicate location of the 70.15 pseudoknot-like aptamer 

sequence).  DNA templates for selected 70.15 RNA extension aptamer clones isolated by 

the selection team were amplified from colony PCR dsDNA using a 41.30 primer with 

sequence GATAATACGACTCACTATAGGGAATGGATCCACATCTACGA and 

aA2a_1890a_revp primer with sequence 

CTCGTGATGTCCAGTCGCGATACCAGATAGTAAGTGCAATCTGTTTTCCA that 

appended the 18 nt 1890a generic linker sequence to the 3’ end of the isolated templates.  

The resulting amplicons were purified using Promega Wizard spin columns and then 

examined on an Invitrogen 2% agarose E-gel 96 cartridge.  140 nt RNA aptamers were 

transcribed in vitro from the DNA templates using Ampliscribe T7 RNA polymerase kits 

from Epicentre, and then purified on Ambion MegaClear 96 filter plates according to the 

manufacturer’s protocols, with the exception of mixing 70 µl of 100% EtOH with the 

kit’s binding buffer instead of 50 µl recommend by the manufacturer.   
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Microarray printing and processing procedures 

Each RNA aptamer was diluted to a concentration of 2 µM and mixed with 1 µM 

of the biotinylated anchor oligo bt-1890a-LNA (sequence 5' -BioTEG-

TTT+CT+CG+TGA+TGT+CCAG+TCGC custom synthesized by IDT DNA 

Technologies) in 1X RT binding buffer  (RTB: 100 mM NaCL, 20 mM Tris HCl pH 7.5, 

5 mM MgCl2 , 1 mM DTT).  The mixture was supplemented with glycerol to 5% (v/v) 

and then thermally equilibrated (as described in Results, above) to both fold the aptamers 

into active conformations and to hybridize each aptamer to the anchor oligo.  10 µl of 

each sample was then loaded into 8 replicate wells in 384  wells plates as recounted 

above.  The aptamers were printed onto Neutravidin coated slides from Pierce 

Biotechnology at 65-75% humidity and incubated for 30 minutes to allow the streptavidin 

coating on the slides to capture the biotinylated aptamer/LNA duplexes.  During 

incubation each slide was covered with a 16-well Flexwell pad (Grace BioLabs). The 

wells were blocked with 100 µl of  1 X RTB supplemented with 1X Roche Western 

Blocker from (Roche Molecular Diagnostics) and Tween-20 to 0.1%  for 45 minutes at 

room temperature.  The wells were rinsed three times with 100 µl of blocking buffer, 

followed by application of the particular target buffers as described in the Results section 

above. 

To confirm binding of the aptamers to microarrays, control slides were probed 

with a 5’ Cy3-labeled DNA oligonucleotide in 3X SSC (Cy3-A2A.rc: 5’Cy3-

GATACCAGATAGTAAGTGCA - complementary to the reverse primer region on the 
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aptamer just upstream from the 1890a extended linker at the 3’ end to the aptamer) and 

then allowed to incubate for 30 minutes at room temperature.   

After target incubations, all wells were rinsed six times with 100 µl of RTBT (1X 

RTB with 0.1% Tween-20). The slides were then placed into a 50 ml conical tube filled 

with 45 ml of RTBT and  placed on a rotating shaker at 120 RPM at RT for 5 minutes. 

The buffer in the tube was then replaced with fresh RTBT, and the tubes were shaken for 

another 5 minutes, after which the slides were withdrawn and their Flexwell pads 

removed.   The slides were then centrifuged dry, and then scanned in an Axon 4000B 

microarray scanner. 

   

Bioinformatics 

 GPR files from the Axon 4000B scanner were uploaded to the BioArray Software 

Environment (BASE) database (Saal, Troein et al. 2002) running on GenToo Linux on 

the Ellington laboratory file and application server.  The data were then abstracted into 

raw bioassay sets in the database, and then extracted and into tables using either the 

WEKA (Frank, Hall et al. 2004) export template within BASE, or by directly accessing 

the backend MySQL database for BASE using standard structured query language (SQL) 

commands.  The resulting tables were then loaded into Microsoft Excel for further 

formatting, and then transferred into SigmaPlot 8.0 for statistical visualization. 

 The variable regions of the aptamer sequences were submitted to the MEME 

server (meme.sdsc.edu) at the San Diego Super Computer Center to search for shared 
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sequence motifs (Bailey and Elkan 1994).   Alignments of the aptamers were performed 

using CLUSTAL W (Thompson, Higgins et al. 1994) and then manually adjusted. 
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