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SUMMARY

Aptamers and the SELEX process were discovered over two decades ago. These discoveries
have spawned a productive academic and commercial industry. The collective results provide
insights into biology, past and present, through an in vitro evolutionary exploration of the na-
ture of nucleic acids and their potential roles in ancient life. Aptamers have helped usher in an
RNA renaissance. Here we explore some of the evolution of the aptamer field and the insights it
has provided for conceptualizing an RNAworld, from its nascence to our current endeavor em-
ploying aptamers in human proteomics to discover biomarkers of health and disease.
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1 INTRODUCTION

Aptamers, the output of the SELEX process (Systematic
Evolution of Ligands by EXponential enrichment), have
now had 20 years to “show their stuff.” They have done
so admirably, and in so doing have allowed us to wonder
about what else oligonucleotides might be doing that we
have yet to discover as we poke around the biosphere.
Deeply embedded within the concepts of the RNA World
are questions regarding present biology as well as how
we got here. A famous Dobzhansky quote echoed often
by Carl Woese suffices—“Nothing in biology makes sense
except in the light of evolution” (Dobzhansky 1973).
Aptamers open our eyes to some of the possibilities.

2 THE HISTORY OF SELEX AND APTAMERS

Let us first provide a little history. Craig Tuerk was finishing
his PhD thesis at the University of Colorado, and had taken
on the task of more deeply understanding the nature of the
“translational operator” within the bacteriophage T4 gene
43 mRNA. A hairpin and the Shine and Dalgarno domain
just 5’ to the initiating AUG of the gene 43 mRNA is the
RNA motif that is bound by the gene 43 protein (the rep-
licative enzyme encoded by T4) to repress further synthesis
of the polymerase when the level of replication is appropri-
ate. Craig decided to mutate completely the hairpin loop
within that motif. Those eight nucleotides were the focus
of the first SELEX experiment. That first SELEX experiment
(Tuerk and Gold 1990) yielded two winning hairpins
among the ~65,000 sequences of length eight—the wild
type T4 sequence and another containing four changes
(a quadruple “mutation” over eight nucleotides). Those
four changes appeared to reduce the loop size from eight
nucleotides to four nucleotides, even though the two hair-
pins bound with the same affinities to the gene 43 protein.

These experiments defined the SELEX process. The
resulting ligands were coined “aptamers” (derived from
the Greek word aptus; “to fit”) by Andy Ellington and
Jack Szostak in independent work that devised the same
general strategy (Ellington and Szostak 1990; see also Green
etal. 1990). The surprising data on the gene 43 mRNA mo-
tif drove us to generalize from the SELEX method to useful
(in a commercial sense) single-stranded oligonucleotide
shapes that could be identified through SELEX.

At some point shortly after Craig’s paper, we expanded
the randomized domain from eight nucleotides to 30 or 40
[and, later, at NeXstar, 50 to prove a point (Jellinek et al.
1993)], reasoning that one must access 30 randomized
nucleotides or more to provide sufficient length to gener-
ate hairpins, G-quartets, bulges, and pseudo-knots. We
thought then, and largely think today (but see later), that

the helical regions of aptamers provide stable secondary
structures that allow loops and other single-stranded re-
gions to “collapse” into whatever three-dimensional shape
is most likely. This thinking was influenced by CUUCGG
hairpins (Tuerk et al. 1988), data on other common “tetra-
loops” (Woese et al. 1983), and the extraordinary structures
within the loops of tRNAs (Robertus et al. 1974; Suddath
et al. 1974). We studied many proteins quickly, as targets,
and reached the conclusion that SELEX would yield ap-
tamers to many (if not all) proteins. Before the word “ap-
tamer” became widely used, Craig had chosen the words
“nucleic acid antibodies” (meaning antibodies made out
of nucleic acids and NOT antibodies to nucleic acids—we
are all happy that the word “aptamer” survived).

The history continued with the creation of NeXagen in
1992; NeXagen became, after some biotech stuff, a com-
pany called NeXstar. NeXagen and NeXstar were dedicated
to the development of aptamers as therapeutic agents, ex-
actly analogous to antibodies or antibody mimics. Many
good aptamers were identified, some of which are in clin-
ical development today. The first aptamer taken into the
clinic was NX1838 (now called Macugen), a modified
RNA aptamer with a low K4 for Vascular Endothelial
Growth Factor and an activity that prevented VEGF 45
from binding to its high affinity receptors. NX1838 is a
VEGF antagonist, and thus an angiogenesis inhibitor
(Ruckman et al. 1998). NX1838 was tested against the
wet form of age-related macular degeneration (ARMD),
and, in the midst of that trial, NeXstar was acquired by Gi-
lead (Gragoudas et al. 2004; Gonzales 2005). Shortly there-
after the therapeutic rights to NX1838 were licensed to
Eyetech who finished the clinical development, renamed
the compound Macugen, and after FDA approval started
selling the drug in about January, 2005 (Doggrell 2005).
Macugen would have been a commercial as well as financial
success except that Macugen was selected specifically to tar-
get the VEGF isoform VEGF 45 and does not antagonize
isoform VEGF,,; because the binding site of Macugen is
missing in the shorter protein. Lucentis (and Avastin),
two slightly different antibodies aimed at VEGF,, and
also VEGF 45 beat Macugen in the market based on more
rapid and complete clinical response. Although VEGF 45
was clearly the predominant and most active isoform, the
role of VEGF,; in ARMD was not fully elucidated when
Macugen was taken into the clinic (Kaiser 2006). Neverthe-
less, as concerns emerge that pan-VEGF inhibition is asso-
ciated with serious cardiovascular and CNS events, it is
worth noting that selective inhibition of only VEGF¢s
may still be a useful option for long-term therapy of
ARMD, since some VEGF activity is now known to be re-
quired for maintenance of normal blood vessels and retinal
neurons (Nishijima et al. 2007; Saint-Geniez et al. 2009).
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Several other aptamers are now in clinical development:
AS1411 from Antisoma that targets nucleolin for acute
myeloid leukemia and renal cell carcinoma; REG1 from Re-
gado that targets Factor IX for coronary artery bypass graft
and percutaneous coronary intervention; ARC1779 from
Archemix that targets VWF for thrombotic microangiopa-
thies and thrombocytopenic purpura; NU172 from ARCA
that targets thrombin for coronary artery bypass graft and
percutaneous coronary intervention; E10030 from Oph-
thotech that targets PDGF-B for ARMD and diabetic retin-
opathy; ARCI905 from Archemix that targets C5 for
ARMD; and NOX-E36 from Noxxon that targets MCP-1
for kidney disease. Several companies including SomalLogic
are engaged in developing different versions of aptamers.
For example, Archemix and Ophthotech are working on
RNA aptamers and NOXXON Pharma is working on spie-
gelmers, which are mirror-image L-RNA aptamers (Kluss-
mann et al. 1996). Most, but not all of the aptamers in
clinical development are modified RNA molecules (modi-
fied so as to have slow degradation rates from endogenous
human RNases). The present therapeutic market for
monoclonal antibodies (with which aptamers would com-
pete, both being aimed largely at extracellular target mole-
cules) is about $35B, and within that growing market there
are opportunities for highly specific antagonists. The dom-
inant patent position, staked out in a patent (Gold and
Tuerk 1993) approved by the US Patent Office in 1993,
will end over the next few years.

3 PROTEOMICS: DRIVING SELEX TO THE BEST
POSSIBLE “WINNERS”

In the last few years at NeXstar, one of us became convinced
that a major aptamer value was proteomics. We thought ex-
tensively about the use of ELISAs for measuring single an-
alytes, and understood the value of using a sandwich of two
good monoclonal antibodies to measure a rare protein in
plasma, for example. That value, simply stated, is that
one can multiply the specificity of each monoclonal for
the intended analyte and thus ignore far more abundant
proteins toward which the two monoclonal antibodies
have higher Ky’s. A great ELISA will quantify a nonabun-
dant analyte below 1 pM (and sometimes at 10 fM) in plas-
ma. Although not often stated explicitly, the issue in any
assay in complex matrices is noise, not signal, and sand-
wich assays are intended to reduce noise (Zichi et al.
2008). Nucleic acid biochemists understand this concept
deeply—“nested” PCR using contiguous primer pairs is a
form of a “sandwich assay” in which specificities can be
multiplied.

We were not concerned about the speed of doing SE-
LEX. The SELEX literature contains methods to do SELEX
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in fewer rounds than we have found to be optimal (Tok and
Fischer 2008; Lou et al. 2009), with some methods aiming
to find good aptamers in a single round. We doubt that
such protocols can work—if the best molecules in a library
are present at a frequency of 10" to 10~ "> (Gold 1995) or
even lower, it is very difficult to discard all losers in a single
round. It is, however, entirely possible to lose interesting se-
quences that may initially exist as a single copy, especially in
the first round, because starting random libraries of 10" to
10" molecules are typically used for practical reasons. Fur-
thermore, the work one does after selection to characterize
aptamers is so vast compared to the selections themselves
(which we do anyway in 96-well plates with many targets
processed in parallel), we see no serious value in speeding
up the nonrate limiting piece of the work. The limitation
is aptamer quality—the equilibrium and kinetic properties
needed to achieve high specificity.

We defined a great aptamer as one that would provide
the specificity (in plasma, for example) of a pair of great
antibodies. A low Ky was not going to be sufficient if one
wants to use a single binding reagent. One can see this
through a concocted example. Imagine that albumin in
blood is present at 1 mM and that one wants to measure
some analyte present at 1 pM. But then imagine that the
capture agent (the monoclonal antibody or the aptamer)
has a 1 pM Ky (which would be an exceptionally good
Ky) for the intended analyte and binds albumin with the
horrible affinity of 1 mM (merely a kiss in time). In that
situation all measurements of the intended protein would
actually measure half intended protein and half albumin.
Let us call this the “albumin” problem (and later we will
mention the “growth factor” problem, which is even
more interesting). One sees immediately why ELISA for-
mats were developed.

Thus we needed a second element of specificity intrin-
sic to that single capture aptamer, along with equilibrium-
based discrimination. That is, we wanted the qualities of a
sandwich in a format that used but a single reagent. We ex-
amined the original SELEX process exhaustively. The de-
tails are published within a patent application (Zichi
et al. 2009) as well as papers in press and winding their
way through the review process (Keeney et al. 2009; Ostroff
etal. 2009). We have learned how to drive aptamer selection
to the lowest possible K, for a given oligonucleotide library,
using five-position modified pyrimidines in the libraries.
Modified pyrimidines have played an enormous role in
the successful enhancement of aptamers. Bruce Eaton’s
original five-position modifications (Dewey et al. 1995)
have been expanded to include both amino acid side-chain
adducts (Vaught et al. 2004; Vaught et al. 2010) and more
recently adducts that resemble “fragment-based phar-
macophores” from the drug industry (Congreve et al. 2008;
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J. Rohloff, personal communication). We have found many
examples of so-called recalcitrant proteins that have yielded
lovely aptamers using new oligonucleotide libraries (Zichi
et al. 2009).

We also explored second elements of specificity for
those modified aptamers because the “albumin” problem
is not solved by lower Kys alone, even though we routinely
obtain K4s between 10 pM and 100 pM. We have added as a
second element of specificity a kinetic component on top of
the equilibrium component. Many years ago Hopfield and
Ninio independently elaborated the idea of kinetic proof-
reading (Hopfield 1974; Ninio 1975; Hopfield et al. 1976).

The central idea of kinetic proofreading was primarily
concerned with specificity that was enhanced by using
ATP or GTP hydrolysis as a method to separate two equili-
bria events from each other so that one could (almost) use
the same binding differentiation twice. We used a version of
this thinking: A component of the binding reaction (slow
dissociation) can be used after using equilibrium discrim-
ination. We have been able to select aptamers with remark-
ably slow dissociation rate constants, allowing us to do
“kinetic challenges” during SELEX (both by simple dilu-
tion and also by incubations with alternative polyanions
such as dextran sulfate at high concentration) (Schneider
et al. 2009; Zichi et al. 2009).

These new aptamers are so important to the applica-
tions we study (biomarker discovery in blood, pathology,
and in vivo imaging) that we have renamed them SO-
MAmers (SOMA; Slow Off-rate Modified Aptamers).
The new name helps us distinguish and compare our
data with a huge prior literature (Famulok et al. 2007;
Mayer 2009).

4 SOMAMER SPECIFICITY

The requirement for our applications, including for the de-
velopment of “magic bullet” therapeutics, is little to no off-
target binding when both equilibrium and kinetic chal-
lenges are employed. We have shown that SOMAmers
pull down largely the intended analytes from very complex
biological matrices. From only these data it is clear that we
have solved the “albumin” problem outlined above—in
fact, abundant weak-binding proteins in plasma are the
IgM’s (whose concentrations in plasma are about micro-
molar, and which are found as multimers, and which
have patches of lysines and arginines that bind nucleic acids
nonspecifically). Gratifyingly IgMs are largely lost in the
pull downs that are a part of the proteomics protocols.
But there are other proteins to fear in biological matri-
ces. Growth factors almost always have heparan sulfate
binding sites (even more concentrated patches of lysines
and arginines than are present within the IgMs)—those

sites are used by growth factors to bind loosely to the exter-
nal surfaces of cells (which are negatively charged) from
which point two-dimensional diffusion on the surface of
the cell allows growth factors to find their high affinity re-
ceptors (Lieleg et al. 2009). This two-step method for bind-
ing was first understood by Peter von Hippel to be the
“reduction of the dimensionality of the search” (a phrase
he used to describe the diffusion along double-stranded
DNA by the lac repressor as it sought its operator) (Von
Hippel et al. 1982). Based on the work of Five Prime (Lin
et al. 2008) we have an estimate of the number of such se-
creted proteins in humans, and the number is large: 3400!
These proteins represent a SOMAmer-friendly collection
of low abundant proteins, but in sum they represent a
sink to which SOMAmers or other polyanions might
bind. We call this the “growth factor” problem.

The heparan sulfate binding sites of the secreted human
proteome have quite different structures from each other
because the low affinity binding to cells requires nothing
more than weak ionic interactions. That is, the quite differ-
ent heparan sulfate binding sites on a few thousand human
proteins are likely to have randomly disposed positive
charges because the target (the outside surface of a cell)
has an enormous local concentration of flexible, negative
charges. Some of these proteins have significant binding
to nontarget aptamers and SOMAmers, but most of those
proteins dissociate from noncognate SOMAmers during
kinetic challenge. That is, the kinetic challenge step re-
moves the unintended “growth factor” molecules from
binding to SOMAmers nonspecifically.

We have published some thoughts about the difficulties
with antibodies for biomarker discovery using arrays (Zichi
et al. 2008). Our exhaustive attack on the specificity prob-
lem has made possible reagents that can be used alone in a
“conceptual” sandwich, solving both the albumin and the
“growth factor” problems simultaneously.

5 SOMAMER STRUCTURE

Our studies include an X-ray crystal structure for one
SOMAmer bound to its protein target (Janjic and Jarvis,
personal communication and manuscript in preparation).
The SOMAmer was identified from a library of single-
stranded DNAs in which every “T” was substituted with
5-benzyl-dUMP (Fig. 1) (Vaught et al. 2010). The SO-
MAmer has elements in its structure that have not been
observed in single-stranded nucleic acids (which of course
do not have access to the hydrophobic benzenes for
whatever intramolecular folds might be needed, or for
interactions with the target protein). In the structure
are elements of benzene—amino acid interactions, ben-
zene stacking on other nucleotides, and even a compact
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Figure 1. Thymadine-monophosphate (TMP) and the modified
nucleotide 5-benzylaminocarbonyl-deoxyuridine-monophosphate
(BndUMP).

hydrophobic “turn” that is remarkable. Apparently small
modifications to standard nucleotide chemistry open up
a new world of possible structures, an idea alluded to years
ago by Harold B. White III (White 1976). Modification of
the pyrimidines of oligonucleotide libraries is a continuing
piece of the efforts to make better and better SOMAmers.

6 QUANTITATIVE PROBING OF THE PLASMA
PROTEOME AT HIGH CONTENT AND LOW
LIMITS OF DETECTION

The heart of our work is to find novel biomarkers to use for
drug development and for diagnostics. We have devised an
assay (Fig. 2) that allows simultaneous measurements of
human proteins in plasma or serum (or other matrices)
in a manner analogous to mRNA or microRNA profiling
from cells or even blood (Derisi et al. 1996; Calin et al.
2004). We have adopted the tools for RNA profiling (and
SNP and CNV profiling) for our assay—we measure the
SOMAmers themselves after a set of simple biochemical
steps that discard the unbound input SOMAmers and al-
low us to quantify only those SOMAmers that stay bound
(through their slow dissociation rate constants) to their
cognate proteins. We converted the proteomic exercise re-
quired for Biomarker Discovery into a hybridization or
QPCR measurement.

This body of work (manuscripts submitted) yields ar-
ray data that look exactly like the data obtained on a
“DNA chip” constructed by, for example, Agilent, Affyme-
trix, [llumina, or NimbleGen/Roche because we use cus-
tom chips that have been printed with the complements
of our SOMAmers.

We have found novel biomarkers for a variety of
cancers, cardiovascular conditions, degenerative diseases,
and more. The content today is “only” >800 SOMAmers
(hence we have the capacity to measure >800 human pro-
teins, simultaneously, using only about 15 pl of sample).
We easily measure proteins at levels below 1 pM in plasma.
Thus we achieved the primary objective we set for ourselves,
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Figure 2. Overview of the SomaLogic proteomics assay. In step 1, the
specific protein to be measured (Pi) binds tightly to its cognate SO-
MAmer binding molecule (S), which includes a photo-cleavable bi-
otin (PCB) and fluorescent label (L) at the 5" end. In step 2, bound
protein-SOMAmer complexes are captured onto streptavidin coated
beads (SB) by the photo-cleavable biotin on the SOMAmer. Un-
bound proteins are washed away. Bound proteins are tagged with
NHS-biotin (B). In step 3, the photo-cleavable biotin is cleaved by
UV light (hv) and the protein-SOMAmer complexes are released
into solution. In step 4, the protein-SOMAmer complexes are cap-
tured onto streptavidin coated magnetic beads and the SOMAmer
are eluted into solution and recovered for quantification in step 6, hy-
bridization to a custom DNA microarray. Each probe spot contains
DNA with sequence complementary to a specific SOMAmer, and
the fluorescent intensity of each probe spot is proportional to the
amount of SOMAmer recovered, and thus directly proportional to
the amount of protein present in the original sample.

which was to allow biomarker discovery in a way that could
enhance drug development and medicine. We shall see over
the next years if the effort we made will be as valuable for
patients as we hoped when we started.

7 BACK TO THE RNAWORLD

We appreciate having a chance to tell our molecular biology
friends what we have been up to for all these years. What
started as an accident (Craig Tuerk’s PhD thesis, and the
isolation of what we called the major variant but which
was in fact the first aptamer) and then became general
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(the small cottage industry, in universities and companies,
doing SELEX) has the chance to be truly useful for health-
care, the fundamental reason we all enjoyed NIH funding
over the years.

But of course there are lessons in our work for thinking
about evolution. The most important lessons, now sup-
ported by a huge published literature (we include the pat-
ent literature, a literature that seems a bit obscure to most
scientists), are that aptamers (or at least SOMAmers) can
be identified for virtually any target molecule, large or
small, protein or other.

Data on aptamers support only weakly notions of ubig-
uitous RNA-networks (e.g., Mattick 2003), which will re-
quire more data. Detailed studies of many creatures show
that no region of any genome is entirely silent (Nagalakshmi
etal.2008). Although itistempting to imagine functions for
everything we find in a creature, and although it is obvious
that evolution grabs noise over time and makes something
useful, when we think about fancy networks it is a good
idea to remember that noise is real in real things (Thattai
and Van Oudenaarden 2001; Raser and O’Shea 2005).

But the aptamer literature is huge and compelling—one
can find short single-stranded oligonucleotides that will
bind to almost anything; and from binding one can imagine
function. An oligonucleotide world seems sensible as a step
during evolution, and we always think that early short oli-
gonucleotides as drivers of evolution can be RNA-based,
DNA-based, or even modified-oligo-based. Years ago the
papers of Harold B. White (White 1976) sensibly posited
a lovely idea that it was wrong to assume that the present
nucleotides in RNA and DNA were the ones that were (in
Woese’s and Dobzhansky’s way of thinking) the players dur-
ing early evolution. Perhaps our use of SOMAmers, with
many different pyrimidine adducts in our libraries, is anal-
ogous to White’s idea that a variety of alternative nucleoti-
des existed before simple genetics won so that life could
cross Woese’s Darwinian Threshold (Woese 2002).

The aptamer literature says “give me 30-40 random nu-
cleotides within an oligo (of whatever chemistry) and bind-
ers are there if the number of molecules is large.” The
deepest question is why is this true, given the relatively un-
interesting chemical qualities of modern nucleotides and
the tiny (but with profound effect) pyrimidine adducts
we have used. One way of thinking about aptamers and SO-
MAmers is as analogues of the conotoxins, those wonderful
(and frightening) small peptides with remarkable affinities
and specificities for various protein targets (Mondal et al.
2005; Halai and Craik 2009). Entropic cost upon binding
is a problem solved by using non-mobile participants in
a binding pair, and the conotoxins have solved the entropy
problem through the use of several disulfide bonds to limit
the flexibility of the peptides. Aptamers use base-pairing as

the conotoxin disulfide bond equivalents, interactions
within the aptamer that reduce flexibility and also provide
a chance for the hairpin loops and bulges to settle into
energetically favored structures. SOMAmers, with their
modified nucleotides, use components more commonly
thought to be from the domain of proteins.

8 CONCLUSIONS: WHAT OTHER FUNCTIONS
MIGHT OLIGONUCLEOTIDES HAVE?

What have we missed in our studies of present day life? The
problem is what to seek.

A huge new area, anticipated by aptamer and ribozyme
research (Gold et al. 1997a; Gold et al. 1997b; Winkler et al.
2002), is that of the riboswitches (Winkler et al. 2002; Roth
and Breaker 2009). From the aptamer-based capacities for
binding to several small molecules, Breaker and colleagues
imagined and found that bacteria use aptamers and ribo-
zymes to do feedback regulation. They did have a huge ad-
vantage, which we want to mention here.

Bacteria have had more than three billion years oflife on
earth, which is much more than enough time for every sin-
gle base pair of every bacterial genome to be tested exhaus-
tively for selective advantages. Imagine that bacteria
divided through the ages with a one day generation time,
and that they had the present mutation rate of one
base pair change per 10° base pairs per replication. Three
billion years contain about 1x10'* d, and thus enough
time for about 1 x 10'* bacterial replications. Thus bacteria
may have (each) experienced 1x10° mutations per base
pair since their beginnings. The word one might use is
“hammered”—bacterial genomes have been hammered.
Each base pair has been like a slow acting metronome—first
a G:C to A:T transition, then (perhaps) a reversion to the
original G:C, then a transversion, then...and so on, such
that, every single base pair in a bacterium has been changed
to something else many many times.

One sees immediately the power of conserved RNA se-
quences and structures in bacteria. If all bacterial genomes
are hammered, what remains in common must be impor-
tant. This simple thought provoked Carl Woese to make
his outstanding contributions (Woese and Fox 1977; Woese
1987, 1998, 2000, 2002). Breaker and his colleagues ex-
panded this idea with their discovery of small conserved
RNA sequences that also do something profound—in
fact one would argue that the number 1x 10°® mutations
per base pair is the underlying power behind all searches
for useful RNA sequences using genomic comparisons in
bacteria (Eddy 2005).

Are there additional undiscovered functions for RNAs
(or even single-stranded DNAs) that we might imagine?
The successful creation of aptamers has made every
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graduate student audience since 1990 say, at aptamer semi-
nars, “why doesn’t the immune system use aptamers instead
of antibodies?” Of course this is an example of a question
that can only be answered with an evolutionary perspective.
If mammals carried the SELEX libraries we use as their in-
formation content for an oligonucleotide-based immune
system (the genomic-size of a typical SELEX experiment
is 10'° times 40 base pairs—that is a lot of genome to use
to fight off pathogens), that immune system would require
a larger genome than that of any creature we know today
(by about a factor of a million). We ought to give credit
to the present protein-based immune system for the clever-
ness with which diversity and binding selectivity is built!

However, somewhere on this planet there might well be
a creature who responds with a highly mutable expression
cassette of little “aptamers” to bind to and inactivate some
invading creature. Experiments have been done to test
artificial variations on this theme—so-called decoys with
aptamers, expressed inside cells to “immunize” against
viruses (Tuerk et al. 1992; Kumar et al. 1997), although
no natural examples have been found in the biosphere.

One might also imagine that eukaryotic mRNAs will
contain aptamers on their 5" or 3’ ends (or even internally,
using codon choices to co-evolve aptamers) that help local-
ize the proteins expressed by the ribosomes and those ribo-
somes to specific areas on the inside of cells. It is also just
another way to “reduce the dimensionality of the search”—
a common problem in biology (Von Hippel et al. 1982).
The IRES sequences allow internal translational initiations
on polycistronic mRNAs (Kieft et al. 2002; Pfingsten et al.
2006).

One might also imagine that all those proteins we think
of as nonspecific nucleic acid binding proteins will nucleate
on specific aptamer-like sequences. Aptamers have been se-
lected against many such proteins [ribosomal protein S1
from Escherichia coli was an early example (Tuerk and
Gold 1990)]. In principle any protein that is a nonspecific
binder to RNA or DNA, single or double stranded, has to
prefer some sequence over others. Even a perfect “back-
bone binder” will be influenced by the precise interphos-
phate distances, which will in turn be influenced by the
bases themselves. We proposed “genomic SELEX” as a
way to get to unexpected biology (Gold et al. 1997a)—we
never embarked seriously on that work because of our focus
on the medical potential. And so it goes.

Finally, and most strikingly, consider the extraordinary
work from Eaton and Feldheim (Gugliotti et al. 2004, 2005;
Liu et al. 2006; Feldheim and Eaton 2007). In a paper pub-
lished in Science, using “catalytic aptamers” made from
modified RNA libraries, these authors extended the reach
of oligonucleotides to an entirely new realm (Gugliotti
et al. 2004). The selected catalytic aptamers were able to
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recruit metals from solution, to nucleate crystal growth of
specific crystal forms, and to do so in a sequence dependent
manner. Should this work generalize, one might imagine a
future research area of intracellular nanotechnology micro-
fabrication catalyzed by oligonucleotides. Perhaps the
Eaton-Feldheim work will lead us down the pathway to-
ward an organic-inorganic fusion within modern fabrica-
tion and even biology.

Our collective thesis has two components. First, evolu-
tionary time is long, and only in the hammered genomes of
bacteria do we see the general proposition that what we
have learned from in vitro evolution experiments such as
SELEX is common in biology. But some of what we see to-
day in our test tubes will have had that key stochastic acci-
dental moment and will have been frozen and survived.
Our tasks include wondering how to find those phenom-
ena without the insights that flow from comparative bacte-
rial genome sequences. But we argue that just because the
easier discovery methods are unlikely to work, there are ex-
amples of present day oligonucleotide uses that will con-
tinue to be uncovered.

Second, modified pyrimidines change the entire reach
of SELEX. As long as one can solve the replication problem
(which has been done because many DNA polymerases are
forgiving with respect to pyrimidine nucleotides modified
at their five-positions with rather small adducts), one can
change the characteristics and qualities of aptamers toward
SOMAmers and so provide high quality reagents for many
medical applications.
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