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Abstract

The quantitative polymerase chain reaction (qQPCR) with detection of duplex DNA yield by
intercalator fluorescence is a common and essential technique in nucleic acid analysis. We
encountered unexpected results when applying standard gPCR methods to the quantitation of
random DNA libraries flanked by regions of fixed sequence, a configuration essential for in vitro
selection experiments. Here we describe the results of experiments revealing why conventional
gPCR methods can fail to allow automated analysis in such cases, and simple solutions to this
problem. In particular we show that renaturation of PCR products containing random regions

is incomplete in late PCR cycles when extension fails due to reagent depletion. Intercalator
fluorescence can then be lost at standard interrogation temperatures. We show that gPCR analysis
of random DNA libraries can be achieved simply by adjusting the step at which intercalator
fluorescence is monitored so that the yield of annealed constant regions is detected rather than the
yield of full duplex DNA products.

1. Introduction

The quantitative polymerase chain reaction (QPCR) is a highly sensitive and specific method
for detection of DNA. A typical thermal cycler protocol for gPCR involves steps to denature
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the DNA (~95 °C), anneal primers (near the denaturation temeperature, 7, values for

the primers involved), and extend the primers using thermostable DNA polymerase to
form duplex DNA (~72 °C) (Fig. 1A). The temperature of the annealing step can be
optimized to balance specificity of target amplification and PCR efficiency. The temperature
of the extension step is typically based on the optimum temperature for the relevant

DNA polymerase enzymatic activity [1-4]. When primer 7,, values are sufficiently high,

a two-step thermal cycler protocol can be employed by combining annealing and extension
steps. For the real-time detection of PCR products, several methods have been developed
to monitor product formation. The simplest methods involve quantitation of duplex DNA
products by automated monitoring of DNA duplex-dependent intercalator fluorescence
using ethidium bromide [5,6], or SYBR Green | [7-9]. The more sophisticated Tagman
approach exploits DNA polymerase-dependent fluorogenic cleavage of specific labeled
oligonucleotide probes hybridized to PCR products [10,11].

Directed evolution methods such as Systematic Evolution of Ligands by EXponential
enrichment (SELEX) utilize vast pools of nucleic acid sequences synthesized with central
random regions flanked by fixed primer sequences for PCR amplification (Fig. 1C, top).
Since its development [12,13] in vitro selection has been routinely used to identify nucleic
acid aptamers with desired affinities or activities [14]. In vitro selection typically exploits
DNA libraries where the random region length is maximized and the fixed primer region
length is minimized to allow for the greatest diversity of possible folded nucleic acid shapes.
This implies that 7, values of primers used to amplify the libraries are often relatively low.
Such designs are thus less amenable to two-step thermal cycler protocols.

It is often desirable to apply gPCR to quantitative analysis of random DNA libraries during
in vitro selection. This may be used to track progress of library recovery throughout the
selection as an indirect indicator of sequence enrichment. Fluorophores are often included in
the random DNA libraries to facilitate detection, but gPCR allows for direct quantitation of
fully intact DNA molecules. Here we describe unexpected challenges associated with gPCR
analysis of DNA libraries containing such random regions, and report optimization strategies
to resolve the issues.

2. Results and discussion

Using intercalator-based gPCR methods with standard measurement of intercalator
fluorescence at the conclusion of each extension step (Fig. 1A), the typical gPCR profile
for an 80-nucleotide (nt) DNA template with 20-nt primers [here denoted as a 20(40)20
template; Fig. 1B, top] is shown in Fig. 1B, bottom.

In vitro selection libraries in our laboratory are often analyzed using qPCR with SYBR
Green detection to monitor recoveries of DNA pools at various stages selection. We applied
this method to an 80-nt DNA library comprising a central 40-nt random region flanked

by 20-nt fixed regions for PCR amplification [here denoted as a 20(N4g)20 template; Fig.
1C, top]. Despite using the identical qPCR protocol as for the 20(40)20 template, we were
confronted by the puzzling gPCR profile shown in Fig. 1C, bottom. Rather than the expected
sigmoid pattern required for automated fitting and quantification cycle (C,) determination,
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the relative fluorescence value peaks but then drops inexplicably over subsequent PCR
cycles. Literature review indicates that this problem has also been observed in other SELEX-
based DNA libraries [15]. This result prevents reliable automated recovery quantitation and
we here describe such curves as “uninterpretable non-sigmoid curves.” We undertook an
analysis to understand and mitigate the problem.

We first observed that libraries of the structure 27(N4g)26 gave aberrant qPCR profiles
reminiscent of those obtained for 20(N4)20 libraries, but with less severe signal decline

at late PCR cycles. We refer to such cases as “poorly interpretable partial sigmoid

curves” (Table 1 and Supplemental Fig. S1). This apparent dependence of qPCR profile

on flanking primer length led us to test the possibility of improving the uninterpretable
non-sigmoid gPCR profile of 20(N40)20 libraries by substituting longer primers (initially
with 5’ overhangs) as shown in Fig. 2A. Interestingly, the resulting qPCR profiles for

the problematic 20 (N4g)20 library were somewhat improved (Fig. 2B, compare solid

and dashed lines) and Table 1). Because increasing primer 7., values contribute to the
overall stability of the resulting duplex DNA products after extension (where the fluorescent
signal is typically interrogated in automated systems), we also tested two sets of forward/
reverse 27-nt primers with different 7, values (60.6/60.1 °C and 64.4/64.8 °C, respectively).
Interestingly, the primer set with the higher 7,, values showed further improvement in qPCR
curve profile (Fig. 2C), yielding a poorly interpretable partial sigmoid result rather than an
uninterpretable non-sigmoid result (Table 1).

These findings motivated us to reconsider how the length of stable duplex DNA (which
determines the intensity of fluorescent readout) depends on the point of detection in the PCR
cycle. We modified the thermal cycler protocol to interrogate SYBR Green fluorescence at
three points in the PCR cycle: after anneal, extend, or an appended cool step (Fig. 3A).
Interrogation after the extend step again resulted in an uninterpretable non-sigmoid gPCR
profile, while interrogation after the cool step strongly improved interpretability of the
profile. Importantly, interrogation after the anneal step resulted in an easily interpretable
sigmoid gPCR profile (Fig. 3B). In fact, we find that alteration of the gPCR protocol

to interrogate fluorescence after the anneal step is sufficient to generate normal and
interpretable gPCR profiles from templates with random regions, without any need to add an
additional cool step.

Based on these results, we propose a model to explain the drastic loss of fluorescent
signal observed for later rounds of gPCR amplification involving random DNA libraries
interrogated after the extend step (Fig. 3C). During early, reagent-rich PCR cycles,
fluorescent detection after the extend step accurately detects stable, full-length duplexes
created by complete primer extension. The situation is dramatically different in late
PCR cycles when primers are depleted [16]. Under those circumstances the PCR cycle
degenerates into simple alternation between denaturation and renaturation of existing
DNA molecules without new primer extension. When a single DNA sequence is present
(as in gPCR analysis of a unique sequence), complete DNA renaturation is efficient

and intercalation-dependent fluorescent signal remains constant. In contrast, for complex
template populations containing mixed central sequences, repeated denaturation and
renaturation without primer extension promotes annealing only of the fixed flanking
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sequences in the templates. Without primer extension the complex internal sequences
reanneal poorly with their complements present at vanishingly low concentration.
Furthermore, the fixed flanking sequences in the templates do not stably anneal because

the 7, values for these regions are substantially lower than the temperature of the extension
step, causing loss of detected fluorescence. These late PCR products thus contain large
unpaired central regions after the anneal step, no annealed products after the extend step, and
only flanking duplex regions after the cool step of the cycle (Fig. 3C). Because the yield

of duplex DNA afforded either by primer binding (early) or by annealing of fixed flanking
sequences (late) is proportional to the yield of amplified templates, fluorescent detection at
the anneal step (Fig. 3A) provides a convenient and general solution to qPCR analysis of
DNA libraries involving random regions.

While there may be manual approaches to extracting threshold gPCR values from early
portions of gPCR curves that are otherwise uninterpetable, such curves cannot be processed
by standard automated routines. We have therefore completely avoided the issue by
implementing simple experimental changes. Synthesis of longer PCR primers can somewhat
improve gPCR curves, but this involves the design and purchase of additional reagents
specific for qPCR of the random DNA aptamer libraries. Instead, simply adjusting the
thermal cycler protocol to interrogate fluorescence after the anneal step provides general and
optimal results.

3. Materials and methods

3.1. DNA primers and templates

3.2. gPCR

DNA oligonucleotide primers and templates containing fixed or fixed and random sequences
were purchased from Integrated DNA Technologies with standard desalting (Coralville,

IA). DNA templates containing random regions (LJM-6014, LIM-6236, LIM-6472, or

fixed sequences: LIM-6197, LIM-6271, LIM-6593, sequences provided in Supplemental
Table S1) were added to gPCR mixtures at final concentrations of 1 nM, 100 pM,

10 pM, and 1 pM to allow generation of standard curves (Supplemental Fig. S1).

Primers (LIM-5505, LIM-6160, LIM-6239, LIM-6240, LIM-6474, LIM-6520, LIM-6521,
LIM-6626, LIM-6627, LIM-6647, LIM-6648, LIM-6649, LIM-6650; sequences provided
in Supplemental Table S2) were added to qPCR mixtures at a final concentration of 0.5 pM.

gPCR mixtures (30 pL) were performed with the following reagent volumes: 15 puL
PerfeCTa SYBR Green FastMix for 1Q (Quantabio, 95071-012), 3 L 5 uM forward primer
(0.5 pM final concentration), 3 pL 5 uM reverse primer (0.5 uM final concentration), 7.5

pL water, 1.5 pL template (standard curves contained final template concentrations of 1

nM, 100 pM, 10 pM, and 1 pM). Samples were transferred to a CFX96 Touch Deep

Well Real-Time PCR Detection System (Bio-Rad Laboratories, 1854095) and subjected to
thermal cycling using a protocol of 95 °C, 30s; 40 x (95 °C 15s, 51 °C 30s, 72 °C 30s, 48
°C 30s), and interrogating SYBR Green fluorescence after the anneal (51 °C, 30s), extension
(72 °C, 30s), and cool (48 °C, 30s) steps of each cycle. Raw fluorescence data were then
analyzed using CFX Maestro™ software.
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Fig. 1.

A) Schematic of typical gPCR thermal cycle based on SYBR Green fluorescence detection
after the primer extension step. B) Example of a typical gPCR profile for a defined 40-
nucleotide (nt) DNA sequence flanked by two 20-nt fixed primer regions showing results

consistent with expectation. C) Example of a typical gPCR profile for a DNA library

containing a random 40-nt region flanked by two 20-nt constant primer regions showing
unexpected result inconsistent with automated analysis.
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A) Schematic depiction of primers designed to anneal to 20-nt fixed sequences flanking
template random region and indicating addition of 5" overhangs to lengthen PCR products.
B) gPCR profiles for various primers (20-nt, no overhang; 27-nt, 7-nt overhang; 35 nt, 15-nt
overhang) with a 20(N40)20 template. C) Moderate qPCR profile improvement for 27-nt
primer pairs With (7., forward Tm, reverse) indicated in °C.
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Fig. 3.

A)gDetection of SYBR Green fluorescence after each of three steps: anneal (51 °C), extend
(72 °C), and cool (48 °C). B) SYBR Green gPCR profiles monitored for the same reaction
after these three steps: extend (blue), cool (green), and anneal (red). C) Interpretation of
gPCR product complexes detected at early and late cycles for DNA libraries containing a
central Ngg random region.
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Table 1

Interpretability of gPCR profiles for experimental DNA templates.

Templateel Forward primer length (T ,)/Reverse primer length (Tm)b Extension® Coolingc AnnealingC
20(40)20  20(52.7)/20(55.6) - ++ i
20(40)20  20(52.7)/20(55.7) o + ++
20(40)20 27(60.6)/27(60.1)d ++ ++ ++
27(40)26  27(63.1)/26(65.1) n o+ .
2004020 57(64.1)127(65)7 + ++ ++
2004020 57(64.4)127(64.8)7 + ++ +
2004020 3567)135(66.9)7 + + ++
20(Ngg) 20 20(52.7)/20(55.6) - " +
20(Ngp) 20 20(52.7)/20(55.7) _ . -
;g(N“O) 27(60.6)/27(60.1) - + ++
27(Ngo) 26 27(63.1)/26(65.1) + . o
20(Nao) 20 57(54.1y127(65)7 + + +
20(Na) 20 5964.4y127(64.8)” + * ++
20(Nao) 20 3567y/35(66.9) 7 * * +

Page 10

aStructure of template is presented as left flanking region length (central region length) right flanking region length, where lengths are in nt.
Random central regions indicated by N.

b . . . . -
Lengths in nt. Calculated 777 values in °C. For primers with overhangs the calculated 7 values are for the full-length binding.

Point in PCR cycle where fluorescence is interrogated, with resulting curve profile indicated as (=): uninterpretable non-sigmoid curve; (+) poorly
interpretable partial sigmoid curve; (++) easily interpretable sigmoid curve.

dPrimer sets with extra primer overhang as shown in Fig. 2.
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