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Abstract

Analysis of catalytic activity of nucleic acid enzymes is crucial for many applications, ranging 

from biotechnology to the search for antiviral drugs. Commonly used analytical methods for 

quantifying DNA and RNA reaction products based on slab-gel electrophoresis are limited in 

throughput, speed, and accuracy. Here we report the optimization of high throughput methods 

to separate and quantify short nucleic acid reaction products using DNA sequencing instruments 

based on capillary electrophoresis with fluorescence detection. These methods afford single base 

resolution without requiring extensive sample preparation. Additionally, we show that the utility 

of our system extends to quantifying RNA products. The efficiency and reliability of modern 

instruments offers a large increase in throughput but complications due to variations in migration 

times between capillaries required us to develop a computer program to normalize the data and 

quantify the products for automated kinetic analysis. The methods presented here greatly increase 

sample throughput and accuracy and should be applicable to many nucleic acid enzymes.
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1. Introduction:

Nucleic acid enzymes play important roles in biology and biotechnology Understanding the 

catalytic mechanism, rates of conversion of substrate to product, and substrate selectivity of 

these enzymes is crucial in understanding their biological function and potential therapeutic 

benefits. Traditionally, slab-gel polyacrylamide gel electrophoresis (PAGE) has been the 

method of choice to separate radiolabeled nucleic acids for mechanistic enzyme analysis 

[1–7]. The method is customizable to separate nucleic acids of almost any size used for 

in vitro experiments and is relatively easy to set up. While isotope labeling methods have 

the advantage of being quite sensitive and artifact free, they also have many disadvantages 

including the exposure to ionizing radiation and the short half-life of commonly used 

isotopes, necessitating frequent radiolabeling to maintain a strong signal to noise ratio. 

Besides the use of radioactive isotopes, the major limitations for this method are the low 

throughput, slow separation, and lack of automation. Quantification of data from slab-gel 

PAGE also requires manual scanning and analysis which is time consuming and further 

limits the number of samples that can be analyzed and can introduce errors.

Capillary electrophoresis (CE) was first described in the literature in the late 1970’s [8, 

9] and has competed to replace PAGE for nucleic acid analysis. In CE, nucleic acids 

that have a fluorescent label are separated by size and charge as they migrate through a 

capillary filled with a pumpable sieving polymer. Modern instruments are fully automated 

and have a polymer pump that fills the capillaries with the polymer mixture after each run 

in a matter of minutes. The large surface area in the capillary dissipates heat efficiently, 

allowing electrophoresis at high-voltage and therefore rapid run times [10]. One paper 

reports a method to sequence close to 1,000 bases in 40 minutes [11]. Furthermore, CE has 

the benefit of automated sample loading and fluorescence detection, eliminating the need 

for radioactive tracers. The greater throughput led CE to become the method employed to 

sequence the Human Genome [12, 13].

Around 15 years ago, our lab reported methods to adapt the potential advantages of CE 

to separate single nucleotide incorporation reaction products [14]. At that time however, 

most instruments were limited to a single capillary which bottlenecked throughput and 

required ~2.5 hours for separation of a 12-point time course, in part due to the long 57 cm 

capillary required to get good separation of reaction products. The lack of a capillary oven 

on the instrument necessitated addition of a large excess of unlabeled DNA complementary 

to the template strand to prevent re-annealing of the labeled primer and template, despite 

the presence of 8M urea or 100% formamide in the sample before injection [14]. Finally, 
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the sensitivity of older instruments was reasonable, but did not rival radioactive methods. 

Ultimately this study was an important proof of concept, however the benefits did not 

outweigh the limitations relative to slab gel PAGE with the instrumentation available at the 

time.

Since our last efforts to adapt CE to analyze our samples, there have been significant 

improvements in the methods by utilizing CE instruments designed for Sanger sequencing 

that contain multiple capillaries in an array, an autosampler, and built in fluorescence 

detection [15]. A newer paper utilized an instrument containing 96 capillaries in the 

capillary array (3730XL Genetic Analyzer), greatly increasing the throughput from the 

single capillary instruments previously available [15]. This was achieved with a 36 cm 

capillary and the sensitivity was much better, requiring only a fraction of the material 

required on previous instruments to get good signal to noise. This study however required 

longer DNA substrates to achieve single base pair resolution, required an additional sample 

dilution or cleanup step, relied on commercial LIZ sizing standards as well as custom 

standards with the same fluorescent label used on the nucleic acid of interest for accurate 

sizing, and did not provide an automated method for data processing and visualization after 

integrating the peaks. Here we report our optimization of methods to separate short reaction 

products by capillary electrophoresis with single base resolution and without any sample 

cleanup. We also present software to automate analysis of integrated peak data and for use of 

any custom fluorescently labeled oligo as an internal standard, rather than commercial size 

standards. Finally, we added electropherogram alignment and visualization features to our 

software and validated our method with RNA as well as DNA.

2. Results:

2.1 Validation of CE methods against PAGE:

To test the utility of CE against denaturing slab gel PAGE to separate samples from reaction 

time course experiments, we collected samples at various times by rapid quench methods 

for a reaction involving the removal of a mismatch buried at the n-2 position in the primer 

terminus of a double stranded DNA substrate by the 3′—5′ proofreading exonuclease of 

T7 DNA polymerase (Figure 1). To monitor the progress of the reaction, the primer strand 

of the DNA substrate was synthesized with a 5′ 6-carboxyfluorescein (6-FAM) label which 

was shown to give identical rapid quench kinetics as 32P labeled DNA for this enzyme 

system (data not shown). Based on prior work (14) and the crystal structure of the enzyme, 

the primer was designed to be long enough so the FAM label did not interfere with DNA 

binding. The 6-FAM labeled DNA from one syringe was mixed with a large excess of 

T7 DNA polymerase from the other syringe to start the reaction and time points were 

quenched with EDTA from the quench syringe and collected in empty 1.5 ml plastic tubes. 

An aliquot of each sample was removed, mixed with Formamide Loading Dye and separated 

by denaturing PAGE. The resulting gel was scanned for 6-FAM fluorescence with a laser 

gel scanner to give the results shown in Figure 1A. The box method in ImageQuaNT was 

used to manually determine the intensity of each species as a function of time. Concentration 

of each species was obtained by dividing the intensity of a select band by the sum of the 

intensities of all bands at that time point and multiplying by the concentration of DNA used 
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in the experiment. The open circles and dashed lines in Figure 1D show the results of the 

quantification of the experimental data by slab gel PAGE and resulting fits to 2 exponential 

burst equations for each DNA species.

Next, samples from the same experiment were analyzed by CE to compare with data derived 

from slab gel PAGE. Others have suggested that it is necessary to clean up samples before 

separation by CE to reduce the salt concentration to get good electrokinetic injection of the 

nucleic acid [11], however, such a step would greatly increase the cost and time required to 

analyze our samples by CE. Instead, quenched samples from the experiment described above 

were diluted ten-fold directly into highly deionized (HiDi) formamide and loaded into a 96 

well plate. We used a 3130XL Genetic Analyzer instrument equipped with a 36 cm capillary 

array (16 capillaries). Injection parameters were optimized to get good injection without 

performing any further sample preparation until we obtained conditions that gave good 

injection, as indicated by the large fluorescence signal of the main products. Care was taken 

to ensure the peak intensities stayed in the linear range for the CCD camera (< 4,000 relative 

fluorescence units, RFU). The built-in capillary oven provided a constant temperature of 

60°C during the separation to prevent reannealing of the primer and template strands. After 

a 3 minute of pre-run electrophoresis at 15 kV, samples were electrokinetically injected for 

12 seconds at 1.6 kV. The run voltage was stepped to 15 kV over 40, 15 second steps then 

data collection was initiated. Data were collected for 800 seconds before ending the run. 

The polymer delivery pump replaced the polymer between each run. Our detailed run and 

injection conditions are listed in Table 2 and in the figure legends. After good injection 

without sample cleanup was obtained, we worked to optimize the separation capability of 

the system.

Initially, samples were separated with Performance Optimized Polymer 7 (POP-7) which 

is the standard self-coating, pumpable polymer for long read sequencing runs traditionally 

performed on the ABI 3130XL Genetic Analyzer instrument. With POP-7 polymer installed 

on the instrument, three peaks were detected for the 0.005 second sample time point, 

as expected based on the PAGE analysis (Figure 1B). However, the separation between 

peaks was not sufficient for accurate peak integration. POP-6 is the most viscous of the 

commercial polymers designed for use on the Genetic Analyzer series of instruments and 

is commonly used to separate small nucleic acid fragments [10] so we chose to test the 

separation performance of this polymer on our samples. Samples were injected with the 

same parameters, but with POP-6 polymer filling the capillaries. This resulted in near 

baseline separation of the three reaction products (Figure 1C). The greater separation 

between peaks allowed accurate peak integration with GeneMapper analysis software. Peak 

integration was performed with the Microsatellite Default preset and a data set of 16 time 

points could be analyzed in a matter of seconds. A table of peak data (migration time, peak 

height, peak area, etc.) was exported from GeneMapper. The table was imported into Excel 

to manually calculate the fractional peak area for each peak at each time point. Since the 

identity of each peak in the electropherograms is known from PAGE, the size of each peak 

at each time point could be manually determined. The results of the quantification and fitting 

the resulting data to a 2 exponential burst equation are shown as the closed data points and 

solid lines respectively in Figure 1D. Importantly, only a very slight difference (less than 

2% of amplitudes) between the data points for CE versus PAGE was detected, indicating the 
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same information can be extracted from the samples regardless of whether they are analyzed 

by PAGE or CE. Additionally, single base resolution was achieved in a run cycle of only 25 

minutes after the oven reaches temperature, including: filling the array with polymer, pre-run 

electrophoresis, sample injection, and separation. Analysis of a time course by PAGE in 

comparison took almost 6 hours to: cast the gel, preheat the gel, load samples, run the 

gel and scan, then integrate individual bands. For PAGE, analysis of the same samples on 

different gels gave a variation of 5% at most at 6-FAM-DNA concentrations of 200 nM 

in the reaction. Lower 6-FAM labeled DNA concentrations could be detected but produced 

significantly more fluorescence artifacts due to the higher gain on the PMT required to 

visualize the bands, resulting in higher errors. For CE the same samples were separated in 

different injections at reaction DNA concentrations down to 1 nM and the variation between 

the calculated product concentration was less than 3%. We have not quantified the variation 

at lower DNA concentrations however the limit of detection is at least 0.1 nM 6-FAM-DNA 

in the reaction, rivaling the sensitivity of experiments with 32P labeled DNA substrates.

2.2 Normalized migration time with Cy3 internal standard:

While the experiment above could be analyzed manually in Excel, careful attention to 

detail was required as migration times for identical products varies significantly between 

capillaries in the array (Figure S1) which greatly complicated the analysis. This method 

became quite time consuming with many samples with many peaks and intermediates that 

rise and fall. Typically, a set of internal standards labeled with a unique dye is used to 

determine the size of each peak relative to the standard. We found that use of commercial 

size standards was expensive and inaccurate due to the large effect of dye identity on the 

migration of short oligonucleotides [10]. Therefore, we opted for a single sulfindocyanine 

(Cy3) labeled oligo as an internal standard, with a much lower cost than commercial size 

standards and customizable to the size range for each experiment. The Cy3 fluorophore 

is compatible with the G5 dye filter set pre-programmed in the data collection software 

(fluorescence emission on the yellow channel) and the modification is easily added during 

commercial oligonucleotide synthesis.

We optimized the concentration of Cy3 internal standard added using a few principles. The 

concentration of internal standard was optimized to give a maximum of ~ 500 RFU while 

the FAM peaks were around 3,000 RFU. Using a low concentration of internal standard 

prevented any artifacts from preferential injection. We found that a final concentration of 

Cy3 internal standard between 0.8 and 2 nM in HiDi formamide gave the desired results 

when 10 μl of the formamide/internal standard solution was mixed with 1 μl of quenched 

reaction samples at concentrations between 35 and 125 nM. For a simple test of our method 

to normalize the migration time, we performed a single nucleotide incorporation experiment 

where dATP was added to a solution of T7 DNA polymerase and FAM labeled DNA and 

the amount of product formed as a function of time was monitored (Figure 2). The Cy3 

internal standard oligo was added to the HiDi formamide to a concentration of 1.5 nM, 

before dispensing 10 μl into each well on the plate and adding 1 μl of quenched sample to 

each well. To correct for varying migration times between capillaries, the following formula 

was used: Xn,Corrected = 100 × (Xn/XIS), where Xn,Corrected is the corrected migration time 

of a peak of n nucleotides in length, XIS is the migration time of the Cy3 internal standard 
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peak, and Xn is the migration time of the peak of n nucleotides in length (Figure 2A). 

We found that after this basic arithmetic, the corrected migration times for each product 

fell within relatively narrow ranges across all capillaries which greatly facilitated accurate 

sizing. While this method of standardization of peak migration time was effective, it was still 

time consuming for large data sets so further automation was warranted.

2.3. Analysis software:

To automate data processing following peak integration, we created analysis software that 

takes the output from peak identification and integration in GeneMapper and provides 

simple, reliable automation of data processing with an easy-to-use graphical user interface. 

Details about the packages used in programming the software are given in the methods 

section and a detailed instruction manual for the software can be found bundled with the 

software on the source code page. Here we will outline the principles and main features of 

the software. A link to the installer bundle can be found in the data availability statement at 

the end of the paper and contains everything needed to install the software on a computer 

with a Windows operating system, as well as example data files and an instruction manual. 

Most features are compatible with Macintosh systems however there are still some bugs. The 

software is provided as open-source so users can easily optimize it for their use.

Formatting the data for compatibility use with our analysis software begins at the data 

collection phase. First, a properly formatted results group must be created with the Results 

Group Editor in the 3130XL Data Collection Software. Recommended settings for this tab 

are shown in Figure S2 but most importantly must include an underscore as the delimiter 

in the file name alone with and the sample name. Next the samples are entered into the 

Plate Manager. In the Plate Editor, the important columns and information to enter are 

as follows: for Sample Name, include experiment time point; for Analysis Method, select 

“Microsatellite Default;” for Results Group, choose the results group made above; for 

Instrument Protocol, choose the instrument protocol created based on the parameters in 

Table 2. The plate can then be analyzed. After the data are collected, peak detection and 

integration are performed in GeneMapper software. First the samples are added to the 

project and analyzed to detect peaks and perform peak integration. The data for the blue 

and yellow dye channels are then exported and saved as a tab delimited text file containing 

for each peak: dye channel, peak area, peak height, and data point (migration time). The 

exported .txt file can then be analyzed in our software to normalize the migration time 

relative to the standard and calculate the fraction of material in each peak.

The first panel of the software calculates the fractional area and size for each peak. The 

time point corresponding to each set of peaks is determined by entering the number of 

underscores (previously entered in the results group) before the time point data, as explained 

in the instruction manual. Noise which was identified as a peak can then be filtered out for 

the FAM peaks of interest and/or for the internal standard peaks by selecting a minimum 

height filter threshold for the peaks. Next, normalized migration times for each FAM 

peak for each time point are calculated to begin sizing and to minimize issues of varying 

migration times between capillaries. Our internal standard elutes much later than the FAM 

peaks so using the equation in Figure 2A, larger oligonucleotides have larger corrected 
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migration times than shorter oligos. The software provides a list of all corrected difference 

ranges which is then used to locate the difference range corresponding to each polymer. 

Difference ranges for each polymer are then either entered manually into the software or 

ranges can be imported from an Excel file to save time. Difference ranges for specific oligos 

can be determined by injection of unreacted oligos of known length, or a time point can be 

analyzed by PAGE with standards and then peaks can be assigned to difference ranges. Care 

must be taken in this step but once these ranges are determined one time, they can be used 

over and over again for experiments with the same starting oligo. Similar steps are required 

to ensure accurate sizing using the LIZ standard so this is not a disadvantage of our method. 

Data are then processed in the software to return the fractional area and size of each polymer 

at each time point. Finally, the concentration of nucleic acid in the experiment is entered to 

scale the fractional area to give concentrations of each species. The software can then export 

a text file containing concentration and size versus time data that can be directly used in 

various data fitting software packages or output as a publication-quality figure directly from 

the software.

2.4. Electropherogram alignment / figure preparation with analysis software.

Raw electropherograms can be viewed easily in Gene Mapper however the .fsa file format 

of the electropherograms makes manual electropherogram manipulation and alignment 

difficult. Raw electropherograms can also be viewed with our software without performing 

the fractional area versus size calculations described above, however peaks cannot be 

aligned nor intensity normalized without first performing fractional area and size analysis. 

If fractional area and sizing is performed first, the raw electropherograms can be corrected 

with similar principles as were used for sizing and fractional area determination. The 

software reads the raw .fsa files and aligns the internal standard peaks to have the same 

migration time for each time point. Since injection efficiency is variable between capillaries, 

we programmed a feature to modify the raw RFU intensity to fractional area which makes 

visualization much easier. Finally, we added a feature to display the electropherograms in 

a 3D plot, containing the time point of the electropherogram on the X-axis, the normalized 

migration time on the Y-axis, and the fractional area on the Z-axis (Figure 3). Additionally, 

time on the X-axis can be shown on a logarithmic scale to better visualize experiments 

where time points are skewed towards shorter reaction times (not shown).

2.5: Separation of RNA by capillary electrophoresis:

To test the utility of our method for RNA dependent enzymes, we performed experiments 

with the Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) RNA dependent 

RNA polymerase (RdRp) complex. RNA is prone to reannealing during electrophoresis 

which can complicate analysis. We wanted to see if we could analyze short RNA substrates 

by CE without artifacts. As a test experiment, a solution of SARS-CoV-2 RdRp complex, 

and a 5′-[6-FAM] labeled 20 nt RNA primer annealed to a 40 nt RNA template was 

mixed with UTP and the triphosphate active form of the antiviral drug Remdesivir (RTP) 

which acts as an ATP analog, extending the primer by 5 bases (Figure 4). Samples were 

prepared as above by dilution into formamide/Cy3 internal standard and analyzed with 

similar instrument parameters but with the oven temperature set to a slightly higher 65°C. 

Figure 4A shows the separation of the products of the short (20 – 27 nt) RNA primer and 
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the separation between the Cy3 internal standard and the FAM RNA peaks. We selected 

this particular electropherogram as it has the most peaks and is therefore the most difficult 

to resolve. Since the amplitude of the 21 nt product is low, it appears to blend with the 

20 nt peak. Peak integration / quantification however is minimally affected by this lack of 

resolution since the 21 nt peak accounts for only a small fraction of the total peak area for 

this time point. No additional peaks corresponding to dsRNA were observed indicating that 

the run conditions were sufficient to completely denature the RNA. The analysis software 

was used as above to provide the RNA species concentration versus time graph in Figure 4B.

3. Discussion:

For our kinetic analysis of DNA polymerases, we have traditionally used radiolabeled 

nucleic acid substrates and relied on tedious and time-consuming slab gel PAGE methods to 

resolve and quantify products. Therefore, we sought to find new methods for analysis of our 

samples. Since our previous attempt to use CE, instrumentation has improved significantly 

warranting further investigation into this method. In our previous studies [14], we were 

greatly limited by the instrumentation available to us at the time. CE technology has greatly 

improved since those efforts and now instruments optimized for Sanger sequencing are 

highly sensitive to multiple dyes, contain a capillary oven to improve sample denaturation, 

and contain up to 96 capillaries to greatly improve throughput. Despite significant advances, 

most studies on these instruments are geared toward sequencing longer DNA fragments 

and few report quantitative results. One study, however, showed good quantitative single 

base pair separation of slightly longer DNA substrates (50 nt) on an instrument containing 

96 capillaries [15]. Our aim was to build on these results by optimizing the method to 

achieve single base pair resolution of short nucleic acid substrates commonly used in 

enzymology experiments, and automate peak sizing and processing following peak detection 

and integration.

We show that using POP-6 instead of POP-7 allows single base resolution of short nucleic 

acid substrates commonly used in our experiments. As with many other systems that 

go from low throughput to high throughput, manual analysis methods were no longer a 

reasonable option due to the large quantities of data produced. Automating the process with 

our analysis software was key to enjoying the benefits of the increased throughput. Our 

analysis software circumvents problems with peak sizing caused by variable migration times 

between capillaries by using a Cy3 internal standard in each sample to normalize migration 

time. This greatly facilitates speed and accuracy of sizing and analysis. Our software also 

aligns raw electropherograms from the sequencer and allows peak height to be normalized to 

fractional area. Electropherograms can then be displayed in multiple 2D plots or a single 3D 

plot containing multiple electropherograms (Figure 3).

We were able to purchase a refurbished 16 capillary instrument for a fraction of the cost 

of a new 96 capillary instrument. The 16 capillary instrument was more than adequate for 

our studies, although these methods will likely work just as well on newer instruments with 

more capillaries as the raw data and peak integration files are similar. For the reactions 

shown here, we used the blue channel to monitor 6-FAM fluorescence and the yellow 

channel to monitor Cy3 fluorescence for the internal standard. The most recent version of 
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our software however allows use of any dye for both the oligo of interest and the internal 

standard oligonucleotide. Additional modifications to the software could also be included 

in the future to analyze reactions where dual labeled substrates are analyzed relative to an 

internal standard. Furthermore, coupling the techniques presented here with mass spec to 

analyze oligos as they come out of the capillary could allow oligo sizing without the use 

of an internal standard. The open-source software we provide can be easily adapted to new 

protocols.

4. Materials and methods

4.1. Enzymes, reagents, and oligonucleotides:

The wild-type exo+ and exo− (D5A E7A) T7 DNA polymerase were expressed in E. coli 
and purified with a polyethyleneimine precipitation step followed by three chromatography 

steps, as described previously [16]. Thioredoxin was expressed in E. coli and purified with 

a heat denaturation step followed by two chromatography steps, as described previously 

[16]. SARS-CoV-2 RNA dependent RNA polymerase complex proteins were expressed 

in E. coli and purified with multiple chromatography steps, as previously described [17]. 

Bovine serum albumin (BSA), dNTPs and NTPs were purchased from New England 

Biolabs. GS-443902 (Remdesivir triphosphate, RTP) was provided by Gilead Sciences 

Inc. and the concentration of RTP was determined by absorbance at 245 nm using the 

extinction coefficient 24,100 M−1 cm−1, determined by NMR with formamide as an internal 

standard. Buffer components and Ethylenediaminetetraacetic acid (EDTA) were from Fisher 

Scientific. Boric acid, acrylamide, and N,N′-methylenebisacrylamide were from Sigma 

Aldrich. Highly deionized (HiDi) Formamide, performance optimized polymer (POP)-6, and 

POP-7 were purchased from ThermoFisher Scientific. HiDi Formamide was aliquoted and 

stored at −80°C until use. nanoPOP Buffer (10×) with EDTA was purchased from Molecular 

Cloning Laboratories. Diethyl pyrocarbonate treated water was used in all experiments with 

RNA. Oligonucleotides used in this study are listed in Table 1, along with their respective 

extinction coefficients at 260 nm, provided by the manufacturer. All oligos were synthesized 

by Integrated DNA Technologies. The Cy3 internal standard oligo was purchased with 

HPLC purification and the RNA oligos were purchased with RNase-free HPLC purification. 

All other oligonucleotides were purchased with standard desalting then purified in house 

by denaturing PAGE to greater than 98% full length oligo. The phosphorothioate oligo was 

purchased as a racemic mixture of the two diastereomers. All DNA oligos were resuspended 

in 66.2 Buffer (6 mM Tris-HCl pH 7.5, 6 mM NaCl, 0.2 mM EDTA) before storing at 

−20°C. Double stranded DNA substrates were prepared by mixing primer and template 

strands at a 1:1.05 molar ratio in DNA Annealing Buffer (10 mM Tris-HCl pH 7.5, 50 

mM NaCl, 1 mM EDTA) before heating to 95°C for 3 minutes and cooling slowly to 

room temperature over 1 hour. RNA oligo stocks were resuspended in RNA annealing 

buffer (10 mM Tris-HCl pH 7, 50 mM NaCl, 0.1 mM EDTA) and stored at −20°C. Double 

stranded RNA substrates were prepared by mixing the primer and template strands at a 1:1 

molar ratio in RNA annealing buffer, heating to 75°C for 3 minutes, then cooling to room 

temperature over approximately 1 hour.
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4.2 Kinetics experiments:

Experiments with T7 DNA polymerase were performed in T7 Reaction Buffer (40 mM 

Tris-HCl pH 7.5, 1 mM EDTA, 12.5 mM MgCl2, 1 mM DTT, 50 mM NaCl) [18] at 20 °C. 

Experiments with SARS-CoV-2 RNA dependent RNA polymerase complex were performed 

in SARS-CoV-2 Reaction Buffer (40 mM Tris-HCl pH 7, 5 mM MgCl2, 1 mM DTT, 50 mM 

NaCl) [17] at 37°C. Quench flow experiments were performed on a KinTek RQF-3 rapid 

quench instrument with a circulating water bath set to the appropriate reaction temperature. 

Reaction buffer without magnesium was loaded into the two drive syringes and 0.6 M EDTA 

was loaded into the quench syringe. All components were allowed to equilibrate for at 

least 30 minutes on ice before performing the experiment. All experiments were repeated to 

ensure reproducibility and a single representative data set is shown in each figure.

4.3 PAGE analysis of samples:

Samples for PAGE were diluted with Formamide Loading Dye (5% sucrose, 90% 

formamide, 10 mM EDTA, 0.025 % [w/v] bromophenol blue, 0.025 % [w/v] xylene cyanol) 

at a ratio of 1:2 loading dye to sample. The samples were then heat-denatured for 3 min 

at 95 °C and loaded onto a 15% denaturing polyacrylamide gel (7 M urea), preheated to 

50°C using the Bio-Rad Sequi-Gen GT gel apparatus. Electrophoresis was carried out at 

100 watts at a constant temperature of 50°C for approximately 3 hours. Gels were scanned 

on a Typhoon FLA 9500 laser scanner (GE Healthcare) with the FAM fluorescence filter. 

Products at each time point were quantified with ImageQuant software (GE Healthcare).

4.4 Capillary gel electrophoresis:

Capillary electrophoresis was performed on an Applied Biosystems 3130XL Genetic 

Analyzer instrument (equipped with a 36 cm capillary array with 16 capillaries), purchased 

as a refurbished instrument from ThermoFisher Scientific. Data collection was managed 

with 3130XL Series Data Collection Software 4. A custom run module was created from 

the template RapidSeq36_POP6 using the run parameters in Table 2. A custom instrument 

protocol was then created with the custom run module and the G5 dye set. Run parameters 

were the same for each experiment, with the exception of the oven temperature which 

was set to 60°C for all DNA experiments and 65°C for RNA experiments. Injection 

parameters varied based on the concentration of nucleic acid in each experiment and 

injection parameters for each experiment are given in the figure legends. The Cy3 internal 

standard oligo was diluted from a 200 nM stock to a final concentration between 0.8 and 2 

nM in HiDi Formamide, depending on the concentration of nucleic acid in the experiment. 

Ten μl of the formamide/internal standard mixture was added to each well. Samples were 

diluted by adding 1 μl of quenched sample to the 10 μl of formamide/internal standard 

mixture. Heat denaturation of the samples before injection was not necessary to completely 

denature the nucleic acids.

4.5 Analysis software:

The analysis software was written in Python 3 using packages tailored for bioinformatics, 

including matplotlib v3.3.3 [19], Pandas v1.15 [20], and Biopython v1.78 [21]. The .txt 

files exported from GeneMapper contained the peak areas, peak heights, and data points 
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(migration times) needed for plotting and analysis. Peak data was extracted and manipulated 

using the Pandas package. Given that the exported text files from Gene Mapper contained 

only peak areas and not raw data, Biopython was used to extract x and y values for each 

point in the electropherogram from the .fsa files. Specifically, the Bio.SeqIO module gave all 

the raw values needed for plotting. Peak alignment was done by first assigning a reference 

internal standard peak. Each non-internal standard product peak could then be vectorized 

to shift chromatographs in alignment relative to the reference internal standard peak. After 

alignment, the processed raw data was imported into matplotlib to prepare 2D and 3D plots.

4.6 Data analysis:

Data fitting was performed with the simulation software, KinTek Explorer [22, 23] v9 

(www.kintekexplorer.com). This software was also used in preparing figures for kinetic 

data. Quench flow data were fit in the software using the afit function to either a single 

exponential, double exponential, or double exponential burst equation. The equation for 

a single exponential used is y = A0 + A1 1 − e−b1t , where A0 is the y-intercept, A1 is the 

amplitude, b1 is the decay rate and t is time. The equation for a double exponential used 

is y = A0 + A1 1 − e−b1t + A2 1 − e−b2t , where A0 is the y-intercept, A1, A2, b1, b2 are the 

amplitudes and decay rates for the first and second phases, respectively. The equation for a 

double exponential burst used is y = A0 + A1 1 − e−b1t + A2 1 − e−b2t + b3t, where A0 is the 

y-intercept, A1, A2, b1, b2 are the amplitudes and decay rates for the first and second phases, 

respectively, and b3 is the rate of the linear phase.
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Refer to Web version on PubMed Central for supplementary material.
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• Improved separation of short FAM labeled oligonucleotides by CE.

• Customizable Cy3 internal standard for more accurate sizing of short nucleic 

acids

• New open source software presented to automate data analysis and 

visualization

• Validation experiments show method is compatible with both DNA and RNA
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Figure 1: Exonuclease validation experiment for PAGE versus CE.
Scheme: The DNA substrate is a 27 nt, 5′-[6-FAM]-labeled primer annealed to the 45 nt 

template, with a buried T:T mismatch at the n-2 position. Bases to be removed are shown in 

red. Reaction conditions: A solution of 1.25 μM T7 DNA polymerase, 25 μM thioredoxin, 

0.1 mg/ml BSA, and 12.5 mM Mg2+ was mixed with 250 nM FAM-labeled DNA from the 

other syringe in the quench flow at 20°C to start the reaction. Time points were quenched by 

mixing with EDTA from the quench syringe to a final concentration of 0.3 M. A) Analysis 

of time points by denaturing PAGE. Samples were mixed with formamide loading dye, 

separated by denaturing PAGE with 15% acrylamide/7M urea, and scanned on a Typhoon 

9500 scanner with the FAM fluorescence filter. B) Separation of 5 ms time point by CE 

with POP-7 polymer. The same samples from (A) were injected at 1.6 kV for 15 seconds. 

Three peaks are visible, however lack of separation between products make quantification 

difficult. C) Separation of 5 ms time point by CE with POP-6 polymer. The same samples 

from (A) were injected with the same parameters as in (B). Each product is well resolved to 

near baseline, facilitating accurate peak integration. D) Overlay of data analyzed by PAGE 

versus CE. Data for products of varying lengths (27 nt, red; 26 nt, green; 25 nt, blue; 24 

nt, yellow) for analysis by PAGE (open circles, dashed line) versus capillary electrophoresis 

(closed circles, solid line). Net rates and amplitudes obtained by fitting the data to a double 

exponential burst equation are identical for the two data sets within 2%.
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Figure 2: Single nucleotide incorporation experiment and internal standard normalization
Scheme: The DNA substrate is a 27 nt, 5′-[6-FAM]-labeled primer containing a 

phosphorothioate linkage at the 3′ end (denoted by *), annealed to a 45 nt template strand. 

The added nucleotide is shown in red. Reaction conditions: A solution of 75 nM T7 DNA 

polymerase (exo−), 1.5 μM Thioredoxin, 0.1 mg/ml BSA, and 150 nM FAM-DNA was 

mixed with 100 μM dATP and 12.5 mM Mg2+ to start the reaction in the quench flow 

instrument at 20°C. Time points were quenched by mixing with EDTA from the quench 

syringe (0.3 M final concentration). A) Electropherogram showing the 15 ms time point 

with the Cy3 internal standard. Samples were injected for 15 seconds at 2.6 kV. Blue 

peaks correspond to FAM-labeled reaction products and the yellow peak corresponds to the 

Cy3-labeled internal standard. Xn is the migration time of the peak for DNA n nucleotides 

in length. XIS is the migration time of the Cy3 labeled internal standard oligo. The formula 

for the corrected migration time for the 27 nt peak is shown in the panel and is used to 

normalize the variable migration times between capillaries. B) Plot of DNA concentration 

versus time for varying length products derived from the burst experiment. The 27 nt 

primer is shown in red and the 28 nt primer is shown in green as a function of time. This 

representative data set is part of the included example data provided with the software. Both 

sets of data are shown fit to single exponential functions.
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Figure 3: 3-D plot of aligned and normalized single nucleotide incorporation experiment 
electropherograms.
Data is from the experiment described in Figure 2. Time is shown on the X axis, “Data 

Point” shown on the Y-axis represents the normalized migration time (relative to the internal 

standard), and the fractional area normalized to peak height is shown on the Z-axis. The 

normalized migration time was calculated by the analysis software to correct for the 

differences in migration time between capillaries. Fractional area was calculated in the 

analysis software to determine a scaling factor for each electropherogram.
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Figure 4: Validation of RNA separation and analysis by CE.
Scheme: The RNA substrate used in the kinetics assay is shown, consisting of a 20 nt, 5′-[6

FAM]-labeled primer annealed to a 40 nt template. UTP and Remdesivir triphosphate were 

added and the extended RNA bases are shown in red. Experimental conditions: A solution 

of 1.5 μM SARS CoV-2 RdRp (NSP12/7/8 plus 6 μM NSP8), 100 nM FAM-RNA, and 5 

mM Mg2+ was mixed with 150 μM UTP and 40 μM Remdesivir-triphosphate to start the 

reaction in the quench flow at 37°C. Time points were quenched by mixing with EDTA from 

the quench syringe to 0.3 M. A) Sample electropherogram for a 0.325 second time point. 

Samples were injected for 6 seconds at 3.6 kV. Blue peaks correspond to FAM-labeled RNA 

products, while the yellow peak corresponds to the Cy3 internal standard. B) Concentration 

of RNA versus time. Data for different species were determined using the analysis software 

and are colored as listed in the top of the panel. Data are shown fit to a double exponentials 

function.
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Table 1:

Oligonucleotides used in this study

Oligo Name DNA / RNA Sequence 5’ -> 3’
Extinction Coefficient, 260 

nm (M−1 cm−1)

Cy3 Int. Std. DNA [Cy3]-CCGTGAGTTGGTTGGACGGCTGCGAGGC 266,800

FAM-27 DNA [6-FAM]-CCGTCGCAGCCGTCCAACCAACTCAAC 266,660

FAM-27-PThio DNA [6-FAM[-CCGTCGCAGCCGTCCAACCAACTACA*C 267,660

45-Buried MM DNA GGACGGCATTGGATCGATGTAGAGTTGGTTGGACGGCTGCGACGG 439,600

45mer DNA GGACGGCATTGGATCGATGTGTAGTTGGTTGGACGGCTGCGACGG 435,100

FAM-20 RNA [6-FAM]-GUCAUUCUCCUAAGAAGCUA 222,360

40mer RNA CUAUCCCCAUGUGAUUUUAAUAGCUUCUUAGGAGAAUGAC 403,100

* =
phosphorothioate linkage
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Table 2:

Capillary electrophoresis separation parameters

Parameter Value

Oven_Temp 60–65°C

Poly_Fill_Vol 6500 steps

Current_Stability 5 μAmps

Pre_Run_Voltage 15 kV

Pre_Run_Time 180 seconds

Injection_Voltage Variable

Injection_Time Variable

Voltage_Number_of_Steps 40 steps

Voltage_Step_Interval 15 seconds

Data_Delay_Time 1 second

Run_Voltage 15 kV

Run_Time 800 seconds
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