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Abstract

Human 8-oxoguanine DNA glycosylase (OGG1) excises the mutagenic oxidative DNA lesion 8-oxo-7,8-dihydroguanine (8-oxoG) from DNA.
Kinetic characterization of OGG1 is undertaken to measure the rates of 8-oxoG excision and product release. When the OGG1 concentration
is lower than substrate DNA, time courses of product formation are biphasic; a rapid exponential phase (i.e. burst) of product formation is
followed by a linear steady-state phase. The initial burst of product formation corresponds to the concentration of enzyme properly engaged on
the substrate, and the burst amplitude depends on the concentration of enzyme. The first-order rate constant of the burst corresponds to the
intrinsic rate of 8-oxoG excision and the slower steady-state rate measures the rate of product release (product DNA dissociation rate constant,
koff). Here, we describe steady-state, pre-steady-state, and single-turnover approaches to isolate and measure specific steps during OGG1
catalytic cycling. A fluorescent labeled lesion-containing oligonucleotide and purified OGG1 are used to facilitate precise kinetic measurements.
Since low enzyme concentrations are used to make steady-state measurements, manual mixing of reagents and quenching of the reaction
can be performed to ascertain the steady-state rate (koff). Additionally, extrapolation of the steady-state rate to a point on the ordinate at zero
time indicates that a burst of product formation occurred during the first turnover (i.e. y-intercept is positive). The first-order rate constant of the
exponential burst phase can be measured using a rapid mixing and quenching technique that examines the amount of product formed at short
time intervals (<1 sec) before the steady-state phase and corresponds to the rate of 8-oxoG excision (i.e. chemistry). The chemical step can
also be measured using a single-turnover approach where catalytic cycling is prevented by saturating substrate DNA with enzyme (E>S). These
approaches can measure elementary rate constants that influence the efficiency of removal of a DNA lesion.

Video Link

The video component of this article can be found at http://www.jove.com/video/50695/

Introduction

An aerobic environment hastens genomic instability. A major promutagenic DNA lesion resulting from oxidative stress is 7,8-dihydro-8-
oxoguanine (8-oxoG). This is due to the ambiguous coding potential of 8-oxoG. Human 8-oxoguanine DNA glycosylase (OGG1) is responsible
for initiating base excision repair of 8-oxoG. The glycosylase activity of OGG1 excises the 8-oxoG base resulting in product DNA with an apurinic
site (AP-site). A weak lyase activity of OGG1 can incise the AP-site in some instances.

Kinetic characterization of DNA glycosylases generally finds that they exhibit biphasic time courses. After an initial fast phase of product
formation (i.e. burst), a linear steady-state phase is observed1-3. This behavior is indicative of a step following chemistry (i.e. conformational
change or product release) being rate-limiting during the linear portion of the time course, whereas the burst phase, often referred to as the
transient phase, corresponds to product formation at the enzyme active site during the first cycle of the reaction. When product release is rate
limiting during the steady-state phase, activity measurements provide a qualitative measure of product DNA binding affinity, but do not provide
kinetic information concerning events at the enzyme active site (i.e. chemistry). Accordingly, methods to isolate and measure the exponential pre-
steady-state burst phase are needed to probe events during the first enzymatic turnover at the enzyme's active site4.

There are three standard kinetic approaches to characterize the catalytic behavior of OGG1, (1) steady-state, (2) pre-steady-state, and (3)
single-turnover. These approaches differ from one another by the concentration of enzyme in the reaction mixture and the enzyme to substrate
ratio utilized in each approach. In a typical steady-state approach, sometimes referred to as multiple turnover kinetics, low concentrations of
enzyme are used to follow product formation. The substrate concentration greatly exceeds the enzyme concentration so that multiple enzymatic
turnovers do not significantly affect substrate concentration. In this situation, time courses should be linear and it is often difficult to discern
whether a burst occurred during the first turnover due to the low enzyme concentration used in this approach; note that burst amplitude is
equivalent to the enzyme concentration. This can be overcome by using a higher enzyme concentration and extrapolating the linear time course
to zero time to detect whether the first enzymatic turnover occurred quickly. The intercept on the ordinate (y-axis) should be proportional to the
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enzyme concentration and provides a measure of the enzyme actively engaged with substrate. Although this approach can in principle provide
evidence for the existence of a burst phase, a different approach is required to measure the kinetics of the burst phase. In many instances the
burst phase is too fast to measure by manual mixing and quenching techniques. In this situation, pre-steady-state and single-turnover kinetic
(i.e. transient kinetic) approaches often require a rapid-mixing and quenching instrument to follow early time points of a reaction5. In a pre-
steady-state approach high concentrations of enzyme are used so that a significant amount of product is formed during the first turnover. Since
multiple turnovers are followed to observe catalytic cycling (i.e. the linear phase that follows the burst), substrate concentration is greater than
the enzyme concentration ([enzyme] < [substrate]). To isolate events at the active site of the enzyme without catalytic cycling, single-turnover
conditions are utilized. In this case, substrate is saturated with enzyme (E>>S) so that all of the substrate will participate in the 'single turnover'
and will typically exhibit a single-exponential time course.

As noted above for enzymes that exhibit a burst phase, product release (koff) often limits the rate of the steady-state phase of the time course.
The rate of product release (vss, conc./time) can be determined from the slope of the linear steady-state phase. The active enzyme concentration
(E) is needed to convert the rate of product release to an intrinsic rate constant where koff = vss/[E]. Importantly, the active enzyme concentration
is typically lower than the measured protein concentration due to impurities, inactive enzyme, enzyme non-productively bound to substrate,
and the method used to determine protein concentration. The active enzyme concentration can be determined from the burst amplitude when
product release is slow. Thus, extrapolating a steady-state time course to zero time provides an estimate of active enzyme needed to calculate
koff (product release) from the observed steady-state rate.

To measure the kinetics of the burst, a pre-steady-state approach is necessary to follow product formation during the first turnover that occurs
prior to the linear steady-state phase. The burst kinetics follows the formation of enzyme-product intermediate. Once the reaction is initiated by
mixing enzyme with substrate, the amount of the enzyme-product rapidly increases until the reaction reaches a steady state phase. If catalysis is
much more rapid than product release, the amplitude of the burst is equal to actively engaged enzyme and the observed exponential approach
to equilibrium (kobs) corresponds to the rate of chemical conversion of substrate to product, assuming that the reverse rate of chemistry is
negligible.

In some instances catalytic cycling interferes with a pre-steady-state analysis, such as when the magnitudes of rates for chemistry and product
release are not significantly different. In this case, employing excess enzyme relative to substrate prevents catalytic cycling and limits substrate
bound with enzyme to a single turnover. Accordingly, the first chemical step of the reaction can be isolated and accurately determined as the first-
order rate constant (kobs). This rate constant should be similar to kobs determined from the pre-steady-state approach described above.

Here we describe how these kinetic approaches can be used to analyze the glycosylase activity of OGG1.

Protocol

1. Preparation of Enzyme and DNA Substrate

1. Over-express OGG1 as a GST-fusion protein in E. coli, utilize the GST-tag for purification, and then remove the GST-tag by cleavage with
HRV-3C protease (Figure 1)6.

2. Purchase the chemically synthesized 5'-6-carboxyfluorescein (6-FAM) labeled oligonucleotide containing a single 8-oxoG residue and its
complementary unlabeled oligonucleotide strand. The 34-mer oligonucleotides contain an 8-oxoG at position 17 from the 5'-end. Purify these
oligonucleotides by polyacrylamide gel electrophoresis.

3. Prepare double-stranded DNA substrate containing 8-oxoG by mixing 5'-6-FAM labeled oligonucleotide with its complementary strand at a
molar ratio of 1:1.2 in annealing buffer (10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM EDTA) in a 1.5 ml microfuge tube. Place the tube in a
float in boiling water for 5 min. Leave the tube in place and then let the water cool slowly to room temperature (this takes approximately 2 hr).

4. Perform sample preparation and the experiment under low or minimal light conditions so as to minimize photobleaching of the fluorescent
label.

2. Measurement of Steady-State Time Course and Active Site Titration of OGG1

2.1. Sample preparation and steady-state time course

1. Prepare DNA substrate and OGG1 solutions separately in reaction buffer (50 mM HEPES, pH 7.5, 20 mM KCl, 0.5 mM EDTA, and 0.1%
bovine serum albumin) in 1.5 ml microfuge tubes on ice. The concentration of DNA is 400 nM and the apparent concentration of OGG1 is 30,
60, 90, or 120 nM as determined by a Bradford protein assay. Place the reaction tubes in a heat block set at 37 °C. Pre-incubate enzyme and
DNA substrate solutions separately at 37 °C for 1 min.

2. Start the reaction by mixing equal volumes of the OGG1 and DNA substrate solutions by pipetting. After mixing these solutions 1:1 (v/v), the
final concentrations are 200 nM DNA and 15, 30, 45, or 60 nM OGG1, respectively. Remove aliquots (10 μl) at time intervals and quench the
reaction by mixing with 1 μl of 1 M NaOH. As the control for the time courses, 10 μl of the reaction mixture without enzyme is mixed with 1 μl
of 1 M NaOH.

3. Place the reaction samples in a 90 °C heat block for 5 min to cleave the resulting product AP-site. After heating, add 1 μl of 1 M HCl to
neutralize each sample.

4. Add an equal volume (12 μl) of gel loading buffer (95 % formamide, 20 mM EDTA, 0.02% bromophenol, and 0.02% xylene cyanol) to each
reaction sample, and then place the mixture in a heat block set at 95 °C for 2 min, then immediately place the tube on ice.

5. Load the samples (5 μl) onto a 15% denaturing polyacrylamide gel containing 8 M urea in 89 mM Tris-HCl, pH 8.8, 89 mM boric acid, and 2
mM EDTA. The substrate and the cleaved products are well separated after running the gel.
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2.2. Imaging of the gel

1. Scan the gel using an imager that can detect the fluorescently labeled DNA and visualize the substrate and product bands.
2. Quantify the bands after imaging the gel. Note that some background cleavage may be observed after treatment of the substrate itself with

NaOH (Figure 2A). Subtract this background from the measured amount of each reaction product.

2.3. Data analysis

1. Plot the amount of the product formed at each reaction time (t) (Figure 2B). Analyze the raw data using Equation 1 to determine the
amplitude of the burst (A0, y-intercept) and the slope of the linear steady-state phase (vss).

2. Plot the y-intercept relative to the total protein concentration (i.e. apparent enzyme concentration; Figure 2C), providing a measure of the
active fraction of enzyme. Use a linear fit with a zero intercept to provide the correction factor for determining the fraction of active enzyme.

3. Plot the steady-state rate relative to the active enzyme concentration (Figure 2D), providing the product dissociation rate constant (i.e. slope
of the fitted line).

3. Measurement of Pre-steady-state Time Course

As shown in Figure 2, product formation during the burst phase is too fast to measure by manual mixing and quenching. Hence, a rapid quench-
flow instrument can provide a powerful method to measure rapid reactions that occur on the millisecond time scale (Figure 3)5. The instrument
uses a computer-controlled drive motor to rapidly mix and quench reactions after specified reaction times. For example, use a Kintek RQF-3
Rapid Quench-Flow Instrument to measure the initial burst phase and subsequent steady-state phase of product formation catalyzed by OGG1.
Rapid Quench-Flow Instruments are available from several manufacturers.

3.1. Preparation of sample

Separately prepare DNA substrate and OGG1 solutions in 1.5 ml tubes as described in 2-1. The concentrations of DNA and active OGG1 are
400 nM and 80 nM, respectively. This results in final concentrations of 200 nM DNA and 40 nM active OGG1 after mixing 1:1 (v/v).

3.2. Preparation of rapid quench-flow instrument

1. Connect a circulating water bath to the rapid quench-flow Instrument for temperature control (37 °C).
2. Adjust the instrument parameters and select the appropriate reaction loop for the desired time points according to the manufacturer's

instructions. The reaction loops are of variable lengths to provide alternate reaction times.
3. Prepare reaction buffer and NaOH quench solutions in 10 ml Luer Lock disposable syringes and attach these syringes to the Drive Ports and

load the Drive Reservoirs with reaction buffer (syringes B) and 142 mM NaOH (syringe Q) (Syringe Load Valves in LOAD position).To remove
the air bubbles from the syringe, work the solution back and forth several times.

4. Lower the stepper motor until it contacts the top of the syringes (Syringe Load valves and Sample Load valves in FIRE position).
5. Flush the Sample Loops, the Reaction Loop, and the Exit Line with water and methanol. Dry the flushed areas completely (valves in FLUSH

position).

3.3. Pre-steady-state time course

1. Make a hole in the top of a capped 1.5 ml tube using a 16-gauge needle. Attach a tube at the Exit Line to collect the quenched reaction.
2. Set the desired reaction time (in seconds) using the keypad. The Stepper Motor will back up to adjust for loop volume so as to maintain

constant quench volume. Position plungers for syringe B against the Stepper Motor platform by adding buffer with the disposable syringes
attached to the Drive Ports.

3. Fill 1 ml Luer Lock disposable syringes with DNA substrate and OGG1 solutions, respectively (sample valves in LOAD position). Attach
syringes with DNA substrate and OGG1 solutions to each of the Sample Load Ports, and then fill the Sample Loops with DNA substrate and
OGG1 solutions, respectively (Sample Load Valves in LOAD position).

4. Set all Syringe Load Valves and Sample Load Valves to the FIRE position. Start the reaction by a keypad stroke (e.g. press of "G" or "START"
key). DNA substrate and OGG1 solutions (18 μl each) are immediately mixed in the Reaction Loop.

5. Wait until the reaction is automatically quenched at the desired reaction time by mixing 36 μl of the reaction mixture with 86 μl of 142 mM
NaOH. After quenching the reaction, the sample is discharged from the Exit Line.

6. Set the Syringe Load Valves to the LOAD position and the Sample Load Valves to the FLUSH position. Flush the Sample Loops, the Reaction
Loop, and the Exit Line with water and methanol and dry as described in 3.2. Repeat the above procedure for each time point.

7. Perform a control experiment without enzyme to determine a background correction, which can be done manually or with the rapid-quench
instrument. To perform a control with the rapid-quench instrument, fill the Sample Loop for DNA with DNA substrate but keep the Sample
Loop for OGG1 empty. Set the reaction time, perform the mix and quench as described in 3.3.4-3.3.6.

8. Wash the Sample Loops and the Reaction Loop with 2 M NaOH, 2 M HCl, water, and methanol and then dry the washed lines. After setting
the Stepper Motor to home position, switch the Syringe Load Valves to the LOAD position and wash the Drive Reservoirs with water.

9. Treat the quenched reaction samples with heat, and then separate substrate and product DNA by 15% denaturing polyacrylamide gel
electrophoresis as described in 2.1.

10. Visualize and quantify the bands on the gel as described in 2.2.
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3.4. Data analysis

Fit the time courses of product formation by non-linear regression analysis to an equation with a rising exponential and linear terms (Equation 2)
providing the first-order rate constant (kobs), the amplitude of the burst (A0), and a linear rate (vss).

4. Single-turnover Time Course

1. Prepare DNA substrate and OGG1 in separate 1.5 ml tubes as described in 2-1. The concentrations of DNA and active OGG1 are 100 nM
and 500 nM, respectively; this yields final concentrations of 50 nM DNA and 250 nM OGG1 after mixing 1:1 (v/v).

2. Prepare the rapid quench-flow instrument and prepare the reaction samples as described in 3.2 and 3.3.
3. Treat the quenched reaction samples with heat and subject them to 15% denaturing polyacrylamide gel electrophoresis to separate substrate

and products as described in 2.1.
4. Visualize and quantify the bands on the gel as described in 2.2.
5. Fit the time courses of product formation to a single exponential to determine the first-order rate constant (kobs) as given in Equation 3.

Representative Results

Steady-state kinetic analysis was performed by using 200 nM DNA substrate and four different apparent concentrations of OGG1 (15, 30, 45,
and 60 nM) as determined by a Bradford protein assay2. The time courses of product formation were fit to a linear equation to determine the
y-intercept, which were 2.2, 11, 15, and 26 nM, respectively, relative to each protein concentration (Figure 2B). The y-intercepts were further
plotted relative to each actual protein concentration (Figure 2C). The fraction of active enzyme was determined to be 38 % from the slope of
the line in Figure 2C. To determine the steady-state rate, vss determined from the linear fits in Figure 2B were plotted relative to the y-intercepts
(Figure 2D). The slope of the line in Figure 2D was 0.0028 sec-1, which is equivalent to the dissociation rate constant for the product AP-site and
incised AP-site formed by DNA glycosylase/lyase activities.

A pre-steady-state time course was followed by using 200 nM DNA substrate and 40 nM active OGG1. The time courses of the product
formation can be fit to an equation with rising exponential and linear terms. As shown in Figure 4, kobs and koff were determined to be 0.75
sec-1 and 0.0055 sec-1, respectively2. The amplitude for the burst phase (33 nM) was slightly lower than predicted from the concentration of the
active OGG1 added (40 nM). This may be due to nonspecific binding of OGG1 to DNA substrate that reduces the available numbers of enzyme
molecules.

Under single-turnover conditions, the 8-oxoG excision reaction was finished within 6 sec (Figure 5)2. The time course of product formation could
be fit to a single exponential equation and yielded kobs of 0.74 sec-1. Notably, the amplitude for product formation was lower than the expected 50
nM added DNA substrate. This could have been due in part to background cleavage of the DNA by NaOH-treatment (Figure 2A) or the presence
of unannealed substrate oligonucleotides in the reaction mixture.
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Figure 1. Purification of human OGG1 from E. coli. The human OGG1 gene was cloned into pGEX-6P-1 and overexpressed in BL21 (DE3)
cells. Lane 1; uninduced cells, lane 2; IPTG-induced cells, lane 3; soluble protein fraction, lane 4; glutathione sepharose 4B after incubation with
soluble protein fraction, lane 5; flow through fraction after incubation of glutathione sepharose 4B with HRV 3C protease, lane 6; flow through
fraction after removal of contaminants by Mono Q column. A photograph of the Coomassie Blue stained gel is shown.
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Figure 2. Steady-state kinetics and active site titration of purified OGG12. OGG1 (15 nM, ○; 30 nM, □; 45 nM, ◊; or 60 nM, ×) was incubated
with 200 nM DNA substrate (5'-CTGCAGCTGATGCGCCXTACGGATCCCCGGGTAC-3', where X is 8-oxoG paired with C) at 37 °C for 1-30 min
as indicated. These enzyme concentrations represent apparent protein concentrations based on a Bradford protein assay, quantitated from a
BSA standard curve. A, Denaturing polyacrylamide gels showing separated substrates (S) and products (P). OGG1 (30 nM) and 200 nM DNA
substrate was used for the reaction. B, Time courses of product formation. The data were fit to a linear equation to determine the amplitude of
the burst phase (y-intercept) and an apparent rate of product release (slope). C, Plot of the intercepts determined from the linear fits in panel B
relative to that determined by the Bradford assay. The slope of the line corresponds to the fraction of active enzyme. The error bar denotes the
error in the amplitude inferred from linear fits to the product formation in panel B. D, Plot of the slopes determined from the linear fits in panel B
relative to the active enzyme concentration. The error bar denotes the error in the slope inferred from linear fits to the product formation in panel
B. The slope of the line corresponds to the steady-state rate (koff), 0.0028 sec-1.

 
Figure 3. Overview of Rapid Quench-Flow Instrument.
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Figure 4. Pre-steady-state kinetics of 8-oxoG excision by OGG12. OGG1 (40 nM active enzyme) was incubated with 200 nM DNA substrate
(5'-CATGGGCGGCATGAACCXGAGGCCCATCCTCACC-3', where X is 8-oxoG paired with C) at 37 °C for 0-100 sec. The dotted line indicates
an extrapolation of the steady-state phase. The data were fit to the burst equation with an amplitude equal to 33 ± 0.89 nM, kobs equal to 0.75 ±
0.083 sec-1, vss equal to 0.18 ± 0.018 nM sec-1 and koff equal to 0.0055 ± 0.020 sec-1.

 
Figure 5. Single turnover kinetics of 8-oxoG excision by OGG12. OGG1 (250 nM active enzyme) was incubated with 50 nM DNA substrate
(5'-CTGCAGCTGATGCGCCXTACGGATCCCCGGGTAC-3', where X is 8-oxoG paired with C) at 37 °C for 0-60 sec. The data were fit to the
single exponential equation with kobs equal to 0.74 ± 0.015 sec-1. The dotted line indicates the extrapolated amplitude (i.e. product at infinite
time).

Discussion

The kinetic approaches described here outline methods to define elementary kinetic constants. If a time course of product formation is biphasic
with the first enzymatic turnover occurring rapidly, then a step after chemistry is rate-limiting during subsequent catalytic turnovers. In the case
of OGG1, the first turnover can be measured using high enzyme concentrations with either limiting (S<E) or high (S>E) DNA concentrations. In
the first case, the reaction is limited to a 'single-turnover' and provides a measure of the catalytic rate at the active site of the enzyme. In the latter
case, multiple enzymatic turnovers are assessed. The burst of product formation occurring during the first turnover provides a measure of the
chemical event at the enzyme's active site, while subsequent turnovers provide a measure of the step that limits catalytic cycling. In addition,
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the amplitude of the burst of product formation provides a measure of actively engaged enzyme. This must be known in order to calculate
the product dissociation rate constant from the steady-state velocity (koff = vss/E). For OGG1, the release of product DNA (i.e. product DNA
dissociation rate constant) limits catalytic cycling and its steady-state rate7,8. As shown in Figure 4, the DNA product dissociation rate constant
(koff = 0.0055 sec-1) for OGG1 is two orders of magnitude lower than the observed catalytic rate (kobs = 0.75 sec-1). It is a common kinetic feature
of DNA glycosylases that excise damaged DNA bases to bind their products (DNA with an abasic site) tightly so that product release is rate
limiting during steady-state measurements1,8-10. Importantly, steady-state activity measurements thereby provide a simple and straightforward
way to determine product DNA binding affinity; lower activity suggests tighter product binding.

As described in Figure 2 and Representative Results, the active fraction of enzyme is determined to be 38%. The active fraction is lower than
that determined from the protein concentration, even though the prepared enzyme is >95% homogeneous (Figure 1). This can be due the
non-specific binding of the enzyme to the substrate and/or the method of protein determination that may not accurately assess the true protein
concentration (e.g. Bradford protein assay typically uses bovine serum albumin as a standard that may not be a good mimic for the enzyme of
interest). Alternatively, protein concentration can be determined by other methods or estimated from a calculated molar extinction coefficients at
280 nm such as that developed by Gill and von Hippel11.

As shown in Figures 4 and 5, the magnitude of kobs determined from the pre-steady-state time course should be consistent with that determined
from a single-turnover experiment. The value of koff should also be experimentally consistent between alternate kinetic methods. If, however,
these rate constants are different (e.g. koff is different between steady-state and pre-steady-state conditions), different steps may be measured by
each method and a new model should be considered. Alternatively, product inhibition or substrate depletion can influence the apparent steady-
state rate in a pre-steady-state time course that contaminates the linear portion.

In the situation where the burst and the steady-state phases are not well separated (i.e. kobs ~ koff), the amplitude of the burst and the observed
rate constants are composites of elementary rate constants for multiple steps12. Furthermore, if product release is rapid (i.e. koff > kobs), the time
course of product formation is not biphasic (first turnover and subsequent turnovers are limited by the same step; chemistry). In this case, a
single-turnover experiment can provide a measure of catalysis.

If a single-turnover approach is undertaken to determine an intrinsic catalytic rate, sufficient enzyme must be used to assure that binding is
not partially rate limiting. Likewise, substrate binding must also be fast so that the burst rate is not limited by substrate binding. To verify that
enzyme binding is not rate limiting during a single-turnover experiment, the time course is repeated with a different enzyme concentration to
confirm that the exponential time course is not altered. In addition, since the amplitude of the burst or single-turnover time course is directly
proportional to enzyme or substrate concentrations, respectively, these concentrations should be chosen so they can be reliably measured.
Finally, it should be noted that when the burst and steady-state rates are not well-separated, the burst amplitude underestimates the true active
enzyme concentration12.

The kinetics approaches described above provide a reliable method to isolate key steps during the catalytic cycling of DNA glycosylases.
With these reference kinetic constants, the influence of altered DNA sequence/structure1,13-18 , active site residues19,20, metal ion21, or cellular
accessory protein on catalysis or enzyme cycling can now be evaluated22-24.
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