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ABSTRACT

‘Footprinting’ describes assays in which ligand bind-
ing or structure formation protects polymers such as
nucleic acids and proteins from either cleavage or
modification; footprinting allows the accessibility of
individual residues to be mapped in solution.
Equilibrium and time-dependent footprinting links
site-specific structural information with thermodyn-
amic and kinetic transitions. The hydroxyl radical
(·OH) is a particularly valuable footprinting probe by
virtue of it being among the most reactive of chemical
oxidants; it reports the solvent accessibility of reac-
tive sites on macromolecules with as fine as a single
residue resolution. A novel method of millisecond
time-resolved ·OH footprinting has been developed
based on the Fenton reaction, Fe(II) + H2O2 !
Fe(III) + ·OH + OH�. This method can be implemented
in laboratories using widely available three-syringe
quench flow mixers and inexpensive reagents to
study local changes in the solvent accessibility of
DNA, RNA and proteins associated with their biologi-
cal function.

INTRODUCTION

‘Footprinting’ describes assays in which ligand binding or
structure protects polymers such as nucleic acids and proteins
from either cleavage or modification; footprinting allows
the accessibility of individual residues to be mapped in solu-
tion. Equilibrium and time-dependent footprinting links
site-specific structural information with thermodynamic and
kinetic transitions (1,2). The hydroxyl radical (·OH) has pro-
ven itself as a particularly valuable footprinting reagent by
virtue of it being among the most reactive of chemical oxidants
(3). Its small radius reports the solvent accessibility of reactive

sites on macromolecules with resolution as fine as a single
residue (4,5). Multiple methods have been used to �OH
footprint DNA, RNA and proteins including Fe-EDTA
(6,7), peroxonitrite (8–10), photolysis (11–13), radiolysis
(14–16) and synchrotron X-ray radiolysis (17). Fe-EDTA foot-
printing uses the Fenton–Haber–Weiss reaction (18,19),

FeðIIÞ þ H2O2 ! FeðIIIÞ þ ·OH þ OH� 1

to generate ·OH in solution (20). Chelation of Fe(II) by
EDTA prevents the transition metal ion from binding to the
macromolecules being studied (20). This method is widely
applied and inexpensive to perform. A convenient imple-
mentation of this chemistry for footprinting is to reductively
cycle Fe(III) back to Fe(II) with ascorbate (21). This catalysis
allows reagent concentrations that are micromolar in
Fe-EDTA and millimolar in H2O2 and ascorbate to be used
with reaction times of several to tens of minutes (4,6,22).
Reaction times as short as several seconds in an RNA folding
kinetics analysis were achieved using a Fe-EDTA concentra-
tion of 500 mM (23).

Exhaustive investigations of the Fenton reaction have
revealed numerous possible reaction steps, variable rates,
mechanisms, intermediates and putative oxidants depending
on which reagents and reaction conditions are used [(24) and
references therein]. However, limited studies of the Fenton
reaction (25) have been carried out at Fe(II) concentrations
>1 mM. It is possible that such high Fe(II) concentrations
might produce the high concentration of ·OH needed to foot-
print macromolecules on the millisecond timescale (23). Rapid
mixing studies at high Fe(II) concentrations have not been
reported to our knowledge.

Synchrotron X-ray radiolysis has been unique among avail-
able ·OH footprinting methods in that a millisecond burst
of high-flux white X-ray generates ·OH sufficient to footprint
nucleic acids (17). Macromolecular transitions can be fol-
lowed with millisecond time resolution by coupling rapid
mixing with synchrotron X-ray radiolysis (2,26,27).

*To whom correspondence should be addressed. Tel: 00 1 718 430 3179; Fax: 00 1 718 430 8565; Email: brenowit@aecom.yu.edu

� The Author 2006. Published by Oxford University Press. All rights reserved.

The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access
version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press
are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but
only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oxfordjournals.org

Nucleic Acids Research, 2006, Vol. 34, No. 6 e48
doi:10.1093/nar/gkl055



Widespread application of ‘synchrotron footprinting’ has been
limited by the scant availability of suitable beamlines and the
need for investigators to travel to a remote facility. The fast
Fenton footprinting method presented in this paper allows
time-resolved ·OH footprinting to be conducted within labor-
atories using widely available three-syringe quench-flow mix-
ers. Cation-mediated RNA folding results are presented to
validate the method and demonstrate the novel information
that can be obtained by its use; the applicability of fast Fenton
footprinting to proteins is discussed.

MATERIALS AND METHODS

Reagents

A 0.4–0.5 mM fluorescein (Molecular Probes) stock solution
was prepared in 10 mM Tris–HCl, pH 7.6, and 10% glycerol
and stored at �20�C. This solution was diluted to 20 nM in

assay buffer prior to stopped-flow measurements. L-21 ScaI
ribozyme from Tetrahymena thermophila was 50 end radio-
labeled with [g-32P]ATP (28). A HindIII/NdeI DNA restriction
fragment of 282 bp from plasmid ppUMLP was 32P-labeled
at the HindIII site and gel purified (29,30). The radiolabeled
nucleic acids were stored in 10 mM sodium cacodylate,
pH 7.3, at �70�C.

A stock solution of 100 mM Fe(NH4)2(SO4)2 (Sigma-
Aldrich) was prepared and stored in small aliquots at
�70�C. Stock solutions of 500 mM Na2-EDTA (Ambion)
and 30% H2O2 (Fluka) were kept at room temperature and
+4�C, correspondingly. The 10· ‘assay buffer’ (200 mM
sodium cacodylate, 2 M NaCl at pH 7.4) and standard quench
solution (50 mM thiourea, 20 mM EDTA and 200 mM NaCl)
were prepared and stored at +4�C. An ‘alternative quench
solution’ is absolute ethanol that facilitates subsequent precip-
itation of nucleic acids. The presence of ·OH scavengers
(e.g. Tris and HEPES buffers, DTT and glycerol) (21) requires
either higher concentrations of Fe(II)-EDTA and H2O2 and/or
longer reaction times.

Stopped-flow dye degradation assay of ·OH production

A simple assay for ·OH production was developed that follows
the quenching of the fluorescence emission of fluorescein upon
dye oxidation (31,32). Fluorescein was used due to its high
quantum efficiency, solubility and ready availability. In these
experiments, a solution of H2O2 and dye were mixed with
Fe(II)-EDTA and the fluorescence emission at 520 nm,
following 490 nm excitation, monitored (Figure 1A). Experi-
ments were conducted in ‘assay buffer’ containing 20 mM
sodium cacodylate and 200 mM NaCl at pH 7.4 and 25�C.
To follow Fe(II) to Fe(III) conversion fast changes in absorp-
tion at 350 nm were monitored upon mixing of 2 mM of
Fe(II)-EDTA solution and 0.3% H2O2 (33). The stopped-
flow experiments were conducted using an Applied Photo-
physics PiStar-180 mixer with fluorescence and absorption
optics.

Figure 1. (A) Schematic representation of the stopped-flow mixing experi-
ments. The arrow indicates fluorescence detection; (B and C) Quantification of
·OH production by loss of fluorescence emission of fluorescein following the
mixing equal volumes of solutions containing Fe(II)-EDTA and H2O2 in assay
buffer at 25�C to final concentrations of 10 and 133 mM (0.45%), respectively.
(C) is an expansion of the first 10 ms of (B). The closed symbols track the
oxidation of fluorescein. The open symbols depict the control in which the
fluorescein and H2O2 were mixed with buffer. Five ‘shots’ were averaged.
Every second and fourth data point is displayed in (C) and (D) for clarity.
The blue open squares in (B) depict the fluorescein oxidation experiment
conducted in the quench-flow mixer. The blue open square symbols in (C)
depict the cleavage of 32P-RNA in the quench-flow mixer. The solid line depicts
the best fit of an exponential decay to the stopped-flow fluorescence data over
the 10 ms duration shown in (C) with y0 ¼ 2.326 ± 0.007; A ¼ 1.143 ± 0.028
and t ¼ 3.0 ± 0.1 ms; (D) Direct measurement of the oxidation of 1 mM Fe(II)
to Fe(III) by 44 mM H2O2 by following the absorption increase at 350 nm (33).
The 350 nm wavelength is on the shoulder of the iron-chelator absorption
spectrum separate from H2O2 absorption. The data are best fit to a
bi-exponential decay with y0 ¼ 1.129 ± 0.002; A1, t1 ¼ �0.265 ± 0.002,
1.45 ± 0.01 ms; A2, t2 ¼ �0.101 ± 0.002, 6.57 ± 0.04 ms. Reactions invol-
ving Fe(II), Fe(III) and H2O2 and their products in addition to reaction 1 have
been documented at the reagent concentrations being used in this footprinting
protocol (25) and are the likely source of observed multiple kinetics phases.
These additional reactions are not considered herein since the slower kinetic
phases do not significantly contribute to the footprinting reaction.
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DNA or RNA dose–response

Dose–response experiments were conducted, as follows, using
a KinTek� RQF-3 three-syringe mixer following the ‘quench-
flow run’ control option (27,34,35):

i. Load the drive syringes with 1· assay buffer and
the quench syringe with the standard quench solution or
ethanol (Figure 3A).

ii. Prepare the following solutions:

a. 32P-DNA or 32P-RNA (
100 000 d.p.m./data point) solu-
tion in 1· assay buffer containing H2O2 to the desired con-
centration. The final volume prepared depends on the
number of data points to be collected (20 ml per point).
H2O2 containing solutions should be protected from light
to minimize ·OH production by photolysis (11).

b.The same volume of Fe(NH4)2(SO4)2 to the required con-
centration and EDTA to 1.1 times the Fe(II) concentration in
1· assay buffer.

iii. Inject several nucleic acids samples against 1· buffer to
acquire several zero time point measurements.

iv. Inject nucleic acids samples against the Fe(II)-EDTA solu-
tion, incrementing the delay time to acquire the desired
range of aging times. The mixer should be cleaned and
primed between each data point following the manufac-
turer’s protocol. Each expelled solution is separately col-
lected and stored on ice until the completion of the time
course.

v. Separate the ·OH cleavage products by denaturing gel
electrophoresis and visualize them by a storage phosphor
screen (17,27). The fraction of nucleic acid cleaved is
calculated from the ratio of the density of the cleaved
molecules to the total.

General protocol for fast Fenton footprinting

Fast Fenton footprinting required only minor alteration of the
standard control protocol for the three-syringe quench-flow
mixer. Our protocol for the KinTek� stepper motor, equipped
with a RCF-3 mixer, is compatible with other devices. Select-
ing the ‘Constant quench volume’ option from the ‘Alter
quench parameters’ menu of the KinTek� control program
keeps the delivered volume constant during acquisition of a
dataset. The 5 ms ·OH production time used in the present
protocol was achieved by shortening the mixer’s exit tube and
increasing the minimum motor speed to 430 r.p.m. (see
Appendix).

The KinTek� mixer ages binding or folding reactions in
one of two ways. Longer aging time (a ‘pause’) is achieved
by stopping and restarting the motor. Shorter aging times are
achieved by using shorter reaction loops while keeping
the motor running at a constant, albeit different, speeds. For
this reason the ·OH production time varies from 3 to 6 ms for
aging times <36 ms. However, this variation did not result in
detectable differences in nucleic acid cleavage due to the large
burst amplitude in the ·OH production kinetics (Figure 4A);
most ·OH production occurs during the first millisecond after
mixing with Fe(II)-EDTA.

Below are the steps for conducting a footprinting experi-
ment to detect folding or ligand binding of nucleic acids:

i. Load the two drive syringes with 1· assay buffer and the
quench syringe with the appropriate concentration of freshly
prepared Fe(II)-EDTA in 1· assay buffer.

ii. Prepare the following solutions:

a. 32P-DNA or 32P-RNA (
600 000 d.p.m./data point)
(Figure 5A, Reactant ‘A’) in 1· assay buffer. The final
volume prepared depends on the number of data points
to be collected (20 ml per point). A little excess
allows for mistakes and data point additions.

b.Same volume of a solution of reactant ‘B’ (twice the desired
final concentration) and H2O2 (triple the final concentra-
tion) in 1· assay buffer (Figure 5A).

c.H2O2 solution (triple the desired final concentration) in 1·
assay buffer. Volume should be enough for acquisition of
several zero time point measurements.

d.Fresh 5 ml of Fe(II)-EDTA solution (triple the desired final
concentration) in 1· assay buffer. Reactant ‘B’ can option-
ally be included at its final desired concentration to prevent
its dilution upon mixing the aged reactants with this
solution.

e.Equal volume of standard quench solution or three volumes
of ethanol (relative to the volume expelled by the mixer) in a
set of collection tubes.

iii. To document the integrity of the input nucleic acid, inject
nucleic acids samples with 1· assay buffer and expel into the
collection tubes containing the quench solution. Perform
replicates. Clean and prime the mixer between each data
point collection following the manufacturer’s protocol.

iv. For zero time point measurements inject nucleic acids
samples with 1· assay buffer containing only H2O2

and expel into the collection tubes containing the quench
solution.

v. For time points of transition, inject the nucleic acid solution
against the solution containing reactant ‘B’ and H2O2, incre-
menting the delay time until the desired range of aging times
is acquired. Collect each expelled solution separately and
store on ice until the time course is complete.

vi. Separate the ·OH cleavage products by denaturing gel
electrophoresis and visualize by a storage phosphor screen
(17,27).

Data analysis

The digital autoradiograms are quantified using either a ‘box
analysis’ (36) or single band peak fitting using the program
SAFA (37). The time-dependent changes in band intensities
are transformed into an ensemble of structurally localized
kinetics progress curves which can be analyzed to yield
kinetic models of the process (26,38,39).

Application of fast Fenton footprinting to RNA folding

Folding of the Tetrahymena ribozyme at 42�C was initiated
with 10 mM MgCl2 in either a low salt buffer containing
10 mM sodium cacodylate and 0.1 mM EDTA (pH 7.3) or
a high salt buffer containing an additional 200 mM NaCl.
A solution containing MgCl2 and H2O2 in buffer was
mixed against the 32P-RNA (Figure 5A) and the reaction
was aged for a defined time. The Fe(II)-EDTA solution was
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then added from the ‘quench syringe’ to initiate ·OH produc-
tion and RNA cleavage for a suitable time period, as deter-
mined previously from the dose–response experiments, to
achieve single hit kinetics. Expelling the sample into a
collection tube containing the quench solution stops the
reaction (Figures 1–3).

RESULTS

Fast �OH generation from Fe(II)-EDTA and H2O2

The production of ·OH was assayed by the decrease in
fluorescein dye fluorescence resulting from its oxidation fol-
lowing stopped-flow mixing of Fe(II)-EDTA and H2O2 as
illustrated in Figure 1A (31). Detectable degradation of the
dye is not observed upon incubation with only H2O2

(Figure 1B, open circle). In contrast, 
75% of the dye
fluorescence is lost within seconds when Fe(II)-EDTA and
H2O2 are mixed together to final concentrations of 10 and
130 mM (0.45%), respectively (Figure 1B, closed circle).
This reaction does not require ascorbate. Inspection of the
first 10 ms of the reaction reveals that 
40% of the dye
fluorescence is lost within the 2 ms mixing dead time with
only 
10% further decay over the next 8 ms (Figure 1C,
closed circle). These results show that ·OH is quickly and
liberally generated from mM concentrations of Fe(II)-
EDTA and H2O2.

The increase in metal absorption at 350 nm over the
same timescale (Figure 1D, closed circle) shows that Fe(II)
is oxidized to Fe(III) during this transition (33). Conversely,
·OH is not generated when Fe(III)-EDTA is substituted
for Fe(II)-EDTA (data not shown). These results are consistent
with the production of ·OH by reaction 1. We next asked
whether ·OH is the oxidant in the footprinting reactions
(20). The correspondence between ·OH reactivity patterns
for nucleic acids in solution with the solvent accessible
surface of the phosphodiester backbone calculated from
crystal structures has been established for radiolytic and
Fenton/Ascorbate footprinting (22,39,40). That this relation-
ship holds true for fast Fenton footprinting is shown
in Figure 2; identical footprinting profiles are observed
for a Mg2+-folded RNA regardless of whether ·OH is
generated by synchrotron radiolysis of water (in 15 ms),
Fe(II)-EDTA/H2O2/ascorbate (in 2 min) or Fe(II)-EDTA/

H2O2 (in 5 ms). We conclude from these results that ·OH is
the common reactive species.

Rapid termination of ·OH production

Since stopped-flow mixing experiments follow ·OH produc-
tion in real time, the rapidity with which this reaction is ter-
minated does not influence these measurements. In contrast,
fast quenching of ·OH mediated oxidation is as important as
fast radical production for the development of a quench-flow
footprinting protocol. The footprinting reaction will continue
past the desired interval unless the iron present in solution is
inactivated or the additional ·OH that is produced is scav-
enged. Therefore, we assessed whether the ·OH footprinting
reaction is terminated in the quench-flow mixer by the addition
of an excess of scavenger by comparing dye degradation
progress curves obtained by stopped- and quench-flow mixing

Figure 2. Quantification (37) of the ·OH reactivity profile of the Mg2+-folded Tetrahymena ribozyme nt 88–143 obtained by fast Fenton (black bars), Fenton/
Ascorbate (light grey bars) and synchrotron X-ray (dark grey bars) footprinting. The Fenton/Ascorbate reaction and X-ray radiolysis were conducted as described in
the literature (22,35).

Figure 3. (A) Schematic representation of the dose–response experiment con-
ducted in the quench-flow mixer. ‘A’ denotes the molecule being analyzed, in
this case a 282 bp 32P end-labeled DNA restriction fragment. (B) Autoradio-
gram of the cleavage products produced following mixing of Fe(II)-EDTA and
H2O2 to final concentrations of 5 and 44 mM (0.15%), respectively, to produce
·OH for the indicated number of milliseconds.
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(Figure 3A, where ‘A’ is dye). A series of time-points
were collected and the fluorescence of each data point
analyzed. The stopped- and quench-flow decay curves are
coincident (Figure 1B; compare closed circle with open
square) demonstrating that an excess of ·OH scavenger
effectively ends the footprinting reaction.

Footprinting DNA and RNA

When the quench-flow mixing experiment shown in Figure 3A
is conducted with ‘A’ as RNA, RNA cleavage is comparable to
that of the dye degradation at identical concentrations of
Fe(II)-EDTA and H2O2 (Figure 1C; compare closed circle
with open square). Approximately 75% of the RNA molecules
are cleaved at least once within 2 ms; this amount of oxidative
cleavage exceeds the ‘single-hit’ kinetics desired for quanti-
tative footprinting (36). Thus, the moderate concentrations of
Fe(II)-EDTA and H2O2 used in these experiments produces
more than enough ·OH for nucleic acid footprinting with mil-
lisecond time resolution.

Figures 3B and 4 show ‘dose–response’ relationships for
DNA and RNA obtained at identical concentrations of Fe(II)-
EDTA and H2O2 that relate ·OH production to nucleic acid
cleavage. Three aspects of the autoradiogram shown in
Figure 3B should be noted: (i) appreciable DNA cleavage
occurs within the earliest sampling of 2 ms with the intensity
of the full-length DNA band at the top of the gel decreasing
with increasing reaction time; (ii) the distribution of ·OH reac-
tion products is uniform at the short reaction times as expected
for single-hit cleavage; (iii) the distribution of reaction prod-
ucts is increasingly biased towards small fragments at long
reaction times due to multiple cutting as predicted by Poisson
statistics (36).

Quantification of DNA or RNA cleavage yields the dose–
response curves upon which footprinting protocols are based
(Figure 1C, open square, and Figure 4A). Like the dye
degradation data, the DNA and RNA dose–response curves
display large burst amplitudes at these reagent concentrations;
the observable portion of the nucleic acid curves is adequately
fit to a single exponential. While both DNA and RNA are
rapidly and efficiently cleaved, DNA degradation is more
efficient compared with RNA consistent with the latter nucleic
acid’s oxidative stability (41). The increase in nucleic acid
cleavage with increasing [Fe(II)-EDTA] at constant [H2O2]
and reaction time is expected for a bimolecular reaction
(Figure 4B). These results show that as little as 1 mM
Fe(II)-EDTA and 44 mM H2O2 is sufficient for millisecond
nucleic acids footprinting.

A protocol was devised that allows time-resolved
footprinting of macromolecular transitions to be followed
with millisecond time resolution using a three-syringe quench
flow mixer (Figure 5A). Key to this method are the minimal
·OH generated from H2O2 in the absence of Fe(II) and the
rapid termination of the ·OH footprinting reaction when a
sample is expelled into a quench solution. The method also
relies upon a constant duration between addition of the
Fe(II)-EDTA solution and quenching. The large burst ampli-
tude for ·OH production makes achieving this consistency
simple since the bulk of the ·OH is produced within 2 ms
(Figures 1C, 1D and 4A). To briefly summarize the protocol
described in Methods and Materials, the biological reactants

are mixed and the solution allowed to age (Figure 5A; ‘A’
and ‘B’). At a defined time, Fe(II)-EDTA is added to the
reactant solution that also contains H2O2 to initiate the
Fenton reaction; the Fenton reaction proceeds for a constant
time and is quenched by the addition of an excess of radical
scavenger.

The Mg2+-mediated folding of the Tetrahymena ribozyme
was followed as a test of the accuracy and precision of fast
Fenton footprinting. These experiments were conducted with
Fe(II)-EDTA and H2O2 concentrations of 0.53 and 80 mM,
respectively, determined from a dose-response relationship
such as shown in Figure 4B. The time-evolution of changes
in ·OH reactivity is clearly seen in a representative autoradio-
gram (Figure 5B). Quantification of these local measures
yields an ensemble of kinetics progress curves that report
the changes in local solvent accessibility for each tertiary

Figure 4. (A) Dose–response determinations of the ·OH cleavage of DNA
(black) and RNA (blue) following exposure of the nucleic acids to 5 mM
Fe(II)-EDTA and 44 mM H2O2 for the indicated period of time. The data
are best-fit by single exponentials with amplitudes and half-times of
Aburst ¼ 0.54 & 0.44, A1 ¼ 0.31 ± 0.02 & 0.30 ± 0.02 and t1 ¼ 4.2 ± 0.9
and 6.1 ± 1.1 ms for DNA and RNA, respectively. The DNA dose–response
curve was determined by quantification of the autoradiogram shown in
Figure 3B. (B) The extent of ·OH mediated cleavage of DNA (black) and
RNA (blue) determined at 44 mM H2O2 with a 5 ms reaction time as a function
of Fe(II)-EDTA concentration. The solid lines are fits of the data to a simple
saturation function. Open and closed symbols are replicate experiments in both
(A) and (B).
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contact that defines the folded RNA. Previous studies by syn-
chrotron footprinting studies of the Mg2+-mediated folding
reaction initiated from a very low salt initial condition was
characterized by a clear hierarchy of P4–P6
domain > periphery > catalytic core with rates of roughly
1.0, 0.1 and 0.02 s�1 for the three structural groups (26).
Identical results are obtained with the fast Fenton footprinting
method (Figures 5B and 6A; orange, magenta and yellow
symbols, respectively). A similar comparison was conducted
at a high salt initial condition where some synchrotron foot-
printing progress curves display significant burst amplitudes
(Figure 6B and C, red symbols) (42). Sampling of the RNA
folding reaction between 5 and 20 ms with fast Fenton foot-
printing allows the previously hidden kinetics phase to be
visualized and a rate constant of 
70 s�1 to be assigned to
it (Figure 6B and C, closed symbols). The accuracy and pre-
cision of the progress curves obtained by the two techniques
are comparable.

DISCUSSION

Hydroxyl radical footprinting has achieved prominence by its
reporting the solvent accessible surface of macromolecules in
solution with as fine as single residue resolution (4). Quanti-
tative studies conducted as a function of either a thermodyn-
amic variable or time provides an ensemble of local measures
that track the evolution of solvent accessibility changes (2,5).
This collection of measures can then be used to develop
and test models of the transition that are connected to the
structure of the macromolecule (38,39,43). While the

Figure 5. (A)Schematic representation of an RNA-folding experiment con-
ducted in the quench-flow mixer. In the experiments shown, ‘A’ is the 32P-RNA
in buffer and ‘B’ is 20 mM MgCl2 in buffer. The initial concentrations of Fe(II)-
EDTA and peroxide are 1.6 mM and 0.81% that yield reagent concentrations
after mixing of 0.53 and 80 mM (0.27 %), respectively. Samples of 15 ml were
mixed; (B) Autoradiogram of a Tetrahymena ribozyme Mg2+-mediated folding
kinetics experiment conducted in low-salt buffer at 42�C as described in Ma-
terials and Methods. The lanes denoted ‘l’ are the T1 digest ladders while ‘u’
denotes RNA unexposed to ·OH. The numbers along the side denote the nu-
cleotide numbers. The solid bar along the right of the autoradiogram denotes the
nucleotides whose density was quantified with single nucleotide resolution in
Figure 2 for the Mg2+ folded ribozyme.

Figure 6. (A) Mg2+-mediated kinetics progress curve obtained under the low-
salt initial condition by fast Fenton footprinting; the ·OH protections shown are
nt 109–112 (orange), 95–97 (magenta) and 278–281 (yellow) representing the
P4–P6 domain, peripheral helices and catalytic core protections, respectively.
The initial concentrations of Fe(II)-EDTA and peroxide are 1.6 mM and 0.81%
that yield reagent concentrations after mixing of 0.53 and 80 mM (0.27%),
respectively. The best-fits are to a single exponential decay with rates of
1.19 ± 0.13, 0.21 ± 0.03 and 0.070 ± 0.009 s�1, respectively; (B) Mg2+-
mediated kinetics progress curve obtained under the high-salt initial con-
dition for nt 122 located in the ‘hinge’ linking P5abc with P4-P5-P6 by
fast Fenton (�) and synchrotron (�) footprinting. The ·OH reactivity of this
nucleotide increases during Mg2+-mediated folding resulting in inversion of
the fractional saturation. The solid line depicts the best-fit values to a double
exponential decay with k1 ¼ 70.7 (�13.0, +25.1) s�1, k2 ¼ 2.8 (�1.8, +6.0)
s�1, A1 ¼ 0.81 ± 0.08 and A2 ¼ 0.21 ± 0.14; (C) Mg2+-mediated kinetics
progress curve obtained under the high-salt initial condition for nt 139–140
located within the P4–P6 domain by fast Fenton (�) and synchrotron (43) (�)
footprinting. The solid line depicts the best-fit of the fast Fenton data to a single
exponential with k1 ¼ 69.8 ± 0.9 s�1. The squares and circles represent
independent experiments. The data points shown at 
 IE-4 in panels B and
C represent the Mg2+-free RNA.
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development of fast Fenton footprinting is illustrated by the
RNA folding kinetics shown in Figure 6, it is immediately
applicable to studies of DNA and protein folding as well as
protein–protein, protein–DNA and protein–RNA interactions
(1,2,4,5). A three-syringe quench-flow mixer and small quan-
tities of inexpensive and readily available chemicals are all
that are required to investigate a compelling problem.

The fast footprinting method takes advantage of the effici-
ency of the Fenton reaction and the amount of and rapidity
with which ·OH is generated. The reagent concentrations pro-
duce a large burst of ·OH in less than a millisecond (Figure 1C
and D) that allow the time resolution of the technique to be
pushed to the mixing limit of the apparatus (Figure 6B and C).
Under the conditions of our protocol, Fe(II)-EDTA is rapidly
oxidized to Fe(III)-EDTA as ·OH is concomitantly produced
(Figure 1D) (33) in a stoichiometric reaction (reaction 1).
Fe(II) is not reductively recycled by ascorbate (44) or reduced
oxygen species (25) to any measurable extent. The large burst
of dye or oxidative nucleic acid cleavage at the initiation of
the footprinting reaction (Figure 1C) is consistent with the
generally accepted rate for Equation 1 of 70 M�1 s�1 (45).

The close correspondence of the quench-flow and stopped-
flow dose–response curves shows that the Fenton reaction is
quickly and completely quenched by the addition of an excess
of scavenger (Figure 1B and C). Although 5 ms is allowed for
·OH production in our mixing protocol, the majority of the
·OH production occurs within 1 ms (Figure 1C). Thus, even in
this simple mixing protocol, data are reliably acquired at times
>5 ms (Figure 5B). The improvement in time-resolution
relative to synchrotron footprinting was particularly valuable
for the analysis of the ‘high salt’ RNA folding reaction; a
previously hidden rapid transition of 
70 s�1 is now clearly
discernable.

The chemical potential in peroxide that is released in
the Fenton reaction can be utilized to overcome less than
optimal experimental conditions. Where ·OH scavengers
such as Tris, DTT and glycerol must be present in support
of the biological reaction being studied, time resolution can be
maintained by increasing the concentrations of Fe(II)-EDTA
and H2O2 (Figure 4B). Studies are in progress to define the
technique’s limits and develop reference tables for commonly
used buffer components. Improvements are also possible
with regard to the chelator (33) and metal ion used in the
reaction (24).

The protocol presented in this paper is designed to take
advantage of the three-syringe quench-flow mixers distributed
among laboratories worldwide. However, some biological
materials may be adverse to an intimate association with
H2O2 or Fe(II)-EDTA for periods longer than the several
msec duration of the Fenton reaction. This problem can be
avoided by the addition of a fourth syringe to the mixing
devices that would allow the H2O2 and Fe(II)-EDTA to be
simultaneously mixed with the aged reactants at the initiation
of the Fenton footprinting reaction. Alternatively, additional
syringes might be used for more complicated mixing proto-
cols; the ability to conduct time-resolved ·OH footprinting
studies with millisecond resolution on the laboratory bench
opens the door to the investigation of a myriad array of
systems and phenomena.

Time-resolved footprinting is most effectively applied to
systems in which the initial, final or both structures are

known. In such cases, the collection of local solvent accessi-
bility measures can ‘connect the dots’ between the initial and
final states and thus define the pathway(s) of the transition and
provide structural constraints for the intermediate species
that are populated along the way. While much can be learned
by inspecting collections of footprinting curves, their
full potential can only be unlocked through the development
of quantitative kinetic models (39,43). Rigorous testing of
these models will require the analysis of multiple perturbations
of the system under study through mutation, directed muta-
genesis and/or analysis of altered reaction conditions. Fast
Fenton footprinting will facilitate rigorous model testing by
significantly expediting the acquisition of the comprehensive
data sets needed to accomplish this important goal.
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APPENDIX: SETUP OF KINTEK RQF-3 STEPPER
MOTOR CONTROL PROGRAM

In footprinting experiments, reagents A and B are mixed
to initiate the reaction being studied. After a defined aging
time, the ·OH footprinting reaction is initiated by the
addition of Fe(II)-EDTA from the ‘quench’ syringe. The
·OH footprinting reaction takes place in the exit tube of
the KinTek� mixer until the expulsion of the sample into
the collection tube, indicated by the red box in Figure A1.
The duration of this reaction is proportional to the flow rate of,
and distance traveled by, the solution containing both Fe(II)-
EDTA and H2O2. While either flow rate or distance can be
modified to control the reaction time, we chose to do a little
of both. We trimmed the exit tube of the KinTek� mixer to

5 cm. We also increased the minimal motor speed so that
5 ms is allotted for the ·OH footprinting reaction.

The volume of the exit tube was calibrated following
the manufacturer’s protocol. The motor speed necessary to
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achieve a required ·OH footprinting reaction time was
calculated by

speedRPM ¼ volumeexit�tube·60

1:5·volumerevolution·timereaction

Each of the parameters is defined in the RQF-3 user
manual. Parameter FLT11 should be changed in line 8 of
manufacturer’s control program QF3B.PAC so that desired
value of speedRPM ¼ 1.2 · FLT11. This default parameter
ensures the motor speed to be equal to the calculated speedRPM

for the times longer than maximal time for loop 7 (from
‘Change parameters’ option) and will only vary within reason-
able limits for the shorter times. For example, for the experi-
ments shown in Figures 4 and 5 the volume of the exit tube
is 54 ml and FLT11 ¼ 430. These parameters yield a ·OH
reaction time of 5 ms for the long aging times (loop 7).
The ·OH reaction time ranges from 3 to 6 ms for the aging
times up to 36 ms that are achieved using loops 1–6.

The file QF3B.PAC can be edited using a text editor such
as Microsoft’s WordPad. When the new value for parameter
FLT11 calculated as described above is entered, the program
should be saved and uploaded into the controller. Uploading
modified control code requires software provided by the
manufacturer.

Figure A1. A schematic representation of quench-flow footprinting folding or
binding experiment. The red box indicates the exit loop, where the Fenton
mediated cleavage reaction occurs. Changes in the reaction time can be
achieved by alteration of either the length of the exit tube, the flow rate through
it or both parameters.
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