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ABSTRACT: Oxidative damage plays a causative role in many
diseases, and DNA−protein cross-linking is one important
consequence of such damage. It is known that GG and GGG
sites are particularly prone to one-electron oxidation, and here we
examined how the local DNA sequence influences the formation of
DNA−protein cross-links induced by guanine oxidation. Oxidative
DNA−protein cross-linking was induced between DNA and
histone protein via the flash quench technique, a photochemical
method that selectively oxidizes the guanine base in double-
stranded DNA. An assay based on restriction enzyme cleavage was
developed to detect the cross-linking in plasmid DNA. Following oxidation of pBR322 DNA by flash quench, several restriction
enzymes (PpuMI, BamHI, EcoRI) were then used to probe the plasmid surface for the expected damage at guanine sites. These
three endonucleases were strongly inhibited by DNA−protein cross-linking, whereas the AT-recognizing enzyme AseI was
unaffected in its cleavage. These experiments also reveal the susceptibility of different guanine sites toward oxidative cross-linking.
The percent inhibition observed for the endonucleases, and their pBR322 cleavage sites, decreased in the order: PpuMI (5′-
GGGTCCT-3′ and 5′-AGGACCC-3′) > BamHI (5′-GGATCC-3′) > EcoRI (5′-GAATTC-3′), a trend consistent with the
observed and predicted tendencies for guanine to undergo one-electron oxidation: 5′-GGG-3′ > 5′-GG-3′ > 5′-GA-3′. Thus, it
appears that in mixed DNA sequences the guanine sites most vulnerable to oxidative cross-linking are those that are easiest to
oxidize. These results further indicate that equilibration of the electron hole in the plasmid DNA occurs on a time scale faster
than that of cross-linking.

Oxidative damage to DNA is associated with cancer,
neurodegenerative diseases, and the aging process.1−3

The cell undergoes >103 damage events per day,4 and there are
a host of cellular proteins assigned to repairing these damaged
sites.5−7 When repair processes are deficient, cells can either die
or become cancerous.8,9 A clear picture of how DNA lesions
form is thus central to understanding the progression of
molecular disease.
Since it is the DNA base with the lowest oxidation potential

(1.3 V),10 guanine is particularly susceptible to oxidative
damage. The one-electron oxidation of guanine leads to
permanent damage products such as 8-oxoguanine, FapyG,
and oxazolone.11 Further oxidation of 8-oxoguanine leads to
hyperoxidized guanine products such as spiroiminohydantoin
and guanidinohydantoin.12 It has been known for some time
that the local sequence surrounding a guanine base influences
its reactivity in redox reactions. In particular, the 5′ G of GG
and GGG sequences has been found to be especially
susceptible to one-electron oxidation,13,14 and Saito and co-
workers calculated that the ionization potential of guanine
should increase in the order GGG < GG < GA < GC < GT.15

One important form of DNA damage relatively understudied
heretofore is the DNA−protein cross-link.16 Morin and Cadet

showed over a decade ago that type I photooxidation of
guanine in solution leads to adducts with hydroxy and amino
groups,17,18 and more recent studies have demonstrated cross-
linking between small oligonucleotides and lysine.19,20 Using
the flash quench technique to selectively oxidize guanine,
Nguyen et al. demonstrated that the one-electron oxidation of
guanine in double-stranded DNA leads to the formation of
DNA−histone cross-links.21 Kurbanyan et al. then showed that
this approach could be applied to induce cross-linking with
other proteins and with a variety of photosensitizers and that
the efficiency of cross-linking depended on the strength of the
oxidant used.22 Exploiting the fact that electron holes are
mobile in double-stranded DNA, Bjorklund and Davis showed
that a specific DNA−protein cross-link can be formed in a
nucleosome core particle at a long molecular distance from the
photooxidant.23 Thus, the formation of DNA−protein cross-
links resulting from guanine oxidation is a topic of increasing
interest.
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Given that DNA is associated with protein in vivo, we
wanted to determine how the local sequence influences
oxidative DNA−protein cross-linking induced by guanine
oxidation. The sequence dependence of oxidative cross-linking
in plasmid DNA was studied using restriction endonucleases.
Given our own status as a research group at a small college, we
sought to develop a new assay for cross-linking that eschewed
the use of radioactivity and that could provide additional details
regarding the sites of cross-linking. Here, we show that the
inhibition of restriction enzyme cleavage can be used to probe a
DNA surface for guanine−protein cross-links. In particular, we
find that inhibition occurs only for those restriction enzymes
that contain guanines in the recognition sequence (EcoRI,
BamHI, PpuMI). Moreover the extent of inhibition observed
reveals the reactivity of specific sequences toward oxidative
cross-linking. Since the percent inhibition decreased in the
order PpuMI > BamHI > EcoRI, the GG and GGG sites known
to be hot spots for oxidative damage in naked DNA also appear
to be the most susceptible to DNA−protein cross-linking
initiated by the one-electron oxidation of guanine.

■ METHODS
Materials. Sodium chloride ultrapure, sodium dodecyl

sulfate, sodium phosphate monobasic, proteinase K from
Tritirachium album, and histone III-S from calf thymus were
obtained from Sigma. Pentaamminechlorocobalt(III) chloride
was obtained from Aldrich. Histone H2A, pBR322 plasmid
DNA, restriction enzymes (NdeI, BamHI, EcoRI, PpuMI, AseI),
and 1 kb DNA ladder were obtained from New England
Biolabs. Gel loading dye, ultrapure agarose, and TBE running
buffer were obtained from Invitrogen. [Ru(phen)2dppz]Cl2 was
prepared as described previously.24 Prior to use, pBR322
plasmid DNA was exchanged into a buffer of 10 mM sodium
phosphate (NaPi), 20 mM NaCl (pH 7) via multiple rounds of
ultrafiltration using Centricon 30 centrifugal filter devices
(Millipore). Stock solutions were prepared utilizing the
following extinction coefficients: ε440 = 21.0 mM−1 cm−1 for
Ru(phen)2dppz

2+, ε276 = 0.46 mM−1 cm−1 for Ru(NH3)6Cl3,
and ε260 = 6.6 mM−1 cm−1 for pBR322 plasmid DNA.
Concentrations of pBR322 plasmid DNA are given in
nucleotides (nuc). Co(NH3)5Cl3 and histone were quantified
by weight. Because the cobalt complex slowly decomposes in
aqueous solution, fresh cobalt solutions were frozen and kept at
−20 °C, and aliquots were thawed just prior to use.
Sample Irradiation. Samples of 10 μL containing Ru-

(phen)2dppz
2+ (10 μM), Co(NH3)5Cl3 (100 μM), histone

(50−250 μg/mL, type III-S protein), and DNA (pBR322 at
500 μM nucleotides) in a buffer of 10 mM NaPi and 20 mM
NaCl (pH 7) were prepared. The samples were kept under
reduced light until irradiation with a HeCd laser (Liconix),
output 9−13 mW; the 442 nm output predominantly excites
the ruthenium intercalator.
Enzymatic Digestion. To the irradiated samples, re-

striction enzyme (5−20 units) was added, and incubation was
carried out under reduced light at 37 °C for 1 h. After
restriction enzyme incubation, 1.3 μg of proteinase K was
added, and the samples were incubated under reduced light at
37 °C for 1 h; addition of protease was necessary to ensure that
the DNA could enter the gel.
Agarose Gel Electrophoresis of pBR322. Gel loading

dye containing SDS and bromphenol blue was added to the
irradiated, digested samples. Approximately 1 μg of DNA was
added to each well of a 0.8% agarose gel. The gel was run at 80

V for 140 min at room temperature in 1X TBE buffer (89 mM
Tris-borate, 2 mM EDTA, pH 8.3, Invitrogen) using a Hoefer
HE99X horizontal submarine electrophoresis unit (Amersham)
connected to an Electrophoresis Power Supply EPS 301
(Amersham). The bands were visualized by ultraviolet
illumination after staining with ethidium. Gels were imaged
using the Gel Doc System (Bio-Rad), and band intensities were
obtained using Quantity One 4.1.0 software (Bio-Rad). Care
was taken to avoid saturation of band intensities during
quantification.

■ RESULTS
Originally pioneered by Gray and co-workers for studies of
protein electron transfer,25 the flash quench technique offers a
simple way to produce the guanine radical by using visible light
to create a strong ground state oxidant bound to the DNA.26,27

The potent oxidant, created in situ by oxidative quenching of an
excited photosensitizer bound to DNA, removes an electron
from guanine to make the guanine radical. In this method
(Scheme 1), a ground state photosensitizer, PS, is excited with

visible light to form the excited state *PS, which can then
transfer an electron to quencher Q. The oxidant thus formed,
PS+, can either undergo back electron transfer with reduced
quencher, Qred, or oxidize guanine, G. The resulting guanine
radical cation is acidic (pKa 3.9) and rapidly deprotonates to
form the neutral radical, G(-H)•.28 This radical can either be
repaired by electron transfer from Qred or react further to yield
permanent damage in the form of Gox or a DNA−protein cross-
link. Here, PS represents the metallointercalator Ru-
(phen)2dppz

2+ and Q is Co(NH3)5Cl
2+; this cobalt complex

is the quencher of choice because its reduced form
decomposes29 and thus does not reduce either PS+ or G(-
H)•. Lastly, it is important to note that, because of the mobility
of electron holes in DNA, the sites of ultimate damage are
spread throughout the DNA,30 i.e., the intercalator need not be
bound at the site of oxidation and will not preclude binding of
protein to the DNA. Upon one-electron oxidation, guanine can
react with nucleophiles (e.g., water) to form permanent lesions
such as 8-oxo-G or with protein side chains to form DNA−
protein cross-links17−23 (Figure 1).

Cross-Linking of Histone with pBR322. Figure 2 shows
DNA−protein cross-linking as detected by a traditional gel shift
assay. pBR322 plasmid was oxidized via the flash quench
technique (vide supra) in the presence of histone. As can be
seen in lane 1, the linearized plasmid runs as a single band.
However, with increasing irradiation time for a sample with
both intercalator and quencher (lanes 6−9), the band
corresponding to free DNA decreases in intensity. This loss

Scheme 1
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of free DNA intensity is accompanied by the concomitant
appearance of a broad smear of retarded DNA along with well-
shifted material at the longest irradiation times. Minimal loss of
free DNA or appearance of gel shifted material occurs if any of
the flash quench components (intercalator, quencher, or light)
are omitted (lanes 2−6). If the irradiated sample is treated with
proteinase K (lane 10) prior to loading onto the gel, then a
single band of greater mobility is restored, suggesting that the
retardation of mobility in lanes 6−9 is indeed due to DNA−
protein cross-linking rather than DNA−DNA or DNA−
intercalator cross-linking.
Restriction Enzyme Inhibition Assay for Detecting

Cross-Linking. Although the gel shift assay provides strong
evidence that DNA−protein cross-linking is occurring, it does
not provide any information regarding the sites of DNA
damage. We sought to develop an assay to detect DNA−
protein cross-links that (i) did not involve the use of
radioactivity and (ii) revealed the sites of cross-linking on the
double helix. We also hoped to apply this assay to determine
the susceptibility of different DNA sequences toward oxidative
cross-linking. Restriction endonucleases recognize and cleave
specific sequences in DNA. If a protein were to cross-link at
these recognition sites, then inhibition of enzymatic cleavage
should be observed (Figure 3). Previous studies of DNA
damage generated by the flash quench technique have shown
that the easily oxidized guanine base is selectively dam-
aged.22,27,28,30 Thus, several restriction enzymes (BamHI,
EcoRI, PpuMI) with guanines in their recognition sequences
(Table 1) were chosen to probe the DNA surface for damage,

with an AT-recognizing enzyme used as a control. It is also
known that the 5′ G of GG or GGG sequences is particularly
vulnerable to oxidation,13,14 and theoretical calculations15

predict that the ionization potential of the 5′ G should increase
in the order GGG < GG < GX (X ≠ G). Thus, the comparison
of BamHI, EcoRI, and PpuMI should also yield information
about how the oxidation potential of guanine, as modulated by
local sequence, influences its propensity for cross-linking with
proteins.
Figure 4A illustrates this approach, as applied to cleavage of

pBR322 by restriction enzyme BamHI. The NdeI-linearized
plasmid runs as a single band in the gel. Upon digestion with
BamHI, the DNA is fully converted to the cleaved form,
displaying two higher mobility bands in the gel. When histone
and the flash quench components (Ru(phen)2dppz

2+ and
Co(NH3)5Cl

2+) are present, the cleavage is still quite efficient,
but the bands are slightly shifted toward lower mobility. Upon
irradiation of the samples, there is a diminution in intensity for
the cleaved bands with a concomitant appearance of a lower
mobility band for the uncleaved plasmid. As shown in Figure 2,
DNA that is cross-linked to histone runs slowly in the gel but
can recover its mobility upon treatment with proteinase K.
Thus, all samples containing histone were treated with
proteinase K after restriction so as to allow the DNA and its
cleavage products to enter the gel. Omission of either the
intercalator (Figure 4B) or quencher (Figure 4C) needed to
carry out oxidation and induce cross-linking results in a
cleavage pattern that is much less dependent on irradiation

Figure 1. Two possible fates for guanine radical. Upon one-electron
oxidation, guanine can react to form DNA−protein cross-links or
permanent damage products such as 8-oxo-G (a myriad of other
lesions are also formed).

Figure 2. Gel-shift assay of pBR322 DNA cross-linked with histone by
the flash quench technique. Lane 1: NdeI-linearized pBR322 DNA.
Lane 2: DNA + histone. Lane 3: DNA + histone irradiated for 120 s.
Lane 4: DNA + histone + Co(NH3)2Cl

2+ irradiated for 120 s. Lane 5:
DNA + Ru(phen)2dppz

2+ + histone irradiated for 120 s. Lanes 6−9:
DNA + Ru(phen)2dppz

2+ + histone + Co(NH3)2Cl
2+ irradiated for 0,

30, 60, and 120 s. Lane 10: same sample as lane 9, but treated with
proteinase K (1 mg/mL for 1 h at 37 °C) prior to loading. The
samples were run in a 0.8% agarose gel with ∼1 μg of DNA per well at
80 V for 140 min then stained with ethidium bromide.

Figure 3. Inhibition of enzymatic cleavage by cross-linking. DNA
containing a guanine−protein cross-link will resist endonuclease
cleavage at that site (A), whereas DNA sites lacking cross-links at
the recognition site will be cleaved (B).

Table 1
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time; quantitation of the gel data clearly indicates a much
greater level of inhibition when all three flash quench
components are present (Figure 4D). A slight restoration of
uncleaved DNA at the longest irradiation times in Figures 4B
and 4C may be attributed to the production of singlet oxygen
by the ruthenium intercalator27 and a low-yield redox
photodecomposition process of the cobalt complex31 (vide
infra), respectively.
To investigate the effect of DNA sequence on the assay, the

experiments were repeated with three additional endonucleases.
Figure 5A shows the cleavage inhibition assay for EcoRI. Here
the plasmid runs as one band and, upon EcoRI digestion,
produces two bands that run very close to each other; a small
amount of DNA remains uncleaved even in the absence of
histone (lane 1) or light (lane 2). Upon irradiation, the overall
intensity decreases slightly, but the relative intensity of the
cleavage products diminishes while the intensity of uncleaved
DNA increases. For PpuMI, the heavier restriction fragment
runs just below the uncleaved linear plasmid, but the results
(Figure 5B) are otherwise similar to those obtained with
BamHI and EcoRI, showing a clear increase in uncleaved DNA
at the expense of cleaved DNA. Like BamHI, neither EcoRI nor
PpuMI experiences any inhibition of cleavage if either
intercalator or quencher is omitted from the sample (data
not shown). The restriction enzyme AseI was also examined as
a control (Figure 5C); since the flash quench technique
oxidizes only the guanine base, AseI should not experience
inhibition, owing to the fact that its recognition sequence
contains only AT base pairs (Table 1). For AseI, the linear
plasmid is efficiently cleaved into two fragments, and there is no
restoration of uncleaved DNA upon irradiation.

To compare the degree of inhibition for the different
enzymes, the band intensities in each gel were quantified.
Figure 6A shows a graphical representation of the BamHI
inhibition experiment, showing a decrease in height for the two
peaks at R = 0.4 for cleaved product and a rise in the single
peak for uncleaved DNA near R = 0.3. Integration under these
peaks allows for the calculation of the % increase in uncleaved
DNA caused by irradiation, i.e., the amount of inhibition due to
DNA−protein cross-linking. The results of these integrations
are shown in Figure 6B, and the % of uncleaved DNA decreases
as follows: PpuMI > BamHI > EcoRI > AseI.
Given the highly specific binding of restriction enzymes to

their recognition sites, it seemed prudent to determine whether
other types of oxidative damage, more subtle than cross-linking,
might also result in inhibition of restriction enzyme cleavage.
Guanine is known to form a number of permanent damage
products upon oxidation, including 8-oxo guanine, Fapy-G,
imidazolone, and spiroiminohydantoin.12 The assay was
therefore applied to a plasmid oxidized by flash quench in
the absence of the histone protein. Indeed, some inhibition of
cleavage by BamHI (Figure 7) is observed, but the effect is
much less pronounced than with histone present; similar results
are observed with EcoRI and PpuMI.

■ DISCUSSION
DNA−protein cross-links are one consequence of DNA
damage and are receiving increasing interest. In order to
induce DNA−protein cross-links, a photochemical method
called the flash quench technique was employed. This
technique results in the selective one-electron oxidation of
guanine bases in DNA,26,27 which in turn can produce cross-
links with bound protein.21,22,32

Figure 4. Agarose gel electrophoresis of linear pBR322 DNA and its BamHI cleavage products as a function of irradiation time. Lane 1: linear
pBR322 DNA. Lane 2: DNA cleaved with BamHI (20 units for 1 h at 37 °C). Lanes 3−6: DNA incubated with BamHI after being irradiated for 0,
30, 60, and 120 s in the presence of Ru(phen)2dppz

2+ + histone + Co(NH3)2Cl
2+ (A), histone + Co(NH3)2Cl

2+ (B), or Ru(phen)2dppz
2+ + histone

(C). Samples were irradiated at 442 nm (9−12 mW), then cleaved with BamHI (20 units for 1 h at 37 °C), and treated with proteinase K (1 mg/mL
for 1 h at 37 °C). The samples were run in a 0.8% agarose gel with ∼1 μg of DNA/well at 80 V for 140 min and then stained with ethidium bromide.

Figure 5. Agarose gel electrophoresis of linear pBR322 DNA and its cleavage products with EcoRI (A), PpuMI (B), or AseI (C) as a function of
irradiation time. Lane 1: linear pBR322 DNA. Lane 2: DNA cleaved with restriction enzyme. Lanes 3−6: DNA + Ru(phen)2dppz

2+ + histone +
Co(NH3)2Cl

2+ irradiated for 0, 30, 60, and 120 s and then cleaved with either EcoRI (20 units), PpuMI (5 units), or AseI (10 units) for 1 h at 37 °C.
Other conditions the same as in Figure 4.
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Numerous studies of guanine damage have shown that the
reactivity of a guanine base toward oxidation depends strongly
on the flanking bases, with the 5′ G of a GG doublet or GGG
site particularly prone to one-electron oxidation. This
observation has a theoretical underpinning: Saito and co-
workers have calculated an uncommonly high HOMO energy
for the 5′G of the guanine multiplets15 and have predicted that

the ionization potential of guanine increases in the order GGG
< GG < GA < GC < GT. Given that DNA in vivo is often
associated intimately with protein and that oxidation of guanine
leads to DNA−protein cross-links, we sought to elucidate how
local DNA sequence might influence DNA−protein cross-
linking induced by guanine oxidation.

Development of a Nonradioactive Assay for Detect-
ing DNA−Protein Cross-Links. There are many ways to
detect DNA−protein cross-linking, but most involve the use of
radioactivity. To probe the plasmid DNA, we first needed to
develop an appropriate assay. Our approach was based in part
on the experiments of Winkle and Mallamaci, who utilized
restriction enzyme mapping to detect binding of carcinogens to
pBR322.33,34 Here, our goal was to develop a nonradioactive
assay involving the inhibition of restriction enzyme cleavage
and to determine if such an assay could be used to probe
whether specific sites on the DNA had undergone cross-linking.
Figure 2 illustrates that cross-linking of histone with linear
pBR322 leads to a decreased mobility that can be mostly
restored upon treatment with protease, as seen previously for
supercoiled DNA,21 consistent with oxidative cross-linking.
While the electrophoretic mobility shift assay (EMSA) in

Figure 2 provides excellent evidence for cross-linking, it does
not reveal information regarding the location of the cross-links.
Since the flash quench technique selectively oxidizes guanine
bases in double-stranded DNA,26,27 cross-linking is expected at
guanine sites. Moreover, the presence of a cross-linked protein
should interfere with restriction endonuclease cleavage if the
enzyme contains guanine in its recognition sequence. Indeed,
for several enzymes containing guanine in their recognition
sequences (EcoRI, BamHI, PpuMI), induction of cross-links by
flash quench results in a diminution of cleavage (Figures 4−6).
Importantly, this inhibition of cleavage is not observed for AseI,
a restriction endonuclease that contains only AT base pairs in
its recognition sequence. Presumably, some inhibition could
occur if histone protein were cross-linked immediately adjacent
to the AseI recognition site or perhaps on either side, as might
be expected at very high protein concentrations. However, at
concentrations up to 250 μg/mL of histone, minimal inhibition
of AseI enzyme was observed.
Control experiments also indicate that considerably less

inhibition of cleavage results if any of the flash quench
components (metal, quencher or light) are omitted (Figure 4).
Some reaction is visible in the absence of quencher; this is
expected, as Ru(phen)2dppz

2+ can induce DNA damage at
longer irradiation times, owing to singlet oxygen formation.
However, the amount of damage observed in the control is
actually an overestimation of the amount of singlet oxygen
damage in this system, since (i) the Ru(phen)2dppz

2+ excited
state lifetime is shortened by electron transfer to the oxidative
quencher (Co(NH3)5Cl

2+) and (ii) this redox quenching is
more efficient than energy transfer to molecular oxygen when
these two processes compete.35 Typically, the amount of
damage incurred by visible irradiation of DNA and histone in
the presence of the cobalt quencher is minimal, as seen in lane
4 of Figure 2 and also in previous studies.21,22 Excitation of
Co(III) complexes in the UV charge transfer band leads to
redox decomposition and photoaquation.31 For Co(NH3)5Cl

2+,
488 nm excitation of the ligand field band leads primarily to
photoaquation but is accompanied by a small amount of
photoredox decomposition in which homolytic cleavage forms
a Co(II) species and a ligand radical,36 the latter of which could
potentially cause some cross-linking. In either the intercalator

Figure 6. Dependence of % cleavage inhibition upon restriction
enzyme. (A) Band intensity plot for gel of pBR322 DNA cleaved by
BamHI. The intensities of lanes 3−6 from Figure 5 were obtained
using Quantity One 4.1.0 software (Bio-Rad). Band intensities were
obtained from the peak areas and plotted in (B). (B) Dependence of
% cleavage inhibition upon restriction enzyme. The % increase in
linear DNA is plotted as a function of irradiation time; the t = 0
intensity was subtracted from each data set. Shown are data for PpuMI
(diamonds), BamHI (squares), EcoRI (triangles), and AseI (circles).

Figure 7. (A) Agarose gel electrophoresis of DNA irradiated in the
absence of histone and treated with BamHI. Lane 1: linear pBR322
DNA. Lane 2: DNA cleaved with BamHI (20 units for 1 h at 37 °C).
Lanes 3−6: linear DNA + Ru(phen)2dppz

2+ + Co(NH3)2Cl
2+

irradiated for 0, 30, 60, and 120 s at 442 nm (9−12 mW). The
DNA was then cleaved with BamHI (20 units for 1 h at 37 °C) and
treated with proteinase K (1 mg/mL for 1 h at 37 °C). Other
conditions same as in Figure 4. (B) The % increase in linear DNA is
plotted as a function of irradiation time; the t = 0 intensity was
subtracted from each data set.
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or quencher control samples, however, the amount of reaction
is small. The majority of DNA−protein cross-linking, and
subsequent inhibition of cleavage, is thus attributable to the
one-electron oxidation of guanine effected by the flash quench
technique.
Interestingly, flash quench treatment of pBR322 in the

absence of histone produced a relatively small amount of
inhibition of restriction enzyme cleavage compared to samples
containing histone (Figure 7). It is known that oligonucleotide
duplexes subjected to flash quench produce 8-oxoguanine30 and
that the presence of guanine lesions interferes with cleavage of
restriction enzymes.37 Cadet et al. have suggested that
nucleophilic attack on the electrophilic guanine radical is a
major route to permanent guanine lesions such as 8-
oxoguanine.38 If so, then one plausible explanation for the
difference seen in Figure 7 is that the trapping of the guanine
radical as a permanent damage product may simply be more
efficient for histones; being rich in lysine, histones should
provide stronger nucleophiles than water. Moreover, the
DNA−protein cross-link, being considerably larger than a
base lesion such as 8-oxoguanine, presents both a steric
problem and a recognition problem for the endonuclease.
Regardless of the reason, it is apparent that the assay described
herein is quite adept at detecting DNA−protein cross-linking at
guanine sites. Thus, this method is a highly selective, if not
specific, way to detect DNA−protein cross-linking in DNAs of
known sequence.
There are many methods for detecting DNA−protein

interactions, including gel shift assays, DNA footprinting, and
a number of fluorescence-based assays. Presumably, the
restriction enzyme approach described here could be applied
to detection of strong noncovalent interactions between DNA
and protein as well. In a recent related experiment, Xu et al.
developed a fluorescence recovery assay where they utilized
exonuclease digestion of DNAs containing fluorescent dyes and
quenchers to obtain relative binding affinities of sequence-
specific DNA binding proteins.39 Their assay, while quick to
carry out, requires the synthesis of two covalently modified
DNA strands. In contrast, while the restriction enzyme assay
described here requires multiple electrophoresis experiments,
commercial DNA can be used without modification.
Dependence of Oxidative DNA−Protein Cross-Linking

upon Local DNA Sequence. Having demonstrated that
inhibition of restriction enzyme cleavage can be used to detect
DNA−protein cross-linking, we then sought to apply this new
method toward elucidating the propensity of different DNA
sequences in pBR322 DNA toward oxidative cross-linking with
protein. Guanine is the most easily oxidized base, and it has
been known for some time that the local environment of the
guanine base influences its ease of oxidation. The 5′ G of GG
and GGG sequences is known to be particularly susceptible to
photooxidation, and theoretical studies have attributed this
trend to the high HOMO energy of the 5′ G, with the
calculated ionization potentials of guanine increasing in the
following order: GGG < GG < GA < GC < GT.15

Here, % inhibition values were obtained for three restriction
enzymes containing guanines in their recognition sequences.
The results (Figure 6B) show that the % inhibition decreases in
the order PpuMI > BamHI > EcoRI, which corresponds to a
sequence order of GGG > GG > GA; the actual sites in pBR322
cleaved by PpuMI (Table 1) are 5′-GGGTCCT-3′ and 5′-
AGGACCC-3′, so both GGG and GG sites are being probed by
this enzyme. Though it binds to all sites in double-stranded

DNA, the ruthenium intercalator does have a slight sequence
preference, but it favors binding to AT sites,40 so the binding
preference of the metallointercalator cannot explain the current
results since it would predict the most inhibition for EcoRI.
An alternative explanation for the trend observed in Figure

6B could be selective binding by histone based on GC content.
The histone III-S employed here is enriched in linker histone
H1.41 Histone H1 is typically thought to prefer AT-rich
regions42−44 or to bind nonspecifically.45 However, if H1
bound preferentially to GC-rich sequences, the trend observed
in Figure 6B could simply be a reflection of the greater binding
affinity of linker histone H1 for these GC-rich sequences.
Despite the lack of precedent for this, there are additional
arguments against this possibility. First, Nguyen et al. have
shown that upon flash quench treatment histone III-S cross-
links more with calf thymus DNA (42% GC) than with
poly(dGdC) (100% GC), despite the fact that the quenching
process is actually more efficient for the all-GC polymer.21

Moreover, the possibility that GC content determines the
endonuclease inhibition level was addressed experimentally.
Figure 8 shows restriction enzyme inhibition assays for both
EcoRI and AseI with histone H2A, which as part of the

nucleosome core particle should, if anything, exhibit a
preference for binding to AT-rich sequences. As seen in the
gels (Figure 8A,B) and the analysis (Figure 8C), H2A exhibits
cross-linking only with the guanine containing sequence.
Furthermore, more cross-linking is observed for EcoRI with
histone H2A than with histone III-S (Figure 6B), the opposite
of what would be expected were preferential binding of histone
III-S to GC-rich regions causing the inhibition trend observed
in Figure 6B. Thus, taken together, these results do not support
the idea that GC-selective binding by histone III-S is driving the
cross-linking trend.

Figure 8. Agarose gel electrophoresis of linear pBR322 DNA and its
cleavage products with EcoRI (A) or AseI (B) as a function of
irradiation time. Lane 1: linear pBR322 DNA. Lane 2: DNA cleaved
with restriction enzyme. Lanes 3−6: DNA + Ru(phen)2dppz

2+ +
histone H2A + Co(NH3)2Cl

2+ irradiated for 0, 10, 20, and 40 s and
then cleaved with either EcoRI (20 units) or AseI (5 units) for 1 h at
37 °C. Other conditions same as in Figure 7. (C) The % increase in
linear DNA is plotted as a function of irradiation time; the t = 0
intensity was subtracted from each data set. Shown are data EcoRI
(triangles) and AseI (circles).
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Instead, the propensity for DNA−protein cross-linking thus
appears to track with the ease of oxidation of the guanine base,
with the most easily oxidized sites exhibiting the most cross-
linking. This result is consistent with other photooxidation
experiments of DNA bound with protein. For example, Nuñez
et al. examined guanine damage in a nucleosome core particle
fragment, showing that oxidative damage can extend out over
100 Å away from the binding site of the photooxidant even
when DNA is wrapped with histone.46 While they did not
examine DNA−protein cross-linking directly, the amount of
alkali-labile guanine damage was also found to be concentrated
in GG and GGG sites. Presumably some of this damage was in
the form of DNA−protein cross-links which, when formed by
one-electron oxidation of guanine, have been shown to exhibit
alkali sensitivity.22,47 More recently, Bjorklund and Davis have
also observed long-range guanine oxidation in a nucleosome
core particle.23 The sites exhibiting the most damage in their
experiments were still sites of multiple guanines, as observed by
Nuñez et al.46 Interestingly, they find that a tyrosine−thymine
cross-link presents as the ultimate product, and they attribute
this finding to oxidation of tyrosine by guanine cation radical, as
shown earlier in studies of guanine oxidation in the presence of
Lys-Tyr-Lys peptides;48 other model systems have also
observed tyrosine−thymine adducts.49 Thus, while our experi-
ments with restriction enzymes represent only a beginning, it
does appear that in mixed DNA sequences the guanine sites
most vulnerable to cross-linking are those that are easiest to
oxidize, i.e., that the guanine cluster hotspots observed in
photooxidation experiments with either naked or protein-
bound DNAs can also be extended to oxidative cross-linking.
These results also have implications for the kinetics of the
cross-linking reaction. Given that Ru(phen)2dppz

3+ is capable
of oxidizing guanine in any sequence context, the trend
observed here, more cross-linking at the more easily oxidizable
guanine sites, requires that that equilibration of the electron
hole in the plasmid DNA occur on a time scale faster than that
of adduct formation.

■ CONCLUSION
In this paper, we describe the development of a new method for
detecting DNA−protein cross-linking based on restriction
enzyme inhibition and apply this method to demonstrate that
in pBR322 plasmid the sites with the highest yield of cross-
linking are those which are known to be the most readily
oxidized, as the amount of cross-linking decreases in the order
GGG > GG > GA.
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