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ABSTRACT

A system of photoaf®nity reagents for selective
labeling of DNA polymerases in extracts has been
examined. To create the photoreactive DNA probe
in situ, DNA substrates containing a synthetic
abasic site are incubated in mouse embryonic ®bro-
blast (MEF) cellular extract in the presence of base-
substituted arylazido derivatives of dNTPs. This
results in synthesis of a photoreactive long patch
base excision repair (BER) intermediate. The aryl-
azido photoreactive group is then activated through
energy transfer from the pyrene group of a dNTP
analog (Pyr-dUTP), following 365 nm UV light
exposure. Pyr-dUTP binds to the active site of DNA
polymerases, and the pyrene group, when excited
by 365 nm UV light, activates the nearby photo-
reactive group in the BER intermediate resulting in
crosslinking of DNA-bound DNA polymerases.
Under these conditions, various DNA binding
proteins that are unable to bind Pyr-dUTP are not
crosslinked to DNA. DNA polymerase b is the pre-
dominant crosslinked protein observed in the MEF
extract. In contrast, several other DNA binding
proteins are labeled under conditions of direct
UV light activation of the photoreactive group at
312 nm. This study illustrates use of a new method
of selective labeling of DNA polymerases in a crude
cellular extract.

INTRODUCTION

Photoaf®nity labeling is a strategy for the study of macro-
molecular interactions in biochemical systems (1±3). We
recently applied this approach to select base excision
repair (BER) proteins from a crude cellular extract (4). We
used a DNA photoaf®nity probe formed in situ in mouse
embryonic ®broblast (MEF) cellular extracts. With 312 nm
UV light exposure of the extract-probe mixture, only six
proteins were strongly labeled. Four of these proteins were
identi®ed as poly(ADP-ribose) polymerase-1 (PARP-1), ¯ap

endonuclease-1 (FEN-1), DNA polymerase b (b-pol) and
apurinic/apyrimidinic endonuclease (APE) (4 and unpublished
results). Yet, identi®cation of proteins crosslinked to DNA in a
cellular extract remains challenging. The amount of cross-
linked product is often insuf®cient for identi®cation by direct
sequencing or mass spectroscopy. Therefore, protein identi-
®cation mainly relies upon the use of speci®c antibodies. An
alternative approach that could verify the nature of a
crosslinked protein would be helpful, and one such alternative
approach is through selective af®nity labeling of proteins (5).
Recently, a binary system was developed and used for
selective photoaf®nity labeling of DNA polymerases in a
reconstituted system (6). The principle behind this technique
is as follows. A radioactively labeled primer is extended by a
DNA polymerase incorporating a dNMP bearing the arylazido
group into the primer. This extended primer is capable of
binding at the polymerase's template-primer binding site. A
base-substituted analog of dTTP bearing a pyrene group,
5-{N-[4-(1-pyrenyl)butylcarbonyl]-amino-trans-propenyl-1}-
2¢-deoxyuridine-5¢-triphosphate (Pyr-dUTP), serves as photo-
sensitizer. Pyr-dUTP binds to the enzyme's dNTP-binding
site, which is in close proximity to the template-primer
binding site. The reaction conditions and template structure
prohibit incorporation of the photosensitizer at the 3¢ end of
the primer. Next, if the reaction mixture is irradiated with
365 nm UV light, photoenergy is absorbed by the pyrene
moiety of the photosensitizer and transferred to the nearby
photoreagent, i.e. the arylazido group in the primer (Scheme
1A and B). The arylazido group does not directly absorb UV
light energy at this wavelength. However, as a result of energy
transfer from the excited pyrene, the arylazido group under-
goes photodecomposition and forms a crosslink with the
protein in or near the active site (Scheme 1C). The initial rate
of photomodi®cation and crosslinking is extremely sensitive
to the distance between the sensitizer and photoreactive group
because the ef®ciency of ¯uorescence resonance energy
transfer is a function of the inverse sixth power of this
distance. DNA binding proteins are crosslinked to the
photoreactive template-primer DNA only if they have a Pyr-
dUTP binding site that is close to the photoreactive primer;
thus, DNA binding proteins that interact with DNA, but not
with Pyr-dUTP, will not undergo crosslinking (Scheme 1D). It
was anticipated that this approach could be useful for selective
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labeling of DNA polymerases in multicomponent systems,
such as cellular extracts.

BER is the major repair pathway for non-bulky lesions
involving DNA bases, including the abasic or apurinic/
apyrimidinic (AP) site arising through base loss. AP sites
are one of the most common DNA lesions and they
accumulate due to chemical base loss or DNA glycosylase
action. Recent studies in higher eukaryotic cells indicate that
AP sites are repaired by two alternative pathways: short patch
or single-nucleotide BER, and long patch BER. The ®rst step
in each pathway is the incision of the phosphodiester
backbone immediately 5¢ to the AP site. This step is carried
out by APE, and generates DNA ends with a 3¢-hydroxyl and
5¢-deoxyribose phosphate (dRP). In single-nucleotide BER,
b-pol ®lls the single-nucleotide gap and excises the 5¢-dRP
group. In long patch BER, b-pol or another DNA polymerase
(7) carries out limited strand displacement DNA synthesis.
The displaced strand is incised by the structure-speci®c
endonuclease FEN-1, and DNA ligase I or the DNA ligase

III±x-ray cross complementing factor 1 (XRCC1) complex
seals the phosphodiester backbone to complete the repair
reaction.

This study uses selective labeling of DNA polymerases in
mammalian cellular extracts to identify enzymes potentially
involved in mammalian BER. A photoreactive BER inter-
mediate was created in situ in a cellular extract. The
endogenous DNA polymerases were challenged with the
BER intermediate, a dNTP analog with a pyrene moiety as a
photosensitizer, and lower energy UV light (365 nm). b-Pol
was the predominant crosslinked extract protein observed
using this `binary photolabeling system'; in contrast, several
other proteins were crosslinked when the photosensitizer was
omitted and higher energy UV light was used to activate the
BER intermediate (4). These results indicate that this binary
photolabeling system, making use of photoreactive BER
intermediates and a photosensitive dNTP analog, is useful
for selective labeling of BER DNA polymerases in a cellular
extract.

Scheme 1. The model in (A) illustrates a polymerase (solid color) bound to a template-primer complex. The template, which is longer than the primer, has a
single-stranded region. The 3¢ end of the primer contains the photoreagent (R) covalently attached to the terminal base. The diagram also illustrates a photo-
sensitizer (S) bound in the polymerase active site. Excitation of the photosensitizer with 365 nm UV light results in activation of the photoreagent, as shown
in (B), and crosslinking to the polymerase (C). A DNA binding protein unable to bind the photosensitizer is not crosslinked by 365 nm UV light exposure
(D). The 5¢-32P radiolabel is illustrated by an asterisk.
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MATERIALS AND METHODS

Materials

Rainbow colored molecular mass markers and [g-32P]ATP
were purchased from Amersham Biosciences. Synthetic
oligodeoxyribonucleotides were obtained from Oligo Etc.
(Wilsonville, OR). The photoreactive dCTP analog, exo-
N-[b-(p-azidotetra¯uorobenzamido)-ethyl]-2¢-deoxycytidine-
5¢-triphosphate (FAB-dCTP), was synthesized as described
by Wlassoff et al. (8). Synthesis of 5-{N-[4-(1-pyrenyl)-
butylcarbonyl]-amino-trans-propenyl-1}-2¢-deoxyuridine-5¢-
triphosphate (Pyr-dUTP), 5-[N-(2,3,5,6-tetra¯uoro-4-azido-
benzoyl)-amino-trans-propenyl-1]-2¢-deoxyuridine-5¢-triphos-
phate (FAB-4-dUTP) and 5-{N-[N¢-(2,3,5,6-tetra¯uoro-4-
azidobenzoyl)-4-aminobutyryl]-amino-trans-propenyl-1}-2¢-
deoxyuridine-5¢-triphosphate (FAB-9-dUTP) was carried out
as described previously (6,9,10). 5-[N-(2,3,5,6-tetra¯uoro-4-
azidobenzoyl)-amino-trans-propenyl-1]-2¢,3¢-dideoxyuridine-
5¢-triphosphate (lithium salt) (FAB-4-ddUTP) was synthe-
sized according to a procedure described for the synthesis of a
5-substituted ddUTP derivative (11). Human b-pol, FEN-1
and APE were puri®ed as described previously (12±14).
FLAG-antibody speci®c agarose was purchased from Sigma
(St Louis, MO).

Cells and extracts

Cells expressing a FLAG-epitope tagged b-pol were grown as
described previously (15). Cellular extracts were prepared as
described previously (4).

Radioactive labeling of oligonucleotide primers

Dephosphorylated primers were 5¢-[32P]-phosphorylated with
T4 polynucleotide kinase as described by Sambrook et al.
(16). Unreacted [g-32P]ATP was removed by passing the
mixture over a Nensorb-20 column using the manufacturer's
protocol.

Primer-template annealing

Lyophilized oligonucleotides were resuspended in 10 mM
Tris±HCl pH 7.8 and 1 mM EDTA. Primer-templates were
annealed by heating the primer with equimolar template at
90°C for 3 min followed by slow cooling to room temperature.

Photoreactive DNA synthesis

The reaction mixture (10 ml) contained 50 mM Tris±HCl,
pH 7.8, 50 mM KCl, 10 mM MgCl2, 4 ml cellular extract
prepared from b-pol null MEF cells expressing a FLAG-
epitope tagged b-pol (4). The protein concentration of the
cellular extract was 4±5 mg/ml. The reaction mixture (10 ml)
reconstituted with puri®ed BER proteins that contained 50 mM
Tris±HCl, pH 7.8, 10 mM MgCl2, 50 mM KCl, 1 mM FEN-1,
1 mM b-pol and 0.7 mM APE. To produce photoreactive DNA2

or DNA5, 0.2 mM [32P]-labeled DNA1 or DNA4, respectively,
were incubated with 10 mM FAB-dCTP for 30 min at 25°C in a
standard reaction mixture. DNA4 has the same sequence as
DNA1 except that it has a 4-nt ¯ap in place of tetrahydrafuran
at the nick. To produce photoreactive DNA3, 0.2 mM DNA1,
10 mM dCTP, 10 mM [a-32P]dGTP and 10 mM of one
photoreactive dTTP analog (FAB-4-dUTP, FAB-9-dUTP or
FAB-4-ddUTP) were added to the reaction mixture and

incubated for 30 min (or the indicated time) at 25°C. The
reaction was terminated by adding 10 ml 90% formamide,
50 mM EDTA, 0.1% bromophenol blue and xylene cyanol.
The mixtures were heated for 3 min at 80°C and products were
separated in 15% polyacryamide gel containing 8 M urea in 89
mM Tris±HCl, 89 mM boric acid and 2 mM EDTA, pH 8.8,
and visualized by autoradiography.

Photochemical crosslinking

Reaction mixtures were as described above. After preincuba-
tion for 30 min at 25°C, the reaction mixtures were spotted
onto Para®lm on ice. The samples were irradiated with UV
light lmax = 312 nm (5±7 mJ) (`direct' crosslinking) or with
UV light lmax = 365 nm (3 mJ) in the presence of 10±40 mM
Pyr-dUTP. The UV light source was an UV-Stratalinker
(Stratagene Cloning Systems). The control reaction mixture
did not contain Pyr-dUTP. The photochemically crosslinked
proteins were separated by 10% SDS±PAGE; dried gels were
subjected to autoradiography.

Immunoprecipitation

Immunoprecipitation was as described previously (4) using
M2-FLAG antibody conjugated to agarose. Brie¯y, the
photoaf®nity-labeled reaction mixture (200 ml) was mixed
with 5 mg anti-FLAG M2 antibody conjugated to agarose,
incubated with rotation for 4 h at 4°C and pelleted by
centrifugation at 14 000 r.p.m. (15 s). The supernatant fraction
was discarded and the protein-bound agarose complex was
washed four times with extract buffer. After a ®nal wash, the
buffer was removed and the protein agarose suspension was
mixed with 50 ml SDS-gel loading buffer and incubated in a
boiling water bath for 5 min.

RESULTS

Synthesis of photoreactive BER intermediates

The structures of the photoreagents and dNTP analogs used in
this study are shown in Figures 1 and 2. The photoreactive
group was 2,3,5,6-tetra¯uoro-4-azidobenzoyl (FAB) and the
photoreactive dNTP analogs used were FAB-dCTP (Fig. 1A),
FAB-4-dUTP, FAB-4-ddUTP and FAB-9-dUTP (Fig. 2A).
The FAB group forms a crosslink with several protein side
chain groups when exposed to UV irradiation (17) and can be
activated by resonance energy or electron transfer from an
excited pyrene residue, i.e. Pyr-dUTP (Fig. 1B), if the distance
between the two groups is small (18). Any importance of size
of the linker between the DNA base and the photoreactive
group was tested to determine whether this affects the
speci®city of protein labeling. Results were compared using
FAB-9-dUTP and FAB-4-dUTP. FAB-4-ddUTP was also
used to introduce the photoreactive group at the 3¢-end of the
nascent DNA. This prevented elongation of 3¢-photoreactive
group-containing primers by endogeneous dNTPs in the
cellular extract.

Figure 1C shows the structure of DNA1 containing a
synthetic abasic site. This substrate can be repaired by long
patch BER. Radiolabeled DNA1 was incubated in a MEF
extract in the presence of FAB-dCTP. According to the
scheme depicted in Figure 3A, one FAB-dCMP residue is
introduced into DNA1 to produce DNA2. This was veri®ed as
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shown in Figure 3B, lane 2. In the absence of FAB-dCTP, a
product was detected with dCMP incorporated at the 3¢ end of
the primer (Fig. 3B, lane 1); this product was likely to have
been formed using endogeneous dCTP, and had the same
mobility as a product formed by incorporation of exogenous
dCTP (Fig. 2B, lane 4). Addition of the photosensitizer, Pyr-
dUTP, did not in¯uence primer elongation in this reaction
(Fig. 3B, lane 3).

DNA3 was prepared by incubating DNA1 with cellular
extract in the presence of dCTP, [a-32P]dGTP and one of the
photoreactive dTTP analogs (i.e. FAB-4-dUTP, FAB-9-dUTP
or FAB-4-ddUTP). According to the scheme depicted in
Figure 2B, the primer was elongated in the cellular extract,
and dCMP, [a-32P]dGMP and one of the photoreactive dTMP
analogs were incorporated at the 3¢ end of the primer (data not
shown). In the absence of a photoreactive analog, the major
product of DNA synthesis was a 17mer oligonucleotide that
corresponded to incorporation of two nucleotide residues.
DNA synthesis of the 18mer extended primer, (i.e. DNA3) was
not delayed when FAB-4-dUTP was replaced with FAB-4-
ddUTP, suggesting that the endogeneous DNA polymerase
utilized the ddNTP analog (data not shown). These results are
consistent with the possibility that b-pol was the extract DNA
polymerase detected by this assay, since b-pol has similar
catalytic ef®ciency with dNTPs and ddNTPs (19).

Photocrosslinking of BER proteins in the mammalian
cellular extract

Activation of the photoreactive group of DNA2 by 312 nm UV
light caused several proteins in the MEF cellular extract to be
crosslinked to the radiolabeled DNA (Fig. 4B, lane 4) (4).
However, when the reaction mixture was supplemented with
Pyr-dUTP and irradiated with 365 nm UV light, b-pol was the
primary labeled protein (Fig. 4B, lane 3), and no protein
labeling was observed in the absence of Pyr-dUTP with
exposure to UV light at 365 nm (Fig. 4B, lane 2). These results
indicate that Pyr-dUTP strongly enhances speci®city of
crosslinking of b-pol to the photoreactive BER intermediate,
DNA2. Immunoprecipitation with antibodies against the
FLAG-b-pol in the extract con®rmed the identity of the

Figure 1. Structures of photoreactive dNTP analogs and sequence of DNA1.
(A) Structure of FAB-dCTP. (B) Structure of Pyr-dUTP. (C) Sequence of
DNA1, with X representing the synthetic abasic site with tetrahydrofuran
(THF).

Figure 2. Structures of FAB-dUTP analogs and synthesis of photoreactive
DNA3. (A) Structures of three FAB-dUTP analogs. (B) Schematic represen-
tation of photoreactive DNA3 synthesis in situ. The synthetic abasic site (X)
in DNA1 is incised by APE; DNA polymerase of the MEF extract incorpor-
ates dCMP, [a-32P]dGMP or one of the photoreactive dUMP analogs (FAB-
4-dUMP, FAB-4-ddUMP or FAB-9-dUMP) into the DNA. DNA3 is 32P-
radiolabeled by incorporating dGMP (asterisk) and contained a 3¢-end
photoreactive dUMP (dUR) residue.
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labeled protein in lane 3, with electrophoretic mobility
corresponding to ~46 kDa (4).

Similar experiments were peformed with puri®ed BER
proteins, b-pol, APE and FEN-1. For reference, when DNA2

was activated with 312 nm UV light, these three proteins were
strongly radiolabeled (Fig. 4B, lane 8). When the reaction
mixture was irradiated with 365 nm UV light in the presence
of Pyr-dUTP, b-pol was the primary labeled protein along
with minor labeling of FEN-1 (Fig. 4B, lane 6). This labeling
was not observed in the absence of Pyr-dUTP (Fig. 4B, lane 5).
These experiments indicate that b-pol was selectively cross-
linked by photoreactive DNA2 in the MEF cellular extract or
in the presence of puri®ed BER proteins using the binary
photoaf®nity labeling system described.

Similar experiments were performed with photoreactive
DNA3, a long patch BER intermediate (Fig. 5). The scheme by
which this BER intermediate was prepared is shown in
Figure 5A. In the presence of Pyr-dUTP, only b-pol was
labeled (Fig. 5B, lane 2). However, in the absence of Pyr-
dUTP and with UV light irradiation at 312 nm, many
additional proteins in the extract were labeled (Fig. 5B, lane
3). One of the labeled proteins, i.e. migrating at ~98 kDa, was
observed without irradiation (Fig. 5B, lane 1) and was
considered non-speci®c. Finally, similar results were obtained
when FAB-9-dUTP was used, i.e. where the spacer carrying
the photoreactive arylazido group was longer (data not
shown). Immunoprecipitation experiments con®rmed that
the major labeled protein observed in the experiment
(Fig. 5B, lane 2) was indeed FLAG-b-pol (Fig. 5C).

Another photoreactive long patch BER intermediate con-
taining a ¯ap structure was evaluated. The scheme by which
this BER intermediate, DNA5, was prepared is shown in
Figure 6A. b-Pol was the predominant DNA crosslinked
protein in the MEF extract exposed to 365 nm UV light in the
presence of Pyr-dUTP (Fig. 6B, lane 1); the crosslinked
product at ~98 kDa was considered non-speci®c, in view of the
results in Figure 6B, lanes 2, 3 and 5. However, the labeling

Figure 3. Synthesis of photoreactive DNA probe. (A) A scheme illustrating
in situ conversion of radiolabeled DNA1 to the nicked DNA2 containing
FAB-dCMP and deoxyribose phosphate at 3¢ and 5¢ margins, respectively,
of the nick. (B) Photograph of an autoradiogram of a DNA sequencing gel
showing primer extension with FAB-dCMP and dCMP by the MEF extract.
DNA1 was incubated for 30 min at 25°C with MEF extract and products
were analyzed as described in the Materials and Methods. Lane 1, DNA1

was incubated with MEF extract without FAB-dCTP; lane 2, DNA1 was
incubated with MEF extract and FAB-dCTP; lane 3, DNA1 was incubated
with MEF extract, FAB-dCTP and Pyr-dUTP; lane 4, DNA1 was incubated
with MEF extract and dCTP (10 mM). The positions of the primer and the
products are indicated.

Figure 4. Photoaf®nity labeling of BER proteins in MEF extract by a binary
system of photoaf®nity reagents, DNA2 and Pyr-dUTP. (A) A scheme illus-
trating synthesis of the BER intermediate DNA2 in cellular extract, as
described in the Materials and Methods. (B) The reaction mixtures were
incubated with DNA1 and then irradiated with 365 nm UV light. Absence
of FAB-dCTP and Pyr-dUTP (lane 1); presence of FAB-dCTP (lane 2);
presence of FAB-dCTP and Pyr-dUTP (lane 3). The reaction mixture was
incubated with DNA1 and irradiated with 312 nm UV light: FAB-dCTP
without Pyr-dUTP (lane 4). BER reaction was reconstituted with DNA1 and
puri®ed BER proteins, FEN-1, b-pol and APE (lanes 5±8). After incubation
for 30 min at 25°C, the reaction mixture was irradiated with 365 nm UV
light (lanes 5 and 6) or 312 nm UV light (lanes 7 and 8). Reaction was per-
formed without Pyr-dUTP (lanes 5 and 7) or with Pyr-dUTP (lanes 6 and
8). The reaction products were separated by 10% SDS±PAGE followed by
autoradiography. The positions of protein markers and crosslinked proteins
are indicated on the left and right margins, respectively.
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pattern with 312 nm UV light irradiation, without Pyr-dUTP
(Fig. 6B, lane 4), was also selective for b-pol and was quite
different from the pattern seen under these same conditions
using DNA2 (compare Fig. 4, lane 4 with Fig. 6, lane 4). These
results suggest that different proteins were involved in
processing of these distinct BER intermediates, i.e. DNA2

and DNA5.

DISCUSSION

X-ray crystallography, nuclear magnetic resonance and other
physical biochemical methods can be highly informative

concerning a protein's structure and function. These methods,
however, are generally restricted to highly puri®ed samples;
thus, it is dif®cult to apply these techniques to multicomponent
reconstituted systems or to complex cellular extracts. Af®nity
labeling has been a useful method for studying DNA
replication proteins (20±23) and DNA repair proteins (4) in
nuclear and cellular extracts. This approach is also advant-
ageous for analysis of interactions between DNA and proteins
in cellular extracts. Approaches that increase the selectivity of
such af®nity labeling methods could eventually lead to
broader use of af®nity labeling in multicomponent systems.

Previous studies demonstrated that the selectivity of af®nity
labeling can be increased by differential labeling (24),
catalytically competent labeling (25) or protein mediated
energy transfer photolabeling (26). The data presented here
show that a binary system for photoaf®nity labeling, involving
the combination of 365 nm UV light, BER intermediates with
a photoreactive arylazido groups and the sensitizer Pyr-dUTP,
can be highly selective for labeling of DNA polymerase in the
MEF cellular extract. Thus, in MEF extracts, and with a
labeling system based on BER intermediates, b-pol was the

Figure 5. Photoaf®nity labeling of proteins in MEF extract using photoreac-
tive long patch BER intermediate DNA3. (A) Photoreactive and radiolabeled
DNA3 was produced in the MEF extract using DNA1 and FAB-4-ddUTP, as
depicted in the scheme. (B) The reaction mixture containing FAB-4-ddUTP
was irradiated with 365 nm UV light either without Pyr-dUTP (lane 1) or
with Pyr-dUTP (lane 2); the reaction mixture in lane 3 was irradiated with
312 nm UV light after incubation with FAB-4-ddUTP and without Pyr-
dUTP. (C) Immunoprecipitation of crosslinked products was performed
with reaction mixture in lane 3 (B). Starting material (lane 1); reaction mix-
ture immunoprecipitated with preimmune IgG (lane 2) or anti-FLAG IgG
(lane 3). The UV-crosslinked products were separated by SDS±PAGE and
visualized by autoradiography. The positions of crosslinked product and
protein markers are indicated on the right and the left margins, respectively.

Figure 6. Photoaf®nity labeling of proteins in MEF extract using photo-
reactive long patch BER intermediate DNA5. (A) Radiolabeled and photo-
reactive DNA5 was synthesized in the cellular extract starting with DNA4,
as depicted in the scheme; the asterisk represents the position of FAB-
dCMP. (B) After incubation, reaction mixtures were irradiated with UV
light at 365 nm (lanes 1±3) or at 312 nm (lanes 4 and 5). Incubation was
with (lane 1) and without Pyr-dUTP (lane 2), or without FAB-dCTP and
Pyr-dUTP (lane 3). Reaction mixtures in lanes 4 and 5 were incubated with
FAB-dCTP or without FAB-dCTP, respectively. UV-crosslinked products
were separated by SDS±PAGE and visualized by autoradiography. The
positions of crosslinked products and protein markers are indicated on the
right and left margins, respectively.
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main crosslinking target. Selective b-pol labeling was prob-
ably a consequence of both binding of the Pyr-dUTP sensitizer
to the polymerase's dNTP-binding pocket and the poly-
merase's af®nity for the BER intermediate used. Other DNA
binding proteins, such as PARP-1 and APE, were not
crosslinked under these conditions, even though these proteins
can interact with the photoreactive BER intermediate, DNA2,
and are photocrosslinked when exposed to 312 nm UV light in
the absence of the photosensitizer (Fig. 4, lane 4) (4).
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