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DNA replication requires the formation of multiprotein com-
plexes, whose functions1 and structures2 have been conserved
during evolution. In bacteriophage T4, the DNA polymerase
holoenzyme forms the core of the DNA replication system,
consisting of the DNA polymerase (gp43), a trimeric, circular
processivity factor called the sliding clamp (gp45), and the clamp
loader (a 4:1 complex of gp44 and gp62) that hydrolyzes ATP to
assemble the holoenzyme.3 The holoenzymes of prokaryotic and
eukaryotic DNA replication systems contain analogous proteins.1a,4

The structures of gp455 and gp436 have been individually
solved by X-ray crystallography, but neither the gp44/62 complex
nor any of the other multiprotein complexes such as the final
holoenzyme have been solved. Models of the holoenzyme based
on the individual gp45 and gp43 X-ray crystal structures have
been proposed.5a,6 However, these models have not taken into
account solution evidence that points to a holoenzyme that has
undergone ATP hydrolysis-dependent conformational changes
relative to the individual ground-state structures.7

Site-specific incorporation of photo-cross-linking reagents has
been extensively used to investigate the protein-protein and
protein-nucleic acid interactions in solution in the bacteriophage
T4 holoenzyme, including the organization of the holoenzyme,8

the conformationally dynamic nature of the holoenzyme assembly
process,7c and the location of the interaction between the
C-terminus of gp43 and gp45.7g To streamline investigations such
as these and make them amenable to even more complex
multiprotein systems, we have synthesized3, a novel, trifunctional
photo-cross-linking and affinity reagent.9 The three functional
groups in3 are (1) a thiol-reactive 2-thiopyridine mixed disulfide
for conjugation to a bait protein, (2) a photoactivatable aryl azide
for photo-cross-linking to a target protein (the target protein may
be the same protein as the bait, resulting in intra- or intersubunit
photo-cross-links), and (3) the affinity probe biotin, which can
be used for purification and visualization of photo-cross-linked
proteins. The succinimide1 conjugates to lysine,10 but it does
not allow site-specific attachment, a requirement for mapping
protein-protein interactions. The mixed disulfide3 conjugates
to cysteine, allowing site-specific attachment on many proteins.
The resulting conjugate (following the loss of 2-thiopyridine; e.g.,
4) has a mixed disulfide at the surface of the bait protein that is
exchangeable in the presence of free thiols and allows the transfer
of biotin from the bait to the target upon reduction of photo-
cross-links.

The utility of 3 was demonstrated with the gp45 mutant
I107C,11 which contains a single cysteine per monomer. I107C
is at the midpoint of the interdomain connecting loop of gp45, a
region of the protein suggested to play a role in DNA loading by
gp44/62.7f The point of attachment of3 was verified by digesting
the I107C-3 conjugate with trypsin and then purifying biotinylated
peptides on a monomeric avidin column.12 Analysis by matrix-
assisted laser desorption ionization (MALDI) mass spectrometry
(Figure 1) resulted in an ion atm/z 3889.0, corresponding to the
mass of the predicted gp45 tryptic fragment containing I107C
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(amino acids 88-119), plus3, minus 2-thiopyridine, and minus
N2 (theoreticalm/z 3889.6).

The interaction of the I107C-3 conjugate with gp44/62 was
then investigated using a procedure similar to a Western blot.10

I107C-3 alone or in the presence of gp44/62, ATP, and DNA
was subjected to photo-cross-linking, separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; the gp45
trimer and gp44/62 complex are denatured into monomers in this
gel), the gel blotted onto a nitrocellulose membrane, and proteins
containing biotin from3 visualized by chemiluminescence (Figure
2).13 Lanes 1 and 2 contain the I107C-3 conjugate with and
without gp44/62, ATP, and DNA, respectively, without exposure
to light. Only gp45 bears biotin in these two cases and is the
only protein with a chemiluminescent signal. Lanes 6 and 7 are
identical to lanes 1 and 2 except that 100 mM DTT was added
before SDS-PAGE. DTT cleaves the disulfide bond in the I107C-3
conjugate and releases biotin to solution, yielding no chemilu-
minescent signal. Lane 3 contains I107C-3 that has been exposed
to light. Intersubunit photo-cross-linked gp45 dimers are observed
with slower mobility than gp45 monomers, and the smear with
faster mobility may be intrasubunit photo-cross-links. Lane 8 is
the DTT-treated version of lane 3, where reduction of photo-
cross-links transfers biotin from the bait to the target and allows

identification of the target (gp45; bait and target are the same)
based on electrophoretic mobility. Lane 4 contains a mixture of
I107C-3, gp44/62, ATP, and DNA that has been exposed to light.
Gp45 inter- and intrasubunit photo-cross-links are observed as
in lane 3, but another slow mobility band is observed. Reduction
of this photo-cross-linked mixture (lane 9) identifies gp45 and
gp44 as targets, demonstrating that gp44 but not gp62 comes in
contact with gp45 at position I107C. Previously, gp45 has been
observed to photo-cross-link to just gp44 at position S19C, while
gp45 photo-cross-links to both gp44 and gp62 at position K81C.7c

A light band with the mobility of gp44 can be seen in lane 4,
possibly due to reduction of gp45/gp44 cross-links by exogenous
thiols (likely from gp44/62).

This rapid procedure avoids traditional methods of visualizing
a potentially complex mixture of proteins using nonspecific
staining techniques (Coomassie or silver), multiple Western blots
individually probing for all possible targets, or radioactive probes.
Further verification of the identity of cross-linked proteins can
be accomplished by isolating biotinylated targets by affinity
chromatography followed by Edman sequencing or mass spec-
trometry. The precise location of protein-protein interactions can
also be determined by proteolytic digestion of a photo-cross-
linking mixture followed by affinity isolation of biotinylated target
fragments and identification by mass spectrometry. The perfluo-
roaryl azide of3 would facilitate this by increasing the yield of
photo-cross-links while decreasing the possible number of adduct
sites and therefore increasing specificity.7c,g

We are currently using3 to map specific contact points of
protein-protein interactions within the bacteriophage T4 holo-
enzyme to build a more accurate solution structure. We are also
using3 to identify the multiple protein-protein interactions found
within the entire bacteriophage T4 replication fork (four additional
proteins) and provide information on the organization of this
complex biological system.3b,c Multifunctional reagents such as
3 will facilitate the investigation of important biological systems
that require the formation of multiprotein complexes, for example
DNA replication, transcription, recombination, DNA repair, signal
transduction, and molecular recognition. In the investigation of
highly complex biological systems, the use of affinity probes
becomes increasingly essential.
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Figure 1. MALDI mass spectrum of tryptic digest of gp45 I107-3
conjugate. The digest was applied to a monomeric avidin column to bind
biotinylated tryptic fragments, the column washed to remove other tryptic
fragments, and biotinylated tryptic fragments eluted with 2 mM biotin.
The eluant was desalted and linear mode MALDI mass spectra obtained
using anR-cyano-4-hydroxycinnamic acid matrix. Peaks corresponding
to [M - N2 + H]+ (m/z 3889.0, theoretical 3889.6), [M- N2 + H2O +
H]+ (m/z 3904.2, theoretical 3907.6), and [M- N2 + H2O + Na]+ (m/z
3927.6, theoretical 3929.6) were observed.

Figure 2. Photo-cross-linking reactions separated by SDS-PAGE and
detected by biotin-specific chemiluminescence.13 Lanes 1-4 contain the
following components treated as described: (1) I107C-3 not exposed to
light, (2) I107C-3, gp44/62, ATP, and DNA not exposed to light, (3)
I107C-3 exposed to light, and (4) I107C-3, gp44/62, ATP, and DNA
exposed to light. Lanes 6-9 are identical to lanes 1-4 except that DTT
was added following photo-cross-linking to reduce the disulfide bond in
3. Lane 5 contains standard biotinylated proteins (BioRad, Hercules, CA)
as size markers (Mr shown at the left). The mobilities of gp62 (21 kDa),
gp45 (25 kDa), gp44 (36 kDa), and cross-linked species (designated xl)
are shown at the right.
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