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DNA replication requires the formation of multiprotein com-
plexes, whose functiohAsand structuréshave 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

the conformationally dynamic nature of the holoenzyme assembly
process¢ and the location of the interaction between the
C-terminus of gp43 and gp45To streamline investigations such
as these and make them amenable to even more complex
multiprotein systems, we have synthesi3ed novel, trifunctional
photo-cross-linking and affinity reagehfThe 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 succinimidé conjugates to lysiné, but it does

not allow site-specific attachment, a requirement for mapping
protein—protein interactions. The mixed disulfidconjugates

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.

assemble the holoenzyri@he holoenzymes of prokaryotic and Ny )OL

eukaryotic DNA replication systems contain analogous protéihs. HNT ONH
The structures of gp45and gp48 have been individually \©\f° H

solved by X-ray crystallography, but neither the gp44/62 complex HN N s

nor any of the other multiprotein complexes such as the final HNIO\N o

holoenzyme have been solved. Models of the holoenzyme based o 8

on the individual gp45 and gp43 X-ray crystal structures have H M ,z?\soma

been propose#:® However, these models have not taken into gS 1R=S ° o

account solution evidence that points to a holoenzyme that has 2R=H

undergone ATP hydrolysis-dependent conformational changes =

relative to the individual ground-state structufes. 3R's@
Site-specific incorporation of photo-cross-linking reagents has 4R =S-Protein

been extensively used to investigate the protg@rotein and
protein—nucleic acid interactions in solution in the bacteriophage
T4 holoenzyme, including the organization of the holoenz§me,

The utility of 3 was demonstrated with the gp45 mutant
1107C}* which contains a single cysteine per monomer. 1107C
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region of the protein suggested to play a role in DNA loading by
gp44/627f The point of attachment & was verified by digesting
the 1107C3 conjugate with trypsin and then purifying biotinylated
peptides on a monomeric avidin coluffnAnalysis by matrix-
assisted laser desorption ionization (MALDI) mass spectrometry
(Figure 1) resulted in an ion at/z 3889.0, corresponding to the
mass of the predicted gp45 tryptic fragment containing 1107C

(9) To 2 mg of1 (sulfosuccinimidyl-2-[6-(biotinamido)-2ptazidobenz-
amido)hexanoamido]ethyl-1;8lithiopropionate) (sulfo-SBED, Pierce, Rock-
ford, IL) in 500 uL of DMF (4.5 mM) was added 5@L of 100 mM DTT in
DMF (9 mM final) in the dark at 25C, forming2. After 30 min, 11 mg of
2,2-dithiodipyridine (Sigma, St. Louis, MO) was added (90 mM final) and
the mixture incubated for an additional 30 min. To pufyl75uL aliquots
of this mixture were separated on a 4&50 mm C18 HPLC column (Vydac,
Hesperia, CA) using the following gradient at 1 mL min solvent A, 0.1%
trifluoroacetic acid in HO; solvent B, 0.1% trifluoroacetic acid in GBN;
100% solvent A for 2 min, a 20-min linear gradient from 100 to 50% solvent
A, and a 5-min linear gradient from 50 to 0% solvent A, waleluting at
19.5 min. HRMS (ESt): m/z 686.2348 ([M+ H]*, theor 686.2365).

(10) (a) Hermanson, G. Bioconjugate TechniqugAcademic Press: San
Diego, 1996; pp 289291. (b) llver, D.; Arngvist, A.; @ren, J.; Frick, |.-M.;
Kersulyte, D.; Incecik, E. T.; Berg, D. E.; Covacci, A.; Engstrand, L.; Bore
T. Sciencel998 279 373-377.

(11) The 1107C gene was cloned and the protein purified as previously
described for other gp45 mutants (ref 7f). 1107C (180 in monomers) was
dialyzed into NR buffer (20 mM HEPES, pH 7.0, 50 mM NaCl, 1 mM EDTA,
and 10% glycerol) an8 added in 0.1 vol DMF (1.5 mM final). This mixture
was nutated in the dark at 4C for 12 h and then purified on a MonoQ
(Pharmacia, Piscataway, NJ) anion-exchange FPLC column. Although we have
excluded light in both the synthesis 8fand the formation of the 1107G3-
conjugate, we have found that the aryl azid8af stable enough to produce
satisfactory results without the rigorous exclusion of light. Exclusion of free
thiols in the conjugation and photo-cross-linking reactions is essential.
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Figure 1. MALDI mass spectrum of tryptic digest of gp45 11@37-
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 ana-cyano-4-hydroxycinnamic acid matrix. Peaks corresponding
to [M — Nz + H]* (m/z 3889.0, theoretical 3889.6), [M N, + H,O +

H]* (m/z 3904.2, theoretical 3907.6), and [M N, + H,O + NaJ* (n/z
3927.6, theoretical 3929.6) were observed.

(amino acids 88119), plus3, minus 2-thiopyridine, and minus
N (theoreticalm/z 3889.6).

The interaction of the 1107@-conjugate with gp44/62 was
then investigated using a procedure similar to a Western'blot.
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Figure 2. Photo-cross-linking reactions separated by SDS-PAGE and
detected by biotin-specific chemiluminesceftkanes 1-4 contain the
following components treated as described: (1) 11873t exposed to
light, (2) 1107C3, gp44/62, ATP, and DNA not exposed to light, (3)
1107C-3 exposed to light, and (4) 11078- gp44/62, ATP, and DNA
exposed to light. Lanes-0 are identical to lanes-14 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 markera\; shown at the left). The mobilities of gp62 (21 kDa),
gp45 (25 kDa), gp44 (36 kDa), and cross-linked species (designated xI)
are shown at the right.

identification of the target (gp45; bait and target are the same)
based on electrophoretic mobility. Lane 4 contains a mixture of
1107C-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

1107C-3 alone or in the presence of gp44/62, ATP, and DNA gp44 as targets, demonstrating that gp44 but not gp62 comes in
was subjected to photo-cross-linking, separated by sodium dodecylcontact with gp45 at position 1107C. Previously, gp45 has been
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; the gp45 observed to photo-cross-link to just gp44 at position S19C, while
trimer and gp44/62 complex are denatured into monomers in this gp45 photo-cross-links to both gp44 and gp62 at position K81C.
gel), the gel blotted onto a nitrocellulose membrane, and proteins A light band with the mobility of gp44 can be seen in lane 4,
containing biotin fron8 visualized by chemiluminescence (Figure possibly due to reduction of gp45/gp44 cross-links by exogenous
2).2 Lanes 1 and 2 contain the 1107Ceonjugate with and thiols (likely from gp44/62).

without gp44/62, ATP, and DNA, respectively, without exposure  This rapid procedure avoids traditional methods of visualizing
to light. Only gp45 bears biotin in these two cases and is the a potentially complex mixture of proteins using nonspecific
only protein with a chemiluminescent signal. Lanes 6 and 7 are staining techniques (Coomassie or silver), multiple Western blots
identical to lanes 1 and 2 except that 100 mM DTT was added individually probing for all possible targets, or radioactive probes.
before SDS-PAGE. DTT cleaves the disulfide bond in the 1187C-  Further verification of the identity of cross-linked proteins can

conjugate and releases biotin to solution, yielding no chemilu- be accomplished by isolating biotinylated targets by affinity

minescent signal. Lane 3 contains 1103@at has been exposed

chromatography followed by Edman sequencing or mass spec-

to light. Intersubunit photo-cross-linked gp45 dimers are observed trometry. The precise location of proteiprotein interactions can

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

(12) The 1107C3 conjugate (25Qtg) was digested with 2fg of trypsin
and applied to a 1.5-mL monomeric avidin column (Pierce). After washing
to remove unbound material, biotinylated tryptic fragments were eluted with
2 mM biotin. These peptides were analyzed by MALDI mass spectrometry
as previously described (ref 7g). Monomeric avidin and biotin form a reversible
noncovalent interaction, unlike tetrameric avidin or streptavidin ¢f 10°
versus 1) (ref 14).

(13) Photo-cross-linking was performed as previously described (302 nm
lamp with 1800 mW/crhoutput at 15 cm; ref 7g) with AM 1107C-3, 1 uM
gp44/62 (in NR buffer), and &M primer-template DNA (a 30-mer/44-mer)
in 20 uL of 20 mM Tris, pH 7.5, 150 mM sodium acetate, 10 mM magnesium
acetate, and 1 mM ATP. Following photo-cross-linkinguls of 150 mM
Tris, pH 6.8, 4% sodium dodecyl sulfate, 0.1% bromophenol blue, 30%
glycerol, 8 mMN-ethylmaleimide, and 20% DMF were added and the mixture
allowed to stand at 25C for 5 min. DTT (2uL of a 1 M solution) was then
added to some samples as indicatedulLGliquots separated by SDS-PAGE
(12% gel), and the gel blotted onto a nitrocellulose membrane (MicronSepa-
rations, Westborough, MA). The membrane was blocked for 15 min with 3%
bovine serum albumin (BSA) in 20 mM Tris, pH 7.6, 140 mM NaCl, and
0.1% Tween-20 (TBST), probed for 45 min with a 1:3000 dilution of
streptavidin-horseradish peroxidase conjugate (Life Technologies, Rockville,
MD) in 3% BSA in TBST, washed three times for 5 min each with TBST,
and developed with a luminol/hydrogen peroxide mixture (Pierce). Chemi-
luminescence was detected by autoradiography onto BioMax film (Kodak,
Rochester, NY) with typical exposure times of-246 s.

(14) Henrikson, K. P.; Allen, S. G. H.; Maloy, W. IAnal. Biochem1979
94, 366-370.

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.

We are currently usin@® 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 proteirprotein interactions found
within the entire bacteriophage T4 replication fork (four additional
proteins) and provide information on the organization of this
complex biological syster#f: 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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