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Abstract
The photo-crosslinking amino acid, p-benzoyl-L-phenylalanine (pBpa), was genetically incorporated
into E. coli catabolite activator protein (CAP) in bacteria in response to an amber nonsense codon
using an orthogonal tRNA/aminoacyl-tRNA synthetase pair. The mutant CAP (CAP-K26Bpa)
containing pBpa formed a covalent complex with a DNA fragment containing the consensus operator
sequence upon UV irradiation. Because this amino acid can be genetically incorporated into any
DNA-binding protein in E. coli, yeast or mammalian cells with minimal perturbation of protein
structure, this method should be generally useful for investigating DNA-protein interactions.

Sequence-specific DNA binding proteins control a large number of cellular processes including
replication, transcription, epigenetic modifications and DNA repair. Photochemical
crosslinking methods have long been used to identify and characterize protein-DNA
interactions, and can be carried out by introducing a photo-reactive group into the DNA or the
protein.1-4 In the former case, one can use either solid phase synthesis or DNA polymerases
to incorporate a photo-reactive moiety, but one must typically know the DNA binding site for
the protein of interest. Alternatively, photocrosslinkers can be introduced into DNA binding
proteins by chemical modification or semisynthesis, or by in vitro protein translation systems
using chemically aminoacylated tRNAs. Recently, we developed a method that allows one to
genetically incorporate unnatural amino acids, including those with chemically and photo-
chemically reactive groups, directly into proteins in both prokaryotic or eukaryotic cells in
response to an amber nonsense codon (TAG).5-7 Here, we demonstrate that this method can
be used to site-specifically introduce a photo-reactive probe into a DNA binding protein which
upon irradiation forms a stable complex with the cognate DNA-binding site in a sequence-
specific fashion.
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Benzophenones have been used extensively as photophysical probes to identify and map
interactions between biomolecules. They are chemically more stable than other photo-
crosslinking groups such as diazo esters, aryl azides and diazirines; insert relatively
nonspecifically into C—H bonds upon irradiation at < 365 nm (hydrogen abstraction by oxygen
in the excited state followed by carbon-centered radical recombination); and efficiently
repopulate the ground state in the absence of photo-reaction.8 Recently, the photo-crosslinking
amino acid, p-benzoyl-L-phenylalanine (pBpa, Fig. 1A) was genetically encoded by means of
orthogonal tRNA/aminoacyl-tRNA synthetase (aaRS) pairs evolved in E. coli and yeast, and
used to investigate protein-protein interactions both in vitro and in living cells.5,9-13 The
evolved tRNA/aaRS pairs site-specifically incorporate pBpa into proteins at sites encoded by
the amber nonsense codon, and the pBpa-containing proteins efficiently form stable complexes
with their partners upon UV irradiation. Similarly, we expected that the genetic incorporation
of pBpa into nucleic acid-binding proteins would enable them to selectively form covalent
complexes with their cognate DNA or RNA binding site upon irradiation.

To demonstrate the feasibility of this approach, pBpa was incorporated into the E. coli
catabolite activator protein (CAP). CAP is a well-characterized transcriptional activator which
regulates a number of catabolite-sensitive operons in E. coli.14 CAP functions as a homodimer
by binding a 2-fold symmetric 22-bp consensus binding site located near CAP-dependent
promoters in the presence of the allosteric effector, cAMP.14 Based on the crystal structure of
the CAP-DNA complex,15,16 Lys26 was substituted by pBpa. Lys26 comes into close contact
with DNA when CAP binds its operator site as a result of an approximate 90° bend induced in
the double helix (Fig. 1B).15,17 Earlier studies showed that replacement of Lys26 in CAP with
metal-chelating groups afforded a selective affinity cleaving agent with minimal perturbation
of DNA binding affinity.17,18

A CAP derivative containing a C-terminal strep-tag (WSHPQFEK) was generated by
amplifying the CAP gene by PCR with primers containing the strep-tag sequence and inserting
it into the pBAD vector. To incorporate pBpa, the codon corresponding to Lys26 was mutated
to the amber codon (TAG) by site-directed mutagenesis. Expression of the mutant CAP was
carried out in the presence of an evolved Methanococcus jannashii tRNA/aaRS pair5 and 1
mM pBpa in E. coli strain DH10B grown in glycerol minimum medium according to the
previously reported protocol.18 Wildtype (WT) and mutant proteins were isolated by strep-
tag affinity purification19, and the yield of the mutant CAP (CAP-K26Bpa) was 3–5 mg/L (WT
CAP yield was 6–10 mg/L). SDS-PAGE analysis of the purified protein showed a band for the
amber mutant in the presence of 1 mM pBpa whose size approximated that of WT CAP; in
contrast no full length protein was detected in the absence of pBpa (Fig. 2A). ESI-mass
spectrometric analysis of CAP-K26Bpa gave an observed average mass of 25284 Da, in close
agreement with the calculated mass of 25283 Da (we also observed a peak corresponding to
the mass of the acetylated protein) (Fig. 2B). These results confirm the efficient and selective
incorporation of pBpa into CAP.

The dissociation constant for the binding of the CAP-K26Bpa mutant to its operator site was
measured to determine whether incorporation of pBpa at position 26 affects binding affinity.
Gel-retardation assays were carried out with a 50-bp 5′-32P-end labeled double-stranded DNA
fragment containing the 22-bp DNA recognition site for CAP.18 The dissociation constants for
WT CAP and CAP-K26Bpa were determined to be 1.9 nM and 3.0 nM, respectively (Fig. 3)
indicating that the pBpa group does not significantly perturb the interaction of CAP with its
operator sequence.

Next, photo-crosslinking of CAP-K26Bpa with DNA was performed using the same 50-bp
DNA fragment that was used in the gel-retardation assay. We also used a 50-bp DNA fragment
with six mutations (AAATGTGATCTAGATCACATTT →
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AATTCTCATCTACATGACAATT) in the CAP-binding sequence (which abrogate DNA
binding) in order to determine whether the crosslinking reaction is sequence-specific. After 10
min incubation of CAP with the DNA fragment in phosphate buffer (pH 8.0) at room
temperature, samples were exposed to UV (300–320 nm) for 5 min20 and the crosslinked
product was then analyzed.21 Denaturing SDS-PAGE analysis revealed one new band whose
electrophoretic mobility is substantially less than that of the free DNA, as expected for the
crosslinked adduct.22 No corresponding band was observed either for the DNA/CAP-K26Bpa
complex in the absence of irradiation, or for irradiated samples containing the DNA/WT CAP
complex (Fig. 4). In addition, the DNA fragment with six mutations did not give any
crosslinked product with CAP-K26Bpa under the same conditions, demonstrating that the
photo-crosslinking reaction is sequence-specific. Analysis of band intensities with Image
Quant software indicated that approximately 5% of DNA was crosslinked by CAP-K26Bpa.
This is ∼5 times more efficient than a previous experiment1 in which an azidophenyl group
was chemically introduced at position 178 in CAP, resulting in ∼1% of a DNA-protein photo-
adduct. The low efficiency may be due to the instability of CAP under the photolysis conditions
(in the absence of DNA CAP photodecomposes as determined by mass spectral analysis),
competitive trapping by molecular oxygen which is typically present in such experiments, or
a nonideal crosslinking geometry.

In summary, we have site-specifically incorporated pBpa into the DNA-binding protein, CAP,
by means of an evolved Methanococcus jannashii tRNA/aaRS pair. The mutant CAP
containing pBpa was able to form a covalent complex with a DNA fragment containing the
consensus operator sequence upon UV irradiation. Because this photo-crosslinking amino acid
can be genetically incorporated into any nucleic acid-binding protein in prokaryotic or
eukaryotic organisms, this method should be generally useful for mapping DNA- or RNA-
protein interactions. The fact that simple mutagenesis can be used to rapidly introduce pBpa
at multiple sites within a protein suggests that this method will also prove useful in the absence
of detailed structural information. Future efforts will focus on the incorporation of cleavable
photocrosslinking amino acids in order to further facilitate analysis of DNA-binding sites in
native nucleic acids.
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Figure 1.
(A) Chemical structure of pBpa. (B) Crystal structure of the CAP-DNA complex showing the
position of Lys26.
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Figure 2.
(A) SDS-PAGE analysis of CAP expression after His6-tag affinity purification. Lane 1, protein
marker; lane 2, WT CAP; lane 3, CAP-K26Bpa expressed in the presence of 1 mM pBpa; lane
4, CAP-K26Bpa expressed in the absence of pBpa. (B) ESI-mass spectrometric analysis of
CAP-K26Bpa after His6-tag affinity purification. Full-length protein (−Met) 25284 (calculated
25283); N-terminal acetylated protein 25327 (calculated 25325).
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Figure 3.
Gel-retardation assay of CAP-K26Bpa (A) and WT CAP (B) with 50-bp 5′-32P-end labeled
DNA fragment. Conditions: 2 nM DNA, CAP, 50 μg/mL BSA, 0.2 mM cAMP, 10 mM Mops
(pH 7.3), 200 mM NaCl, 10 μL total volume, 37 °C, 10 min.
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Figure 4.
SDS-PAGE analysis of CAP-DNA photo-crosslinking reaction. The CAP-binding sequence
is shown in red with underlines. DNA 2 has 6 mutations in the CAP-binding sequence.
Conditions: 2 nM DNA, 50 nM CAP, 50 μg/mL BSA, 0.2 mM cAMP, 35 mM NaH2PO4 (pH
8.0), 200 mM NaCl, 10 μL total volume, room temperature, 5 min
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