
Fluorescence Resonance Energy Transfer between Unnatural Amino Acids in
a Structurally Modified Dihydrofolate Reductase

Raymond D. Anderson, III, Jia Zhou, and Sidney M. Hecht*
Departments of Chemistry and Biology, UniVersity of Virginia, CharlottesVille, Virginia 22904

Received April 25, 2002

The use of misacylated suppressor transfer RNAs has permitted
the elaboration of proteins containing nonnatural amino acids at
single, predetermined positions.1 Most of these studies have
involved readthrough of the UAG codon. Recent experiments from
the Sisido laboratory demonstrating the use of four-base codons in
in vitro protein biosynthesizing systems2 have provided a strategy
for the introduction of multiple nonnatural amino acids into a single
protein, although the realization of this strategy is limited both by
the overall readthrough efficiency of multiple suppressor tRNAs
and by the occasional apparent misfolding of nascent proteins
containing modified amino acids.3

Presently we demonstrate (i) the synthesis of dihydrofolate
reductase having a fusion peptide at its N terminus that contains a
fluorescence acceptor and donor flanking an HIV-1 protease
cleavage site, (ii) energy transfer between the fluorescence donor
and acceptor, and (iii) stoichiometric cleavage of the peptide by
HIV-1 protease that can be monitored in real time by fluorescence
resonance energy transfer (FRET), with an increase in fluorescence
emission intensity quantitatively identical with that anticipated from
protein cleavage.

Dabcyl-diaminopropionic acid derivative1 and 7-azatryptophan
(2) were chosen for incorporation into the DHFR fusion peptide.

The choice of 7-azatryptophan as fluorescence donor reflects its
efficient incorporation into proteins in vitro,4 as well as its ability
to undergo selective excitation in water in the presence of
tryptophan.5,6 Dabcyl-1,2-diaminopropionic acid was selected be-
cause it has a broad visible absorption spectrum7 that overlaps with
the 7-azaTrp emission spectrum. In addition, dabcyl-1,2-diamino-
propionic acid is nonfluorescent, thereby facilitating the detection
of 7-azaTrp.7

The nature of the modified protein elaborated for study is
illustrated in Figure 1. The mRNA encoding the protein included

a UAG codon (to be decoded by dabcyl-diaminopropionyl-
tRNACUA) and a four-base CGGG codon2 (to be decoded by
7-azatryptophanyl-tRNACCCG).8 As shown, the derived protein
contained an HIV-1 protease cleavage site situated between the
fluorescence donor and acceptor. Also elaborated were the same
proteins containing valines in lieu of dabcyl-1,2-diaminopropionic
acid or 7-azatryptophan.

The DHFR fusion proteins were synthesized in anEscherichia
coli S-30 protein-synthesizing system containing diminished levels
of release factor 1.9 As shown in Figure 2, the presence of
deprotected dabcyl-diaminopropionyl-tRNACUA and deprotected
7-azatryptophanyl-tRNACCCG were necessary for the synthesis of
full length protein, indicating that dabcyl-1,2-diaminopropionic acid
and 7-azatryptophan must be incorporated into the DHFR fusion
protein at the sites of the UAG and CGGG codons, respectively.10

Phosphorimager quantitation of the35S-labeled protein indicated
that the yield of the fully modified DHFR fusion protein was 13%
that of the “wild-type” fusion protein.11* To whom correspondence should be addressed. E-mail: sidhecht@virginia.edu.

Figure 1. Modified E. coli DHFR fusion protein elaboration for study.
The encoding nucleotide sequence and derived amino acid sequence of the
DHFR fusion peptide are shown. FA, fluorescence acceptor; FD, fluores-
cence donor.

Figure 2. Autoradiogram of a 15% SDS-polyacrylamide gel illustrating
the in vitro synthesis of DHFR fusion proteins. Protein synthesis was carried
out in vitro in the presence of35S-methionine, mRNA for “wild-type” DHFR
fusion protein (lane 1), mRNA containing a CGGG stop codon (lanes 2
and 3), mRNA containing a UAG stop codon (lanes 4 and 5), or mRNA
containing both UAG and CGGG stop codons (lanes 6 and 7). Lane 1, no
suppressor tRNA; lane 2, 7-azatryptophanyl-tRNACCCG; lane 3, NVOC
7-azatryptophanyl-tRNACCCG; lane 4, dabcyl-diaminopropionyl-tRNACUA;
lane 5 pentenoylated dabcyl-diaminopropionyl-tRNACUA; lane 6, 7-aza-
tryptophanyl-tRNACCCG and dabcyl-diaminopropionyl-tRNACUA; lane 7,
NVOC 7-azatryptophanyl-tRNACUA and pentenoylated dabcyl-diaminopro-
pionyl-tRNACUA. The faint bands that comigrated with full length protein
in lanes 3, 5, and 7 are believed to have resulted from nonsense codon
readthrough by noncognate tRNAs.
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The DHFR fusion proteins were purified on Ni NTA-agarose,12

and the amount of protein was determined on the basis of
quantification of incorporated35S-methionine. Excitation of the
intact DHFR fusion protein containing1 and2 produced emission
somewhat greater than that produced by excitation of wild-type
DHFR or DHFR fusion protein lacking any modified amino acid
(not shown); the background fluorescence in wild-type DHFR was
due to the five tryptophan residues present. In contrast, treatment
of the purified DHFR fusion protein containing1 and2 with HIV-1
protease13 resulted in a significant increase in light production upon
subsequent irradiation14 (Figure 3). These observations indicated
efficient energy transfer between the fluorescence donor and
acceptor in the fusion peptide.15 That this increase had resulted from
cleavage at the protease cleavage site,7 and consequent physical
separation of the fluorescence donor and acceptor, was verified by
polyacrylamide gel electrophoretic analysis of the HIV-1 protease-
treated DHFR fusion proteins (Figure 1, Supporting Information).
The cleaved proteins were also shown to bind to methotrexate-
agarose and to convert dihydrofolate to tetrahyrofolate with the same
efficiency as authentic DHFR (Table 1, Supporting Information).
Further, a solution of the intact DHFR fusion protein to which a
stoichiometric amount of free 7-azatryptophan had been added
produced the same fluorescence intensity following excitation as
the HIV-1 protease-treated fusion protein.

These experiments demonstrate the elaboration of a fusion protein
containing fluorescence donor and acceptor amino acids. They
illustrate energy transfer between the incorporated probes, as well
as the feasibility of monitoring the (proteolytic) separation of the
donor and acceptor in real time by the decrease in fluorescence
energy transfer. It seems reasonable to anticipate that suitably placed
reporter groups may also be able to monitor related events such as
alteration of protein conformation or protein denaturation.
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Figure 3. Hydrolytic cleavage of DHFR fusion protein containing1 and
2 by HIV-1 protease at 23°C over a period of 20 min as monitored by
steady-state fluorescence. A typical assay contained 30 ng (1.5 nM) DHFR
fusion protein. Arrow indicates the time of addition of 50 ng of HIV-1
protease to a final concentration of 1.7 pM.
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