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ABSTRACT: Because of the lack of sensitivity to small
changes in distance by available FRET pairs (a constraint
imposed by the dimensions of the enzyme), a DHFR
containing two pyrene moieties was prepared to enable the
observation of excimer formation. Pyren-1-ylalanine was
introduced into DHFR positions 16 and 49 using an in
vitro expression system in the presence of pyren-1-ylalanyl-
tRNACUA. Excimer formation (λex 342 nm; λem 481 nm)
was observed in the modified DHFR, which retained its
catalytic competence and was studied under multiple and
single turnover conditions. The excimer appeared to follow
a protein conformational change after the H transfer
involving the relative position and orientation of the
pyrene moieties and is likely associated with product
dissociation.

Numerous studies have employed proteins containing
unnatural amino acids for the study of protein function

and structure.1 Of special interest are proteins having reporter
groups, particularly fluorescent groups, which can enable the
monitoring of properties such as protein dynamics and
interactions with other molecules. The site-specific introduction
of fluorophores into proteins has been accomplished by
derivatization of intrinsically reactive amino acids such as
cysteine,2 and also by the suppression of a nonsense codon
engineered within the translated region of an mRNA by a
misacylated suppressor tRNA. The latter strategy has been used
both for the direct introduction of fluorescent amino acid
analogues,3 and for the placement of functional groups having
unique reactivity, enabling subsequent post-translational
modification by chemical means.4 Proteins so modified have,
for example, been employed for Förster resonance energy
transfer (FRET) experiments to monitor changes in protein
conformation5 and connectivity.6

Another application of fluorescent reporter groups in
proteins might involve excimer formation, which has been
demonstrated between two pyrene moieties introduced into
positions 416 and 537 of Dictyostelium discoideum myosin via
derivatization of cysteine moieties.2b This phenomenon
operates optimally over shorter distances than FRET, providing
a potentially important complementary technique for studying
protein structure and dynamics. Presently, we describe the
synthesis of (S)-pyren-1-ylalanine, its attachment to the 3′-
terminus of a suppressor tRNA transcript, and its direct

introduction into positions 16 and 49 of dihydrofolate
reductase by suppression of UAG codons, affording a
catalytically competent DHFR which exhibited excimer
formation (Scheme 1). The excimer has been used to monitor
the conformational change likely associated with product
release from DHFR.

The preparation of a bis-pyren-1-yl-DHFR began with the
alteration of an expression plasmid for DHFR.7 Site-directed
mutagenesis employing mutagenic primers8 permitted TAG
sequences to be inserted at positions corresponding to 16 and
49 of the expressed DHFR. Coupled in vitro transcription and
translation9 in the presence of (S)-pyren-1-ylalanyl-tRNACUA

10

then afforded bis-pyrenyl-DHFR containing pyrenylalanine
moieties at positions 16 and 49 of the protein. Also prepared
from suitably modified expression plasmids were DHFRs
containing a pyrene moiety only at position 16, or only at
position 49. The DHFRs containing a single pyrene at position
16 or 49 were obtained in suppression yields of 22 and 39%,
respectively, while the bis-pyrenyl-DHFR (the formation of
which involved the suppression of two UAG codons) was
formed in 12% yield relative to unmodified DHFR (Figure 1).16

The crude modified proteins (Figure S1) were purified by
successive chromatographies on Ni-NTA and DEAE-Sepharose
CL-6B columns, as illustrated for bis-pyrenyl-DHFR in Figure
S2.
The fluorescence emission spectra of the three modified

DHFRs were measured, following irradiation at 310 nm. As
shown in Figure 2, the modified DHFRs containing a single
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Scheme 1. Strategy Employed for the Incorporation of
Pyren-1-ylalanine into DHFR at Positions 16 and 49
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pyrene moiety, either at position 16 or 49, gave emission
spectra having a single maximum at 389 nm. In comparison,
bis-pyrenyl-DHFR also had a second, stronger emission with a
maximum at 481 nm corresponding to excimer formation. The
concentration dependence of the emission spectra for the bis-
pyrenyl-DHFR was determined at 10 different concentrations
from 0.1 to 1.0 μM (Figure S3).
Initially, bis-(pyren-1-yl)-DHFR was used to measure the

steady-state turnover number by monitoring the conversion of
NADPH to NADP+; kcat was found to be 3.1 ± 0.4/s, which is
approximately 4-fold lower than wild-type DHFR (12 ± 2/s),
typical of modified DHFRs bearing amino acid substitutions
around these two positions.17a Further kinetic experiments
were performed under both multiple and single turnover
conditions by using a stop flow instrument.
By following the loss of NADPH absorbance at 340 nm, the

H transfer rate (kH) in the single turnover experiment was
found to be 57 ± 8/s, that is, approximately one-fourth the rate
of the wild-type enzyme.17,18 Repeating the same experiment by
exciting the excimer complex at 360 nm, and monitoring
emission through a 450 nm filter, the fluorescence traces
collected were fitted to a single-exponential equation. The fitted
rate was 63 ± 5/s (Figure 3). However, as observed in Figure
S4, because of the overlap between the stronger fluorescence
decay of NADPH versus that of the excimer, the fluorescence
signal follows predominantly the disappearance of the NADPH

signal. Consequently, the measured rate of 63 ± 5/s agreed
with the rate of hydride transfer measured above.
In multiple turnover experiments, where we anticipated

accumulation of the DHFR•NADP+•H4F complex, ∼2 μM bis-
(pyren-1-yl)-DHFR was preincubated with 100 μM NADPH in
MTEN buffer, pH 7.0, and the reaction was initiated by rapid
mixing with 200 μM dihydrofolate. The excimer complex was
excited at 370 nm and monitored through a 450 nm cutoff
filter. Noting the remarkable disparity in time scales in Figure 4
versus Figure 3, the rapid phase in the latter was not defined.
However, the exponential decay of fluorescence due to the

Figure 1. In vitro incorporation of pyren-1-ylalanine into DHFR at
positions 16 and 49. The protein synthesis reaction was analyzed by
15% SDS-PAGE at 100 V for 2 h. Phosphorimager analysis was
performed using an Amersham Biosciences Storm 820 equipped with
ImageQuant version 5.2 software from Molecular Dynamics. Lane 1,
wild-type DHFR; lane 2, suppression of an mRNA UAG codon at
DHFR position 49 with unacylated tRNACUA-COH; lane 3, suppression
of a mRNA UAG codon at DHFR position 49 with pyren-1-ylalanyl-
tRNACUA; lane 4, suppression of a mRNA UAG codon at DHFR
position 16 with pyren-1-ylalanyl-tRNACUA; lane 5, suppression of
mRNA UAG codons at DHFR positions 16 and 49 with pyren-1-
ylalanyl-tRNACUA.

Figure 2. Fluorescence emission spectra of modifed DHFRs
containing pyren-1-ylalanine at position 16 (black curve), position
49 (green curve) or positions 16 and 49 (red curve). The fluorescence
emission was monitored from 350−580 nm following irradiation at
310 nm.

Figure 3. Stopped-flow time course for the reaction of (∼8 μM) bis-
(pyren-1-yl)-DHFR with 1.25 μM NADPH and 100 μM dihydrofolate
at pH 7.0. The reaction was initiated by rapid mixing with 0.2 mM
dihydrofolate. Excitation was at 360 nm with a 450 nm cutoff filter for
emission. The data (red trace) were fitted to a single-exponential curve
(black curve).

Figure 4. Stopped-flow time course for the reaction of (∼2 μM) bis-
(pyren-1-yl)-DHFR with 100 μM NADPH and 100 μM dihydrofolate
at pH 7.0. Excitation was at 370 nm with a 450 nm cutoff filter for
emission. As the rapid phase in Figure 3 was not defined, the data (red
trace) were fitted to the function f(t) = a e−kf·t + b·t + c, where a, b, c, kf
are constants (black curve).
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NADPH oxidation subsided so that the fluorescence change
from the excimer was observed. The fluorescence traces
collected were fitted to the equation shown in Figure 4,
where kf represents the conformational change for the
conversion of EP* to EP** (see Scheme S2). EP* and EP**
designate different conformations of the above complex; the
fitted rate was 2.6 ± 0.5/s (Figure 4).
On the basis of the foregoing data, we suggest that the

attenuation of the excimer signal may be associated with a
change in the positions of the pyrene moieties accompanying a
change in the conformation of the product−enzyme complex.
Distance changes sensed by changes in excimer intensity are
subject not only to the separation of the two pyrene moieties
but also their relative orientations. The loss of excimer
absorbance revealed an increased separation of the two
moieties consistent with an opening of an active site pocket
sensed by residues at positions 16 and 49. Shown in Figure S5
is a superposition of the backbone structures of the
E:NADPH:ddTHF (5,10-dideazatetrahydrofolate; PDB 1rx6,
green) and E:NADPH:methotrexate (PDB 1rx3, blue)
complexes of Escherichia coli DHFR that represent the product
and cofactor ternary compexes and illustrate how the distance
between the two residues might change.
In summary, we have introduced two pyrene moieties into

two positions in DHFR known on the basis of X-ray
crystallographic studies to be separated by a distance that
would be predicted2b to enable the observation of excimer
formation. Excimer formation actually was observed; loss of the
signal was found to be associated with the conformation of the
enzyme−product complex, permitting the measurement of
distances involved in a conformational change. This is the first
example of the use of an excimer for that purpose. Further,
unlike FRET pairs,19 excimers report on interactions between
probes in a protein that are nearly contiguous, thus providing a
sensitive tool for measuring small distance changes. Successful
conformational analyses of polypeptides containing pyrene
moieties within structured domains makes it clear that the
conformations and dynamics of such probes contained within
proteins should be amenable to analysis.20
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