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ABSTRACT: In a recent study, we demonstrated that
structurally compact fluorophores incorporated into the side
chains of amino acids could be introduced into dihydrofolate
reductase from Escherichia coli (ecDHFR) with minimal
disruption of protein structure or function, even when the
site of incorporation was within a folded region of the protein.
The modified proteins could be employed for FRET
measurements, providing sensitive monitors of changes in
protein conformation. The very favorable results achieved in
that study encouraged us to prepare additional fluorescent
amino acids of potential utility for studying protein dynamics. Presently, we describe the synthesis and photophysical
characterization of four positional isomers of biphenyl-phenylalanine, all of which were found to exhibit potentially useful
fluorescent properties. All four phenylalanine derivatives were used to activate suppressor tRNA transcripts and incorporated into
multiple positions of ecDHFR. All phenylalanine derivatives were incorporated with good efficiency into position 16 of ecDHFR
and afforded modified proteins that consumed NADPH at rates up to about twice the rate measured for wild type. This
phenomenon has been noted on a number of occasions previously and shown to be due to an increase in the off-rate of
tetrahydrofolate from the enzyme, altering a step that is normally rate limiting. When introduced into sterically accessible
position 49, the four phenylalanine derivatives afforded DHFRs having catalytic function comparable to wild type. The four
phenylalanine derivatives were also introduced into position 115 of ecDHFR, which is known to be a folded region of the protein
less tolerant of structural alteration. As anticipated, significant differences were noted in the catalytic efficiencies of the derived
proteins. The ability of two of the sizable biphenyl-phenylalanine derivatives to be accommodated at position 115 with minimal
perturbation of DHFR function is attributed to rotational flexibility about the biphenyl bonds.

Förster resonance energy transfer (FRET) has greatly
facilitated the study of protein structure and function as

well as the interaction between proteins.1,2 Excitation of the
fluorescence donor results in energy transfer to an acceptor, the
latter of which can be another fluorescent molecule or a
quencher.2−6 In the case of a fluorescent acceptor, the overlap
in the emission spectrum of the donor and excitation spectrum
of the acceptor results in acceptor emission at a longer
wavelength. A widely used FRET system for the visualization of
protein is based on two different color variants of the green
fluorescent protein (GFP) in which the blue or cyan mutant of
GFP is used as the donor and the green or yellow mutant GFP
is employed as the fluorescence acceptor (emitter).1,7−9 Two
selected fluorescent proteins can be fused to the C- and N-
termini, respectively, of a single protein to study changes in its
folding7−9 or fused to two interacting partners to study protein-
complex formation.10 Although the FRET approach based on
fluorescent proteins is a powerful strategy for studying protein
interactions, the large size of the fluorophores imposes

significant constraints on the observations of relatively small
conformational changes in single proteins.
Chemical methods have also been used to introduce FRET

donor/acceptor pairs into a single protein at two desired
positions (e.g., through the coupling of cysteine residues with
maleimide derivatives).11,12 However, because chemically
accessible cysteines on a protein surface tend to be of
comparable reactivity, the fluorophore and quencher are
typically not introduced uniquely at the reactive sites. This
need not affect ensemble studies because of signal averaging;
however, the mixed population of labeled species can
complicate the interpretation of the two signals observed in
single-molecule studies.12 Additionally, because the fluoro-
phores/quenchers are often large polycyclic aromatic molecules
attached to the proteins via flexible linkers, they are capable of a
range of motion even in the absence of any protein
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conformational change. Again, this renders them poorly suited
to measure small conformational changes in proteins, such as
those involved in the catalytic cycle of many enzymes.
A biosynthetic method involving the use of misacylated

suppressor tRNAs has also been employed to incorporate
fluorescent amino acids into proteins in a site-specific
fashion.13−18 Studies of this type involving the incorporation
of donor and acceptor amino acids has enabled the measure-
ment of protein backbone cleavage19 and relatively large
changes in protein structure.20,21 Recently, we described the
preparation of modified dihydrofolate reductases (DHFRs)
containing two fluorescent amino acids with relatively compact
side chains, namely, 4-biphenyl-L-phenylalanine (A) and L-(7-
hydroxycoumarin-4-yl)ethylglycine (E)22 (Figure 1), as a
fluorescence donor and acceptor, respectively. We demon-
strated that both amino acids were well tolerated at sterically
accessible position 17 but that the DHFR containing 4-
biphenyl-L-phenylalanine at position 115 (which is within a
folded region of the protein) functioned better catalytically,
gave more efficient energy transfer, and provided more
information concerning small conformational changes in the
protein.23 This finding suggested the importance of utilizing
fluorescent amino acids capable of minimal perturbation of

protein structure to enable sensitive monitoring of small
changes in protein structure. The conformational flexibility
about the biphenyl linkages in A seemed of great interest in this
regard.
Presently, we describe the synthesis and characterization of

three novel isomeric biphenyl-L-phenylalanine derivatives (B−
D) that differ from A only in the orientation of the biphenyl
rings. These new fluorescent amino acids have somewhat
different photophysical properties in comparison with A and
were anticipated to be able to accommodate different steric
requirements in replacing proteinogenic amino acids in folded
regions of proteins. It was found that all four afforded DHFRs
having comparable catalytic properties when incorporated into
sterically accessible positions 16 and 49 but that catalytic
function was affected differently when A− D were introduced
into sterically encumbered position 115. Also assessed was the
ability of these four fluorophores to transfer energy to L-(7-
hydroxycoumarin-4-yl)ethylglycine (E) at DHFR position 17.

■ EXPERIMENTAL PROCEDURES

Synthesis of Biphenyl-L-phenylalanyl-pdCpA Deriva-
tives. The synthesis of the aminoacylated pdCpA derivative of

Figure 1. Biphenyl-phenylalanine (A−D) and L-(7-hydroxycoumarin-4-yl)ethylglycine (E) amino acids prepared and incorporated into
dihydrofolate reductase.

Scheme 1. Synthetic Route Employed for the Preparation of Biphenyl-phenylalanyl-pdCpA 6
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amino acid A has been reported previously.23 The syntheses of
the pdCpA derivatives of amino acids B−D are outlined in
Schemes 1, S1, and S2, respectively, and the experimental
procedures and compound characterizations are provided in the
Supporting Information.
Biochemical Experiments. Ligation of Suppressor

tRNACUA-COH with Biphenyl-phenylalanine Analogues and
Deprotection of N-Pentenoyl Group. The yeast suppressor
tRNAPhe

CUA was prepared as previously reported.24 Activation
of suppressor tRNACUA was carried out in 100 μL (total
volume) of 100 mM Hepes buffer, pH 7.5, containing 2.0 mM
ATP, 15 mM MgCl2, 100 μg of suppressor tRNA-COH, 2.0 A260
units of N-pentenoyl-protected aminoacyl-pdCpA (5−10 fold
molar excess), 15% DMSO, and 200 units of T4 RNA ligase.
After incubation at 37 °C for 1 h, the reaction was quenched by
the addition of 10 μL of 3 M NaOAc, pH 5.2, followed by 300
μL of ethanol. The reaction mixture was incubated at −20 °C
for 30 min and then centrifuged at 15 000g at 4 °C for 30 min.
The supernatant was carefully decanted, and the tRNA pellet
was washed with 100 μL of 70% ethanol and dissolved in 80 μL
of RNase free H2O. The efficiency of ligation was estimated by
8% denaturing PAGE (pH 5.2).25 The pentenoyl protecting
group was removed by treatment with a drop of 5 mM I2 at
room temperature for 10 min.26,27 The reaction mixture was
treated with 10 μL of 3 M NaOAc, pH 5.2, followed by 300 μL
of ethanol. After centrifugation at 15 000g at 4 °C for 30 min,
the supernatant was carefully decanted, and the tRNA pellet
was washed with 100 μL of 70% ethanol and dissolved in 35 μL
of RNase free H2O.
In Vitro Translation of DHFR Containing Biphenyl-

phenylalanine Analogues at Positions 16, 49, and 115.
The modified DHFR plasmid was obtained by site-directed
mutagenesis, as described previously, using the wild-type
DHFR plasmid as the template.28 The DNA primer for
mutagenesis at position 16 was 5′-GCGGTAGATCGCG-
TTATCGGCTAGGAAAACGCCATGCCGTGGAAC-3′, the
primer for mutagenesis at position 49 was 5′-GGCCGC-
CATACCTGGGAATAGATCGGTCGTCCGTTGCCAG-3′,
and the primer for mutagenesis at position 115 was 5′-
CGCAAAAACTGTATCTGACGCATTAGGACGCAGA-
AGTGGAAGGCGACAC-3′.
The in vitro expression mixture (300 μL total volume)

contained 30 μg of modified DHFR (TAG at position 16, 49,
or 115) plasmid DNA, 120 μL of premix (35 mM Tris-acetate,
pH 7.0, 190 mM potassium glutamate, 30 mM ammonium
acetate, 2.0 mM dithiothreitol, 11 mM maganesium acetate, 20
mM phospho(enol)pyruvate, 0.8 mg/mL of Escherichia coli
tRNA, 0.8 mM IPTG, 20 mM ATP and GTP, 5 mM CTP and
UTP, and 4 mM cAMP), 100 μM of each of the 20 amino
acids, 30 μCi of [35S]-L-methionine, 10 μg/μL rifampicin, 90 μg
of deprotected misacylated tRNACUA, and 90 μL of S-30 extract
from E. coli strain BL21(DE3). The reaction mixture was
incubated at 37 °C for 45 min. Plasmid DNA containing the
gene for wild-type DHFR was used as the positive control, and
an abbreviated tRNA (tRNA-COH) lacking any amino acid was
used as the negative control. An aliquot containing 2 μL of
reaction mixture was removed, treated with 2 μL of loading
buffer, and heated at 90 °C for 2 min. The sample was analyzed
by 15% SDS-PAGE at 100 V for 2 h.
Purification of DHFR Analogues. The analogues of DHFR

containing an N-terminal hexahistidine fusion peptide were
purified by Ni-NTA chromatography. The in vitro translation
reaction mixture (300 μL) was diluted with 900 μL of 50 mM

Tris-HCl, pH 8.0, containing 300 mM NaCl and 10 mM
imidazole and mixed gently with 100 μL of a 50% slurry of Ni-
NTA resin at 4 °C for 2 h. Then the mixture was applied to a
column and washed with 600 μL of 50 mM Tris-HCl, pH 8.0,
containing 300 mM NaCl and 20 mM imidazole. Finally, the
DHFR analogue was washed three times with 200 μL of 50
mM Tris-HCl, pH 8.0, containing 30 mM NaCl and 150 mM
imidazole. The final three Ni-NTA column eluates were
combined and applied to a 100 μL DEAE-Sepharose CL-6B
column. The column was washed with 300 μL of 50 mM Tris-
HCl, pH 8.0, containing 100 mM NaCl, 300 μL of 50 mM Tris-
HCl, pH 8.0, containing 200 mM NaCl, and then three 100 μL
portions of 50 mM Tris-HCl, pH 8.0, containing 300 mM
NaCl. Aliquots of each fraction were analyzed by 15% SDS-
PAGE.

Enzymatic Activities of DHFR Analogues. The enzymatic
activities of wild-type and modified DHFRs were measured in 1
mL of MTEN buffer (containing 50 mM MES, 25 mM Tris, 25
mM ethanolamine, 100 mM NaCl, 0.1 mM EDTA, and 10 mM
β-mercaptoethanol, pH 7.0). MTEN buffer (0.97 mL) was
mixed with 10 μL of 10 mM NADPH and 100 ng of protein.29

The mixture was incubated at 37 °C for 3 min. Then, 20 μL of
5 mM dihydrofolate in MTEN buffer, pH 7.0, was added. The
A340 value was monitored over a period of 10 min.

Inhibition of Wild-Type and Modified DHFRs by
Methotrexate and Trimethoprim. The enzymatic activities
of wild-type DHFR and modified DHFRs (biphenyl-phenyl-
alanines at position 115) were measured in 1 mL of MTEN
buffer (containing 50 mM MES, 25 mM trizma base, 25 mM
ethanolamine, 100 mM NaCl, 0.1 mM EDTA, and 10 mM 2-
mercaptoethanol, pH 7.0). MTEN buffer (0.97 mL) was mixed
with 10 μL of 10 mM NADPH, 100 ng of DHFR, and 0.5−50
nM MTX or TMP. The reaction mixture was incubated at 37
°C for 3 min. Then, 20 μL of 5 mM dihydrofolate in MTEN
buffer, pH 7.0, was added. The A340 was monitored over a
period of 10 min.

Fluorescence Spectra of DHFR Analogues. The fluores-
cence spectra of DHFR analogues were measured using a
Varian Cary Eclipse Fluorescence Spetrophotometer with the
excitation slit as 10 nm and emission slit as 10 nm. The protein
samples (0.2−1.0 μM) were excited with ultraviolet light close
to the excitation maxima, and the emission spectra were
recorded.

Quantum Yields of Fluorescent Compounds. Fluorescence
quantum yields of fluorescent compounds were determined
using the gradient method.30 The N-pentenoyl derivatives of
biphenyl-phenylalanines A−D were dissolved in acetonitrile.
Solutions of each compound were made such that the UV
absorption at the maximum wavelength were 0.02, 0.04, 0.06,
0.08, and 0.1. Two standards, 2-aminopyridine (ΦF 0.60, λ ex
295 nm) and anthracene (ΦF 0.27, λ ex 340 nm), were used to
calculate the fluorescent quantum yield of the N-pentenoyl
biphenyl-phenylalanine analogues according to the formula Φx
= Φs × (Gradx × nx

2)/(Grads × n s
2), where Grad is gradient of

the plot of integrated intensity versus absorbance, n is the
refractive index of the solvent, s is the standard of known ΦF,
and x is the tested sample.30

■ RESULTS
Synthesis of Fluorescent Aminoacyl pdCpAs Esters.

The preparation of the fluorescent amino acids (A−D, Figure
1) was based on a Suzuki coupling of two different biphenyl
boronic acids with protected 3- and 4-iodophenylalanine.31 The
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coupling product was obtained in nearly quantitative yield in
each case. These terphenylalanine analogues were activated as
cyanomethyl esters and coupled with the dinucleotide pdCpA
to afford the corresponding aminoacyl pdCpAs. The synthesis
of the aminoacylated pdCpA derivative of amino acid A has
been reported previously.23 The synthesis of biphenyl-phenyl-
alanyl-pdCpA 6, containing amino acid B, was accomplished
starting from commercially available N-Boc-3-iodophenylala-
nine (1), which was esterified using iodomethane in DMF in
the presence of K2CO3.

32,33 N-Boc-3-iodophenylalanine methyl
ester (2) was obtained in 76% yield (Scheme 1). Treatment of
compound 2 with 4-biphenylboronic acid in the presence of
Pd(PPh3)4 gave N-(tert-butoxycarbonyl)-[4-(1,1′,3′,1″)-ter-
phenyl]-L-alanine methyl ester (3) in 95% yield. Removal of
the Boc protecting group from compound 3 using TFA
followed by treatment with 4-pentenoic acid succinimide
ester26,27 in the presence of Na2CO3 afforded the N-
pentenoyl-protected amino acid 4 in 43% overall yield. The
conversion of 4 to the corresponding cyanomethyl ester 5 was
achieved following hydrolysis of the methyl ester using LiOH
by treatment with chloroacetonitrile in the presence of
triethylamine (83% yield). Treatment of cyanomethyl ester 5
with a solution of tris-(tetrabutylammonium) salt of pdCpA34

in dry DMF afforded the corresponding pdCpA ester 6 in 34%
yield.
The remaining two aminoacylated pdCpA derivatives,

incorporating amino acids C and D, were prepared starting
from N-Boc-4-iodophenylalanine and N-Boc-3-iodophenylala-
nine, respectively (Schemes S1 and S2). For amino acid C, the
fully protected 4-iodophenylalanine was treated with 3-
biphenylboronic acid in the presence of Pd(PPh3)4 to afford
the biphenyl-phenylalanine derivative in 95% yield (Scheme
S1). Replacement of the Boc-protecting group by an N-
pentenoyl group was achieved by treatment with TFA followed
by treatment of the resulting amine intermediate with 4-
pentenoic acid succinimidyl ester (71% overall yield).
Hydrolysis of the methyl ester followed by treament with
chloroacetonitrile in the presence of triethylamine gave the
cyanomethyl ester in 76% yield. Treatment of the cyanomethyl
ester with a solution of tris-(tetrabutylammonium) salt of
pdCpA in dry DMF gave the corresponding aminoacylated
pdCpA containing amino acid C in 38% yield.
The synthesis of the pdCpA derivative activated with amino

acid D was carried out analogously by treating fully protected 3-
iodophenylalanine with 3-biphenylboronic acid in the presence
of Pd(PPh3)4 to afford the biphenyl-phenylalanine derivative in
93% yield (Scheme S2). The remaining functional group

manipulations were the same as for amino acid C; each of the
intermediates and the final pdCpA derivative incorporating
amino acid D were also obtained in yields roughly comparable
to those shown in Scheme S1.

Activation of Suppressor tRNACUA and Synthesis of
Modified DHFRs. The individual N-pentenoyl-protected
aminoacylated pdCpA derivatives were ligated via the agency
of T4 RNA ligase to an in vitro RNA transcript having the
sequence of a suppressor tRNACUA lacking its 3′-terminal
cytidine and adenosine residues (tRNACUA-COH;

24 illustrated in
Scheme 1 for the suppressor tRNA transcript activated with
biphenyl-phenylalanine B). As shown in Figure S1, this afforded
full-length tRNA transcripts activated with amino acids A−D.
The N-pentenoyl protecting groups were then removed by
brief treatment with aqueous iodine,26,27 after which the
aminoacyl-tRNAs were employed in a cell-free prokaryotic
protein-synthesizing system programmed with DNA plasmids
encoding DHFR and having TAG codons at the positions
corresponding to amino acids 16, 49, or 115 in DHFR. This is
illustrated in Scheme 2 for the incorporation of biphenyl-
phenylalanine derivative C into position 115 of DHFR. Protein
translation was carried out in a coupled transcription−
translation system in the presence of a single activated
suppressor tRNA. As shown in Figure 2, each of the four
biphenyl-phenylalanyl-tRNAs afforded good suppression of the
UAG codons at positions 16 and 49 of DHFR mRNAs, with
suppression yields ranging from 31 to 54%. Each of the
modified DHFRs contained an N-terminal hexahistidine fusion
peptide,24 enabling initial purification on a Ni-NTA column,35

Scheme 2. Strategy Employed for Incorporation of Biphenyl-phenylalanine C into DHFR at Position 115

Figure 2. Autoradiogram of a 15% SDS-polyacrylamide gel (100 V, 2
h) illustrating the incorporation of biphenyl-phenylalanine derivatives
into positions 16 (upper panel) and 49 (lower panel) of DHFR. Lane
1, wild-type DHFR expression; lane 2, modified DHFR DNA in the
presence of abbreviated suppressor tRNACUA-COH; lane 3, incorpo-
ration of amino acid A; lane 4, incorporation of amino acid B; lane 5,
incorporation of amino acid C; lane 6, incorporation of amino acid D.
Phosphorimager analysis was performed using an Amersham
Biosciences Storm 820 equipped with ImageQuant version 5.2
software from Molecular Dynamics.
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illustrated in Figure S2 for the DHFR containing amino acid A
at position 16. Final purification was then accomplished on a
DEAE-Sepharose CL-6B column.
To verify the incorporation of the biphenyl-phenylalanine

derivatives into DHFR at the intended sites, the DHFR
analogue putatively containing biphenyl-phenylalanine deriva-
tive C at position 49 was prepared on a larger scale. Following
purification on a polyacrylamide gel, the modified DHFR was
subjected to in-gel digestion as described previously36 and then
analyzed by MALDI mass spectrometry. As shown in Figure
3A, the peptide fragment containing amino acids 45−57 was
present in the digest prepared from wild type at m/z 1506,
consistent with the anticipated presence of serine at position
49. In comparison, the mass spectrum of the modified DHFR
putatively containing biphenyl-phenylalanine at position 49
lacked this fragment ion but contained the expected fragment
ion at m/z 1718 (Figure 3B). All of the other observable
fragment ions in the two mass spectra were the same (Table 1).

The enzymatic activities of the individual DHFRs were
measured (Table 2). Replacement of Met16, which is in the
Met20 loop subdomain of DHFR,37 with biphenyl-phenyl-
alanines A−D afforded DHFRs that produced 1.70−1.97 times
more tetrahydrofolate than wild-type DHFR under the assay
conditions. Substitution of amino acids A−D at position 49 in
lieu of serine resulted in DHFRs that functioned 67−77% as
well as wild type. Although positions 16 and 49 are relatively
exposed in DHFR,38 position 115 is in a folded region of the
protein that is significantly more crowded. Two of the four
biphenyl-phenylalanines ( A and C) were well-tolerated at
position 115, affording DHFR analogues having 91 and 82%,
respectively, of the activity of wild type. In contrast, the DHFR
containing amino acid B at position 115 functioned only 25%
as well as wild type, and introduction of D into this position
reduced activity by a factor of 8 to 9. Thus para-substitution of
the aromatic ring of phenylalanine, which might be expected to
introduce the least steric hindrance in proximity to the protein
backbone, was the best tolerated in a crowded region of DHFR,

Figure 3.MALDI-MS of tryptic fragments of wild-type (panel A) and modified DHFR containing biphenyl-phenylalanine C at position 49 (panel B)
(*: calculated value in Da; #: cysteine was alkylated with 2-iodoacetamide; bip: biphenyl-phenylalanine derivative C).
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whereas meta-substitution was the least well tolerated, as might
have been expected. This was especially true for amino acid D,
which has two meta-substituted phenyl moieties.
The findings of differences in activities for modified DHFRs

substituted with individual biphenyl-phenylalanines prompted a
study of the effects of DHFR inhibitors on these modified
enzymes. As shown in Table 3, methotrexate (MTX) inhibited

all four modified enzymes to about the same extent as wild
type. In contrast, inhibition of the modified DHFRs by
trimethoprim (TMP) (IC50 values 8.5−35.2 nM) differed
significantly from that of wild type (IC50 2.1 nM), and the
diminution of inhibition relative to wild type appeared
unrelated to the relative activities of the modified DHFRs.
Thus, the modified DHFRs were clearly able to distinguish the
binding of MTX from that of TMP, and the orientation of the
biphenyl moiety at position 115 significantly affected enzyme
binding by TMP.

Also determined were the UV and fluorescence spectral
properties of the four biphenyl-phenylalanine derivatives,
measured in acetonitrile using the N-pentenoyl-protected
amino acids. As shown in Table 4, λmax for the amino acids

ranged from 249 to 283 nm, although, as might have been
expected, the values for A and B were quite close, as were those
for C and D. When excited at their respective λmax values, the
λem values for all four amino acids were within 5 nm, although
the quantum yields for A and B (0.73 and 0.67, respectively)
were quite close, as were those for C and D (0.12 and 0.10,
respectively).
The fluorescence spectra of the DHFRs containing the

biphenyl-phenylalanines at positions 16 and 49 are shown in
Figures 4 and S3. Roughly comparable results were obtained for
the emission spectra of the four biphenyl-phenylalanine
derivatives at positions 16 and 49, although small differences
were apparent both among individual biphenyl-phenylalanine
derivatives and between positions 16 and 49.
Also prepared were modified DHFRs containing the

fluorescent amino acid L-(7-hydroxycoumarin-4-yl)ethylglycine
(E) at position 17 and biphenyl-phenylalanines A−D at
position 115. These were prepared as described previously
for the construct containing amino acids A and E.23 As shown
in Figure 5, the modified DHFR containing amino acids A and
E exhibited the most efficient FRET. The modified DHFR
containing amino acids B and E exhibited less efficient energy
transfer in parallel with the lesser enzymatic activity of this
construct (Table 2). The remaining two modified DHFRs
exhibited minimal energy transfer, possibly reflecting the lesser
quantum yield of their common fluorophore (Table 4).

Table 1. MALDI-MS Analysis of Tryptic Digests of Wild-Type and Modified DHFRs (Biphenyl-phenylalanine C in Position
49)a

aPosition 49 is denoted in red. #Cysteine was alkylated with 2-iodoacetamide.

Table 2. Enzymatic Activities of Modified DHFRs

DHFR
position 16 (Met)

(%)
position 49 (Ser)

(%)
position 115 (Ile)

(%)

wild type
DHFR

100 100 100

A 170 ± 12a 67 ± 5 91 ± 3
B 197 ± 12 68 ± 5 25 ± 2
C 171 ± 9 77 ± 6 82 ± 3
D 192 ± 11 76 ± 6 12 ± 2
aStandard deviation is based on data from three experiments.

Table 3. Inhibition of DHFRs Modified at Position 115 by
TMP and MTX

DHFR
relative activity

(%)
trimethoprim (IC50)

(nM)
methotrexate (IC50)

(nM)

wild type
DHFR

100 2.1 ± 0.2a 1.0 ± 0.1

A 91 ± 3 26 ± 2.2 1.1 ± 0.1
B 25 ± 2 8.5 ± 0.7 1.4 ± 0.2
C 82 ± 3 10.6 ± 0.9 1.3 ± 0.2
D 12 ± 2 35.2 ± 2.9 1.2 ± 0.1
aStandard deviation is based on data from three experiments.

Table 4. Ultraviolet and Fluorescent Spectral Properties of
Four Amino Acids in Their N-Pentenoyl-Protected Formsa

amino acid λmax (nm) ε λex (nm) λem (nm) ΦF

A 283 38 250 283 344 0.73
B 280 28 800 280 342 0.67
C 251 45 800 251 340 0.12
D 249 27 200 249 339 0.10

aMeasured in acetonitrile.

Biochemistry Article

dx.doi.org/10.1021/bi401275v | Biochemistry 2013, 52, 8580−85898585



■ DISCUSSION
Conformational changes in macromolecules, including nucleic
acids and proteins, can be monitored conveniently by Förster
resonance energy transfer (FRET).39−42 A fluorophore donor,
covalently attached to a known position in the macromolecule,
is irradiated to produce an electronically excited state, from
which it may transfer its absorbed energy to an acceptor
chromophore in a nonradiative process via dipole−dipole
coupling. Typical fluorophores are molecules with multiple
aromatic rings, which are connected to the macromolecule of
interest by means of flexible tethers. This permits free rotation
of the fluorophores during the lifetime of the excited state, thus
approximating isotropic orientation and obviating issues related
to dipole orientation. The distances measured in this fashion by
FRET typically involve tens of angströms.30 Measurements of
smaller conformational changes in macromolecules using FRET
are problematic for a number of reasons, notably the ability of
the large chromophores attached to flexible tethers to traverse
significant distances even in the absence of any conformational
change in the macromolecule. Additionally, interactions
between donor and acceptor chromophores, which often have

large aromatic and hydrophobic surfaces, have the potential to
cause macromolecule refolding.20,43

Recently, we have described the use of a biphenyl-
phenylalanine FRET donor to measure smaller conformational
changes in DHFR.23 This fluorophore had been used
successfully in an earlier study as one of a number of
fluorescent nucleobases to facilitate measurements of DNA
conformation.44 We perceived that the rotational freedom
about the biphenyl bonds in this fluorophore might well permit
an amino acid having this fluorophore as a side chain to be
incorporated into a folded protein structure with minimal
perturbation of protein structure. In fact, biphenyl-phenyl-
alanine A could be incorporated into position 115 of DHFR,
known to be a folded region of the protein, without significant
perturbation of DHFR function.23 In comparison, the smaller
fluorophore L-(7-hydroxycoumarin-4-yl)ethylglycine (E), con-
taining two fused rings, significantly diminished DHFR
function when incorporated into position 115. Biphenyl-
phenylalanine A also functioned well when incorporated into
a DHFR position (17) believed to be sterically unencum-
bered.23 The success of the introduction of biphenyl-phenyl-
alanine A into DHFR prompted us to prepare three additional
isomeric biphenyl-phenylalanines (B−D) for study. These were
prepared and used to acylate the dinucleotide pdCpA using
synthetic routes (Schemes 1, S1, and S2) analogous to the one
employed for the elaboration of A. The similar fluorescence
emission characteristics of A−D (Table 4) supported the idea
that the isomeric species might find utility in modifying
proteins at individual positions in proteins having specific steric
requirements. The aminoacyl-pdCpAs were then ligated to a
tRNACUA-COH transcript with T4 RNA ligase (Scheme 2), and
the derived activated tRNAs were employed to incorporate
amino acids A− D into DHFR at each of three positions (16,
49, and 115) (illustrated for the incorporation of biphenyl-
phenylalanine C into position 115 in Scheme 2).
DHFR catalyzes the reductive conversion of 7,8-dihydrofo-

late to 5,6,7,8-tetrahydrofolate by stereospecific transfer of the
pro-R hydrogen of NADPH to the C6 atom of the pterin
nucleus, accompanied by concomitant protonation at N5.45 E.
coli DHFR is an ∼18 kDa protein with an α/β structure having
a central 8-stranded β-sheet (β-strands A−H) and four flanking
α-helices (αB, αC, αE, and αF).

37 The active-site cleft divides the
protein into two structural subdomains: an adenosine-binding
subdomain and a loop subdomain. The smaller adenosine-
binding subdomain in E. coli DHFR encompasses residues 38−
88; it contains the binding site for the NADPH adenosine
moiety. The larger loop subdomain consists of ∼100 amino
acids and has a set of three loops (Met 20 [residues 9−24]; F-G
[116−132]; G-H [142−150]) that are near the active site.
Changes in the structure and dynamics of the active-site loops
of DHFR have been associated with enzyme complexes
containing substrate, product, and cofactor present during the
catalytic cycle.46−48 There is considerable evidence suggesting
that the Met20 loop of E. coli DHFR exhibits conformational
changes on the same time scale as the processes of substrate
and cofactor binding and product release.49,50 Loop fluctuations
may well play an important role in the catalytic cycle of E. coli
DHFR and may contribute to catalysis through compression of
the active site and transition-state stabilization.51

On the basis of the X-ray crystallographic structure of DHFR
(1RX5),46 the biphenyl-phenylalanine moiety was close to the
site of substrate binding when it was incorporated into position
16 of the Met20 loop. Substitutions close to this loop and

Figure 4. Fluorescence emission spectra of DHFRs containing amino
acid B at positions 16 (black trace) and 49 (green trace). The spectra
were recorded at pH 8.0 with λex = 280 nm.

Figure 5. Fluorescence of modified DHFRs (0.2−1.0 μM) containing
L-(7-hydroxycoumarin-4-yl)ethylglycine (E) at position 17 and
biphenyl-phenylalanine A (red curve), B (green curve), C (blue
curve), or D (purple curve) at position 115. The spectra were recorded
at pH 8.0 with λex = 280 nm.
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elsewhere in DHFR have been shown previously52,53 to
accelerate the release of tetrahydrofolate following dihydrofo-
late reduction by the enzyme, thereby altering what is normally
the rate-limiting step in the catalytic cycle. This is entirely
consistent with the observation that the introduction of
biphenyl-phenylalanines A−D all resulted in nearly 2-fold
increases in product formation by the enzyme (Table 2). In
comparison, only a modest reduction in activity accompanied
introduction of the same four species into position 49. This
portion of the adenosine-binding subdomain is associated with
the binding of a structural water molecule rather than substrate
or cofactor.46

We have reported previously that replacement of Ile115 with
biphenyl-phenylalanine A had no significant effect on the rate at
which ecDHFR consumed NADPH in the presence of
dihydrofolate.23 In comparison, introduction of L-(7-hydrox-
ycoumarin-4-yl)ethylglycine (E), containing two fused rings,
into the same position resulted in a rate of NADPH
consumption about 25% that of wild type. We suggest that
the ability of the biphenyl-phenylalanine side chain to rotate
about the biphenyl bonds, and the para-connectivity of the
phenyl moieties in the side chain, permitted this amino acid to
be incorporated at position 115 with minimal disruption of the
DHFR structure. In the present study, we carried out the same
substitution using biphenyl-phenylalanines B−D. As shown in
Table 2, the introduction of biphenyl-phenylalanine C at
position 115 modestly reduced enzyme activity to 82% of wild
type. In common with A, this amino acid has the first biphenyl
ring attached at the para position of phenylalanine, but the
phenyl ring farthest from the protein is attached through the
meta position of the penultimate phenyl ring. The small
diminution in enzyme activity must be due to the orientation of
the third ring, suggesting its interaction with the folded protein
structure. The introduction of biphenyl-phenylalanine B at
position 115 reduced activity to 25% of wild type, undoubtedly
because of attachment of the first biphenyl ring to phenyl-
alanine at the meta position, with the potential for greater steric
interactions closer to the protein backbone. Logically enough,
the modified DHFR containing biphenyl-phenylalanine D
(with two phenyl moieties connected at their meta positions)
had activity 8- to 9-fold lower than wild type.
The DHFRs having biphenyl-phenylalanines at position 115

all bound the inhibitor methotrexate with IC50 values little
altered from that determined for wild type, indicating that those
structural domains in DHFR recognized by MTX were
essentially unaltered. In contrast, the IC50 values for TMP
were all quite different and uncorrelated with the relative
enzymatic activities of the individual enzymes, suggesting
strongly that the orientations of the biphenyl residues at
position 115 in these modified DHFRs must differ significantly
from one modified enzyme to another and interact differently
with TMP.
An analogous result was obtained for modified DHFRs

containing L-(7-hydroxycoumarin-4-yl)ethylglycine (E) at
position 17 and either biphenyl-phenylalanine A or B at
position 115. As reported previously,23 the construct containing
amino acid A exhibited efficient FRET when irradiated at 280
nm (Figure 5). In comparison, the construct containing amino
acid B, which has the same fluorophore as A, exhibited a much
less efficient energy transfer. The construct containing amino
acid B also exhibited lower enzymatic activity (Table 2),
consistent with the interpretation that amino acid B causes a
change in the conformation of DHFR when introduced into

position 115. It seems unlikely that the significant reduction in
FRET efficiency E noted for these two modified DHFRs was
primarily a consequence of a change in the distance between
the fluorophores. A more likely source of diminished energy
transfer is a change in the dipole orientation factor (κ2),
reflecting differences in the way in which amino acids A and B
are accommodated at position 115. In fact, in an earlier study, it
was shown by emission anisotropy that amino acid A had
restricted rotational freedom when introduced into position
115.
The foregoing results indicate that biphenyl-phenylalanines

can be incorporated into sterically unencumbered positions in
DHFR with minimal impact on the structure or function of the
enzyme. Even for a position (115) known to be within a folded
region of the enzyme, two of the four modified DHFRs
retained essentially full activity. These findings are consistent
with the potential utility of the biphenyl-phenylalanines as
fluorescent probes for proteins that do not substantially alter
protein structure. It may be noted, however, that to the extent
that the individual regioisomers must rotate their phenyl rings
away from phenyl-ring coplanarity to achieve favorable
interactions within the folded protein structure, the quantum
yield of the fluorophore may be reduced.
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