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Position-Specific Incorporation of Fluorescent Non-natural
Amino Acids into Maltose-Binding Protein for Detection of
Ligand Binding by FRET and Fluorescence Quenching

Issei lijima and Takahiro Hohsaka*®

Position-specific incorporation of fluorescent groups is a useful
method for analysis of the functions and structures of proteins.
We have developed a method for the incorporation of visible-
wavelength-fluorescent non-natural amino acids into proteins
in a cell-free translation system. Using this technique, we intro-
duced one or two BODIPY-linked amino acids into maltose-
binding protein (MBP) to obtain MBP derivatives showing
ligand-dependent changes in fluorescence intensity or intensi-
ty ratio. BODIPY-FL-aminophenylalanine was incorporated in
place of 15 tyrosines, as well as the N-terminal Lys1, and the C-
terminal Lys370 of MBP. Fluorescence measurements revealed
that MBP containing a BODIPY-FL moiety in place of Tyr210
showed a 13-fold increase in fluorescence upon binding of
maltose. Tryptophan-to-phenylalanine substitutions suggest

Introduction

Incorporation of fluorescent groups into proteins has been
used to analyze structures, functions, localizations, and struc-
tural changes of proteins. The incorporation is usually done by
a chemical modification, although it is not easy to introduce
fluorescent groups into proteins in a position-specific and
quantitative fashion. Thiol-specific chemical modification after
the replacement of amino acids at desired positions by cys-
teine may be used to attach fluorescent groups at specific
positions. This strategy, however, does not always result in
quantitative chemical reactions and, in addition, cysteine re-
placement may affect the structure and function of a protein.
Fusion expression with green fluorescent protein (GFP) is re-
stricted to N- or C-terminal labeling, and the large GFP mole-
cule is likely to cause steric hindrance. Several semisynthetic
approaches, such as native chemical ligation and protein trans-
splicing have been used for the position-specific introduction
of fluorescent groups.'

Alternatively, position-specific and quantitative incorporation
of small fluorescent groups has also been achieved by intro-
ducing fluorescent non-natural amino acids into proteins as a
response either to an amber codon UAG or to four-base
codons in cell-free or in vivo translation systems."™ Recently,
we have developed the green and red fluorescent non-natural
amino acids BODIPY-FL- and BODIPY-558-linked p-amino-L-phe-
nylalanine (BFLAF and B558AF; Figure 1), designed to be ac-
cepted as substrates for translational machinery."” These two
fluorescent amino acids were used for the analysis of structural
changes in calmodulin by fluorescence resonance energy
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that the increase in fluorescence was the result of a decrease
in the quenching of BODIPY-FL by tryptophan located around
the binding site. MBP containing a BODIPY-558 moiety also
showed a maltose-dependent increase in fluorescence.
BODIPY-FL was then additionally incorporated in place of Lys1
of the BODIPY-558-containing MBP as a response to the amber
codon. Fluorescence measurements with excitation of BODIPY-
FL showed a large change in fluorescence intensity ratio (0.13
to 1.25) upon binding of maltose; this change can be attribut-
ed to fluorescence resonance energy transfer (FRET) and mal-
tose-dependent quenching of BODIPY-558. These results dem-
onstrate the usefulness of the position-specific incorporation
of fluorescent amino acids in the fluorescence-based detection
of protein functions.

transfer (FRET). The use of highly fluorescent BODIPY-linked
amino acids might compensate for the low yields of non-natu-
ral amino acid-containing proteins. These low yields result
from low productivity of the cell-free translation systems, com-
petitive triplet decoding of the four-base codons, or translation
termination at the amber codon.

The fluorescence of BODIPY groups has been reported to be
influenced by microenvironmental changes around them!"
and, in particular cases, by tryptophan quenching.">" The in-
corporation of fluorescent BODIPY groups into appropriate po-
sitions in proteins should enable us to detect protein structural
changes as fluorescence intensity changes, as demonstrated
for fluorescently labeled peptides.™ Although chemical modi-
fication is not suitable for the introduction of fluorescent
groups at specific positions, the incorporation of BODIPY
amino acids in response to expanded codons overcomes this
problem and, in addition, allows easy screening of incorpora-
tion positions.

Here, we introduced one or two BODIPY-linked fluorescent
non-natural amino acids into maltose-binding protein (MBP) to
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Figure 1. A) Schematic illustration of the incorporation of BODIPY-FL-amino-
phenylalanine into MBP in response to the CGGG codon, and B) the double
incorporation of BODIPY-FL- and BODIPY558-aminophenylalanines in re-
sponse to the CGGG and UAG codons.

obtain MBP derivatives with
ligand-dependent changes in
fluorescence intensity or intensi-
ty ratio. MBP is an important
protein in maltose transport in
Escherichia coli, and its confor-
mational change on substrate
binding has been well character-
ized by X-ray crystallographic
analysis.">'® In addition, several
studies have reported fluores-
cence sensing of the substrate
binding of MBP as a result of
chemical modification or fluores-
cent protein fusion.!"”"'®

In the first step, we intro-
duced BFLAF into all 15 tyrosine
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second step, BFLAF and B558AF were incorporated at Lys1 and
at the identified position, respectively (Figure 1B), for the fluo-
rescence ratio detection of maltose by FRET and fluorescence
quenching.

Results
Position-specific incorporation of BODIPY-FL into MBP

BFLAF was incorporated into the 15 tyrosine positions in MBP,
as well as the N-terminal Lys1 position and the C-terminal
Lys370 position. Tyrosine residues, each containing a hydro-
phobic benzene ring and a hydrophilic hydroxy group, are fre-
quently located on the protein surface. The three-dimensional
structure of MBP (Figure 2A) indicates that the tyrosine resi-
dues other than Tyr70, Tyr106, and Tyr155 are located on the
protein surface. Upon introduction of BFLAF into these tyro-
sine positions, the phenyl ring of BFLAF would be expected to
occupy the hydrophobic space originally occupied by the
phenyl ring of tyrosine. Also, the BODIPY-FL at the p-position
would be located on the protein’s surface, at the position
where the hydroxyl group of tyrosine was originally located.
Therefore, it would be expected that BODIPY-FL should not
seriously affect the protein structure and function, but would
change its location on the protein surface when local structural
change occurs around the tyrosine position. The incorporation

o ) C) 210
positions in MBP, as well as its g2s g
N-terminal Lys1 and C-terminal %;E 6
Lys370 positions, as a response gg% 4
to the four-base codon CGGG in £E3 2
an E coli cellfree translation S T =
system (Figure 1A). The MBPs g

were analyzed for changes in
fluorescence on addition of mal-
tose, in order to identify the in-
corporation position correspond-
ing to the observation of a large

change in fluorescence. In the citation at 490 nm.
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Figure 2. A) Three-dimensional structure of MBP with maltose (PDB code 1ANF). Tyrosine residues, Lys1, and
Lys370 are colored gray, and maltose is colored black. B) Fluorescence image of a SDS-PAGE gel of purified MBPs
containing BFLAF at their 15 tyrosine positions and at Lys1 and Lys370, with excitation at 488 nm and emission at
520 nm. The fluorescent band at the position of the front of electrophoresis (at 20 kDa) was observed for BPB-
containing sample buffer only, and was not therefore derived from translation products. C) Fluorescence intensity
ratios of BFLAF-containing MBPs with and without maltose (4x 10" M) at maximum emission wavelength with ex-
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of BFLAF at the N or C termini would also be expected to have
little influence on the structure and function of MBP.

Incorporation of BFLAF was carried out by a four-base
codon method. The four-base codon CGGG was introduced
into each of the positions of the MBP gene, which contained a
T7 tag and a His tag at the N and C termini, respectively. A
yeast phenylalanine tRNA containing a CCCG four-base anti-
codon and aminoacylated with BFLAF was synthesized by the
chemical aminoacylation method as described previously."”
The BFLAF-containing MBPs, such as Y17BFLAF, were synthe-
sized in an E. coli cell-free translation system.

The fluorescence images of the SDS-PAGE gel for unpurified
(Figure S1 in the Supporting Information) and His tag-purified
translation products (Figure 2B) showed that fluorescent
bands were observed at the expected molecular weight
(40 kDa) for all the incorporation positions; this suggests the
successful incorporation of BFLAF. The intensities of the fluo-
rescent bands for the unpurified products were different, de-
pending on the incorporation position. Incorporation at Tyr17,
Tyr90, Tyr117, and Tyr155 was less efficient, even though suffi-
cient fluorescent MBPs for the subsequent fluorescence meas-
urements were obtained. The translation products were also
analyzed by Western blotting with use of an anti-T7 tag anti-
body. Bands with the same mobility as the wild-type MBP were
observed for all positions (Figure S1). As for the fluorescence
image, the Tyr17, Tyr90, Tyr117, and Tyr155 positions produced
very faint bands. Truncated proteins were observed for posi-
tions Tyr117-341, which correspond to the translation products
generated when CGGG is decoded as a triplet and the down-
stream stop codon on the +1 frame terminates peptide elon-
gation. The short truncated proteins for positions Lys1 to
Tyr106 should have been generated but would not have been
observed under these SDS-PAGE conditions because of their
low molecular weights.

Evaluation of the maltose-binding activities of MBP
derivatives that contain BFLAF moieties

The maltose-binding activities of the purified MBP derivatives
were evaluated by use of amylose-coated magnetic beads. If
the MBP were to maintain binding activity for maltose, it
would be immobilized on the amylose-coated beads and
would not be present in the

supernatants in the presence of maltose but not in its absence.
This result supports the idea that the BFLAF-containing MBP
derivatives did not lose their maltose-binding activities.

Fluorescence analysis of MBP derivatives upon titration with
maltose

The fluorescence spectra of BFLAF-containing MBP derivatives
were measured, and the ratios of fluorescence intensities in
the absence and in the presence of maltose (4x10*m) are
summarized in Figure 2C. The relative fluorescence intensities
of the BFLAF-containing MBP derivatives were estimated as
summarized in Table ST by correction of the fluorescence in-
tensities with the relative concentrations of the purified MBPs
as determined from the fluorescence band intensities on the
SDS-PAGE. For most positions the fluorescence intensities re-
mained unchanged upon addition of maltose, but in the cases
of Tyr210 and Tyr242, nine- and twofold increases in fluores-
cence intensity were observed at 4x10™*m of maltose. The
fluorescence spectra of Y210BFLAF upon titration with maltose
(Figure 3 A) showed a 13-fold increase in fluorescence intensity
at 1x107?m of maltose. By curve-fitting of the fluorescence in-
tensities (Figure 3B), the K, value of Y210BFLAF to maltose was
estimated to be 5.9x107°M. The maltose-binding activity of
Y210BFLAF was thus somewhat depressed relative to that of
the wild-type MBP, which has a Kj value of 1x107*m.""? The K,
value of Y242BFLAF was estimated from the increase in fluo-
rescence intensity (Figure S3) to be 1.0x107°m; this indicates
that the maltose-binding activity was not affected by the incor-
poration of BODIPY-FL at the Tyr242 position.

The increases in fluorescence intensity upon addition of mal-
tose suggest that in the absence of maltose the fluorescence
of BODIPY-FL incorporated at the Tyr210 and Tyr242 positions
is quenched by certain amino acid residues (probably trypto-
phan residues), and that this quenching is depressed by the
binding of maltose. The relative fluorescence intensities of the
BFLAF-containing MBP derivatives (Table S1) suggest that the
quenching also occurs when the BODIPY-FL is incorporated at
positions other than Tyr210 or Tyr242, but is not enhanced or
reduced upon the binding of maltose. Urea-induced denatura-
tion increased the fluorescence intensity of Y210BFLAF and
Y242BFLAF (Figure S4); this supports the idea that BODIPY-FL
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Figure 3. A) Fluorescence spectra, and B) titration curve of Y210BFLAF with excitation at 490 nm in the absence
and presence of maltose. Fluorescence intensities are relative values with respect to those in the absence of mal-

1001

www.chembiochem.org


www.chembiochem.org

BIO

at Tyr210 and Tyr242 is quenched by neighboring residues on
the native conformation.

In order to identify the amino acid residues that quench
BODIPY-FL fluorescence, tryptophan residues Trp62, Trp230,
Trp232, and Trp340, which are located near Tyr210 and Tyr242
(Figure 4A), were replaced with phenylalanine. Fluorescence
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Figure 4. A) Three-dimensional structure of MBP without maltose (PDB code
10MP) and with maltose (PDB code TANF). Tyr210, Tyr242, and tryptophan
residues located around the tyrosine residues are colored gray. B) Fluores-
cence spectra of Y210BFLAF containing the W62F, W230F, W232F, or W340F
mutations with excitation at 490 nm in the absence and in the presence of
maltose.

images of the SDS-PAGE gel and amylose bead assay showed
that BFLAF was successfully incorporated into these trypto-
phan-substituted MBPs and that the resulting MBPs retained
maltose-binding activity (Figure S5). Fluorescence measure-
ments revealed that the W340F
mutant showed no increase in

fluorescence intensity upon titra- A) Y210B558AF
tion with maltose, whereas B
W62F, W230F, and W232F mu- 2
tants showed significant increas- g
es (Figure 4B). For Y242BFLAF, ; 101
only the W232F mutant showed 5
no increase in fluorescence in- 5 51
tensity (Figure S6). These results ‘_‘:,5
(T

indicate that BODIPY-FL at o4
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Fluorescence analysis of MBP derivatives that contain
BODIPY-558 moieties

We have previously shown that both B558AF and BFLAF can
be incorporated into proteins."” To examine the possibility of
fluorescence changes for another BODIPY fluorophore, B558AF
was incorporated into Tyr210 and Tyr242 of MBP. Fluorescence
images of the SDS-PAGE gel and amylose bead assays showed
that B558AF had been successfully incorporated and that the
resulting MBPs retained their maltose-binding activity (Fig-
ure S7). Fluorescence measurements on titration with maltose
indicated that the fluorescence of B558AF increased 11- and
1.8-fold for Y210B558AF and Y242B558AF, respectively (Fig-
ures 5 and S8), as in the case of BFLAF. From fitting of the fluo-
rescence intensity changes, the K, values of Y210B558AF and
Y242B558AF for maltose were estimated to be 4.0x10~* and
5.2x107%m, respectively, which were comparable to those of
Y210BFLAF and Y242BFLAF.

Fluorescence quenching and FRET analysis of MBP
derivatives that contain two fluorescent amino acids

Maltose binding can be detected in the form of increases in
the fluorescence intensities of MBP derivatives that contain
BODIPY moieties at the Tyr210 or Tyr242 positions. However,
quantitative detection of maltose is not achieved unless a
dose-response curve is obtained at the defined concentration
of the MBP. On the other hand, we have reported that two
BODIPY-linked amino acids can be incorporated into two differ-
ent positions of calmodulin by use of two four-base codons."”
The resulting doubly labeled calmodulin showed that the FRET
change depended on the conformational change upon the
binding of calmodulin-binding peptide. The change in fluores-
cence intensity ratio determined from the FRET change allowed
quantitative detection of the calmodulin-binding peptide.

In this study, quantitative detection of maltose binding with-
out determination of the concentration of MBP was investigat-
ed by introducing BFLAF in place of Lys1 and B558AF in place
of Tyr210. The C“~C“ distance from Lys1 to Tyr210 is 43 A, from
the crystallographic data (PDB, 10MP)."” Because this value is
smaller than the Forster distance for BODIPY-FL and BODIPY-
558 (calculated to be 59.6 A on the assumption that the orien-
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Figure 5. A) Fluorescence spectra, and B) titration curve of Y210B558AF with excitation at 545 nm in the absence
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tation factor (x?) is 2/3) FRET would be expected to occur be-
tween BFLAF at Lys1 and B558AF at Tyr210. In the absence of
maltose, however, BODIPY-558 at Tyr210 should be quenched
after accepting the excitation energy from BODIPY-FL by FRET,
and fluorescence of BODIPY-FL should therefore be predomi-
nantly observed, as illustrated in Figure 6 A. On the other hand,
in the presence of maltose, fluorescence quenching should be
depressed and fluorescence of both BODIPY-FL and BODIPY-
558 should be observed. Measurement of the fluorescence
intensity ratio of BODIPY-FL and BODIPY-558 should allow
quantitative detection of maltose.

To incorporate the second fluorescent amino acid, the
amber codon TAG was additionally introduced into Lys1 of the
MBP gene that contained the CGGG codon at Tyr210. The
amber codon was decoded by a highly efficient amber sup-
pressor tRNA derived from Mycoplasma capricolum Trp,
tRNA,?” which was aminoacylated with BFLAF. Fluorescence
imaging of the SDS-PAGE gel indicated that MBP derivative
containing two fluorescent amino acids and showing fluores-
cence of both BODIPY-FL and BODIPY-558 was successfully syn-
thesized (Figure S9). The maltose-binding activity of the puri-
fied MBP was confirmed by amylose bead assay.

Fluorescence spectra showed that the fluorescence of
BODIPY-558 greatly increased and the fluorescence of BODIPY-
FL significantly decreased upon titration of maltose with exci-
tation at 490 nm (Figure 6B). The decrease in BODIPY-FL fluo-
rescence is not consistent with the result for K1BFLAF and
might be the result of the increase in FRET efficiency, because

FULL PAPERS

the C*-C“ distance between Lys1 and Tyr210 decreases from
43 A to 35 A upon binding of maltose (from crystallographic
data; PDB ID: TOMP and 1ANF). While the FRET change might
increase the fluorescence intensity of BODIPY-558 to some
extent, most of the increase should result from the decrease in
tryptophan quenching. The fluorescence intensity ratio at
511 nm and 572 nm increased from 0.13 to 1.25 depending on
the maltose concentration (Figure 6C). By fitting of the ratio
curve, the K, value for maltose was estimated to be 5.1x
10~*™m, which was nearly the same as that of Y210B558AF.

In the case of KIBFLAF-Y242B558AF, the fluorescence of
BODIPY558 slightly increased, while that of BODIPY-FL re-
mained nearly constant (Figure S10). The fluorescence intensity
ratio curve indicated that the K; value was 6.3x 107%™, which
was also nearly the same as that of Y242B558AF.

The change in the fluorescence intensity ratio for K1BFLAF-
Y210B558AF was visualized on a microplate at maltose concen-
trations from 1x107° to 1x1072m. The fluorescence change
from green to yellow with excitation at 488 nm that would in-
dicate that MBP containing two fluorescent amino acids has
potential for quantitative imaging of maltose binding, was suc-
cessfully observed (Figure 6D).

Discussion

The fluorescence images of the SDS-PAGE gel indicate success-
ful incorporation of BFLAF at the Lys1, Lys370, and all 15 tyro-
sine positions in MBP. Quantification of the fluorescent bands,
however, indicated that the in-
corporation efficiency of BFLAF
depended on its incorporation
position. On the other hand, p-
aminophenylalanine, without a
fluorophore, has been efficiently
incorporated at all positions in
MBP2" These results suggest
that the incorporation of non-
natural amino acids with rather
bulky side chains, such as
BODIPY-FL, is affected by se-
quence context, although those
possessing side chains similar to
those of the natural amino acids
can be efficiently incorporated at
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Figure 6. A) lllustration of FRET and maltose-dependent fluorescence quenching for K1BFLAF-Y210B558AF. B) Fluo-
rescence spectra of K1BFLAF-Y210B558AF with excitation at 490 nm in the absence and in the presence of mal-
tose. C) Titration curve of fluorescence intensity ratio at 511 nm and 572 nm. D) Fluorescence ratio imaging of
K1BFLAF-Y210B558AF on a microplate in the presence of maltose with excitation at 488 nm and emission at

520 nm (green) and 605 nm (red).

ChemBioChem 2009, 10, 999 - 1006

107 10 10% 10+ 10 102

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

any positions. Sequence context
such as secondary structure of
MRNA may enhance the triplet
decoding of the four-base codon
and reduce the incorporation of
non-natural amino acids that are
less efficiently accepted as sub-
strates in ribosome.

The amylose bead assay
showed that all BFLAF-contain-
ing MBP derivatives maintained
maltose-binding  activity. This
suggests that BFLAF does not

Maltose / m
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have a critical influence on the binding activity of MBP; this is
possibly because BFLAF is not too bulky to be a steric hin-
drance. According to the three-dimensional structure, the
p-hydroxy groups of Tyr70, Tyr106, and Tyr155 are buried (Fig-
ure 2A). The fact that BFLAF incorporation at these positions
did not abolish the binding activity suggests that MBP can
flexibly change its structure to reduce the steric hindrance of
BODIPY-FL.

Fluorescence measurements with the BFLAF-containing MBP
derivatives revealed that BFLAF fluorescence increased mark-
edly upon binding of maltose when incorporated in place of
Tyr210 or Tyr242. The fluorescence change upon urea-induced
denaturation supports the idea that BODIPY-FL at these tyro-
sine residues is quenched by neighboring residues in the
native conformation. The midpoints of denaturation transition
were 2.65 and 2.61m for Y210BFLAF and Y242BFLAF, respec-
tively. Comparison with the value for wild-type MBP (3.5 M)
suggests that the incorporation of BFLAF may partially destabi-
lize the conformation of MBP.

We speculated that fluorescence quenching is caused by
tryptophan residues located around the Tyr210 or Tyr242 resi-
dues. The three-dimensional structure of maltose-free MBP
(Figure 4 A) shows that Tyr210 is located in proximity to Trp62,
Trp230, Trp232, and Trp340, which form the maltose-binding
cavity. In the maltose-bound form, on the other hand, these
tryptophan residues change their locations to make contacts
with maltose."® Similarly, Tyr242 is located in proximity to
Trp230 and Trp232 in the maltose-free form. The fluorescence
measurements for the tryptophan-substituted mutants indicate
that BODIPY-FL at Y210 and at Y242 is predominantly
quenched by Trp340 and Trp232, respectively. The intense
quenching and the large K; value for Y210BFLAF suggest that
BODIPY-FL at Tyr210 may strongly interact with Trp340 and
prevent the interaction between Trp340 and maltose. On the
other hand, the K, value for Y242BFLAF is nearly the same as
that of wild-type MBP and fluorescence quenching is less effi-
cient; this suggests that BODIPY-FL at Tyr242 may interact
weakly with Trp232.

Although the intensity change on substrate binding pro-
duced by the single fluorophore was successfully observed,
the incorporation of a second fluorophore is effective for the
quantitative detection of the substrate. Some saccharide-bind-
ing proteins that show substrate-dependent fluorescence ratio
changes have been synthesized by a chemical modification
technique.”?¥ In the present study, BFLAF and B558AF were
incorporated in place of Lys1 and either Tyr210 or Tyr242,
respectively, to enable the detection of maltose binding by
monitoring of the fluorescence intensity ratio of the two
fluorophores. The fluorescence of BODIPY558 with excitation
at 490 nm means that FRET from BODIPY-FL to BODIPY558
occurs. The increase in the fluorescence intensity of
BODIPY558 on addition of maltose can be explained as a result
of the decrease in tryptophan quenching that is observed in
Y210B558AF. The fluorescence intensity of BODIPY-FL signifi-
cantly decreased on addition of maltose, indicating the in-
crease in FRET efficiency. The decrease in tryptophan quench-
ing and the increase in FRET efficiency contribute to the
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marked change in the fluorescence intensity ratio, and this
enables sensitive detection of maltose.

The incorporation of two bulky fluorophores may decrease
protein function, but incorporation of a second fluorescent
amino acid at the N terminus is an effective way of preventing
such loss of protein function. The ratio curves for Y210B558AF
and K1BFLAF-Y210B558AF were nearly identical; this suggests
that maltose-binding activity is not seriously affected by the
incorporation of BFLAF at N-terminal Lys1.

The fluorescence ratio image of K1BFLAF-Y210B558AF in the
presence of various concentrations of maltose on a microplate
suggests the possibility of quantitative imaging of maltose
binding. It has been reported that MBP fused with cyan and
yellow fluorescent proteins (CFP and YFP, respectively) shows
potential for quantitative detection of maltose through mea-
surement of the fluorescence intensity ratio.”” However, the
ratio change is much smaller than that seen with K1BFLAF-
Y210B558AF, possibly because CFP and YFP at the N and C ter-
mini are inappropriate for the FRET change. The unlimited pos-
sibilities for incorporation position, in addition to the much
smaller size of the fluorophores, are an advantage of this
method over the fluorescent protein fusion method. Transfec-
tion of fluorescent amino acid-containing proteins into living
cells should enable the fluorescence ratio imaging of various
ligands.

This strategy would be expected to allow analysis of various
proteins through the introduction of the BODIPY fluorescent
amino acid in the vicinity of tryptophan. Additional incorpora-
tion of another fluorescent amino acid provides a useful and
general method for quantitative detection and imaging of
ligand—-protein interactions through FRET and ligand-depen-
dent fluorescence quenching. This study demonstrates that
the position-specific incorporation of a fluorescent amino acid
is a useful strategy by which to determine appropriate incor-
poration positions for ligand-dependent fluorescence quench-

ing.

Experimental Section

Materials: pMAL-2X vector was purchased from New England Bio-
labs (Ipswich, MA, USA). E. coli S30 extract for the linear template,
alkaline phosphatase-labeled anti-mouse IgG, and MagneHis Ni-
particles were from Promega (Madison, WI, USA). Anti-T7 tag anti-
body and anti-His tag antibody were from Novagen (La Jolla, CA,
USA). The MicroSpin G25 column was from GE Healthcare Bio-Sci-
ence (Piscataway, NJ, USA). The MagExtractor-MBP (amylose-coated
magnetic bead kit was from Toyobo (Osaka, Japan). T4 RNA ligase
was from Takara Bio (Otsu, Japan). BODIPY-FL and BODIPY558 suc-
cinimide esters were from Invitrogen (Carlsbad, CA, USA). Maltose
monohydrate was from Nacalai Tesque (Kyoto, Japan). Urea ultra-
pure grade was from MP Biomedicals (Solon, OH, USA).

Preparation of MBP mRNAs: An MBP gene was obtained from the
PMAL-p2X vector and the coding region was cloned into the EcoRlI
and Hindlll sites of the pGSH vector™ to attach the T7 and hexahis-
tidine tags at the N and C termini, respectively. The EcoRI sequence
was then deleted to eliminate the addition of amino acid residues
between the T7 tag and MBP.
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The four-base codon CGGG was introduced into the 15 tyrosine
positions (17, 70, 90, 99, 106, 117, 155, 167, 171, 176, 210, 242, 283,
307, and 341), the N-terminal Lys1 position, and the C-terminal
Lys370 position of the MBP gene, as described previously.?" To in-
corporate the second fluorescent amino acid, an amber codon
(TAG) was additionally introduced into the Lys1 position of the
CGGG-containing MBP genes. For substitution of tryptophan resi-
dues with phenylalanine, TGG codons for W62, W230, W232, and
W340 were each replaced by TTC.

The encoding region of the MBP genes was amplified by PCR with
use of the T7up primer (CCC GCG CGT TGG CCG ATT CA) and the
T7term primer (TAT TAC GCC AGG TTA TCC GG), and the resulting
DNA was transcribed with T7 RNA polymerase as described previ-
ously.™

Preparation of aminoacyl tRNAs: A yeast phenylalanine tRNA,
which contained the four-base anticodon CCCG and lacked two
nucleotides at its 3'-end, was prepared by PCR and T7 transcription
as described previously with a 3’ primer [G(2'-O-Me)-U(2"-O-Me)-
GCG AAT TCT GTG GAT CGA] containing two 2'-O-methylated ribo-
nucleotides at the 5 end.” An amber suppressor tRNA derived
from Mycoplasma capricolum Trp, tRNA2” was prepared in a similar
manner.

Ligation of the truncated tRNA and pdCpA aminoacylated with
BFLAF"” was carried out in a reaction mixture (50 ul) containing
truncated tRNA (0.85 nmol), BFLAF-pdCpA (11 nmol), HEPES-Na
(55 mm, pH 7.5), ATP (1 mm), MgCl, (15 mm), DTT (3.3 mm), BSA
(20 ugmL™), and T4 RNA ligase (90 units). After incubation at 4°C
for 2 h, potassium acetate (pH 4.5) was added to the reaction mix-
ture to obtain a final concentration of 0.3 M. BFLAF-tRNA was iso-
lated by extraction with phenol/chloroform (1:1, v/v) and chloro-
form, and then by ethanol precipitation. The precipitate was dis-
solved in prechilled potassium acetate (1 mm, pH 4.5) just before
addition to a cell-free translation system. Typical yield of the ami-
noacylated tRNA was 0.27 nmol per 50 uL of ligation reaction.
B558AF-tRNA containing the four-base anticodon CCCG and
BFLAF-tRNA,, containing the CUA anticodon were synthesized in
a similar manner.

Cell-free translation and purification of MBP derivatives contain-
ing fluorescent amino acids: Cell-free translation was carried out
in a reaction mixture (50 ulL) containing HEPES/KOH (55 mm,
pH7.5), GluK (210 mm), CH,COONH, (6.9 mm), (CH,COO),Mg
(12 mm), DTT (1.7 mm), ATP (1.2 mm), GTP (0.28 mm), phosphoenol-
pyruvate (26 mm), spermidine (1 mm), PEG-8000 (1.9 %), folinic acid
(35 ugmL™"), the 19 standard proteinogenic amino acids other
than arginine (0.1 mm of each), arginine (0.01 mm), mRNA (40 pg),
aminoacylated tRNA (0.27 nmol), and E. coli S30 extract (10 pL). The
reaction mixture was incubated at 37 °C for 1 h. To obtain the MBP
derivatives containing two fluorescent amino acids, B558AF-tRNA
and BFLAF-tRNAy, were added to the cell-free translation system
together with an MBP mRNA containing UAG at Lys1 and CGGG at
Tyr210 or Tyr242.

After the translation reaction, the reaction mixture (0.25 uL for
MBP derivatives with one fluorescent amino acid, or 0.5 uL for MBP
derivatives with two fluorescent amino acids) was separated by
SDS-PAGE (10%) and the gel was analyzed with a fluorescence
scanner (FMBIO-III; Hitachi Software Engineering). The gel was fur-
ther analyzed by Western blotting with an anti-T7 antibody
(1:10000) and an alkaline phosphate-labeled anti-mouse IgG anti-
body (1:5000).
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The synthesized MBP was purified on Ni-NTA coated magnetic
beads. The translation reaction mixture (50 uL) was diluted in HKM
buffer [HEPES/KOH (25 mm, pH 7.4), KCl (100 mm), MgCl, (5 mm)]
to a final volume of 200 uL, and mixed with MagneHis Ni-particles
(20 pL). After shaking at room temperature for 30 min, the beads
were washed once with HKM buffer, once with HKM buffer con-
taining urea (8 m), and thrice with HKM buffer. The MBP was eluted
with HKM buffer (50 plL) containing imidazole (500 mm) and PEG-
8000 (0.1 %), and the eluate was desalted by passage through a Mi-
croSpin G25 column equilibrated with HKM buffer containing Brij-
35 (0.05 %) and PEG-8000 (0.1%). The purity of the fluorescent MBP
was confirmed by applying the purified solution (1 uL) to SDS-
PAGE (109%).

Evaluation of maltose-binding activity by use of amylose-coated
beads: The purified MBP derivative (2 uL) was diluted with HKM
buffer or a maltose-containing buffer supplied with a kit to a final
volume of 20 pL. Amylose-coated beads (2 uL) were added to this
solution, and the resulting mixture was shaken at room tempera-
ture for 2 min. The supernatant was subjected to SDS-PAGE (10 %)
and analyzed with a fluorescence scanner. The binding activity of
the MBP derivative was confirmed by the finding that the MBP
derivative was present in the supernatant only when maltose-con-
taining buffer was used as a dilution buffer.

Fluorescence measurements of MBP derivatives: The purified
MBP derivative (10 pL) was diluted with HKM buffer containing
Brij-35 (0.005%) and PEG-8000 (0.1%) to a final volume of 200 pL
in a 5x5mm quartz cell. Fluorescence spectra were measured
from 505 to 650 nm with excitation at 490 nm for BODIPY-FL-
containing MBP derivatives on a Fluorolog-3 instrument (Horiba
Jobin-Yvon) at 25°C. Excitation and emission slit widths were set
to 5.0 nm. For MBP derivatives containing BODIPY558 units, fluo-
rescence spectra were measured from 560 nm to 650 nm with exci-
tation at 545 nm. For MBP derivatives containing BFLAF and
B558AF, fluorescence spectra were measured from 505 nm to
650 nm with excitation at 490 nm, and the fluorescence intensity
ratio was calculated as 1,/I,, where I, and [, are the fluorescence
intensities at 572 nm and 511 nm, respectively. The dissociation
constant (Ky) values were calculated by curve fitting of the fluores-
cence intensities at maximum emission wavelength or the fluores-
cence intensity ratios (/,/Ip) with use of a sigmoidal dose-response
model based on Graphpad Prism (Graphpad, San Diego, CA, USA).

For urea-induced denaturation, urea was added to a purified MBP
derivative to produce a final concentration of 0-8Mm, and the
resulting solution was incubated at 30°C for 30 min prior to the
fluorescence spectrum measurements.

For fluorescence ratio imaging of the maltose-binding activity of
the MBP derivative, the purified MBP derivative containing BFLAF
and B558AF (20 uL) was diluted with HKM buffer containing Brij-35
(0.005%), PEG-8000 (0.1%), and maltose to a final volume of
200 pL in a 96-well microplate. The plate was visualized with a
fluorescence scanner with excitation at 488 nm and emission at
520 nm and 605 nm.
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