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Abstract: Herein, we report a method for studying protein—peptide interactions which exploits the
luminescence properties of Th(lll). Lanthanide-binding tags (LBTSs) are short peptide sequences comprising
15—20 naturally occurring amino acids that bind Th(lll) with high affinity. These genetically encodable
luminescent tags are smaller in size than the Aequorea victoria fluorescent proteins (AFPs) and benefit
from the long-lived luminescence lifetime of lanthanides. In this study, luminescence resonance energy
transfer (LRET) was used to monitor the interaction between SH2 domains and different phosphopeptides.
For the study, the SH2 domains of Src and Crk kinase were each coexpressed with an LBT, and
phosphorylated and nonphosphorylated peptides were chemically synthesized with organic fluorophores.
The LRET between the protein-bound Th(lll) and the peptide-based organic fluorophore was shown to be
specific for the recognition of the SH2 domain and the peptide binding partner. This method can detect
differences in binding affinity and can be used to measure the dissociation constant for the protein—peptide
interaction. In addition, decay experiments can be used to calculate the distance between a site in the
bound peptide and the protein using Forster theory. In all of these experiments, the millisecond luminescence
lifetime of Tb(lll) can be exploited using time-resolved detection to eliminate background fluorescence from
organic fluorophores.
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It is widely accepted that proteirprotein interactions are a saccharide biosensbrand detection of flexibility in Tro-
central to the orchestration of biological complexit¢omple- pomyosini® In all these examples, the lanthanide ion is

mentary chemical and biological approaches to detect and studycorporated into the protein either by using an intrinsic metal
protein—protein association will provide a deeper understanding jon-pinding loop or by chemically modifying a nucleophilic
of the nature, regulation, and function of these interactions, amino acid in the protein with an electrophilic derivative of a
which is central to human healtff.Fluorescence spectroscopy  chelate. While excellent results were obtained from these
has become a powerful tool for monitoring biological events experiments, they are limited to studies of proteins with intrinsic
and elucidating the structure and function of biomolectiiEse metal-ion-binding sites or require chemical modification pro-
sensitivity and time-resolved nature of fluorescence, in addition cedures that can be unreliable and often nonspecific. A general
to the ready availability of necessary equipment, has made method for tagging proteins with lanthanide ions will facilitate
fluorescence spectroscopy a popular choice for studying biologi- their use as luminescent probes and further applications of
cal processes. Recently, lanthanides have found wide succesganthanide-ion-based technologies.
as luminescent probé$. Due to their long (millisecond) Pioneering work by Szabo and co-workers demonstrated that
luminescence lifetimes, sharp emission spectra with large Stokescalcium-binding loops with an appropriately placed tryptophan
shifts (>200 nm), and unpolarized luminescence, lanthanide ions residue serve as luminescent Th(lll) probes when tagged onto
demonstrate features not common in the typical organic fluo- a protein of interest:*2The indole ring of the tryptophan serves
rophores. as a sensitizer, to overcome the inherently low absorbance of
Recent advances in using lanthanides as biological probesthe Th(lll). The ease with which these short sequences can be
have included detection of conformational changes in Cyto- incorporated into proteins by standard molecular biology
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techniques would make them ideal lanthanide-binding tags;
however, they suffer from poor Tb(lll) affinity. Recently, we
reported a combinatorial screen to discover peptides with a high
affinity for Tb(lll) using a luminescence-based selection
strategy31® This strategy led to the identification of a
lanthanide-binding tag (LBT) of only 20 amino acid residues
with a low nanomolar dissociation constant for Th(lll). The
small size of the LBTs, compared to the significantly larger
Aequoreavictoria fluorescent proteins (AFPs), and the long-
lived luminescence lifetime make the LBTs an appealing
complement to existing encoded fluorescent protein tags for in
vitro studiest®

The emergence of luminescent tags for biomolecules has
fueled the effort to expand the power of spectroscopic methods,
such as resonance energy transfer (RET§The most common

of these experiments is fluorescence resonance energy transfer

(FRET), in which an excited donor fluorophore transfers energy
to an acceptor fluorophore. Since lanthanide emission is
technically not fluorescence (as it does not result from a singlet-
to-singlet transition), the related process is called luminescence

a) LRET

) ((GST | SH2 domain }—{ LBT ]

U U T

fusion protein for  protein of  Juminescent tag
purification interest

LBT = FIDTNNDGWIEGDELLLEEG
K, | Th(IIl)] = 19 nM

resonance energy transfer (LRET). RET can be monitored by Figure 1. (a) Graphic of Src-LBT with a bound phosphopeptide (generated

studying the emission of the acceptor and is a function of the from the crystal structure using PyMOL, PDB accession code 1SPS). LRET
is used to detect the interaction and measure the distance between the Th-

proximity of the two fluorophor(?s. For this reason, LRET can 1y and an organic fluorophore on the phosphopeptide (PP). (b) Protein
be used to measure inter- and intramolecular distances as welkonstruct with N-terminal GST and C-terminal LBT.

as to detect two interacting moieties. In LRET, the millisecond

luminescence lifetime of the lanthanide ion can be exploited sequence$>?’ Herein we describe studies on this important
by collecting the emission after a short time delay (&S0after biological association which demonstrate the applicability of
excitation)!920 This time delay eliminates any background LBTs as luminescent probes for monitoring protepeptide
luminescence from direct excitation of the acceptor, which is a interactions as well as for measuring the distance between
common complication in FRET measurements. specific sites on the SH2 domain and an interacting phospho-

In this study, the versatility of the LBT is demonstrated by peptide (Figure 1a).
using LRET to monitor the interactions between Src homology Results and Discussion
2 (SH2) domains and phosphopeptides. SH2 domains are small

p:‘oteln dgm;uns of appfrlomtr)‘rjaé(.aly 100 amlgo ac:]js thatl a:jre SH2 gene via polymerase chain reaction using a primer encoding
characterize ' Dy Specilic_binding to peptll es t &Tt_ INCIUCE the | BT gene. The DNA was inserted into a pGEX plasmid
phosphotyrosine residues. This phosphorylation-specific interac- zmersham Biosciences) to generate a glutathione S-transferase
tionls |nvol_vgd in numerous signal tra_nsducnop pgthw’-éy%‘! ) (GST) fusion protein, which affords high expression levels and
The association of these small protein domains is determinedsaijitates purification (see Supporting Information for details).
primarily by the phosphotyrosine residue, but the adjacent |t has previously been demonstrated that an N-terminal GST
residues are essential for selectivity, which has been demon-fysjon protein does not interfere with SH2-binding interactins.
strated by screens of peptide libraffeand visualized in the  The protein was overexpressedBscherichia colito provide
bound and unbound forms of the SH2 domain crystal struéture. the SH2 domain with an N-terminal GST and a C-terminal LBT
Additional studies have been performed to show that specific (see Figure 1b). This procedure was followed for the SH2
binding to the SH2 domain can be achieved with small peptide domains of both Src and Crk kinases to test for phosphopeptide-
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binding specificity. The LBT chosen for this study comprises
20 amino acid residues and is the tightest non-disulfide-
containing LBT for Tb(lll) reported to dat®¥ with a 19 nM
binding constant in the free peptide foffh.The peptide
sequence, BTNNDGWIEGDELLLEEG, includes six coor-
dinating residues (shown in bold) and the tryptophan residue,
which is crucial for Th(lll) sensitization and also provides a
backbone carbonyl oxygen as a ligadPrevious spectroscopic
and crystallographic studies in the group have demonstrated that
the inner coordination sphere of Th(lll) is free from bound water
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a) Table 1. Peptide Sequences That Bind Src and Crk SH2
14 Domains?
peptide peptide sequence

o
@
)

Src-PP Glu-Pro-GInpTyr-Glu-Glu-lle -Pro-lle-Tyr-Leu-CONH
Src-CP Glu-Pro-GIn-Tyr-Glu-Glu-lle-Pro-lle-Tyr-Leu-CONH

normalized absorbance or
luminescence

0.6 Crk-PP GIn-pTyr-Asp-His-Pro-Asn-lle-CONH,
Crk-CP GIn-Tyr-Asp-His-Pro-Asn-lle-CONH
0.4
a8 Residues implicated in binding are shown in bold.
0.2
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Figure 2. (a) Spectral overlap of LBT emission-§ and the absorbance wavelength (nm)
of BODIPY_FL (O) and BODIPY_TMR ®). (b) Chemical structures of  r 0 3 Emission spectrum of BODIPY_FL-Src-PP collected via
BODIPY_FL and BODIPY_TMR. excitation at 280 nm; no dela®j and 50us delay after flashc).

domains were selected for our studi&d-PP and Crk-PP,

see Table 15° All peptides were synthesized by solid-phase
peptide synthesis (SPPS) followed by chemical labeling with
the appropriate BODIPY derivative, using succinimidyl esters
to react with the N-terminal amines (see Supporting Information
for details). A 6-aminohexanoic acid linker was incorporated
between the peptide and BODIPY to ensure that the fluorophore
did not interfere with the peptideprotein interactions. Also,
%o test that the interaction was phosphorylation-dependent,
control peptides@P), in which the phosphotyrosine is substi-
tuted for tyrosine $rc-CP and Crk-CP), were also generated
(see Table 1).

molecules?® which is especially important for luminescence
experiments, since the-€H vibration can quench the Tb(lll)
luminescencé?

Before commencing with LRET experiments, it was important
to confirm that appending the LBT to the protein would not
negatively impact its affinity for Tb(lll). Both GST-Src-LBT
and GST-Crk-LBT were directly titrated with Th(lll), and the
sensitized luminescence intensity was monitored at 544 nm (se
Materials and Methods section for details). Both constructs
showed excellent Th(lll) affinity, with a 25 nM binding constant
for GST-Src-LBT ad a 5 nMbinding constant for GST-Crk-
LBT. Thus, at low micromolar concentrations, only 1 equiv of

Tb(Ill) is necessary to ensure complete lanthanide loading. This LRET Studies. Al experlments were conductgd in a Fluo-
removes the need for excess lanthanide that may perturb theromax-S spectrometer equipped with a phosphorimeter to enable

biological system through nonspecific binding pulsed excitation followed by a delay after flash, thus eliminating
Next, an appropriate acceptor was chos;an to label the background fluorescence from direct excitation of the acceptor

phosphopeptides. While many organic fluorophores have SpeC_quorophore. The gated experiment is possible due to the
tral overlap with one of the three Th(lll) emission bands at 490, millisecond luminescence lifetimes of lanthanides and highlights

. . one of the benefits of LRET over typical fluorescence experi-
545, and 590 nm (see Figure 2), the 4,4-difluoro-4-bora-3a,4a- o .
diazas-indacenes (BODIPYs) have emerged as a powerful ments such as FRET. To demonstrate the utility of this approach,

f hore family. BODIPY 2l ilable with a solution of BODIPY_FL-Src-PP was excited at 280 nm (the

alrﬁ;%p grreth?(;?r)e/.active funscfilcr)igf r;:gj:;'io{ all;f)“eﬁnge \tl)v(l)th excitation wavelength for Tb(lll) sensitization with tryptophan)
o e : i ith ith h | flash. As sh in Fi

peptides and proteins. They have high photostability atpH with and without the S@s delay after flash. As shown in Figure

o - 3, there is a significant amount of direct excitation of
2, large extinction coefficients:fax up to 100 000 M1 cm™1), e o :
and high quantum yields. For this study, two BODIPY fluoro- BODIPY_FL, which is completely eliminated by using the 50

phores were chosen, BODIPY_FL and BODIPY TMR, which us gate. Thus, in time-resolved experiments, any signal detected

; . at 510 nm is entirely due to resonance energy transfer from the
overlap with the Th(lll) emission at 490 and 544 nm, respec- ! rety du 9y

. : . LBT to the BODIPY_FL, and not from direct excitation. It
tively (see Figure 2). These fluorophores are named on the basis Iy

) . - T - should also be noted that, while excitation at 280 nm is not
of their having excitation and emission wavelengths similar to

th ¢ fluor n and tetramethvirhodamine. r ivel optimal for biological samples, we did not observe any
ose of fluorescein and tetramethylrhodamine, TeSpeCtiVEly. 4o |atarious effects in these in vitro experiments. Additionally,

As stated earlier, SH2 domains are characterized by binding o | minescence experiments are conducted with pulsed

to specific phosphotyrosine-containing sequences; therefore, o, citation and not continual irradiation, which minimizes
phosphopeptidesPP) known to bind to Src and Crk SH2 exposure.

Binding studies began by incubating the SH2 domains with
phosphopeptides and collecting the luminescence spectra (see

(30) Horrocks, W. D., Jr.; Sudnick, D. R. Am. Chem. Sod.979 101, 334~
340.

7348 J. AM. CHEM. SOC. = VOL. 128, NO. 22, 2006



Lanthanide-Binding Tags as Luminescent Probes ARTICLES

C
a) b) E)
0.3
g 0.8 4 ] 0.8 m
g g s
£ | £ ] © 0.2
g 06 g 06 c
2 3 K]
@
° ° @
o 0.4 @ 0.4 =
N N £ 01
] ® -
Eo0.21 Eo.2 z
] S =
£ £ a
04 0 -0 a g 0
@ no peptide BODIPY_FL- BODIPY_FL- BODIPY_FL-
450 500 550 600 450 500 550 600 Src-CP Crk-PP Src-PP
wavelength (nm) wavelength (nm)

Figure 4. LRET detection as a function of binding to Src-SH2 domain. Samples were excited at 280 nm, and the gated emission was recorded from 450
to 600 nm. (a) 0..xM GST-Src-LBT, 0.5:M Thb(lll) incubated with no peptidet], 0.5u4M BODIPY_FL-Src-PP @], or 0.54M BODIPY_FL-Src-CP D].

(b) 0.5uM GST-Src-LBT, 0.5uM Tb(lll) incubated with no peptide—f], 0.5 uM BODIPY_FL-Src-PP @], or 0.5 M BODIPY_FL-Crk-PP D]. (c)

Intensity of the luminescence signal at 510 nm corresponding to energy transfer to BODIPY_FL.
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Figure 5. LRET detection as a function of binding to Crk-SH2 domains. Samples were excited at 280 nm, and the gated emission was recorded from 450
to 600 nm. (a) 0.5«M GST-Crk-LBT, 0.54M Tb(lll) incubated with no peptidef], 0.5uM BODIPY_FL-Crk-PP ®], or 0.54M BODIPY_FL-Crk-CP

[O]. (b) 0.5uM GST-Crk-LBT, 0.5uM Th(lll) incubated with no peptidef], 0.5 uM BODIPY_FL-Crk-PP @®], or 0.5uM BODIPY_FL-Src-PP {]. (c)

Intensity of the luminescent signal at 510 nm corresponding to energy transfer to BODIPY_FL.
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Figure 6. LRET detection as a function of binding to Src-SH2 domains. Samples were excited at 280 nm, and the gated emission was recorded from 450
to 600 nm. (a) 0..xM GST-Src-LBT, 0.5:M Th(lll) incubated with no peptidet], 0.54M BODIPY_TMR-Src-PP @], or 0.5uM BODIPY_TMR-Src-CP
[O]. (c) Intensity of the luminescence signal at 565 nm corresponding to energy transfer to BODIPY_TMR.

Materials and Methods section for details). A solution containing These experiments demonstrate that the method can detect
0.5 uM GST-Src-LBT, Tb(lll), and BODIPY_FLSrc-PP selective interactions between different binding partners. The
exhibited a large LRET peak at 510 nm (see Figure @®. [ specificity of Crk for Crk-PP was even greater than the
This result is in contrast to the weak signal exhibited by the specificity of Src forSrc-PP (Figure 5c), which is consistent
non-phosphorylated peptide BODIPY_Rre-CP (see Figure with previous studies that show fewer binding sequences for
4a [0]). In addition, SH2 domain specificity could be detected Crk in comparison to Sr&
with different phosphotyrosine peptides. As shown in Figure  We also investigated an alternative acceptor that overlaps with a
4b, a more intense LRET signal is detected for the Src-binding different Th(lll) emission band. For these studi€s¢-PP and
peptide @] over the Crk-binding peptidef]. This difference Src-CP were labeled with BODIPY_TMR. Performing the LRET
in LRET signal is illustrated more clearly in Figure 4c, which binding assay as discussed previously provided encouraging
shows the largest LRET signal f8rc-PP. It is also interesting results with a very large LRET signal at 565 nm (see Figure 6).
to note that, as predicted, the most important contributor to The intensity of this LRET is larger than that of the LRET with
recognition is the phosphotyrosine residue, demonstrated by theBODIPY_FL due to the greater spectral overlap of BO-
larger LRET signal forICrk-PP over Src-CP (Figure 4c). DIPY_TMR and the Th(lll) emission at 545 nm (see Figure 2).
GST-Crk-LBT was tested in a fashion identical to that used  Binding Constant and Competition Experiments. To
for the Src construct, and the results are shown in Figure 5. ensure that the luminescent tags were neither interfering with

J. AM. CHEM. SOC. = VOL. 128, NO. 22, 2006 7349
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Figure 7. Titration of 0.5uM GST-Src-LBT and Th(lll) with BODIPY_FL-
Src-PP to obtain the binding constant for the peptigetein interaction.

(a) Normalized luminescence measured at 515 nm. (b) Un-normalized
luminescence at 490 nm.

nor altering the binding interaction of the SH2 domain with
the phosphopeptide, the binding constant for this interaction was
determined. This was accomplished by monitoring the LRET
signal of a solution containing 0/oM GST-Src-LBT and Th-

(1) with increasing concentrations of BODIPY_FL-Src-PP. A
plot of the LRET signal at 510 nm versus concentration of
BODIPY_FL-Src-PPwas fit using SPECFI3t to determine the
binding constant (see Figure 7a). This method provided a
binding constant of 0.28 0.09uM, which is consistent with

the previously reported binding constants of 0.77 and MO

a)
Q . .
§ 0.8 imncreasing
8 conc Src-PP
E 0.6
3
T 0.4
N
5
Eo.24
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0 T 1
450 500 550 600
wavelength (nm)
b), . .
ncreasing
0.8 1 conc Crk-PP

o °
> o

o

normalized luminescence
N
.

0+
450 500 550

wavelength (nm)

600

Figure 8. Competition experiments conducted by excitation at 280 nm
followed by time-resolved emission collection (a8) from 450 to 600
nm. (a) 0.5«M GST-Src-LBT, 0.5«M Tb(lll), and 0.54uM BODIPY_TMR-
Src-PP with increasing concentration of Src-PP. (by&bGST-Crk-LBT,
0.5uM Th(lll), and 0.5uM BODIPY_FL-Crk-PP with increasing concen-
tration of Crk-PP.

Addition of unlabeled phosphopeptide to the protein with bound
BODIPY-labeled phosphopeptide should result in a continual
decrease in LRET signal. This experiment was performed with
both GST-Src-LBT and GST-Crk-LBT and, as anticipated, with
increasing concentrations of unlabe®a-PPandCrk-PP, the
LRET signal decreased (see Figure 8). Control experiments
involving addition of only buffer demonstrated that the LRET
decrease was due to displacement of the BODIPY-labeled
peptide and was not an artifact of photobleaching. Both the
titration and competition experiments demonstrate that the LRET
signal is specific and reversible and is solely due to the
recognition of the phosphotyrosine peptide by the SH2 domain.

Decay Experiments and Distance MeasurementsThe
power of LRET is in its ability not only to detect and quantify
binding interactions but also to provide information on the
distance between the binding partners. The millisecond lumi-
nescence lifetime of Th(lll) allows decay measurements to be
conducted using simple, commercially available equipment. The
luminescence lifetimer] that is derived from the decay data is

for GST fusion Src SH2 domains using isothermal calorimetry ysed to calculate the distance between the donor and acceptor.
and surface plasmon resonance, respectifeltowever, it These measurements were conducted with excitation of the
should be noted that it is difficult to accurately measure binding sensitizing tryptophan at 280 nm, followed by collection of the
constants when the concentration is approachinghée RET emission intensity at either 490 or 545 nm, with an initial delay
can also be detected by a decrease in the luminescence of thg 50 5 (see Materials and Methods section for details). In the

donor, which is seen in the un-normalized luminescence data
at 490 nm (see Figure 7b).

To further ensure that the interaction between the LBT-labeled
protein and the BODIPY-labeled peptide is specific and
reversible, competitive binding experiments were performed.

(31) Binstead, R.; Jung, B.; Zuberbuhler, 8PECFIT/32 for Windowérersion
3.0.30), S.S.A., Marlborough, MA. SPECFIT is owned solely by its authors.
SPECFIT provides global analysis of equilibrium and kinetic systems using
singular value decomposition and nonlinear regression modeling by the
Levenberg-Marquardt method.
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presence of the acceptor, the RET to the acceptor will affect
the Tb(lll) luminescence lifetime. As shown in Figure 9, the
decay rate is faster for both GST-Src-LBT and GST-Crk-LBT
in the presence of the BODIPY-labeled peptid®@sversusO).
Using SIGMAPLOT, the curves were fit to a monoexponential
[I(t) = 1(0) &I in the absence of the acceptor, and to a
biexponential [(t) = 1(0), €YD + 1(0), e~¥72)] in the presence

of the acceptor, wherkt) is the luminescence intensity at time

t after the excitation pulsé(0) is the initial intensity at = 0,
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Figure 9. Solutions were excited at 280 nm with an initial gate of &and the luminescence decay was recorded im$thcrements. (a) 0.aM
GST-Src-LBT, 0.5¢M Th(lll) (no acceptor ®]; 0.5 uM BODIPY_FL-Src-PP Q]). (b) 0.5uM GST-Crk-LBT, 0.54M Th(lll) (no acceptor ®]; 0.5 uM
BODIPY_FL-Crk-PP D). (c) 0.5uM GST-Src-LBT, 0.5¢M Th(lIl) (no acceptor ®]; 0.5 xM BODIPY_TMR-Src-PP {]).

Table 2. LRET Data for Calculating Distances

protein peptide JM~tcm~tnm?) Ry (A) energy transfer R(A)
GST-Src-LBT BODIPY_FL-Src-PP 5.8 104 39.6 0.81+0.13 31.1+5.0
GST-Src-LBT BODIPY_TMR-Src-PP 2.4 10% 50.9 0.90+ 0.02 35.3£13
GST-Crk-LBT BODIPY_FL-Crk-PP 6.% 10* 40.6 0.82+ 0.07 31.5+2.5

andz is the lifetime32 All curves were fit tor2 = 0.99 and
showed very little residual structure.

LRET follows the same principles as FRET; thusydter

J= > [Fo)e(M)A*A]

4
S [Fo(h)A7] @

theory can be applied for calculating distances between the tq grientation factork®) is most commonly taken as 2/3 for

acceptor/donor paf Forster theory relates the resonance energy
transfer to the distance according to eq 1, whHerethe energy
transferred Ry is the Faoster distance, an® is the distance

LRET measurements and assumes a randomized orientation for
both donor and acceptétThe quantum yield of the dono®p)
is most easily obtained fromp/zr,, Whererp is the lifetime of

between the donor and acceptor. The percentage of energithe donor and-y is the lifetime of free Th(Ill) when directly

transferred ) can be derived from the lifetime measurements
by the relationship shown in eq 2, wherg is the lifetime of
the donor alone andp, is the lifetime of the donor in the
presence of the acceptor.

R=R(L/E) — 1]*° €Y

1—1p,
25}

)

From the donor-only decay plot of GST-Src-LBip, = 2.24
ms (see Figure 9a). The biexponential fit of the luminescence
decay of GST-Src-LBT in the presence of BODIPY_Bte-
PP provided two lifetimes. The 2.07 ms component corresponds

to the donor only and is not influenced by the acceptor, whereas

the 420us component is due to energy transfeéHence, in eq
2, 7pa = 0.42 ms and yields an energy transfer of 81%. The

same procedure was followed to calculate the energy transfer

for the other constructs, the data of which are shown in Table
2.

The Faster distanceRy) must be derived for each acceptor/
donor pair and is the distance at which there is 50% energy
transfer E = 0.5). Ry is calculated by the relationship shown
ineq 3.

Ry = 0.211¢*7'QpJ) ®)

(32) Vazquez-lbar, J. L.; Weinglass, A. B.; Kaback, H.ARoc. Natl. Acad.
Sci. U.S.A2002 99, 3487-3492.

(33) Lakowicz, J. RPrinciples of Fluorescence Spectroscppgd ed.; Kluwer
Academic/Plenum Publishers: Boston, 1999.

excited with a laser (4.75 m&)The refractive index) is taken

as 1.4 for biological samples in,B. The spectral overlapl

is @ measure of the overlap of the emission spectra of the donor
and absorption spectra of the acceptor and is calculated using
eq 4 for each donor/acceptéip(A) is the corrected fluorescence
intensity of the donor, ané(1) is the extinction coefficient of

the acceptor. As expected, thke value for the LBT and
BODIPY_TMR is greater, due to the larger spectral overlap of
this fluorophore pair (see Table 2).

Utilizing eq 1, the calculations reveal that the distance
between the LBT and BODIPY is approximately-335 A. An
important internal control was measuring the same pretein
peptide pair with a different acceptor to show that the calcula-
tions were consistent, since there is a negligible size difference
between the two fluorophores. When GST-Src-LBT was used
with both BODIPY_FL and BODIPY_TMR, less than 5 A
difference was calculated. This is consistent with reported
studies using different fluorophore pairs, particularly considering
the significant difference id values between the two acceptors
(see Table 2¥?

Conclusions

In this study, the SH2 domains of Src and Crk kinase were
genetically encoded with an LBT to study binding interactions
using LRET. Phosphorylated and non-phosphorylated peptides
were chemically labeled with BODIPY fluorophores, which
serve as the LRET acceptor. The interaction of different
phosphopeptides and SH2 domains was detected by LRET and
shown to be specific for the binding interaction. This method

(34) Root, D. D.; Shangguan, X.; Xu, J.; McAllister, M. A.Struct. Biol.1999
127, 22.
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can detect differences in binding affinity and showed a large Sensitization of Th(lll) luminescence was carried out by excitating

luminescence signal for the cognate phosphopeptide. In contrastiryptophan at 280 nm and recording the luminescence at 544 nm. A
a very low signal was obtained for the non-phosphopeptide or 315 nm long-pass filter was used to eliminate interference from

a phosphopeptide with a mismatched sequence. The LBT angharmonic doubling. Excitation and emission slit widths of 5 nm were

BODIPY tags did not interfere with the proteipeptide used wih 1 s integration times. Spectra were corrected for emission
association. and LRET was used to calculate the dissociationintenSity by using manufacturer-supplied correction factors. Spectra
constant f0|,’ the interaction were recorded at pH= 7 in 10 mM N-2-hydroxyethylpiperazing¥-

- . o 2-ethanesulfonic acid (HEPES) buffer and 100 mM NacCl. Aliquots of
The advantages of the millisecond luminescence lifetime of Tb(lll) ions were added, and the luminescence was recorded to obtain

Tb(ll) were highlighted by the collection of decay data on a g titration curve. These data were fit using the program SPECET
standard fluorometer. This decay data was used to measure th@erive the Th(lll) binding constant. Data are the average of five runs.
distance between the protein and bound peptidesteotheory LRET. Time-gated experiments were recorded on a Horiba Jobin
provided a distance of 3135 A between the Tb(lll) and  Yvon Fluoromax-3 equipped with a Spex 1934D3 phosphorimeter. The
BODIPY. As a control, two different BODIPY fluorophores sample was excited at 280 nm with a lamp pulse followed by a delay
were used to measure the distance. Good agreement was seediter flash of 5Qus. A luminescent scan was then recorded from 450
in the distance calculations, even with the large difference in to 600 nm with 5 nm increments. The sample window for data collection
spectral overlap between the two systems. was 10 ms, with time per flash of_ 40 ms and 100 flashes rec'orded per

The developed LRET method is also amenable to screening®@ding. LRET data were obtained in 10 mM K-fiorpholino)-
protein—protein interactions, with the continual development €thanesulfonic acid (MES) buffer and 100 mM NaCl, pH 6.9.

. . . . Reported data are the average of three runs. Luminescence spectra were
of improved methods to chemically label proteins with fluoro-

horesi5:36 Continued devel t | d this in vit normalized for visualization of different data intensities and to provide
phores: ontinued development may aiso expand this IN VIO 5 ¢irast enhancement of the LRET signal.

screening method into cellular-based assays. As methods for o
huttling lanthanides int I d | dth h either i Decay MeasurementsLifetime measurements were recorded on a
shuttling lanthanides into cells are develope rough eitnerion s Jobin Yvon Fluoromax-3 equipped with a Spex 1934D3

Channe|§'7'38 masked cargé? or new technology, researchers phosphorimeter. The intensity at 490 or 544 nm was monitored at 60

will be able to take full advantage of this small, coexpressed ;s increments for 12 ms after an initial delay of B8, following a

tag. With the basic strategy presented, current work will seek |amp pulse at 280 nm from a xenon flash lamp. Decay measurements

to address alternative approaches to the short excitation wave-were performed in 10 mM MES buffer and 200 mM NaCl, gH6.9.

length currently necessary for Th(lll) sensitization. Continued Reported data are the average of three runs.

work in this area may ultimately provide a complement to the )
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