
DOI: 10.1002/cbic.200800329

Resin-Bound Aminofluorescein for C-Terminal Labeling of
Peptides: High-Affinity Polarization Probes Binding to
Polyproline-Specific GYF Domains
Viviane Uryga-Polowy,[a, b] Daniela Kosslick,[b, c] Christian Freund,[b, c] and Jçrg Rademann*[a, b]

Introduction

Fluorescence-labeled molecules are essential tools in biochemi-
cal and biomedical research. Attached fluorophores allow la-
beled molecules in cells and organisms to be traced by fluores-
cence microscopy or fluorescence lifetime imaging (FLIM),[1]

fluorescence-assisted cell sorting (FACS),[2] and NIR imaging.[3]

In addition, fluorophore-labeled molecules can provide infor-
mation relating to specific intermolecular interactions both in
vitro and in living cells, diffusion rates, and molecular dynamics
through fluorescence resonance energy transfer (FRET)[4] and
fluorescence correlation spectroscopy (FCS).[5] One method
widely used for the detection and quantification of binding
phenomena is fluorescence polarization (FP).[6]

We were interested in developing fluorescence-based meth-
ods for the characterization of protein–protein interactions and
the identification of small-molecule inhibitors through high-
throughput screening (HTS) of chemical libraries. Specific pep-
tide and small-molecule inhibitors of protein–protein interac-
tions can be valuable tools for studying the functional signifi-
cance of single interactions and hence elucidation of their
roles in complex networks governing cellular functions. More-
over, if pharmacologically relevant protein–protein interactions
are studied, the identified inhibitors may serve as starting
points for drug development.
We were interested specifically in GYF domains as protein

targets, since they represent a prototypic class of protein inter-
action domains.[7] Like SH3 and WW domains they recognize
proline-rich sequences and thereby contribute to the organiza-
tion of cellular signaling by forming protein-interaction net-

works. Two GYF domains (CD2BP and PERQ2) were selected as
targets. CD2BP GYF is involved in lymphoid signal transduc-
tion[7] and, supposedly, in the spliceosome.[8] For both domains,
binding peptides of moderate affinity have been identified by
phage display technology.[9]

Fluorescence polarization (FP) was selected as method of
choice for our bioassay development for several reasons. Many
protein–protein interactions can be reduced to protein–pep-
tide interactions. A fluorescence-labeled derivative of an opti-
mized peptide ligand can therefore be used as a probe for
small-molecule inhibitor screens by using FP competition ex-
periments. FP assays can be operated in homogeneous solu-
tion, thereby eliminating the surface and multivalency effects
that hamper heterogeneous assays such as enzyme-linked for-
mats (e.g. , ELISA) and those based on plasmon resonance

A polymer support for the solid-phase synthesis of C-terminally
labeled carboxylic acids has been developed. Fluorophore-labeled
peptides were constructed directly on the amino group of resin-
bound aminofluorescein. Fmoc-protected aminofluorescein was
coupled onto tritylpolystyrene, and the free phenolic hydroxyl po-
sitions of the fluorescein were blocked with suitable protecting
groups. The mode of attachment was analyzed and found to be
selective for the phenoxy ether linkage. The conditions for peptide
synthesis on the labeling resin were investigated, and a small li-
brary of C-terminally labeled peptides was prepared. The fluores-
cence quantum yields of C-terminally labeled peptides were de-
termined and indicated the suitability of the compounds for
imaging and binding experiments. The obtained peptides were
therefore investigated as fluorescence polarization probes. Two

different proline-rich binding domains of the GYF family—
CD2BP2 and PERQ2—were targeted by peptides labeled either C-
or N-terminally. Reversible binding constants were determined by
fluorescence polarization measurements and were verified by
competition experiments with the corresponding unlabeled pep-
tide. As a second control, the binding constants were measured
by NMR titration experiments, recording the HSQC NMR spectra
of 15N-labeled proteins in the presence of the peptide polarization
probes. Ligands with higher affinities than all others known pre-
viously were identified for both GYF domains. The competition
assay with the developed fluorescent probe has a high statistical
reliability and can thus be used for screening of GYF domain
inhibitors.
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(e.g. , BIACore). Furthermore, they enable high-throughput
measurements with low protein consumption.
The development of a novel FP assay requires an appropri-

ate selection of fluorophore and protein construct, with fluo-
rescence lifetime and molecular weight characteristics that
make it possible to distinguish between the free and bound
states of the fluorescent ligand. The method is based on the
direct observation of the rotational correlation time (q) of the
fluorescent molecule under investigation relative to the fluo-
rescence lifetime (t) of the excited fluorophore.[10] In the case
that the molecule tumbles slowly (qmoiety@tfluorophore), the aniso-
tropy (polarization) of the fluorescence excitation light is re-
tained in the emission light (Figure 1). Since q is a function of
the molecular weight,[11] depolarization takes place rapidly for
a small molecule with low molecular weight and small specific
volume, whereas the same labeled molecule bound to a mac-
romolecule—a protein, for example—will emit strongly polar-
ized light.

The synthesis of a suitably labeled fluorescence probe in
praxi is essentially the result of an extended optimization pro-
cess.[12] A fluorophore attached to the ligand distant from the
binding site might retain its mobility to a large degree, result-
ing in a significant reduction of the polarization signal. The
very same fluorophore attached too closely can interfere with
ligand binding, reducing affinity and increasing the KD value.
An optimal FP probe possesses high affinity together with a
maximum signal-to-noise ratio and a high statistical reproduci-
bility of the recorded polarization data, resulting in an assay
characterized by a high Z’ value.[13]

Conventional approaches for fluorophore labeling of pep-
tides and proteins employ readily available compounds such
as fluorescein 5(6)-isothiocyanate (FITC), 5(6)-carboxyfluores-
cein, 5(6)-tetramethylrhodamine isothiocyanate (TRITC), or 2-di-
methylaminonaphthalene-5(6)-sulfonyl chloride (dansyl chlo-
ride). All these fluorophores are coupled to nucleophilic sites
of the protein, such as the amino groups of lysine residues[14]

or the N termini of peptides.[15]

We needed an inexpensive, robust, and efficient fluorophore
attachment method. The protocol should allow the labeling of
diverse sets of molecules with fluorophores and should avoid
additional workup procedures in the preparation of labeled li-
braries. To reduce the conformational flexibility, it was necessa-
ry to avoid spacers for fluorophore attachment. From this list
of specifications we concluded that a reactive fluorophore di-
rectly attached to a polymer support should fulfill the require-
ments best.

Results and Discussion

Selection of the fluorophore

Fluoresceinamine was selected for the development of a label-
ing resin. Acylated fluoresceinamine possesses a long emission
wavelength (lexc=492 nm; lem=519 nm) well-suited for library
screening because it does not interfere with the intrinsic fluo-
rescence of most small molecules and proteins, thus reducing
the number of potential false positives. The short fluorescence
lifetime (4.5 ns[16]) and the good quantum yield of fluorescence
enable sensitive discrimination of binding events between la-
beled low molecular weight compounds and larger proteins as
predicted by the Perrin equation.[17,18] After we had investigat-
ed the synthesis of fluorophore libraries in solution by various
protocols (V. Uryga-Polowy, unpublished results), a solid-phase
approach[19] appeared to be superior to synthesis in solution.
Reagents and byproducts can easily be removed by washing
steps, and completion of reactions can be achieved by adding
reagents in excess or by repeating the reaction steps, enabling
isolation of pure products without chromatographic purifica-
tion. A labeling reagent on solid support can also be used as a
starting point for further already established syntheses on solid
phase, such as solid-phase peptide synthesis (SPPS).[20]

Synthesis of the fluorescein labeling resin

2-Chlorotrityl chloride resin was selected for attaching the fluo-
rophore building block. Direct coupling of unprotected 4-ami-
nofluorescein (1, Scheme 1) to the 2-chlorotrityl chloride resin
in the presence of DIPEA led only to alkylation of the aniline
nitrogen. As a control, the analogous reaction between trityl
chloride and 4-aminofluorescein was conducted in solution,
and NMR analysis confirmed the selective formation of the N-
tritylated product. Thus, for controlled coupling to the polymer
support, the aniline moiety was protected with the 9-fluorenyl-
methoxycarbonyl (Fmoc) group, yielding carbamate 4. The
Fmoc protecting group, being labile under basic conditions, is
orthogonal to the resin cleavage conditions and allows direct
evaluation of the resin loading by photometric quantification
of cleaved Fmoc groups.[20]

Building block 4 was obtained by two alternative strategies.
Direct carbamoylation of 1 furnished 4 in a single step in 40%
yield after flash chromatography. The major by-product of this
reaction, doubly protected aminofluorescein, could be recov-
ered by chromatography and recycled as starting material. Al-
ternatively, 4 was prepared in three steps via the pivaloyl-pro-

Figure 1. Principle of fluorescence polarization assays. A) All fluorophores
aligned with the polarization plane are excited. B) Free fluorophores rotate
rapidly and the emitted light is no longer polarized. Fluorophores bound to
large molecules rotate more slowly, and the polarization is mostly retained
in the emitted light.
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tected intermediate 2 (Scheme 1)[21] in a procedure that
worked smoothly and required only the intermediate crystalli-
zation of 3 to furnish 4 in an overall yield of 72%, avoiding pu-
rification by chromatography.
Coupling of 4 to 2-chlorotrityl resin by treatment with DIPEA

in DCM/DMF succeeded in providing 5 with a practical loading
of 0.35 mmolg�1. The yield of 45% could not be increased
either by heating or by use of excess reagent; presumably the
maximum loading of the resin is limited by partial cross-cou-
pling.
The mode of attachment was next investigated. Depending

on the pH value, fluorescein can exist as four prototropic spe-
cies[22,23]—as a cation, a neutral species, a monoanion, or a dia-
nion—and so, with allowance for all tautomers, seven different
structures can be formed (Scheme 2A). The monoanion is
found predominantly (99.9%) as the carboxylate 9a, with a pKa
value of 6.4. Thus, under the basic conditions applied here, the
dianion 12 possessing a carboxylate and a phenoxide nucleo-
phile is formed, furnishing either the trityl ester product 13 or
the trityl ether product 14 (Scheme 2B). Although phenoxides
are in general better nucleophiles than carboxylates, in this
case their reactivity might be impaired by delocalization of the
negative charge or by steric effects, so the selectivity of the al-
kylation step had to be verified experimentally. The ATR-IR (at-
tenuated total reflection IR) spectrum of resin 5 after Fmoc re-
moval displayed an absorption band at 1762 cm�1 characteris-
tic of a lactone carbonyl vibration (Figure 2) indicating selectiv-
ity for the trityl ether product 14. The ester or carboxylate car-
bonyl groups would resonate at significantly lower wave
numbers (1730–1710 cm�1 or <1700 cm�1, respectively).[24]

This analytical finding was
supported by further experi-
mental evidence. The mono-O-
pivaloyl-protected derivative of
4 was isolated and coupled to
trityl resin, resulting in a poor
yield (10%) of immobilized fluo-
rescein. In this case, dianion for-
mation was excluded due to the
protection of one phenolic posi-
tion, and only the monoanion
with the equilibrium on the side
of the less reactive carboxylate
was available for alkylation, re-
sulting in the observed low cou-
pling yield.
The immobilized fluorescein 5

still had two potentially reactive
sites. In order to ensure selective
reactions of the aniline moiety,
the free phenol had to be pro-
tected. The selected protecting
group should be removable
under acidic conditions together
with final cleavage of products
of the resin, and should be elim-
inated from the solution by

evaporation. 2-Methoxyethoxymethyl (MEM), tert-butyldimethyl
silyl (TBDMS), and triethylsilyl (TES) ethers were investigated
for this purpose, yielding resins 6a, 6b, and 6c, respectively
(Scheme 3). The efficient use of these three groups was evalu-
ated by LC/MS analysis of the product cleaved from the resin
after Fmoc removal and treatment with Fmoc-glycine. All three
groups provided product 15 with high purity in excellent
yields. The silyl ethers, however, were slightly labile on base
treatment, whereas the MEM group was totally stable under
these conditions and was therefore selected as the best choice
for the subsequent syntheses.

Scheme 1. Synthesis of the fluorescein labeling resin. Conditions: a) Piv2O, Cs2CO3, DMF, RT, 90 min, 96%; b) Fmoc-
Cl, NaOH, THF, 0 8C!RT, 16 h, 84%; c) 95% TFA in H2O, 60 8C, 120 min, 92%; d) Fmoc-Cl, NaOH, THF, 0 8C!RT,
16 h, 40%; e) 2-chlorotrityl chloride resin, DIPEA, DCM/DMF, RT, 180 min; f) MEM-Cl, DIPEA, DMF, RT, 90 min;
g) 20% piperidine in DMF, RT, 2 min+10 min.

Figure 2. ATR-IR spectrum of the resin resulting from Fmoc deprotection of
resin 5. The characteristic C=O band at 1762 cm�1 shows the presence of a
lactone ring and not an ester, confirming the fluorescein attachment to the
resin on the phenol.
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Synthesis of a library of C-ter-
minally fluorescein-labeled
peptides

After the protection of resin 5
to yield 6a, the Fmoc group
was removed, and acylation of
the aniline 7 with Fmoc-protect-
ed amino acids was investigat-
ed. Different conditions were
tested (Table 1),[25–27] and cou-
pling with diisopropylcarbodii-
mide in DCM/THF (Table 1,
entry 6) showed the best results
for formation of cleavage prod-
uct 15 (92%). After the Fmoc
group had been removed, pep-
tide synthesis (Scheme 4) was
conducted with amine 16 by
the Fmoc strategy, with alternat-
ing DIC/HOBt coupling steps
and piperidine Fmoc removal.
Finally, the peptidyl-aminofluor-
escein resins 17 were N-termi-
nally acylated (18) and cleaved
from the resin with 95% TFA/
H2O and 2% triisopropylsilane
to yield peptides 19. Phenol was
added as a scavenger in the
cases of peptides containing the
Pmc protecting group.
The fluorescence properties of

the obtained C-terminally la-
beled peptides were investigat-
ed and compared to those of
well-known N-terminally labeled
peptides. Whereas 5(6)-carboxy-
fluorescein is highly fluorescent
on its own,[28] 4-aminofluores-
cein is practically nonfluorescent
in its amine form. On functional-
ization, the fluorescence proper-
ties of both molecules are
changed and these variations
were investigated by measure-
ment of fluorescence emission
spectra (Figure 3). Amidation of
5(6)-carboxyfluorescein (peptide
19 l) leads to a reduction in the
fluorescence quantum yield to
0.44, whereas acylation of 4-ami-
nofluorescein (peptide 20a)
causes a drastic increase in fluo-
rescence (Table 2). As a result,
the novel C-terminally labeled
and the classical N-terminally la-
beled peptides have similar exci-

Scheme 3. Phenol protection. Conditions: a) i : MEM-Cl, DIPEA, DMF, RT, 2N2 h; ii : TBDMS-Cl, DIPEA, DMF, RT,
2N2 h; iii : TES-Cl, DIPEA, DMF, RT, 2N2 h; b) 20% piperidine in DMF, RT, 2N15 min; c) Fmoc-AA, DIC, THF/DCM, RT,
60 min; d) 95% TFA/H2O.

Scheme 2. A) The prototropic forms of fluorescein. B) Attachment mode to the trityl resin.
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tation and emission maxima and fluorescence quantum yields.
The newly established methodology for the synthesis of C-

terminally labeled fluorescein peptides was subsequently ap-
plied for the development of fluorescence probes for two pro-
tein interaction domains that bind to proline-rich sequences
(PRSs). The GYF domain of the CD2-binding protein (CD2BP2)
is involved in mediating molecular interactions within the spli-
ceosome, while the functional role of the PERQ2 GYF domain
is largely unknown. However, peptide binding specificities for
both domains have been characterized,[9,29] and phage display
had previously identified peptides with binding affinities
below 100 mm, a typical value for proline-rich sequence recog-
nition domains. All GYF domain binding peptides converge on
a central PPG core motif, while residues directly flanking this
sequence vary between the individual GYF domains investigat-

ed so far. For the GYF domain of
CD2BP2, the peptide
EFGPPPGWLGR derived from
phage display[9] was used as a
starting point for the probe de-
velopment, while for PERQ2 we
started from the peptides
FNGSPPGLSRD and
WRPGPPPPPPPGLV. For each
domain, a focused library of flu-
orescent probes was synthe-
sized, with positioning of the
fluorophore either C-terminally
(Table 3, 19a–m, 13 peptides) or
N-terminally (Table 4, 20a–s, 19
peptides). Both the peptide
length and the nature of amino
acids were varied systematically
for KD optimization.

Fluorescence polarization assays

For fluorescence polarization measurements, peptides were
dissolved in DMSO at 10 mm and diluted in PBS buffer
(pH 7.3). In the final assay mixture, the concentration of the flu-
orescent peptide was maintained constant at 10 nm, and in-
creasing amounts of protein were added over a concentration
range of 0.01 mm to 350 mm. Although no aggregation was ob-
served, Tween 20 (0.1%) was used in all assays as a detergent.
To reduce the already low protein consumption of FP experi-
ments to a minimum, the assay was performed with very good
reproducibility in round-bottomed, very low-volume microtiter-
plates at a final assay volume of 6 mL. After addition of protein

Table 1. Coupling conditions on the fluorescein resin.

Amino acid (5 equiv) Activating agent (5 equiv) Base (5 equiv) Solvent Conversion [%]

1 Fmoc-Gly-OH DIC/HOBt – DMF 0
2 Fmoc-Gly-OH DIC – DMF 0
3 Fmoc-Gly-OH DIC – THF 9
4 Fmoc-Gly-OH DIC – DCM 77
5 Fmoc-Gly-OH DIC/HOBt – DCM 68
6 Fmoc-Gly-OH DIC – THF/DCM (1:1) 92
7 Fmoc-Gly-OH HATU DIPEA DMF 92
8 Fmoc-Gly-OH HATU DIPEA DCM 91
9 Fmoc-Gly-OH HATU collidine DMF 77
10 Fmoc-Gly-OH HATU collidine DCM 73
11 Fmoc-Gly-OH HATU 2,6-lutidine DMF 60
12 Fmoc-Gly-OH HATU 2,6-lutidine DCM 50
13 FmocNH-CH2-COF – DIPEA DCM 78

Conditions: a) Amino acid, activating agent, base, solvent, 90 min, 25 8C; b) 20% piperidine in DMF, RT, 2N
15 min.

Scheme 4. Solid-phase synthesis of C-terminally fluorescein-labeled peptides. Conditions: a) Fmoc-AA, DIC, THF/DCM, RT, 60 min; b) 20% piperidine in DMF,
RT, 2N15 min; c) Fmoc-AA, DIC, HOBt, DMF, 30 min; d) Ac2O, DIPEA, DMF, RT, 15 min; e) 95% TFA in H2O, PhOH (if Pmc protecting group), TMS (if Trt protect-
ing group).
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and peptide solutions, the plate was shaken briefly, and polari-
zation of the emitted fluorescence was directly recorded. FP
values were plotted as a function of the logarithm of the pro-
tein concentration. Binding curves were fitted with the aid of
GraphPad Prism software with a sigmoidal dose–response
model (see the Experimental Section) and provided KD values
in the micromolar range (Table 3). For the CD2BP2 GYF
domain, C-terminally labeled peptides with binding affinities
around or below 100 mm were identified (19a, 19b, 19 f), with
19b being the highest-affinity ligand. To investigate the effect
of the label position, the N-terminally labeled derivatives were
also prepared and showed consistently higher affinity (namely
20a and 20 i ; 12 and 16 mm). The C-terminal (20b–20d) and

Figure 3. A) Fluorescence emission spectra of the C- and N-terminally la-
beled peptides 20a and 19 l, 4-aminofluorescein, and fluorescein. B) Normal-
ized absorption and emission spectra. The acetylated 4-aminofluorescein
present in 20a delivers a signal intensity similar to that of the 5(6)-carboxy-
fluorescein present in 19 l, whereas non-acetylated 4-aminofluorescein is
almost nonfluorescent. Furthermore, the absorption and emission wave-
lengths of the C-terminally labeled peptide 20a are more similar to those of
fluorescein than those of the N-terminally labeled 19 l.

Table 2. Fluorescence quantum yields (ffl) and absorption and emission
maxima (labs, lem) of C- and N-terminally fluorescein labeled peptides in
NaOH (0.1m), determined by comparison with a fluorescein standard
solution.

Compound ffl labs [nm] lem [nm]

19 l 0.49 497 525
20a 0.44 492 519
4-aminofluorescein 0.02 488 518
fluorescein 0.95 490 516

Table 3. Synthesized C-terminally fluorescein-labeled peptides for
CD2BP2 and PERQ2 GYF domains.

Compound Peptide sequence Purity [%][c] KD [mm]

19a[a] Ac-EFGPPPGWLGRFluo 96 111�43
19b[a] Ac-EFGPPPGWKGFluo 95 49�15
19c[a] Ac-EFGPPPGWKFluo 95 312�106
19d[a] Ac-EFGPPPGRKPFluo 98 385�102
19e[a] Ac-EFGPPPGRKFluo 95 460�320
19 f[a] Ac-EFGPPPGFFluo 96 135�31

19g[b] Ac-FNGSPPGLGGGFluo 95 92�32
19h[b] Ac-FNGSPPGLERGFluo 99 168�37
19 i[b] Ac-FNGSPPGLGGFluo 95 67�21
19 j[b] Ac-FNGSPPGLGFluo 93 149�26
19k[b] Ac-FNGSPPGLFluo 92 188�42
19 l[b] Ac-WRPGPPPPPPPGLVFluo 97 441�339
19m[b] Ac-WRPGPPPPPPPGLFluo 96 80�20

[a] For the CD2BP2 GYF domain. [b] For the PERQ2 GYF domain. [c] HPLC
purity (220 nm) after purification

Table 4. Synthesized N-terminally fluorescein-labeled peptides for
CD2BP2 and PERQ2 GYF domains.

Compound Peptide sequence Purity [%][c] KD [mm]

20a[a] FluoEFGPPPGWLGR 99 12�1.9
20b[a] FluoEFGPPPGWLG 93 27�7.5
20c[a] FluoEFGPPPGWL 98 82�19
20d[a] FluoEFGPPPGW 99 183�96
20e[a] FluoEGPPPGWLGR 99 108�24
20 f[a] FluoGPPPGWLGR 92 148�33
20g[a] FluoPPPGWLGR 92 132�31
20h[a] FluoPPGWLGR 95 295�33
20 i[a] FluoEFGPPPGWKG 99 16�2.7
20 j[a] FluoBpaEFGPPPGWLGR 99 2.3�0.4
20k[a] FluoEFGPPPGWLGRBpa 99 10�7.0
20 l[b] FluoFNGSPPGLGG 95 285�185
20m[b] FluoPPGLSRD 96 177�24
20n[b] FluoSPPGLSRD 98 690�218
20o[b] FluoNGSPPGLSRD 95 994�855
20p[b] FluoWRPGPPPPPPPGLV 95 75�16
20q[b] FluoRPGPPPPPPPGLV 99 202�38
20r[b] FluoPGPPPPPPPGLV 98 338�143
20s[b] FluoWRPGPPPPPPPGL 95 46�21

[a] For the CD2BP2 GYF domain. [b] For the PERQ2 GYF domain. [c] HPLC
purity (220 nm) after purification.
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N-terminal (20e–20h) shortening of the sequence led to dras-
tic declines in binding (Table 4), and so 20a (Fluo-
EFGPPPGWLGR-NH2) was identified as the best fluorescence
probe for the CD2BP2 GYF domain.
For the PERQ2 GYF domain, the C-terminally labeled probe

19 i (67 mm) was identified as the highest-affinity probe
(Table 3). Again, to test the effect of the labeling position, the
N-terminally labeled analogue 20 l was prepared and found to
display significantly reduced affinity (285 mm, Table 4). For an-
other test, a sequence containing seven consecutive prolines
was investigated, and for this probe the N-terminally labeled
peptide 20s (46 mm) displayed a higher affinity than the C-ter-
minally labeled analogue 19m. In summary, it can be conclud-
ed that both C- and N-terminal labeling yields binding probes
useful for FP measurements, and that the effect of the labeling
position cannot be generalized and seems to depend on the
specific peptide under investigation.

Evaluation of binding by NMR experiments

GYF domain binding of selected N-terminally fluorescein la-
beled peptides was confirmed by NMR spectroscopy. Increas-
ing amounts of a fluorophore-modified peptide were added to
15N-labeled GYF domain. HSQC NMR spectra were recorded
and superposed to identify NH resonances of amino acid resi-
dues significantly shifted by ligand addition (Figure 4). Shifted
amino acids were consistently located at the reported ligand
binding site of this GYF domain.[7,30, 31] For five fluorescein-la-
beled peptides the reversible binding affinities were deter-
mined by NMR titration (Table 5). Apparent KD values were cal-
culated by recording the chemical shifts of ten characteristic
NH signals with increasing peptide concentration (Figure 5). All
ten NH signals considered were located in proximity to the
protein binding site as indicated in the three-dimensional pro-
tein structure (Figure 6). All peptides displayed slightly reduced
binding affinities in the NMR titration experiments relative to

fluorescence polarization. It should be noted that the NMR
spectroscopy experiments record the binding to single NH po-
sitions, which can be reduced by the flexibility of the peptide

Figure 4. Overlays of the 15N HSQC spectra for the CD2BP2 GYF domain
without ligand (red) and upon addition of Fluo-EFGPPPGWLGR-NH2 (19 l,
2 mm, blue). Ten resonances showing the largest chemical shifts between
the bound and unbound state used for KD determination are labeled accord-
ing to residue type and number.

Table 5. KD values of N-terminally fluorescein-labeled peptides for
CD2BP2 and PERQ2 GYF domains determined by NMR spectroscopy.

Compound Peptide sequence Purity [%][c] KD [mm]

20a[a] FluoEFGPPPGWLGR 99 72�8
20h[a] FluoPPGWLGR 95 728�118
20m[b] FluoPPGLSRD 96 311�52
20n[b] FluoSPPGLSRD 98 487�115
20p[b] FluoWRPGPPPPPPPGLV 95 119�11

[a] For the CD2BP2 GYF domain. [b] For the PERQ2 GYF domain. [c] HPLC
purity (220 nm) after purification.

Figure 5. NMR titration of the CD2BP2 GYF domain with the peptide Fluo-
EFGPPPGWLGR-NH2 (19 l). Large chemical shifts of ten resonances were plot-
ted versus the peptide concentration. For curve fitting and KD calculation
with the MicrocalTM OriginTM software, a simple two-state binding mode was
assumed. Resulting KD values were averaged.

Figure 6. Ribbon structure of the CD2BP2 GYF domain (PDB ID: 1GYF), high-
lighting the secondary structure of the protein. Side chains of residues that
were used as probes in the NMR titration experiments are shown in red and
are labeled by amino acid type and sequence number.
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ligand in the binding pocket. Moreover, the significantly higher
DMSO concentrations in the NMR spectroscopy experiments
can possibly account for overestimated KD values, since it was
found that DMSO can bind to the hydrophobic binding sites of
GYF domains (C. Freund, unpublished observations). Relative
affinities of different peptides, however, were identical for both
methods (Tables 4 and 5).

Benzoylphenylalanine as affinity-enhancing element in
competitive binding assays

Peptides with higher affinities towards the GYF domains were
highly desirable to reduce the protein consumption of the
assay. We reasoned that the use of photoactivated crosslinkers
might increase the sensitivity of the assay considerably by
turning the equilibrium binding assay into a kinetic photocros-
slinking assay. Peptides 20 j and 20k, with the photocrosslinker
benzoylphenylalanine attached either C-terminally or N-termi-
nally to the hitherto most active GYF binding peptide, were
therefore synthesized. A significantly elevated KD value of
2.3 mm was recorded for peptide 20k. Irradiation of buffer solu-
tions containing each of the pBPa peptides with an excess of
CD2BP GYF at 350 nm led to no change in polarization even
after 2 h. The observed affinity enhancement exerted by the
benzoylphenylalanine thus cannot be attributed to photocros-
slinking but is based on reversible ligand interaction. With pep-
tide 20k as a high-affinity probe, a competitive binding assay
with unlabeled peptides as competitors and as positive con-
trols was established. Reversible replacement of bound fluores-
cent probe was effected with high signal-to-noise ratio and re-
producibility (Z’=0.79). Accordingly, the developed assay
should enable high-throughput screening of chemical libraries
for GYF domain binding ligands.

Conclusions

A polymer support for the solid-phase synthesis of C-terminally
labeled peptides has been developed. The polymer resin ena-
bles the direct attachment of peptides or other carboxylates to
the amino functionality of aminofluorescein, thus offering
direct and flexible access to fluorophore-labeled compound li-
braries. Fmoc-protected aminofluorescein was attached to 2-
chlorotritylpolystyrene through a phenolic ether linkage, as
verified by persistence of the lactone moiety as shown in the
IR spectrum. MEM or silyl protecting groups were successfully
used to protect free phenol hydroxyls. The suitability of this
resin for producing C-terminally labeled peptides with photo-
physical properties useful for polarization measurements was
demonstrated for two different proline-rich binding domains
of the GYF family—CD2BP2 and PERQ2.
In a comparative study of C- and N-terminally labeled pep-

tides, the effects of the labeling position on peptide binding
were investigated. For this purpose, libraries of fluorescent
peptides were prepared, and the binding to the two GYF pro-
tein domains was measured in fluorescence polarization ex-
periments. Labels attached in both positions resulted in high-
affinity ligands: in one of three examples, C-terminal labeling

yielded peptides with significantly higher affinity than N-termi-
nal fluorophore attachment, whereas in the other two cases N-
terminal labeled peptides were superior. Site-directed binding
of the peptide probes was verified by NMR titration experi-
ments by recording of HSQC NMR spectra with 15N-isotope-la-
beled proteins. For both domains, peptides with C- and N-ter-
minally attached fluorophores were identified as GYF domain
binders. Probes with KD values smaller than 100 mm were iden-
tified for both domains under investigation, some of them pos-
sessing higher affinities than any other GYF domain ligand re-
ported before. Introduction of the unnatural amino acid p-ben-
zoylphenylalanine in one case yielded the first low-mm ligand
for a GYF domain. With this peptide a competitive assay with
high statistical reliability useable for screening of chemical li-
braries for GYF domain-interacting ligands was developed. It is
intended to extend the introduction of affinity-enhancing
amino acids to other signaling domains, such as SH3 and WW
domains, in order to test the broader application of this con-
cept for development of higher-affinity ligands.
The fluorescence labeling resin employed here for the prep-

aration of fluorophore-labeled libraries of peptides should be
applicable to the flexible and efficient preparation of fluoro-
phore-labeled small-molecule libraries. Such libraries should
create novel possibilities not only for binding assays, but also
for the imaging of labeled molecules in cellular test systems.

Experimental Section

General methods : Unless otherwise noted, solvents and reagents
were reagent grade from commercial suppliers and were used
without further purification. Reactions were monitored by TLC on
silica gel (60 F254) plates with UV detection. LC-MS analyses were
carried out on a C18 endcapped, 100 O, 5 mm, 4N250 mm column
(Macherey–Nagel, NucleodurP) on an Agilent 1100 Series Liquid
Chromatography Station equipped with a diode-array detector
(DAD) and a Single Quadrupole Mass Spectrometer with electro-
spray ionization (ESI). The m/z range of 100–3000 was scanned in
positive mode, with a voltage of 3000 V and a fragmentation of
70 V. The following gradient method was applied: eluent A
(water+0.1% formic acid), eluent B (acetonitrile+0.1% formic
acid), 5 to 100% B in 30 min, then 5 min isocratic 100% B, flow
0.8 mLmin�1. HPLC purity was determined at 254�4 nm or 220�
4 nm. 1H and 13C NMR spectra were obtained on a Bruker
AVANCEQ 300 MHz spectrometer and analyzed with Topspin 2.0. a.
Peptide synthesis was conducted on a Multisyntech Syro multiple
peptide synthesizer. UV/Vis absorption spectra were measured on
a JASCO V-550 UV/Vis spectrophotometer. Fluorescence emission
spectra were measured on a Cary Eclipse fluorescence spectropho-
tometer in a 1 cm quartz vessel. IR spectra were measured on a
Nicolet Impact 400 series FT-IR spectrometer equipped with the
PIKE MIRacleQ ATR-IR detection system.

Di-O-pivaloyl-4-aminofluorescein (2): Cs2CO3 (9.38 g, 28.8 mmol)
was added to a solution of 4-aminofluorescein (1, 10.03 g,
28.8 mmol) in DMF (250 mL). The reaction mixture was cooled to
0 8C with an ice bath, and pivalic anhydride (13.37 mL, 72.0 mmol)
was added dropwise. The solution was stirred for 2 h at room tem-
perature. Cs2CO3 was filtered off, and DMF was evaporated in
vacuo. The residue was diluted in ethyl acetate, washed with water
and brine, dried with Na2SO4, filtered, and concentrated to yield 2
(14.61 g, 98%) as a yellow powder that was used as crude material
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in the next step. 1H NMR (300 MHz; CD2Cl2): d = 1.36 (s, 18H; CH3

tBu), 6.80 (dd, J=8.6, 2.2 Hz, 2H; xanthene CH-2, 7), 6.90 (d, J=
8.2 Hz, 1H; phenyl CH-6), 6.91 (d, J=8.5 Hz, 2H; xanthene CH-1, 8),
6.98 (dd, J=8.2, 2.0 Hz, 1H; phenyl CH-5), 7.06 (d, J=2.1 Hz, 2H;
xanthene CH-4, 7), 7.18 ppm (d, J=1.9 Hz, 1H; phenyl CH-3) ;
13C NMR (300 MHz; CD2Cl2): d = 27.37 (CH3, tert-Bu), 39.63 (C quat. ,
tert-Bu), 82.03 (C quat. , xanthene C-9), 108.71 (CH, phenyl C-3),
110.70 (CH, xanthene C-4, 5), 117.73 (C quat. , xanthene C-8a, 9a),
118.22 (CH, xanthene C-2, 7), 123.00 (CH, phenyl C-5), 125.01 (CH,
phenyl C-6), 128.26 (C quat. , phenyl C-2), 129.51 (CH, xanthene C-1,
8), 142.64 (CH, phenyl C-1), 149.71 (CH, phenyl C-4), 152.28 (C
quat. , xanthene C-4a, 10a), 153.16 (C quat. , xanthene C-3, 6),
169.98 (C quat. , lactone C=O), 177.10 ppm (C quat. , pivaloyl C=O);
ESI-MS: m/z calcd: 515.19; found: 516.2 [M+H]+ ; RP-HPLC tr=
30.0 min, purity 92%.

Di-O-pivaloyl-4-(N-9-fluorenylmethoxycarbonyl)aminofluorescein
(3): NaOH (1n, 26.5 mL, 26.5 mmol) and Fmoc chloride (10.28 g,
39.7 mmol) were added stepwise at 0 8C over 1 h to a solution of 2
(14.61 g, 26.5 mmol) in THF (250 mL). The solution was stirred over-
night at room temperature. THF was evaporated, water was added
(250 mL), and the pH was adjusted to two with addition of KHSO4.
The product was extracted with ethyl acetate. The combined or-
ganic layers were washed with water and brine, dried with Na2SO4,
filtered, and concentrated. The crude product was recrystallized
from CH2Cl2/MeOH to yield white crystals of 3 (16.25 g, 85%).
1H NMR (300 MHz; CD2Cl2): d = 1.36 (s, 18H; CH3 tert-Bu), 4.30 (t,
J=6.3 Hz, 1H; Fmoc CH-9), 4.59 (d, J=6.3 Hz, 2H; Fmoc CH2), 6.80
(d, J=8.6 Hz, 2H; xanthene CH-2, 7), 6.86 (d, J=8.6 Hz, 2H; xan-
thene CH-1, 8), 7.07 (s, 2H; xanthene CH-4, 5), 7.11 (d, J=8.3 Hz,
1H; phenyl CH-6), 7.33 (t, J=8.3 Hz, 2H; fluorenyl CH-2, 7), 7.42 (t,
J=8.3 Hz, 2H; fluorenyl CH-3, 6), 7.66 (d, J=7.3 Hz, 2H; fluorenyl
CH-1, 8), 7.68 (d, 1H; phenyl CH-5), 7.80 (d, J=7.4 Hz, 2H; fluorenyl
CH-4,5), 8.10 ppm (s, 1H; phenyl CH-3) ; 1H NMR (300 MHz;
[D7]DMF): d = 1.36 (s, 18H; CH3 tert-Bu), 4.41 (t, J=6.6 Hz, 1H;
Fmoc CH-9), 4.60 (d, J=6.6 Hz, 2H; Fmoc CH2), 7.04 (dd, J=8.6,
2.1 Hz, 2H; xanthene CH-2, 7), 7.10 (d, J=8.6 Hz, 2H; xanthene CH-
1, 8), 7.31 (d, J=2.1 Hz, 2H; xanthene CH-4, 5), 7.40 (t, J=7.3 Hz,
2H; fluorenyl CH-2, 7), 7.44 (d, 1H; phenyl CH-6), 7.48 (t, J=7.3 Hz,
2H; fluorenyl CH-3, 6), 7.83 (d, J=7.8 Hz, 2H; fluorenyl CH-1, 8),
7.95 (d, 1H; phenyl CH-5), 7.98 (d, J=7.8 Hz, 2H; fluorenyl CH-4,5,
8.39 ppm (s, 1H; phenyl CH-3) ; 13C NMR (300 MHz; CD2Cl2): d =
27.38 (CH3, tert-Bu), 39.66 (C quat. , tert-Bu), 47.66 (CH, fluorenyl C-
9), 67.65 (CH2, Fmoc), 82.24 (C quat. , xanthene C-9), 110.86 (CH,
xanthene C-4, 5), 114.37 (CH, phenyl C-3), 116.95 (C quat. , xanthene
C-8a, 9a), 118.37 (CH, xanthene C-2, 7), 120.60 (CH, fluorenyl C-4,
5), 125.10 (CH, phenyl C-6), 125.52 (CH, fluorenyl C-1, 8), 126.45
(CH, phenyl C-5), 127.71 (CH, fluorenyl C-2, 7), 127.92 (C quat. ,
phenyl C-2), 128.38 (CH, fluorenyl C-3, 6), 129.43 (CH, xanthene C-1,
8), 140.84 (C quat. , phenyl C-1), 141.94 (C quat. , fluorenyl C-4a,
4b), 144.30 (C quat. , fluorenyl C-8a, 9a), 147.71 (C quat. , phenyl C-
4), 152.25 (C quat. , xanthene C-4a, 10a), 153.35 (C quat. , xanthene
C-3, 6), 153.78 (C quat. , Fmoc C=O), 169.24 (C quat. , lactone C=O),
177.10 ppm (C quat. , pivaloyl C=O); 13C NMR (300 MHz; [D7]DMF):
d = 26.73 (CH3, tert-Bu), 39.16 (C quat. , tert-Bu), 47.28 (CH, fluoren-
yl C-9), 66.81 (CH2, Fmoc), 81.60 (C quat. , xanthene C-9), 110.66
(CH, xanthene C-4, 5), 112.88 (CH, phenyl C-3), 117.15 (C quat. , xan-
thene C-8a, 9a), 118.72 (CH, xanthene C-2, 7), 120.47 (CH, fluorenyl
C-4, 5), 125.08 (CH, phenyl C-6), 125.53 (CH, fluorenyl C-1, 8),
126.07 (CH, phenyl C-5), 127.40 (C quat. , phenyl C-2), 127.48 (CH,
fluorenyl C-2, 7), 128.10 (CH, fluorenyl C-3, 6), 129.62 (CH, xanthene
C-1, 8), 141.56 (C quat. , fluorenyl C-4a, 4b), 142.12 (C quat. , phenyl
C-1), 144.40 (C quat. , fluorenyl C-8a, 9a), 146.68 (C quat. , phenyl C-
4), 151.75 (C quat. , xanthene C-4a, 10a), 153.17 (C quat. , xanthene

C-3, 6), 154.18 (C quat. , Fmoc C=O), 168.91 (C quat. , lactone C=O),
176.50 ppm (C quat. , pivaloyl C=O); ESI-MS: m/z calcd: 737.26;
found: 738.2 [M+H]+ ; RP-HPLC rt=33.7 min, purity>99%.

4-(9-Fluorenylmethoxycarbonyl)aminofluorescein (4)

From compound 1: NaOH (1n, 2.88 mL, 2.88 mmol) and Fmoc chlo-
ride (1.12 g, 4.32 mmol) were added stepwise over 30 min at 0 8C
to a solution of 1 (1.00 g, 2.88 mmol) in THF (10 mL). The solution
was stirred for 3 h at room temperature. THF was evaporated,
water was added (25 mL), and the pH was adjusted to 2 with addi-
tion of KHSO4. The product was extracted with ethyl acetate. The
combined organic layers were washed with water and brine, dried
with Na2SO4, filtered, and concentrated. The crude product was pu-
rified with flash chromatography, first with hexane/ethyl acetate to
elute the doubly protected by-product, and then the column was
washed with dichloromethane/methanol to recover 4 (0.75 g, 46%,
HPLC-purity 96%).

From compound 3 : A solution of 3 (16.25 g, 22.1 mmol) in TFA
(95%, 250 mL) was stirred overnight at 60 8C. TFA was evaporated,
and the residue was dissolved in ethyl acetate and washed with
water. The organic layer was extracted with aqueous Na2CO3 solu-
tion at pH 10 to transfer the product 4 into the aqueous layer,
leaving unreacted traces of starting material 3 in the organic layer.
The aqueous layer was washed with ethyl acetate, the pH was ad-
justed to pH 2–4 with addition of KHSO4 salt, and extraction with
ethyl acetate was carried out to transfer the product 4 back into
the organic layer. The organic layer was washed with water and
brine, dried with Na2SO4 and concentrated to yield 4 as an orange
powder (11.54 g, 92%).

1H NMR (300 MHz; [D7]DMF): d = 4.40 (t, J=6.9 Hz, 1H; Fmoc CH-
9), 4.59 (d, J=7.0 Hz, 2H; Fmoc CH2), 6.68 (dd, J=8.5, 2.0 Hz, 2H;
xanthene CH-2, 7), 6.75 (d, J=8.5 Hz, 2H; xanthene CH-1, 8), 6.78
(d, J=1.9 Hz, 2H; xanthene CH-4, 5), 7.33 (d, J=8.4 Hz, 1H; phenyl
CH-6), 7.40 (t, J=7.3 Hz, 2H; fluorenyl CH-2, 7), 7.48 (t, J=7.3 Hz,
2H; fluorenyl CH-3, 6), 7.83 (d, J=7.1 Hz, 2H; fluorenyl CH-1, 8),
7.93 (dd, 1H; J=8.4, 1.6 Hz, phenyl CH-5), 7.98 (d, J=7.8 Hz, 2H;
fluorenyl CH-4,5), 8.32 ppm (d, J=1.4 Hz, 1H; phenyl CH-3) ;
13C NMR (300 MHz; [D6]DMSO): d = 46.67 (CH, fluorenyl C-9), 65.75
(CH2, Fmoc), 79.16 (C quat. , xanthene C-9), 102.25 (CH, xanthene C-
4, 5), 109.82 (C quat. , xanthene C-8a, 9a), 112.51 (CH, phenyl C-3),
112.9 (CH, xanthene C-2, 7), 120.20 (CH, fluorenyl C-4, 5), 124.46
(CH, phenyl C-6), 125.08 (CH, fluorenyl C-1, 8), 125.67 (CH, phenyl
C-5), 127.15 (C quat. , phenyl C-2), 127.15 (CH, fluorenyl C-2, 7),
127.72 (CH, fluorenyl C-3, 6), 129.10 (CH, xanthene C-1, 8), 140.84
(C quat. , phenyl C-1), 140.86 (C quat. , fluorenyl C-4a, 4b), 143.68
(C quat. , fluorenyl C-8a, 9a), 146.14 (C quat. , phenyl C-4), 151.97 (C
quat. , xanthene C-4a, 10a), 153.54 (C quat. , xanthene C-3, 6),
159.51 (C quat. , Fmoc C=O), 168.64 ppm (C quat. , lactone C=O);
ESI-MS: m/z calcd: 569.15; found: 570.0 [M+H]+ ; RP-HPLC rt=
24.95 min, purity >99%.

4-(9-Fluorenylmethoxycarbonyl)aminofluorescein trityl resin (5):
DIPEA (7.1 mL, 40.6 mmol) and 2-chlorotrityl chloride resin (11.2 g,
15.5 mmol, 1.4 mmolg�1, 100–200 mesh, 1% DVB, NovabiochemP)
were added to a solution of 4 (11.54 g, 20.3 mmol) in DCM/DMF
(200 mL), and the reaction mixture was shaken for 3 h at room
temperature. The solution was filtered off, and the resin was
washed with DMF. The remaining free reactive sites were blocked
by shaking the resin twice for 15 min in a MeOH/DMF mixture
(1:9, v/v) with DIPEA (2.7 mL, 154.5 mmol). The resin was washed
with DMF, THF, and DCM to furnish an orange resin 5
(0.26 mmolg�1, 33%).
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Di-O-(methoxyethoxymethyl)-4-(9-fluorenylmethoxycarbonyl)a-
minofluorescein trityl resin (6a): DIPEA (11.1 mL, 63.4 mmol) and
MEM-Cl (6,24 mL, 52.8 mmol) were added to a suspension of 5 in
DMF (200 mL). The reaction mixture was shaken for 90 min at
room temperature. The resin was washed with DMF, THF, and DCM
to yield 15a (0.25 mmolg�1, 100%) as a pale yellow resin.

Di-O-(tert-butyldimethylsilyl)-4-(9-fluorenylmethoxycarbonyl)a-
minofluorescein trityl resin (6b): The procedure was the same as
for 15a, with use of TBDMS-Cl.

Di-O-(triethylsilyl)-4-(9-fluorenylmethoxycarbonyl)aminofluores-
cein trityl resin (6c): The procedure was the same as for 15a, with
use of TES-Cl.

Di-O-(methoxyethoxymethyl)-4-aminofluorescein trityl resin (7):
A suspension of 6a in piperidine in DMF (20% 200 mL) was shaken
for 2 min at room temperature, washed with DMF and shaken for
another 10 min. The solution was filtered off, and the resin was
washed with DMF, THF, and DCM to furnish 7 as an orange resin.

Solid-phase peptide synthesis : The coupling of the first amino
acid was performed by adding Fmoc-protected amino acid
(0.5 mmol) and DIC ( 77.6 mL, 0.5 mmol) to a suspension of 7
(100 mg, 0.05 mmol) in DCM/THF (1:1, v/v). The Fmoc group was
removed by the procedure described above for compound 7 to
yield 16. The next amino acids were coupled by use of the Fmoc-
protected amino acid (0.25 mmol), DIC (38.8 mL, 0.25 mmol), and
HOBt (38.3 mg, 0.25 mmol) in DMF for 30 min, and the Fmoc
group was removed. After each coupling, completion of the reac-
tion was monitored with the Kaiser test, and the coupling was re-
peated if necessary. The last amino acid was then acetylated with
acetic anhydride (0.2 mL) in DMF (1.4 mL) for 15 min to yield 18.
The completion of the reaction was monitored by the Kaiser test,
and the acetylation was repeated if necessary. The peptide was
cleaved off from the resin, and the fluorescein was deprotected by
treatment with TFA in H2O (95%) for 60 min, with addition of triiso-
propylsilane (2%), together with phenol (5%) for peptides contain-
ing Arg residues carrying a Pmc protecting group. The product 19
was precipitated by addition of the cleavage solution to cold di-
ethyl ether (4 8C). After centrifugation (4000 min�1, 5 min), the
upper phase was removed from the vial, diethyl ether was added,
the solid was washed for 5 min in an ultrasonic bath, and the vial
was centrifuged. The procedure was repeated once more and the
remaining solid was dissolved in tBuOH/H2O (4:1, v/v) and lyophi-
lized.

Fluorescence quantum yield determination : Solutions (10 mm) of
fluorescein, 4-aminofluorescein, and peptides 20a and 19 l in
NaOH (aq., 0.1m) were prepared. Absorption spectra were record-
ed to determine the ideal wavelength to be used for the fluores-
cence emission measurements: the wavelength at the intersection
between the absorption curves of the sample and the standard,
where both solutions have the same extinction coefficient, was
chosen as excitation for the fluorescence measurement. The result-
ing emission curves were analyzed with Origin 7 software to deter-
mine their surfaces. Fluorescence quantum yields were calculated
by use of the following equation: F=Fref (I/Iref), where Fref is the
quantum yield of the standard solution and I (or Iref) is the fluores-
cence intensity of the sample (or the standard solution), given by
the area under the emission curve.

Production of protein : The PERQ2 GYF and CD2BP2 GYF domains
were expressed as GST fusion proteins in E. coli BL21 (DE3) cells
harboring the plasmid pGEX 4T-1 with fragments either of PERQ2
(amino acids 531–596 of full-length PERQ2) or of CD2BP2 (amino

acids 280–341 of full-length CD2BP2). E. coli cells were grown in ly-
sogeny broth at 37 8C until an A600 of 0.5 was reached, and gene
expression was induced with isopropyl-b-d-thiogalactopyranoside
(IPTG; 1 mm). The culture was harvested after an additional 4 h of
growth. GST fusion proteins were purified from the soluble fraction
by affinity chromatography on a prepacked GSTrapQ HP gluta-
thione-Sepharose column (GE Healthcare) and subsequent gel fil-
tration (SuperdexP 75, GE Healthcare) in phosphate-buffered saline
(pH 7.3). Final protein concentrations were in the range of 0.2–
0.4 mm in PBS.

Fluorescence polarization assays : The assays were carried out on
384-multiplates (low-volume, round-bottomed, black, nonbinding
surface) from Corning (Nr. 3676) with 1NPBS (pH 7) as buffer in a
final assay volume of 6 mL. The polarization measurements were
performed on a GenioPro Reader from Tecan. The proteins were
available as a solution of PERQ2 GYF domain (480 mm) and a solu-
tion of CD2BP2 GYF domain (480 mm) in 1NPBS buffer (pH 7.3).
The synthesized peptides were first dissolved in DMSO and were
then diluted with 1NPBS buffer (pH 7.3). The fluorescein-labeled
peptide and the protein were placed on the plate and mixed brief-
ly on an EppendorfP MixMateQ shaker to give an assay composi-
tion of fluorescein-labeled peptide (10 nm) with various concentra-
tions of protein in the presence of Tween (0.1%) and directly mea-
sured.

Fluorescence polarization measurements : The fluorescence polar-
ization of the fluorescein-labeled molecules was determined by
measuring the polarization with excitation at 485 nm and emission
at 535 nm, with ten reads per well, an integration time of 40 ms
and a gain of 90. Each measurement was repeated twice. The KD
values were determined by nonlinear curve fitting to a dose-re-
sponse model with a variable slope with the aid of Prism software
(Graph Pad Software, Inc. , San Diego, CA).

Calculation of the Z’ factor : The quality of a fluorescent probe for
HTS was determined by calculating the Z’ factor [Eq. (1)]:

Z 0 ¼ 1� 3ðsbound þ sfreeÞ
mPbound�mPfree

ð1Þ

where s is the standard deviation and mP the fluorescence polari-
zation value in mP. For the bound state, fluorescence polarization
of Fluo-EFGPPPGWLGR-NH2 (10 nm) was measured with GYF-
CD2BP2 domain (12 mm) in PBS buffer (pH 7.3) and Tween (0.1%).
To evaluate the free state, the unlabeled peptide EFGPPPGWLGR-
NH2 was added to a final concentration of 100 mm. A Z’ value of
0.74 was determined. For the peptide Fluo-BpaEFGPPPGWLGR
(21 j) a Z’ value of 0.79 was obtained at a protein concentration of
3.3 mm.

Protein NMR spectroscopy : The untagged 15N-labeled GYF
domain of human CD2BP2 was cloned and expressed as described
elsewhere.[8] The His6-tagged GYF domain of PERQ2 was cloned as
described by Kofler et al.[29] The 15N-labeled PERQ2 GYF domain
was isolated from Escherichia coli BL21 (DE3) culture grown at
37 8C in M9 medium supplemented with 15NH4Cl until an A600 of 0.5
was reached. Gene expression was induced with IPTG (1 mm) for
4 h. Cells were disrupted by sonication, and the protein was puri-
fied from the soluble fraction by affinity chromatography on a pre-
packed HisTrap nickel-agarose column (GE Healthcare) and subse-
quent gel filtration. The NMR experiments were performed at
300 K on a Bruker DRX 600 instrument fitted with standard triple
resonance probes. Data processing and analysis were carried out
with the XWINNMR (Bruker) and SPARKY (SPARKY 3, version 3.1;
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T. D. Goddard, D. G. Kneller, University of California at San Francis-
co) software packages.

In the NMR titration experiments, increasing amounts of synthe-
sized peptides were added to samples (0.1 mm) of the 15N-labeled
CD2BP2 or PERQ2 GYF domain. Sample temperature was 300 K,
and PBS with DMSO (5%) and D2O (10%) was used as buffer. The
gradual changes in chemical shifts of several isolated peaks in the
heteronuclear single quantum coherence spectra were used for KD
calculation. The chemical shift changes for 15N and 1H atoms in a
sample with peptide were determined as ((D1H)2+ (D15N)2)1/2,
where 1H is in units of 0.1 ppm and 15N is in units of 0.5 ppm. For
curve fitting and KD calculation with MicrocalQ OriginQ software,
chemical shift changes were plotted versus the peptide concentra-
tion, and a simple two-state binding mode was assumed.
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