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Abstract

Dimeric 14-3-3 proteins exert diverse functions in eukaryotes by binding to specific phosphorylated sites on diverse target proteins.
Critical to the physiological function of 14-3-3 proteins is the wide range of binding affinity to different ligands. The existing information
of binding affinity is mainly derived from nonhomogeneous-based methods such as surface plasmon resonance and quantitative affinity
precipitation. We have developed a fluorescence anisotropy peptide probe using a genetically isolated 14-3-3-binding SWTY motif. The
synthetic 5-(and-6)-carboxyfluorescein(FAM)-RGRSWpTY-COOH peptide, when bound to 14-3-3 proteins, exhibits a seven-fold
increase in fluorescence anisotropy. Different from the existing assays for 14-3-3 binding, this homogeneous assay tests the interaction
directly in solution. Hence it permits more accurate determination of the dissociation constants of 14-3-3 binding molecules. Protocols
for a simple mix-and-read format have been developed to evaluate 14-3-3 protein interactions using either purified recombinant 14-3-3
fusion proteins or native 14-3-3s in crude cell lysate. Optimal assay conditions for high-throughput screening for modulators of 14-3-3
binding have been determined.
� 2005 Elsevier Inc. All rights reserved.
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Ubiquitous in all eukaryotic cells, dimeric 14-3-3 pro-
teins have numerous binding partners and are involved in
diverse physiological functions including signal transduc-
tion, apoptosis, protein trafficking and localization, metab-
olism, cell motility, and malignant transformation (see
reviews [1–3]). At the biochemical level, isoforms of 14-3-
3 proteins appear to be quite similar in binding specificity.
Increasing evidence suggests the potential of isoform-spe-
cific functions [4,5]. Furthermore, 14-3-3 proteins have
been used as diagnostic markers for prion-related diseases
such as Creutzfeldt–Jakob disease or mad cow disease [6].
Because of the critical role in signaling pathways, 14-3-3
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proteins also represent potential targets for therapeutic
intervention in cancer [7].

Essential to most 14-3-3 functions is the ability to recog-
nize a short peptide substrate only upon phosphorylation.
As the first protein module with preferential affinity to
phosphorylated substrates, 14-3-3 binding provides an
inducible mechanism of translating signal-activated phos-
phorylation into protein–protein interaction. With respect
to substrate consensus, RSx(pS/pT)xP and RxUx(pS/
pT)xP (U as an aromatic or aliphatic amino acid, x as
any amino acid) are two canonical consensus binding
motifs for 14-3-3, also referred to as mode I and mode II
binding motifs [8,9]. Recent evidence shows that 14-3-3
protein also recognizes certain C-terminal sequences [10–
12]. However, the reported affinity values of these C-termi-
nus-mediated interactions were considerably weaker than
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Table 1
KD of the peptides with 14-3-3f

Peptide sequences Abbreviation KD ± SD (lM)
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typical mode I or mode II interactions [10,12]. Using a
genetic selection of a random peptide library, a potent C-
terminal forward trafficking signal, RGRSWTY-COOH,
has been identified and is recognized by 14-3-3 proteins
with much higher affinity than those previously reported
[13,14]. This mode of binding has a consensus of (pT/
pS)x1-2-COOH and is now termed mode III [11], and the
peptide similarly recognizes the same binding pocket [13].
In addition, nonphosphorylated 14-3-3 binding motifs have
been reported (for example, [15,16]). Thus, determination
of binding affinity is important to address the functional
role in the physiological context.

While ranking order of relative affinity for different
interactions is valuable information, the critical and diverse
roles of 14-3-3 proteins often require accurate assessment
of the absolute affinity. However, except for a few peptides
that have been measured with solution-based methods such
as isothermal titration microcalorimetry (ITM)1 assay [12],
most reported dissociation constants (KD) were obtained
by quantitative affinity precipitation or label-free technolo-
gies such as surface plasmon resonance (SPR). While these
assays are adequate in assessing the relative affinity, solid-
phase binding assays often lead to overestimating binding
affinity as seen in interactions between peptides and PDZ
domains [17]. A recent report of 14-3-3-mediated interac-
tion with histone revealed a difference of as much as
1000-fold between IC50 obtained from SPR and KD from
ITM [18]. As a result, the values obtained by different
methods also are difficult to compare. Furthermore, most
of these methodologies are usually not compatible with a
high-throughput screening (HTS) format.

We have identified a novel 14-3-3 binding peptide,
RGRSWpTY-COOH (termed SWTY), and employed it
for affinity determination [13,14]. Here we present the
development and characterization of a homogeneous fluo-
rescence anisotropy binding assay for 14-3-3 using a fluo-
rescein-conjugated SWTY peptide. The assay is
compatible with both purified 14-3-3 proteins and native
14-3-3 proteins in crude cell lysate. The broad adaptability
and robust signal for a variety of targets supports general
applicability.
1 Abbreviations used: AANAT, arylalkylamine N-acetyltransferase;
BMH, yeast 14-3-3; AHA2, Arabidopsis plasma membrane H+-ATPase;
Chaps, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate;
DMSO, dimethyl sulfoxide; ExoS, ADP–ribosyltransferase exoenzyme S;
FI, fluorescence intensity; FRET, Förster resonance energy transfer or
fluorescence resonance energy transfer; GF14x, plant 14-3-3 (tobacco);
Hepes, 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid; ITM, isother-
mal titration microcalorimetry; LOD, limit of detection; PMA2, plasma
membrane H+-ATPase; RBA, radioactive binding assay; SPR, surface
plasmon resonance; SWTY, RGRSWTY or its phosphorylated sequences;
PBS, phosphate-buffered saline; BSA, bovine serum albumin; HTS, high-
throughput screening.
Materials and methods

Reagents and chemicals

All inorganic salts were of analytical purity and were
obtained from Sigma–Aldrich (St. Louis, MO) unless
otherwise stated. All solutions were prepared in a 10 mM
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (Hepes)
buffer (pH 7.3) unless otherwise described.

Preparation and purification of recombinant 14-3-3 proteins

Human 14-3-3f protein was expressed as a hexahisti-
dine-tagged fusion from a T7-driven promoter and purified
from Escherichia coli strain BL21-SI (Invitrogen, Carlsbad,
CA) according to procedures provided by the
manufacturer.

Synthesis of fluorescein-labeled peptide probes and unlabeled

peptides

The synthesized peptides are summarized in Table 1. 5-
(and 6)-Carboxyfluorescein-labeled peptide FAM-RG
RSWpTY-COOH and control sequences RGRSWpTY-
COOH, RGRSWTY-COOH, RGRSWpTE-COOH, RG
RSWpTD-COOH, RGRSWpTP-COOH, RGRSWpTG-
COOH, RGRSWpTYP-COOH, RGRSWpTYA-COOH,
LSQRQRSTpSTPNVHA-COOH, INRSApSEP-COOH,
Biotin-(AHA)2-TIQQSYpTV-COOH, and Biotin-(AHA)2-
TIQRSYpTV-COOH were synthesized (New England Pep-
tides, Boston, MA or Abgent, San Diego, CA). The R18
peptide, with a sequence of PHCVPRDLSWLDLEA
NMCLP, was purchased from Biomol International (Plym-
outh Meeting, PA). The peptides were prepared as stock
solutions by dissolving in water and if necessary with the
addition of a minimal amount of acetonitrile. The working
FAM-RGRSWpTY-COOH FAM-SWpTY 0.49 ± 0.14
H2N-RGRSWpTY-COOH SWpTY 0.17 ± 0.04
H2N-RGRSWTY-COOH SWTY >100
H2N-RGRSWpTE-COOH SWpTE 3.4 ± 0.2
H2N-RGRSWpTP-COOH SWpTP 45 ± 11
H2N-RGRSWpTG-COOH SWpTG 1.5 ± 0.01
H2N-RGRSWpTD-COOH SWpTD 2.2 ± 0.3
H2N-RGRSWpTYP-COOH SWpTYP 0.16 ± 0.07
H2N-RGRSWpTYA-COOH SWpTYA 0.34 ± 0.10
H2N-LSQRQRSTpSTPNVHA-
COOH

pS-Raf259 12.8 ± 4.8

H2N-INRSApSEP-COOH pS-Raf621 >100
Biotin-(AHA)2-TIQQSYpTV-
COOH

QSYpTV 6.0 ± 2.0

Biotin-(AHA)2-TIQRSYpTV-
COOH

RSYpTV 2.5 ± 1.0

H2N-PHCVPRDLSWLDLEANMCLP-
COOH

R18 0.39 ± 0.30
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solutions for the affinity detection were prepared in the
10 mM Hepes buffer (pH 7.3).

Fluorescence detection

For both the fluorescence-intensity-based and the fluo-
rescence-anisotropy-based affinity detections, a multifunc-
tional plate reader Safire2 (Tecan US, Research Triangle
Park, NC) was used. The detection was performed on
384-well black-walled microplates in fluorescence polariza-
tion measurement mode. The excitation was set at 470 nm
and the emission at 525 nm, with 20-nm bandwidth for
emission. The time between move and flash was set at
100 ms with three reads per well. G factor was determined
as 1.1 by calibration of 100 nM FAM-RGRSWpTY-
COOH as 20 mP for fluorescence polarization, with buffer
solution as the reference.

Determination of the equilibrium dissociation constant (KD)

of the fluorescein-labeled peptide

For fluorescence-anisotropy-based affinity detections
with FAM-RGRSWpTY-COOH, the dissociation con-
stant (KD) of FAM-RGRSWpTY-COOH with 14-3-3f
was determined by the titration of 100 nM of FAM-
RGRSWpTY-COOH in a 100-ll total volume 30 min after
the addition of different concentrations of 14-3-3f, with one
binding site fitting with Eq. (1) using Origin 7.0 (North-
ampton, MA). In the fitting, y = r � r0, with r as fluores-
cence anisotropy of FAM-RGRSWpTY-COOH with the
addition of 14-3-3f, r0 as FAM-RGRSWpTY-COOH
alone, and x as the concentration of 14-3-3f

y ¼ B � x
KDFAM-SWpTY

þ x
. ð1Þ
Competitive binding assays for unlabeled peptides

Competitive experiments were employed for the KD

measurements of unlabeled control peptides using proce-
dures similar to an earlier report [17]. Briefly, competitive
anisotropy experiments were performed with premixed
test sequences and 800 nM FAM-RGRSWpTY-COOH.
Upon addition of 0.65 lM of 14-3-3f in a total volume
of 100 ll, the anisotropy was determined after 120 min
unless otherwise indicated. The fitting was done using
Origin 7.0 with Eq. (2) with y = (r � r0)/(rmax � r0) as
bound fraction, r as fluorescence anisotropy of FAM-
RGRSWpTY-COOH with the addition of 14-3-3f, r0 as
FAM-RGRSWpTY-COOH alone, rmax as the maximum
of fluorescence anisotropy of FAM-RGRSWpTY-COOH
with the addition of 14-3-3f, D0 as the concentration of
FAM-RGRSWpTY-COOH, P0 as the concentration of
14-3-3f, KDFAM-SWpTY

(0.49 lM) as KD for FAM-SWpTY
as detected earlier in this paper, KDcontrol

as KD for
control sequences, and x as the concentrations of control
peptides
y¼ 1

2 � D0

�
(

KDFAM-SWpTY

KDControl

xþKDFAM�SWpTY
þD0þP 0

� �

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KDFAM-SWpTY

KDControl

xþKDFAM�SWpTY
þD0þP 0

� �2

�4 � D0 � P 0

s )
.

ð2Þ
Cell lysate preparation

Cell lysate was prepared as previously described [19].
HEK 293 cells confluent in a 10-cm dish were washed with
PBS, scraped, and transferred to a 25-ml tube. After centri-
fugation at 1000g for 5 min at room temperature, the cells
(2.2 · 106) were resuspended in 10 ml Hepes buffer and
ultrasonicated 10 times for 10-s durations with 30-s inter-
vals on ice (Branson Sonifier 450; Branson, Danbury,
CT). After centrifugation at 10,000g for 10 min at 4 �C,
the supernatant was stored in aliquots at �20 �C. The pro-
tein concentrations in the cell lysate were determined by the
Bradford assay [20] in 96-microwell plates with BSA as a
calibration standard (Bio-Rad, Hercules, CA).

14-3-3 detection in cell lysate

The native 14-3-3 proteins in cell lysate were measured
by fluorescence anisotropy 30 min after the addition of
400 nM FAM-RGRSWpTY-COOH into 45 ll of crude
cell lysate to a total volume of 100 ll in 384-well black-
walled microplates. The calibration curve was generated
by spiking known amounts of recombinant 14-3-3f into
the denatured lysates in a total volume of 100 ll. The dena-
tured lysate was obtained by incubating the crude cell
lysate at 100 �C for 10 min. The denatured lysate was used
to assess the nonspecific effect on anisotropy in the absence
of specific 14-3-3 binding to the labeled peptide probe.

The native 14-3-3 proteins in cell lysate were alternative-
ly determined by immunoblotting. The cell lysate was run
on a 12% polyacrylamide gel, transferred to a nitrocellulose
membrane, and blotted with anti-14-3-3 Ab (Zymed, South
San Francisco, CA) followed by HRP-conjugated second-
ary Abs (Vectorlab, Burlingame, CA). The immunoblot-
ting signal was developed with the ECL system
(Amersham–Pharmacia, Piscataway, NJ). The immuno-
blotted bands were detected by a Fuji Luminescent Image
Analyzer (LAS 3000, Fujifilm, Valhalla, NY) and quanti-
tated by the Multi Gauge program (Fujifilm). The amount
was determined by plotting with the signals obtained with
known amounts of recombinant 14-3-3 proteins.

High-throughput screening evaluation

For the evaluation of the binding assay for its compati-
bility with high-throughput screening, a robotic liquid han-
dling system (Biomek 2000; Beckman Coulter, Fullerton,
CA) has been applied for the addition of solutions into
the 384-well black microplates.
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The Z factor was calculated using Eq. (3) [21] with SD
as standard deviation and Av as the average of FAM-
RGRSWpTY-COOH alone and FAM-RGRSWpTY-
COOH saturated with 14-3-3f. Each set comprises 20 data
points

Z ¼ 1� jSD1 þ SD2j � 3
jAv1 � Av2j

. ð3Þ
Results

Spectra characterization of the probes

N-terminally labeled fluorescein peptide, FAM-
RGRSWpTY-COOH, has spectra typical of fluorescein
(Fig. 1A). In contrast to other reports using environ-
ment-sensitive fluorophores, addition of 14-3-3f led to a
decrease of fluorescence intensity rather than an increase
(Figs. 1A and C). This may be due to pH sensitivity of
FAM-RGRSWpTY (see Fig. 4). The spectra display no
obvious change, consistent with the notion that the fluores-
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Fig. 1. Fluorescent spectra of fluorescein-labeled peptide (FAM-RGRSWpTY
FAM-RGRSWpTY-COOH (5.0 lM) with increasing concentrations of 14-3-
volume of 100 ll. The inset shows the structure of FAM-RGRSWpTY-C
RGRSWpTY-COOH from 0.05 (j), 0.1 (h), 0.2 (d), 0.3 (s), 1.0 (m), 2.0 (n)
The line indicated with unfilled diamonds (�) is the anisotropy titration of 0.08
Fluorescence intensity titration of 14-3-3f with increasing concentrations of FA
(n) lM (bottom to top) in a total volume of 100 ll.
cein has no strong interaction with the 14-3-3. In the pres-
ence of 14-3-3f, an approximately seven-fold increase of
the anisotropy was detected (Fig. 1B), providing a desirable
signal-to-noise ratio. The signal of anisotropy was both 14-
3-3 and FAM-RGRSWpTY-COOH peptide dependent.
No signal was detected by a binding mutant of 14-3-3f
(K49E) (Fig. 1B) [13].

To evaluate the stability of the anisotropy signal, time
course measurements were performed. Fig. 2 shows that
the anisotropy signal reached a plateau within 10 min for
FAM-RGRSWpTY-COOH and it remained constant up
to 120 min or longer. All measurements reported here were
done within 30 min unless otherwise described to avoid
prolonged irradiation that could potentially introduce pho-
tobleaching to the fluorescent probe.

Assay sensitivity to solvent conditions

The experimental conditions for the binding assay have
been characterized in several aspects including ionic
strength and Mg2+, detergent, and protein concentration.
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The potential effect by ionic strength was tested with differ-
ent concentrations of sodium chloride. The concentration
of NaCl has minimal effect on the anisotropy (Fig. 3A).
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Fig. 3. Assay sensitivity to experimental conditions. (A) Anisotropy signal (ver
axis). (B) Anisotropy signal (vertical axis) is plotted against increasing concent
plotted against increasing concentrations of Tween 20 (horizontal axis). (D) An
bovine serum albumin (BSA) (horizontal axis). The experiments were performe
volume of 100 ll. All experiments were repeated at least three times.
Divalent metal ions, such as Mg2+, were reported for cer-
tain effects on the binding [22]. In the concentration range
tested, Mg2+ could only marginally increase the anisotro-
py, but the effect was quite consistent in the concentration
range between 2 and 50 mM (Fig. 3B). In contrast, the
detergent Tween 20 resulted in a decreased anisotropy sig-
nal by �30% (Fig. 3C). Application of 3-[(3-cholamidopro-
pyl)dimethylammonio]-1-propanesulfonate (Chaps), a
different detergent, had a similar effect (data not shown).
The addition of irrelevant proteins, such as BSA, increases
the anisotropy (Fig. 3D), which might result from a combi-
nation of increasing viscosity and a potential weak interac-
tion between FAM-peptide and BSA.

pH effect

The effects of pH have been recognized in a number of
14-3-3 target interactions [22–24]. Because the reported
assays were not based on the binding itself or were based
only within a limited pH range, the effect of pH on 14-3-
3-mediated binding remains elusive. In the homogeneous
solution assay, the anisotropy value for the binding of
FAM-RGRSWpTY-COOH to 14-3-3f varied from 45 at
pH 9.0 to around 155 at pH 6.0–6.5 (Fig. 4A). Within this
pH range, FAM-RGRSWpTY-COOH alone showed no
significant change in anisotropy. In contrast, the fluores-
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cence intensity increases as pH increases from 6.0 to 9.0
(Fig. 4B). The difference in pH sensitivity for the free and
bound FAM-RGRSWpTY-COOH likely causes the appar-
ent reduction of fluorescence intensity upon 14-3-3 binding
at pH 7.3 (Fig. 1A).

Sensitivity of the homogeneous assay

For detection in anisotropy, the limit of detection
(LOD; S/N = 3) for 14-3-3f is 16 nM, with a linear range
of 16–700 nM (Fig. 5A). The linear range could be
improved by increasing the concentration of the labeled
peptide. Conversely, LOD for FAM-RGRSWpTY-COOH
is 0.68 lM with a linear range of 0.68–2 lM in the presence
of 14-3-3f (Fig. 5B).

If detected with the fluorescence intensity, LOD for
FAM-SWpTY can reach as low as 0.14 nM in the absence
of 14-3-3f and 0.33 nM in the presence of 14-3-3f (Fig. 5C).
The difference in LODs is mainly due to the interference
from the light scattering, as shown in Fig. 5D. Only at a
concentration higher than 2–5 nM will the interference be
minimal.

Determination of the binding affinity

The binding assay has been applied to determine the dis-
sociation constant of 14-3-3 with fluorescein-labeled FAM-
RGRSWpTY-COOH or free unlabeled peptides [13]. To
compare the KD constants of different measurement meth-
ods, we synthesized and compared the affinity of a series of
peptides, including the two binding sites of Raf1 (S259,
S621) [8,9], the C-terminal binding site of arylalkylamine
N-acetyltransferase (AANAT) [11], R18 [16], and SWTY
peptides in either phosphorylated or unphosphorylated
form [14] (Table 1). The ranking order of affinity is consis-
tent with the reported values (Table 2). The absolute val-
ues, however, are generally lower than those obtained by
solid-phase-based measurements (Fig. 6, Tables 1 and 2).
In the case of the C-terminal peptide of plant plasma mem-
brane H+-ATPase, the dissociation constant (KD) is
2.5 lM by isothermal titration microcalorimetry [12], com-
parable to the KD of 6.0 lM (wild-type) and 2.5 lM (Q-5R)
obtained in our competition fluorescence anisotropy assay
(Table 1). This supports the notion that the solution-based
measurement used here is more consistent with that
obtained by microcalorimetry.

Monitoring 14-3-3 binding in crude cell lysate

To monitor the binding of peptide to native 14-3-3 pro-
teins, homogeneous solution assays were applied for testing
the FAM-RGRSWpTY-COOH interaction with crude cell
lysate. Increased anisotropy signal of the FAM-
RGRSWpTY-COOH was detected in the presence of crude
cell lysate. The increase of anisotropy correlates with the
concentration of protein in the lysate. In contrast, dena-
tured cell lysate displayed a reduced signal of anisotropy
(Fig. 7A). To affirm that signal differences in native and
denatured protein preparation corresponds to the specific
binding, R18 peptide was used to compete with FAM-
RGRSWpTY-COOH for 14-3-3 binding. The difference
in anisotropy in signals in the absence and presence of
R18 should represent specific 14-3-3 binding signal. Indeed,
the addition of R18 reduces the anisotropy to a level com-
parable to that of denatured lysate (Fig. 7A). The overall
anisotropy signal was further enhanced when the cell
lysates were spiked with recombinant 14-3-3f. Consistently,
the specific fraction of the signal was eliminated by R18
peptide and anisotropy was reduced to the same level as
that of denatured cell lysate (Fig. 7A).

Using unlabeled RGRSWpTY-COOH peptides, we
found comparable values of KD for the recombinant 14-
3-3f and the native 14-3-3s in the cell lysate (data not
shown). This provides evidence of similar affinity, hence
allowing for estimation of the amount of 14-3-3 in cell
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lysates that are available for interaction. To determine the
total available 14-3-3 proteins in cell lysate, a calibration
curve was generated by spiking the denatured cell lysate
with 14-3-3f (Fig. 7B and Materials and methods). The
experiments have a LOD (S/N = 3) of 47 nM and linear
range between 47 and 700 nM. The detection of the 14-3-
3 in cell lysate resulted in a concentration of 0.13 lM for
the crude lysate. The immunoblot using specific antibody
and known amounts of recombinant 14-3-3 protein yielded
an estimated concentration of 0.17 lM for 14-3-3 in the cell
lysate (Figs. 7C and D).

High-throughput compatibility of the binding assay

The compatibility with the HTS was evaluated in a 384-
well plate format. The assay can tolerate up to 10% dimeth-
yl sulfoxide with the change of anisotropy less than 10%. In
a 100 ll reaction volume, the Z factor values as calculated
from FAM-RGRSWpTY-COOH alone and FAM-
RGRSWpTY-COOH saturated with 14-3-3f are 0.62 in
20-data-point sets. The assay has a robust signal-to-noise
ratio of �7. The assay volume may be reduced to 20 ll with
a satisfactory Z factor of 0.51 (Figs. 8A and B). These
parameters indicate that the anisotropy measurement is a
robust HTS assay.
Discussion

Several methods have been developed for the binding
assays of 14-3-3 due to its diverse importance in biological
functions [7]. Some commonly used in vitro assays for 14-
3-3 proteins are summarized in Table 2. Radioactive bind-
ing assays, which measure the binding of 14-3-3 with
either 32P-labeled phosphorylated peptides or radiolabeled
14-3-3, have high sensitivities and are compatible with a
good throughput format. Label-free methods, including
SPR and calorimetric assay, have also been used in the
14-3-3 binding assays. In particular, calorimetry is proba-
bly most accurate despite the requirement of large
amounts of reaction materials. The throughput remains
to be a major challenge preventing these assays from hav-
ing a broad application. Because 14-3-3 binding to
enzymes often causes a change of catalytic activity, this
feature has been used elegantly to test the interaction
and estimate the affinity. It is especially successful for
weak interactions and measuring subtle changes in the
affinity (e.g., [11]) Because of the requirements for radio-
activity, target specificity, or substantial amounts of pure
proteins for these methods, a more general approach with
improvements in the above-mentioned requirements is
needed.



Table 2
Binding assays and KD comparison

Mode Peptide sequences/proteinsa Methodsb 14-3-3 KD (nM) Ref.

Mode I RSx (pS/pT) xPc RSRSTpSTP (pS-Raf259) SPR 14-3-3g-GST 510 [9]
RSApSEP (pS-Raf621) SPR 14-3-3g-GST 1270 [9]
RSRSTSTP (Raf259) SPR 14-3-3g-GST >50,000 [9]
LSQRQTSTpSTPNVHM (pS-Raf259) SPR 14-3-3g-GST 116 [9]
LSQRQTSTpSTPNVHM (pS-Raf259) SPR 14-3-3g-GST 128 [8]
LSQRQTSTpSTPNVHM (pS-Raf259) SPR 14-3-3f-GST 122 [8]
LSQRQRSTpSTPNVHMV (pS-Raf259) FRET 14-3-3f 124 [18]
AANAT (pT31) RBA GST-14-3-3f 31.8 [11]
Nitrate reductase Enzyme coupling His-BMHa 2.5 [26]
CGPTLKRTApSTPFM
Nitrate reductase PNR6 SPR His-GF14xa 843 [23]

Mode II RxUx(pS/pT)xPc Biotin-MAGGGRLSHpSLP SPR 14-3-3g-GST 55.7 [9]
Biotin-MAGGGRLYHpSLP SPR 14-3-3g-GST 37.4 [9]
Biotin-MAGGGRLSHpSLG SPR 14-3-3g-GST 190.4 [9]
AcNH-RLXRpSLPA-CONH2d FI 14-3-3f-GST 4600 [17]

Mode III pS/pT(X1-2)-COOH Biotin-VKLKGLDIETPSHYpTV-COOH
(BA-(933–948)-P, AHA2) SPR GF14x 88 [27]
QSYpTV-COOH (PMA2) ITM His-14-3-3c 2500e [12]
QSYpTVP-COOH ITM His-14-3-3c 2700e [12]
QSYpT-COOH ITM His-14-3-3c 15,000e [12]
AANAT (pS205) RBA GST-14-3-3f 21.7 [11]

2 Binding sites MAGGGGRSApSEP-(AHA)6-RSApSEPAKK SPR 14-3-3g-GST �20 [9]
AANAT (pT31, pS205) RBA 14-3-3f-GST 7.2 [11]

Unphosphorylated peptides KEESEK-COOH (Ammodytoxin C) SPRf 14-3-3 1000g [28]
‘‘245FGADAE’’, DN222, ExoS SPR His-14-3-3f 7.2 [29]
H2N-PHCVPRDLSWLDLEANMCLP-COOH (R18) RBA 14-3-3f-GST 90 [15]

a AANAT, arylalkylamine N-acetyltransferase; AHA2, Arabidopsis plasma membrane H+-ATPase; PMA2, plasma membrane H+-ATPase; ExoS,
ADP-ribosyltransferase exoenzyme S; BMH, yeast 14-3-3; GF14x, plant 14-3-3 (tobacco).
b SPR, surface plasmon resonance, with immobilized peptides; FRET, fluorescence resonance energy transfer; RBA, radioactive binding assay; FI,

fluorescence intensity; ITM, isothermal titration microcalorimetry.
c Uppercase indicates a highly conserved position; U, an aromatic or aliphatic amino acid; x, any amino acid.
d X, fluorophore-labeled amino acid.
e pH 6.5 with Mg2+ and Ca2+.
f Immobilized 14-3-3.
g pH 8.2 with Mg2+ and Ca2+.
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Considering the reported solution-based assays, micro-
calorimetry is a highly reliable approach to determine
absolute affinity, but it requires considerable amounts of
materials. On the other hand, environment-sensitive fluo-
rescent amino acids have been synthesized and incorporat-
ed into 14-3-3 binding peptides to monitor 14-3-3 binding
[25]. A Förster-resonance-energy-transfer-(FRET)-based
binding assay has also been explored using a binding pep-
tide and 14-3-3 protein that are both labeled with fluoro-
phores [26]. However, the uniqueness of fluorophore and
mutated 14-3-3 hampers the general use of FRET for deter-
mining binding affinity. The fluorescence anisotropy
method reported here represents a major step of improve-
ment for in vitro analyses of 14-3-3 interactions. First,
the sensitivity and experimental procedures are significant-
ly improved by measuring anisotropy. The SWTY peptide
recognizes the same binding groove as that of canonical
peptide substrates [13,14]. Hence, the competition assay
described here (Fig. 6 and Table 1) should be generally
applicable to other interactions involving canonical peptide
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binding to 14-3-3. Second, the absolute values determined
by this approach are homogeneous solution based, which
gives rise to more accurate dissociation constants. In addi-
tion, the assay is compatible to either pure or crude protein
preparations. This may be particularly useful for monitor-
ing 14-3-3 binding activities under different biochemical
conditions. Third, the throughput of this assay is consider-
ably higher than that of any of the existing assays. The
measurement is performed without filtering, electrophore-
sis, or precipitation steps. Since rigorous incubation time
and temperature control are not necessary for the assay
and reagent mixture is a simple stepwise liquid addition,
it is conveniently adaptable to robotic manipulation.
Because the signal-to-noise ratio remains desirable in as
low as 20 ll (Fig. 8) reaction volume, the assay may be fur-
ther improved and applicable to 1536-well format.

The affinity and stability of FAM-RGRSWpTY-COOH
peptide could affect the general utility of this probe. The
dissociation constants (KD) are 0.49 ± 0.14 lM determined
by direct binding of the labeled peptide and
0.17 ± 0.04 lM by competition experiments using unla-
beled peptide [13]. The dynamic range may be expanded
by using FAM-labeled RGRSWpTG or RGRSWpTP pep-
tides which have KD values of 1.5 ± 0.01 and 45 ± 11 lM
(Table 1) [13]. The stability of the labeled peptide could
be affected by ambient irradiation and potential phospha-
tase in the crude protein preparation. Our results suggest
that the dephosphorylation was not a major concern under
typical experimental conditions as shown in Fig. 8A. This
perhaps should not be a surprise since the SWTY peptide
was obtained by a general screen from yeast and tested in
mammalian cells. Should it be sensitive to phosphatase, it
may not be effective in recruiting 14-3-3. Future improve-
ments may be sought by testing RGRSWpTY-COOH pep-
tides conjugated with different fluorophores.

In conclusion, a homogeneous fluorescence-anisotropy-
based 14-3-3 binding assay has been developed. The
method permits a mix-and-read format to determine the
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dissociation constants of various peptides (or proteins)
using a fluorescein-labeled peptide probe (FAM-
RGRSWpTY-COOH). Assay conditions suitable for
high-throughput screening have been evaluated. The
robustness of the assay permits detection of 14-3-3 proteins
in crude cell lysate. These advantageous features broaden
its application to 14-3-3-involved interactions for both
affinity measurement and high-throughput screening.
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