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a b s t r a c t

Being different from anti-phosphotyrosine antibodies, anti-phosphoserine- or anti-phosphothreonine-
specific antibodies with high affinity for the detection of serine/threonine kinase substrates are not read-
ily available. Therefore, chemical modification methods were developed for the detection of phosphoser-
ine or threonine in the screening of protein kinase substrates based on b-elimination and Michael
addition. We have developed a biotin-based detection probe for identification of the phosphorylated
serine or threonine residue. A biotin derivative induced a color reaction using alkaline phosphate-
conjugated streptavidin that amplified the signal. It was effective for the detection and separation of
the target peptide on the resin. The detection probe was successfully used in identifying PKA substrates
from peptide libraries on resin beads. The peptide library was prepared as a ladder-type, such that the
active peptides on the colored resin beads were readily sequenced with the truncated peptide fragments
by MALDI-TOF/MS analysis after releasing the peptides from the resin bead through photolysis.

� 2011 Elsevier Inc. All rights reserved.
Protein kinases catalyze the phosphorylation of Ser, Thr, and Tyr
residues in peptides and proteins with adenosine-triphosphate
(ATP)1 [1–3], which regulates cellular functions, such as cell-cycle
regulation, apoptosis, and metabolism [4]. Moreover, protein kinases
are involved in diseases including cancer and inflammation. Identify-
ing phosphorylation in specific peptide sequences of substrates plays
a crucial role for developing kinase inhibitors for drug discovery
[5–7]. Various approaches for detecting phosphoryl residue in
peptides have been investigated with the goal of determining the
primary sequence of the protein kinase phosphorylation site [8–10].

Radiolabeling of target peptides with [c-32P]ATP is a traditional
method for the detection of phosphorylation [11,12]. However, it
requires long analysis time and special handling procedures for
radioactivity measurements with X-ray instrumentation. In addi-
tion, a fluorophore-conjugated metal ion complex was used to cap-
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ture the phosphorylated peptide and to detect the phosphorylation
event [13–15]. Despite versatility and ease of use, the chelating
reaction has a disadvantage because of competition reactions of a
metal ion complex on a phosphate group with other anionic com-
pounds including ATP and negatively charged amino acid
sequences.

Alternatively, an antibody-based detection method has been
developed to identify phosphorylated proteins [16,17]. Recently,
our group reported a screening method for Tyr kinase substrates
using a ladder-type peptide library. The substrate specificities of
protein Tyr kinases, such as p60c-src, ZAP-70, and Brk, were identi-
fied using an anti-phospho-Tyr antibody [18,19]. Although anti-
phospho-Tyr antibodies have shown good affinity, selectivity, and
availability, only a few antibodies that specifically recognize a cer-
tain substrate of a Ser/Thr kinase-mediated phosphorylation have
been discovered [20–22].

As an alternative detection heuristic, chemical modification
methods based on b-elimination and Michael addition were devel-
oped to detect phospho-Ser/Thr residues and to avoid nonspecific
interactions with immune-affinity and metal-affinity systems
[23–27]. Here, we report a new chemical modification method
for the detection of phospho-Ser/Thr, which is suitable for the
screening of protein kinase substrates, in lieu of an antibody-based
method.

A thiol group containing a biotin derivative was designed as a
detection probe for phospho-Ser/Thr. After phosphorylation of
the Ser/Thr-containing ladder-type peptides on resin beads, the
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phosphorylated peptides were converted by b-elimination to the a,
b-unsaturated peptide residues which could be captured by the
thiol group-containing biotin probe and recognized by alkaline
phosphatase (AP)-conjugated streptavidin-derived colorimetric
reaction. Consequently, the active peptide substrates on the col-
ored resin bead could be sequenced by MALDI-TOF/MS after re-
lease from the bead (Fig. 1).
Materials and methods

Synthesis of biotin–TEG–Cys–NH2

For biotin–TEG (tetraethyleneglycol)–Cys–NH2 synthesis, Cys,
TEG, and biotin were coupled to a Rink-amide resin using the
solid-phase BOP/HOBt-coupling method and Fmoc chemistry
(Scheme 1).

Fmoc–TEG–succinic acid (SA), used as a building block, was pre-
pared separately in solution-phase synthesis [28,29]. 4,7,10-Triox-
a-1,13-tridecanediamine (10 mmol) was reacted with succinic
anhydride (10 mmol) in acetonitrile to yield H2N–TEG–SA. Then,
Fmoc–TEG–SA was prepared from the reaction of H2N–TEG–SA
and Fmoc–OSu (11 mmol) with DIEA in acetonitrile. The purity of
the product was 93%, and the yield was 59%.

Biotin-NHS was synthesized from biotin (5 mmol), NHS
(5 mmol), and DCC (5 mmol) in DMF.

Fmoc–Cys(Trt)-OH (2 eq) and Fmoc–TEG–succinic acid were
sequentially coupled to a Rink-amide MBHA resin (0.6 NH2 mmol/
g) in the presence of BOP (2 eq), HOBt (2 eq), and DIEA (4 eq). The
Fmoc group was removed from the resin in a 20% piperidine/DMF
solution. Biotin–NHS (2 eq) was coupled to the NH2–TEG–Cys–Rink
amide resin in the presence of DIEA (2 eq). Biotin–TEG–Cys–NH2

and the Trt protecting group on the Cys residue were cleaved from
the resin by Reagent K (TFA:phenol:H2O:thioanisole:1,2-ethanedi-
thiol = 82.5:5:5:5:2.5). The purity of biotin-TEG–Cys–NH2 was con-
firmed by MADLI-TOF/MS and HPLC (66% purity and 71% yield
based on the amount of Cys).

Ladder-type peptide synthesis on the resin

Kemptide (LRRASLG) and the random peptide library were
synthesized on a HiCore resin (core–shell-type PEGylated PS resin).
Fig.1. Outline of the detection method of phospho-Ser/Thr. (AP, alkaline phosp
HiCore resin was prepared from chloromethyl (CM) PS resin using
a method previously reported in the literature [30]. For introduc-
tion of the linker and spacer to the HiCore resin, the photolabile
linker [31,32] and spacer, bAla-eACA-bAla-eACA (bebe, where b is
b-alanine and e is e-aminocaproic acid), were coupled to the resin
with the Fmoc strategy of solid-phase peptide synthesis.

To synthesize Kemptide on the resin in a ladder-type configura-
tion, each of the corresponding Fmoc amino acids (4 eq) was cou-
pled in series to the NH2–bebe–PLL–resin in the presence of Ac-Gly
(0.2 eq), BOP (4.2 eq), HOBt (4.2 eq), and DIEA (8.4 eq). The prod-
uct, Ac-Gly-L-R-R-A-S-L-G-bebe–PLL–resin, was confirmed by
sequencing with MALDI-TOF/MS analysis after UV photocleavage
(360 nm).

For a ladder-type random peptide library to be used in a Ser/Thr
kinase assay, the spacer and linker-conjugated resin (1.6 g) was di-
vided into 16 equal parts, which corresponded to 16 amino acids
(the natural amino acids except for Ser, Thr, Tyr, and Cys). The
ladder-type peptide library was prepared via the split-and-mix
method. At every coupling steps, each resin portion was reacted with
Fmoc amino acid (4 eq), Ac-Gly (0.2 eq), BOP (4.2 eq), HOBt (4.2 eq),
and DIEA (8.4 eq) in NMP. After coupling, the resins were combined
in a reaction tube, washed, and dried under reduced pressure.

For quantification of amino groups, ca. 100 mg of resin was
treated with a 20% piperidine/DMF solution and filtered, and the
filtrate solution was titrated by UV (290 nm) absorbance to calcu-
late the amount of available amine groups after partial capping
with Ac-Gly. After removing the Fmoc group, the resin was divided
into 16 equal parts and reacted with Fmoc amino acid. These steps
were repeated, and the side-chain protecting groups were depro-
tected by cleavage cocktail (Reagent K) at the final step.
Kinase assay and detection

Kemptide-coupled resin (5 mg) was reacted with 1000 U PKA
(protein kinase A) and 1 mM ATP in an assay buffer solution con-
taining Tricine (0.9% w/v), MgSO4 (0.12% w/v), DTT (0.04% w/v),
EDTA (0.0016% w/v), and BSA (0.1% w/v) at 37 �C for 30 min. As a
control reaction, Kemptide-coupled resin was reacted with the
same buffer solution without PKA.

b-Elimination of phosphorylated peptide resin was accom-
plished under alkaline conditions with 0.5 N NaOH:DMSO:i-PrOH
hatase; NBT, nitroblue tetrazolium; BCIP, bromo-chloroindolyl phosphate).



Scheme 1. Preparation of biotin-TEG–Cys–NH2: (a) Fmoc–Cys(Trt), BOP, HOBt, DIEA, NMP; (b) 20% piperidine/DMF; (c) Fmoc–TEG–COOH, BOP, HOBt, DIEA, NMP; (d) 20%
piperidine/DMF; (e) biotin–NHS, DIEA, DMF; and (f) Reagent K (TFA, phenol, H2O, thioanisole, 1,2-ethandithiol).
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(3:5.5:1.5) at 50 �C for 4 h. Michael addition was performed with
biotin–TEG–Cys–NH2 (2 mM) in 0.05 N NaOH:DMSO:i-PrOH
(3:5.5:1.5). Then each sample was treated with alkaline phospha-
tase-conjugated streptavidin (AP-ST, 1 U/mL) for 1 h. The AP on
the resin promoted a color reaction (purple) with 5-bromo-4-
chloro-30-indolyl phosphate p-toluidine salt (BCIP) and nitroblue
Scheme 2. Preparation of the ladder-type peptide library: (a) Fmoc-photolabile linker (PL
Fmoc-b-alanine, BOP, HOBt, DIEA, NMP; (d) 20% piperidine/DMF; (e) Fmoc-Ala (4 eq), Ac
AcGly (2 eq), BOP, HOBt, DIEA, NMP; and (h) Reagent K (TFA, phenol, H2O, thioanisole, 1
tetrazolium chloride (NBT) in Tris buffer (pH 9.5). After the color
reaction, the reaction was quenched by adding 1 N HCl solution.

PKA substrate screening was performed on the peptide library-
conjugated resin (25 mg) using 2500 U PKA and 1 mM ATP in an
assay buffer solution. After b-elimination and Michael addition
with biotin–TEG–Cys–NH2, color reaction was performed through
L), BOP, HOBt, DIEA, NMP; (b) 20% piperidine/DMF; (c) Fmoc-e-aminocaproic acid or
-Gly (0.2 eq), BOP, HOBt, DIEA, NMP; (f) 20% piperidine/DMF; (g) Fmoc-amino acid,
,2-ethandithiol).
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AP-ST treatment and BCIP/NBT reaction. One hundred reddish-
brown colored beads were picked during a fourfold assay
(4 � 25 mg resin), and each peptide together with its ladder-type
fragments was released from the resin by UV irradiation. The pep-
tide sequences were identified by MALDI-TOF/MS analysis and 88
beads were sequenced successfully. Detailed conditions of each
experimental step are described in the Supplementary Material.
Fig.2. Fmoc titration of peptide resin at each coupling step: the gray solid bar
represents the free amine group at each coupling step, and the striped bar
represents truncated peptide.

Fig.3. Optical microscope images of ladder-type peptide libraries on resin beads
after PKA assay and colorimetric reaction.
Results and discussion

Synthesis of biotin–TEG–Cys–NH2

Biotin–TEG–Cys–NH2 was designed as a thiol-containing biotin
probe. Cys was added because the thiol group could act as a nucle-
ophile in the Michael addition step. Biotin at the end of the probe
served as a binding ligand of streptavidin for a colorimetric reac-
tion. TEG was added to the probe for water compatibility. The
detection probe was prepared using the Fmoc strategy for solid-
phase peptide synthesis. Fmoc–Cys, Fmoc–TEG–-SA, and biotin
were successively coupled to the Rink-amide resin. Then, biotin-
N-hydroxysuccinimide (biotin–NHS) was coupled to the TEG–Cys
residue on the resin. After cleavage from the resin, the biotin–
TEG–Cys–NH2 was obtained as a sticky solid.

Ladder- type peptide library synthesis on the resin

A photolabile linker and spacer (bebe) were successfully intro-
duced to the resin bead. The bebe was added to avoid the overlap
of peaks in mass analysis and to increase the accessibility of
biomolecules.

Then, the ladder-type peptide was constructed on the resin
using a partial capping method. To prepare the ladder-type peptide
library, Ac-Gly was chosen as a capping reagent instead of acetic
acid (as in our previous work) because capping was easier to con-
trol than the use of acetic acid. To produce a longer and more ran-
dom peptide library, precise control of capping is necessary to
perform the reliable bioassay with full sequence peptides and, at
the same time, to properly interpret sequencing information.

First, Ac-Gly-L-R-R-A-S-L-G-bebe-PLL-resin was prepared for
the model reaction with PKA and we confirmed that the ladder-
type peptide was successfully synthesized through MALDI-TOF/
MS analysis after UV photocleavage.

Next, a random peptide library was synthesized on the spacer-
conjugated resin using the split-and-mix synthesis method in a
one-bead one-compound (OBOC) approach (Scheme 2). Quantita-
tive analysis of a truncated peptide library pool showed that the
amount of available free amine groups for coupling on the resin
gradually decreased over the course of the synthesis. The amount
of each ladder peptide fragment equals the difference of available
free amine groups before and after coupling (Fig. 2).

Model test with Kemptide-coupled resin and PKA

To verify the detection system, Kemptide, a well-known peptide
substrate of protein kinase A [33,34], was synthesized on a HiCore
resin (PEGylated PS resin) as a ladder-type peptide by partial cap-
ping with N-acetylglycine (Ac-Gly) at each coupling step. After
phosphorylation, the Kemptide-coupled resin was treated under
alkaline conditions for b-elimination [35,36]. Then, biotin–TEG–
Cys–NH2 was added to the resulting resin for Michael addition.
We determined that the optimal conditions for b-elimination were
50 �C for 2 h and for Michael addition were 25 �C for 1 h. Kemp-
tide-coupled resin, when treated with ATP and PKA, turned to a
brown color, while a control sample, which was treated without
PKA, remained yellow after AP-conjugated strepatavidin addition
and the NBT/BCIP colorimetric reaction. We could clearly distin-
guish the color difference between the phosphorylated sample
and the control sample.
PKA substrate screening with the random peptide library

The ladder-type peptide library on the resin was incubated with
PKA and ATP and treated with an alkaline solution for b-elimina-
tion followed by the addition of biotin–TEG–Cys–NH2. After the
colorimetric reaction, dark brown resin beads were hand-picked
under a microscope (Fig. 3). The full-length peptide and its subpep-
tides containing truncated sequences were released from the resin
by UV photocleavage, and the sequence of the peptide was easily
identified by mass analysis.

The PKA substrate profiling results are summarized in Fig. 4,
and the priorities of amino acid sequences are listed in Table 1.
Arg specificity at X�3 (57%) and hydrophobic residue specificity
(73%) (e.g., Val, Ala at the X1 position) were clearly observed in



Fig.4. PKA substrate peptide profiling results.

Table 1
Sequence frequency at each position of the PKA substrates.

Occurrence
frequency

X�3 X�2 X�1 X1 X2

Most R (57%) K/Q (23%)a R (14%) V (36%) A (25%)
Second most K/Q (14%)a V (15%) L/I (12%)b A (21%) V (23%)

a K(Lys) and Q(Gln) have similar molecular weights.
b L(Leu) and I(Ile) have identical molecular weights.

Table 2
Proteins matched to the screened substrate sequence of PKA (NetworKIN) [40].

Screened peptide
sequence

Real protein
sequence

Protein substrate of PKA

RKLSVA RKLSVA ATP-binding cassette subfamily A
member 1

RKVSVA RKVSLA Cystic fibrosis transmembrane
conductance regulator
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the PKA assay. Lys (or Gln; Lys and Gln have identical same molec-
ular weights) was frequently found at the X�3 (15%) and X�2 (23%)
positions. These results are in good agreement with the previous
PKA assay results, which revealed that PKA has two Glu residues
as anionic binding sites and a hydrophobic site [37–39]. The anio-
nic sites correspond to the X�3 and X�2 positions, and the hydro-
phobic site corresponds to the X1 position. Therefore, the motif of
the phosphorylation site is Arg or Lys at the X�3 and X�2 position
and a hydrophobic residue at the X1 position. We found that some
peptide sequences are identical or similar to the substrate protein
sequences through a kinase substrate data base search (Networ-
KIN) (Table 2) [40].

The detailed results of the synthesis and PKA assay of
Kemptide-coupled resin and additional peptide sequences in
substrate screening are described in the Supplementary Material.
Conclusion

We developed a thiol-containing biotin compound as a detec-
tion probe of phospho-Ser/Thr in a protein kinase assay. Our detec-
tion system played a key role in the screening of the peptide
substrate specificity of PKA. Resin beads containing phosphory-
lated peptides after PKA treatment were easily recognized by color
change that could be distinguished by the naked eye, and were eas-
ily separated from the resin bead mixture. We expect that our
screening tool can be applied to other Ser/Thr kinase substrate
screening systems without the use of an anti-phospho-antibody.
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