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A novel class of isotope-coded affinity tag is proposed possessing a fluorescent feature, referred to as fluo-
rescent isotope-coded affinity tag (FCAT), to provide a new tool for quantitative proteomics. The label is
designed to bind cysteine containing proteins or peptides. The FCAT reagent comprises four functional ele-
ments: a specific chemical reactivity group toward sulfhydryl groups; a linker that can incorporate the sta-
ble isotopes; a hydroxymethylbenzoic residue (base labile group) to cleave off a large part of the label
before MS analysis; and a fluorescent tag for absolute quantification. The fluorescent part of the tag is also
planned to be utilized to isolate the FCAT-labeled peptides via antibody based pull-down method. In this
paper, we report on the solid phase organic synthesis of the light isotope containing FCAT molecule. The

new labeling reagent showed good reactivity with model cysteine containing peptides. The fluorophore
group was also effectively cleaved off from the labeled products to accommodate easier MS based analysis.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Recent efforts in proteomics are focused towards global studies
that require quantitative and comparative analysis of a large num-
ber of proteins. Application of stable-isotope labeling in conjunc-
tion with mass spectrometry for the analysis of proteins and
peptides has proven successful to comparatively detect gene
expression differences at the protein level. Various emerging
techniques have been introduced recently to fulfill this quest [1],
such as stable-isotope labeling of amino acids in cell cultures
(SILAC) [2-5], isotope-coded affinity tags (ICAT) [6-16], element-
coded affinity tags (ECAT) [17,18], metabolic labeling (**N or 3C)
[19,20], isobaric tags for relative and absolute quantitation by
iTRAQ [21-25] and mass-coded abundance tagging (MCAT) [26].

In 1999, Gygi et al. introduced the first isotope-coded affinity
tag (ICAT) reagent [6], which enabled relative abundance mea-
surements in protein expression. Since then, ICAT and similar re-
agents have been widely applied in quantitative proteomics [7-
16]. The ICAT method was based on a reagent that comprised
three functional elements: a specific chemical reactive group to-
wards sulfhydryl motifs (cysteine specificity), a linker to incorpo-
rate the stable isotopes (i.e. generating the heavy and light forms
of the tag), and a biotin group to isolate the ICAT-labeled pep-
tides. The strategy to investigate differential protein expression
using stable-isotope-coded affinity tag based methods encom-
passes four major steps: (1) reduced pools of proteins from two
different samples (e.g., cell lines, different cell states, etc.) are re-
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acted with the light and heavy chain reagents, respectively;
(2) the samples are then combined and subject to proteolysis
(e.g., with trypsin), generating peptide fragments; (3) the labeled
peptides are isolated by means of streptavidin coated beads
through the biotin tag; (4) and finally the peptides are removed
from the beads and separated by micro- or nanoLC followed by
mass spectrometry. The advantage of the approach was that the
heavy and light isotopically coded reagent labeled peptides as-
sumed to be chemically identical, while their 8 Da mass differ-
ence was readily identified by mass spectrometry. The ratios of
the heavy and light tag labeled peptides supposed to be represen-
tative of the original protein content ratio in the two samples,
thus the relative expression level was readily determined. The
corresponding proteins of interest were identified by MS/MS
and computer based data search against relevant databases.

The stable-isotope-coded affinity tag method featured several
advantages. It was compatible with the variable amounts of pro-
teins harvested from body fluids, cells, or tissues. The alkylation
reaction with the tag was highly specific and not sensitive to
the presence of salts, detergents, and stabilizers (e.g., SDS, urea,
guanidine hydrochloride). The complexity of the resulting peptide
mixture was significantly reduced after the digestion step as only
cysteine containing peptides were isolated. The approach enabled
almost any type of biochemical, immunoaffinity, or physical frac-
tionation that made possible the analysis of lower abundance
proteins [27]. However, in spite of the above listed advantages,
the ICAT approach also had some problems, such as during MS
analysis the tethered biotin part of the reagent was fragmented
from the peptides complicating spectral interpretation [28]. Also,
with the increasing number of deuterium atoms utilized to
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increase the mass difference between the heavy and light reagent
labeled peptides, some difference was found in their chromato-
graphic behavior. In addition, when deuterium effect occurred,
the concentration ratio of the isoforms varied continuously across
the elution profile of the two components making quantification
difficult [29].

All the above mentioned possible limitations with the use of
ICAT reagents drove the field towards the development of mod-
ified versions of isotopically coded labeling reagents. Some of
the problems with the original ICAT reagent have been solved
since its inception [30,31]. However, to address absolute quanti-
fication (not only relative), Fluorescent isotope-coded affinity tag
(FCAT) reagents were designed and synthesized. Fig. 1 exhibits
our FCAT designs comprising the following four functional ele-
ments: (1) a fluorescein group, that is one of the most fre-
quently used fluorophore labeling dyes in qualitative and
quantitative analysis of biomolecules by HPLC and other separa-
tion methods. The popularity of fluorescein is mainly due to its
biocompatibility, low price and readily available instrumenta-
tion, i.e., fluorescence detector [32]. In addition to the option
of immunoprecipitation by anti-fluorescein antibody, in our ap-
proach it is more important that fluorescein also offers the pos-
sibility of quantification by fluorescence detection. It is
important to note here that fluorescein labeled peptides/proteins
can also be selectively enriched by means of IMAC stationary
phase [33]; (2) a hydroxymethylbenzoic residue (base labile
group) to cleave off the large fluorophore part of the reagent be-
fore MS analysis; (3) a linker to incorporate stable isotopes like
13¢, 15N, but importantly, not deuterium and (4) a specific reac-
tive group towards sulfhydryl residues, such as cysteines. In this
paper, we delineate the FCAT design and provide the experi-
mental details of the synthesis of the light chain isoforms of
the three proposed FCAT structures, along with the complete
characterization of the new reagents by MALDI-TOF MS, LC-
MS and NMR. We also assessed the reactivity of the FCAT tag
with model cysteine containing peptides.
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2. Materials and methods
2.1. General

2-Chlorotrityl resin, TentaGel MB RAM resin, ethylenediamine,
Fmoc-Leu-OH, Fmoc-Asp(OtBu)-OH, Fmoc-Lys(ivDde)-OH, N,N-
diisopropylethylamine (DIPEA), 1-hydroxybenzotriazole (HOBt),
N,N'-diisopropylcarbodiimide (DIPCDI), 4-hydroxymethylbenzoic
acid (HMBA), 1-(2-mesitylenesulfonyl)-3-nitro-1H-1,2,4 triazole
(MSNT), 1-methylimidazole (Melm), 5-carboxyfluorescein, triiso-
propylsilane (TIS), 2,5-dihydroxybenzoic acid (DHB), sinapinic acid
(SA), 3-maleimidopropionic acid, iodoacetic acid, trityl chloride,
hydrazine, sodium hydroxide (NaOH), dithiothreitol (DTT), sodium
dodecyl sulfate (SDS), 2-amino-2-(hydroxymethyl)-1,3-propane-
diol (Tris base), tris(2-carboxyethyl)phosphine hydrochloride
(TCEP), acetic acid, acetic anhydride, piperidine, pyridine, ninhy-
drin, phenol, KCN and Kieselgel 60 were purchased from Sigma-Al-
drich (St. Louis, MO, USA). Methanol, diethyl ether, N,N-
dimethylformamide (DMF), absolute ethanol, dichlorometane
(DCM), chloroform (CHCl3), acetonitrile (ACN), isopropyl alcohol
(IPA), trifluoroacetic acid (TFA) and hydrochloric acid (HCI)
were obtained from Merck (Darmstadt, Germany). Peptide 1:
Cys-Ala-Ser-lle-Gln-Lys-NH, (CASIQK-NH,), Peptide 2: Asn-Cys-
GIn-Phe-Glu-Lys-OH (NCQFEK-OH) and Peptide 3 (control):
Ser-Ala-Thr-Pro-Ala-Ser-Ala-Pro-Tyr-Pro-Leu-Ala-Gly-Gly-Gly-Ser-
NH, (SATPASAPYPLAGGGS-NH,) were acquired from FIDIC
(Bogota, Colombia). All reagents were used without further
purification. PhyTip Polymer Reversed Phase pipette tips were
purchased from PhyNexus (San Jose, CA, USA).

2.2. Analytical methods

Reverse-phase HPLC (RP-HPLC) of the FCAT reagents and
labeling reaction mixtures were performed on a ZORBAX Eclipse
XDB-C18 column (Agilent, 250 x 4.6 mm, 5 pm) using a Transge-
nomic liquid chromatograph (Omaha, Nebraska, USA) with UV-
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Fig. 1. Structures of the fluorescent isotope-coded affinity tag (FCAT) reagents. (A) Fluorescent affinity tag; (B) Spacer; (C) Base labile group; (D) Isotope-codeable linker;
(E) Spacer; (F) Thiol-specific reactive group. Numbers shown for NMR data assignment.
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vis detector (214 nm). For the analysis of the FCAT reagents, a
linear gradient was applied from 5% to 95% acetonitrile (contain-
ing 0.05% TFA) in water (0.05% TFA) over 20 min at a flow rate of
0.8 mL/min at 35 °C. Labeling reaction mixtures were analyzed
using a linear gradient from 30% to 70% acetonitrile (containing
0.05% TFA) in water (0.05% TFA) over 20 min at a flow rate of
0.8 mL/min at 35 °C. LC-MS analyses were performed in a chip-
LC-MS system (Agilent 1100 with a chip-cube and ion trap MS
XCT Ultra, Waldbronn, Germany) using Agilent HPLC-Chip:
G4240-62001 ZORBAX 300SB-C18 5 um (separation column:
43 mm x 75 pm; enrichment column: 4 mm, 40 nL). Solvent A
was 0.1% formic acid containing water, and solvent B was aceto-
nitrile (containing 0.1% formic acid and 5% water); a linear gra-
dient was applied from 0% to 70% eluent B over 10 min at a flow
rate of 0.5 pL/min. Thin layer chromatography (TLC) was carried
out on Merck Kieselgel 60 F254 pre-coated glass plates with
chloroform/methanol/acetic acid/water (70/25/2.5/2.5 vol) devel-
oping solvent, and visualized by UV illumination. Flash chroma-
tography was performed on a 1.0 x 25 cm glass column packed
with Kieselgel 60 (5 g, particle size 0.035-0.070 mm) using chlo-
roform/methanol/acetic acid/water (87/10/2.5/0.5) eluent. The
solid phase extraction columns (SUPELCO LC-18 with 0.5 g resin)
were activated prior to use with 30 mL acetonitrile (containing
0.1% TFA) and equilibrated with 30 mL water (containing 0.1%
TFA). MALDI-TOF MS analysis were performed on an Ultraflex
Il TOF-TOF mass spectrometer (Bruker Daltonics, Bremen, Ger-
many) in reflectron mode, using MTP384 polished steel target
(Bruker Daltonics), 2,5-dihydroxybenzoic acid or sinapinic acid
as matrix; Laser: 500 shots and 25-30% power. NMR spectra
were measured at 25 °C by a Varian NOVA 500 MHz instrument
(Palo Alto, CA) equipped with a triple resonance probe head with
z-gradient. Samples were dissolved in DMSO-d6 and TMS was
used as internal standard. The labeled peptides were also ana-
lyzed by a Thermo Fisher LTQ (San Jose, CA) mass spectrometer,
equipped with a nanoflow electrospray ionization source
(Proxeon, Odense, Denmark). The samples were introduced di-
rectly into the ionization source. The electrospray conditions
were as follows: spray potential: Ues=2.02 kV; spray current:
les =0.67 pA; capillary temperature: 250 °C; capillary voltage:
36.93 V. Scanning was performed from 100 to 1000 m/z. The
Excalibur software (Thermo Fisher) was used for data
acquisition.

2.3. Synthesis of FCAT 1 and FCAT 2

2.3.1. Synthesis of compound 1

FCAT amine precursor (Compound 1) synthesis was preformed
by solid phase organic synthesis as follows (Scheme 1) Step 1: Re-
sin loading [34,35]: 2-chlorotrity resin (0.3 g, substitution
~1.5 mmol) was treated with ethylenediamine (90 puL, 1.35 mmol)
dissolved in absolute dichloromethane (DCM, 2.0 mL). After shak-
ing for 6 h at room temperature, the resin was capped twice with
DCM/Methanol/DIPEA (75/20/5, v/v) for 20 min, and washed with
DCM and ethyl ether. Finally, it was dried in vacuum. Step 2-3:
Leucine residue incorporation: The resin from Step 1 was swelled
in N,N-dimethylformamide (DMF) and treated with Fmoc-Leu-OH
(0.54 mmol) activated with DIPCDI/HOBt (0.53/0.54 mmol) in
DMEF (3 mL) overnight. The incorporation of this amino acid was
confirmed by ninhydrin test [36]. Then the resin was capped by a
mixture of acetic anhydride (0.9 mmol) and DIPEA (1.8 mmol) in
absolute DCM (2 mL). After this step the Fmoc group was removed
using 25% piperidine in DMF (2 x 10 min) and the resin was
washed with DMF (5 x 1 min), IPA (5 x 1 min) and finally with
DCM again (5 x 1 min). Resin loading was determined by the quan-
titative Fmoc test [37] as 0.63 mmol/g. Step 4: Incorporation of
base labile group [38]: the resin was treated with 2,5 molar excess

of 4-hydroxymethylbenzoic acid (HMBA, 0.47 mmol) activated
with DIPCDI/HOBt (0.46/0.47 mmol) and shaken for 2 h until de-
tected negative by ninhydrin test. Step 5-6: Incorporation of the
first aspartic residue [39]: Melm (0.36 mmol) was added to a solu-
tion of Fmoc-Asp(OtBu)-OH (0.47 mmol) in absolute DCM/DMF (9/
1 v/v, 2 mL) under N,. The resulting solution was added to a MSNT
(0.47 mmol) containing flask. After 1 min, the activated amino acid
was added to the previously absolute DCM swelled resin and
flushed with N,. The reaction was left overnight with gentle agita-
tion. The resin was then filtered and washed with DMF and DCM.
Finally, as described above the Fmoc group was removed and the
resin was washed. Step 7-8: Incorporation of the second aspartic
residue: the swollen resin was treated with Fmoc-Asp(OtBu)-OH
(0.47 mmol) activated with DIPCDI/HOBt (0.46/0.47 mmol) in
DMF (3 mL) for 3 h. The incorporation of this amino acid was con-
firmed by ninhydrin test, and the Fmoc group was removed as de-
scribed above. Step 9-10: Incorporation of the fluorophore [32]:
The resin was treated with 5-carboxyfluorescein (0.38 mmol) acti-
vated with DIPCDI/HOBt (0.37/0.38 mmol) in DMF. When proven
ninhydrin test negative (3 h), the reaction was stopped and the re-
sin was washed with 25% piperidine in DMF (5 x 5 min), DMF
(5 x 1 min), IPA (5 x 1 min), DCM (5 x 1 min) and diethyl ether
(5 x 1 min), dried under vacuum and stored in a desiccator. Step
11: Cleavage [34,35]: the dried resin was treated with 95% TFA,
2.5% TIS and 2.5% H20 mixture (8 mL) for 3 h, then filtered and
washed with TFA (0.5 mL). The solution was dried in a rotary vac-
uum evaporator. The solid product was washed with diethyl ether
and dried. 145 mg of crude Compound 1 (FCAT amine precursor,
yield 85.7%) were obtained and an aliquot was analyzed by TLC
(Rg=0.25) and MALDI-TOF MS (m/z=896.28 [M+H]"; calc
[M +H]*: 896.30). Compound 1 was then used for the synthesis
of both FCAT 1 and 2.

2.3.2. FCAT 1 synthesis (Scheme 1, Step 12A)

Iodoacetic acid (0.1 mmol) was dissolved in absolute DCM
(1 mL) and activated with DIPCDI (0.098 mmol) for 20 min. A solu-
tion of crude Compound 1 (30 mg) in DMF (1 mL) was added and
the mixture was agitated for 2 h. Completion of the reaction was
checked by TLC and ninhydrin test. When the reaction was fin-
ished, the solution was diluted with absolute ethanol (10 mL)
and dried in a rotary vacuum evaporator. The solid product was
dissolved in DCM/ethanol (5 mL, 5/3 v/v) and ether was added to
precipitate the FCAT 1. It was followed by washing with ether
and DCM then dried under vacuum. The yield was 32.1 mg of crude
product, which was then purified by flash chromatography as de-
scribed above (Analytical Methods). FCAT 1 containing fractions
were collected and pooled followed by drying in a rotary vacuum
evaporator. Then the FCAT 1 was dissolved in acetonitrile/water
(3mlL, 2/8v/v) and passed through a pre-activated solid phase
extraction column (SUPELCO, 0.5 g). The SPE column was then
washed with water —0.1% TFA mixture (20 mL), followed by water
(20 mL), and acetonitrile/water mixture (20 mL, 2/8 v/v). The FCAT
1 was eluted with of acetonitrile/water (3 mL, 1/1 v/v). After dry-
ing, 15.4 mg of pure FCAT 1 (overall yield 43.4%) was obtained.
The compound was analyzed by TLC (Rf=0.43), RP-HPLC
(tg = 16.02 min), MALDI-TOF MS (m/z=1064.40 [M +H]"; 938.45
[M+H-I]*; calculated [M+H]": 1064.20) and LC-ESI-MS
(tg = 8.6 min; m/z=1064.8 [M + H]").

2.3.3. FCAT 2 synthesis (Scheme 1, Step 12B)

3-Maleimidopropionic acid (0.1 mmol) was dissolved in abso-
lute DCM (1 mL) and activated with DIPCDI (0.098 mmol) for
20 min. The crude Compound 1 solution (30 mg, 1 mL of DMF)
was added, and the mixture was agitated for 3 h. Completion
of the reaction was checked by TLC and ninhydrin test. The reac-
tion mixture was then dried and washed with ether. The residue
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Scheme 1. Schematics of the synthesis of the FCAT 1 and 2 reagents.

was then dried under vacuum, and 29.0 mg of crude FCAT 2
product was obtained. Finally, 18.7 mg of pure FCAT 2 (overall
yield 54.2%) was obtained after purification by flash chromatog-
raphy and SPE (as described for FCAT 1). The pure compound
was analyzed by TLC (Rs=0.43), RP-HPLC (tg = 15.86 min), MAL-
DI-TOF MS (m/z=1047.33 [M+H]*; calculated [M+H]":
1047.32) and LC-ESI-MS (tR=8.5min; m/z=1047.9 [M +HJ").
The pure FCAT 1 and 2 reagents were stored in a desiccator
and protected from light.

2.4. Synthesis of FCAT 3

Synthesis of FCAT 3 was preformed by solid phase organic syn-
thesis as illustrated in Scheme 2. Step 1-2: Incorporation of lysine
residue: TentaGel MB RAM resin (substitution 0.35 mmol/g, 140-
170 pm) was chosen as solid support. To liberate its amino group,
resin (200 mg, 0.07 mmol) was treated with 25% piperidine in DMF
(2 x 10 min) and washed with DMF (5 x 1 min), IPA (5 x 1 min)
and finally by DCM again (5 x 1 min). This was followed by treat-
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Scheme 2. Schematics of the synthesis of the FCAT 3 reagent.

ment with Fmoc-Lys(ivDde)-OH (0.21 mmol) activated with DIP-
CDI/HOBt (0.20/0.21 mmol) in DMF (3 mL). The ninhydrin test
was negative after 3 h, thus the reaction was stopped. Step 3-4:
Incorporation of the fluorophore: The Fmoc group was removed
from the lysine (as described before) and the resin was treated
with 5-carboxyfluorescein (0.14 mmol) activated with DIPCDI/
HOBt (0.14/0.14 mmol) in DMF. Reaction was agitated overnight
or until testing negative with ninhydrin. Step 5-6: Protection of
the hydroxyl groups on the fluorescein: the resin was treated with
25% piperidine in DMF, washed by DMF and absolute DCM, then
dried in vacuum. The phenolic hydroxyl groups were then blocked
by trityl chloride/DIPEA (0.7/1.4 mmol) dissolved in absolute DCM.
After 2 h, the red color of the resin changed to yellow, indicating
the end of the reaction. Step 7: Release of the lysine €-amino
group: The resin was treated with 2% hydrazine in DMF (2 mL,
4 x 3 min) followed by washing with DMF (7 x 1 min) and DCM
(5 x 1 min). Step 8-9: Incorporation of the aspartic residue: The
resin was treated with Fmoc-Asp(OtBu)-OH (0.21 mmol, activated
with DIPCDI/HOBt; 0.20/0.21 mmol) in DMF (3 mL) for 3 h. Incor-
poration of this amino acid was confirmed by ninhydrin test. The
Fmoc group was removed as described above. Step 10: Incorpora-

tion of the base labile group: The resin was treated with 4-hydrox-
ymethylbenzoic acid (0.21 mmol, activated with DIPCDI/HOBt;
0.20/0.21 mmol) until detected negative by ninhydrin test (3 h).
Step 11-12: Incorporation of the aspartic residue: Melm
(0.15 mmol) was added to a solution of Fmoc-Asp(OtBu)-OH
(0.21 mmol) in absolute DCM/DMF (9/1 v/v, 2 mL) under N2. The
resulting solution was added to a MSNT (0.21 mmol) containing
flask. After 1 min, the activated amino acid was added to the pre-
viously absolute DCM swelled resin and flushed with N,. The reac-
tion was left overnight with gentle agitation. The resin was then
filtered and washed with DMF and DCM. Then the Fmoc group
was removed by 25% piperidine treatment and the resin was
washed with DMF. Step 13-14: Incorporation of the leucine resi-
due: The resin from Step 12 (Scheme 2) was swelled in DMF and
treated with Fmoc-Leucine-OH (0.21 mmol activated with DIP-
CDI/HOBt; 0.20/0.21 mmol) in DMF (2 mL). Incorporation of this
amino acid was confirmed by ninhydrin test after 4 h. Then the
Fmoc group was removed. Step 15: Incorporation of the maleimide
residue. The resin was treated by 3-maleimidopropionic acid
(0.14 mmol, activated with DIPCDI; 0.13 mmol) in DCM (2 mL).
This reaction was agitated overnight and checked by ninhydrin
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test. Step 16: Cleavage of the final product: The dried resin was
treated with 95% TFA, 2.5% TIS and 2.5% H20 mixture (4 mL) for
3 h, then filtered and washed with TFA (0.5 mL). The collected
and pooled solution was dried in a rotary vacuum evaporator
and the solid product was washed with DCM and diethyl ether fol-
lowed by drying. Finally, 35.0 mg of crude FCAT 3 product (yield
44.3%) was obtained. The crude product was purified by flash chro-
matography and SPE, resulting in 12.2 mg of pure FCAT 3 (overall
yield 15.4%). The pure compound was analyzed by TLC (R¢= 0.36),
RP-HPLC (tg=15.11 min), MALDI-TOF MS (m/z=1132.23
[M+H]"; calculated [M+H]": 1132.37) and LC-ESI-MS
(tg = 8.5 min; m/z=1133.1 [M + HJ"). The pure reagent was stored
in a desiccator and protected from light.

2.5. Evaluation of FCAT reactivity

2.5.1. Peptide labeling with FCAT reagents

A terminal and a penultimate cysteine containing peptide were
selected, respectively, to check the reactivity of the synthesized
FCAT reagents: Peptide 1: CASIQK-NH, and Peptide 2: NCQFEK-
OH. Stock peptide solutions (10 mM) were prepared in water. Each
peptide (30nmol) was reduced by adding tris(2-carboxy-
ethyl)phosphine hydrochloride (6.7 mM TCEP, 9 pL) and incubat-
ing for 30 min at 25 °C. TCEP solution was prepared in 50 mM
Tris-HCI buffer (pH 8.5) containing 0.1% SDS (w/v). The final pH
was 7.4.

Labeling reaction with FCAT 1 (reacting group: iodoacetyl). Re-
duced peptides (10 nmol) were treated with FCAT 1 (40 nmol) in
Tris—Hcl buffer pH 8.5 (4 mM final concentration) and the reaction
mixture was incubated for 4 h at 37 °C, protected from light. The
reaction mixture was kept overnight at 4°C. Then 0.1 M DTT
(10 pL) was added and incubated for 30 min at room temperature.
Finally the solutions were diluted 10 times with 10% acetonitrile in
water and desalted using PhyTip Polymer Reversed Phase pipette
tips using 50% acetonitrile elution buffer.

Labeling reaction with FCAT 2 and 3 (reactive group: malei-
mide). 10 nmol of each reduced peptide was labeled with 40 nmol
of FCAT 2 or 3 in 50 mM Tris-HCl buffer (pH 7.0) containing 0.1%
SDS (w/v) for 4 h at 37 °C, protected from light. The reaction mix-
ture was kept overnight at 4 °C, stopped by the addition of 0.1 M
DTT and incubated for 30 min at room temperature. Finally, each
solution was diluted 10 times with 10% acetonitrile in water and
desalted by PhyTip Polymer Reversed Phase pipette tips using
50% acetonitrile elution buffer. The labeling efficiency was moni-
tored by RP-HPLC, MALDI-TOF MS and LC-MS.

2.5.2. Cleavage of the fluorophore group

The FCAT reagent labeled model peptides were treated with so-
dium hydroxide (final concentration 0.15 M) for 15 min at room
temperature to cleave off the fluorophore part of the molecule.
After desalting by PhyTip Polymer Reversed Phase pipette tips
(PhyNexus), the efficiency of the cleavage step was checked by
MALDI-TOF MS.

3. Results and discussion
3.1. Design of the FCAT reagents

Considering the basic structural elements of the ICAT reagent,
we designed an isotope labeled regent with a fluorescent part to
support absolute quantification. The design of the FCAT 1, FCAT 2
and FCAT 3 molecules are shown in Fig. 1. The molecular structures
contain some similar motifs. Section A in Fig. 1 depicts the fluores-
cein residue that supports quantification by fluorescent LC
detection and also serves as affinity tag to selectively isolate the
FCAT-labeled peptides either by anti-fluorescein antibody or by

IMAC resins. For FCAT 1 and FCAT 2 aspartic acid and ethylenedia-
mine, for FCAT 3 lysine and aspartic acid were used as spacers,
respectively (Sections B and E). Section C shows the 4-hydroxym-
ethylbenzoic acid (HMBA) group that was included into the struc-
tures to provide a cleavage site for the fluorophore group of the
reagent by a simple base treatment before mass spectrometry.
Leucine was chosen as stable-isotope carrying part (Section D),
based on its availability with stable '3C and '°N labeled forms.
Section F shows the reactive group of iodoacetyl for FCAT 1, or
maleimide for FCAT 2 and FCAT 3. Both react with the sulfhydryl
groups of cysteine containing peptides or proteins.

The FCAT reagent is planned to be used for absolute and relative
quantification in proteomics by means of the following protocol:
(1) the protein samples of interest are reduced and digested in or-
der to generate free thiol group containing peptide mixture; (2)
then the corresponding samples are labeled either with the light
or the heavy FCAT reagent; (3) the two FCAT-labeled samples are
then combined and the labeled peptides are partitioned by either
affinity chromatography (using anti-fluorescein antibody or IMAC
solid support); (4) the resulting sample with significantly de-
creased complexity is then analyzed by high resolution HPLC with
fluorescent detection (absolute quantification); (5) finally, the pH
of the HPLC column eluate is increased in order to cleave off the
fluorescent motif that allows easier analysis of the resulting pep-
tide pairs by mass spectrometry (relative abundance
determination).

After the design of FCAT reagents, we demonstrated the follow-
ing points: (1) possibility to synthesize this class of molecules; (2)
reactivity with cysteine containing peptides; (3) option to cleavage
off the fluorophore part from the labeled peptide and (4) possibility
of peptide sequence determination. To test the above, we synthe-
sized the light version of the FCAT reagents and used them to label
model peptides.

3.2. Synthesis of the light FCAT reagents

After relevant retrosynthetic analysis, we considered solid
phase organic synthesis (SPOS) as the best option to attain the
FCAT molecules. FCAT 1 and FCAT 2 contain the same motifs in
theirs structures, they only differ in their reactive groups, thus they
can be produced from the same amine precursor (compound 1);
complete schematics of the FCAT 1 and 2 syntheses are delineated
in Scheme 1. The solid phase support of 2-chlorotrityl resin was
chosen, because it provided a terminal amino group after cleavage.
It was first loaded with ethylenediamine, and then coupled with
one Fmoc-Leu-OH, one 4-hydroxymethylbenzoic acid, two Fmoc-
Asp(OtBu)-OH residues as spacers, followed by one 5-carboxyfluo-
rescein residue. The solid phase synthesis resin was then treated
with a mixture of trifluoroacetic acid and relevant scavengers
(water and TIS) to yield Compound 1. This amine precursor was
checked by TLC and analyzed by MALDI-TOF MS. To obtain the tar-
get FCAT 1 and 2 structures, the crude Compound 1 solution was
treated with iodoacetic acid or maleimidopropionic acid, respec-
tively (Scheme 1, Step 12A and B).

FCAT 3 was also synthesized by solid phase organic synthesis as
depicted in Scheme 2. TentaGel MB RAM resin was chosen for this
synthesis process. The amine group was first deprotected by
piperidine treatment followed by the incorporation of the Fmoc-
Lys(ivDde)-OH. This residue allowed carrying out orthogonal syn-
thesis. The o-amino group of the lysine was first deprotected then
coupled to a 5-carboxyfluorescein residue. This step was followed
by protection of the fluorescein hydroxyl groups using tritylation.
After that, the lysine e-amino group was deprotected by hydrazine
treatment followed by coupling of one Fmoc-Asp(OtBu)-OH, one
4-hydroxymethylbenzoic acid, one Fmoc-Asp(OtBu)-OH, one
Fmoc-Leu-OH and one maleimidopropionic residues. Finally,
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deprotection of all lateral chains of the FCAT 3 and its release form
the resin was performed by addition of a mixture of trifluoroacetic
acid and the scavengers of water and TIS.

All three FCAT reagents were purified by flash chromatogra-
phy using SilicaGel 60 with the overall yield of 43.4%, 54.2%
and 15.4% for FCAT 1, FCAT 2 and FCAT 3, respectively. The
resulting purified compounds were analyzed by TLC, RP-HPLC,
MALDI-TOF MS and LC-MS techniques. All the synthesized prod-
ucts were obtained in good quality, based both on HPLC analysis
with UV detection and MS spectra information (Fig. 1 in support-
ing information shows the LC-MS analysis of FCAT reagents).
MS/MS analysis of the relevant peaks corresponded to the
molecular masses of each FCAT were performed. Fig. 2 shows
the fragmentation pattern of each FCAT molecules. Please note
that FCAT 1 and 2 had the same fragmentation pattern. The puri-
fied FCAT 1, 2 and 3 products were also analyzed by 'H NMR,
and 2D NMR spectroscopy. 'H-'H COSY was used to establish
'H -'H connectivities. The two aspartic acids and the leucine res-
idues are clearly identified in NH-CaH fingerprint region of the
FCAT 2 'H-'H COSY spectra as shown in Fig. 3. It is also possible
to recognize the amino acid proton spin systems consisting of
HN, Ha, HB, H3, and for the hydroxymethylbenzoic, maleimido-
propanoyl, carboxyfluorescein and ethylendiamine residues.
HSQC spectra provided 'H -3C connectivities allowing to deter-
minate chemical shifts of some carbon atoms. Finally, sequential
connections and fluorescein quaternary carbons were identified
from the HMBC spectra. Tables 1 and 2 (in supporting informa-
tion) summarize the complete chemical shift assignments for
FCAT 1, 2 and 3.

Fractions collected during the flash chromatography purifica-
tion step were analyzed by MALDI-TOF MS to find any possible side
products. Apparently, FCAT 1 dimers with and without iodine were
found (m/z 1999.87 and 1873.97, respectively), maybe due to self-
alkylation, similar to as it was reported earlier in the case of ICAT
reagents [40]. These side reactions might represent a stability issue
with the FCAT 1 reagent. A product resulting from the loss of iodine
was also found (m/z=938.45 [M +H — I]*). For FCAT 3, the main
side product (22%) could be a hydrolysis product (m/z=753.25),
caused by an incomplete coupling reaction over the hydroxyl
group of HMBA residue or an acid hydrolysis of the ester during
the cleavage step.

FCAT 3

FCAT 2

Fluorophore cleavage products m/z [M + H]"

FCAT 1

(1131.37)
1779.88
(1778.71)

FCAT 3

(1046.32)
1694.62
(1693.66)

FCAT 2

3.3. FCAT reactivity

The applicability of the FCAT reagent was tested in two reac-
tions. The first reaction was designed to demonstrate that the FCAT
molecule can readily react with cysteine containing model pep-
tides (both in terminal and internal locations). The second reaction
attempted to prove that the fluorophore group can be easily
cleaved off from labeled peptides.

Labeled products m/z [M + H]"

FCAT 1
(1063.20)

1583.76
(1582.63)

3.3.1. FCAT reactivity with model peptide

Peptide 1 (CASIQK-NH,), and Peptide 2 (NCQFEK-OH) were se-
lected to check the reactivity of the synthesized FCAT reagents.
Each peptide was reduced using TCEP at pH 7.4, followed by
labeling with four molar excess of FCAT 1, 2 or 3 reagents. Labeling
reactions with FCAT 1 were performed in Tris—-HCI buffer (pH 8.5).
The same buffer was used at pH 7.0 for the maleimide group con-
taining FCAT 2 and 3. Completion of the FCAT 1, 2 and 3 reactions
with cysteine containing peptides was analyzed by MALDI-TOF MS
and RP-HPLC. In all instances, the labeling reaction efficiency was
measured by HPLC and found to be >99%. Table 1 summarizes all
peaks/signals present in the MALDI-TOF MS spectra for labeling
reaction of FCAT 1, 2 and 3, with both cysteine containing peptides,
and the control peptide (without cysteine). In addition to the
characteristic signals for the labeled peptides, peaks for FCAT

Reaction of FCAT 1, FCAT 2 and FCAT 3 tags with the model and control peptides

Table 1
Peptide

1063.62
(1044.49)
1183.67
(1164.48)

1124.69
(1105.56)
1244.73
(1225.54)

995.56
(994.53)
1115.59

(1114.51)

1286.53%"
1382.62"!
1899.81
(1898.70)
1286.61%!
1382.68"!

1402.79 1201.37%"

1201.33%!
2247.33%2
1814.90
(1813.65)
1201.56%"
2247.70%
1297.64"!

1402.83 1090.32%"

1090.36%"
2025.66%
1186.44"!
1703.78
(1702.61)

1090.42%"
2025.73%2
1186.51"!

Summary of MALDI-TOF MS analysis. The calculated monoisotopic masses are shown in parentheses.

a1 Labeled DTT with one molecule of FCAT.
32 Labeled DTT with two molecules of FCAT.

b1 Jabeled TCEP with FCAT.

3: SATPASAPYPLAGGGS(1401.69)

1: CASIQK (647.34)
2: NCQFEK (767.33)
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Fig. 4. MS/MS analyses of the labeling reaction products. (A) Peptide 1 labeled with FCAT 1 (m/z 792.37 ion was monitored). (B) Peptide 2 labeled with FCAT 1 (m/z 852.30 ion

was monitored). Conditions are in Section 2.
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conjugated reducing agents were also found (i.e., FCAT 1 with DTT
m/z 1090.36 and TCEP 1186.44, respectively). In the RP-HPLC anal-
ysis of labeling reaction mixture with FCAT 1, besides the expected
peaks, some additional peaks were detected, collected and then
analyzed by MALDI-TOF MS. They corresponded to FCAT 1 decom-
position products (dimer, m/z 1999.24; loss of iodine, m/z 938.14
and dehydrated, m/z 1046.14 forms). A control reaction was also
performed with a peptide having no cysteine residue (Peptide 3:
SATPASAPYPLAGGGS-NH,). In this latter instance, we only ob-
served peaks corresponding to labeled DTT, suggesting the high
specificity of the FCAT reagent towards thiol groups.

MS/MS analysis (LTQ) of the labeled products proved the pro-
spective sequencing option. Despite of the large fluorescent resi-
due, signals corresponding to b and y ions characteristic from
peptide fragmentation pattern can be observed. As an example
Fig. 4 shows the fragmentation pattern of Peptide 1 (panel A)

/
o

O

R S bt

HO

Iz
o]
O:S_):O
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O
z
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X
o8
o]
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and Peptide 2 (panel B) labeled with FCAT 1. Peptide 1 labeled with
FCAT 1 principally generated b ions. Peptide 2 labeled with FCAT 1
generated b and y ions. In both spectra peaks 4, 5 and 7 correspond
to the fragmentation pattern of FCAT 1 (Fig. 2).

Additionally, a longer peptide (TCAYTNHTVLPEALER-OH) was
labeled with FCAT 2 in order to address possible limitation issues
in regard to peptides length that still can be sequenced by analyz-
ing the MS/MS fragmentation pattern of the FCAT conjugates. MS/
MS analysis of the labeled 16-mer allowed adequate determination
of the peptide sequence (Fig. 5). The spectra feature the signals of
all corresponding b (b,-bg) and y (ys-Vy14) ions, characteristic of the
peptide. FCAT related peaks also identifiable in the pattern (1-7).

3.3.2. Cleavage of the fluorophore group
Table 1 shows the MALDI-TOF MS analysis of the cleavage reac-
tion products of the FCAT-labeled peptides. For FCAT 1 labeled pep-

t
N

I
o

e ancancaneaney

O

T

HN-Thr-Cys-Ala-Tyr-Thr-Asn-His-Thr-Val-Leu-Pro-Glu-Ala-Leu-Glu-Arg-cooH

Y7
100 827.55
_ Ye
o
0
90— A
~
80— 5 4
- | < —
- ik :
R 707 o hl
< )
8 | &
e p
S 60+
| =4
: —]
b Yo
o . [23
g :
5 S
©
4
40
_ 6 b}z Y12
Y10 =
o Ys ™ >
30+ o 1~ 5 b
3 < ® Yi4 7
Ye F 3 © ¢ 1 3 g
7 & o 5 s o b,
3 e Yi3 & 2 0
= 3 T 2
- g b, § 23
7 Ys g 3y 7 3
104 VY3 5 g g S g
~ — ~ © < -
R‘ < ~ — -
[ N s ©
g 2
LT L:l; lJJ.lllhl" il |J Ll
0— Y T T i T f T T
400 600 800 1000 1200 1400 1600 1800 2000

m/z
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tides the predicted products were found as shown by the MS/MS
analysis in Fig. 6A depicting the b and y ions. On the other hand,
while the anticipated peaks were not found in the FCAT 2 and FCAT
3 labeled peptides (e.g., m/z 1105.56 and 1044.49 for Peptide 1),
the cleavage products had unexpected peaks with 18 Da higher
(e.g., 1124.69 and 1063.62 for Peptide 1). MS/MS analysis of the
cleavage products suggested water addition, probably via the
opening of the succinimide ring. Fig. 6B shows the MS/MS analysis
of Peptide 2 labeled with FCAT 2. The efficiency of the fluorophore
group removal was higher than 99%. The example in Fig. 7 depicts
the LC/MS analysis traces of FCAT 2 labeled Peptide 1 before and
after the fluorophore group cleavage.

4. Conclusions

A new class of isotope-coded affinity reagents was designed,
dubbed as Fluorescent isotope-coded affinity tag (FCAT), to label
cysteine containing peptides or proteins. The fluorophore part of
the tag offered the option for absolute quantification by means of
fluorescent detection. The molecules were synthesized by SPOS.
Best synthesis yield was obtained for the FCAT 2 reagent. FCAT 2
also showed higher stability than FCAT 1, as this latter showed
self-alkylation, dehydration and deiodination reactions. All mole-
cules were well characterized by MALDI-TOF MS, NMR and LC-
MS. Reactivity of the FCAT tags were tested on terminal and inter-
nal cysteine containing model peptides. Our results also suggested
that FCAT labeling supports peptides MS/MS based peptide
sequencing.

Acknowledgments

This work was supported by the Sixth Research Framework Pro-
gramme of the European Union, Project COBRED (LSHB-CT-2007-
037730). Zuly Rivera acknowledges the Austrian Exchange Service
(OEAD) scholarship program EZA-Project 894/05. The technical
assistance of Marcell Olajos and Thomas Ringer is highly
appreciated.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bioorg.2008.08.005.

References

[1] A. Leitner, W. Lindner, J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 813 (1-
2)(2004) 1-26.

[2] S.-E. Ong, B. Blagoev, I. Kratchmarova, D.B. Kristensen, H. Steen, A. Pandey, M.
Mann, Mol. Cell. Proteomics 1 (5) (2002) 376-386.

[3] M. Mann, Nat. Rev. Mol. Cell Biol. 7 (12) (2006) 952-958.

[4] B. Thieda, A. Kretschmer, T. Rudel, Proteomics 6 (2) (2006) 614-622.

[5] G.Zhang, D.S. Spellman, E.Y. Skolnik, T.A. Neubert, J. Proteome Res. 5 (3) (2006)
581-588.

[6] S.P. Gygi, B. Rist, S.A. Gerber, F. Turecek, M.H. Gelb, R. Aebersold, Nat.
Biotechnol. 17 (10) (1999) 994-999.

[7] R. Aerbersold, S.P. Gygi, TJ. Griffin, D.KM. Han, M.J. Yelle, Am. Genomic
Proteomic Technol. 1 (1) (2001) 26-27. 22, 24.

[8] P. Bottari, R. Aebersold, F. Turecek, M.H. Gelb, Bioconjug. Chem. 15 (2) (2004)
380-388.

[9] T.P.J. Dunkley, P. Dupree, R.B. Watson, K.S. Lilley, Biochem. Soc. Trans. 32 (3)
(2004) 520-523.



Z. Rivera-Monroy et al./Bioorganic Chemistry 36 (2008) 299-311 311

[10] J. Krijgsveld, AJ.R. Heck, Drug Discov. Today Targets 3 (2 Suppl.) (2004) S11-
S15.

[11] K.L. Meehan, M.D. Sadar, Proteomics 4 (4) (2004) 1116-1134.

[12] M.W. Linscheid, Anal. Bioanal. Chem. 381 (1) (2005) 64-66.

[13] S.P. Schrimpf, V. Meskenaite, E. Brunner, D. Rutishauser, P. Walther, J. Eng, R.
Aebersold, P. Sonderegger, Proteomics 5 (10) (2005) 2531-2541.

[14] ]J. Blonder, L.-R. Yu, G. Radeva, K.C. Chan, D.A. Lucas, T.J. Waybright, H.J. Issaq,
F.J. Sharom, T.D. Veenstra, ]. Proteome Res. 5 (2) (2006) 349-360.

[15] J. Qu, WJJ. Jusko, R.M. Straubinger, Anal. Chem. 78 (13) (2006) 4543-4552.

[16] Y. Shiio, R. Aebersold, Nat. Protoc. 1 (1) (2006) 139-145.

[17] P.A. Whetstone, N.G. Butlin, T.M. Corneillie, C.F. Meares, Bioconjug. Chem. 15
(1) (2004) 3-6.

[18] S. Lee, N.L. Young, P.A. Whetstone, S.M. Cheal, W.H. Benner, C.B. Lebrilla, C.F.
Meares, J. Proteome Res. 5 (3) (2006) 539-547.

[19] A.P.L. Snijders, B. de Koning, P.C. Wright, ]. Proteome Res. 4 (6) (2005) 2185-
2191.

[20] A.P.L. Snijders, M.G.]. de Vos, B. de Koning, P.C. Wright, Electrophoresis 26 (16)
(2005) 3191-3199.

[21] R.D. Unwin, A. Pierce, R.B. Watson, D.W. Sternberg, A.D. Whetton, Mol. Cell.
Proteomics 4 (7) (2005) 924-935.

[22] CS. Gan, P.K. Chong, T.K. Pham, P.C. Wright, J. Proteome Res. 6 (2) (2007) 821-
827.

[23] E. Sachon, S. Mohammed, N. Bache, O.N. Jensen, Rapid Commun. Mass
Spectrom. 20 (7) (2006) 1127-1134.

[24] P.K. Chong, C.S. Gan, T.K. Pham, P.C. Wright, ]. Proteome Res. 5 (5) (2006)
1232-1240.

[25] W.W. Wu, G. Wang, S.J. Baek, R.-F. Shen, J. Proteome Res. 5 (3) (2006) 651-658.

[26] G. Cagney, A. Emili, Nat. Biotechnol. 20 (2) (2002) 163-170.

[27] R. Aebersold, D.R. Goodlett, Chem. Rev. (Washington, DC) 101 (2) (2001) 269-
295.

[28] S. Julka, F. Regnier, ]. Proteome Res. 3 (3) (2004) 350-363.

[29] R. Zhang, F.E. Regnier, ]. Proteome Res. 1 (2) (2002) 139-147.

[30] L.-R. Yu, T.P. Conrads, T. Uo, H,J. Issaq, R.S. Morrison, T.D. Veenstra, J. Proteome
Res. 3 (3) (2004) 469-477.

[31] E.C.Yi, X.-j. Li, K. Cooke, H. Lee, B. Raught, A. Page, V. Aneliunas, P. Hieter, D.R.
Goodlett, R. Aebersold, Proteomics 5 (2) (2005) 380-387.

[32] R.Fischer, O. Mader, G. Jung, R. Brock, Bioconjug. Chem. 14 (3) (2003) 653-660.

[33] S.-H. Chen, J.-L. Hsu, F.-S. Lin, Anal. Chem. (Washington, DC, US) 80 (13) (2008)
5251-5259.

[34] L.A. Nash, B.W. Bycroft, W.C. Chan, Tetrahedron Lett. 37 (15) (1996) 2625-
2628.

[35] W.J. Hoekstra, M.N. Greco, S.C. Yabut, B.L. Hulshizer, B.E. Maryanoff,
Tetrahedron Lett. 38 (15) (1997) 2629-2632.

[36] V.K. Sarin, S.B.H. Kent, ]J.P. Tam, R.B. Merrifield, Anal. Biochem. 117 (1) (1981)
147-157.

[37] M. Gude, ]. Ryf, P.D. White, Lett. Pept. Sci. 9 (4-5) (2003) 203-206.

[38] S.A. Camperi, M.M. Marani, N.B. lannucci, S. Cote, F. Albericio, O. Cascone,
Tetrahedron Lett. 46 (9) (2005) 1561-1564.

[39] B. Blankemeyer-Menge, M. Nimtz, R. Frank, Tetrahedron Lett. 31 (12) (1990)
1701-1704.

[40] Z. Zhang, P.J. Edwards, RW. Roeske, L. Guo, Bioconjug. Chem. 16 (2) (2005)
458-464.



