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Abstract A systematic comparison of 4-[18F]fluorobenz-

aldehyde-O-(2-{2-[2-(pyrrol-2,5-dione-1-yl)ethoxy]-ethoxy}-

ethyl)oxime ([18F]FBOM) and 4-[18F]fluorobenzaldehyde-

O-[6-(2,5-dioxo-2,5-dihydro-pyrrol-1-yl)-hexyl]oxime

([18F]FBAM) as prosthetic groups for the mild and efficient
18F labeling of cysteine-containing peptides and proteins

with the amine-group reactive acylation agent, succinim-

idyl-4-[18F]fluorobenzoate ([18F]SFB), is described. All

three prosthetic groups were prepared in a remotely con-

trolled synthesis module. Synthesis of [18F]FBOM and

[18F]FBAM was accomplished via oxime formation

through reaction of appropriate aminooxy-functionalized

labeling precursors with 4-[18F]fluorobenzaldehyde. The

obtained radiochemical yields were 19% ([18F]FBOM) and

29% ([18F]FBAM), respectively. Radiolabeling involving

[18F]FBAM and [18F]FBOM was exemplified by the

reaction with cysteine-containing tripeptide glutathione

(GSH), a cysteine-containing dimeric neurotensin deriva-

tive, and human native low-density lipoprotein (nLDL) as

model compounds. Radiolabeling with the acylation agent

[18F]SFB was carried out using a dimeric neurotensin

derivative and nLDL. Both thiol-group reactive prosthetic

groups show significantly better labeling efficiencies for

the peptides in comparison with the acylation agent

[18F]SFB. The obtained results demonstrate that

[18F]FBOM is especially suited for the labeling of hydro-

philic cysteine-containing peptides, whereas [18F]FBAM

shows superior labeling performance for higher molecular

weight compounds as exemplified for nLDL apolipoprotein

constituents. However, the acylation agent [18F]SFB is the

preferred prosthetic group for labeling nLDL under phys-

iological conditions.

Keywords 18F-labeled prosthetic groups � Peptides �
LDL � Apolipoproteins � Positron emission

tomography (PET)

Introduction

Radiolabeled peptides and proteins, including antibodies

and antibody fragments, have been the subject of intense

research efforts for targeted diagnostic imaging and radio-

therapy in nuclear medicine over the last 30 years. Peptides

and proteins play an important role as key regulators of cell

growth and cellular function in living organisms. The

ongoing interest in radiolabeled peptides and proteins as

specific molecular probes mainly stems from the elevated

numbers of high affinity receptors for peptides and proteins

as found in many neoplastic and inflammatory tissues.

The use of radiolabeled peptides and proteins for

receptor imaging and tumor targeting in vivo has become an

established method in diagnostic nuclear medicine. Tumor

visualization through specific peptide receptor targeting

started about 15 years ago when radiolabeled somatostatin

analogs were introduced into nuclear medicine for in vivo

imaging of human tumors (Krenning et al. 1993). To date,

hundreds of radiolabeled peptides have been synthesized

and tested. Many radiolabeled peptides have been intro-

duced into clinics, making the radiolabeled peptide

approach as one of the most promising fields in diagnostic

nuclear oncology. Moreover, various peptide- and protein-

based radiotherapeutics, such as 90Y-rituximab (Zevalin�),
131I-tositumomab (Bexxar�) and the somatostatin receptor

F. Wuest (&) � L. Köhler � M. Berndt � J. Pietzsch

Research Center Dresden-Rossendorf,

Institute for Radiopharmacy, PF 510 119,

01314 Dresden, Germany

e-mail: f.wuest@fzd.de

123

Amino Acids (2009) 36:283–295

DOI 10.1007/s00726-008-0065-2



binding 90Y-DOTATOC, have been successfully intro-

duced into oncological endoradionuclide therapy (Bodei

et al. 2004; Chinn et al. 1999; de Jong et al. 1997; Gold-

enberg 2001; Jacene et al. 2007; Wiseman et al. 1999).

Other applications of radiolabeled peptides and proteins in

nuclear medicine and related fields aim at the visualization

of inflammatory processes; for example, atherosclerotic

plaque formation or progression of acute synovitis in

rheumatoid arthritis (Carrió et al. 1998; Jamar et al. 1997).

The majority of peptides and proteins for molecular

imaging purposes using single photon computed tomogra-

phy (SPECT) or positron emission tomography (PET) have

been labeled with c- or b+-emitting radiometals (e.g.,
99mTc, 111In, 68Ga, 64Cu) or radioiodine isotopes (e.g., 123I,
124I). Recently, a paper by Cai et al. and a subsequent

perspective referring to the latter report, have emphasized

the importance of 18F as an ideal radionuclide for immuno-

PET with antibody fragments, especially for routine clini-

cal PET imaging (Cai et al. 2007; Shively 2007).

Despite the obvious advantages of 18F like its ease of

production at high specific activity, low b+ energy

(0.64 MeV) and favorable half-life (109.8 min), direct no-

carrier-added (n.c.a.) 18F-labeling of peptides and proteins

with (18F]fluoride is usually not possible, albeit a recent

report claims that direct labeling of peptides with

[18F]fluoride seems to be possible (Becaud et al. 2007).

Radiolabeling reactions with n.c.a. [18F]fluoride require

quite harsh reaction conditions which will cause denatur-

ation of sensitive compounds like peptides and proteins.

For these reasons, peptide and protein labeling with 18F

is accomplished by means of prosthetic groups, also refer-

red to as bifunctional labeling agents. The used prosthetic

groups differ in the complexity of their radiosynthesis,

labeling yield, and efficiency and chemoselectivity of

conjugation to biomacromolecules. The conjugation of the

prosthetic group can either be accomplished via acylation,

amidation and imidation of amine groups, alkylation of

thiol groups, photochemical conjugation and chemoselec-

tive reactions like formation of oximes and hydrazones

(Wester and Schottelius 2007 and references therein), or

more recently, click chemistry (Glaser et al. 2007; Li et al.

2007; Marik and Sutcliffe 2006; Ramenda et al. 2007).

Among the arsenal of available prosthetic groups for
18F-labeling of peptides and proteins, the acylation agent,

succinimidyl-4-[18F]fluorobenzoate ([18F]SFB), is the most

widely and most frequently used prosthetic group (Va-

idyanathan and Zalutsky 2006; Wester et al. 1996; Wuest

et al. 2003). The laborious and time-consuming radiosyn-

thesis of [18F]SFB has been improved over the years, and

several remotely controlled synthesis protocols have been

reported, making [18F]SFB more readily available today.

However, despite the enormous improvements in terms of

synthesis and availability, in some instances the use of the

amine-reactive agent [18F]SFB for peptide or protein

labeling may not be optimal, or can even fail. Labeling

with [18F]SFB often requires fairly large amounts of pep-

tide or protein to achieve sufficient radiochemical yields,

which is not always applicable. Moreover, steric hindrance

of amine groups may also limit the scope of [18F]SFB.

With respect to a regio- and chemoselective radiola-

beling of peptides and proteins, fine-tuning of reaction

conditions and/or the application of novel, site-specific

labeling agents are required. In this line, thiol-reactive

prosthetic groups are particularly attractive labeling agents

(Berndt et al. 2007; de Bruin et al. 2005; Dolle et al. 2003;

Shiue et al. 1989; Toyokuni et al. 2003). Free thiol groups,

which are not typically found in most peptides and pro-

teins, enable site-specific modifications by means of thiol-

reactive prosthetic groups.

In this report, we present scopes and limitations of two

thiol-reactive 18F-labeled prosthetic groups ([18F]FBAM

and [18F]FBOM) developed in our laboratory for peptide

and protein conjugation in comparison with the most

prominent prosthetic group, the amine-reactive acylation

agent, [18F]SFB (Scheme 1).

Radiolabeling with [18F]FBAM and [18F]FBOM was

exemplified by the reaction with cysteine-containing tri-

peptide glutathione (GSH), a cysteine-containing dimeric

neurotensin derivative, and human native LDL (nLDL).

Radiolabeling with [18F]SFB was performed with a dimeric

neurotensin derivative and nLDL.

Materials and methods

General

All reagents and solvents were purchased from commercial

suppliers and used without further purification unless

otherwise specified. Nuclear magnetic resonance spectra

were recorded on a Varian Unity 400 MHz spectrometer.
1H and 13C chemical shifts are given in ppm and were

referenced with the residual solvent resonances relative to
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Scheme 1 Prosthetic groups: [18F]FBAM, [18F]FBOM, and

[18F]SFB
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tetramethylsilane (TMS). Mass spectra were obtained on a

Quattro/LC mass spectrometer (MICROMASS) by elec-

trospray ionization. MALDI-TOF mass spectra were

recorded on a Bruker autoflex II TOF/TOF mass spec-

trometer. Column chromatography was performed on

MERCK silica gel (mesh size 230–400 ASTM). Reactions

were monitored by thin-layer chromatography (TLC) on

Merck silica gel F-254 aluminum plates, with visualization

under UV (254 nm). Melting points were determined with

a Galen IIITM melting point apparatus from Cambridge

Instruments. Elemental analyses were conducted using

a LECO CHNS-932 apparatus. Cysteine-containing neu-

rotensin dimer 7, neurotensin dimer 8, FBAM-7, and

4-N,N,N-trimethylammonium benzaldehyde triflate were

prepared according to literature procedures (Berndt et al.

2007; Hultsch et al. 2007). Radiosyntheses of [18F]FBAM

and [18F]SFB were accomplished in a remotely controlled

synthesis module as previously described (Berndt et al.

2007; Mäding et al. 2005).

Chemical syntheses

2-[2-[Iodoethoxy)ethoxy]ethanol (2)

A solution of 2-[2-(chloroethoxy)ethoxy]-ethanol 1

(10.6 g, 63.0 mmol) and NaI (19.0 g, 126 mmol) was

refluxed in acetone (60 ml) for 19 h. The solvent was

evaporated under reduced pressure. The residue was re-

dissolved in a small amount of water. After extraction with

ethyl ether, the organic layer was washed with NaHSO3

and dried over Na2SO4. The solvent was removed under

reduced pressure to yield 13.9 g (85%) of the desired

compound 2 as a pale yellow oil. 1H-NMR (CDCl3,

400 MHz): d = 3.27 (t, J = 6.8 Hz, 2 H, CH2), 3.61–3.64

(m, 2 H, CH2), 3.65–3.70 (m, 4 H, CH2), 3.73–3.78 (m,

4 H, CH2).

Tert.-Butyl-N-[(6-hydroxyhexyl)oxy]carbamate (3)

1,8-Diazabicyclo[5.4.0]-undec-7-ene (DBU) (6.85 g,

45.0 mmol) was added in a dropwise manner to a mixture

of 2-[2-[iodoethoxy)ethoxy]ethanol 2 (11.7 g, 45.0 mmol)

and tert-butyl hydroxycarbamate (4.93 g, 37.0 mmol).

Methylene chloride (20 ml) was added, and the mixture

was stirred at 70�C for 24 h. The mixture was washed with

1 N HCl and brine. The organic layer was dried over

Na2SO4, and the solvent was removed under reduced

pressure. The residue was purified by column chromatog-

raphy (silica gel, 2% MeOH/CH2Cl2) to give compound 3

as a pale yellow oil. Yield: 5.75 g (62%). 1H-NMR

(CDCl3, 400 MHz): d = 1.48 (s, 9 H, C(CH3)3), 3.61–3.64

(m, 2 H, CH2), 3.67–3.69 (m, 4 H, CH2), 3.72–3.77

(m, 4 H, CH2), 4.01–4.04 (m, 2 H, NH–O–CH2).

Tert.-Butyl-N-({[6-(1-maleimidyl)ethoxy]ethoxy}ethoxy)

carbamate (4)

PPh3 (1.00 g, 3.80 mmol), maleimide (0.37 g, 3.80 mmol)

and tert-butyl N-[(6-hydroxyhexyl)oxy]carbamate 3 (1.00 g,

3.80 mmol) were dissolved in dry THF (20 ml). Diiso-

propyl azodicarboxylate (DIAD) (1.09 ml, 5.40 mmol) was

added slowly at room temperature. The reaction mixture

was stirred at ambient temperature for 24 h. The resulting

clear solution was concentrated under reduced pressure,

and the crude product was purified by column chroma-

tography (silica gel, 50% EtOAc/petroleum ether) to afford

0.54 g (42%) of compound 4 as a pale yellow oil. 1H-NMR

(CDCl3, 400 MHz): d = 1.44 (s, 9 H, C(CH3)3), 3.56–3.64

(m, 2 H, CH2), 3.94–3.96 (m, 2 H, CH2), 6.67 (s, 2 H,

=CH). 13C-NMR (CDCl3, 100 MHz): d = 28.2, 37.0, 67.8,

69.2, 69.8, 70.5, 75.2, 81.5, 134.1, 156.7, 170.7. LR–MS

(ESI positive): m/z = 367.2 ([M + Na]+). Anal. calculated

for C15H24N2O7: C 52.32, H 7.02, N 8.13; found: C 50.63,

H 7.02, N 7.70.

1-({[(Aminooxy)ethoxy]ethoxy}ethyl)1H-pyrrol-2,5-dione

hydrochloride (5)

A solution of carbamate 4 (0.20 g, 0.60 mmol) in 3 N HCl/

EtOAc (5 ml, 50:50) was stirred at room temperature for

30 min. The solvent was removed under reduced pressure,

and the residue was re-dissolved in 5 ml of methanol.

Diethyl ether (100 ml) was added and the resulting white

precipitate was collected by filtration. The precipitate was

re-dissolved in 3 ml of THF for purification. Diethyl ether

(100 ml) was added and the resulting white precipitate was

collected by filtration to afford 0.11 g (74%) of compound

5 as the HCl-salt. mp 94.2–96.3�C 1H-NMR (CD3OD,

400 MHz): d = 3.63–3.65 (m, 6 H, CH2), 3.69–3.72 (m,

2 H, CH2), 3.79–3.81 (m, 2 H, CH2), 4.18–4.20 (m, 2 H,

CH2), 6.84 (s, 2 H, = C–H). 13C-NMR (CD3OD,

100 MHz): d = 37.1, 67.8, 69.6, 70.0, 70.6, 73.5, 134.1,

170.6. LR–MS (ESI positive): m/z = 245.2 ([M + H]+)

Anal. calculated for C10H17ClN2O5: C 42.79, H 6.10, N

9.98; found: C 42.23, H 6.13, N 9.90.

4-Fluorobenzaldehyde-O-(2-{2-[2-(pyrrol-2,5-dione-1-yl)-

ethoxy]ethoxy}-ethyl)-oxime (FBOM) (6)

4-Fluorobenzaldehyde (0.05 g, 0.40 mmol) was added to a

solution of aminooxy compound 5 (0.06 g, 0.20 mmol) in

DMF (10 ml). The reaction mixture was stirred at room

temperature for 30 min. The solution was diluted with

water and extracted with diethyl ether. The organic layer

was washed with brine and dried (Na2SO4). The solvent

was removed under reduced pressure, and the residue was
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purified by column chromatography (silica gel, 50%

EtOAc/petroleum ether) to afford 0.06 g (90%) of the

desired compound 6 as a colorless oil. 1H-NMR (CDCl3,

400 MHz): d = 3.62–3.65 (m, 6 H, CH2), 3.71–3.76 (m,

4 H, CH2), 4.28–4.30, (m, 2 H, CH2), 6.68 (s, 2 H, = C–

H), 7.05 (m, 2 H, 2-H), 7.54–7.58 (m, 3-H), 8.09 (s,

N = CH). 13C-NMR (CDCl3, 100 MHz): d = 37.1, 67.8,

69.6, 70.0, 70.6, 73.5, 115.8 (d, J = 22.0 Hz), 128.4 (d,

J = 3.4 Hz), 128.8 (d, J = 8.3 Hz), 134.1, 147.8, 163.6 (d,

J = 250.0 Hz), 170.6. Anal. calculated for C17H19FN2O5:

C 58.28, H 5.47, N 8.00, found: C 58.61, H 5.80, N 7.61.

Dimeric neurotensin derivative (FBOM-7)

Cystein-containing neurotensin dimer 7 (Hultsch et al.

2007) (2 mg, 1.1 lmol) was dissolved in phosphate buffer

(30 lL, pH 7.4). Maleimide 6 (0.5 mg, 1.4 lmol) in 30 lL

of acetonitrile was added, and the mixture was stirred at

60�C for 2 h. Purification of the reaction mixture was

accomplished by semi-preparative HPLC onto a Zorbax

300 SB-C18 column (9.4 9 250 mm, 5 lm) at a flow rate

of 2 ml/min. Solvent A: CH3CN; solvent B: 0.1% TFA.

The following gradient was used: 0 min 20% A, 35 min

80% A. The peak eluting between 19–20 min was col-

lected. Lyophilization gave the desired product FBOM-7 as

a white powder. Yield: 1.3 mg, 54%. MW C101H157

FN28O24S calculated 2,198.61, found MALDI-TOF

2,199.90 [M + H]+.

Radiochemical syntheses

No-carrier added aqueous [18F]fluoride ion was produced

in a IBA CYCLONE 18/9 cyclotron by irradiation of

[18O]H2O via the 18O(p,n)18F nuclear reaction. Syntheses

of 4-[18F]fluorobenzaldehyde and compound [18F]FBOM

were carried out in an automated nucleophilic fluorination

module (Nuclear Interface, Münster). HPLC analyses were

carried out with a Phenomenex RP-18 column (LUNA

C18(2) 4.6 9 250 mm, 5 lm) using an indicated isocratic

eluent from a gradient pump (Jasco PU-980 Intelligent

HPLC Pump) with a flow rate of 1 ml/min. The products

were monitored by a UV detector (Jasco UV-1575 intelli-

gent UV/VIS detector) at 254 nm and by c-detection with a

scintillation detector GABI (X-RAYTEST). Semi-pre-

parative HPLC was performed with a Phenomenex RP-18

column (LUNA C18(2) 10 9 250 mm, 10 lm) column

using isocratic elution with CH3CN/0.1 M ammonium

formate (50/50) at a flow rate of 3.0 ml/min. Radio-TLC

analyses of glutathione coupling reaction with [18F]FBOM

and [18F]FBAM was performed on Merck RP18 F-254

aluminum plates. [18F]FBAM and [18F]SFB were prepared

according to literature procedures (Berndt et al. 2007;

Mäding et al. 2005).

4-[18F]fluorobenzaldehyde-O-(2-{2-[2-(pyrrol-2,5-dione-

1-yl)ethoxy]-ethoxy}-ethyl)oxime ([18F]FBOM)

The radiosynthesis started with the preparation of 4-

[18F]fluorobenzaldehyde ([18F]FBA). Cyclotron-produced

[18F]HF (6.54 GBq) was dried in a remotely controlled

synthesis apparatus for nucleophilic radiofluorinations.

Then, 4-N,N,N-trimethylaminobenzaldehyde triflate (10 mg,

36.5 lmol) dissolved in DMF (1.0 ml) was added, and the

reaction mixture was heated at 80�C for 15 min. After

cooling the reaction vessel to 40�C, 15 mg (50 lmol) of

aminooxy compound 5 in 1 N HCl/MeOH (1 ml, 50:50)

was added to the reaction mixture containing [18F]FBA.

After stirring for 15 min at 50�C, the crude product was

subjected onto a semi-preparative HPLC column. The

product fraction (21–23 min) was collected, diluted with

water (20 ml), and passed through a Waters Sep-Pak-tC-18

cartridge. The cartridge was washed with water (10 ml)

and [18F]FBOM was eluted with diethyl ether (1 ml). The

solvent was evaporated in a gentle stream of nitrogen to

afford 730 MBq (19%, decay-corrected) of [18F]FBOM

within 80 min, including HPLC purification. The specific

activity was determined to be 60 GBq/lmol. Radio-HPLC-

analysis: CH3CN/0.1 M ammonium formate solvent

(50/50), tR = 10.8 min. Radio-TLC: Rf = 0.1, EtOAc/

hexane (50/50).

Determination of lipophilicity (LogP)

Lipophilicity (logP) of [18F]FBOM, [18F]FBAM, and

[18F]SFB was determined at pH 7.4 according to the

method reported by Wilson et al. (2001).

Radiolabeling of glutathione (GSH) with [18F]FBOM

and [18F]FBAM

[18F]FBOM or [18F]FBAM in water (25 ll, 3–5 MBq) was

added to 1 ml of GSH solutions (1.0 mg/ml–10 ng/ml) in

phosphate buffer (pH 7.2). The mixture was incubated at

20�C. Conversion of the prosthetic groups was monitored

by radio-TLC after 5, 30, and 60 min. Radio-TLC:

Rf = 0.0, 50% EtOAc/petroleum ether.

Radiolabeling of the cysteine-containing neurotensin

dimer 7 with [18F]FBOM and [18F]FBAM

Peptide 7 was dissolved in phosphate buffer (30 ll, pH 7.4)

and 2–4 MBq of [18F]FBOM or [18F]FBAM in 10 ll of

acetonitrile was added. The final peptide concentrations

were 2.5 mg/ml, 0.5 mg/ml, 0.25 mg/ml, and 50 lg/ml,

respectively. The reaction mixtures were incubated at room

temperature. After 5, 20, and 30 min, aliquots were taken
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and analyzed via radio-TLC. Radio-TLC: Rf = 0.0, 50%

EtOAc/petroleum ether.

Radiolabeling of the dimeric neurotensin 8 with

[18F]SFB

Neurotensin dimer 8 was dissolved in borate buffer (75 ll,

pH 8.4) and [18F]SFB in acetonitrile (25 ll, 2–5 MBq) was

added. The peptide concentration was 10 and 0.5 mg/ml,

respectively. The reaction mixture was kept at 40�C for

30 min. The radiochemical yield was determined by radio-

HPLC. The gradient was 0 min 30% CH3CN, 10 min 30%

CH3CN, 30 min 40% CH3CN. tR = 20.0 min.

Radiolabeling of human native LDL with [18F]FBOM,

[18F]FBAM, and [18F]SFB

Human native total LDL (density 1.006–1.063 g/ml) was

isolated as previously described (Pietzsch et al. 2004).

Apolipoprotein and lipid constituents of nLDL were

assayed as published elsewhere (Berndt et al. 2007). The

LDL particles were free of albumin and other contami-

nating plasma proteins. All LDL particles have been

isolated from donors who were homozygous for apoE

isoform (genotype) 3. Prior to the radiolabeling of pooled

nLDL, [18F]FBOM, [18F]FBAM or [18F]SFB were dried in

a gentle stream of nitrogen to remove the solvents (Et2O or

CH3CN). To dried [18F]FBOM, [18F]FBAM or [18F]SFB,

1 ml of nLDL (0.12 mg apoB-100/ml) in PBS (10 mM

sodium phosphate, 150 mM sodium chloride, pH 7.2,

containing 0.1% propylene glycol vol/vol) was added. The

reaction mixture was incubated at room temperature for

20 min. The reaction mixture (1 ml) was eluted over a

size-exclusion column (Econo-Pac 10DG containing Bio-

Gel P6, 10 ml bed volume, Bio-Rad) with a flow rate of

2.5 ml/min using PBS as the eluent to separate the radio-

labeled nLDL fractions from unreacted [18F]FBOM,

[18F]FBAM or [18F]SFB, and other radioactive by-prod-

ucts. Radiochemical purity was assessed by sodium

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE), as reported elsewhere (Berndt et al. 2007).

Results

Chemistry and radiochemistry

Aminooxy compound 5 as bifunctional labeling precursor

for the synthesis of [18F]FBOM was prepared in a four-step

synthesis sequence. Synthesis of labeling precursor 5 and

reference substance 6 is depicted in Scheme 2.

The synthesis sequence started with the reaction of

commercially available 2-[2-(chloroethoxy)ethoxy]ethanol

1 with NaI according to a Finkelstein reaction. A reaction

time of 19 h resulted in nearly complete conversion of

starting material 1 to afford the desired product 2 in very

good 85% isolated yield. Treatment of iodide 2 with tert-

butyl hydroxycarbamate in the presence of DBU as a base

gave the N-Boc-protected aminooxy compound 3 at a yield

of 62% after purification by means of flash chromatogra-

phy. The maleimide-group was introduced via Mitsunobu

reaction. It is known that the amount of starting material

and the addition order of the other reagents are crucial for

the reaction (Walker 1994, 1995). Hence, a 1.4-fold excess

of diisopropyl azodicarboxylate (DIAD) was slowly added

to a solution containing equimolar amounts (1.0 equiv.) of

triphenylphosphine, maleimide and alcohol 3. Following

this procedure according to a Mitsunobu-esterification, the

desired compound 4 was obtained in 42% isolated yield.

Removal of the Boc-protecting group was achieved by

treatment of compound 4 with HCl. The labeling precursor

5 was obtained at 74% yield as HCl salt. Reference com-

pound 6 was prepared by the condensation of aminooxy

compound 5 with 4-fluorobenzaldehyde. The reaction

proceeded at room temperature in DMF to afford the cor-

responding oxime 6 in very good 90% yield. NMR analysis

revealed exclusive formation of the single isomer. The

observed chemical shift of the oxime proton at 8.09 ppm is

indicative of formation of the E-isomer (Berndt et al. 2007;

Karabatsos et al. 1967; Toyokuni et al. 2003).

The radiosynthesis of [18F]FBOM was carried out in a

nucleophilic radiofluorination module (Nuclear Interface,

Münster) and involved a two-step/one-pot reaction

sequence (Scheme 3).
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Scheme 2 Synthesis of labeling precursor 5 and reference compound

6: a NaI, acetone, 19 h, reflux, 85%; b BocNHOH, DBU, 24 h, 70�C,

62%; c PPh3, DIAD, maleimide, THF, r.t., 16 h, 42%; d 3 M HCl,

ethyl acetate, r.t., 30 min, 74%; e 4-fluorobenzaldehyde, DMF, r.t.,

30 min, 90%

Scheme 3 Radiosynthesis of [18F]FBOM: a 4-[18F]fluorobenzalde-

hyde, 1 N HCl/MeOH (1:1), 50�C, 15 min
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The synthesis commenced with the preparation of

4-[18F]fluorobenzaldehyde. The reaction was carried out

in DMF at 80�C. These reaction conditions enabled

preparation of 4-[18F]fluorobenzaldehyde in sufficient

radiochemical yields while avoiding formation of by-

products. Performance of the reaction at higher tempera-

tures (120�C) led to the formation of larger amounts of not

further specified by-products. 4-[18F]Fluorobenzaldehyde

was directly used in the oxime formation step without

further purification. Coupling of 4-[18F]fluorobenzaldehyde

with aminooxy compound 5 was carried out in a 1:1

mixture of 1 N HCl/MeOH (1 ml) at 50�C for 15 min to

give the desired prosthetic group [18F]FBOM. The reaction

mixture was purified by means of semi-preparative HPLC.

The total synthesis time of [18F]FBOM was 80 min. The

radiochemical yield (decay-corrected) was 19% yield, and

the specific activity was determined to be 60 GBq/lmol at

the end of synthesis. The radiochemical purity of the final

product was greater than 98% as verified by radio-HPLC

and radio-TLC analysis.

Lipophilicity (logP) of [18F]FBOM, [18F]FBAM,

and [18F]SFB

Peptide, and in particular, protein labeling should prefer-

entially be performed under physiological condition to

avoid decomposition and alteration or even loss of bio-

logical activity. This especially implies the performance in

aqueous media at physiological pH at ambient temperature.

Reactions in aqueous media require good solubility of all

reaction partners in water. Beside many other factors, a

molecule’s lipophilicity (logP) is an important parameter

that governs its solubility in aqueous media and, therefore,

its reactivity. This is of special importance for radiolabeled

compounds at high specific activity as expected for

[18F]FBAM, [18F]FBOM, and [18F]SFB, since undesired

adsorption effects onto reaction vials and traces of impu-

rities may drastically reduce reactivity of the radiotracer.

The lipophilicity of compounds [18F]FBAM, [18F]FBOM,

and [18F]SFB was determined at pH 7.4 using the shake-

flask method (Wilson et al. 2001), being 2.71 ± 0.21 for

[18F]FBAM, 0.84 ± 0.04 for [18F]FBOM, and 1.75 ± 0.17

for [18F]SFB, respectively.

Radiolabeling of GSH and cysteine-containing

neurotensin dimer 7 with [18F]FBOM and [18F]FBAM

The labeling properties of [18F]FBOM and [18F]FBAM as

thiol group-reactive prosthetic groups were first assessed

by the reaction with cysteine-containing tripeptide GSH

(Scheme 4).

The labeling of GSH at various concentrations (1 mg/ml

to 10 ng/ml) was performed in PBS (pH 7.2) at room

temperature for 5, 30, and 60 min. The radiochemical yield

was determined by radio-TLC and refers to the percentage

of radioactivity area of the desired product ([18F]FBOM-

GSH and [18F]FBAM-GSH) relative to the total radioac-

tivity area (Table 1).

For GSH concentrations C10 lg/ml, almost complete

conversion ([95%) of [18F]FBOM and [18F]FBAM into the

corresponding GSH derivatives ([18F]FBOM–GSH and

[18F]FBAM–GSH) was accomplished within 5 min. At a

GSH concentration of 1 lg/ml, conversion was completed

after 30 min. When GSH concentrations C1 lg/ml are

used, both prosthetic groups show comparable labeling

efficiency. However, the use of lower GSH concentrations

(0.1 lg/ml) reveals differences. While the radiochemical

yield increased over time in the case of [18F]FBOM,

reaching 70% after 60 min, the radiochemical yield

remains nearly constant in the case of [18F]FBAM, reach-

ing 13, 20, and 20% after 5, 30, and 60 min, respectively.

At very low GSH concentrations (0.01 lg/ml), both pros-

thetic groups show less than 5% labeling yield at all time

points studied.

To further explore the labeling properties of [18F]FBOM

and [18F]FBAM with thiol groups, both prosthetic groups

were conjugated with cysteine-containing neurotensin

dimer 7 (Scheme 5), which was synthesized in our group

(Hultsch et al. 2007).

Scheme 4 Radiolabeling of GSH with [18F]FBOM and [18F]FBAM

Table 1 Dependency of the radiochemical yield (%) on GSH con-

centration during conjugation with [18F]FBOM (A) and [18F]FBAM (B)

GSH concentration 5 min 30 min 60 min

A B A B A B

1 mg/ml [95 [95 [95 [95 [95 [95

0.1 mg/ml [95 [95 [95 [95 [95 [95

10 lg/ml [95 [95 [95 [95 [95 [95

1 lg/ml 75 66 [95 [95 [95 [95

0.1 lg/ml 16 13 40 20 70 20

0.01 lg/ml B5 B5 B5 B5 B5 B5
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The labeling of neurotensin dimer 7 was performed in a

1:1 mixture of phosphate buffer (pH 7.2) and MeOH at

60�C for 5, 15, and 30 min. The labeling yields were

monitored by radio-TLC analyses, and the determined

radiochemical yield refers to the percentage of radioac-

tivity area of the desired products ([18F]FBOM-7 and

[18F]FBAM-7) relative to the total radioactivity area. The

results are summarized in Table 2.

Both prosthetic groups showed nearly complete con-

version into the desired conjugates, [18F]FBOM-7 and

[18F]FBAM-7, within 5 min at a peptide concentration of

2.5 mg/ml, which equal 1.35 lmol/ml. At lower peptide

concentrations (0.5 mg/ml and 0.25 mg/mg), [18F]FBOM

showed almost complete conversion after 5 min, whereas

[18F]FBAM gave lower radiochemical yield of about 80%,

which remained constant over time (5, 20, and 30 min). At

very low peptide concentration of 50 lg/ml, the use of

[18F]FBOM provided increasing radiochemical yields over

time, reaching 75% after 30 min. On the other hand,

[18F]FBAM gave significantly lower radiochemical yield

of 22–30% at 5, 20, and 30 min. This result is consistent

with the results obtained for the radiolabeling of

[18F]FBOM and [18F]FBAM with GSH. Both experiments

confirm the well-known dependency of the radiochemical

yield on the peptide concentration. The obtained results

reveal that [18F]FBOM as thiol-reactive prosthetic group

shows superior labeling performance towards cysteine-

containing peptides in comparison with [18F]FBAM.

Radiolabeling of neurotensin dimer 8 with [18F]SFB

As already shown in previous reports, the radiochemical

yield for acylation reactions with the popular prosthetic

group, [18F]SFB, also depends strongly on the used peptide

concentration. To further evaluate the labeling properties

of [18F]FBOM and [18F]FBAM as highly reactive and

efficient prosthetic groups, we set out radiolabeling

experiments of a dimeric neurotensin derivative with the

most frequently employed prosthetic group, [18F]SFB. The

radiolabeling of neurotensin dimer 8 using [18F]SFB is

given in Scheme 6.

The use of 0.5 mg/ml of peptide 8 resulted in a radio-

chemical yield of only 5% after incubation at pH 8.4 for

30 min at 40�C. This is significantly lower compared to the

results observed for the radiolabeling of cysteine-contain-

ing neurotensin dimer 8 with [18F]FBOM and [18F]FBAM.

Although a 20-fold increase in peptide concentration

(10 mg/ml) gave better radiochemical yields of 33%, this

finding clearly demonstrates an important drawback of

[18F]SFB as prosthetic group for peptide labeling. Rea-

sonable radiochemical yields are only achievable when

fairly large amounts of peptide are used. This might be, in

some circumstances, a crucial factor for the application of

[18F]SFB, especially when peptides with limited avail-

ability and/or solubility are used.

Radiolabeling of human native LDL with [18F]FBOM,

[18F]FBAM, and [18F]SFB

The radiolabeling of human nLDL particles with the

prosthetic groups [18F]FBOM, [18F]FBAM, and [18F]SFB

was performed in PBS buffer (pH 7.2) at ambient tem-

perature for 20 min. The obtained results (radiochemical

yield, synthesis time, and specific activity) are summarized

in Table 3.
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Scheme 5 Radiolabeling of cysteine-containing neurotensin deriva-

tive 7 with [18F]FBOM and [18F]FBAM

Table 2 Dependency of the radiochemical yield on the peptide

concentration for radiolabeling of neurotensin dimer 7 with

[18F]FBOM (A) and [18F]FBAM (B)

Concentration of

neurotensin dimer 7
5 min 20 min 30 min

A B A B A B

2.5 mg/ml [95 [95 [95 [95 [95 [95

0.5 mg/ml [95 81 [95 82 [95 82

0.25 mg/ml [95 81 [95 80 [95 80

50 lg/ml 30 22 48 33 75 30
Scheme 6 Radiolabeling of neurotensin dimer 8 with [18F]SFB
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After incubation of nLDL with the prosthetic groups

[18F]FBOM, [18F]FBAM or [18F]SFB, the corresponding

radiolabeled lipoprotein particles ([18F]FBOM–LDL,

[18F]FBAM–LDL, and [18F]FB–LDL) were separated from

unreacted prosthetic groups and other non-specified

radioactive by-products via size-exclusion chromatogra-

phy. The fractions containing radiolabeled nLDL were

collected and analyzed with sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE). The

overall radiochemical purity of separated radiolabeled

LDL particles ([18F]FBOM–LDL, [18F]FBAM–LDL, and

[18F]FB–LDL) was C96% as confirmed by SDS-PAGE

analysis. The 18F radioactivity distribution in LDL apoli-

poprotein constituents and in the lipid layer is given in

Table 4.

Discussion

Due to the increasing relevance of peptides and proteins for

molecular imaging purposes over the last decades,

numerous reports have been published on the labeling of

peptides and proteins with the short-lived positron emitter
18F. The preference of 18F-labeled radiotracers is mainly

based on the ideal nuclear characteristics of 18F such as low

positron energy (0.64 MeV) and its convenient 109.8 min

half-life. Moreover, the choice of 18F as an ideal PET

radionuclide for peptide and protein labeling would also

meet the needs and experiences of PET clinicians, who are

familiar with the equipment and the interpretation of PET

scans with conventional PET radiotracers like [18F]FDG,

[18F]FLT or [18F]F-DOPA. However, reaction conditions

required for the incorporation of [18F]fluoride into mole-

cules are quite harsh (e.g., strong basic conditions, elevated

temperatures). With special respect to reaction conditions

compatible with structural and functional integrity of

peptides and proteins, most methods described in the lit-

erature rely on the use of prosthetic groups for introducing
18F. Various prosthetic groups have been developed and

used for peptide and protein labeling. Most prosthetic

groups take advantage of the presence of accessible thiol

and/or amine groups present in peptides and proteins,

capable of being linked with corresponding thiol- or amine-

reactive prosthetic groups.

The present work summarizes our experiences in pep-

tide (GSH and neurotensin derivatives) and protein (human

nLDL) labeling with the novel thiol-reactive prosthetic

groups, [18F]FBOM and [18F]FBAM, in comparison with

the popular and versatile amine-reactive acylation agent,

[18F]SFB. Moreover, labeling with [18F]SFB is considered

to be a validated method for the incorporation of the pos-

itron emitter 18F into peptides and proteins as published by

our and other groups.

The frequent use of prosthetic groups for peptide and

protein labeling requires their reliable and reproducible

synthesis in reasonable radiochemical yields, preferentially

by means of a remotely controlled synthesis module. All

Table 3 Results of radiolabeling of nLDL particles with [18F]FBOM,

[18F]FBAM, and [18F]SFB

Prosthetic

group

Radiochemical

yield (%)

Synthesis time

(min)

Specific activity

(GBq/lmol)

[18F]FBOM 5 45 30–50

[18F]FBAM 20 45 50–300

[18F]SFB 32 45 200–500

Table 4 18F radioactivity distribution in LDL apolipoproteins and in the lipid layer

LDL constituent 18F radioactivity (%) 1 versus 3 2 versus 3 1 versus 2

[18F]FBOM-LDL1 [18F]FBAM-LDL2 [18F]FB-LDL3

ApoB-100a 86 ± 4.2 83 ± 4.6 97 ± 2.1 P \ 0.05 P \ 0.01 ns

ApoEa 11.2 ± 3.6 8.4 ± 3.2 0.4 ± 0.2 P \ 0.01 P \ 0.01 ns

ApoA-Ia n.d. n.d. n.d. – – –

Lipid layerb 1.1 ± 0.6 9.8 ± 4.2 1.7 ± 0.3 ns P \ 0.01 P \ 0.1

Human total LDL (density 1.006–1.063 g/ml) used in this study showed the following composition: total cholesterol 2.75 ± 0.48 mmol/l;

triglycerides 0.26 ± 0.08 mmol/l; phospholipids 0.54 ± 0.21 mmol/l; apolipoprotein (apo) B-100 0.95 ± 0.21 g/l; apoE 0.08 ± 0.03 g/l; apoA-

I 0.02 ± 0.01 g/l. The LDL particles were free of albumin and other contaminating plasma proteins. All LDL particles have been isolated from

donors who were homozygous for apoE isoform (genotype) 3. All data are means ± SD (n = 6); statistical analyses (Mann–Whitney U tests, P)

were performed using the SPSS 12.1 software package

n.d. Not detectable, ns not significant
a 18F radioactivity distribution among LDL apolipoproteins (apo) was determined by radioluminographic evaluation of the SDS-PAGE pattern

of each individual radiolabeled LDL using a BAS 5000 scanner (FUJIX, Tokyo, Japan). Electrophoretic band intensities were quantified using

AIDA (advanced image data analyzer) software version 4.14 (Raytest, Berlin, Germany)
b Noncovalently associated 18F radioactivity in the LDL lipid layer was determined after extraction with an ice-cold chloroform/methanol

mixture (70/30)
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three prosthetic groups described in this work can conve-

niently be prepared in a synthesis module. The synthesis of

acylation agent [18F]SFB is accomplished via a three-step/

two-pot synthesis sequence involving SPE purification of

the final product. Thiol-reactive prosthetic groups,

[18F]FBOM and [18F]FBAM, are prepared in a two-step/

one-pot reaction including HPLC purification of the final

product. Syntheses of the labeling precursors (tert.-butyl

4-N,N,N-trimethylammoniumbenzoate triflate, 4-N,N,N-

trimethylammoniumbenzaldehyde triflate, aminooxy-com-

pound 5 and N-(6-aminoxyhexyl)-maleimide) needed

for the radiosynthesis of [18F]SFB, [18F]FBOM, and

[18F]FBAM are straightforward, and provide the desired

compounds in sufficient quantities suitable for routine

synthesis of the prosthetic groups on a daily basis.

The results of the remotely controlled radiosyntheses of

[18F]SFB, [18F]FBOM, and [18F]FBAM are given in

Table 5.

The similiar two-step/one-pot reaction sequence for the

preparation of [18F]FBOM and [18F]FBAM [(1) synthesis

of 4-[18F]fluorobenzaldehyde, (2) oxime formation with the

corresponding aminooxy compound] allows the use of the

same synthesis module (including synthesis program) for

the radiosynthesis of both prosthetic groups. Hence, time-

consuming alterations in the module set-up and synthesis

program can be avoided when either [18F]FBOM or

[18F]FBAM should be prepared. However, the synthesis of

[18F]SFB requires a dedicated synthesis module. Once the

module has been set-up and programmed, it is solely suited

for the preparation of [18F]SFB.

The radiosynthesis of [18F]SFB, [18F]FBOM, and

[18F]FBAM was accomplished within a total synthesis time

of 70–80 min, compatible with the 109.8 min half-life of
18F. The determined specific activity is higher for

[18F]FBOM and [18F]FBAM (60 and 76 GBq/lmol,

respectively) as for [18F]SFB (35 GBq/lmol), presumably

due to subsequent HPLC purification of the thiol-reactive

prosthetic groups. However, the determined specific

radioactivity of all prosthetic groups should be sufficiently

high for subsequent labeling reactions via alkylation of

thiol groups ([18F]FBOM and [18F]FBAM), and acylation

of amine groups ([18F]SFB). The radiochemical yield of

29% for [18F]FBAM is comparable to that of a related 18F-

labeled oxime (35%) reported by Toyokuni et al. (2003).

Less lipophilic [18F]FBOM, however, gave lower

radiochemical yields of 19%. The lower radiochemical

yield of [18F]FBOM can be explained with the more

hydrophilic character of the compound. The hydrophilic

character of [18F]FBOM (logP = 0.84) resulted in a lower

retention of the compound on the SPE cartridge after

HPLC purification, which led to a loss of product during

the final SPE purification step. On the other hand, more

lipophilic [18F]FBAM (logP = 2.71) was retarded more

efficiently on the SPE cartridge, and more product could be

eluted from the cartridge after HPLC purification. The

obtained radiochemical yield of [18F]SFB is in the range

reported in the literature (Mäding et al. 2005; Pietzsch et al.

2004), whereas the determined specific activity (35 GBq/

lmol) is higher compared to data from the literature

(11 GBq/lmol) (Vaidyanathan and Zalutsky 2006).

The possibility to perform the syntheses in remotely

controlled synthesis modules allows the safe handling of

large amounts of radioactivity, resulting in the convenient

preparation of several hundreds MBq to a couple of GBq

amounts of the desired prosthetic groups [18F]SFB,

[18F]FBOM, and [18F]FBAM.

The thiol-reactive prosthetic groups, [18F]FBOM and

[18F]FBAM, and the acylation agent, [18F]SFB, were used

in various labeling experiments to evaluate their labeling

efficiency towards peptides and proteins. Beside the reac-

tion of [18F]FBOM and [18F]FBAM with cysteine-

containing tripeptide GSH as a model, all three prosthetic

groups were used for the radiolabeling of appropriately

functionalized neurotensin derivatives and human nLDL

particles. LDL particles are considered as a well-charac-

terized model system for the radiolabeling of proteins with

the short-lived positron emitter 18F (Berndt et al. 2007;

Pietzsch et al. 2004). The interest in using neurotensin

derivatives stems from their potential for targeting neuro-

tensin receptor expressing tumors such as ductal pancreatic

carcinomas (Bergmann et al. 2002).

Results on the labeling efficiency of [18F]FBOM,

[18F]FBAM, and [18F]SFB with peptides (GSH, neuroten-

sin dimers 7 and 8) clearly showed the advantage of thiol-

reactive prosthetic groups, [18F]FBOM and [18F]FBAM,

compared to [18F]SFB. Both thiol-reactive prosthetic

groups required substantially less amounts of peptide

compared to [18F]SFB. A concentration of 0.25 mg/ml

(0.13 lmol/ml) of cysteine-containing neurotensin dimer 7

gave excellent 95% of product [18F]FBOM-7 and 81% of

Table 5 Summary of remotely

controlled radiosyntheses of

[18F]FBOM, [18F]FBAM, and

[18F]SFB

Prosthetic

group

Radiochemical

yield (%)

Synthesis

steps

Synthesis time

(min)

Specific activity

(GBq/lmol)

[18F]FBOM 19 2 80 60

[18F]FBAM 29 2 70 76

[18F]SFB 25–38 3 70 35
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product [18F]FBAM-7 after 5 min. In contrast, reaction of

[18F]SFB with a 409 higher amount of neurotensin dimer 8

(10 mg/ml, 5.5 lmol/ml) afforded only a moderate radio-

chemical yield of 33% for [18F]SFB-8 after 30 min. The

need of using fairly large amounts of peptide 7 to achieve

acceptable radiochemical yields of radiolabeled peptide

[18F]SFB-8 agrees with experiences reported in the litera-

ture when other peptides have been labeled with the

acylation agent [18F]SFB (Bergmann et al. 2002; Hultsch

et al. 2007; Wuest et al. 2003). Better results in terms of

minimizing the amount of peptide while reaching reason-

able radiochemical yields in peptide labelings with 18F are

achieved with chemoselective oxime or hydrazone forma-

tion through conjugation of corresponding aminooxy

compounds or hydrazines as labeling precursors with

4-[18F]fluorobenzaldehyde (Wester and Schottelius 2007).

More recent reports upon the application of Click-chem-

istry for peptide labeling, however, also showed that rather

large peptide amounts are required to achieve reasonable

radiochemical yields (Glaser et al. 2007; Marik and Sutc-

liffe 2006; Li et al. 2007; Ramenda et al. 2007). On the

other hand, thiol-group reactive prosthetic groups like

[18F]FBOM and [18F]FBAM, as shown in this report,

require significantly lower amounts of cysteine-containing

peptides to achieve high radiochemical yields in compari-

son with other methods for peptide labeling, such as

acylation with [18F]SFB, Click-chemistry, and chemose-

lective oxime and hydrazone formation. Moreover, the

straightforward synthesis of aminooxy-functionalized

maleimide-containing labeling precursors (compound 5

and N-(6-aminooxy-hexyl)-maleimide) and the facile and

reliable, remotely controlled radiosynthesis of [18F]FBOM

and [18F]FBAM are additional important aspects which

make [18F]FBOM and [18F]FBAM excellent prosthetic

groups for highly efficient radiolabelings of cysteine-con-

taining peptides with the positron emitter 18F. Both

prosthetic groups show the same labeling efficiency at

peptide concentrations of 10 lg/ml (GSH) and 2.5 mg/ml

(neurotensin dimer 7). However, at very low peptide con-

centrations, differences in the labeling efficiency became

visible for [18F]FBOM and [18F]FBAM. [18F]FBOM pro-

vided good radiochemical yields of 70% after 60 min using

a GSH concentration of as little as 0.1 lg/ml, whereas

[18F]FBAM gave a radiochemical yield of only 20% under

the same reaction conditions (Table 1). This trend could

also be observed in the radiolabeling of cysteine-containing

neurotensin dimer 7 with [18F]FBOM and [18F]FBAM. A

peptide concentration of 50 lg/ml afforded the desired

[18F]FBOM-based coupling product [18F]FBOM-7 in 75%

radiochemical yield after 30 min. Conversely, the radio-

chemical yield of the corresponding [18F]FBAM-based

coupling product, [18F]FBAM-7, was only 30% using the

same reaction conditions (Table 2). Since the

radiochemical purity and the specific activity are in the

same range for both prosthetic groups (Table 4), this

finding may be explained by the lipophilicity differences of

[18F]FBOM (logP = 0.84) and [18F]FBAM (logP = 2.71).

The hydrophilic character of [18F]FBOM supports radio-

labeling reactions in aqueous media, and potential

adsorption effects on reaction vial walls and impurities

seem to have no detrimental influence on the labeling

efficiency. On the other hand, more lipophilic [18F]FBAM

seems to be more susceptible to undesired adsorption

effects, especially at low concentrations of the potential

reaction partner (GSH or neurotensin dimer 7), which

presumably led to lower radiochemical yields. Hence, our

results suggest that less lipophilic [18F]FBOM is an

excellent prosthetic group for 18F labeling of thiol group-

containing peptides, especially at very low peptide con-

centrations as exemplified in this work with GSH and

cysteine-containing neurotensin dimer 7.

The labeling properties of [18F]FBOM and

[18F]FBAM in comparison with [18F]SFB were further

studied by the radiolabeling of various apolipoproteins of

native human low density lipoprotein (nLDL) particles as

a model system. The general structure of human nLDL

comprises a lipid core consisting of cholesteryl esters

and triglycerides, a surface lipid layer of phospholipids

and unesterified cholesterol, and various amphiphilic

apolipoproteins embedded or attached in the overall

lipophilic microenvironment of the lipoprotein particle

(Scott 1989; Segrest et al. 2001). The major protein of

human LDL is apolipoprotein (apo) B-100; however,

LDL particles can also contain traces of other apolipo-

proteins, particularly, the exchangeable apolipoproteins

apoE and apoA-I.

ApoB-100 represents the structural protein of LDL.

There is only one copy of the protein on each LDL particle.

The metabolic fate of each LDL particle is paired for life

with that of its apoB-100 molecule; therefore, efficient

radiolabeling of apoB-100 is a prerequisite for studies

aiming at, for example, the investigation of LDL kinetics in

animal models of disease using PET (Berndt et al. 2007;

Pietzsch et al. 2004). Mature human apoB-100

(Mr = 516.000, without carbohydrate content) consists of a

single polypeptide chain of 4,536 amino acids. In principle,
18F-radiolabeling of apoB-100 can be performed through

acylation of both its chemically accessible N-terminal

glutamate residue and lysine side chain residues with

[18F]SFB, respectively, or through alkylation of free cys-

teine residues with maleimide-containing prosthetic groups

such as [18F]FBOM and [18F]FBAM. However, chemical

accessibility of the 357 lysine residues can be partially

constricted by steric hindrance. Lund-Katz et al. (1988)

found about 225 lysines exposed on the surface of LDL,

with the remaining 132 lysines buried and unavailable for
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methylation reactions. For the 25 cysteine residues, it has

been proposed that at least 16 of them are involved in

intramolecular disulfide bridge formation (Yang et al.

1994). As a consequence, the acylation agent [18F]SFB has

approximately 259 more potential sites for conjugation,

compared to the thiol-reactive prosthetic groups, [18F]

FBOM and [18F]FBAM. However, all labeling reactions

were carried out at pH 7.2. Below a pH of 7.2, nearly all

lysine side chain residues are supposed to be protonated,

hence not being available for [18F]fluorobenzoylation with

[18F]SFB. As a consequence, the chemically accessible

N-terminal glutamate residue of apoB-100 is the most

privileged site for conjugation. Lysine side chain residues

become the preferred site of conjugation with [18F]SFB

only under basic conditions (e.g., pH 8.4). For peptide

labeling with [18F]SFB, the pH is usually adjusted to

8.2–8.4. In many cases, the more complex structure of

proteins, as also found in human nLDL particles, requires

performance of radiolabeling reaction under physiological

conditions, being 37�C, aqueous media, and physiological

pH.

The obtained good radiochemical yield of 32% for

[18F]SFB labeling of nLDL at pH 7.2 suggests that the

N-terminus in apoB-100 is readily accessible for [18F]

fluorobenzoylation with [18F]SFB under physiological

reaction conditions. This is in good agreement with the

literature and our own observations (Pietzsch et al. 2004;

Segrest et al. 1994). However, the open accessibility of the

N-terminus in apoB-100 for acylation reaction with

[18F]SFB is undoubtedly crucial, but other aspects such as

lipophilicity of the prosthetic group itself seem to have an

even more important influence on the labeling yield. In this

line, the determined lipophilicity (logP 1.75) of [18F]SFB

seems to be especially well-suited and beneficial for the

radiolabeling of LDL. The lipophilicity of [18F]SFB allows

conjugation reactions in aqueous media while showing no

significant incorporation into the lipid layer of LDL parti-

cles. The incorporation of more lipophilic prosthetic groups

into the lipid part of LDL ([30%) was shown to be a

limiting factor for the use of lipophilic iodinated Bolton–

Hunter-type reagents (Shepherd et al. 1976).

The importance of lipophilicity of the prosthetic group

on LDL labeling is further supported by our results

obtained with thiol-reactive prosthetic groups [18F]FBOM

and [18F]FBAM. Although both prosthetic groups showed

excellent labeling properties for cysteine-containing pep-

tides even at very low peptide concentrations, the obtained

radiochemical yield for LDL labeling are lower as

observed for [18F]SFB, being 20% for [18F]FBAM and

only 5% for [18F]FBOM. This finding is somewhat sur-

prising taking into account the number of still nine free

cysteine residues in LDL apoB-100 as potential accessible

conjugation sites at pH 7.2.

However, lipophilicity of [18F]FBAM causes substantial

incorporation of the prosthetic group into the lipid layer of

the LDL particle, thus leading to lower radiochemical

yields. The importance of lipophilicity is even more pro-

nounced in the case of [18F]FBOM (logP 0.84). The

hydrophilic character of the prosthetic group certainly

supports reaction in aqueous media; however, the very low

radiochemical yield of 5% indicates that [18F]FBOM seems

to have only limited access to the free cysteine residues.

All 14 cysteine residues within the chemically accessible

N-terminal region of apoB-100 are linked in disulfide

bridges (Yang et al. 1994). In this line, it can be speculated

that the free cysteine residues are arranged in domains

embedded in a more lipophilic microenvironment, thus

being shielded to the hydrophilic compound [18F]FBOM.

Although the concentration of apoE and apoA-I is very

low in LDL particles, potential radiolabeling of these

protein constituents also has to be considered (Berndt et al.

2007). However, under the conditions employed, the

amount of radioactivity assigned to radiolabeled apoE was

about 109 lower than that assigned to radiolabeled apoB-

100. Radiolabeling of apoA-I was virtually negligible.

Both [18F]FBAM and [18F]FBOM showed a better efficacy

for radiolabeling of LDL apoE than [18F]SFB. As an

explanation, the N-terminal domain of apoE, which is the

target for [18F]fluorobenzoylation at pH 7.2, is postulated

to become buried in the interior of the lipoprotein particle

and, thus, is chemically not accessible (Fisher et al. 2000).

On the other hand, the single free cysteine residue in apoE

isoform 3 proved to be a good target for conjugation with

both [18F]FBAM and [18F]FBOM. Human apoA-I showed

no radiolabeling at pH 7.2, neither by [18F]SFB nor by both

[18F]FBAM and [18F]FBOM. For radiolabeling with

[18F]FBAM and [18F]FBOM, respectively, wild-type

apoA-I can be used as a negative control, because it does

not contain any cysteine residues. For labeling with

[18F]SFB, it can be speculated that the N-terminal residue

is, comparably to apoE, chemically not accessible.

Summary and conclusions

The labeling of peptides and proteins with the short-lived

positron emitter 18F remains a special challenge for

radiopharmaceutical chemists. Within the arsenal of

available prosthetic groups for peptide and protein labeling,

various thiol-reactive agents have been shown to be espe-

cially useful. In this report, we have summarized our

experiences in the labeling of GSH and cysteine-containing

neurotensin derivatives as examples for peptides, and

human nLDLs as examples for proteins with the two novel

thiol-reactive prosthetic groups, [18F]FBOM and

[18F]FBAM. The results on the radiosynthesis and labeling
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efficiency were compared to experiments performed with

the most prominent and most frequently used prosthetic

group for peptide and protein labeling, the acylation agent

[18F]SFB.

[18F]FBOM and [18F]FBAM can conveniently be pre-

pared in a remotely controlled synthesis module, enabling

their reproducible preparation even in high radioactivity

amounts on a routine base. The preparation of the required

labeling precursors is straightforward and can be accom-

plished within a few synthesis steps involving standard

organic chemistry.

Thiol-reactive prosthetic groups, [18F]FBOM and

[18F]FBAM, showed excellent labeling properties for cys-

teine-containing peptides in comparison with [18F]SFB. At

very low peptide concentrations, [18F]FBOM is superior to

[18F]FBAM. This finding makes [18F]FBOM the preferred

prosthetic group for labeling cysteine-containing peptides

when very low peptide concentrations are used.

Our results on the radiolabeling of human LDL, how-

ever, indicate that [18F]FBAM, and especially [18F]FBOM,

are not better suitable for labeling of LDL particles in

comparison to [18F]SFB. However, in some instances, the

use of the amine-reactive agent [18F]SFB can fail. As an

example, steric hindrance of the N-terminal region of

apoB-100 occurs due to oxidative modification of apoB-

100 by myeloperoxidase or hypochlorous acid (Yang et al.

1999). This type of modification caused 3- to 4-fold lower

radiochemical yields of [18F]fluorobenzoylated hypochlo-

rite-modified LDL (\10%; corrected for decay, related to

[18F]SFB) when compared with [18F]FB–nLDL and

[18F]FB–oxLDL, respectively (Hoppmann et al. 2006).

Beside oxidation, other types of modification such as

enzymatic and nonenzymatic glycosylation, homocyste-

inylation as well as conformational properties should be

considered as a cause for diminished or failed conjugation

of [18F]SFB with the N-terminus of the protein of interest.

Correspondingly, this also has to be considered for lysine

side chain residues that are very susceptible for structural

changes due to oxidative or glycoxidative attack (Pietzsch

and Bergmann 2004).

In this line, a direct comparison of [18F]FBOM and

[18F]FBAM favors [18F]FBAM for the radiolabeling of

LDL. The obtained results emphasize the importance of

lipophilicity of the prosthetic group for labeling LDL. A

lipophilic prosthetic group like [18F]FBAM causes unde-

sired incorporation into the lipid part of the LDL, whereas

hydrophilic prosthetic group [18F]FBOM (logP 0.84) seems

to have only limited access to the free cysteine residues due

to the lipophilic environment of the LDL particle’s

proximity.

However, both prosthetic groups should also be tested

for the radiolabeling of other proteins, including antibodies

and antibody fragments, to further evaluate their scope and

limitations. Based on the results presented in this study, it

can be concluded that [18F]FBOM and [18F]FBAM should

play an important role for the labeling of cysteine-con-

taining peptides.
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