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Abstract Three strategies for chemoselective labeling of
RGD peptides with '®F have been compared. Aminooxy
["®F)fluorobenzaldehyde conjugation provided 40 + 12%
decay-corrected radiochemical yield using a fully auto-
mated method. An one-pot protocol for ‘click labeling’ of
the RGD scaffold with 2-['®F]fluoroethylazide afforded
47 £+ 8% decay-corrected radiochemical yield. Attempted
conjugation with 3-['*F]fluoropropanethiol led to extensive
decomposition and was therefore found unsuitable for
labeling of the RGD peptide investigated. The results
suggest that ‘click labeling’ of RGD peptides provides an
attractive alternative to aminooxy aldehyde condensation,
however, 2-['®F]-fluoroethylazide may be too small to
allow separation of large '®F-labeled RGD peptides from
their precursors.
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Introduction

Tumors rely on sprouting of new blood vessels, known as
angiogenesis, to support growth and metastasis. In addition
to conventional therapies, inhibition of angiogenesis may
therefore help delay tumor growth. Bevacizumab (Avastin),
an antibody targeting the vascular endothelial growth factor
(VEGF), was recently approved for anti-angiogenic therapy,
and other drugs are currently in late-stage clinical trials
(Folkman 2007; Shahi and Pineda 2008). However, it is still
unclear which tumors will respond to treatment, how to
optimize drug doses and how to assess response in patients.
Non-invasive imaging of tumor vasculature may therefore
play an important role in the development of anti-angiogenic
therapy, patient stratification and treatment monitoring.
The ayf3 integrin receptor is almost exclusively
expressed on proliferating endothelial cells and cancerous
tissue, where it regulates angiogenesis, tumor growth and
local invasiveness (Moitessier et al. 2004; Van de Wiele
et al. 2002; Wester and Kessler 2005). Hence, quantitative
imaging of oy f3 integrin populations with positron emis-
sion tomography (PET) is of particular interest in
conjunction with anti-angiogenic therapy. Quantification of
oyf3 integrins is well established in preclinical tumor
models using radiolabeled arginine-glycine-aspartic acid
(RGD)-containing peptides (Beer et al. 2005; Chen et al.
2004; Haubner et al. 2001, 2004; Poethko et al. 2004a, b;
Wu et al. 2007; Zhang et al. 2006) and recently, clinical
studies with ['®F]galacto-RGD have yielded promising
results (Beer et al. 2005, 2008). '8F has close to ideal decay
characteristics for PET (¢ = 110 min, ﬁ+ 0.64 MeV);
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however, the existing methods for peptide labeling rely on
highly specialized techniques, involve manual handling,
and are restricted to a few centers world-wide. Translation
to routine clinical applications will therefore depend on the
development of automated processes that can support
large-scale, routine production.

We recently reported a new class of RGD peptides for
PET, which was derived from the single-photon emission
computed tomography (SPECT) tracer **™Tc-NC100692
(Bach-Gansmo et al. 2006; Glaser et al. 2008; Indrevoll
et al. 2006). Labeling was achieved with aminooxy
aldehyde condensation using ['®F]fluorobenzaldehyde
(["®F]FB-CHO), ['®F]-4-(3-fluoropropoxy)benzaldehyde as
well as a polyethylene glycol (PEG)-modified ['*F]fluori-
nated aldehyde (Glaser et al. 2008). Whilst the latter
labeling group gave superior biological results in preclin-
ical tumor models, the high radiochemical yields and
simplicity of ['®FJFB-CHO conjugation made this the
reagent of choice for clinical studies (Kenny et al. 2008).
Herein, we describe an automated method for clinical
production of our own '®F-labeled RGD tracer using the
commercially available synthesizer TRACERLab™ FX
F-N (GE Healthcare). Using the same peptide scaffold, we
also compare the suitability of two alternative chemose-
lective labeling strategies for automation: alkylation of a
chloroacetamide group with 3-['®F]fluoropropanethiol
([ISF]FPT) and ‘click labeling’ of a terminal alkyne with
2-['®F]fluoroethylazide (['®F]FEA) (Chart 1).

Materials and methods

General

Peptides were synthesised on solid phase using an Applied
Biosystems 433A fully automated peptide synthesizer

Chart 1 '8F-labeled RGD

R
. HN
peptides and precursors

with 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) activation of standard Fmoc-
amino acids. All peptide syntheses reagents and solvents
were purchased from Novabiochem, Bachem and Applied
Biosystems. All other reagents were purchased from Acros,
Fluka and Sigma-Aldrich. Analytical and semi-preparative
HPLC were run on reversed-phase C18 columns using
different gradients (solvent A: water/0.1% TFA and solvent
B: acetonitrile/0.1% TFA) with UV-detection at 214 and
254 nm using Beckman Gold, Shimadzu (LC-8A pump,
SPD-10A UV detector, FRC-10A fraction collector),
Waters Delta Prep and Thermo instruments. Mass spectra
were recorded on an LCQ quadrupole ion-trap mass
spectrometer (Thermo Finnigan Surveyor) using electro-
spray ionization (ESI). "H NMR spectra were run at 25°C
on a Jeol 500 or a Varian Unity Innova 500 MHz spec-
trometer equipped with a 5 mm 'H-broadband pfg indirect
detection probe.

Synthesis of peptide 2

The synthesis of the aminooxy functionalized peptide 2 has
previously been reported (Indrevoll et al. 2006; Solbakken
et al. 2006).

Synthesis of peptide 3

All manual steps were carried out in a nitrogen bubbler
apparatus. Fmoc-amino-PEG4-diglycolic acid (Polypure
AS) was attached to Rink Amide AM resin (Novabiochem)
on a 0.25 mmol scale by standard protocol using an excess
of the acid (531 mg, 1.00 mmol), 2-(1H-7-azabenzotriazol-
1-yD)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HATU) (380 mg, 1.00 mmol) and NMM (202 mg,
2.00 mmol). Standard Fmoc-amino acids were coupled
on the automated synthesizer to give the sequence

HoN
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Fmoc-Lys(Boc)-Cys(StBu)-Arg(Pmc)-Gly-Asp(OtBu)-Cys
(StBu)-Phe-Cys(Trt)-PEG4-Diglycoloyl-NH-Rink  Amide
resin. An aliquot of the resin corresponding to 0.12 mmol
was treated with a solution of tributylphosphine (1.24 ml,
5.25 mmol) and water (0.2 ml) in DMF (4 ml) for 30 min.
Reagents were filtered off and the resin was washed with
DMF and dichloromethane. To the resin was added a
solution of tetrabutylammonium fluoride (TBAF) (151 mg,
0.490 mmol) in dichloromethane (4 ml). After 60 min
reaction time the resin was isolated by filtration and
washed with dichloromethane. The Fmoc group was
cleaved by treatment with 20% piperidine in DMF
(3 x 5min). A solution of chloroacetic anhydride
(103 mg, 0.600 mmol) in DMF (3 ml) was added. After
20 min the resin was filtered off and the washed with DMF
and dichloromethane. Treatment with a solution of triflu-
oroacetic acid, triisopropylsilane and water (95:2.5:2.5 v/v/v)
cleaved the peptide from the resin and removed the side-
chain protecting groups. After filtration the solution was
concentrated under reduced pressure. The crude product
was precipitated from diethyl ether, washed with diethyl
ether and dried. The material was dissolved in water/ace-
tonitrile (1:1, concentration 1 mg/ml) and the pH was
adjusted to 8 by addition of dilute ammonia. After stirring
overnight the crude product was isolated by evaporation
followed by lyophilisation and subjected to purification by
preparative  HPLC (column Vydac 218TP1022 CI18,
250 x 22 mm, 10 pm; gradient 10-50% B over 40 min;
flow rate 10 ml/min) giving 95 mg (60%). To a solution of
the peptide (76 mg, 0.060 mmol) in DMF (4 ml) was
added chloroacetic anhydride (103 mg, 0.600 mmol). The
mixture was stirred overnight and concentrated. The resi-
due was purified by preparative HPLC (conditions as
above) yielding 66 mg (82%). HPLC (column Vydac
218TP54 250 x 4.6 mm, 5 um; gradient 10-50% B over
20 min; flow rate 1.0 ml/min) tg = 11.6 min. MS (ESI)
found m/z = 1348.0 (MH)™, caled m/z = 1348.5

Synthesis of peptide 4

To a solution of N-acetyl-DL-propargylglycine ethyl ester
(186 mg, 1.00 mmol) in ethanol (5 ml) was added 1 M aq.
sodium hydroxide solution (1.1 ml, 1.1 mmol). The reac-
tion mixture was stirred for 60 min. After evaporation of
ethanol the residual solution was acidified to pH 2 by
addition of TFA and subjected to preparative HPLC [col-
umn Phenomenex Luna C18(2), 250 x 21.2 mm, 5 pum;
isocratic 0% B for 15 min followed by gradient 0-100% B
over 10 min, flow 10 ml/min; tg = 25.8 min] giving
75 mg (48%) of the free acid after lyophilisation. LC-MS
[column Phenomenex Luna CI18(2) 50 x 2 mm, 3 pm;
isocratic 0% B; flow rate 0.3 ml/min] fg = 2.24 min;
found m/z = 155.8 (MH)™, caled m/z = 156.1.

A solution of N-acetyl-DL-propargylglycine (31 mg,
0.20 mmol), 7-azabenzotriazol-1-yloxy-tris-(pyrrolidino)
phosphonium hexafluorophosphate (PyAOP) (104 mg,
0.200 mmol) and N-methylmorpholine (NMM) (88 pl,
0.80 mmol) in DMF (3 ml) was stirred for 5 min at room
temperature followed by addition of peptide NC100717
(Indrevoll et al. 2006) (126 mg, 0.100 mmol) dissolved in
DMF (4 ml). The reaction mixture was stirred for 45 min
followed by addition of a second portion of peptide
NC100717 (132 mg, 0.100 mg) and NMM (44 pl,
0.40 mmol). Stirring was continued for 45 min and the
mixture was concentrated in vacuo. The residue was taken
up in 10% acetonitrile (100 ml) and subjected to purifica-
tion by preparative HPLC [column Phenomenex Luna
C18(2), 250 x 50 mm, 10 um; gradient 10-40% B over
60 min; flow rate 50 ml/min; #fg = 31.3 min ] to give
170 mg (61%) of white solid material after lyophilisation.
LC-MS [Phenomenex Luna C18(2) column 50 x 2 mm,
3 pm; gradient 10-40% B over 10 min; flow rate
0.3 ml/min] g = 6.32 min; found m/z = 1395.7 (MH)™,
caled m/z = 1395.5.

Synthesis of peptide 6

The reference compound 6 was prepared as previously
described (Indrevoll et al. 2006; Solbakken et al. 2006).

Synthesis of peptide 10

3-Fluoropropyl triphenylmethylsulfide (Glaser et al. 2004)
(1.0 mg, 3.0 pmol) was added to a mixture of trifluoro-
acetic acid (50 pl), triisopropylsilane (5 pl) and water
(5 u). After 1 min a solution of peptide 3 (2.0 mg,
1.5 pmol) in water (0.6 ml) was added and pH was
adjusted to 9.5 by addition of aq. potassium carbonate. The
reaction mixture was heated at 70°C for 1 h, cooled to
room temperature and subjected to preparative HPLC
[column Phenomenex Luna C18(2), 250 x 10 mm, 10 pum;
gradient 10-50% B over 30 min; flow rate 5 ml/min] to
give 0.72 (34%) mg of peptide 10. HPLC (column Vydac
218TP54 250 x 4.6 mm, 5 pum; gradient 10-50% B over
20 min, flow rate 1.0 ml/min) fg = 13.3 min. MS (ESI)
found m/z = 1406.3 (MH)*, caled m/z = 1406.5.

Synthesis of peptide 12

To a stirring solution of N*-acetyl-[(2-fluoroethyl)-1,2,3-
triazol-4-yl)Jmethylglycine ethyl ester (Glaser and Arstad
2007) (196 mg, 0.719 mmol) in acetonitrile (1 ml) was
added a sodium hydroxide solution (1 ml, 1.080 mmol) at
0°C. After 8 h the organic solvent was removed by evap-
oration at reduced pressure and the crude product extracted
in to ethyl acetate (3 x 2 ml) and recrystallized from ethyl
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acetate/diethyl ether. White crystals, yield 18 mg (11%).
'"H NMR (DMSO-de) 6 8.11 (d, J = 7.8 Hz, 1H), 7.85 (s
1H), 4.82 (m, 1H), 4.72 (m, 1H), 4.69 (m, 1H), 4.64 (m,
1H), 4.40 (m, 1H), 3.09 (m, 1H), 2.95 (m, 1H), 1.81 (s, 3H)
ppm.

A solution of N*-acetyl-[(2-fluoroethyl)-1,2,3-triazol-4-y1)]
methylglycine (4.9 mg, 0.020 mmol), 7-azabenzotriazol-1-
yloxy-tris-(pyrrolidino)phosphonium hexafluorophosphate
(PyAOP) (10.4 mg, 0.020 mmol) and N-methylmorpholine
(NMM) (8.8 ul, 0.080 mmol) in DMF (1 ml) was stirred
for 5 min at room temperature followed by addition of
peptide NC100717 (Indrevoll et al. 2006) (38 mg,
0.030 mmol) dissolved in DMF (1 ml). Stirring was con-
tinued for 80 min followed by concentration in vacuo. The
residue was taken up in 10% acetonitrile (8 ml) and puri-
fied by preparative HPLC [column Phenomenex Luna
C18(2), 250 x 50 mm, 10 pm; gradient 10-30% B over
60 min; flow rate 50 mL/min; fg = 32.8 min ] to give
24 mg (81%) of white solid material after lyophilisation.
LC-MS [column Phenomenex Luna C18(2), 20 x 2 mm,
3 um; gradient 10-30% B over 10 min; flow rate
0.6 ml/min] g = 3.25 min; found m/z = 1484.7 (MH)",
caled m/z = 1484.6.

Radiochemistry

Chemicals including anhydrous solvents were obtained
from Sigma-Aldrich (Gillingham, UK). HPLC solvents
were purchased from Fisher Scientific (Loughborough,
UK). No-carrier-added aqueous [lSF]ﬂuoride was obtained
from the 18O(p,n)lBF reaction (PETTrace cyclotron, GE
Medical Systems) by the irradiation of an isotopically
enriched ['®0] water target using a 16.4 MeV proton beam.

Automated production of [ISF]6 using TracerLab FXg

[ISF]6 was produced on a TracerLab FXgn module (GE
Medical systems) using manual control of the HPLC pump.
The HPLC system comprised of a HPLC pre-column
(4 mm h x 3 mm ID, Part No. AJO-4287, Phenomenex), a
C18 HPLC column (100 mm x 10 mm, Part No. 00D-
4252-N0O, Luna, Phenomenex) running a mobile phase
of water/ethanol/phosphoric acid (72/28/0.1 % v/v/v) at
3 ml/min.

The ['®F]fluoride containing water (1.0-1.5 ml, 10.3—
14.6 GBq) was transferred into the reactor vial containing a
mixture of Kryptofix® (5.5 mg, 14.6 pmol), potassium
carbonate (0.77 mg, 5.6 pmol), acetonitrile (0.44 ml), and
water (0.11 ml).

After the removal of water under reduced pressure at
90°C, acetonitrile (1.5 ml) was added and evaporated
under reduced pressure. This procedure was repeated twice,
with 4 min drying time after the first addition of
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acetonitrile and 1 min drying time after the second addi-
tion. The total time for azeotropic of [lgF]ﬂuoride was
12 min. Following cooling to 40°C, a solution of 4-N,N,N-
trimethylanilium aldehyde trifluoromethanesulfonate (7)
(3.0 mg, 9.4 umol) in dimethylsulfoxide (1.0 ml) was
added. The stirring mixture was heated for 5 minutes at
90°C, diluted with water (1 ml), and transferred onto a
C18-SepPak cartridge. After washing with water (1 ml),
the radioactive product was flushed back into the reactor
vessel with acetonitrile (1 ml). A solution of the depro-
tected aminooxy peptide precursor 2 (1.5 mg, 0.83 pumol)
in buffer (1.0 ml, sodium citrate/phosphate buffer, pH 2.6)
was added and the mixture heated with stirring at 70°C for
15 min. A stream of nitrogen gas was applied for 5 min to
remove the bulk of acetonitrile. After diluting with water
(3 ml), the labeled peptide ['°F]6 was purified by pre-
parative HPLC. The isolated peptide ['®F]6 was mixed
with phosphate buffered saline (12 ml) and sterile filtered
(Pall 13 mm Acrodisc with HT Tyffryn membrane).

Preparation of ['8F]12
Method A (solution phase catalysis)

A solution of copper(Il) sulfate pentahydrate (0.72 mg,
2.88 pmol, 50 pl) in a conical vial (1 ml Wheaton) was
purged with nitrogen (10 ml/min) for one minute. A solu-
tion of sodium ascorbate (0.58 mg, 2.93 pmol) in
potassium carbonate buffer (50 ul, pH 8.0, 50 mM) was
added. To the resulting suspension a solution of the alkyne
peptide precursor 4 (2 mg, 1.43 pmol) in DMF (25 pl) and
potassium carbonate buffer (25 pl, pH 8.0, 50 mM) was
added, followed by ['®FJFEA (60-370 MBgq, Glaser and
Arstad 2007) in acetonitrile (50 pl). The reaction mixture
was heated for 30 min at 80°C, diluted with water (100 pl,
0.1 % TFA), and the resulting mixture purified by pre-
parative HPLC (Solvent A: water/0.1% TFA, solvent B:
acetonitrile 0.1%/ TFA, column: Phenomenex Onyx
Monolithic C18 100 x 10 mm, flow: 4.0 ml/min, gradient:
5-80% B in 15 min, A = 216 nm). The radiochemical
purity was >99% and the decay-corrected radiochemical
yield 70 &+ 5% (n = 3).

Method B (solid phase catalysis)

The peptide precursor 4 (0.5 mg, 0.36 pmol) was dissolved
in sodium phosphate buffer (50 pl, pH 6.0, 50 mM), mixed
with copper powder (200 mg, —40 mesh) and ['®F]FEA
(60-370 MBq) in acetonitrile (25 pl). After incubating for
15 min at room temperature the reaction mixture was
quenched with HPLC mobile phase (water/5% acetonitrile/
0.1% TFA), passed through a syringe filter (Acrodisk
PTFE, 0.45 pm) and injected into the preparative HPLC.
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The radiochemical purity was >99% and the decay-
corrected radiochemical yield 42 & 14% (n = 3).

Method C (one-pot solution phase catalysis)

A conical vial (Wheaton, 1 ml) containing a magnetic stir-
ring bar was charged with potassium bicarbonate (0.72 mg,
7.2 pmol) in water (50 pl), Kryptofix® (5 mg, 13.3 pmol),
acetonitrile (0.5 ml) and 8E_fluoride containing water
(60-740 MBq, 0.2-0.5 ml). The water was removed by
azeotropic distillation at 100°C using a stream of nitrogen
(50 ml/min) with repeated additions of anhydrous acetoni-
trile (3 x 0.5 ml). The vessel was cooled to room
temperature. After addition of 2-azidoethyl touluenesulfonic
ester (0.26 pl, 1.3 pmol) in anhydrous dimethylsulfoxide
(0.2 ml), the solution was stirred at 80°C (5 min).
Copper(I) sulfate pentahydrate (0.72 mg, 2.88 pumol) in
water (10 pl) was mixed with sodium ascorbate (0.58 mg,
2.93 pumol) in water (10 pl) under a nitrogen atmosphere
and transferred into a solution of the alkyne precursor 4
(2 mg, 1.43 pmol) in dimethylformamide (25 pl). The
resulting suspension was added to the vial containing
["®FIFEA (prepared as above). After stirring for 5 min at
80°C, the reaction was quenched by adding an aqueous
solution of trifluoroacetic acid (0.1 % v/v, 0.2 ml). ['*F]12
was isolated by preparative HPLC (gradient: 2 min 5% B,
then 5 — 80% B in 15 min using the system described
above). The radiochemical purity was >99% and the decay-
corrected radiochemical yield 47 + 8 % (n = 3). The total
synthesis time was 105 min after end of bombardment.

Experiment to investigate the nature of the radioactive side
product from the preparation of ['*F]12 (one-pot solution
phase catalysis)

A solution of copper(Il) sulfate pentahydrate (3.6 mg,
14.4 pmol, 50 pl) in a conical vial (1 ml Wheaton) was
purged with nitrogen (10 ml/min) for 1 min. A solution of
sodium ascorbate (2.9 mg, 14.6 pmol) dissolved in sodium
phosphate buffer (50 pl, pH 6.0, 50 mM) was added. To
the resulting suspension a solution of alkyne peptide pre-
cursor 4 (2 mg, 1.43 pmol) in DMF (25 pl) and sodium
phosphate buffer (25 ul, pH 6.0, 50 mM) were added,
followed by ['|FIFEA (40 MBq) in acetonitrile (50 pl).
The reaction mixture was heated for 30 min at 80°C,
diluted with water (200 pl, 0.1% TFA), and injected into
the preparative HPLC. Two products were isolated (prod-
uct 1, tg = 7:47 min and product 2, fg = 8:14 min).
Product 2 (100 pl) was mixed with aqueous ammonia
(28%, 50 pl). The mixture was left at room temperature for
one minute and re-analyzed using the preparative HPLC
system. The chromatogram showed a main peak corre-
sponding to ['*F]12 (rr = 7:49 min, 92%).

Results and discussion
Peptide synthesis

The cyclic RGD peptide 1 (Chart 1) was prepared as pre-
viously described (Indrevoll et al. 2006). An aminooxy
functionalized PEG linker was incorporated to provide the
precursor 2 for conjugation with ['®F]JFB-CHO. For
S-alkylation with ['®F]FPT the peptide 3 was modified with
a chloroacetamide group, and a methylene spacer was
inserted into the disulfide bridge to prevent ring opening
during the conjugation step. Propargyl glycine was incor-
porated to provide the precursor 4 for ‘click labeling” with
['*FIFEA.

Aminooxy [ISF]ﬂuorobenzaldehyde condensation

Aminooxy groups rapidly condense with aldehyde and
ketone carbonyls to form stable oximes. The reaction is
highly efficient, tolerates water as the reaction medium,
and can be effected over a wide pH range. Oxime forma-
tion with [18F]FB-CHO has been established as a superior
method for '®F-labeling of aminooxy-containing peptides
(Poethko et al. 2004a, b; Schottelius et al. 2004). The
method lends itself well to automation as the prosthetic
labeling group can be obtained in good yields in a single
step. Following cartridge purification peptide conjugation
can be achieved in near quantitative yields under mild
conditions, short reaction times, and with low precursor
concentrations.

We have previously reported the radiosynthesis of RGD
peptide [18F]5 (Glaser et al. 2008). Here we employed the
PEG-modified analog 2 as a precursor and automated the
labeling protocol of peptide ['®F]6 (Scheme 1) using
TRACERIab™ FX F-N (GE Healthcare). The automated
radiosynthesis involved the following steps: (1) drying of
aqueous [18F]ﬁu0ride, (2) reaction with 4-formyl-N,N,N-
trimethylanilinium trifluoromethanesulfonate (7) at 90°C
for 5 min to produce ['*FJFB-CHO, (3) cartridge purifi-
cation and elution of the radioactive product back into the
reaction vial, (4) addition of the aminooxy peptide pre-
cursor 2 (1.5 mg, 0.83 pumol) followed by heating at 70°C
for 15 min, (5) concentration of the reaction mixture, (6)
HPLC purification of the labeled peptide ['*F16, (7) for-
mulation and (8) sterile filtration. The method was fully

CHO a CHO « j
TfO:/Q/ _a /©/ _b_ el N-R
MesN 18¢ o 6 H
7
['8FIFB-CHO
Scheme 1 Formation of ['®FJFB-CHO and conjugation with the
aminooxy functionalized RGD peptide 2. (a) [ISF]KF-222/K2CO3,
DMSO, 15 min at 90°C; (b) 2, pH 2.6, 15 min at 70°C
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automated with the exception of the HPLC pump, which
was manually controlled. The total synthesis time was 69—
74 min, providing the RGD peptide ['®F]6 in 40 + 12%
(n = 10, decay-corrected) radiochemical yield, with a
specific activity of 173.0 £ 52.4 GBq/umol (n = 10).
Starting from 10.3-14.6 GBq of '®F-fluoride, the '®F-
labeled RGD peptide ['®F]6 was obtained in 2.3-5.3 GBq.
Full details are provided in the experimental part.

S-alkylation with 3-[18F]ﬂuoropropanethiol ([ISF]FPT)

In an earlier study, we found that '®F-labeled alkylthiols
can be conjugated to chloroacetyl-modified peptides in
good yields (Glaser et al. 2004). Of the reagents investi-
gated, [ISF]FPT (Scheme 2) was found to give the best
results. Whilst the radiosynthesis of this reagent requires
the use of a trityl protecting group, we anticipated that
deprotection could be achieved as an integrated part of the
cartridge purification step, and that the method therefore
should be amenable to automation using a similar protocol
to that described for ['®F]FB-CHO. Unfortunately, when
the chloroacetyl-modified peptide precursor 3 was sub-
jected to the labeling conditions previously reported
(aqueous ammonia, 10 min at 80°C), a multitude of
radioactive products was produced. Further investigation
indicated poor stability of the peptide precursor 3 under
alkaline conditions, and complete degradation was
observed within 30 min at 80°C. We also observed
decomposition of [ISF]FPT, however, this was effectively
prevented by addition of tris(2-carboxyethyl)phosphine as
a stabilizer. It is conceivable that the alkylation reaction
can be achieved under milder conditions than those
investigated here; however, given the moderate reaction
kinetics, the need for a basic reaction medium, and the poor
stability of the unprotected prosthetic group, we conclude
that S-alkylation with [lgF]FPT is unsuitable for the syn-
thesis of RGD peptide ['*F]10.

‘Click labeling’ with 2-['®F]fluoroethylazide
(["*FIFEA)

‘Click chemistry’ refers to reactions that are particularly
high yielding and resource efficient. In particular, the term
is used to describe the Cu(I)-catalyzed cycloaddition of
terminal alkynes and azides (Kolb et al. 2001; Rostovtsev
et al. 2002). We recently developed [ISF]FEA as a

prosthetic labeling group (Scheme 3) and demonstrated
that ‘click labeling’ can be achieved with a range of
functionalized alkynes in high radiochemical yields (Glaser
and Arstad 2007).

In this study we aimed to develop an efficient radio-
synthesis of the RGD peptide ['®F]12 that was amenable to
automation. Initially, ['"®F]FEA was purified by distillation
and peptide conjugation was optimized for the Cu*"/
ascorbate catalytic system, typically with heating to 80°C
for 5 min. When investigating the effect of pH on the
cycloaddition of ['®F]JFEA and the RGD precursor 4
(2.0 mg, 1.43 umol) we found that slightly basic condi-
tions (pH 8.0) were optimal. However, these conditions led
to formation of a side product as well as the expected
product ['®F]12 (Fig. 1). We speculated that this may be
due to formation of a copper adduct, and following HPLC
purification and treatment of the side product with aqueous
ammonia, we were able to retrieve the desired product
['®F]12 (Fig. 2). Attempting to prevent adduct formation in
situ, we added various copper chelators such as propargyl
amine, EDTA, and TBTA (Chan et al. 2004) to the reaction
mixture, all of which failed to block the side reaction.
However, copper adduct formation was significantly
reduced by reducing the excess of copper(Il) sulfate and
sodium ascorbate relative to the RGD peptide 4 from ten to
twofold (Fig. 3). Under these conditions, the RGD peptide
['®F]12 was isolated in 70 + 5% (n = 3) radiochemical
yield (decay-corrected from [ISF]FEA) with >99% radio-
chemical purity.

Substituting the solution phase catalyst with copper
powder lead to excellent conversion of the RGD precursor
4 (0.5 mg, 0.36 pmol) to the labeled peptide ['*F]12 within
15 min at room temperature (Fig. 4). Despite its superior
catalytic properties, the advantages of copper powder were
offset by poor recovery of the product ['*F]12 (42 + 14%

o
N a b N,,NNN—R
T0 0 = gge o Ns —— N NH
1 ['8FIFEA o ) NP

(0]

Scheme 3 Formation of ['®F]JFEA and copper catalyzed cycloaddi-
tion with the alkyne functionalized RGD peptide 4. (a) ['8FIKF-222/
K,CO;, MeCN, 15 min at 80°C, distillation, or ['®F]KF-222/KHCO;,
DMSO, 5 min at 80°C; (b) 4, CuSO4/Na-ascorbate, pH 8.0, 5 min at
80°C, or 4, copper powder, 15 min at room temperature

H
T a b c _
MSO/\/\S/r _— 18F/\/\S/Tr _— 18F/\/\SH 7L>18F/\/\S/\H/N R
(0]

8 9

['8FIFPT 10

Scheme 2 Formation of ['®F]FPT and conjugation with the chloroacetyl functionalized peptide 3. (a) [ISF]KF-222/K2CO3, DMSO, 15 min at
80°C, C18-SepPak; (b) TFA/TIS/H,O (5/1/1 v/v/v) 10 min at 80°C; (¢) 3, NH,OH, 30 min at 80°C
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Fig. 1 Preparative radio-HPLC of reaction mixture showing Fig. 3 Preparative radio-HPLC of ['®F]12 (tr['*F]FEA = 6:09 min,

["|FIFEA (tgr = 6:16 min), ['®F]12 (g = 7:42 min) and the side
product (fg = 8:17 min)

cps

1400.0 4
1200.0 4
1000.0 1

800.0 A

600.0

400.0 1
200.0 A

7:49 mm:ss
91%

g ['®F]12 = 7:42 min) under optimized reaction conditions using
Cu”*/ascorbate catalysis
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Fig. 2 Radio-HPLC analysis of side product after treatment with
NH,4OH showing conversion to product ['8F]12 (1g = 7:49 min)

isolated r.c.y., n = 5, decay-corrected, >99% radiochemi-
cal purity), due to further losses during filtration (27 £ 9%,
n = 3, decay-corrected). However, the results suggest that
copper powder should be highly suitable for non-conven-
tional systems, such as microfluidic reactors, where the
catalyst can be immobilized.

Distillation is frequently used for preparation of
!C-labeled compounds, but much less so for '®F-labeling.
Seeking to avoid distillation, we investigated the possi-
bility of reacting ['*FJFEA with the RGD peptide 4
without an intermediate purification step. The azide pre-
cursor 11 (1.3 pmol) was reacted with fluoride in DMSO
(5 min, 80°C). Subsequent addition of the RGD precursor
4 (2.0 mg, 1.43 umol), copper sulfate and sodium ascor-
bate led to near complete consumption of ['®F]FEA within
5 min at 80°C. HPLC purification of the reaction mixture
provided the 'SF-labeled peptide ['*F]12 in 47 + 8%
radiochemical yield (n = 3, decay-corrected,) with a total
synthesis time of 105 min. Unfortunately, the unlabeled

Fig. 4 Preparative radio-HPLC of ['8F]112 (1 ['®FIFEA = 6:09 min,
tr ['®F112 = 7:46 min) using copper powder catalysis

alkyne precursor 4 was too similar in size and polarity to
allow HPLC separation from the '8F_labeled RGD peptide
['®F]12, preventing us from measuring the specific
activity.

Summary and conclusions

A fully automated method has been developed for labeling
of an aminooxy functionalized RGD peptide with
["®F)fluorobenzaldehyde using TRACERIab™ FX F-N.
‘Click labeling’ of a structurally similar alkyne function-
alized RGD peptide with 2-['®F]-fluoroethylazide provided
comparable radiochemical yields without the need to
purify the prosthetic labeling group. Whilst the results
suggest that ‘click labeling’ of RGD peptides provides an
attractive alternative to aminooxy aldehyde condensation,
2-['8F]-fluoroethylazide may be too small to allow
separation of large '®F-labeled RGD peptides from their
precursors.
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