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Abstract

A practical procedure for 11CN-Ilabeling of native peptides has been developed. The process
involves two sequential Pd-mediated cross-coupling reactions at the cysteine residue of a peptide
and operates under mild conditions. The method was shown to be highly chemoselective for
cysteine over other potentially nucleophilic residues and the radiolabelled products were
synthesized and purified in less than 15 minutes. Appropriate for biomedical applications, the
method could be used on extremely small scale (20 nmol) with high radiochemical yield. The
success of the protocol stems from the use of a Pd-reagent based on a dihaloarene, which enables
direct “nucleophile-nucleophile” coupling of the peptide and [11C]-cyanide by temporal separation
of nucleophile addition.
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Positron emission tomography (PET) is a sensitive molecular imaging technique that can be
used to study the biochemical behavior of molecules /7 vivo.l Among various classes of
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radiotracers for PET imaging, radiolabeled peptides have gained considerable attention for
their potential to measure the distribution and pharmacokinetics of peptide-based
therapeutics and their potential to serve as imaging biomarkers for therapy. In fact, the
favorable pharmacokinetic behavior and high specificity with their respective target
receptors make them exceptionally well-suited as imaging agents for certain applications, for
example in oncology.? The demonstrated success and future promise of peptide-based
imaging agents have stimulated a real need to increase the number and diversity of efficient
methods for tagging peptides with radioactive functional groups.3

Chemical modification of peptides imposes unique challenges associated with the need for
mildness of conditions and high chemoselectivity due to the existence of a variety of reactive
functional groups present in amino acid side chains.* Moreover, challenges with
radiochemical modification of peptides are exacerbated by the use of short-lived. Short
isotope half-life of course leads to time-sensitive radiosynthesis that requires a high reaction
rate, and also dictates that the reaction profile is amenable to rapid purification of the desired
radioactive product. Methods that function in both capacities have been developed by using
radiometals, 18F, and more rarely 11C. Previous methods can be broadly divided into three
categories: 1) introduction of a radionuclide to a prosthetic group in a peptide; 2) reaction of
a peptide with a prosthetic group, that is pre-labeled with a radionuclide; and 3) direct
labeling of a native peptide (Figure 1).

In the first approach, a peptide of interest is pre-functionalized with a prosthetic group,
which usually chelates a radiometal®6 or forms a covalent bond with [18F]-fluoride (Figure
1, a).”8 This approach, however, inevitably involves multiple synthetic operations on
delicate peptide substrates, which diminishes the practicality of the method. Alternatively, a
prosthetic group can be treated with the radionuclide to generate a radiochemical entity prior
to introduction to the peptide (Figure 1, b).%10 Despite the advantage of avoiding exposure
of sensitive peptide substrates to harsh radiochemical reaction conditions (e.g., basic
fluoride), the system mandates intensive maneuvering of the radioactive material, which
includes time-sensitive synthetic and purification processes. Most importantly, these
aforementioned methods involve major structural modifications of the peptide target, which
may result in a change in biological activity of the radiotracer.

In contrast, a synthetic strategy, which allows for direct attachment of a radionuclide or a
radiochemical entity that can be easily generated from an automated synthesis module onto
an unmodified peptide, should serve as an ideal tool to access peptide radiotracers (Figure 1,
c).11 The reported protocols of this category, however, usually require harsh reaction
conditions (e.g., elevated temperature, use of a media with extreme pH, and/or the
employment of a large quantity of the peptide substrate), or are limited by the available
positions of radiolabelling. Therefore wide applications to complex systems are hampered.

Recently, we have demonstrated that Pd-based oxidative addition complexes supported by
biarylphosphine ligands are able to mediate challenging cross-coupling reactions in highly
specialized settings. Using this strategy, mild and efficient [11C]-cyanation of aryl
(pseudo)halides'? (Figure 2, a) and arylation of a cysteine residue in native peptides’3
(Figure 2, b) have been realized. We envisioned that a combination of these two approaches
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might find utility as a direct radiolabeling method for unmodified peptides. We hypothesized
that the use of a doubly electrophilic organometallic entity (A) would be able to adjoin the
precious radionuclide and equally important peptide substrate (Figure 2, ¢). Using this type
of electrophile (A), we are able to fully exploit the nucleophilic nature of the desired
reaction components (i.e., [11C]-cyanide and the thiol of cysteine) without rendering either
one of them electrophilic by relying on oxidative conditions. This approach, however, could
potentially suffer from inefficient generation of the desired product, as a slight bias in
reaction kinetics or stoichiometry could result in the exclusive formation of symmetric
coupling products (B and C).14

We reasoned that a sequential introduction of the nucleophilic components and the use of an
appropriate organometallic reagent could resolve the problem. Instead of initiating the
overall process with a binary electrophile A, a mono-organometallic compound originating
from a dihaloarene (D) (Figure 2, d), could be employed. Exposure of D to a cysteine-
containing peptide precursor results in C-S bond formation, and provide intermediate (E)
and ligand bound Pd(0) species (F) (step a). Intermediate F is then able to undergo /n situ
oxidative addition with E to form another electrophilic mono-organometallic species (G).
Provided that the oxidative addition proceeds with a significantly differentiated rate
compared to that of C-S bond formation, the generation of the new electrophile G should
occur without significantly interfering with the initial coupling.1® Electrophile G can, after
addition of [11C]-cyanide, be converted to the final product H via “transmetallation” and
subsequent reductive elimination (step b).

To evaluate our hypothesis, we studied the introduction of a non-radioactive cyanide source
to model peptide 1 bearing an intrachain cysteine residue (Table 1). The peptide substrate
was first treated with an oxidative addition complex derived from 1,4-diiodobenzene in
DMSO, followed by an aqueous solution of NaCN. In the presence of the Pd complex
supported by BrettPhos (L1), an efficient ligand for the [11C]-cyanation,12 the desired
double cross-coupling product (2) was consistently observed in 34% average yield (Table 1,
entry 1). Importantly, throughout the investigation double coupling product 3 and the
intermediate from the first cross-coupling 4 were observed as the only peptidic side
products, which were easily separable from the desired product. With the cyanide source as
the limiting reagent, a condition that is usually employed in radiosynthesis, the product was
obtained in consistently high yield, suggesting application to radiosynthesis was possible
(Table 1, entry 2-3). Other variations in the reaction conditions, such as the use of an excess
amount of Pd complex (Table 1, entry 4), elongated reaction time for step a (Table 1, entry
5), or buffered reaction media, a condition that should allow for wider application of the
method, (Table 1, entry 6), did not significantly affect the outcome. The use of another
effective ligand for [11C]-cyanation, #BuBrettPhos (L2), also gave a high level of reactivity
for the desired transformation (Table 1, entry 7).12 In contrast, the use of RuPhos, the ligand
employed in cysteine arylation,13 was much less effective and provided 4 as the major
product (Table 1, entry 8). As oxidative addition of LPd(0) (F) and ArX occurs rapidly
(Figure 2, d), we attribute the formation of 4 to the regeneration of Ar—I from G under
conditions where cyanation is inefficient.16 Therefore, ligand effects on both cysteine
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arylation (Figure 2, d, step a) and cyanide transfer to G (Figure 2, d, step b) contribute to the
efficiency of the overall process to form radiolabelled product 2.

The optimized conditions were tested in a radiosynthesis using aqueous [*1C]JHCN as a
[11C]-cyanide source (Table 2). While the results with the non-radioactive cyanide source
were successfully extended to the radioactive system using L1 (Table 2, entry 1),17 the Pd
complex supported by L2 or L3 showed significantly reduced reactivity (Table 2, entries 2
and 3). The contrast in reactivity compared to the non-radioactive system exemplifies the
challenges associated with the extension of a synthetic method to a radiochemical setting.
Nonetheless, the use of L1 gave good reactivity under both non-radioactive and
radiosynthetic conditions, and thus was chosen as the ligand for subsequent studies.

Next, we assessed the robustness of the method by evaluating the radiosynthetic efficiency
of the reaction in the presence of water or with reduced amount of the peptide substrate
(Table 3). While decrease in reactivity was observed with increased water content in the
reaction media, up to 10 vol% of water was tolerated providing the radiolabeled product in a
practically useful yield (Table 3, entries 1-3). The effect of substrate concentration was also
tested (Table 3, entries 4-7). The concentration of the peptide substrate could be reduced to
10 uM without significant loss of reactivity (Entries 4-7). It is expected that the low mass
requirement of the peptide precursor will be advantageous in terms of simplifying the
purification process of the radiolabelled product, and allowing for the radiolabelling of
peptides with limited availability. In addition, we verified that the cysteine residue is the
location of radiolabelling through a control experiment. When the reaction was set up
utilizing an alternative peptide containing a serine residue in place of cysteine, no labeled
peptide product was detected (Table 3, entry 8).

The method exhibits high chemoselectivity for the radiolabeling of the cysteine residue in
the presence other potentially nucleophilic functional groups (Figure 3). In addition to the
N-terminal amine and C-terminal carboxylic acid, nucleophilic side chain functional groups,
such as an amino group (5), an imidazole (5), an indole (5), a thioether (5), an amide (5), a
carboxylic acid (6), a guanidine (6), and a hydroxyl group (6), are all tolerated. It is also
noteworthy that the position of the reactive cysteine residue is not limited to the intrachain
location. It can be positioned either at the N-terminus (5) or C-terminus (6) without
impeding the efficiency of the process.18 Moreover, a peptide containing the RGD sequence,
a crucial motif in developing PET probes for tumor imaging,® could be successfully
modified.

Finally, the protocol was applied to a high-activity synthesis to demonstrate the practicality
of the strategy (Figure 4). In the presence of 20 mCi of [11C]-cyanide, the radiolabelled
product was obtained in 10% non-decay corrected radiochemical yield after HPLC
purification. The absolute radioactivity (2.0 mCi) and the specific activity (1.0 Ci/umol)
were sufficiently high for /n vivo imaging and the overall process, including the purification,
took only 15 minutes, which is highly suitable for clinical practice. Importantly, the purified
product contained only 1.2 ppb of Pd, which is well below the accepted limit, based on ICP-
MS analysis.20
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In summary, we have developed a one-pot protocol for 11CN-labeling of cysteine-containing
peptides based on the combination of Pd-mediated cyanation and cysteine arylation. This
strategy exploits the nucleophilicity of both the peptide and labeling reagent, [11C]-cyanide,
which enables “nucleophile-nucleophile coupling” in a direct manner. The method tolerates
a wide range of reactive functional groups due to its mild reaction conditions and high
chemoselectivity. A key feature of this method is that it can be successfully used on an
extremely small amount of the peptide precursor (20 nmol), which not only simplifies
purification, but is also economically advantageous. The ease of operation of this method
should allow for the development of 11C-peptide PET probes and also the evaluation of the
therapeutic efficacy of peptides through PET imaging.

Supplementary Material
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Figure 1.
Strategies for Peptide Radiolabeling.
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@Reaction conditions: 5 (HoN-CKGHFTWGMGQF-CO5H) or 6 (H,N-GRGDSPC-CO5H)
(20 nmol), Pd complex (20 nmol), DMSO (200 pL), r.t., 10 min.; [ZIC]JHCN in H,0 (20 pL,
1-10 mCi), r.t., 5 min.
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Table 1

Non-radioactive Cyanation of a Peptide.?

I
L
\©\pd-'- o CcN
SH  (tooumy | ~1 | NacN (aq) /@/
I — . R

peptide DMSO

e rt., 5 min | 2
1(100 M) . time | peptide
(FLGKGVGCAF):  Step a peptide step b
R cy peptide
AL Gy L |
MeC, 2k P s |
i-Pr. -PrO. ,O/ /Q/
(=2 O3> v
P -PrQy | |
OMe peptide peptide
L1: BrettPhos (R=Cy) L3: RuPhos 3 4

L2: t-BuBrettPhos ((R=t-Bu)

entry L  reaction time of stepa (min.)  stoichimotetry of NaCN (equiv.)
1 L1 10 1
2 L1 10 0.2
3 L1 10 0.1
g6 L1 10 1
5 L1 30 1
6f L1 10 1
7 L2 10 1
8 L3 10 1

yield (%)C

344
46
61
31

33
31
64
13

aReaction conditions: 1 (20 nmol), Pd complex (20 nmol), DMSO (200 pL), r.t., 10-30 min.; NaCN (aqg.) in 10 pL H20, 5 min.

bAcNH-FLGKGVGCAF-COzH.

CDetermined by integration of HPLC peak area with calibration.
ad

Average of three runs.

eResuIts with 1.5 equivalent of Pd complex.

f. . . . .
Result with 0.1 M Tris buffer in DMSO/H20 (9:1) in place of DMSO.
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Table 2
[*1C]-Cyanation of a Peptide.?

|
OPG'L F.LL [eieN

SH (100 M) | ~ |["CIHCN (aq.) /@’

| — —

peptide)  DMSO i WL, Smin._| (cjz
1 [”:m MJ rt, man,
[FLGKGVECAF] peptide poptids

entry L RCY (%)
1 L1 50
2 L2 7
3 L3 <5

Page 12

aReaction conditions: 1 (20 nmol), Pd complex (20 nmol), DMSO (200 pL), r.t., 10 min; [11C]HCN in H20 (20 pL, 1-10 mCi), r.t., 5 min.
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Table 3

Robustness of the Method.?

I
L1

(FLGKGVGCAF) peptide

entry [peptide] (UM) DMSO/H,0 RCY (%)
1 500 90/10 19
2 500 33/67 3

3 500 5/95 4
4 250 90/10 22
5 50 90/10 20
6 10 90/10 19
7 2 90/10 <1
gb 500 90/10 0

Page 13

aReaction conditions: 1 (1.0 equiv.), Pd complex (1.0 equiv.), 0.1 M Tris buffer in DMSO/H20 (200 pL), r.t., 10 min.; [11C]HCN in H20 (20 pL,

1-10 mCi), r.t., 5 min.

bResuIt with AcNH-FLGKGVGSAF-CO2H.
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