1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

"% NIH Public Access

O
H%

Author Manuscript

Published in final edited form as:
Bioconjug Chem. 2007 ; 18(3): 903-911. doi:10.1021/bc060250q.

Peptidyl Molecular Imaging Contrast Agents Using a New Solid
Phase Peptide Synthesis Approach

Byunghee Yoo and Mark D. Pagel*
Case Center of Imaging Research and Department of Biomedical Engineering, Case Western
Reserve University 10900 Euclid Avenue, Cleveland, OHIO 44106

Abstract

A versatile method is disclosed for solid phase peptide synthesis (SPPS) of molecular imaging
contrast agents. A DO3A moiety was derivatized to introduce a CBZ-protected amino group and
then coupled to a polymeric support. CBZ cleavage with Et,AlCl/thioanisole was optimized for
SPPS. Amino acids were then coupled to the aminoDOTA loaded resin using conventional step-wise
Fmoc SPPS to create a product with DOTA coupled to the C-terminus of the peptide. In a second
study, the DO3A moiety was coupled to a glycine-loaded polymeric support, and amino acids were
then coupled to the amino-DOTA-peptide loaded resin using SPPS, to incorporate DOTA within the
peptide sequence. The peptide-(Tm3*-DOTA) amide showed a PARAmagnetic Chemical Exchange
Saturation Transfer (PARACEST) effect, which demonstrated the utility of this contrast agent for
molecular imaging. These results demonstrate the advantages of exploiting SPPS methodologies
through the development of unique DOTA derivatives to create peptide-based molecular imaging
contrast agents.
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INTRODUCTION

Macrocyclic metal chelates using DOTA (1,4,7,10-tetraazacyclododecane-N,N’,N’* ,N”*"’-
tetraacetic acid) are often administered to patients and animal models to create or enhance
contrast in biomedical molecular imaging studies (1,2). More recently, metal-DOTA chelates
have been conjugated to peptides to affect the in vivo pharmacokinetics of the metal-DOTA
imaging agent over a wide range of spatial scales. For example, sub-cellular scales can be
assessed by coupling DOTA to membrane-penetrating peptides (3,4), cellular scales are
assessed with cell receptor-targeting peptides attached to DOTA (5), and tissue scales are
investigated with DOTA-bound peptides that interact with extracellular matrices (6) and that
have dramatically altered renal clearance rates (7). Numerous other applications have been
reported, including peptide-DOTA probes for multimodality imaging studies (8-10).
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diisopropylethylamine; DMF, N,N-dimethylformamide; DO3A-tBu, 1,4,7,10-tetraazacyclododecane-N,N’,N”’-tri(tert-butylacetate);
DOTA, 1,4,7,10-tetraazacyclododecane-N,N’,N’*,N**"-tetraacetic acid; Et2AICI, diethylaluminum chloride; Fmoc,
fluorenylmethyloxycarbonyl; HBTU, 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate; HOBt, N-
hydroxybenzotriazole; MeCN, acetonitrile; NMP, N-methylpyrrolidone; P2Os5, phosphorous pentoxide; TEA, triethylamine.
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To synthesize these peptidyl molecular imaging contrast agents, the carboxylates of DOTA
have been conjugated to the amines of peptides, including the N-terminus of the backbone and
the side chain of lysine (5,11-19). Other DOTA derivatives have been devised for conjugation
to peptide amino groups, such as succinimide DOTA derivatives (20) and isothiocyanato
DOTA derivatives (21). Unnatural amino acid derivatives have also been developed to couple
DOTA to peptidyl amines, such as p-NH,-phenylalanine (13) and diaminopropionic acid
residues (15).

Standard solid phase peptide synthesis (SPPS) methods have been used to couple DOTA to
the backbone N-terminus of peptides bound to a PEGA Rink amide resin (5,14-19). Similar
SPPS methodologies can be used to couple DOTA to other side chain amines of resin-bound
peptides (13,15). However, coupling DOTA only to N-terminus or side chain amines of
peptides can limit synthesis methodologies and may compromise the utility of the peptidyl
contrast agent for molecular imaging applications (22). To alleviate this limitation, we have
developed an amine-derivatized DOTA (aminoDOTA) that can couple to the carboxylates of
peptides (Scheme 1). We have linked the aminoDOTA to a resin 8a for use in standard SPPS
methodologies, in order to synthesize peptide- DOTA imaging agents with DOTA coupled to
the C-terminus of the peptide (Scheme 2). We have also linked aminoDOTA to an amino acid
residue on the resin 8b, to demonstrate that this methodology can incorporate DOTA at any
location within the peptide backbone (Scheme 1 and Scheme 2). Lanthanide chelates of the
peptide-DOTA amide products were shown to affect magnetic resonance signals, thereby
demonstrating that the peptide-bound DOTA moiety has practical utility for molecular
imaging. This new approach greatly expands the opportunities to create peptide-based
molecular imaging probes, and is completely compatible with standard SPPS methods for facile
production of products with good yield and high purity.

EXPERIMENTAL PROCEDURES

General Methods

All the reactions were carried out under argon atmosphere. Dichloromethane (DCM) and
carbon tetrachloride (CCly) were freshly distilled over phosphorous pentoxide (P20Os).
Acetonitrile (ACN) was distilled over barium oxide (BaO). The peptide synthesis reagents
Fluorenylmethyloxycarbonyl (Fmoc) protected amino acids, N-hydroxybenzotriazole (HOBt),
2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), acetic
anhydride (Ac,0), piperiding, triethylamine (TEA), N,N-diisopropylethylamine (DIEA), N,N-
dimethylformamide (DMF) and N-methylpyrrolidone (NMP) were purchased from Applied
Biosystems Co. (Foster City, CA). The 1,4,7,10-tetraazacyclododecane-N,N’,N”’-tri(tert-
butylacetate) (DO3A-tBu) was purchased from Macrocyclics Co. (Dallas, TX), and other
reagents were purchased from Sigma-Aldrich Corp. (St. Louis, MO) and Fisher Scientific
International, Inc. (Hampton, NH). Peptides were synthesized using a Wang resin (Fluka,
Buchs Switzerland) and followed Fmoc chemistry methods with HOBt and HBTU as coupling
agents (23,24). The efficiencies of coupling DO3A-Fmoc 3 to resin 4b, and coupling 6 to resin
Fmoc-deprotected 5a and 5b, were checked with the Kaiser ninhydrin test (25-27). The starting
resin had 1.0mmol/g of hydroxyl groups or amino groups and the scale of the peptide synthesis
was calculated based on the substitution ratio of the resin. The loading efficiencies of the Fmoc-
compounds and the amine content of the resin were quantitatively analyzed with UV/Vis/
Fluorescence spectroscopy using a Molecular Devices SpectraMax M2 spectrophotometer. IR
spectroscopy was used to analyze the functional groups on the resin using an ABB BOMEM
MB-104 spectrophotometer operating from 600 to 4000cm—1. To analyze the peptides and the
peptide-DOTA amide final product, HPLC was used with a Grace Vydac OD-300 C-18 reverse
phase analytical column and a PerkinElmer Series 200 HPLC pump and UV detector operating
at 222 nm. The lanthanide complexation reaction between peptide- DOTA amide and TmCl3
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was evaluated with an Arsenazo 111 solution color test (28,29). 1H and 13C spectra were
measured with a Varian Gemini 300MHz NMR spectrometer and Varian Inova 600MHz NMR
spectrometer using CDCl3 and DMSO-dg as solvents depending on solubility. PARAmagnetic
Chemical Exchange Saturation Transfer (PARACEST) spectra were measured in a solution of
5% D50 in water (30,31) using a Varian Inova 600 MHz NMR spectrometer. A series of 1D
NMR spectra of the water signal were acquired with a selective saturation in 1ppm increments
between 100 ppm and —100 ppm, and selective saturation was performed with a continuous
wave pulse applied for 4 seconds at 31 uT. Analytical thin layer chromatography was
performed on Merck silica gel 60 F254 plates. Compounds were visualized using a UV lamp
operating at 254 nm, an iodine chamber and ninhydrin solution. High resolution mass spectral
analyses were performed with Bruker Daltonics Esquire HCT mass spectrometer and a Bruker
BIFLEX 111 MALDI-TOF mass spectrometer, using 3,5-dimethoxy-4-hydroxycinnamic acid
as a matrix compound. Molecular modeling was accomplished using Insightll with the
Discover-3 (Molecular Simulations Inc.).

Synthesis & Analysis

Synthesis of 4,7,10-tri(t-butylacetate)-1-fluorenylmethoxycarbonyl-1,4,7,10-
tetraazacyclododecane (Fmoc-DO3A-tBu) 2 (32)—To a solution of 1 (2.57 g, 5mmol)
in 10 mL of acetonitrile, activated zinc dust was added in small portions until the reaction
mixture attained neutral pH. A solution of Fmoc-Cl (1.35 g, 5 mmol, 1 eq.) in 5 mL of ACN
and zinc dust (325 mg, 5 mmol, 1 eq.) was added to the reaction mixture in one portion and
the reaction mixture was stirred at room temperature for 20 min. The progress of the reaction
was monitored by TLC (CHCI3/MeOH=1/1, Rf=0.75). The reaction mixture was filtered and
dried in vacuo, yielding 3.32 g of white solid (yield 90%): 1H NMR (600MHz, DMSO-dg) &
1.47(s, 27H), 2.50(s, 8H), 2.71(t, 4H), 2.79(t, 4H), 3.39(s, 6H), 5.15(t, 1H), 6.29(d, 2H), 7.42
(t, 2H), 7.47(t, 2H), 7.63(d,2H), 7.84(d, 2H), 13C (125MHz, DMSO-dg) & 170.61, 153.83,
135.59, 135.36, 129.47, 127.23, 123.88, 121.36, 119.99, 81.22, 65.88, 55.14, 53.53, 50.48,
48.44, 47.10, 27.75, MALDI-Mass m/z (calc. 736.94): 737.96 [M+H]*.

Synthesis of 4,7,10-tri(carboxymethyl)-1-fluorenylmethoxycarbonyl-1,4,7,10-
tetraazacyclododecane (Fmoc-DO3A) 3—A total of 2.94 g (4 mmol) of 2 was dissolved
in 5 mL of 75% TFA in DCM and treated for 40 min. The reaction was traced by TLC
(chloroform/methanol=1.1, Rf=0.22). The solution was dried under reduced pressure. The
remaining solid was re-dissolved in DCM and precipitated with diethyl ether. The precipitated
solid was filtered and dried in vacuo, yielding 1.70 g (3.0 mmol, yield 75%): 1H NMR
(600MHz, DMSO-dg) & 3.05(s, 4H), 3.20(s, 4H), 3.45(t, 4H), 3.62(t, 4H), 3.60(s, 6H), 4.25(t,
1H), 4.55(d, 2H), 7.35(t, 2H), 7.42(t, 2H), 7.65(d,2H), 7.94(d, 2H), 13C (125MHz, DMSO-
de) 5174.21,155.44,143.85, 140.63,127.08, 125.07, 120.01, 67.24, 54.30, 51.88, 50.65, 48.68,
45,79, MALDI-Mass m/z (calc. 568.62): 569.64 [M+H]*.

Coupling of Fmoc-DO3A on the resin 5a, 5b—To prepare 5a, 1.0 g of Wang resin 4a
(substitution level = 1 mmol/g) was used after complete drying. The compound 3 (1.14 g, 2
mmol), HBTU (2.5 g, 6.6 mmol, 3.3 eq.) and HOBt (1.0 g, 6.6 mmol, 3.3 eq.) were dissolved
in 30 mL of NMP for 40 min to activate carboxylates, and the solution was added to the peptide
reaction vessel containing the resin. TEA (1.82 mL, 13 eq.) was added and the reaction was
continued for 12 h. After filtration, the resin was dispersed in a solution of tert-butyl alcohol
(t-BuOH, 1.48 g, 20 mmol, 20 eq.) in 20 mL of NMP and the reaction was continued for 1 h.
The resin was washed and dried in vacuo. To prepare 5b, 1.3 g of 4b (substitution level = 0.78
mmol/g) was treated with 3 following the same synthetic method as 4a. During the reaction,
a small amount of resin was sampled for uncoupled amines using the Kaiser test.
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Loading Efficiency (Fmoc titration)—The Fmoc concentration on the resin was measured
according to a previously reported method (33). Fmoc amino acyl resins (4~8 mg) were shaken
or stirred in piperidine- DMF (3:7) (0.5 mL) for 30 min, after which MeOH (6.5 mL) was added
and the resin was allowed to settle. The resultant fulvene-piperidine adduct had UV absorption
maxima at 267 nm (e = 17,500 M~1ecm™1), 290 nm (¢ = 5800 M~tcm™1), and 301 nm (& = 7800
M~1em™). For reference, a piperidine-DMF-MeOH solution (0.3:0.7:39) was prepared.
Spectrophotometric analysis was carried out at 301 nm, with comparison to a free Fmoc amino
acid (Fmoc-Ala) of known concentration treated under identical conditions. The measured
Fmoc concentrations were determined to be 0.45 (+ 0.05) mmol per gram of resin (calc. 0.64
mmol/g) for 5a and 0.47 (+ 0.05) mmol per gram of resin (calc. 0.54 mmol/g) for 5b, based
on 3 repetitions to synthesize each product.

Methyl N-(Benzyloxycarbonyl)-a-bromoglycinate 6—Phosphorous tribromide (8.2 g,
30 mmol, 3 eq.) was added to a suspension of methyl N-(Benzyloycarbonyl)-a-
methoxyglycinate (2.51 g, 10 mmol) in carbon tetrachloride (100 mL) under an argon
atmosphere. The reaction mixture was stirred at room temperature for 7 days. The reaction
solution was then concentrated in vacuo and triturated with dry n-hexane (100 mL) for 24 hrs.
The reaction mixture was then filtered, yielding a white solid (75% to quantitative yield
measured by weight): 1H NMR (300MHz, CDCls) & 3.80(s, 3H), 5.22(s, 2H), 6.20 and 6.45
(split, 1H), 7.55(s,5H); 13C (125MHz, DMSO-dg) & 170.71, 156.07, 137.37, 129.03, 128.57,
128.53, 73.78, 66.25; MS-ESI m/z (calc. 302.99): 304.07 [M+H]*

Coupling of 6 on the resin 7a, 7b—Each of 5a (2.22 g, substitution level =0.45 mmol/g)
and 5b (2.13 g, substitution level =0.47 mmol/g) were treated with 20% piperidine for 30 min
and sequentially washed with NMP, DCM, acetone, and acetonitrile. The Kaiser test was used
to measure the content of free secondary amines after Fmoc deprotection. The resin was
transferred to a flask with 6 (0.6 g, 2 mmol, 4.3 eq.) and K,CO3 (1.66 g, 12 mmol, 25.5 eq.)
in dry acetonitrile (100 mL). The solution was stirred and heated to 70 °C for 6 h in anhydrous
conditions. After the solution was filtered, the resin was sequentially washed with 50% MeOH
in water, MeOH, and DCM, and then dried in vacuo. The Kaiser test was used to monitor the
coupling of 6 to 7b by measuring the concentration of remaining free amines.

Cleavage of CBZ group from the resin 8a, 8b—In each of 3 flasks, 0.20 g (0.1mmol)
of 7a was dispersed and swelled in DCM (5 mL) for 1 h and cooled to —78 °C. Et,AICI (34)
was transferred into each flask with an air-tight syringe in 1, 2 and 5 eq. and the mixture was
stirred for 15 min. Aliquots of 2, 4, and 10 eq. of thioanisole (the molar ratio of
Et,AlCl:thioanisole was fixed at 1:2) was added to each flask and portions of the resin were
extracted after 5, 15, 30 and 60 min of cleavage reaction time. The sampled resin was
immediately washed with DCM and titrated with picric acid according to a previously reported
method (35). To account for tertiary amines on the cyclen ring, a CBZ protected resin was
treated and compared as a reference. CBZ cleavage was performed with conditions of 1 eq. of
33% Et,AlCI in thioanisole for 20 min at 7—78 °C. The average amine content was 0.31 (+0.05)
mmol/g for 8a and 0.33 (£0.05) mmol/g for 8b, based on 3 repetitions to synthesize each
product.

Peptide synthesis 9a, 9b—A total of 1.63 g (0.5 mmole) of 8a was used to synthesize
9a using standard SPPS methods. Fmoc-Asp(O'Bu)-OH (0.2 g, 0.5 mmol), Fmoc-Val-OH
(0.17 g, 0.5 mmol) and Fmoc-Glu(O'Bu)-OH (0.23 g, 0.5 mmol) were used as building amino
acids and HBTU (0.19 g, 0.5 mmol) and HOBt (73 mg, 0.5 mmol) were used as coupling
agents. Freshly distilled TEA (140 pL, 1 mmol) was used as a base in 70 mL of NMP. A
solution of 20% piperidine in NMP was used to cleave the Fmoc groups on the resin, after
which 1 equivalent of an amino acid was reacted with the resin-bound peptide-DOTA amine.
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This coupling was repeated with a second reaction that was not preceded with Fmoc
deprotection, in order to follow a double-coupling SPPS strategy, which yielded 1.94 g of 9a
(calc. 1.97 g, yield 93%). Using the same procedure, 0.42 g (0.14 mmole) of 8b was treated to
synthesize 0.50 g of 9b (calc. 0.52 g, yield 90%).

Peptide cleavage from the resin and characterization of 10a and 10b—After the
peptide synthesis, the Fmoc group of 9a (0.55 g, 0.2 mmole) was removed from the resin and
10a was cleaved from the resin with a 95% TFA / 2.5% water / 2.5% thioanisole cocktail for
40 min (36-38). After removing solvents, the product was washed with diethylether and dried
in vacuo. The final product was purified with an amberlite column, yielding 150 mg (0.17
mmol, yield 85%). Following the same procedure, 0.29 g of 9b (0.1mmole) was used to obtain
87 mg of 10b (92 umole, yield 92%). In both cases, the amberlite column was used to remove
impurities and residue from the cleavage cocktail, and was not intended to purify isomeric
forms of 10a or 10b. The obtained products 10a and 10b were characterized by MALDI-MASS
(10a m/z (calc. 891.88): 892.89 [M+H]*, 914.89 [M+Na]*; 10b m/z (calc. 948.93): 949.94 [M
+H]*, 971.95 [M+Na]™) and HPLC (Column : Symmetry C-18 3.5um, 4.6 x 75mm, Detector :
222 nm, Flow rate : 0.5 mL/min, Eluent : 0.1% TFA in water / acetonitrile, gradient from
100% / 0% to 90% / 10% for 5 min, 90%/10% for 25min; retention time = 6.1 min for 10a and
10b).

Complexation of Tm3* with 11a, 11b—The obtained 10a (100 mg, 0.11 mmol) was
dissolved in water (3 mL) at pH 6.5 and 40 °C, and TmCl3 (27 mg, 0.1 mmol) in water (0.5
mL) was added drop by drop for 1 hr and adjusted to pH 7.5 with 0.5N NaOH. The solution
was stirred for 18 hrs at 40 °C and adjusted to pH 7.5 when the pH dropped below 5. The
complete complexation was evaluated with an Arsenazo 11 color test (29). When the test
showed negative results for free lanthanide ions, the reaction mixture was cooled to room
temperature. The pH was adjusted to 9 and the residual lanthanide-hydroxide white precipitate
was removed by filtration. The solution was freeze dried, yielding product 11a (MALDI-Mass
m/z (calc. 1060.81): 1061.83 [M+H]*, 1083.85 [M+Na]™). 10b was treated with a similar
procedure to obtain the final product 11b (MALDI-Mass m/z (calc. 1117.86): 1118.87 [M
+H]*, 1140.92 [M+Na]™).

RESULTS AND DISCUSSION

Scheme 1 demonstrates the synthesis strategies that were employed to create a DOTA-loaded
resin for SPPS. Compound 2 was prepared by coupling 1 and Fmoc-Cl with activated Zn dust
(32). Consequently, 2 was treated with 75% TFA in DCM for 40 min to remove 'Bu esters.
The deprotected product was a complex of 3 and TFA salt, as indicated by the NMR chemical
shifts of the cyclen ring that were shifted to 3.05-3.62 ppm, relative to the NMR chemical
shifts of 2.50-2.79 ppm of the cyclen ring of TFA-free 2.

Compound 3 was coupled to a Wang resin 4a (sub.lev. = 1.0 mmol/g) and a glycine-preloaded
Wang resin 4b (sub. lev. = 0.78 mmol/g) to create 5a and 5b, respectively. Compound 4b was
prepared to demonstrate the feasibility of incorporating DOTA within a peptide sequence.
Compounds 5a and 5b showed 70% loading and 83% loading, respectively, as measured by
quantitatively titrating the Fmoc group with a UV spectrometer operating at 301 nm
wavelength. The lower loading of 5a relative to 5b is presumably caused by the closer
proximity required by the hydrophilic 3 and the relatively hydrophobic surface of 5a, in order
to couple 3 to the short linker of 5a. Adding an amino acid to the Wang resin lengthened the
linker in 5b and led to an improved loading efficiency, and comparable or improved results
are anticipated if the Wang resin is pre-loaded with a longer peptide that would have even less
potential for potentially adverse DOTA-resin interactions.

Bioconjug Chem. Author manuscript; available in PMC 2008 November 17.
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At the end of the coupling reaction to create 5a and 5b, an excess amount of t-BuOH was added
to convert the remaining active carboxylates to t-Bu esters, and finally acetic anhydride was
used to cap remaining functional active sites on the Wang resin (39,40). No active sites
remained after this esterification and capping, because analysis of 10a and 10b showed no
evidence of synthesized peptide without DOTA, or DOTA coupled to more than one peptide,
which would be expected from any active sites that remain at this stage.

For clarity, Scheme 1 only shows coupling to the Wang resin at position 1 and Fmoc protection
at position 4 (or 10) of the cyclen ring, and yet the Fmoc protection may also occur at position
7. This difference is inconsequential for 5a, because the resin is eventually cleaved from the
DOTA to create 10a. This difference may be significant for 5b, as the two peptidyl ligands of
10b may have a 1,4 or 1,7 configuration. For comparison, studies of 1,4-DO2A vs 1,7-DO2A
have demonstrated that the 1,4 isomer makes a more stable complex with Manganese (41).
Studies of RRSS and RSRS tetra(carboxyethyl) DOTA derivatives indicated different ratios
of the ‘major’ square antiprismatic geometric isomer (M) vs the ‘minor’ twisted square-
antiprismatic geometric isomer (m), although no significant differences in hydration states
were observed from these particular isomers (42). Yet the stabilities, hydration states and water
exchange rates of DOTA derivatives are known to be affected by different m/M geometric
ratios (43,44). Therefore, more detailed investigations of the effects of 1,4 and 1,7 isomers on
stabilities and water exchange rates of DOTA derivatives are warranted, and the SPPS
methodology described herein may provide the versatility for synthesizing isomers for these
investigations.

The a-bromo glycine template 6 was produced as racemates at approximately a 1 to 1 ratio,
which was indicated by the NMR doublet on 5.20 and 5.46 ppm. The diastereomers of
consequent steps were also determined to be the same ratio as 6. The presence of diastereomers
within a peptide may raise concerns because peptide conformations critically depend on the
stereochemistry of each amino acid. However, this strategy to conjugate DOTA to peptide
carboxylates is intended to label a peptide with an imaging contrast agent, and is not designed
so that the DOTA directly participates in the conformation or biological function of the peptide.
Therefore, racemization of 6 is acceptable for molecular imaging applications that simply
require DOTA-labeling of peptides. The use of brominated amino acid templates provides
additional flexibility for creating peptide-DOTA imaging contrast agents, although other
brominated amino acids besides bromoglycine were not investigated in this particular study.

After removal of the Fmoc group of 5a and 5b with 20% piperidine in NMP, 5a and 5b were
coupled with a-brominated CBZ-Gly-OMe (45) 6 to obtain 7a and 7b, respectively. A
comparison of results from the Fmoc titration and a Kaiser test of Fmoc-deprotected 5a and
5b indicated complete removal of the Fmoc groups. Similarly, a Kaiser test of 7a and 7b
indicated that loading 6 onto the resin was performed with quantitative yield.

The CBZ group is commonly used to orthogonally protect amine groups in organic syntheses.
Cleavage of CBZ groups is typically performed with Ho/Pd-C or 1,4-cyclohexadiene/Pd-C in
EtOH (46). However, these cleavage conditions are not compatible with SPPS using polymeric
supports, which lead to difficult problems with separation and purification. In this study,
selective CBZ cleavage conditions were tested for SPPS. BF3-EtoO/dimethylthioether (47—
49), trimethylsilyl iodide (50,51) and Et,AlCl/thioanisole (34) conditions were investigated
during initial trials. From the results of tracing the reactions for 7a and 7b with the Kaiser test,
the strong Lewis acids BF3-EtoO/dimethylthioether and trimethylsilyl iodide were found to
rapidly cleave the Wang linker on the resin, and therefore failed to selectively cleave the CBZ
group. Fortunately, the CBZ group was found to be selectively cleaved with Et, AICI/
thioanisole by reducing the temperature to —78 °C and by carefully controlling the reaction
time and molar ratio of Et,AlCl/thioanisole to optimize reaction conditions (Figure 1). The
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reaction rates were assessed by measuring the amine contents of ~25 mg of resin after the start
of the reaction, by using a picric acid titration and a UV/Vis spectrometer operating at 358 nm
(35). These results were compared to the measured Fmoc concentrations of 5a and 5b. To
eliminate the effect of tertiary amines in the cyclen ring, the results of picric acid titration of
7aand 7b that were not subjected to Et,AlCl/thioanisole was subtracted from the measurements
of the cleavage reaction. Optimized conditions were determined to consist of a reaction time
of 15 min at—78°C, 1 eq. of Et,AICI and 2 eq. of thioanisole relative to the CBZ concentration
on the resin. Under these conditions, cleavage of the benzyl ether group of the Wang linker or
incomplete CBZ cleavage limited the overall yield of 8a and 8b to 70%. For the purposes of
this particular study, a 70% yield was acceptable for subsequent steps. Although cross-linking
between DOTA carboxylates and amines may also account for reduced yield after CBZ
cleavage, MALDI-MS analyses of 10a and 10b showed no evidence for cross-linking, which
is presumably due to the sparse population of DOTA within the Wang resin.

Additional temperature- and time-dependent studies to improve this deprotection step are under
investigation in our laboratory, as CBZ deprotection during SPPS has great potential for
orthogonal synthetic strategies. The expected transition state is shown in Figure 2. Previous
reports have shown that Et,AICI can bridge two carbonyl groups in a 1,3-position to form a
stable 6-membered ring, which leads to bond cleavage adjacent to either carbonyl group (52—
53). However, Et,AlCI would form an unstable 7-membered ring by bridging the two carbonyl
groups of CBZ-Gly-OMe, and this bridge would be further destabilized by the additional planar
constraints of the amide and ester groups, so that Et,AlICI is more likely to form a strong
interaction with just one carbonyl group. This hypothesis is confirmed by the absence of
cleavage of the methyl ester group as shown in the mass spectrum of 10a and 10b, which also
shows that the interaction of EtoAlICI only occurs with the ester of the CBZ group.

As shown in Scheme 2, conventional Fmoc SPPS methods were then employed to perform
step-wise coupling of amino acids to the aminoDOTA Wang resin (33). An Asp-Glu-Val-Asp
(DEVD) peptide sequence was chosen for this demonstration, because this peptide sequence
is preferentially cleaved by the caspase-3 enzyme that is a focus of our molecular imaging
research (55). To enhance the coupling efficiency, two sequential applications (i.e., double
coupling) of 4 equivalents of each amino acid was applied to the SPPS after initial Fmoc
deprotection. The total yield of step-wise SPPS of the four amino acids to amino-DOTA was
90% and 93% for the synthesis of 10a and 10b, respectively, as determined by weighing.
Therefore the coupling efficiency for coupling the first amino acid to amino-DOTA is no lower
than 93%. This high coupling efficiency indicates that the CBZ-protected amine is sufficiently
exposed after deprotection, even in the presence of the bulky DOTA moiety.

The SPPS products 10a and 10b were cleaved from the resin 9a and 9b. HPLC analyses of
10a and 10b showed a single peak, indicating that the peptide was successfully synthesized
without additions or deletions of amino acids. HPLC analyses showed no evidence for
separating sterecisomers of 10a or 10b, or different relative ligand positions around the cyclen
ring of 10b.

These SPPS products 10a and 10b were used to chelate thulium using standard conjugation
methods and an Arsenazo |11 color test (29) to create 11a and 11b. The weight of the reactants
(including salt) and product indicated that the chelation was quantitative. Although the final
product was not desalted to approximate isotonic conditions during subsequent analyses, the
presence of salts did not affect the determination of yield. In addition, mass spectrometry did
not detect the presence of 10a or 10b, further indicating that the complexation was quantitative.
However, low amounts of unchelated 10a and 10b may still exist within the final product.
Chelation of the lanthanide ion required lower temperatures and shorter reaction times relative
to lanthanide chelations of DOTA-amide derivatives prepared in our laboratory. This facile

Bioconjug Chem. Author manuscript; available in PMC 2008 November 17.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yoo and Pagel

Page 8

chelation is attributed to the presence of 3 carboxylates and 1 carbonyl in 10a and 2 carboxylates
and 2 carbonyls in 10b that participate in metal chelation, relative to metal chelation with amide
carbonyl groups in DOTA-amide derivatives. These results are similar to detailed chelation
studies of other DOTA derivatives that indicate the advantage of employing carboxylates for
metal-binding, (56,57) and may indicate an improved stability and reduced toxicity of 11a and
11b relative to DOTA-amide formulations. Deprotection of the methyl ester of 11a or 11b
would improve chelation. This deprotection was not performed in this study, because the
methyl ester group provides unique functionality for further derivitization of the peptide’s C-
terminus.

To demonstrate the application of the final product for molecular imaging, 11a and 11b were
detected through the effect of PARAmagnetic Chemical Exchange Transfer (PARACEST)
(30,31). The PARACEST effect is created by saturating a uniqgue NMR chemical shift
corresponding to an amide hydrogen (or more generally, a hydrogen of a functional group that
that exchanges with water at a rate of approximately 100-5000 sec 1), and the effect is detected
by observing a decrease in the water signal caused by transferring the saturation through
chemical exchange. This novel mechanism for detecting imaging contrast agents has many
advantages for biomedical applications that use magnetic resonance imaging. PARACEST
exploits the close proximity between the amide group and the lanthanide ion to create a very
unique NMR chemical shift for the amide group of the imaging agent, which facilitates
selective saturation of this chemical shift. The synthesis strategy presented in this report is
specifically designed to place amide groups in close proximity to the lanthanide ion.

Selective radio frequency irradiation at =51 ppm created a 7.8% PARACEST effect from 25
mM of 11a (Figure 3). This PARACEST effect of 11a occurs at the same chemical shift
frequency and at a similar signal strength reported for a similar compound, DOTAMGIy-
Tm3* (58). In addition, the PARACEST effect of 11a shows good sensitivity at physiological
pH and temperature, indicating that this contrast agent can be used for in vivo molecular
imaging (Figure 4).

A similar PARACEST effect of 7.3% was observed from 12 mM of 11b. The PARACEST
effects from the two amide hydrogens (Hb and Hc in Figure 5) both occurred at —51 ppm and
were not distinguishable. To investigate the basis for this similarity, molecular modeling of
the DOTA core of 11b was performed with carboxylates constrained to conjugate the Tm3*
ion. These results revealed that Hb is positioned 4.1-4.3 angstroms from Tm3*, and Hc is
positioned 4.9-5.1 angstroms from Tm?3*. Although a more detailed analysis of Tm3*
molecular orbitals is required for an accurate analysis of NMR chemical shifts, the very similar
proximities of Hb and Hc to the lanthanide ion is sufficient to justify indistinguishable
PARACEST effects that are measured in relatively coarse 1 ppm increments. The PARACEST
effect is proportional to the number of water-exchangeable hydrogens that have the same NMR
chemical shift. 11b showed a PARACEST effect that was twice as strong as 11a (on a per
molar basis), demonstrating that multiple peptidyl ligands can improve the detection sensitivity
of PARACEST imaging contrast agents.

This synthesis methodology may also be applied to couple peptides to other metal chelators
that are used for molecular imaging. For example, diethylenetriaminetetraacetic acid (DTTA)
may be used in place of 1 to couple a peptide to diethylenetriaminepentaacetic acid (DTPA)
(1,59). To couple more than 2 peptides to a molecular imaging contrast agent, 1,4,7,10-
tetraazacyclododecaneacetic acid (DO1A) may be used in place of 1 to couple 3 peptides to
DOTA following the scheme to synthesize 10a, or to couple 4 peptides to DOTA following
the scheme to synthesize 10b. Similarly, diethylenetriamineacetic acid (DT1A) may be used
in place of 1 to couple 4 or 5 peptides to DTPA.
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Larger derivatives of DOTA and DTPA, such as hexaazacyclohexadecane-
N,N’,N*"N”* N”*”* N”*”*"-hexaacetic acid (HEHA) (60) and triethylenetetraaminehexaacetic
acid (TTHA) (61), provide opportunities to couple additional peptides to a single molecular
imaging agent. If the chemical shifts of all amides within multiple peptide-chelator linkages
have the same MR chemical shift, then exploiting this SPPS method to link multiple peptides
to a single chelator may increase the strength of the PARACEST effect and improve the
detection of these molecular imaging contrast agents.

This synthesis methodology may address other important applications in molecular imaging.
The employment of standard SPPS techniques provides a convenient and robust method for
synthesizing libraries of molecular imaging contrast agents, which may be useful for high
throughput screening to identify molecular imaging contrast agents with optimal properties.
Because DOTA macrocyclic rings can strongly chelate a variety of ions, the peptide-DOTA
product can be used to develop molecular imaging contrast agents for relaxivity-based MRI
using Gd3* or Dy3* (1,62), or for nuclear imaging using 84Cu (63) or 111In (64), in addition to
PARACEST MRI as demonstrated in this report. Therefore, this synthesis strategy represents
a platform technology for molecular imaging.

CONCLUSION

To summarize, a new SPPS approach has been developed to couple DOTA to the C-terminus
of a peptide, and to incorporate DOTA within the peptide sequence, in order to synthesize
peptidyl contrast agents for molecular imaging. The selective cleavage of CBZ protecting
groups in SPPS was investigated and optimized for the DOTA-loaded resin. The CBZ
deprotection step and the step to load DOTA onto the resin were accomplished with acceptable
yields for SPPS. Although R,S stereoisomers and 1,4 & 1,7 ligand isomers didn’t affect
subsequent analyses in this report, the effect of isomeric forms on chelation stability, hydration
and water exchange rates is warranted, and development of isomeric forms for studies of
isomers may be facilitated by this new SPPS strategy. Peptide-DOTA products were used to
chelate thulium to create PARACEST imaging contrast agents that demonstrated good
detection sensitivities at physiological conditions. This synthesis strategy provides great
flexibility for coupling one or more peptides to DOTA to create peptide-DOTA imaging
contrast agents for many molecular imaging applications.
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Figure 1.

The amine content following CBZ cleavage versus reaction time. For 5eq. of Et,AICI/
thioanisole, the reaction was too fast to control the cleavage of CBZ group and benzyl ether
linker group. 1eq. of EtoAlCI/thioanisole showed the best CBZ cleavage conditions and a
similar reaction rate was obtained with 2eq. of Et,AICI. The optimized CBZ cleavage reaction
was carried out for 15 min with 1eq. of Et,AlCI at —78°C.
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Figure 2.

Two possible transition states of Et,AlCl and CBZ-aminoDOTA Wang resin. The transition
state in Figure 2a shows the bridging of Et,AICI between two carbonyl groups. This
arrangement requires the formation of an unstable 7-membered ring that also suffers from
planar constraints of the amide and ester groups. Figure 2b represents a more stable interaction
that forms a single bond between Et,AICI and one carbonyl group. This single-bond transition
state is supported by mass spectral results of 10a and 10b.
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The PARACEST spectrum of 11a (25mM in 5% D20 in H20) and 11b (12mM in 5% D20
inH20). PARACEST spectrawere acquired using a VVarian Inova 600 MHz NMR spectrometer
with a modified presaturation pulse sequence that included a continuous wave saturation pulse,
saturation pulse power of 31uT, saturation delay of 4 seconds. The 1D NMR spectra of water
used to construct the PARACEST spectra were acquired with saturation in 1 ppm increments
from 100 ppm to —100 ppm.
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The effect of pH and temperature on the PARACEST effect of 25 mM of 11a. PARACEST
spectra were acquired using a Varian Inova 600 MHz NMR spectrometer with a modified
presaturation pulse sequence that included a continuous wave saturation pulse, saturation pulse
power of 31uT, saturation delay of 4 seconds at —51ppm and +51ppm.
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Figure 5.

The proximity of amide hydrogens to Tm3* in 11a and 11b. Molecular modeling results
indicated that Hb is positioned 4.1-4.3 angstroms from Tm?3*, and Hc is positioned 4.9-5.1
angstroms from Tm3*. The dotted line of the 2D schematic is 5.4 angstroms from the lanthanide
ion, and is provided as a visual aid. The PARACEST effects from two different amide
hydrogens Hb and Hc were not distinguishable, as only one PARACEST effect was detected
at —51ppm, which is consistent with the similar proximities of these hydrogens to the Tm3*.
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Scheme 1. Preparation of amino-DOTA pre-loaded polymeric support

For clarity, 5a—8a and 5b—8b only show ligands coupled to the cyclenringina 1,4
configuration. However, a 1,7 configuration is also possible.
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Sequence : NH,-Asp-Glu-Val-Asp-COOH
(NH2-DEVD-CO-)
MeO MeO
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H N N jo
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Scheme 2. Synthesis of peptidyl contrast agents

For clarity, 8a—9a and 8b—11b only show ligands coupled to the cyclenringina 1,4
configuration. However, a 1,7 configuration is also possible.
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