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Abstract

New bifunctional hexa- and octadentate analogues of the hydroxamate-containing siderophore
desferrichrome (DFC) have been synthesized and evaluated as 89Zr-chelating agents for
immunoPET applications. The in vitro and in vivo inertness of these new ligands, Orn3-hx
(hexadentate) and Orn-4hx derivatives (octadentate), was compared to the gold standard
hexadentate, hydroxamate-containing chelator for 89Zr desferrioxamine (DFO). Density functional
theory was employed to model the geometries of the resulting Zr(1V) complexes and to predict
their relative stabilities as follows: Zr(Orn4-hx) > Zr(DFC) > Zr(Orn3-hx). Transchelation
challenge experiments of the corresponding radiochemical complexes with excess
ethylenediaminetetraacetate (EDTA) indicated complex stability in accordance with DFT
calculations. Radiolabeling of these ligands with 89Zr was quantitative (0.25 zmol of ligand, pH
7.4, room temperature, 20 min). For antibody conjugation, the isothiocyanate (NCS) functional
group was introduced to the N terminus of Orn3-hx and Orn-4hx. An additional trifunctional
derivative that bears a silicon-rhodamine fluorophore on the C-terminus and NCS on the N
terminus was also furnished. As proof of concept, all NCS derivatives were conjugated to the
HER2-targeting antibody, trastuzumab. Radiolabeling of immunoconjugates with 89Zr was
accomplished with radiochemical yields of 16 + 2% to 95 + 2%. These constructs were
administered to naive mice (male, C57BL/6J, n=4) to assess in vivo inertness, which is inversely
correlated with uptake of 89Zr in bone, after 96 h circulation time. We found bone uptake to range
from 7.0 £ 2.2 t0 10.7 + 1.3% ID/g, values that compare well to the corresponding DFO conjugate
(7.1 £ 0.8% ID/g). In conclusion, we have rationally designed linear, bifunctional and trifunctional

"Corresponding Author: eszter.boros@stonybrook.edu.

Present Address: E.B.: Department of Chemistry, Stony Brook University, 100 Nicolls Road, Stony Brook, NY 11790, United States.
Supporting Information

This material is available free of charge at The Supporting Information is available free of charge on the ACS Publications website at
DOI: 10.1021/acs.molpharmaceut.7b00343.

Precursor synthesis, LCMS, NMR, and fluorescence spectra, DFT coordinates, EDTA challenge, radiolabeling, cell uptake images, gel
electrophoresis, and ex vivo organ imaging (PDF)

ORCID

Justin J. Wilson: 0000-0002-4086-7982

Eszter Boros: 0000-0002-4186-6586

Notes
The authors declare no competing financial interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Adams et al. Page 2

desferrichrome analogues suitable for the mild and inert radiolabeling of antibodies with the
radionuclide 89Zr.
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INTRODUCTION

The discovery of the clinical utility of immunoPET has rekindled the interest in long-lived
radioisotopes for imaging and therapy with antibodies.! 89Zr has a half-life (78 h) that is
well matched to the in vivo pharmacokinetics of monoclonal antibodies (50-120 h),
rendering it a useful alternative to 1241 and other long-lived, antibody-compatible SPECT
nuclides such as 1231 and 1111n.2:3 The favorable nuclear emission properties for imaging, its
antibody-compatible aqueous coordination chemistry, and the cost-effective, high yielding
nuclear reactions for its production®® have resulted in an intense interest in this isotope since
its first demonstrated application for immunoPET.8.7 The chelation chemistry of 83Zr(1V) is
dictated by its strongly oxophilic and highly Lewis acidic properties, in addition to its
tendency to form complexes with coordination number six to eight.8° To meet these needs,
Mejis et al. developed desferrioxamine (DFQO) and its bifunctional versions as a chelator for
Zr(1V).19 DFO has been utilized for radiolabeling a number of therapeutically used
antibodies for imaging applications,1! and has remained the gold standard 89Zr chelator to
date. However, extensive preclinical in vivo studies showed that while the 89Zr(DFO)
complex is kinetically inert over a short time frame, longer in vivo circulation times of 3-7
days result in substantial increases of uptake of 89Zr in the bone marrow, indicating
dissociation of the radionuclide from the complex.12 Release of 89Zr from the imaging probe
may represent a considerable dosimetry concern and could reduce the efficacy of the
immunoPET probe as an imaging tool especially for bone metastases; however, first clinical
studies with 89Zr-labeled antibodies indicate that this may be less of a concern in
humans.13.14

Improving the bifunctional chelator by optimizing it to match the preferred coordination
environment of the metal ion is a critical step toward developing more stable 89Zr-based
immunoPET probes for better preclinical probe validation. Crystallographic, potentiometric,
and computational studies on the coordinative preferences of the Zr(1\V) metal ion, carried
out by Brechbiel and Guérard, show that Zr(I1V) coordinated by 4 bidentate hydroxamate
donor groups maximizes stability, when compared with Zr species coordinated by 3 or fewer
bidentate hydroxamate donor groups.1%16 This trend is also observed with
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hydroxypyridinone donors, albeit less pronounced. Subsequent investigations of
hydroxamate and pyridinone containing octadentate or preorganized hexadentate chelator
systems by Brechbiel 1517 Decristoforo,® Francesconi,1?:20 Donnelly,?! and Mindt22:23
have yielded Zr(IV) complexes with improved stability in comparison with the Zr(DFO)
complex. A recent study on metal-templated tetrahydroxamate ligand synthesis by Codd
further elaborates on the preference of Zr(1V) for an octadentate coordination
environment.24

In the development of an improved Zr(1V) chelator, it must meet three criteria: (1)
Quantitative radiolabeling must be achieved at room temperature and pH 7.4 due to the
temperature and pH sensitivity of proteins and antibodies that are required for biological
targeting. (2) The ligand must form a kinetically inert 89Zr(1V) complex to minimize
dissociation of the radionuclide over time. In this regard, octadentate chelators, which satisfy
the ideal 8-coordinate coordination geometry of Zr(IV), are preferred. (3) The chelator must
be easily functionalizable for conjugation to a peptide or antibody without perturbing its
clearance properties or binding affinity to the target.

To address these challenges, we looked to nature for inspiration. Desferrichrome (DFC) is a
fungal siderophore hexapeptide derived from ornithine. DFC is utilized by both fungi and
bacteria as a vehicle for abstraction and absorption of Fe(l1l) from their host organisms.
Albomycin, a naturally occurring sideromycin produced by streptomycetes, is a linear, N-
functionalized ornithine tris-hydroxamate also taken up by bacteria.?> The peptidic nature of
linear DFC provides high synthetic accessibility, flexibility for modification of the number
of donor atoms for coordination, and possibility for the functionalization through the N- or
C-termini.26:27 Only few reports describe the investigation of DFC for the coordination of
Zr(1V),2829 put to date, no bifunctional or linear versions have been explored for this
purpose. This inspired us to design bifunctional chelators for 89Zr based on linear versions
of DFC. Herein, we report the synthesis of the hexadentate, bifunctional chelator Orn3-hx,
3a, the octadentate derivative Orn4-hx, 3b, and their immunoconjugate derivatives, and
describe an evaluation of their chelation properties with 89Zr(IV) by transchelation challenge
experiments and in vivo biodistribution. Additionally, we evaluated the possibility to
generate trifunctional derivatives using the (Orn3-hx) scaffold through C-terminal
conjugation to the near-infrared (NIR) fluorophore, silicon rhodamine (SiR),3 while
maintaining stable immunoconjugation through the N-terminus (Figure 1).

EXPERIMENTAL SECTION

General Materials and Methods

1H and 13C NMR spectra were recorded at 25 or 60 °C on a Varian 11.7 T or a 9.4 T NMR
system equipped with a 5 mm broadband probe. HPLC purification of intermediates was
performed on a Rainin-Dynamax preparative HPLC system (Phenomenex C18 column: 250
mm x 21.2 mm, 10 xm) using method A [0.1% TFA in water with a gradient of 5-95%
(0.1% TFA in MeCN) over 27 min, 15 mL/min flow rate]. Semipreparative purification was
carried out on a Shimadzu semipreparative HPLC system (Phenomenex Luna C18 column:
250 mm x 10 mm, 100 A, dual wavelength detection at 220 and 254 nm) using method B
[0.1% TFA in water with a gradient of 5-95% (0.1% TFA in MeCN) over 21 min, 3.5 mL
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flow rate] or method C [0.1% TFA in water with a gradient of 5-95% (0.1% TFA in MeCN)
over 29 min, 3.5 mL flow rate]. HPLC purity analyses (both UV and MS detection) were
carried out on an Agilent 1260 system (Phenomenex Luna C18(2) column: 100 mm x 2 mm,
0.8 mL/min flow rate) with UV detection at 220, 254, and 280 nm and equipped with an
Agilent 6130 series electrospray ionization mass spectrometer (+ESI detection) using the
following methods: method D (0.1% TFA in water, solvent B = 0.1% TFA in MeCN; 5-95%
B over 10 min; method E (0.1% TFA in water, solvent B = 0.1% TFA in MeCN; 5-95% B
over 7 min). Radiochemical complexes were characterized using an Agilent 1100 system
(Agilent eclipse plus C18 column: 100 mm x 2 mm, 0.8 mL/min flow rate) with UV
detection at 220, 254, and 280 nm and equipped with a radiation detector channel using
method F (0.1% TFA in water, solvent B = 0.1% TFA in MeCN; 5-95% B over 13 min, 95—
5% B over 1.75 min, 5% B for 5 min). The synthesis of ligand precursors was carried out as
shown in Schemes 1 and S1. Chemicals were supplied by Acros Organics, Aldrich Chemical
Co., Inc., and Fisher Scientific, and were typically used without further purification.
Solvents (HPLC grade) were purchased from various commercial suppliers and used as
received. 1a, 2a, and 3a were synthesized using previously published protocols.2
H,NenSiR was synthesized as previously described.3!

IH NMR (DMSO, 500 MHz, ppm): 9.71 (s, 3H, NO-H), 8.45 (s, 1H, NH), 8.29 (s, 1H,
NH), 8.20 (s, 1H, NH), 8.03 (s, 2H, NH), 7.78 (s, 1H, NH), 4.25 (s, 1H, aH), 4.09 (s, 1H,
aH), 3.95 (s, 1H, aH), 3.77 (d, 1H, aH), 3.67 (d, 1H, aH), 3.55 (d, 1H, aH), 3.47 (s, 6H,
8H), 1.98 (s, 9H, CHa), 1.81 (d, 6H, AH), 1.54 (s, 6H, »H). 13C NMR (125 MHz, ppm):
172.4-169.8 (4 signals, amide-C=0), 169.5 (CH3-C=0), 54.5-53.8 (2 signals, aC), 47.1
(6C), 43.1 (aC), 28.8-28.3 (2 signals, AC), 20.8 (C/CHy).

DFC (0.004 g, 0.006 mmol) was dissolved in MeOH (1 mL). To this solution was added
Zr(acac)s (0.002 g, 0.006 mmol). The reaction mixture was stirred at room temperature for 1
h to afford the product quantitatively as a colorless solid after removal of the solvent in
vacuo. 1H NMR (DMSO, 500 MHz, ppm): 8.95 (s, 1H, NH), 8.66 (s, 1H, NH), 8.42 (s, 1H,
NH), 8.09 (s, 2H, NH), 7.26 (s, 1H, NH), 7.04 (s, 1H, NH), 4.64 (s, 1H, aH), 4.21 (s, 1H,
aH), 3.94 (s, 1H, aH), 3.61 (m, 3H, aH), 3.30 (s, 6H, 8H), 2.36-1.61 (m, 21H, SH/yH/
CHs). 13C NMR (125 MHz, ppm): 173.4 (amide-C=0), 171.7 (amide-C=0), 171.45 (amide-
C=0), 170.01 (amide-C=0), 168.26 (amide-C=0), 162.55-162.25 (2 signals, CH3—-C=0),
162.25 (CH3-C=0), 53.1-52.2 (2 signals, aC), 50.1-49.3 (3 signals, 8C), 44.4-42.3 (3
signals, aC), 27.0-22.5 (6 signals, BC/»C), 17.1-16.8 (2 signals, CHg). LC-ESI-MS
(method E), caled for Cy7H4oNgO12Zr*: 774.2. Found: 774.1 [M]*, & = 0.77 min.

(5S,8S,11S)-5,8,11-Tris(3-(N-hydroxyacetamido)-propyl)-3,6,9-trioxo-1-phenyl-2-oxa-4,7,10-
triazadodecan-12-oic Acid, 2a

2a was synthesized according to the previously published procedure by Miller et al.26 1H
NMR (DMSO, 500 MHz, ppm): 11.38 (s, 1H, COOH), 10.00 (s, 3H, NO-H), 8.36-8.17 (m,
2H, NH), 7.66 (s, 6H, Ar—-H/NH), 5.32 (s, 2H, Cbz-CHy), 4.60-4.35 (m, 3H, aH), 3.79 (s,
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6H, 8H), 2.27 (s, 9H, CH3), 1.88 (s, 12H, SH/9H). 13C NMR (DMSO, 125 MHz, ppm):
173.83 (COOH), 172.46-172.04 (3 signals, CH3—C=0), 170.8 (amide-C=0), 156.4
(carbamate-C=0), 137.5 (Ar-C), 128.8-128.1 (3 signals, Ar-C), 65.8 (Cbz-CH>), 54.7
(aC), 52.4-52.2 (2 signals, aC), 47.1-47.0 (2 signals, 8C), 29.9-28.7 (3 signals, BC), 23.6—
23.4 (2 signals, CH3), 21.5-20.7 (2 signals, )C). LC-ESI-MS (method D), calcd for
C29H44N6012: 668.3. Found: 669.2 [M + H]+, IR =5.83 min.

2a (0.020 g, 0.030 mmol) was dissolved in MeOH (1 mL). To this solution was added
Zr(acac)4 (0.014 g, 0.030 mmol). The reaction mixture was stirred at room temperature for 1
h to afford the product quantitatively as a colorless solid after removal of the solvent in
vacuo. IH NMR (DMSO, 400 MHz, ppm): 7.32 (s, 4H, Ar—H), 7.02 (s, 1H, Ar-H), 5.65—
5.32 (M, 3H, NH), 4.99 (s, 2H, Chz-CH,), 4.56 (s, 1H, aH), 4.07 (s, 2H, aH), 2.11-1.74 (m,
27H, 8HICH3/BHIyH). 13C NMR (DMSO, 100 MHz, ppm): 206.6 (COOH), 194.39 (CH3—
C=0), 192.01 (CH3-C=0), 190.2 (CH3-C=0), 163.4 (amide-C=0), 140.0 (Ar-C), 131.5
(Ar-CH), 130.8 (Ar-CH), 111.35 (Ar—-CH), 68.5 (Cbz-CHj>), 60.9-60.7 (2 signals, aC),
51.7 (6C), 33.8 (BC), 29.6 (CH3), 27.62 (3C). LC-ESI-MS (method E), calcd for
CogH41NgO12Zr*: 755.18. Found: 755.3 [M]*, & = 2.49 min.

(5S,8S,11S5,14S) -5, 8, 11, 14 - Tetrakis (3 - (N -hydroxyacetamido)propyl)-3,6,9,12-
tetraoxo-1-phenyl-2-oxa-4,7,10,13-tetraazapentadecan-15-oic Acid, 2b

Zr-2b

1b (0.050 g, 0.050 mmol) was dissolved in 6% DIPEA in methanol (3 mL). The solution
was stirred for 24 h, and the volatiles were removed to yield 2b (0.031 g, 0.0320 mmol,
64%). 1H NMR (DMSO, 500 MHz, ppm): 9.68 (s, 4H, NO-H), 8.02 (s, 1H, NH) 7.87 (s,
1H, NH), 7.35 (s, 5H, Ar-H), 7.31 (s, 1H, NH), 5.02 (s, 2H, Cbz-CHy), 4.26 (s, 2H, aH),
4.13 (s, 1H, aH), 4.01 (s, 1H, aH), 3.48-3.43 (m, 8H, sH), 1.97 (s, 12H, pH), 1.55-1.48 (m,
16H, yH/CH3). 13C NMR (DMSO, 125 MHz, ppm): 176.4 (COOH), 174.9-174.5 (2
signals, amide-C=0), 173.5 (CH3-C=0), 159.1 (carbamate-C=0), 140.1 (Ar-C) 131.5 (Ar-
C) 130.8-130.8 (3 signals, Ar-C), 68.5 (Cbz-CH>), 55.1 (broad, &C), 49.6 (aC), 32.4-32.2
(2 signals, AC), 26.1 (»C), 23.4 (CH3z). LC-ESI-MS (method D), calcd for C3gHsgNgO15:
840.9. Found: 841.3 [M + H]*, & = 5.9 min.

2b (0.002 g, 0.002 mmol) was dissolved in MeOH (1 mL). To this solution was added
Zr(acac)s (0.014 g, 0.030 mmol). The reaction mixture was stirred at room temperature for 1
h to afford the product quantitatively as a colorless solid after removal of the solvent in
vacuo. 1H NMR (DMSO, 500 MHz, ppm): 7.81-7.05 (m, broad, 4H, NH), 7.35 (s, 5H, Ar—
H), 5.02 (s, 2H, Cbz-CH,), 4.59-4.08 (m, broad, 4H, aH), 3.68-3.17 (m, broad, 8H, &H),
2.08-1.23 (m, 28H, gH/yHI/CH3). 13C NMR (DMSO, 60 °C, 125 MHz, ppm): 203.2
(COOH), 191.4 (amide-C=0), 171.4 (CH3-C=0), 160.9 (carbamate-C=0), 128.7-127.9 (3
signals, Ar-C), 65.9 (Chz-CH,), 58.3 (aC), 49.0 (8C), 30.9 (CH3), 27.8 (5C), 23.0 (C).
LC-ESI-MS (method D), calcd for C3gHs,NgO152Zr: 926.3. Found: 927.4 [M + H]*, &r =
3.22 min.
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(S)-2-((S)-2-((S)-2-Amino-5-(N-hydroxyacetamido)-pentanamido)-5-(N-
hydroxyacetamido)pentanamido)-5-(N-hydroxyacetamido)pentanoic Acid, 3a

3a was synthesized as previously reported.2 In brief, 2a (0.02 g, 0.03 mmol) was dissolved
in a mixture of methanol and water (5:1, 5 mL). To this solution was added 10% Pd/C (0.01
g) suspended in methanol. The flask was evacuated, charged with H, (1 atm), and then
stirred for 1 h, until no more starting material was detected by LC-MS. The reaction mixture
was filtered, and the volatiles were removed from the filtrate to yield 3a (0.01 g, 0.02 mmol,
63%).

(S)-5-(N-Hydroxyacetamido)-2-((S)-5-(N-hydroxyace-tamido)-2-((S)-5-(N-
hydroxyacetamido)-2-(3-(4-isothiocyanatophenyl)thioureido)pentanamido)-
pentanamido)pentanoic Acid, 4a

3a (0.013 g, 0.024 mmol) was dissolved in 3.5 mL of isopropanol/H,0 (6:1). To this
solution was added p-phenylendiisothiocyanate (0.019 g, 0.099 mmol) in chloroform (2
mL), followed by 5 /L of triethylamine. The solution was stirred for 2 h. The volatiles were
removed, and the resulting residue was purified using semipreparative HPLC and method C,
with the product eluting at 13.8 min. The fractions containing product were pooled, and the
solvent was removed in vacuo to afford 4a (0.009 g, 0.012 mmol, 17%) as a white solid. 1H
NMR (DMSO, 500 MHz, ppm): 9.97 (s, 1H, Bn—-NH), 9.69 (s, 3H, NO-H), 8.18-7.90 (m,
3H, NH), 7.66-7.65 (d, 2H, Ar-H), 7.38-7.36 (d, 2H, Ar-H), 4.93 (s, 1H, aH), 4.30-4.13
(m, 2H, aH), 2.62 (s, 6H, 8H), 1.97 (s, 9H, CH3) 1.78-1.56 (m, 12H, AH/yH). 13C NMR
(DMSO, 125 MHz, ppm): 226.09 (C=S), 186.9 (COOH), 170.8 (amide-C=0), 158.2 (CH3—
C=0), 139.7 (Ar-C), 133.1 (Ar-C), 126.6 Ar-C), 123.2 (Ar-C), 118.6 (Ar-C), 109.9 (Ar-
C), 46.5 (8C), 23.5 (BC), 20.7 (CH3), aC n.o. LC-ESI-MS (method E), calcd for
CooHaoNg0O10S,: 726.3. Found: 727.2 [M + H]*, &g = 3.17 min.

(2S,5S,8S,11S)-11-Amino-15-hydroxy-2,5,8-tris(3-(N-hydroxyacetamido)propyl)-4,7,10,16-
tetraoxo-3,6,9,15-tetraazaheptadecanoic Acid, 3b

2b (0.010 g, 0.012 mmol) was dissolved in methanol (1 mL). To this solution was added
10% Pd/C (0.002 g) suspended in methanol. The flask was evacuated, charged with H, (1
atm), and then stirred for 1 h, until no more starting material was detected by LC-MS. The
reaction mixture was filtered, and the volatiles were removed from the filtrate to yield 3b
(0.007 g, 0.010 mmol, 83%). 1H NMR (DMSO, 400 MHz, ppm): 9.73-9.70 (d, 4H, NO-H),
8.45-8.44 (d, 2H, NH,), 8.06 (s, 3H, NH), 4.32-4.25 (m, 2H, aH) 4.11 (s, 1H, aH) 3.76 (s,
1H, aH), 3.45 (s, 8H, 6H), 1.94 (s, 12H, CH3), 1.57-1.53 (m, 16H, SH/yH). 13C NMR
(DMSO, 100 MHz, ppm): 176.4 (amide-C=0), 174.6-173.4 (3 signals, amide-C=0), 171.5
(CH3-C=0), 55.0 (broad, aC), 49.8 (&C), 32.5-31.7 (2 signals, AC), 26.1 (3C), 23.4 (CHy).
LC-ESI-MS (method E), calcd for CogHsoNgO13: 706.7. Found: 707.3 [M + H]*, 1R = 2.06
min.
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(2S, 5S, 8S, 11S)-15-Hydroxy-2,5,8-tris(3-(N-hydroxyacetamido) propyl) - 11 - (3 - (4 -
isothiocyanatophenyl)thioureido)-4,7,10,16-tetraoxo-3,6,9,15-tetraazaheptadecanoic Acid,

4b

3b (0.001 g, 0.001 mmol) was dissolved in 900 gL of isopropanol/H,0(8:1). To this solution
was added p-phenylene diisothiocyanate (0.0015 g, 0.008 mmol) dissolved in 100 z1 of
chloroform, followed by triethylamine (0.5 4L). The solution was stirred for 2 h. The
volatiles were removed, and the resulting residue was purified using semipreparative HPLC
and method C, with the product eluting at 12.4 min. The fractions containing product were
pooled, and the solvent was removed in vacuo to afford 4b (0.0005 g, 0.0006 mmol, 39%) as
a white solid. 1H NMR (DMSO, 400 MHz, ppm): 9.93 (s, 1H, Bn—NH), 9.67 (s, 3H, NO-
H), 8.15-7.92 (m, 4H, NH), 7.63-7.61 (d, 2H, Ar-H), 7.35-7.32 (d, 2H, Ar-H), 4.89 (s, 1H,
aH), 4.25 (s, 2H, aH), 4.09 (s, 1H, aH), 1.93 (s, 12H, CH3), 1.52 (m, 16H, gH/yH), sH
peak is hidden by H,0 peak. LC-ESI-MS (method E), calcd for C3gHgs4N10013S,: 898.33.
Found: 899.3 [M + H]*, &g = 3.12 min.

N-(10-@4-(((8S,11S,145S)-11, 14 - Bis (3 - (N -acetoxyacetamido)propyl)-4-acetyl-8-
(((benzyloxy)-carbonyl)amino)-2,9,12,15-tetraoxo-3-oxa-4,10,13,16-tetraazaoctadecan-18-
yl)carbamoyl)-2-carboxyphenyl)-7-(dimethylamino)-5,5-dimethyldibenzo[b,e]silin-3(5H)-
ylidene)-N-methylmethanaminium, 5

1a (0.013 g, 0.016 mmol) was dissolved in DMF (1 mL) with HBTU (0.0075 g, 0.020
mmol). In a separate vial, H,NenSiR (0.010 g, 0.031 mmol) was dissolved in DMF (1 mL)
with triethylamine (10 £L). The two solutions were combined, and the reaction mixture was
stirred for 18 h at room temperature. The reaction mixture was filtered and purified using
semipreparative HPLC and method B, with the product eluting at 12.4 min. The fractions
containing product were pooled, and the solvent was removed in vacuo to afford 5 (0.010 g,
0.008 mmol, 47%) as a blue solid. LC-ESI-MS (E), calcd for Cg4HgaN19O17Si*: 1291.57.
Found: 646.4 [M + H]?*, i3 = 3.047 min.

N-(10-(2-Carboxy-4-(((5S,8S,11S)-5,8,11-tris(3-(N-hydroxyacetamido)propyl)-3,6,9,12-
tetraoxo-1-phenyl-2-oxa-4,7,10,13-tetraazapentadecan-15-yl)carbamoyl)-phenyl)-7-
(dimethylamino)-5,5-dimethyldibenzo[b,e]-silin-3(5H)-ylidene)-N-methylmethanaminium, 6

5 (0.010 g, 0.008 mmol) was dissolved in methanol (3 mL) with DIPEA (20 /L). The
solution was stirred for 18 h, and the volatiles were removed to afford 6 (0.009 g, 0.008
mmol, quantitative). LC-ESI-MS (E), calcd for CsgH77N19014Si*: 1165.54. Found: 583.3
[M + H]?*, &z = 3.30 min.

N-(10-(4-(((5S,8S,11S)-11-Amino-15-hydroxy-5,8-bis-(3-(N-
hydroxyacetamido)propyl)-4,7,10,16-tetraoxo-3,6,9,15-tetraazaheptadecyl)carbamoyl)-2-
carboxy-phenyl)-7-(dimethylamino)-5,5-dimethyldibenzo[b,e]-silin-3(5H)-ylidene)-N-
methylmethanaminium, 7

6 (0.009 g, 0.008 mmol) was dissolved in methanol (2 mL). To this solution was added Pd/C
(10% wi/w, 0.004 g) suspended in methanol (2 mL). The flask was evacuated, charged with
H» (1 atm), and then stirred for 1 h, until no more starting material was detected by LC-MS.
The reaction mixture was filtered, and the volatiles were removed from the filtrate to afford
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7 (0.008 g, 0.008 mmol, quantitative). LC-ESI-MS (E), calcd for CsgH71N1901,Si*:
1031.50. Found: 516.3 [M + H]?*, % = 2.83 min.

N-(10-(2-Carboxy-4-(((5S,8S,11S)-15-hydroxy-5,8-bis-(3 - (N - hydroxyacetamido) propyl) - 1
1 - (3 - (4 -isothiocyanatophenyl)thioureido)-4,7,10,16-tetraoxo-3,6,9,15-
tetraazaheptadecyl)carbamoyl)phenyl)-7-(di-methylamino)-5,5-
dimethyldibenzo[b,e]silin-3(5H)-yli-dene)-N-methylmethanaminium, 8
7 (0.008 g, 0.008 mmol) was dissolved in 3 mL of isopropanol/H,0 (6:1). To this solution
was added p-phenylene diisothiocyanate (0.012 g, 0.063 mmol) dissolved in 0.5 mL of
chloroform, followed by 6.5 s of triethylamine. The solution was stirred for 2 h. The
volatiles were removed, and to the resulting residue was added 2 mL of H,O/acetonitrile
(1:1) + 0.1% TFA. The precipitate was filtered off, and the filtrate was purified using
semipreparative HPLC and method B, with the product eluting at 11.5 min. The fractions
containing product were pooled, and the solvent was removed in vacuo to afford 8 (0.005 g,
0.004 mmol, 49%). LC-ESI-MS (E), calcd for CsgH75N1201,S,Si*: 1224.51. Found: 613.3
[M + H]?*, i3 = 3.10 min.

Antibody Conjugation
Trastuzumab (100 £ of 5 mg/mL solution) was diluted with pH = 9 NaHCO3 solution (500
UL, 0.1 M) followed by addition of 20 equiv of NCS-functionalized chelator in DMSO. The
reaction was gently mixed for 18 h. Subsequently, the solution was purified by passage over
ZebaSpin size exclusion column in order to separate nonconjugated small molecules from
the antibody. Conjugates were characterized using MALDI-MS, gel electrophoresis, and
isotope dilution assay.

Computational Studies

DFT calculations were carried out using the ORCA quantum chemistry program, version
3.0.3.32 Geometries of Zr(IV) complexes were optimized in the gas phase employing the
hybrid B3LYP functional. Carbon, hydrogen, nitrogen, and oxygen atoms were assigned the
Pople-style 6-31+G(d) basis set;33:34 Zr(IV) was treated using the LANL2DZ effective core
potential and the associated double-C basis set.3® This choice of functional and basis sets
was previously demonstrated to provide reliable geometries and energies for Zr(1V)
complexes.® Coordinates for optimized geometries are given in Tables S1-S5.

Radiolabeling

897r(oxalate), was received from Washington University at an average specific activity of
(15 mCi/mL). For a typical radiolabeling procedure, an aliquot of stock solution was
removed and the pH of the solution was adjusted with 1 M Na,CO3 (105 L) to 7.4-7.6 and
used as the neutralized working stock solution of 89Zr(oxalate),. For the labeling of
nonfunctionalized molecules DFO, DFC, 2a, and 2b, an aliquot of 89Zr(oxalate), (45 4Ci,
15 4L, pH ~ 7.2) was thoroughly mixed with a solution of ligand (250 zL, 1 mM) in Chelex-
resin treated water. Complexation was monitored by radio-HPLC, method F. 89Zr(oxalate),
elutes with the mobile phase front (& = 3 min). 89Zr-DFO: fz = 7 min. 89Zr-DFC: i3 = 6.6
min. 89Zr-2a: #z = 8.7 min. 89Zr-2b: 1z = 8.8 min. For assessment of radiochemical yield as
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a function of ligand concentration, a 100 L aliquot of ligand solution in Chelex-resin
treated water was incubated with 89Zr(oxalate), (5 4Ci, 5 1L, pH ~ 7.2) for 12 h.
Subsequently, the radiochemical yield was determined by radio-TLC. Ligand concentrations
of 0.015-1500 xM were investigated. For the radiolabeling of immunoconjugates, an aliquot
of 89Zr(oxalate), was mixed with 200 /g of trastuzumab conjugate in 300 /L of saline and
reacted under slow mixing for 90 min. The reaction was monitored using radio-TLC (solid
phase: Sigma-Aldrich, silica gel on TLC aluminum foils, 10 x 70 mm; mobile phase; 50
mM EDTA, pH 7). Under these conditions, 89Zr(oxalate), migrates with the solvent front,
while chelated 89Zr remains at the origin. Complex solutions for in vivo administration were
purified by size exclusion chromatography using the ZebaSpin size exclusion column
protocol. The labeled product was characterized via radio-TLC and autoradiography of the
corresponding electrophoresis gel. Isotope dilution assay was carried out as previously
reported.1®

In Vivo Study and Biodistribution

All animal experiments were conducted according to the guidelines of the Institutional
Animal Care and Use Committee (IACUC). For the evaluation of in vivo behavior through
imaging and biodistribution, healthy, male C57BL6 mice (6 weeks old, Charles River
Laboratories, Cambridge, MA) were intravenously injected with 89Zr-labeled antibody (10—
40 4Ci, n=4, 0.1-0.3 nmol of mAb per mouse) through a tail vein catheter. Mice were
sacrificed at 96 h postinjection. Select organs were harvested and collected; radioactivity
was counted by using a gamma counter. For calibration of counts in organs, known dose
quantities were measured to generate a standard curve. Radioactivity associated with each
organ was expressed as % ID/g. Biodistribution data were assessed by unpaired #tests by
using GraphPad Prism (version 7 for Mac OS X Graph-Pad Software, San Diego, CA, USA)
to determine if differences between groups were statistically significant (v < 0.05).

RESULTS AND DISCUSSION

Synthesis

Synthetic sideromycins (siderophore—antibiotic conjugates) have been widely explored as
Trojan horse systems for the development of new antibiotics with less susceptibility to
bacterial resistance. Among the siderophores explored, a number of polyhydroxamates, such
as linear desferrichrome analogues, have been synthesized and evaluated for their ability to
act as delivery vehicles for antibiotics. Desferrichrome analogues are typically accessed
through synthesis of the N-protected tris-ornithine, followed by deprotection of the primary
amine and stepwise amine group transformation to the corresponding hydroxamate. We
followed and adapted the protocol by Miller and co-workers?® to synthesize 1a and 1b
starting from the single amino acid building blocks Cbz-Orn(Boc)-OH and H-Orn(Boc)-
OH. We found that preformation and coupling of ornithine dipeptides increases yields for
the Orn4-hx precursor significantly (Supporting Information). After assembly of the N-Boc-
protected poly-ornithine, a 5-step functional group transformation starting with deprotection,
formation of a benzyl-imine, oxidation with mCPBA to the oxaziridine, and hydrolysis to
the hydroxylamine followed by acetylation produces the key intermediates 1a and 1b
(Scheme 1). Partial deacetylation affords the model ligands Cbz-Orn3-hx—OH (2a) and Chz-
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Orn4-hx-OH (2b). Debenzylation and thiourea bond formation with 1,4-
diisothiocyanatobenzene provides the bifunctional versions 4a and 4b. The peptidic nature
of 3a/3b is well suited for bilateral functionalization to produce trifunctional derivatives. To
further explore this, we carried out C-terminal functionalization using the ethylenediamine-
functionalized near-IR dye silicon-rhodamine39 (H,NenSiR) on fully acetylated precursor 1a
to avoid decomposition of the hydroxamate.36 Subsequent deacetylation of 5 followed by
debenzylation afforded 7 with quantitative yields. This species was reacted with 1,4-
diisothiocyanatobenzene, providing 8 as a light blue solid indicating the presence of SiR
within the molecule.

Zr(IV) Complexation

To study the coordination of linear desferrichrome analogues with Zr(1V), we selected 2a
and 2b as N-functionalized model systems. We also hypothesized that the Chz protective
group would increase the lipophilicity of the Zr(1V) complex for easier chromatographic
distinction from hydrophilic noncomplexed Zr species in our radiochemical studies. The
treatment of the ligands with ZrCl, to form the complex resulted in insoluble products in all
instances. As an alternative to ZrCl, we explored Zr(acac), as a starting material. These
compounds were characterized by NMR spectroscopy, which revealed the presence of
residual acetylacetonate (Figure 2). Desferrichrome, 2a, and 2b were mixed with Zr(acac)4
in methanol at room temperature for 2 h. The complexation reactions proceeded rapidly and
quantitatively as assessed by the disappearance of the diagnostic UV absorption
corresponding to the free ligand and appearance of the resulting product peak. The Zr(1V)
complexes Zr-2a and Zr-2b were further characterized using mass spectrometry and NMR
spectroscopy. The IH NMR spectra show the disappearance of characteristic NO-H shifts
upon complexation, as well as a wider chemical shift dispersion of amide protons of the
peptide backbone. The alpha-carbon protons of ornithine experience a change in chemical
shift when the ligand is coordinated to Zr(1V), which is consistent with previous NMR
studies on the Al(111) and Ga(lll) desferrichrome complexes by Llinas and co-workers
(Figures 2A, 2B).37 We note peak broadening for diastereotopic a carbon and amide protons
for the linear chelates Zr-2a (Figure S2) and Zr-2b (Figures 2C, 2D) with no significant
changes to the NMR spectrum within the studied temperature range (25-60 °C), indicating a
greater degree of conformational motion that is otherwise restricted by the preorganized
peptide macrocycle in the corresponding DFC complexes.

Radiolabeling

An aliquot of pH-neutralized 89Zr(oxalate), (45 4Ci, 15 i, pH ~ 7.2) was mixed with a
solution of DFC, 2a, or 2b (250 /A, 1 mM) in Chelex-treated water. Complexation reactions
were found to be quantitative within 20 min at room temperature, producing a single labeled
species in each instance (Figure 3A) as characterized by radio-HPLC.

Residual 89Zr(oxalate), elutes with the mobile phase front. 8zr—2a and 89Zr-2b elute with
near identical retention time as polarity of these complexes is mostly dominated by the Cbz-
protective group and less by the overall charge. A study of radiolabeling yield as a function
of varying ligand concentration was undertaken. For DFC and 2b, radiochemical yields of
99% were achieved at chelator concentrations of 15 £M. For 2a, radiochemical yields of
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99% were achieved at chelator concentrations of 1.5 ¢M (Table S7, Figure 3B). At these
concentrations, radiochemical yields follow the order 89Zr-DFC < 89Zr—2b < 897r-2a.

Complex Challenge Experiments

In order to assess inertness of the complexes toward transchelation and to predict in vivo
stability, we carried out ligand exchange challenge experiments with a ~1000-fold excess
ethylenediaminetetraacetate (EDTA) and compared complex performance with 89Zr-DF0O.17
Desferrichrome derivatives behaved as follows: 89Zr—2b ~ 89Zr-DFQ > 897r-DFC > 897r-
2a (Figure 4, Table S6). We hypothesize that the peptide macrocycle of DFC imparts
considerable complex inertness when compared with the acyclic analogue 2a. The
octadentate 2b offers a better saturation of the coordination environment around the Zr(IV)
center than both hexadentate ligands and thus exhibits greater stability. 89Zr—2b and 89zr—
DFO appear to have both comparable kinetic and thermodynamic behavior when challenged
with large excess of EDTA, which suggests that the bifunctional versions of both 2a and 2b,
with emphasis on 2b, may demonstrate in vivo inertness competitive with that of 89Zr-DFO
complexes.

DFT Calculations

To investigate the structures of the resulting Zr(IV)-hydroxamate complexes, DFT
calculations were employed. Because Zr(1V) typically forms complexes of coordination
number eight, we attempted to optimize geometries of the six-coordinate DFC and 3a ligand
complexes with two inner-sphere water molecules. A similar approach was carried out in a
computational investigation of [Zr(DFO)-(OH,),]* complex.38 During the course of the
optimizations, however, only a single water remained within the coordination sphere of the
Zr(1V) center. We take these results to indicate that the backbone organization of the
hydroxamates on DFC and 3a allow for only a single water molecule to bind to Zr(IV),
giving rise to seven-coordinate complexes. Such coordination numbers are established for
Zr(IV) bearing three bidentate ligands and one monodentate ligand.3° The Zr(I1V) complex
of 3b converged to a stable 8-coordinate geometry with all four hydroxamate arms
interacting with the Zr center. These optimized structures are shown in Figure 5, and relevant
structural parameters are collected in Table 1. For comparison, the geometries of
[Zr(AHA),] and [Zr(AHA)3 (OH5)]* (AHA = N-methyl acetohydroxamic acid) were
optimized, and the interatomic distances are given in Table 1. These structures represent the
relaxed coordination of the hydroxamate ligand with no constraints imposed by the peptide
backbone. The [Zr(AHA)4] complex was previously characterized by X-ray
crystallography.1® The crystallographic results showed disorder of the N-O and C-O groups
of the hydroxamate ligands, indicating the presence of several stereoisomers in the solid
state. For these calculations, we optimized only the stereoisomer of [Zr(AHA)4] where all
C-0 groups reside at the square vertices of the distorted twisted square antiprismatic
coordination polyhedron. This sterecisomer is optimal for comparison to the 3b and 3a
ligands, which constrain the Zr coordination sphere in this manner. The Zr-ligand distances
are similar for the complexes with multidentate ligands and the relaxed AHA ligands. The 8-
coordinate Zr(IV) complexes generally exhibit longer Zr—Onygroxamate distances, which
range from 2.151 to 2.299 A, compared to those for the 7-coordinate complexes, which
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range from 2.083 to 2.269 A. For comparison, in the crystal structure of [Zr(AHA)4], Zr-O
distances vary from 2.163 to 2.233 A 15 reflecting the accuracy of the DFT calculations.
Previous quantum chemical calculations on [Zr(AHA),4] revealed longer Zr—OC distances
than Zr-ON distances. Although a different basis set was used, the longer Zr-OC (2.268-
2.274 A) and shorter Zr—ON distances (2.182-2.219 A) are reproduced in the calculations
reported here.

To compare structural differences more precisely, the root-mean-square differences (rmsd)
of the relaxed AHA structures with the inner coordination sphere of the multidentate Zr(IV)
complexes were determined (Table 2). The rmsd values of the inner coordination spheres of
[Zr(3a)(OH>)]* and [Zr(DFC)-(OH,)]* compared to [Zr(AHA)3(OH,)]* are 0.1802 and
0.1623 A, respectively. The smaller rmsd for the DFC complex indicates that this cyclic
ligand provides a coordination framework for Zr(IV) that is closer to the relaxed structure
and therefore more optimal than that provided by the linear 3a. In comparing the structures
of [Zr(AHA),] and [Zr(3b)], a substantially larger rmsd of 0.8569 A is revealed, suggesting
that the peptide backbone of the 3b ligand arranges the four hydroxamates about the Zr(1V)
center in a highly distorted manner.

The EDTA challenge experiments of the Zr(IV)-ligand complexes described above reveal
the general trend DFO ~ 3b > DFC > 3b at equilibrium. The larger structural deviation of
the 3a complex from the relaxed [Zr(AHA)3(OH,)]* complex is consistent with its poorer
stability than the DFC complex. The 3b complex, however, is the most distorted among the
three structures, indicated by the large rmsd from the relaxed [Zr(AHA)4] complex. Despite
this suboptimal coordination geometry, [Zr(3b)] is more stable than the less distorted
[Zr(DFC)(OHy)]* and [Zr(3a)(OH,)]* complexes. This result suggests that the extra
hydroxamate arm of 3b is critical for its stability. The increased electrostatic interaction of
the four anionic hydroxamates with the Zr(1V) center and the entropic favorability of this
octadentate ligand drive its stable complexation. The energy gap between the HOMO and
LUMO, Armo, has recently been proposed to be a simple indicator of Zr(1V) complex
stability.® Consistent with this finding, among the three complexes [Zr(3b)] has the largest
Appo value of 4.625 eV. Following with the trend in stability with DFC > 3a, the Agpo
values of [Zr(DFC)(OH,)]* and [Zr(3a)(OH,)]* are 4.390 and 4.287 eV, respectively. We
note that the Appmo is a thermodynamic measure and therefore may only be compared to
results of the EDTA challenge experiments at equilibrium. The DFT calculations reflect the
importance of having an octadentate chelation for the formation of stable Zr(1V) complexes,
as it appears to more greatly stabilize the complex. These calculations also suggest that more
stable complexes may be obtained by tailoring such an octadentate ligand for an optimal
coordination geometry for Zr(IV).

Antibody Conjugation and Radiolabeling

To assess radiolabeling properties and kinetic inertness of the bi- and trifunctional 89zr
complexes over an extended period of time in vivo, derivatives 4a, 4b, and 8 were
conjugated to the monoclonal antibody trastuzumab, which targets the membrane-associated
antigen HER2, a marker highly expressed in breast cancer cell lines. We selected
trastuzumab as the proof-of-concept mAb because it has been thoroughly assessed
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preclinically as an immunoPET probe with radionuclides such as 64Cu,40124) 41897y 42
and 1111n.43 Notably, the first phase 1 and 2 clinical immunoPET studies of 89Zr-labeled
trastuzumab have been undertaken.1? We used nonspecific thiourea conjugation to the
terminal amines (lysines) present on the mAb to introduce the desferrichrome derivatives
and form the DFO-NCS conjugate as a reference compound (Scheme 2). We found good
conjugation efficiency under conditions involving a 20:1 ratio of chelator to mAb and gentle
mixing of the pH 9 NaHCO3-buffered reaction mixtures for 18 h. We assessed conjugation
efficiency by radiometric isotope dilution assay; in brief, varying quantities

of "aZr(oxalate), doped with radioactive 89Zr(oxalate), are reacted with a constant amount
of chelator-antibody conjugate, followed by determination of radiochemical yield. Table 3
summarizes the calculated chelator-to-antibody ratio as well as the radiolabeling yields
obtained for the immunoconjugates; we note that the intensity of fluorescence emission at
664-669 nm (AmaxEm for SiR and SiR derivatives, Figure S3) can also be used for direct
quantification of the number of fluorophores and chelators incorporated after coupling with
8. We have used a similar approach to quantify conjugation efficiency of fluorogenic
BODIPY-DFO derivatives to antibodies.** The trifunctional trastuzumab conjugate 8—
trastuzumab was also utilized for the study of probe uptake in cells using fluorescence
microscopy. We incubated BT474 cells (5 x 10%) with 15 g of conjugate for 24 h and
subsequently assessed cell uptake by fluorescence microscopy. We observed emission of
fluorescence at 694 nm (Cy5.5 channel) in the form of puncta, indicative of uptake and
internalization of the conjugate in cells (Figure S4).

For labeling with 89Zr, an aliquot of pH-neutralized 89Zr-(oxalate), (300 £Ci, 100 i, pH
7.2-7.4) was mixed with a solution of the antibody conjugate (0.300 L, 0.2 mg, 1.3 nmol)
in saline and incubated for 90 min at 25 °C with occasional gentle agitation of the reaction
mixture. Radiolabeling was monitored using radio-TLC.#°> The radiochemical yields ranged
from 16 to 95% after purification (Table 3). The radiolabeling yield for 4b—trastuzumab
versus 4a—trastuzumab is somewhat decreased, corresponding well with the observed trend
of radiolabeling yields for 83Zr-2a > 89Zr-2b at concentrations below 1 M. We also note a
moderate radiolabeling yield (16%) for 8—trastuzumab when compared to the bifunctional
derivatives 4a—trastuzumab and 4b—trastuzumab. We hypothesize that decreased flexibility
of the desferrichrome peptide backbone as well as fluorophore-induced interactions with the
antibody surface may contribute to strongly decreased radiolabeling kinetics. We purified the
corresponding reaction mixture using size exclusion separation and identified the product as
the trifunctional immunoconju-gate using gel electrophoresis (Figure S5).

In Vivo Assessment

Whereas the computational studies and transchelation challenge experiments can be used to
guide our design of new chelators, they cannot necessarily provide an accurate assessment of
in vivo complex inertness. In order to evaluate the radiolabeled immunoconjugates, we
followed the approach of Blower and co-workers.#6 We intravenously administered purified
antibody conjugates to naive C57BL6 mice and assessed biodistribution of the radiolabel
after 96 h (10-40 xCi, n= 4, 0.1-0.3 nmol of mAb per mouse).
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Specifically, we determined the blood, heart, lung, liver, spleen, kidney, muscle, and bone
uptake of the desferrichrome conjugate derivatives in comparison with the gold standard
DFO conjugate (Figure 6, Table 4). Furthermore, we were also interested in how
functionalization of both the C- and the N-peptide terminus would affect chelate tendency to
release the radiometal. Uptake of activity in the bone is characteristic of release of 89Zr(I1V)
from the chelator. Biodistribution revealed bone uptake to range from 7.0 + 2.2% ID/g (4b
conjugate) to 9.9 + 1.5% ID/g (4a conjugate) and 10.7 + 1.3% ID/g (8 conjugate),
comparing well to the corresponding DFO conjugate (7.1 £ 0.8% ID/g). Based on bone
uptake, which correlates inversely to in vivo complex inertness, the trend of DFO ~ 3b > 3a
is consistent with the DFT calculations and EDTA challenge studies. 89Zr release from 4a—
trastuzumab and 8-trastuzumab is comparable as indicated by the very similar uptake of
activity in bone in both cohorts and no statistically significant difference for the obtained
values. Functionalization of the linear desferrichrome scaffold through the N- or C-terminus
thus does not result in significant decrease of the resulting Zr(1V) complex inertness in vivo.
We also note a significant difference in blood and liver clearance properties (o < 0.001): All
desferrichrome conjugates assessed exhibited significantly accelerated blood clearance in
comparison with the DFO conjugate, which may be advantageous for obtaining improved
tumor-background ratios in targeted in vivo imaging. However, both 4a—trastuzumab and
4b-trastuzumab exhibit significantly higher liver uptake than DFO-trastuzumab. High liver
uptake may be problematic for imaging and discerning of hepatic lesions.

CONCLUSIONS

We have rationally designed bi- and trifunctional linear hexa-and octadentate derivatives of
the naturally occurring iron-siderophore desferrichrome and assessed their potential as 89Zr
chelators for the radiolabeling of antibodies. DFT calculations suggested enhanced inertness
of the octadentate Zr(IV) complex, which was confirmed by in vitro stability testing of
radiochemical model complexes. Attachment to the antibody trastuzumab using
conventional NCS coupling chemistry produced corresponding immunoconjugates suitable
for radiolabeling with 89Zr. The peptidic nature of linear desferrichrome derivatives allows
for facile functionalization using both termini without significantly altering complex
inertness. All desferrichrome-derived immunoPET probes perform comparably to the gold
standard DFO derivative in vivo; specifically, the octadentate derivatives 2b/4b show no
significant difference from DFO in terms of EDTA challenge inertness and bone uptake. The
in vivo results obtained highlight the great potential of these derivatives for multimodal and
multivalent immunoPET probe development with 89Zr. We also note vastly improved blood-
clearance properties of all novel derivatives when compared with DFO, a prerequisite to
obtain elevated tumor-to-background ratios and enhanced tumor conspicuity in immunoPET.
We are confident that linear desferrichrome derivatives will enhance the armamentarium of
radiochemists working toward improved immunoPET probes. Bimodal 89Zr-PET/
fluorescence imaging studies with the trifunctional immunoconjugate using mouse xenograft
tumor models are underway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
1H NMR spectra of (a) desferrichrome, (b) Zr(DFC), (c) 2b, and (d) Zr(2b) at 500 MHz in

as-DMSO at 60 °C. Chemical shift changes are indicated for amide and a carbon protons.
Impurities are denoted with aserisks (*), as well as residual acetylacetonate (acac) and
solvent.
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Figure 3.
(A) Radio-HPLC traces of 89Zr complexes 89Zr-DFC, 89Zr-2a, 89Zr-2b. (B) Concentration

dependence of radiochemical yield with DFC, 2a, and 2b as a function of ligand
concentration.
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1000-fold excess EDTA challenge experiment: Complex integrity is expressed as a function
of fraction of intact complex and time upon incubation with EDTA.
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Figure 5.
DFT-optimized structures of (a) [Zr(DFC)(OH,)]*, (b) [Zr(3a)(OH,)]*, and (c) [Zr(3b)].

Mol Pharm. Author manuscript; available in PMC 2017 September 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Adams et al.

Biodistribution 96 h p. i., naive mice
40~

30+

20+

% IDIg

10+

Page 23

Il DFO-mAb

Bl Om3-hx-mAb
Bl Ornd-hx-mAb
[ SiR-Orn3-hx-mAb

ns

ns

Heart Blood Lung Liver Spleen Kidney

Figure 6.

Muscle Bone

Summary of biodistribution data 96 h postinjection obtained for immunoconjugates.

Mol Pharm. Author manuscript; available in PMC 2017 September 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Adams et al. Page 24

\ro

‘OH OH ‘0

)

b
Cbz (N NHenSiR «g—-— Cbz (N )
H
0/

b) €)
OH ——— 3 Cbz N OH ——3» Cbz OH
Wl N I

n n

6 5 1a (n=3) Cbz-Orn3-hx 2a (n=3) Zr-2a (n=3)
1b (n=4) Cbz-Ornd-hx 2b (n=4) Zr-2b (n=4)
&:J lc’
0 o o 0
X x x A
"OH Sen ‘OH N ‘OH N 'OH
s SCN s
il NHenSiR i, N T NHenSiR H oH L}’__ ¥ OH
) A (n N
0/3 3 o/n 0/
7 8 3a (n=3) 4a (n=3)
3b (n=4) 4b (n=4)
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Table 2
Rmsd (A) from Relaxed Structures and Agpo (V) of DFT-Optimized Structures

compound rmsd (A) Demo? (V)

[Zr(DFC)(OH)I*  0.16230 4.390
[2r(3a)(OHy)]* 0.18026 4.287
[Zr(3b)] 0.8569¢ 4.625

aEnergy gap between the HOMO and LUMO.

bRoot—mean—square difference between of the inner coordination sphere of the complex with the DFT-optimized geometry of [Zr(AHA)3(OH2)]*

CRmsd between the inner coordination sphere of the complex with the DFT optimized geometry of [Zr(AHA)4].
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Table 3

Summary of Chelator Number and Radiolabeling Yield Obtained with 89Zr for Each Immunoconjugate?

DFO-NCS-trastuzumab  4a-trastuzumab  4b-trastuzumab 8- trastuzumab

av no. of chelators 1.03 0.54 0.81 0.45
radiolabeling yield (90 min, 25 °C) 95+ 2% 92 £ 3% 63 £ 5% 16 £ 2%

a . . . . I
Determined using radiometric isotope dilution assay.
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% Injected Dose per Gram of 89Zr Obtained 96 h Postinjection Using Immunoconjugates

Table 4

DFO-NCS-trastuzumab

4a-trastuzumab

4b—-trastuzumab  8-trastuzumab

heart
blood
lung
liver
spleen
kidney
muscle

bone

8.55+1.68
26.42+451
12.22 +3.00
9.49 +1.52
13.22+3.43
9.14 £ 1.50
2.18+0.41
7.14+0.79

4.75+0.22
11.82+1.73
7.99 £ 5.60
2491 +4.37
17.97 +3.49
5.26 £ 0.65
1.29+0.21
9.97£1.48

2.86+0.14 2.23+0.32
7.28+0.33 5.83+0.48
4.89+0.74 3.88+0.32
20.67 +1.26 5.16 £ 0.44
6.68 + 4.57 7.34+0.50
234+1.12 4.34+£0.35
0.50 +0.16 0.72 £0.04

7.02+2.20 10.76 +1.25
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