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Abstract

The lanthanides (Ln*"), or rare earth elements, have proven to be useful tools for
biomolecular NMR, X-ray crystallographic, and fluorescence analyses due to their unique 4f
orbitals. However, their utility in biological applications has been limited because site-specific
incorporation of a chelating element is required to ensure efficient binding of the free Ln*" ion.
Additionally, current Ln®*" chelator syntheses complicate efforts to directly incorporate Ln**
chelators into proteins as the multi-step processes and a reliance on organic solvents promote
protein denaturation and aggregation which are generally incompatible with direct incorporation
into the protein of interest. To overcome these limitations, herein we describe a two-step
agueous synthesis of a small molecule lanthanide chelating agent amenable to site-specific
incorporation into a protein using copper-free click chemistry with unnatural amino acids. The
bioconjugate combines a diethylenetriaminepentaacetic acid (DTPA) chelating moiety with a
clickable dibenzylcyclooctyne-amine (DBCO-amine) to facilitate the reaction with an azide
containing unnatural amino acid. Incorporating the DBCO-amine avoids the use of the cytotoxic
Cu?" ion as a catalyst. The clickable lanthanide chelator (CLC) reagent reacted readily with p-
azidophenylalanine (paF) without the need of a copper catalyst, thereby demonstrating proof-of-
concept. Implementation of the orthogonal click chemistry reaction has the added advantage
that the chelator can be used directly in a protein labeling reaction, without the need of
extensive purification. Given the inherent advantages of Cu*-free click chemistry, aqueous
synthesis, and facile labeling, we believe that the CLC will find abundant use in both structural

and biophysical studies of proteins and their complexes.
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Introduction

Lanthanides, or rare-earth metals, are useful tools for fluorescence, X-ray
crystallography, NMR, and mass cytometric analyses of proteins and their complexes [1-9].
Lanthanides have broad Stokes shifts, long fluorescence lifetimes, narrow emission peaks,
resistance to photobleaching, and excitation/emission maxima disparate from the endogenous
fluorophores tryptophan, phenylalanine, and tyrosine [10-14]. In addition, lanthanides’ unique
paramagnetic properties may be utilized in protein NMR applications that expand the utility of
NMR to larger proteins or protein complexes beyond that of conventional approaches [15-17].
Because of their ability to induce long-range paramagnetic shifts, incorporation of lanthanides
facilitates examination of proteins of nearly 60 kD, twice the size of those garnered using
conventional NMR approaches [15-17]. Finally, lanthanides’ unique spectroscopic properties
lend to their use in time-resolved fluorescence and anisotropy analyses [18], augmenting the
repertoire of tools for drug candidate screening against complex receptor targets [19].
Collectively, although these methods can be used to evaluate protein dynamics and protein-
peptide interactions, site-specific incorporation is needed to fully harness the lanthanides’
unique paramagnetic and spectroscopic properties for structure determination and analysis [15-
17]. Furthermore, the requirement of a chelating moiety to rigidly orient the lanthanide have

reduced their usefulness in these applications.

Numerous strategies have been adopted to incorporate lanthanide chelators into target
proteins, including genetic insertion of a lanthanide binding tag (LBT) [2]. However, the LBT’s
rather large size, which may interfere with proper folding and/or function of the target protein,
has prompted efforts to pursue small molecule lanthanide chelators [20-23]. Small molecule
lanthanide chelators such as ethylenediaminetetraacetic acid (EDTA) and its derivatives
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) and

diethylenetriaminepentaacetic acid (DTPA) exhibit attomolar affinity for lanthanide metals and
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have been used for decades for their superior luminescence intensities [11, 24], and more

recently, for NMR experiments [22].

To incorporate lanthanides into target proteins, these small molecule chelators and their
analogs have been modified with nucleophilic alkylating agents to react with the free thiol group
of a protein’s available cysteines [20-23, 25]. Where only one reactive cysteine is present,
lanthanide paramagnetism can generate peak shifts of substantial magnitude and facilitate
deconvolution of NMR spectra to yield structural information [4]. In many cases, however, the
target protein may contain multiple cysteines, and/or they may form disulfide bonds or other
stabilizing secondary structures, thereby precluding insertion or substitution of cysteine for site-
specific incorporation of a lanthanide chelator. These considerations have limited the useful

range of these particular reagents.

More recently, there has been increasing interest in utilizing click chemistry for incorporation
of small molecule lanthanide chelators into proteins and other biomolecules [18, 26-31].
However, the syntheses of many of these “clickable” lanthanide chelators typically occurs in
organic solvent [26, 29, 31-33], requires numerous steps [28-31, 33], and demands a copper
catalyst for the click reaction [29, 34, 35], all of which have disadvantages when attempting
conjugation to biologically active molecules. The requirement of a copper catalyst is particularly
problematic for in vivo labeling experiments, given copper’s known cytotoxicity [36].
Furthermore, copper exhibits a high affinity for lanthanide chelators, making it difficult to remove

from the chelator following the coupling reaction [31, 34].

Newer approaches exploit cyclooctyne-containing reagents which promote ring strain
sufficient to initiate the [3 + 2] cycloaddition reaction between the azide and the alkyne [23, 31,
37-39]. As has been previously demonstrated by Agard and Bertozzi [37], the ring strain
inherent in the cyclooctyne moiety spontaneously promotes the cycloaddition reaction with

organic azides under aqueous reaction conditions without the need for a copper catalyst. This
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approach has distinct advantages for conjugations with biomolecules, particularly when
conducting these reactions in vivo. Additionally, the essential ring strain of the cyclooctyne
moiety can be stabilized by the addition of a pair of flanking phenyl rings, each on opposing
sides of the cyclooctyne moiety. The resulting molecule, a dibenzylcyclooctyne, simultaneously
offers sufficient shelf-life stability while catalyzing the click chemistry reaction in the absence of
copper. Given that many varieties of dibenzylcyclooctyne reagents are now commercially
available from a number of companies, including Click Chemistry Tools

(https://clickchemistrytools.com/) and Millipore-Sigma (https://www.sigmaaldrich.com/), copper

free click reactions can be performed to generate many different types of bioconjugates,

potentially those including lanthanide chelating moieties [33], as demonstrated here.

To circumvent the issues described above, we reasoned that with the appropriate lanthanide
chelation reagent, site-specific protein labeling could be achieved through site-directed
mutagenesis and incorporation of the unnatural amino acid para-azidophenylalanine (paF) into
the protein of interest [40]. Subsequently, copper-free click chemistry [41, 42] could be used to
adduct a cyclooctyne-containing paramagnetic and fluorescent lanthanide chelator to the

incorporated paF.

Therefore, our goal was to synthesize, under aqueous conditions and using a limited
number of steps, a cyclooctyne-containing small-molecule lanthanide chelator that would be
amenable to copper-free click chemistry-mediated incorporation into a paF-containing protein.
Our inquires resulted in a two-step aqueous synthesis of a lanthanide chelator (MW = 806.15
Daltons (Da)) for site-specific protein incorporation using dibenzylcyclooctyne-amine (DBCO-

amine) and the small molecule lanthanide chelator DTPA (Fig 1).
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Materials and Methods

Chemicals and Reagents. The dibenzylcyclooctyne-amine (DBCO-amine)

used in this study was purchased from Click Chemistry Tools, (Scottsdale, AZ, USA). Para-
azidophenylalanine (paF) was purchased from Bachem (Torrance, CA, USA). Terbium,
1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid (DTPA), and all other reagents and
bulk chemicals were purchased from Millipore-Sigma (St. Louis, MO, USA), unless otherwise

noted. All solvents and chromatography media were of reagent, analytical, or HPLC grade.

Nuclear Magnetic Resonance (NMR). Al *H experiments were

carried out at 298K using a Bruker (Billerica, MA, USA) Avance™ 600 MHz NMR spectrometer
equipped with a TXI-RT probe, using the PROHOMODEC pulse sequences for *H detection.
Data was processed using the Topspin™ v. 3.0 software package. Where necessary, additional
processing was accomplished using the MestReNova™ (Escondido, CA, USA) software suite.
Ten percent (v/v) D,O was used as a lock solvent for all compounds examined. All reported
chemical shifts (3) were measured in parts per million, as referenced to an internal standard of

residual solvent.
Analytical High Performance Liquid Chromatography

(H PLC). A Shimadzu HPLC with Shimadzu SPD-M20A diode array detector, fluorescence

detector, autosampler, and CLASS VP software (LabSolutions Lite, v. 5.52, Shimadzu, Kansas
City, MO) were used for all HPLC analyses. For analytical HPLC, a Supelco™ 15 cm x 4.6 mm
x 5 um Supelcosil LC-18 column, Millipore-Sigma (St. Louis, MO) was used. Mobile phases to
separate the copper-free click chemistry reaction product from DBCO-amine and paF consisted
of A: 0.1% (v/v) trifluoroacetic acid (TFA) in water, B: 100% acetonitrile (ACN). The flow rate

was maintained at 1.5 mL/minute; the gradient was 10% B from 0-1 minute, 10-90% B from 1-9
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minutes, 90% B from 9-15 minutes, 90-0% B from 15-16 minutes, 0% B from 16 to 22 minutes.
During each HPLC separation of the click chemistry reactions, 1 mL fractions were collected.
Fluorescence was detected using a Shimadzu RF10AXL with data transfer to ML4.1 via Waters
eSAT/IN A/D converter. Excitation wavelength was 350 nm and emission was monitored at 544
nm. To confirm the identity of the HPLC peaks that correspond to the cycloadducted product,
fractions that exhibited absorbance at 280 and 310 nm (absorbance maxima for paF) and 454
(absorbance maxima for DBCO-amine in DMSO) were collected and dried under gentle nitrogen
sparge then reconstituted in 40% TFA in water (0.1% (v/v)): 60% acetonitrile (100%) for small-
molecule mass spectrometry, as described below. Mobile phases to separate copper-free click
chemistry reactions between DBCO-DTPA:Tb and paF consisted of A: 0.1% (v/v) TFA in water,
B: 100% ACN. The flow rate was 0.75 mL/minute; the gradient was 0% B from 0-1 minute, O-
100% B from 1-10 minutes, 100% B from 10-16 minutes, 100-0% B from 16-17 minutes, and
0% B from 17-22 minutes. One milliliter fractions that exhibited absorbance and retention times
corresponding to the clickable chelator (DBCO-DTPA:Tb) and the clicked clickable chelator (the
product of the click chemistry reaction between the clickable chelator (DBCO-DTPA:Tb) and

paF) were collected through the elution phase.

Anion Exchange Purification of Metalated DTPA. Anion

exchange chromatography was used to separate metalated DTPA from excess terbium
trichloride used during metalation. The metalation incubation reaction (4 mL) was filtered using
an Acrodisc® 32 mm syringe filter containing a 0.2 um Supor® non-pyrogenic membrane. An
AKTA Purifier 100 / 10 FPLC was used in conjunction with a HiTrap Q FF 5 mL GE Healthcare
(Chicago, IL) anion exchange column, equilibrated with at least five column volumes (25 mL) of
100 mM MES (pH 5.5), prior to addition of the filtered metalation reaction. After application of
the metalation reaction (4 mL), the SuperLoop® injector column was protected from light with

aluminum foil. Three column volumes (15 mL) of 100 mM MES (pH 5.5), were applied to the
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HiTrap Q FF anion exchange column, during which time 3.5-mL fractions were collected.
Elution of metalated DTPA was achieved using 0-100% elution buffer, which consisted of 100
mM MES (pH 5.5), containing 1 M sodium chloride; the gradient was carried out over 8 column
volumes during which time 3.5 mL fractions were collected. The Frac-920 carousel fraction
collector and fraction collection tubes were protected from light with aluminum foil for the

duration of the purification.

Purified samples and metalation reaction mixtures were further analyzed using a
Fluoromax Fluoro-Hub from HORIBA Jobin Yvon (Edison, NJ), controlled with Origin
FluorEssence™ software package (HORIBA Jobin Yvon), with an excitation wavelength of 350

nm and monitoring emission from 400 — 800 nm.

UPLC-Mass Spectrometry. A waters (Milford, MA) SYNAPT HD hybrid

quadrupole time of flight mass spectrometer coupled to a Waters Acquity™ Classic ultra-
performance liquid chromatograph (UPLC) were used for LC-MS measurements. Instrument
control, acquisition, and analysis were performed using Waters MassLynx™ software (version
4.1). The mass spectrometer was operated in sensitivity mode and the time to mass calibration
was made with Nal cluster ions acquired under experimental conditions. Data was lock mass
corrected against the doubly charged molecular ion of leucine enkephalin (YGGFL),
intermittently acquired every 30 seconds using an auxiliary sprayer within the mass
spectrometer’s source assembly. Mass spectra generated are the average of all mass spectral
scans across an LC peak (acquired mass range: 200-1100 m/z; 1 second scans). The mass
spectrometer conditions were as follows: electrospray ionization (ESI) negative ion mode, cone
and desolvation gas (99.999% pure nitrogen) flows of 50 L/hr and 650 L/hr, respectively,
desolvation and source temperatures of 350°C and source temperature of 120°C, respectively,
capillary voltage of 2.5 kV, sample cone voltage of 30 V, and extraction cone voltage of 4 V for

the exterior cone. For MS/MS experiments, the mass spectrometer was operated in data-
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188  independent mode with MS/MS acquisition mode initiated using a signal intensity trigger, a

189  collision energy of 30 eV with ultrapure argon gas was admitted to the collision (trap) cell at 1.5
190 mL/min. Samples were resolved with a water/acetonitrile gradient through a Millipore Sigma
191  (Burlington, MA) Supelco™ Supelcosil LC-18 column (15 cm x 4.6 mm x 5 um) protected by a
192  Phenomenex C18 Guard Cartridge. Mobile phase A was 0.1% (v/v) formic acid in water. Mobile
193  phase B was acetonitrile with 0.1% (v/v) formic acid. A fifteen minute, 7-step gradient program
194  was used: (1) 0-1 min isocratic hold at 5% B, (2) 1-2 min linear gradient to 25% B, (3) 2-8 min
195 linear gradient to 40% B, (4) 8-10 min linear gradient to 99% B, (5) 10-12 min isocratic hold at
196  99% B, (6) 12-13 min linear gradient to 5% B, (7) 2 min isocratic hold at 5% B to equilibrate the

197  column prior to next injection.

198 Synthetic Procedures.

199 Metalation of Diethylenetriamine-pentaacetic acid

200 (DTPA). In our initial investigations, we observed that lanthanum, europium, and ytterbium

201  all exhibited profound fluorescence intensity after incubation with DTPA, indicating that they
202  were tightly complexed with the chelator. However, the paramagnetic lanthanide terbium was
203  ultimately chosen due to its attomolar DTPA binding affinity [43], substantial fluorescence

204  intensity [11, 14], ability to induce pseudocontact shifts [4, 7], and large paramagnetic relaxation
205 enhancements (PRES) [4]. Initially, In order to prevent chelation of DTPA with other di- and

206 trivalent cations, the first step of the synthesis involved metalation of DTPA with the lanthanide
207  terbium (Tb**) to generate DTPA:Tb (Fig 1, B). Due to its attomolar affinity, terbium remained
208 chelated throughout synthesis and purification, and is not likely to be displaced by di- and

209 trivalent cations in subsequent click reactions. Metalation of DTPA with terbium was achieved
210 under agueous conditions using 2-(N-morpholino)ethanesulfonic acid (MES), a buffer devoid of

211 free amines; MES was chosen to prevent off-target side reactions during the amide coupling
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step. Ten millimolar DTPA was dissolved in 100 mM MES, pH 5.5, with heat (75°C). DTPA was
then metalated by incubating 10 mM TbCl; and 10 mM DTPA at 75°C for 10 minutes in 100 mM
MES, pH 5.5. *H NMR analysis indicated near-quantitative complexation between Tb*" and the

DTPA chelator (Fig 2). Anion exchange chromatography coupled with fluorescence analysis

was then used to purify the complex to >95% purity.

Synthesis of Clickable Lanthanide Chelator (CLC)

through Amide Coupling to DTPA:TD. Metalation of DTPA with terbium

exposed DTPA'’s central carboxylic acid moiety for amide coupling with the DBCO-amine (Fig 1,
B) to generate the clickable lanthanide chelator (CLC, Fig 1, D). Amide coupling was performed
by combining DBCO-amine dissolved in DMSO (8.33% (v/v)) in 100 mM MES, pH 5.5, with 10
mM DTPA:Tb to achieve a final concentration of 50 mM DBCO-amine. 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) was added to the amide coupling reaction until a final
concentration of 50 mM was reached. The reaction was gently rocked, protected from light, at
room temperature for 120 minutes. Upon completion, the entire reaction mixture was applied to
a pre-equilibrated size-exclusion column containing G10 Sephadex™ resin (GE Healthcare,
Chicago, IL), which excludes particles = 700 Da, and therefore also the CLC (806.2 Da).
Approximately 3.5-mL fractions were eluted from the G10 column using 100 mM MES, pH 5.5.
Each fraction was evaluated using a Fluoromax™ 4 FluoroHub spectrofluorometer (HORIBA
Jobin Yvon, Edison, NJ), with the Origin FluorEssence™ software package (HORIBA Jobin
Yvon). Fractions were analyzed for fluorescence as follows: 1) excitation at 350 nm with
emission monitored from 400 — 800 nm and 2) excitation at 259 nm with emission monitored
from 300 — 800 nm. Fractions containing substantial fluorescence were lyophilized,

reconstituted in mobile phase, and analyzed by UPLC-MS.
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235 Copper-free Click Chemistry Reactions. copper-free click

236  chemistry was performed by combining 50 uM paF and 500 yM CLC (DBCO-DTPA:Tb) in 100
237 mM MES, pH 5.5. Reactions were gently rocked, protected from light, for 2 hours at room

238  temperature. Subsequently, select aliquots were lyophilized then resuspended in 95:5

239  water:acetonitrile with 0.1% (v/v) formic acid; they were then analyzed by UPLC-MS as

240 described above.

21 Results
242
243 The synthesis of the CLC began with a metalation reaction that involved metalating the

244  commercially available lanthanide chelator DTPA with Tb**. Metalation was evaluated using
245  fluorescence (Fig 2) and 'H NMR (Fig 3). As demonstrated in Fig 2, neither MES buffer alone
246  (light blue arrow) nor DTPA in MES (dark blue arrow) yielded substantial fluorescence emission
247  from 400-800 nm, save for the water Raman peak (at 702 nm). DTPA with terbium trichloride in
248  MES yielded sharp emission peaks at four wavelengths (489, 544, 584, and 621 nm; Fig 2;

249  Dblack arrows) that exhibited greater fluorescence intensity than did terbium trichloride alone in
250  MES (Fig 2; light gray arrows). Furthermore, the *H NMR spectra (Fig 3) revealed that, in the
251 presence of terbium (Fig 3 B, C), all DTPA 'H peaks are substantially line broadened and

252 chemically shifted due to the paramagnetic nature of the terbium ion (e.g., $=3.75 ppm to

253  0=6.79 ppm for the coordinated allylic amide protons and 5=3.26 ppm to 8=4.73 ppm for the
254 uncoordinated carboxyamide protons) (Fig 3). The chemical shift and extensive line broadening

255 s indicative of complex formation or metal coordination of terbium with the DTPA chelator.

256 Compared to samples that were not incubated, incubation of DTPA:Tb at 75°C for 8.25 hours
257 did not increase fluorescence intensity for DTPA:Tb in 200 mM ammonium acetate, pH 5.5, or

258 100 mM MES, pH 5.5. NMR analyses before and after incubation in 100 mM ammonium
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259  acetate, pH 5.5, (Fig 3) yielded nearly identical spectra, suggesting that DTPA chelated the
260  majority of the terbium ion (Tb*") even without a lengthy incubation. Considering both the

261  fluorescence and NMR results, the time-consuming incubation step at 75°C may not be

262  essential to quantitative Th*" chelation by DTPA and may therefore be omitted or shortened.
263  Subsequent metalations were therefore conducted using a 10-minute incubation at 75°C and a
264 1:1 molar stoichiometry of chelator:lanthanide. DTPA:Tb fluorescence emission at 489, 544,

265 584, and 621 nm was used to monitor progress through subsequent synthetic procedures.

266 After completing amide coupling, the reaction mixture was applied to the pre-equilibrated
267  G10 Sephadex column. As shown in Fig 4, Fraction 1, consisting of eluate from the void

268  volume, exhibited substantial fluorescence at 429, 489, 544, 584, and 621 nm after excitation at
269 350 nm. The existence of this fluorescence signature in a fraction from the void volume

270  suggested that it originated from a molecule with a molecular weight of = 700 Da, as molecules
271  larger than this are excluded from the resin pores. As a control, we examined DBCO-amine

272 (193.5 uM) in 3.225% (v/v) DMSO in 100 mM MES, pH 5.5, which yielded an emission

273 maximum at 423 nm with a broad shoulder with a maximum at 740 nm; the excitation maximum
274 was 259 nm. Given that the emission profiles of DBCO-amine and DTPA:Tb are different from
275  that of the CLC, this suggested that synthesis of a molecule that contains both DBCO-amine
276  and DTPA:Tb could be evaluated after amide coupling by monitoring the unique fluorescence
277  emission profiles of these moieties, which are only observable when both species were present.
278  Based on the structure of the DBCO moiety and the fluorescence character of DBCO-amine
279  alone, the fluorescence emission at 429 nm likely corresponds to the DBCO-moiety (Fig 4).

280  This unique fluorescence signature (emission at 429, 489, 544, 584, and 621 nm) demonstrated
281  that both DBCO- and metalated DTPA are present in one type of molecule that is larger than
282 700 Da (the pore size of Sephadex G10). No other fractions exhibited simultaneous emissions

283  from both terbium and DBCO; as expected, however, several ensuing fractions exhibited
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fluorescence associated with only with the DBCO-amine, which corresponded to elution of
excess DBCO-amine used during amide coupling. These data demonstrate that the first G10
Sephadex fraction possessed unique fluorescence properties that originate from CLC’s dual
DBCO- and terbium constituents. To confirm the identity of the putative CLC product, UPLC-

MS analyses were performed.

UPLC separation of Fraction 1 yielded a peak at approximately 3.75-minutes retention time
(Fig 5, A; Molecule D) that exhibited fluorescence emission at 429 and 544 nm after excitation
at 350 nm. As shown in Fig 5, A (right panel) this peak was analyzed by mass spectrometry in
negative ion mode and yielded a single peak at m/z=806.2, the predicted theoretical isotopic
mass of the CLC (Fig 1; Molecule D). (Note that negative ion mode was utilized due to
significant signal suppression for the Th*" in positive ion mode). In order to further characterize
the identity of this compound, MS-MS analysis was performed on the UPLC-MS product ion (Fig
6, A). This resulted in the identification of three daughter ions with masses of m/z=601.1 (a),
547.1 (b), and 503.1 (c), which corresponded to the Th:DTPA-carboxyamide (a), Tb:DTPA-
amide (b), and Th:DTPA (c) moieties, respectively. These fragment ions were positively

assigned to the putative structure of Molecule D, the CLC (Fig 6, A inset).

To demonstrate the utility of adducting the CLC into a protein with a site-specifically-
incorporated unnatural amino acid, a copper-free click chemistry reaction was performed
between the CLC and paF; this generated the clicked clickable chelator (CCC), a cycloadducted
chimeric product as shown in Fig 1, Molecule F. UPLC separation of an aliquot of a 10:1 molar
stoichiometry CLC:paF copper-free click chemistry reaction yielded a peak with a retention time
of 3.67 minutes that exhibited fluorescence emission at 544 nm after excitation at 350 nm.
Negative ion mode UPLC-MS analysis of this peak yielded a single distinct product ion at the
predicted theoretical isotopic mass for the clicked product (Molecule F), m/z=1012.21, as

depicted in Fig 5, B (right panel). MS-MS fragmentation analysis of this product ion yielded
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three daughter ions, including two previously observed with the CLC (m/z=547.1 (b), and 503.1
(c), respectively) and a novel ion of m/z=409.2 (a), corresponding to the clicked DBCO-paF
triazole moiety. The identification of these fragment ions allowed us to confirm the structure of
the clicked CLC product, Molecule F (Fig 6, B inset). The MS results corroborate the
fluorescence data and demonstrate that the copper-free click chemistry reaction yielded the
predicted cycloadduct (Molecule F). Unfortunately, given the limited amount of starting material,
in the form of Molecule B, it was not possible to accurately estimate a final yield of the CCC.
However, due to the ten-fold excess of CLC present, we estimate that the reaction proceeded to

completion and utilized all available paF.

Discussion

Lanthanide incorporation is a promising strategy to expand the utility of fluorescence and
NMR in examining large biopolymers, offering the ability to evaluate protein dynamics [5],
protein conformational changes [24, 44], and interactions of larger proteins than have previously
been studied [7, 22]. However, the requirement for site-specific incorporation, coupled with the
need for a lanthanide chelator, have limited its use. Currently, small molecule lanthanide
chelators originate from multi-step syntheses in organic solvent that yield cysteine-reactive [20-
23, 25] and other types of chelators that may [25] or may not [35] be site-specifically

incorporated into the protein of interest.

While click chemistry has been employed to position lanthanide chelating bodies in
proteins [18, 26-31], the difficultly of multi-step syntheses and the need for a copper catalyst
have slowed the adoption of this approach for lanthanide incorporation into proteins. To
overcome this, we have described a facile two-step synthetic method that relies on a lanthanide
chelator (DTPA) that can be site-specifically incorporated into a protein of interest via an azide-

containing unnatural amino acid (paF) employing the cyclooctyne moiety (as DBCO), without
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the need of a copper catalyst to enable the reaction. This small molecule chelator is amenable
to copper-free click chemistry using relatively mild, aqueous reaction conditions and common
commercially available reagents. This is of obvious advantage in that the reaction can be
performed at room temperature, in physiological buffers, and free from copper, a known
cytotoxicant [36]. Furthermore, one does not have to rely on the presence of an accommodating
prosthetic group [30] or appropriately positioned cysteine residue [7] for incorporation of the
lanthanide chelator to examine protein structure and/or dynamics. Another advantage to this
approach is that, because of its relatively small size, this chelator is likely to elicit only minimal
distortions on the target protein structure. This is of importance, because larger lanthanide
binding elements, such as the LBT [44], have the potential to disturb secondary structure and
therefore convolute the structural data obtained. Finally, the site-specific nature of incorporation
afforded by the introduction of an unnatural amino acid into a specific location of the protein

allows for distance constraints to be determined using pseudocontact shift parameters [33].

The usefulness of incorporating a lanthanide for protein structure determination has
recently been realized with the elucidation of the structure of the cytochrome P450cam-
putidaredoxin complex [7]. While the approach of Hiruma et al. relied on the specific
incorporation of a lanthanide via adduction of a single cystine residue in the backbone of the
P450cam enzyme, using paramagnetic NMR to yield 446 structural restraints, the authors were
able to determine the structure of a region of the protein that was not originally observable in the
crystal structure [7]. Additionally, their data also demonstrated the presence of a minor state or
set of states of the complex in solution, which the authors attributed to the presence of an
encounter complex between the two proteins. Future studies of this type would no doubt be
aided by the precision combination of click-chemistry and site-specific incorporation afforded by
the CLC that we have described. However, for this particular application to be successful,

rigidity would need to be introduced into the chelation reagent (Molecule B) in order to elucidate
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the orientation of the lanthanide. We are exploring this possibility through the use of other

chelation and conjugation reagents.

Another intriguing application of this technology is in the production of targeted
molecular imaging agents [28, 29, 31, 45]. Since the DOTA chelation moiety efficiently chelates
other lanthanides, it is likely that it will also chelate many of those used in PET and other types
of radioimagining, such as **'In [31]. Additionally, the CLC compound may also be an effective
MRI contrast agent if incorporated into appropriate in vivo imaging agent designs. Further

demonstrating the utility of the CLC in this role is an area of active research in our laboratory.

We also expect that metalation with other lanthanides may be useful to capitalize on
each lanthanide’s unique fluorescence and paramagnetic properties for use in protein structure
and dynamics analyses. Future studies will include measuring the proton nuclear magnetic

relaxation dispersion of the “clicked” complex with different lanthanides to confirm this capability.

While the initial synthetic efforts described herein have been small scale, using limited
guantities of reagent, they afford a proof-of-principal demonstration of the feasibility of such an
approach and lay the groundwork for efforts by our group and others to capitalize on improving
the efficiency and scale of the synthesis as outlined. We are currently planning a larger scale
synthesis of the CLC molecule for future studies, such as those mentioned above. Additionally,
experiments involving adducting this chelator into azide-containing peptides and proteins are in
progress, as we have already had success with incorporating the DCBO compound directly into

proteins containing the paF unnatural amino acid.

Finally, because other carboxylic acid lanthanide chelators are commercially-available,

alternative small molecule chelators may be synthesized using the strategies described here.

Conclusion
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We anticipate that these approaches may be suitable for use with azides and alkynes on
a variety of different unnatural amino acids and fluorescent and paramagnetic labels, ideally
generating many unique combinations of probes for evaluating proteins by fluorescence, X-ray
crystallography, and NMR. In conclusion, we believe that the efforts described here yield a

promising new tool to expand analysis of proteins with these biomolecular approaches.
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Figure Legends:

Fig 1. Generalized schematic of the aqueous synthesis of a small-molecule clickable
lanthanide chelator (CLC, Molecule D). This is demonstrated utilizing copper-free click

chemistry to yield the clicked clickable chelator (CCC, Molecule F), as described in this study.

Fig 2. Steady-state fluorescence emissions spectra of metalated DTPA. Fluorescence
emission spectrum observed upon metalation of DTPA by Tbh*". Fluorescence intensity, in
counts per second (cps), of 100 mM MES, pH 5.5 (MES) (light blue arrow), 10 mM DTPA in 100
mM MES, pH 5.5 (DTPA) (dark blue arrow), 40 mM terbium trichloride in 100 mM MES, pH 5.5
(gray arrows), and 10 mM DTPA, 40 mM terbium trichloride in 200 mM MES, pH 5.5 (black
arrows). The excitation wavelength was 350 nm; emission was monitored from 400-800 nm.
The water Raman is evident at 702 nm. Peaks at 489, 544, 584, and 621 correspond to terbium

fluorescence emission.

Fig 3. 'H NMR spectra of DTPA chelation of Tb*". 'H NMR spectra of 10 mM DTPA (top) and
DTPA:Tb in 100 mM ammonium acetate, pH 5.5, before (middle) and after (bottom) incubation.
'H NMR analyses before and after incubation yielded nearly identical peak shifts. Compared to
DTPA in ammonium acetate, DTPA:Tb yielded broadened DTPA peaks, indicating complex

formation or metalation of terbium with DTPA.

Fig 4. Fluorescence emission spectrum of metalated DTPA and clickable lanthanide

chelator (CLC) after amide coupling and Sephadex gel column purification.

Fig 5. UPLC separation and MS spectra of clickable lanthanide chelator (CLC) and clicked

clickable chelator (CCC) products.

Fig 6. MS-MS analysis of clickable lanthanide chelator (CLC) and clicked clickable

chelator (CCC) products.


https://doi.org/10.1101/531087

bioRxiv preprint doi: https://doi.org/10.1101/531087; this version posted January 26, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

410 Associated content

411  Corresponding Author: Jed N. Lampe*

412 *E-mail: jlampe@kumc.edu

413 Present Addresses:

414  Stephanie C. Bishop, Ph.D., South University, School of Pharmacy, Department of

415 Pharmaceutical Sciences, 709 Mall Boulevard, Savannah, Georgia 31406

416  Phone: 912-201-8136, e-mail: schishop@southuniversity.edu

417 Robert Winefield, Thermo-Fisher Scientific, 168 Third Avenue, Waltham, MA USA 02451

418 Phone: 781-622-1000, e-mail: robert.winefield@gmail.com

419  Asokan Anbanandam, University of South Florida, Center for Drug Discovery and Innovation,

420  High Field NMR Facility, Interdisciplinary Research (IDR) Building, 3720 Spectrum Blvd.,

421  Suite 105, Tampa, Florida 33612

422 Phone: 813-974-5375, e-mail: asokanl@usf.edu

423  Jed N. Lampe*, The University of Kansas Medical Center, Department of Pharmacology,
424  Toxicology and Therapeutics, Mail Stop 1018, 4069 HLSIC, 3901 Rainbow Blvd., Kansas City,

425 KS 66160

426  Phone: 913-588-4760, e-mail: jlampe@kumc.edu

427  Author contributions

428  The manuscript was written through contributions of all authors. All authors have given

429  approval to the final version of the manuscript.

430


https://doi.org/10.1101/531087

bioRxiv preprint doi: https://doi.org/10.1101/531087; this version posted January 26, 2019. The copyright holder for this preprint (which was not

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Funding sources

The research reported in this publication was supported by the National Institute of General
Medical Sciences of the National Institutes of Health Award Number R0O1GM128508 (JNL),
P20GM103549, P30GM118247 (JNL subaward), RO1GM099959 (JNL subaward), National
Institute of Environmental Health and Sciences Toxicology Training Grant T32-ES007079

(SCB), and Kansas IDeA Network of Biomedical Research Excellence Grant QH846868-K-
INBRE (JNL subaward). The content is solely the responsibility of the authors and does not

necessarily represent the official views of the National Institutes of Health.

Acknowledgment

The authors gratefully acknowledge the efforts of Dr. Thomas E. Prisinzano, Department of
Medicinal Chemistry, University of Kansas, Lawrence, KS, who provided excellent initial

guidance for this work.

Abbreviations

CLC, clickable lanthanide chelator; CCC, clicked lanthanide chelator, DBCO,
dibenzylcyclooctyne-amine; DOTA, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid;
DTPA, diethylenetriaminepentaacetic acid; EDC, 1-ethyl-3-(3-dimethylamino-propyl)-
carbodiimide; EDTA, ethylenediaminetetraacetic acid; MES: 2-(N-morpholino)ethanesulfonic

acid; paF, para-azidophenylalanine


https://doi.org/10.1101/531087

bioRxiv preprint doi: https://doi.org/10.1101/531087; this version posted January 26, 2019. The copyright holder for this preprint (which was not

450

451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

References

1. Purdy MD, Ge P, Chen J, Selvin PR, Wiener MC. Thiol-reactive lanthanide chelates for phasing
protein X-ray diffraction data. Acta Crystallogr D Biol Crystallogr. 2002;58(Pt 7):1111-7. PubMed PMID:
12077430.

2. Nitz M, Sherawat M, Franz KJ, Peisach E, Allen KN, Imperiali B. Structural origin of the high
affinity of a chemically evolved lanthanide-binding peptide. Angew Chem Int Ed Engl. 2004;43(28):3682-
5. doi: 10.1002/anie.200460028. PubMed PMID: 15248272.

3. Su XC, Huber T, Dixon NE, Otting G. Site-specific labelling of proteins with a rigid lanthanide-
binding tag. Chembiochem. 2006;7(10):1599-604. doi: 10.1002/cbic.200600142. PubMed PMID:
16927254,

4, Otting G. Prospects for lanthanides in structural biology by NMR. J Biomol NMR. 2008;42(1):1-9.
doi: 10.1007/s10858-008-9256-0. PubMed PMID: 18688728.

5. Allen KN, Imperiali B. Lanthanide-tagged proteins--an illuminating partnership. Curr Opin Chem
Biol. 2010;14(2):247-54. doi: 10.1016/j.cbpa.2010.01.004. PubMed PMID: 20102793.

6. Hagan AK, Zuchner T. Lanthanide-based time-resolved luminescence immunoassays. Anal
Bioanal Chem. 2011;400(9):2847-64. doi: 10.1007/s00216-011-5047-7. PubMed PMID: 21556751,
PubMed Central PMCID: PMCPM(C3102841.

7. Hiruma Y, Hass MA, Kikui Y, Liu WM, Olmez B, Skinner SP, et al. The structure of the cytochrome
p450cam-putidaredoxin complex determined by paramagnetic NMR spectroscopy and crystallography. J
Mol Biol. 2013;425(22):4353-65. doi: 10.1016/j.jmb.2013.07.006. PubMed PMID: 23856620.

8. Bandura DR, Baranov VI, Ornatsky Ol, Antonov A, Kinach R, Lou X, et al. Mass cytometry:
technique for real time single cell multitarget immunoassay based on inductively coupled plasma time-
of-flight mass spectrometry. Anal Chem. 2009;81(16):6813-22. doi: 10.1021/ac901049w. PubMed PMID:
19601617.

9. Spitzer MH, Nolan GP. Mass Cytometry: Single Cells, Many Features. Cell. 2016;165(4):780-91.
doi: 10.1016/j.cell.2016.04.019. PubMed PMID: 27153492; PubMed Central PMCID: PMCPMC4860251.
10. Brittain HG, Richardson FS, Martin RB. Terbium (lll) emission as a probe of calcium(ll) binding

sites in proteins. J Am Chem Soc. 1976;98(25):8255-60. PubMed PMID: 993525.
11. Horrocks WD, Jr. Luminescence spectroscopy. Methods Enzymol. 1993;226:495-538. PubMed
PMID: 8277879.

12. Hemmila |, Laitala V. Progress in lanthanides as luminescent probes. J Fluoresc. 2005;15(4):529-
42. doi: 10.1007/5s10895-005-2826-6. PubMed PMID: 16167211.
13. Pandya S, Yu J, Parker D. Engineering emissive europium and terbium complexes for molecular

imaging and sensing. Dalton Trans. 2006;(23):2757-66. doi: 10.1039/b514637b. PubMed PMID:
16751883.

14. Lakowicz JR. Principles of Fluorescence Spectroscopy. 2nd. ed. New York, NY: Plenum Publishers;
1999.
15. Iwahara J, Clore GM. Detecting transient intermediates in macromolecular binding by

paramagnetic NMR. Nature. 2006;440(7088):1227-30. doi: 10.1038/nature04673. PubMed PMID:
16642002.

16. Clore GM, Iwahara J. Theory, practice, and applications of paramagnetic relaxation
enhancement for the characterization of transient low-population states of biological macromolecules
and their complexes. Chem Rev. 2009;109(9):4108-39. doi: 10.1021/cr900033p. PubMed PMID:
19522502; PubMed Central PMCID: PMCPM(C2825090.


https://doi.org/10.1101/531087

bioRxiv preprint doi: https://doi.org/10.1101/531087; this version posted January 26, 2019. The copyright holder for this preprint (which was not

494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

17. Madl T, Bermel W, Zangger K. Use of relaxation enhancements in a paramagnetic environment
for the structure determination of proteins using NMR spectroscopy. Angew Chem Int Ed Engl.
2009;48(44):8259-62. doi: 10.1002/anie.200902561. PubMed PMID: 19774576.

18. Akiba H, Sumaoka J, Tsumoto K, Komiyama M. Click conjugation of a binuclear terbium(lll)
complex for real-time detection of tyrosine phosphorylation. Anal Chem. 2015;87(7):3834-40. doi:
10.1021/ac5045466. PubMed PMID: 25757507.

19. Lea WA, Simeonov A. Fluorescence polarization assays in small molecule screening. Expert Opin
Drug Discov. 2011;6(1):17-32. doi: 10.1517/17460441.2011.537322. PubMed PMID: 22328899; PubMed
Central PMCID: PMCPMC3277431.

20. Su XC, Man B, Beeren S, Liang H, Simonsen S, Schmitz C, et al. A dipicolinic acid tag for rigid
lanthanide tagging of proteins and paramagnetic NMR spectroscopy. J Am Chem Soc.
2008;130(32):10486-7. doi: 10.1021/ja803741f. PubMed PMID: 18642818.

21. Haussinger D, Huang IR, Grzesiek S. DOTA-MS8: An extremely rigid, high-affinity lanthanide
chelating tag for PCS NMR spectroscopy. ] Am Chem Soc. 2009;131(41):14761-7. doi:
10.1021/ja903233w. PubMed PMID: 19785413.

22. Almeida RM, Geraldes CF, Pauleta SR, Moura JJ. Gd(lIl) chelates as NMR probes of protein-
protein interactions. Case study: rubredoxin and cytochrome c3. Inorg Chem. 2011;50(21):10600-7. doi:
10.1021/ic200858c. PubMed PMID: 21957905.

23. Zhang W1, Luo X, Liu YL, Shao XX, Wade JD, Bathgate RA, et al. Site-specific DOTA/europium-
labeling of recombinant human relaxin-3 for receptor-ligand interaction studies. Amino Acids.
2012;43(2):983-92. doi: 10.1007/s00726-011-1164-z. PubMed PMID: 22187146.

24. Brittain HG, Richardson FS, Martin RB, Burtnick LD, Kay CM. Circularly polarized emission of
terbium(lll) substituted bovine cardiac troponin-C. Biochem Biophys Res Commun. 1976;68(3):1013-9.
PubMed PMID: 1259719.

25. He Y, Esteban-Fernandez D, Linscheid MW. Novel approach for labeling of biopolymers with
DOTA complexes using in situ click chemistry for quantification. Talanta. 2015;134:468-75. doi:
10.1016/j.talanta.2014.11.049. PubMed PMID: 25618695.

26. Abdelkader EH, Feintuch A, Yao X, Adams LA, Aurelio L, Graham B, et al. Protein conformation by
EPR spectroscopy using gadolinium tags clicked to genetically encoded p-azido-L-phenylalanine. Chem
Commun (Camb). 2015;51(88):15898-901. doi: 10.1039/c5cc07121f. PubMed PMID: 26391199.

27. Mallagaray A, Dominguez G, Peters T, Perez-Castells J. A rigid lanthanide binding tag to aid NMR
studies of a 70 kDa homodimeric coat protein of human norovirus. Chem Commun (Camb).
2016;52(3):601-4. doi: 10.1039/c5cc05827a. PubMed PMID: 26553572.

28. O'Malley WI, Abdelkader EH, Aulsebrook ML, Rubbiani R, Loh CT, Grace MR, et al. Luminescent
Alkyne-Bearing Terbium(lll) Complexes and Their Application to Bioorthogonal Protein Labeling. Inorg
Chem. 2016;55(4):1674-82. doi: 10.1021/acs.inorgchem.5b02605. PubMed PMID: 26821062.

29. O'Malley WI, Rubbiani R, Aulsebrook ML, Grace MR, Spiccia L, Tuck KL, et al. Cellular Uptake and
Photo-Cytotoxicity of a Gadolinium(l11)-DOTA-Naphthalimide Complex "Clicked" to a Lipidated Tat
Peptide. Molecules. 2016;21(2). doi: 10.3390/molecules21020194. PubMed PMID: 26861271.

30. Liang Y, Yan X, Li Z, Yang L, Zhang B, Wang Q. Click chemistry mediated Eu-tagging: activity-
based specific quantification and simultaneous activity evaluation of CYP3A4 using 153Eu species-
unspecific isotope dilution inductively coupled plasma mass spectrometry. Anal Chem. 2014;86(8):3688-
92. doi: 10.1021/ac500123z. PubMed PMID: 24654690.

31. Martin ME, Parameswarappa SG, O'Dorisio MS, Pigge FC, Schultz MK. A DOTA-peptide conjugate
by copper-free click chemistry. Bioorg Med Chem Lett. 2010;20(16):4805-7. doi:
10.1016/j.bmcl.2010.06.111. PubMed PMID: 20630750; PubMed Central PMCID: PMCPM(C3774834.


https://doi.org/10.1101/531087

bioRxiv preprint doi: https://doi.org/10.1101/531087; this version posted January 26, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

540  32. Akiba H, Sumaoka J, Komiyama M. Binuclear terbium(lll) complex as a probe for tyrosine

541 phosphorylation. Chemistry. 2010;16(17):5018-25. doi: 10.1002/chem.200903379. PubMed PMID:

542  20391575.

543 33. Loh CT, Ozawa K, Tuck KL, Barlow N, Huber T, Otting G, et al. Lanthanide tags for site-specific
544  ligation to an unnatural amino acid and generation of pseudocontact shifts in proteins. Bioconjug Chem.
545  2013;24(2):260-8. doi: 10.1021/bc300631z. PubMed PMID: 23294422,

546  34. Lebedev AY, Holland JP, Lewis JS. Clickable bifunctional radiometal chelates for peptide labeling.
547  Chem Commun (Camb). 2010;46(10):1706-8. doi: 10.1039/b924784j. PubMed PMID: 20177623;

548 PubMed Central PMCID: PMCPMC4958412.

549 365. Knor S, Modlinger A, Poethko T, Schottelius M, Wester HJ, Kessler H. Synthesis of novel 1,4,7,10-
550 tetraazacyclodecane-1,4,7,10-tetraacetic acid (DOTA) derivatives for chemoselective attachment to
551 unprotected polyfunctionalized compounds. Chemistry. 2007;13(21):6082-90. doi:

552 10.1002/chem.200700231. PubMed PMID: 17503419.

553  36. Borkow G, Gabbay J. Copper as a biocidal tool. Curr Med Chem. 2005;12(18):2163-75. PubMed
554 PMID: 16101497.

555 37. Agard NJ, Baskin JM, Prescher JA, Lo A, Bertozzi CR. A comparative study of bioorthogonal

556 reactions with azides. ACS Chem Biol. 2006;1(10):644-8. PubMed PMID: 17175580.

557  38. Codelli JA, Baskin JM, Agard NJ, Bertozzi CR. Second-generation difluorinated cyclooctynes for
558 copper-free click chemistry. ] Am Chem Soc. 2008;130(34):11486-93. doi: 10.1021/ja803086r. PubMed
559 PMID: 18680289; PubMed Central PMCID: PMCPMC2646667.

560 39. Baskin JM, Prescher JA, Laughlin ST, Agard NJ, Chang PV, Miller IA, et al. Copper-free click

561  chemistry for dynamic in vivo imaging. Proc Natl Acad Sci U S A. 2007;104(43):16793-7. doi:

562 10.1073/pnas.0707090104. PubMed PMID: 17942682; PubMed Central PMCID: PMCPMC2040404.

563  40. Chin JW, Santoro SW, Martin AB, King DS, Wang L, Schultz PG. Addition of p-azido-L-

564 phenylalanine to the genetic code of Escherichia coli. ] Am Chem Soc. 2002;124(31):9026-7. PubMed
565 PMID: 12148987.

566  41. Jewett JC, Bertozzi CR. Cu-free click cycloaddition reactions in chemical biology. Chem Soc Rev.
567 2010;39(4):1272-9. PubMed PMID: 20349533; PubMed Central PMCID: PMCPM(C2865253.

568  42. Gordon CG, Mackey JL, Jewett JC, Sletten EM, Houk KN, Bertozzi CR. Reactivity of

569 biarylazacyclooctynones in copper-free click chemistry. J Am Chem Soc. 2012;134(22):9199-208. doi:
570  10.1021/ja3000936. PubMed PMID: 22553995; PubMed Central PMCID: PMCPMC3368396.

571  43. Cacheris WP, Nickle, S. K., Sherry, A. D. Thermodynamic study of lanthanide complexes of 1,4,7-
572 Triazacyclononane-N,N’,N"’-triacetic Acid and 1,4,7,10-Tetraazacyclododecane-N,N’,N”’,N""’-tetraacetic
573 Acid. Inorg Chem. 1987;26(2):958-60. PubMed PMID: 3210955.

574 44, Sandtner W, Bezanilla F, Correa AM. In vivo measurement of intramolecular distances using
575 genetically encoded reporters. Biophys J. 2007;93(9):L45-7. doi: 10.1529/biophysj.107.119073. PubMed
576 PMID: 17766346; PubMed Central PMCID: PMCPM(C2025654.

577 45. Anderson CJ, Wadas TJ, Wong EH, Weisman GR. Cross-bridged macrocyclic chelators for stable
578  complexation of copper radionuclides for PET imaging. Q J Nucl Med Mol Imaging. 2008;52(2):185-92.
579 PubMed PMID: 18043536; PubMed Central PMCID: PMCPMC4286870.

580


https://doi.org/10.1101/531087

bioRxiv preprint doi: https://doi.org/10.1101/531087; this version posted January 26, 2019. The copyright holder for this preprint (which was not

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 1.

o

A OH
HO\”/\N/\/N\/\N/\H/OH
0 0 Oﬁ) o

HO

OH

Diethylene triamine
pentaacetic acid (DTPA)

(o]
B |
Metalation HO

@,
Terbium (Tb3*) ] Y-
oé&;_ & _O//L/g\o

©
Metalated DTPA
(DTPA:Tb)

=
D #/ \_/
,,;\\[»\ \/:/\ N Clickable
AF Lanthanide Chelator
N # i (cLe)
07 ™""NH 3 /{%
NH
_ 4 N
Dibt?nzylcyglo- NI \N
octyne-amine OH
DBCO-amine L /i E
( ) o)} - Cc-)-@-o-or \O\O . NH,

(o}

Amide Coupling

Co - T
pper free A=
Click N
Chemistry para-
azidophenylalanine
OH
- NH,
F

\

I
N
sy J\L
o7 o
i
NH \’
oo);Log-Q

+

Clicked Clickable
Chelator (cycloadduct)

N

\N

'OJ\\O
(o)

-0



https://doi.org/10.1101/531087

bioRxiv preprint doi: https://doi.org/10.1101/531087; this version posted January 26, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 2.
DTPA: Tb®*
o
2200000 - HOJH
. N,
2000000-_ r I \N
1800000 ) )J\\O O) y&o
- e} o~ he) 0
1600000
1400000 [
. Th3*
- - ~
S 1200000-_ i
2 1000000 DTPA
72}
c N Q
£ 800000 H
= . l/ HO._ N \,/O\N /\H/OH
600000 o Lo oJ o
400000
200000 - MES
] A
0 MLJ* ’ y \ -
| ’ I ¥ I g I : | % I . I ’ I v 1
400 450 500 550 600 650 700 750 800

Wavelength (nm)


https://doi.org/10.1101/531087

10 ASRIBPF AN dor

https://doi.org/10.1101/531087; this version posted January 26, 2019. The copyright holder for this preprint (which was not
certified by peer r

eview) is the author/funder. All rights reserved. No reuse allowed without permission.
) -
- .
H H 4
\ /
51.89
83.75
T T T T T T T T T T T T T T T
18 16 14 12 10 8 6 4 2 [} -2 -4 -6 -8 ppm

DTPA:Tb 547
-incu iy
S D
Hij‘\ \ ) /
Lokl

-8 ppm

DTPA:Tb
+incu

m ;4 ][]

ation .
AN
Ao X

51.89



https://doi.org/10.1101/531087

bioRxiv preprint doi: https://doi.org/10.1101/531087; this version posted January 26, 2019. The copyright holder for this preprint (which was not

Figure 4.

Intensity (CPS)

275000 —

250000 —

225000 —

200000 —

175000 —

150000 —

125000 —

100000 —

75000 —

50000 —

25000 —

0 —

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Clickable Lanthanide Chelator
(CLC)

400

¥ | L 1 ' 1 ’ 1 ! I X I ¥ I LS 1
450 500 550 600 650 750 800
Wavelength (nm)


https://doi.org/10.1101/531087

bioRxiv preprint doi: https://doi.org/10.1101/531087; this version posted January 26, 2019. The copyright holder for this preprint (which was not

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Base Peak lon Chromatogram MS .
(TOF MS ESI Neg.) (Locl
806.1
100
. 1 Molecule D
3.50 to 4.00 min
R 8
Time (min}
] = -
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 806
Base Peak lon Chromatogram MS
(TOF MS ESI Neg.) (Loc
100 r—1Molecule F 1012.
3.67 min
®
Time (min}
0 — — |
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 1012


https://doi.org/10.1101/531087

bioRxiv preprint doi: https://doi.org/10.1101/531087; this version posted January 26, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

(b)
-Tb
c
- 388.99 (c)
503.06 (b)
-H,0
529.03
7
[M-HT
806.16
[M-HT
-H,0
% (c) [M_H].
-COOH L COOH
459.07
433.05 762.16
(%), (©) 74513
- c
344.99 -H,0 (b) - 788.15
485.05 547.07 \

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 85
OH
100 o N
%
(b)
-H,0
() 529.04
503.06 (b)
457.01°°N 54705 -
(b) ' [M-H]
T (d) (a) -Tb
388.99 409.16 601.07 852.23
| / N\
C lI II ] ] ] ] ] ] ] ] ] ] 11 li
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 85


https://doi.org/10.1101/531087

bioRxiv preprint doi: https://doi.org/10.1101/531087; this version posted January 26, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Metalated DTPA
(DTPA:TDb)



https://doi.org/10.1101/531087

(b)

b ©
(4
100+ 388.99
503.06 ()
-H,0
529.03
/
[M-HT
806.16
[M-HT
%o (¢) -H,
-COOH
459.07
(c)
-Tb
344.99
0 m/z
50 250 350 400 450 500 550 600 800 850 900 950 1000 1050
oH [M-H]"-H,0
1001 994.21
[M-HI
1012.21
W.."(a)601.1
% [M-HT
-COOH
966.21
b -
o [M-H]
(c) 529.04 {COOH);
25,6 (b) 922.20
) L0 547.05 M-H] 5962
-Tb  (d) (a) -Tb 87823
388.99 409.16 601.07 85223, 1
0 et Do bk il ' F U T | l MW l miz
L) Ll L) T T T Ll L) Ll T T T T Ll Ll T L)

T T T
250

T T T
350 400 450 500 550 600

Ll T
800 850 900 950 1000 1050


https://doi.org/10.1101/531087

MS Spectra of Molecule D

Base Peak lon Chromatogram
(TOF MS ESI Neg.)

(Lockspray Corrected TOF ESI™)
806.1510

100
' 1 Molecule D
3.50 to 4.00 min
< 807.1635
808.1776
809.1838
Time (min) 810.1851
0 I8
1.0 2.0 3.0 9.0 10.0 1.0 120 130 140 15.0 806 = 808 810 = 812
Base Peak lon Chromatogram MS Spectra of Molecule F
(TOF MS ESI Neg.) (Lockspray Corrected TOF ESI™)
100 rm—1Molecule F 1012.2108
3.67 min
1013.2299
N3
1014.2477
1015.2539
Time (min)
0 | B e m ™
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 2.0 10.0 11.0 12.0 13.0 14.0 15.0 1012 1014 1016 1018



https://doi.org/10.1101/531087

