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Th'V-Desferrioxamine: Characterization of a Fluorescent Bacterial
Probe

Kelly Elise Aldrich®", Maksim Yuryevich Livshits®’, Loreen Rose Stromberg?®, Michael Timothy
Janicke?, Mila Nhu Lam?, Benjamin Stein?, Gregory Lawerence Wagner?, Rebecca J. Abergel®,
Harshini Mukundan?, Stosh Anthony Kozimor?, Laura Margaret Lilley*?

Diversifying our ability to guard against emerging pathogenic threats is essential for keeping pace with global health
challenges, including those presented by drug-resistant bacteria. Some modern diagnostic and therapeutic innovations to
address this challenge focus on targeting methods that exploit bacterial nutrient sequestration pathways, such as the
desferrioxamine (DFO) siderophore used by Staphylococcus aureus (S. aureus) to sequester Fe'". Building on recent studies
that have shown DFO to be a versatile vehicle for chemical delivery, we show proof-of-principle that the Fe'" sequestration
pathway can be used to deliver a potential radiotherapeutic. Our approach replaces the Fe'" nutrient sequestered by HsDFO*
with Th" and made use of a common fluorophore, FITC, which we covalently bonded to DFO to provide a combinatorial
probe for simultaneous chelation paired with imaging and spectroscopy, HsDFO_FITC. Combining insight provided from FITC-
based imaging with characterization by NMR spectroscopy, we demonstrated that the fluorescent DFO_FITC conjugate
retained the Th" chelation properties of native HiDFO*. Fluorescence microscopy with both [Th(DFO_FITC)] and
[Fe(DFO_FITC)] complexes showed similar uptake by S. aureus and increased intercellular accumulation as compared to the
FITC and unchelated HsDFO_FITC controls. Collectively, these results demonstrate the potential for the newly developed
H3sDFO_FITC conjugate to be used as a targeting vector and bacterial imaging probe for S. aureus. The results presented
within provide a framework to expand HsDFO* and HsDFO_FITC to relevant radiotherapeutics (like 22’Th).

ion offers a logical strategy to kill bacteria.’0-12 This is an
extension concepts pioneered for alpha-therapeutic fungal
therapies and radioimaging of bacterial infections.13-16
Combined with the literature precedent for MV chelation by

resistance among pathogenic

microorganisms responsible for a variety of infectious diseases
requires the development of new diagnostic and treatment
strategies. One attractive strategy that has gained interest in
recent years is the use of bacteria-specific siderophores, applied
as targeting vectors.”* Many bacterial species utilize
siderophores in complex metabolic pathways, including
micronutrient acquisition. For example, Staphylococcus aureus
(5. aureus) - the causative agent of methicillin-resistant S.
aureus (MRSA) infections - can utilize the siderophore
desferrioxamine (H4DFO*, Fig. 1A) to scavenge iron from a host.
In this specific case, previous studies have demonstrated that
external introduction of H4DFO* causes the same responses as
native production.>8 These innate interaction mechanisms
between bacteria and siderophores offer highly specific
pathways by which new antimicrobial agents may be delivered
directly to pathogenic cells within an infected host.?

Since the native role of siderophores is high-affinity metal
chelation, pairing a siderophore with a radiotherapeutic metal
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the siderophore H4DFO*, and its relevance to S. aureus
metabolism, we propose that H4sDFO* chelation of alpha-
emitting radioisotopes presents a promising clinical target for
developing bacteria-specific targeted alpha therapies.17-20

We are specifically interested in 227Th (t;2=18.7d, a = 6.1
MeV), and believe the potential of the proposed therapeutic
227Th(HDFOQ)%*, warrants a re-examination of native H4DFO* as a
simultaneous targeting/therapeutic strategy for bacterial
pathogens. Here we revisit the coordination chemistry of
H4sDFO+ with Th'V, and further derivatized H4DFO* with a
fluorescent reporter, fluorescein isothiocyanate (FITC). This
resulted in the new chelate, H3DFO_FITC. We present this
chelating fluorophore as an alternative to other reported
fluorescent derivatives of DFO that suffer from solubility issues
and quenching upon metal chelation, which impedes practical
applications.18.21.22 While these structures are not new to the
literature, there are inconsistencies amongst previous
structural assignments of HsDFO* with MV species, particularly
with the PuV analogue of H4sDFO*.2324 We focused on mild
metalation conditions in study to be compatible with
downstream radiolabeling applications in mind. Namely, pH =
5.5 at room temperature in a biologically compatible buffer
(NH4CH3COO) routinely used for radiolabeling antibodies.
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Fluorescent labeling of DFO serves two purposes: (1)
studying both the fundamental chemistry of the chelating
fluorophore (Chart 1B and D) and (2) exploring its potential as a
combinatorial fluorescent and radiological probe. Towards this
application, we examined the fluorescent and optical imaging
properties of this probe in S. aureus. We propose our water-
soluble H3DFO_FITC complex will afford beneficial properties in
applications with 227Th toward fighting S. aureus infections.
Results and Discussion
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Chart 1. Reaction (top) and structures for the compounds under investigation with
formal charges drawn at physiological pH (7.4); (A) H4DFO*, (B) HsDFO_FITC, (C)
[Th(HDFO)]?, and (D) [Th(DFO_FITC)]. Coordinating oxygens are marked in red and
fluorescein is marked in green.
General Approach. With the ultimate goal of demonstrating in
vitro labelling of S. aureus with our [Th(DFO_FITC)] (Figure 7),
we first pursued a complete solution-state characterization of
[Th(HDFO)]**. We deployed a suite of spectroscopic tools
including NMR (1 and 2D), Raman, IR and UV-vis with Fe! and
232ThV  |abelled H4;DFO* ligand. This informed our
characterization of the fluorescently labelled siderophore,
H3DFO_FITC, and the Fe'"and Th'V labelled complexes where we
deployed NMR and fluorescence spectroscopic techniques. We
present a tiered approach to understand the physiochemical
properties of our newly synthesized diagnostic tool. We chose
to use 232Th simply because we have macroscopic amounts
(grams). Analogous experiments are not possible using the
therapeutic 227Th isotope. For reference, the amount of 227Th
one can safely handle in an open front hood is ~2 mCi of activity,
which corresponds to ~65 pg. The macroscopic chemical
characterization we present here with the 232Th isotope lends
credibility to future siderophore experiments with 227Th.

NMR Investigation of solution structures of H,DFO* and
[?32Th(HDFO)]?*. NMR spectra of radioactive compounds are
notoriously challenging due to containment considerations.
Each sample is loaded into a Teflon liner, sealed with superglue,
then placed inside a secondary NMR tube that is then sealed.
Teflon liners create issues for shimming and limit sample
volumes. The spectra presented herein were collected under
these conditions. 1H NMR solution-state structural assignment
for the H4sDFO* mesylate (OsSCHs~ or OMs™) salt and

2 | J. Name., 2012, 00, 1-3

corresponding complex with macroscopic amounts of 232Th",
[Th(HDFO)]%*, are presented in Figure 1. Assignments were
determined from a suite of 1-D (1H, 13C, and DEPT-135) and 2-D
NMR experiments (COSY, HSQC, HMBC) for both H,DFO* OMs~
and [Th(HDFO)]2* (Figures S1-S11). Small quantities of impurities
are present in both spectra. Metalation of H,DFO* with Th'
appeared to occur nearly instantaneously (before the sample
can be placed in the spectrometer, ~10 min) under aqueous
conditions at room temperature in DO with ND4CD3COO, pD =
5.5 (0.025 M complex). Peak shifts in the aliphatic region of the
1H NMR spectrum, shown in Figure 1, are relatively subtle, on
the order of ~0.1 ppm. However, given the large ionic radius of
the chelated metal (ThV ionic radius = 0.972 A) these small
shift differences, changes in splitting, and the
appearance of new peaks (marked with a red arrow) are

chemical

indicative of coordination. Broadening of the peaks is also noted
in the spectrum of the Th'Y complex relative to the unmetalated
H,DFO*. Analogous characterization of [Fe(HDFO)]* was not
possible, owing to paramagnetic line-broadening from the Fe'"
cation.

In previous reports, HsDFO* has been observed to initially
form dimers with +4 cations in solution, which then either
convert to 1-to-1 complexes or remain as a dimer.2425 Thus, the
possibility of dimer formation or alternate metal-to-ligand
ratios have been suggested. This possibility with ThV was
considered and diffusion ordered spectroscopy (DOSY NMR)
was performed to investigate the stoichiometry of the Th'V
species observed by 1D and 2D NMR in solution. The DOSY
experiments verified the formation of a single [Th(HDFO)]?*
complex. Further, DOSY confirmed the chemical shifts of the
OMs~ counter anion for H4DFO* and the acetate (CH3COO-)
anion associated with the solvent. Different approaches using
pulsed-gradient spin echo and DOSY NMR have been employed
to investigate phase speciation, complex
stoichiometry, supramolecular complex assembly, and
complicated solution interactions.26-35 Likewise, the application
of NMR derived diffusion measurements to approximate the
sizes of a wide variety of molecules in solution, including
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Figure 1. Solution H NMR structures of H,DFO* mesylate salt. (OMs-, top) vs.
[Th(HDFO)]?* (bottom) with a 1:1 molar ratio of Th" to DFO. The red arrow
denotes a new peak that emerges upon metalation. Spectra were collected at 400
MHz, 25 °C and pD = 5.5 in ND4CD3COO buffer.

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Determination of diffusion coefficient and solution molecular weights of H,DFO* and [Th(HDFO)]?* species from DOSY NMR. Internal molecular weight standards were
used to calculate molecular weight. (See Supplemental Information $19-S21 for more details).

Theoretical MW (g/mol) | Calculated log(MW) Calculated MW
Compound log(D) (cm?/s
P B(D) (cm/s) (g/mol) (g/mol)
H4sDFO* -5.619 (+ 0.008) 561.70 2.771 570 (+ 76)
ThV complex (in situ) -5.667 (+ 0.036) - 2.871 750 (+ 88)

Potential Compound Predicted log(D) Theoretical MW (g/mol)

Speciation cm?/s

p

[Th(HDFO)]* -5.682 794
Th(HDFO); -5.808 1348

[Th(HDFO)],%* -5.845 1580

inorganic and organometallic chelate complexes, has become
increasingly common in the last few decades.3643

All  of these experimental methods rely on the
proportionality between the size of a molecule and the rate at
which it diffuses through a solution, with smaller molecules
diffusing more quickly and larger molecules diffusing more
slowly, as illustrated by Equation 1 (D = diffusion coefficient, n
= viscosity, ry = hydrodynamic radius, T = temperature, kg =
Boltzmann constant).4445 The simplest way to approximate
molecular size using DOSY NMR is to estimate the size of the
studied molecule using its hydrodynamic radius (r4). However,
this method relies heavily on an accurate gradient calibration
and relative consistency in a host of other experimental and
fitting variables, such as convection and boundary conditions,
respectively, to arrive at an accurate estimate of the unknown
species’ size in solution. Thus, such methods typically introduce
large errors.31 Additionally, in these cases, it
advantageous to have an accurate model of the complex under

is also

study, e.g. a solid-state structure, for comparison to the
observed ry (which we lack for [Th(HDFO)]?*). We did attempt
multiple crystallization conditions including slow evaporation
from aqueous media, vapor diffusion (with alcohols, ethers, and
aromatics), as well as a variety of salt metastasis with non-

coordinating anions.
kpT
D= 6;% (Eq. 1)

We chose to use a molecular-weight-derived internal
calibration method to determine the size of our Th'Y complex in
situ, and by association, the relative number of H4DFO* ligands
in each complex. The resulting DOSY spectrum provides the
diffusion coefficients of the unknown, as well as the standard
compounds. Using the known molecular weights (MW, g/mol)
of the standard compounds in solution, a correlation between
the measured log(D) (D = diffusion coefficient, cm?2/s) and
log(MW) for each compound can be determined from linear
regression (where m is the slope and b is the y-intercept,

Equation 2). The molecular weight calibration curve can then be

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. 2D 'H-DOSY NMR of [Th(HDFO)]?* (~50 mM) in solution at pH 5.5 in
ND,CD3COO buffer. A calibration curve was generated using HOD (4.70 ppm),
Kryptofix® 22 (2.70 ppm, 3.52, and 3.58 ppm), and sodium acetate (CH3COO-, 1.90
ppm). The diffusion coefficient and molecular size of [Th(HDFO)]%* was
determined to be 2.15 x 1076 cm?/s and 750 (+88) g/mol, respectively.

used to estimate the size of the unknown species in solution
from its experimentally measured diffusion coefficient (D).
log (D) =m(log (MW))+ b (Eq. 2)

Granted, more sophisticated treatments of the specifics of
diffusion, such as temperature dependence, molecular shape
differences, etc. have been examined; limitations on this
method have been demonstrated, for example,
complexes of similar size but discrepant densities have been

when

examined.334¢6 However, for the level of accuracy required to
differentiate significant size differences resulting from metal-
ligand complexation ratios, specifically here, monomeric vs.
dimeric species ([Th(HDFO)]?* vs. Th(HDFO); or [Th(HDFO)],*+),
this simple treatment is sufficient. Thus, a DOSY molecular
weight calibration was performed for both the H,DFO* (free)
and [Th(HDFO)]?* complex, utilizing the solvent residual peak
(HDO), acetate (CH3COO-), and Kyrptofix® 22 as internal
standards. We do not account for possible coordinated waters
nor CH3COO~a in the [Th(HDFO)]?*, as these ligands are in fast

J. Name., 2013, 00, 1-3 | 3
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exchange in agueous medium. Details on the DOSY calibration
can be found on S20.

Examination of the H4DFO* (Figure S16) served as a control
to rule out complications in the measurement from solution
ionic interactions or dramatic shape irregularities in the
molecule, validating an accurate measurement.3147 The DOSY
spectrum with [Th(HDFO)]?* obtained using this method is
shown for illustration in Figure 2. The log(D) vs. log(MW)

0 T
4 o
I 2 _ 0.99
O -4, e, T, . .
[Th(HDFO)J>* MW determination
2 =0. 0 M
) I : : T T T T T T T T T T T T T T
5 0. QQE. 1. 1. i . 3.

Figure 3. DOSY NMR calibration curves for H,DFO* (top) and [Th(HDFO)]**
(bottom). Calibration curves were generated by fitting log(D) vs. log(MW) for the
following standards; D,0, Kryptofix® 22, and sodium acetate (black circles).
Molecular weights of H,DFO* (red circle) and Th(HDFO)]** (blue square) were
calculated from the linear regressions for the equation shown at the bottom left
of the plots, using the experimental diffusion coefficient. Note, molecular weights
were in g/mol and diffusion coefficients were in cm?/s.

calibration curves for each sample are shown in Figure 3.
Notably, we do not observe resonances that suggest that the
Kryptofix® 22 has host-guest interactions with the ND4+ buffer.
The species of interest (HsDFO* and [Th(HDFO)%*]), are shown
by the red and blue points where their experimental diffusion
coefficients intersect the linear fit. Shown in Table 1 are the
calibrated molecular weights of both species, which match the
theoretical molecular weights within the error of the
experiment (~12%).47 Overall, these results suggest that the
major species present in solution on the DOSY experimental
time scale is a monomeric [Th(HDFO)]?* (1 to 1 ratio of Th" to
H4DFO*).

Raman and IR Spectroscopic Analysis of H;DFO* and
[Th(HDFO)J?+. Vibrational spectroscopy was performed to
confirm the structure of the [Th(HDFO)]%* complex (shown in
Chart 2) and vibrational signatures further assess its potential
as an IR or Raman mapping reporter. A full description of the
[Th(HDFO)]?* structure will aid in further discussion of the
Raman and IR analysis. [Th(HDFO)]2* can be described by three
bidentate hydroxamates (red) coordinating the central ThV
(purple) connected by an alternating pentyl and ethyl aliphatic
backbone (blue). The linear H4DFO* chelator is terminated by a
methyl (black) on one of the coordinating hydroxamates and
pendant aliphatic pentyl linker with a primary amine (green)
protonated at physiological pH.

4 | J. Name., 2012, 00, 1-3
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Chart 2: Coloured schematic of [Th(HDFO)]?* for clarity in discussing IR and Raman.

Depicted in Figure 4 are the [Th(HDFO)]?* Raman and
infrared spectra (respectively). The [Th(HDFO)]** Raman
spectrum was collected at 632.8 nm (Figure 4) and 514.5 nm
(Figure S31) in a 0.1 M NH4CHsCOO, pH = 5.5, aqueous buffer
solution while the infrared spectrum was collected on solid
compound, deposited on a polytetrafluoroethylene IR card. The
[Th(HDFO)]?* calculated Raman and IR spectra were generated
from a single reference density functional theory optimized
structure of [Th(HDFO)]?* (Chart 2) using ORCA 4.2.1 (see Sl
pages S36-S76 for details).

The solution-state Raman spectra of [Th(HDFO)]?* (black)
and H;DFO* (blue) are unsurprisingly similar. We have
highlighted key shifts with grey dashed lines that give us
confidence in hydroxamate binding to Th'V. The following is a
through description of these data. The predominant peak in the
Raman spectrum of [Th(HDFO)]2* (Figure 4, top) was observed
at 2939 cm! with other minor peaks found at 776, 938, 1048,
1448 and 1592 cm-l. Notably, the [Th(HDFO)]** Raman
spectrum featured a number of broad, low intensity transitions
from 750 to 1750 cm~! with peaks or shoulder at 805, 1090,
1350, 1380, 1637 and 2870 cm™1. Likewise, the IR spectrum of
[Th(HDFO)]?* (Figure 4
bottom) revealed a number of large intensity transitions at
1042, 1159, 1315, 1590, 2846 and 2914 cm~1 with minor peaks
at 515, 554,720, 780, 827, 1225 and 1500 cm~1. The IR spectrum
also featured numerous low intensity transitions from 750 to
1750 cm™1, similar to the Raman spectrum. The calculated
Raman and IR spectra (Figure 4, in red) are in good agreement
with the experimental data, with an intense signal at 3000 cm~1
and minor peaks from 450 to 1750 cm~L. For reference, the
HsDFO* OMs~ salt in ammonium acetate buffer was also
measured. The major peaks of free H,DFO* are the same as the
[Th(HDFO)]?* with the exception of the peak at 922, 1441, and
1623 cm.

Based on our computational Raman results, we assigned the
Raman and IR transitions as follows: the highest intensity
transition with a maximum at 2939 cm~! and the shoulder at
2870 cm~1are a conglomerate of many C-H vibrational modes
along with the pendent primary amine; the broad vibrations
from 450 to 780 cm™! are assighed to a multitude of
coordinating O—C or O —Th'V bond stretches and torsions; the
medium intensity vibrations from 900 to 1350 cm~1 are assigned
to the H4,DFO* backbone C—C bonds as well as the pendant
aliphatic amine C—C bond stretches and torsion modes; lastly,
the vibrations from 1420 to 1700 cm™! are assigned to the
coordinating O—N—-C—O (hydroxamates) stretches and torsions.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4: (top) 632.8 nm Raman of [Th(HDFO)]?* in 0.1 M NH,4CH3COO (black) with
DFT calculated Raman of [Th(HDFO)]?* (red). H,DFO* OMs™ (green) and H4DFO* in
0.1 M NH4CH3COO (blue) are added for comparison. Grey dashed line are indicate
shifts for Th"V coordination. * Raman peak resultant from a cosmic ray. (bottom) IR
absorption of [Th(HDFO)]?* (black) with DFT calculated IR of [Th(HDFO)]?* (red).

Importantly, the splitting of the 1623 peak (free H4sDFO* in
acetate buffer) into the peak at 1592 and shoulder at 1637 are
indicative of the hydroxamates binding to Th'V (Figure 4, grey
dashed lines). This observation lends credibility to the DOSY
NMR results that a [Th(HDFO)]?* complex is present in the
solution. The vibrational calculations further agreed with the
experimental results by predicting the observed splitting
pattern of the hydroxamates as well as predicting the relative
intensities of the IR and Raman features. From DFT, stronger
low-frequency IR transitions are predicted from 450 to 1750
cm™1 as these transitions are asymmetric (more sensitive to
absorption) in nature.

We do note that other signals are also observed in the
vibrational spectra. The large intensity signal >3000 cm™!
observed in the Raman spectrum is assigned to the solvent
(water) vibrations and eclipsed the higher energy N—H stretches
predicted by the calculated spectrum. Likewise, the IR spectrum
several solvent (methanol) and
polytetrafluoroethylene artifacts. It is worth noting that
actinide materials cannot be dried fully due to dispersion issues.
The two high-intensity peaks at 2914 and 2847 cm™! are C-H
stretches of polytetrafluoroethylene (from the IR card, see
Methods) while the broad signals from 3000 to 3500 cm~ and
peaks at 550, 1038, and 1300 are residual methanol (from
compound deposition solution).4® Surprisingly, the IR and
Raman activity (signal strength) at elevated concentrations is
observed on the same order of magnitude relative to solvent or
background electrolyte. This, in turn, decreases the likelihood

also featured

This journal is © The Royal Society of Chemistry 20xx
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that vibrational spectroscopy can be utilized as a cell mapping
or metal concentration reporter when measured in vivo.

To gain confidence and credibility in our [Th(HDFO)]2*
measurements, the [Fe(HDFO)]* Raman and IR spectra was also
collected (Figures S30, S32, and S33). Similar to the
[Th(HDFO)]?* treatment, vibrational calculations and prior
literature precedence were used to assign the spectral features.
The two predominant peaks observed in the [Fe(HDFO)]*
Raman were 587 and 1580 cm™, which were consistent with
previously reported surface enhanced Raman (SERS) of
[Fe(HDFO)]* on silver nanoparticles.4?-51 Also consistent with
the SERS of [Fe(HDFO)]* were the minor transitions at 1000,
1070, and 1210 cm~L. The 587 cm~1 stretch was assigned to the
Fe—O bond. The 1000, 1070, and 1210 cm™! vibrations were
assigned to the H4DFO* backbone C—C stretches. The 1580 cm™1
peak was assigned to the O-C—N-O hydroxamate stretch.
Similar to the [Th(HDFO)]?*, the IR spectrum of [Fe(HDFO)]* also
featured a number of solvent (methanol) vibrations.

Based on these data, the structural conformation of H4DFO+

with both Fe! and Th'V is highly similar in solution (Raman) and
the solid state (IR). The metals exhibit the same first-
coordination spheres, noted by the similar O—M"* and O—C—N—
O bond stretches and torsions. This was further bolstered by
DFT structural optimization, where we achieve similar
optimized structures with Fe'' vs. ThV. Even with disparate
charges (+1 versus +2), these structural similarities should
promote similar behaviour of the compounds in solution, and in
biological uptake of the siderophore-metal complexes, such as
in S. aureus.
Synthesis of Fluorescein-tagged Desferrioxamine: DFO_FITC.
Desferrioxamine was conjugated with fluorescein
isothiocyanate (FITC) to study fluorescent properties in solution
and in biological imaging via FITC fluorescence. The electrophilic
carbon in the isocyanate moiety of the FITC precursor readily
reacts with the nucleophilic nitrogen of the terminal primary
amine under basic aqueous conditions. It is important to point
out that the photosensitivity of FITC and the resultant product
depicted in Scheme 1 mandate experiments be performed in
the dark.

The structure of the siderophore portion of the chelate that
forms binding interactions with metals was preserved (N-
hydroxyamide groups), while the addition of the primary amine
to the thiocyanate group generates a thiourea linkage in the
conjugated product. The product, HsDFO_FITC, was readily
purified by aqueous column chromatography, using Sephadex

o o OH o
P N i o
N/\/\/\” NN N/\/\/\NH3+ —s-0 +
OH o o OH ) (
HO™

DMSO/NaHCO,, pH =8

4°C, 30 min
dark
o] (] OH H o S o
PAPPAPNS G PNPNS. WPND WPNSNS
OH L o ) OH HoH )

Scheme 1: Synthesis of [H3DFO_FITC]; the reaction proceeds through the
nucleophilic attack of the terminal amine of H;DFO on the isothiocyanate on FITC
to generate a thiourea linker.
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Figure 5. Solution 'H NMR structures of [Th(DFO_FITC)] (top, blue) vs. H3DFO_FITC (bottom, black) with a 1:1 molar ratio of Th' to DFO_FITC. Spectra were collected at 400 MHz,
25 °C and pD = 5.5 in ND4CDsCOO buffer. The FITC portion of the molecule is marked in green. (inset right and left) The 1-1.9 ppm and 3-4 ppm regions are provided for clarity of

comparison and clarity of spectral shifts upon addition of Th'V.

G-10 resin as a size-exclusion stationary phase. This afforded
the final fluorescence-labeled product in 60 % yield.

NMR Investigation of solution structures of Hs;DFO_FITC and
[Th(DFO_FITC)]. To probe the fidelity of DFO as a chelator for
ThV after its functionalization with the fluorescence tag, FITC,
IH NMR studies of the newly synthesized [H3DFO_FITC]
conjugate, as well as its Th" adduct [Th(DFO_FITC)], were
pursued. We observed that at pD 5.5, the solubility of
[DFO_FITC] relative to HsDFO* in D0, was reduced; this result
was unsurprising given the addition of the large and
hydrophobic FITC group to HsDFO*. The pD of the NMR solution
was therefore made slightly less acidic to afford better solubility
and subsequent signal-to-noise.

Unfortunately, the availability of [HsDFO_FITC] prevented
the acquisition of adequate signal-to-noise (on the 2 mg scale)
for less sensitive experiments, including 13C or a suite of 1H-13C
correlation NMR experiments. However, the 1H and COSY NMR
data observed for [H3DFO_FITC]?- and [Th(DFO_FITC)] provided
sufficient evidence of binding. The *H NMR spectra of both
[HsDFO_FITC]2 and [Th(DFO_FITC)] are shown in Figure 5. This
includes our assignment of the IH NMR in the non-aromatic
portion of the spectrum. The most notable difference between
the [H3DFO_FITC] and H4DFO* spectra was the shift in the
protons adjacent to the thiourea group and the terminal
ammonium group, respectively, with these protons
[H3DFO_FITC] shifted notably more downfield.

in

6 | J. Name., 2012, 00, 1-3

Upon addition of Th", similar spectral changes to those
observed in Figure 1 (with H4sDFO*) are noted here; the shifts of
most peaks are slightly, but measurably altered. Additionally,
the somewhat ambiguous signals attributed to the backbone
methylene protons (—CH,—) were substantially altered in their
splitting and appearance (around the large peak at 1.4 ppm due
to acetate in the Th' stock solution).

There was also a change in the peak shift for the “a” proton
(adjacent to the FITC thiourea linkage) and a shuffling of the
FITC aromatic peaks upon the addition of metal. This possibly
suggests the imposition of a conformational preference for
where the FITC group sits relative to the chelated Th" in the
binding pocket of the chelator. Overall, the results suggest that
the chelation of DFO with ThV is preserved with FITC
conjugation.

Fluorescence Titrations with H3:DFO_FITC. To evaluate the
[Th(DFO_FITC)] complex as a fluorescence imaging reporter, a
Stern-Volmer experiment was conducted. This allowed us to
probe the effects of ThV chelation on intermolecular
fluorescence quenching (non-radiative
deactivation). If fluorescence quenching of the FITC moiety by
bound Th'V was too efficient in the range of concentrations
required for full complexation, the utility of the conjugate as an

excited-state
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imaging tool would be compromised. This was further
evaluated at the equivalence of metal beyond 1:1 formation to
investigate the Stern-Volmer relationship as described in
Equation 3:
=14 keto[M]  (Eq. 3)

Here, Iy is the initial fluorescence intensity, / is the fluorescence
intensity at a given concentration of quencher (in this case ThV
or Fe"), k, is the bimolecular quenching rate constant, 1, is the
intrinsic lifetime of the excited state, and [M] is the
concentration of quencher.

Depicted in Figure 6 is the [Th(DFO_FITC)] emission
intensities and Stern-Volmer quenching (lg/l) as a function of
ThV concentration ([M]). The emission of the H3DFO_FITC
features a maximum at 521 nm with a shoulder at ~560 nm
(Figure 6 top). Th'V titration of the HsDFO_FITC shows moderate
fluorescence quenching with half of the initial intensity
depleted with 5 equivalents of Th!V. Further addition of Th"
(past 5 equivalents) continues to decrease the emission
intensity, though the exact magnitude of the quenching is
difficult to measure as FITC aggregation is observed in the
presence of excess cations in solution, causing the nonlinear
correlation at high metal concentrations. Thus, quenching at
high concentrations of Th"V can’t be exclusively attributed to
Stern—Volmer behavior caused by intermolecular fluorescence
qguenching. Fitting the linear regime of the Stern-Volmer plot
(up to 5 eq. of Th'V) yields a bimolecular quenching rate constant
of 4 x 10° M-1s-1 (Figure 6 bottom).

The origin of the [Th(DFO_FITC)] aggregation can be
attributed to hydrophobic interactions between the FITC
moieties, driven by increasing salt concentrations of [Th(NOs3)a].
This phenomenon is well documented and can be
experimentally observed by the ingrowth of scattering in the
absorption spectra (see Figures S20- S21).52 Non-linear negative
deviation of Stern-Volmer relationship is also a reporter of
aggregation stemming from the presence of a ground state
physical barrier (aggregate material) that prevents the
quencher from diffusing within the necessary range of the
emitting species. Negative curvature in Stern-Volmer behavior
has been observed with small molecule and polymer systems
where quencher diffusion accessibility to the fluorophore
changes.53-55

The alternate possibility that the DFO interferes with the
emission quenching was ruled out using a null experiment
consisting of an unconjugated fluorescein titration with Th'
(Figure S26-S27), which exhibited nearly identical non-linear
Stern-Volmer behavior (bimolecular quenching rate of 4 x 102
M-1 s71). With our working hypothesis that increasing salt
concentration drives hydrophobic interactions between the
FITC and/or fluorescein molecules, it is unsurprising there is
little difference between the non-linear Stern-Volmer behavior
and the shape of the emission spectra.

Again, for completeness, comparative [Fe(DFO_FITC)] Stern-
Volmer quenching titrations (Figure S22-S23), as well as
titration of unconjugated fluorescein with Fe'' (Figure S26-527)
was conducted. While the total charges between Fe'" and Th'Y
are different, the fluorescence spectra and bimolecular

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. (top) H3DFO_FITC fluorescence titration curves with Th"V in equivalents of
Th(NO3),: 0 (black), 0.5 (blue), 0.75 (teal), 1 (green), 5 (lime green), 10 (yellow), 50
(orange), and 100 (red). Spectra were collected at pH 5.5 in 0.1 M NH,CH;COO
buffer. (bottom) The corresponding Stern-Volmer plot of the Th'V titration of
H3DFO_FITC.

guenching rates are similar for the iron complexes, which were
calculated as 9 x 102 M-1s71and 4 x 10° M-1s71, respectively.
Changes in the absorption spectra best exemplify the scattering
A4 relation, demonstrating an aggregation phenomenon (Figure
S21).

These experiments provide evidence that,
conditions relevant to 1:1 (DFO_FITC: M"*) complex formation,
the fluorescence intensity of the fluorophore is largely
preserved, despite the introduction of intermolecular
qguenching pathways facilitated by metal chelation. In this 1:1
regime, the fluorescence intensity of the H3DFO_FITC conjugate
chelated with Th'V or Fe'' is only reduced by a fraction of the
fluorescence intensity from the free H3DFO_FITC conjugate
(Figure 6). Additionally, despite the linkage of the DFO and FITC
portions of the conjugate through covalent bonds (i.e., the

under the

thiourea group), essentially no perturbation of the Amax values
for absorption and emission were noted for FITC fluorescence
in the chelated H3DFO_FITC conjugate relative to unconjugated
fluorescein isocyanate. These fluorescence properties will
facilitate the application of existing analytical and microscopy
tools developed for FITC fluorescence directly to the
H3DFO_FITC conjugate as an imaging signature.

Imaging of Staphylococcus aureus with HsDFO_FITC. Overnight
cultures of S. aureus were grown under full nutrient-rich
conditions before treatment with either FITC (unconjugated) or
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H3DFO_FITC (uncomplexed, complexed with Fe'", or complexed
with ThV). Nutrient-rich conditions ensured any uptake of the
[Fe(DFO_FITC)]/[Th(DFO_FITC) was not induced by
micronutrient deficiency. With each treatment, a sample of 10°
cells (CFU) were incubated with 1 uM treatment compound for
one hour, washed, and mounted for microscopic imaging. Here,
we demonstrate uptake and more selective fluorescent labeling
of S. aureus with the metalated H3DFO_FITC conjugate
observed by side-by-side comparison of transmittance and
fluorescence microscopy (Figure 7). In the FITC only treatment
there is significant fluorescent background not observed in the
treatments with the H3:DFO_FITC conjugate +/— metal. An
overlay of transmittance and fluorescent images are presented
in Figure S34. Biofilm production was observed (seen more
clearly at higher magnification Figure S35) where we can see
limited fluorescence intensity versus the individual cells. We can
summarize that the S. aureus likely internalized the
H3DFO_FITC, [Fe"(DFO_FITC)], [ThY(DFO_FITC)] through some
active uptake mechanism.

FITC DFO_FITC

[Fe(DFO_FITC)]

[Th(DFO_FITC)I*

Figure 7: Transmittance and fluorescence images of S. aureus labelled with equal
concentration of FITC, HsDFO_FITC, [Fe(DFO_FITC)], and [Th(DFO_FITC)]. Slides
were mounted in 1 x DPBS with water, then fixed. Images were acquired at 60x
magnification and fluorescence was monitored at Ex: 470 nm/Em: 525 nm.

Conclusions

Here, we lay the groundwork for the important iron
acquisition siderophore, H4DFO*, to subvert the normal iron
acquisition pathways of pathogenic bacteria by incorporating
the radioactive nuclide, 232Th in the +4-oxidation state. We
present a full solution structural characterization of DFO, and its
complex with Th'V. These efforts included characterization by
IR/Raman measurements backed up with DFT calculations,
which in turn guided our solution NMR characterization of a
newly synthesized fluorescent HsDFO_FITC reporter. We
demonstrated the Stern-Volmer behavior of H3DFO_FITC with
both Fe'" and Th" fluorescent titrations and that fluorescent
intensity is maintained as a 1 : 1 complex. Finally, we show the
utility of both the Fe" and ThV complexes as fluorescent
imaging agents in cultures of S. aureus.

Characterizing the behavior of H4DFO* and H3DFO_FITC with
the naturally occurring 232Th isotope — which is available in
macroscopic amounts and highly amenable for the presented
chemical characterization — has laid a foundation for moving to
medically relevant isotopes, those that cannot be handled in
macroscopic quantities and whose complexation chemistry
cannot be directly interrogated. Hence, current efforts are
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focused on using both the native [Th!V(DFO)]?* and derivatized
[ThV(DFO_FITC)] complexes as potential a-emitting
radiotherapeutics/diagnostics, via the incorporation of 227Th.
We anticipate the bulk chemical properties of 232Th will extend
to the therapeutic 227Th radiotherapeutic that will add to the
arsenal of treatment options to combat emerging threats.

Materials and Methods

General Considerations: Reagents were used without further
purification; Teflon distilled water was obtained via distillation
of MilliQ (18 MQ) H,O0. Iron trichloride (anhydrous), thorium ICP
standard (1000 ppm, 2-3 % HCIl), Kryptofix® 22 (1,7,10,16-
Tetraoxa-4,13,diazacyclooctadecane), desferrioxamine
mesylate salt (92.5%), fluorescein isothiocyanate isomer |
(>97.5 %), D,O, CD3COOD, ND,OD, Sephadex G-10, tryptic soy
broth, Dulbecco’s Phosphate Buffered Saline (DPBS), and all
acids (OPTIMA™ grade) were obtained from Sigma-Aldrich.
NMR were collected on a Bruker AVANCE™ 400 MHz solution
spectrometer equipped with a 5 mm broadband tunable probe
for X nuclei. UV-vis spectra were collected on a Cary 6000i in a
1 mL quartz cuvette, 1 cm path length (SCC). Fluorescence
spectra were collected on a Photon Technology International
Spectrofluorometer QM-4/2006 in a High Precision Cell, path
length 10x2 mm (Hellma Analytics) — high resolution MS was not
possible for 232Th labeled samples due to handling restrictions.
High-resolution mass spectrometry was performed on an
Agilent 6210 LC-TOF (ESI, APCI, APPI). Staphylococcus aureus
subsp. aureus Rosenbach (ATCC® 25923) was purchased from
ATCC. ThCls - nH,0 was obtained as a legacy source from LANL
with poorly defined origins. Caution! 232Th is a radioactive
isotope that poses serious health hazards. All work with 232Th
was conducted in HEPA filtered fume hoods in laboratories with
equipment to monitor a-, 8-, and y-radiation, by workers with
training to safely handle radioactive material.

Sample Preparation:

H4s,DFO* NMR. HsDFO* was dissolved in deuterated
ammonium acetate-d; buffer (NDsCD3COO, pH = 7 in D;0) and
the pH was adjusted to 5.5 with acetic acid-d4 (CD3COOD) as
determined by pH paper. pH paper was selected over a pH
electrode due to sample handling requirements. When working
with tracer amounts of material the electrode introduces
contaminants and radioisotopes are known to stick to the
membrane. The solution was loaded into a glass, 9 in. 400 MHz
Wilmad NMR tube.H NMR (400 MHz, D;0): 8 3.57 (m, 6H), 3.12
(t, 4H), 2.94 (t, 2H), 2.75 (t, 4H), 2.45 (t, 4H), 2.09 (s, 3H), 1.60
(m, 6H), 1.47 (m, 4H), 1.32 (m, 2H), 1.25 (m, 4H). 13C NMR (101
MHz, D;0): 6 174.12, 173.27, 173.14, 172.88, 47.19, 46.99 (d, J
= 6.9 Hz), 38.64, 38.49, 37.75, 29.74 (d, J = 12.4 Hz), 27.23,
26.91, 25.62, 24.76, 24.59, 22.36, 21.97, 18.58.

1:1 Th:H,DFO* Sample: One equivalent aliquot of Th'V ICP
standard was dried at ambient temperature under a stream of
air to avoid ThO; formation. H4DFO* OMs~ (0.0163g, 0.0248
mmol) was dissolved in deuterated ammonium acetate-d;
buffer (ND4CD3sCOO pH = 7 in D,0). The H4sDFO* solution was
added to the dried ThCls and the pH was adjusted to 5.5 with
deuterated acetic acid-d, (CD3sCOOD) as determined by pH
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paper. The reaction solution was stirred at 60 °C for 4-5 hours
to ensure equilibration and complexation. The thorium sample
was loaded into a Teflon liner sealed with a Teflon cap; the liner
was sealed and loaded into a glass, 9 in. 400 MHz Wilmad NMR
tube. TH NMR (400 MHz, D,0): 6 3.58 (m, 6H), 3.21 (broad s,
4H), 2.99 (t, J = 7.6 Hz, 2H), 2.66 (broad m, 4H), 2.54 (m, 4H),
2.05 (s, 3H), 1.69 (dd, 4H), 1.63 (broad m, 4H), 1.50 (s, 4H), 1.38
(m, 6H). 13C NMR (101 MHz, D;0): 6§ 173.30, 165.27, 163.59,
149.76, 50.50, 49.93, 38.43, 37.34, 37.14, 29.31, 26.22, 25.27,
25.14,24.93, 24.61, 21.41, 21.41, 16.32.

HsDFO_FITC NMR: HsDFO_FITC (0.001 g, 1 pmol) was
dissolved in deuterated ammonium acetate-d; buffer
(ND4CD3COO, pH =7 in D20) and the pH was adjusted to 8 with
ND,OD as determined by pH paper. (Note: solubility was
improved by raising pH) The solution was loaded into a glass, 9
in. 400 MHz Wilmad NMR tube.

[Th(DFO_FITC)] NMR: A one equivalent aliquot of Th'V ICP
standard was dried at ambient temperature under a stream of
air to avoid ThO; formation. The H3DFO_FITC solution prepared
previously was added to the dried ThCls. The pH was checked
(by pH paper) and was unchanged from the original pH (~8). The
reaction solution was stirred at 60 °C for 4-5 h (in the dark) to
ensure equilibration and complexation. The thorium sample
was loaded into a Teflon liner sealed with a Teflon cap; the liner
was sealed and loaded into a glass, 9 in. 400 MHz Wilmad NMR
tube.

[Fe(HDFO)]** Sample Preparation: HsDFO* mesylate (20 mg,
30 umol, 1 equiv.) was dissolved in deionized water and stirred
at room temperature. Separately a 0.3 M stock solution of FeCls
in deionized water was prepared; 100 pL of the Fe'' stock
solution (30 pumol, 1 equiv.) was added to the stirring solution
of H4DFO*. Upon addition of the Fe'", the clear colorless solution
immediately turned an opaque dark red. The reaction was
stirred for 30 min at room temperature and before the water
was removed by slow evaporation to yield a dark red, glassy
residue. This product was used without further purification for
spectroscopic analysis.

UV-vis Titrations: FeCls (1 mM) was prepared from the
anhydrous salt dissolved in MilliQ H;0, and thorium nitrate was
prepared from an ICP stock. Spectra were collected at room
temperature at pH 5.5 in NH4CH3COO buffer. UV-vis
measurements were collected on a Varian Cary 6000i in a 1 mL
quartz cuvette, data were collected in double beam mode from
800 to 300 nm.

Raman Spectroscopy: 514 and 633 nm Raman were
collected on a system built in-house consisting of an argon ion
gas laser (Coherent Innova 90c) or HeNe laser (Spectra Physics
Model 127) as the light source, 180° light collection and a
Princeton Instruments IsoPlane-320 (600 line/mm grating) with
a Princeton Instruments Pixis higher performance CCD camera.
The spectra for Fe3* and Th4* H4;DFO Raman samples were
collected in 0.1 NH4OAc buffer.

Infrared Spectroscopy: Infrared spectra were collected on a
commercial ThermoFisher Scientific Nicolet ID5 ATR-FTIR.
Samples were deposited on a thermo scientific disposable
polytetrafluoroethylene card from methanol for ease of
handling.

This journal is © The Royal Society of Chemistry 20xx
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Fluorescence Titration: Fluorescence emission (Em) and
excitation (Ex) was collected utilizing a Photon Technologies
International Quanta model QM-04 fluorometer. Briefly, a 75W
Xenon arc lamp is utilized as an excitation source with 1.5 mm
excitation monochromator slit width. The fluorescence is
collected at 90 using a R1527 red PMT with 2 mm excitation
monochromator slit widths. Spectra were collected at room
temperature at pH 5.5 in NH4CH3COO buffer.

DFT Calculations: Calculations were performed in Orca 4.2.1 to
assist in the interpretation of the vibrational spectra by modeling
DFO coordination around the metal center (Fe" or ThV). DFT
optimization was performed using the BPE Generalized Gradient
Approximation (GGA) functional with the def2-SVP based set and
def2/J Auxiliary basis sets for Columbic fitting for light atoms. Def2-
TZVPP with def2/) and Sarc-Zora-TZVPP with Sarc/J basis sets were
used for Fe and Th respectively. Once optimization convergence was
reached, the final stationary point grid was enhanced to FinalGrid6.
Optimized structures were checked with an analytical frequency
calculation to make sure they were at a stationary point. A single
point numerical frequency calculation on the optimized structure
was performed with an analytical polarization component to
generate the hessian file for FTIR and Raman comparison. Input files
can be found in Supplemental Tables S1 and S2.

Staph aureus Growth and Treatment: S. aureus ATCC® 25923
was cultured from frozen glycerol stocks in sterile Tryptic Soy
Broth (5 mL) incubated overnight at 37 °C shaking at 150 rpm.
Cell culture density was measured by OD600 on an Eppendorf™
Biophotometer. 10° cells were pelleted by centrifugation at
10,000 rpm for 10 minutes in an Eppendorf MiniSpin®
centrifuge. The pellets were resuspended in DPBS (1 mL) then
treated with either 0.1 uM FITC, H3sDFO_FITC, [Fe(DFO_FITC)],
and [Th(DFO_FITC)] incubated at 23 °C for 30 minutes. Cells
were then pelleted and washed with 1 mL of DPBS three times
before imaging. Transmittance and fluorescent microscopic
images were acquired by fixing the cells on a glass slide then
imaged with an Echo Revolve equipped with a FITC light cube
Ex: 470/40 nm, Em: 525/50 nm, and Dm: 495 nm. Images were
acquired at two magnifications 40x (PLAN Fluorite NA 0.75 WD
0.51mm) and 60x (PLAN Achromat Dry NA 0.80 WD 0.17 mm).
Images were adjusted for brightness and contrast, then a green
LUT was applied using Fiji.>¢

Synthesis of HsDFO_FITC: In a light-protected 15 mL conical
tube covered, desferrioxamine (0.007 mmol, 1 eq.) was
dissolved in 1.5 mL aqueous NaHCOj3 buffer (100 mM, pH 8). To
this solution, fluorescein isothiocyanate (FITC) (0.008 mmol, 1.1
eq), dissolved in 1600 pL of DMSO was slowly added. The
reaction was mixed thoroughly, cooled, and allowed to proceed
at 4 oC for 30 min. The crude reaction mixture was then flash
frozen in liquid nitrogen and the solvents were removed by
lyophilization which vyielded an orange, glassy residue.
Sephadex G-10 (15 grams) was swollen for 24 hours in MilliQ
(18 MQ) H,0 and the crude reaction mixture was dissolved in
2.5 mL of MilliQ water and separated with a continuous flow of
water. The pure material was eluted in a single orange band,
frozen in liquid nitrogen, and lyophilized to an orange powder
that was stored in the freezer with the exclusion of light in a
yield of 60%. High-resolution mass spectrometry was
performed on a Bruker Impact Il g-ToF.

H3DFO_FITC: IH NMR (400 MHz, ND4CDsCOO, pD = 5.5 in
D,0) *H NMR (400 MHz, D,0) & 7.90 (m), 7.72 (s), 7.60-7.46 (m),
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7.38(d), 7.29 (d), 5.10 (s) [FITC £ 12 H]; 3.61 (m) and 3.55 (m) (8
H); 3.16 (q, 4H); 2.72 (t, 4H); 2.46 (m, 4H)); 2.04 (s, 3H); 1.70 (s);
1.62 (s), 1.53 (m), and 1.30-1.19 (m) [Z 19H]. HRMS calculated
m/z = 949.39 g/mol M+H = 950.3967 g/mol, M+Na = 972.3789
g/mol, M+Na/2 = 486.6944.

[Th(DFO_FITC)]: *H NMR (400 MHz, ND4CDsCOO, pD = 5.5 in
D,0): *H NMR (400 MHz, D,0) & 8.44 (d), 7.89 (m), 7.47 (m), 7.28
(3), 6.66 (m) [Z 9 H]; 3.72 (m, 2H); 3.56 (m, 4H); 3.19 (m, 4H);
2.73 (s, 2H); 2.45 (s, 4H); 2.04 (s, 3H); 1.63 (br/m) and 1.53 (m)
[Z 10H]; 1.29 (br/m, 8H)*; 1.10 (t, 2H). (Note: Due to the low
signal to noise and shimming on a Teflon liner, a global third
order Berstein Polynomial baseline correction was applied,
which appeared to affect the integrations of some broad peaks.
*Peak integration estimated by peak-fitting around impurities
in MNova software).
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