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A luminescent probe containing a tuftsin targeting vector coupled to a
terbium complex
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Orthogonal protection strategies have been used to prepare a
series of luminescent and MRI active lanthanide complexes
containing a tuftsin targeting vector that are internalised by
macrophage cells.

In recent years, considerable interest has focused on the
application of kinetically stable lanthanide complexes as probes
for biological imaging and assaying.'> While many have
concentrated their efforts on the development of gadolinium
contrast agents,1’3’4 luminescent lanthanide ions such as terbium,
europium, ytterbium and neodymium also have much to offer.>>”
The large Stokes shifts and long-lived emission commonly
associated with sensitised emission from these ions mean that it
is easy to use time-gated spectroscopy to separate such signals
from the short-lived signals that arise from scattered light and
biological fluorescence.® As a result, considerable interest has
centred on the use of luminescent lanthanides in bioassays and
commercial assays have been developed to the point where sub-
femtomolar detection limits are not uncommon.’™"' More recently,
we and others have developed methods for spatially resolved time-
gated imaging and lifetime based imaging microscopy using
lanthanide ions.'> '

We now report the synthesis and luminescence properties of a
terbium complex that is targeted towards macrophage-monocyte
lineage cells. The tetrapeptide tuftsin is known to be responsible for
activation of macrophage cell lines and is internalised by
macrophages.'® This internalisation process is not disrupted by
the presence of N-terminal substituents such as fluorescein,'”
suggesting that such conjugates can be used to image the immune
response. However, the luminescence from fluorescein is short
lived, and cannot be separated easily from background signals. We
reasoned that the main emission line of the terbium ion (545 nm)
would be compatible with the optics used for imaging fluorescein-
containing probes, and that facile separation would offer the
advantage of much lower detection limits.
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The synthesis of the tuftsin appended terbium complex 1 is
outlined in Scheme 1. Our procedure involved coupling tris-z-butyl
DOTA 2 to the protected tetrapeptide on a solid support, followed
by deprotection and complexation with terbium. A variety of
routes to triester monoacid derivatives of DOTA are known, !
but all involve monoalkylation of cyclen 3 and this reaction is
known to be capricious. Instead of using the established methods,
we resolved to use the well known triester 4 as our basic building
block.® This is prepared by reaction of cyclen with z-butyl
bromoacetate at room temperature, and is readily purified by
crystallisation from toluene. Reaction of the triester with benzyl
bromoacetate yielded the orthogonally protected DOTA derivative
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Scheme 1  Synthesis of the terbium complex.
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Fig. 1 Luminescence spectra of macrophages incubated with varying
concentrations of the terbium complex (4ex = 366 nm). Spectra are shown
for five different concentrations: 0 uM (black line), 10 uM (blue line),
20 uM (pink line), 50 uM (red line), 100 pM (green line) and were recorded
using a time delay of 0.1 ms and a gate time of 10 ms

5, which was converted to the triester monoacid 2 by hydro-
genolysis of the benzyl group. Tuftsin was synthesised on Wang
resin in an automated peptide synthesiser using a standard Fmoc
solid-phase synthesis protocol, and the N-terminal threonine was
derivatized with an aminocaproic acid spacer unit.t Attachment of
2 to the protected peptide 6 was carried out on the solid phase
using HATU. Cleavage from the support and deprotection under
acid conditions was followed by reverse-phase HPLC purification
to yield 7, which was reacted with terbium chloride in aqueous
solution to give the conjugate 1. Terbium was chosen as the
luminescent ion of choice as terbium complexes tend to be more
emissive than europium complexes and can be used in conjunction
with standard fluorescence microscopy filter sets.

The luminescence properties of the conjugate were initially
investigated in isolation. Upon direct excitation of the metal ion
(Zex = 366 nm, corresponding to the "F¢ — 3Gy transition), the
luminescence spectrum obtained showed transitions corresponding
to emission from the Dy state to the "Fy, "Fs, 'F,, and 'Fj states,

at 488, 545, 590 and 620 nm respectively, with the most intense
transition at 545 nm, as expected for a terbium complex.

The time-resolved emission spectra were considerably more
informative. Luminescence lifetimes were measured in H,O and
D,0. As expected, the lifetime obtained in D,O (3.25 ms) was
significantly longer than that obtained in H,O (1.67 ms). These
were then used to calculate g, the number of bound solvent
molecules, using the relation:

q = 5(/ty,0 — lltp,o — 0.06)

where 14,0 and 1p o are the luminescence lifetimes (in ms) in H,O
and DO respectively,! giving a calculated inner sphere hydration
number of 1.2. This indicates that one water molecule is bound in
the inner sphere, as would be expected for a DOTA derived
complex, and confirms that the metal ion is bound by the
macrocycle binding site rather than by the peptide.

Having established the properties of the complex in isolation, its
uptake by macrophages was investigated. Macrophages were
isolated from the peritoneal fluid of C57BL/6] mice (Harlan Olac,
UK) and incubated in RPMI 1640 medium (Gibco) supplemented
with 25 mM HEPES (pH 7.3), 2 mM glutamine, 5% foetal calf
serum and penicillin/streptomysin  overnight in an atmosphere
containing 5% CO, at 37 °C. After incubation with the conjugate
in phosphate buffered saline (PBS) supplemented with 1.2 mM
MgSO,, 1.2 mM CaCl,, 5 mM KCl and 10 mM D-glucose for
30 min, the cells were spun down using an Eppendorf table
centrifuge and the supernatant removed. Following this, the cells
were then washed with PBS and centrifuged to remove any
unbound terbium conjugate, then re-suspended in PBS, and their
luminescence spectra obtained. The variation in the luminescence
spectrum with concentration of conjugate is shown in Fig. 1. It can
be seen that there is a linear increase in intensity over a wide
concentration range, suggesting that the conjugate is internalised/
bound through the tuftsin receptor mechanism of macrophages.'®
It should be noted that the application of a short delay time after
excitation results in the spectrum being uncontaminated by
background fluorescence or scatter (cf. the fluorescein conjugate
mentioned above). Our results suggest that such conjugates are
likely to be very useful as probes of the immune response with
involvement of macrophage-monocyte cells in a variety of disease
states.

The signal intensity of T1-weighted MRI images of macrophages
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Fig. 2 T,-weighted MRI of macrophage cell pellets suspended in gelatin. Cells were labelled with different concentrations of Gd-containing probes prior
to suspending to 4% gelatin. Incubations were as follows: 1: 0 uM of Gd-tuftsin; 2: 100 uM of Gd-tuftsin; 3: 200 uM of Gd-tuftsin; 4: 500 uM of Gd—
tuftsin; 5: 200 uM of Gadodiamide™; 6 and 7: 4% plain gelatine gel. (A: TR = 300 ms, TE = 10 ms; B: TR = 500 ms, TE = 10 ms; C: TR = 1000 ms, TE =
15 ms; TR = time to repetition, TE = time to echo.) Normalised signal intensity of each sample plotted as a function sample type (panel on the right).
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The gadolinium complex was prepared in the same way as the
terbium complex, and the product characterised by mass spectro-
metry and relaxivity measurements. The relaxivity at 400 MHz was
found to be 2.87 mmol ' s™! in phosphate buffered saline
solution. This is comparable with that observed for other DOTA-
monoamide complexes of gadolinium. Emboldened by this result
we investigated the uptake of the gadolinium complex by cells.
Fig. 2 shows the MR images at 300 MHz obtained from
macrophages incubated with the gadolinium tuftsin conjugate,
then pelleted and compared with a range of pelleted control
samples. It may be seen that the intensity of the pellets containing
the tuftsin conjugate is significantly greater than those of the other
pellets; this confirms localisation of the targeting vector conjugate.

Further in vivo studies are currently in progress, using time-
gated microscopy to explore the cellular localisation of the terbium
complex and MRI with the gadolinium complexes.
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Notes and references

+ Synthetic procedure for preparation of the tuftsin conjugate. The following
protected amino acids (1 mmol) were loaded into an Applied Biosystems
433A peptide synthesiser: N*-Fmoc-Pro-OH (337 mg); N*-Fmoc—
Lys(Boc)-OH (468 mg); N*-Fmoc-Thr(‘Bu)-OH (397 mg); Fmoc-
NHCsH;(COOH (353 mg). Synthesis was carried out according to the
standard FastMoc procedure using N*-Fmoc-Arg(Pmc) Wang resin
(167 mg, 0.1 mmol, substitution 0.6 mmol g !). A double coupling
protocol was used for all amino acids. Crude resin-bound peptide (223 mg)
was transferred to a reaction vessel where it was washed with DMF (4 x
5 mL agitated for 5 min). Preactivation of 2 was achieved in a separate
round bottomed flask. A mixture of 2 (172 mg, 0.30 mmol), HATU
(114 mg, 0.30 mmol), HOAt (46 mg, 0.30 mmol), DIEA (38 ng, 52 pL,
0.30 mmol) in DMF (3 mL) was stirred for 10 min at room temperature
and added to the resin via a syringe. The resin was agitated for three days
using N, then washed thoroughly. A cleavage time of 2 h, using TFA :
TES : H,O (95:2.5:2.5, 5mL), gave crude peptide (123 mg) containing 3
species, detected by analytical HPLC (H,O : CH;CN 100 : 1 to 0 : 100 over
60 min) with fraction 1 (14.77 min) being identified as peptide 7 using
MALDI TOF mass spectrometry, n/z (MALDI) 1023.0 (M + Na]*, 44),
1001.0 ((M + H]*, 100%, exact mass calc. 1000 for [M + H]"). Preparative
HPLC and subsequent lyophilisation gave the peptide 7 as a colourless
solid (36 mg, 36 %); oy (500 MHz, 9 : 1 H,O : D,O) 1.24 (3H, d, J 6.4 Hz,
CH;), 1.33-1.43 (2H, m, CH,), 1.48-1.60 (4H, env, 2 x CH,), 1.62-1.68

(QH, m, CH,), 1.70-1.79 (6H, env, 2 x CHH & 2 x CHy), 1.82-1.89
(1H, m, CHH), 1.95-2.01 (2H, env, 2 x CHH), 2.04 2H, m, CH>), 2.31—
245 (3H, env, CHH & CHb), 3.00-3.08 (2H, m, CH>), 3.20-3.24 (2H, m,
CHb), 3.24-3.30 (2H, m, CH>), 3.30-3.38 (16H, br s, 8 x CHa), 3.66-3.72
(1H, m, CHH), 3.78-3.88 (8H, env, 4 x CH>), 3.88-3.93 (1H, m, CHH),
4.14-421 (1H, m, CH), 4.30-4.34 (1H, m, CH), 4.36-4.41 (1H, m, CH),
4.44-4.49 (1H, m, CH), 4.664.70 (1H, m, CH), 6.60-6.80 (1H, br s, NH),
7.20-7.27 (1H, br s, NH), 7.50-7.62 (2H, br s, NH>), 8.01-8.08 (1H, br s,
NH), 8.16 (1H, d, J 7.5, NH), 8.37 (1H, d, J 6.8, NH), 8.53 (1H, d, J 7.3,
NH); ¢ (125 MHz, 9 : 1 H,O : D,0) 21.53, 2491, 26.92, 27.13, 27.39,
28.13, 28.99, 30.22, 30.44, 31.85, 32.47, 37.81, 41.99, 43.12, 50.54, 52.07,
52.16, 52.24, 52.88, 53.98, 55.14, 56.84, 56.94, 57.80, 61.72, 62.86, 69.64,
159.47, 174.16, 174.48, 174.08, 174.28, 176.60, 177.99, 179.99.
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