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The in vivo molecular imaging of nitric oxide synthase (NOS), the enzyme responsible for the catalytic oxidation
of L-arginine to citrulline and nitric oxide (NO), by noninvasive modalities could provide valuable insights into
NO/NOS-related diseases. Aiming at the design of innovative *™Tc(I) complexes for targeting inducible NOS
(iNOS) in vivo by SPECT imaging, herein we describe a set of novel *™Tc(CO); complexes (2—5) and the
corresponding rhenium surrogates (2a—5a) containing the NOS inhibitor N”-nitro-L-arginine. The latter is linked
through its a-NH, or a-COOH group and an alkyl spacer of variable length to the metal center. The complexes
2a (propyl spacer) and 3a (hexyl spacer), in which the a-NH, group of the inhibitor is involved in the conjugation
to the metal center, presented remarkable affinity for purified iNOS, being similar to that of the free nonconjugated
inhibitor (K; = 3—8 uM) in the case of 3a (K; = 6 uM). 2a and 3a are the first examples of organometallic
complexes that permeate through RAW 264.7 macrophage cell membranes, interacting specifically with the target
enzyme, as confirmed by the suppression of NO biosynthesis in LPS-treated macrophages (2a, ca. 30% inhibition;
3a, ca. 50% inhibition). The *™Tc(I)-complexes 2 and 3, stable both in vitro and in vivo, also presented the
ability to cross cell membranes, as demonstrated by internalization studies in the same cell model. The biodistribution
studies in LPS-pretreated mature female C57BL6 mice have shown that 2 presented an overall higher uptake in
most tissues of the LPS-treated mice compared to the control group (30 min postinjection). This increase is
significant in lung (3.98 £ 0.63 vs to 0.99 £ 0.13%ID/g), which is known to be the organ with the highest iNOS
expression after LPS treatment. These results suggest that the higher uptake in that organ may be related to iNOS

upregulation.

The in vivo molecular imaging of nitric oxide synthase
(NOS), the enzyme responsible for the catalytic oxidation of
L-arginine to citrulline and nitric oxide (NO), by noninvasive
modalities could provide valuable insights into NO/NOS-related
diseases such as cancer, neurological disorders, or vascular
malfunctions, among others (/—10). So far, the main modalities
explored for NOS imaging include positron emission tomog-
raphy (PET) and optical imaging (OI) (9—15). The nuclear
imaging modalities PET or single photon emission computed
tomography (SPECT), due to their favorable features, and broad
range of available probes offer high clinical potential (16—18).
Technetium-99m (*™Tc) is the radionuclide of choice for
SPECT imaging due to its almost ideal nuclear properties (¢,
=6.02 h, E, = 140 keV) and rich chemistry, which allows
modulation of the biological properties of the radioactive
complexes. Taking into consideration our interest in the design
of innovative **™Tc(I)-complexes for targeting molecular pro-
cesses in vivo (/9—21), we have recently proposed a set of novel
PmTe(CO); complexes containing pendant L-arginine or NOS
inhibitors for targeting NOS expression by SPECT imaging (22, 23).
Enzymatic assays of purified inducible NOS (iNOS) activity in
the presence of the analogue Re(CO);-complexes, prepared as
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“nonradioactive” surrogates, have shown that the Re complexes
la (K; = 36 uM) and 2a (K; = 84 uM) stabilized by
bioconjugates bearing N“-monomethyl- (L!) or N“-nitro-L-
arginine pendant moieties (L?), respectively, still presented
inhibitory action (Scheme 1). Indeed, 1a and 2a are the first
examples of organometallic complexes able to inhibit the iNOS
(22). Interestingly, 2a presented higher inhibitory potency than
the corresponding metal-free bioconjugate L? (K; = 178 uM).
These encouraging results prompted us to introduce structural
changes in 2a aimed at increasing the affinity of the metal
complex for the enzyme. Such modifications involved, on one
hand, introduction of a longer alkyl chain between the N”-nitro-
L-arginine pendant arm and the chelating unit and, on the other
hand, conjugation of the amino acid derivative to the metal
complex trough its o-COOH group. Toward this goal, we
synthesized the new bioconjugates L*—L’ in a two-step
procedure by direct conjugation of the Boc-protected precursors
PzCsCO,H, PzC;NH,, and PzC¢NH, to the corresponding N“-
nitro-L-arginine derivative using standard coupling reagents,
followed by hydrolysis of the protecting groups under acidic
conditions (Scheme 1). All amino acid-containing bioconjugates
were obtained as air-stable colorless oils after purification by
semipreparative reversed-phase high-performance liquid chro-
matography (RP-HPLC) with >=98% purity (see Supporting
Information). All bioconjugates were characterized by elemental
analysis, 'H/'3*C NMR (including 2D-NMR experiments such
as 'H-'"H-'H COSY and 'H-"*C HSQC) and IR spectroscopy,
and electrospray ionization mass spectrometry (see Supporting
Information). Reaction of L!—L3 with the organometallic
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Scheme 1. Synthesis of Bioconjugates L>—L3 and Organometallic Complexes 1/1a—5/5a“
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“ Reagents and conditions: (a) N”-nitro-L-arginine methyl ester, HBTU, Et;N, DMF/ACN, r.t.; (b) HCI 3 N, r.t.; (c) N*-Boc-N“-nitro-L-arginine,
DCC, HOBt, DMF/DCM, r.t.; (d) TFA/DCM, r.t.; (¢) HyO, 100 °C. ACN = acetonitrile; Boc = t-butoxycarbonyl; DCC = N,N'-
Dicyclohexylcarbodiimide; DCM = dichloromethane; DMF = dimethylformamide; HBTU = O-Benzotriazole-N,N,N’,N’-tetramethyl-uronium-
hexafluoro-phosphate; HOBt = N-Hydroxybenzo-triazole; r.t. = room temperature; TFA = trifluoroacetic acid.

precursor fac-[*™Tc(CO);(H,0)3], obtained using an IsoLink complex surrogates la—Sa, which have been prepared by
kit, afforded in high radiochemical yield (>95%) cationic reacting L'—L’ with the precursor (NEty),[ReBr;(CO);] in
complexes of the type fac-[*"Tc(CO)s(k*-L)]T (L =L, 1; L2, refluxing water, in the 1:1 molar ratio (Scheme 1). The
2;: L3, 3; L% 4; L°, 5) (Scheme 1). complexes were obtained as air-stable colorless viscous oils in

The hydro(lipo)philic nature of all *™Tc(I)-complexes was moderate yields (40—94%), after evaporation of the reaction
evaluated by determining the partition coefficient in physiologi- solvent and washing of the residue obtained with CHCl; for
cal conditions (Supporting Information), and the results were NEtBr removal and further purification by preparative RP-
expressed as log P,,. The radiocomplexes with a propyl spacer HPLC (purity =95%). The novel complexes 3a—5a were fully
(log Pow 1 = —2.19, log Py 2 = —1.41, and log Py 4 = characterized (Supporting Information) by RP-HPLC, elemental
—1.29) presented higher hydrophilic character than the ones with analysis, ESI-MS, and NMR spectroscopy ('H/'"*C NMR, 'H-
a hexyl spacer (Iog Py 3 = —0.29, and log Py, 5 = —1.01). 'H COSY, and 'H-'3C HSQC).

The in vitro stability studies performed (incubation with To assess the influence of the structural modifications
solutions of amino acids with high affinity for Tc(I) such as introduced in 2a in the enzymatic activity of NOS, the new
histidine and cysteine, in phosphate-buffered saline pH 7.4, and bioconjugates L>—L° and corresponding rhenium complexes
human plasma at 37 °C for 24 h) have shown that all *™Tc(I)- 3a—5a were tested as competitive inhibitors of purified mouse
complexes are stable, since no decomposition or reoxidation recombinant iNOS, and their activity compared to that of the
products were observed by RP-HPLC analysis (purity >95%). previously described analogues (22). The iNOS activity was

The chemical identity of the *™Tc(I) complexes has been determined spectrophotometrically by monitoring the NO-
established by comparing their RP-HPLC analytical radioactive mediated conversion of oxyhemoglobin to methemoglobin at

traces (y-detection) with the UV/vis traces of the rhenium two wavelengths (401 and 421 nm). The inhibition constants
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Table 1. K; Values for iNOS Competitive Inhibitors L>—L° and
la—5a

Entry Inhibitor K; values™ (uM)
NH
HZNj/\/\NJLN-NOi 3(22)
1 CO,H H H 8(24)

N“-Nitro-L-arginine
NH

> T o
N“-Methyl-L-arginine

3 fac-[Re(CO)s(k*-L")] (1a) 3612

4 L? 17812

5 fac-[Re(CO)s(k>-L?)] (2a) 8422

6 L 36

7 fac-[Re(CO)s(K*-L%)] (3a) 6

8 L 35

9 fac-[Re(CO)s(k>-L%)] (4a) 103

10 L® 137

11 fac-[Re(CO)s(K*-L%)] (5a) 118

“Results are given as a mean of three or more independent
experiments. Standard deviations of £5—10% were observed.

(K;), determined by the method of Eisenthal and Cornish-
Bowden, are summarized in Table 1.

All bioconjugates showed decreased inhibitory potencies to
iNOS (L>—L°) when compared with free, nonconjugated, N*-
nitro-L-arginine. When the latter is coupled through its a-NH,
group to the bifunctional chelator, a longer spacer length led to
an increased affinity to the enzyme as can be concluded by
comparing the K; values of L (36 uM) and L? (178 uM). An
opposite effect has been observed when the o.-CO,H group of
N®-nitro-L-arginine is involved in the attachment to the chelator.
In this case, the longer spacer length led to a lower affinity for
the enzyme (L*, K; = 35 uM; L°, K; = 137 uM). Unlike L*,
reaction of the analogue bioconjugates L? (K; = 178 uM), L
(K; = 36 uM), and L’ (K; = 137 uM) with the organometallic
moiety fac-[Re(CO)3]™ gave complexes with increased inhibitory
potencies (2a, K; = 84 uM; 3a, K; = 6 uM; Sa, K; = 118 uM).

The increased inhibitory potency after metalation occurs
independently of the functional group of the amino acid involved
in the chemical bonding to the chelating unit (e.g., 3a vs 5a)
and spacer length (e.g., 2a vs 3a). Such an effect has already
been observed with other metal complexes that presented higher
inhibitory potency than the corresponding metal-free inhibitors
(25). Remarkably, in the case of 3a, the inhibitory potency (K;
= 6 uM) is comparable to that of the free nonconjugated
inhibitor N”-nitro-L-arginine (K; = 3 uM).

These unprecedented results motivated us to evaluate the
ability of the compounds to cross cellular membranes, a key
feature for improving tracer uptake in vivo, and to interact
intracellularly with their target (iNOS enzyme).

Both the ™Tc(I) complexes and their Re(I) surrogates were
tested in RAW 264.7 macrophages, which present increased NO
biosynthesis due to iNOS overexpression after treatment with
endotoxins such as lipopolysaccharide (LPS) (26). LPS-induced
iNOS overexpression was confirmed by Western blot analysis
of protein extracts using an anti-iNOS antibody (Figure 1).

We began by evaluating the ability of bioconjugates L2—L3
and rhenium complexes 1a—5a to inhibit intracellular iNOS by
measuring nitrite accumulation using the Griess method (Figure
2). In order to assess the intrinsic cytotoxicity of the compounds
at the concentration used in the NO assay (500 #M) and,
consequently, its influence in nitrite accumulation, we have also
performed a cell viability assay in parallel (MTT assay). The
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Figure 1. iNOS expression in RAW 264.7 macrophages after treatment
with LPS for 24 h. Recombinant iNOS (6 ug) was used as a positive
control and actin as an internal loading control.
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Figure 2. Effect of compounds L?—L3 and 1a—5a in nitrite accumula-
tion and cell viability in LPS-induced RAW 264.7 macrophages (mean
+ S.D., n = 8). Cells were LPS-treated and cultured in the presence
of the compounds. Final concentration of all compounds was 500 uM.
NO production and viability in LPS-induced cells in the absence of
any compound (control) was considered 100%. This experiment was
repeated three times with comparable results.

assay has shown that all compounds tested are nontoxic for the
cells under the described experimental conditions (Figure 2).

The rhenium complexes 2a (ca. 30% inhibition) and 3a (ca.
50% inhibition) appeared as the most potent inhibitors of NO
production by LPS-activated macrophages. Remarkably, 3a
inhibited NO biosynthesis more effectively than the free inhibitor
N®-nitro-L-arginine (N“-NO,-L-Arg - ca. 25%). These results
are in line with the in vitro enzymatic assays performed with
purified iNOS, where complexes 2a and 3a also exhibited the
highest inhibitory potency toward iNOS (2a, K; = 84 uM; 3a,
Ki = 6 uM; Table 1). Since the inhibition of NO biosynthesis
is being influenced not only by the intrinsic inhibitory capacity
of the complexes as desired, but also by their ability to cross
the cell membrane, we have performed internalization studies
in the same cellular model with the radioactive *™Tc(I)
analogues 2 and 3, and compared their internalization levels
with that of 1 (Figure 3).

These studies allowed us to conclude that the affinity of
compound 3a for the enzyme is strong enough to surpass the
lower ability for crossing the cell membrane presented by the
corresponding radioactive complex 3, as demonstrated by its
lower internalization level, when compared with compound 2
(0.43 £ 0.06% vs 0.83 £ 0.06% internalization/mg protein,
respectively).

Despite presenting comparable ability for crossing cell
membranes, as demonstrated by the similar internalization levels
shown by 1 and 2 (0.76 £+ 0.10% and 0.83 + 0.06%
internalization/mg protein, respectively), the surrogate compound
la, which presented a higher affinity for purified iNOS than
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Figure 3. Internalization of the radioactive complexes 1—3 in LPS-
induced RAW 264.7 macrophages (mean + S.D., n = 4; 37 °C, 4 h
post-incubation). The internalization level is expressed as a percentage
of applied radioactivity per milligram of total protein.
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Figure 4. iNOS expression in the lungs of LPS-treated mice (10 mg/
kg of LPS, 6 h). Recombinant iNOS (4 ug) was used as a positive
control and actin as internal loading control.

compound 2a, is not able to inhibit intracellular iNOS in the
macrophages assay as is the case of 2a.

As far as we are aware, the matched pairs 2/2a and 3/3a are
rare examples of organometallic complexes able to cross cell
membranes and interact specifically with a cytosolic enzyme.
Encouraged by both the ability of 2a and 3a to interact with
intracellular iNOS, inhibiting biosynthesis of NO in LPS-
activated RAW 264.7 macrophages, and the moderate ability
of 2 and 3 to cross cell membranes, the biodistribution of these
PmTe(I) complexes has been evaluated in LPS-pretreated mature
female C57BL6 mice. Mice were treated with bacterial LPS
(10 mg/kg, iv) to induce iNOS expression 6 h before the
radioactive compounds were injected. The control group was
injected with PBS. It has been demonstrated that iNOS mRNA
and protein expression after LPS stimulation are increased in
many organs, with the highest iNOS expression in the lungs
(27). We have also confirmed increased levels of iNOS
expression in lungs of LPS-treated mice by Western blot analysis
of total protein (Figure 4).

The complexes 2 and 3 are stable in vivo as demonstrated
by RP-HPLC analysis of urine and serum samples collected at
sacrifice time. In fact, more than 98% of the radioactivity could
be assigned to the complexes.

Compound 3 did not present any significant increase of
radioactivity in the lungs of pretreated animals compared to the
control group at 15 and 60 min postinjection. This result is in
agreement with the cellular internalization data obtained for this
compound and confirms the importance of crossing cell
membranes for in vivo intracellular targeting and retention.

Compound 2 presented an overall higher uptake in most
tissues of LPS-treated mice compared to the control group at
30 min postinjection (Figure 5). Unlike compound 3, this
increase is particularly relevant in lung (3.98 £ 0.76 vs 0.99 £
0.13%ID/g), which is known to be the organ with the highest
iNOS expression (27). This result suggests a direct correlation
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Figure 5. Biodistribution of 2 in LPS-treated mature female C57BL/6
mice (LPS) and control group (PBS) 30 min after intravenous injection
(mean =+ standard deviation, n = 4—S5). ID: injected dose.

between lung uptake and iNOS upregulation. In contrast to
intestine and stomach, the increased uptake in the excretory
organs kidney and liver, as well as in the spleen, may also be
partially related to iNOS overexpression in these tissues (27).

In conclusion, we have shown that complexes 2a and 3a,
“inactive” surrogates of the °*™Tc(I)-complexes 2 and 3,
presented remarkable affinity for purified iNOS, being similar
to that of the free nonconjugated inhibitor in the case 3a. Both
complexes permeate through macrophage cell membranes and
interact specifically with the cytosolic target enzyme, as
confirmed by the inhibition of NO biosynthesis in LPS-treated
macrophages. The *™Tc(I) complexes 2 and 3 are stable in vitro
and present the ability to cross cell membranes. The biodistri-
bution studies demonstrated that these complexes are stable in
vivo and suggested that 2 is able to recognize iNOS in vivo.
Therefore, the latter complex 2 presents a set of adequate
features for potential targeting/imaging of NOS expression in
vivo. These encouraging results brought together proved that
metal complexes in general, and *™Tc(I)/Re(I) complexes in
particular, can be “structurally tuned” to target intracellular low-
capacity systems such as enzymes, paving the way to the design
of innovative, more specific diagnostic or therapeutic agents.
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