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Abstract

Two [18F]fluoroalkyl substituted amino acids differing only by the presence or absence of a
methyl group on the a-carbon, (5)-2-amino-7-[18F]fluoro-2-methylheptanoic acid ((S)-
[*8F]FAMHep, (S)-[18F]14) and (5)-2-amino-7-[18F]-fluoroheptanoic acid ((S)-[18F]FAHep, (9)-
[8F]15), were developed for brain tumor imaging and compared to the well-established system L
amino acid tracer, O-(2-[18F]fluoroethyl)-L-tyrosine ([18F]FET), in the delayed brain tumor
(DBT) mouse model of high-grade glioma. Cell uptake, biodistribution, and PET/CT imaging
studies showed differences in amino acid transport of these tracer by DBT cells. Recognition of
(9)-[18F]15 but not (S)-[18F]14 by system L amino acid transporters led to approximately 8-10-
fold higher uptake of the a-hydrogen substituted analogue (S)-[18F]15 in normal brain. (S)-[*8F]15
had imaging properties similar to those of (S)-[18F]FET in the DBT tumor model while (S)-
[18F]14 afforded higher tumor to brain ratios due to much lower uptake by normal brain. These
results have important implications for the future development of a-alkyl and a,a-dialkyl
substituted amino acids for brain tumor imaging.
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Graphical abstract
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INTRODUCTION

Radiolabeled amino acid tracers are known to have superior brain tumor imaging properties
compared to the most widely used PET tracer in oncology, the glucose analogue 2-deoxy-2-
[18F]fluoro-D-glucose ([8F]FDG).1-3 This advantage is due to a combination of lower
uptake in the normal brain of amino acid tracers compared to [18F]FDG and the upregulation
of amino acid transporters in many gliomas and other neoplasms. Natural and many non-
natural amino acids enter cells through transport mediated by specific cell membrane
proteins. Over 20 amino acid transporters, which differ in terms of their preferred substrates,
tissue expression, and mechanisms of transport, have been identified in mammalian cells.
Certain amino acid transporters are upregulated in human cancers, making them useful
targets for molecular imaging and therapy.*~’

The system L family of amino acid transporters has received the most attention for brain
tumor imaging. System L (so named from leucine preferring) is a major nutrient transport
system responsible for the cellular uptake of large neutral branched and aromatic amino
acids including L-leucine, L-phenylalanine, L-tyrosine, L-tryptophan, and L-methionine.
There are four known members of the system L amino acid transporter family: LAT1, LAT2,
LAT3, and LAT4. Important properties of system L transport for brain tumor imaging
include activity at the luminal side of the normal blood-brain barrier (BBB) and
upregulation in gliomas. Thus, unlike conventional contrast agents used for computed
tomography and magnetic resonance imaging (MRI), system L substrates are able to reach
the entire brain tumor volume even when the BBB is not disrupted. This property of amino
acids targeting system L is important because many gliomas, including the most aggressive
form glioblastoma, have tumor regions with intact BBB that do not enhance with
conventional contrast and are not accessible to PET tracers that do not cross the BBB.

The L-type amino acid transporters LAT1 and LAT2 are sodium-independent transporters
that function through an exchange mechanism which couples influx of extracellular amino
acids with efflux of intracellular amino acids in a 1:1 ratio. In contrast to LAT1 and LAT2,
LAT3 and LAT4 function through a facilitated diffusion mechanism. Because system L
transporters cannot directly concentrate their substrates, tumor to brain ratios of system L
selective tracers are limited, in comparison with tracers that are substrates of transport
systems that can concentrate substrates intracellularly. Despite this inherent limitation, LAT1
is an important imaging and therapeutic target because of increased expression in many
human neoplasms including gliomas, and increased LAT1 levels are associated with
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decreased survival.#8-10 LAT1 also mediates transport of large neutral amino acids across
the BBB into the brain.11-13

Currently, a number of PET and single photon emission computed tomography (SPECT)
tracers targeting system L transporters have been used for human brain tumor imaging.
These include O-(2-[18F]fluoroethyl)-L-tyrosine ([18F]FET), 6-[*8F]fluoro-3,4-dihydroxy-L-
phenylalanine ([18F]FDOPA), L-[*1C]methionine ([1L1C]MET), and 3-[123I]iodo-a-methyl-
L-tyrosine ([1231]IMT) as shown in Figure 1.1:314-18 The vast majority of radiolabeled
amino acids targeting system L contain aromatic rings. [XLIC]MET does not have an aromatic
substituent, but the 20 min half-life of carbon-11 presents logistical challenges for batch
production and remote distribution. In contrast, the 110 min half-life of fluorine-18 is
suitable for this purpose as exemplified by the success of [18F]JFDG for clinical oncologic
imaging.

As shown in Figure 1, three of the radiolabeled system L substrates have a hydrogen on the
a-carbon as it is the case for the standard amino acid substrates for system L. However, the
substitution of the a-carbon hydrogen with an a-methyl group for amino acids with aromatic
side chains is reported to be well-tolerated by system L. For example (S)-[1231]IMT has been
shown to be a good system L substrate in vitro.1® Recently, Wiriyasermkul et al. showed that
compounds with an a-methyl group such as L-3-[18F]fluoro-a-methyl tyrosine ([18F]FAMT,
also abbreviated as [18F]JFMT) were transported by LAT1 but not LAT2,20 while tracers like
[LICIMET and [*8F]FET were transported by both LAT1 and LAT2. By comparing the
selectivity of a few compounds for LAT1 versus LAT2, the authors concluded that the a-
methyl group was responsible for the selectivity for LAT1 versus LAT?2.8:13.21-23

Recently, we developed a new «,a-dialkylated amino acid tracer, (S)-2-amino-5-
[18F]fluoro-2-methylpentanoic acid ((S)-[*8F]FAMPe), which contains an a-methyl group
substitution as shown in Figure 2.24 Our primary goal in the prior work was to develop an
amino acid based tracer that crosses the BBB via system L transport and also undergoes
uptake by other amino acid transporters to provide higher tumor to brain ratios than can be
achieved with system L selective substrates. (S)-[28FJFAMPe uses a mixture of the system L
and other neutral amino acid transporters that recognize glutamine to enter delayed brain
tumor (DBT) cells, a mouse cell line that is a model for high grade glioma.2 (S)-
[18F]FAMPe showed very high uptake by DBT tumors in biodistribution and PET imaging
studies. Additionally, comparisons of the biological properties of the (S)- and the (R)-
enantiomers indicate that the (S)-enantiomer is a better tracer for brain tumor imaging,
which is consistent with reports for other amino acid (AA) tracers including (S)-
[18F]FET.26-28 Although tumor uptake was high, the normal brain uptake of (S)-
[18F]FAMPe was relatively low, and system L transport was a minor route of uptake of this
compound in vitro by DBT glioma cells.

In order to develop analogues with increased brain availability and to further elucidate the
structure—activity relationship for this class of fluorinated «a,a-dialkyl amino acids, we
subsequently developed two analogues of (S)-[8FJFAMPe with a longer fluoroalky! side
chain. These analogues, (S)-2-amino-7-[8F]fluoro-2-methylheptanoic acid ((S)-
[18F]FAMHep ((S)-[18F]14) and (S)-2-amino-7-[18F]-fluoroheptanoic acid ((S)-[18F]FAHep,
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(5)-[18F]15), have two more carbons in their side chain than (S)-[18F]FAMPe, and their
structures are shown in Figure 2. (5)-[*8F]14 was designed as a substrate for system L amino
acid transporter with more brain availability than (S)-[18F]FAMPe due to its longer alkyl
chain. However, the lack of system L transport in vitro and the unexpectedly low brain
uptake observed in vivo with (S)-[18F]14 prompted us to subsequently synthesize (S)-
[18F]15 to determine whether the fluoroalkyl group or the a-methyl group was responsible
for the low brain uptake.

In this study, the novel 18F-labeled amino acids (S)-[18F]14 and (S5)-[*8F]15 were
synthesized and evaluated through cell uptake assays as well as through in vivo
biodistribution and PET/CT imaging studies in the mouse DBT model of high grade glioma.
The biodistribution and imaging properties of these new tracers were compared to the
established system L amino acid, (S)-[18F]FET, which has been used extensively for brain
tumor imaging in patients. Although (S)-[*8F]14 and (S)-[18F]15 differ only by the
substitution at the a-carbon (a-methyl vs a-hydrogen substitution, respectively), our results
demonstrate that these compounds differ markedly in terms of system L transport by mouse
DBT cells in vitro and normal brain uptake in vivo. The a-hydrogen substituted analogue
(S)-[18F]15, but not the a-methyl substituted analogue (S)-[*8F]14, was a selective system L
substrate in vitro with corresponding high uptake in normal brain, consistent with system L
transport at the BBB in vivo. These findings have important implications for the design of a-
fluoroalkyl substituted amino acids and may also be relevant to a-alkyl substituted aromatic
amino acids.

RESULTS AND DISCUSSION
1. Chemistry

The labeling precursors for (S)-[18F]14 and (S)-[18F]15 were obtained through a multistep
synthesis as shown in Schemes 1 and 2. Commercially available starting material Fmoc-
(5)-2-(4-pentenyl)alanine was used for the synthesis of the a-methyl Boc-protected amino
ester precursor (S5)-4 for the radiosynthesis of (S)-[18F]14. For the a-hydrogen substituted
amino acid tracer (S)-[18F]15, synthesis of the corresponding precursor ()-8 started with
the commercially available (S)-2-amino-6-heptenoic acid.

The first step to synthesize (S)-4 was the protection of the carboxylic acid of Fmoc-(S)-2-(4-
pentenyl)alanine by a fert-butyl ester using tert-butyl 2,2,2-trichloroacetate in anhydrous
dichloromethane at rt for 18 h to provide the full protected amino acid (S)-1 in a good yield
(79%). In the second step, the Fmoc group of the protected amino acid (S)-1 was converted
into a Boc group to allow simultaneous removal of all the protecting groups at the final step
of the multistep synthesis.2? Thus, the Boc-amino ester, compound (S)-2, was obtained in
good yield (78%) by successively adding potassium fluoride, trimethylamine, and di-fert
butyl dicarbonate to a stirred solution of the Fmoc protected compound (S5)-1. The
subsequent steps were based on the previously reported synthesis of (S)-[18F]JFAMPe.24
Thus, the alkene on the alkyl side chain of the amino acid was converted into a terminal
alcohol to obtain compound (5)-3 (54%). The alcohol group of (S)-3 was in turn converted
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into a good leaving group to provide the tosylate labeling precursor (S)-4 in moderate yield
(36%) with some unreacted starting material remaining (32%).

To obtain precursor (5)-8, a similar procedure was used as for (S)-4, except that the two first
protection steps were changed due to the use of the unprotected amino acid (S5)-2-(4'-
pentenyl)glycine as the starting material. The four-step synthesis shown in Scheme 2
afforded (S5)-8 with similar yields to (S)-4.

As the /- and S-enantiomers of amino acids typically have distinct biological and imaging
properties, establishing the enantiomeric purity of an amino acid tracer is important.18.30.31
For this purpose, the racemic nonradioactive forms of both amino acids (/,5)-14 and
(R,S5)-15 were prepared from glycine fert-butyl ester hydrochloride as shown in Scheme 3.
These racemic compounds provided a reference standard containing equal amounts of both
enantiomers for chiral high performance liquid chromatography (HPLC) separation and
confirmation of the enantiomeric purity of the final products (S)-[*8F]14 and (S)-[18F]15.
From the a-imine ester (R,5)-9 obtained in quantitative yield during the first step, alkylation
was conducted without further purification using lithium diisopropyl amide (LDA) and 1-
bromo-5-fluoropentane to provide the fert-butyl (R,S)-2-((diphenylmethylene)amino)-7-
fluoroheptanoate (R,S)-10, which served as the intermediate for (/,5)-14 as well as
(R,S)-15. To prepare (R,S)-14, a second alkylation was performed with (R,S5)-10 in the
presence of methyl iodide which provided the a,a-dialkylated compound (~,S)-11. From the
crude intermediates (R,5)-10 and (R,S5)-11, a simple hydrolysis of the benzophenone imine
in the presence of hydroxylamine hydrochloride provided the corresponding amino esters
(R,5)-12 and (R,S)-13, in good yield and purity. Finally, the ester group of (R,S)-12 or
(R,S)-13 was removed in the presence of hydrochloric acid to provide the corresponding
final racemic nonradioactive product (”,5)-15 or (R,S)-14 in good yields (48% and 55%
respectively).

In addition to the racemic forms of 14 and 15, the nonradioactive (S)-enantiomers of both
compounds were prepared starting from the respective precursors (S)-4 and (S)-8 in two
steps as shown in Scheme 4. The selection of the (S)-enantiomers for this study was based
on the observation in a prior study that (S)-FAMPe had superior tumor uptake and imaging
properties in the DBT tumor model.2* First, the nucleophilic substitution of the tosylate
precursors by fluoride was performed using cesium fluoride in the protic solvent 2-
methylbutan-2-ol to provide the desired products (S)-16 and (S)-17 in good yields (73% and
75%).24:32 Then, deprotection in acidic conditions provided the nonradioactive amino acids
(5)-14 and (5)-15 as hydrochloride salts in good yields (54 and 75% respectively).

2. Radiochemistry

The radiosyntheses of the two new tracers (S)-[18F]14 and (S)-[*8F]15 were performed as
shown in Scheme 5 based on the previously reported procedure for (S)-[18F]FAMPe with
minor modifications.24

The initially aqueous [18F]fluoride ion was azeotropically dried with acetonitrile in standard
fashion in the presence of Kryptofix 222 (K»») and potassium carbonate (K,CO3). After the
drying, nucleophilic [*8F]fluorination was conducted with 3—-4 mg of the appropriate
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precursor in 2-methylbutan-2-ol at 102-104 °C for 10 min. The [*8F]fluoride incorporation
for each precursor, (S)-4 or (S)-8, provided the corresponding intermediates (S)-[18F]16 or
(9)-[*8F]17 in good radio-chemical yield (>90%, 77 = 5) as estimated by radiometric thin-
layer chromatography (radio-TLC). Then, acetonitrile and water were added directly to the
reaction mixture to prepare the sample for purification by reverse-phase HPLC. The use of
the C18 cartridge before the HPLC as described previously for FAMPe was eliminated.?4
Omitting that step reduced the loss of the intermediate, (5)-[18F]16 or (S)-[*8F]17, in the
reaction vessel and increased the overall yield of final radiolabeled product. The collected
fractions containing the desired 18F-labeled product eluted from the HPLC were then
combined and passed through a light hydrophilic-lipophilic-balanced (HLB) cartridge that
retained the intermediate (S)-[18F]16 or (S)-[18F]17 and allowed removal of the acetonitrile
from the mobile phase. After elution of (S)-[18F]16 or (S)-[*8F]17 with small volumes of
ethanol, the deprotection was conducted in 1 M HCI for the a-methylated intermediate (5)-
[18F]16 and in 0.5 M H»S0, for the a-hydrogenated intermediate (S5)-[18F]17 to provide (S)-
[18F]14 or (S)-[18F]15, respectively. This change in the acid was made because the
deprotection of (5)-[*8F]17 in 1 M HCI produced a small radioactive impurity (~3% of the
total activity present in the final solution) at early retention time which increased with longer
deprotection time and increasing concentration of HCI (e.g., 18% impurity with 4 M HCI).
By comparing the results of a deprotection conducted in 1 M HCl and 1 M H,SOy4, we
observed that, in the first case, deprotection was not complete whereas, with H,SOy, all the
intermediate (5)-[18F]17 was deprotected but the radioactive impurity was still present in
small amounts. However, when the concentration of H,SO4 was reduced 2-fold to 0.5 M, the
radioactive impurity decreased to approximately 1%, and the deprotection of (S)-[18F]17
was still complete.

After deprotection, sterile water was added to the acidic reaction mixture, and the resulting
solution was passed through a strong anion exchange cartridge, neutralizing the solution and
providing the final products in a form and a pH suitable for the cell uptake studies. For the
animal studies, the final product was diluted with 0.9% sodium chloride. At the end of the
synthesis, the final products (S)-[18F]14 or (S)-[*8F]15 were obtained in 47-83%
radiochemical and in 22—-37% uncorrected yields (7= 5), with a radiochemical purity over
97%. For (S)-[*8F]14 as well as for (S)-[18F]15, less than 2% of the corresponding ()-
enantiomer was observed. During the [*8F]fluoride incorporation step of the radiosynthesis
of (5)-[18F]14, the a-carbon of the corresponding precursor (S)-4 and intermediate (S)-[18F]
16 cannot undergo racemization due to the presence of the a-methyl group; consequently the
2% of the (R)-enantiomer found in the end product arose from the starting material, Fmoc-
(5)-2-(4-pentenyl)alanine (enantiomeric excess >97%) used for the synthesis of the
precursor. In contrast, during radiosynthesis of (S)-[18F]15, both the precursor (5)-8 and the
intermediate (S)-[*8F]17 can potentially racemize during the [*8F]fluorination step due to
the presence of the a-hydrogen. The basic conditions and high temperatures used for the
nucleophilic substitution with [8F]fluoride could reversibly deprotonate the a-carbon of the
precursor, leading to racemization of the a-carbon of the protected amino acid. However, the
small amount (approximately 2%) of (R)-[*8F]15 observed at the end of synthesis also arose
from the starting material, (S)-2-amino-6-heptenoic acid (enantiomeric excess >98%),
indicating that minimal if any racemization occurred under these radiolabeling conditions.
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The radiochemical purity of the final 18F-labeled product was determined by analytical
HPLC as shown in Figure 3 and by radio-TLC. As a representative example, from 46.8 mCi
of [18F]fluoride after the drying process, 19.2 mCi of (S)-[18F]14 in ~2 mL solution was
obtained at the EOS in approximately 120 min using ~4.4 mg of the tosylate precursor (5)-4.

In order to compare the biological properties of (S)-[18F]14 and (5)-[*8F]15 to a well-
established system L substrate used for brain tumor imaging, the radiosynthesis of the
tyrosine analogue [*8F]FET was conducted following the published method of Hamacher
and colleagues with minor modifications as described below.33

The radiosynthesis was carried out in two steps starting from the commercially available
precursor, O-(2-tosyloxyethyl)- A-trityl-L-tyrosine fert-butyl ester as shown in Scheme 6.
Instead of using tetra-/+butyl ammonium hydrogen carbonate during the [18F]fluoride
drying step, a mixture of Ky, and K»,CO3 as described for the synthesis of (S)-[*8F]14 and
(5)-[18F]15 was used. Then, the fluorination was conducted in acetonitrile at 104 °C for 5
min, which provided the [18F]fluorinated intermediate in good radiochemical yield as
estimated by radio-TLC (>93%, n7= 2). After evaporation of the reaction mixture solution,
deprotection was conducted in 1,2-dichloroethane and trifluoroacetic acid for 2 min at rt and
then at 80 °C for 5 min to provide the desired product (S)-[18F]FET. After dichloromethane
was added to the crude reaction mixture, the solution was passed through a silica cartridge
which was washed with a solution of diethyl ether/pentane as described in the published
procedure. The tracer was then eluted with two aliquots of 1 mL of water rather than a warm
sodium glycinate solution and then purified by HPLC using a different HPLC column: a
Chirobiotic TAG column with a solution of 95:5 water:ethanol as the mobile phase which
provided the tracer, (S)-[18F]FET, in a form suitable for animal studies. The HPLC eluate
was passed through a 0.22 gm nylon filter and then diluted with 0.9% sodium chloride. The
uncorrected end of synthesis as well as the radiochemical yields were good (35-52% and
60-82% respectively, n=2). The radiochemical purity determined by the analytical HPLC
and TLC was greater than 99%. The identity of the final product was confirmed by
coinjection of the nonradioactive hydrochloride salt of (S)-FET and the final radiolabeled
product (S)-[*8F]FET on an analytical HPLC system.

3. Cell Uptake Assays

The mechanisms of transport of the two novel amino acid tracers, (S)-[18F]14 and (S)-
[18F]15, were assessed through in vitro uptake assays with mouse DBT glioma cells in the
absence and presence of amino acid transport inhibitors, and the results are depicted in
Figure 4. Three different competitive inhibition conditions were assessed: system A
inhibition (alanine preferring, small neutral amino acids) using A-methyl a-aminoisobutyric
acid (MeAlB), system L inhibition (leucine preferring, large neutral amino acids) using 2-
aminobicyclo[2.2.1]heptane-2-carboxylic acid (BCH), and a broad range neutral amino acid
inhibitory conditions consisting of the amino acids alanine, serine, and cysteine (ASC). The
well-established inhibitors used for system A and system L were MeAlIB and BCH,
respectively. In each condition, the same concentration of inhibitor was used. In the case
where no inhibitor was used (control conditions), sucrose was added in order maintain
consistent osmolality between the different conditions. Some amino acid transporters
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including system A and system ASC are sodium-dependent, while other transporters,
including system L, are sodium-independent. Consequently, assays were carried out both in
the presence of sodium ions and in the absence of sodium ions with choline substituted for
sodium. Additionally, to evaluate the initial influx of the amino acid tracers and minimize
the potential for efflux which occurs with some amino acid transporters such as system L
and system ASC, the uptake assays were performed using a short uptake time (60 s).

In the presence of the system A inhibitor MeAlIB, only a small amount of FAMHep uptake
inhibition was observed (17 + 16% reduction from control), which was not statistically
significant. For FAHep, no inhibition by MeAIB was observed. These data indicate that
these two amino acid tracers did not use system A to enter DBT cells, as expected due to the
long fluoroalkyl side chains of these compounds. In the presence of BCH, a competitive
antagonist of system L, only 33 + 18% of the uptake of (5)-[*8F]14 was inhibited relative to
the sodium control (p < 0.001), suggesting that only a portion of (S)-[18F] 14 uptake is
mediated by system L. However, as BCH can also inhibit other amino acid transporters
including the sodium-dependent B%* and B transport systems, and as the system L amino
acid transporter is sodium-independent, an assessment of BCH inhibition of uptake
performed in the absence of sodium ions is more specific for system L transport.
Comparison of the uptake of (S)-[18F]14 in the presence and absence of BCH in the sodium-
free choline condition did not demonstrate inhibition of (S)-[18F]14 uptake by BCH. These
results indicate that, despite its long fluoroalkyl side chain, (S)-[18F]14 was not an effective
substrate for in vitro system L transport in DBT cells. In contrast, the cell uptake assays
demonstrated that (S)-[18F]15 was an excellent substrate for in vitro system L transport. In
the presence of sodium, BCH inhibited 89 + 3% of the uptake of (5)-[*8F]15 (p < 0.001);
under sodium-free choline conditions, BCH inhibited 90% of the uptake of (S)-[18F]15 (90
+ 2% reduction relative to choline control, p < 0.0001).

In the presence of a mixture of alanine, serine, and cysteine, used as inhibitors of a broad
range of neutral amino acid transporters including system ASC, 48 + 12% and 77 + 5% of
the uptake of (S5)-[18F]14 and (S)-[18F]15 were respectively inhibited (o < 0.001 for each
tracer). The lack of inhibition of (5)-[*8F]14 uptake by MeAIB but the substantial inhibition
by ASC conditions suggests that neutral amino acid transport systems other than system L
and system A mediate a portion of the uptake of this tracer by DBT cells. Substituting
choline for sodium inhibited only 14 + 17% of (5)-[18F]15 uptake (p < 0.05), indicating that
the uptake of (5)-[18F]15 is predominantly sodium-independent. 33 + 16% of the uptake of
(5)-[18F]14 was inhibited by substituting sodium ions by choline (p < 0.001), indicating a
minor sodium-dependent component of transport.

These cell uptake data showed that (S)-[18F]14 and (S)-[18F]15, which differ structurally
only by the presence of an a-methyl versus a, a-hydrogen group, have very different
mechanisms of in vitro transport by DBT cells, which is consistent with the results of studies
in DBT tumor-bearing mice described in sections 4 and 5. The a-hydrogen substituted
amino acid, (S)-[18F]15, was a very good substrate for system L, with an in vitro transport
profile very similar to that of [18F]FET as previously reported using the same assay
conditions and cell line.24 (8)-[18F]14 is not a good substrate for system L, which is
somewhat surprising given that aromatic substituted amino acids such as [18F]FAMT and
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[12311IMT have been reported by other groups to be effective system L substrates.20:34:35 |n
contrast, our in vitro cell uptake studies demonstrate that the presence or absence of an a-
methyl group on the amino acid can dramatically change the mechanism of transport of this
class of a-alkyl amino acids.

Although it is not clear if these results can be extended to aromatic amino acids, our
previous finding that a-[18F]-fluoromethy! phenylalanine (FMePhe) was a poor system L
substrate in the same DBT model suggests that these results may be applicable to amino
acids with aromatic side chains.3® It is also possible that a species difference (mouse vs
human system L transporters) in substrate recognition may in part explain this discrepancy
with reports by other groups, but the limited data available do not indicate that there are
known species differences for substrate recognition by system L transporters.37:38

4. Biodistribution Studies in Mice with Subcutaneous DBT Glioma

Table 1 shows the biodistribution of (S)-[*8F]14 and (S)-[18F]15 in BALB/c mice implanted
with subcutaneous DBT tumors at 5, 30, and 60 min postinjection (p.i.). There was good
tumor uptake at all time points, with the highest uptake observed with the a-hydrogen
substituted amino acid, [18F]15, at 60 min p.i. At each time point, the tumor uptake was
statistically significantly higher than the normal brain uptake (o= 0.02 or less) with the
exception of the 5 min time point for (S)-[18F]15 due to variability in the tumor uptake
between mice.

The tumor uptake of (S)-[18F]15 was rapid with 5.2 + 2.2 % ID/g at 5 min and increased
over the course of the study to 6.3 = 1.4 %ID/g at 30 min and 9.1 + 1.0 %ID/g at 60 min. For
(5)-[18F]14, similar tumor uptake was observed at 5 min with a value of 4.2 + 0.98 %ID/g.
However, the uptake of (S)-[18F]14 did not increase to the same extent over time as with (S)-
[18F] 15, and was relatively constant over time with 5.4 + 0.54 %ID/g at 30 min p.i. and 4.8
+ 1.6 %ID/g at 60 min p.i. At 1 h p.i. the tumor uptake of (S)-[*8F]15 was almost 2-fold
higher than that of (5)-[18F]14 (p < 0.001).

While their tumor uptakes were similar, (S)-[18F]15 showed much higher uptake in normal
brain (3.6 to 4.3 %ID/g) than (S)-[18F]14 (0.4 to 0.5 %ID/g) with an approximately 8- to 10-
fold difference throughout the study (p < 0.001 at all time points). These biodistribution
results are in agreement with the cell uptake study results, which demonstrated that (S)-
[18F]15 was a good substrate for system L amino acid transport and thus was expected to
cross the BBB. In contrast, (S)-[18F]14 was not an in vitro substrate for system L transport
and would not be predicted to cross the BBB as was borne out in the biodistribution and
small animal PET studies.

A large difference in uptake between (S5)-[18F]15 and (S)-[18F]14 was also observed in the
kidneys. Renal uptake of (S)-[18F]15 was essentially constant over time at 7.0 to 7.4 %ID/g.
However, for (S)-[18F]14, the renal uptake was 52 + 5.2 %ID/g at 5 min p.i. and decreased to
31 + 5.8 %ID/g at 30 min p.i. and to 13 + 2.3 %ID/g at 60 min p.i. The blood uptake of (5)-
[18F]14 was 6.0 + 0.9 %ID/g at 5 min p.i. and decreased over time to 2.4 + 0.8 %ID/g at 60
min p.i. In contrast, the blood activity associated with (5)-[18F]15 was fairly constant with
3.7 and 3.8 %ID/g at 30 and 60 min p.i., respectively. Although not tested directly, these
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results suggest that (S)-[18F]15 is reabsorbed into the blood after renal filtration with slower
elimination than with (S)-[18F]14.

The bone uptake of (S)-[18F]15 was slightly higher than with (S)-[18F]14 but was constant
up to 60 min p.i., indicating that minimal in vivo defluorination occurred over the time
course of the study. These results observed with the a-hydrogen amino acid (S)-[*8F]15
differ from a previously reported analogue with a shorter aliphatic chain, 3-(1-
[18F]fluoromethyl)-L-alanine (L-[*8F]JFMA), which showed rapid defluorination with
progressively increasing bone uptake.39 The uptake of (S)-[18F]15 was approximately 2-fold
higher in the heart, muscle, and thyroid compared to (S)-[18F]14, while the uptake of both
tracers was similar in the liver, lung, and spleen. The relatively high uptake observed in the
pancreas for both tracers is typical of radiolabeled amino acids.

To further evaluate the suitability of (S)-[18F]15 as a system L tracer, a comparison was
made with (S)-[18F]FET, a well-established system L substrate. (S)-[18F]FET is a
metabolically stable 18F-labeled tyrosine derivative that has been used extensively for
human neuro-oncologic imaging.#9-42 The results of the biodistribution study with (S)-
[18F]FET in BALB/c mice with subcutaneous DBT tumors at 5, 30, and 60 min p.i. are
presented in Table 2.

(S)-[*8F]FET and (5)-[18F]15 showed a similar biodistribution pattern at all time points with
the absolute uptake of (S)-[18F]15 modestly higher than (S)-[18F]FET in most tissues. The
normal brain uptake of (S)-[*8F]15 was significantly higher than that of (S)-[*F]FET at all
time points (p < 0.001). The reason for this difference in normal brain uptake is not clear but
could reflect differences in recognition of 15 and FET by system L transporter family
members at the BBB. The higher normal brain uptake of (S)-[18F]15 led to slightly better
tumor to brain ratios for (S)-[*8F]FET, particularly at early time points, although this
difference did not reach statistical significance at any time point in the study. In contrast, the
tumor to blood and tumor to muscle ratios observed with (S)-[18F]15 and (S)-[*8F]FET were
very similar at all time points. The tumor to brain ratios observed with (S)-[18F]14 were
much higher than with (S)-[*8F]15 and (S)-[18F]FET (p < 0.01 at all time points for both
compounds) due to the much lower uptake of (S)-[18F]14 in normal brain. The tumor to
blood, tumor to brain, and tumor to muscle ratios are presented in Table 3.

5. Small Animal PET/CT Studies in Mice with Intracranial DBT Tumors

Small animal PET/CT studies were performed with (5)-[18F]14, (5)-[*8F]15, and (9)-
[18F]FET to confirm the biodistribution results and to compare the imaging properties of
these compounds in orthotopic brain tumors. The (S)-[18F]FET-PET data used for
comparison were collected and reported previously.1® Overall, the results from the small
animal PET studies were very similar to the results from the biodistribution studies. The
time—activity curves (TACs) for [18F]14 and [18F]15 are depicted in Figure 5. (S)-[18F]15
showed a peak tumor uptake of radioactivity within 20 min and then slowly decreased over
time. In contrast, (S)-[*8F] 14 had peak tumor uptake of radioactivity within the first 5 min
followed by slow washout. The absolute uptake of 15 was higher in the intracranial DBT
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gliomas than for 14 at all time points and in keeping with the biodistribution studies within
mice with subcutaneous DBT tumors.

The mean standardized uptake value (SUV) in the tumor with (S)-[18F]15 at 5-15 min p.i.
was 1.6 + 0.3 and was significantly higher than with (S)-[18F]FET (mean SUV = 1.1 + 0.02,
p < 0.05) and with (S)-[18F]14 (mean SUV = 1.0 + 0.1, p< 0.01). At 45-60 min after
injection, the mean SUV in the tumor with (S)-[*8F]15 was 1.5 + 0.1 and was also
significantly higher than with (S)-[18F]FET (mean SUV = 1.1 + 0.1, p< 0.01) and with (5)-
[18F]14 (mean SUV = 0.7 + 0.1, p< 0.01). In the normal brain, the highest uptake at 5-15
min and 45-60 min p.i. was observed with (S)-[18F]15 with values of 1.0 + 0.1 and 1.0
+0.02. The normal brain values were significantly higher for (S)-[*8F]15 compared to (S)-
[18F]FET at both of these time points (o< 0.001). Both of these system L substrates had
much higher normal brain uptake than (S)-[18F]14 (p < 0.01 at both time points). At both 5-
15 min and 45-60 min p.i., (S)-[*8F]14 demonstrated much higher tumor to brain ratios than
(5)-[18F]15 and (S)-[18F]FET due to the very low normal brain uptake of (S)-[18F]14. As in
the biodistribution studies, (S)-[18F]FET had slightly higher tumor to brain ratios at 5-15
min and 45-60 min p.i. (mean ratios of 2.9 and 2.0, respectively) compared to (5)-[18F]15
(mean ratios of 1.7 and 1.5, respectively), but these differences did not reach statistical
significance, likely due to the small sample size. Representative images at 45—-60 min after
tracer injection are shown in Figures 6 and 7. These data are depicted graphically as mean
SUVs in Figure 8 and as tumor to brain ratios in Figure 9.

Although (5)-[18F]14 demonstrated good tumor uptake and much higher tumor to normal
brain ratios than (S)-[*8F]15 and (S)-[18F]FET in both the biodistribution and the PET
studies, this very low brain uptake likely will prevent visualization of regions of gliomas
with intact BBBs and may limit its clinical utility for imaging gliomas. The higher normal
brain uptake of (5)-[18F]15 and (S)-[*8F]FET is consistent with transport by system L, and
this property allows visualization of the entire tumor volume including nonenhancing
regions of tumor. Of all the tracers evaluated, (S)-[*8F]15 had the highest uptake in both
normal brain and DBT gliomas at the early and late time points in the PET studies.
Interestingly, (S)-[18F]FET had slightly higher tumor to brain ratios than (S)-[*8F]15 due to
higher uptake of (S)-[18F]15 in normal brain, although this difference did not reach
statistical significance.

CONCLUSION

Biological comparison of the novel 18F-labeled amino acids (S)-[18F]14 and (5)-[*8F]15
demonstrate that the a-methyl group plays a key role in the recognition of this class of
amino acids by system L amino acid transporters. The in vitro results demonstrated that (5)-
[18F]15 was a very good substrate for system L amino acid while (S)-[18F]14 was not, and
these results were supported by the biodistribution and small animal imaging studies in mice
with DBT gliomas. This result is somewhat surprising given the reported brain availability
of radiolabeled aromatic amino acids with a-methyl substitutions. (S)-[*8F]15 had much
higher uptake in normal brain than (S)-[18F]14 as well as higher absolute tumor uptake,
although [*8F] 14 had higher tumor to brain ratios due to the very low normal brain uptake
of [18F]14. The biodistribution and imaging properties of (S)-[18F]15 were very similar to
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those of (S)-[18F]FET, a well-established system L substrate. (S)-[18F]15 had higher normal
brain and tumor uptake than (S)-[*8F]FET in the PET studies, but the tumor to brain ratios
were slightly higher with (S)-[*8F]FET due to the higher normal brain uptake of (S)-[18F]15.
These data indicate that the presence of an a-methyl group on a,a-dialkyl substituted amino
acids decreases recognition by system L transporters compared to their a-hydrogen
analogues.

EXPERIMENTAL SECTION

Materials and Instrumentation

All reagents and materials were purchased from commercially available sources. Chemicals
and solvents were purchased from Aldrich Chemical Co. (Milwaukee, WI, USA), Sigma
Chemical Co. (St. Louis, MO, USA), Ryan Scientific Inc. (Mount Pleasant, SC, USA), Ark
Pharm (Libertyville, IL, USA), and Advanced Chemtech Co. (Louisville, KY, USA).
Chromatography was carried out using silica gel 60 (0.040-0.063 mm) from EMD Millipore
(EMD Millipore USA). TLC analyses were performed with 200 x/m UV 254 silica gel
backing on aluminum sheets (EMD Millipore USA). The TLC plates were revealed with
ninhydrin and/or iodide stains. Sep-Pak C18 Plus Short Cartridge, Sep-Pak Plus Silica
Cartridge, and Oasis HLB Plus Light cartridge were purchased from Waters, Inc. (Milford,
MA, USA). Dionex OnGuard Il A cartridge was purchased from Fisher Scientific
(Pittsburgh, PA USA). Melting points were measured with an 1A9100X1 series digital
melting point apparatus (ThermoFisher Scientific, USA) in capillary tubes and are
uncorrected.

1H and 13C NMR spectra were recorded on either a 300 or 400 MHz NMR spectrometer
(Varian/Agilent, Santa Clara, CA, USA) maintained by the Washington University High
Resolution NMR Facility. Chemical shifts (&' values) are reported as parts per million (ppm),
and coupling values are reported in hertz. Elemental analyses, performed by Atlantic
Microlabs, Inc. (Norcross, GA, USA), were conducted on certain key nonradioactive
intermediates in the multistep synthesis as well as on the hydrochloride salts of the
nonradioactive final amino acid products (R, S)-6 and (R,S5)-12, and the results were within
0.4% of theoretical values unless otherwise stated. High resolution mass spectra (HRMS)
were obtained with a Bruker Maxis Q-ToF mass spectrometer using high-resolution electron
ionization at the Chemistry Department of Washington University in St. Louis. The purity of
the final 18F-labeled amino acids used for biological studies was measured using radio-TLC
and analytical HPLC. Chiral HPLC was performed using a Chirex 3126 D-penicillamine
column (15 cm x 4.6 mm) with a mobile phase consisting of 85:15 3 mM copper sulfate
(CuSQy):acetonitrile, a flow rate of 1 mL/min, detection at 4 = 254 nm, and a column
temperature of 25 °C. This analysis demonstrated that the 18F-labeled tracers used in
biological studies were at least 95% pure. Statistical analyses were performed using
GraphPad Prism 5 software (GraphPad Software, La Jolla, CA) with pvalues of 0.05 or less
considered statistically significant.
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Chemistry
tert-Butyl (S)-2-((((9H-Fluoren-9-yl)methoxy)-carbonyl)amino)-2-

methylhept-6-enoate, (S)-1—fert-Butyl 2,2,2-trichloroacetate (0.37 mL, 2.04 mmol) was
added to a solution of Fmoc-(S)-2-(4-pentenyl)alanine (257 mg, 0.68 mmol) in 4 mL of
anhydrous DCM. The mixture was stirred at rt for 18 h, and a precipitate was formed. The
mixture was concentrated to dryness under reduced pressure, and the crude compound was
purified by silica gel column chromatography eluted with 10% ethyl acetate in hexane to
give (S)-1 as a colorless oil (79%).

1H NMR (CDCl3): §1.03-1.34 (m, 2H), 1.48 (s, 9H), 1.57 (s, 3H), 1.57-1.82 (m, 1H),
1.93-2.30 (m, 3H), 4.18-4.44 (m, 3H), 4.92-5.04 (m, 2H), 5.70-5.84 (m, 1H), 7.31 (t, J=
7.55 Hz, 2H), 7.40 (t, J= 7.55 Hz, 2H), 7.61 (d, J= 7.2 Hz, 2H), 7.77 (d, J= 8.1 Hz, 2H).

13C NMR (CDCl3): §23.7 (CHy), 23.8 (CHg), 28.0 (3CH3), 33.6 (CHy), 35.9 (CHy),
47.4 (CH), 60.3 (C), 66.3 (CH,), 82.2 (C), 115.0 (CHy=), 120.1 (2CH), 125.2 (CH=),
127.2 (2CH), 127.8 (2CH), 138.4 (2CH), 141.4 (2C), 144.1 (2C), 154.4 (C=0), 173.7
(C=0).

HRMS (ESI): mi/zcalculated for Co7H33NO,4 + Na [M + Na]*: 458.23025. Found:
458.2301.

tert-Butyl (S)-2-((tert-Butoxycarbonyl)amino)-2-methylhept-6-enoate, (S)-2—
Compound 1 (229 mg, 0.53 mmol) was solubilized in 4 mL of DMF. Under a nitrogen
atmosphere, first potassium fluoride (215.5 mg, 3.71 mmol) and then trimethylamine (0.15
mL, 1.11 mmol) were added to the solution. Then, di-tert-butyl dicarbonate (151 mg, 0.69
mmol) was added. The reaction was followed by TLC, and after several hours the reaction
mixture was diluted with ethyl acetate (40 mL) and washed with water (20 mL) three times.
Then, the organic layer was washed with 5% HCI, 5% sodium bicarbonate (NaHCO3), and
saturated sodium chloride (NaCl) solutions, dried over sodium sulfate (Nay;SQj,), filtered,
and concentrated to dryness under reduced pressure. The crude compound was purified by
silica gel column chromatography eluted with 10% ethyl acetate in hexane to give (5)-2 as a
colorless oil (78%).

1H NMR (CDCl3): §1.12-1.37 (m, 2H), 1.41 (s, 9H), 1.44 (s, 9H), 1.48 (s, 3H), 1.62—
1.77 (m, 1H), 1.92-2.18 (m, 3H), 4.85-5.04 (m, 2H), 5.34 (bs, 1H), 5.65-5.82 (m, 1H).

13C NMR (CDClg): §23.5 (CHg, CHy), 28.0 (3CH3), 28.5 (3CH3), 33.6 (CHy), 36.3
(CH,), 59.8 (C), 81.6 (2C), 114.9 (CH,=), 138.4 (CH=), 154.3 (C=0), 173.8 (C=0).

Elemental analysis calculated (%) for C17H31NO4: C 65.14, H 9.97, N 4.47. Found: C
65.41, H9.98, N 4.40.

tert-Butyl (S)-2-((tert-Butoxycarbonyl)amino)-7-hydroxy-2-methylheptanoate,
(S)-3—Borane-THF solution (1.48 mL of 1.0 M solution, 1.48 mmol) was slowly added to
a solution of 2 (124 mg, 0.40 mmol) in 5 mL of anhydrous THF under nitrogen at 0 °C. The
resulting solution was stirred for 2 h at 0 °C. Then, still at 0 °C, a solution of 1 M sodium
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hydroxide (NaOH) (1.48 mL, 1.48 mmol) was added slowly, followed by aqueous hydrogen
peroxide 30% (0.63 mL, 5.48 mmol). The mixture was stirred overnight and allowed to
return to rt. Ethyl acetate (20 mL) and brine (20 mL) were added, and the two layers were
separated. The aqueous phase was extracted with ethyl acetate (2 x 30 mL). The combined
organic layers were dried over Na,SOy, filtered, and concentrated to dryness under reduced
pressure. The crude compound was purified by silica gel column chromatography eluted
with 40% ethyl acetate in hexane to give (S)-3 as a colorless oil (54%).

1H NMR (CDClg): §1.25-1.39 (m, 4H), 1.43 (s, 9H), 1.45 (s, 9H), 1.49 (s, 3H), 1.52—
1.74 (m, 3H), 2.08 (bs, 1H), 3.62 (t, J= 6.5 Hz, 2H), 5.35 (bs, 1H).

13C NMR (CDCl3): §23.6 (CHy), 23.9 (CHs), 25.8 (CH5), 28.0 (3CH3), 28.5 (3CH3),
32.6 (CHy), 36.7 (CHy), 59.8 (C), 62.8 (CH,), 81.6 (2C), 154.3 (C=0), 173.8 (C=0).

Elemental analysis calculated (%) for C17H33NOs: C 61.60, H 10.04, N 4.23. Found: C
61.67, H 10.10, N 4.04.

tert-Butyl (S)-2-((tert-Butoxycarbonyl)amino)-2-methyl-7-
(tosyloxy)heptanoate, (S)-4—Sodium fert-butoxide (142 mg, 1.48 mmol) was added to
a solution of the alcohol 3 (222 mg, 0.67 mmol) and p-toulenesulfonyl chloride (192 mg, 1.0
mmol) in 8 mL of anhydrous DCM at 0 °C under a nitrogen atmosphere. After 5 min of
stirring at 0 °C, the ice bath was removed, and the reaction mixture was stirred overnight at
rt. The mixture was then concentrated under reduced pressure, and the crude product was
purified by silica gel column chromatography eluted with 20% ethyl acetate in hexane to
provide (5)-4 as a colorless oil (36%). Some starting material was recovered after the
overnight reaction (32%).

1H NMR (CDClg): §1.15-1.33 (m, 4H), 1.41 (s, 9H), 1.44 (s, 9H), 1.45 (s, 3H), 1.57—
1.69 (m, 3H), 2.03 (bs, 1H), 2.45 (s, 3H), 3.99 (t, J= 6.5 Hz, 2H), 5.31 (bs, 1H), 7.34 (d, J=
8.3 Hz, 2H), 7.77 (d, J= 8.3 Hz, 2H).

13C NMR (CDCl3): §21.8 (CH3), 23.6 (CH3, CH»), 25.4 (CH5), 28.0 (3CH3), 28.5
(3CHg), 28.8 (CHy), 59.7 (C), 70.5 (CH,), 81.8 (2C), 128.0 (2CH), 130.0 (2CH), 133.2 (C),
144.8 (C), 154.3 (C=0), 173.7 (C=0).

HRMS (ESI): mizcalculated for Cy4H3gNO7S + Na [M + Na]: 508.2339. Found:
508.2359.

(S)-2-((tert-Butoxycarbonyl)amino)hept-6-enoic Acid, (S)-5—The starting
material (S)-2-amino-6-heptenoic acid (500 mg, 3.49 mmol) was suspended in 11 mL of
methanol:trimethylamine:1 N NaOH (9/1/1: v/v/v), and di-fert-butyl dicarbonate (1.52 g,
6.96 mmol) was added in one portion. The reaction mixture was stirred at rt overnight. The
organic solvent was removed under reduced pressure, and 20 mL of ethyl acetate and 15 mL
of water were added. The pH of the aqueous phase was adjusted to 2 with 3 N HCI with
stirring. The organic layer was retained while the aqueous layer was saturated with NaCl and
extracted with ethyl acetate (3 x 10 mL). The combined organic phases were dried over
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sodium sulfate, filtered, and concentrated to dryness under reduced pressure. The product
(5)-5 was obtained as a colorless oil (66%) and was used without further purification.

1H NMR (CDCl3): §1.45 (s, 3H), 1.46-1.57 (m, 2H), 1.59-1.75 (m, 1H), 1.77-1.95 (m,
1H), 2.02-2.14 (m, 2H), 4.25-4.37 (M, 1H), 4.94-5.06 (M, 2H), 5.68-5.85 (m, 1H).

13C NMR (CDClg): §24.7 (CHp), 28.4 (3CHg), 31.9 (CHy), 33.3 (CHy), 53.4 (CH), 80.4
(C), 115.3 (CH,=), 138.0 (CH=), 155.8 (C=0), 177.4 (C=0).

HRMS (ESI): m/zcalculated for C1oH,1NO,4 + Na [M + Na]*: 266.1363. Found:
266.1382.

tert-Butyl (S)-2-((tert-Butoxycarbonyl)amino)hept-6-enoate, (S)-6—To a
solution of the A-Boc acid (5)-1 (528 mg, 2.17 mmol) in 10 mL of anhydrous DCM was
added tert-butyl-2,2,2-trichloroacetimidate (1.17 mL, 6.51 mmol). After overnight stirring at
rt, the solvent was removed under reduced pressure. The crude product was purified by silica
gel column chromatography eluted with 20% ethyl acetate in hexane to give (S)-6 as a
colorless oil (97%).

1H NMR (CDCl3): §1.43 (s, 9H), 1.45 (s, 9H), 1.47-1.81 (m, 4H), 2.00-2.13 (m, 2H),
4.09-4.21 (m, 1H), 4.91-5.04 (m, 3H), 5.68-5.83 (m, 1H).

13C NMR (CDCl3): §24.5 (CH,), 28.1 (3CH3), 28.4 (3CH3), 32.5 (CH,), 33.3 (CH,),
53.9 (CH), 79.7 (C), 81.8 (C), 115.0 (CH»=), 138.2 (CH=), 155.5 (C=0), 172.1 (C=O0).

HRMS (ESI): mi/zcalculated for C1gH29NO,4 + Na [M + Na]*: 322.1989. Found:
322.20109.

tert-Butyl (S)-2-((tert-Butoxycarbonyl)amino)-7-hydroxyheptanoate, (S)-7—
(5)-7 was obtained with the same procedure that provided (S)-3 except that the crude
compound (S)-7 was purified by silica gel column chromatography eluted initially with 20%
ethyl acetate in hexane followed by 40% ethyl acetate in hexane to give (S)-7 as a colorless
oil (84%).

1H NMR (CDCl3): §1.26-1.41 (m, 4H), 1.44 (s, 9H), 1.46 (s, 9H), 1.49-1.66 (M, 3H),
1.70-1.84 (m, 1H), 3.63 (t, J= 6.5 Hz, 2H), 4.12-4.22 (m, 1H), 5.03 (d, J= 7.7 Hz, 1H).

13C NMR (CDCl3): §24.9 (CH,), 25.3 (CH,), 28.2 (3CH3), 28.5 (3CH3), 32.6 (CH,),
33.2 (CH,), 53.8 (CH), 62.7 (CH5), 79.8 (C), 81.9 (C), 155.6 (C==0), 172.2 (C==0).

Elemental analysis calculated (%) for C1gH331NOs: C 60.54, H 9.84, N 4.41. Found: C
60.50, H 9.98, N 4.24.

tert-Butyl (S)-2-((tert-Butoxycarbonyl)amino)-7-(tosyloxy)-heptanoate, (S)-8
—(5)-8 was obtained with the same procedure that provided (S5)-4. The crude product (S5)-8
was also purified by silica gel column chromatography eluted with 20% ethyl acetate in
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hexane to provide (S5)-8 as a colorless oil (37%). Some starting material was recovered after
the overnight reaction (45%).

1H NMR (CDCl3): §1.22-1.37 (m, 4H), 1.43 (s, 9H), 1.45 (s, 9H), 1.51-1.77 (m, 4H),
2.45 (s, 3H), 4.01 (t, J= 6.4 Hz, 2H), 4.08-4.15 (m, 1H), 4.98 (d, J= 7.7 Hz, 1H), 7.34 (d, J
= 8.3 Hz, 2H), 7.78 (d, J= 8.3 Hz, 2H).

13C NMR (CDCl3): §21.8 (CH3), 24.7 (CH,), 25.2 (CH,), 28.2 (3CH3), 28.5 (3CHy3),
28.8 (CHy), 32.9 (CHy), 53.9 (CH), 70.5 (CHy), 79.8 (C), 82.0 (C), 110.2 (C), 128.0 (2CH),
130.0 (2CH), 133.3 (C), 144.8 (C=0), 172.0 (C=0).

Elemental analysis calculated (%) for Co3H37NO<S: C 58.58, H 7.91, N 2.97. Found:
C 58.46, H 7.96, N 2.96.

tert-Butyl 2-((Diphenylmethylene)amino)acetate, (R,S)-9—Benzophenone imine
(1.0 mL, 5.96 mmol) was added to a solution of glycine fert-butyl ester hydrochloride (1.0 g,
5.96 mmol) in 15 mL of DCM. The mixture was stirred at rt for 2 h. A white precipitate was
formed. The mixture was diluted with water, and two phases were separated. The aqueous
phase was extracted with DCM (2 x 20 mL). The combined organic layers were washed
with a saturated solution of NaCl (1 x 25 mL), dried over NaySQy, filtered, and finally
concentrated to dryness under reduced pressure. (~,S)-9 was obtained as a white solid
(95%), which was used without further purification. Mp: 104-106 °C.

1H NMR (CDCl3): §1.46 (s, 9H), 4.12 (s, 2H), 7.17-7.20 (m, 2H), 7.29-7.49 (m, 6H),
7.65-7.67 (m, 2H).

13C NMR (CDCl3): 28.2 (3CHg), 56.5 (CHy), 81.2 (C), 127.8 (2CH), 128.1 (2CH), 128.7
(2CH), 128.9 (2CH), 130.5 (2CH), 136.3 (C), 139.5 (C), 170.0 (C=N), 171.6 (C=0).

HRMS (ESI): mlzcalculated for C1gH21NO, + H [M + H]: 296.1645. Found: 296.1729.

tert-Butyl (R,S)-2-((Diphenylmethylene)amino)-7-fluoroheptanoate, (R,S)-10
—Imine (R,S5)-9 (500 mg, 1.69 mmol) solubilized in 1 mL of THF was added to a solution
of LDA (1.86 mL of 2.0 M solution in THF, heptane, ethylbenzene, 3.72 mmol) in 6 mL of
anhydrous THF at =78 °C under nitrogen. An orange enolate solution resulted. The mixture
was stirred at =78 °C for 1 h, and then the alkylating agent 1-bromo-5-fluoropentane (0.46
mL, 3.72 mmol) was added. The solution was stirred overnight and allowed to return to rt.
The reaction was quenched with the addition of a saturated solution of ammonium chloride
(NH4CI) (10 mL) and diluted with Et,O (15 mL). Two phases were separated. The aqueous
phase was extracted with Et,O (2 x 15 mL). The combined organic layers were washed with
a saturated solution of NaCl (1 x 20 mL), dried over Nay,SQy, filtered, and concentrated to
dryness under reduced pressure. The crude compound was purified by silica gel column
chromatography eluted with 2% ethyl acetate in hexane to give (/,5)-10 as a colorless oil
(43%).

J Med Chem. Author manuscript; available in PMC 2017 April 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bouhlel et al.

Page 17

1H NMR (CDCl3): §1.27-1.37 (m, 4H), 1.45 (s, 9H), 1.55-1.73 (m, 2H), 1.87-1.93 (m,

2H), 3.92 (t, J= 6.5 Hz, 1H), 4.40 (dt, 2J(H,F) = 47.5 Hz, 3J(H,H) = 6.1 Hz, 2H), 7.16-7.19
(m, 2H), 7.30-7.47 (m, 6H), 7.64-7.67 (m, 2H).

13C NMR (CDCl3): §25.0 (d, 3J(C,F) = 5.5 Hz, CHy), 25.7 (CHy), 28.2 (3CH3), 30.3
(d, 2J(C,F) = 19.7 Hz, CHy), 33.6 (CH,), 66.0 (CH), 81.0 (C), 84.1 (d, 1J(C,F) = 164.4 Hz,
CHy), 127.9 (2CH), 128.1 (2CH), 128.5 (2CH), 128.8 (2CH), 130.3 (2CH), 136.8 (C), 139.8
(C), 170.0 (C=N), 171.6 (C=0).

tert-Butyl (R,S)-2-Amino-7-fluoroheptanoate, (R,S)-12—Hydroxylamine
hydrochloride (557 mg, 8.01 mmol) was added to a solution of (R,S)-10 (846 mg, 2.29
mmol) in 20 mL of anhydrous methanol under nitrogen at rt. After 2 h, the reaction was
complete. The mixture was then concentrated under reduced pressure. Water (20 mL) and
DCM (40 mL) were added, and the two phases were separated. The aqueous phase was
basified to pH = 7.5 by using a saturated solution of K,CO3 and then extracted with DCM (2
x 40 mL). The combined organic layers were washed with a solution of NaCl saturated (20
mL), dried over Na,SQy, filtered, and concentrated to dryness under reduced pressure. The
crude compound was purified by silica gel column chromatography; it was eluted first with
20% ethyl acetate in hexane and then with 10% methanol in DCM to provide the free amine
(R,5)-12 as a yellow oil (64%).

1H NMR (CDCl3): §1.39-1.44 (m, 4H), 1.46 (s, 9H), 1.51-1.75 (m, 6H), 3.29-3.32 (m,
1H), 4.43 (dt, 2J(H,F) = 47.4 Hz, 3J(H,H) = 6.1 Hz, 2H).

tert-Butyl (R,S)-2-Amino-7-fluoro-2-methylheptanoate, (R,S)-13—(R,S)-13 was
obtained in two steps. First, (~,5)-10 (384 mg, 1.0 mmol) solubilized in 1 mL of THF was
added to a solution of LDA (1.0 mL of 2.0 M solution in THF, heptane, ethylbenzene, 2.2
mmol) in 6 mL of anhydrous THF at —78 °C under nitrogen. An orange enolate solution
resulted. The mixture was stirred at =78 °C for 1 h, and then the alkylating agent methy!l
iodide (0.17 mL, 2.2 mmol) was added. The solution was stirred overnight and allowed to
return to rt. The reaction was quenched with the addition of a saturated solution of NH,4Cl
(10 mL) and diluted with Et,0 (15 mL). Two phases were separated. The aqueous phase was
extracted with Et,0 (2 x 15 mL). The combined organic layers were washed with a saturated
solution of NaCl (1 x 20 mL), dried over Na,SOy, filtered, and concentrated to dryness
under reduced pressure. The crude compound was partially purified on silica gel column
chromatography eluted with 10% ethyl acetate in hexane to give (R,5)-11 (115 mg) as a
crude oil, which was used without any further purification for the second step. In the second
step, hydroxylamine hydrochloride (70 mg, 1.01 mmol) was added to a solution of (R,S5)-11
(115 mg) solubilized in 5 mL of anhydrous methanol under nitrogen. The solution was
stirred at rt and for 2 h. The mixture was then concentrated under reduced pressure. Water
(10 mL) and DCM (20 mL) were added, and the two phases were separated. The aqueous
phase was basified to pH = 7.5 by using a saturated solution of K,COj3 and then extracted
with DCM (2 x 20 mL). The combined organic layers were washed with a saturated solution
of NaCl (20 mL), dried over Na,SQy, filtered, and concentrated to dryness under reduced
pressure. The crude compound was purified by silica gel column chromatography first eluted
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with 10% ethyl acetate in hexane followed by 10% methanol in DCM to provide the free
amine (R,S)-13 as a colorless oil (total yield was 17%).

IH NMR (CDCl3): §1.27 (s, 3H), 1.31-1.43 (m, 4H), 1.45 (s, 9H), 1.61-1.76 (m, 6H),
4.43 (dt, 2J(H,F) = 47.4 Hz, 3J(H,H) = 6.1 Hz, 2H).

13C NMR (CDCl3): §23.9 (CH,), 25.6 (d, 3J(C,F) = 6.3 Hz, CH,), 26.6 (CH3), 28.1
(3CH3), 30.4 (d, 2J(C,F) = 20.5 Hz, CH,), 40.9 (CH,), 58.0 (C), 80.9 (C), 84.1 (d, 1J(C,F)
=162.6 Hz, CHy), 177.0 (C==0).

HRMS (ESI): mizcalculated for C1o,H24NO5F + H [M + H]*: 234.1864. Found:
234.1924.

(R,S)-2-Amino-7-fluoro-2-methylheptanoic Acid Hydrochloride, (R,S)-14—
The amino ester (R, S)-13 (69 mg, 0.29 mmol) was stirred in 1 mL of 4 M HCI at 60 °C for 3
h. The mixture was then concentrated under reduced pressure. The residue obtained was
triturated in Et,0 to precipitate the desired compound. After filtration, product (~,S)-14 was
obtained as a white solid (34 mg, 55%). Mp: 165-167 °C.

1H NMR (D,0): §1.27-1.53 (m, 4H), 1.58 (s, 3H), 1.66-2.02 (m, 4H), 4.53 (dt, 2J(H,F)
=47.3 Hz, 3J(H,H) = 6.1 Hz, 2H).

13C NMR (D50): §21.7 (CHg), 22.5 (CHy), 24.2 (d, 3J(C,F) = 5.5 Hz, CH,), 29.0 (d, 2J
(C,F) = 18.8 Hz, CH,), 36.5 (CH,), 60.2 (C), 85.2 (d, 1J(C,F) = 157.3 Hz, CH,F), 174.5
(©).

HRMS (ESI): mizcalculated for CgH17NOoF - CI [M - ClI ]: 178.1238. Found: 178.1286.

Elemental analysis calculated (%) for CgH17CIFNO>: C 44.97, H 8.02, N 6.56. Found:
C 44.97, H8.05, N 6.42.

(5)-14 was obtained from (5)-16 following the same procedure that provided (~,5)-14.
The 1H NMR spectrum of (5)-14 agrees with the 1H NMR of (R, 5)-14 as shown below.

IH NMR (D,0): §1.21-1.47 (m, 4H), 1.52 (s, 3H), 1.62-1.97 (m, 4H), 4.49 (dt, 2J(H,F)
= 47.3 Hz, 3J(H,H) = 6.0 Hz, 2H).

(R,S)-2-Amino-7-fluoroheptanoic Acid Hydrochloride, (R,S)-15—(R,5)-15 was
obtained from (R, S)-12 following the same procedure that provided (R,S)-14. After
filtration, product (/,S5)-15 was obtained (28 mg, 48%) as a yellow solid. Mp: 227 °C.

IH NMR (D,0): §1.37-1.56 (m, 4H), 1.66-1.83 (m, 2H), 1.84-2.02 (m, 2H), 3.91 (t, /=
6.2 Hz, 1H), 4.54 (dt, 2J (H,F) = 47.0 Hz, 3J(H,H) = 6.0 Hz, 2H).

HRMS (ESI): mlz calculated for C;H15NO,F — ClI [M — CI ]: 164.1081. Found:
164.1108.
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Elemental analysis calculated (%) for C;H15CIENO,: C 42.11, H 7.57, N 7.02. Found:
C 41.89,H 7.20, N 6.52.

(5)-15 was obtained from (S)-17 following the same procedure that provided (~,S5)-15.
The H NMR spectrum of (5)-15 agrees with the 1H NMR of (~,5)-15 as shown below.

IH NMR (D,0): §1.35-1.56 (m, 4H), 1.65-1.83 (m, 2H), 1.85-2.06 (m, 2H), 3.97 (t, J=
6.3 Hz, 1H), 4.54 (dt, 2J(H,F) = 47.2 Hz, 3J(H,H) = 6.0 Hz, 2H).

13C NMR (D,0): §23.7 (CHy), 24.0 (d, 3J(C,F) = 5.9 Hz, CH,), 29.1 (d, 2J(C,F) = 18.2
Hz, CH,), 29.7 (CHy), 53.4 (CH), 85.3 (d, 1/(C,F) = 154.4 Hz, CH,), 173.1 (C==0).

tert-Butyl (S)-2-((tert-Butoxycarbonyl)amino)-5-fluoro-2-methyl-heptanoate,
(S)-16—Cesium fluoride (139 mg, 1.20 mmol) was added to a solution of the tosylate (S5)-4
(118 mg, 0.24 mmol) in 2-4 mL of anhydrous 2-methylbutan-2-ol. The mixture was stirred
at 100 °C for 1h. Then, the reaction mixture was triturated with diethyl ether (Et,0) to
remove most of the ionic salts. The filtrate was concentrated under reduced pressure, and the
crude product was purified on silica gel column chromatography and eluted with 10% ethyl
acetate in hexane to provide (5)-16 as a colorless oil (73%).

1H NMR (CDCl3): §1.24-1.41 (m, 4H), 1.42 (s, 9H), 1.45 (s, 9H), 1.49 (s, 3H), 1.61—
1.75 (m, 3H), 2.11 (bs, 1H), 4.38 (dt, 27 (H,F) = 47.4 Hz, 3J(H,H) = 6.8 Hz, 2H), 5.36 (bs,
1H).

13C NMR (CDCl3): §23.7 (CH,), 23.8 (CH3), 25.2 (d, 3J(C,F) = 5.1 Hz, CHy), 28.0
(3CH3), 28.5 (3CHs), 30.3 (d, 2J(C,F) = 18.9 Hz, CH5), 36.5 (CH>), 59.8 (C), 81.7 (2C),
84.1 (d, 1J(C,F) = 162.1 Hz, CHy), 154.3 (C=0), 173.8 (C=0).

tert-Butyl (S)-2-((tert-Butoxycarbonyl)amino)-7-fluorohepta-noate, (S)-17—
(5)-17 was obtained with the same procedure that provided (S5)-16. The crude product was
also purified on silica gel column chromatography and eluted with 10% ethyl acetate in
hexane to provide (S5)-17 as a colorless oil (75%).

1H NMR (CDCl3): §1.28-1.42 (m, 4H), 1.44 (s, 9H), 1.46 (s, 9H), 1.56-1.84 (m, 4H),
4.10-4.21 (m, 1H), 4.43 (dt, 2J(H,F) = 47.1 Hz, 3J(H,H) = 6.2 Hz, 2H), 5.01 (d, J= 7.7 Hz,
1H).

13C NMR (CDCl3): §24.9 (CH,), 25.0 (d, 3J(C,F) = 5.4 Hz, CH,), 28.1 (3CH3), 28.5
(3CHs), 30.3 (d, 2J(C,F) = 19.8 Hz, CH), 33.0 (CH,), 54.0 (CH), 79.7 (C), 81.9 (C), 84.1
(d, 1J(C,F) = 164.3 Hz, CHy), 155.5 (C=0), 172.1 (C=0).

HRMS (ESI): ml/zcalculated for C1gH3gNO4F + Na [M + Na]: 342.2051. Found:
342.2094.
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Radiochemistry

[18F]fluoride was produced using an RDS-11 cyclotron or a TR-19 cyclotron in the
Washington University Cyclotron Facility. [18F]fluoride was produced from [180]water and
the 180(p,n)18F reaction. Typical radiosyntheses began with approximately 50 mCi of
[18F]fluoride. First, the [18F]fluoride was dried by azeotropic distillation using acetonitrile
(2 x 1 mL, then 2 x 0.5 mL) in the presence of K,CO3 (0.5 mg in 25 xL of water) and
K2.2.2 (3 mg in 50 gL of anhydrous acetonitrile) between 96 and 105 °C under a flow of
nitrogen. Then, a solution of the appropriate tosylate precursor (S)-4 or (S)-8 (4-5 mg in 500
L of anhydrous 2-methylbutan-2-ol) was added, and the mixture was heated for 10 min
between 96 and 105 °C in a sealed vessel. Incorporation of [18F]fluoride was estimated at
greater than 90% for both tracers (n7=5) using radio-TLC developed in 100% methanol.
Then, 1 mL of acetonitrile and 1 mL of water were added to the mixture, and the solution
was purified using an Agilent Zorbax SB-C18 semipreparative high-performance liquid
chromatography (HPLC) column (25 cm x 9.4 mm x 5 gm) eluted with a gradient mobile
phase: solution A (30% acetonitrile, 70% water, 0.1% trifluoroacetic acid) and solution B
(80% acetonitrile, 20% water, 0.1% trifluoroacetic acid) starting from 50% solution A, 50%
solution B and transitioning to 100% solution B in 30 min, with a flow rate of 4 mL/min and
A =230 nm. In these conditions, intermediates (S)-[18F]16 and (S)-[18F]17 had retention
times of 25 and 18 min, respectively. The eluted HPLC fractions containing the labeled
intermediate were combined and diluted with ~40 mL of water and passed through an Oasis
HLB Plus Light cartridge; after 2 more washes, (S)-[18F]16 or (S)-[18F]17 was eluted with
very small volumes of ethanol (between 200 and 300 £1). Then, the deprotection was
performed by heating in the presence of aqueous acid at 96 to 105 °C for 20 min. In the case
of (5)-[*8F]16, a 500 s solution of 1 M HCI was used for deprotection, but for (S)-[18F]17
a 500 L solution of 0.5 M sulfuric acid was used. These conditions provided the desired
products (S)-[18F]14 and (S)-[*8F]15, respectively. After cooling, the acidic solution was
diluted in 0.5 mL of sterile water and passed through a Dionex OnGuard Il A cartridge. The
cartridge was then eluted one or two times with 0.5 mL aliquots of sterile water until all the
tracer was recovered from the cartridge. This method provided the final products (S)-[18F]14
or (S)-[18F]15 at pH = 5-7 and in a form suitable for cell uptake studies. For the animal
studies, the final product was formulated in a 0.9% saline solution prior to injection.

The final product identity as well as the radiochemical and enantiomeric purity was assessed
by coinjection of the racemic nonradioactive standard, either (R,S)-14 or (R, S)-15 with the
(9)-[18F]14 or (S)-[*8F]15 respectively onto a chiral analytical column: the Chirex 3126 D-
penicillamine column (15 cm x 4.6 mm) using a solution of 85:15 3 mM CuSOy:acetonitrile
as mobile phase with a flow rate of 1 mL/min and A = 254 nm. (R,S)-14 and (R, S)-15 had
retention times of 16 and 12 min, respectively. The specific activity was also determined
using these analytical HPLC conditions. The mass associated with 18F-labeled product was
determined by comparison of the integrated UV absorbance with a calibrated mass/UV
absorbance standard curve of the nonradioactive standard (S)-14 for (S)-[18F]14 and (5)-15
for (S)-[18F]15. The specific activity of the final product was greater than 1 Ci/zmol at end
of synthesis.
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The radiosynthesis of (S)-[*8F]FET was performed based on the procedure of K. Hamacher
et al.33 with minor modifications of the drying step of [18F]fluoride, the elution of (S)-
[18F]FET from the silica cartridge, and the HPLC purification. [18F]fluoride was produced
and dried as it was done for (S)-[18F]14 and (S)-[18F]15. To the reaction vessel containing
dried [18F]fluoride, a solution of 2.5 mg of O-(2-tosyloxyethyl)- Aitrityl-L-tyrosine fert-butyl
ester solubilized in 0.5 mL of acetonitrile was added, and the reaction mixture was heated
between 96 and 105 °C for 5 min. The [*8F]fluoride incorporation was superior to 96%
determined by TLC. After evaporating the acetonitrile of the reaction mixture under a
nitrogen flow maintaining the temperature between 96 and 105 °C, the deprotection was
performed in a solution of 0.65 mL of 1,2-dichloroethane and 0.3 mL of trifluoroacetic acid
for 2 min at rt and then 4 min at 80 °C. Then, 5 mL of DCM was added to the reaction
mixture, and the solution was passed through a silica cartridge which trapped the crude (S)-
[18F]FET. By using 8 mL of a solution of pentane/diethyl ether, 1/1, the cartridge was
washed from any residual of trifluoroacetic acid, triphenylcarbinol, and halogenated
solvents. 10 mL of air was then passed through the cartridge, and crude (S)-[18F]FET was
eluted with two 1 mL aliquots of water. The collected solution, at pH = 5, was passed
through a 0.45 um filter and injected into the HPLC system for purification using a
Chirobiotic TAG column (25 cm x 10 mm x 5 zm) with a mobile phase consisting of a
solution of 95:5 water:ethanol with a flow of 3 mL/min and A =220 nm. The fractions
containing (S)-[*8F]FET collected from the HPLC purification had a retention time of 15-17
min and was adjusted to a solution of 0.9% NacCl, passed through a 0.2 xm filter and used
directly for animal studies. The pH of the final product was at 7.

The identity as well as the radiochemical and enantiomeric purity of the final (S)-[18F]FET
product was assessed by coinjection of the nonradioactive FET onto a chiral analytical
column: the Chirex 3126 D-penicillamine column (15 cm x 4.6 mm) using a solution of
85:15 3 mM CuSOg:acetonitrile as mobile phase with a flow rate of 1.5 mL/min and A = 254
nm. (S)-[*F]FET had a retention time of 25 min under these conditions. The specific
activity was also determined using these analytical HPLC conditions. The mass associated
with 18F-labeled product was determined by comparison of the integrated UV absorbance
with a calibrated mass/UV absorbance standard curve of the nonradioactive standard. The
specific activity of (S)-[18F]FET was greater than 1 Ci/zmol at end of synthesis.

Cell Uptake Assays

Cell uptake assays were performed using our previously reported procedure.2443 Mouse
DBT glioma cells were used in these assays. Two buffer conditions (one with and one
without sodium) were used for the assays. The following inhibitors were used for the cell
uptake assays: NA-methyl-a-aminoisobutyric acid (MeAIB, 10 mM), a mixture of L-
alanine/L-serine/L-cysteine (ASC, 3.3 mM of each amino acid to make the 10 mM solution,
or 0.33 mM of each amino acid to make the 1 mM solution), and finally (R, S)-(endo,exo)-2-
aminobicyclo(2,2,1)-heptane-2-carboxylic acid (BCH, 10 mM). The control conditions
contained 10 mM of sucrose to maintain consistent osmolality. The assays were performed
as at pH 7.40 with each condition performed in 8 replicates. Briefly, cells were washed twice
with 37 °C assay buffer (2 mL) prior to initiating the assay. For both (5)-[18F]14 and (S)-
[18F]15, solutions containing approximately 2.0 mCi/mL (64 MBqg/mL) were prepared in the
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appropriate assay buffer, and then 20 gL of the tracer was added to appropriate buffer with
or without inhibitors. Cells were incubated with radiotracers in assay buffer (0.4 mL total
volume) under control or inhibitor conditions for 60 s at 37 °C. The assay buffer was then
discarded from each well followed by washes (3 x 2 mL) with ice-cold buffer to remove
extracellular radiotracer. The cells were lysed with 0.2% sodium dodecyl sulfate (SDS)/0.2
M NaOH (0.3 mL) at rt for 30 min. A 100 zL portion of the lysate from each well was
counted to determine the amount of radioactivity taken up by the cells, and 3 x 20 gL
portions were used for determination of protein content using the bicinchoninic acid (BCA)
method (Pierce, BCA Protein Assay Kit). Standard dilutions of each assay condition were
counted to determine the amount of activity added to each well. The amount of radioactivity
per well was normalized based on the amount of radioactivity added and the protein content
of each cell. The uptake data were expressed as percent of uptake relative to control, and the
uptake of each tracer in the various conditions was compared to the sodium sucrose control
with a one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison post-
tests using GraphPad Prism software. The choline sucrose control condition was compared
to the choline BCH condition using a 2-sided ftest to evaluate specificity for system L
transport.

DBT Tumor Model—All animal experiments were conducted following the Institutional
Animal Care and Use Committee approved protocols in compliance with the Guide for the
Care and Use of Research Animals. For the unilateral intracranial tumors, mouse DBT
tumor cells (1 x 104 cells suspended in a volume of 8 z1_) were implanted in the right
midcerebrum of male BALB/C mice (24-26 g) as described previously.*44° For
subcutaneous tumors, DBT cells (5 x 10° cells suspended in a volume of 50 1) were
injected subcutaneously into the flanks of male BALB/c mice (23-30 g).46 Tumor-bearing
animals were used for imaging and biodistribution studies 14 days after implantation.

Biodistribution Studies with (S)-[18F]14 and (S)-[18F]15 in BALB/c Mice with
Subcutaneous DBT Glioma—The same procedure was used to evaluate the
biodistribution of (S)-[18F]14, (S)-[*8F]15, and (S)-[*8F]FET in tumor-bearing mice.
Approximately 32 4Ci (1.2 MBq) of (5)-[*8F]14, 28 /Ci (1.0 MBq) of (8)-[18F]15, or 34
LCi (1.3 MBq) of (5)-[*8F]FET was administrated via tail vein injection in conscious
animals. Groups of five animals were euthanized at 5, 30, and 60 min p.i. In a few animals,
the subcutaneous tumors did not grow, and these animals were excluded from analysis. The
tumor and tissues of interest were collected and weighed, and the radioactivity was
measured using an automated Beckman Gamma 8000 well counter with a standard dilution
of the injection. The raw counts were corrected for background and radioactive decay, and
the results were reported as the percent of total injected dose per gram of tissue (%ID/g). For
each tracer at each time point, the tumor uptake versus normal brain uptake was compared
using two-tailed paired #tests with pvalues less than 0.05 considered significant. The %ID/g
in tumor and normal brain as well as tumor to brain ratios for all three tracers were
compared separately at each time point using one-way ANOVAs with Tukey post-tests using
GraphPad Prism Software with p values less than 0.05 considered statistically significant.
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Small Animal PET/CT Studies in Mice with Intracranial DBT Tumors

Male BALB/c mice with unilateral intracranial DBT tumors were placed in an induction
chamber containing ~2% isoflurane/oxygen and then secured to a custom 4 mouse bed for
placement of tail vein catheters; anesthesia was maintained via nose cone at ~1% isoflurane/
oxygen for the imaging procedures. The mice underwent dynamic small animal PET
imaging from 0 to 60 min after intravenous tail injection of 150-200 4Ci (5.55-7.4 MBq) of
(S)-[18F]14 (= 4 mice) or (S)-[*8F]15 (7= 3 mice) as well as computed tomography (CT)
images using an Inveon PET/CT system (Siemens Medical Solutions Inc.). Body
temperature was maintained with a heating lamp. At the conclusion of the imaging studies,
the animals were euthanized, and their brains were fixed in 4% paraformaldehyde for
histologic analysis with hematoxylin and eosin staining to verify the presence and location
of tumor.

The small animal PET data obtained with (5)-[18F]14 and (S)-[*8F] 15 were analyzed by
manually drawing three-dimensional regions of interest (ROIs) over the areas of tumor
identified on the PET studies and the contralateral normal brain using the Inveon Research
Workplace software package (Siemens, Inc.). Previously reported PET data for (S)-[18F]FET
was also included in this analysis.1® The uptake data were expressed as average standardized
uptake values (SUVs) for each ROI. The average SUVs and the tumor to brain ratios at 5-15
and 45-60 min p.i. after injection of (S)-[18F]14, (5)-[18F]15, and (S)-[18F]FET were used
for comparative analysis. The uptake in the brain and tumor and the tumor to brain ratios
obtained with the three tracers were compared individually at both time points compared
through one-way ANOVA with Tukey post-tests using the GraphPad prism software with p
values less than 0.05 considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ANOVA analysis of variance
ASC alanine, cysteine, and serine

BCA bicinchoninic acid
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BBB
BCH
Boc

bs
CDCls
CT
CuSOy4
D,O
DMEM
DBT
DCM
EOS
Et,O
FAHep
FAMHep
FAM Pe
FBS
FDG
FDOPA
FET
Fmoc
HCI
HLB
HPLC
ID

IMT
K222
K,CO3

LDA

blood-brain barrier

2-aminobicyclo[2.2.1]heptane-2-carboxylic acid

tert-butoxycarbonyl

broad signal

deuterated chloroform

computed tomography

copper sulfate

deuterated water

Dulbecco’s modified Eagle’s medium
delayed brain tumor

dichloromethane

end of synthesis

diethyl ether

2-amino-7-fluoroheptanoic acid
2-amino-7-fluoro-2-methylheptanoic acid
2-amino-5-fluoro-2-methylpentanoic acid
fetal bovine serum
2-deoxy-2-fluoro-D-glucose
6-fluoro-3,4-dihydroxy-L-phenylalanine
O-(2-fluoroethyl)-L-tyrosine
9-fluorenylmethoxycarbonyl
hydrochloric acid
hydrophilic-lipophilic-balanced

high performance liquid chromatography
injected dose
3-iodo-a-methyl-L-tyrosine

Kryptofix 2.2.2

potassium carbonate

lithium diisopropyl amide
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Figure2.

18F_|abeled fluoroalkyl amino acids.
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Figure 3.

Analytical chiral HPLC coinjections of a mixture of the nonradioactive racemic amino acid
(R,5)-15 (seen with UV detection) and (5)-[18F]15 (seen with radiometric detection).
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Figure 4.
In vitro uptake of (S)-[18F]14 and (S)-[*8F]15 in DBT glioma cells in the presence and

absence of competitive inhibitors of amino acid transport. The uptake data are normalized
based on the amount of activity added to each well and the total amount of protein in each
well. The data are expressed as percentage uptake relative to the sodium control condition,
and the values for each condition are noted in the appropriate bars. Each condition was
assessed with 8 replicates and is depicted as the mean value with standard deviation. Na
control and Cho control contain 10 mM sucrose to provide an osmolarity consistent with the
inhibitory conditions. Na = assay buffer containing sodium ions; Cho = assay buffer
containing choline ions; MeAIB = 10 mM A-~methyl a-aminoisobutyric acid (system A
inhibitor); BCH = 10 mM 2-amino-bicyclo[2.2.1]heptane-2-carboxylic acid (system L
inhibitor); ASC = 3.3 mM each of L-Ala, L-Ser, L-Cys. pvalues associated with asterisks
represent comparisons of uptake in the presence of inhibitor to the sodium control uptake for
each radiotracer (1-way ANOVA) with Dunnett’s multiple comparison post-tests. *, p <
0.05; *** p<0.001. The choline sucrose control condition was compared to the choline
BCH condition using two-tailed #tests (T, p < 0.0001).
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Time—activity curves of (5)-[18F]14 and (S)-[*8F]15 uptake in intracranial DBT tumors and

contralateral normal brain. Mice were anesthetized with 1% isoflurane/oxygen for 0-60 min
dynamic small animal PET/CT scans. Intravenous injection of 150-200 xCi (5.55-7.4 MBQ)
of (5)-[18F]14 (n= 4) or (5)-[*8F]15 (n7= 3) was done in different sets of mice. The data are

displayed as average SUVs.

J Med Chem. Author manuscript; available in PMC 2017 April 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Bouhlel et al.

Page 34

Anterior MIP Right lateral MIP

Figure6.
Representative anterior and right lateral maximum intensity projection (MIP) PET images of

obtained 50-60 min after injection of (S)-[18F]15. The intracranial DBT tumor is designated
by the red arrow. High levels of activity are seen in the abdomen and pelvis corresponding to
the kidneys, pancreas, and the urinary bladder.
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Figure7.
Representative small animal PET (A, C, E) and fused PET/CT (B, D, F) axial images of

mice with intracranial DBT gliomas acquired 45-60 min after injection of (S)-[18F]14 (A,
B), (5)-[*8F]15 (C, D), or (S)-[*8F]FET (E, F). All three tracers had relatively high uptake in
the glioma (red arrows), but (5)-[18F]14 had substantially less uptake in the contralateral
normal brain. Note that intensity scales are different and optimized for each tracer, reflecting
the different concentrations of each tracer in the tumor and normal brain.
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Figure 8.

Mean SUVs of the tumor and normal brain uptake from small animal PET studies performed
with (8)-[18F]14 in four mice, (S5)-[18F]15 in three mice, and (S)-[18F]FET in three mice at
early (5-15 min) and late (45-60 min) time points after injection. Errors bars show standard
deviation. p values represent comparisons of tumor and brain uptakes at early and late time
points for (S)-[18F]14, (5)-[18F]15, and (S)-[*8F]FET through 1-way ANOVA with Tukey
post-tests.*, p< 0.001 for 15vs FET, p< 0.001 for 15vs 14, **, p<0.05 for 15vs FET, p<
0.01 for 15vs 14, t, p< 0.01 for FET vs 14, t, p< 0.001 for 15vs FET and 15vs 14, 1, p
<0.01 for 15vs FET, p< 0.001 for 15vs 14, #, p< 0.001 for FET vs 14, ##, p< 0.01 for
FET vs 14.
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Figure9.
Tumor to brain ratios from small animal PET studies performed with (S)-[*8F]14 in four

animals, (S)-[*8F]15 in three animals, and (S)-[*8F]FET in three mice, at early (5-15 min)
and late (45-60 min) time points after injection. Errors bars show standard deviations. p
values represent comparisons of the tumor:brain ratios for (S)-[18F]14, (S)-[18F]15, and (S)-
[*8F]FET through 1-way ANOVA with Tukey post-tests. *, p< 0.001 for 14 vs 15 and vs
FET, **, p<0.001 for 14 vs 15 and FET.
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Scheme 1.
Multistep Synthesis of the Radiolabeling Precursor (5)-44

4Reagents and conditions: (a) fert-butyl 2,2,2-trichloroacetimidate, CH,Cl, rt, 18 h; (b)
Boc,0, KF, NEts, DMF, rt, 18 h; (c) BH3 THF, 0 °C, 2 h then 1 M NaOH, 30% H,0,, 0 °C,
rt, 18 h; (d) TsCl, NaOBu, CH,Cl,, 0 °C then rt 18 h.
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Scheme 2.
Multistep Synthesis of the Radiolabeling Precursor (5)-84

4Reagents and conditions: (a) Boc,O, MeOH/NEt3/NaOH 1 M for 18 h; (b) fert-butyl 2,2,2-
trichloroacetimidate, CH,Cl», rt, 18 h; (c) BH3 THF, 0 °C, 2 h then 1 M NaOH, 30% H,0,,
0°C, rt, 18 h; (d) TsCl, NaOBu, CH,Cl,, 0 °C then rt 18 h.
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Multistep Synthesis of the Racemic Nonradioactive Amino Acids (R,5)-14 and (R, S)-15¢
4Reagents and conditions: (a) diphenylmethanimine, CH,Cly, rt, 2 h; (b) LDA, 1-bromo-5-
fluoropentane, THF, =78 °C, 1 h, then rt, 18 h; (c) LDA, methyl iodide, THF, =78 °C, 1 h,
then rt, 18 h; (d) NH,OH, MeOH, rt, 2 h; () 4 M HCI, 60 °C, 3 h.
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Scheme 4.
Syntheses of the (S)-Enantiomers of Nonradioactive Amino Acids (S)-14 and (5)-154

Page 41

4Reagents and conditions: (a) CsF, 2-methylbutan-2-ol, 100 °C, 1 h; (b) 4 M HCI, 60 °C, 3 h.
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Me ! 2-methylbutan-2-ol,
96-105 °C, 10 min
(S)-4

K['®FIF, Kzz, K2CO3

2-methylbutan-2-ol,
96-105 °C, 10 min

TsO

Scheme5.
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H 9 o
Boc—N>)-L HCI 1 M HoN /J\
el:! < “OH
Me' ! Y 96-105 °C, 18 min Me' g
(S)-['®F]16 (S)-'8F]14
18F 13F

H,S040.5 M
96-105 °C, 20 min

H o] o]
Boc—N \)L OfBu HaN \:/|LOH

(S)-['8F117 (SH'®F)15

13F 13F

Two-Step Synthesis of the Amino Acid Tracers (S)-[18F]14 and (S)-[18F]15
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O-(2-tosyloxyethyl)- N-trityl-L-tyrosine
tert-butyl ester

Scheme 6.
Radiosynthesis of (S)-[18F]FET
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Biodistribution of (S)-[*8F]FET in BALB/c Mice with Subcutaneous DBT Tumors?

[*8F]FET

organ 5min 30 min 60 min
blood 54+0.3 3.7+0.2 34+33
bone 22+03 14zx01 15+£13
brain 15%£03 28+0.2 2524
fat 1.0+£0.2 08+0.2 0.8+0.6
heart 53+03 33%0.1 30+30
kidney 56+0.1 41+03 4442
liver(all) 46+03 31+01  29+29
lung 50+04 33+0.2 29+29
muscle 39+x02 32zx01 3129
pancreas 26.9+55 382%79 20.1+18.0
spleen 6.5+0.3 41+0.2 35+3.2
thyroid 4403 34+0.2 2827
tumor 59+0.7 6.7+2.0 74+74

Table 2

Page 45

a34 LCi (1.26 MBq) of (5)-[18F]FET was administrated via tail vein injection without anesthesia. The animals were euthanized at 5 min (7= 5), 30

min (n7=15), and 60 min (/7= 4) after injection. The data are expressed as mean %ID/g with standard deviation.
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Table 3

Page 46

Tumor to Blood, Tumor to Brain, and Tumor to Muscle Ratios Observed after Injection of (S)-[*F]FET, (9)-

[8F]15, and (S)-[18F]14 Calculated from the Biodistribution Studies in Mice with Subcutaneous DBT

Tumors?

time, min  [BF]FET  (9)-[8F]15 (9)-[18F]14

tumor to blood ratio 5 11£02 1104 0.7+0.2
30 18x05 1.7+04 1.4+07

60 22+%02 24+0.2 21+09

tumor to brain ratio 5 39%08 14+06 11.1£32
30 24zx07 14+03 142+24

60 3.0+02 22+0.2 96+44

tumor to muscle ratio 5 15£02 14+05 2707
30 21x06 1.7+04 3714

60 25%02 25+0.3 3210

a . . . . o .
The data are expressed as the average ratios at each time point for each tracer with standard deviation and are from the same data sets presented in

Tables 1 and 2.
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