
Molecular Transport Mechanisms of Radiolabeled
Amino Acids for PET and SPECT

Amino acids are important biologic
substrates that play crucial roles in vir-
tually all biologic processes. These
ionic nutrients serve not only as basic
modules of proteins and hormones but
also as neurotransmitters, synaptic
modulators, or neurotransmitter pre-
cursors. Transfer of amino acids across
the hydrophobic domain of the plasma
membrane is mediated by proteins that
recognize, bind, and transport these
amino acids from the extracellular me-
dium into the cell, or vice versa. In the
early 1960s, different substrate-spe-
cific transport systems for amino acids
in mammalian cells were identified (1).
General properties of mammalian
amino acid transporters were revealed,
such as stereospecificity and broad
substrate specificity (i.e., several
amino acids share the same transport
system). Functional criteria such as the
type of amino acid (e.g., basic, acidic)
or thermodynamic properties (energy
dependence of transport) were used to
classify amino acid transporters. This
classification has been retained to date
in functional studies when the molec-
ular mediators of transport are un-
known. The molecular identification of
amino acid transporters or related pro-
teins started in the early 1990s, and
studies on the structure–function rela-
tionship and the molecular genetics of
the pathology associated with these
transporters have generated consider-
able interest. The molecular identifica-
tion of almost all physiologically char-
acterized amino acid transporters in
recent years has facilitated the func-
tional analysis of this important class
of transport proteins. These studies in-

dicate that although several amino acid
transporters are ubiquitous and serve to
maintain nutritional demands, many
cells additionally express specific
transporters that allow the accumula-
tion of particular amino acids. Tumor
cells derived from specific cell types
often continue to express cell-specific
transporters and therefore accumulate
certain amino acids more than others.

Radiolabeled amino acids have been
considered in nuclear medicine since
the early 1960s (2). With the advent of
PET, many physiologic amino acids
have been radiolabeled by the replace-
ment of a carbon atom by 11C, which
does not chemically change the mole-
cule (3,4). The most frequently used
amino acid for PET is L-[methyl-11C]-
methionine (MET), and convincing
clinical results, especially for the diag-
nostics of brain tumors, have been re-
ported (5).

Because of the short—20-min—
half-life of 11C, however, the use of
MET remains limited to the few PET
centers with an on-site cyclotron.
Stimulated by the promising results of
PET studies on brain tumors with
MET, research on the SPECT tracer
3-123I-iodo-�-methyl-L-tyrosine (IMT)
was intensified in the late 1980s (6,7),
and many studies have investigated tu-
mor imaging with this tracer (5,8).
IMT exhibits increased uptake in many
tumor types, although it is not incor-
porated into protein and remains met-
abolically unchanged within the cells.
This is true for most radiolabeled
amino acids presently used in nuclear
medicine and indicates that an alter-
ation of amino acid transport is the
dominating process for increased up-
take (9). Several studies have been un-
dertaken to characterize the transport
mechanisms of this unphysiologic
amino acid by inhibition experiments
in vitro, which have demonstrated that
IMT transport is dominated by sodi-

um-independent amino acid transport
via system L (8).

The adoption of modern techniques
of molecular biology such as expres-
sion of specific transporter subtypes in
Xenopus oocytes allows a more spe-
cific evaluation of the transport char-
acteristics of radiolabeled amino acids
than can be provided by inhibition ex-
periments in cell cultures alone (10).
The first study using this approach to
characterize IMT transport demon-
strated that IMT is selectively trans-
ported by the LAT1 subtype of system
L, whereas the natural parent L-tyrosine
is transported by both LAT1 and LAT2
(11). This observation indicates that
radiolabeled amino acids may be trans-
ported more selectively than natural
amino acids and as a consequence
might be more specific for the diagnos-
tics of special pathologic processes.

On pages 1591–1596 of this issue of
The Journal of Nuclear Medicine, La-
houtte et al. (12) investigate the trans-
port characteristics of 123I-2-iodoty-
rosine (2IT).

123I-2IT shows some clinical advan-
tages over IMT: lower renal accumu-
lation and lower uptake in inflam-
matory tissue (13). The transport
mechanisms of 2IT are analyzed and
compared with those of IMT and 2
fluorinated amino acids currently un-
der consideration for PET: O-(2-18F-
fluoroethyl)-L-tyrosine (FET) and 2-
18F-fluoro-L-tyrosine (2FT). FET is a
promising new PET tracer because of
efficient radiosynthesis and, like 18F-
FDG, offers widespread clinical appli-
cations (14,15). 2FT is incorporated
into protein, in contrast to most other
artificial amino acids, but radiosynthe-
sis is not as efficient as for FET
(16,17).

Expression of 4F2hc-LAT1 in Xeno-
pus laevis oocytes shows that affinity
of 2IT for LAT1 is similar to that of
L-tyrosine. The experiments do not in-
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clude expression experiments with
LAT2, and the question remains open
of whether 2IT, like tyrosine, is also
transported by LAT2 or other amino
acid transporters (11). Furthermore,
transstimulation experiments have
shown that the influx rate of 2IT via
LAT1 is comparable to that of IMT but
lower than that of 2FT. In contrast,
FET influx via LAT1 was found to be
poor.

These experiments give interesting
new insights into the variable transport
characteristics of these different new
radiolabeled amino acids. Especially,
the poor transport of FET via LAT1 is
surprising, since brain tumor imaging
with this amino acid is comparable to
that with MET and IMT (18–20). For
FET, in contrast to MET and 18F-FDG,
a low uptake in inflammatory tissue
has been observed (21,22). It is tempt-
ing to speculate that the selectivity of
FET for certain transporter subtypes
that are not expressed in those tissues
may account for this phenomenon.
Similarly, selective accumulation has
been observed with other fluorinated
amino acids, that is, the diastereo-
isomers cis-4-18F-fluoro-L-proline and
trans-4-18F-fluoro-L-proline (23,24).
Minor differences in transport charac-
teristics have been identified and lead
to considerable differences in the
whole-body distribution in humans
(25).

It appears that the diagnostic poten-
tial of radiolabeled amino acids will be
amplified by enlarging knowledge of
the molecular mechanisms involved in
the transport processes. The applica-
tion of radiolabeled amino acids with
selective transport characteristics will
offer a new tool for a more specific
evaluation of pathologic processes.
Furthermore, a new window may be
opened for the pretherapeutic assess-
ment of antitumor drug selectivity. For
instance, the phenylalanine mustard

melphalan is transported by LAT1 and
accumulates in cancer cells (26).

The rapidly developing knowledge
about the molecular genetics of amino
acid transport systems and the capabil-
ity of nuclear medicine techniques to
measure such processes in humans of-
fer great potential for improved diag-
nostics of numerous diseases.
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olism of L-[2-18F]fluoro-tyrosine, a new PET tracer
of protein synthesis. J Nucl Med. 1989;30:1367–
1372.

17. Hess E, Sichler S, Kluge A, Coenen HH. Synthesis
of 2-[18F]fluoro-L-tyrosine via regiospecific fluoro-
de-stannylation. Appl Radiat Isot. 2002;57:185–
191.

18. Weber WA, Wester HJ, Grou AL, et al. O-
(2-[18F]fluoroethyl)-L-tyrosine and L-[methyl-
11C]methionine uptake in brain tumours: initial re-
sults of a comparative study. Eur J Nucl Med.
2000;27:542–549.

19. Langen KJ, Jarosch M, Mühlensiepen H, et al.
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