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Propargyl polyamines (putrescine, spermidine, and spermine) were
synthesized and evaluated as minimal-tag analogs for high-
resolution intracellular imaging in mammalian cells and zebrafish.
These compounds showed structure-dependent differences in sub-
cellular distribution with unprecedented resolution, discriminating
among closely related polyamines.

The polyamines (PAs) putrescine (PUT), spermidine (SPD), and
spermine (SPM) are abundant polycations (Fig. 1a) that bind
nucleic acids, membranes, and proteins, shaping chromatin and
RNA, supporting translation, and tuning organelle function." They
exist mainly in a biopolymer-bound, functionally engaged pool,
with a small freely diffusible fraction. PA homeostasis is main-
tained through coordinated biosynthesis, catabolism, uptake,
secretion, and intracellular trafficking.” Disturbance of this home-
ostasis is a hallmark of cancer and neurological disorders, and
mutations in genes of the PA pathways (e.g:, ATP13A2, SMS)
implicate these pathways in disease pathogenesis.**

Existing PA detection strategies have complementary strengths
but key limitations. Fluorophore-PA conjugates (e.g., BODIPY
derivatives)>® suit monitoring PA uptake via the PA transport
system and have been shown to enable transporter discovery/
validation (e.g., ATP13A2),” yet the bulky dye likely perturbs
trafficking and fails to report subcellular localization. Genetically
encoded sensors provide single-cell, real-time readouts of intra-
cellular levels of PAs, mainly of SPD/SPM, and can be targeted to
cellular compartments, but they quantify free pools rather than
specify structure-specific localization patterns.®*® Methods based
on PA-reactive small molecules (e.g., glycine propargyl esters or
pyrrolopyrrole aza-BODIPY-based sensors) sensitively assess total
cellular PA levels but do not distinguish between PUT, SPD, and
SPM.'*™* Finally, chromatographic/mass-spectrometric assays
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remain ensemble, extraction-based measurements lacking spatial
resolution.™?

Here, we introduce minimal-tag polyamines (iPAs), specifi-
cally propargyl analogs of PUT, SPD, and SPM (iPUT, iSPD,
iSPM, respectively; Fig. 1b), that preserve native charge and
spacing, and retain the transporter compatibility of the
untagged PAs. After paraformaldehyde (PFA) fixation, the
alkyne of the propargyl group is labeled by copper-catalyzed
azide-alkyne cycloaddition (CuAAC)''> with a fluorescent
azide, enabling high-resolution intracellular imaging (Fig. 1c).
In contrast to conjugation of dyes to PAs, these minimal edits
resolve structure-dependent accumulation patterns among clo-
sely related PAs in cultured cancer cells and zebrafish embryos.
Unlike bulky dye conjugates, the three different iPAs localized
to distinct subcellular regions (or to different cell types)
and displayed differences in cellular efflux and retention.
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Fig. 1 Chemical structures and workflow for imaging polyamines accu-
mulated in cells or animals. (a) Structures of PAs. (b) Structures of iPAs. (c)
Schematic and images describing the workflow, which involved growing
cells/animals in the presence of iPAs, PFA-fixation, permeabilization, and
ligation to a fluorescent azido-reporter via CuUAAC, and visualization using
fluorescence microscopy.
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Complementing real-time genetic sensors that report on free
polyamine pools, our polyamine analogs show species-specific
uptake and subcellular accumulation while retaining the prop-
erties of the corresponding untagged PAs.

iPAs were synthesized from polyamine building blocks pre-
viously reported by our group.'® A convergent route introducing
a single propargyl tag followed by global deprotection afforded
iPUT, iSPD, and iSPM in overall yields of 84%, 68%, and 28%,
respectively (Fig. S1).

We applied iPAs to the human breast cancer cell line MCF-7,
a model in which PA transport has been benchmarked with
BODIPY-PA surrogates."” In parallel, MCF-7 cells were treated
with PAs (negative controls) and with commercially available
BODIPY-PAs. Imaging revealed differential accumulation of
iPAs, iPUT and iSPD localized predominantly to the nucleus,
whereas iSPM showed an extranuclear pattern with strong
colocalization to the mitochondrial outer membrane marker
TOM20 (Fig. 2). As expected, cells treated with native PAs, PFA-
fixed and subjected to CuAAC showed no detectable fluores-
cence (Fig. S2), confirming the specificity of iPA-derived signals.
In contrast, all BODIPY-PAs displayed similar extranuclear
patterns (Fig. S3), consistent with a previous study utilizing
these compounds in MCF-7 cells."”” We then performed an
analogous colocalization study using the cervical cancer cell
line HeLa and obtained results very similar to those observed
using MCF-7 (Fig. S4). The divergent intracellular localization
reflected distinct routing—with BODIPY-PAs remaining extra-
nuclear, and specifically localized to the cytoplasm,"” and at
least partially accumulated in acidic polyamine-sequestering
vesicles,® but with iPAs entering both cytosolic and nucleoplas-
mic pools, consistent with protein interactors recovered using
spermidine-based photoaffinity probes.'® The prominent
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Fig. 2 Subcellular accumulation of iPAs (red) in MCF7 cells, specifically
colocalization of iPAs with the mitochondrial marker TOM20 (green) and
cell nuclei (blue). Cells were treated with iPAs (75 pM) for 2 h, washed, fixed
with PFA, and subjected to bioorthogonal ligation with 5-TAMRA-azide.
Cells were immunostained with a primary anti-TOM20 antibody followed
by an Alexa Fluor 488 (AF488)-conjugated secondary antibody. Nuclei
were stained with DAPI and imaged using fluorescence microscopy.
(a) Cells treated with iPUT. (b) Cells treated with iSPD. (c) Cells treated
with iSPM. Scale bars each represent 10 um. Pearson correlation coeffi-
cients were calculated using the Coloc2 plugin in FIJI. Student's t-test was
applied to determine statistical significance between groups, with differ-
ences considered significant at p < 0.05.
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colocalization of iSPM with TOM20 may have stemmed from
electrostatics and chain length: the higher net charge and
increased spacing of amine groups in SPM appeared to have
facilitated its multivalent association with anionic mitochon-
drial membranes, in contrast to the shorter, less charged SPD
and PUT."®' An additional factor underlying the observed
differences in subcellular localization among iPAs may have
been the involvement of multiple transporters within the poly-
amine transport system, which exhibit diverse substrate pre-
ferences and organelle-specific expression.’

To verify that intracellular iPAs do not undergo any appreci-
able metabolic or catabolic transformation that would other-
wise yield a mixture of polyamines,' we developed a mass-
spectrometry-based assay. In this assay, cells treated with iPA
are subsequently lysed, and solvent-exposed cysteines in cellu-
lar proteins react with alkyne-bearing iPAs released from the
cells and with azide-PEG3-biotin, added to the lysis buffer, via a
copper-catalyzed azide-alkyne-thiol reaction,> to produce thio-
triazole biotinylation sites. Proteins are digested with trypsin,
the biotinylated peptides are enriched and analyzed using LC-
MS/MS. The assay selectively detects species that retain the
bioorthogonal alkyne tag in cells; if the alkyne is metabolically
removed, CuAAC reactivity is extinguished and does not con-
found the microscopy-based steady-state readout of intracellu-
lar accumulation. In the current work, the analysis showed the
observed cysteine mass shifts overwhelmingly corresponding to
incorporation of the intact iPA, with any potential interconver-
sion of these compounds occurring at a minimal level (Fig. S5).

Subsequent time-course experiments showed that intracel-
lular accumulation of iPA increased with incubation time
(Fig. S6). iPUT produced a clear signal at 15 min of incubation,
whereas iSPD and iSPM required longer incubations, consistent
with slower cellular entry. Dose-response studies revealed
accumulation proportional to dose (Fig. S7). Importantly,
neither changing time nor dose yielded altered intracellular
localization patterns.

AMXT-1501 is a polyamine transport inhibitor currently
under clinical evaluation in oncology.>" After a brief pretreat-
ment of MCF-7 cells with this compound, we observed partial
inhibition of intracellular accumulation of iPAs, particularly for
iPUT and iSPD, whereas the effect on iSPM was minimal (Fig. 3
and Fig. S8). This substrate profile was found to be consistent
with reports of AMXT-1501 limiting P5B-ATPase-dependent
polyamine transport, assayed using BODIPY-PAs in HEK293T
cells stably expressing polyamine transporter ATP13A3.° Nota-
bly, AMXT-1501 also altered subcellular distribution: both iSPD
and iPUT lost their nuclear localization, and iPUT displayed a
punctate cytoplasmic pattern, indicating relocalization to the
cytoplasm. Together, these observations pointed to PA-species—
dependent differences in trafficking that have been difficult to
resolve using other analytical methods.

To assess retention of iPAs in MCF-7 cells, we performed
pulse-chase assays (incubation followed by washout) and
observed distinct, compartment-specific decay kinetics (Fig. 4
and Fig. S9): the nuclear iPUT signal declined rapidly while the
cytoplasmic iPUT signal decreased more slowly; for iSPD,
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Fig. 3 Effect of polyamine transport inhibitor AMXT-1501 on iPA accu-
mulation in MCF-7 cells. Cells were treated with AMXT-1501 (2 puM) or
vehicle control for 1.5 h, then incubated with iPAs (75 uM) for 2 h, washed,
PFA-fixed, subjected to CuAAC with 5-TAMRA-azide (red), and imaged
using fluorescence microscopy. (a) iPUT, (b)AMXT-1501 + iPUT, (c) iSPD,
(d) AMXT-1501 + iSPD, (e) iSPM, and (f) AMXT-1501 + iSPM. Scale bars each
represent 10 pm.

Fig. 4 Pulse-chase experiments demonstrating efflux of polyamines from
MCEF-7 cells. Cells were incubated with iPAs (75 pM) for 2 h, washed, and
incubated with iPA-free medium for up to 120 min. Cells were washed,
PFA-fixed, subjected to CuAAC with 5-TAMRA-azide (red), and imaged
using fluorescence microscopy. (a) iPUT, (b) iSPD, and (c) iSPM. Scale bars
each represent 10 um.

nuclear and cytoplasmic signals decayed at similar rates; and
the cytoplasmic iSPM signal persisted the longest. To provide
evidence for efflux from the cells as being the source of the
declining signal, we collected conditioned medium from the
iPUT pulse-chase and applied it to naive cells: this application
yielded a robust, iPUT-like nuclear pattern (Fig. $S10), consistent
with release of import-competent compound and intercellular
transfer. These data showed that iPAs can be used to visualize
dynamic intercellular transfer of polyamines across cell popu-
lations, a phenomenon noted previously but largely only
inferred from the presence of secretion/uptake machinery and
polyamine-stress transcriptional readouts in heterogeneous
tissues rather than having been visualized directly.> Prior work
indicated that mammalian cells actively store and secrete
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polyamines, and implicated specific solute carrier proteins
(SLCs) in these processes: SLC18B1 loads SPD/SPM into secre-
tory vesicles, enabling regulated release,* and SLC3A2 has
been implicated in diamine export to the medium.* In a
separate study, we plan to verify the involvement of these
proteins in iPA efflux and use iPAs to investigate polyamine-
mediated chemical transmission.

Finally, in the current work, we evaluated the applicability of
iPAs to probe the localization of exogenous PAs in vivo in
zebrafish larvae (48-120 hpf), with a focus on the developing
brain. Polyamines play essential, conserved roles in the brain,
including modulation of ion channels and neurotransmitter
receptors, regulation of synaptic plasticity, neurodevelopment,
and glia-neuron signaling, yet the molecular and spatial
mechanisms underlying these roles remain incompletely
defined.”* Zebrafish embryos were exposed to iPAs at 48 hpf;
and, at 5 dpf, larvae were euthanized, PFA-fixed, permeabilized,
and labeled by CuAAC with 5-TAMRA-azide. iPA-dependent
fluorescence was clearly above the background in control
samples, and accumulation patterns were dependent on iPA
structure (Fig. 5 and Fig. S11). Importantly, subcellular locali-
zation was tissue specific: brain cells (presumably neurons)
showed predominantly nuclear iPUT and iSPD, whereas skin

Fig. 5 Differential accumulation of iPAs in the brain of developing D. rerio
larvae. The embryos were treated (48-120 hpf) with iPAs (200 uM),
washed, euthanized, PFA-fixed, and subjected to bioorthogonal ligation
to 5-TAMRA-azide (red). (a) and (b) Localization of iPAs in the pallium
(dorsal forebrain) and surrounding skin. iPUT localized to the nuclei of
pallial cells (arrows) and cytoplasmically in the skin cells (arrowheads). iSPD
localized to the nuclei, was observed to be strongly enriched in the
dividing cells at the ventricular zones (arrow), and was absent from skin
cells. iISPM localized cytoplasmically in both skin cells (arrowhead) and
brain cells and was enriched in white matter (open arrow). (c) Localization
of iPAs in the optic tectum and cerebellum. iPUT localized to the nuclei of
brain cells. iSPD was absent in the tectum. iSPM localized cytoplasmically
in brain cells of the optic tectum and was enriched in white matter. Scale
bars each represent 20 pm.
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cells exhibited mainly extranuclear iPUT and little to no iSPD
(Fig. 5). iSPM localized primarily to the cytoplasm and was
observed in both neurons and skin cells. In addition, iSPD was
absent from the tectum and cerebellum but was present in the
pallium, while iPUT showed nuclear localization and iSPM
localized to the cytoplasm of tectal cells, with enrichment in
white matter, similar to that in the pallium (Fig. 5). Collectively,
the results of our experiments established iPAs as effective tools
for visualizing exogenous PA localization in vivo. Importantly,
the differential accumulation of iPUT, iSPD, and iSPM across
cell types (neurons vs. skin cells) and brain regions (pallium,
tectum, cerebellum) demonstrated the ability of iPAs to
resolve spatial heterogeneity in PA dynamics. These findings
are expected to provide a basis for the future use of iPAs in
brain research, including efforts to define how polyamines
shape neurodevelopment, synaptic plasticity, and glia-neuron
interactions.

In this communication, we present minimally tagged, poly-
amine analogs for profiling polyamine uptake and intracellular
accumulation in cells. We show structure-dependent quantita-
tive and qualitative differences in accumulation and efflux.
Using a polyamine transport inhibitor, we demonstrate that
iPAs engage the same import pathways as do native polyamines
and remain chemically intact under intracellular conditions.
We also show that iPAs not only readily enter but also exit cells,
enabling future studies on the role of polyamines in intercel-
lular communication. We further demonstrate the applicability
of iPAs in an in vivo zebrafish model. Our data indicate that iPA
accumulation in zebrafish is iPA-structure dependent and, for a
given compound, cell-type dependent. We expect that our
minimal-tag polyamines will accelerate mechanistic studies of
polyamine biology and enable spatially resolved analyses in
disease models in cellulo and in vivo. We anticipate a straight-
forward adaptation of iPAs to high-throughput formats that
interrogate polyamine import and subcellular trafficking. In
such settings, these compounds are expected to facilitate
screening and quantitative evaluation of therapeutics targeting
polyamine pathways.
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