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Color-coded Super-resolution Small Molecule Imaging

Dr. Paolo Beuzer?, Dr. James J. La Clair2P, and Prof. Hu Cang?

aWaitt Advanced Biophotonics Center, The Salk Institute for Biological Sciences, 10010 N Torrey
Pines Rd, La Jolla, CA 92037

bXenobe Research Institute, P. O. Box 3052, San Diego, CA 92163-1052

Abstract

While the development of super-resolution microscopy dates back to 1994, its applications have
been primarily focused on visualizing cellular structures and targets, including proteins, DNA and
sugars. We now report on a system that allows one to both monitor the localization of exogenous
small molecules in live cells at low resolution and subsequently perform super resolution using
stochastic optical reconstruction microscopy (STORM) on fixed cells. This represents a powerful
new tool to understand the dynamics of the subcellular trafficking associated with the mode of
action (MOA) of exogenous small molecules.

Graphical abstract

Understanding the subcellular trafficking and localization of small molecules is a fundamental
aspect of chemical biology. A practical five-step procedure has now been developed that enables
small molecule imaging at super-resolution. Advantageously, the method combines a color-
encoded system that allows rapid uptake and tracking using a blue fluorescent immunoaffinity
(IAF) tag followed by antibody based staining of fixed cells for STORM imaging.
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Small molecules, whether natural products or synthetics, offer some of the most profound
means to selectively target and engage specific pathways within a cell, organism, or
ecological system.[X] The diversity of roles that these molecules play is remarkable and
continues to provide novel leads for the clinic, as recently exemplified by the discovery of
new modes of regulating tumor cell growth[2] or advances that circumvent drug resistance in
microbial infections.[3] Other roles include natural functions such as signaling
communication between species,[4] or sensing key environmental clues.[] The development
of new methods to monitor the cellular and subcellular trafficking of small molecules offers
a key tool to rapidly identify molecules with novel biological activity and understand their
MOA.

To date, a large compendium of small molecules can be used as first line of exploration.
These include an array of natively fluorescent natural products(®] and synthetic fluorescent
dyes.[7] These materials, however, often have a restricted biological utility. For most
bioactive materials, fluorescent probes must be prepared from their parent small molecule.
This has recently been improved through the development of methods such as centralized
tagging approaches, simultaneously arming and evaluating of structure activity relationships,
or bioorthagonal approaches such as Click chemistry.[8]

While effective, many of these methods fail to deliver materials that can be imaged by super-
resolution methods.[®] One solution to this problem arises through the development of tags
optimized for super-resolution methods.[10] While an effective approach, the development of
new tags is not often the central focus of a biological or drug discovery program and, hence,
application of these materials often is limited to early exploratory systems.

Over the last decade, we have established a metabolically-stable tag that is small in sizel8e
(Connolly’s solvent excluded volume of ~210 A3), readily incorporated onto diverse natural
products, and accessed by a variety of fluorescent microscopic methods. In addition, we
have established an immunoaffinity fluorescent (IAF) system that uses this tag both blue
fluorescent and serves as an epitope to a monoclonal antibody.[8°] Using human U20S bone
osteosarcoma cells as a model, we now demonstrate how this system can be applied to
STORM imaging of small molecules.

Currently, several fluorophores suitable for STORM have been characterized, and how
provide a set of five orthogonal colors.[12] In fixed cells, STORM has successfully resolved
the actin cytoskeleton with a resolution of 10 nm in the lateral direction and 20 nm in the
axial direction.[*2] In live cells, STORM can achieve a temporal resolution of 1-2 s and
spatial resolution of 30 nm and 50 nm in respective lateral and axial directions.[!3] Many
factors can limit STORM resolution, including: the density of the labeling, localization
precision, the accuracy of the image reconstruction algorithm, the level of background noise,
the thickness of a sample, and the amount of optical aberrations.[241 However, probe size is
one of the most critical factors in determining the achievable spatial resolution of STORM.
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Immunostaining with antibodies results in an overall 10-15 nm probe size, which can
decrease the resolution by ~30 nm.[24] Smaller probes such as nanobodies or Fab fragments
have been shown to partially overcome this problem.[*®] Here, we demonstrate how a small
dye epitope and corresponding fluorescently anti-dye antibody can be used as an optimal
method for small molecule STORM.

The method begins (Step 1, Scheme 1) by treating cells with an IAF probe (see structures in
Fig. 1). We applied live cell epifluorescence or confocal microscopy to monitor the cellular
uptake of the IAF probe at different time points and concentrations. Once the optimal
window had been identified, we proceeded to super-resolution analysis via STORM.

Once stained with the IAF probe, cells were fixed with 0.4% paraformaldehyde,
permeabilized with 0.2% Triton, and blocked in PBS containing 0.1% Tween and 5% bovine
serum albumin (Step 2, Scheme 1). The resulting sample was then treated with 80 uM Alexa
647-conjugated anti-IAF mAb XRI-TF35, a monoclonal antibody that was prepared in
house as a tool for MOA studies (Step 3, Scheme 1).18] Here, we used the blue IAF tag as
the epitope for the Alexa647-conjugated mAb, therein allowing the natural product to retain
its small size during cellular uptake and localization. After antibody labeling, the samples
were ready for STORM analysis (Step 4, Scheme 1) and subsequent validation efforts (Step
5, Scheme 1).

To test this method, we examined three |AF-labeled natural products whose subcellular
localization in mammalian cells had been examined as part of a series of drug discovery and
MOA studies, namely chlorizidine A probe 1,117 ammosamide B probe 2,[18] and
glycyrrhetinic acid probe 3.[83] We began with chlorizidine A probe 1. Our recent studies
identified that chlorizidine A and associated probe 1 target two proteins within the glycolytic
pathway, hENO1 and GAPDH.[17a] During the course of these studies, we found that
treatment of HCT-116, a colon cancer cell line, with 10 UM 1 over 6 h resulted localization
of 1 in the lysosomes, as confirmed by co-staining experiments with known
lysotrackers.[16a]

Using this data, we treated U20S cells with 50 UM probe 1 for 1 h at 37 °C ina CO,,
incubator (Step 1, Fig. 1). The cells could be inspected at any time during this period with
epifluorescence or confocal microscopy using a blue fluorescent filter set, such that
commonly used for imaging DAPI staining. The cells were then fixed, permeabilized,
blocked (Step 2, Fig. 1) and stained with the Alexa647-conjugated anti-1AF TF35 mAb
(Step 3, Fig. 1). We then imaged the resulting cells using both epifluorescence and STORM
in imaging buffer (50mM Tris and10 mM NaCl pH 8 containing 40mM D-glucose, 0.5
mg/ml glucose oxidase, 40 ug/ml catalase, and 150 mM B-mercaptoethanol).

As evident in Fig. 2c, probe 1 was observed at microvesicles ranging from 200 nm to ~2 um
in size (Fig. 2c). STORM (Fig. 2d and Fig. 2f) was able to reveal details not visible by
epifluorescence microscopy (Figs. 2c and Fig. 2e) or confocal microscopy.[*7! In particular,
small nanometer-size vesicles were observed on the perimeter of the microvesicles. This
suggested that the probe initially localized at macrovescicles, but was ultimately collected
over time into these nanometer-size structures within these vesicles, as observed in other
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cells of the same sample (Supporting Fig. 1). Most critically, we were also able to further
validate that the entire procedure did not induce any cell damage or modification in the
localization of 1. As shown by the blue epifluorescent channel in Supporting Fig. 2, the
localization of 1 remained constant at all stages of the treatment and imaging process.

Using the same procedure used for chlorizidine A probe 1, we examined the ammosamide B
probe 2. This probe was chosen as previous studies found that 2 targeted the cytoskeletal
component myosin,[282] and hence provided a new subcellular target for STORM. Both the
blue fluorescence from the IAF tag (Fig. 3a) and the signal obtained after fixation,
permeabilization, and staining with the Alexa647-conjugated primary antibody anti-IAF
(Fig. 3b), indicated that probe 2 was diffusely localized throughout the cytoplasm. This
localization was consistent with our previous observations in other tumor cell lines.[18]
Higher resolution images by STORM (Fig. 3d and Fig. 3f) enabled one to identify
nanometer-sized detail within this staining, however, it did not resolve fibers. This could be
due to the fact that probe 2 disrupted the structure of the myosin network or that the
resolution was still too low to identify the myosin fibers. Alternatively, this could arise from
the lack of defined myosin fibers within the cells examined. The fact that we were able to
use the blue fluorescence to monitor the 1AF probe throughout the process allowed us to
remove any potential concerns over alteration of the localization of probe 2 arising during
fixation or permeabilization.

A final example, probe 3, was prepared from glycyrrhetinic acid, pentacyclic triterpenoid
that inhibits the enzymes, 15-hydroxyprostaglandin dehydrogenase and delta-13-
prostaglandin, which metabolize the prostaglandins PGE-2 and PGF-2a.[19] Our previous
studies have shown that probe 3 localizes in the endoplasmic reticulum (ER).[82] As shown
in Fig. 4, we were again able to use the blue fluorescence from 3 to identify optimally
stained cells. Subcellular localization of 3 was comparable when examining epifluorescence
from 1AF tag (Fig. 4a) or fluorescence associated Alexa647-conjugated primary antibody
anti-1AF after fixation and permeabilization (Fig. 4b). As shown, probe 3 was observed in
filamentous organelles around the nucleus and was compatible with staining of the ER.
Using STORM, we were able to obtain nanometric details of the structures in the ER
targeted by 3. As shown in Fig. 4d and Fig. 4f, we were able to observe large folds
consistent with localization within the rough ER. Interestingly, like with probe 1, we
observed areas of increased localization density, as illustrated by arrows in Fig. 4f, within
these regions suggesting that the targets of 3 were localized in specific regions of the ER.

Understanding the subcellular trafficking and localization of a small molecule is an integral
part of understanding it’s cellular function and MOA. Here, we described a method that
allows one to image small molecule probes at super-resolution using STORM. A blue
fluorescent IAF tag served as a beacon to monitor the localization of the probe throughout
the experimental process and categorically reduce potential concerns due to errors during the
processing and imaging steps. It also allowed us to rapidly identify conditions for staining
without the need for screening on our STORM instrument. Most importantly, the uptake and
localization of probes 1-3 took place in live cells, providing a more effective mimic of the
natural processes of the cell. This dual-color system provides benefits that eased
experimental optimization, improved quality control and provided a more reliable look at
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uptake in live cells, the key of which arose from the use of a dye (IAF) and anti-dye mAb
(anti-1AF) pair.

Through these studies, we were able to observe the localization of three natural product
probes at high-resolution, as illustrated by the appearance of nanoscaled structures at
specific organelles in Figs. 2-4. This observation indicates that the |AF tag does not alter the
physiological dynamics and localization of the three analyzed small molecules. Furthermore,
given its sub-nanometer size, the IAF tag represents an exciting tool for any super-resolution
technique given its compatibility with immunofluorescent labeling. The development of a
nanobody against the IAF tag combined with the very small size of the natural product probe
offers even further potential to increase image resolution. Efforts are now underway to
develop a third level of interrogation that permits further analyses as to the nature of these
nanoscaled structures through counterstaining. Our focus is now exploring the use of this
tool to identify pore receptors on cells as well as large macromolecular assemblies. As
reported herein, this discovery offer a means to image small molecular probes in live cells,
fix, and conduct super-resolution imaging with STORM to further detail this localization.

Overall, the method provides an important advancement for small molecule chemical
biology and drug discovery. In particular, this method provides an excellent tool to monitor
the subcellular trafficking of small molecules during their action. Here, the higher
(increased) resolution available by this and related approaches!®-10] allows one to observe
far greater details that simply stating that a molecule acts within a specific subcellular region
of the cell. The combination of this system with conventional fluorescent antibody staining
also provides a superb system to validate the binding of a small molecule to a specific target
by means of co-localization studies. As described herein, super resolution provides an
important next step for the chemical biological community by allowing one to observe
cellular events not only within specific organelles but also within specific structural units
within these organelles. We believe this approach will have an immediate application to
studies that explore the MOA of small molecules.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of IAF probes 1-3 including the core pharmacological unit (black) and associated

IAF tag (blue).
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Figure 2.
Color-coded STORM imaging of clorizidine A probe (1). U20S cells were treated with 50

UM blue-fluorescent 1 for 1 h in DMEM buffer at 37 °C in an atmosphere of 5% CO,. a)
Blue epifluorescence image from 1 upon excitation at 385-400 nm with emission collected
at 450-465 nm. b) Epifluorescence image depicting the cells after immunolabeling for 1 h at
23 °C with 80 uM Alexa647-conjugated anti-IAF TF35 mAb with excitation at 590-650 nm
and fluorescence collected 663—738 nm. ¢) An expansion of the boxed region of the cell in
b). d) Corresponding STORM image to c). €) An expansion the boxed region of the cell in
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¢). f) Corresponding STORM image to €). Scale bars are given by 5 um in ¢) and d) and 1
um in e) and f).
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Figure 3.
Color-coded STORM imaging of ammosamide B probe (2). U20S cells were treated with

50 uM blue-fluorescent 2 for 1 h in DMEM buffer at 37 °C in an atmosphere of 5% CO». a)
Blue epifluorescence image from 2 upon excitation at 385-400 nm with emission collected
at 450-465 nm. b) Epifluorescence image depicting the cells after immunolabeling for 1 h at
23 °C with 80 uM Alexa647-conjugated anti-IAF TF35 mAb with excitation at 590-650 nm
and fluorescence collected 663—738 nm. ¢) An expansion of the boxed region of the cell in
b). d) Corresponding STORM image to c). €) An expansion the boxed region of the cell in
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¢). f) Corresponding STORM image to €). Scale bars are given by 5 um in ¢) and d) and 1
um in e) and f).
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Figure 4.
Color-coded STORM imaging of glycyrrhetinic acid probe (3). U20S cells were treated

with 50 pM blue-fluorescent 1 for 1 h in DMEM buffer at 37 °C in an atmosphere of 5%
COs». a) Blue epifluorescence image from 1 upon excitation at 385-400 nm with emission
collected at 450-465 nm. b) Epifluorescence image depicting the cells after immunolabeling
for 1 h at 23 °C with 80 uM Alexa647-conjugated anti-lIAF TF35 mAb with excitation at
590-650 nm and fluorescence collected 663—-738 nm. ¢c) An expansion of the boxed region
of the cell in b). d) Corresponding STORM image to c). ) An expansion the boxed region of
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the cell in c). f) Corresponding STORM image to €). Scale bars are given by 5 pm in c) and
d) and 1 um in e) and f).
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Scheme 1.
Color-coded super-resolution microscopy. A five-step procedure for parallel inspection of

fluorescent small molecule localization that uses a combination of an IAF probe and
corresponding Alexa 647-conjugated anti-IAF mAb with epifluorescence or confocal
microscopy and STORM imaging. (insert, upper left) An IAF probe is comprised of a small
molecule (grey) covalently-labeled with an IAF tag (blue sphere). Circular expansions depict
localization of the IAF-probe and subsequent staining with an Alexa 647-conjugated (red
sphere) anti-lIAF mAb. These expansions are colored according to the use of conventional
(blue) or STORM (red) imaging with the fluorescent unit explored highlighted in yellow.
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