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A thorough understanding of the binding characteristics of a small
molecule against its target proteins in live cells is of utmost
importance in designing therapeutic agents with improved selectivity
and specificity." Cell-based assays using yeast or mammalian three
hybrid systems have been used to study the binding characteristics
of a small molecule kinase inhibitor and its target protein kinases.?
Although these three hybrid assays can be performed in a cellular
context, the binding characteristics found are related with indirect
reporter activities through a cascade of transcriptional and trans-
lational events, rather than direct interactions between a small
molecule and its target proteins.> Here, we have developed a new
methodology, called In Cell Interaction Trap (InCell IT), which
allows real time monitoring of the direct molecular interactions
between a small molecule and its target proteins in live cells using
magnetic nanoparticles (MNPs) (Scheme 1). MNPs with a bio-
compatible coating are widely used for cell labeling in laboratories
and MRI contrasting in clinics.?

For InCell IT, first, MNPs were coated with biocompatible
materials attached to streptavidin, followed by mixing with the
biotinylated small molecule of interest. Then, these MNPs were
transferred by using a protein transduction domain (PTD; Support-
ing Information) into living cells, and their behaviors within the
cells were being monitored under magnetic fields by differential
interference contrast (DIC) images with a microscope (Figure 1).
After incubation with MNPs, the dark vesicles were observed inside
the cells (Figure 1), and iron-specific Prussian blue stain* confirmed
that these vesicles contained the internalized MNPs (Figure S1).
In the absence of magnetic fields, these vesicles containing MNPs
showed punctuated localization at the nuclear periphery (Figure 1,
left). Applying the magnetic fields in a horizontal direction resulted
in the linear alignment of the vesicles to the same direction of the
magnetic fields (Figure 1, right and Figure S2), which could be
redirected by altering the directions of the magnetic fields (Figure
S3). For visualization of interactions between the small molecule
on MNPs and its target proteins, the cells expressing the target
proteins fused with the EGFP (enhanced green fluorescence protein)
tag were used.

The protein kinase family has more than 500 members, and
designing selective inhibitors against specific protein kinase iso-
forms becomes critical in new drug discovery, to improve its
efficacy and reduce toxicity.! We chose dasatinib (Sprycel, BMS-
354825, Bristol-Myers Squibb)’ as a model compound to evaluate
our /nCell IT for in situ monitoring of its binding to target protein
kinases, SRC, ABLI, and CSK, in live HeLa cells. Biotinylated
dasatinib (Figure S4) showed inhibitory effects against purified
human SRC protein kinase in vitro on a concentration-dependent
manner (Figure S5). The in vitro affinity purification studies also
demonstrated that the biotinylated dasatinib binds specifically to
EGFP-tagged human SRC (SRC-EGFP) or CSK (CSK-EGFP)
protein kinases (Figure S6).
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Scheme 1. Behavior of Vesicles Containing MNPs in a Live Cell in
the Absence or Presence of Magnetic Fields

Figure 1. Differential interference contrast (DIC) images showing dark
vesicles containing the internalized MNPs and their behaviors in the absence
or presence of magnetic fields in the cell. Blue and red lines indicate the
boundary of nucleus and cell, respectively.

The streptavidin-attached MNPs were mixed with biotinylated
dasatinib (dasatinib-MNPs) and transferred by using PTD into HeLa
cells expressing CSK-EGFP. Upon applying magnetic fields, the
vesicles containing the internalized dasatinib-MNPs became aligned
to the same direction of the magnetic fields however, the fluores-
cence signals of CSK-EGFP did not colocalize with the dasatinib-
MNPs in the cells (Figure 2, left, and Figure S7). These dark
vesicular compartments were also detected, when CSK-EGFP
expressing cells were transferred with biotin-only coated MNPs
(biotin-MNP; Figure S7). On the contrary, no such vesicular
compartments were observed in the cells expressing CSK-EGFP
without treatment of MNPs (Figure S7). These results suggested
that the internalization of MNPs into the cells occurred via
endocytosis and the dasatinib-MNPs were further entrapped within
membranous vesicles, keeping them from binding with CSK-EGFP
in cytoplasm.

Several attempts to release or expose the contents of vesicular
compartments to cytoplasm of cells were reported.® Among them,
we found that incubation of cells with a nordihydroguaiaretic acid
(NDGA)®? markedly enhanced the cytoplasmic exposure of dasa-
tinib-MNPs entrapped within these vesicles (Figure 2, right). Prior
to the addition of NDGA, CSK-EGFP signals were detected
separated from the dasatinib-MNP-containing vesicles within the
cells (Figure 2, left). Incubation of cells with NDGA, however,
enabled CSK-EGFP signals concentrating around dasatinib-MNPs,
resulting in linear alignments of CSK-EGFP signals in the same
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Figure 2. Fluorescence images of cells expressing CSK-EGFP before and
after incubation of cells with NDGA under magnetic fields (A), DIC images
showing the aligned dasatinib-MNPs in the direction of magnetic fields
(B), and the overlapped images of A and B (C).
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Figure 3. Bindings between dasatinib-MNPs and CSK-, ABL1-, or SRC-
EGFPs in the absence or presence of unbiotinylated dasatinib in the same
cells.

direction of the magnetic fields in the cells (Figure 2, right). These
alignments of CSK-EGFP signals were not observed when the cells
were incubated with biotin-MNPs (Figure S7). Binding between
dasatinib and human ABL1-EGFP or SRC-EGFP, respectively, was
also confirmed in live cells using InCell IT (Figure 3, left).

To further demonstrate the specificity of bindings between
dasatinib-MNP and its target proteins, competition studies were
performed using unbiotinylated dasatinib (Scheme 2). The extent
of the binding signals between dasatinib-MNPs and CSK-EGFPs,
SRC-EGFPs, or ABL1-EGFPs was decreased substantially by
brief coincubation of excess unbiotinylated dasatinib (10 uM)

Scheme 2. Schematic lllustrations of Competition against
Dasatinib-MNPs with Unbiotinylated Dasatinib
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in the same cells (Figure 3, right). Dose-dependent inhibition
of these bindings was achieved when the cells were preincubated
with unbiotinylated dasatinib for 1—2 h prior to the addition of
NDGA (Figure S8). These bindings in the cells can be preserved
by cell fixation with mild fixatives such as formaldehyde, which
is useful for visualization of the drug interactions at a particular
point in time (Figure S9).

In conclusion, for in situ monitoring of bindings between a small
molecule and its target proteins in live cells, we have developed a
new technology, InCell IT, and examined its applicability using
dasatinib, a kinase inhibitor, as a model compound. In InCell IT,
dasatinib-MNPs were transferred into HeLa cells and their specific
bindings to SRC, ABL1, or CSK with EGFP-tag could be monitored
under magnetic fields by live cell imaging with a fluorescence
microscope. The specificities of these bindings were further
confirmed in the same cells by treating unbiotinylated dasatinib
itself. InCell IT is a new method for detecting the occurrence of
small molecule—target protein interactions in live cells.
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