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Abstract

Active intracellular transport is a central mechanism in cell biology, directed by a limited set of
naturally occurring signaling peptides. Here we report the first non-peptide moiety that recruits
intracellular transport machinery for nuclear targeting. Proteins synthetically modified with a
simple aromatic boronate motif are actively trafficked to the nucleus via the importin a./p pathway.
Significantly, proteins too large to passively diffuse through nuclear pores were readily imported
into the nucleus through this boronate-mediated pathway. The use of this simple motif to provide
active intracellular targeting provides a promising strategy for directing subcellular localization for
therapeutic and fundamental applications.

Introduction

Intracellular targeting has the same potential as cellular targeting to increase therapeutic
efficacy while reducing off-target effects.2:2 In biology, 3 this targeting process relies on
specific peptide signals that interact with sorting factors and/or organelle receptors to guide
proteins to their final destination.? Intracellular targeting of proteins can occur through two
mechanisms: passive diffusion and active transport.> Localization through passive diffusion
is based on the affinity of the protein for structural features present in the organelle, and is
energy independent. In contrast, active transport of proteins uses energy to move against the
concentration gradient.>8 Active transport is highly efficient, and is widely employed in
cells for translocation of proteins to cellular organelles including the nucleus,’
mitochondria,® endoplasmic reticulum?® and peroxisome.10
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The vast majority of systems used by scientists for intracellular targeting of proteins and
synthetic payloads prefer peptide localization signal.}1 Currently, there are few non-peptidic
signals for subcellular localization of biomacromolecules. The most widely recognized
example is the triphenylphosphonium (TPP) group, where localization is driven by the high
potential of the mitochondrial membrane.12 More recently, Ishida er a/. have developed a
versatile strategy for intracellular targeting by conjugating ligands with affinity to structural
motifs found in different organelles. As an example, conjugation of a DNA binding dye
provided localization of a small protein (GFP) to the nucleus.13 All of the above non-
peptidic systems, however, utilize a passive diffusion mechanism that is less efficient and
versatile than active transport processes.

We report here that a simple benzylboronate chemical motif provides highly efficient active
targeting of proteins to the nucleus. This represents, to our knowledge, the first fully
synthetic intracellular targeting motif that accesses an active transport mechanism. Proteins
modified with this nuclear boronate label, including fluorescent proteins, ribonuclease A
(RNase A) and chymotrypsin were rapidly and efficiently transported to the nucleus by the
importin a/f pathway, presenting a simple and effective strategy for targeting of proteins to
the nucleus, an emerging strategy for increasing the efficacy of therapeutic regimens.?

Results and Discussion

There are two key challenges for achieving active subcellular targeting of proteins. The first
task is delivery of the protein into the cytosol,14 enabling access to cellular transport
machinery. This goal was achieved using the HKRK nanoparticle-stabilized capsule (NPSC)
platform that provides direct delivery of negatively charged proteins to the cytosol.15-1617
The second challenge is accessing active transport mechanisms once inside the cell. When
we employed NPSCs to deliver benzyl boronate-modified proteins, 18 we fortuitously
discovered that the modified proteins rapidly accumulated in the nucleus, providing a
remarkably simple strategy for nuclear targeting (Figure 1 and Figure S1).

The benzyl boronate tag drives nuclear accumulation

Demonstration of nuclear localization through boronate tagging was obtained through
conjugation of the benzyl boronate tag to eGFP (eGFP-BB; Figure 2a, Figure S2 and Movie
S1). We used eGFP modified with three BB tags; greater functionalization resulted in
insoluble aggregates. eGFP was chosen for two reasons: (i) The fluorescence of eGFP
depends on the conformation and integrity of the protein; structural change or degradation of
eGFP therefore results in substantial fluorescence loss,® (ii) eGFP does not interfere or
interact with the nuclear importing machinery inside cells.20

One hour after delivery, eGFP-BB was highly localized in the nucleus (Figure 2a and 2e).
Quantitative analysis of the LSCM image revealed that the average concentration of eGFP-
BB was 300% = 50% higher in the nucleus than in the cytosol (Figure S3a and Table S1). In
direct contrast, unmodified eGFP is homogeneously distributed throughout the cell and
nucleus (Figure 2c).1° The targeting observed with our system was significantly more
efficient than any observed in our prior studies of NPSC delivery of eGFP engineered with
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peptide nuclear localization signals (NLS):2! the boronate tag provides ~2-fold better
localization than the best NLS in the study (c-Myc).

Preliminary structure-activity studies were used to identify the features of boronate
conjugation that facilitate nuclear targeting of proteins. An additional protein, non-boronated
benzyl modified eGFP (eGFP-B) was generated: (Figure 2b, 2e) LSCM image showed
enhanced nuclear accumulation of B conjugates (60% * 20%), albeit with lower efficiency
than observed with BB (300%). (Figure S3 and Tables S2, S3). These results indicate that
the boronate moiety is the key component driving nuclear transport, with some synergy
observed with aromatic functionality.

Boronate-based targeting is a versatile platform for nuclear localization of proteins. In
addition to GFP, we delivered RNase A and homologues have therapeutic potential for
diseases in diseases including cancer?? and AIDS.2324 For our studies, RNase A was first
modified through conjugation with seven BB moieties (Figure S4), followed by fluorescein
modification to track the delivery process. NPSCs efficiently delivered boronate-modified
RNase A into HeL a cells (Figure 3a and Figure S5a) with a high degree of nuclear
localization, with an aconitic acid-modified control showing only limited nuclear enrichment
(Figure S5b). DNA and RNA staining showed that the regions of greatest accumulation of
RNase were, as expected, condensed nuclear RNAs (Figures 3b, 3c and Figure S6).
Boronate targeting can also be used to deliver proteins that would otherwise not be found in
the nucleus: benzyl boronate-conjugated chymotrypsin was likewise effectively delivered to
the nucleus (Figure 3d).

The potential utility of boronate-mediated nuclear targeting was provided by delivery to
mesenchymal stem cells (MSC), a cell type with high potential in clinical?® use that is often
prepared for use ex vivo. As expected, obvious nuclear accumulation of eGFP-BB was
observed after 1 hr delivery (Figure 3e and Figure S9).

BB targets the nucleus through both active and passive mechanisms

Nuclear accumulation of proteins can be mediated by either active import or passive
diffusion. To determine if active transport was operative, we treated HeLa cells with
ivermectin.26 -272829 Active transport of protein in nucleus is energy dependent and is
regulated by the importin a/p pathway. Ivermectin is a specific inhibitor of this

pathway 26-29 that does not affect other nuclear transport pathways such as nuclear
envelope-embedded nuclear pore complexes (NPCs, passive diffusion).28 Delivery of eGFP-
BB NPSCs in ivermectin-treated cells showed nuclear accumulation of protein (Figures 4a,
4b), however the enhancement of nuclear localization decreased dramatically from ~300% to
60% = 30% (Figure 4g, Figure S7a and Table S4). This result indicated that active transport
of protein through the importin a/p pathway was inhibited by ivermectin, while passive
diffusion of protein through the NPC was not affected. Therefore, these studies indicate that
active transport of protein via importin a/f pathway was responsible for the majority of the
nuclear localization observed with BB tagged proteins. To test whether other active import
pathways are involved in the nuclear accumulation of eGFP-BB, we depleted ATP from
HeLa cells before and during delivery. ATP is a prerequisite for both importin-dependent3°
and other3! pathways. One hour after delivery in the ATP depleted condition, nuclear
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accumulation was observed (Figure 4c). Fluorescence intensity enhancement in the nucleus
was 95% + 20% (Figure 4g, Figure S7b and Table S5), similar to that achieved after
ivermectin treatment, indicating that importin was the major driver of active transport.

A similar efficiency of nuclear localization was observed with importin inhibition and the
non-boronate B system, suggesting a passive mechanism dependent on the aromatic
substitution. To test this hypothesis, we delivered eGFP-B into HeLa cells either in the
presence of ivermectin (Figure 4d, 4e) or under ATP depletion (Figure 4f). As expected,
modest nuclear accumulation of eGFP-B was observed in both conditions (Figure 4g, Figure
S7c, S7d and Tables S6, S7). These results corroborate our observation that the benzene ring
is involved in nuclear accumulation, with localization potentially arising from hydrophobic
interactions mediated by the externally-presented aromatic substituents!® analogous to
passive nuclear localization during viral infection.32

Active targeting provides delivery of large proteins to the nucleus

Proteins with molecular weight greater than 60 kD cannot passively diffuse through the
nuclear pore, and hence require active targeting to access the nucleus.33 We employed
dsRed, a tetramer fluorescent protein with a Mw of 112 kD (Figure 9a and 9b) that has only
been delivered to the nucleus through use of nuclear localization signals.3* After 1 hr of
incubation, dsRed labeled with BB tag (dsRed-BB) was strongly accumulated in the nucleus
(Figure 5a and Figure S8c). As expected, no dsRed was observed in nucleus without the
boronate tag (Figure 5b and Figure S8d). After 8 hr culture, obvious nuclear localization of
dsRed-BB in HeLa cell was still observed (Figure 5c). Together these results substantiate an
active import mechanism of benzyl boronate tagged proteins

Conclusions

In summary, we describe the use of benzyl boronic acids for synergistic active and passive
targeting of proteins for delivery to the nucleus. Our mechanistic experiments show that the
boronic acid moiety mediates active nuclear import, enabling both efficient transport to the
nucleus and access of payloads too large for passive targeting strategies to be utilized. The
boronate targeting strategy provides an unprecedented, completely synthetic strategy for
nuclear targeting. The boronate moiety is minimally perturbing, and can be engineered to be
either permanent or cleavable, providing further versatility.18 In a broader context, the use of
simple chemical moieties to achieve nuclear targeting opens up new strategies for precision
delivery of proteins to the nucleus, decreasing off-target effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic diagram showing delivery of proteins tagged with benzylboronate complex to the
cytosol followed by translation to the nucleus using active transport with boronate ligands

and through passive diffusion using non-boronate analogs.
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Figure 2.

Nuclear accumulation of eGFP relies on the BB label. (a) LSCM image of a HeLa cell after
the delivery of eGFP-BB. (b) LSCM image of a HeLa cell after the delivery of eGFP-B. (c)
LSCM image of a HelLa cell after the delivery of normal eGFP. Scale bars: 20 um. (d)
Quantitative analysis of the increased fluorescence intensity of eGFP in the nucleus. Six
random cells representing different intensities were analyzed in each group. ** indicates p
value of t-test less than 0.01. (e) Large scale LSCM images of HelL a cells after delivery of
eGFP with different labels. Native eGFP was delivered as a control. Scale bars: 20 um.
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Figure 3.
Delivery of RNase A-BB and eGFP-BB into Hela cells and MSCs respectively using the

NPSC delivery platform. (a) LSCM image showing RNase A-BB delivery into HelLa cells
by NPSCs. Arrows indicate granular structures of RNase A-BB formed in the nucleus. (b)
Colocalization of RNase A-BB with Hoechst 33342, a DNA staining dye. (c) Colocalization
of RNase A-BB with Pyronin Y, a dsRNA staining dye. (d) LSCM image showing
chymotrypsin-BB delivery into HelLa cells by NPSCs. (e) LSCM images of MSCs after
delivery of GFP-BB. Scale bars: 10 pm.
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Figure 4.
Inhibition of active import to nucleus significantly reduces nuclear accumulation of

boronate-tagged eGFP. (a) eGFP-BB delivery before and (b) after inhibition of importin a./p
pathway. (c) eGFP-BB delivery after inhibition of all active import pathway by ATP
depletion. (d) eGFP-B delivery before and (e) after inhibition of importin a/p pathway. (f)
eGFP-B delivery after inhibition of all active import pathway by ATP depletion. Scale bars:
20 pm. (g) Quantitative analysis of increased fluorescence intensity of eGFP-BB and eGFP-
B in the nucleus after delivery with or without pretreatment using six cells in each group.
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Figure5.
Large fluorescent protein dsRed accumulated in the nucleus after labeling with BB tag. (a)

deRed-BB accessed nucleus of HeLa cell after 1 hr delivery. (b) dsRed without BB tag did
not enter nucleus of HeLa cell after 1 hr delivery. (c) 8 hr after dsRed-BB delivery to HelLa
cells. Scale bars: 20 pm.
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