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Abstract

We describe a method for quantitative monitoring of subcellular protein trafficking using
nanoparticle-stabilized nanocapsules for protein delivery. This method provides rapid delivery of
the protein into the cytosol, eliminating complications from protein homeostasis processes found
with cellularly-expressed proteins. After delivery, nuclear protein trafficking was followed by real
time microscopic imaging. Quantitative analyses of the accumulation percentage and the import
dynamics of the nuclear protein trafficking, demonstrate the utility of this method for studying
intracellular trafficking systems.

Intracellular protein trafficking is central to all protein functions.! Aberrant localization of
proteins is involved in the pathogenesis of diseases such as Alzheimer’s, cancer and
metabolic disorders.2 Monitoring protein trafficking provides an effective way to investigate
the spatial and temporal regulation of protein systems behind basic cellular functions.3

A key challenge in studying protein trafficking is to place the protein in the appropriate
location of a cell. Conventionally, intracellular protein trafficking is monitored by cell
permeabilization based methods. In spite of being routinely used, cell permeabilization
methods have been extensively criticized.> Permeabilized cells require an exogenous supply
of cytosolar materials and ATP for subcellular transport of proteins.® In particular, these
methods deviate from in vivo conditions, and their unpredictable effects in extracting and
relocating intracellular proteins in different cell types lead to artifacts.® Fluorescence
recovery after photobleaching (FRAP) of expressed proteins is another widely used
approach that provides insight on the diffusional properties of the protein.” However, this
method also has its intrinsic limitations. Quantitative analysis of the localized protein is not
feasible by this method because of pre-existing photobleached proteins. More importantly,
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photobleaching causes oxidative stress in the cell that can result in significant deviation from
normal cellular homeostasis.8

Direct protein delivery provides an alternative path to overcome current challenges in the
study of protein trafficking. Physical and mechanical approaches, such as microinjection and
electroporation, have been used for decades.® However, these methods are quite disruptive
to cells.® Sudden and dramatic changes in intracellular homeostasis, including membrane
potential and intracellular ionic concentrations, limit the use of these methods.® Endocytic
pathways of cellular entry are slow and result in considerable protein degradation and
sequestration,19 providing a challenge for standard chemical and biological delivery
strategies.

We have recently developed a protein delivery method using nanoparticle-stabilized
capsules (NPSCs) that evades the endocytic pathway.1! These NPSCs (overall diameter
107-188 nm, Figure S2) contain a fatty acid core and a shell of HKRK AuNPs (2 nm core
diameter) and payload proteins. In this process NPSCs rapidly deliver proteins directly to
the cytosol via transient membrane fusion.1112 This method allows us to deliver the targeted
protein into the cytosol, and monitor nuclear protein trafficking in a non-disruptive fashion
without complications arising from current strategies. (Figure 1a).

We chose five nuclear localization signal (NLS) sequences (Figure 1b, Supporting
Information Figure S1 and Tables S1 and S2), namely NLSSV40, NLSC-Myc NLSNLP,
NLSTYS and NLSECGL-13 for monitoring nuclear protein trafficking and comparing the
nuclear targeting efficiencies of the above previously published NLSs. These NLS
sequences are of different size, charge and origin. NLSECGL13 3 19-amino acid fragment
derived from EGL-13 transcription factor,12 was attached to the N-terminus of enhanced
green fluorescent protein (eGFP), while NLSSV40, NLS¢-Myc NLSNLP and NLSTYS were
fused to the C-terminus. NLSSV40 is the first NLS identified from the simian virus 40
(SV40) large T antigen whereas NLSS-My¢ NLSNLP and NLSTYS are derived from c-Myc,14
Nucleoplasmin® and Tus proteinl respectively. For these studies, eGFP was chosen as a
reporter protein since it is a well-accepted fluorescent reporter to study the distribution and
dynamics of the nuclear protein trafficking!’ that is small enough (27 kDa) to enter the
nucleus.® Furthermore, eGFP is not known to interfere in any cellular function.

NPSCs containing the NLS-tagged eGFP-NPSC (NLS-eGFP-NPSC) were readily formed
following previously reported methods!! (Supporting Information Methods, Figure S2 and
Figure S3). Effective delivery of NLS-eGFPs was established using laser scanning confocal
microscopy (LSCM). After 1 h incubation of NLS-eGFP-NPSCs with HeLa cells, followed
by 1 h incubation in fresh media, NLS-eGFP was distributed throughout the cell, with
obvious accumulation in the nucleus Figure 1c and Supporting Information Figure S4).
Quantitative comparison of the nuclear accumulation of the five NLS-eGFPs from LSCM
results showed different nuclear import efficiencies (Figure 1d and Supporting Information
Figure S5). Among the studied proteins, NLS¢-MYC.eGFP exhibited an increase in nuclear
intensity by 160% compared to that in the cytosol while NLSSV40-eGFP, one of the most
routinely used NLS tags, exhibited an increase in intensity of only ca. 45%, with a
substantial amount of protein remaining in the cytosol. This result is in agreement with the
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previous observation of nuclear accumulation of intracellularly expressed NLSSV40-eGFP,16
but differs strongly from cell permeabilization methods that showed that NLSSV40-eGFP
completely accumulated in nuclei.’® This difference in outcomes presumably arises from
alterations in the distribution of soluble intracellular proteins upon permeabilization.1® The
other three NLS-eGFPs showed significant nuclear accumulation ability. NLSNLP-eGFP
showed 85% higher nuclear intensity, while that of NLSECL-13.eGFP showed 70%.
NLSTUS_eGFP displayed only moderate nuclear targeting efficiency, with an increase of
30%. The varied nuclear intensities of NLS-eGFPs were due to the differences in the nuclear
targeting efficiencies of the individual NLSs. In contrast, eGFP without any NLS tag was
homogeneously distributed in the nucleus and cytosol after delivery. (Supporting
Information Figure S6).

We next tracked the dynamics of the nuclear accumulation of the NLS-eGFP in the cell
through live cell video imaging. Since NLSS-MYC.eGFP displayed maximal nuclear
accumulation ability, we chose NLS¢-MYC-eGFP for these studies. Fluorescence imaging
showed substantial accumulation of NLS¢-MYC-eGFP in the nucleus within 60s of cytosolic
delivery (Figure 2a and Supporting Information Movie S1). Time-lapse LSCM images at
minute scale unveiled the kinetics of nuclear import of NLSS-MYC-eGFP, as shown in Figure
2b and Supporting Information Movie S2. NLS¢MYC_eGFP was delivered into the cytosol,
with importation to the nucleus occurring immediately. (Supporting Information Figure S7).
Within 6 min, nuclear import reached equilibrium (Figure 2c). This result is similar to
previous measurement of in vitro nuclear protein import using permeabilized cells, in which
half-saturation time ranges from 1.3 to 13.9 min.20 As expected from the active transport
process employed by the cell,# depletion of cellular ATP by NaN3 and 2-deoxyglucose
(DOG) resulted in no nuclear localization (Figure 2d), resembling the distribution of the
normal eGFP without NLS in the cell after delivery. (Supporting Information Figure S8).
Notably, delivery of NLS¢-MYC_eGFP to the cytosol was not disrupted by ATP depletion,
indicating non-endocytic pathway involved in the delivery. This result was in agreement
with our previous findings of energy-independent membrane fusion.12

In summary, we have developed an effective, straightforward and non-invasive method for
quantitative monitoring of intracellular trafficking of proteins. We demonstrated the efficacy
of this method using NLS-mediated nuclear delivery, however, this strategy can be readily
generalized to other trafficking processes, providing a new tool for probing the dynamics of
cellular processes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Delivery of eGFP fused with nuclear localization signals (NLS) to cells using NPSCs. ()

Schematic representing the cytosolic delivery and nuclear accumulation of proteins with
NLSs. (b) Structure of eGFP fused with NLSs. () LSCM images showing different cellular
distribution patterns of eGFP fused with NLSs. Bars: 20 um. (d) Analysis revealing the
increase in nuclear intensities of NLS-eGFPs compared to that in the cytosol of the same cell
(6 cells per group).
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Figure 2.

NScIear import of eGFP fused with NLS is rapid and ATP dependent. (a) Time-lapse
fluorescent microscopic images show nuclear accumulation of NLSS-MYC-eGFP starts within
1 minute after presenting in cytosol. (b,c) Time-lapse LSCM images unveil the kinetics of
nuclear import of NLSS-MYC-eGFP. (d) No nuclear accumulation of NLSSMYC_eGFP is
observed after the delivery following ATP depletion in the presence of 3 mg/mL NaN3 and
50 mM 2-deoxyglucose. Bars: 20 um.
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