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Highlights

1. Measurement of actual cytosolic concentrations aids design of effective cellular
delivery methods.

2. A split-NanoLuc luciferase system to estimate and compare efficacy of cytosolic cargo
delivery.

3. Membrane permeabilizing peptides L17E and HAad increase efficiency of intracellular
delivery by 6-fold.

Abstract

Intracellular delivery of biomacromolecules is challenging as these molecules are taken
up by cells and encapsulated into vesicular compartments called endosomes, and the
fraction of molecules that are translocated to the cytosol are particularly important to
obtain desired biological responses. This study aimed to estimate the cytosolic
concentrations of intracellularly delivered peptides and proteins to aid the design of novel
and effective biopharmaceutical delivery systems. To this end, we employed the split
NanoLuc luciferase system, using the 11-residue HiBiT peptide segment as a probe for
the delivered molecules in cells expressing the complementary LgBiT protein segment.
The efficacy in cytosolic HiBIiT delivery was determined by measuring the resultant
luciferase activity when the HiBIiT segment delivered into the cytosol forms a complex
with LgBiT. Mean cytosolic HiBIiT concentration was calculated using cell number and
cell volume analysis. L17E and HAad peptides, developed in our laboratory for
intracellular protein delivery, yielded approximately 6-fold higher cellular HiBiT
concentrations than that obtained in their absence.
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Intracellular delivery of biomacromolecules, including peptides and proteins, is
one of the most demanding challenges in chemical biology, medicinal chemistry, drug
delivery, and related research fields.!® The cell membrane (plasma membrane) is
generally impermeable to these biomacromolecules, and endocytic pathways are typically
utilized as delivery routes.*® The cargo biomacromolecules taken up by cells are
encapsulated by vesicular compartments (i.e., endosomes) (Figure 1). The desired
activities and functions of these cargo molecules can only be achieved if the molecules
are released from the endosomal vesicles into the cytosol. Therefore, approaches and
strategies to facilitate the cellular uptake and endosomal release of cargo molecules
have been developed, including the use of lipid/polymer-based nanoparticles, cell-
penetrating peptides, and structurally constrained peptides.”° In addition, our laboratory
is currently developing approaches for intracellular delivery using cell-penetrating and
membrane-permeabilizing peptides, including attenuated cationic amphiphilic lytic
peptides such as L17E and HAad,*? to efficiently deliver antibodies [immunoglobulin
G (IgG), approximately 150 kDa] and other bioactive proteins to live cells.?131
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Figure 1. Endosomal release is needed to obtain the desired activity in intracellular (i.e.,
cytosolic) delivery of biomacromolecules via endocytosis.



Systems for evaluating the efficacy of cytosolic cargo delivery are essential in
the development of intracellular delivery systems. The representative methods used for
this purpose include flow cytometry analysis'® and mass spectrometry.'® However, these
methods analyze the cargo amount of total cellular uptake, which also includes fractions
of endosome-trapped cargos to be released into the cytosol in addition to the fraction
actually reaching the cytosol. Microscopic analysis of the cellular localization of
fluorescently labeled cargo molecules is also frequently employed.'® This method is
rather qualitative, and the precise estimation of cytosolic cargo concentration is generally
difficult, particularly when the concentrations is low. A more reliable way to evaluate
delivery efficacy is to analyze the cytosolic activity of cargo biomacromolecules.'’ In this
regard, quantification methods for evaluation of cytosolic cargo fractions have been
developed,* such as the reconstitution of split fluorescent proteins,'®2° split luciferases,?
and other fluorogenic protein segments.?? Additional approaches include the use of
fluorescence moieties that gain intensity via modification by cytosolic enzymes or
alteration in the chromophore environment?>?” and the use of fluorescence correlation
spectroscopy (FCS) for the analysis of cytosolic peptides.?® However, these assays only
allow evaluation of the relative efficacy of delivery methods and the actual cytosolic
concentrations of cargo molecules attained by these methods cannot be gauged.
Considering that each cargo has a preferred concentration range to exert its activity in the
cytosol and avoid possible cytotoxicity, information on cytosolic cargo concentrations is
highly valuable for the design of biopharmaceutics and delivery systems. Thus, novel
approaches are required to estimate the actual cytosolic concentration of the delivered
cargo. This study aimed to develop an approach to estimate the cytosolic concentration
of intracellularly delivered cargo and investigate the abilities of delivery peptides
developed in our laboratory.

To achieve our aim, we designed a system using the NanoLuc split-luciferase
assay (Figure 2A). This split luciferase system comprises the HiBiT segment, an 11-
residue peptide segment (sequence: VSGWRLFKKIS), that binds to its counterpart
LgBiT fragment (approximately 18 kDa) with high affinity (K¢ = 700 pM).2° The split
luciferase system evaluates intracellular interactions based on high binding activity and
is utilized for analyzing protein-protein interactions in live cells.®® Therefore, the
cytosolic release of cargo peptides and proteins can be monitored via live-cell luciferase
assay using HiBiT-tagged cargos and LgBiT-expressing cells (i.e., LgBIT present in the
cytosol but not in endosomes). This assay system was also employed by Teo et al. for
comparing intracellular delivery efficacies of cell-penetrating peptides (CPPs).%



However, the efficacies were evaluated in terms of the relative cytosolic cargo uptake
amount without focusing on the actual cytosolic concentration of the delivered cargo.

The LgBIiT/HIiBIT split-luciferase system can be employed not only in live cells
but also in cell lysates. We should herein consider possible differences in the
luminescence generated by the LgBIiT/HIBIiT complex under both conditions. The
analysis of the correlation of luminescence generated under the two conditions yielded a
correction coefficient X/Y in Figure 2B. Meanwhile, the relationship between luciferase
activity and HiBiT concentration in cell lysates was obtained by adding a known amount
of HIBIT substrate in the presence of LgBiT, yielding the slope k in Figure 2C.
Subsequently, cytosolic HiBIT concentration in live cells was calculated assuming that
most of the HiBiT segment-bearing cargos formed complexes with LgBIiT in the cytosol.
We then analyzed the number and volume of cells, corresponding to n and V in Figure
2D, respectively, to obtain a rough estimation of the cytosolic concentration of the
delivered cargo.
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Figure 2. Designed system for analyzing cytosolic concentration of cargo molecules. (A)
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molecules released into the cytosol. (B) Differences in the luminescence generated by the
LgBiT/HiBIiT complex between live cells and cell lysates. (C) Standard curve generation
for cell lysates. (D) Estimation of cytosolic cargo concentration.



To confirm that the employed HiBIiT peptides per se had little cytosolic
appearance and that the presence of delivery peptides L17E™ and HAad* caused a
stimulation of the cytosolic delivery of HiBiT peptides, we analyzed cellular localization
of the intracellularly delivered HiBIT peptides using confocal laser scanning microscopy
(CLSM).*? Although HiBiT is widely used as a peptide probe it contains hydrophobic (V,
W, L, F, 1) and basic (R, K, K) amino acids, and such peptides are often membrane-
permeable.?>3! Ideally, model cargos of very low membrane permeability should be used
for evaluating cellular internalization. Therefore, we employed the model peptide cargo
2RD-HIBIT, bearing a hydrophilic RDRDR sequence, and a fluorescein isothiocyanate
(FITC) label to allow CLSM analysis at its N-terminus (Figure 3A). In the absence of
L17E and HAad, FITC-2RD-HiBIiT predominantly yielded dot-like punctate signals
within the cells, suggesting endocytic uptake of FITC-2RD-HiBIiT (Figure 3B). Based on
the lack of substantial diffuse FITC-2RD-HIiBIiT signals in the cytosol, it was evident that
most FITC-2RD-HiBiT was trapped in the endosomal vesicles and not released into the
cytosol. In contrast, in the presence of L17E and HAad, a considerable cell fraction
(approximately 50%) exhibited diffuse FITC-2RD-HiBIiT signals throughout the cells,
confirming the capabilities of L17E and HAad to facilitate cytosolic cargo delivery, as
previously reported***? (Figure 3B).
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Figure 3. (A) 2RD-HiBIT and FITC-2RD-HIiBIT structures. GABA (= y-aminobutyric
acid) was employed as a spacer to connect the FITC moiety with the peptide segment to
avoid possible Edman-like degradation.®? (B) Cellular distribution of FITC-2RD-HiBiT
(5 uM) in the absence or presence of L17E and HAad (40 uM each) following a 30-min
treatment. Scale bars, 40 pum.



As suggested in Figure 3, the concentration of 2RD-HiBIT delivered in cytosol
should vary considerably in each cell. However, the information on the concentration
ranges of cargos is important for the design of the delivery systems and the evaluation of
the accompanied cellular activity. Therefore, we evaluated the mean concentration of
cytosolic 2RD-HiBIT delivered via L17E and HAad, as illustrated in Figure 2.

We generated cells expressing a LgBiT-HiBiT fusion protein (Figure S1) and
measured its luciferase activity using both live cell and cell lysate assays (Figure 2B).
The ratio (X/Y = 0.68) of the luminescence intensity values obtained from the former
assay (X) to that from the latter assay (Y) was defined as the correction coefficient (see
Supporting Information for experimental details). As illustrated in Figure 2C, the
luminescence generated by the interaction between LgBiT and varying 2RD-HiBiT
concentrations (0.2-2 nM) was analyzed using a cell lysate assay (see Supporting
Information for experimental details). Subsequently, a linear correlation was obtained
with a slope k of 6.6x10° (a.u./fmol™), where a.u. represents the arbitrary unit of
luminescence intensity (Figure 4). The volume of each cell was estimated using
differential interference contrast (DIC) microscopy on HeLa cells (Figure S2). Assuming
the cells to be spherical structures, we gauged the diameters of 15 cells using ImagelJ
software and obtained a value of 18 um. From this, we calculated the volume of each cell
(V) to be 3.2 pL and these values were then used to calculate the cytosolic concentration
of 2RD-HiBit (Figure 2D).
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Figure 4. Correlation between 2RD-HiBiT concentration and luminescence generated in
the cell lysate assay. Data represent the mean * standard error (SE; n = 3).
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Subsequently, we determined the molar amount of 2RD-HiBIT that reached the
cytosol in the presence and absence of L17E. HelLa cells stably expressing LgBIiT were
incubated with 0.1-1 uM 2RD-HiBIT for 15 min, and the luminescence generated by the
binding of LgBIT to 2RD-HiBIiT was determined using the Nano-Glo Live Cell Assay
System. In the absence of L17E, a gradual 2RD-HiBIT concentration-dependent increase
in luminescence was observed (Figure 5A). Using the abovementioned correction
coefficient and standard curve, we determined that treatment with 1 uM 2RD-HiBIiT
yielded approximately 6 fmol of cytosol-localized HiBiT per well in a 96-well plate.
Furthermore, using the standard curve with a slope k = 6.6 x 10 (a.u./fmol), a cell volume
estimate of 3.2 pL (V), and a cell number of 2.1 x 10* per well (n in Figure 2D: determined
using automated cell counter), we calculated the mean cytosolic 2RD-HiBiT
concentration to be approximately 0.09 uM following treatment. Therefore, even though
no cytosolic FITC-2RD-HiBIT signal was observed (Figure 3B), it was found that 2RD-
HiBIiT alone could migrate into the cytosol. A considerable increase in the efficacy of
cytosolic translocation was obtained in the presence of 40 uM L17E, yielding a cytosolic
2RD-HIBIiT concentration of approximately 0.4 pM, an approximately 6-fold
concentration of that obtained in the absence of L17E. Additionally, the concentration of
LgBiT expressed in the cytosol was estimated at approximately 10 uM upon the addition
of an excess amount of 2RD-HIBIT to the cell lysates (see Supporting Information for
experimental details), suggesting that most 2RD-HiBIiT delivered into the cytosol formed
a complex with LgBIT.

We analyzed the time course of the cytosolic release of 2RD-HiBIT in the
presence of L17E and HAad (Figure 5B). A gradual increase in cytosolic 2RD-HiBiT
concentration was observed, reaching approximately 0.2 uM at 30 min. A marked
increase in cytosolic 2RD-HiBIiT concentration was observed in the presence of 40 uM
L17E. Notably, L17E delivered 2RD-HiBIT into the cytosol within 5 min, which is
consistent with previous reports of 1gG delivery by L17E.** A cytosolic 2RD-HiBiT
concentration of approximately 1 uM was obtained in the presence of L17E. HAad was
designed as an improved version of L17E, and delivered cargos such as IgG into the
cytosol of more number of cells.? In this study, HAad yielded a mean 2RD-HiBiT
cytosolic concentration of approximately 1.2 uM; however, statistical analysis revealed
no significant difference in the cytosolic concentrations obtained with the use of L17E
and HAad.

11



>

06 -
0.5 -
0.4 -
L17E (+)
0.3 -

0.2 -
L17E (=)

01
ouﬂ/./-

0 0.25 0.5 0.75 1

Mean 2RD-HiBiT concentration
delivered into cytosol (uM)

2RD-HiBIT concentration in
incubation medium (uM)

2RD-HiBIT concentration
delivered into tthe cytosol (uM)
=)
o

Cre-HiBiT concentration
delivered into cytosol (nM)

300 -
200 -
100
0

Figure 5. (A) Effect of 2RD-HIiBIiT and L17E concentrations on the cytosolic
translocation of 2RD-HiBIT after a 15-min incubation. (B) Time course of cytosolic
translocation of 2RD-HiBIT (5 uM) in the absence or presence of L17E and HAad (40
MM each). Open, hatched, and closed bars represent mean cytosolic 2RD-HiBiT
concentrations at 5, 15, and 30 min after peptide addition, respectively. (C) Mean
concentrations of Cre-HiBiT delivered into the cytosol via L17E and HAad were obtained
using the parameters in Figure 2D (X/Y = 0.68, k = 6.6 x 10% a.u./fmol; n = 2.1 x 10% and
V = 3.2 pL). Data represent the mean = SE (n = 3).



We investigated whether the system we developed could be used to assess the
cytosolic concentration of proteins delivered by these peptides. In our previous study, Cre
DNA recombinase was employed as a model cargo.''?* Therefore, we prepared a Cre-
HiBIiT fusion protein (Figure S3) and assessed the efficacy of L17E and HAad in
stimulating cytosolic translocation of Cre-HiBiT, in a manner similar to that described
above. Use of Cre-HiBiT alone resulted in an approximate cytosolic concentration of 0.05
UM, whereas the presence of 40 UM L17E or HAad enhanced this yield to around 0.2—
0.3 uM, (Figure 5C), No statistically significant differences were found in the cytosolic
cargo concentrations obtained by the treatment with either of the peptides.

More detailed studies are needed to elucidate the underlying mechanisms as to
why HAad did not demonstrate a superior ability to deliver the 2RD-HiBIT peptide and
Cre-HiBiT protein compared to L17E as reported in our previous study.*? One possible
explanation could be that this study focused on mean cytosolic cargo concentration,
whereas HAad superiority was determined based on the number of cells having cytosolic
cargo fluorescent signals; microscopic analysis may be less sensitive than
chemiluminescent assay especially when cytosolic cargo concentration is relatively low
as suggested in the cytosolic localization of 2RD-HiBIT (Figures 3B versus 5B).

In conclusion, we constructed a split luciferase system and demonstrated the
feasibility of evaluating and comparing the cytosolic delivery of functional peptides and
proteins. We successfully estimated mean cytosolic cargo concentrations using this
approach. The use of cells stably expressing LgBiT was recommendable to ensure the
reproducibility of the results. Although HelLa cells were employed to show the validity
of our approach in this study, the same approach could also be extended to other cell lines
stably expressing LgBiT. Our approach did not consider the dispersion of cellular HiBiT
concentration, which may differ widely across cells, as exemplified in Figure 3B.
Therefore, in this study, we employed the expression of mean cytosolic concentration.
Our findings were based on the assumption that most HiBiT segments formed complexes
with LgBIT, regardless of the concentration and differences in peptides attached to the
HiBiT segment. Further work is required to address these limitations and refine the
system we designed. However, we believe that our approach is the first to enable the
estimation of rough cytosolic cargo concentration, and the information obtained, would
be highly beneficial in designing systems for the delivery of biopharmaceuticals into
living cells.
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