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Abstract

The efficient cytosolic delivery of proteins is critical for advancing novel therapeutic strategies.
Current delivery methods are severely limited by endosomal entrapment, and detection methods
lack sophistication in tracking the fate of delivered protein cargo. HaloTag, a commonly used
protein in chemical biology and a challenging delivery target, is an exceptional model system
for understanding and exploiting cellular delivery. Here, we employ a combinatorial strategy

to direct HaloTag to the cytosol. We established the use of Virginia Orange, a pH-sensitive
fluorophore, and JFsgs, a similar but pH-agnostic fluorophore, in a fluorogenic assay to ascertain
protein localization within human cells. Using this assay, we investigated HaloTag delivery upon
modification with cell-penetrating peptides, carboxyl group esterification, and co-treatment with
an endosomolytic agent. We found efficacious cytosolic entry with two distinct delivery methods.
This study expands the toolkit for detecting the cytosolic access of proteins and highlights that
multiple intracellular delivery strategies can be used synergistically to effect cytosolic access.
Moreover, HaloTag is poised to serve as a platform for the delivery of varied cargo into human
cells.
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Endosome

INTRODUCTION

Leveraging the remarkable potency and specificity of proteins has revolutionized the
therapeutic landscape. Rationally designed biologics have shown efficacy in a wide range
of etiologies, leading to their prevalence in the clinic.1-3 To date, however, these advances
have been restricted to extracellular targets, leaving an estimated % of disease-relevant,
intracellular human proteins undruggable.? Unlike small-molecule therapeutics, which can
enter cells via diffusion, proteins require adjuvants to mediate cellular uptake. Thus, the
efficient intracellular delivery of proteins would both advance basic research and open new
therapeutic avenues.

From this perspective, the HaloTag protein is an ideal candidate for investigating cytosolic
delivery. HaloTag (HT7) is an engineered bacterial haloalkane dehalogenase, derived from
Rhodococcus dehalogenase (DhaA), that has been altered® (L47V, S58T, D78G, Y87F,
L88M, C128F, A155T, E160K, A167V, A172T, K175M, C176G, K195N, A224E, N227D,
E257K, T264A, F272N, Y273L, P291S, A292T, Q294E, Q294E, Y2951, $2%, G297) to
prevent catalytic turnover but enable the O-alkylation of an active-site glutamic acid residue
using a haloalkane of choice.® Depending on the substrate, the labeling kinetics of HaloTag
are ~104-107 M~1 571, allowing for rapid saturation of the enzyme with a defined ligand.’
Given its attractive features, HaloTag is frequently used for the imaging of fusion proteins,
as a handle for protein purification, and as a model protein.5-8-12

The outer membrane of mammalian cells is highly anionic.13-15 Because of repulsive
Coulombic forces, HaloTag, which is a highly anionic protein (p/4.916), is a special
challenge for cellular delivery (Figure S3).17 Several approaches for cytosolic protein
delivery have sought to overcome this barrier. Proteins have been translocated to the cytosol
of cells via electroporation,18 polymer encapsulation,19 conjugation to transduction domains
(e.g., cell-penetrating peptides),*20-23 supercharging,24-27 co-treatment with endosomolytic
agents,28:29 thiol—disulfide exchange,3° and cationic lipids.3132 Recently, several reversible
methods have enabled the traceless delivery of proteins into cells,33-36 thereby addressing
an important consideration for clinical translation. The majority of the aforementioned
strategies induce endosomal uptake of proteins, followed by endosomal escape to access
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the cytosol and the therapeutic target of interest. Notably, endosomal escape is frequently
a limiting factor in protein delivery experiments, as typically <10% of the cargo reaches
the cytosol, and the remainder is trapped in the endosome and trafficked toward lysosomal
degradation.3’

Several functional assays have been developed to assess the fate of protein cargoes,
including protein complementation assays, 3840 corrective splicing assays,*142 and assays
that leverage cytosolic enzymes to label an exogenously delivered tag.#347 In addition,
fluorogenic assays*® and fluorescence correlation spectroscopy*8-30 imaging techniques
provide complementary approaches to assess protein internalization. Most of these methods,
however, rely on enzymatic activity after “tag” recognition, which requires the engineering
of new cell lines,1 hampering generality. Alternative techniques require the use of highly
specialized instrumentation and advanced modeling to yield experimental results.>1

A pH-sensitive fluorophore could be the basis for a general strategy to discern the
localization of protein cargo. This approach would leverage the difference in pH between the
cytosol, which has a near-neutral pH, and the endosome, which has an acidic pH of 5-6,%2:53
as “on” and “off” switches for fluorescence. Naphthofluorescein (e = 44,000 M~ cm™1; @
=0.14),5455 in particular, has been used in this context.?6-59 Naphthofluorescein, however,
contains an extensive aromatic ring system, which is disadvantageous given the propensity
for cellular uptake and subsequent localization of small biomolecules to be altered by a
pendant dye.69-63 While the size of the fluorophore plays an outsized role in cell penetration
of small biomolecules as compared to large ones, like HaloTag (~35 kDa), establishing a
smaller pH-based fluorescent reporter than naphthofluorescein is desirable to minimize the
effect of the tag in any biomolecule.

Simple substitutions within xanthene dyes enable the tuning of their spectroscopic
properties.54-73 For example, substitutions can bias the dye toward a closed, lactone form,
which has negligible fluorescence or an open, zwitterionic form, which is highly fluorescent.
This equilibrium can also be affected by the microenvironment of the fluorophore.’#

Two complementary carbaxanthene-based dyes are ideal for our purpose (Figure 1A). One is
Janelia Fluor 585 (JFsgs; emax = 156,000 M1 cm™1; @=0.78), which is ~19-fold brighter
than naphthofluorescein, has Amax/Aem = 585 Nm/609 nm, is designed to fluoresce only after
binding within the HaloTag active site and does not have a proton that is titratable under
physiological conditions.67:69 The other dye is Virginia Orange (VO; = 90,900 M~ cm™1;
@ = 0.40), which is ~6-fold brighter than naphthofluorescein (e = 90,900 M~1 cm™1; &=
0.40), has Amax/Aem 555 Nm/581 nm, and has highly pH-sensitive fluorescence (/= 1.46)
with a transition at pH 6.75.7%:76 As early endosomes mature to late endosomes, their pH
drops from ~6.5 to ~5.5.77 Lysosomes, their ultimate locale, have pH ~4.5.77 This acidity
means that VO is virtually non-fluorescent in endosomes and lysosomes.’8 Hence, we
hypothesized that the conjugation of JF5gs or VO to HaloTag would enable the monitoring
of its endosomal escape during protein delivery experiments and the quantification of the
efficiency of its cytosolic entry (Figure 1B).
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We interrogated three distinct strategies for the cytosolic delivery of HaloTag(dye)
constructs. Specifically, we explored conjugation with a cell-penetrating peptide,
bioreversible esterification, and co-treatment with an endosomolytic agent to deliver
HaloTag when conjugated to either JFsgs or VO. We observed varying cellular localizations
that depend upon the delivery strategy.

HaloTag(dye) Conjugates Can Inform Cellular Localization.

Our first aim was to validate that JF5g5 and VO would be capable of distinguishing

between endosomal and cytosolic compartments as a function of pH. We have reported

the pH-dependence of the fluorescence of JFsgs and VO for the dyes alone87:69.75.76 pyt

not for HaloTag(dye) conjugates. To do so, we produced HaloTag in Escherichia coli with

a TEV protease-cleavable poly-histidine tag for ease of purification. After purification and
proteolytic cleavage (Figure S1), we conjugated HaloTag to either JFggs or VO equipped
with a pendant HaloTag ligand (HTL) (Figure 1A). Analysis with mass spectrometry
validated the identity of the HaloTag(JFsgs) and HaloTag(VO) constructs (Figure S2). Next,
we measured the fluorescence of each HaloTag(dye) as a function of pH. We found that the
fluorescence of HaloTag(JFsgs) is pH-agnostic (Figure 2A), as expected.67:69 In contrast, we
found that the fluorescence of HaloTag(VO) has a transition at pH 6.46 + 0.01. This value is
slightly lower than that of the dye alone (pH = 6.75),776 which seems surprising given the
anionic microenvironment that the dye occupies on the surface of HaloTag (Figures S3 and
S4). However, the cooperativity of the pH transition is also smaller somewhat diminished (#
= 1.05) compared to that of the free dye (/= 1.46), suggesting stabilization of the open form
of the dye by the polar environment of the protein surface and perhaps explaining the lower
pK; value. Taken together, this dye pair seems capable of distinguishing total protein uptake
from that localized in the cytosol.

To validate this difference in a cellular context, we used a transfection-based method to
confirm the fluorescence of each dye in the cytosol. Hel a cells were transiently transfected
with mRNA that encodes cytosolic HaloTag. Cells were then treated with JF5g5-HTL or
VO-HTL via pulse-chase epifluorescence imaging, followed by flow cytometry, to identify
cells that express HaloTag (Figure 2B, S12-S14). We anticipated that when treated with
either fluorescent ligand, cells containing HaloTag would fluoresce and that un-transfected
cells would not. Indeed, images of transfected cells treated with either fluorophore revealed
a cytosolic HaloTag population, unlike images of un-transfected cells. Additionally, we
observed no background fluorescence in un-transfected cells following the same treatment
and washout period as transfected cells, indicating that the observed fluorescent signal is
specifically associated with transfection (S14). These data indicate that both dyes fluoresce
when bound to HaloTag in the cytosol, enabling unambiguous interpretation of protein
delivery experiments.

Maodification of HaloTag(dye) Conjugates.

With a validated assay for cytosolic localization in hand, we sought to investigate the effect
of different delivery agents on the uptake of HaloTag (Scheme 1). First, we appended
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deca-arginine (R10) to protein amino groups on each HaloTag(dye) construct. To do so, we
irreversibly modified HaloTag using lysine amidation with NHS-BCN. Then, we clicked an
azide-containing R10 peptide onto the protein. The extent of labeling (typically, 0-1 R10
moieties) was determined by mass spectrometry (Figures S5 and S6).

Next, we masked HaloTag carboxyl groups by esterification with a tuned diazo
compound.33:35 Upon cellular entry, endogenous intracellular esterases cleave these esters,
unveiling the nascent protein. Previously, we reported that esterification using diazo
compound 1 directed both the green fluorescent protein33 and human ribonuclease 13°

to the cytosol. Each of these proteins has, however, a p/value that is higher than that

of HaloTag. To assess the cellular localization of HaloTag with diazo compound 1, we
modified the surface of HaloTag(JFs5gs) or HaloTag(VO) with this compound in an acidic
buffer containing 500 mM NaCl to mediate labeling with minimal protein precipitation.
We investigated two ranges of ester labels. The identity of the conjugates was confirmed
using mass spectrometry and found to contain either 0-3 labels (low labeling) or 2-8 (high
labeling) (Figures S7 and S8). Installation of more labels on the surface of HaloTag led to
the precipitation of the protein, consistent with previous reports correlating the number of
labels with protein insolubility as the p/of the protein approaches the pH of the solution.”8

Recently, we deployed a novel diazo compound, 2-SSpy, that enables a late-stage
modification with a ligand of choice.3¢ To modify HaloTag with this compound, 2-SSpy
was briefly pre-mixed with the thiol-equipped R10 to form a disulfide linkage prior to
reaction with the protein. The typical extent of labeling was found to be 0-1 (Figure S9).
Based on a report of the solvent accessibility of cysteine residues in HaloTag,’® we explored
disulfide-linked HaloTag conjugates as another means for delivery but found the ensuing
linkages to be unstable (Figure S11).

Finally, we used the L17E peptide in a co-treatment strategy to effect cellular entry. L17E

is an engineered version of the toxic peptide M-lycotoxin from Wolf spider venom.2°

L17E was optimized to adopt an a-helical structure that selectively disrupts endosomal
membranes, thus mediating endosomal escape of the co-treated protein or other cargo into
the cytosol. Altogether, we evaluated four distinct uptake strategies using the complementary
dye pair.

Cellular Uptake Experiments with Microscopy.

We next assessed the uptake profiles of the protein constructs into live HeLa cells. Cells
were treated in serum-free DMEM medium at concentrations and times that were optimized
for each HaloTag(JFsgs) conjugate (Table S1). Subsequent paired experiments were
conducted side-by-side with HaloTag(JFsgs) and HaloTag(\VO) conjugates. Epifluorescence
microscopy was used to assess cellular localization. We found that all bioconjugates were
taken up by cells, with differences in cytosolic access based on the delivery method (Figure
3).

HaloTag(dye)-R10.—HaloTag(JFsg5)-R10 demonstrated exclusively punctate staining,
indicative of endosomal entrapment (Figure 3). When taken together with HaloTag(VO)—
R10, however, we observed low fluorescent staining of the cytosol, indicative of a small
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degree of endosomal escape. Given the anionic nature of the HaloTag surface (Figure S3),
we were not surprised that a cationic cell-penetrating peptide does not mediate robust
cellular entry.

HaloTag(dye)—-1.—Surface esterification with diazo compound 1 was used to investigate
the effect of the extent of labeling on HaloTag uptake. We observed successful cellular
uptake, but only with a high level of esterification. Imaging revealed endosomal entrapment,
evidenced by the punctate staining in cells treated with HaloTag(JFsgs)—1 and the absence
of signal in cells treated with HaloTag(VO)-1 (Figure 3). We attribute the endosomal
entrapment of esterified HaloTag to the high anionicity of HaloTag, which cannot be
overcome by esterification with diazo compound 1, which ultimately serves to increase

the hydrophobicity while only modestly decreasing the anionicity of the protein surface. We
did not observe any cellular uptake with a low level of esterification (Figures S20 and S21).

HaloTag(dye)—2-SS—R10.—HeL a cells treated with a 2-SS-R10 ester conjugate showed
mixed intracellular localization (Figure 3). Many clusters of cells exhibited cytosolic
localization, with diffuse intracellular staining throughout the entire compartment. When
cells treated with HaloTag(JFsg5)-2-SS—R10 were imaged at a higher laser intensity,
punctate staining could be observed that was absent in cells treated with HaloTag(VO)—
2-SS-R10, indicating endosomal entrapment. We also noted evidence of protein aggregation
on the surface of cells treated with HaloTag(VO)-2-SS—R10, which was not observed in
other treatment conditions. Nonetheless, the combination of a cell-penetrating peptide with
esterification yielded cytosolic access.

HaloTag(dye) plus L17E.—Finally, we cotreated HeL a cells with HaloTag(dye)
constructs + L17E. Fluorescence microscopy showed that both constructs localized robustly
in the cytosol of cells, especially concentrated in clusters, as evidenced by diffuse staining
throughout the cytosol and nucleus (Figure 3). With HaloTag(JFsgs), we did not observe the
punctate staining indicative of endosomal entrapment. Although L17E has been used with
other proteins and biomolecules,22:89-83 the demonstration of its efficacy in delivering highly
anionic protein cargo is, to our knowledge, without precedent.

Cellular Uptake Experiments with Flow Cytometry.

An advantage of the JF5g5/VO dye pair is its ability to differentiate between the bulk cellular
uptake and the cytosolic localization of conjugates. Having observed uptake patterns that
varied between conjugates with fluorescence microscopy, we used flow cytometry to assess
delivery efficiencies, which describe the relationship between the total amount of protein
cargo taken up by the cell and the amount that ultimately reaches the cytosol. Because of the
heterogeneity between each batch of prepared conjugates, as a result of stochastic surface
labeling, we sought an analysis that would provide meaningful comparisons. Accordingly,
we established a workflow in which cells were first imaged via microscopy and then
analyzed by flow cytometry.

Gratifyingly, the flow cytometry results were in agreement with the cellular uptake observed
with microscopy. In cells treated with HaloTag(dye)-R10, we observed a modest shift in the
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bulk population, demonstrating a low level of endosomal escape (Figures S22-S23). When
modified with 2-8 ester labels, HaloTag(dye)-1, was efficiently taken up into endosomes but
did not exhibit the VO signal that would have been indicative of endosomal escape (Figure
S24). By contrast, microscopy revealed a subset of cells co-treated with HaloTag(dye)

and L17E exhibited high cellular uptake with both dyes and the absence of punctate

staining with HaloTag(JFsgs), indicating highly efficient cytosolic entry. Consistent with

the robust cytosolic delivery of HaloTag(dye) in the presence of L17E that we observed via
microscopy, we also observed a subset of highly fluorescent cells and little change to the
bulk population via flow cytometry (Figure S25). The percent of cells in each sample treated
with HaloTag(dye) + L17E were the same, reinforcing the high efficiency of cytosolic entry.
Although we observed the cellular uptake and cytosolic entry of HaloTag(dye)-2-SS-R10
conjugates with both fluorophores via microscopy, the VO conjugate formed aggregates or
coacervates on the surface of cells that were resistant to removal by washing and precluded
analysis by flow cytometry (Figure S17).

From our flow cytometry analysis, we calculated the mean fluorescence intensity (MFI)
of cells treated with HaloTag(dye) conjugates (Figure 4). When cells were treated with
HaloTag(JFsgs) conjugates, we observed MFI values of 1138, 3354, and 396 AU for
HaloTag(JFsg5)-R10, HaloTag(JFsgs)—1, and HaloTag(JFsgs) + L17E, respectively. These
values highlight that HaloTag(JFsgs)-1 is ~3-fold more effective at being taken up by
cells than HaloTag(JFsgs)-R10, and that HaloTag(JFsgs) + L17E is only ~%4 as effective
at enabling cellular uptake when compared to HaloTag(JFgg5)—-R10. Yet, when cells were
treated with HaloTag(VO) conjugates, we observed MFI values of 328, —80, and 591

AU for HaloTag(VO)-R10, HaloTag(VO)-1, and HaloTag(VVO) + L17E, respectively. This
demonstrates that HaloTag(\VO) + L17E is ~2-fold more effective at cytosolic delivery than
HaloTag(VO)-R10, and that HaloTag(VO)-1 is not detected in the cytosol of cells. These
data are summarized in Table 1.

With flow cytometry data sets in hand, we calculated the delivery efficiency (y) by using an
equation®® that deploys the MFI of the JFsg5 and VO conjugates:

( MFch(t:iclc)
F5§5
MFLGE, / ( MFLYS, )

'\{ =
MFI:;FISUXS

@)

Eq 1 relates the total cellular uptake (JFsgs) and the cytosolic uptake (VO) of a given
delivery strategy (denoted as “vehicle”) to one defined as a reference. This normalization
ultimately quantifies the efficiency of cytosolic delivery as a fold-change compared to the
reference. Because R10 is a well-known cell-penetrating peptide, we set HaloTag(dye)-R10
as our reference and normalized other delivery strategies to that conjugate (Table 1).

Our analysis reveals that while the esterification of HaloTag(dye) with diazo compound
1 provides highly effective entrance into cells via endocytosis, this modification does not
afford cytosolic access. This underscores the idiosyncratic nature of protein delivery into
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cells and highlights the challenge of providing cytosolic access to an extremely anionic
payload like HaloTag. In contrast, we observed that the endosomolytic peptide L17E is less
efficient at providing cellular entry than R10, but the fraction of HaloTag that reaches the
cytosol is ~2-fold greater than R10, representing an ~5-fold increase in delivery efficiency.
Thus, L17E is highly efficient at circumventing endosomal entrapment and lysosomal
degradation and, ultimately, delivering HaloTag to the cytosol.

CONCLUSIONS

Current methods to assess the cytosolic delivery of proteins are time-consuming to establish,
require specialized instrumentation, or introduce enzymatic “tag” recognition sequences that
limit generality. Herein, we describe a dye pair with the ability to assess protein delivery
efficiencies, enabling a nuanced understanding of how protein delivery agents affect cellular
uptake and cytosolic access. Using this novel method, we report the unprecedented (to our
knowledge) delivery of HaloTag, a highly anionic and, thus, challenging protein target, to
the cytosol of mammalian cells. We anticipate that our results will facilitate the further
development of HaloTag as a useful cellular delivery platform to mediate the delivery of
other proteins and payloads.

Supplementary Material
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Figure 1.
(A) Structures of JFsg5 and VO with a pendant HTL. (B) The low pH of endosomes and

the pH-sensitive fluorescence of Virginia Orange (but not JFsgs) can be used to ascertain the
subcellular localization of HaloTag(dye) conjugates.
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Figure 2.
(A) pH-Dependence of the fluorescence of HaloTag(dye) constructs. Values are the mean +

SE (n= 3). HaloTag(VO) has an apparent pK; of 6.46 + 0.01 (/= 1.05). (B) Microscopy
images of HeL a cells expressing cytosolically localized HaloTag and treated with either
JFsg5-HTL or VO-HTL. Images were normalized to untransfected cells treated with either
fluorophore. Images are representative of uptake profiles of at least two independent
experiments, each performed with three technical replicates. Scale bars: 50 pM. Additional
images are shown in Figure S12.
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Figure 3.

Microscopy images of HaloTag(dye) conjugates in HeLa cells normalized to cells treated
with HaloTag(dye) only. For experimental conditions, see Table S1. Standardized laser
intensities were normalized within each treatment condition. Images are representative of

uptake profiles of at least two independent experiments performed with three technical
replicates. Scale bars: 50 uM. Additional images are shown in Figures S15-S18.
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Figure 4.
Mean fluorescence intensity (MFI) of HaloTag(dye) conjugates in HeLa cells. For

experimental conditions, see Table S1. Values are the mean + SE from at least two
independent experiments, each performed with three technical replicates; ****p < 0.0001,
*** < 0.0005, **p < 0.0011. The average fluorescence background, calculated from cells
treated with HaloTag(dye) alone, was subtracted from all treatment conditions. Standardized
laser intensities were used across all experiments.

ACS Chem Biol. Author manuscript; available in PMC 2024 June 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Giancola et al. Page 17

1. NHS-BCN (25 equiv)
PBS, pH 7.4, 1t, O/N

2. Azide-R10 (25 equiv)'
PBS, pH 7.4, rt, O/N

1 (25 equiv)

10 mM Bis-Tris buffer, pH 6.5
07~ “OH 500 mM NaCl
10% viv MeCN, rt, O/N

HaloTag(dye)

N
O
)\O)J\O/\Om

2-SS-R10 (100 equiv)‘

10 mM Bis-Tris buffer, pH 6.5
500 mM NaCl
10% v/v MeCN, rt, 2 h
)\ i
O
O/U\O/\O

HaloTag(dye)-2-SS-R10

Scheme 1.
Semisynthesis of HaloTag(dye) Conjugates

ACS Chem Biol. Author manuscript; available in PMC 2024 June 20.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Giancola et al. Page 18

Table 1.

Summary of Cellular Delivery Efficiencies

Total Cellular  Cytosolic ~ Delivery

3‘?’;’:’& Uptake Delivery  Efficiency
(M = JF585)a (M FI VO)a (y)a
R10 10 1.0 1.0
1 3.0 0.0 0.0
L17E 0.35 18 5.2

a\/alues are normalized to the uptake profiles of HaloTag(dye)-R10, which is defined as 1.0. MFIIFS85 ang MFIVO represent the ratio of the MFI
of each delivery strategy to the MFI of R10.
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