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Abstract

Strategies that leverage bio-orthogonal interactions between small molecule ligands and
genetically encoded amino acid sequences can be used to attach high-performance fluorophores to
proteins in living cells. However, a major limitation of chemical protein labeling is that cells’
plasma membranes are impermeable to many useful probes and bio-labels. Here, we show that
conjugation to nonaarginine, a cell penetrating peptide (CPP), enables passive cytoplasmic
delivery of otherwise membrane-impermeant, small molecule protein labels. Heterodimers
consisting of a luminescent Th3* complex, Lumi4®, linked to benzyl guanine, benzyl cytosine and
trimethoprim were conjugated to the peptide CysArgg with a reducible disulfide linker. When
added to culture medium, the peptide conjugates rapidly (<30 min) enter the cytoplasm and diffuse
freely throughout cells. The benzyl guanine, benzyl cytosine and trimethoprim derivatives bind
selectively to fusion proteins tagged with SNAP-Tag®, CLIP-Tag® and E. coli dihydrofolate
reductase (eDHFR), respectively. Furthermore, eDHFR and SNAP-Tag fusions can be labeled
with Lumi4 analogs in the same cell, and this labeling can be detected using two-color, time-gated
Forster Resonance Energy Transfer (FRET) microscopy. Finally, we present quantitative data
showing that cytoplasmic uptake of nonaarginine-conjugated probes occurs in multiple cell types
(MDCK, HeLa, NIH 3T3), most cells in a culture (>75%) are loaded with probe, and the cellular
probe concentration can be controlled by varying incubation conditions. CPP-mediated delivery of
Lumi4-linked protein labels will greatly increase the utility of lanthanide-based FRET
microscopy. Moreover, our results strongly suggest that this approach can be adapted to deliver a
wide variety of protein-targeted fluorophores or other functional probes that were previously
unavailable for intracellular imaging studies.

INTRODUCTION

Various chemical biology approaches enable selective protein labeling with small molecules
inside living cells.1=3 These methods entail over-expression of target proteins fused to a
polypeptide that binds to an organic label. Often, the label is a heterodimer of a fluorophore
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or other useful functionality and a ligand moiety that interacts selectively with the
polypeptide. This modular approach allows labeling with commercially available or
synthetically optimized organic fluorophores that can outperform conventional fluorescent
proteins in high performance microscopy applications. For example, chemical labeling
systems such as SNAP-tag,*~> HaloTag®® and TMP-tag’~9 have been used variously for
cellular single molecule,10 superresolutionl1-13 and fluorescence lifetime imaging.1
Ideally, exogenous small molecule probes or protein labels should rapidly enter the
cytoplasm when added to culture medium, and it should be possible to control the probes’
cellular abundance by varying incubation conditions. However, many useful fluorophores
will not diffuse through cell membranes, limiting their application to cell-surface studies or
else requiring technically demanding cellular delivery methods like microinjection or
electroporation.13. 15-16

Conjugation to cell penetrating peptides (CPPs) would seem to be a logical strategy for
facilitating intracellular delivery of protein labels. CPPs are a class of short peptides (ca. 8 —
30 amino acids) that efficiently mediate entry of otherwise membrane-impermeant small and
macromolecules into cells.17-12 More than 20 years of intensive study along with efforts to
develop CPPs as therapeutic delivery agents have revealed that CPPs enter cells by both
endocytic and non-endocytic mechanisms, and that the operative pathway depends on
peptide sequence, cargo size, cell type, culture conditions and other factors.18-1% While
CPP-linked macromolecules enter cells exclusively by endocytosis, there is now
considerable evidence showing direct cytoplasmic entry of arginine-rich peptides conjugated
to fluorophores or other relatively small cargo.1%-23 Our lab recently showed that
conjugation to nonaarginine or Tat-derived sequences allowed for cytoplasmic delivery of
an otherwise membrane-impermeant Th3* complex, Lumi4-Tb.24 We further showed that
CPP-coupled heterodimers of Lumi4-Tb and trimethoprim (TMP) rapidly (<30 min) entered
the cytoplasm of various cell types, diffused freely throughout the cytoplasm and nucleus,
and bound selectively to Escherichia coli dihydrofolate reductase (eDHFR) fusion proteins.

In this paper, we show that conjugation to nonaarginine facilitates passive, cytoplasmic
delivery of Lumi4-benzyl guanine (BG-Lumi4-Rg) and Lumi4-benzyl cytosine (BC-Lumi4-
Rg) heterodimers that bind to SNAP-Tag and CLIP-Tag fusion proteins, respectively. We
also show that eDHFR and SNAP-Tag fusions can be simultaneously labeled with Lumi4 in
the same cell, and this labeling can be detected using two-color, time-gated Forster
Resonance Energy Transfer (FRET) microscopy. Finally, we present quantitative data
showing that cytoplasmic uptake of nonaarginine-conjugated tags occurs in multiple cell
types (MDCK, HeLa, NIH 3T3), most cells in a culture (>75%) are loaded with probe, and
the cellular probe abundance can be controlled by varying incubation conditions. Our results
suggest that CPP-mediated delivery can be extended to a wide variety of protein-targeted
fluorophores or other small molecule probes that were previously unavailable for
intracellular imaging studies.
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RESULTS AND DISCUSSION

Synthesis of peptide conjugates

Cell-permeable analogs of Lumi4 were prepared that target three different protein tags:
eDHFR, SNAP-Tag and CLIP-Tag. Lumi4 is an octadentate, macrotricyclic ligand with
four, 2-hydroxyisopthalamide chelating units.2> Its Th3* complex exhibits highly efficient
emission (Poverall > 50%), a large extinction coefficient (gmax > 20,000 M~lem1 at A = 340
nm), and long excited state lifetime (z> 2.4 ms) in aqueous solutions. SNAP-Tag and CLIP-
Tag are mutant forms of human O%-alkylguanine alkyltransferase that autocatalytically form
a covalent bond with derivatives of benzyl guanine and benzyl cytosine, respectively.4->
Both SNAP- and CLIP-targeted Lumi4 analogs were reported previously and used for time-
gated FRET studies of G-protein coupled receptor oligomerization.26-27 The ~18 kDa
enzyme eDHFR binds non-covalently (Kp = ~1 nM) to TMP derivatives,’ and our lab
previously used TMP-Lumi4 for time-gated FRET microscopy of protein-protein
interactions.28 Each peptide conjugate reported here shares the same basic architecture,
where a cysteine serves as a three-way bridge to couple Lumi4 to a tri- or tetra-
ethyleneglycolamino derivative of one of the targeting ligands (Chart 1). The Lumi4-ligand
heterodimers are in turn conjugated via a disulfide bond to CysArgg. We previously showed
that the disulfide bond is reductively cleaved in the cytoplasm, freeing the heterodimer to
bind to its respective target protein (Figure 1a).24 The synthesis of TMP-Lumi4-Rg was
described previously,24 and the synthesis and characterization of BG-Lumi4-Rg and BC-
Lumi4-Rg are provided in Supporting Information.

Specific labeling of fusion proteins in live cells

Time-gated microscopic imaging of Th3* luminescence and Th3*- mediated FRET was used
to evaluate peptide conjugate transport into cells and subsequent intracellular labeling of
target proteins. FRET is a non-radiative transfer of excitation energy from a donor
fluorophore to a nearby (< 10 nm) acceptor whose absorption spectrum overlaps the donor’s
emission spectrum. If the acceptor is fluorescent, excitation in the donor absorption band can
be detected as sensitized acceptor emission, and intensity-based FRET measurements are
widely used to analyze or image interactions between appropriately labeled biomolecules.??
However, FRET microscopy with fluorescent proteins often suffers from low signal to noise
ratio because the sensitized emission signal is contaminated with donor or directly excited
acceptor components. Th3* (or Eu3*) complexes have two key advantages when used as
FRET donors in combination with conventional fluorescent acceptors. First, ms-scale Th3*
and Th3*-sensitized acceptor emission signals can be separated from non-specific, ns-scale
fluorescent background by time-gating, where the detector is turned on some microsceconds
after a brief excitation pulse. Second, multiple, narrow-line emission maxima enable
detection of FRET from Th3* to two or more differently colored acceptors in the same
sample (Figure 1b). Time-gated FRET with lanthanides has long been used for sensitive
immunoassays and high-throughput screening applications, and recent years have seen
substantial interest in exploiting the method’s advantages for live-cell imaging and
multiplexed bio-analysis.2’» 30-33
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The time-gated microscope used in this study and its operation were described
previously,34-35 and comprehensive details of image acquisition and analysis parameters are
provided in Supporting Information. The instrument uses pulsed UV light (365 nm) to excite
the Lumi4 Th3* complex. An intensified CCD camera (ICCD) detects long-lived signals 10
us after the end of the excitation pulse, thereby eliminating scattering, cellular
autofluorescence and directly excited acceptor fluorescence background. Plasmid DNA
vectors encoding three different histone 2B (H2B) fusion proteins were prepared: 1) H2B-
GFP-eDHFR; 2) H2B-GFP-SNAP; and 3) H2B-GFP-CLIP. A plasmid encoding H2B-
mCherry-eDHFR was also prepared as well as MDCKII cell lines that stably express either
H2B-GFP-eDHFR or H2B-mCherry-eDHFR. Visualization of Th3* luminescence was used
to assess sub-cellular probe distribution following uptake, and detection of Th3*- sensitized,
fluorescent protein emission was used to assess specific labeling of the H2B fusion proteins
(Figure 1b).

MDCKII cells that stably or transiently expressed the eDHFR, SNAP or CLIP fusion
proteins were incubated for 30 min in serum-free medium containing one of the three
Lumi4-peptide conjugates. After washing, Th3* luminescence was diffusely distributed
throughout the cells, suggesting a direct transport from culture medium to cytoplasm (Figure
2a—C). Each peptide conjugate, TMP-Lumi4-Rg, BG-Lumi4-Rg and BC-Lumi4-Rg,
specifically labeled its respective protein target as evidenced by images showing Th3*-to-
GFP sensitized emission (FRET) only in cells that expressed the H2B fusion proteins and
that also showed luminescence in the Th3* channel (Figure 2a—c). Negligible FRET signal
was observed in non-expressing cells that exhibited Th3* luminescence, and it was not
possible to observe FRET signals when cultures of transfected cells were pre-incubated with
non-luminescent conjugates that lacked Th3* (data not shown). Moreover, competition with
excess unconjugated TMP was observed directly as a ~90% reduction of the FRET signal in
TMP-Lumi4-Rg-treated cells that expressed H2B-GFP-eDHFR (Supporting Figure S1).
Together, these results strongly indicate that membrane-impermeant substrates of SNAP and
CLIP as well as eDHFR-binding small molecules diffuse freely throughout the cytoplasm
and nucleus and selectively label their targets following CPP-mediated delivery.

An additional control experiment was performed to ensure that the observed FRET signals
resulted from specific binding of the Lumi4 analogs to their target proteins. Non-specific
FRET signals could result from bleedthrough of the T3+ signal into the FRET channel or
because of collisions between freely diffusing Th3* donors and fluorescent protein
acceptors. Bleedthrough into the GFP FRET channel is not significant as can be seen in
Figure 2. However, substantial, diffusion-mediated energy transfer is known to occur in
solution between Th3* donors and small molecule fluorescent acceptors even at micromolar
acceptor concentrations because of the long excited state lifetimes of Th3* complexes.38 To
determine the potential significance of collisional FRET in our experiments, we imaged
MDCKII cells that stably expressed H2B-mCherry-eDHFR following loading with BG-
Lumi4-Rg, which does not bind to eDHFR. We then measured signal intensities in the FRET
and Tb3* channels both in the presence and absence of acceptor (Supporting Figure S2).
Because Th3* has an emission peak centered at 620 nm that lies close to the mCherry
emission filter (Figure 1b), we detected a substantial signal in the FRET channel, equal to
12.6 + 0.1% of the measured Th3* signal, even in the absence of acceptor. However, the
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FRET signal measured when acceptor was present was only about 6% greater (13.4 £ 0.2%).
Collisional FRET depends not only on acceptor concentration but also on the distance of
closest approach between donor and acceptor.36 We surmise that the low levels of diffusion-
mediated energy transfer seen here are due to the fact that the hydrodynamic radius of
fluorescent proteins is about 2.8 nm,3” and the chromophore is located in the center of the
protein.

Incubation conditions control uptake efficiency and intracellular probe abundance

We previously reported that diffuse Tb3* luminescence may be observed when cells are
incubated in growth medium containing ca. 10 uM or greater concentrations of TMP-Lumi4-
Rg and other Lumi4-CPP analogs, even when incubation occurs at 4 °C.24 By contrast, when
the peptide conjugate concentration in culture medium is too low, a punctate staining pattern
is observed that is suggestive of endocytosis (Figure 3a). Cytoplasmic delivery is desirable
as it allows for targeting the widest variety of proteins. Incubation at 37 °C in serum-free
growth medium containing 10 uM of TMP-Lumi4-Rg resulted in a diffuse distribution of the
probe throughout the cytoplasm and nucleus in more than 75% of cells observed.
Furthermore, this level of delivery efficiency was observed in three different cell types
including MDCKII epithelial cells, HeLa cells and NIH3T3 fibroblasts (Figure 3b). When
the extracellular peptide concentration was lowered, the percentage of cells exhibiting
diffuse luminescence decreased, and the overall abundance of probe observed in the
cytoplasm decreased as well (Figure 3c). Efficient cytoplasmic delivery could be restored by
co-incubating cells in medium with a low concentration (1 uM) of TMP-Lumi4-Rg and a
high concentration (60 uM) of unconjugated nonaarginine.

Interestingly, we found that it was necessary to incubate stably transformed MDCKII cells
(e.g., Figure 2a) at room temperature (~22 °C) in order to achieve consistent delivery of
nonaarginine conjugates into the cytoplasm. Incubation of stably transformed MDCKI|I cells
37 °C resulted in punctate luminescence in nearly all cells observed. We have also observed
that cytoplasmic uptake efficiency diminishes in MDCKII and other cell lines as passage
number increases. We did not rigorously quantify this phenomenon, but for these
experiments we only used cells that had been passaged fewer than ten times following
thawing from frozen stock. Clearly, passage number, temperature and probably other culture
conditions influence the mechanism of transduction, and these factors warrant future study.
As a practical matter, our results show that by varying only two parameters, extracellular
peptide concentration and incubation temperature, it is possible to favor direct translocation
of probes into the cytoplasm and to control their ultimate cellular abundance.

The diffuse luminescence staining pattern suggests that a non-endocytic mode of entry is
operative above a threshold peptide concentration, whereby nonaarginine mediates direct
transduction of the probe molecules from extracellular growth medium into the cytoplasm.
Such concentration-dependent, direct transduction of small molecule fluorophores
conjugated to Tat or oligoarginine has been described by Brock and others.2123 A hallmark
of transduction is that entry into the cytoplasm originates from localized regions of the
plasma membrane, dubbed nucleation zones by Brock.22 We observed such localized entry
when we captured time-lapsed images of NIH3T3 fibroblasts mounted in medium
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containing TMP-Lumi4-Rg (Supporting Figure S3). Our observations and those reported by
others show that conjugation to nonaarginine mediates transduction of various, membrane-
impermeant small molecules, and the results also show that direct transduction may be
favored over endocytosis by manipulating labeling conditions.

Multiplex protein labeling and FRET imaging

The availability of three cell-permeable Lumi4 conjugates that can target different fusion
proteins makes it possible to perform multiplexed FRET imaging studies, where Lumi4-Th
is used as a FRET donor and differently colored fluorescent proteins are used as acceptors.
Multi-component labeling and imaging could be used, for example, to monitor two or even
three distinct protein-protein interactions in the same cell. In order to demonstrate multi-
component protein labeling and imaging, we transiently transfected MDCKII cells that
stably expressed H2B-mCherry-eDHFR with DNA encoding H2B-GFP-SNAP. Following
transfection, the cells were incubated in growth medium containing both TMP-Lumi4-Rg
and BG-Lumi4-Rg (10 pM, 30 min, RT). In cells that expressed both fusion proteins and that
were loaded with the Lumi4 conjugates (as evidenced by time-gated Th3* emission at 494
nm), a long-lived signal was observed at both GFP and mCherry emission wavelengths
(Figure 4). As noted above, Th3* has an emission peak centered at 620 nm that lies close to
the mCherry emission channel (Figure 1b and Supporting Figure S2), and it was necessary
to correct time-gated, Th3*-to-mCherry FRET signals (at 605 nm) for bleedthrough of Th3*
donor luminescence. Following bleedthrough correction, the Th3*-to-mCherry FRET signal
that results from specific labeling of H2B-mCherry-eDHFR with TMP-Lumi4-Rg became
apparent (Figure 4).

CONCLUSION

Despite their varied structure and relatively large size (e.g., 1.8 kDa for TMP-Lumi4),
Lumi4 derivatives can be rapidly and efficiently loaded into the cytoplasm of different cell
types. The experimental simplicity, high loading efficiency (>75%) and ability to control
intracellular label abundance afforded by CPP conjugation marks a substantial improvement
over prior lanthanide probe delivery methods used in our laboratory. We previously reported
streptolysin O-mediated membrane permeabilization and osmotic lysis of pinocytic vesicles
as viable methods for delivering lanthanide labels into the cytoplasm.28 Both of those
techniques required multiple experimental steps, and delivery efficiency varied widely
between experiments, rarely exceeding 20%. The concentration-dependent cytoplasmic
uptake described here is similar to that reported for conjugates of other fluorophores to
oligoarginine or Tat.29-23 By co-incubating cells in medium containing TMP-Lumi4-Rq at
low concentration (1 pM) and a large excess (60 uM) of unconjugated nonaarginine, it was
possible to retain highly efficient cytoplasmic delivery. This feature would be important for
single molecule studies where it would be necessary to deliver nanomolar concentrations of
probes into the cytoplasm. By delivering TMP and benzylguanine derivatives into the same
cell, it was possible to simultaneously label both eDHFR and SNAP-tag fusion proteins.
Together, these results suggest that conjugation to arginine-rich CPPs should be a generally
applicable strategy for delivering a wide variety of small molecule protein labels and sensors
into cells and enhancing the utility of chemical protein labeling methods.
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EXPERIMENTAL PROCEDURES

Details of peptide conjugate synthesis, plasmid DNA preparation, cell handling protocols,
microscopy parameters and image analysis are available in Supporting Materials and
Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Model system for assessing CPP-mediated delivery and selective intracellular protein

labeling

A) Following CPP-mediated delivery into the cytoplasm, disulfide reduction frees ligand-
Lumi4 heterodimer to diffuse and bind to a 3-component fusion of histone 2B, fluorescent
protein and tag (eDHFR, SNAP or CLIP). Selective labeling is confirmed by observation of
long-lifetime, Th3*-to-fluorescent protein emission. B) Normalized emission spectra of
TMP-Lumi4(Tb3*) (blue), EGFP (green) and mCherry (red). The characteristically narrow
Th3* emission bands enable efficient spectral separation of donor and sensitized acceptor
emission signals using narrow-pass filters (colored bands).
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Figure 2. Conjugation to nonaar ginine mediates cytoplasmic delivery of Iigand-Tngr complex
heter odimer s and specific labeling of receptor fusion proteins as evidenced by time-gated
imaging of Th3*-to-GFP sensitized emission

MDCKII cells stably expressing H2B-GFP-eDHFR or transiently expressing H2B-GFP-
SNAP or H2B-GFP-CLIP were incubated with TMP-Lumi4-Rg, BG-Lumi4-Rg or BC-
Lumi4-Rg, respectively (in DMEM w/o serum, 10 uM, 30 min), washed and imaged. Tb3*-
to-GFP FRET is seen only in cells that express the target fusion protein and contain the
luminescent Th3* complex, as indicated by arrows. A) Stable H2B-GFP-eDHFR expression;
plus TMP-Lumi4-Rg. B) Transient H2B-GFP-SNAP expression; plus BG-Lumi4-Rg. C)
Transient H2B-GFP-CLIP expression; plus BC-Lumi4-Rg. Micrographs: left column,
continuous wave fluorescence (hex = 480/40 nm, Aem = 535/50 nm); middle column, time-
gated Th3* luminescence (delay = 10 s, Aex = 365 nm, Aem = 494/20 nm); right column,
time-gated Th3*-to-GFP FRET (delay = 10 pis, Aey = 365 nm, hem = 520/20 nm). Scale bars,
10 um. Intensity modulated displays depict the range of gray scale values in the
corresponding 12-bit image.
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Figure 3. Extracellular peptide concentration determines mode of uptake and intracellular
abundance of cargo

A) Representative images of diffuse (left) and punctuate (right) staining patterns. B) Various
cell types were incubated in serum-free culture medium containing TMP-Lumi4-Rg (10 pM,
30 min, 37 °C), washed and imaged. Bar chart shows percentage of cells observed (n > 100
for each type) that exhibit indicated luminescence phenotypes: D, diffuse; D+P, diffuse and
punctate; P, punctate; None, no signal. C) Percentage of HelLa cells (n = sample size)
exhibiting diffuse luminescence and the normalized luminescence intensity (arbitrary units,
see Supporting Information; error bars, sd) observed following incubation (30 min, 37 °C) in
serum-free medium containing indicated concentrations of TMP-Lumi4-Rg and/or
nonaarginine (Rg).
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Figure4. Co-incubation with TM P-Lumi4-Rg and BG-L umi4-Rg allows simultaneous labeling of
H2B-mCherry-eDHFR and H2B-GFP-SNAP in the same cell and 2-color FRET detection

MDCKII cells stably expressing H2B-mCherry-eDHFR were transiently transfected with
DNA encoding H2B-GFP-SNAP. The cells were incubated in DMEM (w/o serum, 30 min.,
RT) containing both TMP-Lumi4-Rg and BG-Lumi4-Rg (10 uM), washed and imaged.
Th3*-senstized emission of both GFP and mCherry can be observed in cell that expresses
both fusion proteins and that is loaded with probes (arrows). Micrographs: left, continuous
wave fluorescence of GFP (g = 480/20 nm) and mCherry (Aey = 535/15 nm) at the
indicated emission wavelengths (center wavelength/bandwidth); middle and right, time-
gated luminescence (delay = 10 s, hex = 365 nm) at the indicated emission wavelengths;
bottom middle and bottom right images are presented at identical contrast and show time-
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gated luminescence in the mCherry emission channel before and after bleedthrough
correction, respectively. Scale bars, 10 um. Intensity modulated displays depict range of
gray scale values in corresponding 12-bit image.
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Chart 1. Chemical structures of the peptide conjugates used in this study
Abbreviations: CPP, cell penetrating peptide; capital letters, L-amino acids.
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