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ABSTRACT: We used fluorescence correlation spectroscopy remove focal
. . . <—rhodamine

(FCS) to accurately and precisely determine the relative exogenous _ Volume g
efficiencies with which three families of “cell-penetrating \pept|de| peptldes -
peptides” traffic to the cytosol of mammalian cells. We find
that certain molecules containing a “penta-arg” motif reach the
cytosol, intact, with efficiencies greater than 50%. This value is fluorescence
at least 10-fold higher than that observed for the widely studied i

cast gher ey > 50% correlation
cationic sequence derived from HIV Tat or polyarginine Argy, ) spectroscopy
and equals that of hydrocarbon-stapled peptides that are active . reaches
in cells and animals. Moreover, we show that the efficiency with cytosol intact c
which stapled peptides reach the cytosol, as determined by eI 1 @)

ECS, correlates directly with their efficacy in cell-based assays.
We expect that these findings and the associated technology
will aid the design of peptides, proteins, and peptide mimetics that predictably and efficiently reach the interior of mammalian
cells.

B INTRODUCTION assess cytosolic localization, and not total cell uptake, their
output is both qualitative and indirect.'” ™"

Here we apply fluorescence correlation spectroscopy
(FCS)* to accurately and precisely determine the cytosolic
concentrations achieved by three families of potentially cell-
penetrating peptides, and in this way directly establish their
capacity to traffic to the cell interior. We find that certain
molecules containing a “penta-arg” motif' *"** reach the
cytosol with efficiencies greater than 50%. This value is 10-
fold higher than those observed for the widely studied sequence

The discovery in 1988 that the HIV protein Tat could activate
transcription when added intact to cultured cells"* engendered
a new scientific discipline focused on understanding how
certain polar, positively charged, peptidic molecules cross
nonpolar biological membranes.” Interest in the peptide
translocation field has continued to grow, fueled in large part
by an ever-increasing emphasis on biologicals, peptides,
proteins, and their mimetics as tools in research and a growing

segment of the modern pharmacopoeia. The chemistry of the derived from HIV Tat'™> or Argg, and is comparable to the
peptide translocation process, that is, the role of cation identity value achieved by hydrocarbon-stapled peptides that act in cells
and spacing, concentration, backbone, stereochemistry, ap- and animals.>®*® Further, we demonstrate for a well-studied
pended cargo,” " and the effect of endosomolytic agents,">"* series that the potency of a hydrocarbon-stapled peptide in cell-
have all been studied, as has the traffic pattern, which can based assays correlates directly with cytosolic localization as
include both endocytotic and nonendocytotic r outes.' > determined by FCS, and not by overall uptake as measured by
Most studies of potentially cell-penetrating peptides and flow cytometry.

proteins employ either flow cytometry or a functional assay to In previous work, we reported that although many small
evaluate uptake. Both techniques are inadequate, whether folded proteins containing four to six 6glmnes are taken up by
applied alone or in combination. Flow cytometry cannot cells,”** very few traffic to the cytosol.'® Those that do, such as
differentiate molecules in the cytosol from those trapped in ZF 5.3 and aPP $.3 (referred to as 5.3 henceforth) (Figure 1B)
endosomes, and functional assays often amplify what is are distinguished by a precise array of five arginines on an a-
otherwise an undetectably small signal. Several groups have helix backbone, a “penta-arg” motif (Figure 1)."® We showed
reported strategies to measure cytosolic localization using turn-
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Figure 1. (A) FCS workflow to determine the cytosolic concentration
of a rhodamine-tagged molecule. (B) Three families of cell-penetrating
molecules studied using FCS in this report.
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further that proteins containing a penta-arg motif are taken up
by endocytosis, and that a single penta-arg motif specifies
release of the associated protein from vesicles that form early
along the endosomal pathway, in particular, those endosomes
characterized by the guanosine triphosphatase (GTPase)
Rab5.'® The role of early endocytic vesicles has also been
1mphcated in the passage of supercharged protems,1 cyclic
peptides,”* and the contents of lipid nanoparticles* into the
cell interior.

In previous work, we made use of an imaging assay called
GIGT'** to qualitatively evaluate the cytosolic access of
penta-arg grotems as well as the cationic sequence from Tat
(Tat,g_go)° and Argg.4 Although useful for comparing relative
cytosolic access in high throughput across a large cell
population, GIGT relies on dexamethasone-tagged mole-
cules”” ™ and the translocation of a reporter protein (a fusion
between GFP and a glucocorticoid receptor variant) from the
cytosol to the nucleus as a proxy for cytosolic concentration.
Although rapid, the GIGT assay is indirect and qualitative, as
are other recently reported assays based on fluorescence
dequenching in the cytosol.'”*¥*!

Here, we apply fluorescence correlation spectroscopy
(FCS),*® a quantitative technique with single molecule
sensitivity, to provide a precise, accurate, and direct measure
of the relative efficiencies with which different potentially cell-
permeable molecules traffic to the cell interior.**™>> FCS
detects the fluctuations that arise when a small number of
fluorescently tagged molecules diffuse through a small (in this
case, ~1.6 femtoliter) focal volume.”® The time-dependence of
these fluctuations can be autocorrelated to determine both the
diffusion dynamics and the concentration of the fluorophore-
bearing molecule. FCS is unique as it does not rely on relative
comparisons of fluorescence intensity but rather determines an
absolute value for the intracellular fluorophore concentration.
Although others have previously utilized FCS to measure
cytoplasmic levels of the Antennapedia homeodomain-derived
penetratin peptide and fibroblast growth factor-derived MTS
peptide in adherent cells,***” we were concerned by the high
background signal observed and the pH-sensitivity and

2537

photoinstability of carboxyfluorescein con]ugates, and devel-
oped an alternative FCS methodology.*®

B EXPERIMENTAL SECTION

Determination of Intracellular Concentrations Using FCS.
One day prior to experiments, 20 000 HeLa cells in 400 uL of clear
DMEM containing 10% FBS, 100 units/mL penicillin, and 100 y#g/mL
streptomycin were plated into 48-well tissue culture treated plates
(Corning CLS3548) and allowed to adhere overnight. The following
day, media was removed from each well and replaced with 250 uL of
clear DMEM (no FBS or phenol red) containing the lissamine
rhodamine b labeled peptide of interest (Rho-peptide) at a
concentration of 500 nM. Cells were incubated with 500 nM Rho-
peptide for 30 min at 37 °C, after which cells were washed three times
with 1 mL of PBS and lifted with 100 L of 0.25% trypsin for 3 min at
37 °C. The cells were next transferred into a 1.5 mL Eppendorf tube to
which 1 mL of clear DMEM with 10% FBS was added, and were
pelleted at 500g for 2 min. Following centrifugation, the media was
removed and the cells were resuspended in 1 mL of clear DMEM (no
FBS), pelleted at 300g for 2 min, resuspended in 200 uL of clear
DMEM, and transferred to a Lab-Tek 8-chamber borosilicate
coverglass system. Cells were allowed to adhere to the glass surface
for 20 min at 37 °C prior to FCS measurements.

FCS Instrumentation. FCS measurements were made on a
custom-built instrument based on an inverted Olympus IX-71
microscope, as described,*° using a 60X water immersion objective
(UPlanSApo, Olympus) at room temperature. Single cells were
centered above the objective and imaged by stage scanning in the x—z
dimensions using a piezoelectric Nano-LP200 nanopositioner (Mad
City Laboratories, Madison, WI). The positioner was controlled by
custom programs written in LabView (National Instruments). Imaging
scans revealed endosome-free locations suitable for FCS measure-
ments.

FCS Setup. Laser power was adjusted to 10 yW prior to entering
the microscope, and for Rho-peptide conjugates that emit less than
2000 counts per molecule (cpm) at 10 W, a higher power of 30 W
was set. For Rho-b experiments, a 561 nm laser was used in
combination with a 561 dichroic mirror and 605/70 bandpass filter. All
filters and dichroics were from Chroma. The fluorescence emission
was focused onto the aperture of a S0 pm diameter optical fiber
(OzOptics) directly coupled to an avalanche photodiode (APD) for
detection (SPCM-AQRH-14-FC; PerkinElmer). The signal from the
APD was hardware correlated (Flex03LQ-12, Correlator.com).

Analysis of Correlation Functions. Autocorrelation curves from
in vitro measurements were fit to a 3D diffusion equation (eq 1):

) =(~ .
) (N)(”ﬁ) (l“zﬁ) 1)

N is average number of diffusing molecules in the observation volume,
and 74 is the diffusion time, the average time a molecule takes to
transit the laser focus. The structure factor, s, is the ratio of the radial
to axial dimensions of the focal volume. s was determined to be 0.13 by
measurement with Alexa 594 and fixed in subsequent analyses. Alexa
594 was routinely used to calibrate the instrument prior to
measurements.

Correlation curves from intracellular peptides were initially fit to
FCS equations incorporating multiple models of particle diffusion,
including single component, multiple component, and anomalous
diffusion. We found the data best fit to an equation describing
anomalous diffusion (eq 2):

oo (t)

a
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7,4 represents the diffusion time and G(oo) represents the level of
background autocorrelation at long time scales, while a represents the
anomalous coefficient, which describes the extent to which diffusion is
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hindered over longer distances. Anomalous diffusion is often described
in the cellular context, when barriers to diffusion include the presence
of organelles and cytoskeleton.*'

B RESULTS AND DISCUSSION

We began by developing an FCS workflow to accurately and
precisely determine the concentrations of rhodamine-peptide
conjugates in vitro. The fluorescence spectrum of the dye
chosen, Rho-b, shows excitation and emission maxima at 566
and 585 nm respectively (Figure S1A, Supporting Information),
which guided our choice of a 605/70 nm band-pass filter to
maximize photon collection. The optimized FCS workflow
yielded consistent in vitro Rho-b counts per molecule (cpm)
around 10* Hz (Figure S1B). To determine the accuracy of this
FCS setup for measuring concentration, we prepared and
analyzed a set of Rho-b standard solutions at concentrations
between 4 and 100 nM (Figure S1C). The average number of
fluorescent species in the focal volume (N,,) (Figure 1 and
S1D), as determined by fitting the FCS curves, showed the
expected linear relationship with dye concentration, and
allowed us to determine a conversion factor between N,
and the known concentration of the fluorescent species.
Furthermore, the measured diffusion time (z,) of Rho-b was
used to calculate a diffusion coefficient (D) of approximately
420 /tm s7!, in excellent agreement with values reported by
others.** Each of the Rho-peptide conjugates evaluated using
the FCS workflow also yielded consistent in vitro cpm and
diffusion times (7p) that correspond to diffusion coefficients
predicted by the Stokes—Einstein equation (Figure S2 and
Table S1).

With these standards in place, we sought to evaluate the
cytosolic concentrations attained by three families of “cell-
penetrating” })eﬁtldes studied previously using GIGT*® and
other assays. Included in the analysis were molecules
possessing an intact penta-arg motif (5.3% and ZF 5.3%)'¢ along
with variants lacking such a motif (4.2%, 4.3%, ZF¥, and ZF

4.3%). Molecules lacking a a penta-arg motif trafficked less
efficiently to the cytosol when evaluated using GIGT. The well-
studled HIV Tat,s_, sequence (Tat)" as well as octa-arginine
Argg* were also studied. Flow cytometry experiments revealed
that these molecules were taken up with varying efficiency by
HelLa cells (Figure 2). Uptake was highest for ZF 5.3, lowest
for Tat®, ZF® and ZF 4.3% and intermediate for ArgSR, 428
and 5.3% The relative uptake of the rhodamine-tagged
molecules studied here is identical to that of analogous
fluorescein-tagged molecules reported previously.'®

To prepare for FCS analysis (Figure 3), HeLa cells were
incubated with a Rho-tagged molecule (500 nM) for 30 min
and washed extensively with buffer and trypsin until no plasma
membrane-associated fluorescence was observable by laser-
scanning confocal microscopy (Figure S3). All treated cells
showed extensive punctate fluorescence and, in some cases,
clear evidence of fluorescence within the cytosol (Figure 3A
and S3). Individual cells were then placed on a home-built
confocal imaging system and scanned along the x—z-
dimensions to identify locations for focal volume placement
within the cytosol that avoided regions with high punctate
signal. The individual traces were assessed and averaged as
described in the Supporting Information; representative
averaged curves are shown in Figure 3A. Many rhodamine-
tagged peptides studied by others display anomalous diffusion
when evaluated using FCS, an observation attributed to
intracellular events that hinder macromolecule movement

2538

A A
Vs s
101 102 103 104 1017 102 103 104
Fggp/cell NT Fsgp/cell
NT 42R «= 53R = SAH- p53_4R UAH-p53—4R
— TaR = 43R = ZFR  _ oppoea oR — UAH-p53-6R
— ArggR == 52R == ZF43R em gAH.p53-7R = UAH-p53- 7R
- ZF5.3R = SAH-p53- _gR UAH-p53-8R
C D E
£ 4000- - -
©
< . hydrocarbon- un-
s penta-arg peplides stapled stapled
= 3000+ and controls E 3 E .
8 peptides peptides
S 2000 ] -
°
n
< 1000+ 4 -
o
=
w
SLENERELEL, crann sroge
ZEFPYYOUNTO Z 0000 ZH000
< Wwow 0 W W W 0w WY w
N N eeee reee
IIT I ITITT
L L << << <<
BBBAD 55355

Figure 2. Total cell uptake as measured by flow cytometry. (A, B)
Flow cytometry histograms and (C—E) bar plots illustrating the
relative uptake of the indicated Rho-tagged molecule (500 nM) after
30 min incubation with HeLa cells. Values of Fygy/cell reflect the total
cell-associated fluorescence, including fractions associated with the cell
surface, endosomal compartments, as well as molecules that have
reached the cytosol.

such as confinement, immobilization, and association.*> On
this basis, we fit the FCS data to an autocorrelation function
containing a parameter for anomalous subdiffusion.*® The
diffusion times (zp) of Rho-peptide conjugates within the
cytosol and thus the measured diffusion constants (D) were
collectively 4 to 10-fold greater than values acquired in vitro
(Table S2), in agreement w1th the range of cytoplasmic
diffusion observed by others.*® Low quality measurements,
perhaps resulting from poor focal volume placement, were
discarded on the basis of an anomalous coefficient (a) < 0.5
(Figure 3A) or poor signal (cpm < 1000 Hz).*” The N,
determined from fits to the remaining measurements were
averaged to yield mean intracellular concentration (Figure 3A).

The FCS data revealed that the molecules studied displayed
wide variation in maximal autocorrelation signal (Figure 3A),
indicating broad variation in the extent they reach the cytosol
(Figure 3B,C). Although ZF 5.3%, 5.3%, 4.2%, and Arg" are all
taken up efficiently by HeLa cells as judged by flow cytometry
(Figure 2A), only 4.2%, 5.3, and ZF 5.3 traffic efficiently to the
cytosol (Figure 3B C) In the case of cells treated with SO0 nM
428 5.3% or ZF 5.3, the intracellular concentrations measured
by FCS are 256 + 114 nM, 250 + 90 nM, and 354 + 40 nM,
respectively, corresponding to cytosolic delivery efficiencies of
50, 51, and >70% for 4.2%, 5.3% and ZF 5.3% By contrast, the
cytosolic delivery efficiencies of 4.3% 528 and ZF} as well as
Tat® and Argg®, are low. Although Arg® and 5.2% were taken up
well by HeLa cells, as judged by flow cytometry analysis of total
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Figure 3. Quantifying cytosolic delivery efficiencies of rhodamine-
peptide conjugates using fluorescence correlation spectroscopy (FCS).
(A) Representative x,z-section fluorescence intensity scans of single
HeLa cells treated for 30 min with the indicated Rho-tagged peptide
alongside the corresponding FCS trace displaying the diffusion time
(7p), anomalous coefficient (a), and counts per molecule (cpm, Hz)
associated with that individual measurement. Cell outlines are shown
as dotted lines. (B) Intracellular concentrations of rhodamine-peptide
conjugates extrapolated from respective autocorrelation fits. The value
shown represents the average concentration of between 8 and 50 cells.
(C) Cytosolic delivery efficiency of respective rhodamine-peptide
conjugates determined by dividing the intracellular concentration by
treatment concentration. Error bars represent standard error of the
mean.

cell fluorescence (Figure 2), FCS indicates that very little of
either material reaches the cytosol (Figure 3B); the value for
Tat® is 2%. Overall, the efficiency with which a penta-arg
protein (5.3 and ZF 5.3) reaches the cytosol is 25-fold greater
than Tat® (9.7 + 2.0 nm) and 12-fold greater than Argg® (22 +
5.7 nm), respectively (Figure 3C).*

In previous work, we made use of a streptolysin-based assay
to probe whether ZF 5.3 and 5.3 trafficked to the cytosol in an
intact form.'® These studies revealed that only full-length ZF
5.3% was extracted from the cell cytoplasm, while 5.3 displayed
evidence of digestion, potentially by cathepsins B and D. To
complement those experiments, in this work we treated HeLa
cells with each Rho-peptide conjugate for 30 min and
fractionated the cytosol via homogenization followed by
ultracentrifugation (Figure 4A).*> The cytosolic fraction of
HeLa cells treated with 1 uM ZF 5.3% shows a single
fluorescent peak by UPLC analysis that comigrates with
authentic ZF 5.3 (Figure 4B), whereas the cytosolic fraction
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Figure 4. Biochemical analysis of HeLa cell cytosol after incubation
with ZF 5.3% and 5.3%. (A) HeLa cells were treated with 1 zM of either
ZF 5.3% and 5.3% for 30 min before homogenization in an isotonic
sucrose solution and ultracentrifugation at 100g for 30 min. (B, C)
Samples of the supernatant after ultracentrifugation were injected onto
a Shimadzu UFLC-XR UPLC alongside authentic samples and
resolved on an Agilent Poroshell 120 SB-C18 column at 580 nm.

of HeLa cells treated with 1 uM 5.3% or 4.2% shows multiple
fluorescent species (Figure 4C and S4), indicating degradation,
although the point at which degradation occurs cannot be
known with certainty. Analysis of the peak intensities in
comparison with standards (Figure S4) indicates that more
than 70% of ZF 5.3% is isolated in an intact form within the cell
cytosol; the corresponding numbers for 5.3% and 4.2% are 12
and <5%, respectively. Importantly, the cytosolic trafficking
efficiency of ZF 5.3, which does not degrade, is comparable
whether determined by fractionation (63%) or FCS (73%),
providing further evidence that ZF 5.3® traffics into the cytosol
as an intact polypeptide.

Hydrocarbon-stapled peptides are a family of well-studied
peptide mimetics with demonstrated utility as tools and
potential therapeutics.>**°™>* Molecules possessin§ an all-
hydrocarbon staple resist proteolytic degradation®**> and can
exhibit robust function in cell-based assays and in animals.>*?
Yet the physicochemical features necessary to predictably
achieve high cytosolic concentration remain poorly understood,
especially among stapled 7‘peptides possessing equivalent charge
and in vitro potency. SLS2To help illuminate these features, we
applied FCS to quantify the cytosolic delivery efficiencies of a
series of previously studied stapled peptide inhibitors of the
HDM2—p53 interaction.”’ This series includes SAH-p33-4,
which binds with high affinity to HDM2 in vitro but is not
taken up well by Jurkat T-cells (as judged by flow cytometry),!
as well as SAH-p53-6 through -8, which bind HDM2 in vitro
with comparable affinities (Ky values between 50 nM and 60
nM), possess the same overall charge (+1), and are taken up to
a similar level by Jurkat T-cells as judged by FACS.>" Despite
the parity among these metrics, only SAH-p53-8 causes death
of HDM2-addicted SJSA-1 cells in culture.”'
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To determine if the relative potencies of these molecules
would correlate with cytosolic localization, we incubated HeLa
cells with the rhodamine conjugates of SAH-p53-4, 6, 7, or 8
(500 nM) (Figure SA) for 30 min and evaluated both whole-
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Figure S. FCS analysis of intracellular concentrations achieved in
HeLa cells by hydrocarbon-stapled peptide inhibitors of p53-HDM?2
complexation. (A) Sequences of hydrocarbon-stapled peptides
analyzed herein. (B) Representative x,z-section fluorescence intensity
scans of single HeLa cells treated for 30 min with the indicated Rho-
tagged molecule under standard culture conditions, and corresponding
intracellular FCS traces displaying diffusion time (7p), anomalous
coefficient (a), and counts per molecule (cpm, Hz) values. Cell
outlines are shown as dotted lines. (C) Intracellular concentrations of
Rho-tagged molecules extrapolated from respective autocorrelation fits
(solid bars) and corresponding cytosolic delivery efficiencies (hatched
bars). Error bars represent standard error of the mean.

cell uptake (using flow cytometry, Figure 2B) and cytosolic
localization (using FCS, Figure SB,C). With respect to whole-
cell uptake, the set of molecules followed the order SAH-pS3-
8% > SAH-p53-7" ~ SAH-p53-4* > SAH-p53-6" (Figure 2B,D),
in agreement with the results of experiments in Jurkat cells
reported previously.”’ By contrast, with respect to cytosolic
localization, the set of molecules followed the order SAH-p53-
8% > SAH-pS3-6" ~ SAH-p53-7° > SAH-p53-4* (Figure
5B,C). In this case, SAH-p53-8® was clearly superior, with a
trafficking efficiency that exceeded 50% after a 30 min
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incubation, and little evidence of degradation (Figure S$4).
The corresponding efficiencies for SAH-p53-7%, SAH-p53-6,
and SAH-p33-4% were 21 + 6%, 26 + 4%, and 12 + 2%,
respectively (Figure SB,C). Taken together, these results
demonstrate that stapled peptide inhibitors of pS3-hDM2
complexation, which possess equivalent overall charge and in
vitro target affinities,®’ reach the cytosol with variable
efficiencies. The most active peptide mimetic, SAH-pS3-8,
also displays the greatest cytosolic delivery. Interestingly, FCS
analysis of the analogous “unstapled” peptides (which carry
alkene-bearing side chains but are not macrocyclized) indicates
that these molecules are internalized at intermediate levels,
lower than SAH-pS53-8® but higher than SAH-p53-7%, SAH-
p53-6%, and SAH-pS3-4® (Figure SS). These results comple-
ment and provide further resolution to a broad analysis of
stapled peptide penetration reported recently.*®

B CONCLUSIONS

Over the past 20 years there has been a sustained interest in
molecules able to cross biological membranes, passively by
diftusion, or actively upon engagement of cell surface receptors
or by endocytosis. Irrespective of mechanism, this process has
been difficult to quantify in a manner that separates transport
efficiency from the stability and activity of the transported
molecule. Here we apply fluorescence correlation spectroscopy
(FCS), a technique with single molecule sensitivity, to
accurately and precisely quantify the intracellular transport
efficiency of three families of potentially cell-penetrating
peptides. Using FCS, we discovered that molecules containing
a “penta-arg” motif reach the cytosol intact, with exceptionally
high efficiencies, in certain cases exceeding 50%. The transport
efficiency of the most efficient penta-arg molecule, ZF 5.3 is at
least 10-fold higher than that observed for the widely studied
cationic sequence derived from HIV Tat'~> or polyarginine®*
Argg, and equals that of hydrocarbon-stapled peptides that are
active in cells and animals.>® Moreover, we show that the
efficiency with which hydrocarbon-stapled peptides reach the
cytosol, as determined by FCS, correlates directly with their
efficacy in cell-based assays. Further work will be necessary to
determine the extent to which these conclusions apply to other
cell types, other scaffolds, and other cargo.57 Nonetheless, we
hope that these findings and the associated technology will aid
the further design and analysis of peptides, proteins, and
peptide mimetics that predictably and efficiently reach the
interior of mammalian cells.
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confocal microscopy, fractionation, and supplementary figures
and tables. This material is available free of charge via the
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