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ABSTRACT: Translocation of membrane-impermeant molecules to the interior of living cells is a necessity
for many biochemical investigations. Myristoylation was studied as a means to introduce peptides into
living cells. Uptake of a myristoylated, fluorescent peptide was efficient in the B lymphocyte cell line
BA/F3. In contrast, this cell line was resistant to uptake of a cell-penetrating peptide derived from the
TAT protein. In BA/F3 cells, membrane association was shown to be rapid, reaching a maximum within
30 min. Cellular uptake of the peptide lagged the membrane association but occurred within a similar
time frame. Experiments performed at 37 versi€4lemonstrated profound temperature dependence in
the cellular uptake of myristoylated cargo. Myristoylated peptides with either positive or negative charge
were shown to load efficiently. In contrast to TAT-conjugated cargo, pyrenebutyrate did not enhance
cellular uptake of the myristoylated peptide. The myristoylated peptide did not adversely affect cell viability
at concentrations up to 10fM. This assessment of myristoyl-based transport provides fundamental data
needed in understanding the intracellular delivery of myristoylated peptide cargoes for cell-based
biochemical studies.

The introduction of membrane-impermeant molecules into composed ofthe nine amino acid residues 8% (RKKRRQR-
living cells plays an important role in the investigation of RR) (6, 7). Peptides incorporating this sequence have been
cellular behavior; thus there has long been a need to introduceconjugated to an extensive assortment of biomolecules for
such molecules without undue perturbation of the cell. delivery into cells. These cargoes range from small peptides
Notable in this regard is the recent discovery of distinctive and peptide nucleic acids to full-length proteins and nano-
compounds that, when conjugated to peptides, proteins, andparticles 8—11). New CPPs continue to be discovered and
nucleotides, lead to their uptake by living celly.(Short  include peptides derived from native proteins, synthetic
peptide sequences known as cell-penetrating peptides [CPPspeptides, and small molecule mimick2¢15).
also known as protein transduction domains (PTDs)] have During the same time frame that extensive studies of CPPs

received the most attention in this category of molecules to have taken place, another approach to convey membrane

internalize bioactive agents that would otherwise be excluded o oo "
from cells @). Although still a somewhat controversial topic permeability has been used but poorly described: the addition
' ' _to the molecular cargo of the hydrophobic 14-carbon

endocytosis appears to be the primary mechanism of cellular . . . .
uptake mediated by CPP8)( Association of the CPP with saturated fatty acid myristate. The myristoyl group is a
the cell membrane is a required first step in this cellular naturally occurring posttranslational modification that serves
uptake process. Experimental evidence suggests that memto target cytoplasmic protein_s to intracellular membranes.
brane association of TAT and other arginine-tich CPPs In the cell, the enzyme N—myrlstoyltransferase c_atalyzes.the
occurs through heparin sulfate proteoglycans (HSP@s) ( coyalent attachment of myns}ate to the N-_termmgl glycine
5). The transduction domain from the HIV TAT protein has eSidue of a number of proteing§, 17). Myristoylation of
perhaps been the most widely used and characterized CPRN €xogenous peptide or protein may also lead to membrane
to date 2, 3). The ability of the TAT protein to cross the targeting (8). Surprisingly, unlike the CPPs, the cellular
plasma membrane resides primarily in the highly basic region UPtake of myristoylated cargoes has received very little study.
In early investigations of peptide inhibitors of protein kinases,

T This work was supported by grants from the National Institutes of O’Brian and co-workers19) found that myristoylation of a

Health to C.E.S. and N.L.A. peptide substrate of protein kinase C resulted in an effective
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fax 910-962-2388; e-mail nlallbri@unc.edu (N.LA) or cesims@unc.edu ONcompetitive inhibitor of the kinase in vitro. Serendipi-
(C.E.S)). tously, they found that the acylated peptide was taken up by

* University of California. live cells, where it served to inhibit the target kinag6)(

§ University of North Carolina. - - . . .
1 Abbreviations: ABL a 9 amino acid inhibitory peptide of the Since that time, myristoylated peptides have been used in a

tyrosine kinase ABL; CE, capillary electrophoresis; CPP, cell penetrat- Number of biochemical studies, yet the time course and
ing peptide; ECB, extracellular buffer; Myr, the 14-carbon fatty acid mechanism of their cellular uptake remain poorly defined

myristate; PB, pyrenebutyrate; PTD, protein transduction domain; RFU, i it ; ; i
relative fluorescence units; -SS-, a disulfide bond; TAT, 9 amino acid (20-23). Given the exciting potential for therapeutic delivery

CPP derived from the HIV TAT protein; TCEP, tris(2-carboxyethyl)- Via this carrier R4—26), a better understanding of cellular
phosphate hydrochloride. uptake mediated by myristoylation of peptides is required.
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A number of physicochemical studies have been performedT,,c 1.
on the behavior of myristoylated peptide insertion in lipid
bilayers @7—33), while little has been published on the
cellular uptake of such peptides8). The in vitro studies in
lipid bilayers and reconstituted cellular membranes suggest
that the conjugated peptide inserts into the membrane by*?" S FAM:Gys-Gh-Alle Ty-Als- Al Pro-Phe Als-Lys-Lys-Lys NE
virtue of the myristoyl tagZ8—31). Acyl phospholipids have = TAT Cys-Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg-NH:
been shown to translate across the lipid bilayer where the
hydrophobic head group becomes exposed on the bilayer's
opposite faceZ7, 34). A palmitoylated peptide has also been
shown to flip-flop from the inner to the outer face of synthetic
palmitoyloleoylphosphatidylcholine lipid vesicle35). These Myr Cys-Lyls-Lys-Lys-Lys-Nﬂz
findings suggest that peptide translation across the membrane Myr
may not require a carrier protein, since this phenomenon
occurs in a purified lipid bilayer. Nevertheless, the molecular
mechanism underlying myristoyl-based transport of peptide
cargoes into living cells has yet to be elucidated. The solitary
mechanistic study of cellular uptake was performed by
Ensenat-Waser et all®). These investigators employed
confocal microscopy and a fluorescently tagged 13-mer
peptide containing a myristoylated N-terminus. After intact
chromaffin cells were incubated for 12 h in the presence of
the myristoylated peptide, the fluorescence was distributed
heterogeneously in the cytoplasmic compartment but was
excluded from the nucleus. Unfortunately, this single-time-  PeptidesPeptides (Table 1) were synthesized and purified
point study did not provide data as to the kinetics of cellular by Anaspec (San Jose, CA). Peptides were fluorescently
uptake, temperature dependence of the uptake process, dabeled with the Sisomer of fluorescein (5-FAM) on the
role of the peptide cargo in the uptake process, parameteraN-terminus and amidated on the C-terminus unless otherwise
that would be of value in understanding cellular delivery of noted. Myristoylated peptides were produced by incorporat-
myristoylated cargoes. ing a myristoylated lysine during solid-phase synthesis.

In this work, the use of a myristate group has been Peptides were dissolved in deionized water or dimethyl
evaluated as a means for cellular delivery of peptide cargoes Sulfoxide (DMSO) (SigmaAldrich, St. Louis, MO), ali-
This method is contrasted to the uptake of similar cargoes uoted, and stored at70 °C. The concentrations of the
conjugated to the TAT CPP. Furthermore, this comparison fluorescein-labeled peptides were determined by HPLC
is carried out primarily in two cell types, a cervical carcinoma analysis at the Molecular Structure Facility at the University
cell line that efficiently loads by use of TAT conjugates and ©f California, Davis, by adding a standard of known
a B lymphocyte line that displays inefficient uptake of Concentration to the acid-hydrolyzed sample. Peptide charge
cargoes conjugated to TAT. The kinetics of membrane Was estimated at a pH of 7.4 by use of JaMBW 1.1 (http://
association and cellular uptake of myristoylated peptide cargo WWw.bioinformatics.org/JaMBWY/) with the fluorescein charge
are shown to be rapid. The delivery and intracellular release {aken into account. _ _ _
of a peptide cargo conjugated via a disulfide bond to the ~Cell Culture.HeLa, a human cervical carcinoma cell line,
myristoyl domain is also studied as a means of delivering @nd a rat basophilic leukemia (RBL) cell line were grown
cargo that is spontaneously released in the cytoplasm uporin Dulbecco's modified Eagle medium (DMEM) supple-
reductive cleavage. The effects of temperature and theMented with 10% fetal bovine serum (FBS), 4 mM
electrostatic charge of peptide cargoes are also investigatedglutamine, penicillin (100 units/mL), and streptomycin (100
as is the impact of myristoylated peptide on cell viability. #9/mL) at 37 °C in 5% CQ. BA/F3, a mouse B-cell
This evaluation of myristoyl-based transport of peptides lYmphoma cell line kindly provided by Junia Melo, and
provides new data for an enhanced understanding of intra-Jurkat cells, a human T-lymphocyte cell line, were cultured
cellular delivery of these increasingly important bioactive N RPMI medium supplemented with 10% FBS, penicillin

Peptides Used in These Studies
ABL 5-FAM-Glu-Ala-Ile-Tyr-Ala-Ala-Pro-Phe-Ala-Lys-Lys-Lys-NH;

5-FAM-Glu-Ala-Ile-Tyr-Ala-Ala-Pro-Phe-Ala-Cys-NH,

ABL-Myr  5-FAM-Glu-Ala-Ile-Tyr-Ala-Ala-Pro-Phe-Ala-Lys(Myr)-NH,

Glu-Myr 5-FAM-Glu-Glu-Glu-Glu-Glu-Glu-Glu-Lys(Myr)-OH

Arg-Myr 5-FAM-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Lys(Myr)-OH

compounds. (100 units/mL), and streptomycin (1@@/mL) at 37°C in
5% CQ. Disposable cell chambers were made by using
EXPERIMENTAL PROCEDURES Sylgard 184 (Dow Corning, Midland, MI) to attach a silicon

O-ring (*%1¢in. outer diameter) to a 25-mm, round, no. 1

Materials. Trypsin and all tissue culture media and glass coverslip. The cell chambers were precoated with
reagents were purchased from Invitrogen (Carlsbad, CA). polylysine to encourage cell adhesion to the glass surface,
Tris(2-carboxyethyl)phosphate hydrochloride (TCEP) was and cells were plated and allowed to settle just prior to
purchased from Pierce (Rockford, IL); Oregon green diac- imaging.
etate was from Invitrogen; and trypan blue, polylysine, Cell Loading.The lymphocytic cell line BA/F3 was loaded
pyrenebutyrate, and buffer reagents were from Sigma. with fluorescent compounds as follows. Cells{(8.0°) were
Purified ABL kinase was obtained from Upstate (Temecula, transferred to 1.7 mL centrifuge tubes and centrifuged for 2
CA). LavaCell was purchased from Active Motif (Carlsbad, min at 300@. The supernatant was removed from the cell
CA). pellet, and the cells were resuspended and washed with an
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extracellular buffer [ECB; 135 mM NaCl, 5 mM KCI, 10 containing cells) from the region of interest. Confocal
mM N-(2-hydroxyethyl)piperazin&¥-ethanesulfonic acid imaging was performed in the Michael Hooker Microscopy
(HEPES) (pH 7.4), 1 mM MgG) and 1 mM CaGl. The Facility at the University of North Carolina on a inverted

stock peptide solution in water or DMSO-10 mM) was laser scanning microscope (Zeiss 510 Meta, Thornwood,
diluted in ECB to achieve the desired final concentration of NY). Imaging was performed using a §31.4 NA, Plan-
20 uM (unless otherwise specified), and 20 of this Apochromat, oil immersion objective. The two-channel

solution was added to pelleted cells. The cells were incubatedfluorescence excitation/emission ratios were 488 nm/518 nm
in the presence of the peptide for 30 min at &7, unless for fluorescein-labeled peptides and 543 nm/585 nm for the
otherwise specified. The cells were then washed three timesLavaCell membrane dye. Colocalization analysis, including
with ECB. Cells were treated with trypsin for 1 min. calculation of Pearson’s coefficient and Manders’ overlap
Trypsinization was halted by the addition of RPMI medium coefficient, was performed with the Image J plugin JACoP
containing 10% FBS. Cells incubated with a peptide contain- (http://rsb.info.nih.gov/ ij/plugins/track/jacop.html). In some
ing a disulfide linkage were treated additionally with the images, the contrast and brightness levels for the green
reducing agent TCEP (1 mM in ECB) to remove adsorbed channel were manipulated in Adobe PhotoShop to aid in the
extracellular fluorescent peptide (see Results). Cells werevisualization of the green fluorescence signal for publication;
then resuspended in ECB and plated in cell chambers. Thehowever all colocalization values were generated from the
cells were allowed to settle for 10 min and then imaged (see raw, unadjusted data.
below). For colocalization experiments by confocal imaging,  Capillary Electrophoresis.For single-cell analysis by
BA/F3 cell membranes were stained with the vital membrane capillary electrophoresis (CE), a customized CE system was
dye LavaCell (2«M) by incubation at 37C for 30 min per used, as previously describegb). Briefly, chemical separa-
the manufacturer’'s protocol. This step was followed by tions employed a 3@M capillary (30um inner diameter;
loading of the myristoylated peptide as just described. In effective length= 40 cm, total length= 53 cm) pretreated
preliminary experiments, the cell lines RBL and HeLa were by washing with NaOH (0.3 M) for 12 h, ¥ for 1 h, and
loaded while remaining adherent to the cell chambers in then HCI (0.3 M) for 4 h, followed again by J@ for 24 h.
which they had been cultured overnight. Excessive adsorptionCell chambers were placed on an inverted microscope with
of TAT-conjugated peptide to the glass substrate made an oil immersion 10&@ objective. Cells were maintained at
guantitative fluorescence analysis of the cells difficult. For 37 °C and constantly perfused with warmed ECB. A cell
this reason, these adherent cell types were first washed withwas selected for analysis, lysed by use of a Nd:YAG laser,
phosphate-buffered saline (PBS), and then incubated withand loaded into the capillary by electrophoresis (30 kV,
PBS containing 10 mM ethylenediaminetetraacetic acid negative polarity) as previously describ&f). At 10 s after
(EDTA) until cells were released from the flask surface. This cell sampling, electrophoresis was halted, the capillary was
cell suspension was then treated by the protocol for the BA/ moved to the run buffer (100 mM Tris and 100 mM tricine,
F3 cells described above. pH = 8.0), and electrophoresis was continued. Peaks of

Cell Viability AssaysCell viability was determined by  fluorescent cellular analytes were detected by laser-induced
measuring the retention of the viability dye Oregon green fluorescence (LIF) and recorded as electrophoretic traces.
or exclusion of trypan blue. Cells were centrifuged and The electrophoretic traces of cells were compared to
washed with ECB. Pelleted cells were resuspended in 25standards, composed of a peptide sample of known concen-
uL of 10 uM Oregon green diacetate and incubated at room tration and volume, injected by gravity loading into the
temperature for 30 min. Cells were centrifuged and washed capillary and electrophoresed. CE standards were generated
three times with ECB, treated with trypsin for 1 min, and by treatment of the ABL-SS-Myr peptide (20M) with
then plated in cell chambers and imaged. In experiments TCEP (1 mM) and then incubation with purified ABL kinase
incorporating trypan blue exclusion, 2@/mL trypan blue [100 ng, in 10 mM 3-{-morpholine)propanesulfonic acid
was added to stain dead cells. Cells were imaged by (MOPS), 2 mM ATP, 5 mM MgCJ, pH = 7.4; incubated at
transmitted light microscopy, and the ratio of dead to live 37 °C for 20 min] to produce in vitro phosphorylation of
cells was determined. the ABL peptide.

Fluorescence Microscopy and Image AnalySsnsmitted RESULTS
light and epifluorescence imaging were performed with a
40x air objective on an inverted microscope (Nikon TE2000, TAT Does Not Load Peptide Cargo Efficiently into
Melville, NY) fitted with a 100 W Hg arc lamp, 0.3 ND  Lymphocyte-Deried Cells.Lymphocytes are regarded as
filter, and standard fluorescein isothiocyanate (FITC) filter difficult to transfect or to load with exogenous molecules
set (488 nm exc/535 nm em). Transmitted light and (38). Electroporation is often the method chosen for transfer-
fluorescence images were obtained with a cooled charge-ring molecules into lymphocytes, but loss of cell viability
coupled device (CCD) camera (Photometrix, Phoenix, AZ) and inefficiency of loading are significant drawbacl8s)(
by use of Metafluor software (Molecular Devices, Sunnyvale, CPPs have been used to load lymphocytes with cargo, but
CA). For all quantitative comparisons among cells under literature reports have been inconsistent in demonstrating
differing experimental conditions, camera gain and other successful transduction. The early report by Dowdy’s group
relevant settings were kept constant. The freeware image(11) of TAT conjugated to thg3-Gal protein for in vivo
analysis program Image J (http://rsb.info.nih.gov/ij/) was used delivery in mice demonstrated very littfe-Gal activity in
for quantifying cellular fluorescence. Regions of interest (i.e., the white pulp of the spleen, suggesting poor uptake by
cells) were defined by hand by use of Image J. All images lymphocytes. Other reports have also demonstrated a resis-
were corrected for background by subtracting the averagetance of lymphocytes to take up the HIV TAT protein or
background fluorescence (areas within the field of view not molecular cargoes conjugated to this CP® 389, 40).
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However, other reports have suggested that TAT or similar
CPPs can be used for this purpo88,(41). Some of these
discrepancies in early studies may be explained by experi-
mental artifacts arising from cell fixation when TAT uptake
was studied by immunofluorescenc®).(Since TAT and
other CPPs adhere avidly to the surface of many cell types,
the adsorbed CPRcargo must be removed from the extra-
cellular surface before quantitative analysis for CPP uptake
of cells 3, 10). To investigate the use of TAT for loading
of a peptide cargo in lymphocytes, experiments were
undertaken wh a B lymphocyte cell line (BA/F3) anda T
lymphocyte line (Jurkat). BA/F3 cells were incubated with
up to 50uM fluorescent peptide (ABL-SS-TAT) composed
of an inhibitory peptide for the tyrosine kinase ABL (Glu-
Ala-lle-Tyr-Ala-Ala-Pro-Phe-Ala) 42) conjugated via a
disulfide bond to the 9-amino-acid protein transduction
domain derived from the TAT protein (Arg-Lys-Lys-Arg-
Arg-GIn-Arg-Arg-Arg) (6, 43). After treatment with trypsin,
the cells failed to display fluorescence intensity above cellular
autofluorescence (Figure 1A,B,E; note that in this and all
subsequent data, “control” refers to cells that have not been
exposed to a fluorescent reagent and whose average fluo:
rescence represents that cell type’'s native fluorescence
intensity). Similar results were obtained in the Jurkat cell
line (data not shown). On the other hand, BA/F3 cells readily
took up the fluorescent dye Oregon green, demonstrating
their viability and metabolic activity (Figure 1CY4). In
contrast, the adherent cell lines HelLa (Figure 1D, E) and
RBL (data not shown) were found to be readily loaded with
the TAT-conjugated peptide under similar conditions.
Peptide Cargo Is Efficiently Loaded into Lymphocyte-
Derived Cells Conjugated to the 14-Carbon Myristate Group.
To study the efficiency of loading lymphocyte cell lines by
use of the myristate group, a myristoylated lysine was added
to the C-terminus of the ABL substrate peptide (ABL-Myr).
BA/F3 cells incubated with the ABL-Myr peptide, followed
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by washing and trypsin exposure, demonstrated a 12-fold
greater fluorescence intensity (RFU 327 88; n = 31)
compared to cells not exposed to ABL-Myr (RFU 253;

n = 31) (Figure 2A,C). Although cells loaded with the ABL-
Myr peptide displayed fluorescence throughout the cell (see
also confocal data, Figure 6), in these experiments many cell

Ficure 1. Cellular uptake of a fluorescent peptide conjugated to
TAT in lymphocyte and non-lymphocyte cell lines. (A) Fluores-
cence micrograph of lymphocyte cells (BA/F3) loaded with ABL-
SS-TAT followed by trypsinization to remove membrane-associated
peptide. Minimal cellular fluorescence is present. (B) Transmitted-
light image corresponding to panel A. (C) Fluorescence image of
BA/F3 cells loaded with Oregon green (&M). (D) Fluorescence

Simage of nonlymphocyte cells (HeLa) loaded with ABL-SS-TAT

displayed some evidence of cytoplasmic rimming of the followed by trypsinization shows that this cell type remains brightly
fluorescence, consistent with targeting of the peptide to the fluorescent. (E) Histogram comparing the ABL-SS-TAT loading
plasma membrane owing to the hydrophobic myristate. As \(/\rliet:’?tglnedﬂ\lljv(i)tae()sucteg’ceSl}lr?it'[flefileé)l']?ems[gn rgﬁj/g?azg?e';?%wggs
a control, BA/F3 cells Were_also mcubated n _the PIESENCE o\ htrol” and “Hela zgntrol" represent the cgllular autofluorescence
of the ABL substrate domain lacking the myristate group. of the respective cell type.
The fluorescence intensity of these cells was no different
than the native BA/F3 autofluorescence (data not shown),
demonstrating that cellular uptake was not driven by the as separation of the cargo from the myristoyl tag will increase
peptide sequence used in these experiments. The myristoythe cargo diffusion throughout the cytoplasa8); In order
lated fluorescent peptide was also readily taken up by HeLato accomplish the intracellular release of the ABL peptide,
cells, where loaded cells showed a 5-fold increase (RFU 303a cysteine was added to the C-terminus of the ABL peptide.
+ 81,n= 31) in fluorescence intensity compared to unloaded This cysteine-containing peptide was then conjugated to a
cells (RFU 58+ 15,n = 31) (Figure 2B,C). myristoylated 5-amino-acid sequence [Cys-Lys(Myr)-Lys-
Peptide Cargo Conjugated to a Myristoylated Amino-Acid Lys-Lys] via a disulfide bond formed between the cysteines
Sequencevia a Disulfide Bond Is Readily Loaded and of the two peptide domains. This multiple lysine sequence
Released into Lymphocyte-Degd Cells.As noted above,  was used to generate a small myristoylated peptide with the
the retention of the myristoyl group on the peptide may necessary solubility characteristics for the disulfide conjuga-
enhance the localization of the peptide to cell membranes.tion. The resulting peptide’s (ABL-SS-Myr) disulfide bond
In the event the target of the cargo is a cytosolic component, was reducible upon entering the cell, thus freeing the cargo
it may be desirable to release the cargo from the myristate,from its membrane tethed8). BA/F3 cells exposed to the
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Ficure 2: Comparison of peptide internalization mediated by
myristate or TAT among lymphocyte and non-lymphocyte cell lines. D
(A) Fluorescence image of BA/F3 loaded with ABL-Myr followed
by trypsinization. (B) Fluorescence micrograph of HeLa loaded with
ABL-Myr followed by trypsin exposure. (C) Histogram comparing
the cellular fluorescence of BA/F3 and HelLa cells loaded with the
ABL —Myr conjugate, and the respective cell types without exposure
to the fluorescent myristoylated peptide.

ABL-SS-Myr peptide displayed a 22-fold (RFU 1034204)
increase in fluorescence intensity compared with unloaded
cells (RFU 46+ 8, n = 25) (Figure 3A,C). BA/F3 cells
were loaded by use of ABL-SS-Myr by the same protocol,
but instead of the standard trypsin treatment, the cells were : E— | —

incubated with the reducing agent TCEP in order to cleave 0 100 200 300 400 500 600

the disulfide bonds of any external fluorescent peptide to Time (s)

enhance its removal. After washing, these cells showed aFicure 3: A fluorescent peptide conjugated to a myristoylated
similar fluorescence intensity to that of the trypsinized cells domain via a disulfide linkage is taken up by lymphocytes. (A)
(RFU 1195+ 206, n = 25) (Figure 3B,C). BA/F3 cells  Fluorescence image of BA/F3 cells loaded with ABL-SS-Myr

. . .. followed by trypsinization shows cellular fluorescence without
treated with both trypsin and TCEP possessed a Slmllarcytoplasmi(: rimming. (B) Fluorescence image of BA/F3 cells

average fluorescence intensity as those treated with eitheligaged with the ABL-SS-Myr peptide and then washed with the
agent alone (RFU 114% 179, n = 25). Cytoplasmic  reducing agent TCEP again shows homogeneous cellular fluores-
rimming was not seen in cells loaded with the disulfide cence. (C) Histograms comparing the cellular fluorescence of BA/

; ; HAni F3 cells incubated with ABL-SS-Myr without any subsequent
conjugate, suggesting that partitioning of the cargo to the . L .
plasma membrane had been reduced. treatment with that of cells treated with either trypsin, TCEP, or

. e both. (D) Electrophoretic trace showing the CE analysis of a single
Analysis of the fluorescent contents of individual BA/F3  BA/F3 cell. BA/F3 cells were incubated with the ABL-SS-Myr

cells loaded with the myristoylated, disulfide-conjugated peptide followed by combined trypsin and TCEP exposure. A single
peptide was undertaken by chemical cytometry. This CE- cell was then analyzed by CE with LIF detection of cellular contents
based method provides a quantitative measure of the(upper trace). The lower trace is of ABL-SS-Myr standards

. - . . composed of the phosphorylated and nonphosphorylated forms of
fluorescent species obtained from single cells as previously o agL peptide.
described 37, 43, 45, 46). After trypsin and TCEP exposure,
the electrophoretic traces obtained from these celis 12) Kinetics of Cellular Uptake of the Myristoyl-Conjugated
demonstrated predominantly a single peak that comigratedCargo. The rate at which the peptide cargo was loaded into
with the nonphosphorylated standard for the ABL peptide the cell was determined in BA/F3 cells. The aim of the initial
domain used in these experiments (Figure 3D). These dataset of experiments was to measure the myristoyl-conjugated
indicate the intracellular presence of free peptide cargo sincepeptide’s on-rate to the cell membrane combined with its
myristoylated peptide was not detected under the electro-cellular uptake. BA/F3 cells were incubated with ABL-SS-
phoretic conditions employed (data not shown). Myr for varying times, washed without trypsin or TCEP

RFU




14776 Biochemistry, Vol. 46, No. 51, 2007 Nelson et al.

A with the myristoylated disulfide conjugate and reached 16-
501 fold (RFU 192+ 34, n = 23) after a 30 min incubation

/’{ (Figure 4A). These data are consistent with a rapid on-rate
/ \E to the extracellular side of the cell membrane and a more

“ } prolonged time course for intracellular uptake of the myris-
toylated peptide. To better assess localization of the internal-

ized peptide, confocal imaging was undertaken in BA/F3
cells loaded and washed identically to those above, except
that the cells were prestained with the vital membrane dye
ol & ' : : . LavaCell 64). As seen in Figure 4B, the green channel
fluorescence representing the peptide was for the most part
homogeneously distributed throughout the cell by 10 min.
Intensity correlation coefficient-based statistical analysis of
colocalization between the peptide and the LavaCell in five
independent experiments provided a Pearson’s coefficient
of 0.69 + 0.03 (mean+ SD) and a Manders’ overlap
coefficient of 0.41+ 0.07. These data were similar at 30
min where the Pearson’s coefficient was 0-620.13 and
the Manders’ coefficient was 0.28& 0.18. These findings
are consistent with distribution of the peptide in the cytosol
and nucleus as well as in cell membrangs) (Whether the
partial overlap between peptide and membrane signals was
due to persistence of the myristoyl group targeting a portion
of the peptide to the membrane or was due to some degree
of endosomal uptake cannot be determined from the current
data. The similarity in the correlation coefficients at the 10
and 30 min time points suggests that the peptide distribution
throughout the cell occurs in less than 10 min, in support of
a non-endosomal process.

Temperature Dependence of Myristoylated Cargo Entry
into the Cell. To assess the effect of temperature on the

transport of peptide cargo with the myristate group, cell
Ficure 4: Time courses of ABL-SS-Myr cell membrane on-rate P bep 9 Y group

and internalization in BA/F3 cells. (A) BA/F3 cells were incubated Ioadmgoexperlments were Co.ndUCted Wlth BA/F3 cells at 4
for varying times with ABL-SS-Myr, washed in ECB, and then and 37°C. BA/F3 cells were incubated with ABL-SS-Myr
imaged M). In a second experiment, BA/F3 cells were incubated (20 M) for 30 min. For experiments conducted at'@,

for varying times with ABL-SS-Myr in the same manner, after incubation and treatment with trypsin and TCEP was
which the cells were immediately washed with ECB containing performed on ice with all reagents and buffers prechilled to

the reducing agent TCEP (1 mMPJ to remove extracellular 5 . . .
fluorescent peptide (see text). (B) Confocal two-channel and overlay4 C. At the end of the incubation period, the cells were

images of BA/F3 cells stained with LavaCell (red fluorescence), immediately placed under the microscope and imaged at
then loaded for 10 min with ABL-SS-Myr (green fluorescence), room temperature. Similarly, for experiments conducted at

and washed with TCEP as above. 37°C, cells and buffers were maintained at°&7at all times
up to the moment of imaging. Under these conditions, cells
, loaded at 4°C demonstrated reduced uptake of the myris-
exposure, and fluorescently imaged. The average fluores-ioy|ated peptide, with fluorescence intensity 2.5-fold (RFU
cence intensity of the cells increased rapidly, with a 27-fold 151 4 19, n = 23) over that of unloaded controls (RFU 46
increase (RFU 33& 58, n = 27) by 10 min of incubation, 4 g = 23) (Figure 5A). In contrast, BA/F3 cells loaded
and a maximal intensity, reached by 30 min, of 43-fold gt 37°C had a significantly increased uptake with a 25-fold
compared to unloaded cells (RFU 53387,n = 27 vs RFU increase in fluorescence intensity (RFU 1188186, n =
12 + 2;n = 27) (Figure 4A). 23). Analogous experiments were performed in Hela cells
A second set of experiments was conducted to determinewith both ABL-SS-Myr and ABL-SS-TAT, and a similar
the rate at which the peptide was internalized. BA/F3 cells result was observed (Figure 5B). HelLa cells loaded with
were loaded in an identical manner to that just described, ABL-SS-Myr at 4°C (RFU 859+ 244,n = 31) demon-
but they underwent treatment with TCEP immediately after strated a 3-fold increase over unloaded cells (RFU 248
incubation with ABL-SS-Myr. The addition of TCEP reduced 51,n = 31), while HeLa cells loaded with ABL-SS-Myr at
the disulfide bond of any extracellular ABL-SS-Myr, releas- 37°C (RFU 27264+ 47,n = 31) showed an 11-fold increase.
ing its fluorescein-labeled ABL-substrate domain. This step Consistent with recent reports in the literature regarding
effectively stopped further uptake of the fluorescent cargo temperature dependence of TAT-mediated cell uptake, the
by removal of any peptide bound to the external plasma HelLa cells loaded with ABL-SS-TAT at 4C showed
membrane. After exposure to trypsin and TCEP, the cells minimal loading (RFU 545+ 195,n = 31, vs RFU 248t
were washed and imaged. The fluorescence intensity of the51,n = 31 for control cells). HeLa cells incubated with ABL-
cells was 8-fold (RFU 104t 23,n = 23) that of unloaded  SS-TAT at 37°C showed an 8-fold increase in fluorescence
control cells (RFU 12+ 2, n = 23) after 10 min of incubation  intensity (RFU 1923t 297,n = 31) compared with controls.

RFU
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-
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Ficure 5: Intracellular delivery of a fluorescent peptide mediated
by myristoylation is temperature-dependent. (A) Histogram of the
cellular fluorescence of BA/F3 cells exposed to the ABL-SS-Myr
peptide at 4°C and 37 °C. (B) Histogram of the cellular
fluorescence of Hela cells incubated with the ABL-SS-Myr peptide
or the ABL-SS-TAT peptide at 4C and 37°C.

These data indicate that the cellular uptake of the myristoyl
conjugate was a temperature-dependent process.

Effect of Peptide Charge on Cell Loadingo study the
impact of the peptide cargo on cell uptake via the myris-
toylated domain, uptake of three peptides differing in overall
charge at pH 7 [ABL-Myr 2), Glu-Myr (—8), and Arg-
Myr (+4); see Table 1] were studied. BA/F3 cells were
incubated with 2Q«M peptide for 30 min at 37C, and then
treated with trypsin and washed. While all peptides loaded
into the cells, the more hydrophilic peptides were taken up
to a greater degree (Figure 6A). Cells exposed to the ABL-
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above (Figure 6B-D). Similar to the earlier experiment with
the disulfide-linked ABL-SS-Myr, the green channel fluo-
rescence was for the most part homogeneously distributed
throughout the cell, although cells loaded with the Glu-Myr
peptide appeared more punctate (Figure 6C) and Arg-Myr
peptide showed some nuclear enhancement (Figure 6D). In
three independent experiments, the ABL-Myr peptide had a
Pearson’s coefficient of 0.5% 0.06 (meant SD) and a
Manders’ coefficient of 0.37+ 0.02. For the Myr-Glu
peptide, the Pearson’s coefficient was 0:4%.07 and the
Manders’ coefficient was 0.02 0.04. The Myr-Arg peptide
had a Pearson’s coefficient of 0.350.03 and a Manders’
coefficient of 0.49+ 0.09. As noted, the confocal images
of the Myr-Arg peptide demonstrated greater nuclear en-
hancement than was present with the other peptides. This
finding is likely due to nuclear targeting of peptides
containing polyarginine domaing)( As was seen above,
the confocal data are consistent with only partial colocal-
ization of the myristoylated peptides with intracellular
membranes.

Influence of Pyrenebutyrate on Peptide Loadihgrge
multiring molecules such as pyrenebutyrate (PB) aid in TAT-
mediated internalizatiom{). Therefore, experiments were
performed to compare the use of PB treatment in myristoyl-
mediated and TAT-mediated internalization. PB treatment
followed the protocol previously described by Takeuchi et
al. (47). BA/F3 cells were preincubated with PB (aM) in
ECB with glucose for 2 min at 37C. Cells were then
incubated in the presence of either the ABL-SS-TAT or
ABL-SS-Myr peptide with 25M PB for 30 min at 37°C.
Control cells were treated in the same manner but in the
absence of PB. As seen in Figure 7A, BA/F3 cells exposed
to the myristoylated peptide ABL-SS-Myr loaded equally
well in the presence (RFE 1727+ 253,n = 37) or absence
(RFU = 14644+ 197,n = 37) of PB. BA/F3 cells exposed
to the TAT conjugate ABL-SS-TAT failed to show cellular
uptake of the peptide even after treatment with PB. In these
experiments, the fluorescence intensity of BA/F3 cells treated
with PB (RFU= 61+ 15,n = 37) or untreated (RFU 6&
12,n = 37) was identical to that of control cells that were
not exposed to the fluorescent peptide conjugate (RFU 60
4+ 11, n = 37). In contrast when these same experiments
were undertaken with HelLa cells, cells treated with PB and
incubated in the presence of ABL-SS-TAT displayed a 9-fold
increase in the uptake of the peptide (RFU 2,52312,n
= 33) over cells loaded in the same manner but in the
absence of PB (RFU 27& 34, n = 33) (Figure 7B). As

Myr peptide displayed a fluorescence intensity on average with the BA/F3 experiments, treating the cells with PB did

5-fold over that of controls (RFU 318 96 vs RFU 61+ 4,
n = averaged RFUs from four independent experiments).
Cells incubated with the negatively charged myristoylated

not appear to influence the cellular uptake of the ABL-SS-
Myr peptide. Indeed, HelLa cells treated with PB and exposed
to the myristoylated peptide displayed an average fluores-

polyglutamate peptide possessed a fluorescence intensity 10eence intensity (RFU 713 95, n = 33) slightly less than

fold over background (RFU 65& 246). It should be noted
that, in some of the individual experiments £ 25 cells

that of PB untreated cells (RFU 1033 270,n = 33).
Evaluation of Cell Viability after LoadingBA/F3 cells

analyzed for each peptide), the polyglutamate peptide loadedwere incubated with ABL-SS-Myr to determine the viability
as well or better than the polyarginine peptide; nevertheless,of cells after loading at varying concentrations-@0xM)

overall the myristoylated polyarginine peptide displayed the

of the myristoyl-conjugated peptide domain. After 30 min

highest fluorescence intensity of the three peptides testedof incubation at 37C and washing, the cells were stained

(RFU 1300+ 320). To analyze colocalization of these with trypan blue and evaluated for exclusion of the dye as a
peptides with intracellular membranes, confocal imaging was measure of cell viability. In the presence of the highest
again performed. BA/F3 cells prestained with the vital concentrations of ABL-SS-Myr, BA/F3 cells showed no

membrane dye LavaCell were loaded and trypsin-treated asevidence of cell membrane permeability to trypan blue (99%
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FiGure 6: Effect of electrostatic charge on the intracellular delivery of a fluorescent peptide conjugated to the myristate group. (A) Shown
are histograms comparing the averages obtained from four independent experiments in which the cellular fluorescence of BA/F3 cells were
determined after incubation with each of three myristoylated peptides of differing charges followed by trypsin treatmPpC@focal
two-channel and overlay images of BA/F3 cells after staining with LavaCell (red fluorescence), and then loading with the myristoylated
peptides as in panel A: (B) ABL-Myr, (C) Glu-Myr, or (D) Arg-Myr.

viability, n = 200) compared with a viability rate in controls  than controls. Membrane association and translocation were

of 99.5% f = 200). primarily due to the myristate group rather than to the peptide
cargo. Furthermore, uptake of myristoylated peptide in both
DISCUSSION the HeLa and the TAT-resistant BA/F3 cells supports the

Cell-penetrating peptides are extremely valuable tools for Potential of myristoyl-based loading as a ubiquitous means
conveying molecular cargoes to the interior of cells. Nev- 0 confer intracellular uptake of membrane-impermeant
ertheless, no single CPP appears to be a ubiquitous carriePeptides.
for all cell types, perhaps related to the presence or absence The punctate intracellular fluorescence noted in HelLa cells
of specific cell-surface molecules directing cell membrane after exposure to the TAT-conjugated peptide (Figure 1) is
association §). On the other hand, the myristoyl group is consistent with uptake by an endocytic procet).(While
known to insert into purified lipid bilayers. Insertion occurs some punctate fluorescence was seen in confocal and
via direct hydrophobic interaction without the need of epifluorescence imaging of HeLa and BA/F3 cells exposed
supplementary moieties for adherence to the cell suri#)e (  to the myristoyl conjugates, in general intracellular fluores-
This property may allow a greater repertoire of cell types to cence was more homogeneous than that seen with the TAT-
be loaded with myristoylation as the transducing domain. linked cargoes. Although these studies do not rule out
In this study, cells exposed to the nonmyristoylated peptide endocytosis as one means of entry, the rapid establishment
cargo alone did not possess fluorescence intensity greateof diffuse cellular fluorescence by confocal microscopy
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A 2200 displayed the highest fluorescence intensity. This result is
consistent with experimental evidence that multiple arginine
residues alone can bring about cellular uptakelQ, 51).

The increased loading of the polyarginine conjugate over
the other peptide cargoes tested suggests that its uptake may

2000+
1800 4
1600

i
—

1400+ J_ be driven by both the myristate tag and the arginine-rich
o 12004 domain. In contradistinction to studies using TAT and other
& 1000 arginine-rich peptides, the myristoyl-conjugated poly-
800 glutamate cargo was also efficiently loaded into cells. Thus,
600 the C14 domain can mediate cellular uptake in the presence
400 of a highly negatively charged cargo without the requirement
2004 for positive charge. Since the hydrophobic character of the
o T C14 tag was the major characteristic driving uptake, the

M'yr M;r T/'ﬂ TAT  Control Imyristo.ylated ABL cargo should have been_ most efficienFIy
w/PB  wioutPB w/PB  wiout PB oaded; however, this was not the case. A likely explanation
for this finding was that the ABL-Myr peptide was less
soluble in physiologic buffers than the hydrophilic peptides.
B3000— Although every effort was made to maintain consistent
concentrations among the comparative experiments, the lower
solubility of the ABL peptide conjugate may underlie its
apparent reduced uptake.
2000 PB is a negatively charged counterion with high hydro-
phobicity. It is believed to increase the intracellular uptake

25004

—t—

D
& 1500 of arginine-rich CPPs by ion pairing with the guanidinium

1000 T cations of arginine residues, thus increasing the CPP’s

i 1 hydophobicity and facilitating direct translocation across the

HH

lipid bilayer @7). While PB significantly enhanced loading
of HelLa cells exposed to ABL-TAT, similar to previously
0 . rf—| : : : reported data47), it did not have a salutary effect on uptake
of this same TAT-conjugated peptide in the BA/F3 cell line.
Ww/PB  wioutPB w/PB  wiout PB PB also failed to enhance myristate-mediated cellular
Ficure 7: Effect of pyrenebutyrate (PB) on the intracellular internalization of the ABL peptide in either HeLa or BA/F3
delivery of a fluorescent peptide conjugated to either the myristate C€lls. These data support that uptake of myristoylated
group or TAT. (A) Histograms of the average cellular fluorescence peptides occurs through a process unlike TAT-mediated
of BA/F3 cells after incubation with either ABL-SS-Myr (Myr) or  yptake.
ABL-SS-TAT (TAT) with and without pyrenebutyrate. (B) Histo- The myristate group may provide advantages to CPPs,
grams of the average cellular fluorescence of HelLa cells incubated . L . .
under the same conditions. particularly TAT, when the desire is to deliver an inhibitory
peptide or an enzymesubstrate cargo to a membrane-bound
protein. Anchoring of the cargo to the membrane through
suggests that alternative pathways for peptide translocationthe myristoyl tag can be expected to enhance the local
may be present. Flip-flop diffusion of the myristoyl- concentration of cargo in the vicinity of the cellular target,
conjugated peptide is one potential mechanism for this which should augment the cargo’s biological effed8)(
translocation to the interior of the ceB%). The experiments  Reduced compartmentalization of the cargo compared with
in HeLa cells show that the uptake process is temperature-TAT, as was seen in the cell types studied here, enables more
dependent for both myristoyl- and TAT-conjugated peptides. effective distribution of the cargo within the cell. Further-
While this result could suggest the presence of an active more, unlike some CPPs, which possess a nuclear localization
process such as endocytosis, alternative explanations arsequence52), no propensity was found for the myristate
possible. Translocation of the cargo through the lipid bilayer group to convey the cargo to the nuclear compartment, except
by the process of flip-flop diffusion would face an energy in the case of conjugation to a cargo with nuclear tropism.
barrier and thus could be expected to be slowed by lowering The incorporation of a cleavable bond between the myristoyl
the temperature. Additionally, peptide flip-flop may also be domain and the cargo provides a further advantage by
drastically reduced due to the fluidjel transition of the enabling release of the cargo to enhance partitioning to the
mammalian plasma membrane at temperatures belcC20 cytoplasm. In addition to the disulfide linker described here,
(30, 50). Future studies to clarify the molecular mechanism a photocleavable linker can be employed if temporal control
of cargo translocation across the plasma membrane will helpof cargo release is desiredd). Although fatty acids such
elucidate this issue. as myristate have been reported to be toxic under conditions
The study evaluating the effect of the peptide cargo’s of continual exposures@), no evidence of reduced viability
electrostatic charge yielded a clear ranking in the order of was seen under the conditions required for cell loading in
efficiency of loading the three peptides. Although ABL, the these studies.
most hydrophobic cargo tested, was efficiently loaded, Myristoylation is a useful tool for the biologist seeking to
charged cargoes were loaded to a greater degree. Overalltransport molecular cargoes to the interior of living cells.
cells exposed to the myristoylated polyarginine peptide To properly utilize this method for cell-based studies,

5004

TAT TAT Myr Myr Control
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knowledge of the mechanics of cell uptake, the kinetics of
cellular internalization, and the subcellular localization of
myristoyl-conjugated molecules is important. Despite more

than a decade of use, the understanding of these properties: 7.

for

These studies have begun to elucidate the characteristics of

myristate-mediated cellular import has been limited.

this transport for peptide cargoes; however, the precise
manner as to how membrane binding and cellular uptake
are influenced by the myristoyl domain in combination with

the

hydrophobicity and electrostatic charge of the peptide

cargo merits further biophysical studies. In addition, further
study in various cell types and with nonpeptide cargoes will
be needed to fully clarify the range of cell types and cargoes
for which this method is optimally suited. These additional

studies are called for as myristoylation conveys a number
of advantages, including the potential for broad application
in cell types not amenable to TAT-based translocation.
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