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Characterization of Endocytic uptake of MK2-Inhibitor Peptides

Jamie Brugnano, James McMasters, and Alyssa Panitch*

Weldon School of Biomedical Engineering, Purdue University, 206 S. Martin Jischke Drive, West
Lafayette, IN 47907, USA

Abstract

Cell penetrating peptides (CPP) have been widely used to increase the cellular delivery of their

associated cargo. Multiple modes of uptake have been identified, however they cannot be

predicted apriori. Elucidating these mechanisms is important for understanding peptide function as

well as further optimizing cellular delivery. We have developed a class of MK2 inhibitor peptides,

named FAK and YARA that utilize CPP domains to gain cellular access. In this study, we

investigate the mechanism of endocytosis of these MK2 inhibitors by examining the uptake of

fluorescently labeled peptide in human monocyte (THP-1) and mesothelial cells, and looking for

colocalization with known markers of endocytosis. Our results indicate that uptake of the MK2

inhibitors was minimally enhanced by the addition of the fluorescent label, and that the type of

endocytosis used by the inhibitor depends on several factors including concentration, cell type,

and which CPP was used. We found that in THP-1 cells uptake of YARA occurred primarily via

macropinocytosis, while FAK entered via all three mechanisms of endocytosis examined in this

study. In mesothelial cells, uptake of YARA occurred via caveolae-mediated endocytosis, but

became less specific at higher concentrations; while uptake of FAK occurred through clathrin-

mediated endocytosis. In all cases, the delivery resulted in active inhibition of MK2. In summary,

the results support endocytic uptake of fluorescently labeled FAK and YARA in two different cell

lines, with the mechanism of uptake dependent on extracellular concentration, cell type, and

choice of CPP.

Introduction

Cell penetrating peptides (CPPs) have successfully delivered a variety of cargo to the

interior of cells, including peptides, antibodies [1, 2], nanoparticles [3], oliognucleotides [4],

siRNA [5], adenoviruses [6], and DNA for more than two decades [7, 8]. CPPs circumvent

the need for permeation methods like electroporation and chemical transfection that might

damage the cell membrane. CPPs, which have also been referred to as protein transduction

domains, are typically defined as less than 30 amino acids in length, are amphipathic,

contain a net positive charge, and most importantly, can deliver cargo across the plasma cell

membrane. Several hydrophobic CPP sequences have also been identified.

The most widely used CPP for cargo delivery is the human immunodeficiency virus-

transactivator of transcription (HIV-Tat or simply, Tat). The ability of Tat to cross the cell
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membrane was discovered in 1988 by two separate research groups [9, 10]. Nine years later,

Vives et al. identified the minimum amino acid sequence required for Tat to transduce the

cell membrane [11]. Antennapedia (Antp), which is a 16-amino acid CPP from a

Drosophilia transcription factor, was the first CPP used to demonstrate in vitro intracellular

protein delivery [12]. In 1999, Schwareze et al. reported the ability of Tat to deliver cargo in

vivo 13]. Once the potential of CPPs was discovered, investigators focused on expanding the

repertoire of CPPs in an effort to maximize transduction efficiency of various cargo. Two

reviews providing information on many additional CPPs include a recent review by Jones

and Sayers [14] and one by Brugnano, et al. [15].

Uptake of CPPs is traditionally confirmed with visualization of fluorescently labeled

peptides within cells, either with microscopy or fluorescence-activated cell sorting (FACs).

However, the mechanism by which CPPs are able to translocate into the cell cytoplasm has

been an issue of debate since CPPs were discovered. It is generally agreed that CPP uptake

occurs via endocytosis; however, there is mounting evidence that, like antimicrobial

peptides, some CPPs can translocate through the membrane using some mode of membrane

perturbation [14, 16, 17]. While many CPPs enter cells through endocytosis, clarifying

whether it occurs through clathrin, caveolae, macropinocytosis, or one of the newly

discovered modes of endocytosis, including an apparent ligand-based mode [18] and other

clatherin-independent modes[19] is still highly controversial. The specific pathway of

endocytosis is dependent upon several factors including the amino acid sequence of the

CPP, the cargo being delivered, the extracellular peptide concentration, and the proteoglycan

concentration on the cell surface [20, 21]. Recently, Gump et al. investigated the effect of

surface glycosaminoglycans and sialic acid on the transduction of Tat [22]. A deficiency in

surface sialic acids and glycosaminoglycans significantly reduced Tat uptake but did not

entirely inhibit transduction. Interestingly, it was the enzymatic removal of all cell surface

proteins that completely inhibited the uptake of TAT[22]. The identity of these crucial cell

surface proteins has yet to be discovered, and the importance of these proteins in the uptake

of other CPPs has yet met minimal exploration.

Initially, pinpointing the mechanism of uptake of various cell-penetrating peptides was

controversial. One of the reasons for this controversy in uptake was elegantly shown by

Lebleu’s group in which they discovered that processing of cells, specifically fixing cells,

dramatically altered the intracellular location of the cell penetrating peptides [23]. As

described above, it has now become clear that CPP and cargo identity as well as other

environmental conditions can affect the mode of uptake. It is also clear that CPPs can enter

cells through endocytosis and through some means of membrane perturbation [24–26].

However, even in unfixed cells, appropriate measures must be taken to ensure that the signal

observed is actually within the cell and not simply bound to cell surface. The positive charge

of cell-penetrating peptides facilitates surface binding to cells, which often express

negatively charged glycosaminoglycans on their surface [22]. Although the mechanism of

transduction of CPPs is still debated, it is accepted that CPPs can successfully deliver cargo,

like bioactive peptides, into a wide variety of cells. Several investigators have been

interested in delivering pro-apoptotic peptides as a means of inhibiting the growth of cancer
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cells [27–29]. Others have used CPPs to inhibit kinases crucial for the proliferation of cancer

cells [30, 31].

Our laboratory has designed a family of peptide therapeutics that utilize cell-penetrating

peptides to gain intracellular access. These therapies consist of two domains: a cell

penetrating peptide that delivers the cargo into the cell and a cargo domain, that was

designed to inhibit the serine/threonine kinase mitogen activated protein kinase activated

protein kinase 2 (MK2). We showed previously that the cell-penetrating peptide affected the

specificity of the kinase inhibition [32]; we also showed a small effect of CPP on the peptide

inhibition of MK2, with the FAK MK2 inhibitor peptide demonstrating an IC50 of 1.8 μM

and the YARA MK2 inhibitor peptide exhibiting an IC50 of 5.6 μM [30]. These peptides

have demonstrated promising results in in vitro, ex vivo, and in vivo systems [33–38],

suggesting that the therapies gain intracellular access; however, neither visual confirmation

of uptake of these peptides, nor investigation of the mode of uptake were investigated

previously. We describe the uptake of two MK2-inhibitor peptides called YARA and FAK

(Table 3) via live cell imaging using confocal microscopy and flow cytometry. In addition,

inhibitors of endocytosis are used to show differential modes of uptake in differing cell

types.

Materials and Methods

Peptide Synthesis

MK2-inhibitor peptides (Table 3.1) were synthesized on Knorr-amide resin (Synbiosci

Corp.) using standard FMOC chemistry. Two different chemistries were used to couple each

amino acid. The first coupling reagents were N-hydroxybenzotriazole (HoBt)/N, N’-

diisopropylcarbodiimide (DIC) and the second coupling reagents were 2-

(1Hbenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) and

lutidine. For FITC-labeled FAK, aminohexanoic acid was added to N-terminus to serve as a

spacer for the addition of FITC isomer 1 (Molecular Probes). For FITC-labeled YARA, β-

alanine was added to the N-terminus to serve as a spacer for the addition of the FITC

isomer. The FITC isomer was solubilized in 12:7:5 pyridine/DMF/DCM and incubated with

the deprotected peptide overnight. A ninhydrin test was used to check complete coupling of

FITC to the peptide. Following synthesis, the peptide was cleaved from the resin with a

trifluoroacetic acid-based cocktail, precipitated in ether and purified using an acetonitrile

gradient with a constant concentration of 0.1% trifluoroacetic acid on an FPLC (ÄKTA

Explorer, GE Healthcare) equipped with a 22/250 C18 prep-scale column (Grace Davidson).

Molecular weight was confirmed by time-of-flight MALDI mass spectrometry using a 4800

Plus MALDI TOF/TOF™ Analyzer (Applied Biosystems).

Cell Culture

Two different cell lines were used to characterize mechanism of uptake, an immortalized

human monocyte cell line (THP-1, ATCC) and an immortalized human mesothelial cell line

(ATCC CRL-9444). Cells were maintained at 37°C with 5% CO2 and were used between

passages 3 and 12.
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Mesothelial Cells

Mesothelial cell media consisted of Media 199 with Earle’s basic salt solution and 0.75mM

L-glutamine (Mediatech, Inc.) supplemented with 1.25 g/L sodium bicarbonate (Sigma),

3.3nM epidermal growth factor (EGF; MBL International), 20 mM HEPES (Sigma), trace

elements mixture B (Mediatech, Inc.), 10% fetal bovine serum (FBS; Mediatech, Inc.), and

1% penicillin/streptomycin (Mediatech, Inc.). For colocalization experiments, cells were

seeded in 4- or 8-well chamber slides (Company) at a concentration of 150,000 cells/ml with

a total of 200μl (8-well chamber slide) or 500μl (4 well chamber slide). For flow cytometry

studies, cells were seeded in 12-well plates (Greiner-One) at a concentration of 250,000

cells/ml and a total of 2 ml was added per well. Cells were allowed to adhere and grow

overnight.

THP-1 Cells

THP-1 cells were grown in RPMI 1640 with L-glutamine (Mediatech Inc, Manassas, VA)

supplemented with 0.05 mM β-mercaptoethanol (Sigma-Aldrich), 10 mM HEPES

(Mediatech Inc), 1 mM sodium pyruvate (Mediatech Inc), 10% fetal bovine serum

(Hyclone) and 1% penicillin/streptomycin (Mediatech Inc). For colocalization experiments,

cells were seeded in 4- or 8-well chamber slides at a concentration of 250,000 cells/ml with

a total volume of 200μl (8-well chamber slide) or 500μl (4 well chamber slide). For flow

cytometry experiments, cells were seeded in 12-well plates at a concentration of 250,000

cells/ml with a total volume of 2 ml added to each well. Cells were treated with 10 ng/ml

phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) for 48 hours to induce

differentiation, which was confirmed by the monocytes becoming adherent.

Uptake Studies Using Confocal Microscopy: Colocalization Studies

To determine the type of endocytic uptake, markers of the three major types of endocytosis

were identified (Table 2). The markers were used at a final concentration of 25μg/ml for

texas red labeled transferrin (Invitrogen), 10 μg/ml for alexa fluor 594 labeled cholera toxin

subunit B (CTXB; Invitrogen), and 1 mg/ml for texas red labeled dextran, MW 70,000

(Invitrogen). Cells were treated with FITC labeled peptide (30 μM for FITC-FAK and 100

μM for FITC-YARA) or with markers of endocytosis for 1 hour. After a one hour

incubation, cells were washed three times with media, incubated with 100–200μl of trypan

blue (0.4% solution; Sigma) to cover the bottom of the well and quench extracellular FITC

signal for 1 minute. Cells were then washed five times with media before imaging live using

an FV1000 confocal microscope equipped with ASW-10 software (Olympus). To minimize

crosstalk between the FITC and texas red/alexa fluor 594 fluorophores, laser gain and PMT

voltage were optimized on controls consisting of cells treated with only a single fluorophore

and sequential activation of the 488nm and 543nm lasers was used. For all confocal imaging

experiments, controls consisting of live, unlabeled cells were included to ensure cells did not

autofluoresce. The plane of focus was chosen to be above the plasma membrane in all cases

to ensure the focal plane captured the cytoplasm.
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Uptake Studies Using Flow Cytometry: Inhibiting Endocytic Uptake

To confirm the type of endocytic uptake, pharmacological inhibitors of the three major types

of endocytosis were identified (Table 2). All inhibitors were purchased from Sigma. Cells

were exposed to several different concentrations of the inhibitors for four hours, then

subjected to an MTT-based assay (CellTiter 96 AQueous One Proliferation Assay Reagent;

Promega) to determine the range of toxicity, as determined by a decrease in metabolic

activity measured by the MTT assay (data shown in Supplemental Information). The

maximum non-toxic concentration of inhibitor was chosen to evaluate endocytic inhibition

of MK2-inhibitor peptide. To evaluate inhibition of FITC-peptide uptake, cells were treated

with inhibitors for one hour followed by treatment with the MK2-inhibitor peptide for one

hour. Cells were washed with phosphate buffered saline (PBS; Mediatech), incubated with

trypsin for 5–7 minutes, neutralized in serum-containing media, and spun down at 300xg for

5 minutes. Following another wash with PBS, extracellular FITC-signal was quenched with

the addition of 100 μl trypan blue for 1 minute. Cells were washed with PBS 4–5 times to

remove excess trypan blue. After the final wash, cells were fixed in 1X cytofix buffer (BD).

Cells were stored in the dark at 4°C until samples could be run on the Cytomics FC500 MPL

flow cytometer (Beckman Coulter) equipped with MXP Cytometry List Mode Data

Acquisition and Analysis Software. Data acquisition required 10,000 events. Figures were

obtained using Flow Jo software.

Functional Assay

To test whether the addition of the FITC label altered the function of the peptides, the FITC-

labeled peptides were analyzed for their ability to knockdown proinflammatory cytokine

production. Mesothelial cells were seeded in 96-well plates at a concentration of 150,000

cells/ml with a volume of 200 μl per well, in phenol red free media (Gibco) containing the

same supplements listed above. Once the cells reached confluency, the cells were treated a

final concentration of 1ng/ml IL-β (positive control) to induce proinflammatory cytokine

production or 1ng/ml IL-1β + various concentrations of peptide to evaluate the ability of the

peptide to decrease proinflammatory cytokines, or PBS only (negative control). After 24

hours, media was collected for cytokine analysis. THP-1 cells were seeded in 96-well plates

at a concentration of 250,000 cells/ml with a total volume of 200 μl per well. The number of

living cells was determined using the CellTiter 96 AQueous One Proliferation Assay

Reagent (Promega) according to the manufacturer instructions. Briefly, 20 μl of reagent was

added directly to 100 μl of cells and media. After one hour (mesothelial cells) or two hours

(THP-1 cells) of incubation at 37°C, the absorbance was read at 490 nm with a correction at

650 nm using an M5 Spectrophotometer equipped with Softmax Pro software.

Results

Characterizing MK2-inhibitor peptide uptake

To confirm that the two MK2-inhibitor peptides gained intracellular access, the peptides

were modified with an N-terminal FITC label and visualized using confocal microscopy.

Intracellular uptake of both FITC-FAK and FITC-YARA was demonstrated in THP-1

(Figure 1 A-H) and mesothelial cells (Figure 1 I-P). In both cell types, FITC-FAK was taken

up more efficiently than FITC-YARA even at lower FITC-FAK concentrations. In THP1
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cells, FITC-YARA was not taken up uniformly by all cells (Figure 1A-D). Uptake appeared

to occur via endocytosis, based on the shape of the FITC-containing vesicles. However,

FITC-FAK uptake in mesothelial cells (Figure 2 M,O) had high levels of diffuse

cytoplasmic staining in addition to uptake in vesicles. Furthermore, there is some evidence

of FITC-FAK endocytic escape (Figure 1G, white arrowheads), which is required for the

therapeutic to have a functional effect. While the evidence of endosomal escape, the rapid

appearance of diffuse cytoplasmic staining could indicate that there is some level of

membrane disruption that supports direct membrane translocation in addition to endosomal

uptake. Multiple modes of uptake for FITC-FAK could also help explain the lower levels of

peptide required for efficient inhibition of MK2.

Uptake of the MK2-inhibitor peptides was additionally characterized utilizing flow

cytometry, a technique that lends itself to more quantitative analyses. Uptake was confirmed

in both cell lines for increasing concentrations of FITC-FAK and FITC-YARA compared to

untreated controls, corroborating confocal data (Figure 2). Treating cells with higher

concentration of peptide resulted in increased uptake. In addition, the increased efficiency of

FITC-FAK uptake in both cells compared to FITC-YARA was confirmed by an increase in

average fluorescence intensity as quantified by flow cytometry, as cells treated with 30μM

FITC-YARA have an average fluorescence intensity of ~8, while cells treated with 30μM

FITC-FAK have an average fluorescence intensity of ~300. There is also a large increase in

intracellular fluorescence in cells treated with 30μM FITC-FAK compared to 10μM FITC-

FAK (Figure 2B).

Characterizing if FITC label affects function

Previous work in our lab has demonstrated that changing a single amino acid can have a

dramatic effect on peptide specificity [32]. We have also shown that addition of FITC to a

CPP increased the affinity of the CPP to heparin [39], thus potentially increasing the

peptide’s ability to bind to the cell surface and entering the cell. Therefore, we were

interested in determining whether the addition of the FITC label and spacer amino acid

affected the ability of the peptide to inhibit MK2 activity. To assess MK2 activity, we

investigated IL-6 production, because we have previously shown that inhibition of MK2

activity suppresses IL-6 production due to a decrease in phosphorylation of heterogeneous

nuclear ribonuclearproteain A0 (hnRNPA0) [34]. Cells were first screened for toxicity with

the FITC-labeled peptides and then subjected to an IL-6 ELISA, which demonstrated that

the MK2-inhibitor peptides are functional even with the addition of the FITC label (Figure

3). As expected, the addition of the FITC label to the peptides reduced the concentration of

peptide required to suppress IL-6 production. In the absence of FITC, the YARA peptide

requires 1000–3000 μM to suppress IL-6 in mesothelial cells [34], and FAK requires 30 μM

to suppress IL-6 in THP1 cells [33]. This may be due to the enhanced binding of the peptide

to the cell surface glycosaminoglycans. There was no evidence of toxicity in either cell type

treated with concentrations of FITC-YARA up to 300μM; however, both cell types

demonstrated toxicity when treated with 100μM FITC-FAK (Figure 3A, p>0.05; one-way

ANOVA within each cell type). A dose dependent decrease in IL-6 production is observed

with peptide treatment (Figure 3B). In THP-1 cells, FITC-YARA shows a significant

decrease in IL-6 production at a concentration of 300μM and FITC-FAK decreases
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proinflammatory cytokines at a concentration of 3μM. In contrast, mesothelial cells require

concentrations of 30μM for FITC-YARA and 30μM for FITC-FAK to significantly decrease

IL-6 production. Finally, from unpublished data, we have established that the cargo portion

of the peptide is unable to inhibit any MK2 activity in THP-1 and mesothelial cells even at

concentrations in excess of 3 mM, thus suggesting that in the absence of the CPP, the cargo

is not able to enter cells.

MK2-inhibitor uptake: Active cellular temperature dependence

To evaluate whether uptake of the MK2-inhibitor peptides was dependent on active cellular

processes of endocytosis, referred to as “energy dependent” in the CPP literature,

intracellular access was monitored while the cells were incubated at 4°C. Flow cytometry

showed that there was no difference between cells treated at 4°C with peptide compared to

untreated cells for all peptides and cell types tested (Figure 4). However, when incubated at

37°C, peptides were taken up intracellularly as expected. This suggests that the majority of

the CPP is taken up through an active process. Of note, it is still possible that some FITC-

FAK enters cells through membrane disruption, which would also be suppressed at 4 °C due

to reduced fluidity of the plasma membrane.

Mechanism of Endocytic Uptake Using Markers of Endocytosis

To determine the mechanism of endocytosis used for uptake, cells were co-incubated with

markers that are known to be taken up by a specific mechanism of endocytosis.

Colocalization was visually assessed by looking for color overlap (yellow) between the

FITC-labeled MK2 inhibitor (green) and the marker of endocytosis (red) (Figures 5, 6).

FITC-YARA appears to be taken up by all three mechanisms of endocytosis in mesothelial

cells as there is significant overlap with all three endocytic markers (Figure 5A-C).

However, in THP1 cells, FITC-YARA shows most colocalization with dextran, the marker

of macropinocytosis (Figure 5F). Uptake of FITC-YARA in THP1 cells shows little

colocalization with CTXB or transferrin, as with these markers most cells appear to

independently uptake marker or peptide (Figure 5D&E).

FITC-FAK, by contrast, appears to be taken up by all three mechanisms of endocytosis in

THP1 cells, with the most predominant colocalization occurring with CTXB and dextran,

and small amounts of colocalization being observed with transferrin (Figure 6D-E). In

mesothelial cells, FITC-FAK shows some colocalization with transferrin, the marker for

clathrin-mediated endocytosis (Figure 6A), and a significant amount of diffuse cytoplasmic

distribution. In mesothelial cells, negligible colocalization is observed with FITC-FAK and

CTXB or dextran (Figure 6B&C).

Method of Endocytic Uptake Using Inhibitors of Endocytosis

To confirm the mechanism of endocytic uptake, cells were treated with pharmacological

inhibitors of endocytosis and uptake of MK2-inhibitor peptides was evaluated with flow

cytometry. Mesothelial cells were treated with 100 μM EIPA and chlorpromazine and 10

mM MβCD, while THP-1 cells were treated with 50 μM EIPA, 100μM chlorpromazine, and

1mM MβCD.
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Each pharmacological inhibitor was evaluated for its effect on uptake of the FITC-labeled

peptide (Figure 7). FITC-YARA uptake is inhibited in mesothelial cells by MβCD (inhibitor

of caveolae-mediated endocytosis) at both low and high concentrations, while uptake in

THP1 cells is increased by EIPA (an inhibitor of macropinocytosis) (Figure 7A&B). In

contrast, FITC-FAK in mesothelial cells shows differential uptake compared to the positive

control by all three inhibitors at both high and low concentrations, while THP1 cells show

increased uptake of FITC-FAK with EIPA (Figure 7C&D).

Discussion

Determining the mechanism of uptake of these MK2-inhibitor peptides is critical in

advancing our understanding of peptide function, and if their mechanism of delivery can be

further optimized. Although our previous work has demonstrated promising biological

effects with these peptides for overcoming chronic inflammation [33], preventing the

formation of abdominal adhesions [34, 35], inhibiting pulmonary fibrosis [40], and limiting

intimal hyperplasia following vein graft bypass [36], the characterization of the mechanism

of intracellular uptake has never been investigated. To visually verify intracellular delivery,

we modified the peptides with an N-terminal FITC-label.

By comparing the uptake of two different MK2-inhibitor peptides (that differ only in their

cell-penetrating peptide domain) in two different cell lines, we confirmed intracellular

delivery and demonstrated that uptake occurs via endocytosis, but that it differs between the

two cell lines analyzed and between the two cell-penetrating peptides. Visual confirmation

of intracellular peptide by both confocal microscopy and flow cytometry (Figures 1,2)

validated previous biological data [33, 34] suggesting that the peptides gained intracellular

access.

To understand how the addition of the FITC –label might affect the function of the peptide,

we tested the ability of FITC-labeled MK2 inhibitor peptides to decrease proinflammatory

cytokines. The FITC-label did not impede the peptide’s ability to decrease in

proinflammatory cytokine production (Figure 3). However, a comparison between

concentrations required for efficacy (defined as the concentration required to see a

statistically significant decrease compared to the positive control) shows that the FITC-

labeled inhibitors demonstrate efficacy at much lower concentrations as compared to

unlabeled peptides. Unlabeled MK2-inhibitors demonstrate efficacy in THP-1 cells at 30 μM

for FAK [33] and 1000 μM for YARA [33], while concentrations of 3000 μM of YARA are

required to see efficacy in mesothelial cells [34]. FAK has never demonstrated efficacy in

mesothelial cells (data not shown). Thus, the addition of the FITC-label enhances the

peptide’s function, either by increasing the amount of peptide that gains intracellular access,

altering the mode of endocytosis, increasing the amount of peptide that undergoes

endosomal escape into the cell cytoplasm, or changing the specificity or IC50 of the peptide.

Previous work in our laboratory has shown that changing a single amino acid within a

peptide sequence can dramatically change the specificity and IC50 of the MK2 inhibitor

peptide [32]. Additionally, these functional changes could be the result of a change in

peptide structure, as the addition of a fluorescent label to cell-penetrating peptides has been

shown to increase their ability to bind heparin by changing the helical structure of the
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peptide to provide more sites of interaction between the peptide and heparin [41]. This

structural change could enhance the peptide’s ability to gain intracellular access.

Importantly, this functional data indicates that the peptides are able to escape the endosomes

and access the cytoplasm before the vesicles fuse with lysosomes and the contents become

degraded, or before the endosomes are trafficked back to the membrane. We have not yet

looked at characterizing the mechanism of escape from endosomes; however, we suspect

that YARA, which is an optimized version of the HIV-TAT cell penetrating peptide [42],

has a built-in mechanism of endocytic escape. The FAK cell penetrating peptide domain was

derived from the heparin-binding domain of anti-thrombin III [43], and may also have an

inherent mechanism for endosomal escape, which would be consistent with the possibility

that FITC-FAK may be able to induce some level of membrane disruption.

Uptake of the FITC-peptides occurs primarily via endocytosis. Not only is intracellular

uptake of these MK2-inhibitor peptides completely temperature dependent (Figure 4), but

uptake occurs via endocytic-looking vesicles (Figures 1, 5 and 6) which colocalize with

known markers of endocytosis (Figures 5 and 6). Further, uptake can be altered with the use

of pharmacologic inhibitors of endocytosis (Figure 7). We found that FITC-YARA was

taken up by macropinocytosis in THP-1 cells as supported by its colocalization with dextran

(Figure 5F) and the change in uptake with EIPA (Figure 7A&B). When treating with

inhibitors of endocytosis, we anticipated observing a decrease in uptake; however, the

opposite was observed with an increase in FITC-YARA uptake with EIPA treatment.

According to Doherty, the inhibition of one pathway of endocytosis can result in the

upregulation of other pathways of endocytosis that might not typically function at high

levels within cells [44], which may explain the observed increase in FITC-YARA uptake.

In mesothelial cells the mechanism of uptake of FITC-YARA appears to be mainly through

caveolae-mediated endocytosis; however the evidence is not as clear because uptake varies

based on concentration. At low concentrations (3μM), FITC-YARA uptake was dependent

upon cholesterol as MβCD inhibited uptake (Figure 7A). At higher concentrations (30μM),

however, FITC-YARA uptake was inhibited by both MβCD and EIPA (Figure 7B),

indicating that uptake became non-specific as concentration increased. Increasing FITC-

YARA even more (100μM) demonstrated that FITC-YARA gained intracellular access

through all three mechanisms of endocytosis, as FITC-YARA showed colocalization with

all markers of endocytosis (Figure 5D-F). This is consistent with other literature reports that

concentration of the CPP alone can affect the mode of endocytosis [45] [46, 47]. It is also

consistent with the idea that CPPs bind to different proteins, carbohydrates or lipids with

varying affinity and that the identity of the binding partner will effect the mode of

endocytosis, i.e. at low concentrations the CPP binds only to high affinity partners, but at

high concentrations may binding to multiple binding-partners and trigger multiple modes of

uptake [48]. Internalization of the YARA CPP domain has been investigated in human

keloid fibroblasts delivering a different peptide cargo [37]. It was reported that this peptide

gained intracellular access through caveolae-mediated endocytosis based on colocalization

with CTXB, caveolin-1, Rab7, and Rab9 [37]. However, MβCD was unable to inhibit

uptake of the peptide, but much lower concentrations of inhibitor (5μM [37] vs 10mM used

in this study) were used to inhibit uptake.
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The uptake of FITC-FAK in these cells also appears to be via endocytosis, as uptake was

found to be both temperature dependent (Figure 4C&D) and affected by endocytic inhibitors

(Figure 7C&D). In mesothelial cells, FITC-FAK showed uptake via clathrin-mediated

endocytosis at high concentrations while showing negligible uptake via caveolae-mediated

endocytosis or macropinocytosis. Interestingly, in THP-1 cells, FITC-FAK uptake was less

specific, showing uptake through all three mechanisms of endocytosis at concentrations of

30μM. This is consistent with the images in Figure 1, which shows large cytoplasmic

distribution of the FITC labeled peptide and indicates that uptake of FITC-FAK is extremely

efficient. It should again be noted that the concentration dependence of FITC-FAK uptake

coupled with the diffuse cytoplasmic staining could also be indicative of some level of

membrane disruption, thus adding a fourth mode of uptake in THP-1 cells. Regardless, the

uptake is both temperature dependent and can be altered with inhibitors of endocytosis.

Although the markers of endocytosis used in this study are well characterized, it must be

acknowledged that the inhibitors of endocytosis may not be as specific for one mechanism

of endocytosis as desired. For example, MβCD is known to remove cholesterol from the cell

membrane[49] and this is typically associated with caveolae which are enriched with

cholesterol [50]. However, MβCD is not selective in cholesterol removal from the

membrane, and it has been shown to affect clathrin-mediated endocytosis [51].

In conclusion, these results support endocytic uptake of both FITC-FAK and FITC-YARA

in two different cell lines. Mechanism of uptake is demonstrated to be dependent upon

extracellular concentration, cell type, and choice of CPP. The functional data definitively

shows that both peptides enter the cytoplasm where they inhibit MK2 activity. For the FITC-

YARA peptide, entrance into the cytoplasm appears to be primarily through endosomal

escape, as there is little evidence of uptake via membrane disruption. While there is clear

evidence of FITC-FAK endosomal uptake and even endosomal escape, the rapid appearance

of this peptide in the cytoplasm of mesothelial cells leaves open the possibility that there is

some uptake via membrane disruption in this cell type. The clear multiple uptake modes

highlight the difficulty of fully defining CPP mode of uptake and shows that each peptide-

cargo combination may have its own unique blend of multiple modes of cellular uptake for

different cell types.
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Refer to Web version on PubMed Central for supplementary material.
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Antp Antennapedia

FACS or fluorescence-activated cell sorting

MK2 mitogen activated protein kinase activated protein kinase 2

HoBt N-hydroxybenzotriazole

DIC N, N’-diisopropylcarbodiimide

HBTU 2-(1Hbenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate

EGF epidermal growth factor

FBS fetal bovine serum

PMA phorbol 12-myristate 13-acetate

CTXB cholera toxin subunit B
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Figure 1.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 7.
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Table 1

Peptide Identifiers and Single Amino Acid Sequences.

Identifier Peptide Sequence

FITC-FAK FITC- (ε-Ahx)- FAKLAARLYRKALARQLGVAA

FITC -YARA FITC- βA- YARAAARQARAKALARQLGVAA
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Table 2

Reagents used to mark or inhibit different types of endocytosis.

Endocytosis
Pathway

Marker of
Endocytosis

Inhibitor of Endocytosis Mechanism of Inhibitor

macropinocytosis dextran 5-(N-ethyl-N-
isopropyl)amiloride

(EIPA)

Ion-channel inhibitor

caveolae-
mediated

cholera toxin
subunit B
(CTXB)

methyl-β-cyclodextrin
(MβCD)

Extracts cholesterol from
the plasma membrane and
disrupts formation of lipid

rafts

clathrin-
mediated

transferrin chlorpromazine
(chlor)

Prevents assembly of
clathrin coated pits at the

plasma membrane
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