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 Abstract

Nucleic acid reagents including small interfering RNA (siRNA) and plasmid DNA are important tools for the study of mammalian cells, and are also promising starting points for the development of new therapeutic agents.  Realizing their full potential, however, requires nucleic acid delivery reagents that are simple to prepare, effective across many mammalian cell lines, and non-toxic.  We recently described the extensive surface mutagenesis of proteins in a manner that dramatically increases their net charge and showed that this “supercharging” of proteins can impart strong resistance to aggregation.  Here we report that superpositively charged green fluorescent proteins, including a variant with a theoretical net charge of +36 (+36 GFP), can penetrate a variety of mammalian cell lines.  Internalization of +36 GFP is dependent on non-specific electrostatic interactions with sulfated proteoglycans present on the surface of most mammalian cells.  When +36 GFP is mixed with siRNA, protein-siRNA complexes ~1.7 µm in diameter are formed.  Addition of these complexes to five human and murine cell lines, including four that are resistant to cationic lipid-mediated siRNA transfection, results in potent siRNA delivery.  In four of these five cell lines, siRNA transfected by +36 GFP suppresses target gene expression.  In addition, we show that +36 GFP is resistant to proteolysis, is stable in the presence of serum, and extends the serum half-life of siRNA and plasmid DNA with which it is complexed.  A variant of +36 GFP can mediate DNA transfection in a manner that enables plasmid-based gene expression.  These findings indicate that superpositively charged proteins can overcome some of the key limitations of currently used transfection agents.

\body

Introduction

Commercially available cationic lipid reagents are typically used to transfect nucleic acids in mammalian cell culture.  The effectiveness of these reagents, however, varies greatly by cell type.  A number of cell lines including some neuron, T-cell, fibroblast, and epithelial cell lines have demonstrated resistance to common cationic lipid transfection reagents 
 ADDIN EN.CITE 
(1-4)
.  Alternative transfection approaches including electroporation (5) and virus–mediated siRNA delivery 
 ADDIN EN.CITE 
(6, 7)
 have been used; however, these methods can be cytotoxic or perturb cellular function in unpredictable ways.
Recent efforts to address the challenge of nucleic acid delivery have resulted in a variety of nucleic acid delivery platforms.  These methods include lipidoids 
 ADDIN EN.CITE 
(8)
, cationic polymers (9), inorganic nanoparticles (10), carbon nanotubes (11), cell-penetrating peptides 
 ADDIN EN.CITE 
(12, 13)
, cationic protein–antibody fusions 


(14, 15) ADDIN EN.CITE , and chemically modified nucleic acids (16).  Each of these methods offers benefits for particular applications; in most cases, however, questions regarding cytotoxicity, ease of preparation, stability, or generality across different cell lines remain.  Easily prepared reagents capable of effectively delivering nucleic acids to a variety of cell lines without significant cytotoxicity therefore are of considerable interest.

We recently described resurfacing proteins without abolishing their structure or function through the extensive mutagenesis of non-conserved, solvent-exposed residues (17).  When the replacement residues are all positively or all negatively charged, the resulting “supercharged” proteins can retain their activity while gaining unusual properties such as robust resistance to aggregation and the ability to bind oppositely charged macromolecules.  For example, we reported that a green fluorescent protein with a +36 net theoretical charge (+36 GFP) was highly aggregation-resistant, could retain fluorescence even after being boiled and cooled, and reversibly complexed DNA and RNA through electrostatic interactions.

A variety of cationic peptides and proteins have been observed to penetrate mammalian cells (18-24).  We hypothesized that superpositively charged proteins such as +36 GFP might also associate with negatively charged components of the cell membrane in a manner that results in cell penetration.  Given the ability of these proteins to reversibly bind nucleic acids, we further speculated that superpositively charged proteins may also deliver pre-complexed nucleic acids including siRNA or plasmid DNA into mammalian cells.

Here we describe the cell-penetrating and nucleic acid transfection activities of superpositively charged GFP variants.  We found that +36 GFP potently enters cells through sulfated peptidoglycan-mediated, actin-dependent endocytosis.  When pre-mixed with siRNA, +36 GFP forms monodisperse particles that deliver siRNA effectively and without cytotoxicity into a variety of cell lines, including several known to be resistant to cationic lipid-mediated transfection.  The siRNA delivered into cells using +36 GFP was able to effect gene silencing in four out of five mammalian cell lines tested.  Comparison of the siRNA transfection ability of +36 GFP with that of several synthetic peptides of comparable charge magnitude suggests that the observed mode of siRNA delivery requires features of +36 GFP that are not present among cationic peptides.  When fused to an endosomolytic peptide, +36 GFP is also able to transfect plasmid DNA into several mammalian cell lines in a manner that enables plasmid-based gene expression.  In addition, we observed that +36 GFP is stable in murine serum, and can significantly enhance the serum stability of siRNA and plasmid DNA to which it is complexed.
Results

Mammalian Cell Penetration by Supercharged GFPs.  We previously generated and characterized a series of resurfaced variants of “superfolder GFP” (sfGFP) (25) with theoretical net charges ranging from -30 to +48 that retain fluorescence (17).  The evaluation of the ability of these supercharged GFPs to penetrate mammalian cells requires a method to remove surface-bound, non-internalized GFP.  We therefore confirmed that washing conditions known to remove surface-bound cationic proteins from cells (13) also effectively remove cell surface-bound superpositively charged GFP.  We treated HeLa cells with +36 GFP at 4( C, a temperature that allows +36 GFP to bind to the outside of cells but blocks internalization (vide infra).   Cells were washed three times at 4 °C with either PBS or with PBS containing heparin and analyzed by flow cytometry for GFP fluorescence.  Cells washed with PBS were found to have significant levels of GFP (presumably surface-bound), while cells washed with PBS containing heparin exhibited GFP fluorescence intensity very similar to that of untreated cells (Supporting Information Fig. S1).  These observations confirmed the effectiveness of three washes with heparin at removing surface-bound superpositively charged GFP.
Next we incubated HeLa cells with 10-500 nM sfGFP (theoretical net charge of -7), -30 GFP, +15 GFP, +25 GFP, or +36 GFP for 4 hours at 37 °C (Fig. 1A).  After incubation, cells were washed three times with PBS containing heparin and analyzed by flow cytometry.  No detectable internalized protein was observed in cells treated with sfGFP or -30 GFP.  HeLa cells treated with +25 GFP or +36 GFP, however, were found to contain high levels of internalized GFP.  In contrast, cells treated with +15 GFP contained 10-fold less internalized GFP, indicating that positive charge magnitude is an important determinant of effective cell penetration (Fig. 1B).  We found that +36 GFP readily penetrates HeLa cells even at concentrations as low as 10 nM (Supporting Information Fig. S2).  

In order to test the generality of cell penetration by +36 GFP, we repeated these experiments using four additional mammalian cell types: inner medullary collecting duct (IMCD) cells, 3T3-L pre-adipocytes, rat pheochromocytoma PC12 cells, and Jurkat T-cells.  Flow cytometry revealed that 200 nM +36 GFP effectively penetrates all five types of cells tested (Fig. 1C).  Internalization of +36 GFP in stably adherent HeLa, IMCD, and 3T3-L cell lines was confirmed by fluorescence microscopy (vide infra).  Real-time imaging showed +36 GFP bound rapidly to the cell membrane of HeLa cells and was internalized within minutes as punctate foci that migrated towards the interior of the cell and consolidated into larger foci, consistent with uptake by endocytosis.

Mechanistic Probes of +36 GFP Cell Penetration.  To illuminate the mechanism by which +36 GFP enters cells, we repeated the cell penetration experiments in HeLa cells under a variety of conditions that each blocks a different component of an endocytosis pathway 
 ADDIN EN.CITE 
(26, 27)
.  Cell penetration of +36 GFP was not observed when HeLa cells were cooled to 4C prior to and during +36 GFP treatment (Fig. 2B).  This result suggests that uptake of +36 GFP requires an energy-dependent process, consistent with endocytosis (13).  We next evaluated the effects of 5 (g/mL filipin or 25 µg/mL nystatin, small molecules known to inhibit caveolin-dependent endocytosis.  Neither inhibitor significantly altered +36 GFP internalization (Figs. 2C and 2D, respectively).  Treatment with chlorpromazine, a known inhibitor of clathrin–mediated endocytosis, similarly had little effect on +36 GFP cell penetration (Fig. 2E).  In addition, simultaneous treatment of HeLa cells with 50 nM +36 GFP and 10 (g/mL of fluorescently labeled transferrin, a protein known to be internalized in a clathrin–dependent manner (28), resulted in little GFP/transferrin colocalization (Fig. 2F).  Treatment with cytochalasin D, an actin polymerization inhibitor, however, significantly decreased +36 GFP cell penetration (Fig. 2G).  Taken together, these results are consistent with a model in which +36 GFP uptake proceeds through an endocytotic pathway that is energy-dependent, requires actin polymerization, and does not require clathrin or caveolin.
Based on previous studies (29) we hypothesized that anionic cell-surface proteoglycans might serve as receptors to mediate +36 GFP internalization.  Indeed, 80 mM sodium chlorate, an inhibitor of the ATP sulphurylase enzyme required to biosynthesize sulfated proteoglycans (30), completely blocked +36 GFP penetration (Fig. 2H).  Moreover, wild-type CHO cells (Fig. 2I), but not proteoglycan-deficient CHO cells (PGD-CHO) that lack xylosyltransferase, an enzyme required for glycosaminoglycan synthesis (Fig. 2J), efficiently internalized +36 GFP.  These findings suggest that +36 GFP penetration of mammalian cells requires binding to sulfated cell-surface peptidoglycans. 

+36 GFP Binds siRNA and Delivers siRNA into a Variety of Mammalian Cell Lines.  We previously observed the ability of superpositively charged proteins to form complexes with DNA and tRNA (17).  In light of these results, we evaluated the ability of +15, +25, and +36 GFP to bind siRNA.  Using a gel-shift assay 
 ADDIN EN.CITE 
(31)
, we observed binding of +25 and +36 GFP to siRNA with a stoichiometry of ~2:1, while greater than five +15 GFP proteins on average were required to complex a single siRNA molecule (Fig. 3A).  In contrast, 100 equivalents of sfGFP did not detectably bind siRNA under the assay conditions. 
Next we examined the ability of +15, +25, and +36 GFP to deliver bound siRNA into HeLa cells.  A Cy3-conjugated GAPDH siRNA (Ambion) was briefly mixed with 200 nM +36 GFP and the resulting mixture was added to cells in serum-free media for 4 hours.  After washing the cells, flow cytometry revealed that +25 and +36 GFP delivered 100- and 1000-fold more siRNA into HeLa cells, respectively, than treatment with siRNA alone (Fig. 3B), and ~20-fold more siRNA than was delivered with the common cationic lipid transfection reagent Lipofectamine 2000 (Fig. 3C).  In contrast, +15 GFP did not efficiently transfect siRNA into HeLa cells (Fig. 3B). 

In addition to HeLa cells, +36 GFP was also able to efficiently deliver siRNA in IMCD cells, 3T3-L preadipocytes, rat pheochromocytoma PC12 cells, and Jurkat T-cells, four cell lines that are resistant to siRNA transfection using Lipofectamine 2000 (1-4).  Treatment with Lipofectamine 2000 and Cy3-siRNA resulted in efficient siRNA delivery in HeLa cells, but no significant delivery of siRNA into IMCD, 3T3-L, PC12, or Jurkat cells (Fig. 3C).  Treatment of IMCD or 3T3-L cells with Fugene 6 (Roche), a different cationic lipid transfection agent, and Cy3-siRNA also did not result in significant siRNA delivery these cells (Supporting Information Fig. S4).  In contrast, treatment with +36 GFP and Cy3-siRNA resulted in significant siRNA levels in all five cell lines tested (Fig. 3C) that were 20- to 200-fold higher than siRNA levels resulting from Lipofectamine 2000 treatment.  Fluorescence microscopy of the adherent cell lines used in this study (HeLa, IMCD, and 3T3-L) reveal internalized Cy3-siRNA and +36 GFP in punctate foci that we presume to be endosomes (Fig. 3D).  These results collectively indicate that +36 GFP can effectively deliver siRNA into a variety of mammalian cell lines, including several that are poorly transfected by commonly used cationic lipid transfection reagents.
When HeLa cells were treated with the a premixed solution containing 200 nM +36 GFP and 50 nM Cy3-siRNA in the presence of cytochalasin D or at 4C, no internalized GFP or Cy3 siRNA was observed (Supporting Information Fig. S3).  These data support a mechanism of siRNA delivery that is dependent on endocytosis and actin polymerization, consistent with our mechanistic studies of +36 GFP in the absence of siRNA.

Size and Cytotoxicity of +36 GFP–siRNA Complexes.  We analyzed +36 GFP–siRNA complexes by dynamic light scattering (DLS) using stiochiometric ratios identical to those used for transfection.  From a mixture containing 20 µM +36 GFP and 5 µM siRNA, we observed a fairly monodisperse population of particles with a hydrodynamic radius (Hr) of 880.6 ± 62.2 nm (Supporting Information Fig. S5A), consistent with microscopy data (Supporting Information Fig. S5B).  These observations demonstrate the potential for +36 GFP to form large particles when mixed with siRNA, a phenomena observed by previous researchers using cationic delivery reagents (12, 13).
To assess the cytotoxicity of +36 GFP-siRNA complexes, we performed MTT assays on all five cell lines 24 hours after treatment with 0.2 to 2 (M +36 GFP and 50 nM siRNA.  These assays revealed no significant apparent cytotoxicity to HeLa, IMCD, 3T3-L, PC12, or Jurkat cells (Supporting Information Fig. S6).  

Gene Silencing With +36 GFP-Delivered siRNA.  While the above results demonstrate the ability of +36 GFP to deliver siRNA into a variety of mammalian cells, they do not establish the availability of this siRNA for gene silencing.  To evaluate the gene suppression activity of siRNA delivered with +36 GFP, we treated HeLa cells with a solution containing 50 nM of GAPDH-targeting siRNA and either ~2 µM Lipofectamine 2000 or 200 nM +36 GFP.  Cells were exposed to the siRNA transfection solution for four hours, then grown for up to four days.

In HeLa cells, observed decreases in GAPDH mRNA and protein levels indicate that both Lipofectamine 2000 and +36 GFP mediate efficient siRNA-induced suppression of GAPDH expression with similar kinetics.  GAPDH-targeting siRNA delivered with Lipofectamine 2000 or +36 GFP resulted in a ~85% decrease in GAPDH mRNA levels after 72 hours (Fig. 4A), and a ~75% decrease in GAPDH protein levels after 96 hours (Fig. 4B).  Similarly, delivery of (-actin-targeting siRNA with either ~2 µM Lipofectamine 2000 or 200 nM +36 GFP resulted in a decrease in (-actin protein levels in HeLa cells of 70-78% for both transfection agents (Fig. 4B). 
In contrast to the efficiency of gene suppression in HeLa cells, treatment with Lipofectamine 2000 and 50 nM siRNA in IMCD, 3T3-L, PC12, and Jurkat cells effected no significant decrease in GAPDH protein levels (Fig. 4D), consistent with the resistance of these four cell lines to cationic lipid-mediated transfection (Fig. 3C) (1-4).  Treatment with 200 nM +36 GFP and 50 nM siRNA, however, resulted in 44-60% suppression of GAPDH protein levels in IMCD, 3T3-L, and PC12 cells (Fig. 4D).  Despite efficient siRNA delivery by +36 GFP (Fig. 3C), we observed no significant siRNA-mediated suppression of GAPDH expression in Jurkat cells (Fig. 4D).

Together, these results indicate that +36 GFP and +36 GFP-HA2 are capable of delivering siRNA and effecting gene silencing in a variety of mammalian cells, including some cell lines that do not exhibit gene silencing when treated with siRNA and cationic lipid-based transfection agents.
Stability of +36 GFP and Stability of RNA and DNA Complexed with +36 GFP.  In addition to generality across different mammalian cell types and low cytotoxicity, effective siRNA delivery agents should be resistant to rapid degradation and ideally should also extend siRNA lifetimes.  Treatment of +36 GFP with proteinase K, a robust, broad-spectrum protease, revealed that +36 GFP exhibits significant protease resistance compared with bovine serum albumin.  While no uncleaved BSA remained one hour after proteinase K digestion, 68% of +36 GFP remained uncleaved after one hour, and 48% remained uncleaved after six hours (Supporting Information Fig. S7A).  We also treated +36 GFP with murine serum at 37 °C (Supporting Information Fig. S7B).  After six hours, no significant degradation was observed, suggesting its potential in vivo serum stability.  In comparison, when we incubated bovine serum albumin in mouse serum for the same period of time, we observed 71% degradation after three hours, and complete degradation by four hours.  
Next we assessed the ability of +36 GFP to protect siRNA and plasmid DNA from degradation.  We treated siRNA or siRNA pre-complexed with +36 GFP with murine serum at 37 °C.  After three hours, only 5.9% of the siRNA remained intact in the sample lacking +36 GFP, while 34% of the siRNA remained intact in the sample pre-complexed with +36 GFP (Supporting Information Fig S7C).  Similarly, while plasmid DNA was nearly completely degraded by murine serum after 30 minutes at 37 °C, virtually all plasmid DNA pre-complexed with +36 GFP remained intact after 30 minutes, and 84% of plasmid DNA was intact after one hour (Supporting Information Fig S7D).  These results together indicate that +36 GFP is capable of significantly inhibiting serum-mediated siRNA and plasmid DNA degradation.  

Comparison of +36 GFP with Synthetic Cationic Peptides.  To probe the features of superpositively charged GFPs that impart their ability to deliver siRNA into cells, we compared the siRNA transfection ability of +36 GFP at 200 nM with that of a panel of synthetic cationic peptides at 200 nM or 2 µM.  This panel consisted of poly-(L)-Lys (a mixture containing an average of ~30 Lys residues per polypeptide), poly-(D)-Lys, Arg9, and a synthetic +36 peptide ((KKR)11RRK) that contains the same theoretical net charge and Lys:Arg ratio as +36 GFP.  MTT assays on HeLa cells treated with these synthetic polycations indicated low cytoxicity at the concentrations used, consistent with that of superpositively charged GFPs (Supporting Information Fig. S6B).  None of the four synthetic peptides tested, however, delivered a detectable amount of Cy3-siRNA into HeLa cells as assayed by flow cytometry, even when used at concentrations 10-fold higher than those needed for +36 GFP to effect efficient siRNA delivery or for +15 GFP to effect detectable siRNA delivery (Fig. 5).  
Coupled with our observation that +15 GFP exhibits low cell penetration and siRNA binding activity in comparison to +25 and +36 GFP (Figs. 3A and 3B), these results indicate that while GFP must be sufficiently positively charged to acquire the ability to enter cells and transfect siRNA efficiently, positive charge magnitude is not sufficient to confer transfection activity, and other features of +36 GFP lacking in the synthetic peptides tested are also required.  
+36 GFP-Mediated Transfection of Plasmid DNA.  Similar to the case with siRNA, we observed by gel-shift assay that +36 GFP forms a complex with plasmid DNA (Supporting Information Fig. S8).  To test if +36 GFP can deliver plasmid DNA to cells in a manner that supports plasmid-based gene expression, we treated HeLa, IMCD, 3T3-L, PC12, and Jurkat cells with a (-galactosidase expression plasmid premixed with Lipofectamine 2000, +36 GFP, or a C-terminal fusion of +36 GFP and the hemagglutinin 2 (HA2) peptide, which has been reported to enhance endosome degradation (32).  After 24 hours, cells were analyzed for (-galactosidase activity using a fluorogenic substrate-based assay.  

Consistent with our previous results (Figs. 3 and 4), Lipofectamine 2000 treatment resulted in significant (-galactosidase activity in HeLa cells, but only modest (-galactosidase activity in PC12 cells, and no detectable activity in any of the other three cell lines tested (Fig. 6).  In contrast, plasmid transfection mediated by 2 (M +36 GFP-HA2 resulted in significant (-galactosidase activity in HeLa, IMCD, and 3T3-L cells, and modest activity in PC12 cells (Fig. 6).  Interestingly, treatment with plasmid DNA and 2 µM +36 GFP did not result in detectable (-galactosidase activity (Fig. 6), suggesting that the hemagglutinin-derived peptide enhances DNA transfection or plasmid-based expression efficiency despite its lack of effect on siRNA-mediated gene silencing (Fig. 4D).


These results collectively indicate that +36 GFP-HA2 is able to deliver plasmid DNA into mammalian cells, including several cell lines resistant to cationic lipid-mediated transfection, in a manner that enables plasmid-based gene expression.  Higher concentrations of +36 GFP-HA2 are required to mediate plasmid DNA transfection than the amount of +36 GFP needed to induce efficient siRNA transfection.

Discussion

We have characterized the cell penetration and nucleic acid delivery properties of three superpositively charged GFP variants with net charges of +15, +25, and +36.  We discovered that superpositive GFPs penetrate cells in a charge-dependent manner and that +36 GFP is capable of efficiently delivering siRNA into a variety of mammalian cell lines, including those resistant to cationic lipid-based transfection, with low cytotoxicity.
Mechanistic studies revealed that +36 GFP enters cells through a clathrin- and caveolin-independent endocytosis pathway that requires sulfated cell-surface proteoglycans and actin polymerization.  This delivery pathway differs from previously described strategies for nucleic acid delivery to eukaryotic cells that rely on cell-specific targeting to localize their nucleic acid cargo (15, 31, 33).  For use in cell culture and even in certain in vivo applications, a general, non-cell type-specific approach to nucleic acid delivery may be a preferred alternative.

In four of the five cell lines tested, +36 GFP-mediated siRNA delivery induced significant suppression of gene expression.  A +36 GFP-hemagglutinin peptide fusion mediated plasmid DNA transfection in a manner that enables plasmid-based gene expression in the same four cell lines.  The demonstrated ability to transfect RNA 21 base pairs in length as well as plasmid DNA over 5,000 bp in length suggests that +36 GFP and its derivatives may serve as fairly general nucleic acid delivery vectors.  

An important distinction between delivery methods that rely on the synthesis of covalently linked transfection agent-nucleic acid conjugates such as, carbon nanotube-siRNA (11), nanoparticle-siRNA (34), TAT peptide-siRNA (35), cholesterol-siRNA (36), dynamic polyconjugate-siRNA (37) and the use of +36 GFP is that the latter simply requires mixing the protein and nucleic acid together.  Moreover, the reagent described here is purified directly from bacterial cells and used without chemical co-transfectants such as exogenous calcium or chloroquine.

We previously reported that +36 GFP is thermodynamically almost as stable as sfGFP but unlike the latter is able to refold after boiling and cooling (17).  We now report that +36 GFP exhibits resistance to proteolysis, stability in murine serum, and significant protection of complexed siRNA in murine serum.  While additional studies are needed to further characterize the potential of +36 GFP for in vivo nucleic acid delivery, these features are consistent with several of the key requirements for such an application.
 Taken together, these findings describe a new application of protein resurfacing— the potent delivery of nucleic acids into mammalian cells.  This unusual potency (38, 39) is complemented by low cytotoxicity, stability in mammalian serum, generality across various mammalian cell types including several that resist traditional transfection methods, the ability to transfect both small RNAs and large DNA plasmids, straightforward preparation from E. coli cells, and simple use by mixing with an unmodified nucleic acid of interest.  These qualities collectively suggest that superpositively charged proteins merit exploration as a new class of solutions to general nucleic acid delivery problems in mammalian cells. 

Materials and Methods

See the Supporting Information for descriptions of additional experimental procedures.

Expression and Purification of Supercharged GFP Proteins.  Supercharged GFP variants were purified using a variation on our previously reported method (17).  Briefly, GFP was overexpressed in BL21(DE3) E. coli.  Cells were lysed by sonication in 2 M NaCl in PBS, and purified as previously described (17).  Purified GFPs  (Supporting Information Fig. S9) were quantitated by absorbance at 488 nm assuming an extinction coefficient of 8.33 x 104 M-1cm-1 (27).  Fluorescence emission spectra are shown in Supporting Information Fig. S10.
Cationic Lipid-Based and GFP-Based Transfections.  Transfections using Lipofectamine 2000 (Invitrogen) and Fugene 6 (Roche) were performed following the manufacturer’s protocol.  Although the molecular weight of these reagents are not provided by the manufacturer, the concentration of Lipofectamine 2000 during transfection is 2 µg/mL and assuming the molecular weight of this cationic lipid is ≤ 1,000 Da, the concentration is ≥~2 µM.  
Cells were plated in a 12-well tissue culture plate at a density of 80,000 cells per well.  After 12 hours at 37 °C, the cells were washed with 4 °C (PBS) and for HeLa, IMCD, 3T3-L, and PC12 cells the media were replaced with 500 (L of serum-free DMEM at 4 °C.  Jurkat cells were transferred from the culture plate wells into individual 1.5 mL tubes, pelleted by centrifugation, and resuspended in 500 (L of serum-free RPMI 1640 at 4 °C.
A solution of GFP and either siRNA or plasmid DNA was mixed in 500 (L of either 4 °C DMEM (for HeLa, IMCD, 3T3-L, and PC12 cells) or 4 °C RPMI 1640 (for Jurkat cells).  After 5 min at 25 °C, this solution was added to the cells and slightly agitated to mix.  After 4 hours at 37 °C, the solution was removed from the cells and replaced with 37 °C media containing 10% FBS.  GAPDH-targeting Cy3-labeled siRNA and unlabeled siRNA were purchased from Ambion.  Plasmid transfections were performed using pSV-(-galactosidase (Promega).  (-galactosidase activity was measured using the (-Fluor assay kit (Novagen) following the manufacturer’s protocol.

Cell Imaging.  Four hours after treatment with GFP and Cy3-siRNA, cells were trypsinized and replated in medium containing 10% FBS on glass slides coated with Matrigel (BD Biosciences).  After 24 hours at 37 °C, cells were fixed with 4% formaldehyde in PBS, stained with DAPI where indicated, and imaged with a Leica DMRB inverted microscope.  Exposure times for GFP and Cy3 were fixed at 350 msec and 500 msec, respectively.
For experiments using small-molecule inhibitors, cells were plated on a glass-bottomed tissue culture plate (MatTek) and incubated with inhibitor for one hour at 37 °C, followed by treatment with 50 nM +36 GFP and inhibitor for an additional one hour at 37 °C.  The resulting cells were washed three times with PBS containing the inhibitor and 20 U/mL heparin to remove surface-associated GFP, with the exception that cells treated with 50 nM +36 GFP at 4( C were washed only one time with PBS containing 20 U/mL heparin to still allow a perimeter of some cell surface-bound GFP to be visible.  

Cells were imaged a 37 °C using an inverted microscope (Olympus IX70) in an epi-fluorescent configuration with an oil-immersion objective (numerical aperture 1.45, 60X, Olympus).  GFP was excited with 488 nm light from an argon ion laser (Melles-Griot), and Alexa Fluor 647 was excited with a 633 nm helium-neon laser (Melles-Griot).  

+36 GFP-siRNA Particle Size Characterization.  Dynamic light scattering was performed using a Protein Solution DynaPro instrument at 25 °C using 20 µM +36 GFP and 5 µM siRNA in PBS.  A purified 20-bp RNA duplex (5' GCAUGCCAUUACCUGGCCAU 3', from IDT) was used in these experiments.  Data was modeled to fit an isotrophic sphere.  5 µL of solution analyzed by DLS (20 µM +36 GFP and 5 µM siRNA in PBS) was imaged using a Leica DMRB inverted microscope. 
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Fig 1.  Supercharged GFP variants and their ability to penetrate cells.  (A) Calculated electrostatic surface potentials of GFP variants used in this study, colored from -25 kT/e (dark red) to +25 kT/e (dark blue).  (B) Flow cytometry analysis showing amounts of internalized GFP in HeLa cells treated with 200 nM of each superpositive GFP variant and washed three times with PBS containing heparin to remove cell surface-bound GFP.  (C) Flow cytometry analysis showing amounts of internalized +36 GFP (green) in HeLa, IMCD, 3T3-L, PC12, and Jurkat cells compared to untreated cells (black).
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Fig 2. (A) Internalization of +36 GFP in HeLa cells after co-incubation for 1 hour at 37 °C.  (B) Inhibition of +36 GFP cell penetration in HeLa cells incubated at 4C for 1 hour.  Cells were only partially washed to enable +36 GFP to remain partially bound to the cell surface.  (C) and (D) +36 GFP internalization under the conditions in (A) but in the presence of caveolin-dependent endocytosis inhibitors filipin and nystatin, respectively.  (E) +36 GFP internalization under the conditions in (A) but in the presence of the clathrin-dependent endocytosis inhibitor chlorpromazine.  (F) Localization of Alexa Fluor 647-labeled transferrin (red) and +36 GFP (green) 20 minutes after endocytosis.  (G) Inhibition of +36 GFP internalization in HeLa cells in the presence of the actin polymerization inhibitor cytochalasin D.  (H) Inhibition of +36 GFP internalization in HeLa cells treated with 80 mM sodium chlorate.  (I) Internalization of +36 GFP in CHO cells incubated at 37C for 1 hour. (J) Lack of +36 GFP internalization in PDG-CHO cells.  In (I) and (J) cell nuclei were stained with DAPI (blue).  The scale bar is 10 µm in (A)–(H) and 20 µm in (I)–(J).
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Fig 3. (A) Gel-shift assay (31) to determine superpositive GFP:siRNA binding stoichiometry.  10 pmoles of siRNA was mixed with various molar ratios of each GFP for 10 minutes at 25 (C, then analyzed by non-denaturing PAGE.  GFP-siRNA complexes were observed to remain in the loading well of the gel.  (B) Flow cytometry analysis showing levels of siRNA in HeLa cells treated with a mixture of 50 nM Cy3-siRNA and 200 nM of +15, +25, or +36 GFP, followed by three heparin washes to remove non-internalized GFP (Fig. S1).  (C) Flow cytometry analysis showing levels of Cy3-labeled siRNA delivered into HeLa, IMCD, 3T3-L, PC12, and Jurkat cells after incubation with a mixture of 50 nM Cy3-siRNA and either ~2 µM Lipofectamine 2000 (blue) or 200 nM +36 GFP (green) in comparison to cells treated with siRNA without transfection reagent (black).  (D) Fluorescence microscopy images of stably adherent cell lines (HeLa, IMCD, and 3T3-L) 24 hours after a four-hour treatment with 200 nM +36 GFP and 50 nM Cy3-siRNA.  Each image is an overlay of three channels: blue (DAPI stain), red (Cy3-siRNA), and green (+36 GFP); yellow indicates the colocalization of red and green. Scale bar = 10 µm.
[image: image4.png]% GAPDH mRNA suppression I
(normalized to p-actin)

TN
o
L | L L L

N
o
P IR

o
T

== ~2 uM Lipofectamine 2000
== 200 nM +36 GFP

48 hours 72 hours 96 hours




[image: image5.png]o

10

(00)
o
[ IR

()]

N
o
TR R

% protein suppression
(normalized to p-tubulin)
N

04

o
Cly

o
Cl

o

I |

== ~2 UM Lipofectamine 2000

== 200 nM +36 GFP

N

A8hrs 72hrs 96 hrs 96 hrs

GAPDH

B-actin




[image: image6.png]100-

- NN WS O1O NN OO
OO OO0 O0O0O0O0 000
\I\\l\\\ll\\\\ll\\\l\\l\l\l\\l\\\ll\\\\ll\\\l\

(normalized to p-tubulin)

== ~ 2 mM Lipofectamine 2000
m= 200 nM +36 GFP
m= 200 nM +36 GFP-HA2

111,

% GAPDH protein suppression ()

HeLa IMCD 3T3-L PC12 Jurkat
cell line




Fig 4.  Suppression of GAPDH mRNA and protein levels resulting from siRNA delivery.  (A) GAPDH mRNA level suppression in HeLa cells 48, 72, or 96 hours after treatment with 50 nM siRNA and ~2 µM Lipofectamine 2000, or with 50 nM siRNA and 200 nM +36 GFP, as measured by RT-QPCR.  Suppression levels shown are normalized to (-actin mRNA levels; 0% suppression is defined as the mRNA level in cells treated with negative control siRNA.  (B) GAPDH or (-actin protein level suppression in HeLa cells 48, 72, or 96 hours after treatment with siRNA and ~2 µM Lipofectamine 2000, or with siRNA and 200 nM +36 GFP.  (C) GAPDH protein level suppression in HeLa, IMCD, 3T3-L, PC12, and Jurkat cells 96 hours after treatment with 50 nM siRNA and ~2 µM Lipofectamine 2000, 200 nM +36 GFP, or 200 nM +36 GFP-HA2.  Protein levels were measured by Western blot and are normalized to -tubulin protein levels; 0% suppression is defined as the protein level in cells treated with negative control siRNA.  Values and error bars represent the mean and the standard deviation of three independent experiments in (A) and five independent experiments in (B) and (C).
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Fig 5.  The siRNA transfection activities of a variety of cationic synthetic peptides compared with that of +15 and +36 GFP.  Flow cytometry was used to measure the levels of internalized Cy3-siRNA in HeLa cells treated for four hours with a mixture of 50 nM Cy3-siRNA and the peptide or protein shown.
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Fig 6.  Plasmid DNA transfection into HeLa, IMCD, 3T3-L, PC12, and Jurkat cells by Lipofectamine 2000, +36 GFP, or +36 GFP-HA2.  Cells were treated with 800 ng pSV-(-galactosidase plasmid and 200 nM or 2 µM of +36 GFP or +36 GFP-HA2 for four hours.  After 24 hours, (-galactosidase activity was measured.  Values and error bars represent the mean and standard deviation of three independent experiments.
