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ABSTRACT: Cells tightly regulate their contents. Still, nonspecific Coulombic interactions between cationic
molecules and anionic membrane components can lead to adventitious endocytosis. Here, we charac-
terize this process in a natural system. To do so, we create variants of human pancreatic ribonuclease
(RNase 1) that differ in net molecular charge. By conjugating a small-molecule latent fluorophore to
these variants and using flow cytometry, we are able to determine the kinetic mechanism for RNase 1
internalization into live human cells. We find that internalization increases with solution concentration
and is not saturable. Internalization also increases with time to a steady-state level, which varies linearly
with molecular charge. In contrast, the rate constant for internalization (t1/2 ) 2 h) is independent of
charge. We conclude that internalization involves an extracellular equilibrium complex between the cationic
proteins and abundant anionic cell-surface molecules, followed by rate-limiting internalization. The enhanced
internalization of more cationic variants of RNase 1 is, however, countered by their increased affinity for
the cytosolic ribonuclease inhibitor protein, which is anionic. Thus, Coulombic forces mediate extracellular
and intracellular equilibria in a dichotomous manner that both endangers cells and defends them from the
potentially lethal enzymatic activity of ribonucleases.

Cells control their intracellular environment through care-
ful gating of the influx of extracellular material (1, 2). To
distinguish between molecules to be internalized and those
to be excluded, cells use specific interactions with cell-
surface proteins, lipids, and carbohydrates. Nonspecific
interactions mediated by Coulombic forces can also lead to
internalization, often in an unregulated manner (1-5).1 Such
nonspecific interactions can be modulated by increasing,
decreasing, or masking the cationic charge on the biomol-
ecule (3, 5).

Two classes of molecules that exploit high cationicity to
effect nonspecific adsorption to the cell surface and inter-

nalization are cell-penetrating peptides (CPPs2) and ribonu-
cleases (7-10). CPPs have received considerable attention
because of their ability to transport otherwise membrane-
impermeable cargo into cells (9, 11, 12). The detailed
mechanism of CPP internalization is unclear but is known
to involve multiple steps. Those steps include binding to
anionic cell-surface molecules, internalization in an ATP-
and temperature-dependent manner, and ultimately translo-
cation from endosomes into the cytoplasm (9, 13-15).
Similar to cationic peptides, the endocytosis of pancreatic-
type ribonucleases is facilitated by their cationic nature (10,
16). Ribonucleases bind to the cell surface through Cou-
lombic interactions between positively charged residues and
negatively charged cell-surface molecules (10) and are
endocytosed by a dynamin-independent pathway without the
necessity for a specific receptor (16).

Pancreatic-type ribonucleases have diverse biological
activities, including selective toxicity to cancerous cells (17-
22). The archetype of a cytotoxic ribonuclease is Onconase
(ONC), a ribonuclease isolated from the oocytes ofRana
pipiensthat is currently in confirmatory phase IIIb clinical
trials for the treatment of malignant mesothelioma (23). The
specific toxicity of ONC and engineered ribonucleases
toward tumor cells relies on multiple biochemical attributes,
such as evasion of the cytosolic ribonuclease inhibitor protein
(RI (24)), high ribonucleolytic activity, and resistance to
proteolysis (25-27).

Cationic charge is also important for ribonuclease cyto-
toxicity. For example, the cytotoxicity of bovine pancreatic
ribonuclease (RNase A, EC 3.1.27.5 (28)) and microbial
ribonucleases can be increased through mutagenic or chemi-
cal cationization (29-33). Traditional studies on the relation-
ship between the cationicity and cytotoxicity of ribonucleases
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have used cell death as the read-out (10, 29-34). This
phenotype is manifested, however, only after a complex,
multistep process (17-22). Hence, a direct measurement of
ribonuclease internalization is necessary to dissect the effect
of cationicity on internalization.

Here, we isolate internalization from cell death by using
a novel fluorogenic label with fluorescence that remains
quiescent until an encounter with an intracellular esterase
(35, 36). By using this latent fluorophore along with flow
cytometry, we directly quantitate the internalization of
variants of human pancreatic ribonuclease (RNase 1; Figure
1A). We then characterize the effect of charge on two
equilibria that mediate ribonuclease cytotoxicity. Our findings
reveal new information about the role of Coulombic forces
in protein-cell and protein-protein interactions.

EXPERIMENTAL PROCEDURES

Materials. Escherichia colistrain BL21(DE3) was from
Novagen (Madison, WI). 6-FAM-dArU(dA)2-6-TAMRA,
a fluorogenic ribonuclease substrate, was from Integrated
DNA Technologies (Coralville, IA). Enzymes were from
Promega (Madison, WI). K-562 cells, which are an eryth-
roleukemia cell line derived from a chronic myeloid leukemia
patient, were from the American Type Culture Collection
(Manassas, VA). Cell culture medium and supplements were

from Invitrogen (Carlsbad, CA). [methyl-3H]Thymidine (6.7
Ci/mmol) was from Perkin-Elmer (Boston, MA). Protein
purification columns were from GE Biosciences (Piscataway,
NJ). MES buffer (Sigma-Aldrich, St. Louis, MO) was
purified by anion-exchange chromatography to remove trace
amounts of oligomeric vinylsulfonic acid (37). Phosphate-
buffered saline (PBS) contained (in 1.00 L) NaCl (8.0 g),
KCl (2.0 g), Na2HPO4‚7H2O (1.15 g), KH2PO4 (2.0 g), and
NaN3 (0.10 g) and had a pH of 7.4. All other chemicals were
of commercial grade or better and were used without further
purification.

Instrumentation. Fluorescence spectroscopy was performed
with a QuantaMaster1 photon-counting fluorimeter equipped
with sample stirring (Photon Technology International, South
Brunswick, NJ). Thermal denaturation data were collected
using a Cary 3 double-beam spectrophotometer equipped
with a Cary temperature controller (Varian, Palo Alto, CA).
[methyl-3H]Thymidine incorporation into genomic DNA was
quantitated by liquid scintillation counting using a Microbeta
TriLux liquid scintillation and luminescence counter (Per-
kin-Elmer, Wellesley, MA). The mass of RNase 1 and its
variants was confirmed by matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrometry
with a Voyager-DE-PRO Biospectrometry Workstation (Ap-
plied Biosystems, Foster City, CA) at the campus Biophysics

FIGURE 1: Design of ribonuclease variants and latent fluorophore. (A) Ribbon diagram of RNase 1 (PDB entry 1Z7X, chain Z (40)).
Residues substituted herein are depicted in red. The image was created with the program PyMOL (DeLano Scientific, South San Francisco,
CA). (B) Structure of latent fluorophore before and after activation by an intracellular esterase. (C and D) Confocal microscopy images of
unwashed K-562 cells incubated at 37°C for 30 min with fluorescein-labeled RNase 1 (10µM; C) or latent fluorophore-labeled RNase 1
(10 µM; D). Nuclei were stained by adding Hoechst 33342 (2µg/mL) during the final 5 min of incubation. Insets: bright-field images.
Scale bar: 10µm.
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Instrumentation Facility. Flow cytometry data were collected
by using a FACSCalibur flow cytometer equipped with a
488-nm argon-ion laser (Becton Dickinson, Franklin Lakes,
NJ). Microscopy images were obtained with a Nikon Eclipse
TE2000-U confocal microscope equipped with a Zeiss
AxioCam digital camera.

Protein Purification and Labeling. DNA encoding variants
of RNase 1 were made by using plasmid pHP-RNase (38)
and the Quikchange site-directed mutagenesis or Quikchange
Multi site-directed mutagenesis kit (Stratagene, La Jolla, CA).
RNase 1 variants were produced inE. coli and purified by
using methods described previously for wild-type RNase 1
(38). D38R/R39D/N67R/G88R RNase A, which is a highly
cytotoxic variant (39), was a gift from T. J. Rutkoski. Human
RI was produced inE. coli and purified as described
previously (40).

Variants with a free cysteine at position 19 were protected
by reaction with 5,5′-dithio-bis(2-nitrobenzoic acid) (DTNB)
(36, 41). Immediately prior to latent-fluorophore attachment,
TNB-protected ribonucleases were deprotected with a 3-fold
molar excess of dithiothreitol (DTT) and desalted by chro-
matography on a PD-10 desalting column (GE Biosciences,
Piscataway, NJ). The maleimide-containing latent fluoro-
phore was synthesized as described previously (36). Depro-
tected ribonucleases were reacted for 4-6 h at 25°C with
a 10-fold molar excess of thiol-reactive latent fluorophore
(36). Conjugates were purified by chromatography using a
HiTrap SP FF column. The molecular masses of RNase 1,
its variants, and conjugates were confirmed by MALDI-
TOF mass spectrometry. Protein concentration was deter-
mined by using a bicinchoninic acid assay kit from Pierce
(Rockford, IL) with bovine serum albumin as a standard.

Conformational Stability Measurements.The conforma-
tional stability of RNase 1 and its variants was determined
by following the change in UV absorbance at 287 nm with
increasing temperature (26). The temperature of PBS con-
taining an RNase 1 variant (0.1-0.2 mg/mL) was heated
from 20 to 80°C at 0.15°C/min. TheA287 was followed at
1 °C intervals, and the absorbance change was fitted to a
two-state model of denaturation, wherein the temperature at
the midpoint of the transition curve corresponds to the value
of Tm.

Ribonucleolytic ActiVity Assays. The ribonucleolytic activ-
ity of RNase 1 and its variants was determined by quantitat-
ing its ability to cleave 6-FAM-dArU(dA)2-6-TAMRA
(42). Assays were carried out at 23 ((2) °C in 2.0 mL of
0.10 M MES-NaOH buffer (pH 6.0) containing NaCl (0.10
M). Fluorescence data were fitted to eq 1, in which∆I/∆t is
the initial reaction velocity,I0 is the fluorescence intensity
before addition of a ribonuclease,If is the fluorescence
intensity after complete substrate hydrolysis, and [E] is the
total ribonuclease concentration.

RI-Binding Assays. The affinity of RNase 1 variants for
human RI was determined by using a fluorescent competi-
tion assay reported previously (43). Briefly, PBS (2.0 mL)
containing DTT (5 mM), fluorescein-labeled G88R
RNase A (50 nM), and various concentrations of an unlabeled
RNase 1 variant was incubated at 23 ((2) °C for 20 min.

The initial fluorescence intensity of the unbound fluorescein-
labeled G88R RNase A was monitored for 3 min (excita-
tion: 491 nm, emission: 511 nm). RI (50 nM) was then
added, and the final fluorescence intensity was measured.
The value ofKd for RI‚RNase 1 complexes as defined in eq
2 was obtained by nonlinear least-squares analysis of the
binding isotherm using GraphPad Prism 4.02 (GraphPad
Software, San Diego, CA). TheKd value for the complex
between RI and fluorescein-labeled G88R RNase A was
taken to be 1.4 nM (39).

Cytotoxicity Assays. The effect of RNase 1 and its variants
on the proliferation of K-562 cells was assayed as described
previously (38, 39, 44). After a 44-h incubation with
ribonuclease, K-562 cells were treated with [methyl-3H]-
thymidine for 4 h, and the incorporation of radioactive
thymidine into cellular DNA was quantitated by liquid
scintillation counting. The results are shown as the percentage
of [methyl-3H]thymidine incorporated relative to control cells.
Data are the average of three measurements for each
concentration, and the entire experiment was repeated in
triplicate. Values for IC50 were calculated by fitting the curves
by nonlinear regression with eq 3 (39), in which y is the
total DNA synthesis following the [methyl-3H]thymidine
pulse, andh is the slope of the curve.

Flow Cytometry Assays. The internalization of ribonu-
clease variants with latent fluorophore attached (Figure 1B)
was followed by monitoring the unmasking of fluorescence
by intracellular esterases. K-562 cells from near confluent
flasks were collected by centrifugation and resuspended at
a density of 1× 106 cells/mL in fresh RPMI 1640. Labeled
ribonuclease (10µM) or unlabeled RNase 1 (10µM) was
added to 250µL of RPMI containing 1× 106 cells/mL of
K-562 cells. K-562 cells were allowed to incubate at 37°C
for varying times with the ribonucleases. To quench inter-
nalization, K-562 cells were collected by centrifugation at
750g for 3 min at 4°C, and cell pellets were resuspended
gently in ice-cold PBS (250µL). Samples remained on ice
until analyzed by flow cytometry.

Latent fluorophore fluorescence was detected through a
530/30-nm band-pass filter. Cell viability was determined
by staining with propidium iodide, which was detected
through a 660-nm long-pass filter. The mean channel
fluorescence intensity of 20,000 viable cells was determined
for each sample using CellQuest software and used for
subsequent analysis. To determine the steady-state rate
constant for ribonuclease internalization, fluorescence in-
tensity data were fitted to eq 4, in whichFmax is the
fluorescence intensity upon reaching the steady state, andkI

is the rate constant for ribonuclease internalization into K-562
cells.

Microscopy. Confocal microscopy was used to observe
ribonuclease localization. K-562 cells were prepared as

kcat/KM )
(∆I/∆t)

(If - I0)[E]
(1)

RI‚RNase 1{\}
Kd

RI + RNase 1 (2)

y ) 100%

1 + 10(log (IC50) - log [ribonuclease])h
(3)

F ) Fmax(1 - e-kIt) (4)
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described for flow cytometry. Latent fluorophore-labeled
RNase 1 variant (10µM) or fluorescein-labeled RNase 1
variant (10 µM) were added to 250µL of RPMI 1640
containing K-562 cells (1× 106 cells/mL) and incubated at
37 °C for varying times. Cell nuclei were stained by the
addition of Hoechst 33342 (2µg/mL) for the final 5 min of
incubation. Excitation at 408 nm was provided by a blue-
diode laser, and emission light was passed through a filter
centered at 450 nm with a 35-nm band-pass. Excitation at
488 nm was provided by an argon-ion laser, and emission
light was passed through a filter centered at 515 nm with a
40-nm band-pass. Excitation at 543 nm was provided by a
HeNe laser, and emission light was passed through a filter
centered at 605 nm with a 75-nm band-pass.

RESULTS

Design of RNase 1 Variants. Recently, we reported on
variants of RNase 1 that evade the inhibitory action of RI
(40). In these variants, positions 39, 67, 88, 89, and 91 of
RNase 1 were determined to be important contact residues
between human RI and RNase 1 (Figure 1A). By engendering
Coulombic repulsion at these positions, a variant of
RNase 1 (DDADD3) was endowed with 5× 109-fold lower
affinity for RI. This variant was, however, only moderately
toxic to human chronic myeloid leukemia cellsin Vitro (IC50

) 13.3 µM) (40).
The lowered cytotoxicity of this RNase 1 variant when

compared to other ribonucleases with similar biochemical
characteristics was proposed to result from its net neutral
charge, which could diminish its cellular internalization (40).
To investigate the effect of both positively and negatively
charged amino acid substitutions at these same positions in
RNase 1 on ribonuclease internalization and RI evasion, a
series of RNase 1 variants were constructed (Table 1). To
maintain a basal level of RI evasion and cytotoxicity, these
RNase 1 variants maintained an aspartate or leucine substitu-
tion at positions 39 and 91, as these residues contributed
most to the evasion of RI (40). Then, the net charge of the
RNase 1 variant was varied by incorporating positively or

negatively charged residues at positions 67, 88, or 89, which
are known to contribute less to the stability of the
RI‚RNase 1 complex (40). These substitutions neither create
nor destroy a canonical nuclear localization signal, which
could contribute to cytotoxicity (45). The resulting RNase 1
variants had a net charge (Z) ranging from 0 to+6.

Biochemical Properties of RNase 1 Variants. The cyto-
toxicity of a ribonuclease is governed by the biochemical
parameters listed in Table 1 (25-27): conformational
stability, ribonucleolytic activity, RI affinity, and molecular
charge of the RNase 1 variants. The conformational stability
of a ribonuclease, which provides a measure of its vulner-
ability to proteolysis, correlates with its cytotoxic activity
(26). Conformational stability could not, however, have had
a significant effect on the cytotoxicity of the RNase 1
variants, as eachTm value is within 8°C of that of wild-
type RNase 1 and significantly above physiological temper-
ature (37°C). Like conformational stability, ribonucleolytic
activity correlates with cytotoxicity (25, 46). Here, however,
each of the RNase 1 variants cleaved an RNA substrate with
a kcat/KM value that was within 3-fold of that of the wild-
type enzyme (42).

The biochemical attribute that varied most dramatically
between the different RNase 1 variants was the affinity for
RI (Table 1), which is known to be an important factor in
cytotoxicity (25, 39, 44, 47). Consequently, the 1500-fold
range of affinities for RI, between the most RI-evasive variant
(DDADD RNase 1;Kd ) 1.7 µM) and the least RI-evasive
variant (LRRRD RNase 1;Kd ) 1.1 nM), foreshadows a
large range of cytotoxic activity.

Ribonuclease Cytotoxicity. Surprisingly, the RNase 1
variants varied little in their cytotoxic activity (Figure 2;
Table 1). None of the RNase 1 variants was as cytotoxic as
D38R/R39D/N67R/G88R RNase A. This variant of the
bovine enzyme is both highly evasive of RI (Kd ) 510 nM)
and highly cationic, having a net molecular charge (i.e., Arg
+ Lys - Asp - Glu) of Z ) +6 (39).

3 RNase 1 variants are named according to their amino acid
composition at residues 39, 67, 88, 89, and 91. Hence, DDADD
RNase 1 refers to the R39D/N67D/N88A/G89D/R91D variant.

Table 1: Properties of Wild-Type RNase 1 and its Variants

RNase 1
Tm

(°C)a
kcat/KM

(106 M-1s-1)b
Kd

(nM)c
IC50

(µM)d Z

wild typee 57 21( 2 29× 10-8 >25 +6
DDADDe 58 6.3( 0.5 (1.7( 0.5)× 103 13.3( 1.7 0
LLALL e 65 30( 3 30( 1 >25 +4
DRRDD 53 14( 3 28( 4 5.69( 0.37 +3
DRRRD 49 6.7( 0.6 1.3( 0.2 10.8( 0.93 +5
LRRDD 54 19( 2 1.8( 0.1 16.2( 1.3 +4
LRRRD 53 9.1( 2 1.1( 0.2 >25 +6

a Values ofTm ((2 °C) were determined in PBS by UV spectroscopy.
b Values ofkcat/KM ((SE) were determined for the catalysis of 6-FAM-
dArU(dA)2-6-TAMRA cleavage at 25°C in 0.10 M MES-NaOH
buffer (OVS-free) at pH 6.0, containing 0.10 M NaCl and were
calculated with eq 1.c Values ofKd ((SE) were determined for the
complex with human RI (eq 2) at 25°C. d Values of IC50 ((SE) are
for incorporation of [methyl-3H]thymidine into the DNA of K-562 cells
treated with the ribonuclease and were calculated with eq 3.e From
ref 40.

FIGURE 2: Cytotoxicity of ribonuclease variants. Effect of ribonu-
cleases on the proliferation of K-562 cells was determined by
monitoring the incorporation of [methyl-3H]thymidine into cellular
DNA in the presence of ribonucleases. Data points are mean values
((SE) fromg3 experiments, each carried out in triplicate, and were
fitted to eq 3. Variants in order of increasing cytotoxicity: D38R/
R39D/N67R/G88R RNase A ()); DRRDD RNase 1 ((); DRRRD
RNase 1 (1); DDADD RNase 1 (b); LRRDD RNase 1 (2);
LRRRD RNase 1 (9); and wild-type RNase 1 (O).
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Ribonuclease Internalization. To determine whether the
molecular charge of an RNase 1 variant affects its cellular
internalization, we employed a synthetic latent fluorophore
(Figure 1B) (35, 36). This latent fluorophore is not fluores-
cent until activated by an intracellular esterase, allowing for
the direct and continuous visualization of protein internaliza-
tion (Figure 1C and D). RNase 1, like RNase A, has eight
cysteine residues that form four disulfide bonds in the native
enzyme. To enable the attachment of the latent fluorophore,
we replaced Pro19 of each RNase 1 variant with a cysteine
residue. Position 19 was chosen because it is remote from
the regions of interest (Figure 1A), and attachment of
fluorescent groups at this position is not known to have a
detectable effect on the ribonucleolytic activity, RI-affinity,
or cell-surface binding of ribonuclease variants (16, 43). The
latent fluorophore was attached to Cys19 of each ribonu-
clease by a standard maleimide coupling reaction (36).

The internalization of latent fluorophore-conjugated ribo-
nuclease variants was observed by fluorescence microscopy
and quantitated by flow cytometry. Initial experiments
revealed that the amount of ribonuclease internalized into
live human cells increased linearly during the first 2 h (Figure
3A) and accumulated in endocytic vesicles (Figure 3B).
Bright-field images indicated that the cells were alive and
appeared to have normal physiology during the time course
of the experiments (Figure 1D).

Detailed experiments were then performed to quantify the
internalization of a ribonuclease as a function of time (Figure
4A), its net charge (Figure 4B), and its concentration (Figure
4C). Using eq 4 and the data in Figure 4A, the values oft1/2

() ln 2/kI) for the internalization of the RNase 1 variants
were calculated to be (110( 17) min for RNase 1, (131(
16) min for DRRDD RNase 1, and (129( 26) min for
DDADD RNase 1. Theset1/2 values are indistinguishable,

suggesting that each variant is endocytosed by the same
mechanism.

The amount of ribonuclease internalized into K-562 cells
in 30 min was related linearly to the net charge of the
ribonuclease (Figure 4B). The relative amount of ribonu-
clease internalized at 30 min also increased by greater than
4-fold between the RNase 1 variants with the lowest and
highest net charge (DDADD (Z ) 0) and LRRRD (Z ) +6),
respectively). Two variants of RNase 1 (DRRRD and
LRRRD, with the G89R substitution underlined) were
internalized to a somewhat greater extent than expected based
on their net charge. These two variants are the only ones
with a G89R substitution.

The amount of ribonuclease internalized into K-562 cells
in 30 min increased with the solution concentration of the
ribonuclease, at least up to 10µM (Figure 4C). These data
suggest that the binding of RNase 1 to the cell surface is
not saturable (16), consistent with internalization being
mediated by a nonspecific interaction with an abundant cell-
surface molecule rather than by a specific interaction with a
receptor. Again, internalization correlated with net charge,
as more wild-type RNase 1 (Z ) +6) than its DRRDD (Z )
+3) or DDADD (Z ) 0) variant was internalized at each
concentration.

DISCUSSION

Dual Influence of Coulombic Forces. Coulombic forces
can lead to the unregulated internalization of cationic peptides
and proteins into cells (1-5). To assess the biological
consequences of increasing the charge of a ribonuclease, we
created RNase 1 variants with a range of net charges (Table
1). We then quantitated their cellular internalization by using
a latent fluorophore (Figure 1B) and flow cytometry. This

FIGURE 3: Kinetics of ribonuclease internalization. (A) Initial velocity of cellular internalization vs time (e2 h). Internalization was determined
by incubating latent fluorophore-labeled RNase 1 (O) with K-562 cells at 37°C. Incubations were quenched at known times by immersing
the K-562 cells in ice-cold PBS and storing them on ice before quantitation by flow cytometry. Data points are mean values ((SE) from
g3 cell populations. (B) Confocal microscopy images of unwashed K-562 cells incubated at 37°C for varying time periods (0-6 h) with
latent fluorophore-labeled RNase 1 (10µM). Nuclei were stained by adding Hoechst 33342 (2µg/mL) during the final 5 min of incubation.
Scale bar: 10µm.
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combination obviated any signal from ribonucleases bound
to the cell membrane (Figure 1C) without the need for
protease treatment or washing steps (15, 36), permitting more
timely and precise measurements than are accessible with
any other method.

The net charge of a ribonuclease has a positive linear
relationship with its internalization (Figure 4B). The two
variants with the highest internalization based on their net
charge have an arginine residue at position 89 (DRRRD and
LRRRD). Installing arginine in the analogous site of
RNase A yielded G88R RNase A, which was the first
monomeric mammalian ribonuclease endowed with cyto-
toxicity (47). This cytotoxicity was attributed to a 104-fold
decrease in affinity for RI (47). Our analyses of the G89R
variants of RNase 1 suggest, however, that this substitution
in RNase A could instill the added benefit of increasing
cellular internalization. Our data also indicate that a positive
net charge isnot essential for ribonuclease internalization,

as a neutral RNase 1 variant (DDADD) is internalized
significantly and is cytotoxic (Figures 2 and 4; Table 1).
Instead, the disposition of charge could govern the internal-
ization of ribonucleases (10) and other proteins (48).

The opposite trend is observed between charge and the
affinity for RI, which is highly anionic (Z ) -22). In Figure
4D, the net charge of RNase 1 variants substituted at
positions 39, 67, 88, 89, and 91 is plotted versus theKd

value for their complex with RI. An inverse relationship
between the net charge of an RNase 1 variant and its affinity
for RI is observed, reinforcing the unusual nature of the
RI-RNase 1 interaction and the importance of Coulombic
forces to RI‚RNase 1 complex formation (40).

Hence, two competing equilibria involving ribonuclease
charge seem to imperil and protect cells from the cytotoxic
activity of rogue ribonucleases (16). In these equilibria,
increasing the positive charge of a ribonuclease increases
its internalization but also increases its RI affinity (Figure

FIGURE 4: Properties of RNase 1, its variants, and RNase A: wild-type RNase 1 (O), DDADD RNase 1 (b), DRRDD RNase 1 ((),
LRRDD RNase 1 (2), LLALL RNase 1 (0), DRRRD RNase 1 (1), LRRRD RNase 1 (9), and wild-type RNase A ()). (A) Plot of
internalization of a ribonuclease into K-562 cells vs time. Internalization was measured by using flow cytometry and following the fluorescence
manifested by activation of a latent fluorophore attached to the ribonuclease (10µM) after incubation for the specified times points. Data
points are the mean values ((SE) for 20,000 cells fromg3 cell populations and were fitted to eq 4. (B) Plot of internalization of a
ribonuclease into K-562 cells vs its net charge. Internalization was monitored as in panel A, except that all incubations were for 30 min at
37 °C. (C) Plot of internalization of a ribonuclease into K-562 cells vs its concentration. Internalization was followed as in panel A, except
for the variable concentration of ribonuclease (0.1, 1.0, or 10µM). (D) Semilog plot of affinity of a ribonuclease for RI vs its net charge.
Data points are the mean values ((SE). Variants of RNase 1 from ref40 are indicated by an asterisk and their amino acids at positions 39,
67, 88, 89, and 91, with “-” indicating the wild-type residue.
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4), yielding RNase 1 variants with similar cytotoxic activity
(Figure 2; Table 1). These competing equilibria make net
charge a difficult variable to optimize in the design of
cytotoxic ribonucleases.

Mechanism of Ribonuclease Internalization. The internal-
ization of a ribonuclease seems to limit its cytotoxicity, as
microinjected ribonucleases are cytotoxic at picomolar
concentrations (49). Thus, fully understanding the factors
involved in ribonuclease internalization could lead to more
effective ribonuclease chemotherapeutics (16). The cation-
icity of RI-evasive ribonucleases correlates with their cyto-
toxicity (29-32) and destabilization of anionic membranes
(10). The endocytic mechanism is dynamin-independent (16),
but the remaining steps in the pathway are unknown.

Further insight into the mechanism of ribonuclease inter-
nalization can be gathered by comparing its kinetic mech-
anism to that of CPPs. CPP internalization reaches a steady-
state level, like that of ribonucleases (Figure 4A) (13, 50).
The half-time for the internalization of a CPP (t1/2 e 60 min
(11, 13)) is, however, less than that for the internalization
of an RNase 1 variant (t1/2 ) 2 h, Figure 4A). This difference
in rate constant likely arises from the difference in molecular
mass, as CPPs carrying large cargo internalize more slowly
(11). As with ribonucleases (Figure 4C), CPP internalization
is dose-dependent (13). These similarities are consistent with
ribonucleases and CPPs having similar internalization mech-
anisms.

The steady-state kinetics of CPP internalization have been
interpreted in terms of an equilibrium formed between CPP
free in solution and CPP bound to anionic cell-surface
molecules, concomitant with the degradation of the CPP (11,

13, 50). On the basis of the similarities between CPPs and
ribonucleases, the same explanation seems to be applicable
for ribonucleases: an extracellular pre-equilibrium is formed
between ribonuclease free in solution and bound to the cell
surface. Further evidence for the existence of such a prior
equilibrium is provided by the charge dependence of
internalization. All three ribonucleases tested had a similar
half-time for internalization (2 h), indicative of the same
mechanism of internalization. Yet, their steady-state level
of internalization varied by up to 4-fold on the basis of their
net charge (Figure 4A). Thus, ribonucleases that are more
cationic have higher affinities for anionic cell-surface
molecules, shifting the extracellular distribution toward the
cell-surface bound state. This shift in distribution leads to
more ribonucleases being internalized in the rate-limiting step
(kI) but without affecting the internalization rate of any
individual molecule.

On the basis of these data, we propose a model for the
effect of ribonuclease charge on internalization and cyto-
toxicity (Figure 5). First, ribonucleases form an extracellular
equilibrium with an anionic cell-surface molecule that is
mediated by the cationicity of the ribonuclease. A candidate
for this cell-surface molecule is heparan sulfate, which is an
abundant glycosaminoglycan necessary for the efficient
internalization of ribonucleases (51) and CPPs (14) as well
as a cationic variant of the green fluorescent protein (48).
Second, an intracellular equilibrium based on ribonuclease
charge is formed upon ribonuclease translocation to the
cytosol (Figure 5). This second equilibrium between ribo-
nucleases bound by RI and those that evade RI is apparent
by the opposing trends depicted in Figure 4B and D. In these
figures, ribonucleases that are internalized at a higher rate
(Figure 4B) are not necessarily more cytotoxic (Figure 2)
because they are also bound more tightly by RI (Figure 4D).

Finally, the Coulombic interactions characterized herein
could have clinical significance. Cells derived from cancerous
tissue tend to be more anionic than cells derived from similar
normal tissue (52, 53). In contrast, RI levels are constant in
cells with a cancerous and noncancerous origin (54). Ac-
cordingly, variation in the position of the extracellular
equilibrium (Figure 5) could contribute to the therapeutic
index of ONC and other ribonucleases.

Conclusions. Understanding how cationic proteins enter
human cells and exerting control over this process portends
the development of better chemotherapeutics. Toward this
end, we developed a method to quantitate the effect of the
net charge of a ribonuclease on its cellular internalization.
We found ribonuclease internalization to be related linearly
to net charge and to reach a steady-state level of internaliza-
tion based on that net charge. These two characteristics
suggest that ribonuclease internalization is controlled by an
extracellular equilibrium formed between ribonuclease mol-
ecules free in solution and those bound to anionic moieties
on the cell surface. This extracellular equilibrium is then
counteracted by an intracellular equilibrium in which more
cationic ribonucleases bind more tightly to RI. Thus, these
two equilibria cause cells to entice and then entrap ribonu-
cleases.
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FIGURE 5: Coulombic effects on ribonuclease-mediated cytotoxicity.
Cationic and anionic molecules are depicted in blue and red,
respectively. (A) Ribonucleases form an extracellular equilibrium
complex with abundant anionic cell-surface molecules such as
heparan sulfate. Bound ribonucleases are internalized into endo-
somes with rate constantkI. (B) Internalized ribonucleases trans-
locate to the cytosol by an unknown mechanism. (C) In the cytosol,
ribonucleases form an intracellular equilibrium complex with RI.
(D) Ribonucleases that evade RI degrade cellular RNA, leading to
apoptosis.
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