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Abstract
The current study clarifies the role of the Glycosaminoglycan (GAG)-binding domain of insulin-
like growth factor binding protein-3 (IGFBP-3) in cell penetration. The cell penetration function
of IGFBP-3 has been mapped to an 18-residue GAG-binding domain in the C-terminal region that
mobilizes cellular uptake and nuclear localization of unrelated proteins. Uptake of KW-22, a 22-
residue peptide that encompasses the 18-residue GAG-binding domain, and another IGFBP-3
peptide carrying a streptavidin protein cargo was investigated in Chinese hamster ovary (CHO)
cells defective at several steps of biosynthesis of cell surface GAGs. The severity of GAG
truncation was highly correlated to the impairment of uptake ranging from complete abrogation to
only a partial reduction, suggesting that GAG-binding is required for uptake. The 18-residue
GAG-binding domain consists of an 8-residue KK-8 basic sequence devoid of Arg and an adjacent
10-residue QR-10 sequence rich in Arg. Peptide mapping of uptake and GAG-binding activities
within the KW-22 peptide showed that the 8-residue KK-8 basic peptide retained 80% of GAG-
binding activity with no uptake activity while the 10-residue QR-10 peptide retained 53% of
uptake activity and 18% of GAG-binding activity. This suggests that KK-8 carries out the majority
of GAG-binding function while QR-10 carries out the majority of the cell entry function. To our
knowledge, this is the first report of physical separation of the uptake and GAG-binding functions
within a short cell penetrating peptide and may shed light on the general mechanism of uptake of
Arg-rich CPPs and guide new design of Arg-rich CPP-assisted drug/gene delivery systems.
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INTRODUCTION
Insulin-like growth factors (IGFs) are potent mitogens that play a role in cell survival,
proliferation, and differentiation [1]. A family of IGF-binding proteins mediates IGF actions
through specific and high affinity binding to IGFs [2,3]. IGFBP-3, the major member of the
family in adult serum, serves as a carrier of IGFs and directly modulates the biological
effects of IGFs by prolonging their half lives and regulating their bioavailability [4]. In
addition to its role of carrying IGFs, IGFBP-3 itself can exert effects on cellular growth and
apoptosis. Although their exact mechanisms are not known, these IGF-independent effects
may involve specific binding to many extracellular matrix and cell surface molecules,
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conditional proteolysis, rapid entry of intact IGFBP-3 (or its fragments) into target cells, and
nuclear transport within target cells [5,6].

Efforts have been focused on IGFBP-3 C-terminus that consists of several domains with
distinct functions. IGFBP-3 binds to transferrin (Tf), which depends on a domain in the C-
terminus. A two amino acid substitution in the domain dramatically disrupts Tf-binding
affinity [7]. The bipartite nuclear localization sequence (NLS) overlaps with the Tf-binding
domain [8,9]. Another highly basic heparin-binding domain overlaps with both the NLS and
the Tf-binding domain. Since several GAGs bind to this highly basic domain, it is also
known as GAG-binding domain [10,11]. A caveolin-scaffolding domain consensus
sequence, FCWCVDKY, has also been identified near the very end of the C-terminus [8,12].

Nuclear import of IGFBP-3, the appearance of exogenously added IGFBP-3 in the nucleus
of cultured mammalian cells, has been well described and demonstrated in a variety of
cellular models [8,9,13–15]. The C-terminus of IGFBP-3 contains a region with strong
sequence homology to NLS consensus motif [16] and nuclear transport is facilitated by
importin-β factor [14], suggesting the use of the nuclear import mechanism from the cytosol.
In contrast to the nuclear localization, the mechanism and pathways by which IGFBP-3
enters cells remain poorly understood. Chemical inhibition of receptor-mediated endocytosis
did not affect nuclear uptake of IGFBP-3, suggesting that IGFBP-3 uses a receptor-
independent entry pathway for translocation across the plasma membrane [9]. However,
recent reports assert that blocking transferrin receptor-1-mediated endocytosis prevents
IGFBP-3 uptake and inhibitors of caveolae formation also retard IGFBP-3 nuclear
appearance [8,12]. To identify the sequences essential for IGFBP-3 internalization, several
short peptides within the C-terminus were used as carriers of unrelated reporter proteins
such as green fluorescent protein and streptavidin-horseradish peroxidase [17]. It was found
that a 14-mer peptide present in the C-terminus of IGFBP-3 was sufficient for cellular
uptake. Later, a longer 22-mer peptide expanded from the 14-mer was exploited as the
carrier of therapeutic molecules selectively targeting cancer cells [18]. These two peptides
encompass the Tf-binding domain, but not the complete caveolin-scaffolding domain. There
is no solid evidence to support that these two peptides permeate into the cells by binding to
transferrin or to proteins harboring the caveolin scaffolding docking sequence.

While all of these sequences/domains in the C-terminus of IGFBP-3 can conceivably be
implicated in various steps of cellular entry, the GAG-binding domain appears more directly
involved in cellular entry since it may mediate the first step of IGFBP-3 cellular
internalization. Studies on the import mechanism of other positively charged basic peptides
[19] into cells have shown that heparan sulfate proteoglycans are surface receptors for these
basic peptides. It is not clear whether the GAG-binding domain in IGFBP-3 also uses cell
surface GAGs as receptors to enter cells. In view of potential clinical application of
IGFBP-3 and an increasing interest in using IGFBP-3 peptides for intracellular cargo
delivery [18,20], we further characterized the role of the GAG-binding domain in cellular
entry. We found that GAGs are indeed cell surface receptors for GAG-binding domain and
within the GAG-binding domain the cell entry function and the GAG-binding function are
physically separated.

MATERIALS AND METHODS
Reagents

All peptides were synthesized and characterized by CHI Scientific, Inc. (Maynard, MA). At
least 85% of molecules in a peptide population were full-length. Chondroitin sulfates were
purchased from Sigma-Aldrich (St. Louis, MO), heparan sulfate from Celsus Laboratories
(Sharonville, OH), 7-Aminoactinomycin D (7-AAD) staining solution from BD Biosciences
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(San Jose, CA). Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12),
fetal bovine serum (FBS), penicillin/streptomycin were purchased from Life Technologies
(Carlsbad, CA)

Cell Lines and Culture
The wild type CHO K1 cell line and its derivatives deficient in GAG biosynthesis were
graciously provided by Jeffrey D. Esko (University of California at San Diego, CA). Mutant
CHO K1 derivative cell lines include pgs A-745, pgs C-605, pgs D-677, and pgsF-17. All
cell lines were cultured in DMEM/F12 supplemented with 10% FBS, 1% penicillin/
streptomycin in a humidified atmosphere of 5% CO2 at 37 °C.

Cellular Uptake of FITC-labeled Peptides
Wild-type CHO and mutant cells were seeded in 6 or 24-well plates. After 48 hours, cell
cultures at ~75% confluence were washed with PBS and incubated for 2 h at 37°C with
medium containing 20 μM FITC-labeled peptides. For GAG supplement experiments,
FITC-labeled peptides premixed with 0.6 mg/ml of chondroitin sulfate A, B, C or heparan
sulfate in media were added to the cultures. After 2 h incubation, cells were washed once
with PBS, trypsinized for 5 min at 37°C, washed three times by centrifugation, and
resuspended in PBS. The total cell-associated fluorescence was quantified using flow
cytometry.

Flow Cytometric Analysis of Peptide Uptake
Cells following the uptake step described above were counted and resuspended in PBS at a
final density of 2×106 cells/ml. 7-AAD was added to a final concentration of 0.5 ng/μl 10
min prior to flow cytometry analysis. Cells stained with 7-AAD were excluded as dead cells
from analysis. Fluorescence analysis was performed using a 488-nm argon ion laser line in a
Cytomics™ FC 500 flow cytometer from Beckman coulter (Fullerton, CA). A minimum of
5,000 events per sample was collected from the 7-AAD-negative population.

Confocal Microscopy for Internalized Peptides
Cells were treated as described above for cellular uptake and attached to chamber cover
glasses pre-coated with poly-D-lysine. Internalized peptides were visualized using an oil
immersion objective on an inverted Leica TCS SP5 AOBS laser-scanning confocal
microscope in XYZ mode using the sequential imaging acquisition to avoid color spill from
one channel to another. A middle section of about 0.40 micron thickness of the Z-stacks was
presented as each reported image.

Cellular Uptake of Peptide-horseradish peroxidase (HRP) complex
Biotinylated KG-28 peptide (Table 1) and streptavidin-horseradish peroxidase (SA-HRP) at
the molar ratio of 50:1 were co-incubated in PBS for 30 min at room temperature to form a
KG-28/SA-HRP complex. Free peptide was separated from the complex by filtration using
centricon-30 filter from Millipore (Billerica, MA). The enzymatic activity of the complex
was determined before use. Cells were seeded in 6-well plates and incubated for 48 hours to
about 75% confluence. Complexes were added to fresh media at 240 ng/ml and incubated
with the cells for 30 min at 37°C. Afterwards, the cells were washed twice with PBS plus
1% calf serum. Cell extracts were made using M-PER Mammalian Protein Extraction
Reagent (Thermo Scientific, Rockford, IL) and assayed for peroxidase activity using
tetramethylbenzidine (TMB) liquid substrate system (Sigma, T0440). For each uptake
experiment, SA-HRP alone was added to the media as a negative control. 96-well plates
loaded with assayed cell lysates were read at 405 nm on a GENios Pro plate reader (Tecan,
Switzerland).
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GAG-binding
FITC-labeled peptides (20μM) were incubated with 0.6 mg/ml of chondroitin sulfates A, B,
C, and heparan sulfate, respectively, in PBS for one hour at 37°C. The bound and unbound
peptides were separated by filtration using 10 KD Microcon from Millipore (Billerica, MA)
and the fluorescence of the bond peptides placed in 96-well plates were read at the
excitation/emission of 485/535 nm in the plate reader.

Statistical Analysis
Data are expressed as mean of triplicate experiments ± S.D. Statistical analyses were
performed using unpaired, two-tailed Student’s t test. Differences are considered statistically
significant when the p values are <0.05.

RESULTS
Cellular Uptake of IGFBP-3-derived Peptide KW-22 Depends on Cell Surface GAGs

Most polycationic macromolecules and cationic peptides enter cells initially through
electrostatic interaction with cell-surface heparan sulfate molecules, followed by
endocytosis of the resulting complexes [21]. It is also known that cells internalize surface
heparan sulfate proteoglycans through an endocytic pathway and may internalize ligands
that bind to their GAG chains [22,23]. The existence of the GAG-binding domain in the
IGFBP-3 C-terminal region suggests that cell surface GAGs may be receptors for IGFBP-3
and its fragments. To test this hypothesis, wild-type CHO K1 cells and several mutant cell
lines derived from CHO K1 were used to examine the cellular internalization of KW-22, a
22-mer peptide from IGFBP-3 C-terminal region that encompasses the GAG-binding
domain (Fig. 1). These mutant cell lines are defective at different steps of GAG
biosynthesis, resulting in mutant GAGs with varying degrees of loss of glycosylation.

Mutant pgs A-745 cell line produces less than 1% of GAGs produced by the wild-type (wt)
CHO K1 cell line, since it has a defect in xylosyltransferase - the first sugar transferase in
GAG synthesis [24]. Mutant cell line pgs C-605 is defective in the sulfate transporter of cell
surface, but can produce heparan sulfate and chondroitin sulfate chains via endogenous
formation of sulfate from sulfur containing amino acids [25]. Mutant cell line pgs D-677
produces chondroitin sulfate but is defective in the synthesis of heparan sulfate as a result of
lacking N-acetylglucosaminyl transferase and glucuronyltransferase activities [26]. Mutant
cell line pgs F-17 does not perform 2-O-sulfation of heparan sulfate, because it lacks
sulfotransferase activity [27] (Fig. 2). All mutant cell lines were derivatives of the wt cell
line; therefore, they are all isogenic.

Fluorescence-labeled KW-22 peptide (FITC-KW-22) (Table 1) was added to the culture
media of wild type and mutant cells, and cellular fluorescence was analyzed 2 h later by
confocal microscopy and flow cytometry. In confocal microscopy (Fig. 3A), both punctate
and diffuse types of fluorescence were seen within wild-type (wt) and other isogenic
partially GAG-defective cells, except for severely GAG-defective A-745 cells, suggesting
both endosomal and cytosolic localization of internalized peptide. Flow cytometry
quantitatively showed the difference in uptake (Fig. 3B&C). Compared to wt CHO K1 cells,
fluorescence in A-745 cells was reduced to less than 20% of the wt level, consistent with the
confocal images suggesting that GAG is required for cell penetration of IGFBP-3-derived
peptides. Fluorescence in D-677 cells was reduced to ~62% of wt level. Since pgs D-677
cells are defective in the synthesis of heparan sulfate, the result suggests that heparan sulfate
in GAG partially contributes to the uptake of FITC-KW-22 peptide (~ 38% of total uptake),
with the remainder mainly contributed by other negatively charged components of GAG
such as compensatory over-expression of chondroitin sulfates [26]. To test this hypothesis,
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we included chondroitin sulfate A, B or C, in the KW-22 uptake reactions by pgs D-677
cells (Fig. 3D). The results showed that while chondroitin sulfate B and C inhibited uptake
in pgs D-677 as expected, exogenous choidroitin sulfate A actually increased uptake.
Interpretation of the effects of chondroitin sulfate A, B and C needs further studies but the
results are suggestive of a role of chondroitin sulfate GAGs in KW-22 uptake. Fluorescence
level of pgs C-605 cells is comparable with that of the wt cells, probably because of
endogenous sulfate production compensatory to the cell surface sulfate transport defect in
this mutant cell line [25]. Similarly, uptake in F-17 cells was comparable to that in wt cells
since F-17 cells are defective only for 2-O-sulfation of heparan sulfate, resulting in a minor
loss of negative charge at the last step of GAG synthesis [27]. Taken together, Fig. 3 shows
for the first time that the cellular uptake of IGFBP-3 C-terminal GAG-binding peptides
indeed relies on the existence of cell surface GAGs.

IGFBP-3 Peptide-mediated Protein Uptake
Previous work indicates that the uptake of an 18-mer peptide (position 215–232, 4 amino
acids shorter than peptide KW-22, table 1) fused to GST protein is inhibited competitively
by the presence of soluble heparin [28]. To further examine if the uptake of protein-
conjugated peptides differs from unconjugated peptides and absolutely depends on the
presence of cell surface heparan sulfate or other GAG receptors, we use a 28-mer peptide
(KG-28, position 215–242) in this experiment that includes several previously described
functional domains and exhibits strong activity to bring unrelated proteins into cells [17]. In
addition, we also use heparan sulfate instead of heparin because the later is synthesized only
from mast cells and differs from cell surface heparan sulfate in molecular size and sulfate
density. When wild type CHO K1 cells were incubated with 240 ng/ml complex of
biotinylated peptide KG-28 and streptavidin-horseradish peroxidase (SA-HRP) for 30 min,
the complex was quickly taken up into cells, and no uptake of SA-HRP alone was detected
(Figure 4). However, the uptake of KG28-SA-HRP complex was significantly arrested in
mutant cells lacking surface GAGs (pgs A-745) or heperan sulfates (pgs D-677). Moreover,
uptake of KG-28-SA-HRP was inhibited or remained at baseline levels in wt and mutant
cells in the presence of soluble chondroitin sulfates-A, -B, -C, or heperan sulfates (Figure 4).
These observations are in agreement with the previous report that heparin inhibits the uptake
of IGFBP-3 and -5 derived peptides fused to unrelated GST protein [28]. In addition, all
three chondroitin sulfates inhibited the uptake of KG-28-SA-HRP complex into CHO K1
cells to the same degree as heparan sulfate did, suggesting heparan sulfate is not the unique
GAG receptor for cellular uptake of IGFBP-3. The partial reduction of FITC-KW-22 uptake
in the heparan sulfate-deficient pgs D-677 cells also suggests the involvement of other GAG
species (Fig. 3).

Identification of IGFBP-3 C-terminal Core Sequence Essential for Cell Internalization
The region encompassing residue 215–232 in the C-terminus of IGFBP-3 was initially
characterized as a GAG-binding domain important for IGFBP-3 internalization [10,11] (Fig.
1). Within this domain, a nuclear localization sequence [14] is obvious (Fig. 1). However,
later it was shown by some investigators that the uptake of IGFBP-3 and various IGFBP-3
peptides fused to unrelated proteins is mediated by a shorter uptake core sequence (a 14-
mer, residue 223–236) that spans from the middle of the GAG-binding domain (215–232) to
residue 236 [17] (Fig. 1). Within the 14-mer, the uptake function of IGFBP-3 can be largely
mapped to a still shorter 12-mer, a deduced Cys-Cys loop (224–235) [17] (Fig. 1). This
observation indicates that the uptake core sequence (223–236) within the GAG-binding
domain exists beyond the putative heparin-binding basic sequence YKKKQCRP (219–226;
XBBBXXBX, B=basic amino acid, and X=non-basic amino acid) [29,30].
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We hypothesized that the so-called GAG-binding domain encompasses both the GAG-
binding core sequence and the uptake core sequence. To test this hypothesis, we analyzed
several wild type and mutant peptides (Fig. 5-I) within the so-called GAG-binding domain
for internalization into wt CHO K1 and heperan sulfate-defective pgsD-677 cells.

The FITC-labeled QW-14, identical to the previously identified uptake core sequence (223–
236) [17], exhibits robust uptake in both wt CHO K1 and heparan sulfate deficient pgs
D-677 cell lines (Fig. 5-IIB and C). However, the upstream 8-mer sequence (KK-8) that
contains 5 basic lysine residues was not able to permeate into the cells at all. Previously it
was suggested that the 12-mer Cys-Cys loop in the peptide QW-14 may be important for its
uptake activity [18], but in our study the replacement of the first cysteine in position 224 of
the loop with glycine (QW-14mut) did not weaken the uptake much in both wt CHO K1 and
the heparan sulfate-deficient pgs D-677 cells (Fig. 5-IIB and C). Moreover, a shorter 10-mer
QR-10 peptide with complete deletion of caveolin-scaffolding domain consensus sequence,
including the second Cys of the putative Cys-Cys loop, still remains about 64% uptake
ability in CHO K1 and 80% in pgsD-677 cells (Figure 5B), suggesting that QR-10 retains a
significant portion of KW-22’s cell entry function. The result also suggests that the
postulated caveolin-scaffolding domain and the Cys-Cys loop either do not exist or are not
important for cell penetration. Note that the 64% of QR-10 uptake level in CHO K1 and the
80% of QR-10 uptake level in pgs D-677 cannot be directly compared because they are
referenced to respective KW-22 uptake values in two different cell types.

IGFBP-3 C-terminal Peptides Differentially Bind to Various Types of Glycosaminoglycans
To examine whether the extracellular uptake of IGFBP-3 C-terminal peptides correlates with
their binding ability to GAGs, FITC-labeled peptides were added to various GAG species.
As shown in Figure 6, all peptides show relatively strong binding to chondroitin sulfate B
and heparan sulfate, but the binding affinity markedly decreases with the progressive
shortening of the peptides. Exceptionally, the 8-mer basic KK-8 peptide show stronger
binding to most GAG species than the 14-mer QW-14 and the 10-mer QR-10 peptides
though no uptake was observed in cell culture (Figure 5B).

DISCUSSION
There is now considerable evidence to support that IGFBP-3 is not only the binding protein
of IGFs, it has direct IGF-independent effects on cellular functions. It is well noted that
IGFBP-3 interacts with multiple extracellular components including transferrin, heparin,
fibronectin, and collagen [3,7,26]. IGFBP-3 has also been proposed to bind cell surface
receptors [31], but the intracellular effects may be mostly mediated by internalization and
nucleus localization of IGFBP-3. It has been demonstrated that endogenous IGFBP-3 must
be secreted before re-uptake and targeting to the nucleus [8]. However, the mechanisms and
pathways by which IGFBP-3 is internalized into the cell are still poorly understood. Based
on documented observations [17,28], and the characterization of GAG-binding domain
present in the C-terminal region of IGFBP-3 [11], we recognized that the cell surface GAGs
may be important role players for the protein transduction pathway.

In our study, IGFBP-3 C-terminal peptides readily entered cells as CPPs in a GAG-
dependent manner, extending previously published studies demonstrating their cell
penetrating property [16,18,28]. GAGs exist in animals as a part of heavily glycosylated
proteoglycans, the other component being the core proteins. The core protein in a
proteoglycan (PG) probably does not play a significant role in CPP binding and
internalization. It is known that GAG, not the core protein, determines the binding
specificity by GAG-binding proteins [32], which may be extended to GAG-CPP interaction.
The cellular uptake of FITC-labeled C-terminal peptides of IGFBP-3 is almost eliminated in
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the pgsA-745 cell line, which express only 1% of wt GAGs, indicating that their presence is
required. The loss of uptake in pgs A-745 was also observed in the case of widely used TAT
CPP [33]. As described therein, the internalization of the TAT CPP mainly depends on the
presence of cell surface heparan sulfate (HS), and the uptake is almost equally affected in
HS-deficient pgs D-677 cells [26] and GAG-deficient pgs A-745 cells. In contrast, the
uptake of IGFBP-3 CPPs is seriously impaired in pgsA-745 cells but only drops off
approximately 40% in pgs D-677 cells, suggesting other GAG species, probably chondroitin
sulfates (CS), are effectively involved in the internalization process. Two of the three
chondroitin sulfates (CSs) did inhibited KW-22 uptake in pgs D-677 (Fig. 3D), supporting
this hypothesis. The differential loss of uptake in pgs D-677 by the TAT CPP and IGFBP-3
CPPs could be due to a combination of the differential dependence of uptake on GAG
negative charge and, to a less extent, on binding specificity (GAG structural feature). The
loss of terminal sulfation on the 2-O-induronic acid monosaccharide of GAG in pgs F-17
[27] results in a minor loss of total negative charge and a subtle structural change in the
GAG of a PG. In this study, uptake of IGFBP-3 KW-22 peptide was barely affected in pgs
F-17, which is in sharp contrast to the complete loss of binding of bFGF protein to GAG on
pgs F-17 cells [27]. This suggests that, unlike a protein, a smaller Arg-rich CPP like KW-22
relies more on GAG charge than on GAG structural feature for its interaction with GAG.
This is not surprising. Compared to protein-protein interaction, carbohydrate-protein
interaction is weak with monosaccharide-protein binding Kd at mM to μM range [34] and
low specificity [35]. A survey of the known structures of carbohydrate-lectin complexes
suggests that the underlying mechanism is a shallow binding pocket on lectin proteins and a
limited variety of chemical groups on the sugars [36]. To achieve high affinity binding to
carbohydrates, nature has evolved a strategy of multivalency binding (avidity) for lectins,
enzymes, receptors and other carbohydrate-binding proteins [37,38]. Arg-rich CPPs,
including most IGFBP-3 peptides in this study, do not exist in multimers as many
carbohydrate-binding proteins do and have much less sequence complexity. They are thus
expected to exhibit lower GAG-binding specificity. However, they possess much higher
positive charge density that certainly contributes to binding affinity to many highly
negatively charged GAGs in PGs. In this regard, it remains to be clarified how different
types of sulfated GAG in different PGs, tyrosine-sulfated glycoproteins and the less
negatively charged sialoglycoproteins affect cell entry of Arg-rich CPPs and their cargo-
conjugates.

Previous work shows that the uptake of the 18-mer peptide Pep3 (Figure 1, position 215–
232) of IGFBP-3 conjugated to GST protein is competitively inhibited by the presence of
soluble heparin [28], indicating that peptide-GST complex may use heparan sulfate (HS)
receptors for internalization. In our experiment, the uptake of SA-HRP conjugated peptide
KG-28 that contains the Pep3 region and more functional domains was abolished in HS-
deficient pgs A-745 and D-677 cells, and competitively blocked by soluble HS and
condroitin sulfates, indicating the importance of GAGs in IGFBP-3 entry into cells.
However, the uptake of unconjugated KW-22 or shorter peptides is only partially inhibited
in cells lacking HS, and even enhanced in the pgs D-677 cells with the addition of exogenic
chondroitin sulfate A (Figure 3D). These results indicate that unconjugated peptides can
penetrate into cells using additional pathways differing from those followed by peptides
conjugated to proteins, similar to the case of TAT peptide [33].

It is also noteworthy that the previously identified 14-mer sequence is not the minimal
functional domain for penetrating into cells. In our experiments, a shorter 10-mer sequence
without caveolin scaffolding docking domain still remains good penetrating activity. Also, a
mutation of cysteine in the 14-mer sequence hardly loses its ability, indicating that the
postulated 12-mer Cys-Cys loop is not necessary for this activity. Thus, the essential nuclear
localization sequence “KGRKR” possibly is the core functional domain for cell penetration.
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Nevertheless, it remains to examine if peptides shorter than the 14-mer sequence can be
internalized into cells when they are conjugated to macromolecules. It is also noteworthy
that the uptake efficiency of these shorter peptides not only depends on their positive charge
for binding to GAGs, the Arg-rich sequence appears to be important for the internalization
activity. The 8-mer “basic domain” peptide KK-8 (KKGFYKKK) is devoid of Arg, binds to
chondroitin sulfates and heparan sulfate with an affinity comparable to KW-22 (Fig. 6), but
no uptake was observed when it was incubated with cells.

In summary, our experiments provide genetic and biochemical evidence to further
substantiate the key role of cell surface glycosaminoglycans in mediating extracellular
uptake of IGFBP-3 C-terminal peptides. Our data also suggests that GAG-binding and cell
penetration functions could be mainly assigned to two adjacent 8-mer and 10-mer sequences
in IGFBP-3 C-terminal region, which could shed light on Arg-rich CPP mechanism and
design. As IGFBP-3 is a moderately abundant human protein in circulation, these peptides
have enormous potential for applications in drug delivery as an alternative to the HIV-Tat
derived cell penetrating peptide. Previous study indicates that IGFBP-3-derived peptides can
selectively deliver therapeutic molecules into cancer cells, but the mechanism remains
poorly understood [18]. There is some evidence that abnormal expression of
glycosaminoglycans is present in cancer and found to correlate with clinical prognosis in
several malignant neoplasms [39,40]. Based on our results, it is possible that the aberrant
expression of GAGs on cell surface may contribute to selectivity of IGFBP-3 C-terminal
peptides targeting cancer cells. Further study is necessary to explore the potential of these
peptides for applications in clinical therapy as drug targeting moiety.
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Figure 1.
IGFBP-3 C-terminal region sequence, showing several putative functional domains located
22 residues to the very C-terminus of the protein. They include the nuclear localization
sequence (NLS) domain, the transferring-binding region, the glycosaminoglycan-binding
domain (GAG-binding domain) and the caveolin scaffolding docking domain [8]. The first
three domains are overlapping. Shown also is the double point mutation (K228E, R230G) in
IGFBP-3 that impaired transferring binding activity [7]. The boxed sequence is the QR-10
uptake sequence uniquely identified in this study
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Figure 2.
Glycosaminoglycan (GAG) biosynthesis pathway, showing several mutant cells defective at
different steps of the pathway. pgs A-745 cell line lacks xylosyltransferase and does not
produce detectable levels of GAGs. pgs D-677 cell line is defective for N-
acetylglucosaminyl (GlcNAc)- and glucuronyl (GlcA)-transferase activities required for
heparan sulfate synthesis. pgs F-17 cell line lacks sulfotransferase activity required for 2-O-
sulfation of heparan sulfate. pgs C-605 cell line defective in the sulfate transporter on cell
surface is not shown in this figure. Xyl, xylose; UDP, uridine-diphosphate; Gal, galactose;
Gal T I, galactose transferase I; Gal T II, galactose transferase II; GalNAc, N-
acetylgalactosamine; GalNAc T I, N-Acetylgalactosamine transferase I; CS, chondroitin
sulfate; HS, heparan sulfate; GlcA, glucuronic acid; GlcNAc, N-Acetylglucosamine;
EXTL3, exostosin-like 3; GlcA T II, glucuronic acid transferase II; GlcNAc T II, N-
Acetylglucosamine transferase II; IdoA, Iduronic acid; PAPS, 3′-phosphoadenyl-5′-phospho
sulfate; PAP, 3′-phosphoadenyl-5′-phosphate.
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Figure 3.
GAG-dependent uptake of FITC-labeled KW-22 peptide in wild-type CHO K1 and its
GAG-defective isogenic cell lines. Cells were incubated with DMEM/F12 medium
containing 20 μM FITC-KW-22 for 2h at 37°C and washed before study. (A) confocal
images, (B) cellular fluorescence intensity distribution in flow cytometry and (C) uptake
amount relative to that in wild-type cell line CHO K1. * indicates statistically significance
between the wild-type cell line and a mutant cell line in uptake.
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Figure 4.
GAG-dependent uptake of KG-28 peptide complexed with streptavidin-horseradish
peroxidase (SA-HRP). Uptake into wild-type CHO K1, HS-defective pgs D-677 and GAG-
defective pgs A-745 cells in the absence and presence of CS-A, B, C, or HS was described
in Materials and Methods with SA-HRP as the negative control. * indicates statistically
significance between uptake in wild-type cells in the absence of a GAG and presence of a
GAG and between uptake in wild-type cells in the absence of a GAG and uptake in any one
of the two mutant cell line regardless of presence or absence of a GAG (n=3, p< 0.05).
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Figure 5.
Mapping of uptake function to the 10-residue QR-10 sequence within the 22-residue KW-22
peptide. Mapping was based on the uptake into CHO K1 and HS-deficient pgsD-677 cells.
Fig. 5-I shows the sequences and relative location of several peptides (cf. table 1) described
in Fig. 5-II. The previously proposed 8-residue heparin-binding basic sequence partially
overlaps with the previously identified QW-14 sequence. Fig. 5-II shows the mapping of the
uptake function to the 10-residue QR-10 sequence. Experimental conditions were the same
as described for Fig. 3. (A) confocal images, (B) cellular fluorescence intensity distribution
in flow cytometry and (C) absolute fluorescence levels of each treatment on the same scale.
Note that in (C) the fluorescence level is presented as the absolute value, as opposed to the
relative value in Fig. 3C. * indicates statistically significance between uptake in wild-type
and uptake in a mutant cell line (n=3, p< 0.05).
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Figure 6.
Mapping of GAG-binding function to the 8-residue KK-8 sequence within the 22-residue
KW-22 peptide. FITC-labeled peptides (20μM) were incubated with 0.6 mM of CS -A, -B, -
C, and HS, respectively, for one hour at 37°C. The bound peptides were separated from
unbound peptides using Microcon (10KD) filter units and the bound fluorescence was read
at 485/535 nm. * indicates that the difference between KW-22 and any one of other four
shorter peptides in solution binding to a GAG (N=3, p<0.05).
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Table 1

Primary structures of the peptides used in this study.

Name AA in IGFBP-3 Sequence

KG-28 215–242 Biotin-Ahx-KKGFYKKKQCRPSKGRKRGFCWAVDKYG-NH2

KW-22 215–236 FITC-Ahx-KKGFYKKKQCRPSKGRKRGFCW-NH2

QW-14 223–236 FITC-Ahx-QCRPSKGRKRGFCW–NH2

KK-8 215–222 FITC-Ahx-KKGFYKKK–NH2

QW-14m 223–236 FITC-Ahx-QGRPSKGRKRGFCW–NH2

QR-10 223–232 FITC-Ahx-QCRPSKGRKR–NH2
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