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Abstract: The efficient delivery of macromolecules to living cells presents a formidable challenge to the
development of effective macromolecular therapeutics and cellular probes. We describe herein a novel
synthetic ligand termed “Streptaphage” that enables efficient cellular uptake of the bacterial protein
streptavidin by promoting noncovalent interactions with cholesterol and sphingolipid-rich lipid raft subdomains
of cellular plasma membranes. The Streptaphage ligand comprises an N-alkyl derivative of 3f-
cholesterylamine linked to the carboxylate of biotin through an 11-atom tether. Molecular recognition between
streptavidin and this membrane-bound ligand promotes clathrin-mediated endocytosis, which renders
streptavidin partially intracellular within 10 min and completely internalized within 4 h of protein addition.
Analysis of protein uptake in Jurkat lymphocytes by epifluorescence microscopy and flow cytometry revealed
intracellular fluorescence enhancements of over 300-fold (10 M ligand) with >99% efficiency and low
toxicity. Other mammalian cell lines including THP-1 macrophages, MCF-7 breast cancer cells, and CHO
cells were similarly affected. Structurally related ligands bearing a shorter linker or substituting the protonated
steroidal amine with an isosteric amide were ineffective molecular transporters. Confocal fluorescence
microscopy revealed that Streptaphage-induced uptake of streptavidin functionally mimics the initial cellular
penetration steps of Cholera toxin, which undergoes clathrin-mediated endocytosis upon binding to the
lipid raft-associated natural product ganglioside GM1. The synthetic ligand described herein represents a
designed cell surface receptor capable of targeting streptavidin conjugates into diverse mammalian cells
by hijacking the molecular machinery used to organize cellular membranes. This technology has potential
applications in DNA delivery, tumor therapy, and stimulation of immune responses.

Introduction molecular cargo. Alternatively, cellular membranes can be

The effectiveness of therapeutics and cellular probes dependézhemically altered or permeabilized to facilitate macromolecular

. .. . . L. 3-15 i i
critically on the efficient delivery of molecules into living cells. UPtake:*~** However, the molecular mechanisms underlying
Whereas many hydrophobic compounds of low molecular Many of these methods are not well understood. As a conse-
weight diffuse freely through low-polarity cell membranes guence, efficiencies of macromolecular delivery are often limited
macromolecules such as proteins and DNA typically require by variability, toxicity, and unpredictable cell-type specificity.
active transport mechanisms to gain access to intracellular 1€nce, novel methods that enhance uptake of poorly permeable
receptors. To enhance the cellular uptake of poorly permeable Molecules are needed in basic cell biology, tumor therapy, and
molecules, covalent or noncovalent modification by cationic, 9€netic therapy. _ 3
hydrophobic, or amphipathic polymér8 or hydrophobic Mammalian cells internalize specific small molecules, mac-

lipidsl®-12 can favorably modify the chemical properties of romolecules, and particles through endocytosis, an active
transport process dependent on time, temperature, pH, and
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this fashion is degradation or recycling of material back to the  We report here the synthesis of a novel cholesterol-derived
cell surface, but internalized substances can also be releasedigand (1) termed here “Streptaphage” (one that eats streptavi-
into the cytosol®1” One of the most important and best- din). This ligand associates with lipid raft subdomains in plasma
characterized endocytic mechanisms is receptor-mediated enmembranes of mammalian cells and efficiently promotes dose-
docytosis via clathrin-coated pits. Clathrin is a protein that dependent cellular uptake of the bacterial protein streptavidin
assembles at cellular plasma membranes into a basketlike(SA) through the mechanism of clathrin-mediated endocytosis.
concave framework of hexagons and pentagons that form pit This compound is structurally related to a previously reported
structured®-2° Some endogenous proteins, such as the membrane{fluorescent cholesterylamine derivative that promotes endocytic
associated epidermal growth factor receptor, become clustereccellular uptake of antifluorescein antibodies and associated
in coated pits upon binding to soluble ligands. This clustering Protein A fromStaphlococcus auret#d

results in invagination of the pit to form clathrin-coated vesicles

that internalize the recepteligand complex and enable activa- _ Me Me

tion of signal transduction pathway%Internalized clathrin- @SH Me i

coated vesicles become intracellular endocytic compartments Hu o Nt

that are acidified to between pH 6.5 and 5.0 as a consequence o) Me
of activation of proton pumps in endosomal membranes. This SHN"(NH 1 Me
acidification activates proteolytic and other enzymes and \O~ = "Streptaphage”

promotes dissociation of ligands from bound receptors. Many

membrane-associated receptors are subsequently recycled back Streptaphagelj was designed to enable uptake of SA protein
to the cell surface, whereas ligands are typically degraded. Thisby promoting strong noncovalent interactions with lipid rafts
and other endocytic mechanisms are exploited by many viruses,of cellular plasma membranes. This compound comprises an

toxins, and symbiotic microorganisms to gain entry into c¥lls.
Cholera toxin produced byibrio cholerae comprises a
protein complex that penetrates cells by co-opting the molecular
machinery controlling clathrin-mediated endocytd3i& This
toxin consists of an A (activating) subunit that activates
intracellular adenylyl cyclase activity and a pentameric B
(binding) subunit that binds with high affinity to the plasma
membrane-associated small molecule ligand, ganglioside 8M1.
The GM1 ligand is a sphingolipid comprising a pentasaccharide
linked to the lipid ceramideN-acyl sphingosine). Each mono-
mer of the toxin B subunit binds to the pentasaccharide moiety
of GM1, which is localized to specific lipid raft domains in
cellular plasma membranes. These lipid rafts form a liquid-
ordered phase that is enriched in cholesterol and sphingolipids,
and lipid rafts play key functional roles in segregation and
concentration of membrane proteffs2® Many proteins linked
to cholesterol, glycosylphosphatidyl inositol (GPI), or saturated
alkyl chains are localized to lipid raft$,which are essential
membrane features that control activation of numerous signal
transduction pathway. Binding of Cholera toxin to GM1
targets this protein to lipid rafts, promoting clathrin-mediated

N-alkyl derivative of F-cholesterylamin# linked to the car-
boxylate ofb-biotin (vitamin H) through an 11-atom tether. The
cholesterylamine moiety was chosen as a membrane anchor
because cholesterol is a highly abundant membrane-associated
steroid that is functionally linked to endocyto®is*” and is
covalently attached to proteins involved in signal transduc-
tion 28.38

Streptaphagelj differs from cholesterol by substituting a
36-N-alkylamino headgroup for thef3cholesterol hydroxyl
group to afford an amphiphilic molecule that is protonated at
physiological pH (7.4). This amino group was incorporated
because @-cholesterylamine binds much more tightly to model
membranes than cholesterol as evidenced by ca. 30-fold slower
off-rates of intervesicle transfét.Structurally related cationic
cholesterol derivatives that form nontoxic liposome complexes
with DNA have been used as cellular transfection reagénts.
Other synthetic cholesterylamine derivatives linked to the protein
ligands estradid? and mannose-6-phosphthave been previ-
ously described, and lipid derivatives of biotin have also been
reported*243

The biotin moiety of Streptaphag#)(provides a very high-

endocytosis through endogenous vesicular transport mecha-affinity ligand (Kq ~ 100 fM)** for SA. The SA-biotin system

nisms2122.29|n addition to Cholera toxin, other proteins that
undergo clathrin-mediated endocytosis upon binding to lipid
rafts include the epidermal growth factor receftétand Shiga
toxin 32
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is one of the strongest receptdigand interactions found in
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Figure 1. X-ray crystal structure (PDB 1SWR) of tetrameric streptavidin O"S‘
(ribbon diagrams) bound to biotin (CPK models). 9
BocHN/\) 3 94%

in the solid staté>4” and at solid-liquid interfaces'®~50

Structural studies have revealed that SA forms a tetramer that
binds four biotin molecules positioned in pairs at opposite faces

of the protein (Figure 1). The ease of functionalization of

biomolecules with biotin or SA has made this system extremely

useful for myriad biotechnological applications such as affinity
separation8-5* diagnostic assayss, ° biomolecular imaging,
and the delivery of therapeuti€%.%6 In addition, numerous

conjugates of SA with fluorophores, enzymes, probes, and
particles have been reported and many are commercially

available.

Streptavidin is a particularly interesting target for enhanced
cellular uptake because this protein has clinical applications in
anticancer therapies employing monoclonal antibodies that bind

tumor-associated antigef%.7° Pretargeting anticancer immu-
notherapeutics covalently link either SA or biotin to a mono-
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clonal antibody that specifically recognizes tumor cells. Infusion
of this antibody conjugate results in binding to specific tumor-
associated antigens in vivo. Biotin or SA conjugates are
subsequently administered to deliver toxins or imaging agents
specifically to tumor cells. By uncoupling the kinetically slow
step of antibody binding to tumor antigens from the fast kinetics
of streptavidin-biotin recognition, this approach minimizes the
duration of exposure to conjugated anticancer agémtswever,
efficient endocytosis of these antibody conjugates by tumor cells
is necessary to achieve optimal therapeutic effects, and many
tumor antigens are not rapidly internalized. Hence, the identi-
fication of compounds that improve the delivery of SA-linked
therapeutics into tumor cells may enhance the effectiveness of
these agent& We report here the synthesis of a nontoxic ligand
that enables regulated dose-dependent delivery of SA conjugates
into diverse mammalian cell lines through the well-characterized
mechanism of clathrin-mediated endocytosis.

Results and Discussion

Synthesis of Cholesterylamine DerivativesStreptaphage
(1) was prepared from the knowA2-nitrobenzenesulfonamide-
protected cholesterylamin2 as shown in Scheme 1. This
approach employed the amine synthesis methodology of Fuku-
yamd? to couple Boc-3-chloropropylamiffeand install the
protected primary amine &. Removal of the Boc carbamate
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Scheme 2
2
1) PhSH, K2COg3, DMF, 25 °C, 12 h.

2) O o DIEA, CHyCly, 25 °C, 2 h.
N-O NHBoc
o Me Me

Me
Me
Me

0
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2) D-Biotinamidocaproate NHS ester,
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Me. Me
Me
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Scheme 3

2) D-Biotin NHS ester, DIEA,
CHyCly, 25 °C, 2 h.

3
J 1) TFA, CHoCly, (1:50), 25 °C, 45 min.

Me Me
Me
Me
N02 Me
s'o 0
% \N
o) A
o) HN™ 'NH
N
7 79% S
J PhSH, KoCO3, DMF, 25 °C, 12 h.
Me Me
Me
Me
Me
HN i
o HN” "NH
N
H 8 71%

and acylation with commercially availablg-biotinamidoca-
proateN-hydroxysuccinimidyl ester added the biotin side chain

of 4, which was further deprotected to affotd

To probe the importance of the protonated cholesterylamine
headgroup of Streptaphagd), the isosteric amides was
prepared as shown in Scheme 2. In addition, the length of the
linker between biotin and the steroid was investigated by
synthesis of the shorter chain varighas shown in Scheme 3.

(A) Jurkat 1, SA a
Cells 4 1™ 10 min

Ex. 488
Em. 535

Em. 535

+SA —>»

(0)1 1 h_ Jurkat Cells

Figure 2. Differential interference contrast (DIC) and epifluorescence
micrographs of Jurkat lymphocytes treated with Streptaphag@0(uM)

and green fluorescent SA Alexa Fluor 488 (2@/mL). Fluorescence
excitation (Ex.) and emission (Em.) wavelengths (nm) are explicitly shown.

Scheme 4

(7]

1) TFA, CHoCly, (1:50), 25 °C, 45 min.
2) Fluorescein isothiocyanate isomer |,
DIEA, THF, 25 °C, 2 h.

9 87%
l

PhSH, K,CO3, DMF, 25 °C, 12 h.

10 62%

Me Me
Me
Me

Me
X
EL OH
N i 9 X=Hy; Z = Nosyl!

SJ\ O O 10X=HyZ=H
O

Q 11 X=0;Z=H

OH

5
1) TFA, CH,Cly, (1:50), 25 °C, 45 min.
2) Fluorescein isothiocyanate isomer |,
DIEA, THF, 25 °C, 2 h.

11 84%

INZ

Iz

0]

To compare the influence of amide and amine steroid head- microscopy. As shown in Figure 2 (Panel A), cells treated with
groups on affinity for cellular plasma membranes, the related Streptaphagel] for 1 h followed by addition of SA conjugated

fluorescent probe® and 10 were synthesized as shown in

Scheme 4.

Ligand-Regulated Uptake of SA by Mammalian Cells.To

to green fluorescent Alexa Fluor 488 revealed bright fluores-

cence at the cellular periphery 8f99% of viable cells within
10 min of addition of the protein conjugate. This peripheral

qualitatively evaluate whether combinations of these compoundsfluorescence was primarily localized at the cellular plasma
and SA would affect mammalian cells, compound/SA-treated membrane as determined by comparison with cells treated with
Jurkat T-lymphocytes were analyzed by epifluorescence previously described fluorescent plasma membrane prdges.
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Remarkably, cells examided h after protein addition revealed
, e , (A) Jurkat 1 _ SA
bright green fluorescence nearly exclusively in defined compart- Cells 71 2h
ments in the interior of practically all viable cells, indicating
that the complex between SA afidvas internalized (Figure 2, 250'/
Panel B). This effect was also observed when SA andkre 7
preequilibrated prior to addition of the complex to cells (Figure 354
2, Panel C), even though partial precipitation of the preformed @ 304
amphipathic proteirtligand complex was observed. Surpris- § 254
ingly, SA addition to cells treated with the isosteric amide g 204
analogueb or the short-chain analogu&did not appreciably E
. . . r 154

affect cellular fluorescence (micrographs provided in the Sup-
porting Information). 101

To quantify the compound dose-dependent uptake of SA 57
observed by microscopy, treated cells were analyzed by flow O als 0 001 0. ‘ 105
cytometry. As shown in Figure 3 (Panel A), pretreatment of Alone  Concentration of 1 (uM)  Biotin
cells with 1 for 1 h followed by addition of green fluorescent (B) 1h JurkatCells O™
SA for 4 h resulted in remarkable enhancements of cellular T+8A —> ——
fluorescence with significant effects observed at concentrations 30
of 1 as low as 100 nM. The intracellular fluorescence of cells o 25 ;;
pretreated with 10uM 1 was increased by over 300-fold £ 20-
compared to cells treated with SA alone. Competition by 3 151
addition of p-biotin (100 uM) completely blocked uptake S 10-
promoted byl (1 «M), confirming that SA interacts specifically = 5 ]
with 1 at plasma membranes. Preequilibration of SA aatso
engendered dose-dependent uptake of SA, but the magnitude O-Ceﬂs 0 001 01 1.0 10
of the effect was diminished by 10-fold at 1 1 (Figure 3, Alone  Concentration of 1 (uM)

—_

C) Jurkat 55 SA;

Panel B). This reduction was a consequence of aggregation and
Cells 1h 4h

precipitation of the preformed SA-complex as observed by
microscopy. In contrast, compoungland8 did not substantially
enhance uptake of SA by Jurkat lymphocytes. At compound

.8

1.6

1

04 06 06 10

Fluorescence

=

o o o
P

concentrations of 1@M, the uncharged amid&conferred only Cells 0 001" 01 1.0 ' 10

a 3-fold enhancement of cellular fluorescence and the shorter Alone  Concentration of 8 (M)

chain variant8 enhanced cellular fluorescence by only 5-fold (D) Jurkat_8 _ SA

(Figure 3, Panels C and D). This result illustrated the importance g Cells 11 4h

of the protonated secondary amine &f and revealed the § 10

dran_@tic influence of Iin_ker length on biolog@cz_al activity. § 51 03 07 07 06 08 3

Significant effects of the linker length on the affinity of other 2 OG0 001 01 1.0 " 10

biotin derivatives for avidin and streptavidin proteins have been Alone  Concentration of 8 (uM)

previously reported®7” (E) Mammalian _1 S_A)
Since cholesterol is a critical component of mammalian CellLines 14 4h

plasma membranes, the cholesterylamine moiety of Streptaphage 140+ 133.0

(1) should enable delivery of SA into humerous mammalian 1204

cell lines. To test this hypothesis, uptake of SA by the suspension 21004

macrophage cell line THP-1, the adherent breast cancer cell line § 80

MCF-7, and adherent chinese hamster ovary (CHO) cells was g 60

analyzed by flow cytometry and epifluorescence microscopy. 2 401

To release adherent cell lines from flask surfaces, cells were 201,

treated with the protease trypsin for analysis by flow cytom- 04w

g 0 100 1070 10 [1](M)
etry.”8 As shown in Figure 3 (Panel E), flow cytometry revealed THP-1 MCF-7 CHO  Cell Line

significant compound-mediated enhancements of cellular fluo- figure 3. Analysis of ligand dose-dependent cellular uptake of SA Alexa
rescence in all cell lines examined. Compound-mediated cellular Fluor 488 (20ug/mL) by flow cytometry. Each bar represents the median
fluorescence was consistently observed 89% of viable cells, ~ fluorescence of 10 000 living cells.

illustrating the high efficiency of this delivery method. Exami-
nation of these cell lines by epifluorescence microscopy
confirmed that the compound-induced fluorescence was intra-

cellular and resulted from protein uptake (micrographs provided

in the Supporting Information). These experiments confirmed
that incorporation of Streptaphagd) (in cellular plasma

(75) Creaser, S. P.; Peterson, B.RAm. Chem. So@002, 124, 2444-2445. membranes provides a highly efficient and general method for
(76) ;‘fg”%”_%é% Titus, G.; Montibeller, J. A.; Finn, F. Biochemistry1 982 intracellular delivery of SA protein conjugates to mammalian
(77) Leary, J. J.; Brigati, D. J.: Ward, D. €roc. Natl. Acad. Sci. U.S.A983 cells.

80, 4045-4049. ; i
(78) Daugherty, P. S.; lverson, B. L.; Georgiou,JsImmunol. Method200Q Mdecu'ar Modeling of _SA _I_|gand _C_omplexes.The effect

243 211-227. of linker length on the biological activity of Streptaphadg (
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Figure 5. Analysis by flow cytometry of Jurkat lymphocytes treated with
fluorescent derivatives of cholesterylamine. Cells were washedvBh
1% BSA in PBS prior to analysis.

to SA, the greater linker length dfenables favorable interac-
tions between the protonated aminelaind lipid headgroups.
This protonated amino group is critical for uptake of SA as
evidenced by the dramatically diminished ability of the un-
charged amidé to affect the fluorescence of SA-treated cells
(Figure 3, Panel C).

Molecular Recognition of Cellular Plasma Membranes by
Structurally Related Fluorescent Probes.To further investi-
gate the importance of the protonated cholesterylamine head-
group for molecular recognition of cellular plasma membranes,
Jurkat lymphocytes were treated with fluorescent prdifesnd
11 Epifluorescence microscopy revealed that cells treated with
100r 11 exhibited green fluorescence localized persistently and
nearly exclusively at cellular plasma membranes (micrographs
provided in the Supporting Information). However, compound
10 bearing a free amino group exhibited significantly higher
affinity for cellular plasma membranes compared with the
analogous amide as evidenced by qualitative differences in
fluorescence intensity by microscopy. Furthermore, quantitative
differences of 2-fold (M) to 4-fold (0.1x«M) were measured
by flow cytometry (Figure 5). The enhanced affinity of the
protonated amine dfO for plasma membranes may derive from
favorable electrostatic interactions with anionic phospholipid
headgroupg® However, the cholesterol hydroxyl group is
thought to form favorable H-bonding interactions with amide
and alcohol functionality of sphingolipids in cholesterol-rich
lipid rafts?” and these H-bonding interactions should be

model membrane bilayer (CPK models). Panel A: SA bound to Streptaphage Strengthened by the presence of a protonated amino substituent.

(1). Panel B: SA bound to the short-chain analo@ue

was examined by molecular modeling of Skgand complexes
interacting with model membranes. Modeling employed sub-
stitution of two bound biotin ligands on one face of the
tetrameric X-ray structure of SA with Macromodel (v. 6.5)
Amber*-minimized® models of1 and 8 in extended chain
conformations. As shown in Figure 4, the area proximal to the
ligand-binding site exhibits a concave topology as a consequenc
of nearby solvent-exposed loops on the protein exterior. This
revealed that the binding site of SA allows complete penetration
of the cholesterylamine moiety @finto a flat model membrane
bilayer constructed from minimized phosphatidylcholine lipids
(Figure 4, Panel A). In contrast, the shorter linkeBgfrohibits
complete insertion of the steroid into the model membrane

(Figure 4, Panel B). These results indicated that when bound

(79) Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; Liskamp, R.; Lipton, M.;
Caufield, C.; Chang, G.; Hendrickson, T.; Still, W. &.Comput. Chem.
199Q 11, 440-467.
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Comparison of fluorescent prob&6 and11 with SA-boundl

and6 suggests that the enhanced affinity for plasma membranes
engendered by a free amino group contributes significantly to
the stability of membrane-bound complexes between SA and
1. However, it is remarkable that ami@edoes not appreciably
promote association between SA and cellular plasma membranes
(Figure 3, Panel C). This result may relate to the much longer

dinker between the biotin derivatives and cholesterylamine

compared with the fluorescent probes. The short hydrophilic
thiourea linker between fluorescein and cholesterylamine pre-
sumably interacts favorably with the hydrophilic lipid head-
groups of the plasma membrane. In contrast, the long relatively
hydrophobic linker in the biotin derivatives may magnify
differences in membrane affinity between the amide and amine
by positioning the hydrophilic biotin moiety distal to hydrophilic
headgroups of membrane lipids.

(80) Roy, M. O.; Leventis, R.; Silvius, J. HBiochemistry200Q 39, 8298-
8307.
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previously describeéf—37.82 Treatment with these compounds
predominantly trapped SA at the cellular plasma membrane,
which indicated that uptake of SA was controlled by a clathrin-
dependent mechanism.

Cholera toxin invades cells by binding to the lipid raft-
associated ganglioside GML1 in cellular plasma membrai?es.
Ex. 560 Hence, fluorescent derivatives of the Cholera toxin B subunit
Em. 645 have been employed as markers of lipid r&#3o investigate
whether green fluorescent cholesterylamit@ or the SA1
complex might similarly colocalize with lipid rafts, confocal
fluorescence microscopy was employed to compare localization
in cellular plasma membranes with the membrane distribution
T of red fluorescent Cholera toxin B subunit. As shown in Figure
Em. 535 7, compoundlO and the SAL complex exhibited a heteroge-
neous distribution in plasma membranes of Jurkat lymphocytes.
This distribution substantially colocalized with Cholera toxin,
consistent with the cholesterylamine moiety »® and 1
associating with lipid rafts. These results indicate that Hdth
and complexes between SA addpreferentially bind to the
sphingolipid and cholesterol-rich liquid-ordered phase of lipid
rafts in cellular plasma membranes.

Streptaphage (1) Exhibits Minimal Toxicity to Cells in
Culture. Streptavidin is sufficiently nontoxic for clinical
applications such as pretargeting immunotherapefitics.
Additionally, structurally related cationic cholesterol derivatives
exhibit low toxicity and have been used as transfection
reagents? To evaluate the toxicity of Streptaphagd @lone
and in combination with SA, compound-treated Jurkat lympho-
cytes were analyzed by flow cytometry. As shown in Figure 8,
Streptaphage 1] does not adversely affect the viability of
lymphocytes even at concentrations as high as 400
Figure 6. DIC and epifluorescence micrographs of Jurkat lymphocytes Similarly, SA protein alone at 0.2 mg/mL in cell culture was
treated with Streptophagé, (104M) for 1 h followed by green fluorescent  nontoxic. Under conditions that promote uptake of SA by over

SA Alexa Fluor 488 (2Qug/mL) for 4 h. Panels AC: Cells colabeled _ ; ;
with red fluorescent Lysotracker Red dye. D, E: Cells pretreated with 300-fold (104M 1, 0.02 mg/mL SA), only a slight reduction

chlorpromazine (10@M). F, G: Cells pretreated with hypertonic sucrose  IN Viability was observed. However, cellular viability was
(400 mM). H, I: Cells pretreated with methgkcyclodextrin (10 mM). dramatically affected by coadministration bfand SA at 10-

fold higher concentrations, which may result from rupture of
cellular membranes due to overwhelmingly excessive protein
delivery.

Streptaphage (1) Enables SA to Associate with Lipid Rafts
and Access a Clathrin-Mediated Endocytosis Pathway.
Streptaphagel] was found to target SA conjugates to defined
intracellular compartments. These compartments were identified Summary and Conclusions
as acidic endosomes by addition of the acid-sensitive red
fluorescent endosome probe Lysotracker Red (Figure 6, Panels We report the synthesis of a novel small-molecule ligand
A—C), indicating that the protein is internalized by an endocytic termed Streptaphagé)(that enables efficient uptake of SA by
mechanism. To examine whether uptake of SA involved mammalian cells by hijacking the molecular machinery used
clathrin-mediated endocytosis, specific inhibitors of this pathway by cells to organize cellular membranes. This ligand comprises
were investigated. Cationic amphipathic drugs such as chlor- biotin linked to cholesterylamine, which promotes clathrin-
promazine specifically block clathrin-mediated endocytosis by mediated endocytosis by anchoring SA in lipid raft subdomains
disrupting the assembly/disassembly of clathrin associated with Of cellular plasma membranes. Streptaphdgegsociates with
coated pits and endoson®sin addition, cells treated with  lipid rafts by functionally mimicking cholesterol, which packs
hypertonic sucrose exhibit defects in clathrin-coated lattices that with sphingolipids through hydrophobic and hydrogen bonding
block clathrin-mediated endocyto$isUptake of SA promoted interactions to form the liquid ordered phase that characterizes
by 1 was inhibited by chlorpromazine (Figure 6, Panels D and lipid rafts 242783
E) and hypertonic sucrose (Figure 6, Panes F and G). In addition, The Cholera toxin B subunit gains access to the cellular
cellular cholesterol was also critical for ligand-regulated uptake interior by similarly binding a lipid raft-associated small
of SA. Cells pretreated with methy-cyclodextrin to deplete  molecule. This pentameric protein penetrates cellular membranes
plasma membrane cholesterol levels trapped SA at the plasma
membrane. Similar effects of this cholesterol-binding compound (82) Kilsdonk, E. P. C.; Yancey, P. G.; Stoudt, G. W.; Bangerter, F. W.; Johnson,
on lipid rafts and clathrin-mediated endocytosis have been Y. J. Philips, M. C.; Rothblat, G. H. Biol. Chem1995 270, 17256~

(83) Veiga, M. P.; Arrondo, J. L. R.; Goni, F. M.; Alonso, A.; Marsh, D.
(81) Heuser, J. E.; Anderson, R. G. \l..Cell Biol. 1989 108 389-400. Biochemistry2001, 40, 2614-2622.
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Figure 8. Analysis of toxicity of1 and/or SA by flow cytometry. Jurkat
lymphocytes were treated with compounds for 24 h and viability quantified
by forward and side-scatter dot plots. Dead cells were counterstained with
propidium iodide.
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Figure 9. Model of a plasma membrane lipid raft segment containing
- . L Streptaphagelj and ganglioside GM1. The cholesterylamine moietyl of
by binding the raft-associated natural product ganglioside GML. partitions preferentially into the liquid-ordered phase of the exoplasmic

This natural product is a sphingolipid that comprises ceramide (outer) leaflet, which primarily comprises cholesterol, sphingomyelin, and
bearing a pentasaccharide headgroup (Figure 9). Binding ofggg‘;sél‘:hirggé’éipifiemf iic?snzr (':ﬁagst ﬁgid%’gi%arl‘;'gﬂz‘;”tains cholesterol
Cholera toxin to GM1 enables this protein to localize in lipid . ay pics su phosphaticy ’

rafts and undergo clathrin-mediated endocytosis by accessin . - R . e .
endogenous megchanisms of vesicular trans%}éﬁtng)écause gsphlngohpld and cholesterol derivatives in mediating protein
. . ; L S uptake through this mechanism.

lipid rafts contain cholesterol packed with sphingolipids, pAnal Sis bgconfocal fluorescence microscopy revealed that
synthetic analogues of GM1 replacing the ceramide lipid moiety the SAyl corri/ lex and Cholera toxin-GM1 colc?():/alize in livid
with a cholesterol ester have yielded non-natural GM1 mimics P . . . pic
more potent than the natural product in mediating actions rafts. Furthermore, both proteins are internalized by clathrin-
of Cholera toxirt* This previously reported result and the mediated endocytosis. Thus, uptake of the BAomplex

results described herein illustrate the functional equivalence offunctionally mimics the initial steps of cellular penetration
q employed by the Cholera toxin-GM1 complex. A proposed

(84) Pacuszka, T.; Bradley, R. M.; Fishman, PBibchemistry1l 991, 30, 2563 mOde_l of Strept_aph_aga)( aSSOCiaFed with a_portion Of_ a ”pid
2570. raft?” is shown in Figure 9. In this model, is shown in the
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exoplasmic leaflet of the bilayer becausg-éholesterylamine of production of lipid raft componen#8:89Lipid raft-rich plasma

is unequally distributed in model liposomal membranes and membranes of MDR cancers may permit selective cellular

favors the outer leaflet labeling by Streptaphagé)(or related compounds for targeted
Streptaphagelf was found to exhibit remarkable low toxicity — delivery of antitumor agents.

to cells in culture, and SA protein is sufficiently nontoxic for The synthesis of Streptaphagh) @nalogues bearing acid-

clinical applications such as prgtargeting immunotherapeutics. |apile or other reactive linkers may facilitate escape of SA
These results suggest that ligand-regulated uptake of SAproteins from acidic endosomes into the cytosol or nucleus. This
conjugates and fusion proteins may have applications in tumorapproach may be useful for stimulation of immune responses

therapy. Many proteins such as serum albumin tend t0 ac- . reqylating uptake and processing of SA-linked protein
cumulate in solid tumors due to the enhanced m|cr0vascuIatureanﬁgens in antigen presenting cells such as macrophages,

of tumors and the lack of functional lymphatic drainage systems B-cells, and dendridic cells. Streptaphad} fiay also enable
in tumor tissué>8Hence, endosome-activated antitumor agents regulated gene delivery since avidin conjugated to the DNA-

conjugated to serum albumin can exhibit some selectivity for binding polymer polyethyleneimine has previously been em-

;c,iuljirtll(jgjo(r:sti?:xiﬂrsomgiebtelirgronrerzgtriiz?e%nulnOEUdI%trz?éfi:s or ployed for cellular transfectioff This general strategy of
y pon p y coupling protein ligands to molecules that associate with lipid

acidification in endosomes may similarly accumulate in tumor . . . .
. . ) - rafts has potential for regulated delivery of diverse ligand-
tissue. Subsequent administration of synthetic ligands that, . . .

binding proteins.

promote endocytosis may trigger tumor regression. Streptaphage

(1)-regulated cytotoxicity of SA proteins linked to endosome- Acknowledgment. We thank the NIH (CA83831) for finan-
activated toxins may be particularly effective because the fate support. S.L.H. thanks the DOD for a predoctoral fellow-
of internalized SA protein appears to be irreversible entrapment ,;

ship.
in endosomal compartments due to the high affinity of bound P
cholesterylamine for membranes. This approach of labeling lipid  Supporting Information Available: Experimental procedures,
rafts of cell membranes with small molecules that internalize Compound characterization data’ and additional micrographs

SA toxins has the potential to be useful for targeting multidrug (PDF). This material is available free of charge via the Internet
resistant (MDR) cancers, which exhibit distinct plasma mem- 4t http://pubs.acs.org.

brane compositions as a consequence of dramatic upregulation
JA0258733
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