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ne hundred years have passed since Paul
Ehrlich coined the term “magic bullet” to describe a chemotherapeutic that seeks out and
kills disease-causing cells while leaving normal ones
unaffected (1). This visionary concept remains an inspiration for many targeted drug strategies. Indeed, numerous anticancer drugs rely on the high-afﬁnity monovalent interaction between a cell-binding agent (e.g.,
monoclonal antibody or fragment thereof) and a tumorassociated antigen to direct a cytotoxic moiety selectively to the tumor (2). Despite the potential advantages
of this strategy, this mode of cell recognition is abiotic.
One critical consequence of such non-natural recognition is that it often lacks the required selectivity. Thus,
the toxin can also be delivered to normal cells with low
levels of the target receptor.
In physiological systems, multiple low-afﬁnity interactions are used to distinguish one cell type from another
(3, 4). We have shown previously that a multivalent presentation can improve not only the afﬁnity but also the
speciﬁcity of ligand–receptor interactions (5, 6). On the
basis of these results, we sought to compare the selectivity of a traditional cell-targeting approach to an alternative that mimics natural cell recognition processes.
Our multivalent targeting strategy exploits a preexisting immune response that poses a major barrier to
xenotransplantation. The immunological differences between humans and most other mammals have prevented the transfer of tissue and organs across species
(7). The galactosyl-(1–3)galactose (␣-Gal) carbohydrate
epitope is abundantly expressed on the surface of
nearly all mammalian and bacterial cells (8). Humans,
apes, and Old World monkeys, however, do not display
␣-Gal on their cell surfaces because they lack the functional glycosyltransferase that catalyzes the assembly of
www.acschemicalbiology.org

A B S T R A C T This report highlights the advantages of low-afﬁnity, multivalent interactions to recognize one cell type over another. Our goal was to devise a strategy to mediate selective killing of tumor cells, which are often distinguished from
normal cells by their higher levels of particular cell surface receptors. To test
whether multivalent interactions could lead to highly speciﬁc cell targeting, we
used a chemically synthesized small-molecule ligand composed of two distinct motifs: (1) an Arg-Gly-Asp (RGD) peptidomimetic that binds tightly (Kd ⬇ 10–9 M) to
␣v␤3 integrins and (2) the galactosyl-␣(1–3)galactose (␣-Gal epitope), which is recognized by human anti-␣-galactosyl antibodies (anti-Gal). Importantly, anti-Gal
binding requires a multivalent presentation of carbohydrate residues; anti-Gal antibodies interact weakly with the monovalent oligosaccharide (Kd ⬇ 10–5 M) but
bind tightly (Kd ⬇ 10–11 M) to multivalent displays of ␣-Gal epitopes. Such a display is generated when the bifunctional conjugate decorates a cell possessing a
high level of ␣v␤3 integrin; the resulting cell surface, which presents many ␣-Gal
epitopes, can recruit anti-Gal, thereby triggering complement-mediated lysis. Only
those cells with high levels of the integrin receptor are killed. In contrast, doxorubicin tethered to the RGD-based ligand affords indiscriminate cell death. These results highlight the advantages of exploiting the type of the multivalent recognition processes used by physiological systems to discriminate between cells. The
selectivity of this strategy is superior to traditional, abiotic, high-afﬁnity targeting
methods. Our results have implications for the treatment of cancer and other diseases characterized by the presence of deleterious cells.
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Figure 1. Graphical representation of cell-targeting strategy based on multivalent binding. A bifunctional conjugate
(represented by the blue
circles attached to red diamonds) binds with high afﬁnity to a cell-surface
receptor (e.g., integrin) that is present in high concentration on a target
cell. The blue circle represents an integrin ligand. The low-afﬁnity ␣-Gal
epitope (red diamond) recruits bivalent anti-Gal IgG (green) and decavalent
anti-Gal IgM (green) when a noncovalent multivalent array is assembled
on the cell surface. a) Cells displaying high levels of the target receptor recruit the antibody, which results in complement-mediated cell death. b)
Cells with low levels of the target receptor are unaffected, because the
monovalent anti-Gal interaction is weak.

this structure (9). Consequently, these species generate
high concentrations of antibodies to this antigen. In humans, as much as 2% of the total IgG circulating in the
bloodstream is anti-Gal (10), and the decavalent anti-Gal
IgM isotype accounts for 3–8% of the total IgM (10,
11). These high antibody titers are maintained in humans throughout their lives, presumably in response to
constant exposure to ␣-Gal found on bacteria within the
normal intestinal ﬂora (12).
Anti-Gal antibodies are potent activators of the classical complement pathway and are responsible for the hyperacute rejection of xenotransplanted organs (13, 14).
Like many carbohydrate-binding proteins, anti-Gal antibodies interact only weakly with a single ␣-Gal epitope
(Kd ⬇ 10 M) but bind with higher functional afﬁnity
(Kd ⬇ 10–11 M) to multivalent arrays of the saccharide
(15, 16). Thus, the apparent binding afﬁnity of anti-Gal
is proportional to the valency of ␣-Gal epitopes presented. We envisioned, therefore, that anti-Gal antibodies could be recruited to selectively target unwanted cells
that display high levels of ␣-Gal.
Bifunctional conjugates that bind to a cell-surface receptor and present ␣-Gal should render tumor cells susceptible to lysis. It has been shown that circulating antibodies can be redirected to a target cell using small
molecules (17–19), and synthetic conjugates of ␣-Gal
have been prepared (20–23). These studies, however,
do not address the importance of multivalent binding,
and the selectivity of such agents for cell targeting is unknown. Our objective was to test the utility and speciﬁcity of multivalent interactions for targeting cells (Figure 1). A
synthetic bifunctional ligand, which uses noncovalent interactions to create a multivalent display on the cell surface, can recruit endogenous human anti-Gal antibodies
to achieve highly selective cell killing.
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RESULTS AND DISCUSSION
Design and Synthesis of Bifunctional Conjugates.
To test our hypothesis, we needed a model system
with a cell-surface receptor that is up-regulated on target cells but produced only at low levels by normal cells.
We selected the ␣v␤3 integrin. The integrins are a superfamily of heterodimeric proteins that mediate cell–cell
attachment and cellular adhesion to the extracellular
matrix (24–26); many integrins act through recognition
of the RGD tripeptide motif (27, 28). The ␣v␤3 integrin is
displayed in elevated levels on both invasive tumor
cells and the endothelium of the tumor vasculature
(29–35). Because ␣v␤3 is a potential therapeutic target
in cancer research, a wide range of small-molecule ligands are known (36–38). Several of these compounds
have been successfully modiﬁed for applications that include molecular imaging, gene therapy, radiotherapy,
and targeted drug delivery (38, 39).
DeGrado and coworkers previously identiﬁed the
nonpeptidic RGD mimetic 1 (Figure 2) as a ligand that
binds potently and selectively to ␣v␤3 over related integrins (40). Guided by the structure of the extracellular
segment of ␣v␤3 bound to a cyclic RGD peptide derivative (41), we devised compound 2 (Figure 2). This compound possesses a linker terminating in an amino group
for subsequent modiﬁcation. Like the parent ligand 1,
derivatives of 2 bind to ␣v␤3 with high afﬁnity and selectivity (42). We used amine 2 to prepare three different bifunctional ligands. First, we treated compound 2 with
ﬂuorescein isothiocyanate to generate probe 3 (Figure 2),
which provides a means to analyze the levels of ␣v␤3 on
various cell lines. Second, we chemically modiﬁed doxorubicin (DOX) (43) so that it could be appended to compound 2 to yield the cytotoxic agent 4 (Figure 2). This
conjugate should exert its deleterious effects subsequent to monovalent binding to the cell surface. Finally,
we used conjugate 5, which was generated via dimethyl squarate-mediated coupling (44) between compound 2 and the Gal␣(1–3)Gal␤(1–4)Glc trisaccharide
possessing an amine-bearing poly(ethylene glycol)
linker (Figure 2) (42).
Evaluating Cell-Surface Receptor Levels. To investigate the ability of bifunctional conjugate 5 to selectively induce cytotoxicity, we required cells displaying
varying amounts of ␣v␤3 integrin. Flow cytometry has
been used previously to assess the concentration of
both ␣v and ␤3 integrin subunits, as well as the heterodimer, on different cell lines (34, 35, 45, 46). Antiwww.acschemicalbiology.org
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Figure 2. Chemical structures of small-molecule integrin ligands used in this study. The parent compound 1 is a peptidomimetic that selectively binds the ␣v␤3 integrin. It inspired the design of 2, which bears a linker for conjugation to other
moieties. Compound 2 can be functionalized to append a ﬂuorophore (3), a cancer chemotherapeutic (4), or the ␣-Gal
carbohydrate epitope (5).

bodies are typically used to measure integrin levels
(e.g., anti-human integrin monoclonal antibody followed
by a secondary ﬂuorescein-labeled antibody). The number of functionally active ␣v␤3 integrins on the cell surface, however, is the relevant parameter for our targeting strategy. Thus, we took a direct approach to detect
those receptors accessible to the integrin ligand.
Using ﬂuorescent integrin ligand 3, we determined
the number of active ␣v␤3 integrins on the cell surface.
We conducted titration experiments using nine different
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human cancer cell lines, including 451Lu, 1205Lu,
M21, MCF7, MDA-MB-231, Saos-2, SLK, WM115, and
WM164. The modiﬁed integrin ligand bound with similar afﬁnity to each cell type (average Kd value of 1.14 ⫾
1.05 nM; Figure 3, panel a, and Supporting Information).
These results are consistent with previously reported
binding data (40). We used a saturating concentration
of probe 3 (10 nM) to measure the mean ﬂuorescence
intensity (MFI) for each cell line. In this way, we could
compare MFI values (calibrated with ﬂuorescent microspheres) to quantitate the levels of “targetable” ␣v␤3 integrin
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Figure 3. Analysis of ␣v␤3 integrin levels on target cell lines. a) A binding curve genThus, with a series of cell lines
erated using ﬂow cytometry for interaction of the ﬂuorescein-labeled derivative 3
possessing different amounts
with WM115 cells. The apparent dissociation constant (Kd) for this interaction was
of the target receptor, we were
0.5 ⴞ 0.04 nM. b) Histogram showing the number of cell-surface integrins measured
poised to assess the imporusing ﬂow cytometry with a saturating concentration of derivative 3 (10 nM) and varitance of multivalent binding.
ous cell lines.
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Figure 4. Recruitment of anti-Gal antibodies to the cell surface via binding of the bifunctional conjugate 5. Representacan induce apoptosis
tive ﬂow cytometry plots illustrating the binding of anti-Gal IgG and IgM to a) WM115 cells (high levels of ␣V␤3) and
in the tumor vasculab) MCF7 cells (low levels of ␣v␤3). The MFI was measured after cells were treated with 5, incubated with heatinactivated HS, and labeled with ﬂuorescein-conjugated goat anti-human IgG or IgM secondary antibodies. WM115
ture with enhanced efﬁcells showed a positive log shift compared with untreated controls. No antibody binding was detected to MCF7 cells.
cacy and reduced cytotoxicity (47–49).
Therefore, we envisioned that compound 4 could serve
Cell and Antibody Binding of Bifunctional ␣-Gal
Conjugate 5. For our synthetic conjugate to function as as an archetype of a traditional targeted chemotheradesigned, it must simultaneously bind ␣v␤3 and anti-Gal peutic. Using a standard tetrazolium salt-based method
of assessing cell viability (50) with a variety of cell lines,
antibodies. As mentioned above, we recently reported
the utility of a series of ␣-Gal-conjugated RGD mimetics we compared the cytotoxicity of 4 to that of free DOX.
as cell-surface targeting agents and recruiters of anti-Gal Upon treatment with compound 4, we observed signiﬁantibodies (38). In the course of these studies, we devel- cant cytolysis (⬎50% dead) of each cell line tested
(Figure 5, panel a); in contrast, cells were unaffected
oped a ﬂuorescence-based cell adhesion assay to test
when exposed to the same concentration of free DOX
the binding of these ligands to integrins on cells. The
measured IC50 values for compound 1 and bifunctional (25 nM). Indeed, no signiﬁcant cytotoxicity was obconjugate 5 for ␣v␤3 were 8.1 ⫾ 2 and 1.8 ⫾ 0.2 nM, re- served with free DOX up to 0.5 M (data not shown).
These results emphasize a major problem associated
spectively (42). These data are consistent with previwith approaches that rely on monovalent interactions for
ously published data for the parent peptidomimetic
cell killing: there is little discrimination between cells
(IC50 value ⫽ 1.1 nM) (40).
with low levels of the target receptor and those with high
When multiple copies of conjugate 5 bind to ␣v␤3
levels.
complexes on the cell surface, a multivalent display of
Conjugate 5 Is Only Cytotoxic to Cells with High
␣-Gal is assembled. To evaluate whether anti-Gal IgG
␣v␤3 Levels. To assess the cell-targeting selectivity of
and IgM antibodies can bind such a display, we exposed the WM115 and MCF7 cell lines to 5 and then to the ␣-Gal conjugate 5, we employed a complementnormal human serum (HS) (a source of anti-Gal).
dependent cytotoxicity assay. Brieﬂy, cells were interWashed cells were stained with ﬂuorescein-labeled
nally labeled with a ﬂuorescein diacetate esterase subgoat anti-human secondary antibodies and subsestrate, treated with compound 5, and exposed to HS;
quently analyzed by ﬂow cytometry. The data indicate
the serum serves as the source of both anti-Gal antibodthat WM115 cells, which display high levels of ␣v␤3,
ies and complement. If the bifunctional ligand can bind
cell-surface ␣v␤3, recruit anti-Gal antibodies from HS,
bind anti-Gal IgG and the higher valency IgM (Figure 4,
panel a). In contrast, no anti-Gal antibody binding could and activate the complement cascade, cytolysis would
be detected with MCF7 cells presenting low levels of
occur. Live cells were detected using a ﬂuorescent plate
␣v␤3 (Figure 4, panel b). These results indicate that upon reader. Untreated cells produce the maximum ﬂuorescence emission; a decrease in this signal corresponds
interaction of the conjugate with cell-surface integrin,
to a decrease in the population of live cells, or cytotoxicanti-Gal can be recruited. Thus, both the anti-Galbinding epitope and the integrin-binding moiety are ac- ity. We tested each of the cell lines and observed lysis
(⬎60% dead) of ﬁve of the nine cell lines (Figure 5,
cessible to their protein targets (42). The ﬁnding that
panel b, red bars). Intriguingly, only those cells expressanti-Gal is recruited only to the cell displaying a high
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Figure 5. Bifunctional conjugate 5 mediates selective cell killing. a) The viability of four cell lines treated with compound
4 was evaluated using a standard tetrazolium-salt-based assay. Treatment with the DOX conjugate resulted in >50% cell
death, irrespective of the levels of ␣v␤3 integrin (red). Unmodiﬁed DOX (25 nM) had no effect on the cells tested at this
concentration (black). b) Data from all nine cell lines tested in the complement-dependent cytotoxicity assay. The cell
lines that were lysed efﬁciently following treatment with bifunctional ligand 5 (10 nM) and HS are shown in red; those
that were unaffected are depicted in black. c) Control experiments for the complement lysis assay are depicted. These include treatment with compound 1 (no ␣-Gal epitope) and HS (black), the ␣-Gal conjugate 5 and HIHS (light gray), and 5
with HS in the presence of an anti-CD55 function-blocking antibody (dark gray).

ing high levels of the target receptor were killed. For
cell types with low levels of ␣v␤3, complement-mediated
destruction was not observed (Figure 5, panel b).
The Cytotoxic Effects of Bifunctional Ligand 5
Depend on Complement-Mediated Lysis. We conducted several experiments to probe the mechanism of
the observed cytotoxicity. First, we tested whether the
cytotoxic response depends on the display of ␣-Gal moieties. When the parent compound 1 (which cannot recruit anti-Gal to the cell surface) was employed, no cell
killing was observed (Figure 5, panel c). To determine
whether the induced response was complementmediated, we incubated cells with conjugate 5 and
heat-inactivated HS (HIHS). This protocol should denature critical complement proteins but does not abolish
anti-Gal antibody binding (10). Again, no lysis was detected (Figure 5, panel c, light gray bars). Finally, we
sought to determine whether nonlysed cell lines were
able to evade cellular destruction through the protective effects of one or more complement-regulating proteins (51). We used ﬂow cytometry and monoclonal antibodies to known complement regulators (CD46, CD55,
and CD59) to analyze three of the four cell lines that
were not lysed (WM164, MDA-MB-231, and MCF7) and
one that was destroyed (WM115). Only CD55, the receptor previously implicated in complement avoidance in
www.acschemicalbiology.org

relation to anti-Gal (52), was present on the cell surface
in signiﬁcant amounts (see Supporting Information).
When we repeated the experiment in the presence of
an anti-CD55 antibody, which is known to block the protective function of CD55, no cytolysis was detected
(Figure 5, panel c, dark gray bars). Together, these results indicate that the bifunctional ligand 5 is much
more selective than traditional cell-targeting agents.
Enhancing Cell-Targeting Selectivity with Multivalency. The exquisite selectivity of ␣-Gal conjugate 5
contrasts dramatically with that observed for the DOXlinked compound 4. These differences can be visualized
by comparing their relative cell-killing abilities (Figure 6,
panel a). Our results with compound 4 are consistent
with those of others in which the attachment of a
“tumor-homing” agent to DOX results in selectivity for
cells that display the target receptor over those that do
not (47–49). Our data, however, underscore that this
selectivity is limited. Thus, conjugates like 4 can kill cells
with even low concentrations of targeted cell-surface
receptor. Because it can be difﬁcult to identify surface
receptors unique to cancer cells, chemotherapeutic
agents with such properties are expected to have deleterious side effects.
In contrast to 4, compound 5 is a highly discriminating cell-targeting agent. It can distinguish between cells
VOL.2 NO.2 • 119–127 • 2007
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Figure 6. Features of cell recognition by multivalent interactions. a) The number of ␣v␤3 integrin receptors available for binding (data from
Figure 3, panel b) is plotted against the percentage of dead cells (data from Figure 5, panel b). The dashed black curve describes the activity of the DOX conjugate 4. It kills cells displaying high and low levels of the target receptor. Conversely, cells with a low concentration of
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is similar to that displayed in panel b for compound 5. b) Dose response curves for compounds 4 (black) and 5 (red). Cell death by compound 5 displays a marked concentration dependence, an attribute indicative of a process involving cooperative multivalent interactions.
The gradual dependence on concentration for the DOX conjugate 4 is typical of a process that involves monovalent interactions. c) A pictorial depiction of complement-mediated cell lysis through interaction with anti-Gal. This process involves several different types of multivalent interactions: anti-Gal binds avidly when it can interact with multiple ␣-Gal epitopes (as shown on the right), and complement is recruited more effectively when multiple copies of anti-Gal are bound.

with different levels of the target ␣v␤3 integrin receptor
(Figure 6, panel a). One explanation for its remarkable
selectivity is that cell killing is mediated through lowafﬁnity, multivalent interactions. Because anti-Gal antibodies interact weakly with monovalent epitopes, any
interaction with the ␣-Gal conjugate in solution will be
transient. Similarly, anti-Gal is not recruited to cells displaying low levels of ␣-Gal residues. Only those cells
with high levels of ␣-Gal residues on their surfaces can
capture the bivalent (IgG) or decavalent (IgM) antibodies
with sufﬁcient avidity.
If cooperative multivalent interactions are critical for
the activity of 5, the concentration curves for cell killing
by 5 should be steeper than those for 4. Using WM115
cells, which possess high levels of ␣v␤3, we generated
dose response curves for 4 and 5 (Figure 6, panel b).
Compound 4 exhibits cytoxicity over a broad concentration range. In contrast, small changes in the concentration of bifunctional ligand 5 result in large changes in activity. These data provide further support that compound
4 functions via monovalent interactions but cell killing
by compound 5 depends on multivalency.
Several steps in the cascade of events that culminate in complement-mediated cell lysis involve multivalency. When anti-Gal antibodies of the IgM class engage in multivalent interactions with the target cells,
they expose a binding site for the multimeric C1q protein of the complement system. C1q binding initiates a
cascade of protease activity, which results in the assembly of a membrane attack complex (MAC). It is this MAC
that mediates lysis of the target cell. Thus, the complement system, which is composed of ⬎30 proteins, also
depends on multivalent interactions. Accordingly, our
strategy exploits multivalent interactions for both cell
recognition and cell killing by the immune system
(Figure 6, panel c). Intriguingly, the data suggest that
124
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there is a threshold response: only cells with sufﬁcient
levels of the target ␣v␤3 receptor are destroyed.
Exploiting Multivalency Using Low-MolecularWeight Ligands. The strategy presented herein has advantages that go beyond its selectivity. Speciﬁcally, the
mechanism by which the bifunctional ligands trigger cellular destruction does not rely on a non-natural toxin
but rather on an endogenous immune response. Because humans are constantly exposed to the ␣-Gal antigen, a supply of anti-Gal in circulation is ensured. Moreover, unlike the situation with traditional toxins, the
agent used for cell killing in our strategy (complement)
is tightly controlled and therefore harmless to normal
cells. Another major beneﬁt of our strategy is that it employs low-molecular-weight compounds. Many tumortargeting strategies rely on macromolecular agents, such
as antibodies. Although the mode of action of our bifunctional ligands depends on multivalent recognition,
the agents we describe are small-molecule ligands. As a
consequence, they sidestep problems associated with
macromolecular therapeutic agents.
A key feature of the design of our bifunctional conjugate is its modularity. The linkers, cell-surface targeting
agent, and low-afﬁnity epitope can be varied, thus affording the means to readily optimize the biological activity of the small molecules. Moreover, this design can
be used to target more than one receptor on the cell surface. Another method to achieve selective cell targeting
is to engage multiple types of up-regulated receptors. A
highly selective cocktail of bifunctional ligands that bind
and recruit complement to cancer cells, for example,
would be extremely valuable. Finally, though we have
presented our strategy in the context of cancer immunotherapy, we predict that this approach will have applications beyond tumor destruction.
Conclusion. As the mechanism of complementmediated cell lysis indicates, physiological systems
www.acschemicalbiology.org
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rely on low-afﬁnity, multivalent interactions to distinguish between normal and unwanted target cells. An advantage of such processes is that highly speciﬁc recognition can be achieved. Our results indicate that the
multivalent recognition mode that we employ can be ex-

ploited to selectively direct an endogenous immune response to destroy target cells. We envision that this general strategy and the principles underlying it will lead to
new classes of therapeutic agents.

METHODS

then diluted to 2 ⫻ 105 cells mL⫺1 and incubated with compound 5 (10 nM) on ice for 60 min. Cells were washed with IB
and resuspended in a 20% solution of HIHS obtained from a
healthy donor. After a 60 min incubation on ice, cells were
washed again with IB and incubated again at 4 °C with FITC-conjugated goat anti-human IgG or IgM antibody (5 g mL⫺1) for
30 min. Finally, propidium iodide (PI, 5 g mL⫺1) was added to
washed cells and immediately analyzed for ﬂuorescence using a
FACSCalibur ﬂow cytometer (Becton Dickinson). Data were analyzed using CellQuest software (Becton Dickinson). An identical
assay omitting the bifunctional conjugate assessed background
ﬂuorescence. The relative ﬂuorescence is reported as the ratio
above background. Experiments were repeated in triplicate.
Levels of Cell-Surface Integrin ␣v␤3. Near conﬂuent cells were
harvested with Accutase and activated in IB as described above.
Cells were then diluted to 2 ⫻ 105 cells mL⫺1 and incubated
with ﬂuorescein-labeled compound 3 (10 nM) on ice for 60 min.
Cells were washed twice before being analyzed for ﬂuorescence by ﬂow cytometry. The linearity of the instrument was
ﬁrst validated using the Quantum FITC Premixed MESF Kit, and
a standard ﬂuorescence curve was then generated. Taking the
signal (MFI) measured from samples stained with 3, the resulting value for molecules of equivalent soluble ﬂuorescence
(MESF) was determined. The MESF unit corresponds to the ﬂuorescence intensity of a given number of pure ﬂuorochrome molecules in solution and, in our case, is equal to the number of
␣v␤3 integrins on the cell surface. Experiments were repeated
at least three different times for each cell line.
Complement-Dependent Cytotoxicity Assay. Conﬂuent cultures of cells were detached with Accutase, washed, counted,
and resuspended at 1.25 ⫻ 106 cells mL⫺1 in PBS. Cells were
ﬂuorescently labeled with BCECF-AM (0.2 g mL⫺1) for 30 min
at 37 °C and then washed and diluted to 4 ⫻ 105 cells mL⫺1 for
activation in binding buffer. After 60 min on ice, cells were further diluted to 2 ⫻ 105 cells mL⫺1, and conjugate 5 (10 nM) was
added. V-shaped 96-well microtiter plates were treated with
200 L of “blocking buffer” [25 mM Na2CO3, pH ⫽ 9.6, BSA
(1.5% w/v), and Tween-20 (0.5% w/v)] for 2 h at rt. The blocking solution was removed, and the wells washed three times
with 200 L of IB. Ten thousand cells per well were added to
the rinsed wells in the presence of 20% normal HS and incubated for a minimum of 2 h at 37 °C. Following this period, cells
were spun at 500 rpm for 10 min in an Allegra 6KR centrifuge
(Beckman Coulter), and nonlysed cells were quantiﬁed as the
ﬂuorescent signal was read from the bottom on an EnVision
2100 plate reader (Perkin Elmer). For maximum cell lysis, the
cationic detergent cetyltrimethylammonium bromide was added
to the wells at a 2% (w/v) ﬁnal concentration. The spontaneous release of ﬂuorescence (background, BG) was determined
without addition of conjugate 5. Cytotoxicity is calculated by the
following equation: [(sample ⫺ BG)(max ⫺ BG)⫺1] ⫻ 100.
Cell Viability Assay for Determining Cytotoxicity of Conjugate 3.
Conﬂuent cultures of M21, WM164, MDA-MB-231, and Saos-2
cells were detached and resuspended in media at
100,000 cells mL⫺1 (M21 and WM164) or 250,000 cells mL⫺1
(MDA-MB-231 and Saos-2). One hundred microliters of these

Reagents. All chemicals used were purchased from SigmaAldrich unless otherwise noted. All cell culture reagents, including minimal essential medium alpha (␣MEM), Dulbecco’s modiﬁed eagle medium (DMEM), Roswell Park Memorial Institute1640 medium (RPMI), fetal bovine serum (FBS), penicillin–
streptomycin (pen–strep), L-glutamine, bovine insulin, and
trypsin–EDTA, were purchased from Invitrogen. Accutase cell detachment solution was acquired from Innovative Cell Technologies, Inc. Tissue culture ﬂasks for adherent cells were obtained
from Sarstedt. 2=,7=-Bis-(2-carboxyethyl)-5-(and-6)-carboxyﬂuorescein, acetoxymethyl ester (BCECF-AM) was purchased
from Molecular Probes. Bovine serum albumin (BSA) was obtained from Research Organics. V-shaped 96-well plates were
obtained from Nalge Nunc, International. Fibrinogen and
vitronectin were from CalBiochem. Quantum FITC Premixed MESF
Kit was from Bangs Laboratories, Inc. (Fishers, IN). Antibodies
mouse anti-human integrin ␣v␤3 (clone LM609), mouse antihuman CD55, FITC-labeled rat anti-mouse IgG, and FITC-labeled
goat anti-human IgG and IgM were purchased from Chemicon,
International, Lab Vision Corporation, BD Biosciences, and Vector Laboratories, respectively.
Synthesis of Bifunctional Conjugates. Routes to the parent
RGD peptidomimetic and its conjugation to the ␣-Gal trisaccharide epitope (compounds 1, 2, and 5) have been published (42).
The ﬂuorescent derivative (compound 3) was generated from
the triﬂuoroacetate salt of amine 2 (1.4 mg, 0.0017 mmol, 1
equiv), which was dissolved in 50 mM borate buffer at pH 9
(100 L). To this mixture, ﬂuorescein isothiocyanate (0.7 mg,
1.1 equiv) in dimethylformamide (30 L) was added. The reaction was stirred at RT for 4.5 h and then quenched with 0.2 M
AcOH in H2O (100 L). The product was puriﬁed by HPLC on a Vydac C18 semi-prep column using a 30 min gradient of 0 –50%
(v/v) CH3CN in H2O containing 0.1% TFA (v/v) to yield conjugate
3 in 60% yield. Procedures for the synthesis of the DOX conjugate 4 are detailed in the Supporting Information.
Cell Lines. Human MDA-MB-231 and MCF7 breast carcinoma
cells and WM115 melanoma cell lines were purchased from
American Type Culture Collection. WM164, 451Lu, and 1205Lu
human melanoma cells were obtained from Wistar Institute.
M21 human melanoma cells (sorted for high levels of ␣v␤3) and
Saos-2 osteosarcoma cells were provided by P.M. Sondel and
S. Helfand (UW–Madison). SLK-1 Kaposi’s sarcoma cell line was
obtained from the National Institutes of Health (NIH) AIDS Research & Reference Reagent Program. All cells were grown either in ␣MEM, DMEM, or RPMI media with FBS (10%), pen–strep
antibiotics (100 U), and glutamine (2 mM). MCF7 cells were
grown as above with the addition of 0.01 mg mL–1 bovine insulin. Cells were detached from cell culture ﬂasks with trypsin–
EDTA for passage. For experiments, Accutase was used to minimize the effects of trypsin on ␣v␤3.
Anti-Gal Antibody Binding. Near conﬂuent cells were harvested, washed, counted, and resuspended at a density of 4 ⫻
105 cells mL⫺1 in integrin binding buffer [IB; 25 mM Tris-HCl, pH
⫽ 7.2, NaCl (150 mM), BSA (1.5% w/v), glucose (5 mM), MgCl2
(1.5 mM), and MnCl2 (1.5 mM)] for 60 min at 4 °C. Cells were
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cell suspensions were transferred to each well of a clear, ﬂatbottom 96-well microtiter plate (Corning) and incubated overnight. Wells were then treated with RGD–DOX conjugate 4
(25 nM) in DMEM for 18–24 h. All wells were then washed with
fresh culture medium. Cytotoxicity was assessed using the CellTiter 96 AQueous non-radioactive cell proliferation assay kit
from Promega. After addition of the 3-(4,5-dimethylthiazol-2-yl)5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt solution, the plate was incubated for an additional
1–2 h. The absorbance at 490 nm was recorded using an ELx800
microplate reader from Bio-Tek Instruments, Inc. Maximum cell
death was induced by adding a ﬁnal concentration of 2% SDS
(w/v) to 100 L of the cell suspension. Untreated cells were considered to be “100% alive” in this assay. Cytotoxicity results are
calculated by [sample ⫺ max][untreated ⫺ max]⫺1 ⫻ 100 and are
presented as percent viability. No signiﬁcant cytotoxicity was observed with free DOX up to 0.5 M.
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