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Crafting precise multivalent architectures†

Paul M. Levine,a Tom P. Carberry,a Justin M. Holubb and Kent Kirshenbaum*a

Multivalency is a powerful strategy in molecular pharmacology that can establish high-affinity binding

between multiple conjoined ligands and corresponding biomolecular targets. Recent advances in

chemical synthesis techniques have enabled the development of elaborate two-dimensional multivalent

displays appended on natural or synthetic molecular scaffolds. These constructs have the potential to

address disease targets that otherwise may be classified as ‘undruggable.’ In this review, synthetic

strategies to generate and functionalize different classes of scaffolds are evaluated. Particular focus is

placed on crafting multivalent assemblies that occupy a ‘middle space’ of molecular weight, along with

a consideration of their potential applications in pharmacology.
Introduction

Multivalency can be manifest by multiple conjoined ligands,
potentiating their coordinated multi-site association with
macromolecular targets (Fig. 1).1 Relative to monomeric
species, multivalent ligand assemblies can collectively exhibit
strengthened binding interactions termed ‘avidities.’ Multi-
valency plays a critical role in many biological processes, such
as viral infection and cell–cell communication.2,3 The physio-
logical relevance of multivalency has long intrigued biologists
and there are currently growing efforts to design chemical tools
that can recapitulate these important interactions.

A careful evaluation of the structural requirements necessary
to enhance multivalent interactions has been complicated by
the arduous synthetic procedures required for precise spatial
control of ligand presentation. As a result, multivalent displays
have typically exhibited substantial heterogeneity of ligand
valency and density. Recent advances in chemical synthesis
protocols, however, are now allowing researchers to create
complex monodisperse molecular scaffolds with yields and
purities that can enable more precise functional characteriza-
tion. In addition, researchers are now capable of designing
molecules that display bioactive ligands, such as carbohydrates
and steroid hormones, via an array of different two and three-
dimensional architectures.4,5 These advances at the bench have
allowed multivalency to emerge as a powerful tool in chemical
biology, and facilitate the design of molecules with enhanced
binding affinity and specicity for corresponding biomolecular
targets. While many multivalent constructs occupy a ‘middle
space’ of medicinal chemistry in terms of molecular weight,
rsity, New York, New York, 10003, USA.

New Haven, Connecticut, 06520, USA

mm ‘Drugs in Middle Space’ themed

Chemistry 2013
they may exhibit desirable attributes compared to small mole-
cules for inhibiting disease targets classied as ‘undruggable’.6

The large surface areas and multiple points of contact oen
associated with these challenging disease targets, such as
protein–protein and protein–nucleic acid interactions, estab-
lish an opportunity for developing multivalent assemblies in
the discovery of highly specic inhibitors.

In this review, we begin by considering different mecha-
nisms through which multivalent assemblies can bind to their
biological targets and provide a brief description of multi-
valency from a thermodynamic perspective. Our focus is on
recent advancements in the design and synthesis of multivalent
molecular scaffolds and their various applications in chemical
Fig. 1 Structural representations of monovalent and multivalent protein–ligand
interactions. (A) Monovalent binding event between E. coli ribokinase and the ATP
analogue AMP-PCP (PDB ID: 1GQT). (B) Binding event between the B-subunit of
cholera toxin and a pentavalent inhibitor (PDB ID: 1LLR). Ligand atoms are shown
as red spheres, linker and core atoms are shown as black and magenta lines.
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biology. Due to the large number of reports, this review cannot
be comprehensive but specic examples presented are selected
as representative in the design of multivalent architectures to
target corresponding biomacromolecules. These examples are
categorized with regard to different scaffold families. A partic-
ular emphasis is placed on multivalent assemblies in ‘middle
space’ (molecules in range of approximately 500 to 3000 Da) and
their applications in molecular pharmacology are explored.
Mechanisms of multivalent ligand binding

Multivalent assemblies provide a distinct advantage over
monovalent ligands by enhancing binding strength through
multiple interactions with their corresponding biological
targets.7 Specic modes of multivalent binding include: statis-
tical rebinding, chelation, clustering, and subsite binding
(Fig. 2). In statistical rebinding, the multivalent architecture
augments the effective local concentration of ligands near the
receptor, producing an overall gain in binding affinity. For
example, the tetrameric protein Concanavalin A (ConA), a plant
lectin specic for mannose, contains binding sites separated by
72 Å and is an ideal candidate to target with lengthy multivalent
assemblies, such as polymers, through statistical rebinding
mechanisms (Fig. 2A).8 Alternatively, the chelate effect is
observed when recognition elements bind tomultiple receptors,
Fig. 2 Specific modes of multivalent binding. (A) Statistical rebinding between a
monomeric receptor and a tetravalent scaffolded ligand. High local concentration
of ligand enables occupation of the receptor by another ligand upon dissociation.
(B) Chelation achieved by bridging adjacent binding sites of a dimeric receptor
with a divalent ligand. (C) Clustering of receptors via binding of a trivalent scaf-
folded ligand. (D) Subsite binding between a receptor with a secondary binding
site and divalent molecule containing two discrete ligands.

494 | Med. Chem. Commun., 2013, 4, 493–509
leading to a decrease in the dissociation rate. Chelation can be
achieved by bridging adjacent binding sites of target receptors
(i.e., AB5 toxins) with multivalent architectures (Fig. 2B).
Provided suitable spatial disposition, multivalent assemblies
can evoke clustering of multimeric proteins (i.e., cell surface
receptors) containing multiple binding sites, signicantly
enhancing binding affinity (Fig. 2C). Finally, subsite binding
occurs between multivalent assemblies and biological targets
containing a secondary binding site in proximity to their
primary binding pocket, such as nuclear hormone receptors
(Fig. 2D). Collectively, thesemodes of multi-site binding serve to
prevent the disassociation of ligand upon individual transient
unbinding events.

Physical considerations of multivalent
effects: a thermodynamic perspective

Numerous research groups have described the physical origins
of multivalency from a thermodynamic perspective. Neverthe-
less, the topologies of the multivalent interactions (spatial
arrangement of ligands designed to complement the binding
sites of biomolecular targets) and how they contribute to
enhancements in binding affinity can remain overlooked.9,10

Kitov and Bundle have established a thermodynamic model for
multivalency incorporating an expression that parameterizes
the basis for ‘avidity gains’ observed in biological systems
(Fig. 3A).11 The rst two components of the equation account for
enthalpic effects observed in multivalent interactions, and the
third component denes a topology-dependent statistical factor
termed ‘avidity entropy.’ More specically, the rst term:
DG�

inter, resembles the free energy of a monovalent interaction
(DG�

mono); the second term: DG�
intra, constitutes additional

specic ligand–receptor interactions; and the third term:
�TDSavidity, is a factor that reects the probability of association
Fig. 3 Physical considerations of multivalent interactions. (A) Thermodynamic
model for multivalent interactions between scaffolded ligands and biomolecular
targets. (B) Pentavalent carbohydrate inhibitor (right) designed to complement
the radial topology of the pentameric subunit of Shiga-like toxin type 1 (SLT-1,
PDB ID: 1QNU). Figure adapted from ref. 11.
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between each additional ligand and a corresponding binding
site. To validate this theoretical model, competitive binding
assays were conducted to evaluate the ability of tailored multi-
valent oligosaccharide assemblies to inhibit the homopenta-
meric binding subunit of Shiga-like toxin type 1 (SLT-1).
Relative to the native carbohydrate ligand, which exhibited a
50% inhibitory concentration (IC50) of 0.47 mM, a pentavalent
inhibitor designed to complement the radial topology of the
pentameric subunit of SLT-1 (Fig. 3B) exhibited an IC50 of
1.4 nM. The thermodynamic avidity model calculated an IC50

value of 1.26 nM for this ligand–receptor interaction, which was
in excellent agreement with the experimentally determined
value. These results suggest that the thermodynamics of
binding are greatly inuenced by the valency and topology of
ligand–receptor interactions, and that binding avidities can be
quantitatively evaluated using theoretical thermodynamic
calculations.12,13
Chemical synthesis strategies for generating
multivalent architectures

Currently, there are two dominant synthetic strategies to
generate multivalent assemblies: sequential and shotgun.14,15

The sequential approach involves ligating monomeric species
in a step-wise fashion to the end of a growing oligomer scaffold
(Fig. 4A). This approach is capable of generating highly func-
tionalized multivalent architectures and can yield a mono-
disperse product. However, the number of synthetic steps is
dependent upon the desired number of ligands in the nal
Fig. 4 Synthetic strategies to generate multivalent architectures. (A) Linear
multivalent displays can be generated via sequential ligation of monomeric units.
Products may contain multiple copies of a single ligand (top) or several diverse
ligands (bottom). (B) Shotgun approach used to generate linear (top) or radial
(bottom) multivalent architectures; monomeric ligands are typically coupled to
the scaffold in a single step.

This journal is ª The Royal Society of Chemistry 2013
product, and oen requires numerous iterative cycles to
generate multivalent displays of preferred density. For this
reason, solid phase synthesis techniques are critical to enable
construction of multivalent arrays through sequential mono-
mer addition. In contrast to sequential addition, the shotgun
method utilizes conjugation reactions to attach multiple iden-
tical ligands to pre-existing scaffolds, such as linear polymers or
dendrimers (Fig. 4B).16 Depending on the architecture of the
scaffold, the shotgun method can yield highly branched prod-
ucts with ligand valencies exceeding those that are typically
attainable through sequential assembly. Due to the high degree
of polymerization or incomplete conjugation, however, the
shotgun approach oen generates polydisperse products,
further complicating purication or confounding analysis of
biological activity. To create even more elaborate architectures,
sequential and shotgun approaches can be combined.17
Multivalent platforms

A host of natural and synthetic molecular scaffolds have been
designed to address various challenges in biomedicine.18–24 The
size, shape, hydrophobicity and charge of the scaffold are all of
crucial importance in determining how these molecules may
behave in the context of molecular pharmacology or chemical
biology. Important considerations for designing multivalent
architectures to target corresponding biomolecules include:
ligand valency, density, linker length, three-dimensional spatial
arrangement and ability to complement the binding sites of
biomacromolecules.25–27 Depending on the application, other
pharmacological characteristics, such as membrane perme-
ability, solubility and proteolytic stability, must also be
considered.28 It is important to note that because the physico-
chemical characteristics of multimeric interactions vary widely,
there is no single ideal scaffold for multivalent ligand displays.
In the context of ligand–receptor interactions, careful experi-
mentation must be considered for optimizing multivalent
molecular scaffolds in each unique application. Discussed
herein are many of the molecular scaffolds families that have
been used to cra multivalent architectures; included are
evaluations of their applications in molecular pharmacology
and chemical biology.
Polymers

Synthetic polymers sample a wide chemical space, from linear
macromolecules to highly branched architectures. Polymers are
generally polydisperse and can display a wide distribution of
molecular weights.29 The properties of polymeric materials vary
widely based on their composition, length, and degree of
branching, all of which inuence solubility, biocompatibility,
rheology, and pharmacokinetic properties in vivo.30 The
composition of the polymer scaffold (e.g., linear poly-
saccharides or polypeptides, poly[norbornenes], etc.) inuences
the structural attributes in solution due to intramolecular
hydrogen bonding or ease of solvation, and can alter clearance
rates. Although linear synthetic polymer chains generally do not
Med. Chem. Commun., 2013, 4, 493–509 | 495
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exhibit well-dened secondary structures, their inherent ability
to dynamically span large distances is frequently exploited.

A number of linear polymer conjugates have garnered
attention due to their ability to cluster proteins found on the cell
surface.7 Kiessling and co-workers have developed a panel of
linear poly(norbornenes) to generate bioactive carbohydrate
arrays. Poly(norbornenes) can be synthesized via ring-opening
metathesis polymerization (ROMP) using Grubbs Ru cata-
lysts.31–33 This procedure generates polymer products with low
polydispersities.34 The polymers can be synthesized with
pendant N-hydroxysuccinimide esters, which are readily modi-
ed using shotgun-style post-polymerization reactions to afford
multivalent, biologically active carbohydrate arrays. Recently, a
similar glycomimetic strategy was used to develop multivalent
non-carbohydrate inhibitors of DC-SIGN, a membrane-associ-
ated lectin capable of recognizing highly glycosylated surfaces
of several viral pathogens, including HIV.35 DC-SIGN was shown
to bind weakly to native monosaccharide ligands, such as N-
acetyl mannosamine and L-fucose, with dissociation constants
of 8.7 and 6.7 mM, respectively. Functionalized monovalent
shikimic acid conjugates mimicking the core structure of N-
acetyl mannosamine were screened to identify a ligand with a
stronger binding affinity than N-acetyl mannosamine. To
enhance the binding affinity of the monovalent shikimic acid
ligand, the authors used ROMP to generate a multivalent poly-
mer that displayed multiple shikimic acid ligands (Fig. 5).
Notably, the multimeric polymer scaffold could engage multiple
binding sites of DC-SIGN. The multivalent carbohydrate array
enhanced the binding affinity by over 1000-fold (IC50 ¼ 2.9 mM)
relative to monovalent shikimic acid ligands, highlighting the
advantage of utilizing multivalent interactions to target cell
surface proteins containing multiple binding sites that span
large distances and the potential for development of new anti-
infective drugs.

Polymers can also be functionalized at the termini to afford
dimeric or, in the case of branched polymers, multimeric
structures. A report from Kramer and Karpen describes the
synthesis of a series of poly(ethylene glycol) (PEG) polymers that
Fig. 5 Synthesis of multivalent non-carbohydrate inhibitors of the membrane-ass
techniques. The tetrameric ligand-binding domain of DC-SIGN is shown (ribbon rende
from ref. 35.

496 | Med. Chem. Commun., 2013, 4, 493–509
are functionalized at each terminus with cyclic guanosine
monophosphate (cGMP), a nucleotide capable of binding to
multimeric protein receptors located on the cell surface.36 To
investigate the relationship between effects on ligand spacing
and binding energy, three variable-length cGMP conjugates
were synthesized and evaluated for their ability to bind rat
olfactory receptors. The rst conjugate, containing a 282-unit
PEG chain, was designed with insufficient length required to
span the 39 Å distance between the two binding sites. This
conjugate displayed only marginally enhanced binding affinity
for the receptor target (K½ of 0.85 mM versus 3.1 mM for the
control polymer conjugate containing one cGMP ligand).
Incorporating a 3400 unit PEG linker that allowed the divalent
construct to bridge the binding pockets of the protein receptor
enhanced the binding affinity to 12 nM. In contrast, a 20 000
unit PEG linker signicantly longer than the required distance
showed a less dramatic increase in binding affinity (250 nM). It
has been proposed that long spacers can negatively impact
binding affinity of bivalent ligands because the conformation of
the products can be compromised due to the collapse of the
exible linker, in addition to inuences on chain entropy.37

These studies highlight the importance of optimizing length
when designing scaffolds for bivalent ligand binding.

The chemical versatility that polymer platforms provide for
generating multivalent architectures is remarkable. Polymer
scaffolds can be tailored to be compatible with a wide range of
chemical conjugation strategies. Although polymer conjugates
are typically high molecular weight polydisperse products that
no longer occupy ‘middle space,’ their ability to easily span
large distances provides a distinct advantage over many other
molecular scaffolds for targeting biomolecular assemblies.
Dendrimers

Dendrimers are highly branchedmacromolecules that generally
feature symmetrical spherical architectures.38 Due to the extent
of branching, dendrimers exhibit different properties than
linear polymers of similar weight and composition.30 Unlike
ociated lectin DC-SIGN utilizing ring-opening metathesis polymerization (ROMP)
red, PDB ID: 1K9I). Calcium ions are represented as purple spheres. Figure adapted

This journal is ª The Royal Society of Chemistry 2013

https://doi.org/10.1039/c2md20338c


Fig. 6 Polypropylenimine (PPI) and polyamidoamine (PAMAM) multivalent
antimicrobial glycodendrimers functionalized with monosialotetrahexo-
sylganglioside (GM1). Figure adapted from ref. 49.
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long-chain linear polymers, dendrimers can be monodisperse
and contain a relatively high density of functionalizable
termini.39 The dendrimer termini are typically positioned on the
exterior of the globular structure, providing solvent accessi-
bility. The solution-phase structural organization is established
primarily by the physicochemical properties of the termini.
Dendrimers have been used to enhance the solubility of other
molecules, such as ibuprofen.40 Various functionalizable
termini can be included to provide chemical handles to which
pendant groups, such as bioactive ligands, can be conjugated.41

Multivalent dendritic scaffolds are typically functionalized
using a shotgun-style approach. Mass spectrometry or NMR can
be used to evaluate the number of conjugated moieties per
dendrimer. However, Baker and co-workers have shown that
analysing functionalized dendrimers using these methods only
provides an average quantiable weight or structure, which can
deviate signicantly from the true values.42 The authors present
an example of a G5 poly(amidoamine) dendrimer containing
128 amine termini that were reacted with 14.8 equivalents of
ligand to yield an average 12.9 ligands/dendrimer as deter-
mined by NMR. By peak-tting HPLC traces of the compound,
however, the authors discovered that the actual functionalized
population of the dendrimers followed an approximate Poisson
distribution, with only about 10% of the population function-
alized with 13 ligands. Strikingly, the authors found that there
were members of the dendrimer population that contained as
many as 26 ligands or as few as 0.

Dendrimers functionalized with short chain polypeptide
sequences have demonstrated potent antiviral activity. Den-
drimers are thought to be effective as antiviral agents because
they can participate in multivalent binding interactions with
corresponding host cells to inhibit viral attachment. A poly-
lysine-based antiviral dendrimer, dubbed SPL7013, is currently
undergoing phase III clinical trials as a topical vaginal virucide
against HIV-1 under the trade name VivaGel� (Starpharma).43–46

In addition, Gribaudo and co-workers have shown that a
poly(lysine) dendron functionalized with short peptide
sequences has antiviral effects against the Herpesviridae
family.47 The peptide sequences are enriched in cationic amino
acids such as lysine and arginine. The authors hypothesize that
the resulting dendrons were able to interact with negatively
charged cell membranes and block viral attachment. To test the
efficacy of these molecules, Vero cells were pre-incubated with
peptide-derivatized dendrons before infection with Herpes
Simplex Virus (HSV) type 1 or 2. The IC50 of the dendron func-
tionalized with the sequence ASLRVRIKKQ was 0.4 mM against
HSV-1 and 1 mM against HSV-2 with respect to viral replication.
Interestingly, it was found that pre-treating the cells with a
peptide containing a linear lysine core was ineffective against
viral replication, suggesting that themultivalent structure of the
dendron was necessary for potent antiviral activity.

Dendrimers have also proven effective for preventing bacte-
rial infections. Signicant advances in combating infectious
bacterial diseases with dendrimeric molecules were recently
reviewed.48 These antimicrobial activities likely rely on multi-
valent interactions between the dendrimers and the bacterial
adhesion factors. In particular, Thompson and Schengrund
This journal is ª The Royal Society of Chemistry 2013
designed multivalent glycodendritic inhibitors to prevent
binding of toxins, such as cholera toxin (V. cholera) and heat-
labile enterotoxin (E. coli) to bacterial cell walls.49 Binding of
these toxins to monosialotetrahexosylganglioside (GM1), a
ganglioside present on the host cell surface, induces an array of
medical conditions including diarrhea and dehydration.50 To
develop effective inhibitors, polypropylenimine (PPI) and poly-
amidoamine (PAMAM) dendrimers were synthesized, and
functionalized with oligo-GM1 carbohydrate moieties to facili-
tate interactions with bacterial cell walls (Fig. 6). Radiometric
competitive binding assays utilizing 125I-labeled toxins were
performed to assess the ability of the multivalent glycoden-
drimers to inhibit binding of bacteria to the host cell. Relative to
the monovalent GM1 ganglioside, the multivalent dendrimers
were capable of inhibiting bacterial binding at 1000-fold lower
concentrations, establishing the utility of multivalent interac-
tions for preventing bacterial infection. To evaluate the poten-
tial therapeutic signicance of this class of compounds, the
multivalent dendrimers were pre-administered to cell-culture
Med. Chem. Commun., 2013, 4, 493–509 | 497
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model systems that were subsequently infected with bacterial
toxins.49 Results obtained from these experiments revealed
notable reductions in the adherence of 125I-labeled toxins in
cells pre-treated with dendrimer. In addition, cell viability was
not compromised in the presence of the dendritic compounds,
providing evidence that the glycodendrimers could provide a
valuable platform for molecular pharmacology.

Dendrimers have enormous utility as platforms for multi-
valent displays. The work outlined above demonstrates that
multivalent dendrimer architectures can be used for a host of
purposes, even showing potent antimicrobial and antiviral
activities. In addition, multivalent dendritic displays are
capable of mimicking natural biological architectures such as
liposomes and micelles (vide infra). The inherent complications
of working with dendrimers (scaffold synthesis and non-specic
conjugation), have made it difficult to synthesize and charac-
terize multivalent compounds. Notably, these issues have
facilitated the development of analytical procedures (e.g.,
HPLC) that are now used in the characterization of dendrimers
and other multivalent systems.
Nanoparticles

‘Nanoparticle’ is a broad term that categorizes a range of objects
with sizes around the 1 to 100 nm length scale. Many individual
macromolecules, such as polymers or spherical metal aggre-
gates, can also be classied as nanoparticles.51 Gold nano-
particles can easily be synthesized with low polydispersities in a
range of sizes, and have shown to exhibit good biocompati-
ability.52 Furthermore, gold particles can be readily functional-
ized in high density by ligands containing thiol groups. It is
important to note, however, that metallic nanoparticles used for
biological studies should remain chemically inert to avoid
toxicity issues in vivo. Outtting metal nanoparticles with
multivalent displays can be difficult because they can only be
functionalized aer they have been pre-formed and their
isotropic nature makes site-selective functionalization difficult
to control. By contrast, polymeric nanoparticles (e.g., den-
drimers or cross-linked polymer micelles) can be designed to
Fig. 7 Multivalent gold nanoparticle (AuNP) inhibitor designed to perturb the bi
interacting motifs (SIMs). Figure adapted from ref. 54.

498 | Med. Chem. Commun., 2013, 4, 493–509
display specic functionalities at the periphery or exhibit
different morphologies.53 Although metal and polymer nano-
particles display distinct chemical properties, each has been
shown to be applicable in biomedicine and can be used, for
example, to develop targeted therapeutics or Magnetic Reso-
nance Imaging (MRI) contrast agents.

Horne, Chen and co-workers utilized the inherent properties
of a gold nanoparticle to absorb ionizing radiation for cancer
therapy.54 They report the synthesis of a small molecule-dipep-
tide hybrid inhibitor of the interaction between poly-SUMO
(small ubiquitin-like modier) and a SUMO-interacting motif
(SIM). Molecular recognition between poly-SUMO and SIM has
been shown to play a fundamental role similar to ubiquitin in
cellular responses to DNA damage, including those caused by
cancer radiation therapy.55 Therefore, augmenting radiation
effects or inhibiting DNA damage response may offer a viable
therapeutic strategy to sensitize cancer cells without compro-
mising normal cell viability. Virtual ligand screening was used
to identify a small molecule-dipeptide hybrid inhibitor of the
poly-SUMO and SIM peptide interaction (Fig. 7). The thiol-
functionalized inhibitor was conjugated to inert gold nano-
particles (2.0–2.5 nm in size) at up to 100 copies/nanoparticle.
While the dipeptide inhibitor was found to be a relatively weak
binder on its own (Kd ¼ 1.2 mM), the multivalent gold nano-
particle proved to be very effective at inhibiting the interaction
between poly-SUMO and SIM (IC50 < 1 mM). To evaluate effects
on cell proliferation and radiation response, multivalent gold
nanoparticles or control gold nanoparticles, lacking the peptide
ligands, were administered to a malignant cancer cell line
(MCF-7) or a normal mammary epithelial cell line (MCF-10A). In
long-term clonogenic assays, the multivalent gold nanoparticles
inhibited growth of MCF-7 cells and enhanced sensitivity to
radiation. In addition, the multivalent gold nanoparticles
sensitized MCF-7 cells to stress generated by the cytotoxic agent
doxorubicin. As expected, the control gold nanoparticles had no
impact on either cell line in similar assays. To further validate
the observed inhibitory effects, an assay was employed to
measure the amount of DNA damage in cells. In comparison to
the control gold nanoparticle or untreated cells, a signicant
nding interaction between SUMO (ribbon rendered, PDB ID: 1QNU) and SUMO-

This journal is ª The Royal Society of Chemistry 2013
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increase in damaged DNA was detected for the multivalent gold
nanoparticle, suggesting that the repair of damaged DNA is
delayed.

Nanoparticles (either metallic or polymeric) can display
vastly different chemical properties and have been shown to
exhibit good biocompatibility. In particular, gold nanoparticles
can be synthesized in a range of sizes with low polydispersities
and functionalized in high density by ligands containing thiol
groups. Additionally, the inert property of gold provides access
to non-toxic materials that are capable of translocating into
cells for potential in vivo applications. Although nanoparticles
are nding frequent use in chemical biology, isotropic particles
lead to random display of ligands at low concentrations,
potentially compromising binding efficiency.
Carbon nanotubes

Carbon nanotubes are cylindrical graphene materials with high
aspect ratios that have recently received considerable attention
from the chemical engineering and biomedical communities.
Carbon nanotubes are known for their extraordinary strength;
nanotubes of around 15 nm in diameter display a tensile
strength of approximately 100 GPa.56 Carbon nanotubes have
traditionally found use in the eld of molecular electronics, but
recently developed chemical functionalization strategies have
extended their applications to biomedicine.57,58 These tech-
niques have allowed the formation of robust tubular scaffolds
that present bioactive moieties in an array of patterns suitable
for molecular recognition or drug delivery. Simple oxidation
of carbon nanotubes in acid is sufficient to establish free
carboxylates along the surface of the tube, providing reactive
handles for attachment of pendant groups. However, this
method has been shown to disrupt the p-network of the
conjugated system and adversely impacts the structural
Fig. 8 Non-covalent synthetic strategy used to generate carbon nanotubes functio
depicted at bottom right). Figure adapted from ref. 65.

This journal is ª The Royal Society of Chemistry 2013
integrity of the carbon nanotube.57,59,60 In contrast, noncovalent
supramolecular functionalization of carbon nanotubes can be
achieved by exploiting hydrophobic or p-stacking interactions.
These strategies are advantageous because the nanotubes can
be functionalized in a multivalent fashion without disrupting
the p-system and have been used to solubilize carbon nano-
tubes in both aqueous and organic solvents.61,62 In addition,
recent evidence suggests that hydrophobic interactions between
the domains of certain proteins (e.g. streptavidin and HupR)
and carbon nanotubes can be used to facilitate crystallization of
the proteins along the carbon nanotube matrix.63

Pyrene has been shown to complex irreversibly to carbon
nanotubes through non-covalent interactions. Not surprisingly,
these interactions have been exploited to functionalize carbon
nanotubes with a multitude of pyrene derivatives.64 Khiar and
co-workers recently reported a modular approach to outt
carbon nanotubes with carbohydrate ligands in a multivalent
fashion for the development of nanomaterials that can engage
in specic ligand–lectin interactions.65 These multivalent
assemblies show potential for targeting cell surface lectins that
play a critical role in numerous biological processes, including
tumour cell metastasis and pathogen infections.66 The authors
developed an efficient protocol to readily synthesize an array of
carbon nanotubes functionalized with glycoconjugates con-
taining distinct functionalities. Sugar moieties were conjugated
to variable azido-functionalized hydrophilic PEG spacers via
amide bond formation. Subsequent CuAAC chemistry between
the azide linker and pyrene containing a terminal propargyl
moiety allowed for attachment of these conjugates to carbon
nanotubes via non-covalent interactions (Fig. 8). Carbon
nanotube assemblies synthesized using similar methods, but
containing lactose epitopes, were investigated to determine if
they would provide a molecular platform for specic ligand–
lectin recognition. Lactose epitope-functionalized nanotubes
nalized with distinct carbohydrate moieties (CNT: carbon nanotube, schematically

Med. Chem. Commun., 2013, 4, 493–509 | 499
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were incubated with a uorescein-labeled plant lectin specic
for lactose and uorescence spectroscopy was conducted to
determine specic binding. The lactose-containing multivalent
conjugates were capable of recognizing Arachis hypogaea peanut
agglutinin, as indicated by a uorescence signal. To verify
specicity, the authors performed a control experiment with a
multivalent carbon nanotube displaying mannose epitopes. As
expected, no uorescence tagging was detected for the mannose
conjugate, conrming that the receptor is specic for lactose
epitopes.

Carbon nanotubes have become ubiquitous in many disci-
plines of research. Unlike planar or even spherical multivalent
arrays, nanotubes provide an elongated cylindrical molecular
recognition platform that can be variably rasterized in two
separate dimensions (curvature and length) and may ultimately
assist in optimizing certain multivalent interactions. Addition-
ally, carbon nanotubes can be functionalized utilizing both
covalent and non-covalent strategies, although disruption of the
p-network can induce structural degradation and compromise
biological integrity.
Virus capsids

Viral capsids, or protein coats, are comprised of multiple
protein subunits that generally form three-dimensional helical
or icosahedral structures. Virus-like particles are typically
monodisperse and biodegradable, effectuating their use in
biomedical applications.67 Furthermore, the external or internal
surface of the viral protein coat can be functionalized to display
multiple copies of distinct targeting molecules or therapeutic
agents. Viral capsids are oen synthesized via recombinant
expression in E. coli, creating self-assembling products.

Finn and co-workers have generated variants of the Levivirus
bacteriophage Qb capsid that are capable of acting as thera-
peutic delivery vehicles.68 The capsids (28 nm in diameter) were
functionalized with multiple copies of the epidermal growth
factor (EGF) protein to effect binding to the EGF receptor on the
surface of cells. Formation of the modied capsids was
accomplished by co-expressing a truncated version of the native
coat protein with a second protein containing a C-terminal EGF
domain in E. coli. These capsids displayed an average of 5–12
EGF domains on their surface. To add additional imaging tags,
the capsid surface was subsequently functionalized with uo-
rescent tracers via lysine residue amines. In vitro tests with A431
(epidermoid carcinoma) cells, which overexpress the EGF
receptor, revealed that the modied capsid structures were able
to bind with high affinity, as quantied by confocal uorescence
microscopy. Importantly, wild-type capsids lacking EGF domain
ligands bound weakly and produced little to no activity. The
modied capsids were also able to induce EGFR phosphoryla-
tion cascades and eventually apoptosis, although these results
were only observed at high concentrations.

Synthetically modied viral capsids have also been used as
MRI contrast agents.69–71 Gadolinium chelates were conjugated
to the interior or exterior of MS2 viral capsids, generating
structures that displayed approximately 90 ligands per capsid.
Interestingly, the virus-like particles with contrast agents on the
500 | Med. Chem. Commun., 2013, 4, 493–509
interior surface exhibited a higher relaxivity than their exter-
nally functionalized counterparts (41.6 mM�1 s�1 vs. 30.7; 30
MHz, 298 K). The authors concluded that water is able to diffuse
into the capsid and that the rigidity of the capsid interior
enhanced the observed relaxivity.71

Nature has endowed viral capsids with the ability to display
ligands in a multivalent fashion. Viral capsids are advantageous
scaffolds compared to other multivalent platforms because of
their intrinsic biocompatibility. The ability to functionalize viral
capsids represents a unique opportunity for chemists to expand
their synthesis techniques to include biomacromolecular
assemblies as substrates. The display of multiple ligands in
well-dened topologies should facilitate the development of
designed multivalent architectures on the same large length
scales as viral capsids themselves.
Supramolecular scaffolds

The eld of supramolecular chemistry is based on strong,
directional, non-covalent interactions that are exploited to build
complex, multi-component assemblies. Importantly, the inter-
actions that hold supramolecular scaffolds together are oen
reversible, allowing multivalent architectures of this nature to
be assembled or disassociated using subtle changes in envi-
ronment.72,73 Supramolecular interactions include hydrogen
bond donor-acceptor systems (e.g., nucleobase recognition in
DNA), metal coordination motifs (e.g., histidines coordinating
to iron in porphyrin ring systems), and hydrophobic host–guest
interactions (e.g., substrates being associated with enzyme
binding pockets). The reversible nature of supramolecular
complexes can facilitate functionalization strategies. In addi-
tion, supramolecular chemistry provides access to scaffolds
capable of adopting a myriad of topologies, thus establishing
the potential to interact with multiple biomolecular targets.

Seeberger has introduced modular small molecule scaffolds
that are capable of displaying carbohydrates with a ‘tunable’
spatial arrangement.74 These starburst-like molecules (dubbed
RuCDMan) rely upon metal coordination and host–guest
interactions to form self-assembled supramolecular multivalent
complexes. The compounds are generated from a uorescent
ruthenium(II) (2,2-bipyridyl) core conjugated to six adamantyl
units that can recognize mannosylated b-cyclodextrin, forming
a supramolecular complex (Fig. 9). These RuCDMan complexes
were evaluated for their ability to bind ConA using surface
plasmon resonance (SPR). Increasing the valency of the recog-
nition elements from 14 to 28 mannose units enhanced binding
affinity (Kd) approximately 2-fold, from 0.23 mM to 0.14 mM
respectively. Notably, the complex displaying six adamantyl
units (42 mannose units) did not exhibit an increase in binding
affinity, presumably due to the steric congestion of the complex
on the surface, but was found to bind to bacterial pili. The
binding specicity of the supramolecular assembly was evalu-
ated using two strains of E. coli, one expressing mannose-
specic adhesion proteins in their pili, and the other without.
As expected, the complex only bound to bacteria displaying the
mannose-specic pili. Binding of the supramolecular complex
was quantied using the inherent uorescence of the
This journal is ª The Royal Society of Chemistry 2013
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Fig. 9 Self-assembled supramolecular multivalent complexes containing adamantyl units (left) capable of recognizing mannosylated b-cyclodextrin (right).
Figure adapted from ref. 74.
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ruthenium core. Furthermore, the non-covalent nature of the b-
cyclodextrin host–guest complex allows for the targeting moiety
to be exchanged, making this specic supramolecular complex
useful for a wide range of multivalent binding and sensing
applications.

Supramolecular polymers are polymeric structures con-
structed from non-covalently linked units, and have been
shown to reversibly associate with specic targets. Müller and
Brunsveld have reported the synthesis of a disc-shaped macro-
monomer that displays up to three mannose units at the
peripheral surface.75 The discs are comprised of an aromatic
core containing PEG side chains that can reversibly assemble
into bril columns at low concentrations in aqueous condi-
tions. As the monomers associate, the polymer becomes
increasingly uorescent. The mannosylated polymers were
shown to bind ORN178 bacteria, an E. coli strain that displays a
mannose-specic adhesion (FimH), as indicated by a strong
uorescent response. Tests in dilute bacterial suspensions
revealed the bacteria could still participate in bacterial clus-
tering, supporting the view that the supramolecular polymers
were able to function as long polyvalent scaffolds in order to
engage in multivalent interactions with several bacteria and
cause aggregation. Unlike linear polymers, however, the
dynamic supramolecular complexes were shown to spontane-
ously de- and re-polymerize, forming assemblies with ligand
densities corresponding to the substrate. Interestingly, copoly-
merization of the mannosylated discs with unfunctionalized
discs showed that lower ligand densities were more effective at
bacterial recognition. Furthermore, it was found that addition
of a 106-fold excess of mannose did not abrogate binding of the
polymer to the bacteria, indicating that the multivalent supra-
molecular architectures produced strong interactions. A recent
report from the Scherman group expanded upon this concept by
using a exible covalent backbone to allow the polymer to adopt
to the native binding surface.76 The side chains were function-
alized with naphthyl units that could complex with glycosylated
This journal is ª The Royal Society of Chemistry 2013
cucurbituril and allow for a similar selection based on active
site spacing.

Supramolecular scaffolds are distinct among other multiva-
lent architectures discussed in this review due to their extremely
versatile assemblies and intrinsic reversibility. The ability to
ne-tune the scaffold during synthesis allows for a host of
ligands to be displayed on the surface that can even be
exchanged for other ligands in situ. These synthetically facile
and robust molecular scaffolds can also adopt different three-
dimensional architectures, establishing the potential to engage
in distinct binding interactions with biomolecular targets.
Multivalent lipid complexes

Liposomes and micelles are semi-synthetic nanoparticles
composed of amphiphilic phospholipid aggregates. Lipid
complexes are considered as potential therapeutics due to their
biodegradability and non-immunogenicity. However, they are
susceptible to rapid clearance from circulation.77 Liposomes
resemble structures of compartmented biological membranes
at their most fundamental level. The solvent exposed hydro-
philic surfaces of liposomes have been used to display a host of
recognition elements to facilitate intracellular uptake.78 In
addition, their aqueous cores can sequester various bioactive
compounds (e.g., doxorubicin in the product Doxil�). Although
the overall size of these particles can be nearly homogeneous in
solution, control of the spatial disposition of the recognition
elements on the liposome surface can be difficult to control due
to the uid nature of the phospholipid bilayer.79 In contrast,
micelles are spherical phospholipid complexes that lack an
internal aqueous cavity. These lipid complexes can be synthe-
sized from purely unnatural components. For example,
amphipathic dendritic structures can form unimolecular
micelles.80 Additionally, block copolymers that phase-separate
into a hydrophobic inner region and a hydrophilic outer region
have been shown to form micellar structures.81 Similar to
Med. Chem. Commun., 2013, 4, 493–509 | 501
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liposomal assemblies, the hydrophilic surfaces of micelles can
be tailored to establish biological functions, making these
assemblies particularly useful for applications in drug delivery.
The ability of liposome and micelle architectures to display
multiple ligands should facilitate the development of articial
multivalent architectures that mimic the dimensions and
physicochemical properties of biological membrane-delineated
compartments.
Polypeptides

Proteins oen utilize conformationally dened domains to
engage biomolecular targets.82 Unfortunately, synthetic oligo-
mers are oen restricted in their ability to fold into discrete
secondary and tertiary structures. Short oligopeptides offer a
route to obtain biologically active compounds that are easily
synthesized and are capable of forming stable secondary
structures that will recognize biological targets.83,84 Indeed, the
ability to control the topology of the peptide backbone has
enabled researchers to engineer peptides that target a wide
range of proteins and nucleic acids.85

The interactions between CD40, a constitutively active
protein expressed on the surface of dendritic cells, and its native
glycoprotein ligand CD40L play a fundamental role in cellular
immune responses.86,87 Similar to other transmembrane
proteins in the tumor necrosis factor receptor (TNFR) super-
family, CD40 relies upon self-assembly to form three-fold
symmetric, non-covalent homotrimers for intracellular
signaling.88 Selective modulation of CD40–CD40L signalingmay
lead to new therapeutic agents that can combat immunologic
diseases or malignancies.89–91 Using X-ray crystal structures,
homology models and ‘hot spot’ residues of CD40L as guides,
the Guichard group has synthesized functional CD40L
mimetics from cyclic and branched peptides that adopt native
homotrimeric assemblies (Fig. 10).92 In competitive binding
experiments utilizing surface plasmon resonance analysis, a
cyclic and a branched peptide exhibited IC50 values in the
nanomolar and micromolar ranges, respectively. Competitive
Fig. 10 Trivalent multivalent peptide inhibitors designed to disrupt the binding i
(surface rendered). Figure adapted from ref. 92.

502 | Med. Chem. Commun., 2013, 4, 493–509
binding was not observed using negative control sequences,
including the linear variants of the C3-symmetric cyclic
peptides. This result highlights the importance of controlling
the conformation of the scaffold to enhance binding energy
through multivalent interactions (vide supra).

More recently, an on-bead high-throughput screening plat-
form was developed to identify peptides that inhibit protein–
nucleic acid interactions.93 It is known that the association
between trans-activation response (TAR) element RNA and Tat, a
protein that enhances transcription of HIV-1, plays a funda-
mental role in viral replication.94,95 The Tat–TAR complex is
therefore an attractive target for the development of new anti-
HIV therapies. Although signicant efforts have been devoted to
developing inhibitors of the Tat–TAR interaction, most thera-
peutic agents lack the ability to establish a surface area large
enough to inhibit the interaction with sufficient potency and
selectivity.96,97 Seeking to take advantage of multivalent inter-
actions, the Santos group has synthesized branched peptides
containing amino acids that are capable of forming multiple
non-covalent interactions with RNA. Initial screening efforts to
identify peptides that bind to TAR RNA yielded 17 ‘hits’ that
were subsequently validated by dot blot assays. The most
effective branched peptide sequence exhibited a dissociation
constant of 0.6 mM. Truncation of the branched peptide into its
linear counterpart signicantly decreased binding affinity by
>125-fold, suggesting that multivalent interactions are indeed
responsible for enhanced affinity. To assess the selectivity of the
branched peptide, TAR RNA sequences containing point
mutations were synthesized. Modication of the native TAR
RNA tertiary structure decreased binding affinity by approxi-
mately 10-fold, indicating that the branched peptide is selective
for the TAR RNA structure.

Peptides offer a versatile platform from which to develop
three-dimensional multivalent architectures. The modularity of
the peptide scaffold allows for the generation of nely tuned
sequences that can be tailored to a multitude of bio-
macromolecules. Some attributes of peptides may limit appli-
cations in chemical biology and pharmacology, such as
nteraction between trimeric CD40 (ribbon rendered, PDB ID: 3QD6) and CD40L

This journal is ª The Royal Society of Chemistry 2013
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susceptibility to proteolytic degradation and poor cell perme-
ability. However, efforts to identify encodable signals within
short peptide sequences that facilitate uptake and delivery to
specic cellular compartments are now being pursued.98 Once
these signals are identied, they may be used to enhance the
permeability and trafficking of multivalent peptide assemblies
within cells.

Peptide nucleic acids

Peptide nucleic acids (PNAs) are uncharged and achiral poly-
amide oligomers that contain nucleobase side chains. These
synthetic oligomers lack the sugar-phosphate backbone of
traditional nucleic acids, such as RNA or DNA, and can be
designed to complement specic oligonucleotide sequences. In
particular, molecular recognition between PNAs and single-
stranded DNA or RNA offers an intriguing opportunity to
display bioactive ligands in a multivalent fashion because the
spatial arrangement of the individual ligands along helical
backbone can be controlled with a high degree of precision.99

Hybridization via complementary Watson–Crick base-pairing
results in molecular entities containing high affinity and
sequence selectivity, providing access to monodisperse prod-
ucts.100 In addition, the abiotic backbone of PNAs makes this
molecular scaffold resistant to proteolytic degradation.101

Although PNAs posses numerous advantageous chemical
properties, their intracellular applications may be limited due
to poor membrane permeability.102

The Appella group recently introduced a general strategy for
synthesis of multivalent architectures that display receptor
ligands on novel PNA scaffolds to target avb3 integrins.103 The
core of the scaffold is a hybrid between a PNA and single-
stranded DNA (Fig. 11). The overexpression of avb3 integrins
plays a fundamental role in metastasis of certain cancers as
these recognition elements mediate cell attachment through
multivalent binding events between peptides located in the
extracellular matrix.104,105 Cells that overexpress avb3 are oen
Fig. 11 Chemical structure of a g-substituted L-lysine peptide nucleic acid motif be
Figure adapted from ref. 103.

This journal is ª The Royal Society of Chemistry 2013
targeted by synthetic small molecules that bind integrin
through monovalent binding interactions. These approaches,
however, oen lack selectivity, compromising potency.106,107 A
library of g-substituted L-lysine PNAs covalently attached to
cyclic RGD-motif containing peptide ligands have been
synthesized and were used to block the attachment of meta-
static melanoma cells to an extracellular matrix both in vitro and
in vivo. In radiolabeled competitive binding assays, a multiva-
lent DNA:PNA complex containing een cyclic RGD ligands
(DNA:PNA-D5) exhibited a dissociation constant two orders of
magnitude lower than the monovalent cyclic RGD ligand
(0.16 vs. 62.9 nM, respectively). In addition, DNA:PNA-D5 sup-
pressed tumor colonization in the lungs of mice by approxi-
mately 50% relative to control treatments. These results conrm
that multivalent DNA:PNA complexes can be designed to
enhance binding affinity and biological activity.

Solid phase synthesis techniques enable rapid generation of
PNA oligomers that can hybridize to nucleic acids with high
affinity and specicity. Moreover, molecular recognition
provides a unique and advantageous platform to assemble
monodisperse multivalent architectures with control over
spatial arrangement of the individual ligands. These articial
polymers are more resistant to proteolytic degradation
compared to similar length peptides, although cell permeability
still remains a potential impediment.

Peptoids

The directed assembly of multivalent displays on a modular
oligomer framework enables control over important physico-
chemical features of the product molecules.108 For example,
scaffold conformation, size, charge and branching all inuence
the pharmacological prole of the products. The ability to
control these characteristics by the sequence-specic synthesis
of biocompatible oligomers imparts a great advantage in the
design, generation, and testing of the products for therapeutic
or biomaterials applications.
aring a avb3 integrin recognition ligand (depicted as orange circle) bound to DNA.
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N-Substituted glycine oligomers, or ‘peptoids,’ are a class of
peptidomimetics composed of tertiary amide linkages. Peptoids
are notable for their facile synthesis, synthetic diversity, and
ability to fold into distinct secondary structures.109–115 Unlike
peptides, peptoids readily populate cis amide conformers and
contain no amide NH groups, engendering proteolytic stability
and enhanced cell permeability.116,117 In addition, sequence-
specic assembly of peptoid oligomers on solid support
provides access to monodisperse products, a distinct advantage
over other molecular scaffolds, such as random polymers.118

Recent studies in the Kirshenbaum group have reported
novel approaches to functionalize peptoid oligomers. Initially,
linear peptoid oligomers were used as substrates for the CuAAC
reaction to conjugate chemically diverse pendant groups,
including nucleobases and uorophores, at up to six positions
along to the oligomer backbone with high efficiency
(Fig. 12A).119 Following these studies, peptoid oligomers were
functionalized with up to four distinct moieties through
sequential steps of conjugation and oligomer extension
(Fig. 12B).120 The use of sequential conjugation strategies
enabled the development of heterogeneous displays. This
conjugation strategy has provided a foundation to generate
multivalent peptoid displays capable of targeting diverse
biomacromolecules.

To investigate potential biomedical applications of peptoid
assemblies, steroid ligands that modulate the activity of nuclear
hormone receptors were conjugated to peptoid substrates.121

Nuclear hormone receptors, such as the estrogen receptor (ER),
bind to their native steroid hormones, dimerize, translocate
Fig. 12 Synthesis of (A) mono-functionalized and (B) poly-functionalized multiva
cycloaddition reactions conducted on solid support. Figure adapted from ref. 119 a

504 | Med. Chem. Commun., 2013, 4, 493–509
into the nucleus, and bind specic DNA sequences to regulate
gene expression.122–125 Overexpression of the ER has been linked
breast and ovarian cancers, making it an important therapeutic
target. Peptoid bioconjugates functionalized with ER ligands,
termed estradiol peptidomimetic conjugates (EPCs), were
synthesized and evaluated for their ability to competitively bind
the ER. In radiometric competitive binding assays using whole
cell lysates, EPCs containing one or six steroid ligands exhibited
50% effective concentration values of 2.47 mM and 10.9 nM,
respectively.126 Increasing the valency of the estradiol pendant
groups signicantly enhanced binding affinities of the EPCs,
consistent with multivalent interactions. Studies were also
conducted on EPCs to evaluate effects of valency and spacing on
ER-mediated transcriptional activation.127 Notably, these
studies highlight the ability for multivalent ligands to modulate
intracellular receptor activity in a length- and valence-depen-
dent manner.

More recently, conformational constraints were introduced
into peptoid oligomers to expand the utility of this scaffold as a
multivalent chemical platform (Fig. 13).128 Bioactive androgen
receptor (AR) ligands, such as ethisterone, were conjugated to
cyclic and linear peptoid scaffolds and the effects of valency,
spacing and conformational ordering on AR activity were eval-
uated. The AR is an important drug target and there is a critical
unmet need to develop new therapeutic regimens for treatment
of castrate-resistant prostate cancer.129 It was demonstrated that
increasing the valency and spacing of the ethisterone ligands
enhanced binding and AR-mediated transcriptional activation
in a length- and valence-dependent manner, consistent with
lent peptoid oligomer conjugates though copper-catalyzed azide–alkyne [3 + 2]
nd 120.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 13 Multivalent peptoid oligomers bearing reactive ethisterone ligands
capable of modulating androgen receptor activity through multivalent interac-
tions. Colored circles represent sites amenable to chemical modification and
ligand display. Homology model of the AR ligand binding domain dimer (PDB:
1I37) bound to native ligand (DHT-magenta). Figure adapted from ref. 128.
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previously reported multivalent interactions. In cell-based
proliferation assays modeling castrate-resistant prostate cancer,
both a linear and a cyclic conjugate were shown to possess
potent anti-proliferative activity through distinct mechanisms
of action.130 These results highlight the versatility of the multi-
valent chemical platform to modulate AR activity and potential
to circumvent drug resistance in AR pharmacology.

Additional work on peptidomimetic oligomers for multiva-
lent display by the Disney lab includes the development of
Fig. 14 Modularly assembled peptoid oligomers that target RNA internal loopmoti
of bis-benzimidazole RNA recognition elements using the copper-catalyzed azide–alk
60-N-5-hexynoate kanamycin A RNA recognition elements using the copper-catalyze
indicates position of coupled 4(5)-carboxyfluorescein. Figure adapted from ref. 137

This journal is ª The Royal Society of Chemistry 2013
modularly assembled peptoid oligomers to target RNA internal
loop motifs implicated in myotonic dystrophy type 1 (DM1) and
type 2 (DM2).131 DM1 and DM2 result from the expansion of
triplet CTG and quartet CCTG repeats in the DMPK and ZNF9
genes, respectively, making these repeating motifs pharma-
ceutically relevant targets for multivalent assemblies.132–135 It
has been shown previously that similar RNA internal loop
sequences bind bis-benzimidazole (or Hoechst 33258).136 To
this end, peptoid oligomers were used as a molecular scaffold to
display up to ve terminal alkyne moieties and conjugated to
azido-functionalized bis-benzimidazole RNA recognition
elements using the CuAAC reaction (Fig. 14A). Notably,
increasing the valency from two to ve RNA recognition
elements and proper spacing of the conjugates enhanced
binding affinity and specicity for RNA sequences associated
with DM1.137 The dimeric and pentameric conjugates exhibited
binding affinities of 100 and 13 nM, respectively. In addition,
recent evidence indicates that conjugates containing bis-benz-
imidazole RNA recognition elements are potently bioactive at
concentrations as low as 2.5 mM in cell culturemodel systems.138

The potent bioactivity demonstrates the therapeutic potential of
modularly assembled peptoid oligomers for applications in
molecular pharmacology.

Using similar design strategies, peptoid-based amino-
glycoconjugates were synthesized utilizing 60-N-5-hexynoate
kanamycin A ligands, an aminoglycoside antibiotic, to target
RNAs that cause DM2 (Fig. 14B). Aminoglycoconjugates
fs implicated in myotonic dystrophy type 1 (DM1) and type 2 (DM2). (A) Anchoring
yne [3 + 2] cycloaddition reaction to target RNA involved in DM1. (B) Anchoring of
d azide–alkyne [3 + 2] cycloaddition reaction to target RNA involved in DM2. FAM
and 140.
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containing up to three 60-N-5-hexynoate kanamycin A RNA
recognition elements were shown to bind with high specicity
to their intended RNA target.139 Increasing the valency from two
to three 60-N-5-hexynoate kanamycin A moieties exhibited
binding affinities of 50 and 8 nM, respectively. In addition, the
ability to control the spacing between the RNA recognition
elements can convert aminoglycoconjugates selective for DM2
RNA into those selective for DM1 RNA, a result that is uniquely
attributed to sequence control for these oligomeric molecular
scaffolds.140

The modular assembly of peptoid oligomers allows for the
installation of many orthogonal side chain functional groups, a
distinct quality that can be utilized to conjugate an array of
bioactive ligands and to optimize biological activity. This
characteristic, and the ability to alter the topology of the peptoid
scaffold, creates a versatile molecular platform to generate a
wide variety of three-dimensional multivalent architectures.
Overall, solid phase synthesis techniques permit the sequence-
specic assembly of peptoid oligomers, providing access to
monodisperse products with control over valency and spacing.
Conclusion

There is a growing appreciation for exploration of a ‘middle
space’ in molecular pharmacology (i.e., bioactive compounds
with molecular weights between 500 and 3000 Daltons). As
reviewed above, multivalent displays are beginning to play a
critical role in these discovery efforts. Classically, small mole-
cules with molecular weights below 500 Daltons have been
considered as the most suitable for clinical implementation.137

X-ray crystallography has played a prominent role in these
efforts by elucidating small molecule drug–target interactions.
Nevertheless, it is now apparent that certain biomolecular
targets may be ‘undruggable’ by small molecules, either
because of the difficulty of identifying individual ligands with
sufficient binding strength, or because of the large surface areas
required to antagonize targeted interactions.

Over the past several decades, multivalent displays present-
ing bioactive ligands have emerged as a potential family of
therapeutics. Initial efforts focused on the development of
random polymers and other polydisperse high molecular
weight constructs to engage in high-affinity binding events with
biomolecular targets.1 These multivalent assemblies success-
fully enhanced binding strength through avidity effects and still
hold promise as effective antagonists of macromolecular
interactions that are manifest over large surface areas.

Intriguing sets of new studies have begun to explore the
possibility of craing more precise multivalent displays.
Advances in chemical synthesis techniques, such as solid phase
protocols and orthogonal conjugation strategies, have enabled
chemists to functionalize a plethora of molecular scaffolds,
providing access to monodisperse products with control over
ligand valency and spacing. These elaborate three-dimensional
multivalent architectures are capable of complementing the
binding sites of corresponding biomacromolecules.

To date, there have been only limited examples of multiva-
lent therapeutics. Three main advantages of utilizing
506 | Med. Chem. Commun., 2013, 4, 493–509
monodisperse multivalent assemblies include: improved
control over the pharmacological properties of the construct
(including PK/PD and off-target effects), greater understanding
of the structural requirements for optimizing binding interac-
tions, and an opportunity to facilitate clinical trials and regu-
latory approval. These advantages will play a crucial role in the
future development of multivalent therapeutics.

Increasingly, it appears that ‘middle space’ offers a sweet
spot for craing precise multivalent displays. In the future, we
may begin to see additional examples of monodisperse multi-
valent displays in which high-resolution structural studies
enable the types of structure–activity studies that have been the
mainstay of small molecule drug discovery efforts. More
importantly, these monodisperse multivalent constructs hold
great promise to address challenging disease targets that
otherwise may be classied as ‘undruggable.’ Although the rst
clinical trials using drugs derived from multivalent architec-
tures are now beginning to appear, the small molecule para-
digm of the pharmaceutical industry will surely adapt to include
new chemical entities that occupy ‘middle space’ in order to
unlock the vast potential of multivalent therapeutics.
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