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1. Introduction

Synthetic methodologies that efficiently derivatize bio-
molecules require urgent attention. Although recent break-
throughs in the area of “click” chemistry[1] have been made,
the current toolbox of synthetic transformations that reliably
and reproducibly enable chemistry at the interface with
biology, particularly in a pharmaceutical setting, is still far
from adequate. From our own work in the area of chemical
biology we have consistently found there to be a paucity of
useful transformations and in some ways this Minireview is
a call to the synthetic community to further increase the size
of this toolbox.

Advances in small-molecule synthetic organic chemistry
will continue to be made, particularly when it is aligned to
addressing the challenges of drug discovery, but more focus
should be given to redirecting these chemistries to chemical
biology needs. Equally, the existing toolbox can be signifi-
cantly improved through the optimization of existing proto-
cols tailored to bioconjugation.

Of specific interest to our group, and the focus of this
Minireview, are reactions for the modification of biomole-
cules in a simple and reproducible manner, using scaffolds
that have useful multiple functionalities. Although there are
many scaffolds that contain a heterobifunctional cross-linker
attached to, say, a biotin reporter, such as the commercially

available Sulfo-SBED 1 (sulfosuccini-
midyl-2-[6-(biotinamido)-2-(p-azido-
benzamido)hexaneamido]ethyl-1,3’-
dithiopropionate; Figure 1),[2] there

are relatively few that contain three (or more) well-defined
orthogonal synthetic handles that enable sequential biomol-
ecule conjugations.

Multifunctional scaffolds have a myriad of uses and can
find significant utility in the biotherapeutic arena, particularly
those scaffolds enabled or enhanced using chemical tech-
niques, so-called “chemologics”.[3] For example, in synthetic
immunology, novel methods are required to mimic discontin-
uous epitopes to enable more sophisticated antigen design for
the development of therapeutic vaccines or monoclonal
antibodies (mAb).[4, 5] In the area of oncology, in particular,
antibody–drug conjugates (ADCs) can benefit through the
facile bioconjugation of the mAb-targeting molecule to
multiple cytotoxic agents, which may themselves be biomol-
ecules, or complex, and possibly reactive, natural products.[6]

Heteromultifunctional scaffolds that harness sequential “click”
reactions will find significant utility in the areas of chemical biology
and chemically enabled/enhanced biotherapeutics (“chemologics”).
Here we review the existing synthetic technologies that illustrate the
considerable potential of the field.

Figure 1. Bifunctional cross-linker Sulfo-SBED 1.
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Additionally, targeted delivery of oligonucleotide therapeutic
cargos, including small interfering RNA, can utilize hetero-
valent expressions to gain cellular entry.[7]

These same benefits can be leveraged in the chemical
biology field, where, for example, activity-based probe
molecules may combine protein reactivity with enrichment
(e.g. biotin, fluorous reagents) and reporter functions (such as
fluorescence and mass spectrometry tags).[8–11] The permuta-
tions and combinations for these functional molecules are
almost endless, but they rely very heavily on the ability of
synthetic chemistry to enable this “plug-and-play” strategy.

We hope this Minireview will not only highlight the
current developments of heteromultifunctional scaffolds that
can create complex biomolecular architectures, but also
adequately demonstrate the potential value of this area that
will trigger further investments in this exciting field. The
sections are organized by the types of reactions used to build
the desired complexity and functionality, and the chemical
biology applications of the existing synthetic toolbox will be
highlighted.

2. Oxime–Thiol–CuAAC

Recent work by Renard, Romieu, and co-workers illus-
trated a simple yet very effective approach to a multifunc-
tional scaffold (3) derived from a lysine core, thus harnessing
the intrinsic trifunctionality of the amino acid.[12, 13] The lysine
is decorated with three conjugation handles: a hydroxylamine
for oxime ligation; a thiol for for reactions with maleimide or
a-halo ketones; and an azide for copper-mediated azide–
alkyne conjugation (CuACC).[14, 15] The scaffold was synthe-
sized in a convergent manner from Fmoc-Lys-OH 2 in
14 steps and an overall yield of less than 1% (Scheme 1).
The order of reactivity at each position is key to the successful
utilization of the scaffold. It is necessary to perform the
CuAAC conjugation last to avoid copper/sodium ascorbate
mediated formation of the disulfide from the thiol, as well as
potential cleavage of the free aminoxy substituent by the
copper.

The utility of this construct was then explored through the
generation of a fluorescence resonance energy transfer
(FRET) cassette for sensitive molecules such as the myco-
toxin AFB2 (nucleophile-reactive lactone moiety). Reaction

of the scaffold 3 (Scheme 2) with appropriately derivatized
cyanine and xanthene dyes (4 and 5, respectively) provided
the basic cassette (reverse-phase HPLC purification after
each step was required). The sensitive nature of AFB2 had
caused significant difficulties in previous attempts to create
scaffolds of this type. The synthesis of the alkyne-function-
alized AFB2 molecule 6, through oxime ligation, enabled the
CuAAC conjugation of the final component to the scaffold.
This work successfully incorporates three sequential and
orthogonal transformations to enable the synthesis of com-
plex structures 7 without the need for protecting group
manipulations. Additional scope was demonstrated using
oligonucleotide coupling fragments and immobilization on
solid surfaces with potential applications to create portable
biosensors.

3. CuAAC–CuAAC–CuAAC

Owing to the chemoselectivity of CuAAC and the
biocompatibility of the azide and alkyne coupling partners,
it is becoming the bond-forming method of choice in
biological systems. Aucagne and co-workers have presented
a protecting group strategy to differentiate between alkynes
and azides in the same molecules to provide a scaffold
whereby three successive CuAAC reactions can be effect-

Scheme 1. Oxime–thiol–CuAAC trifunctional scaffold 3.
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ed.[16] Starting from the commercially available azido aspartic
acid 8 it was possible to generate the (differentially) silyl-
protected scaffold 9 in five steps with an overall yield of 17%
(Scheme 3).

The order in which the conjugations are implemented is
fixed by the reactivity of the different silyl protecting groups
of the alkyne functionalities. Initial CuAAC of the a-azide is
followed by deprotection of the triethylsilyl (TES) alkyne
using silver nitrate. Subjecting the resulting scaffold to

CuAAC in the presence of another azide leads to the
conjugation of the second component. Deprotection of the
triisopropylsilyl (TIPS) alkyne is then effected using tetrabu-
tylammonium fluoride (TBAF) to enable the third and final
CuAAC conjugation. This method was used to conjugate
three distinct components to the core scaffold to provide 10 in
an impressive 72 % overall yield (Scheme 4). Although only
one of the components coupled here could be considered
a biomolecule, the potential for this system to evolve into
a trifunctional biomolecule-compatible scaffold is apparent.

A similar CuAAC–CuAAC–CuAAC strategy was utilized
by Carell and co-workers recently, who applied alkyne-
protecting groups to effect triple modification of DNA.[17]

Standard phosphoramidite chemistry installed nucleotides
containing a terminal alkyne and TIPS- and trimethylsi-
lyl (TMS)-protected alkynes into a DNA chain (Figure 2).
Highly efficient and sequential bioconjugations of a variety of
azide-containing molecules (including a fluorescent dye,
biotin, and a sugar) were demonstrated. The success of this
approach is based upon the quantitative, selective removal of
TMS using ammonia in the presence of the TIPS protecting
group, which is then removed using TBAF prior to the final
click coupling.

4. Oxime–Maleimide–4 � CuAAC

Extending the lysine scaffold strategy, Boturyn and co-
workers developed a linker that displays four alkyne moieties
combined with oxime and maleimide coupling functions.[18] A
decapeptide scaffold derived from six lysine, two proline, and
two glycine residues, was created using standard solid-phase
synthetic chemistry.

Use of the functionalized lysine derivatives 11 and 12
shown in Figure 3 ensures complete control over the synthesis

Scheme 2. Functionalization of the oxime–thiol–CuAAC scaffold 3 to
create FRET–AFB2 conjugates 7.

Scheme 3. Synthesis of the CuAAC–CuAAC–CuAAC scaffold by
Aucagne et al.

Scheme 4. Functionalization of the CuAAC–CuAAC–CuAAC scaffold by
Aucagne et al.
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of the decapeptide linker. The maleimide was incorporated
following solid-phase synthesis because of its incompatibility
with the piperidine used in the Fmoc deprotection step on
resin.

Owing to the instability of the aldehyde portion of the
scaffold 13 (Figure 4), and the propensity of thiol coupling
partners to oxidize in the presence of copper, the CuAAC
conjugation was the last click reaction to be performed. The
scope of this scaffold to link biomolecules was illustrated
through sequential ligations with carbohydrate 14 (oxime),
linear KLA peptide 15 (maleimide,) and cyclic RGD-peptide
16 (CuAAC) (Figure 5). Also, an oligonucleotide was in-
stalled using CuAAC onto a similar scaffold. A major
advantage of this scaffold is that no intermediate purification
is required en route to the final trifunctional conjugate. This
work provides a proof-of-principle to create synthetic cancer
vaccines that display multiple carbohydrate epitopes.

5. Thiol–Amide–CuAAC

Goody, Waldmann, and co-workers have described sev-
eral cores that have significant potential in creating biomo-
lecular architectures.[19] This scaffold is based on a benzene
ring core which is partially synthesized on resin from 17
(Scheme 5).

Functionalization of the carboxylic acid 18 with a fluoro-
metric reporter is followed by deprotection of the cysteine to
enable expressed protein ligation (EPL)[20] to an N-terminal
thioester group on a protein (Ras in this case). The remaining
azide then allows for facile coupling of the protein to
a phosphane-functionalized glass surface using a Staudinger
ligation. This work presents the possibility of creating protein
microarrays for proteomic applications.

6. Functionalized Maleimides

Recently, Baker, Caddick, and co-workers developed
functionalized maleimides as new reagents for bioconjugation
chemistry, proving that significant diversity can be created
from an extremely simple scaffold.[21, 22] The reactivity of
bromomaleimides 19 (Scheme 6a) is such that initial treat-
ment with one equivalent of a thiol affects displacement of the
bromide to yield 20. A second thiol can then be added to the
maleimide to give the saturated product 21. In the case of the
dibromomaleimide 22 (Scheme 6b) the unsaturated product
24 is formed by displacement of the second bromide 23.

Figure 2. The scaffold designed by Carell et al. for CuAAC–CuAAC–
CuAAC modifications. PG= protecting group.

Figure 3. Functionalized lysine derivatives used to create scaffold 13.

Figure 4. A clickable decapeptide scaffold.

Figure 5. Biomolecules coupled to the decapeptide scaffold 13.

Scheme 5. Synthesis of a thiol–amide–CuAAC scaffold.

Molecular Scaffolds
Angewandte

Chemie

6323Angew. Chem. Int. Ed. 2012, 51, 6320 – 6326 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


The bioorthogonality of this process was benchmarked by
the sequential addition of the Grb2 SH2 domain 25 (L111C)
followed by glutathione to N-methyl bromomaleimide 26 to
furnish 27 (Scheme 7).[22] Dibromomaleimide reacts in a sim-
ilar manner with the same cysteine-containing protein, and
the product was further reacted with glutathione or thioglu-
cose to illustrate the scope of the scaffold.

Subsequent work on the bridging of disulfide-containing
proteins, such as somatostatin 2, using a bis-thiophenol-
functionalized maleimide with a polyethylene glycol (PEG)
group attached to the nitrogen atom (29) to yield 30 shows the
potential for this reagent to be an extremely useful scaffold
(Scheme 8).[22] Additionally, the reversibility of these reac-
tions, through the addition of tris(2-carboxyethyl)phosphine
(TCEP), points to potential applications of these motifs as
novel prodrug scaffolds. Installation of a clickable handle on
to the nitrogen atom of the maleimide would readily create
a trifunctional scaffold for sequential bioconjugations.

7. CuAAC–SPAAC–Thiol

Our group developed a scaffold that could sequentially
append peptide azide monomers to create discontinuous

epitope expressions on carrier proteins such as bovine serum
albumin (BSA) for the development of synthetic vaccines and
antibody elicitation in a one-pot process.[23] The scaffold 31
(Scheme 9) was prepared in just five steps from Fmoc-lysine
in 6% overall yield and uses both copper-mediated and

strain-promoted azide–alkyne coupling (SPAAC) proto-
cols.[24] The fluorinated cyclooctyne motif was used to enable
the SPAAC-mediated conjugation with biomolecules.[25] The
order of reaction with this scaffold is flexible but the SPAAC
step to provide 32 must be carried out before the CuAAC (to
give 33) to prevent cross-reactivity. Acetate deprotection
reveals the thiol for maleimide-mediated ligation to BSA
(34). The scope of compatible substrates was illustrated
through the highly efficient conjugation of peptide (35–37),
sugar (38), lipid (39), biotin (40), and fluorophore (41)
molecules (Figure 6). A perfluorinated aliphatic chain 42 was
also conjugated, and these groups will find greater utility in
chemical biology applications in the future.[26]

8. Summary and Outlook

The advent of click chemistry has significantly increased
the varieties of architectures and functionalities that can be
created in biorelevant systems. The ability to modify biomol-

Scheme 6. Reactivity of a) bromomaleimides and b) dibromomalei-
mides.

Scheme 7. Addition of Grb2 SH2 domain (L111C) protein and gluta-
thione to N-methyl bromomaleimide.

Scheme 8. Bridging of cyclic disulfide somatostatin with bis-thiophe-
nol-functionalized maleimide.

Scheme 9. Addition of azide-containing monomers and the malei-
mide-BSA to the CuAAC–SPAAC–thiol scaffold.
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ecules and rapidly build additional function and complexity
has advanced the areas of chemologics and chemical biology
in particular. Specifically, multifunctional and biocompatible
linkers are having considerable impact in the areas of
synthetic immunology and immunogen design, activity-based
proteomics, and technologies that enable therapeutic target-
ing and delivery. The goal of the synthetic community in these
areas will be to create selective transformations that are close
to quantitative yield without the need for protecting group
manipulations or complex purification protocols—only then
can highly complex biomolecular architectures (and in
particular libraries and arrays of conjugates) be created
reliably and reproducibly.

Each scaffold presented here has its advantages (and
disadvantages). It is noticeable that some are simple to
prepare, others less so. A common strategy is to harness the
intrinsic trifunctionality of a simple amino acid core, although
other simple scaffolds can be created using orthogonally
functionalised aromatic systems, which can be particularly
attractive for the creation of more rigidified architectures (to
build discontinuous synthetic epitopes for example). Similar-
ly, the cyclic decapeptide core possesses reduced flexibility
and the ability to build multivalent constructs. Scaffolds that
do not require protecting group manipulations will probably
find greatest utility, and the remarkably simple and elegant
application of functionalized maleimides will no doubt
continue to have significant impact in chemical biology.
Scaffolds that use the same “monomer” set to create
complexity (as in the sequential addition of azide-containing
biomolecules to a scaffold containing a terminal and strained
alkyne) will likely be applied more in the future.

Another area that will significantly impact bioconjugation
chemistry follows the pioneering work of Schultz that has
expanded the genetic code by generating a unique codon-
tRNA pair and the corresponding aminoacyl-tRNA synthe-
tase.[27] Using this technique, site-selective incorporation of
unnatural amino acids, bearing ketone, azide or alkyne
functionality for example, into a target protein can be
effected, so enabling selective biomolecular ligation.

Additionally, as the palette of click reactions is extended,
the number of possible multifunctional architectures that can
be created will increase exponentially, and the modification of
biomolecules for practically any purpose will be realised. As
a result, medicinal chemistry is entering a new era, since
practically all chemical space is available for therapeutic
applications.
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