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C H E M I C A L  B I O L O G Y  

Collaboration between biology and chemistry at Caltech has already resulted in some im- 

pressive discoveries. Now a new grant promises to put the program on a long-term basis. 

THE ROCKEFELLER FOUNDATION last month made a con- 
ditional grant of $1.500,000 to the Institute for research 
in chemical biology-the condition being that the In- 
stitute match the Foundation's $1,500,000 in a period of 
three years. 

This means that if the Institute can raise approxi- 
mately $100,000 every two months for the next three 
years-from individuals. corporations or foundations- 
the Rockefeller Foundation will contribute an equal 
amount toward the support of chemical biology at 
Caltech. 

This new grant is actually a continuation and an ex- 
tension of support provided by the Rockefeller Founda- 
tion for several years. Present work in chemical biology 
here is being conducted in part on a $700,000. seven-year 
Rockefeller grant, available at the rate of $100,000 a 
year. 

Chemical biology is. of course, no new branch of 
science. I t  is merely the name given to that work in 
cherqistry which is of biological interest-and to that 
work in biology in which the chemical approach is used 
to solve biological problems. 

Though this collaboration between chemistry and 
biology is certainly not unique to Caltech, it is neverthe- 
less in full and vigorous operation here. and is proving 
to be an increasingly productive field of research. 

From the chemical side, Caltech's chemical biology 
program includes: 

1. Organic chemistry--the chemistry of the com- 
pounds of carbon, which occurs in practically all of the 

substances which constitute living matter. 
2. The principlet- of molecular structure. as these 

apply to compounds of biological importance-particu- 
larly the proteins and the nucleic acids. These are key 
substances in all living systems. They are enormously 
complex. They have never been synthesized. and their 
tetructure is not known. but they are essential to the 
progress of biology. 

Proteins form a vital part of the protoplasm of all 
plants and animals. Their presence in cells and tissues 
(and therefore in man's food materials) is essential to 
the continuance of life. 

hucleic acid is considered to play an important part 
in the synthesis of protein. with which it usually occurs 
combined. According to the most recent studies (page 
11 ) it may be the substance out of which gene5 are made. 
It may also be the key to reproduction. 

3. Immunochemistry-studies of the structure and 
action of antigens and antibodies. 

4. Enzyme chemistry-attempts to discover and iteo- 
late enzymes. the catalysts responsible for many of the 
chemical reactions of living organisms. 

5. Disease in relation to molecular abnormalities. This 
unique field of research has developed from the discovery 
four years ago in the Caltech chemistry laboratories. 
that some forms of anemia are based upon abnormali- 
tie* of the hemoglobin molecule. 

From the biological end the Caltech chemical biology 
program covers : 

1. The physiology of plant:- and animals. 
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George Beadle and Linus Pauling examining a skeletal model of a 
polypeptide chain, California Institute of Technology. 1952
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Biological Chemistry - Chemical Biology
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Biological chemistry
Biochemistry

Study of chemical processes within and relating to 
living organisms

Chemical Biology - Biologie chimique - 
Chémobiologie

«Agreeing on a precise definition of chemical biology has 
been a persistent challenge for the field. We asked a 

diverse group of scientists to “define chemical biology” 
and present a selection of responses»

Nature Chemical Biology, 2015, 11, 378–379

https://en.wikipedia.org/wiki/Chemistry
https://en.wikipedia.org/wiki/Organism


“How would you define chemical biology?”
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“Chemical biology is an area of research in which 
chemical and biological concepts and tools interact 
synergistically in the pursuit of new discoveries or 
technologies”

Carolyn R Bertozzi 
Stanford University, Palo Alto, California, USA

Nature Chemical Biology, 2015, 11, 378–379



“How would you define chemical biology?”
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“Chemical biology involves viewing the world around 
us, the living organisms and their environment, 
through the lens of a chemist, and taking advantage of 
the unique ability of chemists to not only study but 
also create new forms of matter at the molecular 
level for societal benefit.”

Christopher J Chang 
University of California, Berkeley and HHMI, Berkeley, California, USA

Nature Chemical Biology, 2015, 11, 378–379



“How would you define chemical biology?”
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“It is chemistry brought to life: the science of applying 
chemistry to understand and perturb biological 
processes.”

Stefan Kubicek 
CeMM Research Center for Molecular Medicine of the Austrian 

Academy of Sciences, Vienna, Austria

Nature Chemical Biology, 2015, 11, 378–379



“How would you define chemical biology?”
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“Let me know when you figure it out!”
Jennifer A Prescher 

University of California, Irvine, California, USA

Nature Chemical Biology, 2015, 11, 378–379



“How would you define chemical biology?”
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“Chemical biology is that field of science that is 
conducted by chemical biologists”

Brian K Shoichet 
University of California, San Francisco, San Francisco, California, USA

Nature Chemical Biology, 2015, 11, 378–379



“How would you define chemical biology?”

12@BorisVauzeilles - 2020

"Decoding the mysteries of human biology in the 
language of chemistry is an important scientific 
frontier”

Chaitan Khosla 
Stanford University, California, USA



Chemistry in a flask
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Chemistry on biomolecules
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Chemistry in a cell
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http://www.howitworksdaily.com


Chemistry in living organisms
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Développement d’un médicament
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• Il faut 12 ans de R&D et 250 à 800 millions d’euros pour 
mettre un médicament sur le marché.

• Environ 6000 molécules testées
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Bio
conjugation



Total Synthesis of Natural Products
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Un pentacosasaccharide (25)
C168H279N9O126

125 centres stéréogènes (24 à contrôler)

Palytoxine
 C129H223N3O54

64 centres stéréogènes

E.M. Suh, Y. Kishi, J. Am. Chem. Soc., 1994, 116, 11205
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Biological Macromolecules
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Bioconjugation
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Relevant chemical transformations ?
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Chemical Transformations Leading to Protein Covalent 
Modifications

•Water Is the Sole Solvent
• A Neutral pH Is Required
• Ambient Temperature (Up to 40°C)
•Kinetics, which Adapted to the Observed Phenomenon 
(on the Hour Scale)
•Low Reactant Concentrations
•Nontoxic Reagents

Mathieu Pucheault et coll., Chem. Biol., 2010, 39, 213-27



Bioconjugation - Aminolysis
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Antibody labeling
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46410

Tubulin imaging
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https://www.thermofisher.com/order/catalog/product/46410


Bioconjugation - reductive alkylation
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Markus Rehm et coll., Anesthesiology., 2010, 109, 723-40

http://anesthesiology.pubs.asahq.org/solr/searchResults.aspx?author=Markus+Rehm
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Tumor associated antigens
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Glycoconjugate vaccines

30@BorisVauzeilles - 2020

A R T I C L E S

1608 VOLUME 17 | NUMBER 12 | DECEMBER 2011 NATURE MEDICINE

The data provided here map out a conceptual framework upon 
which to base future investigations of these interactions.

In short, this study shows that some of the variable immunogenicity  
previously considered polysaccharide specific may actually be related 
to the efficiency of carbohydrate presentation. New-generation 
vaccines with optimal, high-density presentation of carbohydrate 
epitopes could have a major role in prevention and control of many 
diseases. Glycans conjugated to proteins and lipids were recently cited 
as possibly “the most abundant structurally diverse class of molecules 
in nature.”43. An understanding of the basic mechanisms governing 
glycoconjugate processing and presentation may be crucial to an 
understanding of immunity to microbial infections.

METHODS
Methods and any associated references are available in the online  
version of the paper at http://www.nature.com/naturemedicine/.

Note: Supplementary information is available on the Nature Medicine website.
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Figure 6 Mechanism of T cell activation by 
glycoconjugate vaccines: a new working model. 
A schematic representation showing the steps 
in antigen processing and presentation of 
glycoconjugate vaccines resulting in helper 
CD4+ T cell induction of B cell production  
of IgG antibodies to the polysaccharide.  
The carbohydrate portion of the glycoconjugate 
binds to and cross-links the B cell receptor 
(BCR). The glycoconjugate is internalized into 
an endosome of the B cell. The carbohydrate 
portion of this glycoconjugate is processed in 
the endolysosome by ROS into saccharides 
composed of smaller numbers of repeating 
units than the full-length polysaccharide used 
in construction of the vaccine. The protein 
portion is processed by acidic proteases into 
peptides. Processing of both the protein and 
the carbohydrate portions of glycoconjugates 
generates glycanp-peptides. MHCII binding 
of the peptide portion of the glycanp-peptide 
allows the presentation by MHCII of the more 
hydrophilic carbohydrate to the AB receptor of CD4+ T cells (ABTCR). The AB receptor of CD4+ T helper cells recognizes and responds to glycanp 
presented in the context of MHCII. Activation of the T cell by the carbohydrate-MHCII, along with co-stimulation, results in T cell production of 
cytokines such as IL-4 and IL-2, which in turn induces maturation of the cognate B cell to become a memory B cell, with consequent production of 
carbohydrate-specific IgG antibodies. 
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Paul Ehrlich

César Milstein and George Köhler

Indian Ocean sea hare George Pettit



Antibody-Drug conjugates
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Conjugation technology
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Choosing the linker
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Approval
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Phase II clinical trials... Brentuximab vedotin
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Diverse Chemical Function from a Few Good Reactions

C-X-C
H. C. Kolb, M. G. Finn, and K. B. Sharpless, Angew. Chem. Int. Ed.., 2001, 40, 2004-2021
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Bioorthogonal bioconjugation
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Bioorthogonal chemistry
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Bioorthogonal Chemistry: Fishing for Selectivity in a Sea
of Functionality
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Fishing for Selectivity in a Sea of Functionnality

Carolyn R. Bertozzi et coll., Angew.. Chem. Int. Ed., 2009, 48, 6974-98



Relevant chemical transformations ?
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Chemical Transformations Leading to Protein Covalent 
Modifications - in live cell or organism

•Water Is the Sole Solvent
• A Neutral pH Is Required
• Ambient Temperature (Up to 40°C)
•Kinetics, which Adapted to the Observed Phenomenon 
(on the Hour Scale)
•Low Reactant Concentrations
•Nontoxic Reagents

Mathieu Pucheault et coll., Chem. Biol., 2010, 39, 213-27



Finding the right (bioorthogonal) chemistry
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Biocompatibility - Bioorthogonality
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with functionalized hydrazides or aminooxy compounds for
visualization and retrieval.
While versatile, these chemistries have some liabilities with

regard to biomolecule labeling. For example, the reaction
products, hydrazones in particular, are susceptible to hydrolysis
in cellular environments.17 To generate more stable adducts,
Bertozzi and colleagues recently developed an aldehyde
condensation that exploits aminoxy-tryptamines.18,19 This
transformation is a variant of the classic Pictet−Spengler
reaction: the aldehyde and tryptamine initially react to form an
oxyiminium ion; this intermediate is subject to further indole
attack and ultimately C−C bond formation. Ketone and
aldehyde condensations are also not ‘bioorthogonal’ in the
truest sense of the word. Aldehydes are present in glucose and
other abundant intracellular metabolites; ketones are found in
mammalian hormones and microbial natural products. These
endogenous molecules can be inadvertently labeled when cells
are exposed to aminooxy or hydrazide probes.
To avoid cross-reactivity altogether, reactions that employ

non-natural functional groups are highly prized. A quintessen-
tial example of this sort is the Staudinger ligation of organic
azides and triaryl phosphines.20 Organic azides are mild
electrophiles and have yet to be found in eukaryotes. Similarly,
triaryl phosphines, as soft nucleophiles, are virtually absent in
living systems.21,22 While tolerant of biological functionality,
azides and phosphines react readily with one another.23,24 In
the case of the Staudinger ligation, the reaction forges stable
amide linkages between the two reactants. This transformation

is slower than most bioorthogonal chemistries but remains a
popular choice for in vivo work, owing to its remarkable
selectivity and compatibility with cells, tissues, and even
animals.25−29

Cycloadditions. Nearly all recent additions to the
bioorthogonal toolkit comprise cycloadditions. Among these,
dipolar cycloadditions and Diels−Alder chemistries have
emerged as excellent options for derivatizing biomolecules
with visual tags and other probes.

Dipolar Cycloadditions. The most popular bioorthogonal
cycloadditions also capitalize on the unique features of azides.30

In addition to being mild electrophiles, organic azides are 1,3-
dipoles capable of reacting with terminal alkynes.31−33 To
proceed at a reasonable rate, though, this reaction requires a
Cu(I) catalyst. The copper-catalyzed azide−alkyne cyclo-
addition (CuAAC), or “click” chemistry, occurs readily in
aqueous environments and provides chemically robust
triazoles.34−36 The speed and relative simplicity of this
transformation has been widely exploited for biomolecule
visualization (mostly in fixed cells)37−39 and biomolecule
retrieval in various ″-omics″ studies.40−43 Azides and alkynes
also rank among the smallest bioorthogonal motifs and are non-
perturbing to most biological systems. For this reason, CuAAC
has been the “go-to” choice for monitoring the activities and
targets of numerous small molecules, including enzyme
inhibitors and therapeutic drugs.44−47

While routinely applied in vitro, CuAAC has been slower to
transition in vivo. This is due, in part, to the tricomponent
nature of the reaction and its requirement for a cytotoxic metal
catalyst. To obviate the need for Cu(I), Bertozzi and colleagues
exploited an alternative mechanism to drive azide−alkyne
cycloaddition: ring strain.48,49 They initially designed a
cyclooctyne scaffold (OCT) comprising CC−C bonds that
were “bent” from the preferred linear geometry by 17°.50 The
free energy from such bond deformation was sufficient to
promote azide−alkyne reaction under ambient conditions and
without metal catalyst. This strain-promoted azide−alkyne
cycloaddition (SPAAC) has been widely used to tag azido
proteins and other biomolecules on live cells51,52 and in living
organisms.53−55

Iterative modifications to OCT have been reported over the
past five years, and there are now over 10 different cyclooctynes
suitable for bioorthogonal labeling.56 Notable examples include
DIBO52 and BARAC57 (Table 1). These reagents comprise
cyclooctyne cores fused to benzene rings. The pendant rings
provide increased strain energy and ultimately accelerate the
cycloaddition reaction with azides.58 While DIBO and BARAC
provide among the fastest SPAAC rates, their increased
hydrophobicity can result in non-specific “sticking” to other
biomolecules and insertion into cell membranes.59

Cyclooctynes are also reactive partners for 1,3-dipoles other
than azides. Nitrones,60,61 nitrile oxides,62,63 and diazo
groups64,65 have all been appended to various proteins and
selectively ligated with strained alkynes. Most of these
cycloadditions are quite fast, with second order rate constants
ranging from 1 to 50 M−1 s−1.60,66 However, the rapid reactivity
afforded by these strong dipoles often comes at the expense of
their poor stability in aqueous media. Many of the dipoles must
be generated in situ near the site of intended reactivity for
efficient ligation.
In addition to alkynes, strained alkenes are good candidates

for bioorthogonal dipolar cycloadditions. Lin and co-workers
recently reported that cyclopropene, a highly strained alkene,

Figure 1. A bioorthogonal chemical reaction. (A) A unique functional
group (blue circle) appended to a target biomolecule is covalently
ligated with a complementary probe (orange arc). The two reagents
must react selectively with one another and be inert to the biological
surroundings (i.e., bioorthogonal). Depending on the choice of probe
(star), this method enables the selective visualization or identification
of biomolecules in complex environments. (B) Two types of
transformations are predominant in the bioorthogonal toolkit: polar
reactions between nucleophiles and electrophiles and cycloaddition
chemistries.

ACS Chemical Biology Reviews

dx.doi.org/10.1021/cb400828a | ACS Chem. Biol. XXXX, XXX, XXX−XXXB
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with functionalized hydrazides or aminooxy compounds for
visualization and retrieval.
While versatile, these chemistries have some liabilities with

regard to biomolecule labeling. For example, the reaction
products, hydrazones in particular, are susceptible to hydrolysis
in cellular environments.17 To generate more stable adducts,
Bertozzi and colleagues recently developed an aldehyde
condensation that exploits aminoxy-tryptamines.18,19 This
transformation is a variant of the classic Pictet−Spengler
reaction: the aldehyde and tryptamine initially react to form an
oxyiminium ion; this intermediate is subject to further indole
attack and ultimately C−C bond formation. Ketone and
aldehyde condensations are also not ‘bioorthogonal’ in the
truest sense of the word. Aldehydes are present in glucose and
other abundant intracellular metabolites; ketones are found in
mammalian hormones and microbial natural products. These
endogenous molecules can be inadvertently labeled when cells
are exposed to aminooxy or hydrazide probes.
To avoid cross-reactivity altogether, reactions that employ

non-natural functional groups are highly prized. A quintessen-
tial example of this sort is the Staudinger ligation of organic
azides and triaryl phosphines.20 Organic azides are mild
electrophiles and have yet to be found in eukaryotes. Similarly,
triaryl phosphines, as soft nucleophiles, are virtually absent in
living systems.21,22 While tolerant of biological functionality,
azides and phosphines react readily with one another.23,24 In
the case of the Staudinger ligation, the reaction forges stable
amide linkages between the two reactants. This transformation

is slower than most bioorthogonal chemistries but remains a
popular choice for in vivo work, owing to its remarkable
selectivity and compatibility with cells, tissues, and even
animals.25−29

Cycloadditions. Nearly all recent additions to the
bioorthogonal toolkit comprise cycloadditions. Among these,
dipolar cycloadditions and Diels−Alder chemistries have
emerged as excellent options for derivatizing biomolecules
with visual tags and other probes.

Dipolar Cycloadditions. The most popular bioorthogonal
cycloadditions also capitalize on the unique features of azides.30

In addition to being mild electrophiles, organic azides are 1,3-
dipoles capable of reacting with terminal alkynes.31−33 To
proceed at a reasonable rate, though, this reaction requires a
Cu(I) catalyst. The copper-catalyzed azide−alkyne cyclo-
addition (CuAAC), or “click” chemistry, occurs readily in
aqueous environments and provides chemically robust
triazoles.34−36 The speed and relative simplicity of this
transformation has been widely exploited for biomolecule
visualization (mostly in fixed cells)37−39 and biomolecule
retrieval in various ″-omics″ studies.40−43 Azides and alkynes
also rank among the smallest bioorthogonal motifs and are non-
perturbing to most biological systems. For this reason, CuAAC
has been the “go-to” choice for monitoring the activities and
targets of numerous small molecules, including enzyme
inhibitors and therapeutic drugs.44−47

While routinely applied in vitro, CuAAC has been slower to
transition in vivo. This is due, in part, to the tricomponent
nature of the reaction and its requirement for a cytotoxic metal
catalyst. To obviate the need for Cu(I), Bertozzi and colleagues
exploited an alternative mechanism to drive azide−alkyne
cycloaddition: ring strain.48,49 They initially designed a
cyclooctyne scaffold (OCT) comprising CC−C bonds that
were “bent” from the preferred linear geometry by 17°.50 The
free energy from such bond deformation was sufficient to
promote azide−alkyne reaction under ambient conditions and
without metal catalyst. This strain-promoted azide−alkyne
cycloaddition (SPAAC) has been widely used to tag azido
proteins and other biomolecules on live cells51,52 and in living
organisms.53−55

Iterative modifications to OCT have been reported over the
past five years, and there are now over 10 different cyclooctynes
suitable for bioorthogonal labeling.56 Notable examples include
DIBO52 and BARAC57 (Table 1). These reagents comprise
cyclooctyne cores fused to benzene rings. The pendant rings
provide increased strain energy and ultimately accelerate the
cycloaddition reaction with azides.58 While DIBO and BARAC
provide among the fastest SPAAC rates, their increased
hydrophobicity can result in non-specific “sticking” to other
biomolecules and insertion into cell membranes.59

Cyclooctynes are also reactive partners for 1,3-dipoles other
than azides. Nitrones,60,61 nitrile oxides,62,63 and diazo
groups64,65 have all been appended to various proteins and
selectively ligated with strained alkynes. Most of these
cycloadditions are quite fast, with second order rate constants
ranging from 1 to 50 M−1 s−1.60,66 However, the rapid reactivity
afforded by these strong dipoles often comes at the expense of
their poor stability in aqueous media. Many of the dipoles must
be generated in situ near the site of intended reactivity for
efficient ligation.
In addition to alkynes, strained alkenes are good candidates

for bioorthogonal dipolar cycloadditions. Lin and co-workers
recently reported that cyclopropene, a highly strained alkene,

Figure 1. A bioorthogonal chemical reaction. (A) A unique functional
group (blue circle) appended to a target biomolecule is covalently
ligated with a complementary probe (orange arc). The two reagents
must react selectively with one another and be inert to the biological
surroundings (i.e., bioorthogonal). Depending on the choice of probe
(star), this method enables the selective visualization or identification
of biomolecules in complex environments. (B) Two types of
transformations are predominant in the bioorthogonal toolkit: polar
reactions between nucleophiles and electrophiles and cycloaddition
chemistries.

ACS Chemical Biology Reviews
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reacts readily with nitrile imines to form pyrazoline adducts.67

Nitrile imines, like other strong dipoles, are prone to side
reactions and must be generated in situ. Fortunately, these
motifs can be accessed from relatively stable precursors,

including tetrazoles, under mild conditions (e.g., short pulses

of UV light).67−69 These conditions are compatible with a

variety of biomolecules and, in some cases, live cells.

Figure 2. Selecting an appropriate bioorthogonal chemistry. Considerations include the target biomolecule and mode of functional group
installation, the size of the labeling agents, and the stability of the covalent adduct. Bioorthogonal reaction selectivity and speed are also important
parameters.

Figure 3. Installing bioorthogonal functionality into target biomolecules. (A) Several strategies exist to introduce bioorthogonal motifs (blue circles)
into protein targets. These include direct chemical functionalization (top), enzymatic ligation of the requisite motifs onto defined acceptor peptides
(tags, middle), and unnatural amino acid mutagenesis with functionalized amino acids and orthogonal tRNA/AARS pairs (bottom). (B) Unique
chemical handles can be metabolically introduced into proteins and non-proteinaceous biomolecules alike via cellular biosynthesis. In this approach,
metabolic precursors (left) outfitted with bioorthogonal functional groups (blue circles) are supplied to cells and ultimately incorporated into target
biomolecules via the cell’s own enzymatic machinery.

ACS Chemical Biology Reviews

dx.doi.org/10.1021/cb400828a | ACS Chem. Biol. XXXX, XXX, XXX−XXXD
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Figure 3. Installing bioorthogonal functionality into target biomolecules. (A) Several strategies exist to introduce bioorthogonal motifs (blue circles)
into protein targets. These include direct chemical functionalization (top), enzymatic ligation of the requisite motifs onto defined acceptor peptides
(tags, middle), and unnatural amino acid mutagenesis with functionalized amino acids and orthogonal tRNA/AARS pairs (bottom). (B) Unique
chemical handles can be metabolically introduced into proteins and non-proteinaceous biomolecules alike via cellular biosynthesis. In this approach,
metabolic precursors (left) outfitted with bioorthogonal functional groups (blue circles) are supplied to cells and ultimately incorporated into target
biomolecules via the cell’s own enzymatic machinery.
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Figure 3. Installing bioorthogonal functionality into target biomolecules. (A) Several strategies exist to introduce bioorthogonal motifs (blue circles)
into protein targets. These include direct chemical functionalization (top), enzymatic ligation of the requisite motifs onto defined acceptor peptides
(tags, middle), and unnatural amino acid mutagenesis with functionalized amino acids and orthogonal tRNA/AARS pairs (bottom). (B) Unique
chemical handles can be metabolically introduced into proteins and non-proteinaceous biomolecules alike via cellular biosynthesis. In this approach,
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biomolecules via the cell’s own enzymatic machinery.
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Mit.  Benzylideuanilin, mit DimethyL,zmidobenzatdehyd, feerner mit Thio- 
benzophenon erfolgt beiin schwnchen Erhitzea - auf 1000 - keine Umsetzuiig. 

Ebensowenig I erbindet es sich mit Diphenylketen in Benzollosung, weder 
in der Iialte noch beim Erhitzen auf 100". 

Phenylazid reagiert mit Triphenylphosphiii in unverdunntem 
Zustand sehr lebhaft unter starker Erwarmung. Die Reaktion 
wird deshalb am besten in atherkcher Liisung vorgenommen. 
Dabei kann auch beim Arbeiten unter starker Kuhlung das pri- 
mare Additionsprodukt nicht isoliert werden, sondern es bildet 
sich sofort unter Stickstoffentwicklung das obige Phosphinimin- 
derivat. 

26,2 gr Triphenylphosphin werden in 170 em3 ahsolutem 
Ather gelost und mit einer Losung von 11,9 gr Phenylazid (I Mol) 
in 30 om3 absolutem Ather versetzt. Es tritt sofort heftige Re- 
aktion unter starker Stickstoffentwicklung ein. Nach kurzer Zeit 
scheidet sich das Reaktionsprodukt als weisses Pulver aus. Nach 
einer Stunde wird ca. die Halfte des Athers abdestilliert und nach 
dem Erkalten abfiltriert. Es werden so 30,3 gr fast reines Produkt 
vom Smp. 130-131° erhalten. Aus der Mutterlauge werden noch 
1,2 gr gewonnen. Schliesslich verbleiben in der Mutterlauge noch 
unreiiiere Anteile, die nicht weiter aufgearbeitet wurden. 

Das Phenyliminderivat wird durch Umkrystallisieren aus 
Ather gereinigt ; schwach gelbliches Krystallpulver vom Smp. 131 
bis 132". Durch langsames Umkrystallisieren kann es in grossen 
schwach gelblichen Tafeln erhalten werden. In Benzol ist es 
leicht loslich, in Petrolather sehr schwer. 

0,2823 gr Subst. gaben 0,8449 gr CO, und 0,1478 gr H,O 
0,2498 gr Subst. gaben 8,8 cm3 N, (18'3, 716 mm) 

C,,H,NP Ber. C 81,59 11 5,67 N 3,97 O / o  

Gef. ,, 81,62 ,, 5,85 3,8go,'o 

0,3380 gr Subst. gelost in 20.15 gr Benzol ergaben eine Gefrierpunktserniedrigung 
A = 0,252". 

Molekulargew. Ber. 353. Gef. 340. 

H.ermann Staudinger, Jules Meyer. Helv. Chim. Acta, 1919, 2, 635-646
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Reaktionen des Phosphiniminderivates. 
Das Phosphiniminderivat hat schwach b a s i s c h e E i g e n- 

s c h a f t en. In verdiinnter Salzsaure und Schwefelsaure ist es 
etwas loslich, beim Kochen wird das Produkt in Phosphinoxyd 
und Anilin resp. Anilinsalze hydrolysiert. In kalter konz. Schwe- 
felsaure lost es sich auf, beim Zusatz von Wasser fallt ein weisser 
Niederschlag aus, der Triphenylphosphinoxyd, Smp. 156O, darstellt. 
In der wassrigen Losung befindet sich schwefelsaures Anilin. 
Es ist also auch hier vollige Hydrolyse einqetreten. 

An Korper rnit einer Doppelbindung, wie Benzaldehyd, 
Benzylidenanilin, Thiobenzophenon tritt auch beim Erwarmen 
keine Anlagerung ein. Dagegen reagiert das Iminderivat leicht 
mit Verbindungen rnit Zwillingsdoppelbindung : beim ca. 1 stiin- 
digen Durchleiten von trocknem Kohlendioxyd durch geschmol- 
zenes Triphenyl-phosphinphenylimin bei 130- 140' tritt glatt Um- 
setzung zu Triphenylphosphinoxyd ') und Phenylisocyanat ein, 
das in der Vorlage durch Uberfuhren in Diphenylharnstoff charak- 
terisiert wurde. 

Beim kurzen Kochen des Iminderivates rnit Schwefelkohlen- 
stoff bildet sich Triphenylphosphinsulfid, Smp. 156- 158O (Misch- 
probe), und Phenylsenfol, das in Diphenylthioharnstoff ubergefuhrt 
wurde. 

Mit reinem Phenylisocyanat tritt Umsetzung unter schwacher 
Erwarmung ein und es scheidet sich quantitativ Triphenylphos- 
phinoxyd (Smp 154O) aus. Beim Erwarmen rnit Phenylsenfol 
hildet sich analog Triphenylphosphinsulfid (Smp. 158'). 

Die Umsetzung rnit Diphenylketen wird an anderer Stelle 
beschrieben. 

Trzpheny~hos~hin-p-~o~ylimin. ') 
(C, H5)3 P N . CeH, . CH, 

Das Produkt wird ganz analog aus Triphenylphosphin und 
p-Tolylazid3) erhalten, und zwar in einer Ausbeute von 9 3 0 1 0 .  
Schwach gelbliche Krystalle vom Smp. 134-135' aus Ather. 

1) Smp. 1540 (Mischprobe) &'Mielmelis, La Coste, u. 18, 21'20 (1885). 
2) Nach Versuchen von Her rn  cand. chern. R. Bilklev.  
3) Die Praparate verdanken wir dem liebenswurdigeu Entgegenkommen 

von Herrn Prof. Banaberger. 

H.ermann Staudinger, Jules Meyer. Helv. Chim. Acta, 1919, 2, 635-646
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Scheme 3 depicts a typical Staudinger ligation between
phosphine 7 and benzyl azide (8) to yield azaylide 10. We
presume that the early steps of the Staudinger ligation (steps 1
and 2, Scheme 3) are similar to those of the classical reaction.
The major difference between the Staudinger ligation and the
classical reaction is that azaylide 10 can undergo an intra-
molecular reaction (step 3) to produce a new intermediate, for
which we previously proposed structure 11.2 Finally, the
intermediate undergoes hydrolysis to afford amide-linked
product 12 (step 4).
Kinetic studies of the classical Staudinger reaction have

shown that the process can be first- or second-order overall
depending on the exact nature of the reactants. For example,
the rate-limiting step in the reaction between triphenylphosphine
(1, Scheme 2, R ) Ph) and benzenesulfonyl azide (2, R! )
PhSO2) is the unimolecular decomposition (k2, Scheme 2) of
the phosphazide complex.17 In contrast, the reaction of benzoyl
azide (2, R! ) PhCO) and triphenylphosphine follows second-
order kinetics, indicating that the bimolecular step leading to
the formation of the phosphazide (k1, Scheme 2) is rate-
limiting.18 In reactions between substituted phenyl azides and
substituted triphenylphosphines, deviations from second-order

kinetics are observed, presumably due to the reversibility of
formation of the phosphazide intermediate (k-1, Scheme 2).18
We determined the kinetic parameters of the Staudinger

ligation of phosphine 7 and benzyl azide (8) (Scheme 3) using
31P NMR spectroscopy. When 7 (0.041 M) and 8 (0.41 M) were
combined in CD3CN with 5% water (v/v) (2.78 M), consumption
of 7 followed pseudo-first-order kinetics. Under these conditions,
the only species detectable by 31P NMR were the starting
material 7 and the ligation product 12. The pseudo-first-order
rate constants, kobs, for the consumption of 7 using different
concentrations of excess benzyl azide (0.41, 0.82, 1.24, and 1.65
M) were measured and used to determine the second-order rate
constant (k1, Scheme 3). By plotting ln kobs versus ln [8]0, the
overall second-order rate constant was determined to be (2.5 (
0.2) × 10-3 M-1 s-1 (Figure 1A). Consistent with that of the
mechanism of the classical Staudinger reaction, the rate-limiting
step of the Staudinger ligation is presumably the initial reaction
between 7 and 8 to yield phosphazide 9 (k1, Scheme 3). Since
no intermediates were detected and the observed kinetics were
in good agreement with a kinetic model for bimolecular
reactions, this first step is likely to be irreversible.

Scheme 2

Scheme 3

Figure 1. Kinetic analysis of the Staudinger ligation of phosphine 7 and
benzyl azide (8). (A) Plot of ln kobs versus ln [8]0 to determine the second-
order rate constant under pseudo-first-order conditions, where 8 was used
in excess. Pseudo-first-order rate constants were measured at [7] ) 0.041
M and [H2O] ) 2.8 M in CD3CN at 20-21 °C. The second-order rate
constant is calculated to be (2.5 ( 0.2) × 10-3 M-1 s-1 from the y-intercept
of the least-squares fit, with an estimated 10% error. (B) Plot of 1/[8]0 versus
time to determine the second-order rate constant of the Staudinger ligation
between phosphine 7 and benzyl azide (8) under stoichiometric conditions
in CD3CN with 5% (v/v) H2O. The slopes of the linear fits represent the
second-order rate constants according to the kinetic model for a second-
order reaction. At each concentration of substrate, linear fits were obtained
with similar slopes of approximately 2 × 10-3 M-1 s-1.

Mechanistic Investigation of the Staudinger Ligation A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 127, NO. 8, 2005 2687

C. R. Bertozzi et coll., J. Am. Chem. Soc., 2005, 127, 2686-2695
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H. L. Ploegh et coll., ACS Chem. Biol., 2006, 1, 713–723 and J. Am. Chem. Soc., 2007, 129, 2744–2745.
Review: S. Bräse et coll., Chem. Soc. Rev., 2011, 40, 4840–4871
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KD ≈ 10−15 M
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The normal cyano group does not react with diazomethane. 
On the other hand, cyanogen, cyanogen halides, and cyano- 
formic ester give 1,2,3-triazoles [SO]. 

5. Hydrazoic Acid and Andes 

The first preparation of an organic azide (P .  Griess, 1864) 
occurred almost 100 years ago. The fact that three adjoining 
nitrogen atoms could yield a stable system was a fascinating 
phenomenon and is probably responsible for the early 
development of azide chemistry. In this connection, the Cur- 
tius degradation of acyl azides (1890) may be mentioned as 
an application. 
The currently accepted formulation of phenyl azide as a 
hybrid resonating between the  octet formulae (40.) and 
(40b) is primarily due to the need for explaining the dipole 
momeot, which amounts to only 1.55 D [81]. Comparison 
with the value of 0.33 D for p-chlorophenyl azide indicates 
that the azide group withdraws electrons from the benzene 
nucleus. The x-ray analysis of cyanuric acid triazide [82] 
indicates that the C N  bond is attached to the linear N3 
system at an obtuse angle and that the N-N distances are 
1.26 and 1.11 A. The bond order is to be expected as inter- 
mediate between single and double and double and triple 
bonds, respectively. 

a) 1,3-Additions to Alkynes 

With the preparation of l-phenyl-l,2,3-triazole-4,5-di- 
carboxylic ester from phenyl azide and acetylenedi- 
carboxylic ester, A. Michael [83] discovered a simple and 
valuable synthesis for 1,2,3-triazoles. Alkyl azides and 
hydrazoic acid are also sufficiently active; acetylene 
itself and many of its derivatives are suitable dipolaro- 
philes [84]. Jn additions to monosubstituted acety- 
lenes, the nature of the substituent affects the orientation 
to a surprisingly small extent. l n  the case of phenyl- 
acetylene [85] or propargylaldehyde acetal [86], the 

R = C6115 52% 43% 
K =  CH(OC$15)2 23% 52% 

1801 A .  Peratoner and E. Azzarello, Gazz. chim. ital. 38, I, 76 
(1908); E. Oliveri-Mandala, ibid. 40, 1, 123 (1910); C. Pedersen, 
Acta chem. scand. 13, 888 (1959). 
[Sl] N .  V .  Sidgwick, L. E .  Sutton, and W. Thomas, J. chem. SOC. 
(London) 1933, 406. 
[82] I. E. Knaggs, Proc. Roy. SOC. (London), Ser. A 150, 106 
(1937); E. H .  Wiebenga, J. Amer. chem. SOC. 74, 6156 (1952). 
[83] A .  Michael, J. prakt. Chem. (2) 48, 94 (1893). 
[84] Reviews: F. R .  Eenson and W .  L. Savell, Chem. Reviews 46, 
1 (1950); J.  H .  Eoyer in R.  C.  Elderfield: Heterocyclic Com- 
pounds. Wiley, New York 1961, Vol. 7, p. 387. 
[85] W. Kirmse andL. Horner, Liebigs Ann. Chem. 614, 1 (1958). 
[86] J .  C. Sheehan and C. A .  Robinson, J. Amer. chem. SOC. 73, 
1207 (1951). 

reaction outcome may also be based on the opposing 
effects of electronic and slcric factors. 
Benzyne readily adds on aromatic azides to form l-aryl- 
benzotriazoles [72]. I t  is remarkable that phenyl azide 
and its p-methoxy derivative give 88 % and 98 % yields, 
respectively, whereas the clectron-poor azide group in 
p-nitrophenyl or tosyl azide fails to undergo reaction. 

bj  Alkenes as Dipolarophilcs 

1,3-Dipolar addition of azides onto olefinic double 
bonds is followed more or less readily by evolution of 
nitrogenfromthe thermally unstable A2-triazolineswhich 
are formed. Since the latter reaction has a higher tem- 
perature coefficient, the triazolines are best prepared at 
as low a temperature as possible, with a reaction time 
stretching for weeks or months, if need be. 
The double bond of bicyclo[2,2, Ilheptene has angular 
strain as shown by its heat of hydrogenation [87] 
which is some 6 kcal/molc higher than that of cyclo- 
hexene. Hence it reacts with especial ease. K. Alder and 
G. Stein observed quantitxtive addition of phenyl azide 
onto dicyclopentadiene within a few hours [88]. Since 
bicyclo[2,2,2]octene adds much more slowly, this 1,3- 
addition served as a test I'or the demonstration of the 
energy-rich double bond ill bicyclo[2,2,l]heptene deriva- 
tives. 

An elegant indirect pool '  that the addition is ex0 is 
provided by the absence of any influence of massive 
steric hindrance against ettdo attack in the phenyl azide 
addition, as well as its complete blocking by substituents 
on the one-carbon bridge ( bornyiene) [89]. The adducts 
of the bicycloheptene series are relatively thermally 
stable. They lose nitrogen a t  about 150 "C and give a mix- 
ture of aziridines and anils 1901. The intermediate carbon- 
ium zwitterion in this process is stabilized by closure of 
the 3-membered nitrogen-containing ring or by hydride 
migration. The latter occurs exclusively in the de- 
composition of the cyclopcntene-phenyl azide adduct, 
which yields the anil of cyclopentanone by loss of 
nitrogen at about 100 "C. 
Treatment with acid caiiscs evolution of nitrogen from 
A2-triazolines even at rooni temperature. Any attack on 
the free pair of electrons of the trigonal nitrogen weakens 
the triazene mesomerisni and favors decomposition. It 
is therefore understandable that the addition of benz- 

[87] R .  B. Turner, W .  R .  Met/rI(ir, and R. E. Winkler, J. Amer. 
chem. SOC. 79,4116 (1957); K. R. Turner and W. R .  Meador, ibid. 
79,4133 (1957). 
[88] K. Alder and G .  Steiu, I icbigs Ann. Chcm. 485, 211, 223 
(1931); 515, 165 (1935). 
[89] K. Alder, G. Stein, and ,V. Schneider, Liebigs Ann. Chem. 
515, 185 (1935). 
[90] K, Alder, G'. Stein, and W .  l'riedrichsen, Liebigs Ann. Chem. 
501, l(1933). 

578 Angew. Cham. intrrntrt. Edit. / Vol. 2 (1963) / No. 10 

Rolf Huisgen, Angew. Chem. Int. Ed., 1963, 2, 565-632
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The cycloaddition of azides to alkynes is one of the most important synthetic routes to 1H-[1,2,3]-
triazoles. Here a novel regiospecific copper(I)-catalyzed 1,3-dipolar cycloaddition of terminal alkynes
to azides on solid-phase is reported. Primary, secondary, and tertiary alkyl azides, aryl azides, and
an azido sugar were used successfully in the copper(I)-catalyzed cycloaddition producing diversely
1,4-substituted [1,2,3]-triazoles in peptide backbones or side chains. The reaction conditions were
fully compatible with solid-phase peptide synthesis on polar supports. The copper(I) catalysis is
mild and efficient (>95% conversion and purity in most cases) and furthermore, the X-ray structure
of 2-azido-2-methylpropanoic acid has been solved, to yield structural information on the 1,3-dipoles
entering the reaction. Novel Fmoc-protected amino azides derived from Fmoc-amino alcohols were
prepared by the Mitsunobu reaction.

Introduction

N-Heterocyclic compounds are broadly distributed in
Nature, including amino acids, purines, pyrimidines, and
many other natural products. N-Heterocyclic compounds
such as [1,2,3]-triazoles may display biological activities
and there are numerous examples in the literature
including anti-HIV activity,1,2 antimicrobial activity against
Gram positive bacteria,3 selective !3 adrenergic receptor
agonism,4 and more. [1,2,3]-Triazoles have also found
wide use in industrial applications such as dyes, corrosion
inhibition (of copper and copper alloys), photostabilizers,
photographic materials, and agrochemicals.5 Therefore,
it is important to develop new and more efficient solid-
phase synthetic pathways to a diverse array of [1,2,3]-
triazole pharmacophores and screen many analogues
against relevant biological targets, possibly while at-
tached to the solid support. The presented method is
compatible with solid-phase combinatorial chemistry, so
it is possible to make millions of compounds simulta-
neously using the split and combine method6 and screen
the compounds on the solid phase.7

Results and Discussion

Synthesis of [1,2,3]-Triazoles. Several different meth-
ods have been described for synthesis of [1,2,3]-triazoles,
including the intramolecular cyclization of bishydrazones
or mixed hydrazones, miscellaneous oxidations, as well
as the 1,3-dipolar cycloaddition of azides to alkynes.5,8,9

The cycloaddition between azides and alkynes is typically
carried out in refluxing toluene, but labile molecules may
not survive these conditions. However, by using sodium,10

lithium,11 or magnesium12,13 salts of the alkyne, lower
temperatures have been employed but often with limited
or no success. L’abbé reported the in situ generation of a
propargyl azide by displacement of a sulfonate with
lithium azide and copper(I) chloride.14 Instead of the
expected product, an alkyl-substituted [1,2,3]-triazole
byproduct was isolated in low yield. This side reaction
was not investigated further. One communication with
limited scope and experimental details described the
solid-phase synthesis of [1,2,3]-triazoles by a diazo trans-
fer reaction with tosyl azide.15 The present investigations

* Corresponding author. Phone: +45 3327 5301. Fax +45 3327 4708.
(1) Alvarez, R.; Velazquez, S.; San, F.; Aquaro, S.; De, C.; Perno, C.

F.; Karlsson, A.; Balzarini, J.; Camarasa, M. J. J. Med. Chem. 1994,
37, 4185-4194.

(2) Velazquez, S.; Alvarez, R.; Perez, C.; Gago, F.; De, C.; Balzarini,
J.; Camarasa, M. J. Antivir. Chem. Chemother. 1998, 9, 481-489.

(3) Genin, M. J.; Allwine, D. A.; Anderson, D. J.; Barbachyn, M. R.;
Emmert, D. E.; Garmon, S. A.; Graber, D. R.; Grega, K. C.; Hester, J.
B.; Hutchinson, D. K.; Morris, J.; Reischer, R. J.; Ford, C. W.; Zurenko,
G. E.; Hamel, J. C.; Schaadt, R. D.; Stapert, D.; Yagi, B. H. J. Med.
Chem. 2000, 43, 953-970.

(4) Brockunier, L. L.; Parmee, E. R.; Ok, H. O.; Candelore, M. R.;
Cascieri, M. A.; Colwell, L. F.; Deng, L.; Feeney, W. P.; Forrest, M. J.;
Hom, G. J.; MacIntyre, D. E.; Tota, L.; Wyvratt, M. J.; Fisher, M. H.;
Weber, A. E. Bioorg. Med. Chem. Lett. 2000, 10, 2111-2114.

(5) Fan, W.-Q.; Katritzky, A. R. In Comprehensive heterocyclic
chemistry II; Katritzky, A. R., Rees, C. W., Scriven, E. F. V., Eds.;
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into metal-catalyzed reactions on solid supports revealed
a mild and efficient method for preparing [1,2,3]-triazoles
using copper(I) salts as catalyst for the 1,3-dipolar
cycloaddition of terminal alkynes to azides. The resin-
bound copper acetylide was reacted with primary, sec-
ondary, and tertiary alkyl azides, aryl azides, and an
azido sugar at 25 °C, affording diversely 1,4-substituted
1H-[1,2,3]-triazoles (Scheme 2) with quantitative conver-
sions and purities ranging from 75% to 99% (Table 1).
Full conversion and high purity was observed for the
copper(I)-catalyzed 1,3-dipolar cycloaddition in the fol-
lowing tested solvents: acetonitrile, dichloromethane,
tetrahydrofuran, toluene, N,N-dimethylformamide, and
neat N-ethyldiisopropylamine. In the absence of copper(I)
iodide, no reaction took place (entry 3a, Table 1). Sur-
prisingly, trimethylsilyl azide (entry 8e, Table 1) did not
react with propargylglycine on resin 7. The very sterically
hindered 2-azido-2,2-diphenylacetic acid (entry 3f, Table

1) did not react even at elevated temperatures and
prolonged reaction time. However, it has previously been
reported that reactions with this azido group are much
more difficult than with most other azido acids, support-
ing an argument of steric hindrance.16,17 1,3-Dipolar
cycloadditions with resin 7 (propargylglycine, Scheme 3)
showed high conversions (>95%) but slightly lower
purities (entry 8a-d, Table 1) than with resin 1 (pro-
pargylic acid, entry 3a-s, Table 1). Electron-deficient
alkynes are more reactive in cycloaddition reactions,9

which explains why propargylic acid (resin 1) displayed
slightly higher purities than propargylglycine (resin 7)
did. Furthermore, two peptidotriazoles were prepared in
larger amount (26-42 mmol) for full characterization by
1H and 13C NMR as well as HR-MS. Compounds 9 and
10 were isolated in 79% and 87% yield (eight reaction
steps; see Scheme 4), respectively. The reaction condi-
tions for the catalyzed cycloaddition, N-ethyldiisopropyl-
amine and copper(I) iodide at 25 °C, are mild and
fully compatible with Fmoc- and Boc-peptide chemistry.
Free amino groups, carboxylic acids, thioglycosides,
and Fmoc, tert-butyl, trityl, Boc, and Pmc groups were
found to be completely stable under the reaction condi-
tions.

Five Fmoc-protected amino alcohols [Fmoc-Arg(Pmc)-
ol, Fmoc-Asp(tBu)-ol, Fmoc-Gly-ol, Fmoc-Met-ol, and
Fmoc-Phe-ol] were subjected to Mitsunobu conditions
with HN3 to convert them into Fmoc-protected amino
azides that could be used directly in the cycloaddition
reaction. Only the small nucleophile hydrazoic acid18

successfully converted the Fmoc-amino alcohols into their
corresponding azides (48-98% yield), whereas TMS-N3,

Scheme 1. Copper(I)-Catalyzed 1,3-Dipolar
Cycloaddition of Alkynes to Azides Affording
Peptidotriazoles or N-Substituted Histidine

Analogs

Scheme 2. Copper(I)-Catalyzed [1,2,3]-Triazole Formation from 1 and Further Reactions to Yield
Peptidotriazolesa

a Reported purities (xx%) are from analytical HPLC traces (215 nm), and conversions were in all cases quantitative. (i) R-N3, DIPEA,
CuI; (ii) 0.1 M NaOH (aq); (iii) 20% piperidine/DMF; (iv) Fmoc-Thr(tBu)-OPfp, Dhbt-OH; (v) H-Phe-OtBu·HCl, PyAOP, HOAt, DIPEA;
(vi) 2-furoyl chloride, DIPEA.
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The cycloaddition of azides to alkynes is one of the most important synthetic routes to 1H-[1,2,3]-
triazoles. Here a novel regiospecific copper(I)-catalyzed 1,3-dipolar cycloaddition of terminal alkynes
to azides on solid-phase is reported. Primary, secondary, and tertiary alkyl azides, aryl azides, and
an azido sugar were used successfully in the copper(I)-catalyzed cycloaddition producing diversely
1,4-substituted [1,2,3]-triazoles in peptide backbones or side chains. The reaction conditions were
fully compatible with solid-phase peptide synthesis on polar supports. The copper(I) catalysis is
mild and efficient (>95% conversion and purity in most cases) and furthermore, the X-ray structure
of 2-azido-2-methylpropanoic acid has been solved, to yield structural information on the 1,3-dipoles
entering the reaction. Novel Fmoc-protected amino azides derived from Fmoc-amino alcohols were
prepared by the Mitsunobu reaction.

Introduction

N-Heterocyclic compounds are broadly distributed in
Nature, including amino acids, purines, pyrimidines, and
many other natural products. N-Heterocyclic compounds
such as [1,2,3]-triazoles may display biological activities
and there are numerous examples in the literature
including anti-HIV activity,1,2 antimicrobial activity against
Gram positive bacteria,3 selective !3 adrenergic receptor
agonism,4 and more. [1,2,3]-Triazoles have also found
wide use in industrial applications such as dyes, corrosion
inhibition (of copper and copper alloys), photostabilizers,
photographic materials, and agrochemicals.5 Therefore,
it is important to develop new and more efficient solid-
phase synthetic pathways to a diverse array of [1,2,3]-
triazole pharmacophores and screen many analogues
against relevant biological targets, possibly while at-
tached to the solid support. The presented method is
compatible with solid-phase combinatorial chemistry, so
it is possible to make millions of compounds simulta-
neously using the split and combine method6 and screen
the compounds on the solid phase.7

Results and Discussion

Synthesis of [1,2,3]-Triazoles. Several different meth-
ods have been described for synthesis of [1,2,3]-triazoles,
including the intramolecular cyclization of bishydrazones
or mixed hydrazones, miscellaneous oxidations, as well
as the 1,3-dipolar cycloaddition of azides to alkynes.5,8,9

The cycloaddition between azides and alkynes is typically
carried out in refluxing toluene, but labile molecules may
not survive these conditions. However, by using sodium,10

lithium,11 or magnesium12,13 salts of the alkyne, lower
temperatures have been employed but often with limited
or no success. L’abbé reported the in situ generation of a
propargyl azide by displacement of a sulfonate with
lithium azide and copper(I) chloride.14 Instead of the
expected product, an alkyl-substituted [1,2,3]-triazole
byproduct was isolated in low yield. This side reaction
was not investigated further. One communication with
limited scope and experimental details described the
solid-phase synthesis of [1,2,3]-triazoles by a diazo trans-
fer reaction with tosyl azide.15 The present investigations
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Protein Res. 1991, 37, 487-493.

(7) Buchardt, J.; Schiødt, C. B.; Krog-Jensen, C.; Delaissé, J.-M.;
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cycles.[2] The cycloaddition of azides and alkynes to give
triazoles[3] is arguably the most useful member of this family.
However, likely because of concerns about the safety of
working with organic azides, synthetic chemists, in both pure
and applied fields, have not given this transformation the
special attention it deserves. Although the actual cycloaddi-
tion step may be faster and/or more regioselective for 1,3-
dipoles other than azide, the latter is by far the most
convenient to introduce and to carry hidden through many
synthetic steps. Indeed, it appears to be the only three-atom
dipole which is nearly devoid of side reactions.

Azides usually make fleeting appearances in organic syn-
thesis: they serve as one of the most reliable means to
introduce a nitrogen substituent through the reaction
!R!X"[R!N3]"R!NH2. The azide intermediate is shown
in brackets because it is generally reduced straightaway to the
amine.[4] Despite this ™azidophobia∫, we have learned to work
safely with azides because they are the most crucial functional
group for click chemistry endeavors.[5] Ironically, what makes
azides unique for click chemistry purposes is their extraordi-
nary stability toward H2O, O2, and the majority of organic
synthesis conditions.[6] The spring-loaded nature of the azide
group remains invisible unless a good dipolarophile is
favorably presented.[7] However, even then the desired
triazole-forming cycloaddition may require elevated temper-
atures and, usually results in a mixture of the 1,4 and
1,5 regioisomers [Eq. (1)].[1, 8]

Since efforts to control this 1,4- versus 1,5-regioselectivity
problem have so far met with varying success,[9] we were
pleased to find this copper(!)-catalyzed reaction sequence
which regiospecifically unites azides and terminal acetylenes
to give only 1,4-disubstituted 1,2,3-triazoles.[10] The process is
experimentally simple and appears to have enormous scope.

While a number of copper(!) sources can be used directly
(see below), we found that the catalyst is better prepared
in situ by reduction of CuII salts, which are less costly and
often purer than CuI salts (CuSO4 ¥ 5H2O serves well). As the
reductant, ascorbic acid and/or sodium ascorbate proved to be
excellent[11] for they allow preparation of a broad spectrum of
1,4-triazole products in high yields and purity at 0.25 ±
2 mol% catalyst loading. The reaction appears to be very
forgiving and does not require any special precautions. It
proceeds to completion in 6 to 36 hours at ambient temper-
ature in a variety of solvents, including aqueous tert-butyl
alcohol or ethanol and, very importantly, water with no
organic co-solvent.[12] Although most experiments were
performed at near neutral pH values, the catalysis seems to
proceed well at pH values ranging from approximately 4 to 12.
In other words, this is a very robust catalytic process, which is
so insensitive to the usual reaction parameters as to strain
credulity.[13]

The reaction between phenyl propargyl ether and benzy-
lazide in the presence of 5 mol% of sodium ascorbate and
1 mol% of copper(!!) sulfate in a 2:1 mixture of water and tert-
butyl alcohol furnished the 1,4-disubstituted triazole product
in 91% yield after stirring for eight hours at room temper-
ature in a capped scintillation vial, but otherwise with no
effort to exclude oxygen [Eq. (2)]. The regiochemistry of the
product was established by NOE experiments and confirmed
by an X-ray crystallographic analysis.[14] For comparison, the
thermal reaction (neat, 92 !C, 18 h) between these substrates
gives both regioisomers in a ratio of 1.6:1 in favor of the
1,4 isomer.

The scope of this copper-catalyzed triazole synthesis is
partly revealed by the examples in Table 1; the lack of
functional group interference is especially noteworthy. These
triazoles are obtained by using a procedure which generally
involves little more than stirring the reagents and filtering off
pure products. Variously substituted primary, secondary,
tertiary, and aromatic azides readily participate in this trans-
formation. Tolerance for variations in the acetylene compo-
nent is also excellent.

Copper(!) salts, for example, CuI, CuOTf ¥ C6H6, and
[Cu(NCCH3)4][PF6], can also be used directly in the absence
of a reducing agent. These reactions usually require acetoni-
trile as co-solvent and one equivalent of a nitrogen base (for
example, 2,6-lutidine, triethylamine, diisopropylethylamine,
or pyridine). However, formation of undesired by-products,
primarily diacetylenes, bis-triazoles, and 5-hydroxytriazoles,
was often observed.[10, 15] This complication with the direct use
of CuI species was minimized when 2,6-lutidine was used, and
exclusion of oxygen further improved product purity and
yield.[16] Even though a broad range of both acetylene and
azide components react readily in the acetonitrile system, we
prefer the even more reliable and simple CuII/ascorbate
aqueous system (with or without co-solvents and amine
buffers/additives).

Our mechanistic proposal for the catalytic cycle is shown in
Scheme 1. It begins unexceptionally with formation of the
copper(!) acetylide I[17] (as expected, no reaction is observed
with internal alkynes), but then gets interesting. Extensive
density functional theory calculations[18] offer compelling
evidence which strongly disfavors–by about 12 ± 15 kcal–
the concerted [2#3] cycloaddition (B-direct) and points to a
stepwise, annealing sequence (B-1"B-2"B-3, hence the
term ™ligation∫), which proceeds via the intriguing six-
membered copper-containing intermediate III.[19]

In conclusion, the CuI-catalyzed transformation described
here–a high-yielding and simple to perform ™fusion∫ process
leading to a thermally and hydrolytically stable triazole
connection–is an ideal addition to the family of click
reactions. The process exhibits broad scope and provides
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Huisgen 1,3-dipolar cycloadditions[1] are exergonic fusion
processes that unite two unsaturated reactants and provide
fast access to an enormous variety of five-membered hetero-

Cl atoms having a marked anionic character.[30] This feature is
also realized, but to a lesser extent, in the M!Cl bonds of
complexes 2 ± 6.

The present study illustrates for the first time the ability of
an !-cyclodextrin cavity to recognize a transition metal M!Cl
bond through weak Cl ¥¥¥ H-5 interactions in the solid state as
well as in solution. The fact that such subtle interactions could
be observed in non-aqueous media is a consequence of the
absence of stronger competing supramolecular forces, such as
the hydrophobic effect, which usually plays a prevailing role
in the formation of CD inclusion complexes. Overall these
results illustrate the potential of modified cyclodextrins as
second-sphere ligands.
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1,4-disubstituted 1,2,3-triazole products in excellent yields and
near perfect regioselectivity. The fact that this ™unstoppable∫
reactivity[20] of copper(!) acetylides with organic azides
remained unrevealed until now, despite the great body of
research on copper-mediated organic synthesis over the last

Scheme 1. Proposed catalytic cycle for the CuI-catalyzed ligation.

seventy years, is extraordinary. It can only be attributed to the
often irrational fear of azides and is just another indication of
the untapped potential of this underappreciated functional
group. Above all, what this new catalytic process seems to
offer is an unprecedented level of selectivity, reliability, and
scope for those organic synthesis endeavors which depend on
the creation of covalent links between diverse building blocks.
Several studies which highlight the capabilities of the process,
as well as studies hoping to achieve better mechanistic
understanding of its unique reactivity features, are currently
underway and will be reported in due course.

Experimental Section

General procedure (entry 11, Table 1): 17-ethynylestradiol (888 mg,
3 mmol) and (S)-3-azidopropane-1,2-diol (352 mg, 3 mmol) were suspend-
ed in a 1:1 mixture of water and tert-butyl alcohol (12 mL). Sodium
ascorbate (0.3 mmol, 300 !L of freshly prepared 1" solution in water) was
added, followed by copper(!!) sulfate pentahydrate (7.5 mg, 0.03 mmol, in
100 !L of water). The heterogeneous mixture was stirred vigorously
overnight, at which point it cleared and TLC analysis indicated complete
consumption of the reactants. The reaction mixture was diluted with water
(50 mL), cooled in ice, and the white precipitate was collected by filtration.
After washing the precipitate with cold water (2! 25 mL), it was dried
under vacuum to afford 1.17 g (94%) of pure product as an off-white
powder. M.p. 228 ± 230 !C. Elemental analysis calcd for C23H31N3O4:
C 64.02, H 7.71, N 9.74%; found: C 64.06, H 7.36, N 9.64%. 1H NMR
([D6]DMSO) !" 8.97 (s, 1H), 7.77 (s, 1H), 6.95 (d, J" 8.3 Hz, 1H), 6.45
(dd, J" 8.3, 2.3 Hz, 1H), 6.41 (d, J" 2.3 Hz, 1H), 5.13 (m, 1H), 5.09 (d, J"
2.9 Hz, 1H), 4.83 (m, 1H), 4.46 (m, 1H), 4.21 (m, 1H), 3.81 (m, 1H), 3.26
(m, 1H), 2.67 (m, 2H), 2.35 (m, 1H), 2.08 (m, 1H), 1.96 (m, 1H), 1.89 ± 1.77
(m, 3H), 1.63 (m, 1H), 1.48 ± 1.12 (m, 6H), 0.91 (s, 3H), 0.74 ppm (s, 1H);
13C NMR ([D6]DMSO) !" 154.8, 153.8, 137.2, 130.4, 126.0, 123.3, 114.9,
112.7, 81.1, 70.6, 70.4, 63.2, 52.6, 47.5, 46.7, 43.2, 37.2, 32.6, 29.3, 27.2, 26.1,
23.6, 14.4 ppm.

Received: April 29, 2002 [Z19191]

[1] a) R. Huisgen in 1,3-Dipolar Cycloaddition Chemistry (Ed.: A.
Padwa), Wiley, New York, 1984, pp. 1 ± 176; b) A. Padwa in Compre-
hensive Organic Synthesis, Vol. 4 (Ed.: B. M. Trost), Pergamon,
Oxford, 1991, pp. 1069 ± 1109; c) for a review of asymmetric 1,3-
dipolar cycloaddition reactions, see K. V. Gothelf, K. A. Jorgensen,
Chem. Rev. 1998, 98, 863 ± 909; d) for a review of synthetic applica-
tions, see J. Mulzer, Org. Synth. Highlights 1991, 77 ± 95.

Table 1. Synthesis of 1,4-disubstituted 1,2,3-triazoles catalyzed by CuI ions
in the presence of ascorbate.[a]

Entry Product Yield [%]

1 92

2 93

3 82

4 84

5 91

6 88

7 88

8 84

9 88

10 90

11 94

[a] All reactions were carried out in water with tert-butyl alcohol as co-
solvent, 0.25 ± 0.5 " in reactants, with 1 mol% of CuSO4 and 10 mol% of
sodium ascorbate, and were complete in 12 ± 24 h.

Sharpless et coll., Angew. Chem. Int. Ed., 2002, 41, 2596-99
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For this study, the peptides (Fig. 1) were synthesized using stan-
dard Fmoc coupling conditions on an automated synthesizer with
Rink-amide resin to afford the C-terminal amide peptides. While
still on resin, the N-terminal lysine side chain (e amine) was acet-
ylated, followed by acylation with an alkyne-containing acid (4-
pentynoic acid) on the amino group to give the resulting N-termi-
nal alkyne. Geranylgeranylation of that peptide was performed in
solution using acidic Zn(OAc)2 coupling conditions22 to afford pep-
tide 1. Peptide 2 was prepared in an analogous manner except that
the e-amino group of the N-terminal lysine was acylated with 5-
Fam. Thus peptide 1 contains an alkyne but no fluorophore
whereas peptide 2 contains both an alkyne and a fluorophore.

The ability of both of these peptides to enter cells was first
established using confocal laser scanning microscopy (CLSM). Be-
cause peptide 2 contains the 5-Fam fluorophore, visualization after
uptake in HeLa cells is easily accomplished after a 2 h incubation of
the peptide at 1 lM (Fig. 2B). To investigate whether the 5-Fam
fluorophore is necessary for uptake, peptide 1 was synthesized
lacking the fluorophore. Following cellular incubation of 1 at
1 lM for 2 h, HeLa cells were rinsed three times with PBS and fixed
with 4% paraformaldehyde, followed by permeabilization with
0.1% Triton X-100. A copper catalyzed click reaction was then con-
ducted using tetramethylrhodamine azide (TAMRA-N3) to form a
covalent triazole linkage between the peptide-alkyne and the
tetramethylrhodamine (TAMRA) fluorophore; when 1 enters cells,
it can be visualized through the TAMRA fluorophore using CLSM
(Fig. 2C). Thus, it can be seen that the peptide lacking a fluorophore
is still able to efficiently cross the membrane of HeLa cells. While
control experiments in which HeLa cells were treated with TAM-
RA-N3 (without prior peptide treatment) manifested no back-
ground labeling (Fig. 2A), we wanted to compare the localization
pattern obtained by direct visualization of 5-Fam with that ob-
served from the TAMRA-N3 labeling. Incubation of 2 with HeLa
cells and subsequent click reaction to TAMRA-N3 resulted in strong
co-localized fluorescence in the cells (yellow color, Fig. 2D); this
observation also confirms that little background reaction occurs
in the TAMRA-N3 labeling process since the red TAMRA fluoro-
phore is only present where the green 5-Fam of the peptide is ob-

served. The Mander’s overlap coefficient of the cells is 0.901 when
the nucleus is included in the analysis and 0.960 when it is ex-
cluded, indicating there is significant overlap of green and red fluo-
rescence, even when the nucleus is considered (a Mander’s
coefficient of 1 indicates perfect overlap23). It is important to note
that it appears there is some nuclear labeling when HeLa cells are
incubated with 1. To explore this issue, we incubated peptide 1
with HeLa cells, followed by a subsequent click reaction to either
TAMRA-N3 or 5-Fam-PEG-N3. This will help establish if the nuclear
localization is an artifact of the fixation or of the fluorophore used.
Regardless of the fluorophore used, nuclear staining is observed
when incubating HeLa cells with 1 (Fig. 3). This effect is absent
when performing the click reaction on cells that were not treated
with alkyne peptide (see Fig. 2A), and is also absent in cells treated
with 2 (see Fig. 2B). This suggests that peptide 1 that lacks the fluo-
rophore partitions differently within cells and is able to enter the
nucleus whereas peptide 2 does not; however, it should be noted
that the amount of nuclear localization is small compared to the
amount of peptide distributed throughout the remainder of the
cell. Overall, the localization patterns of 1 and 2 are quite similar.

Having visually established that peptide 1 can enter HeLa cells,
we next sought to quantify the differences in uptake between 1
and 2. Accordingly, a reagent containing 5-Fam linked to an azide
moiety was synthesized for this purpose. This reagent was de-
signed so that the fluorescence of the two peptides could be more
directly compared since both peptides would be labeled by the
same fluorophore. A succinimidyl ester of 5-Fam was reacted with
11-azido-3,6,9-trioxaundecan-1-amine in the presence of diisopro-
pylethylamine overnight at room temperature. Following purifica-
tion by reverse phase HPLC, 5-Fam-PEG-N3 was isolated and used
as the subsequent azide for click chemistry. HeLa cells were incu-
bated with 1 or 2 at various concentrations for 1 h. Both sets of
cells were rinsed, fixed and permeabilized. Cells treated with pep-
tide 1 were subjected to the click reaction with 5-Fam-PEG-N3 for
1 h followed by several rinses, and subsequent flow cytometry
analysis. Cells treated with peptide 2 were analyzed directly by
flow cytometry without click reaction. Based on those experi-
ments, peptide 1 appears to enter the cells to a lesser extent (2-

Figure 1. The sequences of the peptides used in this study.

J. D. Ochocki et al. / Bioorg. Med. Chem. Lett. 21 (2011) 4998–5001 4999

M. D. Distefano et coll., Bioorg. Med. Chem. Lett., 2011, 21, 4998-5001
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to 3-fold) than 2 (Fig. 4) at all concentrations tested. This could
indicate that 1 is indeed not as efficient at penetrating the cellular
membrane compared to 2 since it lacks the fluorophore. Alterna-
tively, this result could be an artifact of the analysis; the click reac-
tion may not quantitatively label all of the available alkyne-
functionalized peptide during the course of the reaction. It is also
plausible that if 1 enters the cells and localizes to an internal mem-
brane (endoplasmic reticulum localization is natural for geranyl-
geranylated proteins24) that the N-terminal alkyne becomes

buried in the membrane and is inaccessible for the click reaction.
These latter two possibilities would both lead to an artificially low-
er mean fluorescence value. Regardless of which explanation is
correct for the reduced fluorescence of cells treated with 1 versus
2, the important conclusion remains—peptide 1 lacking a fluoro-
phore is able to efficiently enter HeLa cells. This further substanti-
ates the importance of the hydrophobic geranylgeranyl group for
peptide uptake; without that moiety, the peptide is unable to enter
cells.19

Figure 2. HeLa cells incubated with peptides 1 or 2 at 1 lM for 2 h. Panel (A) Click reaction performed on cells that were not treated with an alkyne peptide, showing no
background labeling by TAMRA-N3. Panel (B) Peptide 2 visualized with green 5-Fam fluorescence. Panel (C) Peptide 1 monitored by click reaction with TAMRA-N3 on fixed
cells. Panel (D) Peptide 2 monitored by click reaction with TAMRA-N3 on fixed cells and green 5-Fam fluorescence; the yellow color indicates co-localization of 5-Fam and
TAMRA fluorophores, now present on the same peptide. The size bar represents a distance of 25 lm.

Figure 3. HeLa cells incubated with peptide 1 at 1 lM for 2 h. Panel (A) Peptide 1 visualized by click reaction with 5-Fam-PEG-N3 on fixed cells. Panel (B) Peptide 1 visualized
by click reaction with TAMRA-N3 on fixed cells. Regardless of the fluorophore used, nuclear staining is observed in both cases. This effect is not seen in cells that are subjected
to the click reaction but not treated with peptide; this indicates that peptide 1 has a small amount of nuclear localization. The size bar represents a distance of 25 lm.

5000 J. D. Ochocki et al. / Bioorg. Med. Chem. Lett. 21 (2011) 4998–5001
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Inverse electron demand Diels–Alder (iEDDA)-initiated
conjugation: a (high) potential click chemistry scheme

Astrid-Caroline Knall* and Christian Slugovc

Inverse electron demand Diels–Alder reactions (iEDDA) between 1,2,4,5-tetrazines and olefins have
emerged into a state-of-the art concept for the conjugation of biomolecules. Now, this reaction is also
increasingly being applied in polymer science and materials science. The orthogonality of this exciting
reaction to other well-established click chemistry schemes, its high reaction speed and its
biocompatibility are key features of iEDDA making it a powerful alternative to existing ligation
chemistries. The intention of this tutorial review is to introduce the reader to the fundamentals of
inverse electron demand Diels–Alder additions and to answer the question whether iEDDA chemistry is
living up to the criteria for a ‘‘click’’ reaction and can serve as a basis for future applications in post-
synthetic modification of materials.

Key learning points
(1) Electron-rich dienophiles and electron-poor dienes (e.g. tetrazines) react in an inverse electron demand Diels–Alder reaction (iEDDA).
(2) iEDDA fulfils Sharpless’ criteria for a ‘‘click’’ reaction while offering advantages over already established ‘‘click’’ chemistry schemes.
(3) Tetrazines and suitable dienophiles are readily available with a variety of chemical functionalities.
(4) Both reaction partners can be modified to balance parameters like stability, reactivity and availability of reagents.
(5) iEDDA can be performed simultaneously with other ‘‘click’’ reactions without the need for protecting groups.

1. Introduction

Soon after its introduction by Sharpless et al. in 2001,1 the
concept of ‘‘click chemistry’’ has evoked increasing interest in
the scientific community. Initiated by the archetypal ‘‘click’’
reaction – copper-catalysed azide–alkyne Huisgen 1,3-dipolar
cycloaddition (CuAAC) – a variety of reactions has been identi-
fied to be suitable for the conjugation of molecules using
different ligation concepts.2,3 Among these, the inverse electron
demand Diels–Alder addition (iEDDA, Scheme 1) of 1,2,4,5-
tetrazines and olefins, occasionally referred to as Carboni–
Lindsey4 reaction, has increasingly gained importance in the
last few years. Other than iEDDA,5 SPIEDAC6,7 (strain-promoted
inverse electron demand Diels–Alder cycloaddition), DAinv

8

(Diels–Alder with inverse electron demand) or ihDA/rDA9

(inverse electron demand hetero Diels–Alder–retro-Diels–Alder)
are used as abbreviations. Initially applied for the synthesis of
pyridazines,4,9 iEDDA was introduced as a potential click chemistry scheme almost simultaneously by two groups in 2008.10,11 Since

then, it has gathered a remarkable amount of attention, especially
in the life sciences, where challenging problems could be solved12

and therefore already became an established method in the fields
of bioorthogonal and metal-free click chemistry.3

Scheme 1 iEDDA reaction scheme.
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of bioorthogonal organometallic transformations.180−183 In
seminal work, Davis and others reported ruthenium-catalyzed
cross-metathesis reactions for efficient protein tagging, along
with palladium-catalyzed cross-couplings amenable to targeting
proteins, glycans, and nucleotides.184−189

A corollary challenge to identifying new transformations is
elucidating methods to control bioorthogonality (i.e., turning
functional groups “on” and “off”). Such “on-demand” reactivity
is especially critical for reagents that are only semistable in
biological environments. Photochemical activation is a
particularly attractive mechanism for generating reactivity “on
demand”.68,69,190−195 Pulsed light can be controlled both
spatially and temporally and thus offers a method to release
bioorthogonal reagents and localize reactivity196,197 (Figure 4).
Popik and co-workers exploited the phototriggered release of
cyclooctyne reagents to control azide−alkyne reactivity.195,198

In related work, Lin and colleagues utilized “photo-click”
chemistry to tag alkene-modified proteins.68 The derivatized
proteins were incubated with tetrazole probes. Upon UV
illumination, tetrazoles photolyze to generate nitrile imines that
can ligate terminal alkenes. The spatial resolution of these and
other photoclick reactions is dependent on the lifetime of the
liberated reagent. For nitrile imine, the lifetime is relatively
short, as the 1,3-dipole is subject to rapid water quenching.67

This “react or self-destruct” scenario enables more focal
labeling and thus excellent spatial resolution. Continued
development of mild methods to release bioorthogonal
reagents “on-demand,” including two-photon absorption and
select ive chemical react ions, are important pur-
suits.192,193,199−201

As new bioorthogonal reagents continue to be explored and
validated, another major challenge looms: identifying trans-
formations that not only work well in vivo but also work well
with existing bioorthogonal chemistries. Many of the most
common bioorthogonal reactions are incompatible with one
another in live cells. For example, certain cycloalkynes have
been shown to be highly reactive with tetrazine and therefore
do not lend themselves to multicomponent studies (Figure
5).202,203 However, careful selection of bioorthogonal reagents
can enable simultaneous and selective labeling.109,203 Recently,
we and others demonstrated the mutual orthogonality of the
alkene-tetrazine ligation with variants of SPAAC81,109,149,204,205

In one example, Hilderbrand and co-workers utilized
Herceptin-TCO and cetuximab-DBCO antibody conjugates
to target A431 and SKBR3 cells, respectively.204 Upon co-
administration of the complementary azido- and tetrazine-
fluorophores, both cell populations were selectively labeled and
visualized.
The identification of mutually orthogonal transformations is

being aided by computational studies. Houk and colleagues
developed a distortion-interaction model that has proven
effective at predicting reactivities of strained molecules with
1,3-dipoles and dienes.58,206,207 Steric clashes between many of
the large, strained molecules can be exploited to disfavor certain
cycloadditions, while promoting others.203 In recent work, we
utilized this model to identify two sets of cyclopropenes,
differing by the presence of a single methyl group, that exhibit
unique cycloaddition preferences.208 These differential reac-
tivities were employed to append unique fluorophores to model
proteins. We anticipate that computational algorithms will
continue to have a major impact in identifying combinations of
mutually orthogonal transformations or those that can be used

sequentially.203,209 Assays to rapidly identify candidate classes
of probes will also be helpful in this regard.210

■ CONCLUSIONS
The past decade has seen a marked expansion of the
bioorthogonal toolkit, with a variety of polar reactions and
cycloaddition chemistries demonstrating utility for labeling in
complex environments. As the number of bioorthogonal
reactions continues to grow, selecting an appropriate chemistry
for a given experiment remains challenging. The reactions differ
in a number of key attributes, including selectivities and rates,
and understanding the “personalities” of each transformation is
key to their successful implementation. The judicious
application of bioorthogonal chemistries in biological research
will continue to enhance our understanding of living systems.
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Figure 5. Identifying mutually orthogonal transformations. Strained
alkenes and alkynes possess dramatically different reactivities with
azido (left) and tetrazine (right) probes. The alkenes in blue react
rapidly with tetrazine via IED-DA chemistries, while the alkynes in red
exhibit rapid reactivity with azides. Bicyclononyne (BCN, black) does
not significantly favor tetrazines or azides in terms of reaction rate.
With judicious selection, some of these reagents can be used
concurrently in bioorthogonal labeling applications. *Predicted rate
constant from DFT calculations.203
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Imaging technologies developed in the early 20th century achieved contrast solely by relying on

macroscopic and morphological differences between the tissues of interest and the surrounding

tissues. Since then, there has been a movement toward imaging at the cellular and molecular level

in order to visualize biological processes. This rapidly growing field is known as molecular

imaging. In the last decade, many methodologies for imaging proteins have emerged. However,

most of these approaches cannot be extended to imaging beyond the proteome. Here, we

highlight some of the recently developed technologies that enable imaging of non-proteinaceous

molecules in the cell: lipids, signalling molecules, inorganic ions, glycans, nucleic acids,

small-molecule metabolites, and protein post-translational modifications such as phosphorylation

and methylation.

Introduction

Molecular imaging is a powerful tool that has enabled the
visualisation of biomolecules as they function in their native
setting.1 The ability to monitor biological events in real time at
the subcellular level has furthered our understanding of many

physiological processes, including protein trafficking, protein
localisation, and protein–protein interactions.2 Arguably, the
most widely used set of tools in molecular imaging are
fluorescent proteins. The discovery and development of the
green fluorescent protein (GFP) by Shimomura, Chalfie, and
Tsien, who were awarded the 2008 Nobel Prize in Chemistry
for their efforts, has enabled the tagging and imaging of many
proteins of interest.3

Although imaging of target proteins using fluorescent
protein fusions has revolutionised many areas of biology,
extension of this strategy to other components of the cell such
as glycans, lipids, and nucleic acids has remained challenging.
While proteins comprise the largest fraction of biological
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in order to visualize biological processes. This rapidly growing field is known as molecular

imaging. In the last decade, many methodologies for imaging proteins have emerged. However,

most of these approaches cannot be extended to imaging beyond the proteome. Here, we

highlight some of the recently developed technologies that enable imaging of non-proteinaceous

molecules in the cell: lipids, signalling molecules, inorganic ions, glycans, nucleic acids,

small-molecule metabolites, and protein post-translational modifications such as phosphorylation

and methylation.

Introduction

Molecular imaging is a powerful tool that has enabled the
visualisation of biomolecules as they function in their native
setting.1 The ability to monitor biological events in real time at
the subcellular level has furthered our understanding of many

physiological processes, including protein trafficking, protein
localisation, and protein–protein interactions.2 Arguably, the
most widely used set of tools in molecular imaging are
fluorescent proteins. The discovery and development of the
green fluorescent protein (GFP) by Shimomura, Chalfie, and
Tsien, who were awarded the 2008 Nobel Prize in Chemistry
for their efforts, has enabled the tagging and imaging of many
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Abstract: The structure of sialic acid on living cells can be modulated by metabolism of unnatural biosynthetic
precursors. Here we investigate the conversion of a panel of azide-functionalized mannosamine and
glucosamine derivatives into cell-surface sialosides. A key tool in this study is the Staudinger ligation, a
highly selective reaction between modified triarylphosphines and azides that produces an amide-linked
product. A preliminary study of the mechanism of this reaction, and refined conditions for its in vivo execution,
are reported. The reaction provided a means to label the glycoconjugate-bound azidosugars with biochemical
probes. Finally, we demonstrate that the cell-surface Staudinger ligation is compatible with hydrazone
formation from metabolically introduced ketones. These two strategies provide a means to selectively modify
cell-surface glycans with exogenous probes.

Introduction

The intricate process of cell-surface glycosylation is becoming
increasingly amenable to in vivo manipulation by use of
metabolic and chemical tools.1 Analogues of naturally occurring
monosaccharides are known to traverse select biosynthetic
pathways, resulting in cell-surface display of unnatural oligo-
saccharides.2,3 Sialic acid biosynthesis is particularly amenable
to this approach. Metabolically generated unnatural sialosides
have been shown to selectively alter native glycosylation patterns
such as polysialylation, which plays a key role in cancer cell
metastasis.4,5 Viral infection can also be modulated by the
introduction of novel sialosides onto cells.6,7 If the unnatural
biosynthetic substrate possesses a selectively reactive functional
group, its cell-surface product can undergo chemoselective
ligation with an exogenously delivered reaction partner, resulting
in further modification (Figure 1A).

The first committed intermediate in sialic acid biosynthesis
is N-acetylmannosamine (ManNAc), which can be generated
in cells from N-acetylglucosamine (GlcNAc) or taken up from
outside the cell (Figure 1B). To deliver a selectively reactive
functional group to the cell surface, we previously substituted

* Corresponding author. E-mail: bertozzi@cchem.berkeley.edu.
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Figure 1. (A) Metabolism of a sugar bearing a selectively reactive
functional group (*) results in its cell-surface display. Chemoselective
ligation with an exogenously delivered reaction partner further modifies
the cell-surface glycan. (B) Sialic acid biosynthetic pathway. Cell-surface
sialosides are biosynthesized in a series of enzymatic steps. The process
normally begins with either ManNAc or GlcNAc; however, exogenously
added unnatural analogues of these compounds (or more advanced
intermediates) are able to intercept the pathway and produce cell-surface
sialosides with novel functionality.
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Staudinger ligation

ManNAc with N-levulinoylmannosamine (ManLev, Figure 1B).8
ManLev acts as a substrate for the enzymes in the sialic acid
biosynthetic pathway, and is converted into a ketone-bearing
cell-surface sialoside. The ketone functional group reacts
selectively with hydrazides or aminooxy groups to produce
hydrazones or oximes, respectively. The use of biotin hydrazide
offered a means to quantify reactive ketone groups by staining
the cells with FITC-avidin, rendering them fluorescent. The
corresponding GlcNAc analogue, GlcLev (14, Figure 2), was
also prepared as a potential metabolic precursor for cell-surface
sialosides; however, it was metabolized at much lower levels
than ManLev.9 Since the initial demonstration of cell-surface
engineering with ManLev, the technology has been applied to
the development of targeted imaging reagents10 and methods
for gene transfer.11 The efficiency of ManLev uptake was greatly
increased by peracetylation to form the tetra-O-acetyl compound,
Ac4ManLev (13, Figure 2).12 Acetylation increases the mem-
brane permeability of the monosaccharide; once the molecule
is inside the cell, the acetyl groups are readily cleaved by
cytosolic esterases. Thus, treatment with a peracetylated sugar
results in the same density of unnatural cell-surface epitopes as
200-fold higher concentrations of the corresponding free sugar.
Here we present a study of a panel of azide-derivatized sugars

(7 - 12, Figure 2) that were tested for their ability to mimic either
GlcNAc or ManNAc, resulting in metabolic conversion to
unnatural cell-surface sialosides. The recently developed
Staudinger ligation has proven to be an effective tool for
selective tagging of azide-functionalized biomolecules with
probes, even within a complex mixture of cellular compo-
nents.13,14 Covalent modification of azide-derivatized glyco-
conjugates via the Staudinger ligation allowed their identification
and quantification on the cell surface.13 The cellular products

of the azidosugars were confirmed as sialic acids by a series of
metabolic competition experiments, and their residence within
glycoconjugate subclasses on various cell types was established
with glycosylation inhibitors.
In addition, we examined the mechanism by which the

Staudinger ligation occurs by NMR analysis of intermediates
formed during the reaction. We also determined the optimal
pH, reagent concentrations, and time required for maximal
ligation on cells. Finally, we directly compared the metabolism
of the most efficient cell-surface azide delivery vehicle, N-
azidoacetylmannosamine (Ac4ManNAz, 7, Figure 2)13 with that
of Ac4ManLev. Using these two substrates, we demonstrated
that the reactivity of the corresponding sialic acid derivatives
permits simultaneous labeling by two mutually orthogonal
chemoselective ligation reactions.

Results and Discussion

Investigation of Intermediates Formed during the
Staudinger Ligation. The Staudinger ligation as we had initially
formulated the reaction is shown in Scheme 1, pathway A.13
The key functionality is a triarylphosphine in which a car-
boxymethyl group is situated adjacent to phosphorus on one of
the aryl rings (1). A biochemical probe of interest can be
appended, as shown for compound 2, which possesses the eight-
residue FLAG peptide.14 We initially proposed13 that these
phosphines react with azides to form aza-ylide intermediates
(3, Scheme 1), which in turn react in an intramolecular fashion
to generate phosphonium analogues (4; pathway A, Scheme 1).
Hydrolysis then provides the ligation product (5).

(8) Mahal, L. K.; Yarema, K. J.; Bertozzi, C. R. Science 1997, 276, 1125.
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R. J. Biol. Chem. 1998, 273, 31168.
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(12) Jacobs, C. L.; Yarema, K. J.; Mahal, L. K.; Nauman, D. A.; Charter, N.

W.; Bertozzi, C. R. Methods Enzymol. 2000, 327, 260.
(13) Saxon, E.; Bertozzi, C. R. Science 2000, 287, 2007.
(14) Kiick, K. L.; Saxon, E.; Tirrell, D. A.; Bertozzi, C. R. Proc. Natl. Acad.

Sci. U.S.A. 2002, 99, 19.

Figure 2. Structures of ManNAc and GlcNAc analogues used in this study.

Scheme 1. Staudinger Ligation: (A) Reaction Pathway as
Previously Proposed; (B) Revised Reaction Pathway Supported by
31P NMR Analysis of Intermediates
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to compare changes in the two signals. The addition of 5 µM
Ac4ManLev caused the green fluorescence signal arising from
20 µM Ac4ManNAz to decrease by 4%, whereas the reverse
experiment reduced the red fluorescence signal by 43% (Figure

10). This suggests that Ac4ManNAz is a better substrate for
sialic acid biosynthesis than Ac4ManLev, possibly due to its
closer structural similarity to the native ManNAc. When the
concentration of Ac4ManLev was increased to 4 times that of
Ac4ManNAz, both red and green fluorescence were observed
at comparable levels, confirming that the two ligation reactions
are mutually orthogonal and may be performed concurrently
on the same cell.
Our detailed understanding of the metabolism of Ac4ManNAz

to SiaNAz and the subsequent reaction with phosphine-FLAG
sets the stage for the development of new in vivo applications.
The structures and functions of native cell-surface glycans may
be investigated via the selective installation of biochemical
probes. Chemoselective ligation also provides a means to
engineer the material properties of the cell surface, acting as a
bridge between artificial materials and living cells. Artificial
clustering of cell-surface epitopes to control intracellular signal-
ing could be instigated by a bifunctional phosphine moiety.
Together with ketone-based cell-surface engineering methodol-
ogy, the Staudinger ligation provides a measure of chemical
control over complex biological systems that was previously
unknown.

Abbreviations
ManNAc, N-acetylmannosamine; GlcNAc, N-acetylglucos-

amine; GalNAc, N-acetylgalactosamine; ManNAz, N-azidoacetyl-
mannosamine; GlcNAz, N-azidoacetylglucosamine; ManLev,
N-levulinoylmannosamine; Ac4ManNAz, peracetylated N-azido-
acetylmannosamine; Ac4GlcNAz, peracetylated N-azidoacetyl-
glucosamine; Ac4ManLev, peracetylated N-levulinoylmannos-
amine; SiaNAz, N-azidoacetylneuraminic acid; FBS, fetal bovine
serum; PE, phycoerythrin; FITC, fluorescein isothiocyanate;
TCEP, tricarboxyethylphosphine; P - S, penicillin - streptomycin;
FLAG peptide, NH2-DYKDDDDK-COOH; RBnGalNAc, R-ben-
zyl-N-acetylgalactosamine.

Experimental Section
General. Phosphine-FLAG (2) was synthesized as previously

reported.14 Tunicamycin, deoxymannojirimycin, RBnGalNAc, GlcNAc,
GalNAc, sialic acid, biotin hydrazide, Dulbecco’s phosphate-buffered

Figure 9. Effects of glycosylation inhibitors on azidosugar metabolism.
The appropriate cell line was incubated in the presence or absence of 20
µM Ac4ManNAz and various amounts of the appropriate inhibitor for 3
days, washed, and treated with 0.25 mM phosphine-FLAG for 1 h. The
cells were washed again and stained with FITC-anti-FLAG. The fluorescence
signal measured by flow cytometry is reported as percent of control, where
the control represents the fluorescence signal from Jurkat cells incubated
with 20 µM Ac4ManNAz alone. Error bars represent the standard deviation
for three replicate data points. (A) Treatment of Jurkat cells with
tunicamycin. (B) Treatment of Jurkat cells with deoxymannojirimycin. (C)
Treatment of Jurkat cells with RBnGalNAc. (D) Treatment of HL-60 cells
with RBnGalNAc.

Figure 10. Ac4ManNAz and Ac4ManLev can be metabolized and labeled
concurrently. Jurkat cells were incubated with various amounts of Ac4ManNAz
and Ac4ManLev for 3 days, washed, and treated with 0.25 mM phosphine-
FLAG and 2 mM biotin hydrazide for 1 h. The cells were washed again
and stained with FITC-anti-FLAG and PE-avidin. The fluorescence signals
measured by flow cytometry are reported in arbitrary units, and error bars
represent the standard deviation for three replicates.
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to compare changes in the two signals. The addition of 5 µM
Ac4ManLev caused the green fluorescence signal arising from
20 µM Ac4ManNAz to decrease by 4%, whereas the reverse
experiment reduced the red fluorescence signal by 43% (Figure

10). This suggests that Ac4ManNAz is a better substrate for
sialic acid biosynthesis than Ac4ManLev, possibly due to its
closer structural similarity to the native ManNAc. When the
concentration of Ac4ManLev was increased to 4 times that of
Ac4ManNAz, both red and green fluorescence were observed
at comparable levels, confirming that the two ligation reactions
are mutually orthogonal and may be performed concurrently
on the same cell.
Our detailed understanding of the metabolism of Ac4ManNAz

to SiaNAz and the subsequent reaction with phosphine-FLAG
sets the stage for the development of new in vivo applications.
The structures and functions of native cell-surface glycans may
be investigated via the selective installation of biochemical
probes. Chemoselective ligation also provides a means to
engineer the material properties of the cell surface, acting as a
bridge between artificial materials and living cells. Artificial
clustering of cell-surface epitopes to control intracellular signal-
ing could be instigated by a bifunctional phosphine moiety.
Together with ketone-based cell-surface engineering methodol-
ogy, the Staudinger ligation provides a measure of chemical
control over complex biological systems that was previously
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days, washed, and treated with 0.25 mM phosphine-FLAG for 1 h. The
cells were washed again and stained with FITC-anti-FLAG. The fluorescence
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for three replicate data points. (A) Treatment of Jurkat cells with
tunicamycin. (B) Treatment of Jurkat cells with deoxymannojirimycin. (C)
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Figure 10. Ac4ManNAz and Ac4ManLev can be metabolized and labeled
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to compare changes in the two signals. The addition of 5 µM
Ac4ManLev caused the green fluorescence signal arising from
20 µM Ac4ManNAz to decrease by 4%, whereas the reverse
experiment reduced the red fluorescence signal by 43% (Figure

10). This suggests that Ac4ManNAz is a better substrate for
sialic acid biosynthesis than Ac4ManLev, possibly due to its
closer structural similarity to the native ManNAc. When the
concentration of Ac4ManLev was increased to 4 times that of
Ac4ManNAz, both red and green fluorescence were observed
at comparable levels, confirming that the two ligation reactions
are mutually orthogonal and may be performed concurrently
on the same cell.
Our detailed understanding of the metabolism of Ac4ManNAz

to SiaNAz and the subsequent reaction with phosphine-FLAG
sets the stage for the development of new in vivo applications.
The structures and functions of native cell-surface glycans may
be investigated via the selective installation of biochemical
probes. Chemoselective ligation also provides a means to
engineer the material properties of the cell surface, acting as a
bridge between artificial materials and living cells. Artificial
clustering of cell-surface epitopes to control intracellular signal-
ing could be instigated by a bifunctional phosphine moiety.
Together with ketone-based cell-surface engineering methodol-
ogy, the Staudinger ligation provides a measure of chemical
control over complex biological systems that was previously
unknown.
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From Mechanism to Mouse Sletten and Bertozzi

serum protein murine serum albumin (MSA), likely resulting
in sequestration from tissue-resident azides.

To realize the full potential of reactive cyclooctynes, we
sought to improve their solubilities and pharmacokinetic
properties. The more hydrophilic dimethoxyazacyclooc-
tyne (DIMAC, 22, Figure 9) was designed with this purpose
in mind.42 DIMAC was considerably less reactive with
azides than DIFO (k = 0.0030 M!1 s!1). However, DIMAC
was far more water-soluble, which minimized nonspecific
protein binding. Still, in mice, DIMAC's improved solubility
properties did not compensate for its sluggish reac-
tion kinetics (Figure 13B).41 Further optimization of the
cyclooctyne reagents remains necessary to obtain the
optimal balance of reactivity and pharmacokinetic prop-
erties. Analogs of BARAC are promising in this regard,
because they are very reactive and also bind MSA at
reduced levels compared with DIFO.12 The evaluation of
BARAC conjugates as in vivo imaging reagents is an
important next step.

In addition to capturing the attention of biologists, Cu-free
click chemistry has stimulated interest among the current
generation of physical organic chemists, particularly theo-
rists. Several groups have sought to explain the physical

basis of the rate enhancement of cyclooctynes versus linear
alkynes in the cycloaddition reaction, aswell as the effects of
fluorination, aryl ring fusions, and other modifications on
reaction kinetics. Using density functional theory (DFT),
Houk and co-workers concluded that the bent alkyne angles
within cyclooctyne increase the rate of the cycloaddition due
to a minimization of the distortion required to reach the
transition state.43 Goddard and co-workers have also stu-
died Cu-free click chemistry through DFT calculations and
proposed that amonobenzocyclooctynewith one fused aryl
ring would yield an optimal balance between strain en-
hancement and minimization of steric hindrance.44 Ideally,
this aryl ring would be fused at the 5,6 positions of the
cyclooctyne (23, Figure 14), but 23was previously shown to
be unstable.45 However, the notion that cyclooctyne can be
further activated by modifications distal to the reactive site
was recently realized by Van Delft and co-workers. They

demonstrated that bicyclononyne 24 (BCN) has reactivity

similar to DIBAC/ADIBO (k ≈ 0.1 M!1 s!1) due to a

combination of strain effects from the fused cyclopropyl

FIGURE 13. The Staudinger ligation is the superior reaction for labeling
cell-surface azide-labeled glycoproteins inmice. (A,B)Micewere injected
once daily with (blue bars) or without (green bars) Ac4ManNAz for 7 d.
On the eighth day (A) Phos-FLAG or DIFO-FLAG or (B) Phos-FLAG or
DIMAC-FLAG was injected. After 3 h, the mice were sacrificed, and their
splenocyteswere isolated, incubatedwith FITC-anti-FLAG, and analyzed
by flow cytometry. Au = arbitrary units.

FIGURE 14. Cyclooctynes of recent theoretical and experimental
interest.

FIGURE 12. DIFO!Alexa Fluor conjugates label azides in higher or-
ganisms. (A) C. elegans were grown in the presence of Ac4GalNAz and
reacted with DIFO-488 (100 μM) followed by DIFO conjugated to Alexa
Fluor 568 (DIFO-568, 100 μM) and imaged at their adult stage. Image
reprinted with permission from ref 38. Copyright 2009 American
Chemical Society. (B) Zebrafish embryos were metabolically labeled
with Ac4GalNAz from 3 to 60 hpf. The fish were sequentially incubated
with 100 μM DIFO conjugated to Alexa Fluor 647 (DIFO-647, 60!61
hpf), DIFO-488 (62!63 hpf), and DIFO-555 (72!73 hpf) and imaged by
confocal microscopy. During periods in which the zebrafish were not
being labeled with DIFO, the fish were bathed in a solution of Ac4Gal-
NAz. Blue =DIFO-647, Green =DIFO-488, Red =DIFO-555. (C) Zebrafish
embryos were injected with UDP-GalNAz and a rhodamine!dextran
tracer dye. At 7 hpf, the embryos were incubated with DIFO-488 (100
μM) for 1 h and imaged by confocal microscopy. Green = DIFO-488,
red = rhodamine!dextran. Image originally published in ref 40.
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Imaging sialylated tumor cell glycans in vivo
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ABSTRACT Cell surface glycans are involved in numer-
ous physiological processes that involve cell-cell interac-
tions and migration, including lymphocyte trafficking and
cancer metastasis. We have used a bioorthogonal meta-
bolic labeling strategy to detect cell surface glycans and
demonstrate, for the first time, fluorescence and radionu-
clide imaging of sialylated glycans in a murine tumor
model in vivo. Peracetylated azido-labeled N-acetyl-man-
nosamine, injected intraperitoneally, was used as the
metabolic precursor for the biosynthesis of 5-azido-
neuraminic, or azidosialic acid. Azidosialic acid-labeled
cell surface glycans were then reacted, by Staudinger
ligation, with a biotinylated phosphine injected intraperi-
toneally, and the biotin was detected by subsequent intra-
venous injection of a fluorescent or radiolabeled avidin
derivative. At 24 h after administration of NeutrAvidin,
labeled with either a far-red fluorophore or 111In, there
was a significant azido-labeled N-acetyl-mannosamine-de-
pendent increase in tumor-to-tissue contrast, which was
detected using optical imaging or single-photon-emission
computed tomography (SPECT), respectively. The tech-
nique has the potential to translate to the clinic, where,
given the prognostic relevance of altered sialic acid ex-
pression in cancer, it could be used to monitor disease
progression.—Neves, A. A., Stöckmann, H., Harmston,
R. R., Pryor, H. J., Alam, I. S., Ireland-Zecchini, H., Lewis,
D. Y., Lyons, S. K., Leeper, F. J., Brindle, K. M. Imaging
sialylated tumor cell glycans in vivo. FASEB J. 25,
2528–2537 (2011). www.fasebj.org
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aging ! SPECT

The human glycome comprises a plethora of glyco-
sylated ligands for endogenous lectins, including selec-
tins and siglets, that mediate essential processes in
development (1), host-pathogen interactions (2), im-
mune cell recognition and trafficking (3), and cancer
development and progression (4). In the case of can-
cer, alterations in N-linked (5) or O-linked (6) protein
glycosylation and in glycosphingolipids (7) frequently
modulate the invasive potential of tumor cells and their
interactions with stromal partners, including fibro-
blasts, leukocytes, platelets, and endothelial cells (8).
Abnormal glycosylation of the tumor cell surface is
usually due to the expression of certain blood-group

oligosaccharides or the presence of glycoforms that are
normally only expressed during fetal development (9).
Increased sialic acid incorporation in tumor glycans, in
particular, has long been linked to malignant transfor-
mation (10, 11). This increased sialic acid content,
which can reach up to 109 sialic acid residues/tumor
cell (12), may be a strategy for protecting tumor cells
from alternative pathway complement activation by
recruitment of plasma factor H to the cell membrane
(13). Increased sialylation is also thought to protect
tumor cells from humoral and cellular defense systems,
leading to an increase in malignancy (14). The nature
of the glycosidic linkage between sialic acid and under-
lying monosaccharide units has also been shown to
change during malignant progression, with a preva-
lence of !-2–6 linkages, due to overexpression of
"-galactoside !-2,6-sialyltransferase 1 (ST6Gal1; EC:
2.4.99.1) (5). Overexpression of the sialyltransferase
family, ST6GalNAc2 and ST6GalNAc5 (EC:2.4.99.#),
in particular, has been associated with invasion and
metastasis, respectively, in colorectal (15) and breast
(16) cancer, and increased expression of sialyl LewisX,
sialyl Lewisa, and sialylated Tn antigens has been cor-
related in clinical studies with advanced metastatic
disease, recurrence, and reduced survival rates in nu-
merous cancers, including breast (17), lung (18), lym-
phoma (19), and colorectal (20). The detection of
secreted or proteolytically released carcinoma-associ-
ated mucins showing aberrant sialylation is used clini-
cally as a diagnostic and prognostic aid (21).

The importance of cell surface glycosylation in tissue
and tumor biology has stimulated the development of
molecular imaging methods for noninvasive assessment
of glycosylation state in vivo. This has included the
development of targeted agents for imaging mucins,
which frequently show aberrant expression in tumors
(21). Monoclonal antibodies (22) and peptides (23), in
particular, have been used to image tumor antigens
that are exposed on underglycosylated mucins. These
methods, however, only provide an assessment of the
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horseradish peroxidase (HRP)-anti-biotin polyclonal goat
antibody (Cell Signaling Technology/New England Bio-
labs, Hitchin, UK) using dilutions in the range 1:500 to
1:1000. Tumor extracts were also treated with sialidase
(2000 mU; Sigma N2876, from Clostridium perfringens) for
2 h at pH 6.75 and 4°C. For control experiments, the
enzyme was heat inactivated by treatment at 110°C for 1 h
in 10% SDS.

Statistical analysis

Two-tailed, unpaired Student’s t test, with Mann-Whitney post
hoc, was used for comparison of means. Differences were
considered significant at 95% confidence at values of P !
0.05.

RESULTS

Labeling tumor cells in vitro

First, we demonstrated labeling of sialylated glycans on
tumor cells in vitro. Flow cytometry was used to character-
ize incorporation of N-azidoacetylneuramic acid
(Neu5Az) into the cell surface glycans of 2 murine tumor
cell lines, LL/2 and EL4 lymphoma cells (Fig. 1). The
cells were incubated with peracetylated Ac4ManNAz (or
AzM) for 24 h and reacted with bPhp for 20 min, which
was then detected using a fluorescently labeled NA649
(AzM/bPhp/NA649; Fig. 2A, B). Neither Ac4ManNAz
nor bPhp showed cytotoxicity in either of the cell lines at
the concentrations used. LL/2 showed "20-fold more
labeling than cells that had been incubated with bPhp
and NA649 in the absence of the azido-labeled sugar
(#/bPhp/NA649; Fig. 2B) and 40-fold more labeling

than cells that had been incubated with NA649 alone
(#/#/NA649); EL4 cells in the AzM/bPhp/NA649
group showed "20-fold more signal than cells in the
#/bPhp/NA649 and #/#/NA649 groups. In unfixed
cells, Neu5Az showed exclusively a surface location
(Fig. 2C, D), whereas in fixed and permeabilized LL/2
cells, Neu5Az labeling was also observed in the cyto-
plasm, indicating the expected accumulation of
Neu5Az in the Golgi and endoplasmic reticulum (Sup-
plemental Fig. S1). Western blot analysis of extracts of
LL/2 cells in the AzM/bPhp/NA649 group, in which
the presence of the bPhp was detected using an HRP-
antibiotin antibody (Fig. 2E), demonstrated extensive
incorporation of the azido sugar into a number of
proteins. We next used planar fluorescence imaging of
LL/2 and EL4 cell pellets (Fig. 2F) to evaluate the
potential of this imaging modality for detecting glycan
labeling of tumor cells in vivo. Pellets of LL/2 and EL4
cells in the AzM/bPhp/NA649 group (3$106) showed
"2-fold more signal than the cells treated with no
reagents (#/#/#) or with various combinations of the
reagents (#/#/NA649, #/bPhp/NA649, AzM/#/#,
AzM/#/NA649; Fig. 2G). The lower signal/
background ratio in these experiments, when com-
pared with the flow cytometry and microscopy experi-
ments, reflects photon scattering and light attenuation
by the cell pellets, which is an inherent limitation of
planar fluorescence imaging (32).

Labeling tumor cells in vivo

Next, we investigated whether we could use fluores-
cence imaging to detect labeling of tumor cell glycans

Figure 1. Imaging sialic acid in tumor glycans. Tumor glycan sialic acid (A) was metabolically labeled in living mice by
intraperitoneal injection of peracetylated Ac4ManNAz (B). Ac4ManNAz is transported into cells by passive diffusion and
deacetylated by intracellular carboxyesterases. ManNAz is then converted into Neu5Az in the cytosol and transported to the
nucleus, where it is coupled to its carrier, cytidine monophosphate (CMP; C). Neu5Az is then incorporated into glycans by
sialyltransferases in the Golgi and later transported by the ER to the tumor cell surface (D). A biotinylated phosphine bPhp
(E), injected intraperitoneally (F), reacts specifically with the azido-labeled sialic acid in the cell surface glycans (G). bPhp was
detected by subsequent intravenous injection of a fluorescent or radionuclide-labeled, neutral, and deglycosylated avidin (H).
X in A is #H, in Neu5Ac; or #OH, in 5-glycolylneuraminic acid (Neu5Gc); both molecules are present in mice.

2531IMAGING SIALIC ACID IN LIVING MICE

(Fig. 3B) was !2 at 6 h and remained constant up to 24 h
postinjection of NA649, whereas animals in the AzM/
bPhp/NA649 group showed a maximal tumor/tissue MFI
ratio of !3, and this ratio was significantly higher ("39%)
at 24 h (Fig. 3C) than in the control groups (#/#/
NA649, P$0.036; AzM/#/NA649, P$0.0006; #/bPhp/
NA649, P$0.0008; n$9–11/group). Bioluminescence
imaging at 24 h after injection of NA649 showed similar
tumor cell viability in all experimental groups (Fig. 3D).
Next, we measured MFI in tumors excised at completion
of the fluorescence imaging experiments (Fig. 3E). Tu-
mor/tissue MFI was significantly higher ("53%) at 24 h
after NA649 injection in the animals that had been
treated with AzM/bPhp/NA649 (Fig. 3F) when com-
pared with the control groups (#/#/NA649,
P$0.0004; AzM/#/NA649, P$0.0029; #/bPhp/
NA649, P$0.0002 n$5–9/group), confirming again
specific labeling of sialic acid in vivo. SPECT mea-
surements at 24 h after injection of 111In-NA (Fig.
3G) into animals that had been treated with AzM and
then bPhp showed a higher tumor/tissue counts
ratio ("50%) when compared with control animals
that had not been treated with AzM (#/bPhp/111In-
NA), confirming the results obtained using fluores-

cence imaging and demonstrating again specific la-
beling of tumor sialic acid in vivo.

Fluorescence imaging of other excised tissues
showed retention of NA649 in a number of tissues in
addition to the tumor (Supplemental Fig. S7). This was
much greater in liver, kidney, and spleen when com-
pared with muscle and lung. The liver, in particular,
showed higher retention at 24 h after injection of
NA649, reflecting clearance of NeutrAvidin via this
route (33). Only the tumor, however, showed signifi-
cant Ac4ManNAz-dependent accumulation of NA649
(Fig. 3E, F). Since Western blotting showed significant
Ac4ManNAz labeling of spleen, kidney, liver, heart, and
intestine (up to 7-, 1.3-, 1.6-, 30-, and 80-fold, respec-
tively, as determined by densitometry; Fig. 4A), in
accordance with previous reports (31), the failure of
these tissues to show significant Ac4ManNAz-dependent
accumulation of NA649 reflects presumably limited
penetration of NA649 from the vascular bed of these
organs into the tissues. Western blots of tumor tissue
from animals injected with Ac4ManNAz and bPhp
showed !2-fold more labeling than the control group,
albeit with a considerable background signal (Fig. 4B).
Sialidase treatment of these tumor extracts resulted in

Figure 3. Fluorescence and nuclear
imaging of sialylated glycans in live
mice. A) Representative fluores-
cence images of LL/2 tumor-bearing
mice injected with various combina-
tions of Ac4ManNAz (AzM), bPhp,
and NA649 at 24 h after injection of
NA649. B) Time course of NA649
accumulation in the tumor, dis-
played as ratio of tumor to tissue
MFI. See panel C for color key.
C) Tumor/tissue MFI ratio in vivo at
24 h after injection of NA649; there
was a significantly greater ("39%)
MFI ratio in the AzM/bPhp/NA649
animals (red bar), when compared
with animals in the control groups
(#/#/NA649, green bar, P$0.036;
AzM/#/NA649 , b lue bar ,
P$0.0006; #/bPhp/NA649, yellow
bar, P$0.0008; n$9 –11/group).
LL/2 cells had been transfected to
express firefly luciferase. D) Biolumi-
nescence images obtained 10 min
after intraperitoneal injection of lu-
ciferin and 24 h after injection of
NA649. Fluorescence images were
acquired before injection of lucife-

rin. E) Fluorescence images of tumors excised at 24 h after NA649 injection; tumors were oriented with the overlying skin facing down.
Axis indicates fluorescence efficiency units. F) Tumor/tissue MFI ratio of tumors excised at 24 h after injection of NA649. There was
significantly more fluorescence ("53%) observed from tumors excised from animals in the AzM/bPhp/NA649 group, when
compared with tumors from the control groups (#/#/NA649, P$0.0004; AzM/#/NA649, P$0.0029; #/bPhp/NA649, P$0.0002;
n$5–9/group). G) Representative SPECT and X-ray CT fusion images, at 24 h after injection of 111In-NA, from animals injected with
AzM/bPhp/111In-NA or solvent vehicle, #/bPhp/111In-NA. Left to right panels: saggital, coronal, and transverse images; arrows
indicate tumor location. Tumor/tissue average signal ratio in vivo in AzM/bPhp/111In-NA animals, at 24 h after injection of 111In-NA,
was greater ("50%) than in the control group#/bPhp/111In-NA. Axis scales indicate fluorescence (fluorescence efficiency units;
A, E); bioluminescence (photons/s/cm2/Sr; D); radioactivity (kBq; G); CT (HU, Hounsfield units (HU; G). Box plots and whiskers
represent medians with 5–95% percentile limits (C, F). P values were determined by 2-tailed unpaired Student’s t test with
Mann-Whitney post hoc test.
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in vivo. LL/2 cells were implanted (s.c.) in the flank of
athymic nude mice, and at 3 d after tumor implanta-
tion, animals were injected daily for 7 d with
Ac4ManNAz (i.p.) or with solvent vehicle. The cells had
been transfected with luciferase, and tumor cell growth
was assessed using bioluminescent imaging following
intraperitoneal injection of luciferin (Supplemental
Figs. S3–S5). There was no inhibition of tumor growth
in the animals injected with Ac4ManNAz as compared
with those injected with the solvent vehicle. The aver-
age tumor size at the time of imaging, which was 12 d
after tumor implantation, was !400 mm3 in both
experimental groups (Ac4ManNAz or vehicle). At 7 d
after the start of Ac4ManNAz administration, the ani-
mals were injected intraperitoneally with bPhp or sol-

vent vehicle, and then 2 h later intravenously with
NA649 or 111In-NA (Supplemental Fig. S2). There was
no evidence of toxicity at this bPhp dose.

Fluorescence images (Fig. 3A and Supplemental Fig.
S6) showed relatively homogeneous perfusion of NA649
throughout the body following intravenous injection. The
NA649 fluorescence decreased to !65% of the maximum
whole-body mean fluorescence intensity (MFI) by 6 h
postinjection and to !30% by 24 h. Tumor MFI at 24 h
was higher, at 50% of the maximum whole-body MFI,
reflecting tumor vascular permeability and tumor pene-
tration and retention of NA649. However, in the animals
treated with AzM/bPhp/NA649, the retention was higher
still, at !70%, indicating specific labeling of sialic acid in
vivo. The tumor/tissue MFI ratio in the control groups

Figure 2. Metabolic labeling of sialylated glycans in LL/2 and
EL4 cells. A) Flow cytometric analysis (cell counts vs. fluores-
cence intensity) of LL/2 and EL4 cells incubated for 24 h with
Ac4ManNAz, reacted with bPhp for 20 min, and then labeled with
NA649. Red, AzM/bPhp/NA649; purple, "/"/"; green, "/"/
NA649; orange, "/bPhp/NA649; blue, AzM/"/"; brown,
AzM/"/NA649. B) LL/2 and EL4 cells incubated with all 3
reagents, AzM/bPhp/NA649 (last bar; red line and shaded area
in A) labeled 20- to 40- and 20-fold more, respectively, than the
cells in the respective control groups. EL4 cells showed more
background binding to NA649 than LL/2. C) Confocal micros-
copy images of LL/2 cells from the AzM/bPhp/NA649 group.
Nuclei were stained with DAPI (blue); cell membranes with
NA649 (red). Scale bars # 50 $m (left image); 20 $m (right
image). D) Imaging flow cytometry of an EL4 cell from the
AzM/bPhp/NA649 group. Top image: fluorescence at 649 nm.
Bottom image: bright field. Scale bar # 20 $m. E) Western blot

of LL/2 cell lysates from the AzM/bPhp/NA649 group and a control group, "/bPhp/NA649, which had not been
incubated with Ac4ManNAz. bPhp was detected using an HRP-anti-biotin antibody. F) Fluorescence imaging, using a
Caliper IVIS 200 camera, of pellets of LL/2 and EL4 cells (3%106 cells) that had been incubated with all three reagents
(bottom well) and with various combinations of the reagents (top to bottom: "/"/", "/"/NA649, "/bPhp/NA649,
AzM/bPhp/NA649, and AzM/"/NA649. Cells in the AzM/bPhp/NA649 group showed a MFI that was !2-fold higher for
both LL/2 and EL4 cells than in the respective control groups. G) EL4 cells showed more background binding to NA649
than LL/2. Data are means & se; n # 3. *P ' 0.05, **P ' 0.005, ***P ' 0.0005; 2-tailed unpaired Student’s t test.
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Nanoparticles have emerged as a promising tool in the
biomedical field, in which they serve as delivery carriers of
imaging agents or drugs for nanomedicines.[1] After intra-
venous injection, nanoparticles show higher accumulation in
angiogenic disease sites than normal tissues as a result of the
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produces the unnatural sialic acids on tumor cell surface.[17]

As expected, Ac4ManNAz-treated A549 human lung cancer
cells successfully produced unnatural and targetable sialic
acids on their surface in a dose-dependent manner. Gener-
ated azide groups on the cell surface were visualized in green
fluorescence after treatment of A549 tumor cells with
phosphine-FLAG and FLAG-FITC (Figure 1a). Further-
more, coomassie blue staining and western blot analysis of
Ac4ManNAz-treated cells showed the Ac4ManNAz dose-
dependent expression of unnatural targetable sialic acids
(Figure 1b). This dose-dependent expression of unnatural
targetable sialic acids on the target tumor cells is very unique
compared to other natural targeting moieties such as recep-
tors for RGD, folate, or other antibodies.

To target unnatural sialic acids with azide groups, DBCO
was chosen as a bioorthogonal chemical group because of its
high reactivity to azide groups through copper-free click
reactions.[16] PEGylated liposomes, as a conventional nano-
particle delivery system, were modified with DBCO (Fig-
ure 1c). Briefly, activated DBCO (sulfo-DBCO-NHS) was
conjugated to amine-functionalized PEG-lipids and incorpo-
rated into liposomes during their fabrication by a traditional
film-casting method, resulting in DBCO-lipo (see Figure S1,
S2, and S3 in the Supporting Information). A 10 mol% of
DBCO-modified PEG-lipids per total lipid composition was
incorporated into DBCO-lipo, while PEGylated liposomes
without DBCO (PEG-lipo) were used as a control. For
in vitro and in vivo near-infrared fluorescence (NIRF) track-
ing of liposomes, 0.5 molar ratio of Cy5-labeled lipids were
incorporated into DBCO-lipo and PEG-lipo. As expected,
the resulting liposomes had a stable spherical shape as shown
in CryoTEM images, and the size of DBCO-lipo was 75.33!
18.29 nm in aqueous condition as determined by dynamic
light scattering (DLS; Figure 1d and Figure S4 in the
Supporting Information). In addition, after incubation in
10% FBS containing media, the size distribution of DBCO-
lipo slightly increased to 110.79! 21.35 nm. However, these
nanoparticles were still small enough to freely move in blood
flow and showed no further aggregation.

In this Ac4ManNAz-treated cell culture system, the
binding of DBCO-lipo to the A549 tumor cells was visualized
by Cy5 fluorescence. The amount of bound DBCO-lipo on
the cell surface increased along with the increasing number of
azide groups, indicating the high reactivity of copper-free
click approach (Figure 2 a). This result indicates that the
binding of nanoparticles can be artificially controlled by
changing the concentration of Ac4ManNAz in a dose-depen-
dent manner. As a control, PEG-lipo without DBCO showed
minimal binding to the Ac4ManNAz-treated tumor cells
(Figure 2b). Also, after treatment with tris(2-carboxyethyl)-
phosphine (TCEP) to chemically quench azide groups, the
binding efficiency of DBCO-lipo dramatically decreased
showing the high specificity of DBCO-lipo and azide
groups.[14d] DBCO conjugated with Cy5 (DBCO-Cy5) was
used as a control. Interestingly, the fluorescence intensity of
DBCO-Cy5-treated tumor cells was even lower than that of
DBCO-lipo treated cells. The greatly increased binding of
DBCO-lipo, compared to DBCO-Cy5 at the same molar
concentration of NIRF dye, might be ascribed to the multi-

Scheme 1. Schematic illustration of in vivo tumor-targeting strategy for
nanoparticles by bioorthogonal copper-free click chemistry; see text for
details.

Figure 1. Introduction of unnatural sialic acids with azide groups on
the cell surface and preparation of DBCO-functionalized liposomes
(DBCO-lipo). a) Visualization of azide groups (green) on the surface of
Ac4ManNAz-treated A549 cells. b) Coomassie staining and western
blot analysis of Ac4ManNAz-treated cells (dose increases from left to
right) showing the amount of total proteins and generated azide
groups, respectively. c) Chemical structures of DBCO-PEG-DSPE and
Cy5-labeled DPPE. d) The morphology (TEM image) and size distribu-
tion of DBCO-lipo (determined by DLS).
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dependent expression of unnatural targetable sialic acids
(Figure 1b). This dose-dependent expression of unnatural
targetable sialic acids on the target tumor cells is very unique
compared to other natural targeting moieties such as recep-
tors for RGD, folate, or other antibodies.

To target unnatural sialic acids with azide groups, DBCO
was chosen as a bioorthogonal chemical group because of its
high reactivity to azide groups through copper-free click
reactions.[16] PEGylated liposomes, as a conventional nano-
particle delivery system, were modified with DBCO (Fig-
ure 1c). Briefly, activated DBCO (sulfo-DBCO-NHS) was
conjugated to amine-functionalized PEG-lipids and incorpo-
rated into liposomes during their fabrication by a traditional
film-casting method, resulting in DBCO-lipo (see Figure S1,
S2, and S3 in the Supporting Information). A 10 mol% of
DBCO-modified PEG-lipids per total lipid composition was
incorporated into DBCO-lipo, while PEGylated liposomes
without DBCO (PEG-lipo) were used as a control. For
in vitro and in vivo near-infrared fluorescence (NIRF) track-
ing of liposomes, 0.5 molar ratio of Cy5-labeled lipids were
incorporated into DBCO-lipo and PEG-lipo. As expected,
the resulting liposomes had a stable spherical shape as shown
in CryoTEM images, and the size of DBCO-lipo was 75.33!
18.29 nm in aqueous condition as determined by dynamic
light scattering (DLS; Figure 1d and Figure S4 in the
Supporting Information). In addition, after incubation in
10% FBS containing media, the size distribution of DBCO-
lipo slightly increased to 110.79! 21.35 nm. However, these
nanoparticles were still small enough to freely move in blood
flow and showed no further aggregation.

In this Ac4ManNAz-treated cell culture system, the
binding of DBCO-lipo to the A549 tumor cells was visualized
by Cy5 fluorescence. The amount of bound DBCO-lipo on
the cell surface increased along with the increasing number of
azide groups, indicating the high reactivity of copper-free
click approach (Figure 2 a). This result indicates that the
binding of nanoparticles can be artificially controlled by
changing the concentration of Ac4ManNAz in a dose-depen-
dent manner. As a control, PEG-lipo without DBCO showed
minimal binding to the Ac4ManNAz-treated tumor cells
(Figure 2b). Also, after treatment with tris(2-carboxyethyl)-
phosphine (TCEP) to chemically quench azide groups, the
binding efficiency of DBCO-lipo dramatically decreased
showing the high specificity of DBCO-lipo and azide
groups.[14d] DBCO conjugated with Cy5 (DBCO-Cy5) was
used as a control. Interestingly, the fluorescence intensity of
DBCO-Cy5-treated tumor cells was even lower than that of
DBCO-lipo treated cells. The greatly increased binding of
DBCO-lipo, compared to DBCO-Cy5 at the same molar
concentration of NIRF dye, might be ascribed to the multi-
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Ac4ManNAz-treated A549 cells. b) Coomassie staining and western
blot analysis of Ac4ManNAz-treated cells (dose increases from left to
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tion of DBCO-lipo (determined by DLS).

.Angewandte
Communications

2 www.angewandte.org ! 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 1 – 6
! !

These are not the final page numbers!

produces the unnatural sialic acids on tumor cell surface.[17]

As expected, Ac4ManNAz-treated A549 human lung cancer
cells successfully produced unnatural and targetable sialic
acids on their surface in a dose-dependent manner. Gener-
ated azide groups on the cell surface were visualized in green
fluorescence after treatment of A549 tumor cells with
phosphine-FLAG and FLAG-FITC (Figure 1a). Further-
more, coomassie blue staining and western blot analysis of
Ac4ManNAz-treated cells showed the Ac4ManNAz dose-
dependent expression of unnatural targetable sialic acids
(Figure 1b). This dose-dependent expression of unnatural
targetable sialic acids on the target tumor cells is very unique
compared to other natural targeting moieties such as recep-
tors for RGD, folate, or other antibodies.

To target unnatural sialic acids with azide groups, DBCO
was chosen as a bioorthogonal chemical group because of its
high reactivity to azide groups through copper-free click
reactions.[16] PEGylated liposomes, as a conventional nano-
particle delivery system, were modified with DBCO (Fig-
ure 1c). Briefly, activated DBCO (sulfo-DBCO-NHS) was
conjugated to amine-functionalized PEG-lipids and incorpo-
rated into liposomes during their fabrication by a traditional
film-casting method, resulting in DBCO-lipo (see Figure S1,
S2, and S3 in the Supporting Information). A 10 mol% of
DBCO-modified PEG-lipids per total lipid composition was
incorporated into DBCO-lipo, while PEGylated liposomes
without DBCO (PEG-lipo) were used as a control. For
in vitro and in vivo near-infrared fluorescence (NIRF) track-
ing of liposomes, 0.5 molar ratio of Cy5-labeled lipids were
incorporated into DBCO-lipo and PEG-lipo. As expected,
the resulting liposomes had a stable spherical shape as shown
in CryoTEM images, and the size of DBCO-lipo was 75.33!
18.29 nm in aqueous condition as determined by dynamic
light scattering (DLS; Figure 1d and Figure S4 in the
Supporting Information). In addition, after incubation in
10% FBS containing media, the size distribution of DBCO-
lipo slightly increased to 110.79! 21.35 nm. However, these
nanoparticles were still small enough to freely move in blood
flow and showed no further aggregation.

In this Ac4ManNAz-treated cell culture system, the
binding of DBCO-lipo to the A549 tumor cells was visualized
by Cy5 fluorescence. The amount of bound DBCO-lipo on
the cell surface increased along with the increasing number of
azide groups, indicating the high reactivity of copper-free
click approach (Figure 2 a). This result indicates that the
binding of nanoparticles can be artificially controlled by
changing the concentration of Ac4ManNAz in a dose-depen-
dent manner. As a control, PEG-lipo without DBCO showed
minimal binding to the Ac4ManNAz-treated tumor cells
(Figure 2b). Also, after treatment with tris(2-carboxyethyl)-
phosphine (TCEP) to chemically quench azide groups, the
binding efficiency of DBCO-lipo dramatically decreased
showing the high specificity of DBCO-lipo and azide
groups.[14d] DBCO conjugated with Cy5 (DBCO-Cy5) was
used as a control. Interestingly, the fluorescence intensity of
DBCO-Cy5-treated tumor cells was even lower than that of
DBCO-lipo treated cells. The greatly increased binding of
DBCO-lipo, compared to DBCO-Cy5 at the same molar
concentration of NIRF dye, might be ascribed to the multi-
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details.
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(DBCO-lipo). a) Visualization of azide groups (green) on the surface of
Ac4ManNAz-treated A549 cells. b) Coomassie staining and western
blot analysis of Ac4ManNAz-treated cells (dose increases from left to
right) showing the amount of total proteins and generated azide
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valent effect of nanoparticles in accordance with previous
reports on RGDs or folates on the nanoparticle surface.[18]

There was a ratio of about one Cy5 dye molecule to 20 DBCO
groups in our DBCO-lipo and the binding efficiency was
dependent on the amount of DBCO (see Figure S5 in the
Supporting Information). Importantly, DBCO-lipo exhibited
the similarly higher tumor-targeting ability in different
Ac4ManNAz-treated-tumor cells (U87MG, MCF-7, and KB
cells, see Figure S6 in the Supporting Information), regardless
of the heterogeneity of different tumor cell lines. This result
suggests that this higher tumor-targeting efficiency of DBCO-
lipo in Ac4ManNAz-treated cell culture system is mainly
caused by the bioorthogonal copper-free click chemistry.

In addition, we investigated the intracellular fate of these
nanoparticles that are chemically bound to the cell surface,
which is important for their further application as drug
carriers. The bound DBCO-lipo was taken up by cells as
shown in time-lapse imaging (Figure 2c). It may be due to the
intrinsic glycan internalization followed by endocytosis of
nanoparticles, which is significant for the intracellular deliv-
ery of drugs.[15b] In the flow cytometry data, the fluorescence
intensity of 50 mm Ac4ManNAz-treated cells was more than
20-fold higher than that of control tumor cells without
Ac4ManNAz treatment (Figure 2d). The 5 mm Ac4ManNAz-
treated cells showed about 2.6-fold increased fluorescence
over the control, while the change was negligible in the case of
0.5 mm Ac4ManNAz. Furthermore, the intensity of DBCO-
lipo in 50 mm Ac4ManNAz-treated cells was about 13.8- and

6.8-fold higher than the case of PEG-lipo and
TCEP treatment, respectively, indicating the
high specificity of the copper-free click chemis-
try.

For in vivo studies, we prepared xenograft
mice models bearing two tumors in both sides of
the flank by subcutaneous injection of A549
tumor cells. Then, different concentrations of
Ac4ManNAz were administered to the left
tumors by intratumoral injection for three days
while saline was injected to the right as a control.
The Coomassie blue staining and western blot
analysis of tumor tissues showed that the
amount of unnatural sialic acid with azide
groups increased in a dose-dependent manner
similarly with the cellular conditions (Fig-
ure 3a). Histological staining using phosphine-
FLAG and FLAG-HRP also visualized the
dose-dependent generation of azide groups
only in Ac4ManNAz-treated tumors (Figure 3b
and see Figure S7 and S8 in the Supporting
Information). The opposite tumor tissue of the
same mice showed negligible generation of
azide groups compared to the 50 mm
Ac4ManNAz-treated tumors. These results indi-
cate that metabolic glycoengineering can artifi-
cially modulate the expression of unnatural
targetable sialic acids in a dose-dependent
manner even under in vivo conditions.

Figure 2. Cellular binding and uptake of DBCO-lipo. a) Ac4ManNAz concentration-
dependent binding of DBCO-lipo (red) to A549 cells (blue). b) Binding of DBCO-lipo to
Ac4ManNAz-treated cells and control experiments with other groups, see text for
details. c) Time-lapse images of DBCO-lipo (red) in Ac4ManNAz-treated cells. d) Flow
cytometry data of Ac4ManNAz-treated cells after binding with DBCO-lipo (see text for
details).

Figure 3. In vivo tumor-targeting of DBCO-lipo in tumor-bearing mice
models. a) Coomassie staining and western blot analysis of
Ac4ManNAz-treated tumor tissues; opp =opposite (control) tumor.
b) Histological staining of Ac4ManNAz-treated tumor tissues using
phosphine-FLAG and FLAG-HRP. c) Whole body biodistribution of
DBCO-lipo in Ac4ManNAz-treated tumor-bearing mice. (left:
Ac4ManNAz-treated, right: saline-treated).
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ABSTRACT: A cell-specific metabolic glycan labeling
strategy has been developed using azidosugars encapsu-
lated in ligand-targeted liposomes. The ligands are de-
signed to bind specific cell-surface receptors that are only
expressed or up-regulated in target cells, which mediates
the intracellular delivery of azidosugars. The delivered azido-
sugars are metabolically incorporated into cell-surface glycans,
which are then imaged via a bioorthogonal reaction.

Cell-surface glycans play key roles in mediating various
molecular recognition events. For example, sialic acid-

containing glycoconjuates are involved in bacterial infection,
viral invasion, and leukocyte homing. Aberrant glycosylation is
implicated in disease (e.g., cancer) progression.1 Probing the
dynamic changes of glycan biosynthesis and structures is,
therefore, of great importance for augmenting our understanding
of glycobiology and improving disease diagnosis and therapeu-
tics. The metabolic glycan labeling technique has recently emerged
as an appealing approach for detecting and imaging glycans on
live cells and within living animals.2−7 This approach exploits the
underlying biosynthetic machinery to metabolically incorporate
a sugar analogue into cellular glycans. It was first shown by Reutter
and coworkers that the propanoyl group can be incorporated into
sialylglycoconjugates.8 Subsequently, Bertozzi’s group extended
this approach to install bioorthogonal functional groups (e.g.,
azide) into cell-surface glycans, followed by a bioorthogonal
reaction to covalently attach a biophysical (e.g., fluorescent) probe
bearing a complementary functional group (e.g., alkyne). By
intercepting the sialic acid biosynthesis, N-acetylmannosamine
analogue bearing azide (i.e., N-azidoacetylmannosamine, Man-
NAz)2 or sialic acid analogues, both N-azidoacetyl sialic acid
(SiaNAz)9 and 9-azido sialic acid (9AzSia),10 have been used to
metabolically incorporate azides into cell-surface sialoglycoconju-
gates. Probing mucin type O-linked glycosylation, O-GlcNAcyla-
tion, and fucosylation has also been realized using N-azidoacetyl-
galactosamine (GalNAz),3 N-azidoglucosamine (GlcNAz),4 and
6-azido fucose (6AzFuc),5 respectively. However, one limitation of
the metabolic labeling approach has been the lacking of cell type
selectivity, that is, the azidosugars can be readily incorporated
into numerous mammalian cell lines that have been studied, and
distribute in various tissues when injected into living mice.6

We envisioned that the extension of the metabolic glycan
labeling to possess cell-type selectivity would tremendously
enhance the utility of this technology. For example, it would
allow one to probe the glycosylation dynamics in a designated

organ, or to image the glycans on a specific population of cells.
Bertozzi’s group has recently demonstrated this concept using a
ManNAz derivative caged with a peptide substrate for the
prostate-specific antigen (PSA) protease that can be selectively
uncaged outside the PSA-secreting cells for subsequent cellular
uptake.11 However, this approach is limited to target extracellular
proteases, and cell surface receptors including many important
biomarkers cannot be targeted. Furthermore, each protease that
is intended to target demands a new design and synthesis of the
caged unnatural sugars. To overcome these limitations, we
sought to develop a general strategy for cell-specific glycan
labeling that combines the unnatural sugar methodology with the
means of targeted liposomal delivery. For decades, liposomes
have been extensively explored for targeted drug delivery, and a
number of liposome-based drugs are currently on the
market.12,13 Herein, we present the cell-specific metabolic glycan
labeling using ligand-targeted liposomes to deliver unnatural
sugars to target cells in a cell-surface receptor dependent manner
(Figure 1). In this strategy, unnatural sugars, for example,

azidosugars, are encapsulated in ligand-targeted liposomes. The
ligands bind to specific cell-surface receptors that are only expressed
or up-regulated in target cells, which mediates the intracellular
delivery of azidosugars via endocytosis. The delivered azidosugars
are metabolically incorporated into cell-surface glycans, which can
then be detected or imaged using a bioorthogonal reaction.
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Figure 1. Schematic of the cell-specific metabolic glycan labeling using
ligand-targeted liposomal delivery. Unnatural monosaccharide deriva-
tives (e.g., azidosugars) encapsulated in ligand-targeted liposomes are
selectively delivered into the target cells in a receptor-mediated manner.
The delivered azidosugars are then metabolically incorporated into cell-
surface glycans.
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enhance the utility of this technology. For example, it would
allow one to probe the glycosylation dynamics in a designated

organ, or to image the glycans on a specific population of cells.
Bertozzi’s group has recently demonstrated this concept using a
ManNAz derivative caged with a peptide substrate for the
prostate-specific antigen (PSA) protease that can be selectively
uncaged outside the PSA-secreting cells for subsequent cellular
uptake.11 However, this approach is limited to target extracellular
proteases, and cell surface receptors including many important
biomarkers cannot be targeted. Furthermore, each protease that
is intended to target demands a new design and synthesis of the
caged unnatural sugars. To overcome these limitations, we
sought to develop a general strategy for cell-specific glycan
labeling that combines the unnatural sugar methodology with the
means of targeted liposomal delivery. For decades, liposomes
have been extensively explored for targeted drug delivery, and a
number of liposome-based drugs are currently on the
market.12,13 Herein, we present the cell-specific metabolic glycan
labeling using ligand-targeted liposomes to deliver unnatural
sugars to target cells in a cell-surface receptor dependent manner
(Figure 1). In this strategy, unnatural sugars, for example,

azidosugars, are encapsulated in ligand-targeted liposomes. The
ligands bind to specific cell-surface receptors that are only expressed
or up-regulated in target cells, which mediates the intracellular
delivery of azidosugars via endocytosis. The delivered azidosugars
are metabolically incorporated into cell-surface glycans, which can
then be detected or imaged using a bioorthogonal reaction.
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Figure 1. Schematic of the cell-specific metabolic glycan labeling using
ligand-targeted liposomal delivery. Unnatural monosaccharide deriva-
tives (e.g., azidosugars) encapsulated in ligand-targeted liposomes are
selectively delivered into the target cells in a receptor-mediated manner.
The delivered azidosugars are then metabolically incorporated into cell-
surface glycans.
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ABSTRACT: A cell-specific metabolic glycan labeling
strategy has been developed using azidosugars encapsu-
lated in ligand-targeted liposomes. The ligands are de-
signed to bind specific cell-surface receptors that are only
expressed or up-regulated in target cells, which mediates
the intracellular delivery of azidosugars. The delivered azido-
sugars are metabolically incorporated into cell-surface glycans,
which are then imaged via a bioorthogonal reaction.
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6-azido fucose (6AzFuc),5 respectively. However, one limitation of
the metabolic labeling approach has been the lacking of cell type
selectivity, that is, the azidosugars can be readily incorporated
into numerous mammalian cell lines that have been studied, and
distribute in various tissues when injected into living mice.6

We envisioned that the extension of the metabolic glycan
labeling to possess cell-type selectivity would tremendously
enhance the utility of this technology. For example, it would
allow one to probe the glycosylation dynamics in a designated

organ, or to image the glycans on a specific population of cells.
Bertozzi’s group has recently demonstrated this concept using a
ManNAz derivative caged with a peptide substrate for the
prostate-specific antigen (PSA) protease that can be selectively
uncaged outside the PSA-secreting cells for subsequent cellular
uptake.11 However, this approach is limited to target extracellular
proteases, and cell surface receptors including many important
biomarkers cannot be targeted. Furthermore, each protease that
is intended to target demands a new design and synthesis of the
caged unnatural sugars. To overcome these limitations, we
sought to develop a general strategy for cell-specific glycan
labeling that combines the unnatural sugar methodology with the
means of targeted liposomal delivery. For decades, liposomes
have been extensively explored for targeted drug delivery, and a
number of liposome-based drugs are currently on the
market.12,13 Herein, we present the cell-specific metabolic glycan
labeling using ligand-targeted liposomes to deliver unnatural
sugars to target cells in a cell-surface receptor dependent manner
(Figure 1). In this strategy, unnatural sugars, for example,

azidosugars, are encapsulated in ligand-targeted liposomes. The
ligands bind to specific cell-surface receptors that are only expressed
or up-regulated in target cells, which mediates the intracellular
delivery of azidosugars via endocytosis. The delivered azidosugars
are metabolically incorporated into cell-surface glycans, which can
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Figure 1. Schematic of the cell-specific metabolic glycan labeling using
ligand-targeted liposomal delivery. Unnatural monosaccharide deriva-
tives (e.g., azidosugars) encapsulated in ligand-targeted liposomes are
selectively delivered into the target cells in a receptor-mediated manner.
The delivered azidosugars are then metabolically incorporated into cell-
surface glycans.
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targeted liposomes was metabolically incorporated into cell-surface
glycans with high efficiency, in a dose- and time-dependent manner.
We next evaluated the selectivity of f-LP-9AzSia for targeted

glycan labeling between HeLa and FR+ HeLa cells, two cell
populations that differ only in the FR expression level (Figure 3).

As shown by confocal fluorescence microcopy, FR+ HeLa cells
treated with f-LP-9AzSia showed substantial cell surface
fluorescence (Figure 3A), whereas much weaker fluorescence
was observed inHeLa cells (Figure 3B), consistent with lower FR
expression. Similarly, treating cells with 9AzSia encapsulated in
liposomes without folic acid ligands (LP-9AzSia), or the mixture
of 9AzSia and f-LP resulted in weak or minimal fluorescence
labeling (Figure 3C−F).
We further quantified the targeting efficiency of f-LP-9AzSia

using flow cytometry. The metabolic incorporation of 9AzSia in
FR+ HeLa and HeLa cells treated with f-LP-9AzSia at concen-
trations ranging from 5 to 250 μM was compared (Figure 4A).
FR+ HeLa cells displayed 2.5- to 5.5-fold higher labeling than
HeLa cells, with the highest selectivity at 10−50 μM. Similar
targeting selectivity was observed between KB and FR+ KB cells
(SI Figure S6). We also quantified the incorporation of LP-
9AzSia and observed slightly higher labeling in FR+ HeLa cells
(SI Figure S7), which is presumably because of the increased
endocytosis caused by folic acid starvation. Nevertheless, the
incorporation of LP-9AzSia is at a background level comparing to
the receptor-mediated uptake of f-LP-9AzSia. Furthermore, the
targeted labeling by f-LP-9AzSia can be blocked by 1 mM free
folic acid (SI Figure S8). Therefore, the observed selectivity of

targeted glycan labeling primarily reflects the difference of FR
level between two cell populations.15,16

Finally, we explored the selective glycan labeling in a mixed
population of two cell types. To do so, MCF-7, an FR-negative
human breast tumor cell line, was co-cultured with FR+ HeLa in
the folic acid-depleted medium. f-LP-9AzSia discriminated
between the two cell types, only resulting in significant
incorporation of 9AzSia in FR+ HeLa cells (Figure 4B,C and SI
Figure S9). Quantification analysis showed that FR+ HeLa was
labeled about 4-fold higher than MCF-7 cells by f-LP-9AzSia at
100 μM (SI Figure S10). Furthermore, LP-9AzSia did not result
in significant labeling in both cell populations. These results,
collectively, demonstrate that the ligand-targeted liposomes
selectively deliver 9AzSia into the target cells in a receptor
dependent manner.

Figure 3. Cell-selective imaging of glycans targeted by f-LP-9AzSia.
Confocal fluorescence microscopy images of FR+ HeLa cells (A, C, E)
and HeLa cells (B, D, F) treated with 100 μM f-LP-9AzSia, 100 μM LP-
9AzSia, or the mixture of 100 μM 9AzSia and f-LP. The treated cells
were fluorescently labeled by biotin−alkyne and Alexa Flour 488−
streptavidin. The nuclei were visualized by staining with Hoechst 33342
(blue signal). Scale bar: 20 μm.

Figure 4. (A) Quantitative analysis of the targeting selectivity of f-LP-
9AzSia between FR+ HeLa and HeLa cells by flow cytometry. After
being treated with f-LP-9AzSia at concentrations ranging from 5 to
250 μM, the cells were labeled with biotin−alkyne and Alexa Flour 488−
streptavidin conjugate. Error bars represent the standard deviation from
three replicate experiments. (B) Flow cytometry analysis of selective
glycan labeling in co-cultured MCF-7 and FR+ HeLa cells. The mixed
cells were treated with 100 μM f-LP-9AzSia or f-LP, followed by labeling
cell-surface folate receptor with anti-LK26 antibody, and labeling azide
with biotin−alkyne and Alexa Flour 488−streptavidin conjugate.
(C) Confocal fluorescence microscopy images of the co-cultured MCF-7
and FR+ HeLa cells targeted by f-LP-9AzSia. FR+ HeLa cells with up-
regulated folate receptor expression (red signal) are correlated with the
targeted 9AzSia labeling (green signal) on cell surface. The nuclei
were visualized by staining with Hoechst 33342 (blue signal). Scale
bar: 20 μm.
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targeted liposomes was metabolically incorporated into cell-surface
glycans with high efficiency, in a dose- and time-dependent manner.
We next evaluated the selectivity of f-LP-9AzSia for targeted

glycan labeling between HeLa and FR+ HeLa cells, two cell
populations that differ only in the FR expression level (Figure 3).

As shown by confocal fluorescence microcopy, FR+ HeLa cells
treated with f-LP-9AzSia showed substantial cell surface
fluorescence (Figure 3A), whereas much weaker fluorescence
was observed inHeLa cells (Figure 3B), consistent with lower FR
expression. Similarly, treating cells with 9AzSia encapsulated in
liposomes without folic acid ligands (LP-9AzSia), or the mixture
of 9AzSia and f-LP resulted in weak or minimal fluorescence
labeling (Figure 3C−F).
We further quantified the targeting efficiency of f-LP-9AzSia

using flow cytometry. The metabolic incorporation of 9AzSia in
FR+ HeLa and HeLa cells treated with f-LP-9AzSia at concen-
trations ranging from 5 to 250 μM was compared (Figure 4A).
FR+ HeLa cells displayed 2.5- to 5.5-fold higher labeling than
HeLa cells, with the highest selectivity at 10−50 μM. Similar
targeting selectivity was observed between KB and FR+ KB cells
(SI Figure S6). We also quantified the incorporation of LP-
9AzSia and observed slightly higher labeling in FR+ HeLa cells
(SI Figure S7), which is presumably because of the increased
endocytosis caused by folic acid starvation. Nevertheless, the
incorporation of LP-9AzSia is at a background level comparing to
the receptor-mediated uptake of f-LP-9AzSia. Furthermore, the
targeted labeling by f-LP-9AzSia can be blocked by 1 mM free
folic acid (SI Figure S8). Therefore, the observed selectivity of

targeted glycan labeling primarily reflects the difference of FR
level between two cell populations.15,16

Finally, we explored the selective glycan labeling in a mixed
population of two cell types. To do so, MCF-7, an FR-negative
human breast tumor cell line, was co-cultured with FR+ HeLa in
the folic acid-depleted medium. f-LP-9AzSia discriminated
between the two cell types, only resulting in significant
incorporation of 9AzSia in FR+ HeLa cells (Figure 4B,C and SI
Figure S9). Quantification analysis showed that FR+ HeLa was
labeled about 4-fold higher than MCF-7 cells by f-LP-9AzSia at
100 μM (SI Figure S10). Furthermore, LP-9AzSia did not result
in significant labeling in both cell populations. These results,
collectively, demonstrate that the ligand-targeted liposomes
selectively deliver 9AzSia into the target cells in a receptor
dependent manner.

Figure 3. Cell-selective imaging of glycans targeted by f-LP-9AzSia.
Confocal fluorescence microscopy images of FR+ HeLa cells (A, C, E)
and HeLa cells (B, D, F) treated with 100 μM f-LP-9AzSia, 100 μM LP-
9AzSia, or the mixture of 100 μM 9AzSia and f-LP. The treated cells
were fluorescently labeled by biotin−alkyne and Alexa Flour 488−
streptavidin. The nuclei were visualized by staining with Hoechst 33342
(blue signal). Scale bar: 20 μm.

Figure 4. (A) Quantitative analysis of the targeting selectivity of f-LP-
9AzSia between FR+ HeLa and HeLa cells by flow cytometry. After
being treated with f-LP-9AzSia at concentrations ranging from 5 to
250 μM, the cells were labeled with biotin−alkyne and Alexa Flour 488−
streptavidin conjugate. Error bars represent the standard deviation from
three replicate experiments. (B) Flow cytometry analysis of selective
glycan labeling in co-cultured MCF-7 and FR+ HeLa cells. The mixed
cells were treated with 100 μM f-LP-9AzSia or f-LP, followed by labeling
cell-surface folate receptor with anti-LK26 antibody, and labeling azide
with biotin−alkyne and Alexa Flour 488−streptavidin conjugate.
(C) Confocal fluorescence microscopy images of the co-cultured MCF-7
and FR+ HeLa cells targeted by f-LP-9AzSia. FR+ HeLa cells with up-
regulated folate receptor expression (red signal) are correlated with the
targeted 9AzSia labeling (green signal) on cell surface. The nuclei
were visualized by staining with Hoechst 33342 (blue signal). Scale
bar: 20 μm.
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Abstract: Glycans can be imaged by metabolic labeling with
azidosugars followed by chemical reaction with imaging probes;
however, tissue-specific labeling is difficult to achieve. Here we
describe a strategy for the use of a caged metabolic precursor
that is activated for cellular metabolism by enzymatic cleavage.
An N-azidoacetylmannosamine derivative caged with a peptide
substrate for the prostate-specific antigen (PSA) protease was
converted to cell-surface azido sialic acids in a PSA-dependent
manner. The approach has applications in tissue-selective imag-
ing of glycans for clinical and basic research purposes.

A fundamental challenge in molecular imaging is the design of
reagents that report on cell- or tissue-specific molecular processes. A
popular approach to achieving such selectivity is the design of caged
probes that are activated by enzymes produced by the target cells, a
prototypical example being cancer-associated proteases.1 Alternatively,
probes can be conjugated to targeting elements that bind, noncovalently
or covalently, to cell-surface markers.2 We have been exploring this
latter approach in the context of imaging cell-surface glycans. These
biopolymers, collectively termed the glycome, change in structure and
expression during development and cancer progression as well as many
other physiological processes.3 We previously reported that broad
sectors of the glycome can be imaged in model organisms using a
two-step procedure: (1) metabolic labeling of the glycans with
azidosugar precursors and (2) chemical reaction of azide-labeled cell-
surface glycans in ViVo via Cu-free click chemistry with difluorinated
cyclooctyne (DIFO) probes.4

The tissue selectivity of this approach is limited by the breadth of
glycans targeted by a single metabolic precursor. For example,
treatment of mice with peracetylated N-azidoacetylmannosamine
(Ac4ManNAz) leads to widespread labeling of glycans with N-
azidoacetyl sialic acid (SiaNAz) in numerous tissues (e.g., liver, heart,
kidney, and intestines) as well as serum glycoproteins.5 The broad
distribution of the azidosugar can undermine experiments that seek to
probe glycomic changes in a single organ as a function of time or
disease. One means to achieve tissue selectivity in glycan imaging is
to restrict azidosugar metabolism to the cells of interest. Tissue-specific
enzyme activities such as those mentioned above might be exploited
to achieve this goal. Here, we describe a strategy for cell-selective
glycan imaging using a caged metabolic precursor that is activated by
a protease (Figure 1A).

We synthesized a variant of Ac4ManNAz in which the 6-hydroxy
group was conjugated through a self-immolating linker to a peptide
substrate for the prostate-specific antigen (PSA) protease (1, Figure
1B). PSA is a serine protease that is secreted at low levels by normal
prostatic glandular cells but is highly upregulated by prostate cancer

cells.6 The enzyme has been widely targeted with caged drugs and
imaging reagents in cell culture and in animal models.6 The hexapep-
tide Mu-HSSKLY (Mu ) morpholino ureidyl) was chosen as a PSA
substrate based on reports of its high selectivity for this enzyme over
other ubiquitous serine proteases.6c,7 Upon cleavage of the peptide,
the p-aminobenzyl alcohol (PABA) linker in 1 spontaneously fragments
to release 1,3,4-tri-O-acetyl-N-azidoacetylmannosamine (Ac3ManNAz),
carbon dioxide, and an iminoquinone methide intermediate that is
subsequently quenched by water (Figure 1B).8 This process is known
to occur rapidly and should therefore limit the diffusion of the released
metabolic substrate from its target cell (for discussion see Figure S1
legend). Compound 1 was synthesized as a mixture of sugar anomers
analogously to the route developed by Jones et al. (Scheme S1).6c

Given the importance of hydroxy group acylation for the cellular uptake
of Ac4ManNAz,9 we verified that Chinese hamster ovary (CHO) and
prostate cancer (PC-3) cells incubated with Ac3ManNAz could produce
SiaNAz residues in their cell-surface glycans (Figure S1).

To confirm that 1 can serve as a substrate for PSA, the compound
was incubated in Vitro with active enzyme or, as negative controls,
buffer only or heat-killed (HK) PSA. These enzymatic reactions were
analyzed by reversed-phase HPLC and mass spectrometry. Incubation

† Current address: Department of Chemistry, Bowdoin College, Brunswick, ME
04011.

Figure 1. Strategy for tissue-specific release of Ac3ManNAz via enzymatic
activation. (A) (i) A nonmetabolizable caged azidosugar serves as a substrate
for a secreted, cancer-specific protease, releasing Ac3ManNAz. (ii) This
azidosugar is then metabolized by the cell and incorporated into cell-surface
glycans. (iii) The azide-labeled glycans are detected via Cu-free click chemistry
using DIFO reagents. (B) Caged azidosugar used in this study (1). Cleavage
of the indicated bond (dashed line) by the prostate-specific antigen (PSA)
protease results in the release of a linker, the peptide, and Ac3ManNAz.
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of 1 with PSA resulted in the release of Mu-HSSKLY as the major
peptide product, along with Ac3ManNAz (Figure 2A). Minor products
were also observed. These included Mu-HSSKLY-PABA, presumably
produced by nonenzymatic carbonate hydrolysis, as well as mono-
deacetylated 1 and products formed by migration of acetyl groups
within 1. Control reactions lacking PSA (Figure 2B) or with HK PSA
(Figure 2C) produced only nonenzymatic hydrolysis and acetyl
migration products.

We next tested the performance of 1 as a caged substrate for
metabolic glycan labeling. CHO cells were incubated with 1 at various
concentrations (0-100 µM) in the presence of PSA, no enzyme, or
HK PSA for 12 h at 37 °C. The cells were then washed and labeled
with a DIFO-biotin conjugate,4b incubated with fluorescein isothio-
cyanate-labeled avidin (FITC-avidin), and analyzed by flow cytometry.
We observed labeling that was both PSA- and substrate concentration-
dependent, suggesting that the signal is due to enzymatic activation
of 1 (Figure 3A). In a separate experiment, we demonstrated that the
labeling intensity correlates with PSA concentration (Figure S2).
Additionally, we verified that treatment of PC-3 cells with 1 resulted

in PSA-dependent metabolic labeling (Figure S3). In the absence of
PSA or with HK PSA, both CHO and PC-3 cells exhibited modest
background labeling that likely reflects low levels of Ac3ManNAz
produced by nonenzymatic carbonate hydrolysis (Figures 3B and S3).
Importantly, we verified that 1 did not cause any cytotoxicity by
incubating CHO cells labeled as above with phycoerythrin-conjugated
annexin V, a marker of apoptosis (Figure S4).

Finally, we tested 1 as an enzyme-activatable metabolic substrate
for glycan imaging. CHO cells were incubated with 1 in the presence
of PSA or HK PSA for 12 h at 37 °C. The cells were then washed
and labeled with DIFO-biotin, followed by quantum-dot-conjugated
streptavidin. We observed substantial cell-surface labeling of cells
treated with 1 and PSA (Figure 4A) and minimal fluorescence on cells
treated with 1 and HK PSA (Figure 4B).

In conclusion, we have developed a strategy for targeted metabolism
of azidosugars using an enzymatically activated substrate. While we
chose PSA to demonstrate proof-of-concept, it should be noted that
the concentrations of PSA employed in our studies are physiologically
relevant; i.e., they are similar to the levels of PSA secreted by both
prostate cancer xenografts in mice and prostate tumor tissue obtained
from human patients.10 In addition, many cancers, including prostate
cancer, are known to express elevated levels of sialic acid compared
to surrounding tissue.11 Thus, clinical imaging applications may be
worth pursuing. More generally, however, the approach has promise
for use in tissue-specific glycan imaging, a major future direction.
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Figure 2. Compound 1 is a substrate for PSA in Vitro. Shown are HPLC
traces of in Vitro 6 h enzymatic reactions of 1 (500 µM) in 50 mM Tris, 0.1 M
NaCl, pH 7.8, with (A) active PSA (50 µg/mL), (B) buffer only, or (C) HK
PSA (50 µg/mL). The identities of the various species based on mass
spectrometry are indicated on the traces. *Monoacetylated Mu-HSSKLY-
PABA, **Monodeacetylated 1, and ***Isomers of 1.

Figure 3. Cell-selective metabolic labeling of glycans using 1 and PSA. Flow
cytometry analysis of CHO cells treated with (A) various concentrations of 1
(0-100 µM) and PSA (50 µg/mL, squares) or buffer only (circles) or (B) 1
(100 µM) and either buffer only (-), HK PSA (50 µg/mL, HK), or PSA (50
µg/mL, +). Cells were then labeled with DIFO-biotin (100 µM) and FITC-
avidin. Error bars represent the standard deviation from the mean of three
replicate samples. MFI ) mean fluorescence intensity in arbitrary units (AU).

Figure 4. Selective imaging of cells using 1 in the presence of PSA.
Fluorescence microscopy analysis of CHO cells treated with 1 (100 µM) and
(A) PSA (50 µg/mL) or (B) HK PSA (50 µg/mL), followed by DIFO-biotin
(100 µM) and a quantum dot 605-streptavidin conjugate. Green ) Texas Red
channel; Blue ) DAPI channel. Scale bar ) 20 µm.
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Abstract: Glycans can be imaged by metabolic labeling with
azidosugars followed by chemical reaction with imaging probes;
however, tissue-specific labeling is difficult to achieve. Here we
describe a strategy for the use of a caged metabolic precursor
that is activated for cellular metabolism by enzymatic cleavage.
An N-azidoacetylmannosamine derivative caged with a peptide
substrate for the prostate-specific antigen (PSA) protease was
converted to cell-surface azido sialic acids in a PSA-dependent
manner. The approach has applications in tissue-selective imag-
ing of glycans for clinical and basic research purposes.

A fundamental challenge in molecular imaging is the design of
reagents that report on cell- or tissue-specific molecular processes. A
popular approach to achieving such selectivity is the design of caged
probes that are activated by enzymes produced by the target cells, a
prototypical example being cancer-associated proteases.1 Alternatively,
probes can be conjugated to targeting elements that bind, noncovalently
or covalently, to cell-surface markers.2 We have been exploring this
latter approach in the context of imaging cell-surface glycans. These
biopolymers, collectively termed the glycome, change in structure and
expression during development and cancer progression as well as many
other physiological processes.3 We previously reported that broad
sectors of the glycome can be imaged in model organisms using a
two-step procedure: (1) metabolic labeling of the glycans with
azidosugar precursors and (2) chemical reaction of azide-labeled cell-
surface glycans in ViVo via Cu-free click chemistry with difluorinated
cyclooctyne (DIFO) probes.4

The tissue selectivity of this approach is limited by the breadth of
glycans targeted by a single metabolic precursor. For example,
treatment of mice with peracetylated N-azidoacetylmannosamine
(Ac4ManNAz) leads to widespread labeling of glycans with N-
azidoacetyl sialic acid (SiaNAz) in numerous tissues (e.g., liver, heart,
kidney, and intestines) as well as serum glycoproteins.5 The broad
distribution of the azidosugar can undermine experiments that seek to
probe glycomic changes in a single organ as a function of time or
disease. One means to achieve tissue selectivity in glycan imaging is
to restrict azidosugar metabolism to the cells of interest. Tissue-specific
enzyme activities such as those mentioned above might be exploited
to achieve this goal. Here, we describe a strategy for cell-selective
glycan imaging using a caged metabolic precursor that is activated by
a protease (Figure 1A).

We synthesized a variant of Ac4ManNAz in which the 6-hydroxy
group was conjugated through a self-immolating linker to a peptide
substrate for the prostate-specific antigen (PSA) protease (1, Figure
1B). PSA is a serine protease that is secreted at low levels by normal
prostatic glandular cells but is highly upregulated by prostate cancer

cells.6 The enzyme has been widely targeted with caged drugs and
imaging reagents in cell culture and in animal models.6 The hexapep-
tide Mu-HSSKLY (Mu ) morpholino ureidyl) was chosen as a PSA
substrate based on reports of its high selectivity for this enzyme over
other ubiquitous serine proteases.6c,7 Upon cleavage of the peptide,
the p-aminobenzyl alcohol (PABA) linker in 1 spontaneously fragments
to release 1,3,4-tri-O-acetyl-N-azidoacetylmannosamine (Ac3ManNAz),
carbon dioxide, and an iminoquinone methide intermediate that is
subsequently quenched by water (Figure 1B).8 This process is known
to occur rapidly and should therefore limit the diffusion of the released
metabolic substrate from its target cell (for discussion see Figure S1
legend). Compound 1 was synthesized as a mixture of sugar anomers
analogously to the route developed by Jones et al. (Scheme S1).6c

Given the importance of hydroxy group acylation for the cellular uptake
of Ac4ManNAz,9 we verified that Chinese hamster ovary (CHO) and
prostate cancer (PC-3) cells incubated with Ac3ManNAz could produce
SiaNAz residues in their cell-surface glycans (Figure S1).

To confirm that 1 can serve as a substrate for PSA, the compound
was incubated in Vitro with active enzyme or, as negative controls,
buffer only or heat-killed (HK) PSA. These enzymatic reactions were
analyzed by reversed-phase HPLC and mass spectrometry. Incubation

† Current address: Department of Chemistry, Bowdoin College, Brunswick, ME
04011.

Figure 1. Strategy for tissue-specific release of Ac3ManNAz via enzymatic
activation. (A) (i) A nonmetabolizable caged azidosugar serves as a substrate
for a secreted, cancer-specific protease, releasing Ac3ManNAz. (ii) This
azidosugar is then metabolized by the cell and incorporated into cell-surface
glycans. (iii) The azide-labeled glycans are detected via Cu-free click chemistry
using DIFO reagents. (B) Caged azidosugar used in this study (1). Cleavage
of the indicated bond (dashed line) by the prostate-specific antigen (PSA)
protease results in the release of a linker, the peptide, and Ac3ManNAz.
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that is activated for cellular metabolism by enzymatic cleavage.
An N-azidoacetylmannosamine derivative caged with a peptide
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SiaNAz residues in their cell-surface glycans (Figure S1).
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for a secreted, cancer-specific protease, releasing Ac3ManNAz. (ii) This
azidosugar is then metabolized by the cell and incorporated into cell-surface
glycans. (iii) The azide-labeled glycans are detected via Cu-free click chemistry
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Imaging technologies developed in the early 20th century achieved contrast solely by relying on

macroscopic and morphological differences between the tissues of interest and the surrounding

tissues. Since then, there has been a movement toward imaging at the cellular and molecular level

in order to visualize biological processes. This rapidly growing field is known as molecular

imaging. In the last decade, many methodologies for imaging proteins have emerged. However,

most of these approaches cannot be extended to imaging beyond the proteome. Here, we

highlight some of the recently developed technologies that enable imaging of non-proteinaceous

molecules in the cell: lipids, signalling molecules, inorganic ions, glycans, nucleic acids,

small-molecule metabolites, and protein post-translational modifications such as phosphorylation

and methylation.

Introduction

Molecular imaging is a powerful tool that has enabled the
visualisation of biomolecules as they function in their native
setting.1 The ability to monitor biological events in real time at
the subcellular level has furthered our understanding of many

physiological processes, including protein trafficking, protein
localisation, and protein–protein interactions.2 Arguably, the
most widely used set of tools in molecular imaging are
fluorescent proteins. The discovery and development of the
green fluorescent protein (GFP) by Shimomura, Chalfie, and
Tsien, who were awarded the 2008 Nobel Prize in Chemistry
for their efforts, has enabled the tagging and imaging of many
proteins of interest.3

Although imaging of target proteins using fluorescent
protein fusions has revolutionised many areas of biology,
extension of this strategy to other components of the cell such
as glycans, lipids, and nucleic acids has remained challenging.
While proteins comprise the largest fraction of biological
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Structure of E. coli LPS
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Click-chemistry
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E. coli labeling
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Other species - Kdo-N3
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Philadelphia 1976 - Convention of the American 
Legion

221 people infected - 34 died (15%)
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Detection strategy
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Legionella pneumophila - Sg1
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L. pneumophila serogroup 1
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SNAP-Tag - CLIP-Tag
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O6-Alklyguanine-DNA alkyltransferase (AGT)
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SNAP-Tag
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(a) 1-methylpyrrolidin, N,N-dimethylformamide (DMF), 66%; (b) 2,2,2-trifluoro-N-(4-hydroxymethyl-benzyl)-
acetamide, potassium tert-butoxide, DMF, 88%; (c) K2CO3, methanol, 85%; (d) N-(+)-biotinyl-6-aminocaproic acid 
N-succinimidyl ester, triethylamine, DMF, 69%; (e) 5(6)-carboxyfluorescein diacetate N-succinimidyl ester (mixture 
of isomers), triethylamine, DMF, 8% (BGFL), 2% (BGAF)

K. Johnsson et coll., Nat. Biotechnol., 2003, 21, 86-89
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RESULTS

Substrate Design, Synthesis, and Properties
The specificity of AGT for alkylguanine derivatives is mainly a re-
sult of molecular recognition of the leaving group guanine, so we
envisioned the use of substrates with modified leaving groups as
potential substrates for a new AGT mutant. Specifically, we fo-
cused on O2-benzylcytosine (BC), in which an alkylated cytosine
replaces the alkylated guanine of BG (Figure 1A). We predicted
that BG and BC should display similar reactivity in SN2 reactions
because BG and BC differ only in the leaving group and because
the pKAs of guanine and cytosine are similar (Fasman, 1975). We
also predicted that AGT would not react well with BC, as the spe-
cific interactions that facilitate its reaction with BG, notably the
hydrogen bonding of Tyr114 to the N3 of guanine, could not be
formed with BC (Daniels et al., 2004). Finally, cytosine possesses
a different pattern of hydrogen-bond donors and acceptors and
is less bulky than guanine, so that AGT mutants that react effi-
ciently with BC should react poorly with BG.

A straightforward synthesis was developed to generate a se-
ries of fluorescent substrates by coupling BC to (1) green fluores-
cent probes: fluorescein (BC-FL), diacetylfluorescein (BC-DF),
and dipivaloyl Oregon green (BC-OG), (2) red fluorescent probes:
Cy3 (BC-Cy3) and tetramethylrhodamine (BC-TMR), and (3) far-

Figure 1. Simultaneous and Specific Label-
ing of Two Fusion Proteins with Different
Molecular Probes
(A) Use of BC derivatives and the AGT-based

CLIP-tag (vide infra) together with BG derivatives

and SNAP-tag for specific and simultaneous label-

ing of CLIP and SNAP fusion proteins.

(B) BC derivatives used in this work for labeling

with fluorescein (BC-FL), diacetylfluorescein (BC-

DF), dipivaloyl Oregon green (BC-OG), tetrame-

thylrhodamine (BC-TMR), Cy3 (BC-Cy3), and

Cy5 (BC-Cy5).

red fluorescent Cy5 (BC-Cy5) (Figure 1B).
The common intermediate in the synthe-
sis of these substrates is available in
just two steps from a commercially avail-
able precursor (see Figure S1 in the Sup-
plemental Data available with this article
online).

First, we characterized the reactivity of
BCderivativestowardSNAP-tagbyafluo-
rescence assay using purified SNAP-tag
protein. BC-FL was shown to label
SNAP-tag with fluorescein about 1000-
fold less efficiently than BG-FL, a BG sub-
strate carrying fluorescein: the second-
order rate constant of the reaction of
SNAP-tag with BC-FL was found to be
26 M!1 s!1, whereas the rate constant
for the reaction of SNAP-tag with BG-FL
was measured to be 2.8 3 104 M!1 s!1

(Table 1).
Next, we assessed the reactivity of BC derivatives with the

mammalian proteome by incubating six different cell lines
(HEK293T, CHO, BHK, HeLa CCL2, HeLa MZ, and HT29) with
BC-DF, followed by in-gel fluorescence analysis (Figure 2). In or-
der to compare the intrinsic reactivity of BC derivatives to those
of other existing substrates available for covalent labeling in liv-
ing cells, we performed parallel experiments with BG-DF and
HaloTag-DF, diacetylfluorescein-bearing substrates of SNAP-
tag and HaloTag, respectively. No significant labeling of proteins
by BC-DF was observed in any of the tested cell lines. Incubating
the cell lines with BG-DF did not lead to any significant labeling of
proteins in four of the cell lines (CHO, HEK293T, BHK, and HeLa
MZ), whereas a protein of 23 kDa, which we assigned to be en-
dogenous AGT, was detected in HT29 and HeLa CCL2 cells at
about 0.5–1 pmol per mg soluble protein (pmol/mg). This obser-
vation is in agreement with the fact that numerous spontaneous
immortalized and virus-transfected cell lines are AGT deficient,
whereas the expression level of cell lines that do express AGT
has been reported to be around 0.1–1 pmol/mg (Foote and Mitra,
1984; Kaina et al., 2007). Incubation of the six cell lines with
HaloTag-DF led to the labeling of an unknown 28 kDa protein
labeled at 10–30 pmol/mg. We assume that the relatively high
background labeling observed with HaloTag-DF is because of
the intrinsic reactivity of primary chlorides toward nucleophiles.
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directed toward the bud in both yeast strains (Figure 6C): yeast
expressing Aga2p-CLIP can be identified by their Cy3-labeled
mother cell and a fluorescein-labeled bud, whereas yeast ex-
pressing Aga2p-SNAP can be identified by their Cy5-labeled

mother cell and a Cy3-labeled bud (Figure 6C). This proof-of-
principle experiment shows that SNAP-tag and CLIP-tag can
be used in combination for pulse-chase experiments to study
dynamic processes such as biological structure formation.

Figure 5. Simultaneous and Specific Labeling of SNAP and CLIP Fusion Proteins In Vitro and in Living Cells
(A) Mixtures of purified His-SNAP and GST-CLIP (0.5 mM each) were labeled by addition of either 5 mM BC-Cy5 and 5 mM BG-Cy3 (lane 1) or 5 mM BC-Cy3 and

5 mM BG-Cy5 (lane 2) for 30 min at 24!C. Samples were analyzed by SDS-PAGE and in-gel fluorescence scanning (red, Cy3; blue, Cy5).

(B) HEK293T cells transiently coexpressing either CLIP-FKBP and SNAP-FRB (lane 1) or CLIP-FRB and SNAP-FKBP (lane 2) were labeled by addition of 5 mM BG-

DF and 5 mM BC-TMR for 1 hr at 37!C. After cell lysis, equal amounts of proteins from crude extracts were analyzed by SDS-PAGE and in-gel fluorescence scan-

ning (green, fluorescein; red, TMR). Numerical values of the fluorescence intensities of all bands are shown in Table S2.

(C) (I–VI) Wide-field fluorescence micrographs of CHO cells transiently expressing SNAP-NLS3 and CLIP-CaaX (I–III), and SNAP-NLS3 and CLIP-b-Gal (IV–VI)

labeled with BC-DF and TMR-star. (I and IV) SNAP-tagged proteins labeled with TMR-star; (II and V) CLIP-tagged proteins labeled with BC-DF; (III and VI) overlay

of the fluorescein (green) and TMR (red) channels. Cells were labeled by simultaneous addition of 2 mM TMR-star and 5 mM BC-DF for 20 min at 24!C and imaged

directly after washing three times with HBSS. The scale bars represent 10 mm.

Figure 6. Double Pulse-Chase Experiments
of SNAP and CLIP Fusion Proteins
(A) Schematic representation of the double pulse-

chase experiment. The two yeast strains express-

ing either SNAP-Aga2p or CLIP-Aga2p are abbre-

viated as SNAP and CLIP.

(B) Confocal fluorescence micrograph of the two

yeast strains after mixing and labeling with 2 mM

BG-Cy5 (red) and 5 mM BC-Cy3 (green) for 15 min.

(C) Confocal fluorescence micrograph of the same

yeast cells as in (B) after an additional growth

period of 60 min and labeling with 2 mM BG-Cy3

(green) and 5 mM BC-FL (blue) for 15 min.

The scale bars represent 10 mm (B) and 5 mm (C).
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mammalian cells have been developed (BONCAT, bioorthog-
onal noncanonical amino acid tagging; and FUNCAT,
fluorescent noncanonical amino acid tagging), and kinetic
analysis of protein synthesis and turnover rates have been
studied (see section 4).126

3.2. Site-Specific Incorporation of Unnatural Amino Acids
via Genetic Code Expansion

The site-specific incorporation of unnatural designer amino
acids into proteins in living cells and organisms, via genetic
code expansion, has provided new insights into biological
processes that are challenging or impossible to address by
classical approaches.14a,106a In this approach, an aminoacyl-
tRNA synthetase/tRNA pair is used to insert the unnatural
amino acid into the growing polypeptide chain in response to
an amber stop codon (UAG) on the mRNA (Figure 16).
Genetic code expansion now allows the site-specific

incorporation of unnatural amino acids into proteins in
bacteria,14a Saccharomyces cerevisiae,14c,127 mammalian
cells,96a,128 Caenorhabditis elegans,129 Drosphila melanogaster,130

and Arabidopsis thaliana.231b By incorporating new amino acids
bearing different functional groups, it has been possible to
leverage genetic code expansion approaches to address unmet
challenges in studying and controlling biological processes with
a new level of spatial, temporal, and molecular precision. By
incorporating photocross-linkers,14c,131 it has been possible to
map weak, transient, or pH sensitive protein interactions, and
to assign protein interactions to functional states. The
incorporation of post-translationally modified amino
acids127c,132 has allowed the synthesis of homogeneously and

site-specifically modified proteins. This has revealed the
function of the modifications or the proteins that regulate
them.106a The incorporation of photocaged amino
acids127c,128b,133 has allowed specific functions of proteins to
be controlled with light and forms the basis of time-resolved
studies of signaling and transport processes in cells.134 An
emerging area with enormous potential is the site-specific
incorporation of unnatural amino acids that contain functional
groups that allow subsequent chemoselective and rapid labeling
at a single site in the protein (section 5).107

Genetic code expansion requires (i) an orthogonal amino-
acyl-tRNA synthetase/tRNA pair, (ii) a blank codon that can
be used to encode unnatural amino acid incorporation, and (iii)
methods to convert the specificity of the aminoacyl-tRNA
synthetase active site so that it transfers a desired unnatural
amino acid, but no natural amino acids to the orthogonal
tRNA.
An orthogonal aminoacyl-tRNA synthetase does not amino-

acylate any endogenous tRNAs in the host cell, but specifically
aminoacylates its cognate orthogonal tRNA. Furthermore, an
orthogonal tRNA is not a substrate for endogenous aminoacyl-
tRNA synthetases, but is a specific substrate for the orthogonal
synthetase, and directs the translational incorporation of amino
acid substrates of the orthogonal aminoacyl-tRNA synthetase in
response to a blank codon, most commonly the amber stop
codon, in a mRNA (Figure 17).
The orthogonality of aminoacyl-tRNA synthetases and

tRNAs is defined with respect to the complement of
aminoacyl-tRNA synthetases and tRNAs present in the host
organism. While the genetic code is well conserved between

Figure 16. Expanding the genetic code. An unnatural amino acid (blue star), added to the cell growth medium, is specifically recognized by an
orthogonal aminoacyl tRNA synthetase and attached to an orthogonal amber suppressor tRNA, which is decoded by the ribosome in response to an
amber codon (UAG) introduced into the gene of interest, allowing the synthesis of a protein with a site-specifically introduced unnatural amino acid.

Figure 17. Orthogonal synthetase/tRNA pairs are evolved by a two-step selection process: a heterologous synthetase/tRNA pair from a different
domain of life is first imported into the host of interest; this is followed by selection of a mutated active site in the orthogonal synthetase that
specifically recognizes a desired unnatural amino acid (blue star). Dashed gray lines connect nonfunctional combinations.
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fluorescent proteins.

5.3. Incorporation of Unnatural Amino Acids with
Bioorthogonal Handles

A flexible approach to protein labeling is presented by the site-
specific installation of bioorthogonal chemical groups into a

Figure 33. Labeling proteins via incorporation of unnatural amino acids that can be chemoselectively labeled. (a) An unnatural amino acid bearing a
unique bioorthogonal functionality is introduced site-specifically into a protein via genetic code expansion and then chemoselectively labeled with an
externally added chemical probe. (b) Rate constants of chemoselective reactions for which one of the partners can be genetically encoded in form of
an unnatural amino acid. (Note that the reaction rate of CuAAC is dependent on Cu(I) concentrations used in the labeling reaction. Rate constants
of 10−200 M−1 s−1 are achieved using Cu(I) coordinating ligands and copper concentration of 100−500 μM as employed in cell-surface labeling
experiments in mammalian cells; see section 2.3.)

Figure 34. Structural formulas of unnatural amino acid useful for chemoselective labeling that have been incorporated site-specifically into proteins
via genetic code expansion.

Chemical Reviews Review
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norbornene-containing amino acid into proteins produced in
diverse organisms, and that the norbornene-containing protein
could be labelled rapidly and selectively with tetrazine-based probes.

We designed the norbornene-containing amino acid N1-5-
norbornene-2-yloxycarbonyl-L-lysine (2, Fig. 1b) and synthesized it
in three steps and 77% overall yield (Supplementary Information
and Supplementary Scheme S1). To investigate whether 2 is a sub-
strate for the MbPylRS/tRNACUA pair we transformed E. coli with
pBKPylS (which encodes MbPylRS) and psfGFP150TAGPylT-His6
(which encodes MbtRNACUA and a C-terminally hexahistidine
(His6)-tagged superfolder green fluorescent protein (sfGFP) gene
with an amber codon at position 150). In the presence of 2
(1 mM), full-length sfGFP was isolated in good yield (Fig. 2,
4 mg l21 of culture), comparable to the yields obtained for other
well-incorporated unnatural amino acids28,32,45. GFP expression
was clearly amino acid-dependent. Similarly, myoglobin (Myo)
bearing an amber codon at position 4 and T4 lysozyme (T4L)
bearing an amber codon at position 83 produced good yields of
protein in the presence, but not absence, of 2 (Fig. 2 and
Supplementary Fig. S1). The incorporation of 2 was further con-
firmed by electrospray ionization mass spectrometry (ESI–MS) of
purified proteins (Fig. 2 and Supplementary Fig. S1).

Synthesis of biocompatible tetrazines. To create unsymmetrical
tetrazines that contain a unique reactive group for functionalization
with biophysical probes (Fig. 1c, Supplementary Scheme S2
and Supplementary Information) we reacted equimolar quantities
of 5-amino-2-cyanopyridine and 2-cyanopyridine (or 2-
cyanopyrimidine) with an excess of aqueous hydrazine to obtain
s-dihydrotetrazines S5a and S6a (ref. 36). Treatment of these
dihydrotetrazines with a mixed anhydride formed in situ from
isobutylchloroformate and N-tert-butyloxycarbonylglycine afforded

compounds S5b and S6b, respectively, which were oxidized readily
to their corresponding tetrazines 5 and 6 with sodium nitrate in
acetic acid (direct oxidation of dihydrotetrazines S5a and S6a
produced tetrazines that bear amino groups with markedly reduced
reactivity, as expected based on increased p-conjugation of the
amino group lone pair in these tetrazines). Acidic deprotection of
the tert-butyloxycarbonyl groups afforded tetrazines S5c and S6c.
The primary amino group in these tetrazine derivatives provides a
handle for further functionalization with biophysical probes.

We envisioned that analogues of 5 and 6 that bear a carboxy
group in place of the amine would be more electron deficient and
potentially more reactive in inverse electron-demand cycloaddition
reactions with norbornenes. To create tetrazines 7 and 8, we reacted
N-tert-butyloxycarbonylethylenediamine with 6-cyanopyridine-3-
carboxylic acid under standard amide-coupling conditions. The
resulting nitrile S7a was reacted with acetonitrile or 2-cyanopyrimi-
dine in aqueous hydrazine to give dihydrotetrazines S7b and S8b,
respectively, which after oxidation with sodium nitrate afforded tet-
razines 7 and 8, respectively. Deprotection of 8 under acidic con-
ditions gave tetrazine S8c. The primary amino group in this
tetrazine derivative provides a handle for further functionalization
with biophysical probes. All the tetrazines synthesized were stable
in MeOH/H2O and dimethylsulfoxide (DMSO)/H2O at room
temperature for several days, as judged by liquid chromato-
graphy–mass spectrometry (data not shown).

Kinetic analysis of the rapid tetrazine Diels–Alder cycloaddition.
Tetrazines 5–8 react readily with 5-norbornene-2-ol to form the
corresponding dihydropyridazines S15 and its isomeric forms S16
in protic solvents in .96% conversion (Supplementary Fig. S2 and
Supplementary Information). The rate constants for these
reactions were determined under pseudo first-order conditions by
following the exponential decay over time in the ultraviolet
absorbance of the tetrazine at 320 or 300 nm (Supplementary
Fig. S3). The reactions were faster in more polar solvent systems,
that is in solvent mixtures of higher water content, as expected36,47.
Tetrazine 8 displays the highest activity towards 5-norbornene-2-ol
with second-order rate constants of approximately 9 M21 s21 in
H2O/MeOH (95:5) at 21 8C, whereas 5 reacts with a rate constant
of approximately 1 M21 s21 under the same conditions
(Supplementary Table S1 and Supplementary Information). This
confirms that the tetrazine–norbornene reaction is orders of
magnitude faster than established bioorthogonal reactions30.

Tetrazine-based fluorophores: ‘turn-on’ fluorogenic probes. To
create fluorescent probes based on 5, 6 and 8, the primary amino
groups of S5c, S6c and S8c were conjugated to succinimidylesters
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Figure 1 | Scheme to label proteins via an inverse electron-demand Diels–
Alder cycloaddition, and structural formulae of relevant compounds.
a, Genetically encoded norbornenes react rapidly with tetrazines, bearing
probes (red star), in aqueous solution at ambient temperature and pressure
to site-specifically label proteins. b, Amino acid structures of pyrrolysine (1),
N1-5-norbornene-2-yloxycarbonyl-L-lysine (2), N1-tert-butyloxycarbonyl-L-
lysine (3) and N1-2-azidoethyloxycarbonyl-L-lysine (4). c, Structures (5–14)
of tetrazines and tetrazine–fluorophores used in this study. TAMRA-X,
BODIPY TMR-X and BODIPY-FL are common names for fluorophores: their
structural formulae are shown in Supplementary Fig. S4. Red boxes denote
parent tetrazines. r.t.¼ room temperature.
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Figure 2 | Efficient, genetically-encoded incorporation of 2 using the
PylRS/tRNACUA pair in E. coli. a, Amino acid dependent expression of sfGFP
that bears an amber codon at position 150 and myoglobin that bears an
amber codon at position 4. b, Mass spectrometry characterization of amino
acid incorporation. i, sfGFP-2-His6, found: 27,975.5+1.5 Da, calculated:
27,977.5 Da. ii, Myo-2-His6, found: 18,532.5+1.5 Da, calculated: 18,532.2 Da.
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Jason Chin et coll., Nature Chem., 2012, 4, 298-304labelling profile (compare lanes 11 and 12 to lanes 13–15 and lanes

16 and 17 to lanes 18–20 in Fig. 3c). This suggests that background
fluorescence arising from the reaction of tetrazine probes with 2
incorporated at the C-terminus of endogenous proteins in response
to amber codons is a minimal contributor to the observed back-
ground in these cellular labelling experiments.

To show that the high rate constants measured on small mol-
ecules translate into rapid protein labelling, we labelled myoglobin
bearing 2 at position 4 with 12 (10 equiv.). In-gel fluorescence
imaging of the labelling reaction as a function of time (Fig. 3d)
demonstrates that the reaction is complete in approximately
30 minutes. Rapid labelling of proteins that incorporate 2 was also
observed with probes 9 and 12 (Supplementary Fig. S9).
In contrast, the labelling of an alkyne-containing amino acid at
the same site in myoglobin required 50 equiv. of azide fluorophore
and 18 hours to reach completion in a copper-catalysed [3þ 2] click
reaction28. This demonstrates that the labelling method we report
here has a clear advantage for the labelling of recombinant proteins.

Site-specific protein labelling on the mammalian cell surface.
Although it has been possible to label abundant molecules at mul-
tiple chemical handles on cell surfaces via metabolic incorporation
of bioorthogonal functional groups33–35, there are no reports of lab-
elling single, genetically defined sites on proteins on the mammalian
cell surface using any of the unnatural amino acids that currently
can be genetically encoded.

We demonstrated that 2 can be encoded genetically with
high efficiency into proteins in mammalian cells using the
MmPylRS/tRNACUA pair by western blot, fluorescence imaging
and mass spectrometry46 (Fig. 4a,b and Supplementary Fig. S10).
To show the site-specific labelling of a mammalian protein, we
introduced an amber codon into an epidermal growth factor recep-
tor (EGFR)-GFP fusion gene at position 128 in the extracellular
portion of the receptor in a vector that contained MmPylRS, creating
pMmPylRS-EGFR(128TAG)-GFP-HA. We transfected HEK293 cells
with pMmPylRS-EGFR(128TAG)-GFP-HA and p4CMVE-U6-PylT
that encodes four copies of the MmPyltRNACUA. In the presence
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Figure 4 | Site-specific incorporation of 2 into proteins in mammalian cells and the specific labelling of EGFR-GFP on the cell surface with 9. a, Cells that
contain the PylRS/tRNACUA pair and the mCherry(TAG)eGFP-HA reporter produced GFP only in the presence of 2. b, Western blots confirm that the
expression of full length mCherry(TAG)eGFP-HA is dependent on the presence of 2. c, Specific and rapid labelling of a cell surface protein in live mammalian
cells. EGFR-GFP that bears 2 or 3 at position 128 is visible as green fluorescence at the membrane of transfected cells (left panels). Treatment of cells with 9
(200 nM) leads to selective labelling of EGFR that contains 2 (middle panels). Right panels show merged green and red fluorescence images, DIC¼ differential
interference contrast. Cells were imaged four hours after the addition of 9.
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labelling profile (compare lanes 11 and 12 to lanes 13–15 and lanes
16 and 17 to lanes 18–20 in Fig. 3c). This suggests that background
fluorescence arising from the reaction of tetrazine probes with 2
incorporated at the C-terminus of endogenous proteins in response
to amber codons is a minimal contributor to the observed back-
ground in these cellular labelling experiments.

To show that the high rate constants measured on small mol-
ecules translate into rapid protein labelling, we labelled myoglobin
bearing 2 at position 4 with 12 (10 equiv.). In-gel fluorescence
imaging of the labelling reaction as a function of time (Fig. 3d)
demonstrates that the reaction is complete in approximately
30 minutes. Rapid labelling of proteins that incorporate 2 was also
observed with probes 9 and 12 (Supplementary Fig. S9).
In contrast, the labelling of an alkyne-containing amino acid at
the same site in myoglobin required 50 equiv. of azide fluorophore
and 18 hours to reach completion in a copper-catalysed [3þ 2] click
reaction28. This demonstrates that the labelling method we report
here has a clear advantage for the labelling of recombinant proteins.

Site-specific protein labelling on the mammalian cell surface.
Although it has been possible to label abundant molecules at mul-
tiple chemical handles on cell surfaces via metabolic incorporation
of bioorthogonal functional groups33–35, there are no reports of lab-
elling single, genetically defined sites on proteins on the mammalian
cell surface using any of the unnatural amino acids that currently
can be genetically encoded.

We demonstrated that 2 can be encoded genetically with
high efficiency into proteins in mammalian cells using the
MmPylRS/tRNACUA pair by western blot, fluorescence imaging
and mass spectrometry46 (Fig. 4a,b and Supplementary Fig. S10).
To show the site-specific labelling of a mammalian protein, we
introduced an amber codon into an epidermal growth factor recep-
tor (EGFR)-GFP fusion gene at position 128 in the extracellular
portion of the receptor in a vector that contained MmPylRS, creating
pMmPylRS-EGFR(128TAG)-GFP-HA. We transfected HEK293 cells
with pMmPylRS-EGFR(128TAG)-GFP-HA and p4CMVE-U6-PylT
that encodes four copies of the MmPyltRNACUA. In the presence
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Figure 4 | Site-specific incorporation of 2 into proteins in mammalian cells and the specific labelling of EGFR-GFP on the cell surface with 9. a, Cells that
contain the PylRS/tRNACUA pair and the mCherry(TAG)eGFP-HA reporter produced GFP only in the presence of 2. b, Western blots confirm that the
expression of full length mCherry(TAG)eGFP-HA is dependent on the presence of 2. c, Specific and rapid labelling of a cell surface protein in live mammalian
cells. EGFR-GFP that bears 2 or 3 at position 128 is visible as green fluorescence at the membrane of transfected cells (left panels). Treatment of cells with 9
(200 nM) leads to selective labelling of EGFR that contains 2 (middle panels). Right panels show merged green and red fluorescence images, DIC¼ differential
interference contrast. Cells were imaged four hours after the addition of 9.
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FK506–FKBP12
FK506 (also known as 
Tacrolimus or Fujimycin) is an 
immunosuppressant organic 
molecule that binds to the 
immunophilin FKBP12 (FK506 
binding protein 12 kDa), which 
functions as a protein-folding 
chaperone for proteins that 
contain proline residues. Owing 
to the high affinity between 
FK506 and FKBP12 (with a 
dissociation constant of  
1.6 nM) and the high cellular 
abundance of the latter, this 
pair is often used as a model 
system for proof-of-concept 
experiments of affinity-based 
technologies.

Dissociation constant
(kD). A measure of the affinity 
of a ligand (for example,  
a small molecule) for a protein. 
Its numerical value depends  
on the equilibrium between  
the undissociated and the 
dissociated forms of  
the molecular complex.  
The smaller the dissociation 
constant, the tighter the ligand 
is bound (or the higher its 
affinity for the target protein).

Biotinylation
The derivatization of molecules 
with the small organic molecule 
biotin (also known as vitamin H 
or vitamin B7). Biotinylation 
enables molecules to bind to 
streptavidin with high affinity 
(with a dissociation constant of 
10−15 M) — a property that has 
widespread applications in 
biotechnology.

Affinity chromatography-based methods
Affinity chromatography, a ‘classical’ method for the 
purification of proteins18, has been applied to the identi-
fication of cellular target proteins that interact with small 
organic molecules16,19,20. The small-molecule ligand is 
modified by introducing an appropriate functional group 
(referred to as a linker), through which it can be immo-
bilized by attachment to a solid support (referred to as a 
matrix) — a step that is important for later phase separa-
tion. After the immobilized small-molecule ligand has 
been incubated with protein extracts and any unbound 
proteins have subsequently been removed in a series of 
washing steps, specifically bound proteins are separated 
by solid-phase elution (see later), using buffer conditions 
that disrupt the interaction between the target protein 
and the immobilized small-molecule ligand. Finally, the 
protein is typically identified by immunodetection21 or 
mass spectrometry22–24.

In principle, this method is applicable to any small 
molecule that can be derivatized without disrupting its 
biological activity (an issue that must be addressed for 
each molecule individually). Particular problems might 
be caused by steric hindrance25 or by the creation of a 
hydrophobic environment that results in nonspecific 
binding26, although nonspecific binding can often be 
avoided by adding linkers that have polar functional 
groups27. Biotin and polyethylene glycol have been 
successfully used as linkers for applications in target 
deconvolution14,28–30, and agarose beads comprise the 
most frequently used matrix31–33, although other matrices  
have been applied27,34.

Clearly, the intrinsic characteristics of the small-molecule  
ligand also govern its affinity for target proteins in its 
immobilized form. High-affinity ligands typically dis-
play dissociation constant (kD) values that range from 
10–7 to 10–15 M, whereas so-called general-affinity ligands 
exhibit weaker binding (with kD values in the range of 
10–4 to 10–6 M)35. A high binding affinity is preferred 
for target deconvolution studies because a low binding 
affinity might result in the loss of target proteins during  
phase separation. As a consequence of equilibrium 
kinetics, the quantity of the target protein in a protein 
extract is also important. A comparatively high con-
centration of target protein facilitates the formation of  

small-molecule–target-protein complexes, thus increasing  
the yield of affinity chromatography. If multiple tar-
get proteins are present, however, higher-abundance  
targets might obscure the binding of lower-abundance 
proteins. In practice, target proteins are often present in 
low abundance, because many of them are membrane 
proteins that are often only expressed at low levels, such 
as receptors and ion channels. Hence, the excess amount 
of small-molecule ligand relative to its target protein 
provides binding sites for non-target proteins, compli-
cating the identification of relevant binding partners. 
To improve the detection of low-abundance proteins in 
a cell extract, a reduction of sample complexity, before 
affinity chromatography is carried out, can be helpful, as 
was recently demonstrated by the identification of novel 
targets for quinoline drugs in the fraction of the human 
purine-binding proteome36.

Affinity chromatography was used in a recent study 
that investigated the selectivity of the drug roscovitine 
(CYC202), a known cyclin-dependent kinase (CDK) 
inhibitor that is currently in phase 2 clinical trials for 
various cancer indications. Affinity chromatography 
with solid-phase elution (FIG. 2) using an SDS–PAGE 
sample buffer was performed with the drug immobilized 
on a sepharose matrix28. As well as the expected proteins 
extracellular signal-regulated kinase 1 (ERK1), ERK2 
and cyclin-dependent kinase 5 (CDK5), a further target 
was obtained and subsequently identified as pyridoxal 
kinase, the enzyme that is responsible for the phosphoryl-
ation and activation of vitamin B6 (a co-factor of many 
aminotransferases and decarboxylases) (TABLE 1). This 
unexpected activity might explain some of the drug’s 
cellular effects.

In order to minimize the identification of nonspecific 
target proteins, a refinement of solid-phase elution can be 
used in which a non-bioactive structural analogue of the 
small-molecule ligand is also used for affinity chromatog-
raphy and the results then compared with those obtained 
with the active ligand (see ‘comparison variant’ in FIG. 2). 
This experimental refinement led to the identification of 
prohibitin as a target protein of melanogenin (an inducer 
of pigmentation)32, and also to the identification of the 
primary molecular target (cytosolic malate dehydro 
genase) for E7070, an anticancer drug that has reached 

Figure 1 | Phenotype-based versus target-based drug discovery. The 
diagram illustrates the early phase of drug discovery, in which the aim is 
to identify target and lead molecules. In the phenotype-based approach, 
lead molecules are obtained first, followed by target deconvolution to 

identify the molecular targets that underlie the observed phenotypic 
effects. In the target-based approach, molecular targets are identified 
and validated before lead discovery starts; assays and screens are then 
used to find a lead.
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connector (linker or linker with functional tag), and sorting part
(matrix). Therefore, improvements in the probes can be ach-
ieved by making changes in a matrix, linker, or functional tag.
Sugar-based matrices such as agarose or sepharose beads,
which are commercially available, have been frequently used as
a solid support. They have a highly hydrophilic property that
reduces nonspecic protein binding, but are easily denatured
under organic synthesis conditions. Handa and co-workers
have successfully developed high-performance affinity
magnetic nanoparticles, termed “FG beads”.28,29 The FG beads
are composed of multiple ferrite particles coated with a special
polymer called poly-GMA (glycidyl methacrylate), are easily
dispersed, have a large surface area, are resistant to various
organic solvents, and can be recoveredmagnetically (Fig. 1d). By
using FG beads, the teratogenic mechanism of thalidomide
(Fig. 2), a sedative once used to treat morning sickness, was
revealed to bind and inhibit cereblon, causing limb defects.30

Linker type and length may affect nonspecic protein
binding as well as the accession of compound to target
protein.31 Differing lengths of polymethylene and polyethylene
glycol (PEG) are typically used, and the latter is preferred for its
physical properties and inhibition of nonspecic protein
binding. Sato et al. have reported the utility of a long linker with
rigid polyproline for capturing bulky proteins.32 Biotin is widely
used as a functional tag due to its strong interaction with avidin
(KD ¼ 10"15 M). Other functional tags include FLAG peptide/
antibody pairs33 and uorescent/antibody pairs.34 Fluorescent
tags have advantages for visually evaluating the cellular effects
of identied compounds.

Bioorthogonal chemistry and photoaffinity reaction

Introducing a functional tag into a compound is a challenging
task. For some compounds, the addition of any kind of bulky

tag leads to a dramatic loss of activity. This problem can be
solved through the application of bioorthogonal chemistry,
such as copper(I)-catalyzed Huisgen-[3 + 2]-azide-alkyne cyclo-
addition (click chemistry) and Staudinger ligation between
azides and triarylphosphine reagents.35,36 Such bioorthogonal
chemical reporters minimize structural perturbation and cova-
lently conjugate a functional tag via ‘click’ reaction (Fig. 1e). As
the bioorthogonal reactions can be easily conducted in aqueous
media, it is possible to use living cells for affinity purication. In
addition, such bioorthogonal probes are oen coupled with a
photoreactive group, so-called trifunctional probes.37 Most
bioactive compounds, especially drugs or drug candidates, bind
non-covalently to target proteins, and such complexes may not
survive the affinity purication process. Photoaffinity reactions
can induce covalent cross-linking between compound and
target protein, and photoreactive groups such as benzophenone
and diazirine are introduced into the compound or linker
(Fig. 1f).

Shi et al. applied such a trifunctional probe to dasatinib
(Fig. 2), a dual Bcr-Abl and Src family tyrosine kinase inhibitor
approved for use in patients with chronic myelogenous
leukemia (CML), and successfully identied several previously
unknown targets including several serine/threonine kinases
(PCTK3, STK25, eIF-2A, PIM-3, PKA C-a, and PKN2).38 Other
examples using probes conjugated with bioorthogonal and/or
photoreactive groups include pimelic diphenylamides,39

16F16,40 tolcapone,41 o-carboranylphenoxyacetanilide,42 potas-
sium isolespedezate,43 and duocarmycin analogue.44 In partic-
ular, trifunctional probes are widely used for activity-based
protein proling (ABPP), which is a chemical proteomic
approach to directly characterize enzyme function in living cells
on a global scale.45,46

Despite the advantages of the tandem bioorthogonal conju-
gation-photoaffinity cross-linking approach, it is known that

Fig. 1 Affinity purification using small-molecule affinity probes. (a) Cell extracts are incubated with small-molecule affinity probes to allow target
protein binding. After washing the probes, bound proteins are eluted and identified by MS or N-terminal peptide sequencing. (b–f) Represen-
tative small-molecule affinity probes. Typical small-molecule affinity probes consist essentially of three parts: the ligand (compound of interest),
the connector (linker or linker with functional tag), and the sorting part (matrix). (b) Compounds are immobilized directly on a resin such as
agarose beads. (c) Compounds are chemically conjugated to a suitable functional tag such as biotin. (d) FG beads. (e) Compounds are modified
with a bioorthogonal tag for in situ labeling with minimal structural perturbation. (f) A trifunctional probe. A photoreactive group is introduced
onto the linker or compound to induce covalent crosslinking between small molecule and target protein. PG, photoreactive group.

This journal is © The Royal Society of Chemistry 2014 Med. Chem. Commun., 2014, 5, 277–287 | 279
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In recent years, quantitative proteomics approaches (SILAC and
iTRAQ) have been increasingly applied in ABPP17–20. The quantitat-
ive information generated from such approaches can help differenti-
ate specific from non-specific bindings by comparing enrichment
ratios. Meanwhile, a variety of cleavable linkers have been developed
and used in ABPP21–24. Cleavable linkers allow the seized proteins to
be liberated after pull down under non-denaturing conditions. In this
study, we developed a quantitative acid-cleavable activity-based pro-
tein profiling (QA-ABPP) approach that combines iTRAQ with an
acid-cleavable linker to profile protein targets and their specific
modification sites (Figure 1). In QA-ABPP, the biotin tag
(DADPS) containing both an azide group and an acid-cleavable
linker reacted with the proteome labelled with an alkynyl ABPP
probe. Tagged proteins are then enriched by avidin beads, followed
by on-bead trypsin digestion and filtration. These filtrated peptides
are labelled with respective iTRAQ reagents, and pooled together for
further identification and quantification by liquid chromatography-
tandem mass spectrometry (LC-MS/MS). Meanwhile, the alkynyl
probe-labelled peptides with a small molecule fragment (237.15
amu; including part of the acid-cleavable linker [143.1 amu] and
the aspirin moiety [94.05 amu]) left on the modified amino acids
were released from the beads after 5% formic acid treatment for 2 hrs
and identified by LC-MS/MS, from which the direct binding site
information of the probe was determined. The binding site informa-
tion acquired by high-resolution mass spectrometry is highly accur-

ate and reliable, as the mass deviation is within 5ppm for most of the
identified peptides. By correlating binding site information with
quantitative proteomics data, we further corroborated the targets
of the probe with exceptionally high confidence.

Aspirin, besides its wide application for the reduction of inflam-
mation, pain and fever, was found to lower the rates of heart attack
and stroke in patients with cardiovascular disease, and more recently
to reduce the incidence of cancer and cancer mortality, especially for
gastrointestinal cancers25–28. To fully understand aspirin’s versatility,
we designed and synthesized two aspirin-based alkynyl probes (Asp-
P1 and Asp-P2) to identify aspirin’s protein targets and the exact
acetylation sites by virtue of QA-ABPP. By using QA-ABPP, we
identified 1110 aspirin-acetylated proteins and 2,775 peptides bear-
ing the acetylation from 870 proteins by our aspirin probes. Aspirin-
acetylated amino acid residues were lysine, serine, arginine, histidine,
theroine, tyrosine, tryptophan and cysteine. Among which, arginine,
histidine, theroine, tyrosine and tryptophan were reported for the
first time to be acetylated by aspirin. By correlating the iTRAQ-based
quantitative ABPP results with the binding site data, 523 overlapping
proteins were confirmed to be modified by aspirin with high confid-
ence. Our results suggest that aspirin may exert its cancer preventa-
tive function by acetlylating multiple cellular targets. Furthemore,
through pathway analysis and functional validation, our data reveal
that aspirin may function by inhibiting protein synthesis and indu-
cing autophagy. Additionally, confocal cell imaging using our aspirin

Figure 1 | Overview of quantitative acid-cleavable activity-based protein profiling (QA-ABPP) for protein targets and their binding sites of aspirin.
(a) Structure of acid-cleavable linker and its reaction with formic acid; (b) Overall strategy of QA-ABPP for identification of probe’s target and binding
sites.

www.nature.com/scientificreports
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probe was performed to examine the cellular distribution of aspirin-
induced acetylation.

Results
Chemical synthesis and labelling profile of aspirin-based probes.
Two aspirin probes (Asp-P1 and Asp-P2) were synthesized with
different linker lengths to anchor an alkynyl handle (Figure 2a, the
synthetic scheme is shown in Supplementary Figure 7). Briefly,
salicylic acid was reacted with the designated acyl chlorides to
generate Asp-P1 and Asp-P2 probes. In addition, we also
synthesized the 4-pentynoate probe (Acetyl-P) (the synthetic
scheme is shown in Supplementary Figure 7), which is a reporter
for monitoring protein acetylation29. With these probes in hand, we
first optimized the labelling concentration of Asp-P1/P2 and Acetyl-
P in colon cancer HCT116 cell lines. The three probes were incubated
with live cells for 12 hrs, followed by cell lysis. The lysate was then
treated with Cy3-azide under click chemistry conditions (CuSO4,
TCEP, TBTA) and subsequently detected by fluorescence

scannning following SDS-PAGE. The results showed visible Asp-
P1/P2 and Acetyl-P fluorescence labelling bands at 1 mM
concentration (Supplementary Figure 1)30–32. To examine whether
the probes can mimic the acetylation effect of Aspirin, we have
conducted competition assay by pre-treating the cell lysate with
Aspirin before incubating with the probes. Our results showed that
Aspirin pre-treatment essentially reduced the labeling signals of the
probes, suggesting that both probes largely modify the same proteins
as aspirin (Supplementary Figure 2). We then compared the labelling
pattern of Asp-P1/P2 and Acetyl-P together with a DMSO-treated
negative control at 1 mM concentration for each probe. Asp-P1 and
Asp-P2 have approximately the same labelling pattern (Figure 2b),
indicating that the slight difference in the lengths of the linkers
attached to anchor alkyne handles of the two probes has little
effect on their labelling profiles. Surprisingly, Asp-P1/P2 show
much stronger labelling signals than Acetyl-P, suggesting that
aspirin may induce a significantly higher degree of acetylation than
the traditional 4-pentynoate. Considering the expansive and long-
term usage of aspirin, it will be highly significant to unravel the
acetylation targets of aspirin and the exact sites of this modification.

Identification of protein targets and their modification sites of
aspirin-induced acetylation by QA-ABPP. Next, we performed
QA-ABPP to simultaneously identify the targets and binding sites
of aspirin-induced acetylation using asprin-based probes. Two
biological replicates of the asprin probes- and DMSO-treated
samples were included to partially overcome biological and
experimental variations. After incubating with 1 mM Asp-P1/P2
or DMSO (nagative control) for 12 hrs, HCT116 cells were lysed
and reacted with acid-cleavable biotin azide tag (the synthetic
scheme is shown in Supplementary Figure 7) before enrichment by
pulling down with avidin beads. After washing the beads thoroughly,
enriched proteins were digested directly on the beads using trypsin.
The resulting peptides were labelled with respective iTRAQ reagents,
and pooled together for further identification and quantification by
LC-MS/MS. The iTRAQ reporter ions of non-specific binding
proteins have equal or similar intensities among the probe-treated
and DMSO-treated control samples. Contrastingly, specific target
proteins enriched by our probes show highly differential intensities
against the DMSO-treated control samples (as illustrated by the
significantly higher reporter intensities of 117 and 118, 119 and
121 vs. 113 and 114 shown in Figure. 1b). This technique enables
us to discriminate specific protein targets from non-specific and
endogenously biotinylated proteins33. Furthermore, the multiplexing
nature of iTRAQ-based chemical proteomics approach allows the
incorporation of replicates within a single LC-MS/MS analysis,
hence increasing the confidence of identifying specific targets while
minimizing experimental errors33,34.

A total of 1194 proteins were successfully identified and quan-
tified using iTRAQ-based quantitative ABPP in our experiment
(The full list of the quantified proteins is shown in Supplematary
Table 1). To reduce potential false-positive targets, we set a highly
stringent differential ratio of 2 as the cut-off threshold to differ-
entiate specific binding targets from non-specific ones. Moreover,
the targets must be identified in both Asp-P1/P2 pull down results.
Consequently, 1110 proteins were regarded as the specific targets
of aspirin using iTRAQ-based quantitative ABPP (The full list of
the potential targets is shown in Supplematary Table 2). Since all
the protein targets identified with the Asp-P1 probe was also
detected with the Asp-P2 probe, the later was used for further
identification of aspirin modification sites. Following the pull
down by Asp-P2, the washed and filtered beads bearing the bind-
ing peptides were cleaved by 5% formic acid for 2 hrs, and the
resulting probe-modified peptides were identified using LC-MS/
MS. By specifying a variable modification mass shift of 237.15
amu for several potentially modified amino acids, 5011 (redund-

Figure 2 | Synthesis of aspirin probes and their labelling in live cells.
(a) Chemical structures of acetylation probe (Acetyl-P), Aspirin-based
probes Asp-P1 and Asp-P2. (b) The in situ fluorescent labelling of
HCT116 cells using Acetyl-P, Asp-P1 and Asp-P2 together with a DMSO-
treated negative control. Probe-labelled proteomes were visualized by click
conjugation to the Cy3-azide tag, SDS gel separation, and fluorescent
scanning; the concentrations of all probes were 1 mM.
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probe was performed to examine the cellular distribution of aspirin-
induced acetylation.

Results
Chemical synthesis and labelling profile of aspirin-based probes.
Two aspirin probes (Asp-P1 and Asp-P2) were synthesized with
different linker lengths to anchor an alkynyl handle (Figure 2a, the
synthetic scheme is shown in Supplementary Figure 7). Briefly,
salicylic acid was reacted with the designated acyl chlorides to
generate Asp-P1 and Asp-P2 probes. In addition, we also
synthesized the 4-pentynoate probe (Acetyl-P) (the synthetic
scheme is shown in Supplementary Figure 7), which is a reporter
for monitoring protein acetylation29. With these probes in hand, we
first optimized the labelling concentration of Asp-P1/P2 and Acetyl-
P in colon cancer HCT116 cell lines. The three probes were incubated
with live cells for 12 hrs, followed by cell lysis. The lysate was then
treated with Cy3-azide under click chemistry conditions (CuSO4,
TCEP, TBTA) and subsequently detected by fluorescence

scannning following SDS-PAGE. The results showed visible Asp-
P1/P2 and Acetyl-P fluorescence labelling bands at 1 mM
concentration (Supplementary Figure 1)30–32. To examine whether
the probes can mimic the acetylation effect of Aspirin, we have
conducted competition assay by pre-treating the cell lysate with
Aspirin before incubating with the probes. Our results showed that
Aspirin pre-treatment essentially reduced the labeling signals of the
probes, suggesting that both probes largely modify the same proteins
as aspirin (Supplementary Figure 2). We then compared the labelling
pattern of Asp-P1/P2 and Acetyl-P together with a DMSO-treated
negative control at 1 mM concentration for each probe. Asp-P1 and
Asp-P2 have approximately the same labelling pattern (Figure 2b),
indicating that the slight difference in the lengths of the linkers
attached to anchor alkyne handles of the two probes has little
effect on their labelling profiles. Surprisingly, Asp-P1/P2 show
much stronger labelling signals than Acetyl-P, suggesting that
aspirin may induce a significantly higher degree of acetylation than
the traditional 4-pentynoate. Considering the expansive and long-
term usage of aspirin, it will be highly significant to unravel the
acetylation targets of aspirin and the exact sites of this modification.

Identification of protein targets and their modification sites of
aspirin-induced acetylation by QA-ABPP. Next, we performed
QA-ABPP to simultaneously identify the targets and binding sites
of aspirin-induced acetylation using asprin-based probes. Two
biological replicates of the asprin probes- and DMSO-treated
samples were included to partially overcome biological and
experimental variations. After incubating with 1 mM Asp-P1/P2
or DMSO (nagative control) for 12 hrs, HCT116 cells were lysed
and reacted with acid-cleavable biotin azide tag (the synthetic
scheme is shown in Supplementary Figure 7) before enrichment by
pulling down with avidin beads. After washing the beads thoroughly,
enriched proteins were digested directly on the beads using trypsin.
The resulting peptides were labelled with respective iTRAQ reagents,
and pooled together for further identification and quantification by
LC-MS/MS. The iTRAQ reporter ions of non-specific binding
proteins have equal or similar intensities among the probe-treated
and DMSO-treated control samples. Contrastingly, specific target
proteins enriched by our probes show highly differential intensities
against the DMSO-treated control samples (as illustrated by the
significantly higher reporter intensities of 117 and 118, 119 and
121 vs. 113 and 114 shown in Figure. 1b). This technique enables
us to discriminate specific protein targets from non-specific and
endogenously biotinylated proteins33. Furthermore, the multiplexing
nature of iTRAQ-based chemical proteomics approach allows the
incorporation of replicates within a single LC-MS/MS analysis,
hence increasing the confidence of identifying specific targets while
minimizing experimental errors33,34.

A total of 1194 proteins were successfully identified and quan-
tified using iTRAQ-based quantitative ABPP in our experiment
(The full list of the quantified proteins is shown in Supplematary
Table 1). To reduce potential false-positive targets, we set a highly
stringent differential ratio of 2 as the cut-off threshold to differ-
entiate specific binding targets from non-specific ones. Moreover,
the targets must be identified in both Asp-P1/P2 pull down results.
Consequently, 1110 proteins were regarded as the specific targets
of aspirin using iTRAQ-based quantitative ABPP (The full list of
the potential targets is shown in Supplematary Table 2). Since all
the protein targets identified with the Asp-P1 probe was also
detected with the Asp-P2 probe, the later was used for further
identification of aspirin modification sites. Following the pull
down by Asp-P2, the washed and filtered beads bearing the bind-
ing peptides were cleaved by 5% formic acid for 2 hrs, and the
resulting probe-modified peptides were identified using LC-MS/
MS. By specifying a variable modification mass shift of 237.15
amu for several potentially modified amino acids, 5011 (redund-

Figure 2 | Synthesis of aspirin probes and their labelling in live cells.
(a) Chemical structures of acetylation probe (Acetyl-P), Aspirin-based
probes Asp-P1 and Asp-P2. (b) The in situ fluorescent labelling of
HCT116 cells using Acetyl-P, Asp-P1 and Asp-P2 together with a DMSO-
treated negative control. Probe-labelled proteomes were visualized by click
conjugation to the Cy3-azide tag, SDS gel separation, and fluorescent
scanning; the concentrations of all probes were 1 mM.
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ant) or 2775 (non-redundant) acetylated peptides from 870 pro-
teins were successfully identified (MASCOT peptide score . 30;
the full list of the modified redundant and non-redundant peptides
was shown in Supplematary Table 3&4; the full list of the modified
proteins was shown in Supplematary Table 5). Remarkably, the
percentage of the binding site-bearing peptides is extremely high
at 70%. In other words, among 7164 (redundant) identified pep-
tides, 5011 (redundant) were aspirin-modified peptides, suggesting
that our probe-binding peptide enrichment is highly efficient. In
summary, lysine (2282 non-redundant peptide found) is the most
common residue to be modified by Asp-P2. We also found 172
peptides with modified serine, 135 peptides with modified threo-
nine, 82 peptides with modified arginine, 59 peptides with modi-
fied histidine, 12 peptides with modified tryptophan and 2 peptides
with modified cysteine (Figure 3b). Surprisingly, several aspirin-
modified residues have never been reported before: such as argi-
nine, histidine, theroine, tyrosine and tryptophan. To assess the
degree of false-positive identification of asprin-binding peptides,
we performed a database search using the MS data derived from
the trypsinized peptides from the probe pull down sample before
on-beads acid cleavage, which did not return any modified peptide
(MASCOT peptide score .30), thus indicating our data for aspirin-
modified peptides are highly accurate and reliable. Although the
binding-site information can already comfirm the asprin-modified
proteins, we further overlaped the asprin targets identified from
quantitative ABPP with the modification site-bearing proteins to
obtain highly confident targets. As shown in Figure 3a, a total of
523 asprin targets were finally comfirmed through both methods
(The full list of the potential targets is shown in Supplematary
Table 6).

Since we identified a lot of proteins which are modified at multiple
sites, next, we analysed the distribution of modified residues. Among
the aspirin targets, Glyceraldehyde-3-Phosphate Dehydrogenase

(GAPDH) was found to be acetylated at 25 different residues
(Supplematary Table 7). Next, we analyzed the structure of
GAPDH and found that all of the aspirin-modified residues were
on the surface of the protein, indicating that the asprin modification
might only occur when the residue is solvent accessible (Figure 3c).

Owing to its crucial role in transcriptional regulation, acetylation
is widely reported in histone proteins35,36. For this reason, we went on
to examine the aspirin-acetylated histone proteins. As shown in
Table 1, four aspirin-acetylated histone proteins have been com-
firmed by our QA-ABPP approach. Furthermore, histone H1.4
was found to be extensively modified at 28 different residues.
Moreover, we also found a peptide KASGPPVSELITKAVAASK
which has been modified at two different sites (Lys46 & Ser51) in
Histone H1.4. MS/MS spectra of this peptide are shown in
Figure 4a&4b. These results implied that aspirin may regulate tran-
scriptional activities by acetylation of histone proteins.

Pathway and functional analysis of aspirin-induced protein ace-
tylation. The 523 confirmed aspirin targets are broadly distributed in
different parts of the cell and can be categorized into several different
molecular functional types: enzyme, kinase, transporter, phosphatase,
peptidase, transcription regulator, etc. (Figure 5a&5b). Ingenuity
Pathway AnalysisTM (IPA) results suggested that aspirin may exert
its tumor suppressive effects through multiple cellular pathways
including the EIF2, eIF4/p70S6K and mTOR pathways (Figure 5d).
Other IPA analysis results were shown in Supplementary Figures 3,
4&5. In particular, mTOR signalling pathway is known to play a
critical role in autophagy, while all three pathways are extensively
involved in protein synthesis (Figure 5c&Figure 6).

Inhibition of de novo protein synthesis by aspirin. To validate the
predicted effects of aspirin on cells as observed from our pathway
analysis, we first determined the protein synthesis inhibition

Figure 3 | Summary of aspirin modified proteins and amino acid residues. (a) Numbers of proteins identified using quantitative ABPP, proteins with
modification sites identified and proteins confirmed with high confidence; (b) Numbers of the aspirin-modified amino acid residues. Numbers on top of
the columns are the numbers of peptides modified by Asp-P2; (c) Locations of aspirin-modified residues in the protein GAPDH.
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nonspecic labeling of various proteins, especially abundant
and sticky ones, has been a major problem related to the pho-
toaffinity cross-linking. In addition, it is important to choose
the suitable bioorthogonal reporters depending on each
experiment. For example, the copper-catalyzed cycloaddition is
not ideal for labeling proteins in living cells due to potential
metal toxicity.

Combination with quantitative proteomics

Recent advances in MS technologies have provided more
sensitive and quantitative methods for nding target proteins
in a high-throughput format. In particular, stable isotope
labeling-based quantitative MS techniques have been coupled
with affinity purication.47 Such quantitative MS techniques

include metabolic labeling, more specically stable-isotope
labeling by amino acids in cell culture (SILAC),48,49 and chemical
labeling such as isotope-coded affinity tag (ICAT)50,51 and
isobaric tags for relative and absolute quantication
(iTRAQ)52–54 (Fig. 3). These approaches can be used to compare
proteins from active probe experiments to proteins from control
or negative probe experiments in a quantitative fashion; thus, it
is possible to cut off nonspecic background effects even with
mild washing conditions.

Raj et al. used SILAC to elucidate a target of the natural
product piperlongumine (Fig. 2).49 They found that this
compound selectively kills cancer cells, with little effect on
normal cells, through the generation of reactive oxygen species
(ROS) in vitro and in vivo. Affinity purication analysis using
piperlongumine-immobilized Affigel beads with SILAC

Fig. 2 Chemical structures of bioactive small molecules discussed in the text.

Fig. 3 Stable-isotope labeling-based quantitative MS approaches. (a) In vivo labeling using SILAC. Cells are grown in “light” medium (natural
isotope) or medium supplemented with arginine, which was labeled with a heavy stable isotope such as 13C, to be incorporated into the
expressed proteins. Different lysates are used for pulldowns with active probe and negative probe. The eluted proteins are combined, processed,
and analyzed by MS. By evaluating the differential ratio of heavy/light signal intensities recorded for peptide, specific drug interactors and
nonspecific binders are discriminated. (b) In vitro labeling using ICAT. The eluted proteins obtained from pulldowns with active probe and
negative probe are labeled with ICAT reagent, which consists of a biotin affinity tag, a nondeuterated (light) or deuterated (heavy) linker, and a
cysteine reactive group. After combining the samples, the digested labeled peptides are isolated with avidin beads, and analyzed by MS.

280 | Med. Chem. Commun., 2014, 5, 277–287 This journal is © The Royal Society of Chemistry 2014
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Selective killing of cancer cells by a small molecule
targeting the stress response to ROS
Lakshmi Raj1, Takao Ide1, Aditi U. Gurkar1, Michael Foley2, Monica Schenone2, Xiaoyu Li2, Nicola J. Tolliday2, Todd R. Golub2,
Steven A. Carr2, Alykhan F. Shamji2, Andrew M. Stern2, Anna Mandinova1,2, Stuart L. Schreiber2 & Sam W. Lee1,2

Malignant transformation, driven by gain-of-function mutations in
oncogenes and loss-of-function mutations in tumour suppressor
genes, results in cell deregulation that is frequently associated with
enhanced cellular stress (for example, oxidative, replicative, meta-
bolic and proteotoxic stress, and DNA damage)1. Adaptation to this
stress phenotype is required for cancer cells to survive, and con-
sequently cancer cells may become dependent upon non-oncogenes
that do not ordinarily perform such a vital function in normal cells.
Thus, targeting these non-oncogene dependencies in the context of
a transformed genotype may result in a synthetic lethal interaction
and the selective death of cancer cells2. Here we used a cell-based
small-molecule screening and quantitative proteomics approach
that resulted in the unbiased identification of a small molecule that
selectively kills cancer cells but not normal cells. Piperlongumine
increases the level of reactive oxygen species (ROS) and apoptotic
cell death in both cancer cells and normal cells engineered to have a
cancer genotype, irrespective of p53 status, but it has little effect on
either rapidly or slowly dividing primary normal cells. Significant
antitumour effects are observed in piperlongumine-treated mouse
xenograft tumour models, with no apparent toxicity in normal
mice. Moreover, piperlongumine potently inhibits the growth of
spontaneously formed malignant breast tumours and their asso-
ciated metastases in mice. Our results demonstrate the ability of a
small molecule to induce apoptosis selectively in cells that have a
cancer genotype, by targeting a non-oncogene co-dependency
acquired through the expression of the cancer genotype in response
to transformation-induced oxidative stress3–5.

Using a luciferase reporter gene fused with the CDIP (cell death
involved p53 target, also known as 5730403B10Rik) promoter6, we
performed a small-molecule screen (Supplementary Fig. 1) to identify
compounds acting through novel pro-apoptotic mechanisms. The
compound with the highest composite Z value was piperlongumine
(Supplementary Fig. 2a), which increased luciferase activity from the
reporter gene at levels comparable to the positive control, etoposide
(Supplementary Figs 2b and 3). Piperlongumine is a natural product
isolated from the plant species Piper longum L. (Fig. 1a) and it was
previously shown to have cytotoxic effects7. We examined the effects of
piperlongumine on the viability of cultured cancer cells and normal
cells (Fig. 1b and Supplementary Figs 4 and 6). Piperlongumine treat-
ment markedly induced cell death in cancer cells with both wild-type
p53 and mutant p53. When primary normal cells and non-transformed
immortalized cells with diverse proliferative capacities were incubated
with highly purified piperlongumine (Supplementary Fig. 5) for 24 h
(under the indicated conditions, which avoid spontaneous transforma-
tion and minimize stress), there was little apparent reduction in cell
viability, even at the highest concentration tested (15mM, a concentra-
tion of piperlongumine that approaches its solubility limit). This indi-
cated that piperlongumine may have a cancer-cell-selective killing
property, and that sensitivity to piperlongumine may result from the
process of malignant transformation. To test this hypothesis, we used a

defined model8 of oncogenic conversion of normal cells through ectopic
expression of the telomerase catalytic subunit (hTERT) in combination
with small T antigen and an oncogenic allele of HRAS (Fig. 1c), and
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Figure 1 | Selective killing effect of piperlongumine in cancer cells.
a, Structure of piperlongumine. b, Piperlongumine treatment induces cell death
in cancer cells but not in normal cells. Normal human cells (N), including aortic
endothelial cells (PAE), breast epithelial cells (76N), keratinocytes (HKC) and
skin fibroblasts (HDF), as well as two immortalized breast epithelial cell lines
(184B5 and MCF 10A), were grown in 12-well or 24-well plates and treated
with piperlongumine at 1–15mM for 24 h. A variety of human cancer cell lines
(Tu) were also treated with piperlongumine or DMSO (control) for 24 h.
Cytotoxicity was measured by trypan blue exclusion staining (average of three
independent experiments). Piperlongumine was HPLC-purified (,99%
purity) before the treatment. c, Selective cell death caused by piperlongumine
(PL) in oncogenically transformed human BJ skin fibroblasts (left panel) and
MCF 10A cell lines (right panel). A representative graph for cell viability is
shown (mean 6 s.d. of three independent experiments; *, P , 0.0001). d, The
effects of piperlongumine on p53 and its target PUMA were measured by
western blot analyses in several cancer cell lines. b-actin expression was used as
a loading control.
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nonspecic labeling of various proteins, especially abundant
and sticky ones, has been a major problem related to the pho-
toaffinity cross-linking. In addition, it is important to choose
the suitable bioorthogonal reporters depending on each
experiment. For example, the copper-catalyzed cycloaddition is
not ideal for labeling proteins in living cells due to potential
metal toxicity.

Combination with quantitative proteomics

Recent advances in MS technologies have provided more
sensitive and quantitative methods for nding target proteins
in a high-throughput format. In particular, stable isotope
labeling-based quantitative MS techniques have been coupled
with affinity purication.47 Such quantitative MS techniques

include metabolic labeling, more specically stable-isotope
labeling by amino acids in cell culture (SILAC),48,49 and chemical
labeling such as isotope-coded affinity tag (ICAT)50,51 and
isobaric tags for relative and absolute quantication
(iTRAQ)52–54 (Fig. 3). These approaches can be used to compare
proteins from active probe experiments to proteins from control
or negative probe experiments in a quantitative fashion; thus, it
is possible to cut off nonspecic background effects even with
mild washing conditions.

Raj et al. used SILAC to elucidate a target of the natural
product piperlongumine (Fig. 2).49 They found that this
compound selectively kills cancer cells, with little effect on
normal cells, through the generation of reactive oxygen species
(ROS) in vitro and in vivo. Affinity purication analysis using
piperlongumine-immobilized Affigel beads with SILAC

Fig. 2 Chemical structures of bioactive small molecules discussed in the text.

Fig. 3 Stable-isotope labeling-based quantitative MS approaches. (a) In vivo labeling using SILAC. Cells are grown in “light” medium (natural
isotope) or medium supplemented with arginine, which was labeled with a heavy stable isotope such as 13C, to be incorporated into the
expressed proteins. Different lysates are used for pulldowns with active probe and negative probe. The eluted proteins are combined, processed,
and analyzed by MS. By evaluating the differential ratio of heavy/light signal intensities recorded for peptide, specific drug interactors and
nonspecific binders are discriminated. (b) In vitro labeling using ICAT. The eluted proteins obtained from pulldowns with active probe and
negative probe are labeled with ICAT reagent, which consists of a biotin affinity tag, a nondeuterated (light) or deuterated (heavy) linker, and a
cysteine reactive group. After combining the samples, the digested labeled peptides are isolated with avidin beads, and analyzed by MS.
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