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Synthetic chemistry on biomolecules
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Synthetic chemistry in a cell
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Synthetic chemistry in living organisms

Photo by Ricky Kharawala on Unsplash 6
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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



@BorisVauzeilles - 2022

Bioconjugation - Aminolysis

12

NH2R
R'

O

O N

O

O

R'
O

HN R



@BorisVauzeilles - 2022

Antibody labeling

13

OHO O

CO2H

O
N
H

NH2

OHO O

CO2H

O
O
N

O

O



46410

@BorisVauzeilles - 2022

Tubulin imaging

14

https://www.thermofisher.com/order/catalog/product/46410
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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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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 
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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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Ansong et al. Protein redox dynamics in cyanobacteria

FIGURE 1 | (A) Chemical probes for in vivo labeling of reduced cysteine thiols. IAM-RP and Mal-RP. (B) Schematic of in vivo chemical proteomics approach for
analysis of redox-sensitive Synechococcus 7002 proteins.

and membrane intracellular compartments (Sadler et al., 2014).
Quantitative analysis used the label-free accurate mass and time
(AMT) tag proteomics approach (Zimmer et al., 2006).

APPLICATION OF CHEMICAL PROBES FOR IN VIVO IDENTIFICATION OF
REDOX-SENSITIVE PROTEINS
To identify redox sensitive proteins in vivo and to evaluate redox
control in the context of cellular redox state changes caused by the
light to dark transition, the cell-permeable IAM-RP and Mal-RP
were applied to two samples sets of live Synechococcus 7002 cells
grown in continuous illumination (54 µmol m−2 s−1 fixed inci-
dent irradiance) under nutrient-replete conditions. The first set
of cell samples were collected from the bioreactor and automati-
cally probe labeled, while the second set of cells were transferred
to a dark environment for 3 h prior to the addition of probe. To
control for non-specific probe binding, we also analyzed DMSO-
treated Synechococcus 7002 cells. These DMSO-treated “no probe”
control samples specifically controlled for general non-specific
binding during streptavidin-based enrichment. Excluding pro-
teins that exhibited non-specific binding characteristics, LC-MS
analyses across the probe-labeled light and dark samples iden-
tified a total of 350 proteins that were labeled by the cysteine
thiol reactive redox probes. Thus, probe-labeled proteins that
show significant quantitative difference between light and dark
conditions (i.e., sensitive to light to dark transition) are identi-
fied as redox-sensitive proteins. We set the following criteria for
designation of a protein as a redox-sensitive protein: (1) a signif-
icant difference across the probe-labeled light condition and the
probe-labeled dark condition as judged by ANOVA (p < 0.05),
(2) a ≥ 2-fold change in abundance in the probe-labeled dark
condition relative to the probe-labeled light condition, (3) pres-
ence of at least one cysteine residue in candidate protein, and
(4) reproducibility of peptide measurements across at least 3
of 4 probe-labeled sample replicates. Using the above conser-
vative criteria, 300 proteins were designated as redox-sensitive
proteins upon transition from light to dark in nutrient replete
conditions (Supplementary Table 1). Strikingly, all 300 identified
redox sensitive proteins exhibited increased probe labeling after

incubation in the dark relative to the light condition indicating
widespread protein reduction as result of the light-to-dark transi-
tion (Figure 2A). This was supported by in-gel analysis of live-cell
labeled Synechococcus 7002, which showed much greater probe
labeling in the dark (Figure 2B). The specific cysteines labeled by
the redox probes were identified as described previously (Sadler
et al., 2014), and are provided in Supplementary Table 1.

LIGHT-TO-DARK TRANSITIONS REFLECT CHANGES IN PROTEIN REDOX
STATE AND NOT PROTEIN ABUNDANCE
To determine if the differences measured between the light and
dark conditions were due to changes in protein abundances, we
performed global proteomics LC-MS analyses using unlabeled
samples from the same conditions. A total of 514 proteins were
identified in the global LC-MS analyses of unlabeled samples from
the light and dark conditions. Of the 300 probe-labeled proteins
designated as redox-sensitive, ∼62% (185 proteins) were also
identified in these global LC-MS analyses. This level of overlap
results from the greater sensitivity achieved for lower level probe
labeled proteins due to the finite dynamic range of the analyses.
Importantly, only 7 of the 185 proteins (3.8%) showed any signif-
icant difference in protein abundance between the light and dark
conditions (Figure 3), underscoring the fact that the differences
observed between the light and dark conditions in the probe-
labeled samples reflect changes in redox status that affect probe
reactivity. Supplementary Figure 1 shows specific examples for the
ribosomal protein RplV and the photosystem II protein PsbC.

CONFIRMATION AND EXPANSION OF THE CYANOBACTERIA
REDOX-SENSITIVE PROTEIN KNOWLEDGE BASE
Previously in the context of a nutrient limitation (carbon starva-
tion) Sadler et al. reported identification of 176 redox sensitive
proteins cycling in a dynamic fashion over a 60 min time contin-
uum (Sadler et al., 2014). This single experiment yielded a greater
than 2-fold increase in the number of recognized redox sensi-
tive proteins in cyanobacteria combined from all prior reports
(Lindahl and Florencio, 2003; Perez-Perez et al., 2006; Mata-
Cabana et al., 2007; Lindahl and Kieselbach, 2009). We further
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Present methods attempt to preserve the redox status of
cysteine thiols by adding trichloroacetic acid during cell lysis;20

however, this may cause protein denaturation, disrupting the
structural context of labeling sites, without fully preserving the
functional context of the cellular environment.21

In this study we report the development and application of
thiol-targeting chemical probes in vivo to the photoautotrophic
cyanobacterium Synechococcus sp. PCC 7002 (hereafter,
Synechococcus 7002). In order to create a biological platform
with a disruption in available cellular reductant, we limited and
then starved Synechococcus 7002 of a carbon source. Being that
CO2 availability is known to affect photosynthetic energy
transduction, both directly as a cofactor in PSII and indirectly
via disruption of homeostasis of the Calvin−Benson cycle,22 the
major sink for ATP and reductant,23 a C-perturbed environ-
ment will result in protein labeling variability as cysteine thiols
undergo redox in response to fluctuations in carbon, reductant,
and ATP.
We identify a temporal continuum of dynamic cyclic redox

fluctuations of cysteine thiols after a shift from C-starvation to
replenishment and measure redox changes over time spans of
seconds to minutes in 176 proteins with ∼5−10-fold dynamic

range; by LC−MS we also identify the specific probe-labeled
cysteine(s) in 106 of the 176 identified proteins. Additionally,
microscopic imaging was used to visualize probe labeling within
live cells. Our results reveal a series of newly identified proteins
that undergo dynamic redox changes and potentially govern a
wide range of biological processes including signal transduction,
ROS remediation, photosynthesis, metabolism, and protein
synthesis.

■ RESULTS AND DISCUSSION
Development and Validation of Chemical Probes for

Quantitative Characterization of Protein Redox. To
elucidate redox-sensitive proteins both in vitro and in vivo, we
designed and synthesized two cysteine thiol-specific redox
probes (RP). The developed probes (Figure 1a) share three key
features that enable quantitative analysis of protein thiol redox
in living cells: (i) an electrophilic group derived from either
iodoacetamide (IAM-RP) or N-ethylmaleimide (Mal-RP) to
covalently label the reduced thiol form of cysteines;13,24,25 (ii)
ethylene glycol spacers, which impart cell permeability;26 and
(iii) an alkyne handle, for ‘click chemistry’ conjugation to a
functionalized group for fluorescent detection and/or enrich-

Figure 1. Chemical probes for in vivo labeling of reduced cysteine thiols. (a) IAM-RP and Mal-RP. (b) In vivo (whole cell) versus in vitro (cell
lysate) labeling of Synechococcus 7002. Proteins were separated by SDS-PAGE and imaged either by labeling with fluorescent probes (left panel;
tetramethylrhodamine-azide added by click chemistry) or Coomassie Blue staining for total protein abundance (right panel). (c) Laser-scanning
confocal microscopy of in vivo probe-labeled Synechococcus 7002 cells imaged either from autofluorescence of phycobilisomes associated with
photosynthetic membranes (left) or AlexaFluor-488 bound to chemical probe-labeled proteins (center). The right panel displays the merged image.
On the left of each panel is the XZ-plane image, and on top of each panel is the YZ-plane image, permitting a 3D view into the center of the cells. See
Supplementary Figure 1 for control images and the Supplementary Video for a rotational 3D movie showing in vivo labeling.

ACS Chemical Biology Articles

dx.doi.org/10.1021/cb400769v | ACS Chem. Biol. 2014, 9, 291−300292

A. T. Wright et coll., Front. Microbiol., 2014, 5, 325
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features that enable quantitative analysis of protein thiol redox
in living cells: (i) an electrophilic group derived from either
iodoacetamide (IAM-RP) or N-ethylmaleimide (Mal-RP) to
covalently label the reduced thiol form of cysteines;13,24,25 (ii)
ethylene glycol spacers, which impart cell permeability;26 and
(iii) an alkyne handle, for ‘click chemistry’ conjugation to a
functionalized group for fluorescent detection and/or enrich-
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tetramethylrhodamine-azide added by click chemistry) or Coomassie Blue staining for total protein abundance (right panel). (c) Laser-scanning
confocal microscopy of in vivo probe-labeled Synechococcus 7002 cells imaged either from autofluorescence of phycobilisomes associated with
photosynthetic membranes (left) or AlexaFluor-488 bound to chemical probe-labeled proteins (center). The right panel displays the merged image.
On the left of each panel is the XZ-plane image, and on top of each panel is the YZ-plane image, permitting a 3D view into the center of the cells. See
Supplementary Figure 1 for control images and the Supplementary Video for a rotational 3D movie showing in vivo labeling.
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nation of site-directed mutagenesis followed by thiol-medi-
ated chemoselective ligation can be used for site-selective
protein glycosylation. In this two-step strategy (Glyco–SeS),[8]

a cysteine residue is incorporated into the desired position
within the protein backbone; the free thiol in the side chain of
this cysteine is subsequently converted into a selenenylsulfide
following exposure to phenylselenenyl bromide. This acti-
vated protein, upon the addition of a glycosyl thiol, is
converted directly into the corresponding homogenous gly-
coprotein.

Given this value of such glycosyl thiols and their other
potential uses, for example, as precursors[9] to widely used
thioglycosides[10] and glycosyldisulfide[11] donors, it is all the
more surprising that methods for producing these compounds
are somewhat protracted and that until now no ready and
general direct method for their preparation exists. Further-
more, thioglycosides and their resulting glycoconjugates often
demonstrate increased chemo- and enzymatic stability and
are tolerated by most biological systems.[12] Indeed, gold salts
of thioaldoses[12b] are used in the treatment of rheumatoid
arthritis and have recently been identified as potential
blockers of transformed growth of lung-cancer cells.[12c]

The most frequently employedmethod for the synthesis of
glycosyl thiols 1 involves the treatment of glycosyl halides 2
with a sulphur nucleophile (either thiourea[13] or potassium
thioacetate) in acetone,[14] followed by mild hydrolysis
(Scheme 1).[15,16] Other methods include the use of anomeric

acetates under Lewis acidic conditions[17] and the Birch
reduction of anomeric thiobenzyl.[18] Defaye et al. have
described the preparation of glucosyl thiols from d-glucose
typically in yields of< 30% by bubbling hydrogen sulfide into
a solution of the deprotected sugar in hydrogen fluoride.[19]

However, this procedure requires special precautions and
generates a complex mixture of products.

We considered that a direct method of thiol formation in
combination with Glyco–SeS[8] would allow a one-pot protein
glycosylation method that could utilize sugars directly iso-
lated from natural sources (Scheme 2).[20] With the goal of
finding a more efficient strategy for the direct synthesis of
glycosyl thiols, we speculated that a reagent that operated
through a concerted Lewis acid activation and displacement
might allow chemo- and regioselective thionation of C1 in the
presence of other, perhaps unprotected, functionalities.
However, to date, no such reagent or method exists. Such a
C1-selective thionation might be considered mechanistically
in two ways as shown in Scheme 3.

The mechanism of Lawesson!s reagent[21] (LR) suggests
that it might service either pathway, acting potentially as both
an oxaphilic electrophile and a sulphur source. This reagent
has been extensively used for the efficient conversion of a
wide variety of carbonyl functions into their corresponding
thiocarbonyl functionalities.[22] Moreover, an earlier report
had highlighted a rare single use of LR in the conversion of a
benzylic alcohol into the corresponding thiol,[23] thereby
suggesting potential utility in SN1 or SN1-like pathways.
Therefore, owing to the enhanced reactivity of the anomeric
hydroxy group in SN1-like processes, it was thought that this

Scheme 1. Current approaches for the synthesis of glycosyl thiols.
DCM=dichloromethane.

Scheme 2. One-pot protein glycosylation with reducing sugars isolated
from natural sources.

Scheme 3. Two possible mechanisms for the direct formation of
glycosyl thiols from reducing sugars through path A) open chain or
path B) an oxacarbenium ion intermediate.

Table 1: Optimization of direct thionation reaction conditions.

Entry Equiv LR T [8C] t [h] Solvent[a] Yield [%]

1A 2 RT 48 dioxane no reaction
1B 0.6 80 5 dioxane 56
1C 1.2 80 2.5 dioxane 83
1D 2 80 2 dioxane 58
1E 1.2 reflux 2 dioxane 84
1F 2 RT 48 toluene no reaction
1G 0.6 80 5 toluene 54
1H 1.2 80 2.5 toluene 70
1I 1.2 reflux 2 toluene 75
1J 1.2 RT 48 acetonitrile 14
1K 0.6 80 5 acetonitrile 49
1L 1.2 80 2.5 acetonitrile 62

[a] Reactions conducted in anhydrous solvents (5 mL for a 200 mg scale
reaction) and under an atmosphere of argon.Bn=benzyl.

Communications
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direct conversion of sugars fully protected with benzyl and
methyl ether (78–85%). Partially O-benzyl-protected sugars
with an O-acetyl function at C-2 were also converted to the
corresponding glycosyl thiols in good yields (82–85%). Lower
yields were observed on deactivated, so called disarmed,[25]

systems such as acetylated sugars (41–43%); however, the
starting material was largely recovered and could be recycled
(yields based on recovered starting material 63–69%). Nitro-
gen functionality at C-2 in the form of phthalimide (Table 2,
entry 12), and base and acid-labile protecting groups, such as
silyl groups and acetonides (Table 2, entry 13), remained
stable under the reaction conditions, thereby expanding the
functional-group tolerance significantly.

Finally, application of this methodology to unprotected
sugars was investigated (Table 3). The optimized conditions
were applied to unprotected sugars, and after 48 h the
formation of the desired thiol product and corresponding
disulfide species was observed. Chromatographic separation
of these from the LR decomposition products proved
cumbersome and was exacerbated by further disulfide
formation.[26] Two strategies were adopted to aid in isolation.
First, an acetylation–deacetylation protocol afforded the

corresponding glycosyl thiols 31a–c in fair yields (Table 3).
Alternatively, treatment with tributylphosphine (solution in

Table 3: Synthesis of glycosyl thiols from unprotected sugars.

Entry Substrate product Yield A[a] Yield B[b]

1 Glc 31a
61%
a/b 1:9

71%
a/b 1:6

2 Man 31b
48%
a anomer

63%
a anomer

3 Gal 31c
58%
a/b 1:8

70%
a/b 1:4

[a] Protocol A: 1) LR (1.5 equiv), anhydrous dioxane, 110 8C. 2) Ac2O,
pyridine. 3) NaOMe, MeOH. [b] Protocol B: 1) LR (1.5 equiv), anhydrous
dioxane, 110 8C. 2) Bu3P, MeOH/CHCl3; see the Supporting Information
for full details.

Table 4: Two-step strategy for direct protein conjugation from deprotected reducing sugars through LR and Glyco–SeS.[8]

Sugar Thiol product[a] Protein product[b] Conversion [%][c] ESI-MS Found
(calcd)

Glc 32a >95 27066 (27064)

Man 32b >95 27064 (27064)

Gal 32c >95 27064 (27064)

Lactose (Galb1,4Glc) 32d >95 27234 (27225)

Maltopentaose
(Glca1,4)4Glc

32e >95 27722 (27711)

Galabiose (Gaa1,4Gal) 32 f >95 27224 (27225)

(Xyla1,3Glc) 32g >95 27194 (27194)

[a] Typically, LR (1.2 equiv) was added to a solution of the deprotected sugar in anhydrous dioxane and left to stir at 110 8C for 48 h; see the Supporting
Information for more details. [b] Typically, crude thiol (20–50 equiv), in water, was added to preactivated SBLS156C-SePh in CHES (70 mm), MES
(5 mm), CaCl2 (2 mm) ; pH 9.5. After 30 min at RT, the reaction was analyzed by LC–MS; [c] Conversion determined by ESI-MS.
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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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N N
NR R'N3R R' Δ

N N
NR

R'Huisgen cycloaddition

N N
NR R'N3

R R' Cu (I)

CuAAC

Meldal et coll., J. Org.. Chem.., 2002, 67, 3057-64
Sharpless et coll., Angew. Chem. Int. Ed., 2002, 41, 2596-99
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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
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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

Jennifer A. Prescher et coll., ACS. Chem. Biol., 2014, 9, 592-605
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DIBO52 and BARAC57 (Table 1). These reagents comprise
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provide among the fastest SPAAC rates, their increased
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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

Jennifer A. Prescher et coll., ACS. Chem. Biol., 2014, 9, 592-605
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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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ManNAc. We selected three human cell
lines—Jurkat (T cell– derived), HL-60
(neutrophil-derived), and HeLa (cervical
epithelial carcinoma)—to test the biosyn-
thetic conversion of ManLev to the cor-
responding cell surface–associated, unnat-
ural sialic acid (Fig. 1A). Cells were treat-
ed with ManLev, and the presence of ke-
tone groups on the cell surface was
determined by the chemoselective ligation
of a hydrazide-based probe, biotinamido-
caproyl hydrazide (Fig. 1B). The cells were
analyzed by flow cytometry after being
stained with FITC (fluorescein isothiocya-
nate) avidin (15). The Jurkat, HL-60, and
HeLa cells treated with ManLev showed a
large increase in fluorescence intensity
compared to cells treated with buffer or
the natural derivative ManNAc (Fig. 2).
ManLev-treated cells that were stained
with FITC-avidin alone, without prior bi-
otinamidocaproyl hydrazide treatment,
showed only a background fluorescence.
These results indicate that ManLev-treat-
ed cells express cell surface–associated ke-
tone groups and can be chemoselectively
decorated with hydrazide conjugates even
in the presence of serum.

We performed a series of experiments to
demonstrate that the ketone groups are dis-
played on the cell surface in the form of
modified sialoglycoconjugates. Jurkat cells
were treated with tunicamycin, an inhibitor
of N-linked protein glycosylation, before in-
cubation with ManLev (16, 17). We antic-
ipated a dramatic reduction in ketone ex-
pression on the basis of the observation that
most mature (and therefore sialylated) oligo-
saccharides on Jurkat cells are found on N-
linked rather than O-linked glycoproteins
(18). Indeed, ketone expression resulting
from ManLev treatment was inhibited by
tunicamycin in a dose-dependent fashion
(Fig. 3A), suggesting that the ketone groups
are presented on oligosaccharides and are
not nonspecifically associated with cell sur-
face components. In contrast, ketone expres-
sion in HL-60 and HeLa cells was unaffected
by tunicamycin, but was instead blocked by
�-benzyl N-acetylgalactosamine, an inhibi-
tor of O-linked glycosylation, consistent
with the high expression of mucin-like mol-
ecules on myeloid- and epithelial-derived
cell lines.

Although we predicted that ManLev
would be converted into the correspond-
ing sialoside, we addressed the possibility
that ketone expression resulted from con-
version of ManLev to N-levulinoyl glu-
cosamine (GlcLev) by the enzyme that
interconverts ManNAc and GlcNAc (12).
In that GlcNAc is incorporated into most
glycoproteins, GlcLev might have many
avenues for cell surface expression. Flow
cytometry revealed only a background lev-

el of fluorescence, suggesting that unnat-
ural sialosides are the major biosynthetic
products of ManLev.

Ideally, proof of the cell surface expres-
sion of ketone-bearing sialic acids would
involve abrogating the fluorescence signal
by treatment with sialidase enzymes. How-
ever, the commercially available sialidases
were found to be inactive against N-levu-
linoyl sialosides, in accordance with their
known reduced activity against sialosides
with other unnatural N-acyl groups (19).
We therefore evaluated the effects of
ManLev treatment on the amount of nor-
mal sialic acid on Jurkat cells, expecting a
reduction. Indeed, the amount of sialic
acid released from ManLev-treated cells

by sialidase digestion, as quantified by
high pH anion exchange chromatography
(HPAEC), was approximately 10 times
lower than that released from ManNAc-
treated cells (13, 20).

There are two possible explanations for
the observed reduction in normal sialic acid
on ManLev-treated cells: (i) normal sialic
acid is replaced with the unnatural sialic
acid during incubation with ManLev, or (ii)
the biosynthesis of all sialosides is sup-
pressed during incubation with ManLev.
Inhibition of sialoside biosynthesis would
cause an increase in exposed terminal ga-
lactose residues, the penultimate residue in
the majority of sialoglycoconjugates. We
therefore examined the effect of ManLev

Fig. 1. Biosynthetic incorpora-
tion of ketone groups into cell
surface–associated sialic acid.
(A) N-Levulinoyl mannosamine
(ManLev, ML) is metabolically converted to the corresponding cell surface sialoside. (B) Cells
displaying ketone groups can be chemoselectively ligated to hydrazides under physiological condi-
tions through the formation of an acyl hydrazone. Cell surface ketones were conjugated to biotinami-
docaproyl hydrazide to provide a tag for subsequent detection with FITC-avidin. In principle, any
hydrazide-derivatized molecule can be used to selectively remodel the surface of ketone-expressing
cells.

Fig. 2. Ketone expression in Jurkat, HL-60, and HeLa cells. Cells treated with buffer alone or with
ManNAc showed only background fluorescence. Cells treated with ManLev showed up to a 30-fold
increase in fluorescence above background. The fluorescence increase was dependent on both bio-
tinamidocaproyl hydrazide (Bio) and FITC-avidin (Av) treatment. Results were similar in three replicate
experiments for each cell line.
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ManNAc. We selected three human cell
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ural sialic acid (Fig. 1A). Cells were treat-
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tone groups on the cell surface was
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of a hydrazide-based probe, biotinamido-
caproyl hydrazide (Fig. 1B). The cells were
analyzed by flow cytometry after being
stained with FITC (fluorescein isothiocya-
nate) avidin (15). The Jurkat, HL-60, and
HeLa cells treated with ManLev showed a
large increase in fluorescence intensity
compared to cells treated with buffer or
the natural derivative ManNAc (Fig. 2).
ManLev-treated cells that were stained
with FITC-avidin alone, without prior bi-
otinamidocaproyl hydrazide treatment,
showed only a background fluorescence.
These results indicate that ManLev-treat-
ed cells express cell surface–associated ke-
tone groups and can be chemoselectively
decorated with hydrazide conjugates even
in the presence of serum.

We performed a series of experiments to
demonstrate that the ketone groups are dis-
played on the cell surface in the form of
modified sialoglycoconjugates. Jurkat cells
were treated with tunicamycin, an inhibitor
of N-linked protein glycosylation, before in-
cubation with ManLev (16, 17). We antic-
ipated a dramatic reduction in ketone ex-
pression on the basis of the observation that
most mature (and therefore sialylated) oligo-
saccharides on Jurkat cells are found on N-
linked rather than O-linked glycoproteins
(18). Indeed, ketone expression resulting
from ManLev treatment was inhibited by
tunicamycin in a dose-dependent fashion
(Fig. 3A), suggesting that the ketone groups
are presented on oligosaccharides and are
not nonspecifically associated with cell sur-
face components. In contrast, ketone expres-
sion in HL-60 and HeLa cells was unaffected
by tunicamycin, but was instead blocked by
�-benzyl N-acetylgalactosamine, an inhibi-
tor of O-linked glycosylation, consistent
with the high expression of mucin-like mol-
ecules on myeloid- and epithelial-derived
cell lines.

Although we predicted that ManLev
would be converted into the correspond-
ing sialoside, we addressed the possibility
that ketone expression resulted from con-
version of ManLev to N-levulinoyl glu-
cosamine (GlcLev) by the enzyme that
interconverts ManNAc and GlcNAc (12).
In that GlcNAc is incorporated into most
glycoproteins, GlcLev might have many
avenues for cell surface expression. Flow
cytometry revealed only a background lev-

el of fluorescence, suggesting that unnat-
ural sialosides are the major biosynthetic
products of ManLev.

Ideally, proof of the cell surface expres-
sion of ketone-bearing sialic acids would
involve abrogating the fluorescence signal
by treatment with sialidase enzymes. How-
ever, the commercially available sialidases
were found to be inactive against N-levu-
linoyl sialosides, in accordance with their
known reduced activity against sialosides
with other unnatural N-acyl groups (19).
We therefore evaluated the effects of
ManLev treatment on the amount of nor-
mal sialic acid on Jurkat cells, expecting a
reduction. Indeed, the amount of sialic
acid released from ManLev-treated cells

by sialidase digestion, as quantified by
high pH anion exchange chromatography
(HPAEC), was approximately 10 times
lower than that released from ManNAc-
treated cells (13, 20).

There are two possible explanations for
the observed reduction in normal sialic acid
on ManLev-treated cells: (i) normal sialic
acid is replaced with the unnatural sialic
acid during incubation with ManLev, or (ii)
the biosynthesis of all sialosides is sup-
pressed during incubation with ManLev.
Inhibition of sialoside biosynthesis would
cause an increase in exposed terminal ga-
lactose residues, the penultimate residue in
the majority of sialoglycoconjugates. We
therefore examined the effect of ManLev

Fig. 1. Biosynthetic incorpora-
tion of ketone groups into cell
surface–associated sialic acid.
(A) N-Levulinoyl mannosamine
(ManLev, ML) is metabolically converted to the corresponding cell surface sialoside. (B) Cells
displaying ketone groups can be chemoselectively ligated to hydrazides under physiological condi-
tions through the formation of an acyl hydrazone. Cell surface ketones were conjugated to biotinami-
docaproyl hydrazide to provide a tag for subsequent detection with FITC-avidin. In principle, any
hydrazide-derivatized molecule can be used to selectively remodel the surface of ketone-expressing
cells.

Fig. 2. Ketone expression in Jurkat, HL-60, and HeLa cells. Cells treated with buffer alone or with
ManNAc showed only background fluorescence. Cells treated with ManLev showed up to a 30-fold
increase in fluorescence above background. The fluorescence increase was dependent on both bio-
tinamidocaproyl hydrazide (Bio) and FITC-avidin (Av) treatment. Results were similar in three replicate
experiments for each cell line.
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Investigating Cellular Metabolism of Synthetic Azidosugars
with the Staudinger Ligation
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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
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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.
(9) Yarema, K. J.; Mahal, L. K.; Bruehl, R. E.; Rodriguez, E. C.; Bertozzi, C.

R. J. Biol. Chem. 1998, 273, 31168.
(10) Lemieux, G. A.; Yarema, K. J.; Jacobs, C. L.; Bertozzi, C. R. J. Am. Chem.

Soc. 1999, 121, 4278.
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D. F.; Welsh, M. J. J. Biol. Chem. 1999, 274, 21878.
(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.
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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

A R T I C L E S Saxon et al.

14894 J. AM. CHEM. SOC. 9 VOL. 124, NO. 50, 2002

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
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and Ac4ManLev for 3 days, washed, and treated with 0.25 mM phosphine-
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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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Selective chemical reactions that are orthogonal to the diverse
functionality of biological systems are now recognized as important
tools in chemical biology.1 As relative newcomers to the repertoire
of synthetic chemistry, these bioorthogonal reactions have inspired
new strategies for compound library synthesis,2 protein engineering,3
functional proteomics,4 and chemical remodeling of cell surfaces.5
The azide has secured a prominent role as a unique chemical handle
for bioconjugation. We have made extensive use of the azide as a
chemical reporter of glycosylation, employing the Staudinger
ligation with phosphines to tag azidosugars metabolically introduced
into cellular glycoconjugates.6 The Staudinger ligation can be
performed in living animals without physiological harm,7 suggesting
the potential for applications in noninvasive imaging and therapeutic
targeting. Still, the reaction is not without liabilities. The requisite
phosphines are susceptible to air oxidation, and their optimization
for improved water solubility and increased reaction rate has proven
to be synthetically challenging.
The azide has an alternative mode of bioorthogonal reactivity s

the [3 + 2] cycloaddition with alkynes described by Huisgen.8 In
its classic form, this reaction has limited applicability in biological
systems due to the requirement of elevated temperatures (or
pressures) for reasonable reaction rates. Sharpless and co-workers
surmounted this obstacle with the development of a copper(I)-
catalyzed version, termed “click” chemistry, that proceeds readily
at physiological temperatures and in richly functionalized biological
environs (Figure 1A). This reaction has enabled the selective
modification of virus particles,3a nucleic acids,9 and proteins from
complex tissue lysates.4 Unfortunately, the mandatory copper
catalyst is toxic to both bacterial5b and mammalian cells,10 thus
precluding applications wherein the cells must remain viable.
Catalyst-free Huisgen cycloadditions of alkynes activated by
electron-withdrawing substituents have been reported to occur at
ambient temperatures.11 However, these compounds can undergo
Michael reaction with biological nucleophiles.
We considered an alternative means of activating alkynes for

catalyst-free [3 + 2] cycloaddition with azides: ring strain. In 1961,
Wittig and Krebs noted that the reaction between neat cyclooctyne,
the smallest of the stable cycloalkynes, and phenyl azide “proceeded
like an explosion to give a single product,” the triazole.12 The
massive bond angle deformation of the acetylene to 163° 13 accounts
for nearly 18 kcal/mol of ring strain.14 This destabilization of the
ground state versus the transition state of the reaction provides a
dramatic rate acceleration compared to unstrained alkynes.15 Here
we report that the [3 + 2] cycloaddition of azides and cyclooctyne
derivatives (Figure 1B) occurs readily under physiological condi-
tions in the absence of auxiliary reagents. We employed the reaction
for the selective chemical modification of living cells without any
apparent toxicity.
We synthesized biotinylated cyclooctyne 5 as shown in Scheme

1. Construction of the substituted cyclooctyne core was achieved

essentially as described by Reese and Shaw.16 Briefly, compound
117 was treated with silver perchlorate to effect electrocyclic ring
opening to the trans-allylic cation, which was captured with methyl
4-(hydroxymethyl)-benzoate to afford bromo-trans-cyclooctene 2.
Base-mediated elimination of the vinyl bromide followed by
saponification yielded versatile intermediate 3, to which any
biological probe can be attached. Finally, compound 3 was coupled
to biotin analogue 418 bearing a PEG linker, providing target 5.
Cyclooctyne 3 was stable to mild acid (0.5 N HCl for 30 min),
base (0.8 M NaOMe for 30 min), and prolonged exposure to
biological nucleophiles such as thiols (120 mM 2-mercaptoethanol
for 12 h).
We performed model reactions with compound 3 and 2-azido-

ethanol, benzyl azide, or N-butyl R-azidoacetamide (see Supporting
Information for details). In all cases, the only products observed
were the two regioisomeric triazoles formed in approximately equal
amounts. We next applied the reaction for covalent labeling of

Figure 1. (A) Cu(I)-catalyzed Huisgen cycloaddition (“click” chemistry).
(B) Strain-promoted [3 + 2] cycloaddition of azides and cyclooctynes.

Scheme 1
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biomolecules. The recombinant glycoprotein GlyCAM-Ig19 was
expressed in CHO cells in the presence of peracetylated N-
azidoacetylmannosamine (Ac4ManNAz), leading to metabolic
incorporation of the corresponding N-azidoacetyl sialic acid (Sia-
NAz) into its glycans.20 Control samples of GlyCAM-Ig were
expressed in the absence of azido sugar. The purified GlyCAM-Ig
samples were incubated with 250 µM 5 overnight, the unreacted
cyclooctyne was quenched with excess 2-azidoethanol, and the
samples were analyzed by Western blot probing with HRP - R-biotin
(Figure 2). Robust biotinylation was observed for GlyCAM-Ig
modified with SiaNAz. Native GlyCAM-Ig lacking azides showed
no background labeling, underscoring the exquisite selectivity of
the strain-promoted cycloaddition.
As a point of comparison, we performed similar reactions with

biotin-modified terminal alkyne 6 (Scheme 1). In the absence of
reagents for copper catalysis, no glycoprotein labeling was observed
(Figure 2). As expected on the basis of reports from Sharpless,
Finn, and Cravatt,3a,4 addition of CuSO4, TCEP, and a triazolyl
ligand resulted in facile labeling of the azide-modified glycoprotein.
The blot was stripped and reprobed with HRP - R-IgG to confirm
equal protein loading. Interestingly, we consistently observed
diminished R-IgG immunoreactivity for azide-modified GlyCAM-
Ig labeled with 6 in the presence of copper. It is possible that the
combination of triazole products and copper damages the epitope
recognized by HRP - R-IgG.
Finally, we investigated the utility of the strain-promoted reaction

for live cell labeling. Jurkat cells were incubated with 25 µM Ac4-
ManNAz for 3 d to introduce SiaNAz residues into their cell-surface
glycoproteins.5a,21 The cells were reacted with various concentrations
of 5 for 1.5 h at room temperature and then stained with FITC -
avidin and analyzed by flow cytometry. As shown in Figure 3A,
cells displaying azides showed a dose-dependent increase in
fluorescence upon treatment with the cyclooctyne probe. No
detectable labeling of cells lacking azides was observed. The cell-
surface reaction was also dependent on duration of incubation with
5 (Figure 3B) and the density of cell-surface azides (Supporting
Information). No negative effects on cell viability were observed.
Curious as to how the strain-promoted cycloaddition compares to
the Staudinger ligation, we reacted azide-labeled cells with either
compound 5 or a previously reported phosphine - biotin probe.6b
As shown in Figure 3C, the cell-surface reactions were comparable,
with the Staudinger ligation proceeding about twice as efficiently.
In summary, the strain-promoted [3 + 2] azide - alkyne cycload-

dition can be used for selective modification of biomolecules and
living cells without apparent physiological harm. An important next
step will be its extension to living animals. In the future, ring strain
might be more thoroughly explored as a means to promote otherwise
reticent reactions with potential bioorthogonality.
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Figure 2. Labeling of azide-modified GlyCAM-Ig with alkyne probes.
Purified GlyCAM-Ig was treated with buffer ( - ), 250 µM 5, or 250 µM 6
alone or in the presence (cat) of CuSO4, TCEP, and a triazolyl ligand,
overnight at room temperature. Reaction mixtures were quenched with
2-azidoethanol and analyzed by Western blot probing with HRP - R-biotin
(upper panel). The blot was then stripped and reprobed with HRP - R-Ig
(lower panel).

Figure 3. Cell-surface labeling with compound 5. Jurkat cells were
incubated in the presence (+Az) or absence ( - Az) of 25 µM Ac4ManNAz
for 3 d. (A) The cells were reacted with various concentrations of 5 for 1
h at room temperature and treated with FITC - avidin; mean fluorescence
intensity (MFI) was determined by flow cytometry. (B) Cells were incubated
with 250 µM 5 at room temperature and analyzed as in A. (C) Cells were
incubated with 100 µM probe for 1 h at room temperature and analyzed as
in A. Error bars represent the standard deviation from three replicates. AU
) arbitrary fluorescence units.
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Selective chemical reactions that are orthogonal to the diverse
functionality of biological systems are now recognized as important
tools in chemical biology.1 As relative newcomers to the repertoire
of synthetic chemistry, these bioorthogonal reactions have inspired
new strategies for compound library synthesis,2 protein engineering,3
functional proteomics,4 and chemical remodeling of cell surfaces.5
The azide has secured a prominent role as a unique chemical handle
for bioconjugation. We have made extensive use of the azide as a
chemical reporter of glycosylation, employing the Staudinger
ligation with phosphines to tag azidosugars metabolically introduced
into cellular glycoconjugates.6 The Staudinger ligation can be
performed in living animals without physiological harm,7 suggesting
the potential for applications in noninvasive imaging and therapeutic
targeting. Still, the reaction is not without liabilities. The requisite
phosphines are susceptible to air oxidation, and their optimization
for improved water solubility and increased reaction rate has proven
to be synthetically challenging.
The azide has an alternative mode of bioorthogonal reactivity s

the [3 + 2] cycloaddition with alkynes described by Huisgen.8 In
its classic form, this reaction has limited applicability in biological
systems due to the requirement of elevated temperatures (or
pressures) for reasonable reaction rates. Sharpless and co-workers
surmounted this obstacle with the development of a copper(I)-
catalyzed version, termed “click” chemistry, that proceeds readily
at physiological temperatures and in richly functionalized biological
environs (Figure 1A). This reaction has enabled the selective
modification of virus particles,3a nucleic acids,9 and proteins from
complex tissue lysates.4 Unfortunately, the mandatory copper
catalyst is toxic to both bacterial5b and mammalian cells,10 thus
precluding applications wherein the cells must remain viable.
Catalyst-free Huisgen cycloadditions of alkynes activated by
electron-withdrawing substituents have been reported to occur at
ambient temperatures.11 However, these compounds can undergo
Michael reaction with biological nucleophiles.
We considered an alternative means of activating alkynes for

catalyst-free [3 + 2] cycloaddition with azides: ring strain. In 1961,
Wittig and Krebs noted that the reaction between neat cyclooctyne,
the smallest of the stable cycloalkynes, and phenyl azide “proceeded
like an explosion to give a single product,” the triazole.12 The
massive bond angle deformation of the acetylene to 163° 13 accounts
for nearly 18 kcal/mol of ring strain.14 This destabilization of the
ground state versus the transition state of the reaction provides a
dramatic rate acceleration compared to unstrained alkynes.15 Here
we report that the [3 + 2] cycloaddition of azides and cyclooctyne
derivatives (Figure 1B) occurs readily under physiological condi-
tions in the absence of auxiliary reagents. We employed the reaction
for the selective chemical modification of living cells without any
apparent toxicity.
We synthesized biotinylated cyclooctyne 5 as shown in Scheme

1. Construction of the substituted cyclooctyne core was achieved

essentially as described by Reese and Shaw.16 Briefly, compound
117 was treated with silver perchlorate to effect electrocyclic ring
opening to the trans-allylic cation, which was captured with methyl
4-(hydroxymethyl)-benzoate to afford bromo-trans-cyclooctene 2.
Base-mediated elimination of the vinyl bromide followed by
saponification yielded versatile intermediate 3, to which any
biological probe can be attached. Finally, compound 3 was coupled
to biotin analogue 418 bearing a PEG linker, providing target 5.
Cyclooctyne 3 was stable to mild acid (0.5 N HCl for 30 min),
base (0.8 M NaOMe for 30 min), and prolonged exposure to
biological nucleophiles such as thiols (120 mM 2-mercaptoethanol
for 12 h).
We performed model reactions with compound 3 and 2-azido-

ethanol, benzyl azide, or N-butyl R-azidoacetamide (see Supporting
Information for details). In all cases, the only products observed
were the two regioisomeric triazoles formed in approximately equal
amounts. We next applied the reaction for covalent labeling of
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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
André A. Neves,* Henning Stöckmann,*,‡ Rebecca R. Harmston,* Helen J. Pryor,*
Israt S. Alam,* Heather Ireland-Zecchini,* David Y. Lewis,* Scott K. Lyons,*
Finian J. Leeper,‡ and Kevin M. Brindle*,†,1

*Cancer Research UK, Cambridge Research Institute, Li Ka Shing Centre, Cambridge, UK; and
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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

Key Words: sialic acid ! metabolic labeling ! fluorescence im-
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.
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(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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Bioorthogonal Copper-Free Click Chemistry In Vivo for Tumor-
Targeted Delivery of Nanoparticles**
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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
enhanced permeability and retention (EPR) effect.[2] To
further improve their specificity to disease sites, active
targeting strategies have been developed using biological
targeting moieties, such as antibodies, aptamers, or peptides,
which bind proper receptors on the surface of target cells.[3,4]

Efficient binding of nanoparticles to the cell surface can
increase their accumulation at the target site, while unbound
nanoparticles are cleared from the tissue and eliminated from
the body.[5] However, saturation of these receptors limits the
capacity of targeted nanoparticles.[6] In addition, targetable
receptors are rarely unique to the disease, so nanoparticles
can accumulate in other healthy tissues through these
receptors, resulting in reduced therapeutic efficacy and
unintended side effects.[7] Furthermore, careful effort is
needed to preserve the binding site and maintain the
bioactivity of these targeting moieties during conjugation to
nanoparticles.[8]

Currently, bioorthogonal chemistry with high specificity is
paving the way for many novel innovations in the biological
field.[9] Direct chemical reactions applicable in living systems
with bioorthogonality and biocompatibility have garnered
much attention from both chemists and biologists. For
example, DNA, peptide, and protein can be modified by
bioorthogonal chemistry in an easy and specific manner.[10]

Recently, researchers have developed many chemicals for
biocompatible copper-free click chemistry by focusing on
ring-strained alkyne groups as the counterparts to azide

groups for increased reactivity.[9b, 11] With these chemical
groups, various targeting moieties could be specifically
conjugated to nanoparticles.[12] In particular, bioorthogonal
chemistry has shown powerful applications in biological fields
in combination with metabolic glycoengineering.[13] Through
metabolic glycoengineering, unnatural glycans are introduced
onto cells by feeding specific precursors on the basis of their
intrinsic metabolism. Therefore, bioorthogonal chemical
reactions can occur specifically on target living cells with
artificially introduced unnatural glycans containing particular
chemical groups, such as azides. Bertozzi!s group pioneered
this special technique and demonstrated it for various
purposes, such as analysis of cellular glycan, 3D cellular
assembly, exploiting metabolic pathways, and spatiotemporal
imaging of zebrafish development.[14] However, there are only
a few reports on applications to in vivo systems, especially for
the targeted delivery of nanoparticles.[15] When applied in
cancer nanomedicine, this bioorthogonal chemistry together
with metabolic glycoengineering can greatly enhance the
tumor-targetability of nanoparticles. This is because meta-
bolic glycoengineering can artificially modulate the dose-
dependent expression of unnatural targetable glycans in
tumor tissue in vivo. Furthermore, we expect that bioorthog-
onal chemistry can be more effectively applied to nano-
particles than single molecules, because the multivalent effect
(which is the enhanced binding by multiple targeting mole-
cules) and the longer circulation time of nanoparticles can
provide more chances and higher probability of binding to
unnatural glycans on target cells in vivo.

Herein, we introduce a new in vivo active targeting
strategy for nanoparticles through bioorthogonal copper-
free click chemistry in the living body (Scheme 1). First,
targetable glycans, unnatural sialic acids with azide groups,
are artificially generated in target cancer cells by an intra-
tumoral injection of the precursor, tetraacetylated N-azidoa-
cetyl-d-mannosamine (Ac4ManNAz).[15c] Second, nano-sized
PEGylated liposomes (PEG = poly(ethylene glycol)) are
modified with dibenzyl cyclootyne (DBCO) to strongly and
specifically bind unnatural sialic acids by copper-free click
chemistry.[16] Third, DBCO conjugated PEGylated liposomes
(DBCO-lipo) are intravenously injected into tumor-bearing
mice to chemically bind these unnatural sialic acids on the
target cancer cell surface by in vivo bioorthogonal copper-
free click chemistry. This technique is expected to enable
dose-dependent and temporal generation of chemical groups
on the target tumor site just like biological receptors,
controlling the tumor-targetability of nanoparticles.

We selected Ac4ManNAz as the precursor for metabolic
engineering of sialic acids, because Ac4ManNAz easily
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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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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.
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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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Cy5-labeled DPPE. d) The morphology (TEM image) and size distribu-
tion of DBCO-lipo (determined by DLS).
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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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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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dissociation buffer, distributed in 200 µL portions at a concen-
tration of 5 � 106 cells/mL in the wells of a 96-well V -bottom-
shaped microtiter plate, pelleted (1500 � g, 3 min), and washed
twice with 200 µ L of labeling buffer DPBS. On a separate 96-
well plate, premixed CuSO4 and T HPT A at a 1:5 molar ratio
were added to DPBS at 4 °C containing biotin - alkyne 3 (final
concn 50 µ M) and aminoguanidine (final concn 1 mM). A
freshly prepared stock solution of sodium ascorbate (100 mM,
2.5 µ L) was added to establish a final ascorbate concentration
of 2.5 mM. The reaction mixture was incubated on ice for 60
min before adding to the cells. A fter incubation for 5 min at 4
°C, the cells were washed two times with DPBS buffer
containing 1 mM E D T A pH 8.0, 25 mM H EPES pH 7.5, and
1% fetal bovine serum, fixed with 2% (v/v) formaldehyde in
DPBS for 10 min at room temperature, and resuspended in the
same buffer containing F IT C - streptavidin (1:250 dilution) for
20 min at 4 °C. Cells were analyzed using a F A CS Calibur
instrument (B D B iosciences, Franklin Lakes, NJ). A t least
10 000 events were collected. Experiments were repeated at least
twice, and triplicates of each sample were measured and data
analyzed using F lowJo 8.7.1 software (Tree Star, Inc., Ashland,
O R).

Cell Viability Assay. Cells were incubated for 2 days in
untreated medium or medium containing 10 µ M - 50 µ M
A c4ManN A z on 96-well plates. The medium was gently
aspirated, and the cells were washed twice with 200 µ L of
DPBS. In an eppendorf tube, premixed CuSO4 and T HPT A at
5:1 ratio were added to DPBS at 4 °C containing aminoguani-
dine (1 mM) to the desired copper concentrations. Sodium
ascorbate (100 mM) was added to the final concentration of
2.5 mM. The reaction mixture was incubated on ice for 10 min
at 4 °C before adding to the cells. A fter incubation for 5 min,
the cells were washed twice with the labeling buffer and returned
to growth medium for 24 h. A n equal volume of premixed Cell
Titer-Glo Reagent from Promega was added, plates were shaken
for 10 min at room temperature, and luminescence was
monitored.

Synthesis of Alexa Fluor Derivatives. To a solution of the
appropriate A lexa F luor cadaverine (1.0 equiv) in D MSO (final
concentration of 0.05 M) was added a solution of N-(4-
pentynoyloxy)succinimide (10.0 equiv) and then N,N-diisopro-
pylethylamine (10.0 equiv). The solution was stirred at room
temperature overnight in the dark, diluted in 9:1 water/
acetonitrile, purified by reversed-phase HPL C using water and
acetonitrile, and lyophilized to a fine powder. E lectrospray -

ionization mass spectrometry (negative ion detection): A lexa
488-alkyne parent ion [1 · H + ] - (C30H27N4O11S2) - , calcd 683.1,
found 683.1; A lexa 568-alkyne parent ion [2 · H + ] -

(C42H43N4O11S2) - , calcd 843.2, found 843.2.

R ESU L TS A N D D ISC USSIO N

While many enzymes require copper, including cytochrome
oxidase, Cu/Zn superoxide dismutase, and lysyl oxidase (28, 29),
copper ions can be harmful to cells, mostly because they catalyze
the production of reactive oxygen species (R OS) from atmo-
spheric oxygen. Therefore, free Cu is essentially absent inside
cells of aerobic organisms (30), but the overall intracellular
copper concentration is approximately 70 µ M (31), all bound
up as CuI among proteins that constitute a well-developed and
highly conserved system for importing and distributing this
essential ion (32).

The CuI oxidation state required for the CuA A C reaction is
most often achieved and/or maintained by the reduction of CuII

with ascorbate. The Cu/ascorbate system is a prodigious
generator of oxygen radicals and other reactive species in
air (33 - 38). We have previously shown that a water-soluble
derivative of the tris(triazolylmethyl)amine family of ligands
(39) intercepts reactive oxygen species generated in the coor-
dination sphere of the metal and accelerates Cu-mediated
peroxide degradation (24). The additive aminoguanidine was
also shown to capture dehydroascorbate and its decomposition
products before they can react with protein side chains. The
combined use of these two additives gave rise to a robust
protocol to label proteins, polynucleotides, and other biomol-
ecules in aqueous buffers with high yield and efficiency in the
presence of air (24).

The applicability of this protocol to live cells was tested by
metabolic labeling using peracetylated N-azidoacetylman-
nosamine (A c4ManN A z), which is taken up and incorporated
into cell-surface sialylated (SiaN A z) glycans (Figure 1) (40 - 42).
In order to gauge the effect of T HPT A on eliminating the
toxicity of copper and sodium ascorbate, HeLa, Chinese hamster
ovary (C H O), and Jurkat cells were incubated at 4 °C with these
click reaction components. Preliminary exploratory experiments
showed 5 min to be an incubation period in which significant
protective effects from the ligand could be observed, and we
knew from previous studies that the CuA A C reaction is fast
enough to provide extensive labeling in this amount of time.
Longer incubations gave rise to increasing cytotoxicity under

Figure 1. (Top) Cell labeling steps. (Bottom) A lkynyl probe reagents and catalyst additives.
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The copper-catalyzed azide - alkyne cycloaddition (CuA A C) reaction, optimized for biological molecules in aqueous
buffers, has been shown to rapidly label mammalian cells in culture with no loss in cell viability. Metabolic
uptake and display of the azide derivative of N-acetylmannosamine developed by Bertozzi, followed by CuA A C
ligation using sodium ascorbate and the ligand tris(hydroxypropyltriazolyl)methylamine (T HPT A ), gave rise to
abundant covalent attachment of dye - alkyne reactants. T HPT A serves both to accelerate the CuA A C reaction
and to protect the cells from damage by oxidative agents produced by the Cu-catalyzed reduction of oxygen by
ascorbate, which is required to maintain the metal in the active + 1 oxidation state. This procedure extends the
application of this fastest of azide-based bioorthogonal reactions to the exterior of living cells.

IN T R O D U C T IO N

To understand the roles of proteins, D N A , R N A , lipids, and
glycans in a wide variety of cellular processes, imaging of
biomolecules in their native environment using a spectroscopic
probe has become increasingly popular (1 - 3). For proteins,
genetically encoded tags such as G FP are routinely used. When
smaller and less structurally perturbing labels are required, the
target protein can be endowed with a peptide sequence that is
selectively addressed with a small-molecule probe by either
chemical or enzymatic reaction (4 - 9). These and other examples
of chemoselective labeling of biomolecules in vivo are furthered
by the development of bioorthogonal ligation reactions (10).

C ycloaddition reactions are attractive in this context, since
they usually involve weakly polarized reactants, minimizing
undesired side reactions with biomolecules. Recent examples
include the reactions of strained olefins with nitrile oxides (11)
or tetrazines (12), as well as unstrained olefins with photo-
generated nitrile imines (13). A zide-based click reactions (14)
are particularly applicable, since the azide group is stable and
easy to introduce into biomolecules or probe molecules without
dramatically changing their functional properties. The Staudinger
ligation with phosphine esters and cycloaddition reactions with
strained cyclic alkynes have been used to excellent effect, led
by Bertozzi and co-workers (15 - 19), and augmented by
others (20, 21).

While ligand-accelerated catalysis allows the copper-mediated
azide - alkyne cycloaddition (CuA A C) reaction to achieve very
high rates for in vitro bioconjugation reactions (22 - 24), the
Cu(I) catalyst is regarded as toxic and therefore incompatible
with living cells. Since both azide and alkyne groups (25 - 27)
can be appended to biomolecules without altering their function
or metabolic processing, it would be very useful if the CuA A C
reaction could be adapted for this purpose. As a first step toward

this goal, we describe here the application of optimized CuA A C
reaction conditions (24) to the rapid and efficient labeling of
cell-surface glycans on mammalian cells in culture.

E X PE RIM E N T A L PR O C E D U R ES

Cell-Surface Labeling of Azido Glycans on HeLa and
C H O Cells and Imaging by Confocal Microscopy. Cells were
seeded at 1 � 105 cells/mL on glass-bottom Petri dishes (35
mm) and grown overnight at 37 °C and 5% C O2 in growth
medium (M E M medium containing 10% fetal calf serum, 1%
glutamine, and 1% penstrep) with or without 50 µ M
Ac4ManN A z for 2 days. The medium was gently aspirated, and
the cells were washed two times with 1 mL of DPBS. In an
eppendorf tube, CuSO4 and T HPT A in a 1:5 molar ratio were
added to DPBS at 4 °C containing dye - alkynes 1 or 2 (final
concn 25 µ M) and aminoguanidine (final concn 1 mM). A
freshly prepared stock solution of sodium ascorbate (100 mM)
was added to establish a final ascorbate concentration of 2.5
mM. This reaction mixture was incubated on ice for 10 min at
4 °C before adding to the cells. A fter incubation at 4 °C for 1
or 5 min, the cells were washed and fixed with a mixture of
3% paraformaldehyde, 0.3% glutaraldehyde, and 1 mM MgC l2
in D BPS for 10 min at room temperature. Cell nuclei were
stained by adding 4�,6-diamidino-2-phenylindole (D A PI). Be-
tween each step, the slides were rinsed three times with DPBS.
Slides were mounted using V ecta Shield mounting medium
(V ector Laboratories, Burlingame, C A ). Sections were imaged
using a B iorad 2100 confocal microscope with a 60 � oil
objective. Data were analyzed and images were created using
ImageJ (http://rsbweb.nih.gov/ij/). For dual labeling studies, the
cells were washed twice with 1 mL of growth medium after
the labeling reaction and returned to medium containing 50 µM
A c4ManN A z for another 20 h. Optimized conditions for cell-
surface labeling were 25 µ M alkyne-488, CuSO4 (50 µ M),
T HPT A (250 µ M), aminoguanidine (1 mM), and sodium
ascorbate (2.5 mM) for 1 to 5 min in medium at 4 °C.

Cell-Surface Labeling of Azido Glycans on Jurkat
Cells with Biotinylated Conjugates. Jurkat cells were grown
in RPM I medium containing 10% fetal calf serum, 1%
glutamine, and 1% penstrep with or without 10 µM Ac4ManN A z.
Cells were collected using enzyme-free Hank ’s based cell
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most conditions. Thus, variations in Cu and ligand concentra-
tions were explored for 5 min incubations, after which the cells
were washed, placed back in media for 24 h at 37 °C and 5%
C O2, and then assessed for viability (F igure 2). In each case,
the Cu/ligand/ascorbate mixture was allowed to stand for 10
min before introduction to the cells in order to allow the catalyst
to quench the R OS and peroxide species generated in the
reduction of dissolved oxygen (24).

A s expected, in the absence of ligand, increasing copper
concentration induced increased cell death for each cell type.
Growth in the presence of the azido - sugar made the cells
significantly more sensitive to Cu-ascorbate (F igure 2A vs B,
D vs E,F), presumably because the health of the cells or integrity
of the membrane is compromised by the incorporation of the
non-natural glycan, or because the added Cu complex somehow
engages the surface azide groups to the detriment of the cell.

Figure 2. V iability of mammalian cells after Cu-ascorbate treatment ([CuSO4] and [T HPT A ] as indicated, [Na ascorbate] ) 2.5 mM, DPBS, 4 °C,
5 min), followed by washing in buffer and incubation in growth media for 24 h. Cell viability was determined by Cell T iter-G lo Luminescent Cell
V iability A ssay (Promega, Madison, W I) (43). (B,C,E) Cells were grown for two days in the presence or absence of A c4ManN A z, as indicated,
before Cu treatment. Error bars indicate standard deviation from the averaging of results from at least three independent experiments.

Figure 3. Representative labeling of cells (grown in the presence of 50 µ M A c4ManN A z for 48 h) with the indicated dye - alkynes (25 µ M), in the
presence of Cu catalyst (5 equiv T HPT A , 2.5 mM Na ascorbate, 1 mM aminoguanidine), in PBS pH 7.4 at 4 °C. The CuA A C reaction was
conducted for 5 min unless otherwise noted, followed by washing in buffer and fixation for confocal microscopy imaging after incubation in fresh
media for 15 min (except for panel D, for which the cells were incubated for 24 h before fixation and imaging). Nuclei were stained with D A PI
(blue). Panels A , E, and I show the result of CuA A C labeling treatment with 1 on cells lacking the azido sugar, showing that nonspecific adsorption
or labeling with dye does not occur. The procedure for labeling of cells shown in panels J - L is described in the text. A ll images are 155 � 155
µm.
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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.

Chemistry & Biology
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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).

Chemistry & Biology

Multiprotein Labeling
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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.

Chemical Reviews Review

dx.doi.org/10.1021/cr400355w | Chem. Rev. 2014, 114, 4764−48064778

Peter-G. Schulz et coll., Methods., 2005, 36, 227-238
Jason Chin et coll., Chem. Rev., 2014, 114, 4764-4806
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107to-noise ratio, a problem not encountered when using

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

dx.doi.org/10.1021/cr400355w | Chem. Rev. 2014, 114, 4764−48064793

Jason Chin et coll., Chem. Rev., 2014, 114, 4764-4806
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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.

PylRS

a-His6

sfGFP

27,975.5

16,000 32,000

i ii100

0

Mass (Da)

In
te

ns
ity

 (
%

)3
2

+ + +
+

+

Myo

+ + +
––––

–– – –
+

+

12,000 20,000

100

0

18,532.5

In
te

ns
ity

 (
%

)

Mass (Da)

a b

Figure 2 | Efficient, genetically-encoded incorporation of 2 using the
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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:
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NATURE CHEMISTRY DOI: 10.1038/NCHEM.1250 ARTICLES

NATURE CHEMISTRY | VOL 4 | APRIL 2012 | www.nature.com/naturechemistry 299



@BorisVauzeilles - 2022

Non natural amino acids...

110labelling 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

SCIENTIFIC REPORTS | 5 : 7896 | DOI: 10.1038/srep07896 2
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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.

www.nature.com/scientificreports
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and DMSO-treated control samples. Contrastingly, specific target
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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
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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
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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.

www.nature.com/scientificreports
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Dynamic combinatorial chemistry is a 
conceptually different approach that rests on 
supramolecular chemistry

It relies on a reversible connection process for 
the spontaneous and continuous generation of all 
possible combinations of a set of basic 
components, thus making virtually available all 
structural and interactional features that these 
combinations may present.

I. Huc, J.-M. Lehn, Proc. Natl. Acad. Sci. USA 1997, 94, 2106
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Dynamic Combinatorial Libraries: From Exploring Molecular
Recognition to Systems Chemistry
Jianwei Li,‡ Piotr Nowak,‡ and Sijbren Otto*

Centre for Systems Chemistry, Stratingh Institute, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands

ABSTRACT: Dynamic combinatorial chemistry (DCC)
is a subset of combinatorial chemistry where the library
members interconvert continuously by exchanging build-
ing blocks with each other. Dynamic combinatorial
libraries (DCLs) are powerful tools for discovering the
unexpected and have given rise to many fascinating
molecules, ranging from interlocked structures to self-
replicators. Furthermore, dynamic combinatorial molecular
networks can produce emergent properties at systems
level, which provide exciting new opportunities in systems
chemistry. In this perspective we will highlight some new
methodologies in this field and analyze selected examples
of DCLs that are under thermodynamic control, leading to
synthetic receptors, catalytic systems, and complex self-
assembled supramolecular architectures. Also reviewed are
extensions of the principles of DCC to systems that are
not at equilibrium and may therefore harbor richer
functional behavior. Examples include self-replication and
molecular machines.

1. INTRODUCTION
Chemistry has focused for a long time on the synthesis and
properties of pure molecules. Yet, with the analytical tools now
at the disposal of the modern chemist, complex mixtures are
becoming tractable. Such mixtures may exhibit unique new
properties. Life is one of the most compelling and inspiring
examples of what complex chemistry may give rise to. Yet life is
only one manifestation of complexity in chemistry; many other
functional systems may be synthesized that are only limited by
the creativity of the chemist. The rapidly developing discipline
of systems chemistry1−7 studies complexity and emergence in
chemical systems. It tries to uncover the theory behind the
system-level properties which are not simply the sum of the
attributes of the individual components.
Dynamic combinatorial chemistry (DCC)1,4,7−14 is a

promising tool to create and study chemical complexity as it
allows easy access to molecular networks. It can be defined as
combinatorial chemistry, where the library members inter-
convert continuously by exchanging building blocks with each

other. The members of a dynamic combinatorial library (DCL)
are formed in a combinatorial way by linking building blocks
together through reversible chemical bonds. The distribution of
all molecules in such a network is typically, but not necessarily,
governed by thermodynamics. Changing the experimental
conditions may alter the stability of the library members and
thereby alter the composition of the library.
The first and most explored approach to changing the

product distribution of DCLs is through external templating,
i.e. the addition of chemical templates that cannot take part in
the reversible chemistry that connects the building blocks.
Molecular recognition between the template and library species
often leads to useful changes in the product distribution of
DCLs.15 The library members which bind to the template will
be amplified. This effect may be utilized for the discovery of
synthetic receptors and ligands for biomacromolecules, in many
cases leading to unexpected supramolecular structures.16

Recently it has been demonstrated that DCLs may also show
fascinating results as a consequence of internal templating,
where molecular recognition takes place between or within
library members. Such interactions may give rise to interlocked
structures. If library species can bind intermolecularly to copies
of themselves, this will lead to self-assembly, which provides the
driving force to shift the equilibrium in favor of the very
molecules that self-assemble.17−20 We have coined the term
self-synthesizing materials to describe the resulting structures.17

Note that self-recognition of species in a DCL also constitutes a
new mechanism for self-replication with implications for origin-
of-life scenarios and potential for creating life de novo. This is
particularly true where the production of replicators is no
longer governed by equilibrium thermodynamics but is under
kinetic control.
This perspective gives a somewhat selective overview over

DCC and its impact on some adjacent areas. We cannot be
comprehensive, but give examples that illustrate the latest
developments in the field. First, we will briefly highlight new
methodologies and give some selected examples of the more
traditional dynamic combinatorial approaches to synthetic
receptors, ligands for biomolecules, capsules and molecular
cages. This is followed by a discussion of catalysis in dynamic
combinatorial systems, multiphase systems and DCC on
surfaces, dynamic combinatorial materials and interlocked
structures. In nearly all of these examples the DCLs are
under thermodynamic control. However, DCC is now also
expanding into the rich realm of out-of-equilibrium systems,
including self-replicators and molecular machines, which is the
subject of the final part of this perspective article.
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Réactions réversibles - Formation d’imines
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Anhydrase carbonique
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Inhibiteurs de l’anhydrase carbonique II

133I. Huc, J.-M. Lehn, Proc. Natl. Acad. Sci. USA 1997, 94, 2106
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Profil HPLC
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Product amplification
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Bilan
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Neuraminidase
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Neuraminidase

138A. V. Eliseev et al.,Proc. Natl. Acad. Sci. USA 2002, 99, 3382; J. Med. Chem., 2003, 46, 356
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Bibliothèque combinatoire dynamique
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Cétimines
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Bilan
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Synthèse accélérée par la cible
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Chimie click in situ
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Inhibiteur femtomolaire
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TheEnd


