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Enzyme inhibition and mechanisms of action of small-molecule drugs: 

High-throughput quantitative proteomics target screening techniques:

ABPP indirect profiling 
(gel vs. proteomics-based readout; SILAC)

Reversible (competitive, non-competitive, TS analog, rapid vs. slow on/off)

Irreversible (covalent); mechanism-based inactivation

Transcriptome/genome-probing tools:
EdU labeling
iPOND

Proteome-level probing tools that hijack protein translation:

mRNA display Amber suppressor technique SILAC-BONCAT method

is initiated on surface contact with target cells (13, 14). The pYV
virulence plasmid also encodes a low calcium response (LCR)
that enables secretion of T3SS substrates into the medium in the
absence of host cells (15). As a control for type III secretion, we
used a YscU mutant strain (designated T3SS-Mut), which is unable
to secrete Yops (16). YscU is an inner membrane protein re-
quired for T3SS assembly and recruitment of substrates (17).
In this study, NLL-MetRS was introduced to both WT and

mutant Yersinia strains to enable selective Anl labeling of bac-
terial proteins (Fig. 1B). Because host cells do not express NLL-
MetRS, host cell proteins are not labeled with Anl. After Anl
was added to the infection medium, Anl-labeled proteins were
tagged by copper-catalyzed cycloaddition (18) (Fig. 1C) with
alkyne-functionalized dyes and detected by in-gel fluorescence or
by confocal fluorescence imaging of infected host cells. Similarly,
enrichment of Anl-labeled proteins was performed after at-
tachment of a cleavable affinity tag (structure 4, Fig. 1A) that
permits binding of labeled proteins to immobilized streptavidin
resin and removal of unlabeled proteins. The small mass modi-
fication resulting from tagging of Anl residues is readily detected

by MS, thereby facilitating identification of enriched proteins (SI
Appendix, Figs. S1 and S2).
In a HeLa cell infection model, we identified the Yersinia

proteins that were secreted into the medium and injected into
HeLa cells. In addition to identifying known Yops, we identified
secreted proteins that may play important roles in Yersinia in-
fection. An extension of this approach allowed us to selectively
label proteins secreted by Yersinia that had invaded HeLa cells
and to reveal secretion of distinct subsets of virulence factors.
Pulse-labeling with Anl was used to investigate the order of in-
jection of type III substrates into HeLa cells, providing a simple
method to determine the hierarchy of injection of virulence
factors. The approach described here is not limited to the study
of T3SS substrates, but can be used to examine the many dif-
ferent secretion systems of microbial pathogens.

Results
Labeling of the Yersinia Proteome and T3SS Substrates. E. coli NLL-
MetRS was constitutively expressed in Y. enterocolitica under
control of its natural promoter to enable incorporation of Anl
into bacterial proteins (SI Appendix, Fig. S3). Proteins secreted
under LCR conditions were tagged with an alkyne-functionalized
tetramethylrhodamine (TAMRA) dye (SI Appendix, Fig. S4) and
detected by in-gel fluorescence imaging (Fig. 2A). Labeling was
observed only in samples treated with Anl (Fig. 2A, lane 3);
nonspecific labeling in the absence of Anl was negligible (Fig.
2A, lane 1). Lack of TAMRA labeling in the absence of Anl was
not related to the absence of secreted proteins, because these
proteins were detected by colloidal blue staining (Fig. 2B, lane
1). These results confirm the chemoselectivity of the copper-
catalyzed click reaction. As expected, the T3SS-Mut strain did
not secrete any labeled proteins (Fig. 2B, lanes 2 and 4). The
similarity of the protein secretion profiles in the Met- and Anl-
treated samples (Fig. 2B, lanes 1 and 3), along with the lack of
secretion by the mutant strain (lanes 2 and 4), indicate that Anl
incorporation does not interfere with type III secretion. Western
blot analysis with antibodies specific for YopD and YopE con-
firmed Yop secretion by the T3SS-Wt strain (Fig. 2C). Analysis

Fig. 1. Incorporation of Anl into injected pathogen proteins and enrich-
ment of labeled proteins. (A) Structures of amino acids Met (1) and Met
analogs Aha (2) and Anl (3). The alkyne-functionalized biotin affinity probe
(4) contains an acid-cleavable silane linker. The probe can be appended to
the azide side chain of Anl. Cleavage with formic acid transfers a small mass
tag to each modified Anl residue. (B) NLL-MetRS charges the tRNAMet with
Anl; its expression in the pathogen allows cell-selective labeling of pathogen
proteins during infection. Injected pathogen proteins are enriched after
labeling with 4 and identified by tandem MS. (C) Copper-catalyzed azide-
alkyne cycloaddition yields a triazole linkage.

Fig. 2. Labeling of secreted T3SS substrates. (A) Secretion competent (+)
and secretion mutant (−) Y. enterocolitica strains harboring the NLL-MetRS
were induced to secrete T3SS substrates under LCR conditions. Secreted
proteins were labeled with alkyne-TAMRA and detected by in-gel fluores-
cence. (B) Detection of all secreted proteins in A by colloidal blue staining.
(C) Western blot detection of YopD and YopE in samples from A. (D) In-gel
fluorescence detection of alkyne-TAMRA labeling of Y. enterocolitica lysates
from conditions corresponding to lanes 3 and 4 in A shows proteome-wide
incorporation of Anl. (Inset) Colloidal blue staining of the same samples.
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Identification of secreted bacterial proteins by
noncanonical amino acid tagging
Alborz Mahdavia,b, Janek Szychowskia, John T. Ngoa, Michael J. Sweredoskic, Robert L. J. Grahamc, Sonja Hessc,
Olaf Schneewindd, Sarkis K. Mazmaniane, and David A. Tirrella,1

aDivision of Chemistry and Chemical Engineering, bDepartment of Bioengineering, and cProteome Exploration Laboratory, Beckman Institute, California
Institute of Technology, Pasadena, CA 91125; dDepartment of Microbiology, University of Chicago, Chicago, IL 60637; and eDivision of Biology and Biological
Engineering, California Institute of Technology, Pasadena, CA 91125

Edited by Ralph R. Isberg, Howard Hughes Medical Institute, Tufts University School of Medicine, Boston, MA, and approved November 25, 2013 (received for
review January 27, 2013)

Pathogenic microbes have evolved complex secretion systems to
deliver virulence factors into host cells. Identification of these fac-
tors is critical for understanding the infection process. We report
a powerful and versatile approach to the selective labeling and
identification of secreted pathogen proteins. Selective labeling
of microbial proteins is accomplished via translational incorpora-
tion of azidonorleucine (Anl), a methionine surrogate that requires
a mutant form of the methionyl-tRNA synthetase for activation.
Secreted pathogen proteins containing Anl can be tagged by
azide-alkyne cycloaddition and enriched by affinity purification.
Application of the method to analysis of the type III secretion
system of the human pathogen Yersinia enterocolitica enabled
efficient identification of secreted proteins, identification of dis-
tinct secretion profiles for intracellular and extracellular bacteria,
and determination of the order of substrate injection into host
cells. This approach should be widely useful for the identification
of virulence factors in microbial pathogens and the development
of potential new targets for antimicrobial therapy.

proteomics | click chemistry | BONCAT | Yop

Many bacterial pathogens use elaborate secretion systems to
transfer effector proteins into target cells (1). The injected

proteins disrupt host cell functions, including cytoskeletal assembly
and cytokine production, to promote infection (2). An important
step in understanding virulence mechanisms is the identification
of injected and secreted bacterial proteins. Traditional methods
have included genetic screens and candidate protein approaches,
which can be laborious and noncomprehensive. Proteome-wide
labeling strategies offer the potential to rapidly identify secreted
pathogen proteins without bias and with limited previous knowl-
edge of host–pathogen interactions (3).
We have developed a method, termed bio-orthogonal nonca-

nonical amino acid tagging (BONCAT), for incorporating azide
functional groups into proteins as a general strategy for the en-
richment of newly synthesized cellular proteins, making it pos-
sible to elucidate the spatial and temporal character of proteomic
changes (4, 5). Our initial studies used the noncanonical amino
acid azidohomoalanine (Aha) (structure 2, Fig. 1A), a methio-
nine (Met) surrogate, to label newly synthesized proteins (4, 5).
The azide side chain of Aha allows newly synthesized proteins to
be tagged with alkyne-functionalized affinity reagents and sepa-
rated from preexisting proteins by affinity chromatography. After
separation, proteins are identified by tandem MS. Enrichment of
newly synthesized proteins reduces the complexity of the sample
and facilitates identification of the proteins of interest.
We recently showed that introduction of a mutant form of

the methionyl-tRNA synthetase (designated NLL-MetRS) into
Escherichia coli enables incorporation of the noncanonical amino
acid azidonorleucine (Anl) (structure 3, Fig. 1A) into the bac-
terial proteome (6). Because Anl is not activated to any significant
extent by any of the WT synthetases (6), labeling is restricted to
cells in which NLL-MetRS is expressed (7). This approach has

prompted recent efforts to study proteomic changes in pathogens
during infection (8). At the same time, there has been considerable
interest in protein labeling strategies to study secreted pathogen
proteins, most notably through the use of stable-isotope labeling
of amino acids in cell culture (SILAC) (9, 10). Isotopic labeling
does not allow enrichment of secreted pathogen proteins, how-
ever, and enrichment is important for identification of virulence
factors that otherwise would go undetected among abundant host
proteins. Here, using a shotgun, bottom-up proteomics approach,
we show that noncanonical amino acid labeling enables enrich-
ment of secreted virulence factors and identification of injected
proteins from host cell lysates.
Pathogenic bacteria secrete proteins through various mecha-

nisms. Secretion via type III, type IV, and type VI systems occurs
by direct injection of proteins into host cells, whereas type II and
type V secretion systems use a two-step passage through the inner
and outer membranes of the pathogen. Secreted outer mem-
brane vesicles also mediate export of a complex array of proteins
(11). We focus here on the well-characterized type III secretion
system (T3SS) of Yersinia enterocolitica, a Gram-negative bac-
terium. In Yersinia, the majority of secreted proteins, designated
Yersinia outer proteins (Yops), are encoded on the 70-kb viru-
lence plasmid pYV (2, 12). In addition to encoding Yops, the
plasmid encodes machinery consisting of needle-shaped struc-
tures that assemble on the bacterial surface and inject proteins
into the cytoplasm of host cells. The T3SS is activated by a tem-
perature shift from 26 °C to the host temperature (37 °C); injection

Significance

Microbial pathogens use complex secretion systems to deliver
virulence factors into host cells, where they disrupt host cell
function. Understanding these systems is essential to the de-
velopment of new treatments for infectious disease. A chal-
lenge in such studies arises from the abundance of host cell
proteins, which interfere with detection of microbial effectors.
Here we describe a metabolic labeling strategy that allows
selective enrichment of microbial proteins from the host cell
cytoplasm. The method enables efficient identification of mi-
crobial proteins that have been delivered to the host, identifies
distinct secretion profiles for intracellular and extracellular
bacteria, and allows for determination of the order of injection
of microbial proteins into host cells.
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Continued: Case example: Statins as HMG-CoA reductase inhibitors
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Type 1:

Type 2:

Activation of Type 1 statins: 

Statins as HMG-CoA Reductase Inhibitors

29

Inhibitor
Fluvastatin
Pravastatin
Atorvastatin
Cerivastatin
Rosuvastatin

Ki (nM)
256
103
14
5.7
2.3

Statins are competitive with HMG-CoA, noncompetitive with 
NADPH

Carbonell & Freire, Biochem (2005) 44, 11741

Statins as HMG-CoA Reductase Inhibitors

Statins are ----?----- with HMG-CoA and ------?------
with NADPH 
(competitive or non-competitive)?

?
Question:

Transition State Analog Drugs

46

Lecture 5 Practice Problem

Pentostatin: Inhibitor of adenosine deaminase

Kd = 2.5 pM

From Slide 42 
(see also pg. 47 in 
background notes)

What is the lifetime of the pentostatin-adenosine deaminase
ExI complex?  

E + I  � E.I

koff

kon
=Ki
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Resurgence of Covalent Drugs

https://pubs.acs.org/cen/coverstory/89/8936cover.html

September 05, 2011 Volume 89, Number 36 pp. 19 - 26 
Covalent Drugs Form Long-Lived Ties 
Irreversible inhibitors may provide unique benefits in drug development

Pharmacyclics’ PCI-
32765 forms a 
covalent bond with 
Bruton’s tyrosine 
kinase. It is in Phase 
II clinical trials for 
B-cell cancers.

Pain Preventer Pfizer’s PF-04457845 
forms a covalent bond with fatty acid 
amide hydrolase. The company 
completed a Phase II clinical trial for 
pain but stopped developing the 
compound last year.
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Figure 4 | X-ray complexes of targeted covalent 
inhibitors covalently bound to their targets.  
a�̂ �'RKFGTOCN�ITQYVJ�HCEVQT�TGEGRVQT�
')(4��YKVJ�PGTCVKPKD�

*-+�����
PDB code: �,+8���b�̂ �*GRCVKVKU�%�XKTWU�
*%8��
RTQVGCUG�YKVJ�NKICPF���
PDB code: 3OYP���6JG�RTQVGKP�
backbone is shown in green, and the small molecule and the 
cysteine side chain of the protein are shown in a stick 
representation and coloured by atom type. For both the 
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the targeted covalent inhibitor and the cysteine side chain.

of inhibition may arise by mutational resistance in 
indications such as cancer and infectious diseases. In 
such situations, the rarity of the targeted amino acid 
may indicate that it is not essential to the function of 
the targeted protein, thus offering a facile escape from 
TCI therapy. However, mutations in tumours typically 
exist before therapy and only emerge clonally follow-
ing inhibition, so it may be possible to anticipate this 
mechanism of resistance through tumour proteomics 
analysis. With pathogens, therapy-induced mutation is 
often observed, regardless of the mechanism of action 
of the inhibitor. It should be noted, however, that many 
non-catalytic residues are well-conserved, which implies 
that they have important yet obscure roles in the fitness 
of the organism. 

In practice, when designing a therapeutic agent with 
the maximum potential for clinical success, TCIs offer 
the possibility of dual inhibitory mechanisms: irre-
versible modification of the intended amino acid and 
reversible occupancy of the binding site. Thus, should a 
pathogen or tumour attempt to evade covalent inhibition 
by mutation of the targeted nucleophile, the retention of 
high-affinity non-covalent inhibition provides a second 
mechanism for inhibition.

Design and optimization of TCIs
The design of covalent drugs requires careful optimiza-
tion of both the non-covalent binding affinity (which 
is reflected in Ki) and the reactivity of the electrophilic 
warhead (which is reflected in k2). The initial design 
of TCIs  involves three key steps. First, bioinformatics 
analysis is used to identify a nucleophilic amino acid 
(for example, cysteine) that is either inside or near to a 
functionally relevant binding site on a drug target, but 
is rare in that protein family. Next, a reversible inhibi-
tor is identified for which the binding mode is known. 
Finally, structure-based computational methods are 
used to guide the design of modified ligands that have 
electrophilic functionality, and are positioned to react 
specifically with the nucleophilic amino acid in the 
target protein.

From the initial designs, a small set of candidate com-
pounds can be synthesized and tested for their ability 
to modify the target compound. The most active com-
pounds are then characterized to determine Ki and k2 
(BOX 1), thus allowing their activity to be optimized in 
rational, data-driven ways. Small modifications to the 
inhibitor structure that introduce minor changes in  
the orientation of the electrophilic warhead with respect 
to the nucleophilic reaction partner on the target protein 
can be used to optimize potency and selectivity, the suc-
cess of these efforts being monitored through increases 
in k2. The potency and selectivity of the inhibitor can 
also be modulated by tuning the non-covalent affinity 
of the compound to optimize Ki.

The opportunity to start with reversible inhibitors 
that display inherent affinity enables less reactive elec-
trophiles to be used for TCIs, thus minimizing off-target 
reactivity. Because the attachment of the electrophilic 
warhead does not generally increase either the molec-
ular mass or the lipophilicity of the compound, the 

Table 1 | Covalent drugs in clinical development
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and current success of covalent drugs and a reluctance 
to include covalent mechanisms of action in the drug 
discovery armamentarium.

Safety
The scepticism over the potential of covalent drugs 
appears to stem largely from safety concerns, owing to 
adverse reactions that have been associated with two 
major classes of therapeutic agents that covalently modify 
cellular proteins. These classes are: drugs that contain a 
pre-existing reactive electrophilic functionality in the par-
ent structure (for example, penicillin); and compounds 
that undergo biotransformation in vivo to yield chemi-
cally reactive, electrophilic metabolites (for example, 
acetaminophen). The second group encompasses numer-
ous therapeutic categories in which the parent compound 
is subjected to one or more metabolic reactions that lead 
to the formation of chemically reactive intermediates that 
covalently modify cellular proteins16. 

Random, covalent binding of highly reactive drug 
metabolites to cellular macromolecules can some-
times result in acute tissue injury, or it can activate the 
immune system through haptenization of proteins. This 
can result in the generation of antibodies that target 
elements of the drug molecule or autoantibodies that 
recognize epitopes on proteins that are now rendered 
‘foreign’17. The molecular mechanisms by which biolog-
ically reactive intermediates cause their characteristic 
toxicities are complex and poorly understood, and the 
role of covalent modification of proteins by electrophilic 
metabolites in mediating the adverse effects associated 
with their parent drugs remains controversial. 

However, recent advances in analytical techniques 
have provided insights into the structures of reactive 
drug metabolites18,19. Compilations of ‘toxicophores’ — 
functional groups that can be metabolized into reactive 
electrophiles — are available as guides for medicinal 
chemists who are engaged in drug design, and most 
pharmaceutical companies have now taken steps to 
minimize this potential liability in drug candidates20. 
The dose of a drug also appears to be important, as the 
majority of approved drugs that have been withdrawn 
from the market owing to safety concerns were admin-
istered at doses greater than 100 mg per day, whereas 
most drugs that are given at doses lower than 10 mg per 
day have acceptable safety profiles21.

It is important to recognize two fundamental differ-
ences between TCI drugs that are the subject of this arti-
cle and compounds that are highly reactive per se and/
or generate electrophilic metabolites. First, the reactive 
functionality present in highly reactive compounds, 
including the electrophilic intermediates they generate 
through metabolic processes (for example, quinones or 
acyl halides), typically exhibits much higher chemical 
reactivity than the weakly electrophilic warheads that are 
incorporated into TCIs. As a result, these electrophiles 
will alkylate or acylate a broad range of proteins with 
which they come into contact22. Second, these highly 
reactive compounds and drug metabolites typically 
modify those nucleophilic residues on proteins that 
are most accessible from the medium, as opposed to 
requiring a specific, non-covalent orientation within 
the enzyme active site, as in the case of TCIs. As a con-
sequence, chemically reactive drugs and reactive drug 
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Stable isotope labeling by amino acids in cell culture (SILAC) is a simple, robust, yet powerful approach in mass spectrometry
(MS)-based quantitative proteomics. SILAC labels cellular proteomes through normal metabolic processes, incorporating non-radioactive,
stable isotope-containing amino acids in newly synthesized proteins. Growth medium is prepared where natural (‘‘light’’) amino acids
are replaced by ‘‘heavy’’ SILAC amino acids. Cells grown in this medium incorporate the heavy amino acids after five cell doublings and
SILAC amino acids have no effect on cell morphology or growth rates. When light and heavy cell populations are mixed, they remain
distinguishable by MS, and protein abundances are determined from the relative MS signal intensities. SILAC provides accurate
relative quantification without any chemical derivatization or manipulation and enables development of elegant functional assays in
proteomics. In this protocol, we describe how to apply SILAC and the use of nano-scale liquid chromatography coupled to electrospray
ionization mass spectrometry for protein identification and quantification. This procedure can be completed in 8 days.

INTRODUCTION
The depth of analytical coverage, throughput and sensitivity of
MS-based proteomics methods has steadily improved over the past
decade1. With protein identification becoming routine but protein
fractionation or purification remaining imperfect, researchers are
increasingly confronted with long lists of proteins that may or may
not be associated with a biological phenotype. Often, most identi-
fied proteins are not specific to the actual biological question under
investigation. For these reasons, the proteomic community is
increasingly turning to functional proteomics assays in a quantita-
tive format to provide meaningful answers2. Quantitative proteo-
mics highlights specific changes between experiment and control
and thereby sidesteps the issues of nonspecific background men-
tioned above.

Quantitative proteomics methods can be classified into two
broad categories—methods based on stable isotope labeling that
introduce a mass difference between two proteomes or provide
an internal standard for relative quantification, and approaches
that quantify proteomes using the integrated MS signal of each
peptide. Because the stable isotope methods create two versions
of each peptide—distinguishable only in the isotope label (12C vs
13C, for instance)—they are not subject to variations between
runs and are generally thought to be much more accurate. The
stable isotope labeling methods are further subdivided into two
classes: chemical methods that utilize a reagent to introduce the
mass tag or metabolic labeling methods that utilize biological
incorporation of stable isotope labels into living cells.

SILAC is a metabolic labeling strategy that uses stable isotope-
labeled amino acids in growth medium to encode cellular pro-
teomes for quantitative analysis3–6. Because the stable isotopes are
confined within specific amino-acid residues, the method has
unique analytical and also practical advantages over other meta-
bolic labeling approaches such as 15N labeling7, which replaces all
nitrogen atoms throughout the proteome. SILAC is gaining popu-
larity because of its ease of implementation, the high quality of
quantitative data obtained, robustness and compatibility with
existing experimental workflows. Many laboratories have already

used SILAC to provide important new insights into biological
problems that had been exhaustively studied by more classical
approaches (reviewed in ref. 8). Although SILAC was originally
described for mammalian cell culture3, it has been adapted to label
yeast4,9, bacteria10, Plasmodium falciparum11 and plants12 as well.
In mammalian culture systems, it has been applied to detect specific
biological changes in functional proteomics assays13–15, acquire
temporal profiles of protein abundance16 and changes in phos-
phorylation states17. It has also been used to generate stable
isotope-labeled peptides on a whole proteome scale for quantifica-
tion of brain tissue18,19 and study secreted proteins from cultured
cells derived from primary tissue20,21. Practically, any cell culture
system where amino-acid sources are defined can be labeled with
SILAC. Of the different strategies for quantitative proteomics, we
recommend SILAC in cell culture systems. Chemical labeling
strategies such as iTRAQ22 or others can be considered in situations
where metabolic labeling is not possible.

By describing the basic principles of SILAC and using a common
medium formulation as an example, we hope to enable readers to
apply SILAC in their own cell culture models and adapt the approach
for their specific needs. In our protocol, we describe the adaptation of
cells in SILAC medium and testing levels of incorporation of the
SILAC amino acid from cell lysates. This step is important when
working with a new cell line for the first time but is optional in
subsequent analyses. We present the use of SILAC in combination
with affinity enrichment of proteins to quantify subproteomes of
interest, which is somewhat analogous to a common strategy in
biology that uses Western blotting as the readout of protein abun-
dance or activity. Note that once SILAC labeling conditions are
understood for a particular cell line, very little additional effort is
required to perform the SILAC experiment. A conventional experi-
mental workflow and the SILAC experiment differ only in the
preparation of SILAC media, adaptation of cells in SILAC medium
and the mixing of protein pools before subsequent experimental steps.

Although we describe the use of nano-scale liquid chromato-
graphy coupled to electrospray ionization mass spectrometry
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Stable isotope labeling by amino acids in cell culture (SILAC) is a simple, robust, yet powerful approach in mass spectrometry
(MS)-based quantitative proteomics. SILAC labels cellular proteomes through normal metabolic processes, incorporating non-radioactive,
stable isotope-containing amino acids in newly synthesized proteins. Growth medium is prepared where natural (‘‘light’’) amino acids
are replaced by ‘‘heavy’’ SILAC amino acids. Cells grown in this medium incorporate the heavy amino acids after five cell doublings and
SILAC amino acids have no effect on cell morphology or growth rates. When light and heavy cell populations are mixed, they remain
distinguishable by MS, and protein abundances are determined from the relative MS signal intensities. SILAC provides accurate
relative quantification without any chemical derivatization or manipulation and enables development of elegant functional assays in
proteomics. In this protocol, we describe how to apply SILAC and the use of nano-scale liquid chromatography coupled to electrospray
ionization mass spectrometry for protein identification and quantification. This procedure can be completed in 8 days.

INTRODUCTION
The depth of analytical coverage, throughput and sensitivity of
MS-based proteomics methods has steadily improved over the past
decade1. With protein identification becoming routine but protein
fractionation or purification remaining imperfect, researchers are
increasingly confronted with long lists of proteins that may or may
not be associated with a biological phenotype. Often, most identi-
fied proteins are not specific to the actual biological question under
investigation. For these reasons, the proteomic community is
increasingly turning to functional proteomics assays in a quantita-
tive format to provide meaningful answers2. Quantitative proteo-
mics highlights specific changes between experiment and control
and thereby sidesteps the issues of nonspecific background men-
tioned above.

Quantitative proteomics methods can be classified into two
broad categories—methods based on stable isotope labeling that
introduce a mass difference between two proteomes or provide
an internal standard for relative quantification, and approaches
that quantify proteomes using the integrated MS signal of each
peptide. Because the stable isotope methods create two versions
of each peptide—distinguishable only in the isotope label (12C vs
13C, for instance)—they are not subject to variations between
runs and are generally thought to be much more accurate. The
stable isotope labeling methods are further subdivided into two
classes: chemical methods that utilize a reagent to introduce the
mass tag or metabolic labeling methods that utilize biological
incorporation of stable isotope labels into living cells.

SILAC is a metabolic labeling strategy that uses stable isotope-
labeled amino acids in growth medium to encode cellular pro-
teomes for quantitative analysis3–6. Because the stable isotopes are
confined within specific amino-acid residues, the method has
unique analytical and also practical advantages over other meta-
bolic labeling approaches such as 15N labeling7, which replaces all
nitrogen atoms throughout the proteome. SILAC is gaining popu-
larity because of its ease of implementation, the high quality of
quantitative data obtained, robustness and compatibility with
existing experimental workflows. Many laboratories have already

used SILAC to provide important new insights into biological
problems that had been exhaustively studied by more classical
approaches (reviewed in ref. 8). Although SILAC was originally
described for mammalian cell culture3, it has been adapted to label
yeast4,9, bacteria10, Plasmodium falciparum11 and plants12 as well.
In mammalian culture systems, it has been applied to detect specific
biological changes in functional proteomics assays13–15, acquire
temporal profiles of protein abundance16 and changes in phos-
phorylation states17. It has also been used to generate stable
isotope-labeled peptides on a whole proteome scale for quantifica-
tion of brain tissue18,19 and study secreted proteins from cultured
cells derived from primary tissue20,21. Practically, any cell culture
system where amino-acid sources are defined can be labeled with
SILAC. Of the different strategies for quantitative proteomics, we
recommend SILAC in cell culture systems. Chemical labeling
strategies such as iTRAQ22 or others can be considered in situations
where metabolic labeling is not possible.

By describing the basic principles of SILAC and using a common
medium formulation as an example, we hope to enable readers to
apply SILAC in their own cell culture models and adapt the approach
for their specific needs. In our protocol, we describe the adaptation of
cells in SILAC medium and testing levels of incorporation of the
SILAC amino acid from cell lysates. This step is important when
working with a new cell line for the first time but is optional in
subsequent analyses. We present the use of SILAC in combination
with affinity enrichment of proteins to quantify subproteomes of
interest, which is somewhat analogous to a common strategy in
biology that uses Western blotting as the readout of protein abun-
dance or activity. Note that once SILAC labeling conditions are
understood for a particular cell line, very little additional effort is
required to perform the SILAC experiment. A conventional experi-
mental workflow and the SILAC experiment differ only in the
preparation of SILAC media, adaptation of cells in SILAC medium
and the mixing of protein pools before subsequent experimental steps.

Although we describe the use of nano-scale liquid chromato-
graphy coupled to electrospray ionization mass spectrometry
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(nano-LCMS) for protein identification and quantification in this
protocol, alternate analytical strategies in MS proteomics have been
used with SILAC as well. We anticipate that researchers will use MS
instruments from different vendors and will have different data
analysis workflows; hence, we have chosen to describe the general
principles of quantification with SILAC instead of a specific
analytical workflow. For introduction to peptide sequencing
and the principles of proteomics, readers are referred to reviews
in refs. 1,23,24.

Description of method
SILAC depends on cellular protein synthesis to incorporate stable
isotope-containing amino acids, such as arginine or lysine contain-
ing six 13C atoms, into whole proteomes (Fig. 1). Two populations
of cells are grown in two separate medium formulations, the light
medium containing the amino acid with the natural isotope
abundance and the heavy medium containing the SILAC amino
acid of one’s choice. In contrast to radioactive labeling commonly
used in biology, such as pulse–chase experiments with 32P- or 35S-
Met, SILAC seeks to completely replace the labeled amino acid
within the proteome. Furthermore, with radioactivity, detection
with scintillation counters or film registers only the radioactive
material; therefore, full incorporation is unnecessary to detect
signal or to make relative comparisons. Instead, SILAC depends
on MS for readout; hence, even a small percentage of unlabeled
amino acid in the ‘‘labeled’’ population will be detectable and will
contribute to the ‘‘unlabeled’’ signal, thereby introducing quantifi-
cation errors. Cells are cultured in heavy medium for at least five
cell doublings to allow the incorporation of the heavy amino acid.
After five cell doublings, B97% of the proteins should be present in
the heavy state (1!(1/2)5). In practice, the proteomes reach full
incorporation of the heavy amino acid more rapidly through a
combined process of cell division, new protein synthesis and
degradation. When proteins or peptides from unlabeled and
labeled samples are mixed together and analyzed with MS, they
are separated by a residue-specific mass difference corresponding to
the number of stable isotope labels as well as the number of labeled
amino-acid residues in the analyte. Because quantitative informa-
tion is encoded via the SILAC amino acid, its choice is important
and should be targeted specifically to the goals of the experiment
(see below). The signal intensities from light and heavy samples
provide a quantitative comparison of their relative abundances
in the mix.

Labeling strategies and applications
Researchers may wish to use SILAC for general profiling of protein
expression (see ref. 25 for an example) or for targeted, functional
assays with a subproteome consisting of affinity-purified pro-
teins15,17. The complexity of the sample is an important factor in
the selection of a labeling strategy because SILAC doubles the
number of peptides in the mixture. Most sample processing work-
flows in proteomics already use some fractionation steps, such as
separation of proteins on a one-dimensional (1D) gel before MS
analysis (GeLCMS) or two-dimensional separation of peptides by
strong cation exchange chromatography, to make the proteome
more amenable to characterization by MS. With a fractionation
step like GeLCMS, highly abundant proteins are analyzed in
addition to other proteins, effectively increasing the dynamic
range of the analysis. Modern, high-performance MS instruments

have rapid data acquisition rates that allow the identification and
quantification of several hundred to thousands of proteins from a
SILAC-labeled cell lysate in a single experiment. With the increased
emphasis on high mass accuracy MS instruments in proteomics,
proteins can be confidently identified and quantified, typically
when two or more peptides from each protein are observed23,26.

Trypsin is a common proteolytic enzyme in proteomics work-
flows because it is a very aggressive yet specific protease that cleaves
at the carboxyl-termini of lysine and arginine residues27. Therefore,
SILAC using arginine and lysine as labeling amino acids in
combination with trypsin digestion is an ideal combination as all
peptides except the C-terminal peptide of a protein are, in princi-
ple, quantifiable28.

We favor using SILAC labeling strategies that will label all
peptides in the mixture for high quantitative coverage, particularly
in the analysis of protein post-translational modifications (PTMs).
Analysis of PTMs is one of the unique strengths of proteomics29,

but it remains a challenging task. Understanding PTMs and their
regulation demands knowledge of their change in abundance in
distinct cellular conditions. This regulation could occur at the level
of protein abundance through gene expression, cellular localization
and by site-specific PTM modulation. A well-designed quantitative
proteomics experiment could provide such key pieces of informa-
tion in a single experiment. In one recent example, Park et al.30

applied SILAC with arginine and lysine labeling and immunopre-
cipitation to map phosphorylation sites of the ion channel Kv2.1
and study their site-specific modulation by calcineurin.

Heavy methyl SILAC
A more specialized application of SILAC is its use in the identifica-
tion and quantification of protein methylation26, PTM that occurs
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Figure 1 | Encoding quantitative information into whole proteomes with
SILAC. Cells growing in normal, light medium are subcultured in medium
containing heavy, stable isotope-labeled amino acids like lysine with six 13Cs
(highlighted in red). Cell growth, protein synthesis and turnover lead to
metabolic incorporation of the SILAC amino acid throughout the proteome.
Digesting proteins with lys-C results in peptides bearing lysine-13C6 and the
residue-specific mass shift of 6 Da from the light peptide, thereby
distinguishing the two forms for quantification by MS.
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large polymer-based quenched fluorescent substrates and  
fluorescently labelled ABPP probes), fluorescent ABPP 
probes showed more rapid and selective uptake into 
tumours and overall brighter signal compared with sub-
strate-based probes. These approaches can potentially 
be used in the clinic to define tumour margins, diagnose 
tumour grade and assess drug-target occupancy in vivo.

ABPP for inhibitor discovery in cancer
Because activity-based probes label the active sites of their 
enzyme targets, they can form the basis for a competi-
tive screen for enzyme inhibitors27,64,65. This competitive 
ABPP platform has several advantages compared with 
conventional substrate assays, as inhibitor screens can 
be conducted directly in complex proteomes and allow 
concurrent optimization of potency and selectivity against 
many enzymes in parallel (FIG. 1). Inhibitors can also be 
developed for uncharacterized enzymes that lack known 
substrates53,66. Beyond its important role in inhibitor 

discovery, competitive ABPP has been used to identify 
drug targets and off-targets in preclinical or clinical devel-
opment to gauge mechanism of action and safety31,37,67,68.

Competitive ABPP has served as a principal assay for 
screening directed libraries of inhibitors and for optimizing 
their selectivity against serine hydrolases that are expressed 
in cancer cell and tissue proteomes. This effort has led to 
the identification of two carbamate agents, AS115 (REF. 53) 

and JZL184 (REF. 69), which are potent and selective inhibi-
tors of KIAA1363 and MAGL, respectively. Competitive 
ABPP has also been used to explore the full target profile 
for anti-cancer drugs. Profiling cytochrome P450 enzymes 
with clickable aryl-alkyne probes (TABLE 1) showed that 
the aromatase inhibitor anastrazole, which is approved for 
breast cancer therapy, significantly increases the activity (as 
determined by probe labelling) of CYP1A2 and decreases 
the activity of CYP2C19 (REF. 68). These results indicate 
that anastrazole interacts with multiple P450 enzymes 
and, in at least one case (CYP1A2), might cooperatively 

Figure 1 | Activity-based protein profiling. a | Activity-based protein profiling (ABPP) uses active site-directed chemical 
probes to assess the functional state of large numbers of enzymes in native biological systems. Activity-based probes 
consist of a reactive group (red ball) for targeting a specific set of enzymes and a detection handle (a fluorophore, such as a 
rhodamine (Rh) or biotin (B)). In a typical ABPP experiment, a proteome is reacted with the activity-based probe and 
probe-labelled proteins detected by either in-gel fluorescence scanning (for fluorophore-conjugated probes; top) or 
avidin enrichment, on-bead tryptic digest and liquid chromatograpy–mass spectrometry (LC–MS) analysis (for 
biotinylated probes; bottom). b | ABPP can also be used in a competitive format to evaluate the potency and selectivity of 
enzyme inhibitors in native biological samples. Inhibitors compete with activity-based probes for enzyme targets, and this 
competition is read out by loss of fluorescence (for fluorophore-conjugated probes) or MS (for biotinylated probes) signals 
(not shown). m/z, mass to charge ratio. 
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First key application of RNA aptamers: to visualize/track RNA in live cells

Need to engineer RNA to introduce 
fluorophore-binding aptamer, here, DFHBI-binding
aptamer called ‘Spinach’

Example shown here is for 
tracking ribosomal (r)RNA 
(labeled as 5S rRNA gene):

The other 
components 
integrated: namely, 
upstream, ’term’ 
(termination),
tRNALys sequences 
are, either the usual 
upstream
Downstream 
components of an 
mRNA encoding a 
gene, or stabilizing 
sequences (in the 
case of tRNALys) that 
extends the cellular 
lifetime of engineered 
RNA construct
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reverse transcriptase
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intensity of DNA labeling after a pulse of EdU during S phase
correlates with the EdU concentration and the length of the
pulse (data not shown). EdU has been previously evaluated as an
antiviral compound (7). These early studies concluded that EdU
was not incorporated into bacterial and phage DNA (8); its
incorporation into eukaryotic DNA, however, was not investi-
gated. We find that EdU is strongly incorporated into the DNA
of proliferating mammalian cells. EdU is also incorporated into
DNA replicated in vitro in Xenopus egg extracts (data not shown,
see Materials and Methods) by simple addition to the cycling
extract preparation.

The [3 ! 2] cycloaddition reaction used to detect EdU in cells
is catalyzed by Cu(I) ions. Because of the low solubility of Cu(I)
salts, Cu(I) is often introduced in [3 ! 2] cycloaddition reactions
in a liganded form (9). We found that the best EdU staining was
obtained by generating Cu(I) from Cu(II) in situ, using ascorbic
acid as reducing agent. The intensity of the staining obtained was
proportional to the concentration of the fluorescent azide and
that of ascorbic acid in the staining reaction (data not shown).
In the case of ascorbic acid, for a fixed concentration of Cu(II)
of 1 mM (in the form of CuSO4), the intensity of the EdU stain
increased as the ascorbic acid concentration was increased to
50–100 mM.

The staining reaction between cellular EdU-labeled DNA and
fluorescent azides proceeds very quickly, being half-maximal in
"5 min under the staining conditions we used (see below). This
fast kinetics might be because EdU-labeled DNA is a multiva-
lent, polymeric click chemistry substrate. The triazoles formed
from the reaction between the ethynyl group and the fluorescent
azide are Cu(I) chelators, increasing the local concentration of
the catalyst and accelerating the reaction of neighboring ethynyl
groups. This effect has been described for other multivalent
[3 ! 2] cycloaddition substrates (10).

EdU detection proceeds smoothly with a variety of fluorescent
azides we synthesized, including aliphatic azides (compounds 2
and 3 in Fig. 1) and aromatic ones (compound 4 in Fig. 1, which
can be easily synthesized in a single step in large amounts as
required for some whole-mount staining procedures). The EdU
detection method is also compatible with immunostaining. We
recommend performing a regular immunostaining protocol
after first performing the EdU stain (see below).

We find that under the conditions used (1 mM CuSO4, 100
mM ascorbic acid, and 10 !M fluorescent azide), the staining
reaction does not proceed to completion and only a fraction of
the ethynyl groups present on DNA is reacted before the staining
mixture loses activity. As shown in Fig. 3A, if EdU-labeled cells
first stained with Alexa488-azide (green) are subsequently re-

Fig. 1. Use of 5-ethynyl-2#-deoxyuridine (EdU) to label DNA in cells. (A)
Structure of 5-ethynyl-2#-deoxyuridine, a thymidine analogue that carries a
terminal alkyne group instead of a methyl in the 5 position of the pyrimidine
ring. (B) Schematic of the click reaction for detecting EdU incorporated into
cellular DNA. The terminal alkyne group, exposed in the major groove of the
DNA helix readily reacts with an organic azide (R can be any fluorophore,
hapten, electron-dense particle, quantum dot, etc.) in the presence of catalytic
amounts of Cu(I). (C) Structures of the fluorescent azides used in the present
study. Unlike azide 2, azide 3 is cell-permeable, allowing cells to be stained
while alive, without fixation and/or permeabilization. Fluorescein azide 4 can
be easily prepared in large amounts by using inexpensive starting materials.
See text and Materials and Methods for details.

Fig. 2. Detection of EdU incorporated into the DNA of cultured NIH 3T3 cells
(A–M) and HeLa cells (N–P) by fluorescence microscopy. NIH 3T3 cells were
incubated in media without EdU (A, D, G, J, and L), media supplemented
with10 !M EdU (B, E, and H) or media with 10 !M EdU and 10 mM hydroxyurea
to block DNA synthesis (C, F, I, K, and M). In A–M, the cells were fixed and then
reacted with 10 !M Alexa568-azide (Fig. 1C, compound 2) for 10 min. The cells
were then counterstained with Hoechst to reveal cellular DNA, washed, and
imaged by fluorescence microscopy and differential interference contrast
(DIC). Note the strong specific and low nonspecific azide stain in the presence
(H) and absence (G) of EdU, respectively. Not all nuclei in H are labeled after
overnight incubation with EdU, suggesting that only cells that went through
S phase became labeled. Blocking DNA replication with hydroxyurea abolishes
EdU incorporation almost completely (I). If cells labeled with EdU in the
presence of hydroxyurea are photographed with longer exposure times (3-s
exposure time in L and M, compared with 40-ms exposure time for G–I under
otherwise identical illumination and camera settings), low levels of EdU
incorporation can be seen in a small fraction of the hydroxyurea-treated cells.
(N–P) Still images from a time-lapse recording of EdU staining of live cells by
using the cell-permeable TMR-azide (Fig. 1C, compound 3). Live HeLa cells
labeled with 10 !M EdU were stained with 500 nM TMR-azide in the presence
of Cu(I) in PBS. Time is shown in minutes in the upper right corners of M–P.
Note that Cu(I) is cytotoxic and the cells do not survive the staining reaction.
See text and Materials and Methods for details.
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Key learning goals of the course

3

What is now known about 
modern “metabolism” 

that was unknown 
in the 60’s ?

How we can leverage our 
current knowledge of 

metabolism to drug discovery 
& disease treatment

What are the latest tools & apps 
(and underlying principles), that 

enable perturbation, probing, 
and precise control of life 

processes?
is initiated on surface contact with target cells (13, 14). The pYV
virulence plasmid also encodes a low calcium response (LCR)
that enables secretion of T3SS substrates into the medium in the
absence of host cells (15). As a control for type III secretion, we
used a YscU mutant strain (designated T3SS-Mut), which is unable
to secrete Yops (16). YscU is an inner membrane protein re-
quired for T3SS assembly and recruitment of substrates (17).
In this study, NLL-MetRS was introduced to both WT and

mutant Yersinia strains to enable selective Anl labeling of bac-
terial proteins (Fig. 1B). Because host cells do not express NLL-
MetRS, host cell proteins are not labeled with Anl. After Anl
was added to the infection medium, Anl-labeled proteins were
tagged by copper-catalyzed cycloaddition (18) (Fig. 1C) with
alkyne-functionalized dyes and detected by in-gel fluorescence or
by confocal fluorescence imaging of infected host cells. Similarly,
enrichment of Anl-labeled proteins was performed after at-
tachment of a cleavable affinity tag (structure 4, Fig. 1A) that
permits binding of labeled proteins to immobilized streptavidin
resin and removal of unlabeled proteins. The small mass modi-
fication resulting from tagging of Anl residues is readily detected

by MS, thereby facilitating identification of enriched proteins (SI
Appendix, Figs. S1 and S2).
In a HeLa cell infection model, we identified the Yersinia

proteins that were secreted into the medium and injected into
HeLa cells. In addition to identifying known Yops, we identified
secreted proteins that may play important roles in Yersinia in-
fection. An extension of this approach allowed us to selectively
label proteins secreted by Yersinia that had invaded HeLa cells
and to reveal secretion of distinct subsets of virulence factors.
Pulse-labeling with Anl was used to investigate the order of in-
jection of type III substrates into HeLa cells, providing a simple
method to determine the hierarchy of injection of virulence
factors. The approach described here is not limited to the study
of T3SS substrates, but can be used to examine the many dif-
ferent secretion systems of microbial pathogens.

Results
Labeling of the Yersinia Proteome and T3SS Substrates. E. coli NLL-
MetRS was constitutively expressed in Y. enterocolitica under
control of its natural promoter to enable incorporation of Anl
into bacterial proteins (SI Appendix, Fig. S3). Proteins secreted
under LCR conditions were tagged with an alkyne-functionalized
tetramethylrhodamine (TAMRA) dye (SI Appendix, Fig. S4) and
detected by in-gel fluorescence imaging (Fig. 2A). Labeling was
observed only in samples treated with Anl (Fig. 2A, lane 3);
nonspecific labeling in the absence of Anl was negligible (Fig.
2A, lane 1). Lack of TAMRA labeling in the absence of Anl was
not related to the absence of secreted proteins, because these
proteins were detected by colloidal blue staining (Fig. 2B, lane
1). These results confirm the chemoselectivity of the copper-
catalyzed click reaction. As expected, the T3SS-Mut strain did
not secrete any labeled proteins (Fig. 2B, lanes 2 and 4). The
similarity of the protein secretion profiles in the Met- and Anl-
treated samples (Fig. 2B, lanes 1 and 3), along with the lack of
secretion by the mutant strain (lanes 2 and 4), indicate that Anl
incorporation does not interfere with type III secretion. Western
blot analysis with antibodies specific for YopD and YopE con-
firmed Yop secretion by the T3SS-Wt strain (Fig. 2C). Analysis

Fig. 1. Incorporation of Anl into injected pathogen proteins and enrich-
ment of labeled proteins. (A) Structures of amino acids Met (1) and Met
analogs Aha (2) and Anl (3). The alkyne-functionalized biotin affinity probe
(4) contains an acid-cleavable silane linker. The probe can be appended to
the azide side chain of Anl. Cleavage with formic acid transfers a small mass
tag to each modified Anl residue. (B) NLL-MetRS charges the tRNAMet with
Anl; its expression in the pathogen allows cell-selective labeling of pathogen
proteins during infection. Injected pathogen proteins are enriched after
labeling with 4 and identified by tandem MS. (C) Copper-catalyzed azide-
alkyne cycloaddition yields a triazole linkage.

Fig. 2. Labeling of secreted T3SS substrates. (A) Secretion competent (+)
and secretion mutant (−) Y. enterocolitica strains harboring the NLL-MetRS
were induced to secrete T3SS substrates under LCR conditions. Secreted
proteins were labeled with alkyne-TAMRA and detected by in-gel fluores-
cence. (B) Detection of all secreted proteins in A by colloidal blue staining.
(C) Western blot detection of YopD and YopE in samples from A. (D) In-gel
fluorescence detection of alkyne-TAMRA labeling of Y. enterocolitica lysates
from conditions corresponding to lanes 3 and 4 in A shows proteome-wide
incorporation of Anl. (Inset) Colloidal blue staining of the same samples.
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into bacterial proteins (SI Appendix, Fig. S3). Proteins secreted
under LCR conditions were tagged with an alkyne-functionalized
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observed only in samples treated with Anl (Fig. 2A, lane 3);
nonspecific labeling in the absence of Anl was negligible (Fig.
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not related to the absence of secreted proteins, because these
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1). These results confirm the chemoselectivity of the copper-
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ment of labeled proteins. (A) Structures of amino acids Met (1) and Met
analogs Aha (2) and Anl (3). The alkyne-functionalized biotin affinity probe
(4) contains an acid-cleavable silane linker. The probe can be appended to
the azide side chain of Anl. Cleavage with formic acid transfers a small mass
tag to each modified Anl residue. (B) NLL-MetRS charges the tRNAMet with
Anl; its expression in the pathogen allows cell-selective labeling of pathogen
proteins during infection. Injected pathogen proteins are enriched after
labeling with 4 and identified by tandem MS. (C) Copper-catalyzed azide-
alkyne cycloaddition yields a triazole linkage.

Fig. 2. Labeling of secreted T3SS substrates. (A) Secretion competent (+)
and secretion mutant (−) Y. enterocolitica strains harboring the NLL-MetRS
were induced to secrete T3SS substrates under LCR conditions. Secreted
proteins were labeled with alkyne-TAMRA and detected by in-gel fluores-
cence. (B) Detection of all secreted proteins in A by colloidal blue staining.
(C) Western blot detection of YopD and YopE in samples from A. (D) In-gel
fluorescence detection of alkyne-TAMRA labeling of Y. enterocolitica lysates
from conditions corresponding to lanes 3 and 4 in A shows proteome-wide
incorporation of Anl. (Inset) Colloidal blue staining of the same samples.

434 | www.pnas.org/cgi/doi/10.1073/pnas.1301740111 Mahdavi et al.

is initiated on surface contact with target cells (13, 14). The pYV
virulence plasmid also encodes a low calcium response (LCR)
that enables secretion of T3SS substrates into the medium in the
absence of host cells (15). As a control for type III secretion, we
used a YscU mutant strain (designated T3SS-Mut), which is unable
to secrete Yops (16). YscU is an inner membrane protein re-
quired for T3SS assembly and recruitment of substrates (17).
In this study, NLL-MetRS was introduced to both WT and

mutant Yersinia strains to enable selective Anl labeling of bac-
terial proteins (Fig. 1B). Because host cells do not express NLL-
MetRS, host cell proteins are not labeled with Anl. After Anl
was added to the infection medium, Anl-labeled proteins were
tagged by copper-catalyzed cycloaddition (18) (Fig. 1C) with
alkyne-functionalized dyes and detected by in-gel fluorescence or
by confocal fluorescence imaging of infected host cells. Similarly,
enrichment of Anl-labeled proteins was performed after at-
tachment of a cleavable affinity tag (structure 4, Fig. 1A) that
permits binding of labeled proteins to immobilized streptavidin
resin and removal of unlabeled proteins. The small mass modi-
fication resulting from tagging of Anl residues is readily detected

by MS, thereby facilitating identification of enriched proteins (SI
Appendix, Figs. S1 and S2).
In a HeLa cell infection model, we identified the Yersinia

proteins that were secreted into the medium and injected into
HeLa cells. In addition to identifying known Yops, we identified
secreted proteins that may play important roles in Yersinia in-
fection. An extension of this approach allowed us to selectively
label proteins secreted by Yersinia that had invaded HeLa cells
and to reveal secretion of distinct subsets of virulence factors.
Pulse-labeling with Anl was used to investigate the order of in-
jection of type III substrates into HeLa cells, providing a simple
method to determine the hierarchy of injection of virulence
factors. The approach described here is not limited to the study
of T3SS substrates, but can be used to examine the many dif-
ferent secretion systems of microbial pathogens.

Results
Labeling of the Yersinia Proteome and T3SS Substrates. E. coli NLL-
MetRS was constitutively expressed in Y. enterocolitica under
control of its natural promoter to enable incorporation of Anl
into bacterial proteins (SI Appendix, Fig. S3). Proteins secreted
under LCR conditions were tagged with an alkyne-functionalized
tetramethylrhodamine (TAMRA) dye (SI Appendix, Fig. S4) and
detected by in-gel fluorescence imaging (Fig. 2A). Labeling was
observed only in samples treated with Anl (Fig. 2A, lane 3);
nonspecific labeling in the absence of Anl was negligible (Fig.
2A, lane 1). Lack of TAMRA labeling in the absence of Anl was
not related to the absence of secreted proteins, because these
proteins were detected by colloidal blue staining (Fig. 2B, lane
1). These results confirm the chemoselectivity of the copper-
catalyzed click reaction. As expected, the T3SS-Mut strain did
not secrete any labeled proteins (Fig. 2B, lanes 2 and 4). The
similarity of the protein secretion profiles in the Met- and Anl-
treated samples (Fig. 2B, lanes 1 and 3), along with the lack of
secretion by the mutant strain (lanes 2 and 4), indicate that Anl
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Pathogenic microbes have evolved complex secretion systems to
deliver virulence factors into host cells. Identification of these fac-
tors is critical for understanding the infection process. We report
a powerful and versatile approach to the selective labeling and
identification of secreted pathogen proteins. Selective labeling
of microbial proteins is accomplished via translational incorpora-
tion of azidonorleucine (Anl), a methionine surrogate that requires
a mutant form of the methionyl-tRNA synthetase for activation.
Secreted pathogen proteins containing Anl can be tagged by
azide-alkyne cycloaddition and enriched by affinity purification.
Application of the method to analysis of the type III secretion
system of the human pathogen Yersinia enterocolitica enabled
efficient identification of secreted proteins, identification of dis-
tinct secretion profiles for intracellular and extracellular bacteria,
and determination of the order of substrate injection into host
cells. This approach should be widely useful for the identification
of virulence factors in microbial pathogens and the development
of potential new targets for antimicrobial therapy.

proteomics | click chemistry | BONCAT | Yop

Many bacterial pathogens use elaborate secretion systems to
transfer effector proteins into target cells (1). The injected

proteins disrupt host cell functions, including cytoskeletal assembly
and cytokine production, to promote infection (2). An important
step in understanding virulence mechanisms is the identification
of injected and secreted bacterial proteins. Traditional methods
have included genetic screens and candidate protein approaches,
which can be laborious and noncomprehensive. Proteome-wide
labeling strategies offer the potential to rapidly identify secreted
pathogen proteins without bias and with limited previous knowl-
edge of host–pathogen interactions (3).
We have developed a method, termed bio-orthogonal nonca-

nonical amino acid tagging (BONCAT), for incorporating azide
functional groups into proteins as a general strategy for the en-
richment of newly synthesized cellular proteins, making it pos-
sible to elucidate the spatial and temporal character of proteomic
changes (4, 5). Our initial studies used the noncanonical amino
acid azidohomoalanine (Aha) (structure 2, Fig. 1A), a methio-
nine (Met) surrogate, to label newly synthesized proteins (4, 5).
The azide side chain of Aha allows newly synthesized proteins to
be tagged with alkyne-functionalized affinity reagents and sepa-
rated from preexisting proteins by affinity chromatography. After
separation, proteins are identified by tandem MS. Enrichment of
newly synthesized proteins reduces the complexity of the sample
and facilitates identification of the proteins of interest.
We recently showed that introduction of a mutant form of

the methionyl-tRNA synthetase (designated NLL-MetRS) into
Escherichia coli enables incorporation of the noncanonical amino
acid azidonorleucine (Anl) (structure 3, Fig. 1A) into the bac-
terial proteome (6). Because Anl is not activated to any significant
extent by any of the WT synthetases (6), labeling is restricted to
cells in which NLL-MetRS is expressed (7). This approach has

prompted recent efforts to study proteomic changes in pathogens
during infection (8). At the same time, there has been considerable
interest in protein labeling strategies to study secreted pathogen
proteins, most notably through the use of stable-isotope labeling
of amino acids in cell culture (SILAC) (9, 10). Isotopic labeling
does not allow enrichment of secreted pathogen proteins, how-
ever, and enrichment is important for identification of virulence
factors that otherwise would go undetected among abundant host
proteins. Here, using a shotgun, bottom-up proteomics approach,
we show that noncanonical amino acid labeling enables enrich-
ment of secreted virulence factors and identification of injected
proteins from host cell lysates.
Pathogenic bacteria secrete proteins through various mecha-

nisms. Secretion via type III, type IV, and type VI systems occurs
by direct injection of proteins into host cells, whereas type II and
type V secretion systems use a two-step passage through the inner
and outer membranes of the pathogen. Secreted outer mem-
brane vesicles also mediate export of a complex array of proteins
(11). We focus here on the well-characterized type III secretion
system (T3SS) of Yersinia enterocolitica, a Gram-negative bac-
terium. In Yersinia, the majority of secreted proteins, designated
Yersinia outer proteins (Yops), are encoded on the 70-kb viru-
lence plasmid pYV (2, 12). In addition to encoding Yops, the
plasmid encodes machinery consisting of needle-shaped struc-
tures that assemble on the bacterial surface and inject proteins
into the cytoplasm of host cells. The T3SS is activated by a tem-
perature shift from 26 °C to the host temperature (37 °C); injection
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library linked to encoding mRNA.
Initial product is an mRNA-protein
fusion - enables in vitro selection of up
to 1013 different sequences.
RT-PCR used to amplify product since
only very small amounts of material are
generated.
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a.A library of dsDNA sequences is transcribed to generate mRNA.
b.The mRNA is ligated to a puromycin oligonucleotide (blue) with an optimized DNA linker and

used to program an in vitro translation reaction.
c. After protein synthesis the mRNA-protein is released and cDNA synthesis is performed via

reverse transcriptase
d, e. the cDNA/mRNA–protein fusion is selected using the target of interest (e.g. by binding).
f. PCR is used to regenerate the full-length DNA construct to generate a cDNA–protein fusion

and DNA can be sequenced to reveal the attached protein sequence.
     e.g. optimizing fibronectin domain (ACS Chem Biol 2008, 3, 480-485).

A typical mRNA display selection screen - e.g. for a binding target

1

2
3

4
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mRNA display to evolve binding partner for phospho IκBα domain 

30 trillion member library based on fibronectin Type III
domain
10 cycles to achieve 18 nM (Kd) binder
1000-fold selectivity phospho vs non-phospho domain.
Applied new domain for the construction of a FRET-based
sensor for IκBα phosphorylation (Tsien – see later)
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large polymer-based quenched fluorescent substrates and  
fluorescently labelled ABPP probes), fluorescent ABPP 
probes showed more rapid and selective uptake into 
tumours and overall brighter signal compared with sub-
strate-based probes. These approaches can potentially 
be used in the clinic to define tumour margins, diagnose 
tumour grade and assess drug-target occupancy in vivo.

ABPP for inhibitor discovery in cancer
Because activity-based probes label the active sites of their 
enzyme targets, they can form the basis for a competi-
tive screen for enzyme inhibitors27,64,65. This competitive 
ABPP platform has several advantages compared with 
conventional substrate assays, as inhibitor screens can 
be conducted directly in complex proteomes and allow 
concurrent optimization of potency and selectivity against 
many enzymes in parallel (FIG. 1). Inhibitors can also be 
developed for uncharacterized enzymes that lack known 
substrates53,66. Beyond its important role in inhibitor 

discovery, competitive ABPP has been used to identify 
drug targets and off-targets in preclinical or clinical devel-
opment to gauge mechanism of action and safety31,37,67,68.

Competitive ABPP has served as a principal assay for 
screening directed libraries of inhibitors and for optimizing 
their selectivity against serine hydrolases that are expressed 
in cancer cell and tissue proteomes. This effort has led to 
the identification of two carbamate agents, AS115 (REF. 53) 

and JZL184 (REF. 69), which are potent and selective inhibi-
tors of KIAA1363 and MAGL, respectively. Competitive 
ABPP has also been used to explore the full target profile 
for anti-cancer drugs. Profiling cytochrome P450 enzymes 
with clickable aryl-alkyne probes (TABLE 1) showed that 
the aromatase inhibitor anastrazole, which is approved for 
breast cancer therapy, significantly increases the activity (as 
determined by probe labelling) of CYP1A2 and decreases 
the activity of CYP2C19 (REF. 68). These results indicate 
that anastrazole interacts with multiple P450 enzymes 
and, in at least one case (CYP1A2), might cooperatively 

Figure 1 | Activity-based protein profiling. a | Activity-based protein profiling (ABPP) uses active site-directed chemical 
probes to assess the functional state of large numbers of enzymes in native biological systems. Activity-based probes 
consist of a reactive group (red ball) for targeting a specific set of enzymes and a detection handle (a fluorophore, such as a 
rhodamine (Rh) or biotin (B)). In a typical ABPP experiment, a proteome is reacted with the activity-based probe and 
probe-labelled proteins detected by either in-gel fluorescence scanning (for fluorophore-conjugated probes; top) or 
avidin enrichment, on-bead tryptic digest and liquid chromatograpy–mass spectrometry (LC–MS) analysis (for 
biotinylated probes; bottom). b | ABPP can also be used in a competitive format to evaluate the potency and selectivity of 
enzyme inhibitors in native biological samples. Inhibitors compete with activity-based probes for enzyme targets, and this 
competition is read out by loss of fluorescence (for fluorophore-conjugated probes) or MS (for biotinylated probes) signals 
(not shown). m/z, mass to charge ratio. 
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concurrent optimization of potency and selectivity against 
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substrates53,66. Beyond its important role in inhibitor 
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drug targets and off-targets in preclinical or clinical devel-
opment to gauge mechanism of action and safety31,37,67,68.

Competitive ABPP has served as a principal assay for 
screening directed libraries of inhibitors and for optimizing 
their selectivity against serine hydrolases that are expressed 
in cancer cell and tissue proteomes. This effort has led to 
the identification of two carbamate agents, AS115 (REF. 53) 

and JZL184 (REF. 69), which are potent and selective inhibi-
tors of KIAA1363 and MAGL, respectively. Competitive 
ABPP has also been used to explore the full target profile 
for anti-cancer drugs. Profiling cytochrome P450 enzymes 
with clickable aryl-alkyne probes (TABLE 1) showed that 
the aromatase inhibitor anastrazole, which is approved for 
breast cancer therapy, significantly increases the activity (as 
determined by probe labelling) of CYP1A2 and decreases 
the activity of CYP2C19 (REF. 68). These results indicate 
that anastrazole interacts with multiple P450 enzymes 
and, in at least one case (CYP1A2), might cooperatively 

Figure 1 | Activity-based protein profiling. a | Activity-based protein profiling (ABPP) uses active site-directed chemical 
probes to assess the functional state of large numbers of enzymes in native biological systems. Activity-based probes 
consist of a reactive group (red ball) for targeting a specific set of enzymes and a detection handle (a fluorophore, such as a 
rhodamine (Rh) or biotin (B)). In a typical ABPP experiment, a proteome is reacted with the activity-based probe and 
probe-labelled proteins detected by either in-gel fluorescence scanning (for fluorophore-conjugated probes; top) or 
avidin enrichment, on-bead tryptic digest and liquid chromatograpy–mass spectrometry (LC–MS) analysis (for 
biotinylated probes; bottom). b | ABPP can also be used in a competitive format to evaluate the potency and selectivity of 
enzyme inhibitors in native biological samples. Inhibitors compete with activity-based probes for enzyme targets, and this 
competition is read out by loss of fluorescence (for fluorophore-conjugated probes) or MS (for biotinylated probes) signals 
(not shown). m/z, mass to charge ratio. 
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ABPP (Activity-Based Protein Profiling)

Competitive
format

Original
ABPP

The Biological Goal: Quantitative and Rapid Profiling ….

ABPP developers: Prof. Benjamin Cravatt and colleagues in early 2000

Rh, rhodamine dye
B, biotin
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First key application of RNA aptamers: to visualize/track RNA in live cells

Need to engineer RNA to introduce 
fluorophore-binding aptamer, here, DFHBI-binding
aptamer called ‘Spinach’

Example shown here is for 
tracking ribosomal (r)RNA 
(labeled as 5S rRNA gene):

The other 
components 
integrated: namely, 
upstream, ’term’ 
(termination),
tRNALys sequences 
are, either the usual 
upstream
Downstream 
components of an 
mRNA encoding a 
gene, or stabilizing 
sequences (in the 
case of tRNALys) that 
extends the cellular 
lifetime of engineered 
RNA construct
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Part II: Targeting metabolic regulation

Fundamental concepts:

-- Chemical Logic

-- Flux Control and Flux Balance

-- The Warburg Effect

-- Case Study (PKM2 in cancer)

Chemical Biology of Glycolysis and 
Glycolytic Signaling Switches in Cancer



Complementary processes in the living world

Q: which one happened first in the Earth history?

5

*Input

*

*#

#

#Output

Aerobic respiration
(# input; * output)

#

#*

*

* *

Cellular respiration is a 3-stage process by which living cells break down organic fuel 
molecules in the presence of oxygen to harvest the energy they need to grow and divide.
This metabolic process occurs in most plants, animals, fungi, and many bacteria…

Q: Given that plants (with photosynthesis capability) also of course 
have to respire, how do plants still serve to reduce ’carbon 
footprint’ (decreased CO2 concentration) and humidity?



Cellular respiration generates ATP: the body’s energy currency

6

Q1: all cells make ATP (and 
use it to power nearly all of 
their processes): it doesn’t 
travel from cell to cell: why?

All forms of life on the planet relies on ATP….

Q2: can you reason chemically the following statements:
(a) ATP carries energy (b) ATP is recyclable

Q3: How many cellular 
compartments are involved 
in ATP generation during 
respiration?

Q4: can you think 
of top uses for ATP 
(based on what we
have come across in 
the course thus far)?

Oxidative phosphorylation 
(Oxphos)

Stage 3
(in zoom)

The 3 stages of cellular respiration

Stage 3

Stage 2

Stage 1

Without ATP, we couldn't form a thought or move a muscle. ATP keeps our nerves firing and our heart beating. It's our body's “energy currency.”



Cells rely on chemical energy within ATP for their chemical, mechanical, and transport activities

7

Match each figure 

with chemical, 

mechanical, or 

transport activities 

of ATP

What other activated 
energy carriers do 

cells use? 
See next slide
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Role of activated carriers in metabolic chemistry

Common examples?

ATP, NAD(P)H/FADH2, Acetyl coenzyme A (AcCoA), carboxylated biotin, SAM, UDP-glucose
(structures: see next slide) 8



Examples: activated carrier molecules
ATP, NAD(P)H/FADH2, Acetyl coenzyme A (AcCoA), carboxylated biotin, SAM, UDP-glucose

Business end?

Q: What does Ac-CoA look like? 
(note: shown here is CoA structure)

Q: What does NAD+/NADH look like?

Q: What does CO2-carrying biotin, covalently bound to a protein, look like?

Q: How does SAM function as a methylating 
agent to, for instance, protein lysines?

Q: How does UDP-glucose allow intracellular build-up of glucose?
SAM (S-adenosyl methionine) UDP-glucose

NAD+ NADH
ßOH ßOH

O

SCH
3



Aside: Coupled chemical reactions…(in your own time, refresh some basic knowledge on organic chemistry)

-- Hydrolysis of ATP (to ADP and Pi , or to AMP and PPi)

-- Phosphate transfer rxns.

-- Energetically-unfavorable biosynthetic rxns driven by ATP-hydrolysis

-- NADH (important 2-electron-carrier / high-energy hydride anion donor)

-- Acetyl CoA, another key activated carrier

-- FADH2 (carrier of high-energy electrons)

-- Carboxyl group activation

-- Synthesis of polysaccharides, nucleic acids, and proteins (all using nucleoside triphosphates)

Would be helpful to brush up on carbonyl chemistry concepts and reaction mechanisms of following fundamental 
reactions that are often leveraged in biological processes:

-Aldol addition and condensation (and retro-Aldol processes)
-Addition-elimination reactions
-Michael addition reactions

10



Metabolic biology is regulated chemistry!

11

VS.

Q: Which of the two rxn coordinate represents regulated sugar oxidation in a cell
(vs. ordinary burning of sugar)? 11



Mitochondria: powerhouse for energy generation

12

A eukaryotic cell:

What do
blue, 

red, and 
green

stains / colors 
report? 

What specific 
proteins / 

organelles are 
they targeting/ 

staining?



Eukaryotic Metabolism (glycolysis, TCA cycle, and ox-phos) 

13

Question: how many common activated carriers are there in this diagram?
13



Eukaryotic Metabolism (fatty acid and amino acid signaling) 

14

We won’t cover
fatty acid and
amino acid
synthesis pathways
in this course
but these pathways
also feed into TCA
cycle. In this figure,
you can broadly see how
glycolysis intersects with
these pathways.

The citric acid (or TCA) cycle is 
the final common pathway for 

the oxidation of fuel molecules—
amino acids, fatty acids, and 

carbohydrates. Most fuel 
molecules enter the cycle as 
acetyl-CoA. The TCA cycle, in 

conjunction with oxidative 
phosphorylation via ETC (electron-
transport chain) process (see next 

lecture), provides the vast 
majority of energy used by 

aerobic cells—in humans, greater 
than 95%

Q: What is the single 
metabolite, ultimate
oxidation product, derived
from all 3 classes of 
fuel molecules
prior to entering 
TCA cycle?



Chemical Biology of Glycolysis and 

Glycolytic Signaling Switches in Cancer

-- Chemical Logic

-- Flux Control and Flux Balance

-- The Warburg Effect

-- Case Study (PKM2 in cancer)

15



Glycolysis workflow

Q: how many net ATP molecules (and NADH) are synthesized per 1 glycolysis event?

3 key goals of glycolysis:
--Energy production (ATP, NADH) (this slide)
--Making biomass precursors (slide 19)
--Making pyruvate to feed TCA cycle (slide 17-18)

Double phosphorylation of glucose..

‘Symmetric’ glucose fission..

Oxidizing and concomitant energy harvesting..

16

Glycolysis takes place in cytosol and no O2 is required (thus glycolysis evolved early on earth…)
Q: No O2 is used but oxidation happens to
glucose in glycolysis -- how & where?

Aside: what is 
the role of these 

2 APTs here?

(G3P)

(F-1,6-BP)



What’s next for pyruvate?

Lactate

Glycolysis à 2 ATP per glucose
Ox-Phos à 36 ATP per glucose (see future lectures)
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TCA cycle (aka The Krebs Cycle or Citric Acid Cycle)

NAD+

FAD

NAD+

NAD+

GDP + Pi

CoASH

CoASH

CoASH

H2O

H2O

Hans Krebs
Nobel laureate 1953
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Q: Through oxidizing Acetyl groups to 2 x CO2, TCA cycle generates ____molecules of NADH, ____molecule(s) of FADH2, and
____molecule(s) of GTP that are then used for ATP production down-stream (via OxPhos).

a-ketoglutarate

succinate
succinyl-CoA

fumarate

(S)-malate

Pyruvate
What is the role of TCA cycle?
Why is it important?
How does it work?

Q: What is the common 
purpose of NADH, FADH2, and 
ATP in metabolic chemistry 
(cellular respiration? (Hint: see 
Slide 6 and 8)



Glycolytic pathway ultimately provides essential biomass required for cell growth and division

19

Q: What kinds of
cellular biomass
do you see this 
pathway produce
for the cell?



Quiz Time! 

Because glycolysis is only a prelude to the oxidation of glucose in mitochondria (which yields several-fold more ATP), glycolysis is 
not really important for human cells

The reactions of the TCA cycle do not directly require the presence of oxygen

Glucose is consumed at a low rate in the absence of oxygen and at a high rate in its presence

Why does TCA cycle—which does not use oxygen—stop almost immediately upon removal of O2?

True or False: 

Question:

20

False
Glycolysis is the ONLY metabolic pathway that can generate ATP in the absence of O2 (anoxia). Several 
instances where cells are exposed to anoxia (e.g., during all-out sprint, circulation cannot deliver enough O2 to leg muscles and 
glycogen breakdown and passing large amounts of glucose via glycolysis powers muscle contraction here; cells such as red-
blood cells with no mitochondria don’t perform oxidative metabolism so they make ATP only via glycolysis)

True O2 is not a substrate or a product for any rxn in the TCA cycle. In cells, however, rxn’s cannot proceed for
Very long in the absence of O2 bcos NADH/FADH2 cannot be converted back to NAD+/FAD by Ox Phos
(which depends on O2). In the absence of NAD+/FAD, 4 separate rxn’s of the TCA cycle will cease to 
operate (what are those 4 steps? Please review Slide 18 on TCA cycle chemistry). 

False In the absence of O2, the energy needs of the cell are met by fermentation to lactate, which requires a 
high rate of flow through glycolysis to generate sufficient ATP. But in the presence of O2, the cell 
generates ATP primarily by OxPhos, which generates ATP much more efficiently than glycolysis. Thus, less 
glucose is needed to supply ATP at the same rate. PS. This is related to why cancer cells are addicted
to glucose…

Same reason as above – 4 steps in TCA cycle need NAD+/FAD which come from Ox Phos which needs O2



Some multiple choice questions (Glycolysis)
1) The body requires backup stores of reduced carbon. We have two forms, lipids and starch/glycogen. Our immediate 
source of reduced carbon is glucose, which we access by several pathways such as glycolysis. We normally have about 90 
mg of glucose per deciliter of blood but need to have an immediate backup source of glucose. Which of these is the 
source? a. Fats. b. Proteins. c. Vitamins. d. ATP. e. Glycogen (note: glycogen is polymeric form of glucose)

2) The process of fermentation of glucose is favored in systems that: a. Have little or no oxygen available. b. Operate in 
hot springs at high temperature. c. Function at high oxygen concentration. d. Act in the presence of nitrogen. e. Lack 
enzymes to carry out glycolysis 

3) If a person were exercising vigorously and unable to take in sufficient oxygen, his or her tissues would probably 
accumulate excess amounts of: (hint: this molecule is the end product of glycolysis under anaerobic conditions)
a. Glucose. b. Fructose-6-phosphate. c. Pyruvic acid. d. Citric acid. e. Lactic acid 

4) The first step in glycolysis is phosphorylation of glucose to form glucose-6-phosphate. This action serves to:
a. Oxidize glucose. b. Reduce glucose. c. Make glucose less polar so that it can diffuse through cell membranes. d. Make 
glucose more polar, locking it within the cell. e. Cause glucose to polymerize, forming glycogen 

5) It seems that, if we can convert glucose to pyruvic acid and to other metabolites, we should be able to simply reverse 
glycolysis and form new glucose from pyruvic acid. What prevents this?
a. Carbon dioxide is lost in conversion of glucose to pyruvic acid, and we have no mechanism for replacement of the 
carbon dioxide 
b. There is too much demand for pyruvic acid, and it is rapidly consumed for other purposes 
c. The free energy changes for some of the reactions that lead from glucose to pyruvate are too large and negative for 
easy reversal 
d. The entropy changes favor formation of fewer, large molecules 
e. The free energy change for some of the reactions that lead from glucose to pyruvic acid are too large and positive for 
easy reversal 

E

A

E

D

C
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13C-MFA but may not always be explicitly stated, highlight
best practices in 13C-MFA, and identify potential pitfalls as
well as alternative approaches. Throughout, we emphasize
key aspects that should be considered when planning
tracer experiments and performing 13C-MFA calculations
to ensure correct interpretation of data and results, and to
increase insights obtained from these studies.

Basics of 13C-MFA
Cellular metabolism serves four important functions in

proliferating cancer cells: (1) supply of anabolic building
blocks for cell growth; (2) generation of metabolic energy
in the form of ATP to drive thermodynamically unfa-
vorable reactions; (3) generation of redox equivalents in
the form of NADPH for anabolic processes such as fatty
acid biosynthesis and to combat oxidative stress; and (4)
maintaining redox homeostasis by oxidizing excess
NADH generated in central metabolic pathways.
The first step in obtaining a quantitative picture of

cellular metabolism is to measure the growth rate of the
cells and quantify nutrient uptake and secretion rates such

as glucose and glutamine uptake and lactate secretion46,47

(Fig. 1). These external rates provide important boundary
constraints on intracellular pathway activities. However,
due to redundancies in mammalian metabolic pathways,
external rates alone do not allow detailed conclusions to
be drawn about the relative contribution of specific
metabolic pathways to overall metabolism46,48. To
examine intracellular fluxes in detail, stable isotopes such
as 13C are utilized. When a labeled substrate, e.g.,
[1,2-13C]glucose, is metabolized by cells, enzymatic reac-
tions rearrange carbon atoms resulting in specific labeling
patterns in downstream metabolites that can be measured
with analytical techniques such as mass spectrometry
(MS), or nuclear magnetic resonance. For a well-selected
tracer, different metabolic pathways will produce dis-
tinctly different labeling patterns in the measured meta-
bolites from which fluxes can be inferred49,50. However, in
most cases, isotopic labeling data cannot be interpreted
intuitively due to the highly complex nature of atom
rearrangements in metabolic pathways51; instead, a formal
model-based analysis approach is required to extract flux
information from the labeling data. In the past 20 years,
13C-MFA has emerged as the primary approach used for
converting isotopic labeling data into corresponding
metabolic flux maps45.
The main objective of 13C-MFA is thus to generate a

quantitative map of cellular metabolism by assigning flux
values to the reactions in the network model and con-
fidence intervals for each estimated flux (Fig. 2). At a high
level, 13C-MFA is formulated as a least-squares parameter
estimation problem, where fluxes are unknown model
parameters that must be estimated by minimizing the
difference between the measured labeling data and
labeling patterns simulated by the model, subject to
stoichiometric constraints resulting from mass balances
for intracellular metabolites and metabolite labeling
states, the so-called isotopomers40,52. When 13C-MFA
first emerged in 1990s53, the main challenge was to
develop efficient algorithms for solving large sets of iso-
topomer mass balances54. Eventually, the computational
problems in 13C-MFA were resolved with the develop-
ment of the elementary metabolite unit (EMU) framework
that allows efficient simulation of isotopic labeling in any
arbitrary biochemical network model39. The EMU fra-
mework was subsequently incorporated into user-friendly
software tools for 13C-MFA, such as Metran and
INCA42,43, that are freely available to the scientific com-
munity. These powerful tools have opened up 13C-MFA
to a much wider scientific audience, including cancer
biologists, that may not have extensive background in
mathematics and statistics, which was required before
these software packages became available. In the next
sections, we describe in detail the three inputs that are
required for performing 13C-MFA calculations: (i)

Fig. 1 Glucose and glutamine are the two most highly consumed
carbon substrates in cancer cells. Both substrates can be converted
to lactate via glycolysis and glutaminolysis, respectively. High lactate
secretion, especially from glucose, is a major hallmark of cancer cells
known as the Warburg effect, or aerobic glycolysis

Antoniewicz Experimental & Molecular Medicine (2018) 50:19 Page 2 of 13

Official journal of the Korean Society for Biochemistry and Molecular Biology

----A---- and glutamine are the two most highly consumed 

carbon substrates in cancer cells. Both substrates can be 

converted to lactate via ----B----- and glutaminolysis, 

respectively. High lactate secretion, especially from

----A---- , is a major hallmark of cancer cells known as the 

Warburg effect, or aerobic glycolysis. 

A

B

C

C

D

X

Y

Q1: Define missing letters: A, B, C, D. 

Q2: Assign X vs. Y to mitochondria vs. cytoplasm

More quiz (if time permits)!



Learning outcomes (Week 9: CH-313 Chemical Biology - Synopsis)

- The three-stage cellular respiration process

- Chemistry and functional roles of activated energy carriers

- Fundamentals of Glycolysis and TCA cycle

- ‘Sugar addiction’ of cancer cells (more later)


