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distantly-related lipid phosphatases, such as PTEN
and myotubularin, and by the specialized CDC25,
which dephosphorylates and activates cyclin-dependent
kinase CDK1. This entire collection of cysteine-based
phosphatases is the subject of a separate review by
Tonks [0]. Phosphatases reactive with Ser ⁄Thr residues
fall into at least three protein superfamilies, called PPP,
PPM and DxDxT phosphatases. The distinctions
between these families in terms of protein structure and
enzyme mechanisms have been reviewed by Shi [1].

Origins: the Cori laboratory and
phosphorylase

The story of protein phosphatases, and of protein
phosphorylation as a regulatory mechanism, can be
traced back to research conducted in the 1930s and
1940s, referred to in those early days as ‘mechanisms
of hormone action’, which was later called ‘signal
transduction’, eventually becoming known as ‘cell sig-
nalling’. The basic issue was to understand how blood
glucose is regulated by hormones. Glucose in the blood
is maintained within a relatively narrow range of
approximately 5 mm through the opposing actions of
insulin and glucagon, polypeptide hormones that are
synthesized and secreted by the pancreas. Previous dis-
coveries had shown that glucose was stored predomi-
nantly in the liver and skeletal muscles as a polymer

called glycogen. The synthesis of glycogen is stimulated
by insulin. By contrast, the degradation of glycogen
(called glycogenolysis) is stimulated by glucagon or by
adrenergic agents such as adrenaline (epinephrine).
Thus, hormones from the pancreas send signals to the
liver to either synthesize or degrade glycogen.

Studies of glycogenolysis were pioneered by Carl
and Gerty (Radnitz) Cori, a husband-and-wife team.
Carl and Gerty were educated in Prague, where they
met as students, and then they worked briefly in
Vienna before immigrating to the USA. In an old pho-
tograph (Fig. 2), we can see Gerty Cory handling a
glass pipette in the process of carrying out an experi-
ment, as Carl watches. Note also the fluted filter paper
in the funnel in the foreground; this will become
important later. For many years, this was the profes-
sional arrangement dictated by external circumstances
because, in those days, it was not customary that
women were appointed to University faculty positions.
Carl (but not Gerty) was a Professor. Instead, Gerty
worked in the laboratory as a research associate, for a
fraction of Carl’s salary, conducting experiments side-
by-side with students and postdoctoral students, six of
whom went on to be awarded Nobel prizes, including,
Christian de Duve, Arthur Kornberg, Edwin Krebs,
Luis Leloir, Severo Ochoa and Earl Sutherland. This is
one of the most amazing legacies in all of science.
Years later, when Carl was department chairman at
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Mn-Mg for the PPM1 family dependent on added metal ions, and DxDxT for the family that utilizes an Asp-phospho intermediate in hydrolysis.
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Abstract
The role of protein phosphatases in pathogenic bacteria has been studied ex-
tensively over the last two decades. Ser/Thr and Tyr phosphatases are associ-
ated with growth and virulence of many bacteria. These phosphatases control
kinase-mediated functions and return the proteins to their unmodified state.
Biochemical, structural, and functional studies, in addition to extensive ge-
netic characterization, have highlighted the importance of phosphatases in
bacteria. However, questions remain regarding the mechanisms driving lo-
calization of secretory phosphatases to cellular compartments, identification
of receptor phosphatase sensory signals, and a possible role of cofactors and
ligands in their functions. This review focuses on the role of Ser/Thr- and
Tyr-specific phosphatases present in pathogenic bacteria, with an emphasis
on the regulation of basic cellular processes and virulence. Furthermore, we
highlight their clinical importance and analyze the development of drugs
targeting protein phosphatases.
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Figure 1
Protein phosphatases of infectious bacteria play diverse roles. Cellular responses are reversibly regulated by signaling events involving
different protein phosphatases and their cognate kinases. Abbreviations: CPS, capsular polysaccharides; DYRK, dual-specificity
tyrosine phosphorylation-regulated kinase; SOD, superoxide dismutase; STPK, Ser/Thr protein kinase.

Akt: protein kinase B;
present in all higher
eukaryotes and
regulates vital
processes, including
growth, metabolism,
glucose uptake, and
angiogenesis

During infection, YopH of Y. enterocolitica regulates the respiratory burst in macrophages by
controlling tyrosine phosphorylation of critical proteins involved in phagocytosis and bacterial
killing (52, 114). YopH affects components of the Akt pathway and regulates macrophage chemo-
taxis through MCP-1 (macrophage chemotaxis protein) (118). Furthermore, YopH together with
YopE and YopT disrupts the actin cytoskeleton in dendritic cells to induce antiphagocytosis (1,
54). YopH elicits an immune response in host cells by controlling the expression of several critical
cytokines, such as IFN-γ and IL-6 (89). Therefore, YopH regulates Y. enterocolitica virulence by
modulating the host-defense mechanism.
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Table 2 Mycobacterium tuberculosis tyrosine phosphatases MptpA and MptpB

Characteristic MptpA MptpB Reference(s)
Class LMW Tyr phosphatase Tyr phosphatase 77
Secretion Yes Yes 36, 77
Active site residue Cys11 Cys160 77
Essentiality, in vitro Nonessential Nonessential 117
Essentiality, during infection Essential Essential 13, 125
Role in infection Yes, required for long-term

infection
Yes, activated macrophages and
later stages in guinea pig infection

13, 33, 125

Multispecificity No Yes, pThr/pSer and phospholipid 20
Structure known Yes Yes 55, 87, 133
Interacting partners in host Yes, VPS33B, subunit H of human

V-ATPase, GSK3α, and TFP
Yes, ERK1/2 and p38 kinases, Akt 13, 88, 106, 146, 148

Posttranslational modifications
Phosphorylation Yes, by PtkA and STPKs No 14, 149
S-nitrosylation Yes, by Nitric oxide No 43

Abbreviations: GSK3α, glycogen synthase kinase 3α; STPK, Ser/Thr protein kinase; TFP, trifunctional enzyme; VPS33B, vacuolar protein sorting 33B.

ERK1/2: extracellular
signal-regulated
kinases; stimulated by
cytokines, viral
infection, G-proteins,
and carcinogens and
regulate mitosis,
meiosis, and cell
differentiation

might facilitate the design of specific inhibitors (55). Furthermore, it switches between open and
closed conformations, which selects for reactive oxygen species and a phosphatase substrate to the
active site while protecting the active site from oxidation (46). This is of particular importance in
the host macrophages during infection, where the bacterium needs a countermechanism to escape
oxidative stress.

Further studies elucidated the mechanisms of MptpB-mediated evasion of the host immune
system during infection (148). MptpB attenuates the production of IL-6, possibly through dephos-
phorylation of ERK1/2 and p38 kinases, although involvement of other signaling modules such as
JAK2 kinase, STAT1, and JNK has also been documented. Importantly, MptpB also promotes cell
survival by inhibiting IFN-γ-mediated apoptosis, mainly by activating Akt and blocking caspase
3, which are regulators of macrophage cell survival. These effects are reversed in the presence of
MptpB inhibitor I-A09 (148).

MptpA is critical for long-term infection of macrophages and blockage of phagocytosis (33).
During infection, MptpA interacts with and dephosphorylates host vacuolar protein sorting
33B (VPS33B), which is an autophosphorylating tyrosine kinase. Secreted MptpA crosses the
phagosomal membrane and enters the cytosol, where it interacts with VPS33B. Both MptpA
and VPS33B colocalize in macrophages and inhibit the phagosome-lysosome fusion through
inhibition of vesicle fusion (13). Subunit H of human V-ATPase was identified as the second
interacting partner of MptpA (146). Unlike VPS33B, subunit H is not dephosphorylated by
MptpA; rather, it is regulated through physical interaction. MptpA prevents phagosome acidifi-
cation in the macrophages, possibly through V-ATPase machinery. Both class C VPS (VPS33B)
and V-ATPase complexes, which are the two interacting partners of MptpA, were subsequently
found to interact with each other and affect endosome-lysosome fusion (146). This interaction is
blocked during M. tuberculosis infection, possibly through MptpA and subunit H. This interaction
is also important for proper functioning of MptpA and subsequent dephosphorylation of VPS33B.
Moreover, V-ATPase is retained outside of the phagosome owing to the interaction between
MptpA and subunit H, which prevents its acidification (146). Recent studies show that MptpA
also interferes with the apoptotic pathways and caspase activation through dephosphorylation of
glycogen synthase kinase (GSK3α) during early stages of infection (106).
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Inhibition: strategy to combat disease



Review
Targeting Tyrosine
Phosphatases: Time to End
the Stigma
Stephanie M. Stanford1 and Nunzio Bottini1,*

Protein tyrosine phosphatases (PTPs) are a family of enzymes essential for
numerous cellular processes, and several PTPs have been validated as thera-
peutic targets for human diseases. Historically, the development of drugs
targeting PTPs has been highly challenging, leading to stigmatization of these
enzymes as undruggable targets. Despite these difficulties, efforts to drug
PTPs have persisted, and recent years have seen an influx of new probes
providing opportunities for biological examination of old and new PTP targets.
Here we discuss progress towards drugging PTPs with special emphasis on the
development of selective probes with biological activity. We describe the
development of new small-molecule orthosteric, allosteric, and oligomeriza-
tion-inhibiting PTP inhibitors and discuss new studies targeting the receptor
PTP (RPTP) subfamily with biologics.

PTPs
Tyrosine phosphorylation of intracellular proteins is a post-translational modification used to
control cell signaling in nearly every biological context [1]. Tyrosine phosphorylation is controlled
by the opposing actions of protein tyrosine kinases (PTKs) (see Glossary), which catalyze
phosphorylation of proteins on tyrosine residues, and PTPs, which remove the phosphate [1].
This dynamic regulates a range of cellular processes including survival, growth, migration,
differentiation, and energy metabolism; consequently, anomalous tyrosine phosphorylation is
implicated in numerous human diseases [2,3]. Agents targeting PTKs and PTPs have been
heavily pursued for therapeutic interventions and although several drugs targeting PTKs are in
clinical use [3], PTP-targeted drugs are not yet available.

More than 100 PTPs are encoded in the human genome and are organized into three major
classes (Box 1) [2,4,5]. As shown in Table 1, all three classes are represented among PTPs
under consideration as drug targets [6].

During the past 15 years, extensive data validating PTP1B, an inhibitor of insulin signaling, and
the SH2 domain-containing PTP2 (SHP-2), an oncogene and promoter of growth factor
signaling, as therapeutic targets for type 2 diabetes/obesity and cancer sparked considerable
excitement – and use of resources – in drugging these enzymes [2,6]. Major programs in
industry and academic laboratories were dedicated to the development of small-molecule PTP
inhibitors. These programs largely focused on orthosteric inhibitors; however, efforts were
frustrated by the highly charged and highly conserved nature of the PTP active site. While the
charged active site allows high-affinity accommodation of negatively charged pTyr residues,
potent orthosteric PTP inhibitors tend also to be highly charged, which can limit their cell
permeability, bioavailability, and potential for drug development. The high level of active-site

Trends
Protein tyrosine phosphatases (PTPs)
are critical for numerous cellular pro-
cesses in health and disease, and sev-
eral PTPs are validated drug targets.

Despite historical difficulties in drug-
ging PTPs, efforts have persisted
and led to the development of new
probes that are being used for biolo-
gical examination of old and new PTP
targets.

Allosteric PTP inhibitors are emerging,
most of which exploit catalytically unfa-
vorable conformations of the targeted
enzyme.

New studies of receptor PTPs reveal
the unique potential in targeting this
PTP subfamily with decoy biologics.

Small-molecule inhibitors of vascular
endothelial PTP and PTP1B are cur-
rently undergoing clinical trials for dia-
betic macular edema and metastatic
breast cancer, respectively.

1Department of Medicine, University
of California, San Diego, La Jolla, CA,
USA

*Correspondence:
nbottini@ucsd.edu (N. Bottini).

524  Trends in Pharmacological Sciences, June 2017, Vol. 38, No. 6 http://dx.doi.org/10.1016/j.tips.2017.03.004
© 2017 Elsevier Ltd. All rights reserved.

conservation among PTPs adds another layer of difficulty, as potent inhibitors often target
multiple PTPs. Ultimately, the generation of potent, selective, bioavailable PTP inhibitors
suitable for therapeutic use was largely unsuccessful, and PTPs acquired a reputation as
‘challenging’, ‘intractable’, and ‘undruggable’ targets [2,6].

Despite these setbacks, efforts to drug PTPs continued and in recent years there has been
resurgent global interest in these enzymes. In addition to noteworthy progress in competi-
tive, orthosteric PTP inhibitor development, an influx of new strategies to attack these
enzymes has occurred. Moreover, an increasing number of PTPs are being proposed as
clinically relevant targets. Here we describe recent progress towards drugging PTPs, calling
particular attention to approaches – orthosteric, allosteric, and oligomerization-inhibiting
small molecules and biologics (Figure 1, Key Figure) – yielding selective agents with
biological activity.

Trends in Small-Molecule PTP Inhibitor Development
Orthosteric Small-Molecule Inhibitors
While an orthosteric, or active-site, small-molecule approach must meet the difficulties of the
PTP active site head on, this area of inhibitor development has seen tremendous persistence.
Remarkably, the traditional approach of reversible competitive inhibition is still being sought
and yielding some excellent probes. Additionally, alternative methods, such as uncompetitive
inhibition and irreversible inhibition, are also being explored (Figure 2). As a result of these
efforts, high-quality orthosteric inhibitors are emerging (Table 2), providing new opportunities
for the biological examination of old and new targets.

patients with leukemias, lymphomas,
or myelodysplasias.
Receptor protein tyrosine
phosphatase (RPTP): a
transmembrane enzyme that
catalyzes hydrolytic
dephosphorylation of proteins on
tyrosine residues through an
intracellular catalytic domain.
Reversible inhibitor: an inhibitor
that binds to an enzyme with rapid
association and dissociation rates.
Uncompetitive inhibitor: an
inhibitor that binds to an enzyme–
substrate complex.
WPD loop: a highly conserved loop
in PTPs – named after the
tryptophan–proline–aspartate
residues present in most
phosphotyrosine-specific PTPs – that
closes around the PTP active site on
substrate binding to place a catalytic
aspartate residue in position for
participation in catalysis.

Table 1. (continued)

Refs

epithelial kidney 293 cells. PRL enzymes are being explored as therapeutic targets for
cancers, including melanoma and leukemias.

Class II PTPs

LMPTP: Encoded by the ACP1 gene, LMPTP is ubiquitously expressed as two isoforms,
LMPTP-A and LMPTP-B. LMPTP inhibits insulin signaling by IR dephosphorylation. LMPTP
is being considered as a target for type 2 diabetes and heart failure.

[16,78]

Class III PTPs

CDC25A/B/C: Encoded by the CDC25A/B/C genes, CDC25 enzymes are expressed in
most tissues and dephosphorylate pTyr and pThr residues. CDC25 enzymes regulate cell
cycle progression by the dephosphorylation and activation of cyclin-dependent kinases
within their ATP-binding loops. CDC25A and B are overexpressed in several human cancers
and are sometimes associated with poor prognosis. Inhibition of all three CDC25 isoforms is
considered a therapeutic strategy for cancer.

[35]

Bacterial PTPs

mPTPA: mPTPA from Mycobacterium tuberculosis is an LMPTP virulence factor secreted by
Mtb into host macrophages and thus is considered a potential drug target for tuberculosis
infection.

[79]

Box 1. The Classification of PTPs
! The PTPs are characterized by a conserved amino acid sequence, (V/H)CX5R, called the ‘PTP signature motif’. This

motif contains a catalytic Cys residue, which acts as a nucleophile during catalysis, and an Arg residue, which assists
in substrate binding [2,4,5].

! Class I is the largest and includes the ‘classical’ phosphotyrosine-specific PTPs and the classical and atypical
DUSPs.

! Class II comprises only LMPTP.
! Class III contains the three isoforms of CDC25 PTPs.

526  Trends in Pharmacological Sciences, June 2017, Vol. 38, No. 6

Reversible Competitive Inhibitors
Reversible inhibitors bind to enzymes, typically through noncovalent interactions, with rapid
association and dissociation rates [7]. Competitive inhibitors bind to an enzyme at the site of
substrate binding, hence competing with substrate for binding to the enzyme. In competitive
inhibition, binding of either the substrate or an inhibitor to the enzyme is mutually exclusive [8].
Here we discuss the selective, reversible competitive inhibitors that are being used to validate
several PTPs as drug targets.

CPT-157633, a difluoromethylphosphonic acid PTP1B inhibitor, was used to explore Rett
syndrome (RTT) as a new indication for PTP1B [9]. RTT is an X-linked neurodevelopmental
disorder often caused by mutations in the transcriptional regulator methyl CpG-binding protein
2 (MECP2) [10]. This study showed that PTP1B expression was suppressed by MECP2 and

Key Figure

Recent Approaches for the Development of Protein Tyrosine Phospha-
tase (PTP)-Targeted Drugs

(A)

(C)

(B)

(D)

(E)

Orthosteric inhibitors

Oligomeriza!on inhibitors

Allosteric inhibitors

Radioimmunotherapy

RPTP decoy biologics

Tyrosine  dephosphoryla!on

P

P

P

Figure 1. Tyrosine phosphorylation occurs when PTPs hydrolytically remove phosphate (P) from Tyr amino acids
(depicted as green hexagon). The reaction involves transient covalent interaction with the PTP active-site nucleophilic
Cys; depicted in yellow). (A–C) Approaches for small-molecule PTP inhibitor development (inhibitors depicted in red). (A)
Orthosteric inhibitors bind to the enzyme active site and typically compete with substrate for binding. (B) Allosteric inhibitors
bind outside the enzyme active site, inducing or stabilizing a catalytically unfavorable enzyme conformation. (C) Oligo-
merization inhibitors are being used to disrupt trimerization of phosphatase of regenerating liver (PRL) proteins. (D,E)
Approaches for receptor PTP (RPTP)-targeted biologic development. (D) The RPTP CD45 has been the object of
radioimmunotherapy strategies, which involve conjugation of an antibody to a radioactive agent for specific delivery of
radiation to hematopoietic cells and tissues. (E) RPTPs is being targeted with decoy biologics (depicted in red) that mimic
regions of the protein. A cell-penetrating wedge peptide mimetic targets the RPTPs intracellular region. A decoy protein of
the extracellular RPTPs Ig1&2 domains targets RPTPs by disrupting interactions with extracellular matrix proteoglycans
(depicted as gray bar).
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Mycobacterium tuberculosis-secreted
phosphatases: from pathogenesis to
targets for TB drug development
Dennis Wong, Joseph D. Chao, and Yossef Av-Gay

Division of Infectious Diseases, Department of Medicine, University of British Columbia, Vancouver, British Columbia,
V6H 3Z6, Canada

Mycobacterium tuberculosis (Mtb) infects human alve-
olar macrophages and relies on the inhibition of phago-
some acidification and maturation. This is, in part,
dependent on the disruption of host signaling networks
within the macrophage. In recent years, Mtb-secreted
protein- and lipid-phosphatases protein-tyrosine phos-
phatase A (PtpA), PtpB, and secreted acid phosphatase
M (SapM) have been shown to contribute to Mtb path-
ogenicity. Here, we review the current knowledge on
PtpA, PtpB, and SapM focusing on their ability to inter-
fere with host functions. We further explore how these
phosphatase-dependent host–pathogen interactions
can be targeted for novel tuberculosis (TB) drug discov-
ery and examine the ongoing development of inhibitors
against these phosphatases.

Mtb-secreted phosphatases interfere with host signal
transduction
Bacterial pathogens have developed diverse strategies
that alter host signaling pathways aiming to either sub-
vert the immune response or create permissive niches for
their survival. One such strategy is the secretion of bacte-
rial signaling proteins into the target host cells, directly
modulating the phosphorylation status of host signaling
networks. Since the discovery of the Yersinia PTP YopH
[1,2], numerous host–pathogen interactions were found
to be dependent on pathogen-secreted phosphatases [3]
(Table 1).

In recent years, studies have shown that Mtb also
directly alters host signaling through secretory phospha-
tases, thereby shutting down critical cellular processes and
promoting its survival within macrophages [4–9]. New
advances in the understanding of the role of these Mtb
phosphatases in the pathogenesis of TB have opened up an
exciting avenue for TB drug development.

Human alveolar macrophages provide the first line of
defense against invading microbes in the lung. Macro-
phages engulf foreign particles into phagosomes that sub-
sequently interact with the endocytic pathway [10],
resulting in changes to membranes that allow the phago-
some to acquire antimicrobial properties, including the
recruitment of hydrolytic enzymes and the vacuolar

H+-ATPase (V-ATPase) [11]. The presence of V-ATPase
on the phagosomal membrane creates an acidic compart-
ment (pH 4.5–5.0), the hallmark of phagosome maturation
[12]. Acid-activated hydrolases then mediate the destruc-
tion of the invading microorganisms.

Mtb directly infects alveolar macrophages causing pha-
gosome maturation arrest at an early stage. Although the
mycobacterial phagosome can continue to interact with
early endosomes [13], fusion with lysosomes is blocked
[4,5]. This inhibition results in the lack of V-ATPase re-
cruitment, restricting the compartment to a pH of 6.4 and
blocking hydrolase activity [5,11]. This creates a favorable
environment for Mtb to survive within the human host
while evading immune detection [14].

Mtb adaptation to the host milieu is dependent on its
wide repertoire of signal transduction systems that
includes 11 complete two-component systems, 11 eukary-
otic-like serine/threonine-protein kinases (STPKs) (PknA–
B, PknD–L), two PTPs (PtpA and PtpB), and a protein-
tyrosine kinase (PTK) (PtkA) [4,15–20]. Among the pro-
teins secreted by Mtb into the host, three phosphatases,
PtpA, PtpB, and SapM, are essential for Mtb pathogenesis
[4,5,7,8,21]. In recent years, major leaps have been made in
understanding the mechanisms by which these Mtb phos-
phatases act in the macrophage during infection (Figure 1).
Specifically, SapM is a phosphoinositide phosphatase that
inhibits the generation of phosphatidylinositol 3-phos-
phate (PI3P), which is essential for phagosome biogenesis
[7]. PtpA inhibits V-ATPase trafficking to the mycobacte-
rial phagosome and blocks phagosome–lysosome fusion
[4,5]. PtpB has a possible role in the subversion of host
immune response to infection [9,21].

Despite belonging to distinct families of phosphatases
(Figure 2a), the similar roles of PtpA, PtpB, and SapM as key
molecules in pathogenesis at the host–pathogen interaction
interface warrants their consideration as a unique new class
of targets for TB drug discovery. These Mtb-secreted phos-
phatases, needed only for in vivo growth, are distinct from
the traditional in vitro essential targets, which have been
the focus of antibiotic development during the past decades.
Targeting phosphatases, particularly PTPs, for drug devel-
opment has proved challenging as evident from efforts in the
search for selective and cell-permeable PTP inhibitors [22].
Advances in the understanding of the structural aspect of
Mtb-secreted phosphatases have allowed better drug design
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Table 1. Secreted phosphatases from bacterial pathogens and their roles in host–pathogen interaction

Organism Phosphatase Host substrates/targets Function Refs

Yersinia sp. YopH Focal adhesion kinase (FAK), paxillin,
Lck, p85, Fyn-binding protein (FYB),
p130Cas, SKAP-HOM, SLP-76, LAT

Inhibition of phagocytosis,
cytoskeletal rearrangements, and
production of reactive oxygen
species (ROS)

[1,2]

Salmonella enterica
serovar Typhimurium

SptP AAA+ ATPase valosin-containing
protein (VCP/p97)

Modulation of actin reorganization;
inhibition of MAPK signaling and
IL-8 production; biogenesis of
Salmonella-containing vacuoles (SCVs)

[64,65]

SopB PI(3,4,5)P3, PI(3,5)P2, PI(4,5)P2 Activation of Cdc42 and RhoG to
modulate cytoskeletal rearrangements;
disrupts tight junctions; activation of
PI3K/Akt signaling pathway and Class III
PI3K; biogenesis of SCVs

[66–69]

Listeria monocytogenes LipA Unknown; targets phosphotyrosines
and phosphoinositides in vitro

Unknown; plays a role in virulence in
mouse infection model

[70]

Shigella flexneri IpgD PI(3,4,5)P3, PI(3,4)P2 PI(4,5)P2 Modulation of cytoskeletal reorganization;
activation of PI3K/Akt pathway

[71,72]

Francisella tularensis AcpA p47phox, p40phox, p67phox Inhibits NADPH oxidase and oxidative
burst

[73]

Legionella pneumophila Map Unknown Unknown [74]

Legionella micdadei ACP2 Unknown Inhibits superoxide anion production in
human neutrophils

[75]

Coxiella burnetti ACP p47phox, p60phox Inhibits NADPH oxidase and oxidative burst [76]

Mycobacterium tuberculosis PtpA VPS33B, V-ATPase subunit H Inhibits phagosome acidification and
maturation; blocks V-ATPase recruitment
to phagosome

[4,5]

PtpB Unknown Inhibits ERK1/2 and p38 signaling pathways
and caspase 3; activates Akt

[9]

SapM PI3P Inhibits phagosome maturation [7]

Pseudomonas syringae HopAO1 Unknown Suppresses apoptosis [77]
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inhibition and ex vivo macrophage infection for high-
throughput screening. Traditional screening approaches
for in vitro growth inhibition would be ineffective for PtpA
and PtpB as both are non-essential for in vitro growth. Using
ex vivo high-throughput screening, selective and cell-perme-
able compounds that can specifically inhibit Mtb PTPs and
subdue Mtb survival with low toxicity against the infected
host could be rapidly identified. This approach could accel-
erate the search for clinically useful Mtb PTP inhibitors and
build upon drug candidates that have been previously de-
scribed [8,9,24,26,52,54–61] (Table 2).

PtpA inhibitors
In a pioneering study identifying PtpA inhibitors, Manger
et al. tested natural products such as stevastelins, obtain-
ing IC50 values between 8.8 mM and 28.7 mM [55]. Further-
more, a fragment-based approach identified a novel group
of hydroxypyrrol benzoic acids as potent PtpA inhibitors
(Ki = 1.6 mM). However, specificity is an issue with the
identified compounds as they showed inhibition against
human PTPs such as PTP1B. Using a similar approach, a
group of aryl difluoromethylphosphonic acid (DFMP) com-
pounds were identified as potent inhibitors of PtpA (Ki =
1.4 mM) [60]. This group of inhibitors, due to stringent
design, was reported to have greater than 70-fold selectivi-
ty against PtpA as compared to the human PTPs tested. In
another study, Chiaradia et al. [54] characterized a family
of chalcones as inhibitors of PtpA with IC50 values between

8.4 mM and 53.7 mM. When these compounds were ana-
lyzed for their ex vivo efficacy in a macrophage infection
model, one inhibitor was able to reduce the bacillary load
by 77% at 96 hours post-infection with minimal toxicity
against the host cells [26]. This was the first demonstration
of the effectiveness of PtpA inhibitors as TB drugs in an
infection model.

PtpB inhibitors
Despite a lack of knowledge about the PtpB mode of action
and its substrate within host cells, the absence of a human
ortholog for PtpB makes it an attractive target for novel
TB drug discovery. To date, all IC50 values reported in the
literature were determined using the artificial substrate
para-nitrophenylphosphate ( pNPP). Several studies have
identified inhibitors against PtpB with only a few tested
for their in vivo efficacy in reducing bacillary load
[9,21,52,57–59,61,62]. Using biologically pre-validated
scaffolds, Nören-Mü ller et al. [62] developed a group of
indoloquinolizidines that were highly potent PtpB inhi-
bitors (IC50 = 0.34 mM). In an alternative approach,
Grundner et al. [24] identified (oxalylamino-methylene)-
thiophene sulfonamide (OMTS) as a potent inhibitor
against PtpB with an IC50 of 0.44 mM and 65-fold selec-
tivity for PtpB compared to the human PTPs tested.
Soellner et al. [57] employed an innovative fragment-
based substrate activity screening method to identify a
group of highly potent isoxazole derivatives with Ki values
in the nanomolar range.

These aforementioned compounds likely suffer from
low cell permeability due to highly anionic moieties.
Several groups attempted to address this issue
[52,58,59,63]. In particular, Vintonyak et al. [63] identi-
fied indolin-2-on-3-spirothiazolidinones as PtpB inhibi-
tors possessing promising cell permeability. Tan et al. [52]
used the isoxazole derivative as a template for bidentate
inhibitors, resulting in the most potent PtpB inhibitor (Ki

= 150 nM) described to date. Bidentate compounds may
have improved selectivity due to their capability to target
a secondary site on PtpB, and thus have become a major
focus of the search for PtpB inhibitors. Beresford et al. [8]
and Zhou et al. [9] have separately developed selective
double-site PtpB inhibitors with IC50 of 1.26 mM and
7.0 mM, respectively. However, the effectiveness of these
inhibitors is not without question. Although both studies
demonstrated that treatment of macrophages lowered
mycobacterial loads compared to untreated, both the
isoxazole-salicylate and benzofuran-salicylate did not
show significant reduction of mycobacterial growth when
compared to initial time points of infection [9]. In fact, a
slight increase in bacillary loads at 72 hours or 7 days
post-infection can be observed [8,9]. This is in stark
contrast to a study examining Mtb survival in macro-
phages treated with PtpA inhibitors where bacillary loads
were continually reduced over similar timeframes post-
infection [26]. Chen et al. [59] later identified 2-oxo-1,2-
dihydrobenzo[cd]indole-6-sulfonamide and piperazinyl-
thiophenyl-ethyl-oxalamide derivatives as PtpB inhibi-
tors with similar cellular activities as the benzofuran-
salicylate derivatives. Further development of potential
PtpB inhibitors and elucidation of the exact role of PtpB

Table 2. PtpA and PtpB inhibitors described in the literature

Inhibitors PtpA IC50

(mM)
PtpB IC50

(mM)
Refs

Stevastelins 8.8 ! 5.9 [55]

Roseophilins 9.4 ! 2.1 [55]

Prodigiosins 28.7 ! 9.7 [55]

Hydroxypyrrole benzoic
acids

1.6 ! 0.4a [55]

Difluoromethylphosphonic
acid (DFMP)

1.4 ! 0.3a >100 [60]

Chalcones 8.4 ! 0.9 [26,54]

Macrolines >100 4.71 ! 1.14 [56]

Brunsvicamides >100 7.3 [83]

Indolizines 74.9 ! 8.8 7.5 ! 1.9 [84]

Indoloquinolizidines >100 0.36 ! 0.12 [62]

Oxalylamino-methylene-
thiophene sulfonamide
(OMTS)

0.44 ! 0.05 [24]

Isoxazole carboxylate >50 0.22 ! 0.3 [57]

Isothiazolidinone
(isoxazole based)

3.7 ! 0.6 [58]

DFMP (isoxazole based) 0.69 ! 0.21 [58]

Indolin-2-on-3-
spirothiazolidinone

0.32 ! 0.05 [63]

Isoxazole azides 0.55 ! 0.3
0.15 ! 0.03a

[52]

Isoxazole salicylate 7.0 ! 0.4
1.5 ! 0.8a

[8]

Benzofuran salicylate 77.3 ! 5.1 1.26 ! 0.22
1.08 ! 0.06a

[9]

2-Oxo-1,2-dihydrobenzo
[cd]indole-6-sulfonamide

>50 1.2 ! 0.1
1.1 ! 0.03a

[59]

Piperazinyl-thiophenyl-
ethyl-oxalamide

4.8 ! 0.1
3.2 ! 0.3a

[59]

aKi values.
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a b s t r a c t

Tuberculosis (TB) is a major cause of morbidity and mortality throughout the world, and it is estimated
that one-third of the world’s population is infected with Mycobacterium tuberculosis. Among a series of
tested compounds, we have recently identified five synthetic chalcones which inhibit the activity of
M. tuberculosis protein tyrosine phosphatase A (PtpA), an enzyme associated with M. tuberculosis infectiv-
ity. Kinetic studies demonstrated that these compounds are reversible competitive inhibitors. In this
work we also carried out the analysis of the molecular recognition of these inhibitors on their macromo-
lecular target, PtpA, through molecular modeling. We observed that the predominant determinants
responsible for the inhibitory activity of the chalcones are the positions of the two methoxyl groups at
the A-ring, that establish hydrogen bonds with the amino acid residues Arg17, His49, and Thr12 in the
active site of PtpA, and the substitution of the phenyl ring for a 2-naphthyl group as B-ring, that under-
goes p stacking hydrophobic interaction with the Trp48 residue from PtpA. Interestingly, reduction of
mycobacterial survival in human macrophages upon inhibitor treatment suggests their potential use
as novel therapeutics. The biological activity, synthetic versatility, and low cost are clear advantages of
this new class of potential tuberculostatic agents.

! 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Tuberculosis is an infection of the human respiratory tract
caused by Mycobacterium tuberculosis (Mtb) and according to the
last report of WHO, it is estimated that this disease provokes about
two million deaths each year.1 The past two decades have seen a
decline in the effectiveness of the present regimen of TB drugs as
a result of both the mutation of M. tuberculosis, in response to
selective pressure, and evolving demographics of patients popula-
tion, including co-infection with HIV, and the growing type-2 dia-
betes epidemic, that should not be ignored. Consequently, a new
TB drug will not only have to pass all the safety requirements asso-
ciated with prolonged administration but also has to be compatible
with antiretroviral therapy and, possibly, other medications.2–4

In the past decade many advances in the understanding of met-
abolic and intracellular processes of Mtb have been achieved,
helped by the publication of its complete genome sequence.5 The
virulence of this microorganism is clearly associated with its
mechanism of host cellular invasion, and also signal transduction
events between the bacteria and the macrophages are essential
for its survival in vivo.6–8

The analysis of Mtb genome indicated the presence of genes
coding for protein tyrosine phosphatases (PTP) MPtpA and MPtpB.5

Despite the absence of any known export signal, these two en-
zymes are secreted by mycobacteria and involved in survival in
host macrophages.7–9 The primary function of these protein tyro-
sine phosphatases (PTPs) may be to modulate tyrosine-phosphory-
lated host proteins. Confirming this assumption, we have shown
that PtpA inactivation attenuates the growth of Mtb in human
macrophages, and more interestingly, the macrophage protein tar-
get, the vacuolar protein sorting 33 homolog B (VPS33B), a regula-
tor of membrane fusion, is a substrate of this enzyme.10 Inhibition
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three hydrogen bonds from: (i) the main chain NH of Thr12, (ii) the
NH2 side chain of Arg17, and (iii) the NH2 side chain of His49 res-
idues of the PtpA binding site. Similarly, the oxygen atom of the m-
methoxy substituent of 5j (Ki = 4.9 lM) accepts two hydrogen
bonds (Thr12 and Arg17), however, the p-methoxy substituent is
shown to be directed into a deeper cavity pointing towards the side
chain of Cys16 and Ile15 residues. The binding mode of 4d
(Ki = 9.1 lM) also indicates two hydrogen bonds between the
o-methoxy substituent and Thr12 and Arg17. In addition, the
electron-rich 2-naphthyl group (B-ring) of the chalcones 5a and
5j undergo p-stacking with the side chain of the Trp48 in a classic
parallel-displaced arrangement (Fig. 3). Conversely, this interac-
tion is not efficiently established in the proposed binding mode
of 4a and 4d, which shows the 1-naphthyl group at this position.
The integrated analysis involving the SAR data and the molecular
modeling results suggests that the p–p interactions considerably
contribute to the observed inhibitory activity, in agreement to
Ellman and co-workers data for another inhibitor compound.17 In
fact, the 2-naphthyl derivative 5a (Ki = 5.4 lM) was approximately
fivefold more potent than the 1-naphthyl derivative 4a
(Ki = 21 lM). Successful examples of aromatic ring interactions
have been described for a number of important systems for ra-
tional drug design and lead optimization in medicinal chemis-
try.31–33 Therefore, the binding mode of the chalcones indicates
that the o,m-methoxy substitution patterns of the A-ring, and the
2-naphthyl group as B-ring play important roles in orientating
the inhibitors within the active site, as well as significantly contrib-
uting to the biological activity observed for these inhibitors.

Besides providing useful insights for the understanding of the
SAR data, the modeled binding modes of the inhibitors revealed
some structural elements that can be explored to improve both
inhibitory potency and selectivity. On this basis, further optimiza-
tion efforts on these compounds are currently underway. Examples
of molecular modifications include: (i) substitution of a hydropho-
bic group at the p-position of A-ring, predicted to interact to the
side chain of Cys16 and Ile15; and (ii) replacement of the naphthyl
moiety with an electron-rich heterocycle group (e.g., indole, quin-
oline, quinoxaline).

2.3. Selectivity assay

In general, PTP members share low sequence identity, but the
defining consensus sequences, the active site P loop motif –

C(X)5R(S/T)– and an essential Asp that functions as a general acid
in the catalytic reaction, are conserved.34,35 While PtpA belongs
to the low-molecular-weight (LMW) PTP family,34 PtpB sequence
falls into the conventional PTP or dual-specificity phosphatase
(DSP) family.35 PtpA is 37% identical and presents high structural
similarity to the human LMW PTP, but there are significant
changes around the active site and the protein tyrosine phospha-
tase (PTP) loop.16 To verify the possibility of inhibition of other
tyrosine phosphatases we assayed the described chalcones on
mycobacterial PtpB and in the human PTP1B.

No inhibition was detected with compounds 5i, 4d, 4a, 5a, and
5j at 100 lM when tested in PtpB from Mtb (data not shown). We
also assayed PTP1B (human Ptp) with chalcones 5i, 4d, 4a, 5j, and
5a, and their IC50 were 123.03 lM, 158.49 lM, 213.80 lM,
1258.93 lM, and 144.54 lM, respectively. These assays suggested
the selectivity of these compounds towards PtpA from M.
tuberculosis.

2.4. Inhibitors of MPtpA reduce mycobacterial survival in
macrophages

Mtb reside and replicate within human alveolar macrophages.
As such candidate drugs need to cross the macrophage membrane
barrier in order to inhibit their molecular target with limited cyto-
toxic effect on the host macrophage. Thus, we examined the effect
of the inhibitors on the macrophage cell line THP-1. Table 2 de-
scribes the percentage of human derived THP-1 macrophages sur-
vival when subjected to the indicated concentration of each
inhibitor. The least toxic inhibitors were 4d and 5j, which have
killed only 2.0 and 1.6% of the cells, respectively, at a 40 lM con-
centration. Interestingly a direct effect of the chalcones in Mtb
growth in vitro was not observed (data not shown), consistent with
the recently described MtbPtpB inhibitors.36

To further investigate the potential of the chalcones examined
in an in vivo assay, we first focused on the effect of the chalcones
on the survival of the vaccine strain Mycobacterium bovis BCG. As
illustrated in Table 3 at 20 lM over 48 h four of the compounds
had an effect on the survival rate of this strain in macrophages.
The growth of a ptpA knockout strain of M. tuberculosis in THP-1

Figure 3. Modeled binding mode of the chalcone analogs within the MPtpA active
site. Protein residues involved in ligand binding are indicated as stick model and
hydrogen bonds are illustrated as blue dashed lines.

Table 2
Toxicity of the five chalcone analog inhibitors in human macrophages

Inhibitor 40 lM (% ± SD)a 4 lM (% ± SD)a

5i 10.5 ± 0.24 0.9 ± 0.20
4d 2.0 ± 0.21
4a 77.8 ± 1.5 0.9 ± 0.32
5j 1.6 ± 0.26
5a 83.1 ± 7.9 1.3 ± 0.41
Negative control 8.1 ± 0.48 1.0 ± 0.30
Positive control 99.7 ± 0.01 25.9 ± 11

a Percentage and standard deviation (SD) values of killed THP-1 cells exposed to
different concentrations of the inhibitors. The experiments were carried out in
triplicates (5000 cells counted by flow cytometry).

Table 3
BCG macrophage infection

Inhibitor Average (%) 24 ha Average (%) 48 hb

5i 72.9 8.5
4d 180.8 71.3
4a 108.6 46.3
5j 63.8 32.9
5a 117.7 234.9

a Percentage and standard deviation (SD) values of resistant CFUs exposed to
10 lM of each inhibitor after 24 h.

b Percentage and standard deviation (SD) values of resistant CFUs exposed to
20 lM of each inhibitor after 48 h. Assays were carried out in triplicate.
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macrophages was shown to be attenuated when compared to the
parental H37Rv strain.10 We hypothesized that chemical inhibition
of PtpA would similarly impair the intracellular survival of M.
tuberculosis. The five chalcones (5i, 4d, 4a, 5j, and 5a) were there-
fore tested for their ability to reduce M. tuberculosis survival during
macrophage infection. As shown in Figure 4, individual treatment
with the five chalcones shows comparable intracellular mycobac-
terial growth as the untreated strain at 24 h of infection. At 48 h,
in the presence of 20 lM of inhibitors, growth differences can be
observed: treatment of macrophages with 4a leads to 77% reduc-
tion in bacterial burden as compared to the untreated (DMSO);
4d and 5a also resulted in approximately 50% reduction. However,
5i and 5j failed to show significant effect on M. tuberculosis growth
within THP-1 macrophages at 48 h. Within 96 h, the untreated
strain established stable infection as evidenced from the increase
in bacterial growth. For the inhibitor treated macrophages, 4a
and 5a show greater than 90% decrease in bacterial load at 96 h
while 4d leads to 77% reduction. Surprisingly, treatment with 5i
and 5j, which was ineffective at 48 h, produced greater than 80%
and 40% reduction respectively by 96 h. The delayed effect of 5i
and 5j might be due to differences in the ability to cross macro-
phage cell membranes. Despite their efficacy in bacterial clearance,
toxicity assay shows that 4a and 5a also reduces the viability of
THP-1 macrophages. Therefore, the observed decrease in bacterial
burden might be simply due to macrophage cell death instead of
mycobactericidal effect. In this regard, 4d, which does not show
toxicity against human macrophages, would be the most effective
inhibitor in reducing the intracellular growth of M. tuberculosis.
Further efforts are necessary to increase the gap between toxicity
toward macrophages and useful antibacterial activity.

2.5. Chalcones inhibit dephosphorylation of the natural
substrate of the mycobacterial PtpA

It was shown earlier that the primary target of M. tuberculosis
PtpA is the host protein kinase VPS33B.10 Thus an assay with chal-
cone 4d was performed to test whether inhibition of PtpA results
in decreased dephosphorylation of VPS33B. As shown in Figure 5,
a dose-dependent increase in VPS33B phosphorylation can be ob-
served when PtpA is treated with the chalcone inhibitor as com-
pared to the control reaction without inhibitor. This finding
indicates that beyond in vitro inhibition of PtpA activity towards

an artificial substrate (pNPP), the selected chalcone is capable of
acting on the dephosphorylation of a bona fide target of PtpA.

3. Conclusions

Enzyme inhibitors, beyond their role in the treatment of the dis-
ease might also be useful as probe molecules in chemical biology
approaches to dissect the role of PtpA and PtpB phosphatases in
host-pathogen invasion. In fact, in this work we clearly demon-
strated that inhibition in vitro of PtpA is correlated to in vivo inhi-
bition of mycobacterial survival, and interestingly to diminished
dephosphorylation of the natural target of PtpA in macrophages,
VPS33B.

These active chalcones are easily obtained with low cost, are
rather simple structurally, and may represent a novel lead com-
pounds to be used in strategies to combat tuberculosis.

4. Experimental Section

4.1. Enzyme kinetics

To determine the type of inhibition, inhibitors 5i, 4d, 4a, 5j, and
5a were selected and screened for each concentration of pNPP (0.5,
1.5, 3, 6, 8, 15, 25 and 40 mM). The phosphatase assays were car-
ried out in 96-well plates containing PtpA buffer (25 mM Tris–
HCl pH 8.0, 20 mM imidazole pH 7.0, 40 mM dithiothreitol, 20%
glycerol, different concentrations of inhibitors and pNPP) followed
by addition of 2 ll of recombinant PtpA (1.0 lg/ll) diluted in PtpA
buffer in order to initiate the reaction. The absorbance at 410 nm
was measured for 20 min, at 37 !C in an ELISA plate spectropho-
tometer (TECAN). Negative controls were performed in the absence
of enzyme, and positive controls were carried out in the presence
of enzyme and DMSO. All assays were done in triplicate.

The phosphate released (Vi) was quantified and analyzed as a
Lineweaver–Burk plot (1/Vi x 1/[S]) generated in the SIGMAPLOT

Software 9.0. The values of Ki, Vmax, Kmapp for each compound were
determined from the collected data by nonlinear regression
analysis. To estimate the inhibition constants, a range of pNPP

Figure 4. Mtb survival in infected THP-1 macrophages treated with the chalcone
inhibitors. Differentiated THP-1 macrophages were infected with the H37Rv Mtb
strain and treated with 10 lM of the indicated inhibitor at 0 hr. The second and
third doses were added at 24 h and 48 h, respectively. Survival of intracellular Mtb
(CFU) was determined by plating on 7H10 agar. DMSO was used as a negative
control (!). Data are expressed as mean CFU for triplicate wells with standard
deviation values.

Figure 5. In vitro dose-dependent inhibition of PtpA by the chalcone 4d. VPS33D
(0.44 lM) was incubated with c32P-ATP for 1 h previous to the addition of different
concentrations of the chalcone, 4d, and the tyrosine phosphatase, PtpA (3.93 lM).
Incubation was followed for 15 min and the phosphatase activity was measured in a
scintillation counter. Results are expressed as mean ± SD.
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ABSTRACT: Novel drugs are required to shorten the
duration of treatment for tuberculosis (TB) and to combat
the emergence of drug resistance. One approach has been to
identify and target Mycobacterium tuberculosis (Mtb) virulence
factors, which promote the establishment of TB infection and
pathogenesis. Mtb produces a number of virulence factors,
including two protein tyrosine phosphatases (PTPs), mPTPA
and mPTPB, to evade the antimicrobial functions of host
macrophages. To assess the therapeutic potential of targeting
the virulent Mtb PTPs, we developed highly potent and
selective inhibitors of mPTPA (L335-M34) and mPTPB (L01-Z08) with drug-like properties. We tested the bactericidal activity
of L335-M34 and L01-Z08 alone or together in combination with the standard anti-tubercular regimen of isoniazid−rifampicin−
pyrazinamide (HRZ) in the guinea pig model of chronic TB infection, which faithfully recapitulates some of the key histological
features of human TB lesions. Following a single dose of L335-M34 50 mg/kg and L01-Z08 20 mg/kg, plasma levels were
maintained at levels 10-fold greater than the biochemical IC50 for 12−24 h. Although neither PTP inhibitor alone significantly
enhanced the antibacterial activity of HRZ, dual inhibition of mPTPA and mPTPB in combination with HRZ showed modest
synergy, even after 2 weeks of treatment. After 6 weeks of treatment, the degree of lung inflammation correlated with the
bactericidal activity of each drug regimen. This study highlights the potential utility of targeting Mtb virulence factors, and
specifically the Mtb PTPs, as a strategy for enhancing the activity of standard anti-TB treatment.
KEYWORDS: Mycobacterium tuberculosis, protein tyrosine phosphatases, inhibitors, pharmacokinetics, rifampin, isoniazid,
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M ycobacterium tuberculosis (Mtb) is the causative agent of
tuberculosis (TB), which infects a third of the world’s

population, causing between 1.2 and 2 million deaths annually.1

Although curative drug regimens are available, such therapy is
onerous, and the emergence of HIV/AIDS has triggered a
resurgence of TB.2 A major obstacle to TB eradication efforts is
antibiotic resistance, due primarily to inadequate adherence to
the treatment regimen, which is complex, requiring multiple
drugs for a minimum of 6 months. Multi-drug-resistant (MDR)
TB now affects over 50 million people, with an increasing
number of cases of extensively drug-resistant (XDR) TB, which
carries high mortality rates due to limited treatment options.3

The prevalence of MDR and XDR TB and the ongoing AIDS
epidemic highlight the need to identify new drug targets and
develop innovative strategies to combat drug-susceptible and

drug-resistant TB.4 Recent work has focused on identifying and
targeting pathogen virulence factors, which promote the
establishment of infection and TB-related pathogenesis.5,6

Protein tyrosine phosphatases (PTPs) constitute a large
family of signaling enzymes that, together with protein tyrosine
kinases (PTKs), modulate the proper cellular level of protein
tyrosine phosphorylation.7,8 Malfunction of either PTKs or
PTPs results in aberrant protein tyrosine phosphorylation,
which has been linked to the etiology of many human diseases,
including cancer, diabetes, and immune dysfunction.9 The
importance of PTPs in cellular physiology is further
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ABSTRACT: Mycobacterium tuberculosis protein-tyrosine-phosphatase B (MptpB) is a secreted virulence factor that subverts
antimicrobial activity in the host. We report here the structure-based design of selective MptpB inhibitors that reduce survival of
multidrug-resistant tuberculosis strains in macrophages and enhance killing efficacy by first-line antibiotics. Monotherapy with
an orally bioavailable MptpB inhibitor reduces infection burden in acute and chronic guinea pig models and improves the
overall pathology. Our findings provide a new paradigm for tuberculosis treatment.

■ INTRODUCTION
Tuberculosis (TB) remains a major health problem and leading
cause of death worldwide. Antibiotic resistance is a main
obstacle in the cure and eradication of TB, with over half a
million new cases of drug-resistant TB per year. More alarming is
the increasing number of extensive or untreatable drug-resistant
TB cases (WHO TB Report 2017). Critical to the pathogenesis
of Mycobacterium tuberculosis, the causative agent of TB, is the
secretion of virulence factors that subvert the innate immune
response and prevent bacterial control by host macrophages.1,2

In this context, antivirulence drugs targeting the pathogen
survival mechanisms may represent an efficient complementary
strategy to antibiotics to increase efficacy and assist in clearing
the infection. Antivirulence strategies are now emerging as
promising therapies to counterbalance antibiotic resistance in a
number of microbial infections including TB,3− 7 and yet this is a
largely unexploited area in the clinic.
One such virulence factor is the MptpB phosphatase that is

secreted into the cytoplasm of host macrophages.8 MptpB is
critical for M. tuberculosis intramacrophage survival and for

persistence of the infection in animal models9,10 and acts by both
attenuating the bactericidal immune responses and promoting
host cell survival. We report here that selective inhibition of
MptpB impairs survival of multidrug-resistant (MDR) TB in
human macrophages and reduces infection burden in acute and
chronic guinea pig models. Furthermore, inhibition of MptpB
enhances mycobacterial killing by the first-line antibiotics
rifampicin (RIF) and isoniazid (INH). Previously, we reported
that MptpB dephosphorylates in vitro the key signaling lipids
phosphatidylinositol 3-phosphate (PI3P) and phosphatidylino-
sitol 3,5-biphosphate (PI(3,5)P2).11 These lipids control critical
steps of phagolysosomal biogenesis and bacterial clearance.12

We hypothesized that inhibition of MptpB activity may thus
restore the intrinsic host response compromised by this
virulence factor, offering a novel therapeutic mechanism against
M. tuberculosis infections. Since MptpB is not essential for
extracellular growth,10 its inhibition could prove a distinct

Received: June 1, 2018
Published: August 28, 2018

Article

pubs.acs.org/jmcCite This: J. Med. Chem. XXXX, XXX, XXX−XXX

© XXXX American Chemical Society A DOI: 10.1021/acs.jmedchem.8b00832
J. Med. Chem. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

U
FS

C
 o

n 
Se

pt
em

be
r 1

2,
 2

01
8 

at
 1

8:
49

:3
2 

(U
TC

). 
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s. 



Post-expression mutagenesis: strategy to understand 
modulation mechanisms



The Ser to Cys mutation provided a near-isosteric mutant
for study of the protease active-site and mechanism. It
should be pointed out that at the time of these discov-
eries, no methods yet existed for site-specific mutagenesis
at the DNA level and the total chemical synthesis of
proteins was not yet feasible. Remarkably, Koshland and
Bender both anticipated the use of genetic modifications
to specifically control protein structure but until this
technology was available, they proposed a more immedi-
ately accessible method of mutation performed on the
translated protein through the use of chemistry — such
modifications were referred to as ‘chemical mutations’ by
Koshland [11!!] and ‘simulated mutations’ by Bender
[13 ].

The nomenclature for these transformations can be a
matter of contention and confusion, so a few points
regarding the concept of ‘chemical mutation’ are perhaps
in order. In this review, we refer to a ‘chemical mutation’
as a process that converts an amino acid residue on a
translated protein to another amino acid residue. Chemi-
cal mutation in this context does not refer to chemical
alteration of DNA and it does not refer to covalent
labeling of proteins with synthetic probes, cofactors,
and other biochemical tools. To avoid any confusion with
DNA modification, we propose the term ‘post-expression
mutagenesis’ for chemical alteration of the translated,
folded protein [14 ]. Since in this review we consider only
mutations on proteins, we will use ‘chemical mutation’
and ‘post-expression mutation’ interchangeably.

The proof-of-principle set forth by Koshland and Bender
was a landmark in protein science. The conversion of
active site serines to cysteines has been applied to other
protease substrates such as trypsin [15 ] and related pro-
tocols for conversion to selenocysteine [16 –19 ] and even
tellurocysteine [20 ] have been reported. Despite these
advances, the serine to cysteine mutation was only
possible in these cases because of the unique chemical
reactivity of active-site serine.

A different approach was reported not long after Koshland
and Bender’s disclosures. Laskowski described an ‘enzy-
matic mutation’ on soybean trypsin inhibitor that relied on
trypsin and caboxypeptidase B to exise an amino acid from
the protein and re-ligate another amino acid at the site of
mutation [21]. The mutation is carried out on the native
protein, post-expression, in the same spirit as the chemical
mutation described by Koshland and Bender, but Las-
kowski’s method differs conceptually since the protein
backbone is altered, rather than side chain. Moreover,
Laskowski himself conceded that this method relies on
‘a bit of luck’ that all the necessary enzymes can co-exist
under the reaction conditions without deleterious proteol-
ysis [21]. Nevertheless, this concept was further developed
by Tschesche, who described sequential amino acid exci-
sion, chemical coupling, and elastase ligation as a method
to mutate soybean trypsin inhibitor [22,23 ]. Tschesche
considered these amino acid exchanges a form of ‘chemical
mutation’ [23 ]. Importantly, these examples illustrate that
some alterations can be accomplished enzymatically and
that such a mutation does not necessarily rely solely on
selective small-molecule chemistry. Collectively, the
mutations described by Koshland, Bender, and Laskowski
were the most precise manipulations of protein structure
that preceded the genetic and biotechnological revolution.

Chemical mutagenesis: expanding scope for
natural residues
A decade after the first examples of chemical mutagenesis
were put forth by Koshland and Bender, Peter Clark and
Gordon Lowe reported the use of cysteine as a precursor
to multiple amino acid side chains. Their ‘chemical
mutations of papain’ can be considered more general
than previous efforts in chemical mutagenesis since the
cysteine residue need not be in a protease, cysteine
residue need not be activated by its presence in an active
site, though in this case the residue was indeed the
nucleophile of the cysteine protease papain [24 !!,25 !].
In these reports, cysteine was alkylated with a phenacyl
bromide (Figure 2). Photolysis of this intermediate led to

782 Methods for Biomolecular Synthesis and Modification

Figure 1

The first point mutation of an enzyme was reported independently by Koshland and Bender in 1966 [11!!,12!!]. The serine-to-cysteine mutation was
accomplished chemically. The more reactive serine of the active site of subtilisin is selectively converted into a leaving group using a sulfonyl fluoride
(BnSO2F). Displacement by thioacetate provides a thioacyl-enzyme intermediate that is hydrolyzed to the free thiol of cysteine.

Current Opinion in Chemical Biology 2010, 14:781–789 www.sciencedirect.com
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Chemical mutagenesis: selective post-expression
interconversion of protein amino acid residues
Justin M Chalker and Benjamin G Davis

The ability to alter protein structure by site-directed

mutagenesis has revolutionized biochemical research.

Controlled mutations at the DNA level, before protein

translation, are now routine. These techniques allow specific,

high fidelity interconversion largely between 20 natural,

proteinogenic amino acids. Nonetheless, there is a need to

incorporate other amino acids, both natural and unnatural, that

are not accessible using standard site-directed mutagenesis

and expression systems. Post-translational chemistry offers

access to these side chains. Nearly half a century ago, the idea

of a ‘chemical mutation’ was proposed and the interconversion

between amino acid side chains was demonstrated on select

proteins. In these isolated examples, a powerful proof-of-

concept was demonstrated. Here, we revive the idea of

chemical mutagenesis and discuss the prospect of its general

application in protein science. In particular, we consider amino

acids that are chemical precursors to a functional set of other

side chains. Among these, dehydroalanine has much potential.

There are multiple methods available for dehydroalanine

incorporation into proteins and this residue is an acceptor for a

variety of nucleophiles. When used in conjunction with

standard genetic techniques, chemical mutagenesis may allow

access to natural, modified, and unnatural amino residues on

translated, folded proteins.
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Introduction
The development of site-directed mutagenesis has revo-
lutionized protein science [1,2]. Specific, high fidelity
mutations at the DNA level are now routine and recombi-
nant expression systems enable site-specific incorporation
and variation of amino acid residues in the final protein.
Standard site-directed mutagenesis, however, is largely

limited to 20 natural, proteinogenic amino acid residues.
As biochemical endeavors and goals have advanced, a need
to incorporate non-natural or modified amino acid side
chains has emerged. Unnatural amino acids can be targeted
for further labeling as well as protein tracking and analysis
[3,4]. Amino acid side chains are also naturally modified —
phosphorylation, methylation, acylation, glycosylation are
a few such examples — and access to these side chains is
highly desirable if we are to explore their roles more
precisely [5]. Amber codon suppression and reprogrammed
genetic codes are two strategies for incorporating some
unnatural or modified amino acids not accessible through
normal translation [6–9]. Semi-synthesis by native chemi-
cal ligation is another alternative and through this method
the total synthesis of proteins has become reality [10].
Another strategy is to use chemistry on an expressed
and folded protein to install a desired side chain at a desired
site. It is this final strategy that is the focus of this review.
Our intention is not to provide a comprehensive review of
protein labeling methods. Rather, we wish to explore —
and indeed revive — the concept of ‘chemical mutagen-
esis’ put forth nearly half a century ago by Daniel E.
Koshland, Jr. [11!!]. Visionary contributions from the Kosh-
land [11!!] and Bender [12!!] laboratories described, for the
first time, the chemical conversion of one amino acid side
chain to another — a chemical mutation. As genetic tech-
nology, expression systems, and aqueous chemistry have
developed, it is worthwhile to revisit the idea of a chemical
mutation. We first trace the inception of this concept and
then consider its place in contemporary chemistry and
biology as a general method to alter protein structure
precisely.

Chemical mutagenesis: a seminal concept in
protein science
In 1966, the laboratories of Daniel E. Koshland, Jr. and
Myron L. Bender independently reported the first point
mutation of an enzyme [11!!,12!!]. In both reports, the
serine protease subtilisin was chemically converted to a
cysteine protease. The transformation is depicted in
Figure 1. The active site serine was first selectively
converted into a leaving group by treatment with phe-
nylmethanesulfonyl fluoride (PMSF) and then displaced
by the attack of thioacetate. The resulting thioacyl-
enzyme was hydrolyzed through the innate activity of
the protease, providing the thiol-subtilisin product.

The mutant enzyme was characterized both chemically
(the cysteine protease contains a single, easily detected
cysteine) and through kinetic analysis of protease activity.

www.sciencedirect.com Current Opinion in Chemical Biology 2010, 14:781–789
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ABSTRACT: Advances in bioconjugation and native protein
modification are appearing at a blistering pace, making it
increasingly time consuming for practitioners to identify the
best chemical method for modifying a specific amino acid resi-
due in a complex setting. The purpose of this perspective is to
provide an informative, graphically rich manual highlighting
significant advances in the field over the past decade. This guide
will help triage candidate methods for peptide alteration and will
serve as a starting point for those seeking to solve long-standing
challenges.

Just as some of the most pivotal advances in total synthesis
can be tied to overcoming obstacles in chemoselectivity,1

advances in bioconjugation chemistry are intimately linked to the
development of targeted amino acid modifications for the precise
engineering of proteins. Given the sheer number of functional
groups present and the general requirement for aqueous reac-
tion media, protein modification is perhaps the ultimate
expression of a chemoselective reaction. A growing appreciation
for the therapeutic potential of peptides2,3 has led to numerous
initiatives that necessitate an equivalent degree of chemo-
selectivity in diverse, late-stage peptide functionalizations. This
challenge has mobilized peptide and organic chemists alike, a
point illustrated by the upsurge of interdisciplinary collabo-
rations over the past decade. Such endeavors have uniquely
altered the landscape of traditional amino acid modification
strategies for both peptide functionalization and protein
bioconjugation, and will be the focus of this perspective.
This survey is not intended to provide a comprehensive history

of bioconjugation and related chemistry;4−7 rather, it should
serve as a graphically rich catalog for the practitioner interested in
recently developed transformations for the discrete modification
of polypeptide and protein substrates. Ligation,8 stapling,9

macrocyclization,10 and cross-linking11 strategies will not be
covered, nor will methods that rely on enzymatic transfor-
mations12 or the incorporation of designer residues.13 Instead,
chemical modifications specific to proteinogenic residues, select
noncanonical but naturally occurring residues [e.g., dehydroala-
nine (Dha)], and peptide C- and N-termini will be highlighted.
The format is pedagogically similar to The Portable Chemist’s
Consultant,14 an e-book recently published for those engaged in
chemical synthesis.
A model protein bioconjugation should be site-selective and

robust and should proceed under mild conditions (physiological
pH, ambient temperature and pressure, and aqueous solvent
preferred). Moreover, preservation of the protein structure and
conservation of activity are among the most important con-
siderations. While shorter peptide sequences allow for some

deviation, the operational simplicity epitomized by these stan-
dards is an ideal goal for the development of versatile peptide
modification strategies. With these (and other) factors in mind,
the aim of this user guide is to provide an etic assessment of both
the advantages offered and limitations imposed by the strategies
featured herein. Organized by amino acid, this schematic manual
will detail key elements of each reaction, including demonstrated
or implied compatibility (indicted by brackets) with common
peptide functional groups, attributes unique to the method
described, and challenges that may arise in reagent preparation or
reaction protocol. Specific examples and general trends are
highlighted in the text to guide the reader and provide essential
information in a succinct manner.
Finally, this guide is supplemented with a high-level view of the

field [see Table 3 (Amino Acid Side-Chain Modification Report
Card) and the Supporting Information] that offers a snapshot of
the available literature in the area. These resources have been
compiled with an eye toward gaps in current methodology and
opportunities for innovation.

■ ALIPHATIC SIDE CHAINS
Without an apparent functional handle, there are relatively few
methods available (vide inf ra) for derivatization of the aliphatic
residues. However, fundamental advances in the direct func-
tionalization of C−H bonds have ushered in new opportunities
for targeted modifications.15 In perhaps the most notable recent
example, Yu and co-workers disclosed a palladium-catalyzed
C−H arylation of N-terminal alanine (Ala) residues facilitated by
coordination of the metal catalyst to the peptide backbone.16

Although currently limited to di-, tri-, and tetrapeptide substrates,
this seminal report illustrates the vast potential of postassembly
C(sp3)−H functionalization as an enabling tool for hydrocar-
bon modifications. A promising metal-mediated approach to the
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that would not otherwise have been feasible [5–11]. The
modification of a cysteine residue to incorporate a desired
modification can be achieved using a number of methods, for
example by elimination to dehydroalanine followed by Michael
addition of a thiol nucleophile or cross-metathesis; alkylation via a
thiol-ene radical-mediated ‘click’ reaction; or by electrophilic or
maleimide alkylation of cysteine [12]. The advantage of selective
chemical modification approaches over expressed protein ligation
or nonsense codon suppression is that desired modifications,
including phosphorylation, can be installed anywhere on the
protein that is solvent-accessible. Furthermore, these techniques
can be used to attach tags such as fluorescent labels [13], ubiquitin
[14], or solubilizing groups [15] to specific protein sites. In
addition, related strategies exist for the chemical modification of
other canonical residues including lysine, tyrosine, tryptophan,
glutamate, aspartate, and histidine [16,17].

Many of the existing literature examples of PTM-incorporation
via cysteine functionalization have been carried out on simple,
small (,15 kDa) proteins, and often under denaturing conditions.
However, using an optimized version of the ‘‘tag and modify’’
approach developed by Chalker and co-workers [6], we have
previously incorporated functional phospho-serine mimics at
distinct sites on the 37 kDa protein kinase domain of a clinically
relevant kinase, Aurora-A (AurA) [18]. Furthermore, the reaction
conditions had no detrimental effect on the protein’s catalytic
activity, or, by extension, its structure. This approach has now
been applied to other kinases to study the effect of phosphorylation
at different sites [19]. Here, we apply our optimized methodology,
using AurA as a relevant model protein, to extend the range of
PTMs and other modifications that can be incorporated by this
method. We have previously shown that unnatural synthetically
generated amino acid residues can act as canonical serine
surrogates [18], and we demonstrate here the installation of a
diverse array of unnatural residues with varying physico-chemical
properties (Figure 1). In addition, we demonstrate that selective
cysteine functionalization is possible not only on a flexible surface-
exposed loop, at T288C, but is also surprisingly facile on a cysteine
residue buried deep within the ATP binding site of AurA, F275C
(Figure 2). F275 is within the ‘DFG’ region of the active site, a
highly conserved motif that contains key catalytic residues essential
for substrate phosphorylation. This motif is known to be flexible in
AurA and adopt ‘DFG-in’, ‘DFG-out’ and ‘DFG-up’ conforma-
tions [20]. Certain mutations to this conserved region are able to
induce stable alternative DFG conformations in p38a MAP
Kinase [21], hence we wanted to examine the feasibility of
efficiently introducing a variety of non-natural mutations at this
site on AurA. Selective chemical modification of a cysteine residue
inserted at the DFG+2 position of both p38a and cSrc kinases has
been successfully employed to attach an environmentally-sensitive
fluorophore [22,23], which demonstrates that chemical modifica-
tion near to the DFG motif is indeed feasible; however, based
upon observed crystal structures [24], F275 in AurA appears less
accessible than the DFG+2 position. In this work we demonstrate

the scope of cysteine modification at both a flexible surface-
exposed protein loop, and within the buried ATP binding site of
AurA. We show that selective cysteine functionalization is a
valuable tool with which to mimic post-translational modifications
and introduce diverse unnatural residues under native conditions.

Results and Discussion

Chemical modification of surface and buried sites
The two constructs of AurA used for this work (T288C and

F275C) contain a number of mutations introduced by site-directed
mutagenesis (Figure 2). As described previously [18], both
constructs contain C290A and C393A mutations to prevent
undesired chemical modification from occurring at exposed
cysteine residues. Two cysteine residues (C247 and C319) remain;
however, our previous work confirmed that these residues are
buried within the protein and not accessible to chemical
modification. The T288C construct has an additional alanine
substitution at the adjacent T287 phosphorylation site because this
construct was originally designed to investigate the effect of AurA
phosphorylation exclusively at position 288 [18].

Under identical reaction conditions, C288 and C275 both react
to form dehydroalanine (Dha) from cysteine (Figure S1). Forma-
tion of C288Dha proceeds to completion within 2 hours consistent
with the location of C288 on a flexible surface-exposed loop;
however reaction at C275, which is located deep in the kinase
ATP binding pocket, does not proceed to completion in 2 hours,
resulting in a small amount of residual cysteine at this position
which is carried through to the second step of the reaction. We
then reacted a wide range of thiol nucleophiles with C288Dha and
C275Dha (Figure 3 and Table 1) and determined the success of
each reaction by intact protein mass spectrometry (LC-MS)
(Figures S2–S3). Consistent with previous reports [18], PTMs
corresponding to lysine and N-terminal methionine gluconoylation
or phospho-gluconoylation were observed resulting in additional
peaks of +178 Da or +258 Da alongside that of the expected mass.
Pleasingly, we observed no difference in the success of thiol
addition reactions at the C275 site compared to the surface
exposed C288 site, with the notable exception of the small amount
of unreacted C275 cysteine that is carried through each C275
reaction (Table 1). We propose that the high level of modification
achieved at C275 highlights the flexibility and accessibility of this
region in the absence of a bound ligand, and suggests that in the
apo form of AurA, both C275 and C275Dha can adopt a
chemically-accessible ‘DFG-out’ conformation in which the side-
chain of cysteine and the sp2 carbon of dehydroalanine point
outwards into the ATP binding site. This is in contrast to
published crystal structures that show an inaccessible ‘DFG-in’
conformation of F275 when bound to ATP [24]. Indeed, the
modification of F275 to either cysteine or dehydroalanine may
make a ‘DFG-out’ conformation more prevalent, as the favorable
interactions of the lipophilic phenylalanine side-chain with the
hydrophobic pocket observed in the ‘DFG-in’ conformation are

Figure 1. Chemical conversion of cysteine to a range of unnatural amino acid residues.
doi:10.1371/journal.pone.0103935.g001
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Abstract

The ability to obtain a homogeneous sample of protein is invaluable when studying the effect of alterations such as post-
translational modifications (PTMs). Selective functionalization of a protein to investigate the effect of PTMs on its structure
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as revealed by intact protein mass spectrometry. Moreover, these reactions proceed under non-denaturing conditions,
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only on a flexible surface-exposed loop, but also within a deep active site pocket at the conserved DFG motif, which reveals
the potential use of this method in exploring enzyme function through modification of catalytic site residues.

Citation: Rowan F, Richards M, Widya M, Bayliss R, Blagg J (2014) Diverse Functionalization of Aurora-A Kinase at Specified Surface and Buried Sites by Native
Chemical Modification. PLoS ONE 9(8): e103935. doi:10.1371/journal.pone.0103935

Editor: Claude Prigent, Institut de Génétique et Développement de Rennes, France
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Introduction

Post-translational modifications (PTMs) play a crucial role in
the function and regulation of numerous proteins [1], and
homogeneous samples of recombinant proteins selectively modi-
fied with a desired PTM are indispensible when studying the
functions or effects of such modifications. Consequently, the
development and application of methods that enable specific and
complete modification of selected protein residues under native
conditions is essential, and chemical approaches are rapidly
emerging as a way to tackle this challenge.

In the past, synthetic mimetics of PTM-modified residues have
been incorporated into recombinant proteins by two main
techniques: 1) expressed protein ligation [2] and 2) nonsense
codon suppression [3]. In the first of these examples, a peptide
corresponding to either the N- or C-terminus of the protein, and
containing the desired PTM, is synthesized. This is then ligated to
the remainder of the protein, which has been produced by
standard recombinant protein expression. A major disadvantage of
this method is that the desired PTM must be located near a
protein terminus, which limits the opportunity for modification in

larger proteins. A second disadvantage is the difficulty in achieving
overexpression of the target protein lacking part of its N- or C-
terminus. The second example, nonsense codon suppression,
utilizes non-coding codons and modified tRNAs to incorporate
desired PTM-modified residues during recombinant protein
production. However, the resulting PTM-proteins are generally
recovered in poor yield. Furthermore, this technique is dependent
on the ability of synthetic PTM amino acids to permeate the cell
membrane; consequently this method is unsuitable for the
incorporation of phosphorylated PTMs. However, these and
other related methods can be used to selectively introduce
unnatural amino acid residues for bioconjugation applications [4].

A relatively new approach to selectively introduce desired PTMs
is through in vitro chemical modification of cysteine residues.
Recombinant proteins that have been engineered to contain a
cysteine residue at a selected site are subjected to synthetic
procedures that result in site-specific incorporation of a structural
and/or functional mimic of a desired PTM. This approach has
been used to generate proteins containing a wide variety of PTMs,
such as phosphorylation, glycosylation, methylation, acetylation,
and lipidation, which has enabled structural and functional studies
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reduced. The success of chemical modification at this residue
under non-denaturing conditions differs from other methods in
which the protein is either subjected to harsher conditions to gain
access to the hindered cysteine [25], or is unfolded using
guanidinium hydrochloride [9–11], both of which are undesirable
when working with larger, more complex proteins such as AurA.
Additionally, we have previously shown that the reaction
conditions applied here are not detrimental to the catalytic activity
of AurA thereby demonstrating proof of protein viability under
these conditions [18].

We were able to determine general reactivity trends for thiol
addition reactions. Polar uncharged and polar aromatic thiols all
react efficiently with Dha at both C288 and C275 (Table 1, entries
1–9). We used 5000 eq. of each thiol reagent as standard
conditions, however for one example, 4-methoxybenzenethiol
(MOBZ), we determined the minimum excess required to drive
full conversion. We found AurA 288Dha reacted completely to the
desired MOBZ product when .250 eq. of MOBZ were used;
whereas reactions with up to 250 eq. MOBZ still contained
unreacted Dha after 2 hours (Figure S4). Hydrophobic aromatic
thiols also react to completion under our standard conditions (10–
12), with the exception of 4-fluorobenzenethiol (FBZS, 13), which
did not react at either site presumably as a result of lower

nucleophilicity. Representative examples of different thiol reac-
tions that showed excellent conversion at both sites are provided in
the Supporting Information, including LC-MS/MS confirmation
of the site of modification and quantification of protein recovery
after the reaction, which is typically around 75% (Figure S5).

We observed that thiol addition reactions using charged
reagents were less successful than those using uncharged or
aromatic thiols (Table 1, 14–19). Negatively charged reagents
either did not react, or did not react to completion (14–16)
consistent with previous work in which thiophosphate [(SPO3)32]
addition to Dha at C288 was incomplete and required purification
to obtain the desired product [18]. Furthermore, additional
unidentified peaks were observed by LC-MS for reactions with 3-
mercaptopropanoic acid (MPA, 14) and 2-mercaptoacetic acid
(TGA, 16). Using positively charged thiol reagents gave mixed
results (17–19). Reactions using 2-(4-methylpiperazin-1-yl)etha-
nethiol (MPES, 17) were unsuccessful whilst reactions with 2-
(dimethylamino)ethanethiol (MNES, 18) worked efficiently to give
the desired product, however adducts of 102–103 Da were
observed on both C288 and C275 samples (vide infra); and
reaction of C275 with 2-aminoethanethiol (NES, 19) resulted in
multiple unidentified peaks observed by LC-MS with only a small
amount of the C275Dha starting material detected. A thermal
denaturation screen, conducted to optimize buffer conditions,
revealed that 2-aminoethanol completely unfolds AurA when used
as a buffer component at a concentration of .5% (v/v) (Figure
S6). It is therefore likely that NES has a similar effect and,
although used at a lower concentration, acts to denature the
protein.

Synthesis of N-acetyl-lysine and N, N-dimethyl-lysine
mimics

In addition to generating a range of unnatural amino acids, we
produced a chemical mimic of N-acetyl-lysine using N-acetylcys-
teamine (ACCN, 5). This reaction was successful at both the C288
and F275C sites (Figure 4), reacted to completion and yielded a
protein recovery of ,80%. This demonstrates the potential of this
method to incorporate mimics of PTM-residues in a site-specific
manner for applications where selective lysine N-acetylation is
desired, such as for in vitro studies of protein epigenetic

Figure 2. AurA C288 and AurA C275 constructs and protein sequence. (A) AurA C288 contains mutations T287A, T288C, C290A & C393A. (B)
AurA C275 contains mutations F275C, C290A & C393A. (C) Sequence of AurA 122–403 kinase domain with N-terminal His-tag (underlined). Sites of
chemical modification are labelled orange, other mutations are purple, and remaining internal cysteine residues are blue.
doi:10.1371/journal.pone.0103935.g002

Figure 3. Reagents used for addition at C288Dha and C275Dha.
Reagents are colored as indicated in Figure 1.
doi:10.1371/journal.pone.0103935.g003
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A Water-Bridged Cysteine-Cysteine Redox
Regulation Mechanism in Bacterial
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SUMMARY

The emergence ofmultidrug-resistantMycobacterium tuberculosis (Mtb) strains

highlights the need to develop more efficacious and potent drugs. However,

this goal is dependent on a comprehensive understanding ofMtb virulence pro-

tein effectors at the molecular level. Here, we used a post-expression cysteine

(Cys)-to-dehydrolanine (Dha) chemical editing strategy to identify a water-medi-

ated motif that modulates accessibility of the protein tyrosine phosphatase

A (PtpA) catalytic pocket. Importantly, this water-mediated Cys-Cys non-cova-

lent motif is also present in the phosphatase SptpA from Staphylococcus aureus,

which suggests a potentially preserved structural feature among bacterial tyro-

sine phosphatases. The identification of this structural water provides insight

into the known resistance of Mtb PtpA to the oxidative conditions that prevail

within an infected host macrophage. This strategy could be applied to extend

the understanding of the dynamics and function(s) of proteins in their native

state and ultimately aid in the design of small-molecule modulators.

INTRODUCTION

Tuberculosis affectsmillions of people each year and is a leading cause of deaths world-
wide.1 The emergence of multidrug-resistantMycobacterium tuberculosis (Mtb) strains
is linked to the ability ofMtb to overcome host defenses, especially macrophage diges-
tion and overoxidation,2,3 pressuring the long-standing endeavor of disease eradica-
tion.4Once inside themacrophage vacuole,Mtb circumvents the proteolysismachinery
by inhibiting phagosomematuration and its fusion with lysosome.5 Among others, pro-
tein tyrosine phosphatase A (PtpA) is a key player forMtb survival in this oxidative envi-
ronment. PtpA is secreted into the macrophage cytosol and interferes directly with
phagosome maturation by disrupting key components of the macrophage endocytic
pathway.6,7 However, as macrophages produce reactive oxygen and nitrogen species
as adefensemechanismagainstMtb,8 proteins, includingPtpA, are likely tobe inhibited
under oxidative conditions. Protein tyrosine phosphatases (PTPs) contain multiple Cys
residues that play a paramount role regulating signaling pathways (Figure 1A).9–11 The
formation of a disulfide bridge between the catalytic Cys and a backdoor Cys residue
located within the catalytic pocket is a structural feature that can finely control the redox
mechanism of PTPs.12 However, such regulating mechanism(s) that delay oxidative
inactivation remain elusive for PtpA.

Typically, the relationship between amino acid sequence and protein activity and func-
tion is determined through site-directed mutagenesis.13 However, this technique is

The Bigger Picture

The emergence of
Mycobacterium tuberculosis
(Mtb) resistance is a serious threat
to public health. However, the
quest for more efficient drugs
against Mtb is hampered by the
lack of a detailed understanding
ofMtb virulence protein effectors.
Here, we describe the swift
modification of select Cys
residues in multi-Cys proteins
directly through chemistry. New
insights into the biochemistry of
emerging bacterial drug targets
were obtained. We reveal a water
Cys-Cys bridging mechanism that
offers an explanation for the
known resistance of Mtb protein
tyrosine phosphatase A (PtpA) to
the oxidative conditions that
prevail within an infected host
macrophage. This water Cys-Cys
bridge motif is also found in the
phosphatase SptpA from
Staphylococcus aureus,
suggesting its potential
conserved structural role. The
rationalization of the unique
features of PtpA, an important
target for Mtb drug discovery,
could now be used in the design
of novel small-molecule
modulators.
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restricted to the introduction of 20 canonical amino acid building blocks.14On the other
hand, semi-synthesis of proteins via native chemical ligation, followed by refolding is
limited to simpler proteins.15 Alternatively, site-selective chemical mutagenesis offers
an expeditious and elegant means of studying native, folded proteins by post-expres-
sion installation of non-canonical amino acid residues.16–19 These could allow activity
and functional studies per se or act as chemical tags for subsequent functionalization.20

Here, we describe our efforts to leverage site-selective post-expressionmutagenesis by
using non-canonical amino acids in order to understand the interplay betweenmultiple
Cys residues and their role in redox regulationmechanisms displayed by bacterial PTPs.
Using Mtb PtpA, Yersinia enterocolitica tyrosine phosphatase YopH, and Staphylo-
coccus aureus tyrosine phosphatase SptpA as examples of PTPs and a post-expression
chemical editing method for converting Cys to dehydroalanine (Dha), we obtained
exquisite regioselectivity. Unexpectedly, we unveiled that the protein’s solvation state
regulates its reactivity toward modification by the chemical editing reagent. Our find-
ings illustrate the importance of a structural water and the reactivity of the non-catalytic
Cys53 residue as a protection mechanism against catalytic oxidation in PtpA. Indeed,
the role of water molecules and water networks is central to understanding the hydro-
phobic effect, protein function, and molecular recognition in general.21–24 All together,
our data offer a rationale for Cys oxidationmechanisms by xenobiotic species and offer
insights into new biology that can be used for designing innovative antimicrobial
PTP-targeting chemical probes and therapeutic agents.

RESULTS AND DISCUSSION

Regioselective Cys53 Modification Indicates Its Enhanced Reactivity and Its
Role as an Oxidant Scavenger

In contrast to current approaches that rely on extensive protein sequence remodel-
ing, we investigated PtpA function and dynamics by post-expression conversion of

Figure 1. Regioselective Cys Chemical Editing

(A) Catalytic mechanism of protein tyrosine phosphatases.

(B) Cys-to-Dha conversion through a bisalkylation elimination reaction.

(C) Left: conversion of PtpA-Cys53 to Dha with reagent 1. Right: conversion of all Cys residues in

PtpA to Dha by treatment with an excess of 1.
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Figure 2. Chemical Mutation of PtpA and Its Effect on Catalytic Activity

(A) Deconvoluted ESI-MS spectra overlay of native and Cys-to-Dha-modified PtpA isoforms. Reactions were carried out with 1 in NaH2PO4 buffer (pH

8.0, 50 mM) for 1 hr at 37!C at the indicated concentrations. Mass peak assignments: 19,924 Da, Cys11/16/53; 19,889 Da, Cys11/16/Dha53; 19,820 Da,

Dha11/16/53.

(B) Dha53-containing peptide 40-VTSAGTGNWHVGSDhaADER-57 obtained upon treatment of wild-type PtpA with 15 mM of reagent 1.

(C) Catalytic activity profile of PtpA and isoforms, as assessed by p-nitrophenylphosphate hydrolysis over time.

(D) Circular dichroism spectra of PtpA, site-directed single-mutant C53A, and chemical mutant Dha53. Protein samples were concentrated to 10 mM in

25 mM NH4HCO3 (pH 7.4).

(E) Atomic fluctuation (Ca) analysis of PtpA wild-type (left) and triple-mutant (right) obtained from 500 ns MD simulations. The data correspond to the

average structure of both molecules throughout the simulations.

(F) H2O2 inactivation profile of PtpA, Dha53, and site-directed mutant C53A, as assessed by p-nitrophenylphosphate hydrolysis over time. PtpA and

Dha53 mutant (0.5 mM) were pre-incubated with 100 mMH2O2 for 1 min, then 20 mM p-nitrophenylphosphate was added to the reaction and absorbance

of the released p-nitrophenolate was monitored at 410 nm over 10 min. The data represent mean G SD of three independent experiments.
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It had been previously established that S-nitrosylation plays a paramount role in
the dynamic post-translational regulation of several proteins.27–29 In particular,
S-nitrosylation of PtpA with S-nitrosoglutathione (GSNO) follows a pattern identical
to that of Dha53 installation because it occurs exclusively at Cys53 (Table 1 and Fig-
ures S10 and S11), in contrast to the preferred catalytic Cys oxidation in Ptp1B.30

However, unlike Dha53 installation, S-nitrosylation of Cys53 partially suppresses
the activity of PtpA (Table 1; Ecco et al.30). Both the C53A and the Dha53 mutant
are more prone to H2O2 inactivation than the wild-type counterpart (Figure 2F).
Moreover, Cys53 is the first residue to be overoxidized after H2O2 incubation (Fig-
ure 2F). This pattern corroborates the critical role of Cys53 as a modulator of the
PtpA redox state. Albeit intriguing, a molecular mechanism for selective S-oxidation
is not yet known to date, despite its potential implications on chemical biology and
drug discovery.

Water-Mediated Interplay between the Catalytic Cys11 and Backdoor Cys16
Modulates Redox Regulation

We investigated the reaction products obtained from the double C16A/C53A
mutant. Chemical mutation of Cys11 occurred at concentrations of 1 as low as
15 mM and complete conversion occurred at 30 mM. Surprisingly, a different
outcome was observed for the C11A/C53A mutant, i.e., no conversion of Cys16 to
Dha was attained at 30 mM of editing reagent (Figure S7), advocating for an inter-
play between the catalytic Cys11 and backdoor Cys16 residues (Figures S5–S7)
because these residues are modified simultaneously in the wild-type protein. Conse-
quently, our data suggest intricate regulating factors for Cys modification, which
were further corroborated by multiple thiol titrations with Ellman’s reagent (Fig-
ure S16 and Table S1). Finally, mutation of the catalytic Cys11 residue substantially
decreases PtpA functional activity (Table 1). The formation of a disulfide bridge as an
explanation for the intricate interplay between Cys11 and Cys16 was dismissed
because all the reactions were conducted under reducing conditions.

With the chemical mutagenesis data in hand, we endeavored to explore this elusive
mechanism by using a combination of biophysical and computational approaches.
Protein-bound water molecules have been increasingly recognized as key in
the modulation of protein structure, folding, and dynamics.31,32 Just recently, a
water-mediated allosteric network was reported to govern activation of Aurora
kinaseA.24We thus hypothesized the existence of awater-mediatedCys-Cys non-co-
valent bridge regulating the active-site dynamics, and consequently Cys-to-Dha
modification and GSNO-mediated oxidation. To address this question, we per-
formed a series of MD simulations up to 500 ns with the apo structure of PtpA
(PDB: 1U2P 33). Despite evidence of a pKa of ca. 5 for the catalytic Cys,12 and having
performed the Cys-modifying reactions at pH 8, we probed the different ionization
states of all relevant residues in the catalytic cleft and computed 2D radial pair

Table 1. Kinetic Parameters of PtpA and the Chemically Derived Mutants PtpADha53 and

PtpADha53Dha16Dha11

PtpA Isoform vmax (U mg!1) kcat (s
!1) KM (mM) kcat/KM

(10 5 M!1 s!1)

Cys53Cys16Cys11 35 G 0.8 11 G 0.2 0.80 G 0.06 1.4

Dha53Cys16Cys11 36 G 1.5 12 G 0.5 0.96 G 0.13 1.2

Dha53Dha16Dha11 3.8 G 0.2 1.2 G 0.1 0.98 G 0.12 0.12

Cys53Cys16Cys11 + GSNO 24 G 1.2 8 G 0.4 1.5 G 0.2 0.53

Dha53Cys16Cys11 + GSNO 39 G 0.9 13 G 0.3 0.84 G 0.07 1.5
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bands (2,936 cm!1, 2,917 cm!1, 2,905 cm!1, 2,895 cm!1, and 2,852 cm!1) that
underwent a change in the corresponding vibrational energy upon hydration with
H2

18O (Figure 5). Importantly, the IR band at 2,936 cm!1 was found in the spectra
of both phosphatases, indicating the presence of a water molecule. This observation
points toward a conserved Cys-Cys water-bridging motif among bacterial PTPs. In
addition, the absorbance spectra (Figure S20) of both proteins showed similar peaks
in the region 3,000–2,800 cm!1. Importantly, this region can potentially be used to
spectroscopically probe the catalytic pocket of similar phosphatases.

Conclusions

Using a robust post-expression mutagenesis approach, we have demonstrated that
the non-catalytic residues Cys53 in PtpA and Cys259 in YopH are the most reactive
Cys residues in phosphatases of clinically relevant bacteria. Although steric
hindrance is likely to play a role in the observed regioselective modification, we
confirmed a water-mediated structural motif that modulates the interplay between
the catalytic Cys11 and the backdoor Cys16 at a molecular level in Mtb PtpA.
Such structural motif is also found in the phosphatase SptpA from S. aureus, which
indicates that the mechanism might actually be conserved among phosphatases
that share structural identity in the catalytic cleft. This hitherto unknown regulation

Figure 4. The Catalytic Pocket Is Highly Conserved among the Protein Phosphatase Family

(A) Superposition of selected active-site residues and waters of PtpA from M. tuberculosis (PDB: 1U2P) in gray, YwlE arginine phosphatase from

G. stearothermophilus (PDB: 4PIC) in yellow, tyrosine phosphatase AmsI from E. amylovora (PDB: 4D74) in cyan, and TT1001 protein from

T. thermophilus HB8 (PDB: 2CWD) in gray.

(B) The active site from the Mtb PtpA crystal structure.

(C–F) The active sites from (C) S. aureus, (D)G. stearothermophilus, (E) E. amylovora, and (F) T. thermophilusHB8. The protein residues are drawn in stick

representation, and conserved water molecules are drawn as spheres. Atom colors are gray for carbon, blue for nitrogen, red for oxygen, yellow for

sulfur, bright orange for selenium, and orange for phosphorus.
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cysteines. We then proceeded to iden-
tify which of the three cysteines was
preferentially modified, and once again
Cys53 emerged. The structural analyses
revealed that Cys53 was exposed on
the surface; thus, the explanation for
the selective modification lay in the
facile access granted by the amino
acid position. Nonetheless, we also
showed that for the YopH phosphatase
from Yersinia enterocolitica, the prefer-
entially modified cysteine was buried in
a structural motif. With this in mind, we
still had to explain the absence of stoi-
chiometric correlation in the chemical
modifications, and we found that after
several computational, biochemical,
and biophysical experiments, a water-
bridged Cys-to-Cys structural motif

was taking place in PtpA’s catalytic
pocket to mediate its accessibility.
Amazed by this finding, we then hy-
pothesized the likelihood of the conser-
vation status of this new structural motif
and experimentally showed its exis-
tence in another bacterial phosphatase.
In addition, our findings also led us to
propose a new redox-state mechanism
contrasting with the well-established
disulfide paradigm, given that Cys53
had proved to be playing an oxidative
scavenger role by preventing the over-
oxidation of the catalytic Cys11, and
Cys16 acted as backdoor cysteine for
the water-bridged Cys-to-Cys motif
(Figure 1). These findings not only shift
the field of anti-tuberculosis drug
design by providing an applicable plat-

form for assessing native protein dy-
namics but also show how reactive
non-catalytic cysteine residues can
work synergistically to protect proteins
against oxidative damage. It also shows
that once expressed either in the sur-
face or buried, non-catalytic cysteine
residues play a critical role and can
therefore be validated as drug-oriented
targets.

At last, I would like to express my
sincere gratitude for and acknowledge
the time I spent working with Prof.
Hernán Terenzi in Brazil and especially
Dr. Gonçalo Bernardes at the University
of Cambridge; both experiences had a
tremendous impact on my career.
They also boosted my passion for sci-
ence and my willingness to go even
further to always ask yet another ques-
tion and to understand failure as a ‘‘try
again’’ and not a ‘‘give up.’’ As for my
perspectives, I hope to be able to
establish my own group and provide
the same creative and thought-provok-
ing environment for my students as I
experienced in the Terenzi and Ber-
nardes laboratories.
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Figure 1. Schematics of the Proposed Water-Bridged Cysteine-Cysteine Redox Regulation

Mechanism in Protein Tyrosine Phosphatases

Cysteine phosphatases (A) can prevent catalytic overoxidation (C) by forming a disulfide bridge

with a backdoor non-catalytic cysteine in close proximity (B) and thus becoming reversibly

inactivated. Non-catalytic cysteines (D) act synergistically as oxidative scavengers while a water-

bridged motif consisting of a catalytic cysteine and a backdoor cysteine protects the catalytic

pocket, allowing the enzyme to remain active under stress conditions.
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The Critical Role
of Non-catalytic
Cysteine Residues
in Proteins
Jean Bertoldo1,*

Dr. Jean Bertoldo received his MSc de-
gree in biotechnology (2010) and PhD
degree in biochemistry (2013) at the
Federal University of Santa Catarina,
Brazil, under the supervision of
Prof. Dr. Hernán Terenzi. He was then
awarded a prestigious fellowship from
the Brazilian National Council for Scien-
tific and Technological Development to
pursue post-doctoral training at the
University of Cambridge in Dr. Gonçalo
Bernardes’s research group. After a
successful research collaboration that
yielded two high-impact publications,
Dr. Bertoldo moved to Martin Luther
University of Halle-Wittenberg, Ger-
many, where he is a junior research
associate in the Faculty of Medicine.

I discovered my passion for science
when I was 13 years old; there is no
doubt that the work and influence of
my science teacher sparked this pas-
sion. Years later, I foundmyself finishing
a BSc in the biological sciences. Before I
realized I wanted to be a scientist, I was
fascinated by human biology, its func-

tion, its complexities, and the intricate
chemical, molecular, and cellular mech-
anisms that give rise to higher organ-
isms such as humans. Along with my
fascination for human biology came
the realization of the terrible diseases
that affect it, especially infectious dis-
eases, a particular burden in the world’s
poorest countries. Thus, as a PhD stu-
dent I knew that in order to find a treat-
ment for these diseases, I would have to
study the molecular biology behind
them. That was when I understood the
importance of basic science and found
my field: protein biochemistry.

Of all the proteins, I have always been
intrigued by cysteine-containing pro-
teins. Interestingly, the appearance of
cysteine in the genetic code is rather
late,1 and given the codons used for
its expression (UGC and UGU), its
expected percentage in proteins is
3.28%. However, cysteine typically oc-
curs in the human proteome less than
2.2%,2 which indicates an evolutionary
pressure against its utilization. This se-
lective pressure might be due to cyste-
ine’s unique set of chemical properties,
which make it critical for catalytic reac-
tions but also vulnerable to oxidative
damage. In my first year as a postdoc
working with Prof. Hernán Terenzi, I
already had an idea of how cysteines
could affect protein activity, but still a
key question remained unanswered:
could cysteine residues still play a
similar role in prokaryotic proteins,
given that they represent only 0.5% of
amino acid content?2 Furthermore,
could cysteine residues, or cysteine-
containing structural motifs, be vali-
dated for selective drug design in
proteins of pathogenic bacteria? With
these questions in mind, I ventured
into choosing the right protocols and
methodologies to try to answer them.
At this point, I was working with the pro-
tein tyrosine phosphatase A (PtpA) from
Mycobacterium tuberculosis, the infa-
mous tuberculosis-causing pathogen.

PtpA is a validated target for tubercu-
losis treatment and one of the most
studied proteins from this bacterium;
however, many important virulence
mechanisms remain elusive. One of
the intriguing things about this protein
is its cysteine content of 1.8%, which
contrasts with the overall percentage
of 0.5% for prokaryotic proteins.
Despite the fact that it is a cysteine
phosphatase, the remaining two non-
catalytic cysteines had not been stud-
ied or assigned any function. Prof.
Hernán Terenzi’s group then showed
the in vitro S-nitrosylation of the non-
catalytic Cys53 and its effect on PtpA’s
activity.3 This result then pointed me
to another question: would it be
possible for this non-catalytic cysteine
to have a key cellular function?

I was still struggling with these
questions when I was asked to give a
talk about the results I obtained
from using a different mutagenesis
approach. It turned out that Prof. Gon-
çalo Bernardes from the University
of Cambridge would attend this
meeting. Prof. Bernardes had devel-
oped a pioneering chemical mutagen-
esis approach4 to selectively modify
single cysteine residues in proteins,
and I was testing his compounds on
PtpA. After a very productive talk, he
invited me to join his group. I then
moved to Cambridge to work with him
in the Department of Chemistry. In this
issue of Chem,5 we demonstrated the
results of this pioneering approach. At
first, we aimed to test the selectivity of
chemical mutagenesis in proteins with
multiple naturally occurring cysteines.
By using increasing concentrations of
the Cys-to-Dha-converting compound
a,a’-dibromo-adipyl(bis)amide, we
were able to modify first one and then
all three cysteines residues in PtpA.
Our first question was addressed—we
showed that it is indeed possible to
selectively modify a single cysteine res-
idue in a protein with multiple reactive

Chem 3, 525–526, October 12, 2017 525



Subscriber access provided by UNIV FED DE SANTA CATARINA UFSC

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Perspective
Posttranslational chemical mutagenesis: to reveal the role of non-
catalytic cysteine residues in pathogenic bacterial phosphatases

Jean Bertoldo, Hernán Terenzi, Stefan Hüttelmaier, and Gonçalo J.L. Bernardes
Biochemistry, Just Accepted Manuscript • DOI: 10.1021/acs.biochem.8b00639 • Publication Date (Web): 03 Oct 2018

Downloaded from http://pubs.acs.org on October 3, 2018

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.



Biomimetic model systems



Schenk et al., Acc. Chem. Res. 2012
30

1594 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 1593–1603 ’ 2012 ’ Vol. 45, No. 9

Binuclear Metallohydrolases Schenk et al.

metal ions in their active site to catalyze the hydrolysis of
amides and esters of phosphoric acid. Figure 1 shows the
metal ion coordination of a typical binuclear metalloen-
zyme. The imidazole side chains are the most common of
the coordinating ligands followed by the acid side chains of
aspartate and glutamate. Less frequent are ligands such as
tyrosine. The metal ions are separated by about 3.5 Å ((0.5 Å)
and are linked by bridging groups, which are generally
hydroxides (i.e., μ-hydroxides), side chains of amino acid
residues, or a combination of both.1,2 The binuclear metal
centers have been accommodated in a variety of protein
folds, including four-helix bundles (e.g., arginase), TIM bar-
rels (e.g., organophosphate-degrading enzyme from Agro-
bacterium radiobacter, OPDA), and R/β/β/R folds (e.g., purple
acid phosphatase, PAP, and organophosphate (OP)-degrad-
ing enzyme from Enterobacter aerogenes, GpdQ). Anumber of
detailed reviews of the structures and functions of binclear
metallohydrolases have been previously published,1,2 and
this Account is intended to serve as an update of progress
made in the past few years.

Binuclear metallohydrolases catalyze numerous vital re-
actions, and it is not surprising that they are potential targets
of drugs against a wide variety of human disorders (e.g.,
osteoporosis, various cancers, antibiotic resistance, and
erectile dysfunctions).1,2 These enzymes also tend to be
promiscuous; they catalyze more than one reaction. For
example, the GpdQ enzyme is part of a pathway that is used
by bacteria to degrade glycerolphosphoesters, but it can also
hydrolyze a variety of other phosphodiesters and displays
low levels of activity against phosphomono- and triesters.3

This promiscuous nature may in part explain why binuclear
metallohydrolases appear to have evolved in recent times
to deal with situations created by man. For example, the

organophosphate pesticides appeared in the environment
about 70 years ago, so the enzymes that bacteria use to
degrade them must have evolved very quickly in terms
of evolutionary time.3,4 The promiscuous nature of these
enzymesmakes them ideal candidates for the application of
directed evolution to produce new enzymes that can be
used in bioremediation and as a defense against chemical
warfare. In short, the binuclear metallohydrolases are a
diverse set of enzymes that have the potential to be used
in a variety of practical applications.

Binuclear metallohydrolases utilize a range of different
metal ion combinations.1,2 The majority of these enzymes
require two divalent metal ions for activity, and some are
highly selective in terms of suitable metal ions, whereas
others are functional with a range of different metal ions.
Urease serves as an example of an enzyme with a specific
requirement for Ni2þ,5 while GpdQ is catalytically activewith
a wide range of divalent metal ions.6 One member of the
family of binuclear metallohydrolases, PAP, is unique in that
it requires a heterovalentmetal center of the type Fe3þ"M2þ

for catalytic activity (where M = Fe, Zn, or Mn).1,2 With
respect to their proposed reaction mechanisms these en-
zymes can be separated into two distinct groups. One of
them, represented by the di-Zn2þ enzyme alkaline phospha-
tase, employs an active site side chain (i.e., a serine residue)
to initiate hydrolysis; in the process of the reaction a cova-
lently linked reaction intermediate is formed. This reaction
has been reviewed in great detail7 and will not be discussed
further here. The majority of binuclear metallohydrolases
utilize a solvent-derived hydroxide as the hydrolysis-initiat-
ing nucleophile.1,2 In most cases, this hydroxide is directly
coordinated to one or both of the metal ions in the active
site, but evidence has emerged that implicates a noncoordi-
nated hydroxide in the outer coordination sphere as a
possible alternative nucleophile (vide infra).2

Here, we present an Account of the mechanisms em-
ployed by binuclear metallohydrolases and use PAP and
organophosphate-degrading enzymes as paradigms since
they illustrate both the diversity and similarity of the reac-
tions catalyzed by this family of enzymes. Other members,
such as the metallo-β-lactamases (MBLs), enzymes that
degrademost commonly used β-lactam antibiotics and thus
present amajor threat to global health, generally use similar
mechanistic strategies to those discussed here, although it
needs to be pointed out that in the case of MBLs alternative
reaction schemes may be operational whereby only one
metal ion is required for catalysis.8 Our choice to focus
on PAP and organophosphate-degrading enzymes is also

FIGURE 1. Binuclear metal ion center in PAP. PAPs have a Fe3þ in the
“chromophoric” site, which forms a CT complex with an invariant
tyrosine ligand, resulting in the characteristic purple color of the en-
zyme. Also shown is the metal ion bridging hydroxide, proposed to be
one of two active hydrolysis-initiating nucleophiles (see text for details).
Residue labels refer to the sequence of pig PAP.
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4052–4055 (2006).

Phosphodiester linkages, including those that join the
nucleotides of DNA, are highly resistant to spontaneous
hydrolysis.

Estimates of the uncatalyzed half-life of DNA at near-
physiological conditions range from ~4,000 years to 30
million years, which makes catalysis of DNA hydrolysis an
especially challenging goal.
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Nucleic acid cleavage biomimetic

• 1. protein-DNA interaction
• 2. small molecule-DNA interaction
• 3. DNA cleaving chemicals
• 4. Phosphate cleavage enzymes
• 5. 3D structures of enzyme active sites
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Photoactive meso-tetra(4-pyridyl)porphyrin-
tetrakis-[chloro(2,2’bipyridine)platinum(II)
derivatives recognize and cleave DNA upon
irradiation†

Vanessa A. Oliveira,a Bernardo A. Iglesias,b Bruna L. Auras,c Ademir Nevesc and
Hernán Terenzi*a

In this work, we evaluate the interaction of the peripheral Pt(bpy)Cl+ substituted porphyrins, H2PtPor and

ZnPtPor with DNA using UV-vis, emission fluorescence, CD spectroscopy, and DNA melting properties

altered by the Pt(II)–porphyrinoid compounds. Additionally, we observe the ability of these porphyrin

derivatives to generate 1O2 and to efficiently photocleave plasmid DNA upon visible light irradiation based

on a mixed (oxidative/hydrolytic) mechanism.

Introduction
The interaction of DNA with small molecules is the aim of
numerous studies in drug design.1,2 Metal–drug complexes are
a very important class of compounds which interact with DNA.
There is special interest in transition metal complexes due to
their diverse coordination geometries, redox potentials and
the ability to interact with DNA via covalent or non-covalent
interactions.2 Covalent binding may be irreversible and result
in the replacement, inter and intra-strand cross linking or
alkylation of nitrogenous bases. The non-covalent binding is a
reversible interaction where the molecule interacts with DNA
via intercalation, electrostatic forces or groove binding, trigger-
ing changes in DNA conformation, strand breaks or inhibiting
protein–DNA binding/interaction. In non-covalent binding
the stability of the DNA–molecule complex depends on the
DNA–molecule mode of recognition including electrostatic
forces, hydrogen bonds, van der Waals and hydrophobic
interactions.1

Photodynamic therapy (PDT) is a minimally invasive
medical treatment involving light – in most cases a laser –
molecular oxygen and a drug as a photosensitizer to induce
cell death.3 The oxidative stress caused by the photosensitizer

photoactivation, especially due to singlet oxygen production,
promotes cancer cell death because of irreversible photo-
damage caused by free oxygen radical generation.4,5

There are several reports of clinical studies using
porphyrin-based drugs as photosensitizers for PDT in cancer.3

Clinical trials using an hematoporphyrin derivative (HpD)
began in the 70s and in the late 80s gave rise to Photofrin® as
presented today.3 Photofrin® and some second generation
porphyrin-based photosensitizers are already approved for
clinical use in addition to well-established cancer treatments.5

Porphyrins have been the subject of investigation for their
use as photosensitizers in PDT due to their planar aromatic
structure, photophysical properties – efficient singlet oxygen
generation, high Q-band absorption in the red wavelength,
extraordinary affinity for tumor cells, relatively inexpensive
starting materials and straight synthesis.6,7

Among other transition metals, platinum has been widely
used in metal–drug complexes, especially in porphyrin-based
compounds. The literature reports that platinum–porphyrin
complexes have presented prodigious efficiency as photosensi-
tizers for PDT.2,8–11

Metalloporphyrins with a characteristic metal center core
have proven to be more efficient in PDT than the free-base
species. In melanoma cells the Zn(II) core porphyrin demon-
strated to be a more effective photosensitizer than the free-
base macrocycle, because of the higher ROS production in
these cancer cells.6 Zinc(II)–porphyrin–Pt(II) C^N^N acetylides
were competent in singlet oxygen production in PDT.7

Cationic free-base or cationic metalloporphyrins are of
great interest for use as photosensitizers.12 There is special
interest in cationic porphyrins because of their strong electro-
static interactions with the polyanionic DNA backbone.1,2,6

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c6dt04634g

aCentro de Biologia Molecular Estrutural, Universidade Federal de Santa Catarina,
Florianópolis, SC 88040-900, Brazil. E-mail: Hernan.terenzi@ufsc.br
bDepartamento de Química, Universidade Federal de Santa Maria, Santa Maria,
RS 97105-900, Brazil
cDepartamento de Química, Universidade Federal de Santa Catarina, Florianópolis,
SC 88040-900, Brazil
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A good example of this class is the meso-tetrakis(N-methyl-4-
pyridinium)porphyrin (TMPyP) used for the selective destruc-
tion of tumors due to its ability to produce singlet oxygen.12

The efficacy of cationic porphyrins as photosensitizers is
mainly due to their widespread interaction with negative
charges of membranes – plasma membrane, mitochondria,
lysosome and endoplasmic reticulum – promoting porphyrin
permeation and accumulation into the membrane with ROS
generation after photostimulation.13 Of note, cationic porphyr-
ins inhibit melanoma tumor evolution in vivo via light-depen-
dent and independent mechanisms.14

In this work, we prepared the peripheral Pt(bpy)Cl+ substi-
tuted porphyrins (H2PtPor and ZnPtPor, Scheme 1) and used
UV-Vis, emission fluorescence and CD spectroscopy to
measure their interaction with DNA. The thermal melting pro-
perties of the resulting Pt(II)–porphyrinoid compounds and
the interaction of porphyrin–DNA assemblies were also ana-
lyzed. Additionally, we demonstrate the ability of these por-
phyrin derivatives to generate 1O2 and to photocleave plasmid
DNA after visible light irradiation.

Results and discussion
Design of tetra-platinum(II) porphyrins

Considering the remarkable photophysical and chemical pro-
perties of porphyrins and also the excellent binding features
of [Pt(bpy)Cl]+ moieties with biomolecules, we envisaged
a simple approach to obtain a tetra-platinated porphyrin
and its respective Zn(II)–porphyrin Pt(II)–bipyridine complex
(Scheme 1). The tetra-platinum(II) free-base porphyrin H2PtPor
was first described by Toma and co-workers.11

Metalloporphyrin ZnPtPor was easily prepared by mixing the
free-base porphyrin H2PtPor with the corresponding zinc(II)
acetate salt in a CHCl3/MeOH solvent mixture for one hour at
room temperature.15 The formation of the Zn(II) metallo-
porphyrin was confirmed by its typical UV-Vis spectrum behavior
where the [Pt(bpy)Cl]+ moiety was followed at 300–330 nm,
while the porphyrin Soret-band and the two Q-bands were

detected at 427, 561 and 623 nm, respectively. At the end of
the complexation reaction, the mixture was concentrated
under vacuum and then precipitated with a saturated aqueous
NH4PF6 solution. The solid product was then filtered and
washed several times with cold water, followed by recrystalliza-
tion in cold diethyl ether. The obtained derivative ZnPtPor
exhibited a dark-purple color and afforded a final yield of
above 85%. Zinc(II)–porphyrin ZnPtPor was characterized and
confirmed by elemental analysis, UV-vis and emission
spectroscopy.

Electronic absorption spectra properties with CT-DNA

Pt(II)–porphyrins were titrated with the increasing amounts of
calf thymus DNA (CT-DNA) and the UV-vis spectra were
measured (Fig. 1). The precursor 4-TPyP CT-DNA titration
experiments are presented in the ESI (Fig. S1†). In the absence
of CT-DNA, complexes H2PtPor and ZnPtPor (black solid line)
had a higher absorbance at around 415–440 nm while in the
presence of CT-DNA we observed a hypochromicity of the
Soret-band for these derivatives. This hypochromicity was 5.6
and 6.75 fold higher for H2PtPor and ZnPtPor, respectively,
than the corresponding non-cationic precursor 4-TPyP that

Fig. 1 Electronic absorption spectra of (a) H2PtPor and (b) ZnPtPor
(1.0 μM) with increasing CT-DNA concentrations ranging from 0.0 to
10.0 μM in CH3CN/Tris-HCl pH 7.4.

Scheme 1 Synthetic route representation of meso-tetra-[(4-pyridyl)
porphyrin]tetraplatinum(II) porphyrins (H2PtPor and ZnPtPor). The coun-
terion hexafluorophosphate (PF6

−) is omitted for clarity.
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by these compounds may be suggestive of DNA partial inter-
calation (Fig. 6).30

Photostability and ROS generation (1O2 )

Photostability and the ability of porphyrin derivatives H2PtPor
and ZnPtPor to generate 1O2 upon photoexcitation were deter-
mined to evaluate their potential to induce DNA strand breaks
by a mechanism dependent on reactive oxygen species (ROS).

The photostability of H2PtPor and ZnPtPor was measured
by monitoring the decrease in the absorbance of the corres-
ponding Soret-bands (λ = 400–800 nm range) after different
times of white light irradiation at an intensity of 30
mW cm−2.31 These compounds were quite photostable over
the irradiation period (30 min; Table 2). However, ZnPtPor
seems to be more susceptible to degradation upon illumina-
tion. This effect may be due to its higher capacity to generate
1O2 (see below).

The ability of H2PtPor and ZnPtPor to generate 1O2 in DMF
solution was determined by a chemical method using 9,10-

diphenylanthracene (DPA) as an 1O2 scavenger.32 Free-base
porphyrin and zinc(II) derivatives were able to photo-oxidize
DPA (Fig. 6). The compounds demonstrated to be potent gen-
erators of 1O2 decomposing 39% and 61% of DPA, respectively,
after 30 min irradiation. Both dyes have shown the ability to
photooxidize DPA when compared to the corresponding
porphyrin standard 4-TPyP. The ability of these derivatives to
photooxidize DPA decreases in the order: ZnPtPor > H2PtPor >
4-TPyP. The photostability and the ability to generate 1O2 of
H2PtPor and ZnPtPor after being exposed to light and oxygen
allowed us to envisage them as potential candidates for PDT
studies.

DNA cleavage studies

DNA photocleavage by the H2PtPor and ZnPtPor complexes
was investigated and, interestingly, no evident DNA cleavage
products were observed in experiments performed in the dark
for 24 hours (Fig. 7A–C). In an attempt to induce tetra-plati-
num(II) porphyrin activity the reaction media was exposed to
visible light which, indeed, substantially amplified the activity
(Fig. 7B–D).

In concentrations above 5.0 μM we were unable to observe
DNA bands in the agarose gels, and we suspect that this could
be due to the inhibition of ethidium bromide (this dye is used
for DNA staining) binding to DNA, and porphyrins may be

Fig. 7 DNA cleavage promoted by the complexes observed through
agarose gel electrophoresis. Standard reactions: plasmid DNA (∼25.0 µM
bp), Tris-HCl (10.0 mM pH 7.4), 25% (v/v) acetonitrile. Complexes con-
centration curves (1.0–5.0 μM) of H2PtPor (A and B) and ZnPtPor (C and
D). (a). Ctrl – control (no complex). Dark (A and C): all the samples were
incubated for 24 hours at 37 °C in the dark. Visible light (B and D): all the
samples were incubated for 90 minutes at 37 °C under visible light. Data
represent mean and SD.

Fig. 6 Photo-oxidation of DPA (100.0 μM) in DMF with or without
porphyrin derivatives 4-TPyP, H2PtPor and ZnPtPor at 1.0 μM, after red
light irradiation (LED array system; λ > 600 nm) at a potency of
26 mW cm−2. The DPA absorbance was recorded at λmax = 378 nm.

Table 2 Photostability of porphyrin derivatives 4-TPyP, H2PtPor and
ZnPtPor

Porphyrins

Irradiation time (min)

0 5 10 15 20 25 30

4-TPyP 100 100 99 99 98 96 96
H2PtPor 100 96 94 92 92 91 91
ZnPtPor 100 97 95 95 95 95 88

Each complex is present at a concentration of 1.0 μM in CH3CN/Tris-
HCl buffer mixture solutions, after irradiation with white light
(400–800 nm) at a fluence rate of 30 mW cm−2 for different periods of
time (0–30 min). The results are presented as the ratio of residual
absorbance at Soret-bands at different periods of time, and absorbance
before irradiation.
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Different Conformations of Double-Stranded 
Nucleic Acid in Solution as Revealed 

by Circular Dichroism 

V. I. IVANOV, L. E. MINCHENKOVA, A. K. SCHYOLKINA, and 
A. I. POLETAYEV, Institute of Molecular Biology, Academy of 

Sciences of the U.S.S.R., Moscow, U.S.S.R. 

synopsis 
Conformation of two-stranded DNA in HzO-methanol, H20-ethanol, HzO-isopro- 

panol, and HzO-dioxane solutions a t  different concentrations of alkaline ions has been 
studied with the aid of circular dichroism. The following conclusions are drawn: 

The conformation of DNA in HzO and HZO-methanol belongs to a family of B forms 
(B, C, T forms are the representatives of the family). The magnitude of the winding 
angle between adjacent base pairs (0) is determined by the concentration and type of the 
cations. In  HZ0 the cation action is nonspecific and leads to an increase in 8 value. 
In  80% methanol the ions act specifically, Cs+ being to stabilize a form with a greater 
e value, and Lif being with a lesser one. The total e change is likely within the limits 

At high content of ethanol, isopropanol, or dioxane (-SO%), but not with methanol, 
and in low ionic strength the conformation of DNA belongs to a family of A forms (A 
form is one of the members of the family) and is specified by the concentration and type 
of cation involved. The two-stranded regions of RNA in HzO are also of A type and 
winds with the rise of cation concentration. The range of e variation is not narrower 
than30" 6 e 6 33". 

The conformational transitions within the families (induced by ions) are of non- 
cooperative pattern, wheras the transitions between the families (induced by nonpolar 
component) are of cooperative pattern. The effect of cations, when specific, is discussed 
on the basis of steric correspondence between the width of DNA narrow groove and the 
size of a hydrated cation. 

of330 < e 6 45". 

INTRODUCTION 

The Watson-Crick base pairing scheme markedly restricts possible 
conformations of the nucleic acid double helix. Nevertheless, with such 
type of pairing the various models can be built which differ so much that 
the helix sense is reversed (Table I, d(1-C) .d(I-C)). At first, only the B 
form was considered biologically important; the A form was thought to be 
an "artificial," non-physiological structure, which was of interest for crystal- 
lographers only. The situation began to change when it had been shown 
that complementary fragments of RNA and RNA-DNA hybrid had the 
A conformation (or similar to that) no matter what the humidity was.lP2 

89 

@ 1973 by John Wiley & Sons, Inc. 
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Fig. 1. Schematized representation of the CD spectra. for the A,B, and C forms. The 
dotted lines are driven through the absorption maxima. 

the paper of Tunis-Schneider and Maestre’* is of great importance. They 
studied the CD of DNA in films under conditions of humidity and ionic 
content close to those used in X-ray studies to obtain the A, B, and C forms. 
The qualitative result of this work and of a number of works on the CD of 
complementary RNA19s20 can be summarized as follows: 

At wavelengths above 230 mp the CD spectrum of B form consists of a 
longwave positive and a shortwave negative band of nearly equal magni- 
tudes with intersection point a t  the absorption maximum (Fig. 1B) ; C form 
has a negative band, whose shape, location, and magnitude are similar to 
those for the negative band of the B form, but the positive band being 
practically absent (Fig. 1C) ; the CD of A form is of a more conventional 
type, e.g., it has a closer resemblance to the absorption spectrum (Fig. IA). 
The A type CD spectrum for DNA has also been observed by Brahms and 
Mommaerts in 80% ethanol solution121 and the C type has been obtained by 
Green and Mahler,22 and Nelson and Johnson23 in water-ethylene glycol 
solution. 

However, although the correspondence between the general pattern of 
the CD spectra and the types of polynucleotide conformations may be con- 
sidered well established, a number of new questions arises. They are: 

How does a particular polynucleotide conformation depend on the 
solvent properties? 

What is the nature of the transitions between the different two- 
stranded conformations? Do they proceed according to “all or none” 
principle or do there exist the intermediary thermodynamically stable 
forms? 

(3) Is it possible to think that the CD pattern depends on the poly- 
nucleotide conformation mainly, and the medium affects the CD primarily 
by the change of the polynucleotide structure? 

Figure 1 shows only the general pattern of the CD spectra. I n  the 
work mentioned the spectra have a number of minor features. For ex- 
ample, there may be present a longwave negative band, besides the main 
positive band, in the A type spectra. Besides, there is a shortwave nega- 

( I )  

(2)  

(4)  



lacks the potential for cationic–anionic electrostatic binding
with DNA phosphate groups. Therefore, the intensity of hypo-
chromicity follows the decreasing order ZnPtPor > H2PtPor >
4-TPyP (Table 1). The hypochromicity values suggest that these
derivatives bind to DNA in a non-classical or secondary inter-
action mode (H-bonding and/or π–π stacking interactions)
involving the N-donor or the partial insertion of the pyridyl
ring between the adjacent base pairs on DNA as described for
poly-aza macrocyclic complexes.16–18

Small bathochromic shifts are observed in Pt(II)-complexes
and have been described as a weak intercalation to the double
stranded oligonucleotide π-system.11,19

The intrinsic binding constants (Kb) of compounds 4-TPyP,
H2PtPor and ZnPtPor were calculated as summarized in
Table 1 and compared to the values given in the literature for
meso-tetra-[(4-pyridyl)porphyrin]platinum(II) using surface
plasmon resonance techniques (SPR)11. In the present work,
Pt(II) porphyrins in the para position ring demonstrated a
weaker binding to CT-DNA than the meta-substituted Pt(II)–
porphyrins proposed by Toma and co-workers11 following the
increasing order of (Kb): 4-TPyP < H2PtP < ZnPtPor.

The spectral behavior observed in Fig. 1 suggests that a
porphyrin–DNA adduct stabilized by cationic–anionic electro-
static interactions between porphyrin and the phosphate
groups is located on DNA suggesting a non-intercalative mode
for these porphyrin–DNA interactions.20

Circular dichroism assays

Circular dichroism (CD) spectroscopy measures the difference
in absorption of left and right circularly polarized light and
was performed in this work to determine the potential DNA
conformational changes induced by the platinum–porphyrin
H2PtPor and ZnPtPor. The DNA–drug interactions may affect
the electronic structure and electronic spectral characteristics
of the molecules.21 The addition of increasing amounts of
Pt(II)–porphyrins to CT-DNA clearly modifies the CD spectra of
B-DNA. In the CD spectra, the helicity characteristic of right-
handed B-form DNA is represented by a negative band at
245 nm while base stacking is identified by the positive band
at 275 nm (Fig. 2).22 In these CD experiments the intensities of
positive and negative bands decrease significantly, and a slight
bathochromic effect (red shift) suggests the interaction

between DNA base pairs and the aromatic rings of the
complexes.22

Induced circular dichroism (ICD) also occurs upon
porphyrin–DNA interactions and may reflect a geometric
change in the drug as a chiral twist among the porphyrin
chromophores, or a combination between drug and DNA elec-
tronic transitions such as conformational changes from B- to
Z-DNA or a double to single-strand DNA transition.21,23 In the
present case, an ICD band was observed at 443–420 nm for
H2PtPor and 448–420 nm for ZnPtPor samples (Fig. 3).
An increase in a positive ICD band is probably related to
outside/groove binding (AT binding sites) while a negative one,
as shown for H2PtPor, is characteristic of intercalative binding
at GC binding sites.21,24 Possibly, H2PtPor approaches the DNA
backbone via outside binding and also in parallel to the DNA
bases axis. The concentration of DNA, porphyrin and aceto-
nitrile in each titration is shown in Table S1.† In the ESI the
control titrations are shown (Fig. S2 and S3†).

Emission spectra with CT-DNA

The effect of the addition of CT-DNA on the Pt(II)–porphyrins
was also monitored by fluorescence emission spectroscopy
(Fig. 4). Porphyrin solutions were titrated with the increasing
concentrations of CT-DNA and the emission spectra were
recorded between 600 and 800 nm using an excitation wave-
length of 420 nm. The emission band maximum wavelengths
remained constant but the intensity decreased in the following

Table 1 Spectral data for the interaction of porphyrins 4-TPyP, H2PtPor
and ZnPtPor with DNA

4-TPyP H2PtPor ZnPtPor

Hypochromicity (H, %)a 8.0 45.0 54.0
Red shift (Δλ, nm)b 0.0 16.0 11.0
Quenching (Q, %)c 7.85 53.5 79.8
Kb

d (M−1) 1.89 × 104 1.21 × 105 9.76 × 105

Tm
e (°C) — 55.34 54.21

a H (%) = (Absinitial Soret-band − Absfinal Soret-band)/(Absinitial Soret-
band) × 100. bΔλ (nm) = λfinal Soret-band − λinitial Soret-band. c Q (%) =
(Max. initial emission − Max. final emission)/(Max. initial emission) ×
100. d Binding constant (Kb). eMelting temperature (Tm).

Fig. 2 Circular dichroism spectra of CT-DNA (200.0 μM bp) in Tris-HCl
(10.0 mM pH 7.4) and 2.0% (v/v) acetonitrile solution in the presence of
increasing amounts of (A) H2PtPor and (B) ZnPtPor porphyrins at the fol-
lowing stoichiometric ratios: r = [porphyrin]/[DNA] = 0.00, 0.04, 0.10,
0.16, 0.23, 0.29, 0.35 and 0.41, respectively.
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order: ZnPtPor > H2PtPor > 4-TPyP (emission quenching,
Table 1). The titration emission experiments for the precursor
4-TPyP CT-DNA are presented in the ESI (Fig. S4†). The largest
hypochromicity (without a maximum wavelength emission
shift) and the observed emission quenching for platinum(II)–
porphyrin compounds H2PtPor and ZnPtPor after the addition
of CT-DNA indicate that these compounds may potentially
interact via a non-intercalative mode with DNA. We also
suggest that in ZnPtPor porphyrins, an interaction between the
phosphate groups of DNA and the Zn(II) center may occur (the
insertion of ZnPtPor into the DNA major or minor grooves).
Previous studies have reported that the Zn(II) ion coordination
position in the porphyrin macrocycle can promote the inter-
action with DNA by electrostatic or coordination binding with
the phosphate groups of DNA.25,26

DNA thermal melting analysis

DNA melting experiments are used to demonstrate the DNA–
drug interaction through the determination of the stability of
the DNA secondary structure, the melting temperature data
reflects the transition of the double helix to single stranded
DNA by heating.27,28

The strength of DNA–complex interaction can alter the DNA
double helix stability and also its melting temperature (Tm).29

Tm or the temperature of midtransition refers to the equili-
brium temperature at which half of the sample is folded and
half is unfolded.22,23 Large increases in Tm are associated with
strongest interactions.23 CT-DNA thermal melting experiments
in the presence of either H2PtPor or ZnPtPor were performed.
The Tm for CT-DNA in the presence or absence of the por-
phyrin derivatives (r = 0.02 [porphyrin]/[CT-DNA]) is shown in
Fig. 5 and Table 1. The H2PtPor increases the Tm by 2.03 °C
compared to Tm control (only CT-DNA) while ZnPtPor slightly
increases the Tm by 1.3 °C. The increased Tm value promoted

Fig. 3 Induced circular dichroism spectra of CT-DNA (200.0 μM bp) in
Tris-HCl (10.0 mM pH 7.4) and 2.0% (v/v) acetonitrile solution in the
presence of increasing amounts of (A) H2PtPor and (B) ZnPtPor deriva-
tives at the following stoichiometric ratios: r = [porphyrin]/[DNA] = 0.00,
0.04, 0.10, 0.16, 0.23, 0.29, 0.35 and 0.41, respectively.

Fig. 5 Normalized thermal denaturation curve of CT-DNA (200 μM bp)
in denaturing solution (1.5 mM Na2HPO4, 0.5 mM NaH2PO4 and
0.25 mM Na2EDTA) in the absence or presence of platinum(II) complexes
(H2PtPor and ZnPtPor) at a 0.02 stoichiometric ratio (r = [porphyrin]/
[DNA]). Tm was estimated using Boltzmann sigmoidal approximations.

Fig. 4 Emission spectra of (a) H2PtPor and (b) ZnPtPor (1.0 μM) with
increasing CT-DNA concentrations ranging from 0.0 to 10.0 μM in
CH3CN/Tris-HCl buffer solution mixture (λexc = 420 nm).
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Fig. S10. Cleavage of Oligo1 (49-mer) oligonucleotide by complex ions [Co(6-MeTPA)Cl]+ 
and [Co(BPQA)Cl]+. Lanes labeled as Control, A+G and DNAse I represent a sample 
without treatment, the Maxam-Gilbert Guanine + Adenine ladder and a sample partially 
digested by DNAse I. Note the asterisk (*) at cleavage product with terminal Adenine 12: the 
fragment of G+A ladder (3’-phosphate termini) migrates slower than the corresponding in the 
DNAse I digestion (3’-OH) due to the termini composition. 
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Efficient hydrolytic cleavage of plasmid DNA by
chloro-cobalt(II) complexes based on sterically
hindered pyridyl tripod tetraamine ligands:
synthesis, crystal structure and DNA cleavage†

Salah S. Massoud,*a Richard S. Perkins,a Febee R. Louka,a Wu Xu,a Anne Le Roux,a

Quentin Dutercq,a Roland C. Fischer,b Franz A. Mautner,c Makoto Handa,d

Yuya Hiraoka,d Gabriel L. Kreft,e Tiago Bortolottoe and Hernán Terenzi*e

Four new cobalt(II) complexes [Co(6-MeTPA)Cl]ClO4/PF6 (2/2a), [Co(6-Me2TPA)Cl]ClO4/PF6 (3/3a),

[Co(BPQA)Cl]ClO4/PF6 (4/4a) and [Co(BQPA)Cl]ClO4/PF6 (5/5a) as well as [Co(TPA)Cl]ClO4 (1) where

TPA = tris(2-pyridylmethyl)amine, 6-MeTPA = ((6-methyl-2-pyridyl)methyl)bis(2-pyridylmethyl)amine,

6-Me2TPA = bis(6-methyl-2-pyridyl)methyl)-(2-pyridylmethyl)amine, BPQA = bis(2-pyridylmethyl)-(2-

quinolylmethyl)-amine and BQPA = bis(2-quinolylmethyl)-(2-pyridylmethyl)amine were synthesized and

structurally characterized. Single crystal X-ray crystallography confirmed the distorted trigonal bipyramidal

geometries of complexes 2a–5a. Spectrophotometric titrations and conductivity measurements of the

complexes in the CH3CN–H2O mixture showed that the chloro complexes exist in equilibrium with the

corresponding hydrolyzed aqua species, [Co(L)(H2O)]2+. The pKa values of the coordinated H2O in aqua

complexes vary from 8.4 to 8.7 (37 °C). The interactions of the complexes (1–5) with DNA have been

investigated at pH = 7.0 and 9.0 (10 mM Tris-HCl buffer) and 37 °C where very high catalytic cleavage was

observed. Under pseudo Michaelis–Menten kinetic conditions, the catalytic rate constants, kcat, decrease

in the order 4 > 2 > 5 > 1 > 3. At pH 7.0 (10 mM Tris-HCl buffer) and 37 °C, the kcat value for complex 4

(6.02 h−1), where [Co(BPQA)(H2O)]2+ is the major species, corresponds to 170 million rate enhancement

over the non-catalyzed DNA. Electrophoretic experiments conducted in the presence and absence of

radical scavengers (DMSO, KI, NaN3) ruled out the oxidative mechanistic pathway of the reaction and

suggested that the hydrolytic mechanism is the preferred one. This finding was in agreement with the

observed increase in the kcat values at pH 9.0 compared to the corresponding values at pH 7.0 as a result

of the increased concentration of the reactive hydroxo species, [Co(L)(OH)]+. The reactivity of the syn-

thesized complexes in catalyzing the DNA cleavage is discussed in relation to the steric effect imposed by

the coordinated pyridyl ligand around the central cobalt(II) center.
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†Electronic supplementary information (ESI) available: Potentiometric pH titra-
tion of [Co(BQPA)(H2O)]

2+ is shown in Fig. S1. Agarose gel electrophoresis and
pseudo-Michaelis–Menten kinetics for the cleavage of DNA by complexes 1 and 2
(pH 7.00) are shown in Fig. S2 and S3, respectively. Agarose gel electrophoresis
and pseudo-Michaelis–Menten kinetics for the cleavage of DNA by complexes 2,
3 and 5 (pH 9.00) are shown in Fig. S4–S6. DNA cleavage by complexes 1, 2 and
5 in the presence and absence of ROS is shown in Fig. S7–S9. Fig. S10 illustrates
the cleavage of Oligo1 (49-mer) oligonucleotide by complex ions [Co(6-MeTPA)-
Cl]+ and [Co(BPQA)Cl]+. Fig. S11–S13 show the cleavage of DNA by complexes
1–3 in the presence of DNA groove binders. Pseudo-Michaelis–Menten kinetic
data for the cleavage of DNA by complexes 1–5 at pH = 9.00 is given in Table S1.
The CCDC 988526, 988527, 988529 and 988528 contain the crystallographic data
in CIF format for complexes 2a–5a, respectively. For ESI and crystallographic
data in CIF or other electronic format see DOI: 10.1039/c4dt00615a

10086 | Dalton Trans., 2014, 43, 10086–10103 This journal is © The Royal Society of Chemistry 2014

Pu
bl

is
he

d 
on

 0
2 

M
ay

 2
01

4.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

e 
Fe

de
ra

l d
e 

Sa
nt

a 
C

at
ar

in
a 

(U
FS

C
) o

n 
01

/1
2/

20
14

 1
6:

07
:1

8.
 

View Article Online
View Journal  | View Issue

The compounds were characterized by 1H and 13C NMR, IR
and by ESI-MS in some cases as indicated above. The ligands
obtained were sufficiently pure to be used for the synthesis of
their cobalt(II) complexes. Syntheses of the green cobalt(II)
complexes [Co(L)Cl]X (L = TPA, 6-MeTPA, 6-Me2-TPA, BPQA;
X = ClO4

−, 1 –5; X = PF6−, 2a–5a) were straightforward by react-
ing equimolar amounts of a methanolic solution containing
CoCl2·6H2O and the corresponding ligand followed by the
addition of NaClO4 or NH4PF6. Single crystals suitable for
X-ray crystallography were obtained from dilute methanolic
solutions containing hexafluorophosphate upon standing at
room temperature or recrystallization from CH3CN. The very
low solubility of [Co(L)Cl]PF6 compounds (2a–5a) in H2O pro-
hibits their use for the DNA cleavage study and instead the
corresponding [Co(L)Cl]ClO4 (1 –5), which are relatively more
soluble in aqueous medium, were used for the DNA cleavage
studies. The synthesized complexes were characterized by IR
and UV-Vis spectroscopy, elemental microanalyses, ESI-MS
and by single crystal X-ray crystallography for the 2a–5a series.

Crystal structures of complexes (2a–5a)

Perspective views together with the partial atom numbering
scheme for 2a–5a are presented in Fig. 1, and selected bond
parameters are given in Table 1. The structures consist of
monomeric complex [Co(L)Cl]+ cations and PF6− counterions.
Complex 4a crystallizes with a lattice water molecule having a
partial occupancy of 0.20. The Co(II) centers of the complex
cations are penta-coordinated by 4 N donor atoms of the

coligand L and one terminal chloro ligand. The geometry of
the CoClN4 chromophore may be described as distorted TBP
[τ-values: 0.77 (2a); 0.84 (3a); 0.81 (4a) and 0.70 (5a)].54 The
equatorial sites of each TBP are ligated by the three N(py) of
the tetradentate amine L, whereas the trans-axial sites are
occupied by the N(amine) of L and the Cl(1) atom of the term-
inal chloro ligand. The equatorial Co–N bond lengths are in
the range from 2.082(3) to 2.1366(8) Å, the axial Co–N(amine)
vary from 2.162(3) to 2.1974(17) Å, and the Co–Cl(1) bond dis-
tances range from 2.2843(8) to 2.3057(9) Å (Table 1).

Characterization of the complexes

The IR spectra of the complexes under investigation showed a
series of bands over the frequency region 1610–1440 cm−1 due
to the pyridyl groups. The complexes [Co(L)Cl]ClO4 displayed a
strong single band around 1090 cm−1 in the mono-substituted
pyridyl compounds (2: L = 6-Me-TPA, 4: L = BPQA) attributable
to the stretching ν(O–Cl) frequency of the ClO4

− ion. However,
this band was split in 3 (L = 6-Me2-TPA) and broad in 5 (L =
BQPA), respectively. The split and/or broadening of the per-
chlorate band in these complexes may result from the
reduction in the symmetry of the ClO4

− ion to C3v or C2v. The
corresponding hexafluorophosphate compounds (2a–5a)
revealed a very strong band around 840 cm−1 attributable to
the ν(P–F) stretching frequency of the PF6− counterion.

The UV-Vis spectral data of all complexes recorded in
CH3CN and in H2O are summarized in Table 2. The complexes
display a general characteristic pattern in the two solvents

Fig. 1 Perspective views of complexes (a) [Co(6-MeTPA)Cl]PF6 (2a), (b) [Co(6-Me2TPA)Cl]PF6 (3a), (c) [Co(BPQA)Cl]PF6 (4a) and (d) [Co(BQPA)Cl]PF6
(5a) together with their atom-labeling schemes.
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(ASK1). Dimmeler et al.75 showed that TRX is 
S-nitrosylated constitutively in endothelial cells at a
single allosteric Cys (Cys69) that lies outside the
active site (which contains Cys32 and Cys35), and
that S-nitrosylation of Cys69 is a principal, facilita-
tory determinant of the oxidoreductase capacity of
endothelial cells (FIG. 4).

ASK1 functions as a mitogen-activated protein
kinase (MAPK) kinase kinase, which activates the Jun
N-terminal kinase (JNK) and p38 MAPK pathways and
is required for TNFα-induced apoptosis. The analysis
of Haendeler et al.75 indicated that S-nitrosylation of
TRX Cys69 is necessary for its basal anti-apoptotic
function in endothelial cells. However, it has recently
been reported that treatment with GSNO can induce
S-nitrosylation of TRX in intact cells and dissociate
ASK1 (REF. 76), possibly by targeting active-site Cys32
and/or Cys35.Accordingly,whereas basal S-nitrosylation
of Cys69 will facilitate oxidoreductase and anti-apoptotic
functions, S-nitrosylation of active-site Cys (which
might be induced by nitrosative stress8) might exert an
apoptotic effect. This would occur through the release
of ASK1 and the inhibition of oxidoreductase function
(including ROS scavenging), which would result from
active-site thiol modification (FIG. 4). Recently, Park 
et al.77 have reported that ASK1 is itself a substrate for
inhibitory S-nitrosylation in situ (FIG. 4). S-nitrosylation
of Cys869 inhibited the binding of ASK1 to the princi-
pal downstream effector substrates, MAPK kinase
(MKK)3 and 6.

The kinases JNK1–3 are additional members of the
MAPK family. Park et al.78 showed that the induction
of iNOS, or treatment with an NO+ donor, inhibited
JNK-mediated phosphorylation and transactivation of
Jun. JNK inhibition is mediated by S-nitrosylation 
of a single regulatory JNK thiol, Cys116, which is con-
served in JNK1–3 (but, notably, not in other MAPKs).
Control of JNK activity by NO emphasizes the evident
complexity of coordinate regulation by S-nitrosylation
of several partners, the interactions of which promote
signal transduction that results in altered gene tran-
scription. For example, JNK is activated downstream
of Ras and of ASK1, both of which are substrates for
S-nitrosylation in situ77,79, as is the JNK substrate
Jun80,81 (FIG. 4).

Src proto-oncoprotein
The non-receptor protein tyrosine kinase p60Src (Src)
is the prototypical proto-oncoprotein (FIG. 5). Src is
phosphorylated constitutively at Tyr527, and dephos-
phorylation of Tyr527 is the most well-characterized
mechanism of kinase activation. However, treatment
of fibroblasts82,83 (or of Src that was immunoprecipi-
tated from those cells83) with NO donors activates Src
through autophosphorylation at Tyr416 (REF. 83).
Autophosphorylation and activation by NO is associated
with the formation of disulphide-linked Src multimers83,
which indicates that NO/SNO targets neighbouring
thiols within closely associated Src monomers21.
Regulation of signal transduction through Src by 
S-nitrosylation is illustrated in FIG. 5.

proteins (the substrates of PTPases)66–68. Studies that
used both isolated proteins and intact cells indicate
that protein tyrosine phosphatase 1B (PTP1B), the
prototypic tyrosine-specific PTPase, is a substrate for
inhibitory S-nitrosylation68,69. Evidence for the physio-
logical regulation of PTPase S-nitrosylation has been
provided by Mikkelsen and Wardman70, who described
irradiation-induced transient S-nitrosylation of active-
site Cys residues within the non-transmembrane, Src
homology-2 (SH2)-domain-containing PTPases, SHP1
and SHP2 (SHP2 to a greater extent than SHP1).

Enzymes of arginine metabolism. All forms of the
dimethylarginine dimethylaminohydrolases (DDAHs),
which hydrolyse Arg-derived endogenous NOS
inhibitors, are characterized by a Cys-His-(Glu/Asp) cat-
alytic triad that conforms to a SNO motif. Leiper et al.71

demonstrated that the enzymatic activity of DDAH
was inhibited by NO, through S-nitrosylation of the
active-site Cys249. It is of note that the Cys-His-
(Glu/Asp) catalytic triad that is found in DDAH defines
a superfamily of Arg-handling enzymes that includes
arginine glycine amidino transferase and arginine deimi-
nase.Recently,Gross et al.72 reported that argininosucci-
nate synthetase, which controls the regeneration of Arg
from citrulline, is inhibited by S-nitrosylation of non-cat-
alytic Cys132. In addition, it has been shown that
ornithine decarboxylase,which catalyses the conversion
of ornithine (the product of arginase) to putrescine (a
POLYAMINE precursor), is inhibited by exposure to
NO/SNO as a result of S-nitrosylation of the active-site
Cys73. In combination with the recent description of the
inhibition of S-adenosylmethionine decarboxylase by 
S-nitrosylation74 (and the inhibition of methionine
adenosylytransferase56), these results emphasize that the
metabolic fate of Arg (the substrate for NO production
by NOSs),which includes polyamine biosynthesis,might
be controlled by S-nitrosylation of several functionally
related enzymes.

TRX–ASK1 and JNK
The oxidoreductase TRX is essential for the regula-
tion of cellular redox state, and TRX also binds and
inactivates the apoptosis signal-regulating kinase-1

POLYAMINE
A metabolic product of Arg (the
substrate for NO synthases),
which is generated through a
highly regulated sequence of
enzymatic reactions.

Figure 2 | Concerted acid–base catalysis of protein transnitrosylation. S-nitroso-
glutathione (GSNO)-mediated S-nitrosylation of hepatic methionine adenosyltransferase
(MAT) selectively targets Cys121, as does endogenous nitric oxide synthase (numbering is
according to the rat MAT protein sequence). In the three-dimensional structure, the thiol of
Cys121 is closely apposed (3.3–4.9 Å) to the basic guanidino groups of Arg357 and Arg363,
and to the acidic γ-carboxylate of Asp355. Substitution of any of these residues with a residue
that bears an uncharged side chain inhibits S-nitrosylation of Cys121 (but has no effect on its
modification by peroxynitrite). Pérez-Mato et al.56 concluded that electrostatic interaction with
basic side chains increases Cys121 nucleophilicity (lowers pKa), whereas the interaction with
the acidic Asp side chain reduces GSNO thiol nucleophilicity (increases pKa) and promotes
NO+ donation. Accordingly, concerted acid–base catalysis provides a ‘push-pull’ mechanism
for transnitrosylation of MAT, thereby regulating cellular methylation. Adapted from REF. 56.
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(69); however, later evidence suggested that SNO can be
achieved through the action of the nitroxyl anion (NO - ) as
well in the presence of activated protein thiyls (37). Ad-
ditionally, reactive nitrogen species, such as peroxynitrite
(ONOO - ), can act as nitrosylating reagents by serving as
sources of NO + . It is important to consider, however, that in
the absence of a transnitrosylation mechanism, the ability of
NO or NO donors to directly SNO proteins is limited by NO
diffusion and is thus restricted to proteins localized near
sources of NO.

Sources of NO

NO is endogenously produced by nitric oxide synthase
(NOS) or as the product of enzymatic nitrite reduction.
There are three isoforms of NOS: neuronal NOS (NOS1),
inducible NOS (NOS2), and endothelial NOS (eNOS;
NOS3). The localized expression of the different NOS iso-
forms plays an important role in dictating the cellular SNO
pattern (24, 52, 112), as the in vivo half-life of NO is less
than 1 s (21). Both NOS1 and NOS3 are expressed physi-
ologically in a spatially localized manner, while NOS2
expression is increased upon cellular stresses, such as in-
flammation (42, 89) and hypoxia (41, 75). The ability of NO
to modify proteins is also regulated by the presence of
reactive oxygen species (ROS), such as superoxide, which
may limit NO bioavailability by forming ONOO - (27),
changing the ability of a protein cysteine to be SNO or
promoting further oxidation of cysteines in a concentra-
tion-dependent manner (2).

Removal of SNO adducts

Denitrosylation is achieved through both enzymatic and
nonenzymatic mechanisms. The major mechansism of SNO
reduction is a transnitrosylation reaction, in which a thiol-
containing agent acts as a receiver for the NO moiety of the
SNO adduct. Ascorbate, which has been utilized experimen-
tally as a specific reducing agent for SNO, removes SNO by
acting as a nucleophile for a transnitrosylation reaction re-
sulting in a free thiol and an O-nitrosoascorbate (29). Simi-
larly, it appears that the enzyme, thioredoxin, reduces SNO
through a series of transnitrosylation reactions (11). Ad-
ditionally, reduced glutathione (GSH), which is an abundant
cellular antioxidant, participates in transnitrosylation, result-
ing in the formation of S-nitrosoglutathione (GSNO). GSNO,
the first transitrosylating agent to be characterized (99), can
either act as a NO donor to another protein or be reduced to
GSH through an enzymatic reaction with S-nitroso glutathi-
one reductase (10, 70). SNO adducts also can be reversed by
photolysis under ultraviolet light (33) or through treatment
with inorganic copper or mercury, thus providing specific
tools for studying SNO. It is important to note that the sta-
bility of SNO is limited and thus, must be measured by in-
direct means, such as the biotin switch method, in conditions
of relative darkness. While complicating the measurement
of SNO, this inherent instability is favorable for dynamic
signaling.

Specificity of SNO Target Sites

Much attention has been given to the importance of com-
partmentalization and localization of NO sources in deter-
mining the location of SNO, but only a few studies have
considered how different cellular compartments might bio-
chemically promote or inhibit SNO formation (31, 60, 118).
For example, the redox environment of the endoplasmic re-
ticulum is relatively more oxidizing compared with the nu-
cleus or the mitochondria (98). On one hand, a more oxidizing
environment might favor prolonged SNO by inhibiting de-
nitrosylation or inhibiting the reduction of oxidized deni-
trosylases. On the other hand, an oxidizing environment
might favor the progression of a SNO adduct to a disulfide or
a higher order oxidative post-translational modification. The
availability of intraorganellular free glutathione may also af-
fect the concentration of protein-bound SNO by either serving
as a substrate for the formation of SNO-glutathione or acting
as a transnitrosylase. GSNO is a powerful transnitrosylating
agent and thus has the potential to alter the SNO of proteins
that are remote from sources of NO. This potential may play
an important role in the ability of the SNO signal to propagate
to different compartments. Additionally, compartment-
specific targeting of other transnitrosylases or denitrosylases
may affect localized SNO levels. Therefore, it is important to
consider protein-SNO within individual organelles and in-
terpret SNO signals from whole cell lysates in the context of
organellular subsets.

In addition to the cellular compartment, the reactivity of
the protein thiol group contributes to the formation of
SNO. While most reduced thiols are active at pH 8.5, some
particularly reactive cysteines can be modified at as low as
pH 6.5. This reactivity is determined by the charge of the
surrounding secondary structure, which stabilizes the cys-
teine sulfur in the more reactive thiolate anion (S - ) form

FIG. 1. Formation of SNO adducts. (A) A nitrosonium
cation (NO + ) acts as an activated NO moiety to form a SNO
bond on a thiolate (RS - H + ). (B) A NO + is donated from a
protein-SNO to a reduced protein through a transnitrosyla-
tion reaction. (C) A cysteine thiol is activated to a thiyl
radical (S!), which can then react with a NO radical (NO!) to
form a protein-SNO. NO, nitric oxide; SNO, S-nitrosylation.
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of S-nitrosylation/de-nitrosylation,and the spatial regu-
lation (targeting) of S-nitrosylation within and between
proteins, confer specificity to NO-derived effects. The
specific, regulated functions of S-nitrosylation contrast
with the exertion of global control that is ascribed to sys-
tems that influence cellular redox state (BOX 1), and allow
S-nitrosylation to function as a prototype of mechanisms
that convey redox-based cellular signals6.

Protein S-nitrosothiol: turnover and homeostasis
Analysis of the S–N-bond dissociation energies of many
RSNOs (where R is the organic moiety that bears the
SNO) has shown that (unimolecular) homolytic
decomposition (that is, the scission of the S–N bond to
yield the NO• and thiyl radicals) is typically precluded,
and therefore that reductive mechanisms and NO-
group transfer chemistry mainly control physiological
RSNO decomposition15–17. It is important to note that,
in diverse cell types, many SNO-proteins are detected
in situ7,14,18, and a portion of basal SNO content is stable
in the presence of NOS inhibitors19,20, which reflects the
localization of liganded NO to privileged sites within
proteins that are inaccessible to solvent and/or provide
stabilizing interactions with proximate residues (BOX 2).
These findings emphasize that the regulation of protein
function by S-nitrosylation is subserved by mechanisms
that control both the addition and the removal of the
NO group from a Cys thiol. As detailed below, those
mechanisms might be represented, in a significant
part, by changes in protein conformation that alter the

A function for nitric oxide (NO) in signal transduction
was established by the demonstration that NO that is
generated by endothelial cells relaxes vascular smooth
muscle, in part, through the activation of guanylate
cyclase1. The extensive range of NO-based signalling
was indicated by the discovery of constitutively
expressed NO SYNTHASES (NOSs) with pervasive phylogenetic
and tissue distributions2. It was recognized early on
that, in addition to the well-characterized binding of
NO to the haem iron of guanylate cyclase, physiologi-
cal NO-based protein modification might be effected by
S-nitrosylation — that is, the coupling of an NO moiety
to a reactive cysteine thiol (to form an S-nitrosothiol,
SNO; FIG. 1)3–5. Over the past decade, the number of
reported substrates for S-nitrosylation has grown to
well over a hundred6, which is consistent with the
ubiquity of regulatory and/or active-site thiols across
protein classes. Initial studies relied to a great extent
on in vitro analysis using exogenous NO sources, which
did not necessarily recapitulate the cellular milieu.
However, a substantial body of recent work, which 
is described in this review, has directly implicated 
S-nitrosylation in the regulation of numerous signalling
pathways in intact cellular systems, and recent genetic
evidence supports a diversity of regulatory roles for this
protein-modification reaction7–9.

The current zeitgeist reflects a growing awareness
that S-nitrosylation is a post-translational protein mod-
ification that is regulated precisely in time and
space6,10–14. The temporal (stimulus-coupled) regulation

PROTEIN S-NITROSYLATION:
PURVIEW AND PARAMETERS
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Abstract | S-nitrosylation, the covalent attachment of a nitrogen monoxide group to the thiol side
chain of cysteine, has emerged as an important mechanism for dynamic, post-translational
regulation of most or all main classes of protein. S-nitrosylation thereby conveys a large part of 
the ubiquitous influence of nitric oxide (NO) on cellular signal transduction, and provides a
mechanism for redox-based physiological regulation.
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NO SYNTHASE
(NOS). Mammals have three 
NO synthases that generate NO
from Arg — NOS1 or nNOS,
NOS2 or iNOS and NOS3 or
eNOS — one or more of which
reside, or can be induced, in
most or all cell types. NOS
homologues are distributed
broadly across the phylogeny.
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S-Nitrosylation: Specificity, Occupancy, and Interaction
with Other Post-Translational Modifications

Alicia M. Evangelista,1 Mark J. Kohr,1,2 and Elizabeth Murphy1

Abstract

Significance: S-nitrosylation (SNO) has been identified throughout the body as an important signaling modifi-
cation both in physiology and a variety of diseases. SNO is a multifaceted post-translational modification, in that
it can either act as a signaling molecule itself or as an intermediate to other modifications. Recent Advances and
Critical Issues: Through extensive SNO research, we have made progress toward understanding the importance
of single cysteine-SNO sites; however, we are just beginning to explore the importance of specific SNO within
the context of other SNO sites and post-translational modifications. Additionally, compartmentalization and
SNO occupancy may play an important role in the consequences of the SNO modification. Future Directions: In
this review, we will consider the context of SNO signaling and discuss how the transient nature of SNO, its role
as an oxidative intermediate, and the pattern of SNO, should be considered when determining the impact of
SNO signaling. Antioxid. Redox Signal. 19, 1209–1219.

Introduction

S-nitrosylation (sno) is a labile oxidative post-
translational modification that has been implicated in the

regulation of protein function in physiology (10, 13, 46, 66, 71,
110) and disease (15, 20, 25, 40, 59, 84, 95). The beauty and
challenge of SNO lay in its transient nature, its redox regu-
lation, its role as an oxidative intermediate, and the subtleties
of its formation and removal. While many studies have
identified targets of SNO and correlated these protein changes
with functional outcomes, the implications of the transient
and dynamic nature of SNO itself have not been extensively
studied.

SNO Formation and Removal

Formation of SNO adducts

SNO is a reversible, nonenzymatic reaction between a nitric
oxide (NO) moiety and the reduced thiol of a cysteine residue
to form an S-nitrosothiol. SNO reactions are referred to as
S-nitrosation or S-nitrosylation reactions, with the former
referring to the chemically precise term for the formation of a
thiol-SNO via addition of a nitroso group and the latter re-

ferring to the addition of a nitrosyl to a metal. However, SNO
has been favored in common usage and will thus, be used in
this review. The formation of SNO is achieved through one of
three general pathways. In the first, NO becomes thiol reactive
by the formation of a nitrosonium cation (NO + ), which is then
transferred to a thiolate (Fig. 1A). NO + can be generated by
several NO donors. In addition, a second mechanism of SNO
formation is through transnitrosylation, whereby a NO + is
donated by either a small SNO-modified molecule or a
proximal SNO-modified protein acting as a transnitrosylase
(4, 49, 60, 79) (Fig. 1B). The existence of transnitrosylating
proteins is clearly demonstrated by Kornberg et al., who show
that through binding to Siah1, SNO-glyceraldehyde 3-
phosphate dehydrogenase is transported to the nucleus
where it then transnitrosylates sirtuin-1, histone deacetylase-
2, and DNA-activated protein kinase (60). Finally, in the third
SNO pathway, intramolecular electron transfer between re-
dox-sensitive amino acids (120) or hydrogen transfer due to
the presence of oxygen radicals (116) results in the formation
of a reactive protein thiyl radical (RS!), which then acts as a
nucleophile for a NO moiety, resulting in direct SNO forma-
tion (Fig. 1C). When first described by Stamler et al. (104, 106),
direct SNO was attributed to protein interaction with NO +
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� The specific activity was determined in the presence and 
absence of NO donor GSNO and we demonstrated that PtpA
activity is impaired as a consequence of S-nitrosylation.

� PRELIMINARY CONCLUSIONS:

o PtpA denaturation monitored by CD suggest that that the 
protein stability is affected by S-nitrosylation;

o Since PtpA is also phosphoryated, is there any cross-talk 
between Cys53 – nitrosylation and phosphorylation?

This journal is c The Royal Society of Chemistry 2010 Chem. Commun., 2010, 46, 7501–7503 7501
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M. tuberculosis PtpA and PtpB, the only two phosphotyrosine
phosphatases (Ptps) present in this pathogen, play an important
role in mycobacteria survival inside macrophages. The aim of the
present work was to investigate M. tuberculosis PtpA and PtpB
susceptibility to S-nitrosylation, a reversible covalent bond
between nitric oxide (NO) and specific cysteine (sulfur) residues
in proteins. PtpB was not modified by NO, in contrast, PtpA
Cys53 was identified by site directed mutagenesis as the target of
S-nitrosylation.

Due to the emergence in recent years of Mycobacterium
tuberculosis multi-resistant strains, tuberculosis (TB) is still
the most important cause of death among infectious diseases.
In 2008, there were approximately 1.3 million cases of death
from tuberculosis globally and WHO estimates that one-
third of the world’s population is currently infected with
M. tuberculosis.1,2 An important pre-requisite for the rapid
development of new clinically relevant drugs is the
understanding of host–pathogen interaction and how this
contributes to the development of the disease.

To survive in humans, pathogenic bacteria have evolved
many mechanisms to evade the host immune response.3–5

Suggested modulators of host–pathogen interactions are
bacterial kinases and phosphatases, which participate in the
modulation of a variety of cellular events6 and have been
associated with virulence by contributing to intracellular
pathogen survival. M. tuberculosis has two protein tyrosine
phosphatases (Ptps), PtpA and PtpB. These two enzymes are
secreted by mycobacteria and are involved in survival in host
macrophages.3,7 Disruption of PtpB diminishes the ability of
the mutant M. tuberculosis strain to survive in activated
macrophages and guinea pigs. Furthermore, it has been
recently demonstrated that PtpB inhibition severely reduces
mycobacteria survival in infected macrophages.8 On the other
hand, PtpA plays an inhibitory role on phagocytosis and is
required for growth of M. tuberculosis in human macro-
phages.4 It was also shown that PtpA inactivation attenuates
the growth of M. tuberculosis in human macrophages. In
addition, the macrophage protein target, the vacuolar protein
sorting 33 homolog B (VPS33B), a regulator of membrane
fusion, is a substrate of this enzyme. VPS33B activity leads to
phagosome–lysosome fusion, a cellular response to infection

process, and its activity is inhibited by M. tuberculosis
infection.4 More recently, the presence of a phosphotyrosine
kinase (PtkA) was detected in M. tuberculosis, and interestingly
PtpA was shown to be a substrate of PtkA, although PtkA is
not a substrate for PtpA.5

From the host perspective, one important strategy to fight
pathogens is the production of reactive oxygen species (ROS)
and reactive nitrogen species (RNS). M. tuberculosis resides
inside macrophages where it is exposed to ROS and RNS.9

ROS have been shown to reduce PtpA activity while it has
little effect on PtpB—mainly because of its three-dimensional
structure.10 The effects of RNS on PtpA and PtpB, however,
have never been investigated to date.
NO and other RNS are important molecules in cell

signaling events, protein function regulation and host defense
mechanisms.11 Among Ptps, several of these enzymes were
shown to be nitrosylated as a consequence of NO action,
which results in loss of activity or protection from oxidation.12

Additionally, NO and other RNS exhibit potent antimicrobial
activity in vitro for a wide range of microorganisms.11

S-nitrosylation of cysteine residues in target proteins is one
of the main reactions of NO and of several NO-derived
species.11 S-nitrosylation of specific cysteine residues in
microbial proteases is related to the antimicrobial activities
of RNS against Coxsackievirus, HIV-1, Leishmania infantum,
Plasmodium falciparum and Trypanosoma cruzi. In
M. tuberculosis NO is toxic for in vivo and in vitro growth,13

however, little is known about its molecular effects on this
pathogen.
In this context, the aim of the present work was to

investigate NO action on M. tuberculosis PtpA and PtpB
activity by post-translational modification of their Cys
residues. We also report here the site-directed mutagenesis of
the three Cys residues present in PtpA, Cys11, Cys16 and
Cys53, and the effect of each of these mutations on the PtpA
nitrosylation pattern and activity.
S-nitrosylation of Mycobacterium tuberculosis PtpA and

PtpB was assessed through the biotin switch technique.
Proteins were purified as described (ESIw), and pure proteins
were used in the biotin switch assays.w PTP1B was previously
shown to be S-nitrosylated and was used as a positive control.
In the presence of 1 mM GSNO, PtpA is S-nitrosylated while
PtpB shows no nitrosylation pattern (Fig. 1A and B). Further-
more, PtpA S-nitrosylation was also observed using a lower
concentration of GSNO (0.1 mM, data not shown). For both
proteins, when the experiment was performed with GSH
instead of GSNO or when samples were treated with GSNO
and DTT, no biotin was detected on the western blot—the

Centro de Biologia Molecular Estrutural, BQA CCB UFSC,
Florianópolis-SC, Brazil. E-mail: hterenzi@ccb.ufsc.br;
Fax: +55 48 3721 6973; Tel: +55 48 3721 6426
w Electronic supplementary information (ESI) available: Complete
experimental protocols. See DOI: 10.1039/c0cc01704c
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