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• Pathogenic bacteria survival factors
• Inhibition: strategy to combat disease
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• Post-expression mutagenesis: strategy to understand modulation
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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.
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This
article’s
The role
of protein doi:
phosphatases in pathogenic bacteria has been studied extensively over the last two decades. Ser/Thr and Tyr phosphatases are associ10.1146/annurev-micro-020415-111342

ated with growth and virulence of many bacteria. These phosphatases control
kinase-mediated functions and return the proteins to their unmodified state.
c 2015
Copyright
⃝
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Biochemical, structural,
and by
functional
studies,
in addition to extensive genetic
characterization,
have
highlighted
the
importance
of phosphatases in
All rights reserved
bacteria. However, questions remain regarding the mechanisms driving localization 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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Table 2

Mycobacterium tuberculosis tyrosine phosphatases MptpA and MptpB

Characteristic

MptpA

MptpB

Reference(s)

Class

LMW Tyr phosphatase

Tyr phosphatase

77

Secretion

Yes

Yes

Active site residue

Cys11

Cys160

77

Essentiality, in vitro

Nonessential

Nonessential

117

Essentiality, during infection

Essential

Essential

Role in infection

Yes, required for long-term
infection

Yes, activated macrophages and
later stages in guinea pig infection

Multispecificity

No

Yes, pThr/pSer and phospholipid

Structure known

Yes

Yes

Interacting partners in host

Yes, VPS33B, subunit H of human
V-ATPase, GSK3α, and TFP

Yes, ERK1/2 and p38 kinases, Akt

Phosphorylation

Yes, by PtkA and STPKs

No

14, 149

S-nitrosylation

Yes, by Nitric oxide

No

43

36, 77

13, 125
13, 33, 125
20
55, 87, 133
13, 88, 106, 146, 148

Posttranslational modifications

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

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

Inhibition: strategy to combat disease

resurgent global interest in these enzymes. In addition to noteworthy progress in competitive, 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
Figure
small molecules and biologics (Figure 1, Key Key
Figure)
– yielding selective agents with
Recent Approaches for the Development of Protein Tyrosine Phosphabiological activity.
tase (PTP)-Targeted Drugs

Review

Trends in Small-Molecule PTP Inhibitor Development
(A) Orthosteric inhibitors

(B) Allosteric inhibitors

P
Orthosteric Small-Molecule Inhibitors
P
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.
Tyrosine dephosphoryla!on
Remarkably, the traditional approach of reversible competitive inhibition
is still Pbeing sought
(C) Oligomeriza!on inhibitors
(D) Radioimmunotherapy
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
Stephanie M. Stanford1 and Nunzioefforts,
Bottini1,* high-quality orthosteric inhibitors are emerging (Table 2), providing new opportunities
(E) RPTP decoy biologics
for
the
biological
examination
of
old
and
new
targets.
Protein tyrosine phosphatases (PTPs) are a family of enzymes essential for

Targeting Tyrosine
Phosphatases: Time to End
the Stigma

Trends
numerous cellular processes, and several PTPs have been validated as theraProtein tyrosine phosphatases (PTPs)
peutic targets for human diseases. Historically, the development of drugs are critical for numerous cellular protargeting PTPs has been highly challenging, leading to stigmatization of these cesses in health and disease, and sevBox 1. The Classiﬁcationeral of
PTPs PTPs
are validated drug targets.
enzymes as undruggable targets. Despite these difﬁculties, efforts to drug
PTPs have persisted, and recent years have! seen
inﬂux are
of new
probes Despiteby
historical
difﬁculties in drug- amino acid sequence, (V/H)CX5R, called the ‘PTP signature motif’. This
TheanPTPs
characterized
a conserved
ging PTPs, efforts have persisted
providing opportunities for biological examinationmotif
of oldcontains
and new PTP
targets.
a catalyticand
Cys
which
led toresidue,
the development
of new acts as a nucleophile during catalysis, and an Arg residue, which assists
Here we discuss progress towards drugging PTPs with special emphasis on the probes that are being used for bioloin substrate binding [2,4,5].
Figure 1. Tyrosine phosphorylation occurs when PTPs hydrolytically remove phosphate (P) from Tyr amino acids
development of selective probes with biological activity. We describe the gical examination of old and new PTP
(depicted as green hexagon). The reaction involves transient covalent interaction with the PTP active-site nucleophilic
!
I isand
theoligomerizalargest and
includes the ‘classical’ phosphotyrosine-speciﬁc
PTPs and the classical and atypical
targets.
Cys; depicted in yellow). (A–C) Approaches for small-molecule PTP inhibitor development (inhibitors depicted in red). (A)
development of new small-molecule orthosteric,Class
allosteric,
Orthosteric
inhibitors
bind
to
the enzyme active site and typically compete with substrate for binding. (B) Allosteric inhibitors
DUSPs.
tion-inhibiting PTP inhibitors and discuss new studies
targeting the receptor Allosteric PTP inhibitors are emerging,
bind outside the enzyme active site, inducing or stabilizing a catalytically unfavorable enzyme conformation. (C) Oligo! Class II comprises only LMPTP.
most of which exploit catalytically unfaPTP (RPTP) subfamily with biologics.
merization inhibitors are being used to disrupt trimerization of phosphatase of regenerating liver (PRL) proteins. (D,E)
vorable conformations of the targeted

PTPs

! Class III contains the three
enzyme.isoforms of CDC25 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

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

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 (Mtb) infects human alveolar macrophages and relies on the inhibition of phagosome 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 phosphatase A (PtpA), PtpB, and secreted acid phosphatase
M (SapM) have been shown to contribute to Mtb pathogenicity. Here, we review the current knowledge on
PtpA, PtpB, and SapM focusing on their ability to interfere with host functions. We further explore how these
phosphatase-dependent host–pathogen interactions
can be targeted for novel tuberculosis (TB) drug discovery 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 subvert the immune response or create permissive niches for
their survival. One such strategy is the secretion of bacterial 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 phosphatases, 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. Macrophages engulf foreign particles into phagosomes that subsequently interact with the endocytic pathway [10],
resulting in changes to membranes that allow the phagosome to acquire antimicrobial properties, including the
recruitment of hydrolytic enzymes and the vacuolar
Corresponding author: Av-Gay, Y. (yossi@mail.ubc.ca).
Keywords: tuberculosis; phosphatase; mycobacteria; PtpA; PtpB; SapM.
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H+-ATPase (V-ATPase) [11]. The presence of V-ATPase
on the phagosomal membrane creates an acidic compartment (pH 4.5–5.0), the hallmark of phagosome maturation
[12]. Acid-activated hydrolases then mediate the destruction of the invading microorganisms.
Mtb directly infects alveolar macrophages causing phagosome 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 recruitment, 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 eukaryotic-like serine/threonine-protein kinases (STPKs) (PknA–
B, PknD–L), two PTPs (PtpA and PtpB), and a proteintyrosine kinase (PTK) (PtkA) [4,15–20]. Among the proteins 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 phosphatases act in the macrophage during infection (Figure 1).
Specifically, SapM is a phosphoinositide phosphatase that
inhibits the generation of phosphatidylinositol 3-phosphate (PI3P), which is essential for phagosome biogenesis
[7]. PtpA inhibits V-ATPase trafficking to the mycobacteG
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 phosphatases, needed only for in vivo growth, are distinct from
the traditional in vitro essential targets, which have been
a
the focus of antibiotic development during the past decades.
Targeting phosphatases, particularly PTPs, for drug development 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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[9]
[7]
[77]

Table 2. PtpA and PtpB inhibitors described in the literature
Inhibitors
Stevastelins
Roseophilins
Prodigiosins
Hydroxypyrrole benzoic
acids
Difluoromethylphosphonic
acid (DFMP)
Chalcones
Macrolines
Brunsvicamides
Indolizines
Indoloquinolizidines
Oxalylamino-methylenethiophene sulfonamide
(OMTS)
Isoxazole carboxylate
Isothiazolidinone
(isoxazole based)
DFMP (isoxazole based)
Indolin-2-on-3spirothiazolidinone
Isoxazole azides

PtpA IC50
(mM)
8.8 ! 5.9
9.4 ! 2.1
28.7 ! 9.7
1.6 ! 0.4 a

PtpB IC50
(mM)

1.4 ! 0.3 a

>100

8.4 ! 0.9
>100
>100
74.9 ! 8.8
>100

>50

Isoxazole salicylate
Benzofuran salicylate

77.3 ! 5.1

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

>50

a

Ki values.

Refs
[55]
[55]
[55]
[55]

4.71 ! 1.14
7.3
7.5 ! 1.9
0.36 ! 0.12
0.44 ! 0.05

[60]
[26,54]
[56]
[83]
[84]
[62]
[24]

0.22 ! 0.3
3.7 ! 0.6

[57]
[58]

0.69 ! 0.21
0.32 ! 0.05

[58]
[63]

0.55 ! 0.3
0.15 ! 0.03 a
7.0 ! 0.4
1.5 ! 0.8 a
1.26 ! 0.22
1.08 ! 0.06 a
1.2 ! 0.1
1.1 ! 0.03 a
4.8 ! 0.1
3.2 ! 0.3 a

[52]
[8]
[9]
[59]
[59]
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toward macrophages and useful antibacterial activity.

a

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

3
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It was shown earlier that the primary target of M. tuberculosis
PtpA is the host protein kinase VPS33B.10 Thus an assay with chaljournal homepage: www.elsevier.com/locate/bmc
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 obInhibition of Mycobacterium tuberculosis tyrosine phosphatase PtpA by
served when PtpA is treated with the chalcone inhibitor as comsynthetic chalcones: Kinetics, molecular modeling, toxicity and effect on growth
pared to the control reaction without inhibitor. This finding
a
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to the low-molecular-weight (LMW) PTP family,34 PtpB sequence
falls into the conventional PTP or dual-specificity phosphatase
a b s t r a c t
(DSP) family.35 PtpA is 37% identical and presents high structural
similarity to the human LMW PTP, but there are significant
Tuberculosis (TB) is a major causechanges
of morbidity
and mortality
throughout
the world,
and
it is estimated
around
the active
site and the
protein
tyrosine
phosphathat one-third of the world’s population
is infected
with
tuberculosis.
a series
of
ToMycobacterium
verify the possibility
of Among
inhibition
of other
tase (PTP)
loop.16
tested compounds, we have recently identified five synthetic chalcones which inhibit the activity of
tyrosine phosphatases we assayed the described chalcones on
M. tuberculosis protein tyrosine phosphatase A (PtpA), an enzyme associated with M. tuberculosis infectivmycobacterial PtpB and in the human PTP1B.
ity. Kinetic studies demonstrated that these compounds are reversible competitive inhibitors. In this
No inhibition was detected with compounds 5i, 4d, 4a, 5a, and
work we also carried out the analysis of the molecular recognition of these inhibitors on their macromolM when
in PtpB
frompredominant
Mtb (data not
shown). We
5j at 100
lecular target, PtpA, through molecular
modeling.
Wetested
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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. of MPtpA reduce mycobacterial survival in
2.4. Inhibitors
! 2010 Elsevier Ltd. All rights reserved.
Figure 3. Modeled binding mode of the chalcone analogs within the MPtpA active
macrophages
site. Protein residues involved in ligand binding are indicated as stick model and
hydrogen bonds are illustrated as blue dashed lines.

1. Introduction
three hydrogen bonds from: (i) the main chain NH of Thr12, (ii) the

Mtb reside and replicate within human alveolar macrophages.
As such candidate drugs need to cross the macrophage membrane
In the past decade many advances in the understanding ofFigure
metbarrier in order to inhibit their molecular target with limited cyto-

4. Mtb survival in infected THP-1 macrophages treated with the chalcone

5
1
r
H
g
b
b
w
t
o
o

Pathogenic bacteria survival factors

DOI: 10.1021/acsinfecdis.5b00133
ACS Infect. Dis. 2016, 2, 231−239
Article
pubs.acs.org/journal/aidcbc

Mycobacterial Protein Tyrosine Phosphatases A and B Inhibitors
Augment the Bactericidal Activity of the Standard Anti-tuberculosis
Regimen
Noton K. Dutta,† Rongjun He,‡ Michael L. Pinn,† Yantao He,‡ Francis Burrows,§ Zhong-Yin Zhang,‡
and Petros C. Karakousis*,†,∥
†

Center for Tuberculosis Research, Department of Medicine, Johns Hopkins University School of Medicine, 1551 East Jeﬀerson
Street, Baltimore, Maryland 21287, United States
‡
Department of Biochemistry and Molecular Biology Indiana University School of Medicine, 635 Barnhill Drive, MS 4053,
Indianapolis, Indiana 46202, United States
§
Aarden Pharmaceuticals, Inc., 351 West 10th Street, Suite 248, Indianapolis, Indiana 46202, United States
∥
Department of International Health, Johns Hopkins Bloomberg School of Public Health, 615 North Wolfe Street, Baltimore,
Maryland 21205, United States
S Supporting Information
*

ABSTRACT: Novel drugs are required to shorten the

Pathogenic bacteria survival factors

he
bat
to
nce
nd
rs,
PA
ost
ng
nd
01-Z08) with drug-like properties. We tested the bactericidal activity

Article
Cite This: J. Med. Chem. XXXX, XXX, XXX−XXX

pubs.acs.org/jmc

Structure-Based Design of MptpB Inhibitors That Reduce MultidrugResistant Mycobacterium tuberculosis Survival and Infection Burden
in Vivo

published articles.

Clare F. Vickers,†,§ Ana P. G. Silva,‡,§ Ajanta Chakraborty,‡ Paulina Fernandez,‡ Natalia Kurepina,◊
Charis Saville,‡ Yandi Naranjo,∥ Miquel Pons,∥ Laura S. Schnettger,⊥ Maximiliano G. Gutierrez,⊥
Steven Park,◊ Barry N. Kreiswith,◊ David S. Perlin,◊ Eric J. Thomas,† Jennifer S. Cavet,‡
and Lydia Tabernero*,‡
†

The School of Chemistry, University of Manchester, Manchester M13 9PL, United Kingdom
School of Biological Sciences, Faculty of Biology Medicine and Health, Manchester Academic Health Science Centre, University of
Manchester, Manchester M13 9PT, United Kingdom
∥
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hemical mutagenesis: a seminal concept in
otein science

1966, the
laboratories of Daniel E. Koshland, Jr. and
Figure 1
yron L. Bender independently reported the first point
utation of an enzyme [11!!,12!!]. In both reports, the
ine protease subtilisin was chemically converted to a
teine protease. The transformation is depicted in
gure 1. The active site serine was first selectively
nverted into a leaving group by treatment with phemethanesulfonyl fluoride (PMSF) and then displaced
the attack of thioacetate. The resulting thioacylzyme was hydrolyzed through the innate activity of
e protease, providing the thiol-subtilisin product.

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.

e mutant enzyme was characterized both chemically
e cysteine protease contains a single, easily detected
teine) and
analysis
activity.
The through
Ser to Cyskinetic
mutation
providedofa protease
near-isosteric
mutant

for study of the protease active-site and mechanism. It
Current
Chemical
14:781–789
should
beOpinion
pointedinout
that at Biology
the time2010,
of these
discoveries, no methods yet existed for site-specific mutagenesis

A different approach was reported not long after Koshland
and Bender’s disclosures. Laskowski described an ‘enzymatic mutation’ on soybean trypsin inhibitor that relied on
trypsin and caboxypeptidase B to exise an amino acid from

■

ALIPHATIC SIDE CHAINS
diﬁcation
9
Without anstrategy
apparent
functional
handle,
there are relatively few
tapling,
Post-expression mutagenesis:
to understand
modulation
mechanisms
methods available (vide inf ra) for derivatization of the aliphatic
not be
residues. However, fundamental advances in the direct func- Perspective
transforpubs.acs.org/biochemistry
tionalization of C−H bonds have ushered in new opportunities
Instead,
for targeted modiﬁcations.15 In perhaps the most notable recent
es, select
example, Yu and
co-workers
disclosedA aChemist’s
palladium-catalyzed
hydroala- Residue-Speciﬁc
Peptide
Modiﬁcation:
Guide
arylation of N-terminal alanine (Ala) residues facilitated by
hlighted. JustineC−H
N. deGruyter, Lara R. Malins, and Phil S. Baran*
16
coordination
of
the
metal
catalyst
to
the
peptide
backbone.
Chemist’s Department of Chemistry, The Scripps Research Institute, 10550 North Torrey Pines Road, La Jolla, California 92037, United States
Although currently limited to di-, tri-, and tetrapeptide substrates,
gaged in * Supporting
Information
this seminal report illustrates the vast potential of postassembly
3Advances in bioconjugation and native protein
ABSTRACT:
C(sp
functionalization as an enabling tool for hydrocartive and modiﬁcation are)−H
appearing at a blistering pace, making it
bon
modiﬁcations.
A promising
approach to the
increasingly
time
consuming
for practitioners
to identify metal-mediated
the
iological best chemical method for modifying
a speciﬁc amino acid resisolvent due in a complex setting. The purpose of this perspective is to
an informative, graphically rich manual highlighting
ture and provide
Received:
6, the
2017
signiﬁcant advances in theJune
ﬁeld over
past decade. This guide
help triage candidate methods for peptide alteration and will
ant con- will
Revised: June 26, 2017
serve as a starting point for those seeking to solve long-standing
or some challenges.
Published: June 27, 2017
S

J

ust as some of the most pivotal advances in total synthesis
3863
1

can be tied to overcoming obstacles in chemoselectivity,
advances in bioconjugation chemistry are intimately linked to the

deviation,
the10.1021/acs.biochem.7b00536
operational simplicity epitomized by these stanDOI:
dards is an
ideal goal for
the development
of versatile peptide
Biochemistry
2017,
56, 3863−3873
modiﬁcation strategies. With these (and other) factors in mind,
the aim of this user guide is to provide an etic assessment of both

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

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

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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Diverse Functionalization of Aurora-A Kinase at Specified
Surface and Buried Sites by Native Chemical
Modification
Fiona Rowan1,2*, Meirion Richards1, Marcella Widya3, Richard Bayliss2,4, Julian Blagg1*

August 2014 | Volume 9 | Issue 8 | e103935
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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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Selective Chemical Modification of Aurora-A

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

Post-expression mutagenesis: strategy to understand modulation mechanisms

ost-expression chemical editing strategy, Bernardes and colleagues have
d a water-mediated Cys-Cys non-covalent motif in bacterial tyrosine
tase A (PtpA) from Mycobacterium tuberculosis (Mtb) and Staphylococcus
Article
mportantly, the identification of the Cys-water-Cys bridge
provides
A Water-Bridged
Cysteine-Cysteine Redox
to the known resistance of Mtb PtpA to the oxidative conditions
that
Regulation
Mechanism in Bacterial
ithin an infected host macrophage. This chemical mutagenesis
approach
p the understanding of the dynamics and function(s) ofProtein
proteins in
their
Tyrosine
Phosphatases
ate and ultimately aid in the design of small-molecule modulators.
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SUMMARY

The Bigger Picture

emergence of
The emergence of multidrug-resistant Mycobacterium tuberculosis (Mtb) strains
Bertoldo et al., Chem 3,The
665–677
Mycobacterium
tuberculosis
highlights the need to develop more efficacious and potent drugs. However,
(Mtb)
resistance
is a serious threat
this goal is dependent on a comprehensive understanding
of Mtb12,
virulence
proOctober
2017
ª 2017 The Authors.
to
public
health.
However, the
tein effectors at the molecular level. Here, we used a post-expression cysteine
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quest
for
more
efficient
drugs
(Cys)-to-dehydrolanine (Dha) chemical editing strategy to identify a water-mediagainst
Mtb
is
hampered
by the
ated motif that modulates accessibility of the protein tyrosine phosphatase
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lack
of
a
detailed
understanding
A (PtpA) catalytic pocket. Importantly, this water-mediated Cys-Cys non-covaof Mtb virulence protein effectors.
lent motif is also present in the phosphatase SptpA from Staphylococcus aureus,
Here, we describe the swift
which suggests a potentially preserved structural feature among bacterial tyromodification of select Cys
sine phosphatases. The identification of this structural water provides insight
residues in multi-Cys proteins
into the known resistance of Mtb PtpA to the oxidative conditions that prevail
directly through chemistry. New
within an infected host macrophage. This strategy could be applied to extend
insights into the biochemistry of
the understanding of the dynamics and function(s) of proteins in their native

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.

Figure 2. Chemical Mutation of PtpA and Its Effect on Catalytic Activity

Post-expression mutagenesis: strategy to understand modulation mechanisms

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

It had been previously established that S-nitrosylation plays a paramount role in

HS CH2
C SH
H2
H 2C

POTENTIAL ENERGY

The Critical Role
of Non-catalytic
Cysteine Residues
in Proteins
Jean Bertoldo1,*

Dr. Jean Bertoldo received his MSc degree 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

tion, its complexities, and the intricate
chemical, molecular, and cellular mechanisms that give rise to higher organisms such as humans. Along with my
fascination for human biology came
the realization of the terrible diseases
that affect it, especially infectious diseases, a particular burden in the world’s
poorest countries. Thus, as a PhD student I knew that in order to find a treatment 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 proteins. 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 occurs in the human proteome less than
2.2%,2 which indicates an evolutionary
pressure against its utilization. This selective pressure might be due to cysteine’s unique set of chemical properties,

SH

PtpA is a validated target for tuberculosis treatment and one of the most
studied proteins from this bacterium;
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ROS
however, many important virulence
mechanisms remain elusive. ROS
One of
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S
HOS CH2
2
3
the intriguing things about this protein
is its cysteine contentCofSO
1.8%,
which
3H
H2 percentage
contrasts with the overall
SOproteins.
2H
of 0.5% for prokaryotic
H2C
Despite the fact that it is a cysteine
phosphatase, the remaining two noncatalytic cysteines had not been studROS Prof.
ied or assigned any function.
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the in vitro S-nitrosylation of the nonROS
HO3S CH2
catalytic Cys53 and its effect
on PtpA’s
activity.3 This result then pointed me C H
S H2O
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H
to have a key cellular function?
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Posttranslational chemical mutagenesis: to reveal the role of noncatalytic cysteine residues in pathogenic bacterial phosphatases
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Biomimetic model systems

Binuclear Metallohydrolases Schenk et al.

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 enzyme. 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.
30

Schenk et al., Acc. Chem. Res. 2012 metal ions in their active site to catalyze the hydrolysis of
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Schenk et al., Acc. Chem. Res. 2012
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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 nearphysiological conditions range from ~4,000 years to 30
million years, which makes catalysis of DNA hydrolysis an
especially challenging goal.

Schroeder et al. Proc. Natl. Acad. Sci. USA 103,
4052–4055 (2006).
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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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Photostability and ROS generation View
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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

Photostability and the ability of porphyrin derivatives H2 PtPor
and
ZnPtPor to generate 1O2 upon photoexcitation were deterPhotoactive meso-tetra(4-pyridyl)porphyrinmined to evaluate their potential to induce DNA strand breaks
tetrakis-[chloro(2,2’bipyridine)platinum(
II)
by a mechanism dependent on reactive oxygen species (ROS).
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tion.
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eﬀect
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derivatives to generate O2 and to eﬃciently photocleave plasmid DNA upon visible light irradiation based
1
2 (see below).
on a mixed (oxidative/hydrolytic)Omechanism.
rsc.li/dalton
detected at 427, 561 and 623 nm, respectively. At the end of
The ability of H2 PtPor and ZnPtPor to generate 1O2 in DMF
the complexation reaction, the mixture was concentrated
solution
was determined by a chemical method using 9,10photoactivation, especially due to singlet oxygen production,

Introduction

under vacuum and then precipitated with a saturated aqueous

ederal de Santa Catarina (UFSC) on 15/05/2018 19:40:20.

promotes cancer cell death because of irreversible photoNH4PF
4,5 6 solution. The solid product was then filtered and
The interaction of DNA with small molecules is the aim of damage caused by free oxygen radical generation.
1,2
washed
several
times
numerous studies in drug design. Metal–drug complexes are
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reports of derivatives
clinical
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Table 2There
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tion
in
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diethyl
ether. The obtained derivative ZnPtPor
ZnPtPor
There is special interest in transition metal complexes due to Clinical trials using an hematoporphyrin derivative (HpD)
exhibited a dark-purple color and aﬀorded a final yield of
their diverse coordination geometries, redox potentials and began in the 70s and in the late 80s gave rise to Photofrin® as
Irradiation
time
(min)
Zinc(II)–porphyrin ZnPtPor was characterized and
the ability to interact with DNA via covalent or non-covalent presented today.3 Photofrin® and some above
second 85%.
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Electronic
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with CT-DNA
agarose
gel electrophoresis.
Standard reactions: plasmid DNA (∼25.0 µM
ing changes in DNA conformation, strand breaks or inhibiting generation, high Q-band absorption in the red wavelength,
bp),
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(10.0
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pH
7.4),
25% (v/v) acetonitrile. Complexes conScheme 1 Synthetic route representation
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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.
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NUCLEIC ACID CONFORMATION

synopsis
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Conformation of two-stranded DNA in HzO-methanol, H20-ethanol, HzO-isoproa
panol, and HzO-dioxane solutions a t different concentrations of alkaline ions has been
Q
I
studied with the aid of circular dichroism. The following conclusions are drawn:
-I
m
I
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
0
1
cations. I n HZ0 the cation action is nonspecific and leads to an increase in 8 value.
I
I n 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
I
I
of330 e 6 45".
0 260 3M1220 260 3M)
“P
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
Fig. 1. Schematized representation of the CD spectra. for the A,B, and C forms. The
form is one of the members of the family) and is specified by the concentration and type
dotted lines are driven through the absorption maxima.
of cation involved. The two-stranded regions of RNA in HzO are also of A type and
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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-
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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 derivatives 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.
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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
View Article Online

Paper

Four new cobalt(II) complexes [Co(6-MeTPA)Cl]ClO4/PF6 (2/2a), [Co(6-Me2TPA)Cl]ClO4/PF6 (3/3a),
Transactions
(1) where
[Co(BPQA)Cl]ClO4/PF6 (4/4a) and [Co(BQPA)Cl]ClO4/PF6 (5/5a) as well as [Co(TPA)Cl]ClO4Dalton
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)-(2quinolylmethyl)-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
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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 synthesized 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 titraDepartment of Chemistry, University of Louisiana at Lafayette, P.O. Box 44370
tion of [Co(BQPA)(H2O)]2+ is shown in Fig. S1. Agarose gel electrophoresis and
Lafayette, LA 70504, USA. E-mail: ssmassoud@louisiana.edu; Fax: +1 337-482-5676;
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
pseudo-Michaelis–Menten
kinetics for the cleavage of DNA by complexes 1 and 2
Tel: +1 337-482-5672
(5a) together with their atom-labeling schemes.
b
( pH 7.00) are shown in Fig. S2 and S3, respectively. Agarose gel electrophoresis
Institut für Anorganische Chemische, Technische Universität Graz, Stremayrgasse
and pseudo-Michaelis–Menten kinetics for the cleavage of DNA by complexes 2,
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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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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
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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). Additionally, 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.
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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 systems that influence cellular redox state (BOX 1), and allow
S-nitrosylation to function as a prototype of mechanisms
that convey redox-based cellular signals6.
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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?
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