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a  b  s  t  r  a  c  t

Glutaredoxin  A1  from  Corynebacterium  pseudotuberculosis  was  shown  to be a  mycoredoxin  protein.  In
this  study,  we established  a process  to  overexpress  and  purify  glutaredoxin  A1. The  aim  of  this  study
was  the  investigation  of  the Glutaredoxin  A1 from  C. pseudotuberculosis  behavior  under  different  redox
environments  and  the  identification  of  lead  molecules,  which  can  be  used  for  specific  inhibitor  develop-
ment  for  this  protein  family.  A  quantitative  assay  was  performed  measuring  the  rate  of  insulin  reduction
spectrophotometrically  at 640  nm  through  turbidity  formation  from  the  precipitation  of the free  insulin.
Glutaredoxin  A1,  at 5 �M concentration,  accelerated  the reduction  process  of 0.2  mM  insulin  and  1  mM
DTT.  The  pH  optimum  of  the  reaction  was 7.4.  In the  presence  of DTT  and  ESH  the  glutaredoxin  A1
MR
D spectroscopy

nhibitors

presents  similar  activity,  and  its  activity  is reduced  by 50%  in  the  presence  of  GSH.  Additional  function  for
ESH  in the  redox  metabolism  of C.  pseudotuberculosis  is  suggested.  A combined  STD  and  Chemical  Shift  –
NMR  approach  was  employed  to study  the  effects  of  potential  inhibitors  on the  structure  of  glutaredoxin
A1  from  Corynebacterium  pseudotuberculosis. The  inhibitory  potential  of  four  ligands  (heparin,  suramin,
hesperetin  –  Hst,  and  hesperidin  - Hsp)  against  glutaredoxin  A1 is  discussed.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

C. pseudotuberculosis is a member of the heterogeneous CMNR-
roup of pathogens, which forms a cluster of Gram-positive bacteria
long with the Mycobacterium, Nocardia, and Rhodococcus genus [1].
. pseudotuberculosis is the causative agent of caseous lymphadeni-
is (CLA) that infects sheep, goats, equids (ulcerative lymphangitis)

nd cattle (cutaneous excoriated granulomas). CLA infection leads
o dramatically reduced yields of wool and milk, weight loss, carcass
ondemnation and, eventually, results in death and considerable

Abbreviation: CLA, caseous lymphadenitis; CD, circular dichroism; CoASH,
oenzyme-A; DTT, dithiothreitol; ESH, ergothioneine; Grx, glutaredoxin; GSH, glu-
athione; Hst, hesperetin; Hsp, hesperidin; LMW  thiol, low-molecular weight thiol;

rx, Mycoredoxin; MSH, mycothiol; Trx, thioredoxin.
∗ Corresponding author at: Centro Multiusuário de Inovaç ão Biomolecular,
epartamento de Física, Instituto de Biociências Letras e Ciências Exatas (Ibilce),
niversidade Estadual Paulista (UNESP), Rua Cristóvão Colombo 2265, São Jose do
io  Preto, SP, 15054-000, Brazil.

E-mail addresses: eberleraphael@gmail.com (R.J. Eberle), liegekawai@gmail.com
L.A. Kawai), fabiom@ibilce.unesp.br (F.R. de Moraes), ljubica@iqm.unicamp.br (L.
asic), arni@sjrp.unesp.br (R.K. Arni), monikacoronado@gmail.com (M.A. Coronado).

ttps://doi.org/10.1016/j.ijbiomac.2017.10.063
141-8130/© 2017 Elsevier B.V. All rights reserved.
economic loss worldwide [2,3]. Rare cases of infection have also
been reported in humans [4]. As a facultative intracellular parasite,
this bacterium is capable of survival and growth in macrophages,
thus, being able to evade detection by host immune systems [5].
There has, therefore, a strong focus on vaccination and drug devel-
opment in the fight against CLA.

Controlling redox metabolism is one of the most promising
approaches for drug design since it is of primary importance
in rapidly growing pathogens such as C. pseudotuberculosis. Low
molecular weight (LMW)  thiols, such as glutathione (GSH), mycoth-
iol (MSH) in mycobacteria, coenzyme-A (CoASH) in Staphylococcus
aureus and �-glutamylcysteine in halobacteria, play key roles in
maintaining a reducing intracellular environment, which is cru-
cial for the proper functioning of regular metabolic activities [6,7].
Thus, thiols enable rapid adaptation of microorganisms to different
environmental conditions and various endogenous and exogenous
stresses [8].

In eukaryotes and Gram-negative bacteria, the tripeptide

glutathione (GSH) is the dominant LMW  thiol [8,9]. GSH is usu-
ally present in high intracellular concentrations (approximately
5 mmol  L−1 in Escherichia coli, for example), primarily in its reduced
form, functioning as a thiol-disulfide redox buffer [10]. However,

https://doi.org/10.1016/j.ijbiomac.2017.10.063
http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2017.10.063&domain=pdf
mailto:eberleraphael@gmail.com
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mailto:ljubica@iqm.unicamp.br
mailto:arni@sjrp.unesp.br
mailto:monikacoronado@gmail.com
https://doi.org/10.1016/j.ijbiomac.2017.10.063
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Fig. 1. Molecular structures of LMW  thiols: glutathione, 

ost Gram-positive bacteria do not possess GSH, instead, the acti-
omycetes (e.g. mycobacteria, corynebacteria, and streptomyces)
roduce mycothiol (MSH) which is functionally analogous to GSH,
s the main low-molecular weight thiol [11,12]. GSH acts not only
uring the regulation of oxidative stress, but also in the presence
f alkylating agents and antibiotics, thereby, maintaining and reg-
lating intracellular thiol-disulfide homeostasis [13–15]. Similar to
SH, MSH  contains a functional cysteine moiety but, myo-inositol
nd N-glucosamine [8] are present instead of the two  amino acids,
lycine and glutamic acid as in GSH. Another thiol present in the
ctinomycetes family, including Corynebacterium, is ergothioneine
ESH), a 2-thiol-l-histidine betaine [8,16]. The concentration of ESH
n actinomycetes is ten-fold lower than that of MSH  and its exact
unction in these bacteria is unknown [8,17]. Beside the important
hiol group in the LMW  thiols their molecular structures are very
ifferent as shown in Fig. 1 for GSH, MSH  and ESH.

In addition to LMW  thiols, many organisms possess thiol-
isulfide oxidoreductases such as thioredoxin, glutaredoxin 1,
lutaredoxin 2, and glutaredoxin 3 that may  function as reducing
gents on protein disulfide bonds via their redox-active disulfides.
educed active site thiols is essential for the catalysis of this protein.
he oxidation of the cysteines inactivate the protein [18,19].

Glutaredoxins (Grx) are low molecular oxidoreductases
9–12 kDa) with a basic motif consisting of a central four-stranded
nti-parallel �-sheet surrounded by three �-helices and are struc-
urally classified as proteins with a Trx fold [20,21]. The active sites
f Grx proteins (CxxC) and the glutathione binding site GGxxD
otifs are conserved [20,22]. Glutaredoxins, utilize the reducing

ower of glutathione to catalyze disulfide reductions in the pres-
nce of NAD(P)H and glutathione reductase [20]. Grx proteins,
imilar to thioredoxins, participate in numerous cellular functions
uch as in the formation of deoxyribonucleotides for DNA synthe-
is (by reducing the essential enzyme ribonucleotide reductase),
he generation of reduced sulfur (via 3′-phosphoadenylylsulfate
eductase), signal transduction, and in defense against oxidative
tress [19]. Grx proteins are essential for a wide spectrum of
rganisms and the improper functioning of this system can be
orrelated with various cellular dysfunctions.

In this study, we present the mechanism of the glutaredoxin A1
rom C. pseudotuberculosis as mycoredoxin, a small protein unique
o actinomycetes. LMW  thiols, that could reduce Cp-GrxA1 was  the
ocus of our study. The LMW  thiols were tested for their reductive

apacity against Cp-GrxA1. The specificity of glutaredoxins is not
etermined by the CxxC active site; moreover, other amino acids
ioneine and mycothiol. Circles indicate the thiol groups.

in the contact area are important [23]. Blocking the contact area
maybe will disturb the substrate interaction.

Inhibition of the protein can result in a number of bacterial phys-
iological effects. Identification of ligands, which inhibit the protein
activity and can be useful as lead compounds for forward drugs
development, was  the second aim of this study. The inhibitory effect
of four molecules was identified by enzymatic assay, and further
evaluated by NMR-based techniques.

Agricultural business is suffering economic losses due to the
reduction of meat, milk, and wool production, caused by CLA. Up to
date there is no effective treatment for the diseases, to control the
illness it is recommended that infected animals should be eutha-
nized [2]. Vaccination has been a strategy for the prevention of CLA,
but up to now vaccines are not available. It is remarkable that the
understanding of the biological mechanism of the bacteria will help
to the better development of an effective drug.

2. Material and methods

2.1. Materials

Diamide, dithiothreitol, coenzyme-A, ergothioneine, glu-
tathione, low molecular weight heparin (MW:  6000 kDa), suramin,
hesperetin, kanamycin, IPTG, MgSO4, NaCl, Tris-HCl, glycerol,
lysozyme, imidazole, K2HPO4, KH2PO4, EDTA, methanol, D2O,
4,4-dimethyl-4-silapentane-1-sulfonic acid, dmso, acetic acid and
isopropanol were purchased from Sigma-Alldrich (USA). Human
insulin were purchased from Eli Lilly do Brasil (Brazil). Hesperidin
was produced and purified as described in Section 2.6

2.2. In silico analysis

Multiple Grx sequences were retrieved from NCBI and
sequence alignments were performed, using MUSCLE [24] and Box
Shade (http://www.ch.embnet.org/software/BOX form.htm) web
servers. The atomic coordinates from reduced M. tuberculosis Mrx1
(PDB: 2LQO) and oxidized M. tuberculosis Mrx1 (PDB: 2LQQ) were
used as templates for comparative modeling by the satisfaction

of spatial restraints as implemented in the program Modeller
9v13 [25]. The structure of reduced and oxidized C. pseudotuber-
culosis glutaredoxin A1 (Cp-GrxA1) (Gene ID: 12299035; Uniprot:
D9Q987) was modeled.

http://www.ch.embnet.org/software/BOX_form.htm
http://www.ch.embnet.org/software/BOX_form.htm
http://www.ch.embnet.org/software/BOX_form.htm
http://www.ch.embnet.org/software/BOX_form.htm
http://www.ch.embnet.org/software/BOX_form.htm
http://www.ch.embnet.org/software/BOX_form.htm
http://www.ch.embnet.org/software/BOX_form.htm
http://www.ch.embnet.org/software/BOX_form.htm
http://www.ch.embnet.org/software/BOX_form.htm
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.3. Expression and purification of GrxA1

The open reading frame of Cp-GrxA1 was cloned into vector
D441-SR by DNA 2.0 (USA). The construct contained a N-terminal
exahistidine affinity tag. The kanamycin-resistant vector pD441-
R presents a T5 promoter inducible by IPTG and a high copy
ercentage provided by pUC origin of replication. Grx-pD441-SR
DNA 2.0) vectors were transformed into E. coli BL21 (DE3)T1
Sigma-Aldrich, USA) competent cells, which were grown for 16 h
overnight) at 37 ◦C in LB medium containing sufficient amounts
f kanamycin. Next, the bacterial cultures were transferred into
resh LB medium, grown for another 2.5 h at 37 ◦C until the A600
eached 0.6. Then, Cp-GrxA1 was induced by 0.5 mmol  L−1 IPTG, and
ncubated for 4 h at 37 ◦C, being supplemented with 50 �mol  L−1

gSO4. Later, the culture was harvested by centrifugation at 4000 g,
◦C for 20 min, discarding the supernatant and re-suspending the
p-GrxA1 cell pellet in 20 mmol  L−1 Tris-HCl, pH 8.0, 500 mmol  L−1

aCl, 5% (v/v) glycerol. Then, the cell-suspension was incubated on
ce for 1 h with lysozyme, subsequently being lysed by sonication
n four sets of 30 s pulses of 30% amplitude, with 10 s intervals. This

ay obtained crude cell extract was centrifuged at 8000 g, 6 ◦C for
0 min. The supernatant containing Cp-GrxA1 was  loaded onto Ni-
TA column pre-equilibrated with 20 mmol  L−1 Tris-HCl, pH 8.0,
00 mmol  L−1 NaCl, 5% (v/v) glycerol, extensively washed with the
ame buffer containing 20 and 40 mmol  L−1 imidazole, Cp-GrxA1
luted stepwise with 80 − 500 mmol  L−1 imidazole. The eluted frac-
ions were individually pooled, and injected onto a Superdex 75
0/300 GL size exclusion column (GE Healthcare), pre-equilibrated
ith buffer 20 mmol  L−1 K2HPO4/KH2PO4 pH 7.4, 150 mmol  L−1

aCl. Sample purity after each purification step was assessed by
0% SDS-PAGE gels. Fractions containing Cp-GrxA1 were pooled
nd concentrated in a micro concentrator (MWCO: 3000 Da, GE
ealthcare). Protein concentrations were determined spectropho-

ometrically, applying the Lambert-Beer law [26].

.4. Circular dichroism spectroscopy (CD)

For all CD measurements, 15 repeated scans were performed,
ith 5 of them used to establish the baseline. The wavelength

ange applied for far-UV spectra was from 200 nm to 260 nm,
n a time constant of 1 s and 100 nm/min continuous scanning

ode, using a Jasco J-107 spectropolarimeter (Jasco, Japan). Cp-
rxA1 was separately diluted in 20 mmol  L−1 K2HPO4/KH2PO4 to

 concentration of 10 �mol  L−1. pH, from 7.0 to 9.0, were used for
valuating the secondary structure features change of Cp-GrxA1.
hen, 10 �mol  L−1 Cp-GrxA1 in 20 mmol  L−1 K2HPO4/KH2PO4 pH
.4 was used to investigate the influence of 1.4 �mol  L−1 DTT,
iamide, GSH, CoASH, ESH on the target protein secondary struc-
ure. In addition, 0.14 �mol  L−1 of the ligands heparin, suramin, Hsp
nd Hst were individually tested with 10 �mol  L−1 Cp-GrxA1. These
gents and ligands were incubated with the protein for 2 h prior to
he measurements. The results are presented in molar ellipticity
�], according to:

�
]

�
= �

c ∗ l ∗ 10 ∗ n
n which, � is the ellipticity measured at a given wavelength � (deg),
 is the protein concentration (mol L−1), l is the cell path length (cm)
nd n is the number of amino acids. CDpro software package was
dopted to analyze the results [27].
al Macromolecules 107 (2018) 1999–2007 2001

2.5. Nuclear magnetic resonance (NMR)

2.5.1. Saturation transfer difference by nuclear magnetic
resonance (STD-NMR)

Nuclear Magnetic Resonance (NMR) spectroscopy was used
in order to map  Cp-GrxA1 interactions with its potential modu-
lators. All experiments were performed in a Bruker AVANCE III
HD spectrometer (Bruker, Germany) operating at 600 MHz  for 1H,
equipped with a triple-resonance, pulsed-field, z-gradient probe.
There are several different techniques using NMR  for studying
protein-ligand interactions [28], ranging from protein signals to
ligand signals monitoring. Saturation Transfer Difference (STD) by
NMR spectroscopy is a well-established technique for such pur-
poses [29–31]. It comprises a series of 1D experiments, described
as on- and off-resonance. In the on-resonance, chosen protein sig-
nals are selectively excited and saturated. It is important that ligand
signals are at least 1000 Hz away from the chosen on-resonance fre-
quency. As a reference experiment, the off-resonance is recorded
using the same pulse sequence of the on-resonance experiment,
but irradiating a region far from protein or ligand signals. Due  to
the spin diffusion, the protein may  be fully saturated, including the
ligand interaction site. Intermolecular nuclear Overhauser effect
(NOE) in this condition transfers magnetization from the protein to
the ligand atoms, reducing the ligand signal intensity when binding
takes place in the fast chemical exchange regime.

For the present study, an off-resonance at 20 ppm was chosen,
and the on-resonance frequencies were selected according to the
ligand signals. The Bruker pulse sequence STDDIFFESGP was used
for the STD-NMR spectroscopy experiments. The protein was  satu-
rated for 2 s, the recycle delay was set to 3 s and a saturation power
of 35 dBW was used. To suppress the protein signal, a spin-lock
filter of 30 ms  was used. STD amplification factors (STD-AF) were
calculated by:

STD − AF = Ioff−resonance − Ion−resonance

Ioff−resonance

where Ioff-resonance and Ion-resonance are the intensity of the ligand
signals in the off- and on-resonance spectra, respectively.

Hence, 400 �mol  L−1 suramin, 400 �mol  L−1 Hsp and
400 �mol  L−1 Hst were tested with 20 �mol  L−1 of Cp-GrxA1
diluted in 20 mmol  L−1 K2HPO4/KH2PO4 pH 7.4, 150 mmol L−1

NaCl, in order to evaluate possible interactions.

2.5.2. Chemical shift mapping by NMR
Protein-ligand interaction identification by STD-NMR is limited

by affinity, i.e.,  ligands with a dissociation constants in nmol L−1

range do not have a STD-AF in the difference spectra, since they are
not in the fast chemical exchange regimes. Nevertheless, protein
chemical shifts are sensitive to binding, especially in the nitro-
gen dimension, as checked throughout 15N-HSQC experiment [28].
Although the proteins used in this study were not labeled, it was
possible to observe chemical shift change in the protein signals
following heparin titration into Cp-GrxA1. For this, a regular exci-
tation sculpting experiment (ZGESGP) was recorded for a varying
heparin concentration (from 10 to 350 �mol  L−1) on 100 �mol L−1

Cp-GrxA1. Each spectrum was  referenced to DSS (4,4-dimethyl-
4-silapentane-1-sulfonic acid), presented in 25 �mol  L−1 in the
solution.

2.6. Turbidimetric assay of insulin disulfide reduction

The rate of insulin disulfide reduction by Cp-GrxA1 was  mon-

itored spectrophotometrically following the turbidity of insulin
at 640 nm [32–35], using a Biomate UV–vis Spectrophotometer
(Thermo Fisher Scientific, USA). The reaction mixture A contained
a total volume of 500 �L, with 0.2 mmol  L−1 insulin, 50 mmol L−1
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ris-HCL, 2 mmol  L−1 EDTA, 5 �mol  L−1 protein, and the optimum
H for Cp-GrxA1 was determined by using pH at 7.0, 7.4, 7.8,
.0, 8.4, 8.8 and 9.0. The reaction occurred at 25 ◦C by adding

 mmol  L−1 DTT. As a control, the enzymatic reduction of insulin by
. pseudotuberculosis Thioredoxin A1 (Cp-TrxA1) was used; and, the
on-enzymatic reduction of insulin by DTT. In another experiment,

nstead of DTT, the reductive agents GSH, ESH, CoASH and the oxi-
ant diamide, all at 1 mmol  L−1 final concentrations, were used. As

 control, the non-enzymatic reduction of insulin with 1 mmol  L−1

f the corresponding agent was applied.
The protein was tested in the presence of the ligands heparin,

uramin, Hsp and Hst, all at final concentration of 0.14 �mol  L−1,
o evaluate a possible inhibition on the activity of these proteins.
p-GrxA1 were incubated with the ligands overnight at 4 ◦C and
ext, the samples were injected onto a Superdex 75 10/300 GL (GE
ealthcare) size exclusion column pre-equilibrated with 20 mM
ris-HCL pH 7.4, 150 mM NaCl, to remove exceeding ligands. The
ssay was performed as described before.

The experiments were performed as triplet measurement and
epeated twice, each with a new purification batch of the proteins.
ll data points in Fig. 5 are presented as mean ± standard deviation

SD), according to the following equation.

 =
√

1
N − 1

N∑
i=1

(
Xi − X̄

)2

.7. Production and purification of Hesperidin(Hsp)

Oven dried (70 ◦C) sweet orange peels (Citrus sinensis) were
ut into the Soxhlet apparatus and were de-oiled by ethyl ether
uring reflux for 1.5 h. Hesperidin (Hsp) was then extracted using
ethanol under 3 h reflux. The methanol extract was concentrated

nto a syrup. Hsp was crystallized using a dilute acetic acid (6%),
nd pale-beige needles (crude Hsp) were obtained. The crude Hsp
as dissolved in dimethylsulfoxide (DMSO) forming a syrup at

0–80 ◦C, then, the same amount of water was added dropwise.
he suspension was left to cool and Hsp crystals were removed after
entrifugation and washed with small amounts of worm water and
so-propanol. This way, pure hesperidin was obtained and had its
tructure checked by NMR  [36].

. Results and discussion

.1. Sequence analysis and molecular modeling of cp-GrxA1

A BLAST search for the Cp-GrxA1 sequence against the non-
edundant protein sequences database [37] indicated that the
rotein sequence is highly conserved within the Corynebacterium
enus with an identity of approximately 88% (C. ulcerans). On the
ther hand, the identity with the E. coli Grx1 sequence was  less
han 10% (Fig. 2A). The active site dithiol motif (CxxC) is conserved
cross the Grx/Trx protein family. The E. coli Grx1 sequence con-
ains a GGxxD motif considered to be important for interaction with
SH [20,22] which is absent in Cp-GrxA1 since C. pseudotuberculosis
tilizes MSH  [38,13].

Although GSH and MSH  are functionally similar [15,39], they
re structurally very different; GSH is a tripeptide, whereas; MSH
arries the saccharides, N-glucosamine, myo-inositol and a cysteine
oiety [40]. The Cp-GrxA1 sequence shares low sequence identity
ith other Grx proteins, but, it shares significant sequence identity

ith the mycoredoxin proteins (Fig. 2B).

The two motifs VPT and TNP in the Mrx1 of M. tuberculosis are
ocated in the region where it can be implicated in recognition of the
lucosamine inositol (GlcN-Ins) portion of MSH  [15]. These motifs
al Macromolecules 107 (2018) 1999–2007

are conserved within the Mrx  proteins and Cp-GrxA1 (Fig. 2A and B).
However, the aforementioned GGxxD motif, important for interac-
tion with GSH, is absent, indicating that Cp-GrxA1 could function as
a Mrx  protein. Grx proteins contain a conserved cis-proline, which
is implicated in stabilization of the active site and which also par-
ticipates in catalysis [41,42].

Generally, Grx proteins, for example E. coli Grx, contain the CxxC
motif without the presence of the adjacent Trp residue, which is
conserved in Trx proteins [20,43]. Interestingly, the Mrx  sequences
presented in Fig. 2B contain this Trp residue. The importance of this
amino acid in the E. coli Trx active site has been examined [44] and
mutations decrease disulfide reduction by about 50%.

A Cp-GrxA1 homology model was generated based on the struc-
ture of the M.  tuberculosis Mrx1 (PDB: 2LQO; sequence identity of
46% and a sequence coverage of 97%). Results of the comparisons of
the Cp-GrxA1 homology model, with the M. tuberculosis Mrx1 and
the E. coli Grx1 (PDB: 1EGR) structures is presented in Fig. 3A.

The three proteins possess the typical fold, which is conserved
across different bacterial species, consisting of a central twisted
four-stranded anti-parallel central �-sheet flanked on three sides
by �-helices [21]. �-helix one and the four �-strands are in the
same relative orientations in the three structures. �-helices two
and three present significant differences in Mrx  and Grx, which
can be correlated with the variation in the molecular structure of
the substrates as indicated previously in Fig. 1. The mycoredoxin
proteins contain a long linker peptide between �-strand four and
�-helix three and in the E. coli Grx structure this loop is truncated.
The dithiol active site of those proteins is conserved (Fig. 3B) and
is located in �-helix one and the following loop connection with
�-sheet one.

The VPT and TNP motifs in Cp-GrxA1 and M.  tuberculosis Mrx1
are located in the same region of the proteins and structural over-
lays of these motifs indicate structural conservation (Fig. 3C). The
VPT motif is located in the loop connecting �-helix two  and �-sheet
three and the TNP motif in the loop connecting �-sheet four and
�-helix three, both motifs are located near the active site.

A structural comparison between the Cp-GrxA1 model and the
E. coli Grx1 protein structure indicates that the TNP and the GGxxD
motifs overlap in their positions (Fig. 3D). The location of the TNP
and VPT motifs in Cp-GrxA1 is similar to the position of GGxxD
motif in the E. coli Grx1, indicating the participation of this region
in the MSH  binding [15].

3.2. Expression and purification

99 amino acids comprise the protein sequence of Cp-GrxA1 with
a molecular weight of ∼11,155.3 Da. Cloning, expression and purifi-
cation protocols are described in detail in item 2.2 of this article.
The protein presented a single band on a SDS-PAGE gel following
size exclusion chromatography (Fig. S1, Supplementary material)
with a mass of approximately 11 kDa.

3.3. Insulin reduction by cp-GrxA1

To test the general Cp-GrxA1 thiol-disulfide oxidoreductase
activity, a classical insulin reduction assay was performed. In this
assay, the putative redox-active proteins reducing insulin disulfide
bonds and the subsequent precipitation of insulin was  followed tur-
bidimetrically at 640 nm [32–35]. Two  control experiments where
performed, the first one without Cp-GrxA1 and no precipitation was
observed up to 20 min. The second control experiment was realized

with Thioredoxin A1 from C. pseudotuberculosis (Cp-TrxA1), which
was prepared in our lab.

The general thiol-disulfide oxidoreductase activity of both pro-
teins tested indicates significant differences. Cp-TrxA1 reaches a
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Fig. 2. Sequence comparisons of bacterial Grx proteins. A: sequence alignment of Cp-GrxA1, C. glutamicum Nrdh-redoxin (marked by star), and E. coli Grx1. B: Sequence
BLAST  of Cp-GrxA1 against mycoredoxin from C. ulcerans Grx, C. diphtheriae Grx, C. glutamicum Mrx1, M. tuberculosis Mrx1. The dithiol active site residues (CxxC) (black box).
The  VPT and TNP motifs in the Mrx  and Mrx-like proteins (dashed boxes). The asterisk indicates the position of the cis-proline. The GGxxD motif, is highlighted in green.

Fig. 3. Structural comparisons of the Cp-GrxA1 homology model with M. tuberculosis Mrx1 (PDB: 2LQO) and E. coli Grx1 (PDB: 1EGR). A: Cp-GrxA1(grey), M.  tuberculosis Mrx1
(blue), and E .coli Grx1 (orange). The grey spheres indicate the active sites. The black boxes mark the position of the VPT and TNP motifs in the Mrx  proteins. The grey box
labels  the position of the GGxxD motif in the E. coli Grx1. B: Structural overlay of the active site motif of the three proteins. C: Structural overlay of the VPT and TNP motifs
in  Cp-GrxA1 and M. tuberculosis Mrx1. D: Structural comparison of the Cp-CrxA1 TNP motif and the E .coli Grx1 GGxxD motif. (For interpretation of the references to colour
in  this figure legend, the reader is referred to the web version of this article.)
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ssay  of reduction of insulin in pH range from 7.0 to 9.0.

aturation level after 38 min  and Cp-GrxA1 does not follow this
athway (Fig. 4A).
The function of thioredoxin is the reduction of oxidized cys-
eines in proteins with electrons obtained from NAD(P)H via the
AD(P)H-dependent flavoenzyme − Thioredoxin reductase path-
ay [45]. Insulin in this reduction assay is a typical substrate for
ontrol served Cp-TrxA1 and 1 mmol L−1 DTT. B: pH profile of Cp-GrxA1 using the

Cp-TrxA1. In contrast, Grx proteins specifically reduce oxidized GSH
and in the case of Cp-GrxA1, MSH. The differences in the substrate

preference of both proteins are observable in Fig. 4A. Cp-GrxA1 has
the potential to reduce insulin, but saturation of the catalysis is not
attained. Cp-TrxA1 attains saturation after approximately 35 min.
The evaluation of redox agents and ligands on the enzymatic reduc-
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ig. 5. Influence of redox agents and ligands on the insulin reduction by Cp-GrxA1.
oASH, and diamide. B: Inhibition of Cp-GrxA1 activity [%] on the reduction of insu

ion of insulin by Cp-GrxA1 were performed at pH 7.4 since the
ighest reductase activity is at pH 7.4 for Cp-GrxA1 (Fig. 4B).

Cp-GrxA1 presents a similar activity in the presence of DTT and
SH, the activity was lowered by 50% in the presence of GSH. CoASH
r diamide had the lowest effect on the protein activity compared
ith the results in the presence of DTT (Fig. 5A).

Diamide leads to the oxidation of cysteines at the active site,
endering them unavailable to reduce insulin thereby reducing the
arget-enzyme activity significantly.

DTT is a relatively small molecule when compared with GSH,
SH and CoA, so that steric hindrance of the protein is unlikely to
nfluence the reduction of the active site residues. The absence of
he GGxxD motif in Cp-GrxA1, which is important for the interac-
ion with GSH [20,22], may  account for the low reduction capacity.

Besides DTT, ESH showed the strongest effect on the insulin
eduction by Cp-GrxA1, which has not been described previously.
he ability of ESH to reduce Cp-GrxA1 indicates an additional
unction for this compound in the redox metabolism in C. pseu-
otuberculosis. Data bank analysis of the Corynebacterium species
enome demonstrates the presence of genes involved in the ESH
ynthesis, egtA, egtB, egtC, egtD and egtE.

Four ligands (heparin, suramin, hesperetin - Hst and hesperidin
 Hsp), were tested for their inhibitory potentials of Cp-GrxA1
Fig. 5B). The assays were performed as described above and the
roteins where reduced with 1 mmol  L−1 DTT. To overcome the
ffects of the free ligands on insulin, the proteins were incu-
ated with the ligands for 16 h (overnight) and subsequently the
nbound ligands were eleminated by size-exclusion chromatogra-
hy. All compounds tested inhibited protein activity by greater than
0%. The greatest inhibition observed was for heparin followed by
uramin, Hsp and Hst.

Heparin is a linear, polydisperse polysaccharide consist-
ng of repeating units of 1 → 4-linked pyranosyluronic acid
nd 2-amino-2-deoxyglucopyranose (glucosamine) residues [46].
eparin-binding sites in proteins are characterized by the pres-
nce of clusters of positively charged basic amino acids that form
on pairs with spatially defined negatively charged sulfo- or car-
oxyl groups of heparin [47]. Additionally, Cp-GrxA1 contains the
PT and TNP motifs which interact with the GlcN-Ins segment of
SH  and the sugar moieties of heparin probably bind to this region

s high.
Suramin, a symmetric divalent molecule, containing two

aphthalene-trisulfonic acid head groups, is a well characterized
nalogue of heparin and it has be shown that both compete for the
ame binding region of the protein [48,49].

Hsp and Hst are citrus flavonoids that show interesting biolog-
cal activities. Hsp is a flavanone glycoside and its aglycone form is

st [50]. Some properties of these compounds include anticancer,
ancer preventive, anti-inflammatory, neuroprotective and antiox-
dant properties, which are well-known and promising properties
51–54]. Hst is the aglyconated form of hesperidin and the disac-
tivity [%] of Cp-GrxA1 on the reduction of insulin in the presence of DTT, GSH, ESH,
he presence of one of these ligands: heparin, suramin, hesperetin, hesperidin.

charide rutinose is absent, this disaccharide consists of glucose and
rhamnose molecules. It is assumed that this disaccharide promotes
the interaction with Cp-GrxA1, probably due to the presence of the
VPT and TNP motifs.

3.4. Circular dichroism

CD-measurements were conducted to evaluate changes in the
protein secondary structure features as a function of pH and con-
centration of reducing/oxidizing agents, and ligands. The results
were evaluated by utilizing the CDpro software (Table S2, Supple-
mentary material).

The secondary structure of Cp-GrxA1 (Fig. 6A) was sensitive to
changes in pH; at pH 7.0, the �-helical and �-sheet contents were
around 30% and 22% respectively. Increasing the pH to 9.0 resulted
in an increase of the �-helical content to around 37% and a con-
comitant decrease in the �-sheet content to around 15%. This is in
good agreement with the crystal structure of M.  tuberculosis Mrx1
(PDB: 2LQO), which has � -helical and a �-sheet content of 34% and
17% respectively.

In the presence of diamide, these values changed to 40% �-helix,
14% �-sheet, 18% turn, and 28% random coil (Fig. 6B). Treatment
with DTT and GSH showed a similar spectrum to the untreated
protein (Fig. 6B and table S2 supplementary material). To visualize
the changes in the secondary structure of the protein, homology
models of reduced and oxidized Cp-GrxA1 were generated based on
the coordinates of reduced (PDB: 2LQO) and oxidized (PDB: 2LQQ)
Mrx1 from M. tuberculosis (Fig. S2, Supplementary material).

In the presence of CoASH, the CD spectrum of Cp-GrxA1 under-
goes a weak signal reduction. Since the results of the insulin
reduction assay also indicate a weak effect on the protein activ-
ity, we can conclude that CoASH does not have a strong influence
on the protein activity or secondary structure.

Contrary to the significant changes induced by GSH  and DTT,
ESH presented only a slight modification of the protein CD signal
probably by reducing the active site residues. The insulin reduction
assay for Cp-Grx-A1 indicated that ESH has a strong effect however,
further investigations are necessary to determine its binding mode.

The ligands, tested for their inhibitory potential in the insulin
reduction assay were investigated regarding their effects on the
secondary structure of the proteins, as presented in Fig. 6C. The
results confirmed that the tested ligands possess no denaturation or
unfolding effect on the protein. The Cp-GrxA1 secondary structure
was influenced by Hst and Hsp in a similar fashion and showed an
inverse effect compared with the suramin and heparin CD signals.
Hsp binding can induce conformational changes in proteins [55,56],

similar to the CD results of Cp-grxA1 described above.

Suramin and heparin are agonists and generally compete for the
same binding sites in proteins and have a similar effect on the CD
spectra of Cp-GrxA1 [38–40].
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Fig. 6. Far-UV CD-spectra from 200 to 260 nm of Cp-GrxA1 under different condi-
tions. A: CD-spectra of Cp-GrxA1 in the pH range from 7.0 to 9.0. B: CD-spectra of
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Fig. 7. Molecular structures of rhamnose (part of rutinose), N-acetyl-glucosamine
p-GrxA1 incubated with diamide, ESH, DTT, CoA, or GSH. C: Influence of heparin,
uramin, Hsp or Hst on the CD-spectra of Cp-GrxA1.

.5. Nuclear magnetic resonance (NMR)

Saturation Transfer Difference (STD) NMR  experiments were
erformed to identify the interactions and to investigate the bind-

ng epitopes of the four inhibitors with Cp-GrxA1.
Evaluating the Hst binding epitopes (Fig. S3, Supplementary

aterial) was the most challenging since all observed hydrogens
ere subjected to the STD effects. The highest relative STD amplifi-

ation factors (STD-AF), rated with 100% and determined for the
ydrogens of the aromatic ring system (Fig. S3, Supplementary
aterial). The flavonoid Hst showed a strong inhibitory effect on

he insulin reduction activity of Cp-GrxA1, the identification of
he binding epitopes of this ligand provide useful information for
ocking experiments and refining possible poses, to determine the
inding region of this molecule to Cp-GrxA1.

Cp-GrxA1 interaction with Hsp could be confirmed (Fig. S3, Sup-
lementary material), and interestingly, the binding epitopes of
sp and Hst indicated significant differences in their interactions
ith Cp-GrxA1. In Hsp the relative STD-AF of the CH3 group next

o the ether-bond changes from 57% to around 87%. The aromatic
ing systems in Hsp are not involved in the interaction with Cp-

rxA1, in contrast to Hst. The CH3 group of the rhamnose moiety
f rutinose in the Hsp molecule shows the highest relative STD-
F. The disaccharide rutinose strongly affects the binding behavior
f the molecule probably due to the VPT and TNP motifs which
and inositol (part of MSH). The grey sphere indicates the CH3 group, which interacts
with Cp-GrxA1.

can support this interaction. Compared with the sugar moieties of
MSH, inositol and N-glucosamine, rhamnose is similar to N-acetyl
glucosamine as illustrated in Fig. 7.

Currently, the details of the mode of interaction of MSH/Mrx is
unknown, however, as mentioned earlier, the VPT and TNP motifs
seem to have an impact on MSH  binding by recognizing the GlcN-
Ins portion of MSH  [15]. Our results demonstrate that Hsp interacts
with Cp-GrxA1 and the interaction has an influence on the active
site, because of the observed inhibition of the protein in the insulin
reduction assay. Based on these observations, we may conclude
that Hsp binds on, or very near, to the VPT and TNP motifs. Addi-
tional experiments are necessary to confirm this and to test Hsp as a
potential lead compound to generate specific Cp-GrxA1 inhibitors.

Binding between suramin and Cp-GrxA1 is induced by the aro-
matic rings of the compound, which receive most of the transferred
magnetization as observed in the STD experiments (Fig. S4, Supple-
mentary material).

The interaction of heparin with Cp-GrxA1 could not be verified
using STD-NMR experiments. This is potentially due the associated
affinity cut-off necessary to dissociate heparin from the protein
for the measurement of the binding event. Protein-ligand com-
plexes with dissociation constants lower than a few micromols
are not observable in STD-NMR experiments. Nevertheless, using
the chemical shift changes after ligand titration by NMR 1-D spec-
tra of the protein, this interaction could be confirmed (Fig. S5,
Supplementary material). Unfortunately, ligand titration could not
provide information about the binding epitopes of the ligand.

4. Conclusion

Intracellular pathogens, like C. pseudotuberculosis,  survive in
very challenging environments, where the host cells attack them
continuously. Notwithstanding, they still present themselves as
rapidly-growing cells, with high metabolism rates. The pathogen
has to deal with high amounts of cell-toxic reactive oxygen species
created by these origins. A disharmony in the detoxification of these
molecules can strongly influence the cellular redox homeostasis.
Thus, pathogens’ redox metabolism represents one of the most
promising targets for drug design.

Cp-GrxA1 is a member of the Grx protein family and shows sim-
ilarities in the core structure and the CxxC active site. Sequence
analysis of Cp-GrxA1 showed that the protein contains two  carbo-
hydrate binding regions (VPT and TPN), typical for Mrx  proteins.
In contrast, the typical GGxxD motif for Grx is absent from the
Cp-GrxA1, which give us a clear cue that GrxA1 from C. pseudo-
tuberculosis is a Mrx-like protein.

The Cp-GrxA1 thiol-disulfide oxidoreductase activity on insulin
showed strong effects, when the protein was reduced with DTT or
ESH. The reduction of Cp-GrxA1 with ESH has not been reported

previously and is characterized for the first time and, this result
could expand the function of this LMW  thiol as a back-up system
for MSH  in actinomycetes species.
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We  also describe, for the first time, the binding behaviors and
nhibitory effects of suramin, heparin, hesperidin and hesperetin on
p-GrxA1 using biochemical and biophysical methods. Our results
an be used as basis for further experiments to identify lead com-
ounds and design potential inhibitors for this protein family.
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