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Reagents

Molecular biology reagents were purchased from Fermentas
(Thermo-Fisher Scientific) and Invitrogen. Dithiotreithol
(DTT), glutathione (GSH), glutathionylspermidine (Gsp),
FeCl3, Fe(NH4)2(SO4)2, b-mercaptoethanol, 5,5¢-dithio-bis-2-
nitrobenzoic acid (DTNB), 4,4¢-dithiodipyridine (DTDPy),
ethylenediaminetetraacetic acid (EDTA), pyridoxal-5¢-phos-
phate (PLP), isopropyl-b-D-thiogalactopyranoside (IPTG),
phenylmethylsulfonyl fluoride (PMSF), N-a-tosyl-l-lysine
chloromethyl ketone (TLCK), and most chemicals (analytical
grade or higher) were obtained from Sigma-Aldrich or
AppliChem. Antibiotics were purchased from Invitrogen and
Sigma-Aldrich. Oligonucleotides (Supplementary Table S2)
were synthesized by MWG Biotech or IDT. The kits for DNA
purification were from Macherey-Nagel, Promega, Sigma-Al-
drich, or VivoScience (Uruguay). All protein purification resins
and columns were from General Electric Healthcare Life-
Sciences (GE). The basic HMI-9 medium and additives were
purchased from Sigma-Aldrich, and fetal calf serum was from
PAA.

Plasmids

The coding region of the mature (residues Q42-L184; Tb1-C-
Grx1 wild-type [WT]) and truncated (residues M77-L184; Tb1-
C-Grx1D76) forms of Trypanosoma brucei brucei 1-C-Grx1 was
amplified by polymerase chain reaction (PCR) from pQE30/
Tb1-C-Grx1 (8) with oligonucleotides A/B and C (Supple-
mentary Table S2) that introduced a 5¢-NcoI and a 3¢-KpnI re-
striction site, respectively. The amplicons were inserted into the
pET-trx1b (kindly provided by Günther Stier; EMBL), yielding
the Escherichia coli expression plasmids pET-trx1b/Tb1-C-
Grx1WT and pET-trx1b/Tb1-C-Grx1D76. Single-cysteine mu-
tants C104S (primer D) and C181S (primer E) were generated
with the pQE30/Tb1-C-Grx1 vector (8) as a template and the
QuikChange� Site-Directed Mutagenesis Kit (Stratagene) and/
or by PCR. This commercial kit in combination with primers F
and G (Supplementary Table S2) and pHD1700-1-C-Grx1-cMyc2

(3) as a template were used to generate the C104S mutant in the
trypanosomal vector. The pET-trx1b was used for the produc-
tion of tag-free proteins. Here, the gene of interest is cloned
downstream of a His-tagged E. coli thioredoxin sequence and a
3C-type tobacco etch virus (TEV) protease recognition sequence.
Expression from the pQE30 plasmids resulted in N-terminally
His6-tagged proteins. Cloning of dithiol Tb2-C-Grx1 was pre-
viously reported (2). E. coli DH5-a served as host cells. The
correctness of the plasmids was confirmed by DNA sequencing
(Molecular Biology Unit, Institut Pasteur Montevideo).

Expression and purification of recombinant proteins

Tag-free Tb1-C-Grx1 and Tb2-C-Grx1. E. coli BL21 (DE3)
cells were transformed with pET-trx1b encoding the mature
(WT) or truncated (D76) forms of Tb1-C-Grx1. Transformed
cells were grown at 37�C and 220 rpm in a 2YT medium. At an
OD600 *1.0, the cells were transferred to 4�C, and after
30 min, the expression was induced with 200 lM IPTG and the

culture incubated for 16 h at 20�C and 200 rpm. Cells were
harvested by centrifugation (4000 g, 10 min, 4�C), and re-
suspended in 50 mM sodium phosphate, pH 7.8, 300 mM
NaCl (buffer A) plus 1 mM PMSF, 40 lg/ml TLCK, 150 nM
pepstatin, 4 nM cystatin, 0.1 mg/ml aprotinin, and 1 mg/ml
of lysozyme (lysis buffer). After disruption by sonication, the
lysate was incubated with DNase (Invitrogen) and 10 mM
MgCl2 for 1 h at 4�C and then centrifuged at 20,000 g for 1 h.
The supernatant was cleared with 0.45 lm filters (Millipore)
and loaded onto a HisTrap column (GE) equilibrated with
buffer A. The column was washed with 20 mM imidazol in
buffer A, and the proteins were eluted with 500 mM imidazol
in buffer A. The fusion protein was dialyzed overnight (4�C)
against buffer A in the presence of DTT 5 mM and His-tagged
3C-type TEV at a 1:35–70 (mg/ml) protease: protein ratio (see
below). This procedure allows the simultaneous cleavage of
the fusion protein into His-tagged EcTrx and nontagged Tb1-
C-Grx1, while imidazol is diluted > 2000-fold. The digest was
then applied onto a second HisTrap, and the flow through
was collected, concentrated via ultrafiltration (5-kDa filter cut-
off), and run on a HiLoad 26/60 Superdex 75 prep-grade
column (GE) equilibrated with 100 mM sodium phosphate
buffer, pH 7.4, and 150 mM NaCl (buffer B). Fractions con-
taining the protein of interest (as assessed with molecular-
weight standards) were collected, concentrated to 1-2 mg/ml,
and stored in aliquots at 4�C or at - 20�C after addition of 10%
glycerol. The mature tag-free 1-C-Grx1 (starting at Gln42) and
its D76 mutant (starting at Met77) contain an N-terminal
GAMG and GA vector-derived stretch. Tb2-C-Grx1 was ex-
pressed and purified according to Ceylan et al. (2).

His-tagged WT, C104S, and C181S Tb1-C-Grx1. The
procedure was essentially as reported in Filser et al. (8), with
minor modifications. Briefly, E. coli Novablue or BL21 (DE3)
cells were transformed with pQE30/Tb1-C-Grx1. Growth con-
ditions, induction, and purification by Ni2 + -affinity chroma-
tography were performed as described for the tag-free proteins.
The apoprotein was prepared by treatment with 5 mM DTT and
2 mM EDTA for 30 min at room temperature (RT) and buffer
exchange (buffer B) on a HiTrap-desalting column. Whenever
needed, further purification was done by preparative size-
exclusion chromatography (SEC) on a HiLoad 26/60 Superdex
75 prep-grade column (GE), as described above. The proteins
produced from this plasmid possess a 12-residue-long N-
terminal extension (MRGSH6SG) preceding Gln42.

Preparation of Tb1-C-Grx1D76 for nuclear magnetic res-
onance analysis. To prepare 15N and 15N/13C uniformly
labeled protein, E. coli BL21 (DE3) cells transformed with pET-
trx1b/Tb1-C-Grx1D76 were grown in an M9 minimal medium
containing 4 g/l [13C]glucose and/or 1 g/l 15NH4Cl as the
only carbon and nitrogen source, respectively. The labeled
protein was expressed and purified as described above, ex-
cept that the final SEC step was omitted. The buffer was ex-
changed to 50 mM sodium phosphate, pH 7.0, 150 mM NaCl,
and 10 mM DTT in H2O/D2O (90:10% v/v), using a HiTrap
desalting column. Finally, Tb1-C-Grx1D76 was concentrated
up to 1 mM by ultrafiltration.



3C-type TEV protease. The protein is expressed from a
modified pTH24 vector developed by van den Berg et al. (18)
in E. coli Rosseta (DE3) pLysS cells. Transformed cells were
grown in the 2YT medium supplemented with ampicillin
(100 lg/ml) and chloramphenicol (30 lg/ml) at 37�C and
220 rpm. At an OD600 of *0.6, the expression was induced
with 1 mM IPTG, and the culture was incubated for 16 h at
20�C and 230 rpm. The cells were harvested and lysed as de-
scribed above. After sonication, 1% (v/v) Triton X-100 was
added, and the cell debris removed by centrifugation at 20,000
g (60 min at 4�C). The lysate was cleared by filtration (0.45 lm
filter) and loaded onto a HisTrap column equilibrated with
buffer A. The protein was purified as described previously.
The eluted protein was treated with 2 mM EDTA, 5 mM DTT,
and the buffer exchanged with a HiTrap column equilibrated
in 25 mM sodium phosphate, pH 7.0, 200 mM NaCl, 2 mM
DTT, 2 mM EDTA, and 10% glycerol. Aliquots of 1 mg TEV
protease were stored at - 80�C.

E. coli cysteine desulfurase. E. coli BL21 (DE3) cells were
transformed with a pET28a( + ) plasmid encoding E. coli cys-
teine desulfurase (EcIscS; 1). Transformed bacteria were
grown on a Terrific Broth medium with 50 lg/ml kanamycin
at 37�C and 220 rpm. At an OD600 of *0.8, the medium was
supplemented with 10 lM PLP, and the expression was in-
duced overnight with 150 lM IPTG at 15�C and 180 rpm. The
protein was purified as essentially described above. After
elution from the Ni2 + -affinity column, the protein was incu-
bated with 100 lM PLP for 1 h and then dialyzed against
buffer A overnight at 4�C (dilution ratio > 2000). The dialyzed
protein was concentrated; 10% (v/v) glycerol was added; and
argon-flushed aliquots were stored at - 80�C.

Analytical techniques

All purified proteins were controlled by absorption and
fluorescence spectroscopy, denaturing gel electrophoresis
(sodium dodecyl sulfate–polyacrylamide gel electrophoresis),
analytical SEC, and mass spectrometry. The protein concen-
tration was determined as described in the main text. Thiols
were quantified with DTNB (e412nm = 14,150 M - 1 cm - 1) (15)
or DTDPy (e324nm = 21,400 M - 1 cm - 1) (6). Far UV–visible
circular-dichroism (CD) spectra were collected with 10–100 lM
reduced protein in 20 mM sodium phosphate, pH 7.0, in 0.1-cm
path-length cuvettes (Hellma) in the absence of DTT, while
near-UV CD spectra were acquired in buffer B with 1.0-cm
cuvettes (Hellma). The scan speed was set at 20–50 nm/min
and bandwidth at 0.2 nm, and three to five scans were averaged
for each experiment. Buffer scans under identical conditions
were subtracted from the spectra. The oligomeric state of apo-
and holoproteins was analyzed by gel chromatography on an
analytical Superdex 75 10/300 GL column (GE) equilibrated in
buffer B at 0.5 ml/min and RT, coupled to an ÄKTA–FPLC
system (GE) with online UV–visible detection. Columns were
calibrated under identical run conditions with SEC molecular-
weight standards (75–6.5 kDa; GE kit). In addition, the hydro-
dynamic radius was determined by dynamic light scattering
(Malvern Nano S) in buffer B at 25�C with protein solutions
ranging 0.1–10 mg/ml. The molecular mass of the native pro-
teins was determined in an MDS SCIEX 4800 MALDI TOF/
TOF instrument (Applied Biosystems) using sinapinic acid as
the matrix and cytochrome c as an external standard.

Nuclear magnetic resonance spectroscopy

Experimental and calculation details are presented in the
main text.

Isolation, reconstitution, and characterization
of holoproteins

Holoproteins were purified from recombinant E. coli cells
expressing WT or Cys-mutants of His-tagged Tb1-C-Grx1 as
described above, except for three modifications: (i) 100 lM
FeCl3 was added to the culture medium before IPTG induc-
tion; (ii) all buffers used during purification were exten-
sively degassed and bubbled with argon; and (iii) the protein
eluted from the Ni2 + -affinity chromatography was stored
under an argon atmosphere and protected from light. The
fresh eluate was loaded onto an analytical SEC column
equilibrated with degassed buffer A, coupled to an ÄKTA-
FPLC system. As a control, an identical fraction of the fresh
eluate was treated with 5 mM EDTA for 30 min at RT and
chromatographed under the same conditions. ISC was re-
constituted onto apo-Tb1-C-Grx1 in vitro with the tag-free and
His-tagged protein as reported previously (1, 3) and described
in the main text.
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