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ABSTRACT: Protein−protein interactions are crucial for many biological functions. The
redox interactome encompasses numerous weak transient interactions in which thioredoxin
plays a central role. Proteomic studies have shown that thioredoxin binds to numerous
proteins belonging to various cellular processes, including energy metabolism. Thioredoxin
has cross talk with other redox mechanisms involving glutathionylation and has functional
overlap with glutaredoxin in deglutathionylation reactions. In this study, we have explored
the structural and biochemical interactions of thioredoxin with the glycolytic enzyme,
triosephosphate isomerase. Nuclear magnetic resonance chemical shift mapping methods
and molecular dynamics-based docking have been applied in deriving a structural model of
the thioredoxin−triosephosphate isomerase complex. The spatial proximity of active site
cysteine residues of thioredoxin to reactive thiol groups on triosephosphate isomerase
provides a direct link to the observed deglutathionylation of cysteine 217 in triosephosphate
isomerase, thereby reversing the inhibitory effect of S-glutathionylation of triosephosphate
isomerase.

Protein−protein interactions play a very crucial role in a vast
majority of physiological processes. This has made protein

interactome mapping one of the main foci of current research
in an effort to unravel the complex molecular relationships in
living systems. Protein−protein interactions can be classified as
either permanent or transient on the basis of the lifetime of the
protein−protein complex. A complex qualifies as transient if it
readily undergoes a change in its oligomeric state. To achieve
rapid turnover, protein−protein interactions may be optimized
to acquire the ideal lifetime for the molecular function of the
protein complex. Examples of such transient complex formation
are found among redox proteins. The redox interactome plays a
vital role in the regulation of a number of phenomena in the
cell that have been linked to the reversible conversion of
disulfides to dithiols, thereby modulating the activities of the
respective proteins. Proteins belonging to the Trx superfamily
are central to the redox interactome, which involves a number
of putatively redox-regulated protein targets representing
several diverse cellular processes.1−9 Proteomic studies for
identifying Trx targets have unraveled a long list of proteins
associated with different cellular processes like energy
metabolism, oxidative stress response, transport, amino acid
biosynthesis and degradation, DNA metabolism, fatty acid
biosynthesis, purine/pyrimidine ribonucleotide biosynthesis,
sugar nucleotide metabolism, cell envelope/porins, DNA
replication and recombination, protein translation and
modification, RNA synthesis, and protein degradation.2−5

Trx-associated proteins involved in energy metabolism include

glycolytic enzymes (enolase, fructose-1,6-bisphosphate aldolase,
GAPDH, pyruvate kinase II, and triosephosphate isomerase),
the pentosephosphate pathway enzyme (transaldolase B), and
TCA cycle enzymes (aconitate hydrase, isocitrate dehydrogen-
ase, succinate dehydrogenase, and succinyl-CoA synthetase).3−5

Trx is an important constituent of antioxidant defense against
oxidative stress. Oxidative stress has been associated with
numerous disease states like atherosclerosis,10 cancer,11

malaria,12 etc., and also age-related degenerative disorders.13

ROS and RNS play an important role in redox signaling mainly
through a set of reversible post-translational modifications,
which include S-glutathionylation and S-nitrosylation, of thiol
residues in proteins.14 Several proteins have been shown to be
either upregulated or downregulated by S-glutathionyla-
tion.15−17 Glutaredoxins represent the major deglutathionylat-
ing redox-active proteins in most living organisms. There are
several emerging reports showing Trx constitutes an alternative
pathway for protein deglutathionylation.18 In fact, it has been
shown in yeast that Trx serves as the main deglutathionylating
redox-active protein.19 Recent studies have shown evidence of
multiple cross talks among Trx, glutaredoxin, and S-
glutathionylation targets.20 There seems to be a high degree
of overlap and redundancy among these redox regulators. The
enzymes of the glycolytic pathway are usually downregulated by
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S-glutathionylation.21,22 These enzymes also constitute im-
portant targets for dual regulation by glutaredoxin and Trx.20,23

This is functionally significant in the case of protozoan parasites
such as Plasmodium falciparum, in which glycolysis is the only
functionally intact energy metabolic pathway.24 The malarial
parasites are particularly vulnerable to oxidative stress during
the erythrocytic stages of their life cycle, and thiol-based redox
systems play a very important role in allowing the parasite to
survive in the host under challenging conditions posed by the
oxidative burst of the host immune system and endogenous
toxic metabolites generated by their own metabolism.25 In this
study, we explore the structural interaction between the
glycolytic enzyme TIM and Trx. The structural and enzymatic
properties of these two proteins have been studied in great
detail. While the interaction between these two proteins has
been demonstrated by AP−MS,3 no information about the
structural basis for the interaction is available. The particular
TIM26−31 that we have chosen for this study is from the
malarial parasite P. falciparum, while the Trx32,33 used here has
its origin in the bacterium Escherichia coli. Given the high
degree of sequence and structural similarity among the
glycolytic enzymes34 as well as among Trxs2 across living
organisms, it is not unreasonable to expect conservation in the
nature of interaction between these proteins as well as
conservation in function. Here the structural interactions have
been studied by solution NMR spectroscopy. Changes in
chemical shift upon complex formation have been used to
construct a structural model of the TIM−Trx complex.
Functional consequences of this interaction have been
elucidated through examination of the enzymatic properties
and correlation of these properties with structure. The details of
this study are given below.

■ MATERIALS AND METHODS
Iodoacetic acid (IAA), iodoacetamide (IAM), 5,5′-dithiobis(2-
nitrobenzoic acid), bovine trypsin, α-glycerophosphate dehy-
drogenase, a glyceraldehyde 3-phosphate solution, NADH,
amino acids, and 15NH4Cl were purchased from Sigma-Aldrich.
Expression and Purification of PfTIM and Trx.

Unlabeled samples of PfTIM and EcTrx were expressed and
purified as described previously.35,36 A purified protein sample
of C13E PfTIM was a generous gift from H. Balaram
(Jawaharlal Nehru Center for Advanced Scientific Research,
Bangalore, India). Samples of EcTrx enriched with 15N were
prepared by expressing protein in culture medium in which
15NH4Cl was included as the sole source of nitrogen. Samples
of PfTIM with selective unlabeling of amino acids were created
by addition of specific amino acids at a concentration of 100
mg/L to the growth medium along with 15NH4Cl as the sole
source of nitrogen.37

Enzyme Assays. The enzyme activity of PfTIM and C13E
PfTIM in the presence and absence of EcTrx was measured
according to the protocol suggested by Plaut and Knowles38

using a Varian CARY 100 double-beam spectrophotometer at
room temperature. The assay samples were prepared in 100
mM triethanolamine buffer (pH 7.6) and contained 5 mM
EDTA, 0.5 mM NADH, α-glycerophosphate dehydrogenase
(20 μg/mL), and 1 mM glyceraldehyde 3-phosphate. An
enzyme concentration of 0.5 μg/mL was used for all assays.
The enzyme activity was determined by monitoring the
decrease in absorbance at 340 nm.
Preparation of Glutathionylated Proteins. Glutathio-

nylation was conducted by incubation of a 20 μM protein

solution at physiological temperature (37 °C) for 2 h with 10
mM oxidized glutathione (GSSG). Excess unreacted GSSG was
removed by dialysis using microdialysis cassettes at 4 °C.

NMR Titration Studies. Samples for NMR Spectrosco-
py. Purified protein samples were dialyzed against buffer [20
mM phosphate buffer (pH 6.8), 1 mM DTT, and 0.01%
NaN3]. Protein samples were concentrated by ultrafiltration.

NMR Titration Studies of the Interaction of EcTrx with
PfTIM. Reduced 15N-labeled Trx protein (0.1 mM) was titrated
with unlabeled samples of TIM at concentrations ranging from
0 to 600 μM in a fixed volume of 600 μL. Similarly 15N labeled
samples of TIM were titrated with unlabeled samples of
reduced Trx using a similar concentration profile. D2O (10%)
was added to all samples prior to the acquisition of NMR data.

Acquisition and Processing of NMR Data. All NMR
spectra were recorded at 303 K on Bruker Avance 700 MHz
NMR spectrometers using a triple-resonance cryoprobe
equipped with a single Z-axis pulsed field gradient accessory.
Two-dimensional 1H−15N fast HSQC spectra were recorded
with labeled samples of Trx using pulse field gradient and a
binomial 3-9-19 WATERGATE solvent suppression
scheme.39,40 Data were acquired with 1024 complex t2 time
domain data points and 128 complex t1 time domain data
points. Quadrature detection in t1 was achieved using the
States−TPPI method.41 Signals in the directly and indirectly
detected dimensions were sampled over spectral widths of
12000 and 2128 Hz, respectively. For 15N-labeled samples of
PfTIM, SEA-HSQC spectra were recorded to select for those
resonances on the surface of the protein that are in exchange
with the bulk solvent.42 All NMR data were processed on an
Intel workstation running Suse Linux 11.3 using NMRPipe/
NMRDraw processing software.43 Spectra were processed in
both the directly acquired and the indirectly acquired
dimensions by applying a squared sine bell weighting function
phase-shifted by 90°. Data sets were zero-filled in each
dimension to yield spectra with a digital resolution of 1.6 Hz
per point in the acquired dimension and 2.1 Hz per point in the
indirectly detected dimension. All chemical shifts were
referenced to internal water. NMR data were analyzed using
ANSIG.44

Chemical Shift Mapping. The processed data were
analyzed to determine changes in chemical shifts as a function
of ligand concentration as observed in the NMR spectra, and
shifts were calculated using the equation

Δ = Δδ + Δδ( )HN
2

N
2 1/2

(1)

where Δ is the cumulative chemical shift deviation, ΔδHN is the
change in the chemical shift of the proton, and ΔδN is the
change in the chemical shift of the nitrogen.45

Calculation of Dissociation Constants. Plots of the
cumulative chemical shift change versus the concentration of
the unlabeled protein were fit to the following equation to yield
the dissociation constant, Kd.
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which was derived from basic formulas
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where Ωobs is the observed chemical shift change at each
titration point, Ωmax is the maximal observed change during the
titration, Ro is the labeled protein concentration (protein), No is
the unlabeled protein concentration (ligand), RN is the complex
concentration, and the least-squares fitting procedure was
performed using MATLAB.
Calculation of the Structure of the PfTIM−EcTrx

Complex. Docking of the PfTIM−EcTrx complex was
performed using HADDOCK (version 2.1)46 in combination
with CNS.47 The active and passive residues defined for
HADDOCK were chosen on the basis of the chemical shift
perturbation data determined above and solvent accessibility
calculated using NACCESS. The residues labeled as “active”
correspond to all significantly perturbed residues (Δδbind for 1H
of ≥0.030 ppm or for 15N of ≥0.100 ppm) upon complex
formation as well as a high solvent accessibility (>50%) in the
free form of the protein. The “passive” residues correspond to
the residues that are surface neighbors (within 4 Å of the active
residues) and have a high solvent accessibility (>50%). An
ambiguous interaction restraint (AIR) was defined as an
ambiguous intermolecular distance with a maximal value of 3.0
Å between any atom of an active residue of EcTrx and any atom
of both active and passive residues of PfTIM.
Docking Protocol. Ensemble docking calculations were

performed with five different conformers of reduced EcTrx
from the NMR ensemble [Protein Data Bank (PDB) entry
1xob].48 These five different conformers were chosen on the
basis of the highest rmsd across the active site surface area. For
PfTIM, the crystal structure (PDB entry 1ydv)26 was used.
Initially, the two partner proteins were positioned 100 Å from
each other in space, and each protein was randomly rotated
around its center of mass. The two proteins were then docked
by rigid body energy minimization, and 1000 rigid-body
docking solutions were generated. The best 200 solutions in

terms of intermolecular energies were refined using a three-
stage semiflexible simulated annealing in torsion angle space. In
the first simulated annealing (1000 steps from 2000 to 50 K
with 8 fs time steps), the two proteins were considered as rigid
bodies and their respective orientation was optimized. In the
second simulated annealing (4000 steps from 2000 to 50 K
with 4 fs time steps), the side chains at the interface were
allowed to move. In the third simulated annealing (1000 steps
from 500 to 50 K with 2 fs time steps), both side chains and the
backbone at the interface were allowed to move. The resulting
structures were then subjected to 200 steps of steepest descent
energy minimization. The final stage consists of explicit water
refinement in an 8 Å shell of TIP3P water molecules. The
system was first heated to 300 K (500 steps at 100, 200, and
300 K) with position restraints on all atoms except for the
flexible side chains at the interface. MD steps (5000) were then
performed at 300 K with position restraints only on
noninterface heavy atoms. During the final cooling stage
(1000 MD steps at 300, 200, and 100 K), the position restraints
were limited to backbone atoms outside the interface. The final
structures were then clustered using the pairwise backbone
rmsd at the interface using a 7.5 Å cutoff.

Calculation of the PfTIM−PfTrx structure. A structural
model of PfTrx was constructed using the average structure
from the NMR ensemble of structures calculated for the
reduced form of Saccharomyces cervesiae Trx (PDB entry
2I9H).49 The model was constructed using the web-based
program SWISS-MODEL.50−52 AIR’s were then mapped onto
the modeled structure of PfTrx on the basis of sequence
identity and structural homology. Details of the modeling
protocol are described in Supporting Information. The docking
protocol described above was applied for the calculation of the
structure of the PfTIM−PfTrx complex.

Figure 1. Chemical shift mapping of the binding site of reduced Trx. 1H−15N HSQC spectrum of reduced EcTrx upon titration with PfTIM. Black
peaks correspond to 0.1 mM free reduced EcTrx and red peaks to 0.1 mM reduced EcTrx titrated with 0.2 mM unlabeled PfTIM.
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Analysis. The 100 best structures were clustered according
to the pairwise rmsd of backbone atoms after alignment of
backbone atoms. The rmsd cutoff for clustering was 7.5 Å.
Clusters were ranked according to their average interaction
energies. We calculated the buried surface area using CNS47 by
taking the difference between the sum of the solvent accessible
surface area for each partner separately and the solvent
accessible area of the complex. The solvent accessible area
was calculated using a 1.4 Å water probe radius. Intermolecular
contacts were analyzed using a 3.9 Å heavy-atom distance cutoff
for nonbonded contacts. For hydrogen bonds, a distance cutoff

of 3.5 Å between donor and acceptor atoms was applied and an
angle cutoff of ∼120° was used.

■ RESULTS

Chemical Shift Mapping of EcTrx Titrated with
Unlabeled PfTIM. The interaction between PfTIM and
EcTrx was monitored by mapping changes in the chemical
shift of amide proton−nitrogen resonances of EcTrx as a
function of an increasing concentration of PfTIM (Figure 1). A
single set of resonances was observed for reduced EcTrx at all
titrated concentrations of PfTIM, indicating that the

Figure 2. Select regions from overlaid 1H−15N HSQC spectra of reduced EcTrx and reduced EcTrx bound to PfTIM. The PfTIM:EcTrx
concentration ratios (μM) were 0 (black), 100:100 (pink), and 200:100 (red).
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components of the complex were in fast exchange. Resonance
positions in HSQC spectra of amide proton−nitrogen pairs of
residues in EcTrx that show significant changes upon binding to
PfTIM are shown in Figure 2. Correlation peaks in the 1H−15N
HSQC spectra correspond to residues whose chemical
environments changed as a direct or indirect result of
protein−protein interactions. Residues at the active site such
as F27, W28 (side chain), W31 (side chain), C32, C35, I38,
A39, L78, G92, and L94 experience significant chemical shift
perturbations. Residues at the N-terminus, viz., I4, I5, H6, L7,
T8, and D9, also experience measurable perturbations that are
most likely caused by conformational changes that are induced
upon binding. Residues A56 and L24, which lie in the heart of
the central β-sheet, and residue A19, which is remote from the
active site, are essentially unaffected by the structural
interaction between EcTrx and PfTIM.
Mapping the Observed Shifts onto the Structure of

Reduced EcTrx. In all, 17 residues exhibited shifts greater
than 2.0 Hz. The residues involved in the interaction with
PfTIM, when mapped onto the structure of EcTrx, lie as a
contiguous stretch on the surface (Figure 3), and this forms the
interaction surface on EcTrx.

Affinity of Interaction. The affinity of interaction was
calculated using eq 2. In the fast exchange regime, the observed
chemical shifts are population-weighted averages of the two
forms of the molecule, viz., the free and bound forms, and thus,
fitting of apparent chemical shift curves as a function of added
titrant is a function of the dissociation constant, Kd. Figure 4
shows the titration curves for some of the well-resolved and
significantly perturbed resonances on EcTrx. Fitting the curves
using a 1:1 binding model for the EcTrx−PfTIM interaction
yielded a Kd of ∼50 μM.
Chemical Shift Mapping of PfTIM Titrated with

Unlabeled EcTrx. In a manner analogous to the mapping of
chemical shift perturbations in EcTrx upon formation of the
complex with PfTIM, here the chemical shift perturbations in
PfTIM were also monitored by 15N isotope-edited NMR
spectroscopy. It is important to note that chemical shift

assignments for PfTIM are not available at present. We have
adopted a strategy that involved selective unlabeling schemes
followed by selective observation of solvent-exposed amides.
Selective unlabeling of residues that are not normally found on
the surface of proteins such as isoleucine, leucine, and valine
and aromatic amino acids such as phenylalanine, tyrosine, and
tryptophan was achieved by incorporation of these amino acids
into the growth medium while still providing 15NH4Cl as the
sole source of nitrogen. SEA-HSQC spectra of the labeled
sample were acquired, and the assignments for backbone amide
proton−nitrogen pairs were transferred using the known
assignments from yeast TIM.53 The assignments were then
cross-checked with PROSHIFT predictions.54 Using this
strategy, it was observed that residues R3, Q222, E224, D225,
and G228 of PfTIM showed significant shifts upon binding
with Trx. Figure 5 shows select portions of the SEA-HSQC
spectra identifying the shifts observed for the residues listed
above.

Determination of the Structure of the EcTrx−PfTIM
Docked Complex. Definition of Ambiguous Interaction
Restraints (AIRs). HADDOCK was used to determine the
structure of the docked complex. On the basis of the criteria
described in Materials and Methods, residues were labeled as
active and passive. In all, 15 and 11 residues were labeled as
active in EcTrx and PfTIM, respectively. Similarly, 9 and 4
residues were labeled as passive in EcTrx and PfTIM,
respectively. Table 1 lists the identity of these active and
passive residues. Using ambiguous interaction restraints, all
possible configurations around the interacting site defined by
the titration data were searched to find the most favorable pair
of interacting amino acids among the active and passive
residues. The first stage in the docking protocol consisted of
randomization of orientations and rigid body energy
minimization to generate 2000 docked complex structures, of
which the 200 best solutions in terms of intermolecular energy
were refined. The second stage of the docking involved
semirigid simulated annealing in torsion angle space (TAD-SA)
during which amino acids at the interface (side chains and
backbone) were allowed to move to optimize the interface
packing. The third and final stage of the docking involved
refinement in Cartesian space with explicit solvent. In this stage,
although no significant structural changes occur during the

Figure 3. Binding surface of reduced thioredoxin as deduced by
chemical shift mapping. Surface residues experiencing chemical shift
perturbation during titration with TIM are labeled and colored blue.

Figure 4. Fitting of the titration curves of well-resolved, significantly
perturbed peaks of EcTrx detected in 1H−15N HSQC titration
experiments. The intrinsic error in the measurement of peak positions
is less than 2 Hz.
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water stage, it was useful for the improvement of the energetics
of the system. The 100 refined EcTrx−PfTIM complex models,
generated by these calculations, were organized in two clusters,
with their average rmsd from the lowest-energy structure being
1.14 ± 0.16 and 2.02 ± 0.12 Å when superposed on the N, Cα,
and C′ backbone atoms. The average intermolecular energy,
Einter (sum of intermolecular van der Waals, electrostatic, and

AIR energy terms), for the refined structures of the complex in
each cluster as well as the structural statistics for the best
ranking structure is given in Table 2. For both clusters, the
energy term EAIR, which is a measure for the disagreement
between calculated structures and experimental restraints, is
small (∼1 kcal/mol), indicative of a very small number of AIR
violations per structure. The average values of buried surface
area are in the range of that found in other weak complexes
involving EcTrx.

Description of the Calculated Structure of the EcTrx−
PfTIM Complex. The resulting model suggests that PfTIM and
EcTrx maintain their respective folds after docking. The best
structure based on the HADDOCK score is displayed in Figure
6. In the docked complex, it can be seen that residues 3−5 of
the N-terminal loop region, residues 31, 35, and 36 of the loop
connecting helix 1 with strand 2, a few residues in helix 6,
residues in helix 7, and the adjacent loop and residues at the

Figure 5. Select regions from overlaid 1H−15N SEA HSQC spectra of free PfTIM and EcTrx bound PfTIM. The PfTIM:EcTrx concentration ratios
(μM) were 0 (black) and 200:100 (red). The PfTIM used in both cases was selectively unlabeled.

Table 1. Active and Passive Residues Identified in Trx and
TIM That Were Used for Docking

reduced Trx active E30, W31, C32, C35, K36, M37, I38, D61,
Q62, R73, G74, V91, G92, A93, and L94

passive W28, A29, A39, I41, L42, Q63, G71, I72, I75,
K90, and S95

triosephosphate
isomerase

active R3, K4, K36, Q222, Q223, E224, D225, S246,
and M248

passive Y5, S35, I221, and I226
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end of the C-terminal helix are all involved in binding. In all, 17
residues (11 from the core and 6 from the rim) from EcTrx and
19 residues (11 from the core and 8 from the rim) form the
interface. The surface areas of EcTrx and PfTIM that are buried
as a consequence of this interaction are ∼592 and 645 Å2,
respectively.
Intermolecular hydrogen bonding interactions in the top-

ranking docked model include the side chain of Lys245 of TIM
and the side chain of Asp61 of EcTrx, the amide nitrogen of
Met248 of PfTIM and the carbonyl oxygen of Ile72 of EcTrx,
and the carbonyl oxygen of Met248 of PfTIM and the amide
nitrogen of Ile72 of EcTrx. Nonbonded contacts include the
interaction between ring Cε2 of Tyr5 of PfTIM and Cβ of
Arg73 of EcTrx, Cβ of Lys245 of PfTIM and ring Cζ2 of Trp31
of EcTrx, Cβ of Met248 and Cβ of Ala67 of EcTrx, Cε of
Met248 of PfTIM and Cβ of Ala67 of EcTrx, and the carbonyl
carbon of Met248 and the carbonyl carbon of Ile72 of EcTrx.
From the final top-ranking model of the EcTrx−PfTIM

complex, a complex of PfTIM with its physiological partner,
PfTrx, was created by substitution of EcTrx with a homology
model of PfTrx. The system was energy minimized and
subjected to molecular dynamics-based energy refinement using
HADDOCK. Figure 7 shows a model of the docked PfTrx−
PfTIM complex. The PfTrx−PfTIM docked complex had a
better energy score and buried surface area than the
corresponding complex with EcTrx. The total buried surface

area of the PfTrx−PfTIM docked complex was found to be
1485.0 Å2. The intermolecular hydrogen bonds in the PfTrx−
PfTIM docked complex include the following hydrogen bonds:
those between the amide nitrogen of Arg3 of PfTIM and the
side chain group (Oγ1) of Thr78 of PfTrx, between the side
chain nitrogen of Lys36 of PfTIM and the side chain carboxyl
group of Glu73 of PfTrx, between the side chain carbonyl
group of Gln222 of PfTIM and the amide nitrogen of Met80 of
PfTrx, between the side chain of Gln222 of PfTIM and the
carbonyl oxygen of Leu96 of PfTrx, between Lys245 of PfTIM
and Asp66 of PfTrx, between the amide nitrogen of Met248 of
PfTIM and the carbonyl group of Ile77 of PfTrx, between the
carbonyl group of Met248 of PfTIM and the side chain of
Asn76 of PfTrx, between the carbonyl group of Met248 of
PfTIM and the amide nitrogen of Ile77 of PfTrx, and between
the terminal carboxyl group of Met248 of PfTIM and the side
chain of Asn76 of PfTrx. The residues at the interface in the
PfTrx−PfTIM complex are shown in panels A and B of Figure
8.

Comparison of the Trx−TIM Complex with Other Trx−
Protein Complexes. The structures of several Trx−protein
complexes have been determined to high resolution. Most
notable among these are the structures of the T7 DNA
polymerase−Trx complex,55 the Trx−thioredoxin reductase
complex,56 and the ferredoxin−ferredoxin:thioredoxin reduc-
tase−Trx ternary complex.57 The residues of EcTrx that

Table 2. Statistical Analysis of the Two Clusters for the EcTrx−PfTIM Docked Solutions

cluster no. of structures Einter (kcal/mol) Evdw (kcal/mol) Eelec (kcal/mol) EAIR (kcal/mol) buried surface area (Å2)

1 78 −255.9 ± 37.0 −22.8 ± 5.0 −232.5 ± 20.0 1.0 ± 0.7 1237.0 ± 82.0
2 20 −183.7 ± 23.0 −33.5 ± 3.0 −150.2 ± 18.0 0.98 ± 0.3 1160 ± 45.0

Structural Statistics of the Highest-Ranking Docked Model

no. of ambiguous interaction restraints (AIRs)
from PfTIM 15
from Trx 24
total AIRs 39

rmsd from idealized covalent geometry
bonds (Å) 0.0035
angles (deg) 0.5305
impropers (deg) 0.5016

Ramachandran analysis (%)
residues in the most favored regions 88.6
residues in additionally allowed regions 11.2
residues in generally allowed regions 0.2
residues in disallowed regions 0.0

Figure 6. Structural model of the PfTIM−E. coli Trx complex. Wild-
type PfTIM (dimer) is colored gray and E. coli Trx blue.

Figure 7. Structural model of the PfTIM−PfTrx complex. Wild-type
PfTIM (dimer) is colored gray and E. coli Trx blue.
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participate in the formation of the complex with T7 DNA
polymerase, thioredoxin reductase, and PfTIM are listed in
Table 3. A strong conservation in the identity of the residues on
the binding surface of Trx is apparent, highlighting the fact that
the nature of the interaction is similar in all cases.
Enzyme Activity of PfTIM in the Presence of EcTrx. Figure

9 shows the activity of PfTIM in the presence and absence of
EcTrx. It is clear that the presence of EcTrx does not cause any

perturbation to the activity of the enzyme. Instead, a modest
increase in the reaction rate is observed in the presence of
EcTrx.

Deglutathionylation of C13E PfTIM in the Presence of
EcTrx. Previously, it has been shown that alkylation of the
interface cysteine (Cys13) in PfTIM leads to a loss of enzyme
activity.35 Glutathionylation of the cysteine at position 13 or
217 in PfTIM also leads to a loss of activity. Further, it was
found that glutathionylation of Cys217 could be reversed by
thiol reducing agents like DTT, leading to enzyme reactivation.
However, reactivation of the enzyme by DTT was not possible
for PfTIM glutathionylated at Cys13, because like alkylation,
glutathionylation of Cys13 also potentially leads to irreversible
active site distortion and disruption of the dimer interface. In
this study, the deglutathionylating activity of EcTrx on the
glutathionylated C13E mutant of PfTIM was probed using a
coupled enzyme assay. Incubation of glutathionylated PfTIM
and EcTrx restores the activity of the enzyme (Figure 10). The
presence of DTT (0.5 mM) helps to maintain EcTrx in the
reduced state, where it is active as a deglutathionylating redox-
active protein.

Figure 8. Interface residues of the PfTIM−PfTrx complex. Residues
are colored according to their respective polarity, as follows: green for
hydrophobic residues, white for nonpolar residues, red for negatively
charged residues, and blue for positively charged residues. (A)
Interface residues of PfTIM (monomer A) involved in binding with
the partner protein as in the docked complex. (B) Interface residues of
PfTrx involved in binding with the partner protein as in the docked
complex.

Table 3. Binding Surface Residues of Trx in Different
Complexes

partner
protein residues

total
IASA
(Å2)

IASA
of
Trx
(Å2)

T7 DNA
polymerasea

E30, W31, C32, G33, P34, K36, M37, I60,
D61, P64, A67, P68, I72, R73, G74, I75,
T89, K90, V91, G92, A93, L94, and Q98

1866 900

thioredoxin
reductaseb

W31, C32, G33, P34, M37, P40, I41, E44,
I60, P64, A67, Y70, G71, I72, R73, G74,
I75, V91, A93, L94, S95, K96, G97, and
Q98

1805 910

TIMc W31, C32, G33, P34, M37, I38, I60, D61,
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Figure 9. Coupled enzyme assay for PfTIM in the presence of
thioredoxin. Colored blue is the kinetic profile of PfTIM, and colored
green is the kinetic profile of PfTIM in the presence of 10 μM Trx.
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■ DISCUSSION

Trx plays a crucial role in maintaining intracellular redox
homeostasis. Through its oxidoreductase activity, Trx regulates
several cytoplasmic proteins. Under oxidative stress conditions,
Trx forms an important constituent of antioxidant defense by
acting as a reducing agent for peroxiredoxins that are involved
in reduction of hydrogen peroxide and takes part in protein
repair by acting as a hydrogen donor for methionine sulfoxide
reduction.58,59 Trx also plays a protective role under conditions
of oxidative stress without the involvement of oxidoreductase
activity by making complexes with target proteins as in the case
of apoptotic signaling kinase, which prevents oxidative stress-
triggered apoptosis.60 Other examples of protein−protein
interactions in which Trx functions without the involvement
of oxidoreductase activity are those with T7 DNA polymerase
and filamentous phage proteins. In both cases, Trx forms tight
complexes with the partner proteins.61−64 In interactions in
which Trx modulates the target proteins through its
oxidoreductase activity, the interactions are usually transient.
Trx reduces the disulfide of the target protein in two fast steps,
such that the lifetime of the intermediate complex between Trx
and its target is extremely short. Proteomic studies in different
organisms across species have shown that Trx interacts with
numerous proteins representing several cellular processes,
including but not limited to transcription regulation, cell
division, energy metabolism, and several biosynthetic pathways.
NMR titration studies show that the chemical shift
perturbations fall in the fast exchange regime, indicating that
the complex formed with TIM is weak and transient. Binding
surface mapping using chemical shift perturbations observed
during NMR titrations reiterate the fact that Trx employs a
consensus binding site for binding target proteins. The
consensus binding surface of Trx harbors residues such as
Trp, Arg, Tyr, and Ile that have been identified as hot spot
residues in a number of other protein−protein interactions.65

Further, such single-interface hub proteins have been shown to
possess rugged bottom binding funnels, which imparts

conformational flexibility to sample energetically close multiple
conformations.66−69 The ability of Trx’s structurally plastic
binding surface to employ a multitude of hot spot residues to
varying degrees allows it to form complexes with structurally
diverse target proteins with affinities ranging from 103 to 109

M−1. Determining the structure of weak protein−protein
complexes by X-ray crystallography is not possible.70 Similarly,
determining the solution structure of the complex using
traditional NOE-based methods is very challenging and less
deterministic even after considerable experimental time.
Further, this approach needs knowledge of the complete
NMR assignments of both unbound and bound components.
We have adopted a well-documented strategy in which
determined structures of the individual components are docked
using experimental chemical shift restraints using a molecular
dynamics-based docking method that allows for induced fit and
backbone flexibility. The docked TIM−Trx complex seems to
provide a physical basis for explaining the deglutathionylating
activity of Trx on Cys217-glutathionylated TIM. From the
docked complex, it is clear that the active site thiol Cys32 of
Trx is close (∼6 Ǻ) to Cys217 of PfTIM. We believe that
glutathionylation of Cys217 of PfTIM would not drastically
alter the binding characteristics of the TIM−Trx complex.
From the docked model, the deglutathionylation of TIM by Trx
can be explained as follows. Reduced Trx binds noncovalently
to TIM, which has been glutathionylated at Cys217, and the
nucleophilic thiolate anion of Cys32 of Trx attacks the disulfide
sulfur atom of the glutathionylated cysteine at position 217 of
PfTIM. This leads to the formation of the so-called mixed
disulfide intermediate in which the Trx and the glutathione are
covalently bound via a new disulfide bridge. Next, the Cys35
thiol group of the originally reduced Trx is deprotonated. This
initiates a thiolate attack of Cys35 on the sulfur atom of Cys32
involved in the disulfide bridge with glutathione, causing
cleavage of the latter and the release of the products, i.e., an
oxidized Trx and a reduced glutathione. While the
deglutathionylating activity of Trx has been shown here, one
cannot rule out the role of other redox-active proteins such as
glutaredoxin in performing a similar function vis-a-vis
regulation of activity of TIM by deglutathionylation of
Cys217 of PfTIM. Given the similarity in the overall three-
dimensional structure and active site architecture, it is possible
that glutaredoxin could perform a similar function. Homolo-
gous TIM enzymes that have a conserved cysteine at position
217 like that of human TIM could be potentially redox
regulated by glutathionylation and deglutathionylation by Trx
superfamily redox-active proteins, and this may have
implications in cancer. Further studies of the interaction of
glutaredoxin and TIM and studies of the effect of Trx/
glutaredoxin on the kinetic properties of TIM will allow us to
improve our understanding of the physiological role of this
interaction.

■ CONCLUSIONS
This work reports the first experimental data for the structure
of a physiological TIM−Trx complex. The fact that the
interface of Trx involved in interaction with TIM seems to be
very similar to the binding interface of Trx in other known
complexes of Trx reconsolidates the fact that Trx binds to its
target proteins using the same binding surface, which is
predominantly hydrophobic. The residues in the interface of
PfTIM involved in interaction with Trx, including Cys217,
seem to have some sequence conservation with some parasite,

Figure 10. Coupled enzyme assay for C13E PfTIM. Plot 1 shows the
kinetic profile of C13E PfTIM. Plot 2 shows the kinetic profile of
glutathionylated C13E PfTIM. Plot 3 shows the kinetic profile of
glutathionylated C13E PfTIM after incubation with 0.5 mM DTT for
30 min. Plot 4 shows the kinetic profile of glutathionylated C13E
PfTIM after incubation with 20 μM Trx and 0.5 mM DTT for 30 min.
Plot 5 shows the kinetic profile of glutathionylated C13E PfTIM after
incubation with 50 μM Trx and 0.5 mM DTT for 30 min. Plot 6 shows
the kinetic profile of glutathionylated C13E PfTIM after incubation
with 5 mM DTT.
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plant, and plant fungal pathogens. The docked model of the
PfTIM−PfTrx complex determined using NMR chemical shift
titration data shows that Cys217 of PfTIM that is buried in the
complex is within 6 Å of active site Cys32 of Trx. The fact that
deglutathionylation of Cys217 in C13E mutants of PfTIM by
reduced EcTrx/DTT can lead to reactivation of enzyme activity
functionally validates our docked complex model.
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