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Background: Plant NTRC contains a flavin, a
disulfide group and an extra thioredoxin module.
Results: The flavin cofactor in NTRC is
oxidized following two intramolecular reactions
that are altered by peroxiredoxin.

Conclusion: In comparison with canonical
NTRs, NTRC shows additional conformational
dynamics affected by peroxiredoxin.
Significance: NTRC is involved in the response
to oxidative stress and in maintaining the redox
homeostasis of plastids.

SUMMARY

NADPH-dependent thioredoxin
reductases (NTRs) contain a flavin cofactor
and a disulfide as redox active groups. The
catalytic mechanism of standard NTR
involves a large conformational change
between two configurations. Oxygenic
photosynthetic organisms possess a plastid-
localized NTR, called NTRC, with a
thioredoxin module fused at the C-terminus.
NTRC is an efficient reductant of 2-Cys
peroxiredoxins (2-Cys Prxs) and, thus, is
involved in the protection against oxidative
stress, among other functions. While the
mechanism of electron transfer of canonical
NTRs is well-established, it is not yet known
in NTRC. By employing stopped-flow
spectroscopy we have carried out a
comparative Kkinetic study of the electron
transfer reactions involving NTRC, the
truncated NTR module of NTRC and a
canonical plant NTR (NTRB). Whereas the
three NTRs maintain the conformational
change associated with the reductive cycle of
catalysis, NTRC intramolecular electron

transfer to the thioredoxin module presents
two kinetic components (kg of ca. 2 s and 0.1
s'), indicating the occurrence of additional
dynamic motions. Moreover, the dynamic
features associated with the electron transfer
to the thioredoxin module are altered in the
presence of 2-Cys Prx. NTRC shows
structural constraints that may locate the
thioredoxin module in positions with different
efficiencies for electron transfer, the presence
of 2-Cys Prx shifting the conformational
equilibrium of the thioredoxin module to a
specific position, which is not the most
efficient.

Flavoproteins, acting as redox enzymes, play
different roles in many cellular processes by
transferring electrons to a protein substrate or
another electron acceptor, as quinones or dithiols
(1-3). NADPH-dependent thioredoxin reductases
(NTRs), in particular, are flavo-disulfide-
enzymes that act as key modulators determining
the redox state of their thiol-containing
thioredoxin (Trx) substrates (1,4,5). Trxs are
small proteins (MW ~ 12 kDa) containing two
redox-active cysteine residues (6,7), which act as
redox regulators involved in the defence against
oxidative stress by modifying the redox state of
disulfide groups of numerous proteins. Trxs are
as well able to deliver reducing equivalents to
peroxiredoxins (Prxs), and are therefore involved
in the mechanism of defence against oxidative
stress (5-8).

In plants, as in other organisms, the NTR/Trx
system plays an important role in redox
regulation, though plants are unique in having a
rather complex family of genes encoding Trxs
(5,6,9). Plant cells cope with oxidative stress by
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using a number of antioxidant systems. In
particular, one of the plant systems that control
intracellular hydrogen peroxide levels is based
on the activity of Prxs, thiol-based peroxidases
that are reduced by specific NTR/Trx systems
(10-12) and, in the case of some plant Prxs, also
via the glutaredoxin system (13). Plant genomes
contain numerous genes coding for Prxs, with
cytosolic, plastidial and even nuclear
localization. Remarkably, the chloroplast is the
plant organelle with the highest content of Prxs
forms. The Arabidopsis chloroplast is equipped
with four Prxs, two almost identical typical 2-
Cys Prxs, stated A and B, the atypical Prx Q, and
a type II Prx, stated Prx IIE (10,11).

The Arabidopsis genome contains two genes
(NTRA and NTRB) encoding canonical NTRs.
NTRB is more abundant in the cytosol, whereas
NTRA is more abundant in the mitochondria
(14). As canonical NTRs, both NTRA and
NTRB are NADPH-dependent thioredoxin
reductases containing a bound FAD cofactor and
an active two-Cys motif (5). The structure of
Arabidopsis NTRB has been solved at 2.5 A
resolution, revealing a dimeric enzyme
structurally similar to that of the previously
solved E. coli protein (4,15,16). Thus, each NTR
monomer presents two domains, one containing
the FAD cofactor and the other the active 2-Cys
group together with the NADPH binding site
(15). The catalytic mechanism of NTRs has been
intensively studied in the prokaryotic enzymes
(4,17-21), and the structural similarities suggest
a similar enzymatic mechanism in plant NTRs.
Thus, the reduction cycle involves large
interdomain conformational movements, the
protein  shifting between two conformers
(4,16,18,19,21). Conformers interconversion
enables FAD reduction by NADPH, and then
FAD oxidation by the redox-active disulfide at
the other domain of the enzyme. Fast kinetic
studies have established that the large
interdomain rotation allowing FAD reduction by
NADPH is probably the rate-limiting step of
catalysis (4,16,18).

In plant chloroplasts, Trxs were considered
to be exclusively reduced by a ferredoxin-
dependent thioredoxin reductase (FTR), so that
these organelles were thought to have unique
properties regarding redox regulation (5). This
view of the system of redox regulation in
chloroplasts changed after the discovery of a
plastid-localized NTR, termed NTRC, which
contains a joint Trx module at the C-terminus
connected by a ca. 20 amino acids flexible linker

(22). NTRC is exclusive of oxygenic
photosynthetic organisms: plants, algae and
some, not all, cyanobacteria (22,23). NTRC is
able to conjugate both NTR and Trx activities to
efficiently reduce 2-Cys Prxs (24-26). By doing
so, NTRC was proposed to perform an
antioxidant function. Indeed, it was shown that a
peroxide-sensitive cyclase involved in the
chlorophyll biosynthesis pathway was protected
by the NTRC/2-Cys Prx system in Arabidopsis
(27). More recently, it has been established that
NTRC functions not only as antioxidant, but also
in redox regulation of starch synthesis (28) or
aromatic amino acids and auxin synthesis (29).
Moreover, the localization of NTRC in both
chloroplasts and non-green plastids has been
established (30) and, thus, it may be considered
an important component of redox regulation in
plants.

A reaction mechanism was proposed for
NTRC in its reaction with 2-Cys Prx (31),
according to which the catalytic unit is a
homodimer, the transfer of electrons taking place
from the NTR module of one subunit to the Trx
module of the other subunit. Although NTRC
can form oligomeric states, the dimeric species
has been proposed as the functional unit (31,32).
There are two additional examples of hybrid
proteins with NTR and Trx modules, both found
in bacteria. The first one was identified in
Mycobacterium leprae (33). This bacterial
protein and NTRC are organized in the same
way, and there is very little difference in the
linker region (22,33). The second one is the
protein AhpF from Salmonella typhimurium
(34), which is formed by an NTR domain at the
C-terminus, and a double Trx fold at the N-
terminus containing only a single disulfide active
center.

Despite the good knowledge of the dynamics
and mechanism of electron transfer of canonical
NTRs, nothing is yet known of these processes
in NTRC. Thus, a pertinent question is whether
the conformational-change mechanism described
for the canonical E. coli NTR is also occurring in
the bimodular NTRC. With the objective of
addressing this question, we have carried out a
kinetic study of the electron transfer (ET)
properties of rice NTRC, in a comparative way
with both the truncated NTR-like module
(NTRC,,) and the canonical plant NTRB.

EXPERIMENTAL PROCEDURES
Expression and purification of recombinant
wild-type NTRB from wheat, NTRC and 2-Cys
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Prx from rice, as well as the Trxs x and fI from
Arabidopsis, were carried out as previously
described (22,24). The truncated NTR domain
(NTRC,) of NTRC was obtained by expressing
an N-terminal His-tagged polypeptide including
residues 37 to 359 of the full-length NTRC, thus
excluding the putative transit peptide and the Trx
domain, as previously described (22). The
double C140S-C143S (NTRCc,) and C377S-
C380S (NTRCy,) NTRC mutants, lacking the
2-Cys active group in the NTR or Trx modules,
respectively, were generated by site-directed
mutagenesis (35). These mutant versions of
NTRC eluted as dimers in gel filtration
experiments, but showed altered tendency to
aggregate as compared to the wild-type enzyme
(39).

In all cases proteins were produced as N-
terminal His-tagged forms. Purification was
achieved in one chromatographic step by FPLC
using 5-mL HiTrap Chelating HP columns (GE-
Healthcare), loaded with nickel and prepared as
described by the manufacturer. The recombinant
proteins were eluted with a 0.004-0.5 M
imidazole gradient in 20 mM phosphate buffer,
pH 7.5, supplemented with 0.5 M NaCl and 10%
glycerol. Protein fractions were dialyzed against
5 mM phosphate buffer, pH 7.5, supplemented
with 5 mM imidazole, 50 mM NaCl and 0.02%
(w/v)  Triton  X-100, concentrated by
ultrafiltration and stored at -80° C until its use.

NTRs concentrations were determined
spectrophotometrically using absorption
coefficients of 12.2 (NTRB) and 15.2 (NTRC
and NTRC,) mM™' cm™’ at 456 nm, as here
calculated using the method described in
Mayhew & Massey (36).

NADPH titrations were performed in a
diode-array  spectrometer Hewlett Packard
8452A in 100 mM phosphate buffer, pH 7.5,
under anaerobic conditions by previous sample
bubbling with argon. Fixed amounts of the
nucleotide were added to estimate the
NADPH:NTR ratio needed to accomplish full
protein reduction. Experiments of NTRs
reduction by 5S-deazariboflavin (dRf) were
performed under anaerobiosis by illuminating
solutions of NTRs, containing 1 yuM dRf and 5
mM EDTA, with successive pulses of white light
(37).

Stopped-flow experiments were carried
out in 20 mM phosphate buffer, pH 7.5, at 10° C
under anaerobic conditions, using a uSFM-20
device fitted with a TC-50/10 cuvette and
coupled to a MOS-450 spectrophotometer (Bio-

Logic, France) (38). All the experiments were
performed in the presence of 20 mM glucose and
5 U mL" of both glucose-oxidase and catalase,
in order to eliminate oxygen traces. NTRs
reduction by either NADPH or NADH was
followed under pseudo-first order conditions, at
456 and 540-580 nm, by mixing 200 uL
solutions of oxidized NTRs 5-8 uM with small
volumes of concentrated nucleotide solutions
(0.3-3 mM) to obtain final NTR:NAD(P)H ratios
<< 1. To observe intramolecular ET reactions,
similar experiments were carried out by mixing
200 uL solutions of oxidized NTRs 15-30 uM
with small volumes of concentrated NADPH
solutions (0.09-0.3 mM) to obtain final
NTR:NADPH ratios = 1. In some experiments,
different amounts of 2-Cys Prx or the Trxs x and
fI, were also added to the concentrated NADPH
solutions. In all cases the observed rate constants
(k) were calculated by fitting the kinetic traces
to mono- or multi-exponential processes by
using the Bio-Kine32 software package from
Bio-Logic. Estimated errors in the determined
values were +5%. Kinetic analyses to estimate
minimal values for the association constants and
the apparent electron transfer rate constants in
NAD(P)H concentration dependence
experiments were carried out according to the
two-step  reaction mechanisms previously
proposed (39). Estimated errors in the calculated
values were +10%.

RESULTS

NTR reductive reactions- With the aim of
establishing the pathway of ET during NTRC
calalysis, and to determine the role of the NTR
module of the enzyme, NTRC, NTRB and
NTRC, samples were subjected to one- and two-
electron reduction under steady-state anaerobic
conditions either with NADPH (two-electron
donor) (Figure 1) or the dRf/EDTA system (one-
electron donor) (37). Whereas in the case of
NADPH reduction of either NTRB or NTRC,, a
2:1 NADPH:NTR stoichiometry was enough to
accomplish complete protein reduction, a 3:1
stoichiometry was required for the
NADPH/NTRC reaction, in agreement with the
presence of an additional 2-Cys active group in
NTRC. The main features of the absorption
spectra of the oxidized and NADPH-reduced
species were very similar in the three NTRs
(Figure 1), and almost identical for NTRB and
NTRCy (not shown). However, reduction of
NTRC, NTRB or NTRC,, by dRf was a very
slow process (illumination times = 30 min) and
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led to the observation of absorption spectra with
features not corresponding to typical reduced
flavoproteins (not shown) (2,3), suggesting
alterations either in the flavin cofactor or its
environment. Thus, as previously described for
the proteins from other organisms (4,19,40),
NTRC is strictly a two-electron acceptor protein,
as the other plant NTRs.

Plant NTRs can be reduced by both NADPH
and NADH, although with a clear preference for
the former, as measured by stopped-flow
spectrophotometry (Figure 2, upper). NADPH-
dependent reduction under pseudo-first order
conditions, with an excess of nucleotide with
respect to NTR, occurred in three phases (Figure
2), either with NTRC, NTRB or NTRC,,. The
first and faster step was basically complete
within the dead time of the instrument (k,, = 250
s™), making not possible to analyze the effect of
NADPH concentration on this phase. This fast
phase can be monitored either as a small
component of fast absorbance decrease at 456
nm, or better as a fast initial absorbance increase
at 540-580 nm (Figure 2, upper inset). The fast
phase accounted roughly for about 10-15% of
the change observed at 456 nm, as deduced from
the incomplete amplitude at this wavelength for
NTRs reduction, taking into account the enzyme
concentration present in the assay. The next
kinetic phase represented = 70% of the total
absorbance decrease at 456 nm, showing a
hyperbolic dependence of k,, on NADPH
concentration, its value increasing until reaching
a saturation plateau at relatively low
concentrations of the nucleotide (Figure 2,
lower). Equivalent observed rate constants for
this intermediate phase were obtained at 540 or
580 nm from the disappearance of the initial
increase arising from the first phase (Figure 2,
upper inset). Finally, a slower phase was
observed -either with NTRC, NTRB or NTRC;-
as an additional decrease in absorbance at 456
nm (Figure 2, upper). This phase represented <
25% of the total changes at this wavelength, and
the observed rate constants were independent of
NADPH concentration (not shown), with an
apparent value (k’;) of = 2.2 s™' (Table 1).

Prior stopped-flow experiments with other
NTRs have reported the very rapid formation of
a NADPH:flavin charge-transfer complex (k,, =
950 s™), with absorbance bands in the 500-800
nm region that fit with the absorbance changes
associated with the fast initial phase here
described (4,18,41). The second phase has been
reported to involve the decay of the

NADPH:flavin charge-transfer complex and the
reduction of the flavin cofactor, probably
followed by electron equilibration between the
FAD and the 2-Cys group, a process limited by a
large  conformational = change  involving
interdomain rotation (4,18). From the NADPH
concentration dependence of kg, shown in
Figure 2 (lower) it is possible to estimate
minimal values for both the NADPH:enzyme
association constant (K,) and an apparent
electron transfer rate constant (k’,) that
corresponds to the reduction/rearrangement
process (18,39). These values are included in
Table 1 for the three proteins here studied. Thus,
for all NTRs comparable values both for K, (=
3-10 x 10° M™"; K = 3-1 uM) and k’, (= 16-29 s~
") have been estimated. Finally, the third phase
has been proposed to represent further
NADP*:flavin interaction at a rate limited either
by NADP* release and/or the structural
rearrangement from the conformer unable of
being reduced by NADPH to the nucleotide-
reducible form (18). Very similar k’; values (= 2
s™) can be obtained for this process with NTRC,
NTRB or NTRCy. Thus, the kinetic behavior
here observed for the three plant enzymes
analyzed indicates that plant NTRs, including
NTRC, show a reductive mechanism similar to
that previously described for NTR from E. coli.

Plant NTRs also react, although much less
efficiently, with NADH (Figure 2), showing
multiexponential kinetics equivalent to those
previously observed with NADPH, from which
minimal values for both the K, (= 1-2 x 10* M";
K, = 100-50 uM) and the apparent electron
transfer rate constants that reflect the different
rearrangement steps (k’, = 13-18 s'; k'3 = 1.2s™)
can be also estimated (Table 1).

NTRC intramolecular electron transfer
kinetics- Additional stopped-flow experiments
were carried out by mixing NTRs with NADPH
at a NTR:NADPH stoichiometry = 1:1, with the
aim of observing (in the case of NTRC) further
intramolecular ET without interferences arising
from additional re-reductions by the excess of
NADPH (Figure 3, upper). At a short time scale
(< 0.5 s), each NTR -either NTRC, NTRB or
NTRCy,- showed a similar decrease of
absorbance at 456 nm, which agrees with the fast
initial reduction by NADPH previously
described (Figures 2 and 3). At longer time
scales, a slower reoxidation process was
observed with NTRC, revealed by a recovery of
the absorbance values at 456 nm (Figure 3,
upper) and the monitoring of protein spectra at
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different times after the NADPH addition (not
shown). This reoxidation reaction showed to be a
complex process that can be deconvoluted in
three kinetic phases (Figure 3, upper). The faster
step, that partially overlaps with the reduction by
NADPH, accounted for = 40% of the total
change observed at 456 nm, with kg, being
independent of NADPH concentration, and thus
suggesting the occurrence of an intramolecular
reaction, with an ET rate (k’y) = 2 s (Figure 3,
lower, and Table 1). The next step represented
again = 40% of the total absorbance increase,
and the k., values were also independent on
NADPH concentration, with an ET rate (k') =
0.1 s' (Figure 3, lower, and Table 1).
Additionally, a very much slower step was
observed as a final recovery of the absorbance at
456 nm (Figure 3, wupper). This phase
represented = 20% of the changes at this
wavelength, with k,,, < 0.01 s, and it was also
apparently independent of NADPH
concentration (not shown); this phase has not
been further studied as it can be considered as
irrelevant in catalysis, and maybe better
explained as residual oxidation reactions with
unknown protein internal electron acceptors (see
below).

Similar stopped-flow experiments, carried
out by mixing both NTRB and NTRCy with
NADPH at a NTR:NADPH = 1:1 stoichiometry,
did not show any of the two initial reoxidation
phases observed with the NTRC enzyme, but
only the very slow one, as shown in Figure 3
(upper) for NTRC,,. This is in agreement with
the assignment of these two faster phases to the
intramolecular ET towards the Trx module of
NTRC, which is absent in NTRB and NTRC,,.
Thus, from a comparison of the kinetic behavior
of the complete NTRC bimodular enzyme with
that of the truncated NTRC,,; form and canonical
NTRB, it can be concluded that the previously
NADPH-reduced NTR module of NTRC is
further oxidized following two intramolecular
reaction processes with different efficiency. The
possibility that these two reactions correspond to
different conformational states of NTRC will be
discussed below.

The previous analysis of the interaction
between NTRC and 2-Cys Prx allowed to
propose that NTRC conjugates both NTR and
Trx activities to efficiently reduce 2-Cys Prx
(24,25,31) and, thus, it could be considered that
the NTRC pathway acts in parallel to the
FTR/Trxs pathway in chloroplast redox
regulation. However, an additional possibility to

be taken into account is that the NTR module of
NTRC is able to reduce other Trxs than its own
Trx module. Here, we have addressed this
possibility by analyzing the interaction of NTRC
with two representative chloroplastic Trxs, the
fl-type and the  x-type.  Stopped-flow
experiments showed that the kinetic behavior
described above for NTRC was not affected in
the presence of 50 yM of either Trx fI (not
shown) or Trx x (Figure 3, upper). However, the
addition of 2-Cys Prx did exert a remarkable
effect on the kinetics of NTRC intramolecular
ET (Figure 3, upper). Thus, in the presence of 2-
Cys Prx the first faster phase of reoxidation was
absent, while the total absorbance change
remained unaltered or even slightly increased.
This amplitude conservation was a consequence
of the increase in the amplitude of the second
phase up to 80% of the total observed change
(Figure 3, upper), without affecting the kg,
values and being independent on 2-Cys Prx
concentration (not shown).

As compared with canonical NTRs (as
NTRB), NTRC contains an additional redox-
active site (the extra 2-Cys group in the Trx
module), and thus also an additional ET pathway
via internal dithiol-disulfide exchange. It has
been previously suggested that this internal
reaction proceeds from the NTR-module dithiol
of one monomer to the additional Trx-module
disulfide of the other, within a dimeric-enzyme
functional unit (5,31). This possibility was here
addressed following the kinetic behavior of the
NTRC double mutants C140S-C143S
(NTRC¢y) and C377S-C380S (NTRCyy),
lacking respectively the 2-Cys groups at the
NTR and Trx modules by site-directed
mutagenesis replacement of Cys by Ser.

Both NTRC, and NTRC,,, mutants were
efficiently reduced by NADPH, as observed by
stopped-flow experiments (Figure 4) and steady-
state monitoring of the absorption spectra (not
shown), showing multiexponential kinetics and
k.»s values similar to those observed with NTRC,
NTRB and NTRC,,. However, at longer time-
scales, no fast reoxidation reactions were
observed in any case (Figure 4, traces A and B),
thus suggesting again that the two initial
oxidation processes detected in the entire NTRC
protein can be assigned to intramolecular ET
involving the two 2-Cys redox-active groups. In
the case of the NTRC,,, mutant, no reoxidation
reaction was observed at all, as expected for an
enzyme lacking the primary electron acceptor of
the flavin group, whereas the NTRCc,,, mutant
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showed just the very slow kinetics of the third
phase described above (k,,, < 0.01 s™).

It has been suggested that in NTRC the ET
exchange involving the two 2-Cys redox-active
groups occurs between the NTR and Trx
modules from different monomers in the dimeric
enzyme (31). This proposal has been here
confirmed by stopped-flow kinetic experiments
with 1:1 NTRC¢;:NTRC,,, mixtures. Whereas
internal ET inside the same monomer of NTRC
would result in totally inactive mutant mixtures,
a process involving inter-monomeric exchange
would determine the formation of a 25% active
NTRC;:NTRC,,, dimers, in which ET from
the active 2-Cys group in the NTR module of
NTRCy,, to the active Trx module of NTRCc,
is feasible (31), and this is indeed what it was
observed with NTRCc;:NTRCc,, mixtures.
Although both the small amplitude of the signal
arising from just a 25% of active
NTRC;:NTRC,, dimers and the interference
of the absorbance decay due to reduction by
NADPH hindered the observation of the two
faster phases of intramolecular ET, they were
still clearly visible (Figure 4, trace C). Finally, a
similar result to that described above for the
NTRC wild-type enzyme was observed when 2-
Cys Prx was added to 1:1 NTRC¢,;:NTRC,,
mixture experiments, 2-Cys Prx affecting the
behavior of the active complexes by eliminating
the first fast phase, and concurrently increasing
the amplitude of the second phase (Figure 4,
inset).

DISCUSSION

The solved structures of canonical NTRs
show that the protein is formed by two different
domains: one binds the FAD cofactor whereas
the other contains the NADPH binding site and
the 2-Cys group (4,15,16). The catalytic
mechanism of canonical NTRs, as described for
the E. coli enzyme, implicates the existence of
two protein conformers and a large interdomain
rotation to allow NADPH and the 2-Cys group to
be alternatively close and react with the FAD
cofactor (5,16). The different reaction steps
involved in the -catalytic cycle have been
characterized by kinetic measurements and
structural analyses of both wild-type and mutant
NTR enzymes (4,18-21). Thus, in the E. coli
protein, from the multiexponential kinetics for
NTR reduction by NADPH it is deduced that a
charge-transfer NADPH:enzyme complex is
formed after the initial NADPH binding

(4,18,41). Further flavin reduction, and electron
equilibration with the 2-Cys group, is limited by
the rate of interconversion between the two
conformers, whereas a third slower Kkinetic
component has been assigned to the formation of
a  reduced-flavin:NADP* charge transfer
complex, maybe reflecting the structural
rearrangement back to the nucleotide-reducible
NTR form (16,18,19).

Besides plant NTRC, there are two
additional examples found in bacteria of hybrid
proteins with NTR and Trx modules. The protein
from Mycobacterium leprae (33) has been
described to catalyze free Trx reduction,
although with low efficiency, by following the
canonical conformational-change mechanism.
However, no intramolecular disulfide ET
exchange was detected in the Mycobacterium
fusion enzyme (33). On the other hand, in the
homodimeric AhpF enzyme from Salmonella
typhimurium (42), a Trx module mediates the
reduction of a 2-Cys-type Prx via intra-subunit
ET (34). Thus the mechanism of the Trx-module
reduction can vary from one type of fusion
enzyme to the other.

Steady-state NTRB and NTRC,, titration
with  NADPH led to a nucleotide:enzyme
stoichiometry of 2 for full protein reduction.
This is in agreement with the fact that canonical
NTRs can exist as E (oxidized), EH, and EH,
forms, and thus two NADPH molecules are
required to completely reduce the protein (1,4).
NTRC, however, requires three nucleotide
molecules for full reduction, as a consequence of
the presence of an extra 2-Cys active group. Our
data cleary indicate that NTRC is a reductase for
its own Trx module, and that electrons have to
be transferred from NADPH to the internal Trx
domain via intramolecular ET.

Kinetic data for NTRC, NTRB or NTRCy
reduction show a multiexponential behavior
similar to that previously described in canonical
NTRs. The values here reported for the different
catalytic steps, i.e.: the NADPH:NTR K,, the
interconversion  rate for the  structural
rearrangement of the FAD and NADPH domains
(k’,) and the slower kinetic component (k’;), are
in the range of the values previously described
for the E. coli enzyme (18), considering that our
experiments have been carried out at 10 °C in
order to slow-down the rates for a better
detection. Thus, it is demonstrated that the
presence of the extra Trx module in the
bimodular NTRC enzyme does not restrict or
affect the conformational motions involved in
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the reductive reactions. In addition, it is
interesting to note that, although NTRs
preferentially use NADPH as electron donor,
qualitatively similar results were observed when
using NADH with NTRC, NTRB or NTRC,,
although the values for the NADH:NTR K, are =
25-50 times lower as compared with NADPH,
and also a slightly lower value for the
rearrangement constant k’, was calculated. It has
been previously reported that the use of different
electron donor systems is sufficient to cause
small alterations in the observed rate for the
conformational change in NTR (17). However,
the similar kinetic constants values observed
here with NADPH/NADH are not only in
agreement with the assignment of the first-order
kinetic reduction steps to conformational
changes, but also that these motions are
relatively independent of the nucleotide donor
used.

The final acceptor of canonical NTRs is a
Trx. Structural analyses have shown that the
interdomain movement in E. coli NTR also
exposes the reduced disulfide group to be
accesible to the Trx partner. In addition, the
observed experimental ET rates of Trx reduction
are equivalent (= 30-80 s') to the rate of
interconversion between the two conformers (=
50 s') (17,40). Consequently, according to the
“conformational gating” proposal, the ET rate
determined for Trx reduction is assumed to
reflect this interconversion process between
conformers, which thus is thought to be the
turnover limiting step (16). In NTRC, however,
the “Trx substrate” is already bound to the NTR
module, and thus intramolecular ET processes
are expected. The structure of NTRC is not yet
solved, but a model structure, using the
homologous Arabidopsis NTRB and E. coli Trx
as templates, is available (5). The model shows
that the NTR module is bound to the Trx module
through a ca. 20-residues flexible linker at the C-
terminal part of the NTR domain containing the
NADPH binding site. In this model, the Trx
domain was located close to the NTR domain
active site of the second subunit of the NTRC
dimer, thus suggesting an inter-subunit ET.
However, the possibility of a monomeric active
enzyme, able to approach the Trx module and
the active 2-Cys in the NTR module through
large conformational movements, was not
discarded (5).

The experimental results here presented
clearly detected intramolecular reactions in
NTRC that are absent in NTRC,, and involve the

2-Cys groups. The reduction of the Trx module
occurs according to two first-order Kkinetic
components. Two posible explanations could
account for these two reoxidation processes. As
a first proposal, it would be possible that the two
kinetic phases reflect the ET from the 2-Cys
group in the NTR module to both the Trx
domain from the same monomer or the other
monomer in the dimeric enzyme. According to
this possibility, the two kinetic phases would be
assigned to the ET to Trx modules located at
different distances from the NTR module active
site: one closer (intermonomeric ET) than the
other (intramonomeric ET), but in any case in
fixed positions. However, this hypothesis can be
ruled out when considering the results obtained
with the NTRC C140S-C143S and C377S-
C380S double mutans, lacking respectively the
2-Cys groups in the NTR and Trx modules.
Thus, in NTRC;:NTRC,, 1:1 mixtures both
kinetic phases are still visible in a situation in
which the intramonomeric ET is not possible,
but only the intermonomeric one (31).

An alternative explanation for the two phases
of intramolecular ET in NTRC is based in the
existence of an equilibrium between two
different structural conformations of the Trx
module relative to the NTR-module active site
(Figure 5). These two orientations would
establish different distances between the two 2-
Cys active sites, which results in the one-order
of magnitude difference in the observed
intramolecular ET rates (1.90 vs 0.13 s™); these
rate constants could reflect either true ET rates
or rate-limiting structural rearrangements, as
already described in the reductive cycle of
canonical NTRs. In this sense, it is interesting to
note the coincidence of the values (= 2 s@) for
the slower step in NTRC reduction by NADPH
and the faster reoxidation phase. However, that
this coincidence reflects the same structural
rearrangement process cannot be unequivocally
demonstrated. Remarkably, the rate constant
values here observed are at least 10 times lower
that those reported for the E. coli NTR:Trx
system (4,17,40), and a low catalytic activity has
been also reported for the fusion enzyme from
Mycobacterium (33). Thus, it seems that the
intermodular-binding linker in NTRC fixes the
Trx domain in non-optimal configurations
related to free Trx, and thus the fusion enzyme
shows restricted conformations that limit the
kinetic efficiency. In this sense, the results
obtained in the presence of 2-Cys Prx, the
physiological substrate, are of great interest.
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Whereas the presence of Trxs did not affect the
NTRC dynamic motions, the binding of 2-Cys
Prx shifted the equilibrium of the Trx module
orientations in a way that favours a specific but
less efficient conformation for ET (Figure 5).
Therefore, our results support the occurrence of
additional dynamic motions in NTRC that are
absent in NTRB and NTRCy, and are thus
imposed by the extra-Trx module, but also
influenced by the presence of the 2-Cys Prx
substrate. These dynamics motions involving the
NTR and Trx modules are, finally, the limiting
step in the NTRC enzyme turnover, in strong
contrast with the canonical enzymes, in which
the NTR interdomain rotation is the limiting step
(16). In addition, as stated before, the results

observed with the NTRC double mutants,
missing the 2-Cys group either in the NTR or the
Trx modules, agree with the hypothesis of a
catalytic cross-reaction between subunits, as
previously  suggested  from  steady-state
experiments (31) (Figure 5).

As a final conclusion, our experimental
results show not only that plant NTRB and
NTRC maintain the conformational changes
previously associated with the process of
catalysis in canonical NTRs, but also unveils
additional dynamic motions and restricted
configurations in NTRC, associated with the ET
to the extra Trx module, which are altered in the
presence of 2-Cys Prx.
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Table 1. Kinetic parameters for plant NTRs electron transfer reactions as determined by stopped-flow

spectroscopy.

Reaction K, (M")? Kk, (s k5 (s g (s K (s
NADPH=>NTRB 9.7 x 10° 16.0 2.3 -- -
NADPH=>NTRC 2.8x 10° 26.0 22 1.90 0.13
NADPH=>NTRC,, 2.5x 10° 29.0 2.5 -- -
NADH=>NTRB 1.8 x 10* 12.8 1.2 -- -
NADH=>NTRC 1.6 x 10* 133 1.2 -- -
NADH=>NTRC,, 0.7 x 10* 18.2 1.1 -- -

’K,, association rate constant obtained from the concentration dependence of the observed
intermediate phase of reduction. °k’,, first-order apparent electron transfer rate constant for the NTR
domain rearrangement step, estimated by extrapolating the k., of the intermediate phase to infinite
NAD(P)H concentration. °k’;, first-order rate constant for the NTR-NAD(P)* rearrangement step,
estimated by the concentration-independent k,, of the third phase. ‘%’f,, °k’p,, first-order electron
transfer rate constants for the first and second phase of NTRC intramolecular ET.
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FIGURE LEGENDS

FIGURE 1. Representative spectra for the progressive reduction of 20 M NTRB (upper) and NTRC
(lower) samples by adding repeated fixed amounts (1 uM) of NADPH; top spectra: initial spectra
without NADPH; bottom spectra: plus 45 uM (upper) or 65 uM (lower) NADPH. Other experimental
conditions were as described in Experimental Procedures.

FIGURE 2. (Upper) Transient kinetics of NTRC reduction by NAD(P)H as observed by stopped-
flow at 456 nm; kinetic traces could be adjusted to multi-exponential fits, as indicated in the Results
section. NTRC and NAD(P)H concentrated samples were mixed to obtain final concentrations of 7.5
uM NTRC and 27 uM NADPH or 270 uM NADH. (Upper inset) NTRC reduction by NADPH
measured at 540 nm. (Lower) Dependence on NADPH concentration of the observed rate constants
(k) of the intermediate phase for NTRC reduction. (Lower inset) Dependence on NADH
concentration of k., for NTRC reduction. Experiments were carried out in 20 mM phosphate buffer,
pH 7.5, at 10° C under anaerobic conditions. NTRC reduction was followed by mixing 200 pL
solutions of NTRC 8 uM with small volumes of concentrated nucleotide solutions (0.3-3 mM).
Continuous lines represent theoretical fits according to the reaction mechanisms previously proposed
(39). Other experimental conditions were as described in Experimental Procedures.

FIGURE 3. (Upper) Transient kinetics for NTRC intramolecular electron transfer, after reduction by
NADPH, as observed by stopped-flow at 456 nm in the absence or presence of 2-Cys Prx or Trx x;
kinetic traces of reoxidation could be adjusted to multi-exponential fits, as indicated in the Results
section. NTRC and NADPH concentrated samples were mixed to obtain final concentrations of 15
uM NTRC and 15 yM NADPH, in the absence or the presence of 50 uM 2-Cys Prx or Trx x, as
indicated. For comparative purposes, a similar experiment was carried out with NTRC,,. (Lower)
Dependence on NADPH concentration of the k., for the two reoxidation phases. NTRC reactions
were followed by mixing 200 gL solutions of NTRC 15 M with small volumes of concentrated
NADPH solutions (0.09-0.3 mM). Other experimental conditions were as described in Figure 2.

FIGURE 4. Transient kinetics for the reoxidation reactions in NTRCc, (A) or NTRC, (B)
samples, and in NTRCc/NTRCcy, 1:1 mixtures (C). (Inset) Reoxidation reaction in
NTRC/NTRCcy, 1:1 mixtures in the presence of 50 uM 2-Cys Prx. Intramolecular electron
transfer in the NTRC mutants, after reduction by NADPH, was followed by stopped-flow at 456 nm.
NTRC mutants and NADPH concentrated samples were mixed to obtain final concentrations of 20
uM protein and 20 uM NADPH (A, B) or 30 uM protein and 30 uM NADPH (C, and inset). Other
experimental conditions were as described in Figure 3.

FIGURE 5. Proposed model for the reaction mechanism of NTRC. In NTRC dimers, the minimal
catalytic unit, electron transfer from NTR to Trx modules occurs via inter-subunit pathways. In the
absence of 2-Cys Prx (upper), the equilibrium between different structural conformations of the Trx
domain related to the NTR module in each monomer (indicated as dashed grey arrows) would
establish different electron transfer rates. 2-Cys Prx shifts the equilibrium restricting the Trx module
to a specific configuration (lower). Each monomer in NTRC dimers is coloured in dark or light grey
respectively; white arrows indicate electron transfer pathways.
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