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Activation of Coq6p, a FAD Monooxygenase Involved in
Coenzyme Q Biosynthesis, by Adrenodoxin
Reductase/Ferredoxin
Lucie Gonzalez,[a] Samuel Chau-Duy Tam Vo,[a, b] Bruno Faivre,[a] Fabien Pierrel,[c]

Marc Fontecave,*[a] Djemel Hamdane,*[a, d] and Murielle Lombard*[a]

Adrenodoxin reductase (AdxR) plays a pivotal role in electron
transfer, shuttling electrons between NADPH and iron/sulfur
adrenodoxin proteins in mitochondria. This electron transport
system is essential for P450 enzymes involved in various
endogenous biomolecules biosynthesis. Here, we present an in-
depth examination of the kinetics governing the reduction of
human AdxR by NADH or NADPH. Our results highlight the
efficiency of human AdxR when utilizing NADPH as a flavin
reducing agent. Nevertheless, akin to related flavoenzymes
such as cytochrome P450 reductase, we observe that low
NADPH concentrations hinder flavin reduction due to intricate
equilibrium reactions between the enzyme and its substrate/
product. Remarkably, the presence of MgCl2 suppresses this

complex kinetic behavior by decreasing NADPH binding to
oxidized AdxR, effectively transforming AdxR into a classical
Michaelis-Menten enzyme. We propose that the addition of
MgCl2 may be adapted for studying the reductive half-reactions
of other flavoenzymes with NADPH. Furthermore, in vitro
experiments provide evidence that the reduction of the yeast
flavin monooxygenase Coq6p relies on an electron transfer
chain comprising NADPH-AdxR-Yah1p-Coq6p, where Yah1p
shuttles electrons between AdxR and Coq6p. This discovery
explains the previous in vivo observation that Yah1p and the
AdxR homolog, Arh1p, are required for the biosynthesis of
coenzyme Q in yeast.

Introduction

Coenzyme Q, a vital lipophilic quinone playing a pivotal role in
the mitochondrial respiratory chain, undergoes a complex
biosynthetic process requiring three distinct hydroxylation
reactions at specific positions on its benzene ring, namely C1,
C5 and C6.[1] While the eukaryotic enzyme Coq7 has been
biochemically characterized as a non-heme di-iron cluster
metalloenzyme receiving its electrons from NADH for the C6
hydroxylation,[2] the counterparts responsible for the C1 and C5,
the other two enzymes responsible for the C1 and C5
hydroxylation have remained enigmatic, with limited biochem-
ical investigations. Our research conducted in the yeast
Saccharomyces cerevisiae has unveiled the involvement of a
flavin monooxygenase, Coq6p, in the C5 hydroxylation
process.[3] Furthermore, our genetics studies have indicated the
essential role of Arh1p and Yah1p, the yeast homologs of

human AdxR (adrenodoxin reductase) and of both Fdx1 and
Fdx2 (ferredoxin) respectively, in facilitating Coq6p’s activity.[4]

However, the interplay between Arh1p-Yah1p and Coq6p has
remained enigmatic. Indeed, like for other one-component class
A flavin monooxygenases, the reduction of the FAD cofactor of
Coq6p is expected to involve a hydride transfer from NAD(P)H.[5]

During our efforts to get insights into the mechanism of Coq6p
activation, namely the reduction of its FAD cofactor as a
prerequisite for O2 activation, and into the role of the
adrenodoxin reductase/ferredoxin couple, we discovered that
adrenodoxin reductase had an intriguing kinetics behavior. This
led us to carry out a thorough biochemical kinetics study of the
human adrenodoxin reductase (hAdxR, NADPH:adrenal ferre-
doxin oxidoreductase, EC 1.18.1.6). In this study one could not
use Arh1p, the yeast adrenodoxin reductase, as we failed to
express and purify it, in agreement with a previous observation
from Lill and collaborators.[6] However, hAdxR which shares 65%
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sequence similarity with Arh1p (and 36% sequence identity),
was shown to reduce Yah1p efficiently,[6] and here proved
functional in the adrenodoxin reductase/ferredoxin/Coq6p
electron transfer system.

hAdxR, also known as ferredoxin reductase FdxR, is a
mitochondrial FAD-dependent flavoenzyme belonging to the
large and ubiquitous family of ferredoxin-NAD(P)+ reductase
(FNR). FNRs shuttle electrons between two-electron and one-
electron carriers[7] and participate to many metabolic pathways
such as steroid metabolism,[8] photosynthesis,[9] isoprenoid
synthesis,[10] iron-sulfur cluster biogenesis.[11] The FNR family is
organized into three phylogenetically and structurally unrelated
protein groups, including the plastid-type, the thioredoxin
reductase (TdR)-type and the glutathione reductase (GR)-type
to which AdxR belongs to.

It has been shown that adxR is a p53 pro-apoptotic target
gene that would sensitize cells to oxidative stress-induced
apoptosis.[12] A hypothesis is that p53 would induce expression
of AdxR, which would subsequently cause a depletion of the
available pool of reduced NADPH necessary for detoxifying
reactive oxygen species (ROS) in mitochondria, amplifying the
ROS-mediated apoptosis. Indeed, an adxR-deficient mouse leads
to embryonic lethality potentially due to iron overload. AdxR
and p53 would be mutually regulated. This AdxR-p53 loop
would play an important role in iron homoeostasis for tumor
suppression.[13] Furthermore, a recent study has identified at
least three mutations in the adxR gene (L215 V, R306 C and
E477 K, Figure S1) of patients suffering from sensorial neuronal
defects (auditory neuropathy and optic atrophy) and leading to
mitochondrial iron overload.[14]

Human AdxR receives two electrons in the form of a hydride
ion from NADPH and transfers them one at a time to [2Fe-2S]
adrenodoxin (Adx, also called ferredoxin 1 or Fdx1), which then
transports them to mitochondrial cytochrome P450 s.[15] In
adrenal glands, these P450s are involved in the biosynthesis of
steroid hormones (reviewed in).[8,16] In liver and kidney mito-
chondria, this electron transfer chain donates electrons to the
cytochromes P450 involved in the production of bile acids and
in the activation of vitamin D3.

[17] In addition to its important
role in P450s metabolism, AdxR is involved in iron
homeostasis,[18] de novo Fe� S cluster biogenesis[6,11a,19] and also
heme O and heme A formation via ferredoxin 2 (Fdx2).[20]

Human Fdx1 and Fdx2 share 43% sequence identity and a very
similar structure. They both interact with the same NADPH
dependent reductase, adrenodoxin reductase. While the classi-
cal function of Fdx1 is sterol synthesis via cytochrome P450
enzymes and the main function of Fdx2 is Fe/S cluster
biogenesis and heme A synthesis,[6,20c] other studies have shown
that both Fdx1 and Fdx2 would be important in iron/sulfur
cluster synthesis. In particular, knock-down of Fdx1 would
significantly compromise iron-sulfur proteins activities and
would lead to mitochondrial iron overload.[19b] Moreover, recent
studies have shown that Fdx1 is essential for production of the
lipoic cofactor synthesized by the Fe-S lipoyl synthase.[21] Fdx1 is
also required for the mitochondrial reduction and delivery of
copper to Cytochrome c oxidase (CcO).[22] Most of the
biochemical and structural studies were done on the native

AdxR from B. taurus (bAdxR) purified from the adrenal cortex in
the 1970 s,[23] and then on a recombinant version overexpressed
and purified from E. coli.[24] This 54-kDa monomeric flavoprotein
is loosely associated with the inner mitochondrial membrane[25]

and contains one molecule of flavin adenine dinucleotide (FAD)
per polypeptide chain.[23c] The crystal structure of bAdxR
showed that the enzyme is organized into two domains, a FAD-
binding domain and a NADP-binding domain of about equal
size, with the active site lying at the interface of both domains.
Furthermore, the structures of the protein in complex with
dinucleotides revealed that the C4 of the nicotinamide moiety
and the N5 of FAD are placed in a proper orientation for
hydride transfer.[26] The structure of bAdxR-Adx complex
revealed a slight reorientation of bAdxR domains, resulting in a
shortening of the distance between the FAD and NADP
domains.[27] In this complex, the distance between the FAD
isoalloxazine ring of AdxR and the [2Fe-2S] cluster of Adx is
10.3 Å, which could support electron tunneling between the
two redox centers. Bovine AdxR can be reduced not only by
NADPH, but also by NADH, but the Km value for NADPH (1.8 μM)
is three orders of magnitude smaller than that for NADH
(5 mM), suggesting that NADPH is the physiological electron
donor for AdxR.[23c] It was proposed that this higher selectivity
for NADPH over NADH was due to interactions between the 2’-
phosphate group of NADPH and arginine residues in the
nicotinamide binding domain.[28] This selectivity seems to be
present in another protein of the AdxR family, FprA from
Mycobacterium tuberculosis. FprA shares 39% and 40% se-
quence identity with bovine and hAdxR respectively, and is able
to transfer electrons to the cytochromes P450 of M.
tuberculosis.[29] It was found to be selective for NADPH.[29–30] A
switch of selectivity of FprA towards NADH was observed when
Arg200, the arginine responsible for interactions with the 2’
phosphate of NADPH, was mutated into alanine.[31] Although
human and bovine AdxR share 88% sequence identity, the
human counterpart has been much less studied than its bovine
ortholog, probably due to the low-yield of protein expression in
E. coli (0.1 mg/l culture).[32] Here, we report a protocol leading to
a higher yield of expression of soluble recombinant hAdxR in
E. coli allowing us to characterize in detail the reductive half-
reaction between hAdxR and NAD(P)H by steady-state and
transient kinetics using stopped-flow techniques. We showed
that while the reaction of hAdxR with NADH obeys to a simple
kinetic model, the enzymatic mechanism is far more complex
with NADPH, due to reversible reactions likely driven by the
great affinity of the enzyme for this reduced pyridine nucleo-
tide. The weakening of this interaction by relatively low
concentrations of MgCl2, which acts as a competitive inhibitor
with respect to NADPH binding, simplifies the mechanism
rendering it amenable to a thorough kinetic investigation. We
anticipate that such an approach could be implemented to
study other related flavoenzymes sharing a similar complex
reductive half-reaction with NADPH. The Alphafold2 model
structure of hAdxR (Figure S1) show two arginine residues, R228
and R229, corresponding to R199 and R200 of FprA, which are
very close to the 2’Phosphate groups of NADPH (Code
PDB :1LQU).
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Finally, we also establish in vitro the existence of a func-
tional electron transfer chain from NADPH to the yeast
monooxygenase Coq6p, via the flavin reductase AdxR and the
[2Fe-2S] ferredoxin Yah1p. The discovery that AdxR and Yah1p
mediate electron transfer from NADPH to Coq6p is unexpected
because flavin monooxygenases are known to use NADPH or
NADH as direct electron donors to their flavin cofactor.[5a,c] This
novel scenario for reduction of flavoenzymes is discussed.

Results and Discussion

Expression, Purification and Spectroscopic characterization of
hAdxR

In previous studies, human adxR gene was expressed in E. coli
cells, using a derived-pFXblue plasmid with a bacteriophage
λpL promoter, but gave a low yield of protein expression
(~0.1 mg/liter of culture) due to the formation of inclusion
bodies.[32] Here, the N-terminal hexahistidine (His6)-tagged
mature form of hAdxR, lacking the 32 N-terminal amino acids
corresponding to the mitochondrial targeting sequence, was
overexpressed in E. coli by using pETDuet-1 plasmid (Figure S2).
The combination of (i) late protein induction (end of the
exponential growth phase, OD600nm=1.8) with 0.2 mM IPTG, (ii)
use of low temperature cultivation (20 °C for 18 hours) and (iii)
co-expression of E. coli chaperones (GroES/GroEL), allowed us to
increase the yield of soluble recombinant hAdxR by 25-fold
(2.5 mg/L culture) compared to the previous protocols from
literature. After the two steps purification, SDS-PAGE showed a
main-band corresponding to a protein of ~50 kDa (Figure S3A)
and SEC-MALS analysis showed that hAdxR behaves as a
monomer in solution (Figure S3B). HPLC analysis of the flavin
released from a heated hAdxR sample revealed that the enzyme
binds FAD in a non-covalent manner. The visible absorption
spectrum of hAdxR exhibits features typical of oxidized flavin-
containing enzymes, with peaks at 271 nm, 376 nm and
450 nm, and shoulders at 420 and 478 nm (Figure S3C). The
protein/flavin absorbance ratio at A271/A450 nm is ~8. This
spectrum is very similar to that of bAdxR[24a] or rat AdxR.[33]

Based on an extinction coefficient of protein-bound FAD at
450 nm, ɛ450=11 mM� 1 . cm� 1, the FAD content of this hAdxR
sample is ~0.7.

Reductive titration of hAdxR

The titrations of hAdxR by NADPH, NADH or dithionite were
performed under anaerobic conditions to characterize the
reactivity of the FAD coenzyme (Figure 1). Figure 1A shows the
spectral changes of hAdxR in the presence of increasing
amounts of NADPH. Upon addition of sub-stoichiometric
amounts of NADPH, we observed that absorbance at 450 nm
and 376 nm decreased steadily, which is consistent with the
reduction of FAD into FADH2. Concomitant to this decrease, we
observed the appearance of a small and broad band between
500 and 700 nm, usually ascribed to the formation of a blue

neutral FAD semiquinone, as this is the case for FprA.[30] When
stoichiometry was reached, 85% of FAD was reduced but 15%
remained oxidized, indicating an incomplete reduction, as this
is observed in the case of bovine AdxR.[34] Similar results were
observed when NADH was used as a reducing agent (Figure 1B).
However, when titration was conducted with one equivalent
dithionite, a full reduction of hAdxR was achieved, notably
without formation of charge transfer bands (Figure 1C). This
incomplete reduction by stoichiometric amounts of NAD(P)H is

Figure 1. Redox titration of hAdxR with NADPH, NADH and dithionite.
9.3 μM hAdxR was stepwise reduced in anaerobiosis by NADPH (A) or NADH
(B) or dithionite (C), in a 10 mm path length cuvette, in 100 mM Tris-HCl,
pH 7.5. The last curve in (A) and (B) correspond to a molar ratio NADPH/FAD
and NADH/FAD of 100 :1. The insets show the plot of the fractional
absorbance changes at 450 nm as a function of reductant/FAD molar ratio.
Ai and Af are the initial and final values of absorbance at 450 nm,
respectively.
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not uncommon within the AdxR family, as examplified by the
case of bAdxR,[34] and FprA from M. tuberculosis.[29–30]

Steady-state enzyme activities of hAdxR

To investigate whether hAdxR can discriminate between
NADPH and NADH, we measured the ferricyanide reduction
activity under steady-state conditions (Table 1). The reduction
of ferricyanide proceeds with similar catalytic rate constants for
both NADPH and NADH, kcat (~26 s� 1). This rate is likely
attributable to the limiting hydride transfer suggesting that the
hydride is transferred at a similar rate from the nicotinamide
moiety of NADPH or NADH. However, the apparent Km for
NADPH (2.6�0.4 μM) is 65-fold lower than that for NADH
(170�13 μM), showing that hAdxR has a better affinity for
NADPH. This translates into a higher catalytic efficiency with
NADPH (kcat/Km=9.8�1.1 μM� 1 . s� 1 for NADPH vs 0.15�
0.01 μM� 1 . s� 1 for NADH). Overall, our results indicate that
NADPH is a more effective reducing agent than NADH for
hAdxR. This selectivity seems to be a general feature among the
ferredoxin-reductase type enzymes.[35] Moreover, the estimated
NADH/NADPH ratio in the mitochondrial matrix is estimated to
be 1 over 1000, reinforcing our finding.[36]

30 nM hAdxR was incubated with various amounts of
NADPH (1 to 100 μM) or NADH (10 to 2000 μM) in the presence
of 1 mM ferricyanide, in a total volume of 500 μl, in buffer Tris-
HCl 100 mM, pH 7.5. The ferricyanide concentration was kept at
1 mM when measuring the Km for NADPH, and at 200 μM when
measuring the Km for NADPH. When measuring the Km for
ferricyanide, 100 μM of NADPH or 1500 μM of NADH were used.
nd, not determined.

The apparent discrepancy between the Km values of hAdxR
for ferricyanide, which are 10 times lower when using NADH
than NADPH, could possibly be explained by a competitive
interaction between NADP+ and ferricyanide for binding to the
reduced hAdxR (see stopped flow), which may not be the case
with NAD+.

Stopped-flow kinetics of hAdxR anaerobic reduction with
NADH

The kinetics of anaerobic reduction of hAdxR by NADH were
studied with a stopped-flow spectrophotometer in a single-

wavelength mode at 25 °C. The flavin reduction was monitored
by recording the absorbance change at 450 nm over time after
the rapid mixing of 800 μM NADH with 15 μM hAdxR in a
phosphate buffer. As shown in Figure 2A, the variation of
absorbance within 200 ms of reaction accounts for conversion
of oxidized FAD into FADH2. The FAD reduction was fitted to a
single exponential function yielding an apparent rate constant
of ~24�0.2 s� 1, a value similar to the kcat (26�0.5 s� 1) for the
steady-state reduction of ferricyanide by NADH (Table 1). In
contrast, the kinetic followed at 530 nm is biphasic with a rapid
increase of absorbance during the first ~18 ms followed by
subsequent decrease (Figure 2A). The first kinetic phase is
attributed to the formation of charge transfer 1 (CT1), which
generally corresponds to the Michaelis complex (i. e AdxR-
FAD ·NADH), while the second phase represents the decay of
CT1 concomitant to the hydride transfer reaction. The formation
of this complex proceeds with a kobs1 of ~92.5�3 s� 1 while it
disappears at 26�1.5 s� 1 consistent with the apparent rate
constant for FAD reduction determined at 450 nm (AdxR-FAD +

NADH,H+!AdxR-FAD ·NADH,H+!AdxR-FADH2+NAD+). It was
not possible to observe any detectable signal at 700 nm for the
charge transfer 2 (CT2) attributed to the AdxR-FADH2 ·NAD+

species, which is in agreement with a fast dissociation of NAD+

product from the reduced enzyme. Accordingly, the hydride
transfer from the nicotinamide to FAD is likely the rate-limiting
step in the reaction of hAdxR with NADH.

The reductive half-reaction of hAdxR was further examined
over a wide range of NADH (0.025 to 1.6 mM) (Figure 2B). All
the kinetics traces monitored at 450 and 530 nm were treated
with a single and double exponential function, respectively. The
observed rate constants for FAD reduction exhibits a hyperbolic
dependence on NADH concentration reaching a plateau ~29s� 1

(klim) and intercepting the y-axis around zero, which is
consistent with an essentially irreversible reduction step of FAD.
The rate constants of CT1 formation vary linearly with NADH
concentration yielding a slope of 0.075�0.01 μM� 1 . s� 1 and a y-
intercept C of 37�3s� 1. On the basis of kobs dependency on
NADH for both the CT1 formation and flavin reduction, micro-
scopic rate constants that account for the minimal model
illustrated by Scheme 1 can be estimated. The bimolecular rate
constant k1 is 0.075�0.01 μM� 1 . s� 1 while the k� 1 can be
calculated from C=klim+k� 1 yielding a value ~8 s� 1. The klim
value is assigned to the k2~29 s� 1. The dissociation constant Kd

for NADH is thus k� 1/k1~107 μM.

Table 1. Steady-state activity of hAdxR assessed by ferricyanide reduction.

Wiley VCH Mittwoch, 21.02.2024

2405 / 337140 [S. 57/66] 1

ChemBioChem 2024, 25, e202300738 (4 of 13) © 2023 The Authors. ChemBioChem published by Wiley-VCH GmbH

ChemBioChem
Research Article
doi.org/10.1002/cbic.202300738

 14397633, 2024, 5, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cbic.202300738 by B
ibliothèque de Sorbonne U

niversité, W
iley O

nline L
ibrary on [14/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



The enzyme first binds NADH forming a Michaelis complex
at 92.5 s� 1, a rate attributed to the charge transfer 1 formation.
Then, the flavin reduction occurs at a rate of 26 s� 1 (klim),
consistent with the kcat value determined from ferricyanide
reductase activity and reflecting the rate-limiting step in the
reaction cycle. This apparent first order rate constant varies
hyperbolically with NADH, in accordance with the minimal
model in Scheme 1 with a quasi-irreversible hydride transfer as
evidenced from the absence of a detectable signal for NAD+/
FADH� charge transfer CT2 complex and the hyperbolic
dependence intercepting the y-axis near zero leading to a Kd for
NADH~107 μM.

Stopped-flow kinetics of hAdxR anaerobic
reduction by NADPH

The reduction of hAdxR was also studied with NADPH. Rapid
mixing of 12.5 μM hAdxR with 64 molar equivalents of NADPH
led to a loss of absorbance at 450 and 530 nm (Figure 3A).

The variation of absorbance at 450 nm indicates that all the
FAD of hAdxR is reduced within 200 ms. Both kinetic traces
were best fitted with a monophasic exponential yielding
comparable observed rate constants 27�0.5 s� 1 and 29�
0.8 s� 1 at 450 and 530 nm, respectively (Figure 3A). These rate
constants are similar to those observed for the reduction of
hAdxR by NADH suggesting that the hydride transfer step from

Figure 2. Kinetics of reduction of hAdxR by NADH. (A) Kinetic traces of hAdxR (15 μM) reduction by NADH recorded by following the absorbance at 450 (left
axis, green) and 530 nm (right axis, red). (B) Dependence of the observed rate constant for hAdxR reduction (kobs) as a function of NADH determined at
450 nm (circle) and 530 nm (square).

Scheme 1. Minimal model for the reaction of hAdxR with NADH.
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the nicotinamide to FAD occurs at a similar rate with NADH or
NADPH. A notable difference with NADH is the lack of
detectable kinetic phase attributed to the AdxR-FAD ·NADPH
complex formation (Figure 3A), even at lower temperature (T=

6 °C) (Figure 3B). The kinetics of AdxR reduction were also
recorded with various concentration of NADPH at 25 °C. As
shown in Figure 3B, the observed rate constant for flavin
reduction observed at either 450 or 530 nm does not exhibit a
classical rectangular hyperbolic dependence on NADPH but
rather it decreases with increasing NADPH concentration from
38.5�0.5 s� 1 at 25 μM to a limiting value of 27�0.3 s� 1 (klim) at
saturating NADPH, the latter value consistent with the rate of
hydride transfer. This kinetic behavior was conserved even at
low temperature (Figure 3B) preventing us from determining
the microscopic constants for the reaction of NADPH with the
enzyme. In fact, this phenomenon has also been observed in
other flavoenzymes such as the members of CYPOR family
(cytochrome-P450 reductase, NO synthase, flavocytochrome

P450-BM3 reductase)[37] and FprA from M. tuberculosis[30] but not
in the case of canonical FNRs.

The failure to fit the FAD reduction rate constants versus
the NADPH concentration to a simple Michaelis type equation
might be due to: (i) a reversible hydride transfer combined with
a high affinity of the reduced enzyme for the NADP+ product
and (ii) a possible binding of NADP+ to the oxidized enzyme.[37c]

To verify if NADP+ could oxidize FADH2 of hAdxR, the enzyme
was reduced with a stoichiometric amount of NADPH and
rapidly mixed with a large excess of NADP+. This resulted in an
increase of absorbance at 450 nm consistent with a FADH2

oxidation by NADP+ proceeding at 46 s� 1 (Figure S4). This
reversible hydride transfer in AdxR family is likely to occur
because of the high affinity of the hAdxR for NADPH and
NADP+ much larger than that for NADH/NAD+.

Figure 3. Stopped-flow kinetics of reduction of hAdxR by NADPH. (A) Kinetic traces of hAdxR (12.5 μM) reduction by 64-molar equivalent of NADPH recorded
by following the absorbance at 450 (left axis, green) and 530 nm (right axis, red). (B) Dependence of the observed rate constant for hAdxR reduction (kobs) as a
function of NADPH determined at 450 nm at 25 °C or 6 °C.
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Effect of Mg2+ on the steady state kinetics

Mg2+ is a physiological cation often involved in the interaction
with the negatively charged phosphates of single or poly-
nucleotides such as RNA.[38] It acts as a cofactor of several
important enzymes requiring Mg� ATP complex for full function-
ality, such as various protein kinases, proteins involved in
nucleic acid metabolism, or ATPases involved in the transport of
various ions. Furthermore, Mg2+ binds to phosphate groups
present in nucleic acid polymers. Since NAD(P)H carries
phosphates, we wondered if Mg2+ could influence the catalytic
properties of hAdxR. Therefore, the rate of ferricyanide reduc-
tion using NADPH as the electron source was measured in the
presence of various concentrations of MgCl2 (Table 1). Increas-
ing MgCl2 from 0 to 25 mM resulted in a 3-fold increase of the
Km for NADPH while the kcat remained almost unchanged. As
the concentration of MgCl2 increased, this effect became more
pronounced, with a 10 and 1.6-fold increase at 100 mM MgCl2
for the Km and kcat as compared with those determined in the
absence of MgCl2, respectively. The resulting 6-fold decrease in
catalytic efficiency (kcat/Km) is mainly due to a lower affinity of
the enzyme for NADPH. The role of Mg2+ is reminiscent of that
of a competitive inhibitor as indicated by the plot of the
apparent Km for NADPH versus MgCl2, yielding a Ki value of
~4.5 mM (Figure S5).

Effect of MgCl2 on the anaerobic NADPH reduction of hAdxR
under pre-steady-state conditions

To further decipher the impact of Mg2+ on hAdxR activity, the
anaerobic NADPH reduction kinetics of hAdxR were measured
by stopped-flow spectrophotometry with various MgCl2 con-
centrations. Because, Mg2+ can react with phosphate buffer and
form precipitates, Tris buffer was chosen as the working buffer.
In the absence of Mg2+, the kinetics recorded at 450 nm and
530 nm were identical to those measured in the presence of
phosphate, allowing us to determine the exact contribution of
Mg2+ on the kinetics mechanism of hAdxR (Figure 4).

In the presence of 25 mM MgCl2, the evolution of the
observed rate constants for FAD reduction changes completely
as the trace regains a hyperbolic function. However, fitting the
data to this classical function kobs=klimx[NADPH]/(Kd+ [NADPH])
is still not possible. Indeed, the reciprocal plot of 1/kobs versus 1/
[NADPH] is markedly nonlinear except at high NADPH concen-
tration indicating that the reverse hydride transfer step (FADH2

+NADP+!FAD+NADPH) proceeds with a finite rate constant,
k� 2. The situation became simpler at 50 mM and 100 mM MgCl2
as the kobs for flavin reduction vs [NADPH] evolved according to
a perfect rectangular hyperbolic function enabling a more
accurate determination of the Kd for NADPH and a microscopic
constant for the flavin reduction. This is confirmed by the
double reciprocal plot (1/kobs vs 1/[NADPH]) which yielded a
straightline plot consistent with the rapid binding equilibrium
between NADPH and hAdxR, and consequently a negligible rate
constant for the reverse hydride transfer reaction. The Kd for
NADPH were 10 μM and 33.5 μM and the k2 values were ~32 s� 1

and 34 s� 1 in the presence of 50 mM and 100 mM MgCl2
respectively.

Here we were able to obtain a classical Michaelis-Menten
behaving enzyme with NADPH by using low concentration of
MgCl2 (�100 mM) at physiological pH 7.5. Interestingly, Pennati
et al., showed that, by using very high NaCl concentration
(2.5 M) combined with a high pH of 10, FprA from M.
tuberculosis also has a lower affinity for NADPH.[39] Thus, we
obtained a similar result but in much milder physiological
conditions. In another approach, Sabri et al showed that
mutation of Arg199 and Arg200 in FprA, two residues
interacting with the NADPH 2’-phosphate group, decreased the
affinity for NADPH, abolished electron transfer from FAD
hydroquinone to NADP+ and allowed to recover a hyperbolic
dependence of NADPH-dependent FAD reduction.[31]

Detection of the AdxR-FAD·NADPH complex in the presence
of MgCl2

In the absence of MgCl2, it was not possible to observe the
transient formation of AdxR-FAD ·NADPH species. Thus, low-
ering the affinity of the enzyme for NADPH may render
accessible the detection of the complex formation. For that
purpose, the anaerobic kinetics of hAdxR flavin reduction with
NADPH were performed at 50 and 100 mM MgCl2 and followed
at 530 nm (Figure 5).

At 50 mM MgCl2, after mixing oxidized hAdxR with a molar
equivalent of NADPH, a fast increase of absorbance at 530 nm
was observed within the first 13 ms, with an observed rate
constant of 15.2 s� 1. This phase was followed by a loss of
absorbance at ~22 s� 1, which is similar to that determined at
450 nm under the same experimental conditions. Increasing
NADPH concentration resulted in an acceleration of the rates of
AdxR-FAD ·NADPH formation (Figure 5 inset). At >0.2 mM of

Figure 4. Effect of MgCl2 on the kinetics of reduction of hAdxR with NADPH.
Dependence of the observed rate constant for hAdxR reduction (kobs) as a
function of NADPH determined at 450 nm in the presence of different MgCl2
concentrations as indicated on each curve.
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NADPH, the formation of this intermediate became hardly
detectable occurring within less than 1 ms. At 100 mM MgCl2,
the stability of the AdxR-FAD ·NADPH was increased as the CT1
signal remained observable at concentrations of NADPH up to
0.4 mM. The observed rate constant for the CT1 formation (kobs1)
is linearly dependent on NADPH concentration consistent with
the minimal simple reversible equilibrium as shown in the
Scheme 2:

Accordingly, the slope representing the k1 yielded a value of
~2.9×103 mM� 1 . s� 1 and ~0.9×103 mM� 1 . s� 1 for 50 and 100 mM
MgCl2, respectively. Because the y-intercepts of kobs at both
MgCl2 concentrations vs NADPH concentration were not
significantly different, the increase of Kd for NADPH provoked
by MgCl2 was mainly due to a decrease of k1.

Altogether these results show that MgCl2 does not affect
the hydride transfer rate and it would exert its role by impairing
NADPH binding through interaction with its ADP moiety.
Indeed, MgCl2 lowers the Kd for NADPH enabling us to detect
for the first time in mammalian AdxR the formation of a
Michaelis complex between the oxidized enzyme and NADPH
at an observed rate of ~15 s� 1 in the presence of 50 mM MgCl2,
and its subsequent consumption by the hydride transfer step.

To test if the effect of MgCl2 was specific to NADPH, the
kinetics of flavin reduction by NADH in the presence of MgCl2
was also measured. Like in the case of NADPH, MgCl2 seemed
to affect the Kd of hAdxR for NADH without impairing the rate

of the hydride transfer. Going from 0 to 50 mM MgCl2 resulted
in ~6-fold increase of the Kd for NADH (from 170 μM at 0 mM to
~1 mM at 50 mM MgCl2) (Figure 6).

It is important to note that although a concentration of
25 mM or higher of Mg2+ is required to modify the kinetic
behavior of hAdxR, this concentration is well above the
concentration of free Mg2+ in the cell (0.8–1.2 mM).[40] However,
it should be taken into consideration that most of the total
amount of Mg2+ (15–200 mM)[41] is in a bound form, mainly to
proteins, nucleic acids, and nucleotides. Therefore, it is conceiv-
able that hAdxR binds to the NADPH complex chelated by
Mg2+, promoting a Michaelian mechanism for the enzyme
in vivo.

Expression, purification and characterization of Coq6p and
Yah1p from Saccharomyces cerevisiae

Then, with functional hAdxR at hand, we turned to investigating
the reason for the requirement of Arh1p and Yah1p for the
activity of the monooxygenase Coq6p involved in a hydrox-
ylation step of the coenzyme Q biosynthesis pathway, as
established by in vivo experiments in S. cerevisiae.[4] Despite
Coq6p belonging to class A monooxygenases, we hypothesized
that FAD reduction in Coq6p may not occur via direct reduction
by NADPH but instead via indirect reduction by NADPH using
the Arh1p/Yah1p electron transfer system. In order to test this
hypothesis, we first expressed and purified the Coq6p and
Yah1p recombinant proteins from S. cerevisiae, and then used
hAdxR instead of its yeast homolog Arh1p, since we could not
obtain this protein despite numerous attempts.

We previously reported the expression and purification of
yeast Coq6p, as an MBP-tag fusion protein. The purified
tetrameric Coq6p-MBP is a flavoprotein with 0.85 FAD/mono-
mer. However, cleavage of the MBP tag resulted in aggregation
that prevented any biochemical study.[3b] To overcome this

Figure 5. Effect of MgCl2 on the transient formation of AdxR-FAD ·NADPH
complex. Kinetic traces of hAdxR reduction (25 μM) by NADPH in the
presence of various MgCl2 concentration (25, 50, 100 and 200 mM MgCl2)
recorded by following the absorbance at 530 nm. The inset shows the linear
dependence of the observed rate constant for AdxR-FAD·NADPH formation
with respect to NADPH concentration determined in the presence of 50 mM
or 100 mM MgCl2.

Scheme 2. Michaelis-Menten complex formation of NADPH with hAdxR.

Figure 6. Effect of MgCl2 on the kinetics of reduction of hAdxR with NADH.
Dependence of the observed rate constant for hAdxR reduction (kobs)
(25 μM) as a function of NADH determined at 450 nm in the absence of
MgCl2 (green curve) or in the presence of 50 mM MgCl2 (black curve).
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problem, we decided to remove the 24 N-terminal amino acids
corresponding to the mitochondrial targeting sequence and
overexpressed and purified this mature form of Coq6p as a
MBP-tag fusion protein (Figure S6). Coq6pΔ1-24-MBP was
purified using two chromatographic steps: (i) an affinity MBP-
trap and (ii) a Superdex 200 gel filtration. After removal of the
MBP tag by Factor Xa, Coq6pΔ1-24, hereafter called mature
Coq6p showed a prominent band at ~50 kDa on SDS-PAGE
(Figure S7A) and behaved as a monomer of 48 kDa, as shown
by SEC-MALS analysis (Figure S7B). Overall, 2 mg of mature
Coq6p could be obtained from 1 L of culture medium. The
visible absorption spectrum of mature Coq6p exhibits features
typical of flavin-containing enzymes, with peaks located at
275 nm, 382 nm and 449 nm, and shoulders at 420 and 478 nm.
The protein/flavin absorbance ratio at A275/A449 nm in the
oxidized form of the enzyme is 10.1 (Figure S7C). The molar
extinction coefficient of mature Coq6p is 11.5 mM� 1 . cm� 1 at
449 nm and this enzyme presents a stoichiometry of 0.85 mole
FAD per mole of monomer.

Expression of yeast Yah1pΔ1-57 lacking the mitochondrial
targeting sequence (Figure S8) led to a large production of
soluble recombinant protein. As the protein does not bear any
tag, it was purified with two chromatographic steps. After an
anion exchange column (UnoQ6) and a gel filtration step
(Superdex 75), the protein was found to be pure to homoge-
neity, as judged by SDS-PAGE (Figure S9A). Overall, 25 mg of
Yah1pΔ1-57 could be obtained from 1 L of culture medium.
Mature Yah1p is a monomer of 13 kDa, as judged by gel
filtration (Figure S9B). Quantitation of iron (1.7�0.2 per protein)
and sulfur (2.1�0.2 per protein) were in good agreement with
the expected presence of one [2Fe-2S] cluster within a single
polypeptide chain. The UV-visible absorption spectrum of
mature Yah1p exhibits bands at 341 nm, 414 and 457 nm,
which are characteristics of an oxidized [2Fe-2S]2+ cluster
(Figure S9C). The absorbance ratio at A280/A414 nm in the
oxidized form of the enzyme is 1.8. The molar extinction
coefficient calculated are 14.5 mM� 1 cm� 1 at 341 nm,
11 mM� 1cm� 1 at 414 nm and 9.3 mM� 1 cm� 1 at 457 nm.

Therefore, we chose to replace Arh1p with hAdxR in the
subsequent in vitro assays since these two proteins are homol-
ogous (36% sequence identity (Figure S10)) and hAdxR was
shown to reduce Yah1p efficiently.[6]

Electron transfer chain from NADPH to Coq6p via AdxR and
Yah1p

In class A flavin monooxygenases, the FAD cofactor is typically
reduced by direct hydride transfer from NADPH, as a prereq-
uisite for O2 activation.[5c] The reduction of the FAD of mature
Coq6p with a large excess (50-fold) of NADH or NADPH under
anaerobic conditions was monitored by UV-visible spectro-
scopy. As shown in Figure 7A, no FAD reduction was observed
after prolonged incubation of mature Coq6p with NADPH.
Furthermore, Coq6p exhibited no NADH oxidase activity,
consistent with the inability of NADH to reduce FAD. In contrast,
the redox titration of Coq6p with dithionite showed a full

reduction with one equivalent dithionite indicating that the
FAD was redox reactive (Figure S7D). The effects of hAdxR alone
or in combination with Yah1p on the anaerobic reduction of
Coq6p by NADPH was studied spectrophotometrically as
follows (Figure 7). Importantly, hAdxR was previously shown to
reduce Yah1p efficiently in vitro.[6]

Addition of hAdxR to the Coq6p-NADPH mixture immedi-
ately resulted in a small increase of the absorption band at
450 nm and the appearance of the hAdxR-characteristic FADH2-
NADP+ charge transfer band above 500 nm indicating reduc-
tion of FAD from hAdxR by NADPH (Figure 7A). No further
modification occurred with time, in particular no decay of the
absorption band at 450 nm, demonstrating that the NADPH-
hAdxR system was not competent for reduction of FAD of
Coq6p. (Figure 7A). Finally, when Yah1p was added to the
NADPH/hAdxR/Coq6p mixture, the reduction of the FAD from
Coq6p occurred instantaneously and was complete within a
few minutes (Figure 7B). The reduction of Coq6p was biphasic
with a fast phase, kobs1~1.25 min� 1, accounting for 62% of the
absorbance change at 450 nm, while the second phase was
characterized by a kobs2~0.1 min� 1 (Figure S11). In order to
demonstrate that Coq6p receives its electrons specifically from
Yah1p, the latter was first reduced by a stoichiometric amount
of dithionite. As shown in Figure S9D, the spectral variation
following titration with dithionite indicated a complete reduc-
tion of the [2Fe-2S]2+ center of Yah1p to a [2Fe-2S]+ center
(characterized by a band at 550 nm) with 1 equivalent of
dithionite. The anaerobic addition of this reduced form of
Yah1p to oxidized Coq6p resulted in the reoxidation of Yah1p
as shown by the increase in absorbance at 508 nm (Figure 7C),
a wavelength corresponding to an isosbestic point specifically
for the reaction FAD� >FADH2 (Figure 7B). The parallel reduc-
tion of Coq6p (Figure 7B) and oxidation of Yah1p (Figure 7C)
clearly indicates an interprotein electron transfer from the [2Fe-
2S]+ of Yah1p to the FAD of Coq6p. The oxidation kinetics of
Yah1p by Coq6p is biphasic, with a fast phase (~66%) exhibiting
a kobs of 2.5+ /� 0.1 min� 1 and a slow phase (~34%) with a kobs
of 0.3+ /� 0.08 min� 1. Taken together, these results unambigu-
ously demonstrate that (i) the FAD from Coq6p cannot be
reduced by NAD(P)H; (ii) Coq6p is reduced by the NADPH/Arh1/
Yah1p electron transfer chain; and (iii) Yah1p is the protein
involved in the direct reduction of Coq6p (Figure 7D).

Remarkably, two other flavin monooxygenases were also
suggested to be reduced by NADPH indirectly (Figure S12): (i)
the pepper zeaxanthine epoxidase catalyzes epoxidation of
zeaxanthin and is proposed to receive its reducing equivalents
from the heterologous spinach ferredoxin reductase/ferredoxin
system;[42] and (ii) human squalene monooxygenase catalyzes
the monooxygenation of the triterpenoid squalene and is
proposed to obtain electrons from NADPH-cytochrome P450
reductase.[43] Hence, our results with S. cerevisiae Coq6p
establish a novel scenario of a flavin monooxygenase relying on
specific reductases for the reduction of its FAD cofactor. We
note that human Coq6 is unlikely to rely on a ferredoxin
reductase/ferredoxin system since human FDX1 and FDX2 were
shown recently to be dispensable for CoQ biosynthesis in
human cells.[11b] Overall, it remains to be determined which

Wiley VCH Mittwoch, 21.02.2024

2405 / 337140 [S. 62/66] 1

ChemBioChem 2024, 25, e202300738 (9 of 13) © 2023 The Authors. ChemBioChem published by Wiley-VCH GmbH

ChemBioChem
Research Article
doi.org/10.1002/cbic.202300738

 14397633, 2024, 5, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cbic.202300738 by B
ibliothèque de Sorbonne U

niversité, W
iley O

nline L
ibrary on [14/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/Cytochrome_P450_reductase
https://en.wikipedia.org/wiki/Cytochrome_P450_reductase


Coq6p homologs rely on a ferredoxin reductase/ferredoxin
system and why some class A FAD monooxygenases evolved to
use indirect systems to mediate the reducing power from
NADPH to the flavin cofactor, rather than the classical direct
hydride transfer.

Conclusions

In conclusion, by optimizing the yield of expression of the
recombinant enzyme in E. coli, we have been able to perform
stopped-flow kinetics allowing us to decipher the enzymatic
reaction of human AdxR with its NAD(P)H substrate. We showed
that like other related FAD-dependent flavoenzymes, the
reaction with NADH obeys to a classical Michaelis-Menten
behavior while that with NADPH is far more complex. Destabi-
lizing the AdxR:NADPH complex with MgCl2 proved to be a
simple procedure to convert the enzyme into a classical
behaving Michaelis-Menten flavoenzyme allowing us to explore
in details the reductive half-reaction of human hAdxR with
NADPH. This will certainly benefit future studies on the human
AdxR-Adx reducing system and its redox partners. More
broadly, we believe that the destabilization of NADPH binding
by MgCl2 could be helpful to study other flavoenzyme systems
bearing a complex mechanism. In addition, we established via

in vitro and spectroscopic studies that the Coq6p monooxyge-
nase, involved in the biosynthesis of coenzyme Q, relies on the
NADPH/AdxR/Adx electron transfer chain for its reduction.

Experimental Procedures

Strains and Plasmids

BL21 (DE3) E. coli strains were purchased from Novagen. Plasmid
pGro7 encoding the chaperones GroES and GroEL under the control
of the inducible araB promoter was purchased from TaKaRa Bio,
Inc. (Japan). The pETDuet-1 plasmid (Novagen) containing the
mature cDNA sequence of the hAdxR, lacking the 32 N-terminal
aminoacids, cloned between EcoRI and NotI restriction sites, was
kindly provided by U. Mühlenhoff.[20c] The pET15b plasmid for the
overexpression of the mature sequence of Yah1p from Saccharo-
myces cerevisiae, lacking the 57 N-terminal aminoacids, was kindly
provided by U. Mühlenhoff.[20c] The mature sequence of Coq6p from
Saccharomyces cerevisiae, lacking the 24 N-terminal aminoacids was
cloned into the pMAL-c2X plasmid (New England Biolabs) between
BamHI and HindIII restriction sites.

Expression and purification of human recombinant hAdxR

Overexpression of hAdxR was achieved by using BL21(DE3) E. coli
strain co-transformed with pGro7/pETDuet-1-hAdxR and grown in

Figure 7. Evidence of an electron transfer chain, NADPH/hAdxR/Yah1p, for Coq6p reduction under anaerobic conditions. (A) UV-visible spectrum of Coq6p
(18 μM) alone (solid line) or in the presence of 50-fold molar excess of NADPH (� –� ), or in the presence of 50-fold molar excess of NADPH and hAdxR (10 μM)
(dotted line). (B) Variation of the UV-visible spectrum of the mixture containing Coq6p (18 μM), NADPH (1 mM), hAdxR (10 μM) following the addition of
Yah1p (10 μM). The spectra were recorded after 15 s, 30 s, 2 min, 3.5 min, 6.5 min and 9 min incubation time. The band at 550 nm is characteristic of reduced
Yah1p (see Figure S9D). (C) Kinetics of reoxidation of dithionite-reduced Yah1p (50 μM) by mature Coq6p (10 μM) recorded at 508 nm. (D) Scheme of the
electron transfer chain from NADPH to Coq6p via AdxR and Adx.
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Luria-Bertani (LB) medium containing ampicillin (100 μg/ml) and
chloramphenicol (34 μg/ml), shaking at 200 rpm and 37 °C. When
A600nm reached~1.8, arabinose was added to a final concentration of
2 mg/ml, the culture was cooled to 20 °C for 30 min, IPTG was
added to a final concentration of 0.2 mM, and incubation at 20 °C
was continued for 18 hours. The cells were harvested when A600nm

reached~5 and pelleted by centrifugation at 5000×g for 10 min. All
subsequent operations were carried out at 4 °C. The cells (~36 g,
wet weight) were resuspended in 6 volumes of buffer A (20 mM
Tris-HCl, pH 7.5, 500 mM NaCl, 20 mM imidazole). Two tablets of
cOmplete protease inhibitors cocktail (Roche) were added. Cells
were lysed by sonication (Branson Digital Sonifier 450) with
amplitude of 40% for 10 min with 30 s on/30 s off intervals, and
subjected to ultracentrifugation at 180,000×g for 90 min (Optima
XPN-80, rotor 50.2 Ti, Beckman Coulter). The resulting supernatant
was loaded onto a Ni Sepharose 6 Fast Flow resin column (5 ml of
bed volume, GE Healthcare) equilibrated with buffer A. The protein-
loaded column was washed and the bound protein was eluted with
100 mM imidazole. The protein fractions containing hAdxR with
A280/A450<15 were pooled, concentrated in an Amicon YM 30
concentrator and loaded onto a Superdex 75 16/60 column (GE-
Healthcare) equilibrated with buffer B (20 mM Tris-HCl, pH 7.5,
100 mM NaCl, glycerol 5% (v/v)). The protein fractions containing
hAdxR with A271/A450 ~8 were pooled, the purity was monitored on
Coomassie Blue SDS gel, and hAdxR was stored at � 80 °C.

Expression and purification of mature recombinant Coq6p
from Saccharomyces cerevisiae

Overexpression of S. cerevisiae Coq6pΔ1-24-MBP fusion protein was
achieved by using BL21(DE3) E. coli strain co-transformed with
pMAL-c2X-Coq6pΔ1-24 and pGro7. The cultures were grown in LB
medium at 37 °C in the presence of glucose (0.2% w/v), ampicillin
(100 μg/ml) and chloramphenicol (34 μg/ml). When A600nm reached
0.6, chaperone expression was induced with L-arabinose (2 mg/ml).
Temperature was then shifted to 18 °C for 30 min and IPTG was
added to a final concentration of 0.15 mM. After overnight
incubation at 18 °C, cells were harvested by centrifugation at
5000×g for 10 min. All subsequent operations were carried out at
4 °C. The cells were resuspended in 5 volumes of lysis buffer
(50 mM Tris-HCl pH 7.5, 150 mM NaCl, glycerol 5%(v/v)), in the
presence of cOmplete protease inhibitors (Roche). Cells were lysed
by sonication with amplitude of 40% for 10 min, and then
subjected to ultracentrifugation at 180,000×g for 90 min. The
resulting supernatant was loaded onto an MBP-Trap HP column (GE
Healthcare) equilibrated with buffer C (50 mM Tris-HCl pH 7.5,
150 mM NaCl, 1 mM EDTA, glycerol 5% (v/v)). Coq6pΔ1-24-MBP
was eluted with a linear maltose gradient (0–20 mM) and loaded
onto a HiLoad 26/600 Superdex 200 pg column (GE Healthcare)
equilibrated with buffer C. The protein fractions corresponding to a
dimer and a monomer of Coq6pΔ1-24-MBP were pooled and
concentrated with Amicon Ultra 100 K columns (Millipore). The MBP
tag was cleaved from the fusion protein by incubating the pooled
fractions of Coq6pΔ1-24-MBP with FactorXa (New England Biolabs)
with a 1 :50 ratio. The cleaved MBP tag (42 kDa) was removed by
using UnoQ1column (Bio-Rad) which binds to Coq6pΔ1-24 but not
MBP. UnoQ1 column was equilibrated with buffer D (50 mM Tris-
HCl pH 7.5, 20 mM NaCl, glycerol 5% (v/v)). Coq6pΔ1-24 was eluted
with a NaCl linear gradient (0–400 mM). The purified protein was
loaded onto a Superdex 200 10/300 GL and found to be >95%
pure as judged by SDS-PAGE. Coq6pΔ1-24 was aliquoted and
stored at � 80 °C in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, glycerol
5% (v/v).

Expression and purification of mature recombinant Yah1p
from Saccharomyces cerevisiae

Overexpression of S. cerevisiae Yah1pΔ1-57 was achieved by using
BL21(DE3) E. coli strain transformed with pET15b-Yah1pΔ1-57. The
cultures were grown in LB medium at 37 °C in the presence of
ampicillin (100 μg/ml) until they reached A600nm=0.6. Temperature
was then shifted to 25 °C and induced with IPTG to a final
concentration of 0.75 mM. After overnight incubation at 25 °C, cells
were harvested by centrifugation at 5000×g for 10 min. All
subsequent operations were carried out at 4 °C. The cells were
resuspended in 5 volumes of buffer E (50 mM Tris-HCl pH 7.5,
20 mM NaCl) in the presence of cOmplete protease inhibitors
(Roche). Cells were lysed by sonication with amplitude of 40% for
10 min, and then subjected to ultracentrifugation at 180,000×g for
90 min. The resulting supernatant was loaded onto a UnoQ6
column equilibrated with buffer E, and the protein was eluted with
a linear gradient of NaCl (0–500 mM). After concentration with an
Amicon Ultra 5 K column (Millipore), Yah1pΔ1-57 was loaded onto
a HiLoad 16/600Superdex 75 pg equilibrated with 25 mM Tris-HCl
buffer, pH 7.5, 50 mM NaCl. The protein was pooled, aliquoted and
stored at � 80 °C.

UV-visible spectroscopic analysis

Absorption spectra were recorded on a Jasco V-630 UV Vis
spectrophotometer apparatus equipped with a Peltier temperature
controller. The extinction coefficient of the protein-bound flavin in
hAdxR was determined spectrophotometrically quantitating the
FAD released after SDS treatment.[44] A ~10 μM solution (1 mL) of
hAdxR in 10 mM Tris-HCl buffer (pH 7.5) was incubated in the
presence of 20 μL of a fresh solution of SDS 10% for 5 min.
Denatured polypeptides were removed by centrifugation at
15,000 g for 15 min. The FAD concentration in the supernatant was
determined using ɛ450=11.3 mM� 1 cm� 1. The protein concentration
was determined by the Bradford method and confirmed by
measuring the absorbance at 280 nm, corrected by the contribution
of the flavin after denaturation with 0.1% SDS. Anaerobic titrations
with NADPH/NADH were performed under N2 atmosphere. An
anaerobic solution containing hAdxR was placed in a 500 μL
cuvette and the changes of spectra after each addition of NADPH/
NADH were recorded. The concentration of NADPH/NADH solution
was spectrophotometrically determined (ɛ340 nm=6.22 cm� 1mM� 1).

Steady-state enzyme assays

The NAD(P)H-ferricyanide diaphorase activity tests were performed
in 100 mM Tris-HCl buffer (pH 7.5) at 25 °C with K3[Fe(CN)6]
(Δɛ420 nm=1.02 cm� 1mM� 1) as electron acceptor. The reaction
mixtures (0.5 mL) contained 1 mM K3[Fe(CN)6], 1 μM–2 mM NAD(P)H
and 30 nM hAdxR.

Stopped-flow kinetic studies

All stopped-flow experiments were conducted on a Hi-Tech TGK
Scientific SF-61 DX2 stopped-flow absorbance spectrophotometer
equipped with a temperature-controlled circulating water bath at
25 °C. In order to avoid the slow re-oxidation of FADH2 by O2 during
experiments, the stopped-flow instrument flow system was made
anaerobic by overnight incubation with an oxygen scrubbing
solution consisting of 200 μM protocatechuic acid (PCA) and
0.1 unit/ml protocatechuate dioxygenase (PCD).[45] Prior to perform-
ing the stopped-flow experiments, enzyme and substrate solutions
were degassed into a nitrogen atmosphere in the glovebox
(MBraun) and transferred to anaerobic syringes and the oxygen-
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scrubbing system (PCA/PCD) was added to all solutions, as
described above. Stopped-flow studies of the reductive half-
reaction catalyzed by hAdxR were performed by rapid mixing of
hAdxR (12.5–25 μM) with an equal volume of either NADH or
NADPH (ranging from 12.5 μM to 1.6 mM). Reactions were
performed in 100 mM Tris-HCl buffer, pH 7.5 in the absence of
MgCl2 and in 100 mM sodium phosphate buffer, pH 7.5 in the
presence of MgCl2. The changes in absorbance at 450, 530, and
700 nm were followed in single wavelength modes. Triplicate
measurements differed typically by less than 5%. Triplicates traces
were fit to Eq 1 with KinetAsyst software to obtain observed rate
constants (kobs) and the corresponding amplitude (A). In Eq 1,
Abs tð Þ is A at time t, i the number of transient phases, Ai and kobs(i)
correspond to the amplitude and rate constant for the ith transient
phase, and C is the offset. Observed rate constants were then fit to
Eq 2 as a function of [NADPH] or [NADH] ([S]) to yield the maximum
observed rate constant (kmax) and the [S] at half maximal kobs or
apparent Kd.

Abs tð Þ ¼
Xn

i

Ai e
� kobs ið Þt þ C (1)

kobs ið Þ ¼
kmax ið Þ S½ �
Kd ið Þ þ S½ � (2)
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