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Pyrroloquinoline quinone (PQQ) is a redox active cofactor for bacterial quinoproteins. Dietary PQQ also
has prominent physiological effects in mammals although no mammalian quinoprotein has yet been
conclusively identified. Here we found that PQQ has substantial effects on the redox active mammalian
selenoprotein thioredoxin reductase 1 (TrxR1). PQQ efficiently inhibited the activity of TrxR1 with its
main native substrate thioredoxin and acted as a low efficiency substrate in a Sec-dependent TrxR1-

KeyW(l)rdS:' y . catalyzed reduction. Interestingly, PQQ also stimulated redox cycling of TrxR1 with another quinone
Jpj’grlrgn‘;qumo Ine quinone substrate, juglone, as much as 13-fold (k./K;, increased from 105 min~' pM~" to 1331 min~' uM~! for

juglone in the presence of 50 wM PQQ, mainly through a lowered apparent K, for juglone). Glutathione
reductase was also inhibited by PQQ but in contrast to the effects of PQQ on TrxR1, its quinone reduction
was not further stimulated. These results reveal that glutathione reductase and the mammalian
selenoprotein TrxR1 are direct PQQ protein targets, although not being genuine quinoproteins. These
findings may help explain several of the effects of PQQ seen in mammals.
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1. Introduction

Dietary pyrroloquinoline quinone (PQQ) at low micromolar
concentrations has potent physiological effects in rodent models
by affecting, often in a protective manner, reproduction, early
development, growth, immune function, effects of oxidative stress,
neural and cardiac function [1]. PQQ was first discovered as an
essential redox active cofactor of bacterial quinoproteins [2-5].
These prokaryotic enzymes bind PQQ through a unique “propeller”
structure and use PQQ in redox reactions typically catalyzing
alcohol or glucose oxidation [6,7]. As a prosthetic group, PQQ is
capable of stably catalyzing continuous redox cycling (repeated
oxidation and reduction cycles) and does so more efficiently than
most other redox active cofactors [1]. However, as with all redox
active compounds, pro-oxidant actions may also be promoted and
PQQ can under certain conditions induce oxidative protein
modifications [8]. PQQ could hence function as either antioxidant
or a pro-oxidant, depending upon the overall redox milieu [8-10].
Claims of a mammalian genuine quinoprotein [11] were subse-
quently questioned [12,13] and conclusive evidence for the
existence of a mammalian quinoprotein are lacking. Direct PQQ
protein targets in mammals, helping to explain the physiological
functions of this compound, are thus yet essentially unknown.
However, using microarray analyses of the physiological responses
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to PQQ administration, the transcriptional response pattern was
recently found to be compatible with that of an oxidative stress,
with Nrf2 and thioredoxin (Trx) transcripts being among the most
induced [14]. This suggested to us that thioredoxin reductase
(TrxR1), a key antioxidant selenoprotein known to interact with
selected quinone compounds [15,16], might be a PQQ target.
Mammalian TrxR1 is a selenoprotein flavoenzyme that
possesses two redox active cysteines (Cys59-Cys64), FAD in an
N-terminal domain, and a Sec-containing selenolthiol motif
(Cys497-Sec498) at its C-terminus which is the proper active site
reducing Trx [17-20]. TrxR1 also catalyzes reduction of the
quinone substrate juglone (5-hydroxy-1,4-naphthoquinone; wal-
nut toxin) in a reaction that depends mainly upon the N-terminal
redox active motif of TrxR1 and is thus maintained also by Sec
compromised species of the enzyme; juglone reduction products
furthermore inhibit TrxR irreversibly for its normal reduction of
Trx [16,21]. We therefore here wished to analyze whether PQQ
could have any effects on TrxR1 resembling those of juglone.
Instead, we found that PQQ has other effects on TrxR1, modifying
the enzyme Kinetic properties in a non-covalent reversible manner
so that its native Trx1 reduction becomes inhibited while its
activities as a juglone reductase become strongly stimulated. We
also found that glutathione reductase (GR), a non-selenoprotein
flavoenzyme closely related to TrxR1 [22], also becomes inhibited
by PQQ, but GR did not display the marked alterations of its kinetic
parameters as found with TrxR1 upon PQQ addition. To our
knowledge, these findings are the first to identify direct
mammalian enzyme targets for PQQ, the targeting of which are
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well in line with several of the effects seen in vivo upon
administration of dietary PQQ to animals.

2. Materials and methods
2.1. Materials

The BL21 (DE3) gor~ host strain and pure recombinant human
wild-type Trx1 were generously provided by Arne Holmgren,
Karolinska Institutet, Stockholm, Sweden. 2'5'-ADP Sepharose™
4B, Superdex™ 200 10/300 GL column and NAP™-5 Desalting
column were purchased from GE Healthcare Life Sciences
(Uppsala, Sweden). All other reagents or chemicals were obtained
from Sigma-Aldrich Chemicals (Steinheim, Germany), unless
stated otherwise. A 50 mM Tris-Cl buffer containing 2 mM EDTA
(pH7.5) was used for protein purification and activity assays (TE
buffer), if not stated otherwise.

2.2. Construction of TrxR1 mutants

The plasmid encoding wild type rat TrxR1 and the bacterial type
SECIS element for Sec insertion was used as a template for
following Phusion™ PCR mutagenesis as described [17] to
construct two C189 mutants of rat TrxR1. The primers were as
follows: C189S-f, 5'-gcggtctcccttacTCAccggggaagaccctagtg-3';
C189A-f, 5’-gcggtctcccttacGCTccggggaagaccctagtg-3'; C189-r 5'-
gcggtctcgtaaggeaaggagaaaag-3'. Phusion® High-Fidelity PCR Mas-
ter Mix (Thermo Fisher Scientific, Waltham, USA) was utilized for
the inverse PCRs, together with the addition of 20 pmol of each
primer and 10 ng of template plasmid in a total volume of 50 .l
Reactions were initiated at 98 °C for 2 min, followed by 30 cycles of
amplification (98 °C, 10s; 60 °C, 15 s; 72 °C, 3 min) and extended
at 72 °C for additional 10 min. The resulting PCR products were
analyzed by 1% agarose electrophoresis and the targeted PCR band
was cut and then purified using the QIAquick Gel Extraction Kit
(Qiagen, Hilden, Germany), digested with Eco 311 and Dpn [
(Thermo Fisher Scientific, Waltham, USA) at 37 °C for 30 min, re-
purified with the PCR purification kit (Qiagen, Germany), and
ligated using T4 DNA ligase (Thermo-Fisher) at 22 °C for 2 h. The
DNA was transformed into Escherichia coli BL21 (DE3) gor~
competent cells (Tet") and then DNA sequencing verified the
mutations (GATC Biotech, Konstanz, Germany). The plasmids were
then transformed into E. coli BL21(DE3) gor-strain followed by a
co-transformation of the pSUABC plasmid [23] for further
expression and purification.

2.3. TrxR1 expression and purification

Mammalian rat TrxR1 and its C189S and C189A mutants
were expressed in the E. coli gor~ BL21 (DE3) strains co-
transformed with the pET-TRSrgr-derived plasmids and the
PSUABC plasmid [23] according to the method of engineering a
gene compatible with the bacterial selenoprotein synthesis
machinery and using the ‘2.4/24/24’ protocol as described
previously [24] with the exception that a rich LB broth
containing 10 g NaCl, 10 g peptone and 10 g yeast extract per
liter was used. The UGA-truncated form of TrxR1 was expressed
in BL21 (DE3) gor~ as described previously [21]. After suspend-
ing the cell pellets with 50 mM TE buffer (pH7.5), 1 mg/ml
lysozyme was added to lyse bacterial cells and then the samples
were placed on ice for 30 min. Freeze and thaw for three times.
After ultra-sonication on ice to cleave the cellular DNA, the
samples were centrifuged at 23,000 x g for 30 min. The soluble
supernatants were filtered through 0.20um sterile membrane
before the 2'5-ADP Sepharose™ (GE Healthcare Life Sciences,
Uppsala, Sweden) column purification as described [17]. Flavoprotein

concentration was determined by measuring the FAD absorbance at
463 nm (&pap, 463 nm =11.30 mM~! cm™!). Protein concentrations
were measured using a Bio-Rad Protein Assay Kit (Hercules, USA)
with BSA as standard.

2.4. Kinetic analysis of TrxR1 variants

Enzymatic assay of TrxR1 and its mutants was determined
using 5,5’-dithiobis-2-nitrobenzoic acid (DTNB) as a model
substrate, with formation of TNB monitored as the increase in
absorbance at 412 nm (&rng, 412 nm = 13.6 mM~! cm™1) [25]. In all
other assays such as hTrx1l-coupled insulin reduction, PQQ
reduction, or juglone reduction, the oxidation of NADPH was
monitored as the decrease in absorbance at 340 nm (& napph,
340 nm =6.22mM "' cm~!) [25]. The standard reaction mixture
(550 pl) contained 0.2 mM NADPH and 5-136 nM enzyme in TE
buffer (pH7.5) with the reaction performed at 25 4+ 1 °C in an UV-
visible Spectrophotometer (GE Healthcare, Uppsala, Sweden), always
using the same reaction mixture lacking enzyme as reference. For
each data point, the initial velocity was determined in triplicate over
at least six different substrate concentrations. Control assays, lacking
the substrate, were also routinely included as references. Kinetic
constants were calculated with the GraphPad Prism® 5 software
(GraphPad, Avenida de la Playa, La Jolla, USA) after direct plotting of
the catalytic velocity versus substrate concentrations followed by
Michaelis-Menten fit with nonlinear regression.

2.5. Kinetic analysis of GR

Enzymatic assay of yeast GR was determined by using
glutathione disulfide (GSSG) or juglone as substrates, with
oxidation of NADPH monitored over time as the decrease in
absorbance at 340 nm (&nappH, 340 nm =6.22 MM~ cm™'). The
standard reaction mixture (550 1) contained 0.2 mM NADPH and
5-100nM enzyme in TE buffer (pH7.5) with the reaction
performed at 25 +1°C in an UV-visible Spectrophotometer (GE
Healthcare, Uppsala, Sweden), using the same reaction mixture
lacking enzyme as reference. Kinetic constants were calculated with
the GraphPad Prism™® 5 software as described under Section 2.4.

3. Results

3.1. PQQ is a weak substrate of Sec-containing TrxR1 and inhibits its
Trx reductase activity

Analyzing PQQ interactions with recombinant rat TrxR1 we
first noted that PQQ was a weak substrate of the enzyme
(Fig. 1A, dashed bars). In the presence of Trx and the Trx
disulfide substrate insulin, PQQ slightly inhibited total NADPH
oxidation and thus appeared as an alternative and inhibiting
subversive substrate (Fig. 1A, open bars). However, analyzing
the Trx-mediated insulin reduction in the same experiment we
found that this was very efficiently inhibited by PQQ, as
illustrated by the lack of free thiol formation as a result of
insulin reduction (Fig. 1B). Separate experiments showed that
any effects of PQQ on TrxR1 were lost upon gel filtration, which
recovered TrxR1 with intact native properties, thus illustrating
that PQQ did not irreversibly alter the enzymatic properties of
TrxR1 (data not shown).

The PQQ reduction by TrxR1 required an intact Sec residue, as
illustrated by a complete lack of reaction using a Sec-deficient
two-amino acid truncated TrxR1 variant (Fig. 2A). Other
mutants of TrxR1 with Cys189, the only surface-exposed non-
active site Cys residue in the enzyme [26], changed to Ser or Ala
showed comparable activities with PQQ as the native enzyme
(Fig. 2A).
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Fig. 1. PQQ inhibits mammalian TrxR1 activity in an assay for Trx-mediated insulin
reduction and is a low efficiency direct substrate of the enzyme. In (A), the TrxR1
activity in Trx-coupled insulin reduction was determined by measuring the NADPH
consumption at 340 nm using recombinant rat TrxR1 (136 nM), recombinant
human Trx1 (10 wM) and insulin as disulfide substrate (160 wM), in the presence of
PQQ addition (0-50 wM) as indicated in the figure (open bars). As a comparison, the
NADPH consumption in the absence of Trx1 was also measured, reflecting direct
PQQ reduction (filled bars). In (B), the formation of free insulin thiol groups formed
in the experiment shown in panel (A) was measured by the addition of DTNB
(2 mM) in GuHCI (8 M) after 10 min of reaction and determination of absorbance at
412 nm. The results are shown as mean + S.D. from three independent experiments.

3.2. PQQ stimulates juglone reduction by TrxR1 while inhibiting its Trx
reduction

Because PQQ diverted the activity of TrxR1 away from Trx1-
coupled insulin reduction (Fig. 1) and because juglone is an
efficient direct quinone substrate of TrxR1 not dependent upon its
Sec residue [27,28], we next analyzed the effects of PQQ on TrxR1
activity using a substrate mixture of juglone and Trx1 together
with insulin. This revealed that with all four TrxR1 preparations
analyzed here, the overall enzyme activities with this mixture of
substrates were stimulated by the addition of 10-50 M PQQ, as
judged by total NADPH oxidation (Fig. 2B). When subsequently
analyzing the insulin reduction that had occurred in those samples
this was, as expected, virtually absent with the Sec deficient
truncated enzyme that cannot reduce Trx. With the wild type
enzyme or the C189A and C189S variants, however, comparable
Trx-linked insulin reduction activities were seen in the absence of
PQQ, but these disulfide reductase activities of all variants were
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TrxR1 activity with a mix of Trx,
insulin and juglone
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Formation of free insulin thiols in the
experiment shown in panel B

Fig. 2. PQQ switches mammalian TrxR1 from a Trx reducase to a juglone reductase.
In (A), PQQ reduction by TrxR1 was monitored by following NADPH consumption by
reduced absorbance at 340 nm using 200 wuM NADPH and 136 nM of the TrxR
variants and addition of PQQ as indicated in the figure. In (B), the effects of PQQ on
NADPH consumption in the Trx-coupled insulin reduction assay combined with the
juglone reduction assay were studied in the same reaction mixture system. Total
NADPH consumption was followed at 340 nm using the TrxR1 variants (136 nM)
with addition of Trx1 (10 wM), insulin (160 M), juglone (3 M), NADPH (200 M)
and PQQ at the concentrations indicated in the figure. In (C), the formation of free
insulin thiol groups after 10 min reaction of the experiment shown in panel (B) was
determined as explained in Fig. 1B. All reactions were performed at room
temperature (25 + 1 °C). The experiment was performed once. For the effects of PQQ
on the kinetic parameters in juglone reduction by TrxR1, see Table 1.
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Table 1
Effects on kinetic parameters in juglone reduction by TrxR1 and GR upon addition of PQQ.
TrxR1? GR®
[PQQ, uM]
0 10 50 0 10 50
Juglone®©
kear (min~1) 797 £29 590+13 453+10 638 +£21 599+ 14 524+11
Kin (M) 7.57 £0.89 2.77+£0.24 0.34+0.06 19.0+23 17.7+15 13.9+1.2
Kkea/Kim (min~! wM~—1) 105 213 1331 34 34 38
NADPH!
kear (min~1) 655+ 15 645+ 15 641+ 14 769 +18 797 +£23 647 £35
Kin (M) 174+1.8 19.2+2.1 206+2.1 33.6+2.7 39.9+3.6 38.5+6.6
Kea/ K (min~! M ~1) 38 34 31 23 20 17

Values in the table represent mean =+ S.D. derived from measurements performed in triplicate.
¢ Kinetic parameters were determined at room temperature (25 + 1 °C) following the consumption of NADPH at 340 nm using wild type recombinant rat TrxR1 (136 nM) with a

specific activity of 24 U/mg.

b Kinetic parameters were determined at room temperature (25 +1°C) following the consumption of NADPH at 340 nm using yeast GR (100 nM).
¢ For the juglone reduction kinetic parameters with either TrxR1 or GR, a fixed concentration of 200 wM NADPH was used.
4 For the NADPH oxidation kinetic parameter, a fixed concentration of either 100 WM or 250 WM juglone were used with TrxR1 or GR, respectively.

severely inhibited upon addition of increasing concentrations of
PQQ (Fig. 2C). These results thereby suggested to us that the
increase in total NADPH oxidase activity of TrxR1 with this mixture
of substrates upon addition of PQQ (Fig. 2B) must have been due to
a switch from Trx reduction to a reduction of PQQ and juglone.
When comparing the magnitude of activity in this assay with that
seen upon addition of solely PQQ it was evident that the total
turnover with the substrate mixture (Fig. 2B) was higher than that
seen in the presence of only PQQ (Fig. 2A). Also, the decrease in
total turnover seen upon addition of low concentrations of PQQ (0-
10 M) to the wild type, C189A or C189S variants but not to the
truncated enzyme (Fig. 2B) should be due to inhibition of the Trx
reduction catalyzed by the Sec-containing enzyme variants by
PQQ, while their activities with either PQQ or juglone as substrates,
at those conditions, were still low and thus comparable to that seen
with the truncated enzyme. Therefore, addition of PQQ seemed to
have modified the substrate preference of wild type TrxR1 from Trx
to juglone. An alternative explanation could have been that PQQ
rapidly re-oxidized Trx or insulin and therefore increased the
overall activity, but this was less likely because in the absence of
juglone addition to Trx, insulin and PQQ, the overall NADPH
oxidation was slightly inhibited by PQQ and not stimulated, as
shown above (Fig. 1A, open bars).

3.3. PQQ lowers the apparent K, of TrxR1 for juglone and is also an
efficient inhibitor of GR

To further probe the effects of PQQ on juglone reduction by
TrxR1, we determined the kinetic parameters of TrxR1 for juglone

as well as NADPH upon addition of either 10 wM or 50 M PQQ as
compared to the native enzyme (Table 1). We also compared those
effects on TrxR1 to the corresponding effects of PQQ on the
flavoenzyme GR, closely related to TrxR1 although it is not a
selenoprotein (Tables 1 and 2). As shown earlier [27,28], TrxR1
reduces juglone more efficiently than GR in the absence of PQQ. We
found, surprisingly, that upon addition of 50 wM PQQ this the
catalytic efficiency of TrxR1 increased about 13-fold in reduction of
juglone, from kcq/K;;, = 105 min~' M~ in the absence of PQQ to
keat/Kim = 1331 min~! M~ upon addition of PQQ. This effect was
mainly because of a lowered apparent K;;, of TrxR1 for juglone, from
K = 7.6 WM in the absence of PQQ to K, = 0.34 WM in the presence
of PQQ. This strong effect was not seen with GR although this
enzyme also showed a tendency to a lowered K, for juglone, but
the k... was proportionally lowered and the catalytic efficiency
thus remained virtually the same in the absence or presence of PQQ
(Table 1). When determining the kinetic parameters for NADPH,
addition of PQQ had no major impact on any of the two enzymes,
using the juglone reduction assay (Table 1). However, PQQ was a
clear inhibitor of GR in glutathione disulfide (GSSG) reduction, in
this case with the catalytic efficiency reduced approximately 2-
fold and 5-fold with regards to GSSG and NADPH, respectively,
using only 5 .M PQQ (Table 2). The kinetics in the PQQ inhibition
were complex and involved effects on both k., and K.

4. Discussion

In this study, we found that PQQ modulates the catalytic
parameters of TrxR1, promoting a switch from Trx reduction to an

Table 2
Effects on kinetic parameters in GR-catalyzed GSSG reduction by PQQ.
GR?
[PQQ pM]
0.0 0.5 1.0 2.0 5.0
GSSG®
kear (min~") 13.3x10*+0.26 x 10° 8.23 x 10°+0.20 x 10° 6.51x10°+0.18 x 10° 5.07 x 10°+0.14 x 10® 3.89x10°+0.12 x 10°
Kin (M) 414+34 35.8+3.8 29.5+34 28.1+3.8 22.8+35
kea/Kin (min~! wM~1) 322 230 220 180 170
NADPH®
kear (min~") 13.5x 10+ 0.40 x 10° 11.0x 10*+£0.62 x 10° 9.43 x 103+ 0.58 x 10° 6.77 x 10+ 0.30 x 10% 5.18 x 10°+0.25 x 10°
Kin (M) 33.5+38 62.8+10 882+14 70.2+8.9 58.3+8.6
kea/Kin (min~! wM~1) 402 176 107 96 89

Values in the table represent mean =+ S.D. derived from measurements performed in triplicate.
4 Kinetic parameters were determined at room temperature (25 + 1 °C) following the consumption of NADPH at 340 nm using yeast GR (10 nM) with NADPH dependent GSSG

reduction.

P In the determination of kinetic parameters in GSSG reduction a fixed concentration of 200 uM NADPH was used.
¢ In the determination of kinetic parameters in NADPH oxidation a fixed concentration of 1 mM GSSG was used.
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Fig. 3. Scheme of the effects of PQQ on GR and mammalian TrxR1. As schematically illustrated in this scheme, we here found that PQQ has prominent effects on both TrxR1 and
GR, where TrxR1 displays an inhibited Trx reduction with concomitant increase in catalytic efficiency for juglone reduction, upon the addition of PQQ. With GR, on the other
hand, PQQ inhibits the GSSG reduction as catalyzed by the enzyme but has no major effects on its juglone reduction. For more details, please see text.

increased quinone reductase activity, using either PQQ itself or the
quinone compound juglone as substrate. We also found that GR
was inhibited by PQQ, but the quinone reductase activity of GR
was, in contrast to that seen with TrxR1, not further stimulated by
addition of PQQ. These direct effects of PQQ on TrxR1 and GR, as
schematically summarized in Fig. 3, can help to explain several of
the known physiological effects of PQQ, which shall briefly be
discussed as follows.

PQQ stimulates mitochondrial biosynthesis in mouse hepato-
cytes through the activation of CREB (cAMP response element-
binding protein) and PGC-1a (peroxisome proliferators-activated
receptor-y coactivator-1a) [29]. Consistent with activation of the
PGC-1a pathway, PQQ exposure also gave Nrf-1 and Nrf-2
activation, with increased Tfam, TFB1M and TFB2 M mRNA
expression [29]. Because TrxR1 is intimately linked to Nrf-2, with
activation of Nrf-2 seen upon TrxR1 inactivation [30,31], it can
hence be proposed that a direct targeting of TrxR1 by PQQ could be
a molecular mechanism mediating the Nrf2-dependent cellular
effects of PQQ in mammals. This notion is further strengthened by
the fact that Trx and Trx-related transcripts were among the most
affected genes in microarray studies of the cellular impact by
dietary supplementation of PQQ in rat models [14].

In addition to effects on PGC-1 and Nrf1/2, PQQ can also activate
Ras-related signaling transduction in mouse fibroblasts and
stimulate STAT (signal transducers and activators of transcription)
factors, of importance for cell growth, proliferation, differentiation
and survival [32]. PQQ was also reported to affect the oxidation
state of DJ-1, a protein responsive to oxidative stress and
protecting from neuronal death [33]. It is thus clear that PQQ
affects several pathways of cell signaling and apoptotic cell death,
cell proliferation, mitochondria and oxidative metabolism, but the
molecular mechanisms for these effects are not known [1]. Since
the Trx and GSH systems are the two major redox systems in cells
[34,35], the direct targeting of both TrxR1 and GR by PQQ may help
explain the plethora of physiological effects displayed by PQQ. Still,
for each cellular pathway where PQQ has an impact, the
involvement of either TrxR1 or GR must clearly be specifically
studied in order to determine any direct importance of PQQ
targeting these enzymes for any specific effect. There are, however,
several findings of TrxR1 being targeted by other small molecules
that may be taken into context when studying the effects of PQQ.

Previously reported polyphenolic compounds targeting TrxR1,
including curcumin [36], myricetin or quercetin [37], are, like PQQ,

weak substrates of mammalian TrxR1. However, they also strongly
and, in contrast to PQQ, typically inhibit the enzyme irreversibly
for its Trx reduction. Certain quinone compounds, reduced by
TrxR1 to auto-oxidizing hydroquinones, may also inactive TrxR1
while at the same time confer pro-oxidant properties to the
derivatized enzyme [28]. In this context, PQQ was found here to
have a novel property, namely stimulating the TrxR1-mediated
reduction of juglone, another quinone compound, while inhibiting
the reduction of Trx, in a reversible manner. Previous findings that
PQQ could catalyze general oxidation of thiols in proteins such as
GST P1-1 [8], the redox modulatory site of the NMDA (N-methyl-p-
asparate) receptor [38,39], or many proteins in general [40] can
potentially be part of the explanation for its effects on TrxR1 and
GR, but the mechanisms for the increased catalytic efficiency of
TrxR1 for juglone are not clear and should be studied further.

To conclude, we here found that PQQ in micromolar concen-
trations stimulated the juglone reduction by mammalian TrxR1
while efficiently inhibiting its physiological reduction of Trx. The
NADPH oxidase activity of TrxR1 using PQQ as a unique substrate
in the absence of juglone was a Sec-dependent process, while the
increase of juglone reduction was seen also with Sec-compromised
species of TrxR1. The non-selenoprotein TrxR1 homologue GR was
also inhibited by PQQ, but could in contrast to TrxR1 not reduce
PQQ directly and displayed no PQQ-mediated increase in juglone
reduction. We conclude that the direct effects of PQQ on TrxR1 and
GR may help explain the physiological effects of PQQ in mammals.
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