
Archives of Biochemistry and Biophysics 702 (2021) 108826

Available online 5 March 2021
0003-9861/© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Overview of structurally homologous flavoprotein oxidoreductases 
containing the low Mr thioredoxin reductase-like fold – A functionally 
diverse group 

Marta Hammerstad a,**, Hans-Petter Hersleth a,b,* 

a Department of Biosciences, University of Oslo, Section for Biochemistry and Molecular Biology, P.O. Box 1066, Blindern, NO-0316, Oslo, Norway 
b Department of Chemistry, University of Oslo, Section for Chemical Life Sciences, University of Oslo, P.O. Box 1033, Blindern, NO-0315, Oslo, Norway   

A R T I C L E  I N F O   

Keywords: 
Oxidoreductase 
Flavoprotein 
Thioredoxin reductase 
Structure 
Pyridine nucleotide 
Flavin adenine dinucleotide 
Redox cofactor 

A B S T R A C T   

Structural studies show that enzymes have a limited number of unique folds, although structurally related en-
zymes have evolved to perform a large variety of functions. In this review, we have focused on enzymes con-
taining the low molecular weight thioredoxin reductase (low Mr TrxR) fold. This fold consists of two domains, 
both containing a three-layer ββα sandwich Rossmann-like fold, serving as flavin adenine dinucleotide (FAD) 
and, in most cases, pyridine nucleotide (NAD(P)H) binding-domains. Based on a search of the Protein Data Bank 
for all published structures containing the low Mr TrxR-like fold, we here present a comprehensive overview of 
enzymes with this structural architecture. These range from TrxR-like ferredoxin/flavodoxin NAD(P)+ oxido-
reductases, through glutathione reductase, to NADH peroxidase. Some enzymes are solely composed of the low 
Mr TrxR-like fold, while others contain one or two additional domains. In this review, we give a detailed 
description of selected enzymes containing only the low Mr TrxR-like fold, however, catalyzing a diversity of 
chemical reactions. Our overview of this structurally similar, yet functionally distinct group of flavoprotein 
oxidoreductases highlights the fascinating and increasing number of studies describing the diversity among these 
enzymes, especially during the last decade(s).   

1. Flavoproteins and flavoenzymes 

Flavins are versatile cofactors due to the reactivity and multiple 
oxidation states of the redox-active isoalloxazine ring system (Fig. 1A). 
Because of the various oxidation states (oxidized (ox), semiquinone (sq), 
and hydroquinone (hq)), flavins are able to perform both one-electron 
and two-electron transfer reactions; a reactivity associated to the 
flavin isoalloxazine ring, focused on the reactive N5 and C4a atoms [1,2] 
(Fig. 1A). For most flavoproteins, the flavin cofactor is either a flavin 
mononucleotide (FMN) or a flavin adenine dinucleotide (FAD), 
non-covalently bound to the protein [3] (Fig. 1A). The majority of fla-
voenzymes utilize FAD (75%) rather than FMN (25%), predominantly 
bound in a Rossmann-like fold; the three-layer αβα (CATH superfamily 
3.40.50.x) or the ββα (CATH superfamily 3.50.50.60) sandwich fold 
[3–5]. Flavoenzymes are involved in a wide and diverse range of bio-
logical processes, carrying out substrate reductions and oxidations in 

electron transfer reactions, oxygen activation, and photochemistry. Ex-
amples of enzymatic reactions catalyzed by flavoenzymes include 
monooxygenation, dehydrogenation, and halogenation reactions, taking 
place in various biological processes such as DNA repair, oxidative 
protein folding, and countless biosyntheses [3,6]. Due to their selectivity 
and efficiency, flavoenzymes are attractive for use in industrial bio-
catalysis, metabolic engineering, and synthetic biology. The largest 
group of flavin-dependent enzymes belong to the oxidoreductases 
(Enzyme Commission (EC) class 1) (91%) [3]. The focus of this review 
will be on structural aspects of specific flavin-dependent 
oxidoreductases. 

2. Key oxidoreductases of the “two dinucleotide binding 
domains” flavoprotein (tDBDF) superfamily 

Oxidoreductases, comprising almost one third of all enzymatic 
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activities registered in the BRaunschweig ENzyme Database (BRENDA) 
[7], catalyze the oxidation of one chemical species (reducing agent/e-
lectron donor) coupled to the reduction of another (oxidizing agent/e-
lectron acceptor). Generally, the reduction/oxidation of a substrate is 
coupled to the oxidation/reduction of a nicotinamide adenine dinucle-
otide cofactor NAD(P)H/NAD(P)+(Fig. 1B). NAD(P)H-dependent oxi-
doreductases catalyze a wide range of central biological reactions, 
acting on both organic and inorganic substrates [8]. Many NAD(P) 
H-dependent oxidoreductases, like alcohol dehydrogenases, transfer 
electrons directly between the substrate and the nicotinamide cofactor, 
while many other require additional intermediate cofactors such as 
flavins, metallocofactors, or redox-active cysteine pairs (Fig. 1C). In 
FAD-containing NAD(P)H-dependent oxidoreductases, namely the “two 
dinucleotide binding domains” flavoproteins (tDBDF), two dinucleotide 
binding Rossmann-like fold domains are fused in a single chain. Each of 
these domains bind one of the two dinucleotide cofactors, FAD and a 
pyridine nucleotide, predominantly in the N-terminal and C-terminal 
domain, respectively [9]. 

A large amount of tDBDFs are found within the diverse class 
comprising oxidoreductases acting on sulfur (EC 1.8). The sulfur- 
containing group of the substrate can vary greatly within this class, 
and may include inorganic forms and a variety of sulfur-containing 
organic molecules such as cysteines and low-molecular weight (LMW) 

thiols (e.g. glutathione (GSH)) [10,11]. The majority of flavoprotein 
disulfide reductases (FDRs) belong to oxidoreductase subgroup EC 1.8. 
FDRs represent a family of enzymes with high sequence and structural 
homology, catalyzing the NAD(P)H-dependent reduction of 
sulfide-bonded substrates. This group of enzymes include e.g. thio-
redoxin reductase (TrxR) (EC 1.8.1.9), glutathione reductase (GR) (EC 
1.8.1.7), dihydrolipoamide dehydrogenase (DLD) (EC 1.8.1.4), trypa-
nothione reductase (TryR) (EC 1.8.1.12), and mycothione reductase 
(Mtr) (EC 1.8.1.15). Representatives of FDRs are also classified in other 
EC subgroups, such as mercuric reductase (MerA) (EC 1.16.1.1) and 
NADH peroxidase (NPX) (EC 1.11.1.1) [8,12–14]. 

The largest subgroup of flavin-dependent oxidoreductases consti-
tutes enzymes performing oxygenation and monooxygenation reactions 
(oxygenases/monooxygenases) (EC 1.13 and EC 1.14) [3,8], which also 
comprise a number of tDBDFs. Although characterization of mono-
oxygenases has revealed a number of different enzymes utilizing other 
cofactors, e.g. heme-containing cytochrome P450 monooxygenases (EC 
1.14.13, EC 1.14.14, and EC 1.14.15) and copper-dependent mono-
oxygenases (EC 1.14.17 and EC 1.14.18), a large and ubiquitous group 
of monooxygenases is formed by the flavin-dependent enzymes [15]. 
The specific type of oxygenation reactions and selectivity depends on the 
nature of the active site of each specific monooxygenase, however, also 
on their structural fold. External flavoprotein monooxygenases 

Fig. 1. Structures and redox states of cofactors in flavoprotein oxidoreductases. (A) FMN and FAD, showing the isoalloxazine ring in oxidized (ox), semi-
quinone (sq), and hydroquinone (hq) states, (B) NADPH/NADP+ and NADH/NAD+, (C) Redox-active disulfide/thiols. The reactive C4a and N5 atoms of the 
isoalloxazine ring are highlighted in red. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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(consuming NADPH or NADH for flavin reduction) have been grouped 
according to sequence and structural data [15]. Subclass B flavoprotein 
monooxygenases (FPMOs) comprise three sequence-related subfamilies; 
microbial N-hydroxylating monooxygenases (NMOs) (EC 1.14.13.59), 
Baeyer-Villiger monooxygenases (Type I BVMOs) (EC 1.14.13.22), and 
flavin-containing monooxygenases (FMOs) (EC 1.14.13.8) [1,6,15]. 
FMO from Stenotrophomonas maltophilia, SmFMO, catalyzes the asym-
metric oxidation of thioethers, and is structurally very similar to e.g. 
TrxR [16,17]. 

Members of the tDBDF superfamily are also found within oxidore-
ductase subgroups EC 1.18 and 1.19, representing oxidoreductases of 

iron-sulfur (Fe–S) proteins and of flavodoxin (Fld) [8]. Ferredoxin/-
flavodoxin NAD(P)+ oxidoreductases (FNRs) catalyze the electron 
transfer between NAD(P)H and the Fe–S cluster of ferredoxin (Fd) or Fld, 
a small, FMN-containing protein which participates in several redox 
reactions, and which can replace Fd under low iron availability. In 
photosynthetic organisms and tissues, FNR receives electrons from 
Photosystem I via Fd, and reduces NADP+ to NADPH [18,19]. 
Conversely, FNRs can reduce Fds or Flds with electrons from NADPH. 
Fds and Flds can in turn donate electrons to various redox enzymes, such 
as cytochrome P450 (Fd) [20] or nitric oxide synthase (NOS) (Fld) [21]. 
FNRs can be divided into two main structurally unrelated families, 

Fig. 2. Structural features of TrxRs. (A) Crystal 
structure of the low Mr TrxR homodimer in the FO 
form (PDBid:1TDE, NADPH coordinates from 
1TDF), showing the NADPH-binding domain and 
FAD-binding domain in purple and green, respec-
tively. The two domains are connected by an 
antiparallel β-sheet hinge region. Both domains 
contain a three-layer ββα sandwich Rossmann-like 
fold. Conserved binding motifs for FAD and 
NADPH are indicated with arrows. (B) The low Mr 
TrxR active site, with the NADPH and FAD co-
factors, as well as the redox-active cysteine pair, 
represented as sticks and colored by atom type. 
The cystine is located close to the FAD cofactor, on 
the re-face of the isoalloxazine ring (FO form). (C) 
Crystal structure of the high Mr TrxR homodimer 

(PDBid:3EAO, NADPH coordinates from 2ZZC), showing the overall fold with the NADPH-binding domain, FAD-binding domain, and interface domain (blue). 
Cofactors and redox-active motifs are represented as sticks and colored by atom type, and indicated with arrows. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.)   

Fig. 3. Low Mr TrxR structure and mechanism. (A) Structural overview of the domain rotation in TrxR during catalysis, going from the FO conformation 
(reduction of the disulfide by FAD) to the FR conformation (reduction of FAD by NADPH and reduction of Trx). The conformational change involves a ~67◦ rotation 
of the NADPH domain. FO (PDBid:1TDE and 1TDF, NADPH from the latter), FR (PDBid:1F6M), and the two middle structures are interpolated trajectories (morph) 
between the FO and FR structures generated by PyMOL. (B) Reaction mechanism of Trx reduction by TrxR. 
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plant-type FNRs and GR-like FNRs. The latter can be further divided into 
adrenodoxin reductase (AdR)-like FNRs, oxygen-coupled NAD(P) 
H-ferredoxin reductase (ONFR)-like FNRs, and TrxR-like FNRs. As the 
name implies, FNRs from the latter subgroup are sequence-wise and 
structurally very similar to TrxRs, however, lacking the TrxR catalytic 
redox-active CXXC-motif/Cys-pair responsible for the reduction of the 
thioredoxin (Trx) substrate [13,22–24]. 

3. Thioredoxin reductase (TrxR) – NADPH-dependent 
flavoprotein disulfide oxidoreductase 

The structure and fold of TrxR has set the basis of this work. In this 
section, TrxR classification, structure, redox partner, and mechanism 
will be described. TrxR reduces Trx. The latter is a small (12 kDa) 
dithiol-containing protein involved in a variety of cellular processes 
such as DNA synthesis and repair, redox signaling, apoptosis, and anti-
oxidant defense [25–28]. TrxR is a homodimeric flavoprotein (EC 
1.8.1.9) catalyzing the NADPH-dependent reduction of the disulfide of 
Trx to a dithiol [13]. Low molecular weight (low Mr) TrxRs (~35 kDa for 
each subunit) (Fig. 2A and B), which are found in bacteria (Escherichia 
coli and others), archaea (Methanococcus jannaschii), plants (Arabidopsis 
thaliana) and some lower eukaryotes (yeast, mycoplasmas, Guardia 
duodenalis) are distinguished from high molecular weight (high Mr) 
TrxRs (~55 kDa for each subunit) (Fig. 2C), generally present in higher 
eukaryotes (mammals, Plasmodium falciparum, Caenorhabditis elegans, 
and Drosophila melanogaster) [13,29]. Both types of TrxRs use the same 
basic chemistry for Trx reduction, however, the details of the reactions 
are different, where high Mr TrxRs, in addition to having an enzymatic 
disulfide near the FAD group on the si-face (re-face in low Mr TrxR), have 
a second redox-active disulfide/selenosulfide pair at their extended 
C-terminus [12,13,29,30] (Fig. 2 and Section 4.3). In high Mr TrxRs, the 
electrons are donated from NADPH on the re-face of FAD to the disul-
fides located on the FAD si-face and further to the disul-
fide/selenosulfide pair on the other monomer, which reduces the 
disulfide pair in Trx (Fig. 2C and Section 4.3). Structurally, each 
monomer of the high Mr TrxR contains a FAD-binding domain, a 
NADPH-binding domain, and an interface or dimerization domain 
(Fig. 2C). High Mr TrxRs will not be further discussed in this review. 

Low Mr TrxR contains FAD and NADPH-binding domains, with the 
redox-active disulfide located in the conserved active site CXXC motif in 
the pyridine-nucleotide-binding domain. The two globular domains, 
both containing a three-layer ββα sandwich Rossmann-like fold, are 
connected by a two-stranded β-sheet (Fig. 2A). Conserved amino acid 
sequence motifs responsible for the binding of FAD and NAD(P)H are 
located in the two binding domains, respectively, which is a common 
feature among TrxRs and many TrxR-like oxidoreductases utilizing FAD 
and NAD(P)H as cofactors (HRRXXXR, 2′P phosphate group of NADPH; 
GXGXXA/G, pyrophosphate group of NAD(P)H); GXGXXG, FAD) 
(Fig. 2). The identity of these sequence motifs may vary among different 
classes of FAD- and NAD(P)H-dependent oxidoreductases [31,32]. In 
particular, the motif responsible for binding of the 2′P phosphate group 
of NADPH can be absent or altered in oxidoreductases shown to bind and 
utilize NADPH. Amino acid substitutions of residues in the typical 
HRRXXXR motif occur in several NADPH-consuming oxidoreductases, 
although they are typically replaced with other motifs containing basic 
amino acids interacting with the 2′P phosphate group of the adenosine. 

The catalysis of low Mr TrxR, unlike what is seen for high Mr TrxRs 
[30], involves a large conformational change where the NADPH domain 
rotates ~67◦ relative to the FAD domain. This domain rotation is 
necessary in order to sequentially accommodate NADPH and the 
redox-active disulfide close to the isoallozaxine ring of FAD (on the 
re-face), and to expose the reduced dithiol to the Trx substrate [33,34] 
(Fig. 3A). In one conformation (FO, flavin oxidizing), the loop con-
taining the redox-active disulfide adjoins the re-face of the FAD cofactor 
in an orientation allowing reduction of the disulfide by the reduced 
flavin, forming an oxidized flavin-thiolate charge transfer complex. In 

this conformation, however, NADPH binds far from the flavin cofactor, 
and the active site cysteines are buried and cannot react with the Trx 
substrate. Therefore, a conformational change occurs, with a ~67◦

rotation of the NADPH domain in respect to the FAD domain (FR, flavin 
reducing), permitting reduction of FAD by NADPH, and moving the 
dithiol pair to the hydrophilic surface of the enzyme to enable 
dithiol-disulfide interchange with Trx [33,35,36]. In more detail, the 
mechanism used by low Mr TrxR can be described as two half-reactions 
(Fig. 3B). In the reductive half-reaction, the oxidized flavin is reduced by 
the NADPH hydride, and the reduced flavin enediamine attacks the 
enzyme disulfide forming a flavin C4a-cysteine adduct and expelling a 
thiol. Formation of the thiol is assisted by an active site acid (Asp in 
E. coli TrxR) [37]. Then, elimination of the thiolate from the C4a-adduct 
results in flavin reoxidation and generation of the reduced thiol-thiolate 
pair that represents the two-electron reduced state of the enzyme. The 
thiolate near C4a forms a charge-transfer complex with the oxidized 
flavin. In the oxidative half-reaction, a series of thiol–disulfide in-
terchanges take place between the enzyme redox-active thiols and the 
oxidizing Trx substrate. First, the interchange thiol (not involved in 
charge-transfer with the flavin) attacks the Trx disulfide, expelling a 
thiolate leaving group, which is protonated by an active site acid. The 
enzyme–substrate mixed disulfide is then attacked by the 
charge-transfer thiolate, reforming the enzyme disulfide and yielding 
reduced Trx [38]. 

The crystal structure of the FO form of E. coli TrxR was solved by 
Model and coworkers in 1991 (PDBid:1TRB) [39], followed by addi-
tional structures solved by Kuriyan and coworkers in 1994 
(PDBid:1TDE,1TDF) [36], who also presented models of the alternative 
FR form. Ludwig and coworkers determined the structure of the E. coli 
TrxR FR form in 2000 (PDBid:1F6M) [33], providing evidence for the 
conformational changes required for catalysis. The latter structure was 
obtained from a crystal complex of cross-linked TrxR with Trx. 

The structure of low Mr TrxR is conserved, with varying degrees of 
modifications, among numerous oxidoreductases. Throughout evolu-
tion, these structurally related enzymes have beautifully diverged to 
perform multiple cellular processes. This structural basis has set the 
background for this review, including a comprehensive structural 
analysis of proteins containing the low Mr TrxR-like fold. 

4. Structural analysis of proteins containing the low Mr TrxR- 
like fold – a tDBDFs subclass 

Oxidoreductases represent a numerous and functionally diverse class 
of enzymes. Oxidoreductases from many subclasses, however, share 
high structural similarity, and in particular the NAD(P)H-dependent 
oxidoreductases (50% of all oxidoreductases) [8]. The overall struc-
ture composed of two dinucleotide-binding domains, responsible for 
binding FAD and NAD(P)H, respectively, is seen in many of these oxi-
doreductases, and is commonly described for the low Mr TrxRs, typified 
by the E. coli enzyme [35]. Some flavin-dependent oxidoreductases, 
together with low Mr TrxR, are composed solely of the low Mr TrxR 
architecture, but with different orientations of the dinucleotide-binding 
domains relative to each other. Also, an increasing number of oxidore-
ductases have been described which are composed solely of the low Mr 
TrxR architecture, however, functioning in an NAD(P)H-independent 
manner. Other oxidoreductases may contain the low Mr TrxR architec-
ture, however, with additional domains present, making up larger 
structures, as will be discussed below. To get an overview of all struc-
tures available containing the low Mr TrxR-like fold, we searched the 
Protein Data Bank (PDB) by performing a DALI (Distance-matrix 
ALIgnment) search [40], using the E. coli low Mr TrxR structures as 
search templates. From our structural alignment search, we inspected 
the thousand most similar hits containing the low Mr TrxR fold, to 
identify unique protein types. Some hits were excluded since they con-
tained only the FAD-binding domain (e.g. pyranose 2-oxidase and 
lysine-specific histone demethylase), or had a FAD-binding domain 
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Table 1A 
Overview of the different protein types in the PDB database containing the low Mr TrxR-like fold.  

Protein Abbreviation Additional domains Active 
cysteines 

NAD(P) 
H 

Substrate/Partner PDB example 

Contains only the low Mr TrxR-like fold (1) 
Thioredoxin reductase - low Mr TrxR (low) - CXXC + Trx 1TDF 
Ferredoxin/flavodoxin NADP+ oxidoreductase FNR - No + Fld/Fd 6GAS 
Iron utilizing oxidoreductase IruO - No + iron-siderophore/Isdl/IsdG 5TWC 
Bacillithiol disulfide reductase Bdr - No + BSSB 7A7B 
Natural substrate specialized oxidoreductases GliT, HlmI, 

DepH 
- CXXC - Biosynthesis of gliotoxin, holomycin, 

romidepsin 
4NTC,4NTD, 
4NTE 

Thioredoxin-like oxidoreductases DTR, TRi - CXXC - Trx, (Fld) 5J60,5NII 
Ferredoxin-dependent flavin thioredoxin reductase FFTR - CXXC - Fd, Trx 6GNB 
Diflavin-linked disulfide oxidoreductase DDOR - CXXC - thiols/unknown 5N0J 
Thioredoxin oxidoreductase fold protein AclR AclR - CXXH - prespiro-aspirochlorine 7BR0 

Contains miscellaneous additional segments/domains (2) 
Alkyl hydroperoxide reductase subunit F AhpF double Trx fold 2 CXXC + AhpC 1HYU 
Flavin-containing monooxygenase FMO helix-loop-helix motif No + C-bound N, S, P, Se, I 4USR 
N-hydroxylating monooxygenase (ornithine hydroxylase) NMO/PvdA substrate-binding domain No + ornithine 3S5W 
Baeyer-Villiger monooxygenases (cyclohexanone, phenylacetone and steroid 
monooxygenase) 

BVMO substrate-binding domain No + cyclohexanone, phenylacetone, steroid 3GWD,2YLS, 
4AOX 

Heterodisulfide reductase, subunit A HdrA 2Fd, N-terminal - part of 
complex 

No - CoB–S–S-CoM, H2 5ODQ 

Sulfide:quinone oxidoreductase SQR C-terminal membrane anchor C-Xn-C - H2S, HS− , S2− , CoQ10 3T2Z 
Contains an additional C-terminal interface domain and Cys pair(s) (3) 

Thioredoxin reductase - high Mr TrxR (high) interface domain CX4C, CSec + Trx 3EAO 
Glutathione reductase GR interface domain CXXC + GSSG 1GRB 
Trypanothione reductase TryR interface domain CXXC + trypanothione/Try[S]2 6OEX 
Glutathione amide reductase GAR interface domain CX4C + GASSAG 2R9Z 
Dihydrolipoamide dehydrogenase DLD interface domain CX4C + dihydrolipoamide 2EQ9 
Thioredoxin glutathione reductase TGR interface domain, Grx CX4C, CX2C, 

Grx 
+ GSSG/Trx 5W1J 

Mercuric reductase (catalytic core) MerA interface domain, NmerA CX4C, CC, 
CX2C 

+ Hg2+ 1ZK7 

Contains an additional C-terminal domain, but no Cys pair (4) 
Putidaredoxin reductase - component of P450 Pdr C-terminal domain No + putidaredoxin Pdx 1Q1W 
Reductase component of toluene dioxygenase TodA C-terminal domain No + Rieske-type Fd 3EF6 
Biphenyl dioxygenase Fd reductase subunit BphA4 C-terminal domain No + Rieske-type Fd 4H4W 
Apoptosis-inducing factor AIF C-terminal domain, N-linker No + import factors 5FS9 
Monodehydroascorbate reductase MDHAR C-terminal domain No + monodehydroascorbate 6KRT 
Rubredoxin reductase RdxR C-terminal Rdx-binding domain No + rubredoxin Rdx 2V3A 

Contains an additional C-terminal interface domain and single Cys (5) 
NADH peroxidase NPX interface domain single Cys + hydrogen peroxide 1F8W 
NADH oxidase NOX interface domain single Cys + dioxygen 5ER0 
Coenzyme A disulfide reductase CoADR interface domain single Cys + coenzyme A disulfide 4EQX 
Persulfide reductase Npsr interface domain, rhodanese 

domain 
2 single Cys + persulfides of small thiols 6PFZ  

M
. H

am
m

erstad and H
.-P. H

ersleth                                                                                                                                                                                                         



Archives of Biochemistry and Biophysics 702 (2021) 108826

6

composed of a three-layer αβα sandwich Rossmann-like fold (e.g. dihy-
droorotate dehydrogenase and AdR) instead of the three-layer ββα 
sandwich Rossmann-like fold found in low Mr TrxR. Based on these 
criteria, we identified ~30 unique oxidoreductases with homologous 
structural organization, however, with different degrees of structural 
similarity (Table 1 and Fig. 4). The identified oxidoreductases have a 
great variety of substrates upon which they can react, and variations in 
their structural organization. However, the low Mr TrxR-like fold serves 
as a conserved consensus structural feature seen for these enzymes, 
regardless of their catalytic function (Fig. 4). Some oxidoreductases are 
solely composed of the low Mr TrxR-like fold; however, others contain 
various numbers of additional domains. Based on our structural survey, 
we have grouped these oxidoreductases according to structural simi-
larity and degree of variation into five groups: (1) oxidoreductases 
containing only the low Mr TrxR-like fold, (2) oxidoreductases con-
taining the low Mr TrxR-like fold and miscellaneous additional seg-
ments/domains, (3) oxidoreductases containing the low Mr TrxR-like 
fold, an additional C-terminal interface domain, and Cys pair(s), (4) 
oxidoreductases containing the low Mr TrxR-like fold and an additional 
C-terminal domain, but no Cys pair, and (5) oxidoreductases containing 
the low Mr TrxR-like fold, an additional C-terminal interface domain, 
and an active single Cys. These five structural groups will be described 
briefly below. 

4.1. Oxidoreductases containing only the low Mr TrxR-like fold (1) 

The most striking structural feature of the enzymes containing only 

the low Mr TrxR-like fold is the difference in orientation of the NAD(P)H- 
binding domain (or pseudo-NAD(P)H-binding domain for NAD(P)H- 
independent oxidoreductases) relative to the FAD-binding domain 
(Table 1A and Fig. 4A–J). These enzymes are naturally the ones with the 
highest Z-score from the structural similarity search by DALI (Table 1B). 
This group can be divided into the NAD(P)H-dependent (Fig. 4A–E) and 
NAD(P)H-independent (Fig. 4F–J) oxidoreductases. The active sites of 
the NAD(P)H-dependent enzymes (Fig. 5B,C,F) resemble the active site 
of other oxidoreductase groups (Fig. 5). However, the activity only oc-
curs at the re-face of the isoalloxazine ring. For low Mr TrxR, a domain 
rotation (discussed in Section 3) allows both the redox-active disulfide 
and the NAD(P)H to sequentially come close to the isoalloxazine ring of 
FAD on the re-face (Fig. 5B and C). Similarly, FNR provides open access 
to its redox partner on the FAD re-face [41]. In contrast, except for low 
Mr TrxR, FNR and N-hydroxylating monooxygenase (NMO), all the other 
enzyme active sites presented in Fig. 5 show that the flow of electrons 
goes from NAD(P)H on the re-face of the isoalloxazine ring, to the 
cysteine(s) and/or substrates on the si-face of FAD (Fig. 5A,D,G,H,I). The 
main focus of this review will be on the diversity of the members of 
structural group (1) oxidoreductases, with respect to variations in re-
actions, domain flexibility, and rotation. Selected enzymes of this group 
will be further discussed in detail in Sections 5 and 6. 

4.2. Oxidoreductases containing the low Mr TrxR-like fold and 
miscellaneous additional segments/domains (2) 

Group 2 is a gathering of low Mr TrxR-like fold containing 

Table 1B 
Overview of the different protein types in the PDB database containing the low Mr TrxR-like fold – Scores from the DALI search relative to low Mr TrxR (1TDF).  

Protein Abbreviation Z- 
score 

RMSD 
(Å) 

Residues Aligned 
residues 

Sequence 
identity (%) 

PDB 

Contains only the low Mr TrxR-like fold (1) 
Thioredoxin reductase - low Mr TrxR (low) 52.6 0.0 315 315 100 1TDF 
Ferredoxin/flavodoxin NADP+ oxidoreductase FNR 24.5 4.7 326 206 22 6GAS 
Iron utilizing oxidoreductase IruO 26.6 5.5 344 289 22 5TWC 
Bacillithiol disulfide reductase Bdr 20.5 3.8 323 235 16 7A7B 
Natural substrate specialized oxidoreductases GliT, HlmI, 

DepH 
29.5 2.7 308 288 20 4NTC,4NTD, 

4NTE 
Thioredoxin-like oxidoreductases DTR, TRi 27.1 4.7 307 194 31 5J60,5NII 
Ferredoxin-dependent flavin thioredoxin reductase FFTR 24.9 5.4 284 195 24 6GNB 
Diflavin-linked disulfide oxidoreductase DDOR 31.3 2.6 300 290 20 5N0J 
Thioredoxin oxidoreductase fold protein AclR AclR 27.9 2.9 318 288 17 7BR0 

Contains miscellaneous additional segments/domains (2) 
Alkyl hydroperoxide reductase subunit F AhpF 36.8 2.2 521 304 35 1HYU 
Flavin-containing monooxygenase FMO 17.2 3.7 357 216 15 4USR 
N-hydroxylating monooxygenase (ornithine hydroxylase) NMO/PvdA 16.4 4.2 411 189 17 3S5W 
Baeyer-Villiger monooxygenases (cyclohexanone, 
phenylacetone and steroid monooxygenase) 

BVMO 12.4 3.9 529 218 10 3GWD,2YLS, 
4AOX 

Heterodisulfide reductase, subunit A HdrA 21.8 4.0 652 228 14 5ODQ 
Sulfide:quinone oxidoreductase SQR 16.0 3.4 427 212 14 3T2Z 

Contains an additional C-terminal interface domain and Cys pair(s) (3) 
Thioredoxin reductase - high Mr TrxR (high) 19.3 4.6 489 235 17 3EAO 
Glutathione reductase GR 20.6 4.0 461 233 18 1GRB 
Trypanothione reductase TryR 17.7 3.8 485 231 13 6OEX 
Glutathione amide reductase GAR 20.2 4.7 451 229 21 2R9Z 
Dihydrolipoamide dehydrogenase DLD 20.0 6.0 460 252 23 2EQ9 
Thioredoxin glutathione reductase TGR 17.6 5.0 584 234 18 5W1J 
Mercuric reductase (catalytic core) MerA 19.2 3.8 467 220 21 1ZK7 

Contains an additional C-terminal domain, but no Cys pair (4) 
Putidaredoxin reductase - component of P450 Pdr 17.2 3.8 421 218 16 1Q1W 
Reductase component of toluene dioxygenase TodA 17.8 3.8 400 215 18 3EF6 
Biphenyl dioxygenase Fd reductase subunit BphA4 17.3 3.8 399 214 18 4H4W 
Apoptosis-inducing factor AIF 18.3 3.7 459 218 15 5FS9 
Monodehydroascorbate reductase MDHAR 19.7 4.3 433 226 26 6KRT 
Rubredoxin reductase RdxR 16.3 4.1 381 215 18 2V3A 

Contains an additional C-terminal interface domain and single Cys (5) 
NADH peroxidase NPX 18.1 3.5 447 212 22 1F8W 
NADH oxidase NOX 19.7 4.4 450 211 18 5ER0 
Coenzyme A disulfide reductase CoADR 16.8 4.0 437 223 17 4EQX 
Persulfide reductase Npsr 18.0 3.5 536 220 17 6PFZ 

Average used for lines with more than one PDBid. 
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oxidoreductases that do not naturally fall into the other four groups, but 
can be characterized as a miscellaneous group containing additional 
segments/domains. Alkyl hydroperoxidase reductase subunit F (AhpF), 
which recycles peroxiredoxin AhpC, is the protein with the highest 
sequence identity and DALI Z-score to the low Mr TrxR, but contains an 
additional flexible N-terminal domain consisting of two Trx-folds 
(Table 1, Fig. 4K) [42]. Similar to the members of the previous group, 

the interaction occurs on the re-face of FAD with AhpF interacting with 
both NAD(P)H and the disulfide on the re-face. The FPMOs have the 
lowest sequence identity to low Mr TrxR, and contain 40-200 additional 
residues [43–47]. FMO has an additional helix-loop-helix motif, while 
NMO and BVMO have additional substrate-binding domains (Fig. 4L,M). 
Fig. 5E shows that for NMO, both the NADPH and the substrate binds on 
the re-face of FAD. The two final enzymes in this group are 

Fig. 4. Overview and alignment of the 
oxidoreductases containing the low Mr 
TrxR-like fold described in Table 1. The 
low Mr TrxR-like fold colored in green for 
the FAD domain and purple for the NAD(P)H 
domain. Additional C-terminal domain 
colored in blue, a second C-terminal domain 
in teal, an N-terminal domain in yellow, an 
internal domain in orange, and additional 
helices of the NAD(P)H or FAD domains in 
light purple or light green, respectively. The 
cofactors are represented as sticks and 
colored by atom type. The structures are (A) 
low Mr TrxR in FO form (PDBid:1TDE and 
ITDF, NADPH from the latter), (B) low Mr 
TrxR in FR form (PDBid:5VT3), (C) FNR2 
(PDBid:6GAS), (D) IruO (PDBid:5TWC), (E) 
Bdr (PDBid:7A7B), (F) Overlay of GliT 
(PDBid:4NTC), HlmI (PDBid:4NTD), and 
DepH (PDBid:4NTE), (G) Overlay of DTR 
(PDBid:5J60) and TRi (PDBid:5NII), (H) 
FFTR (PDBid:6GNB), (I) DDOR 
(PDBid:5N0J), (J) AclR (PDBid: 7BR0), (K) 
AhpF (PDBid:1HYU), (L) Overlay of FMO 
(PDBid:4USR) and NMO/PvdA 
(PDBid:3S5W), (M) overlay of three BVMOs 
(PDBid:3GWD, 2YLS and 4AOX), (I) (N) 
HdrA (PDBid:5ODQ), (O) SQR 
(PDBid:3T2Z), (P) high Mr TrxR (PDBi-
d:3EAO), (Q) Overlay of GR (PDBid:1GRB), 
TryR (PDBid:6OEX), GAR (PDBid:2R9Z), 
and DLD (PDBid:2EQ9), (R) overlay of TGR 
(PDBid:5W1J) and MerA (PDBid:1ZK7), (S) 
overlay of Pdr (PDBid:1Q1W), TodA (PDBi-
d:3EF6), BphA4 (PDBid:4H4W), AIF 
(PDBid:5FS9), and MDHAR (PDBid:6KRT), 
(T) RdxR (PDBid:2V3A), (U) overlay of NPX 
(PDBid:1F8W), NOX (PDBid:5ER0), and 
CoADR (PDBid:4EQX), (V), Npsr 
(PDBid:6PFZ). (For interpretation of the 
references to color in this figure legend, the 
reader is referred to the Web version of this 
article.)   
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heterodisulfide reductase (HdrA) and sulfide:quinone oxidoreductase 
(SQR), which both contain different additional domains, but do not 
utilize NAD(P)H in their reactions (Table 1, Fig. 4N,O) [48,49]. 

4.3. Oxidoreductases containing the low Mr TrxR-like fold, an additional 
C-terminal interface domain, and Cys pair(s) (3) 

This group is part of the FDR family and contains different active Cys 
pair motifs (Table 1). The overall structures of the enzymes within this 
group are very similar as can be seen from the structural overlay in 
Figs. 4P,Q,R. Structurally, in addition to the low Mr TrxR-like fold, these 
enzymes contain a C-terminal interface/dimerization domain (Fig. 4P,Q, 
R) [12,50–54]. MerA and thioredoxin glutathione reductase (TGR) also 
contain a fourth domain [55,56]. The substrates vary from disulfide 
proteins, such as Trx for high Mr TrxR, to sulfur-containing organic 
molecules, like glutathione disulfide (GSSG) for GR or inorganic ions 
such as Hg2+ for MerA. Generally, the electrons flow from NAD(P)H on 
the re-face to the isoalloxazine ring of FAD, and further to the Cys pair on 
the si-face (Fig. 5A,D). In high Mr TrxR, the reduced Cys pair further 
reacts with another redox-active disulfide or selenosulfide pair in the 
C-terminal tail of the other monomer of the homodimer, which finally 
moves to react with Trx [30] (Figs. 5A and 2C). In GR, the disulfide on 
the si-face reacts instead directly with GSSG [14] (Fig. 5D). The other 
enzymes of this group have a similar structural organization and elec-
tron flow, but with small differences with respect to the substrate they 
act upon. 

4.4. Oxidoreductases containing the low Mr TrxR-like fold and an 
additional C-terminal domain, but no Cys pair (4) 

No redox-active cysteines are present in this group of enzymes, 
despite having a similar fold as seen for the previous group (Table 1, 
Fig. 4S). The overall structures of enzymes within this group are very 
similar, as can be seen from the structural overlay (Fig. 4S), all con-
taining an additional C-terminal domain (Fig. 4S,T). In contrast to the 
previous groups, the multimerization states vary [57]. For instance, the 
apoptosis-inducing factor (AIF), after accepting two electrons from 
NADH, undergoes a dimerization and conformational change [58–60]. 
Rubredoxin reductase (RdxR) on the other hand, has a smaller C-ter-
minal domain acting as a rubredoxin-binding domain [57]. Several en-
zymes in this group have other proteins as redox partners/substrates. 
The organization of the Fd reductase subunit of biphenyl dioxygenase 
(BphA) is shown in Fig. 5I, displaying NADH on the re-face of the 
isoalloxazine ring of FAD, and on the other side, the interaction with the 
Fe2S2 cluster of Fd [61]. 

4.5. Oxidoreductases containing the low Mr TrxR-like fold, an additional 
C-terminal interface domain, and an active single Cys (5) 

These enzymes have a similar structural arrangement as described 
for the two previous groups containing the low Mr TrxR-like fold and a C- 
terminal interface domain (Figs. 4U,V and Table 1). Persulfide reductase 
(Npsr) has an additional rhodanese domain (Figs. 4V). What distin-
guishes the members of this group from the previous two groups, is the 

Fig. 5. Active sites of selected flavoprotein reductases. The different structures are shown in cartoon and colored white. If a second monomer or a protein 
substrate is shown, it is colored in black. Cofactors and small molecule substrates are represented as sticks and colored by atom type. The carbon atoms are colored in 
a unique color for each enzyme. The active site of (A) high Mr TrxR (PDBid:3EAO and 2ZZC, NADPH from the latter), (B) low-Mr TrxR in FR form (PDBid:5VT3), (C) 
low Mr TrxR in FO form (PDBid:1TDE and 1TDF, NADPH from the latter), (D) GR (PDBid:1GRA and 1GRB, NAPDH from the latter), (E) NMO (PDBid:3S5W), (F) FNR 
(PDBid:3LZX), (G) NPX (PDBid:1F8W and 2NPX, NADH from latter), (H) CoADR (PDBid:4EQR), and (I) BphA4 (PDBid:2YVJ). (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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active site single redox-active Cys found on the si-face of the isoalloxa-
zine ring of FAD (Fig. 5G and H). In NPX and NADH oxidase (NOX), 
reducing hydrogen peroxide or dioxygen to water, the reaction propa-
gates through the generation of an active site cysteine sulfenic acid [12, 
62–64] (Fig. 5G). Coenzyme A disulfide reductase (CoADR) also con-
tains a single Cys on the si-face, but here, coenzyme A disulfide 
(CoA-S-S-CoA) reacts directly with the cysteine generating a 
CoA-S-S-Cys intermediate, before a full reduction by NAD(P)H through 
the flavin [65] (Fig. 5H). 

In the remaining part of this review, selected oxidoreductases con-
taining only the low Mr TrxR-like fold (structural group (1)) will be 
discussed in more detail. 

5. TrxR-like NAD(P)H-dependent cystine-independent FAD- 
containing oxidoreductases 

Many bacteria contain proteins originally annotated as TrxRs, due to 
the high sequence similarity with the low Mr TrxRs (or generally an-
notated as NAD(P)/FAD-dependent oxidoreductases). However, many 
of these do not contain the conserved CXXC motif of low Mr TrxRs, and 
therefore most likely do not function as TrxRs in the reduction of 
disulfide-containing substrates. Several of these bacteria lack an anno-
tated FNR, nor encode proteins with sequence similarity to the plant- 
type FNRs that are found in many bacteria. Therefore, it has been 
reasonable to suspect that certain oxidoreductases annotated as TrxRs in 

Fig. 6. TrxR-like FNRs involved in 
various redox pathways. For FNRs and 
FNR homologs, one protomer is colored, 
whereas the other protomer(s) are depicted 
in grey. (A) B. cereus FNR2 (PDBid:6GAS) 
as electron donor to Flds (PDBid:6GAQ) 
and NrdI (PDBid:2X2O), the latter acti-
vating the NrdF subunit (PDBid:4BMU) of 
bacterial class Ib RNR. (B) B. subtilis FNR 
YumC (PDBid:3LZX) can reduce Fd and Fld 
YkuN, the latter activating NOS 
(PDBid:1M7V). (C) C. tepidum FNR (PDBi-
d:3AB1) is reduced with electrons from the 
photosynthetic RC, via Fd. (D) S. aureus 
FNR IruO (PDBid:5TWB) is shown to 
reduce heme-degrading IsdG 
(PDBid:2ZDO) and IsdI (PDBid:2ZDP), as 
well as hydroxamate-type siderophores. (E) 
Tetrameric B. cereus and S. aureus Bdrs 
(PDBid:7A76, 7A7B, 7APR) reduce the 
LMW thiol bacillithiol disulfide (BSSB) to 
bacillithiol (BSH). *closest structural ho-
molog: B. thermoproteolyticus Fd (PDBi-
d:1IQZ), §closest structural homolog: 
B. cereus Fld2 (PDBid:6GAQ), ¶closest 
structural homolog: P. aeruginosa Fd 
(PDBid:2FGO). Arrows indicate the direc-
tion of electron flow.   
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selected bacterial species may in fact function as FNRs in these bacteria, 
especially since they also encode Flds. Even though the first account of a 
TrxR-like FNR was published nearly 20 years ago, the TrxR annotation 
remains in many genomes. Moreover, some bacteria encode multiple 
homologous variants of potential FNRs, further suggesting that some can 
function specifically as FNRs in reducing Fds or Flds, whereas other 
FNRs may serve different catalytic functions. During the last decade, 
different functions have been suggested for this type of TrxR-like NAD 
(P)H-dependent cystine-independent FAD-containing oxidoreductases. 
An overview of functions and redox pathways assigned for the selected 
TrxR-like FNRs discussed below is presented in Fig. 6. Three types of 
such oxidoreductases will be discussed in detail in Sections 5.1-5.3 
below. The overview in Fig. 6 demonstrates the variations in the 
orientation of the FAD-binding domains relative to the NAD(P)H- 
binding domains of the different enzymes, and gives an overview of 
the redox partners/substrates identified for these enzymes in Bacillus 
cereus, Bacillus subtilis, Chlorobaculum tepidum, and Staphylococcus 
aureus. 

5.1. Ferredoxin/flavodoxin NADP+ reductase (FNR) 

The first TrxR-like FNRs were isolated from C. tepidum in 2002 [66], 
and since then, several homologs have been found in e.g. Firmicutes [41, 
67,68], α-proteobacteria [19], and thermophilic prokaryotes [24,69]. As 
described above, TrxR-like FNRs, despite their structural similarity with 
low Mr TrxRs, cannot function as TrxRs due to the lack of a catalytic 
CXXC-motif. Similar to the TrxRs, the TrxR-like FNRs are homodimeric. 
This is in contrast to other types of FNRs, which, with a few exceptions, 
are monomeric [19]. Each TrxR-like FNR protomer has the two domains, 
with Rossmann-like three-layer ββα sandwich nucleotide binding folds 
for both FAD and NAD(P)H. The NAD(P)H-binding domain is inserted 
between two sections of the FAD-binding domain, connecting to the 
FAD-binding domain by a hinge region consisting of an antiparallel 
β-sheet. The two domains can rotate relative to each other, as suggested 
by the crystal structures of TrxR-like FNRs that have crystallized in 
several different conformations [23,41,70] (Fig. 7A–D). This domain 
rotation is unique from other types of FNRs, and different from the 
domain rotation enabling catalysis in low Mr TrxR [33,36,71]. However, 
a rotation between the FAD- and NAD(P)H-binding domains is likely to 
play a role in the TrxR-like FNR catalytic mechanism as well. In the 
crystal structure of a B. subtilis TrxR-like FNR (YumC) with NADP+

bound (PDBid:3LZW, 3LZX) [70], NADP+ is bound more than 15 Å away 
from the FAD group, too far away for productive hydride transfer [72]. A 
nearly identical orientation is seen in B. cereus FNR2 (PDBid:6GAS) [41] 
(sequence identity 78%), and a similar but slightly different orientation 
is seen in Thermus thermophilus FNR (PDBid:2ZBW). However, other FNR 
crystal structures reveal different orientations of the NAD(P)H domains 
relative to the FAD domains, as seen in the crystal structures of B. cereus 
FNR1 (PDBid:6GAR) and S. aureus FNR (IruO, iron utilizing oxidore-
ductase) (PDBid:5TWB, 5TWC) [73] (Fig. 7A–D). Thus, a domain rota-
tion is highly likely to take place in order to position the NAD(P)H close 
enough to reduce the FAD cofactor, and for allowing substrate binding. 
This notion is further strengthened through studies by Muraki and 
co-workers, who solved the crystal structure of C. tepidum FNR (PDBi-
d:3AB1) [23]. This structure revealed a unique homodimer in which the 
domains are arranged asymmetrically, with one NAD(P)H domain pre-
sent in an open conformation, and the other with the NAD(P)H domain 
in a closed conformation. The same study also demonstrated decreased 
FNR activity when replacing conserved glycine residues with prolines in 
the hinge region, again suggesting the importance of a domain rotation 
for catalysis, and that the hinge-motion is involved in binding of the 
pyridine nucleotide, as well as Fd or Fld in FNRs. 

An interesting model organism for investigating TrxR-like FNRs has 
been the Firmicute B. cereus. B. cereus strain ATCC 14579 contains three 
genes encoding TrxR-like FNRs; BC0385 (FNR1), BC4926 (FNR2), and 
BC1495 (FNR3, recently shown to function as a bacillithiol disulfide 
reductase (Bdr) (see Section 5.3)). Although these were originally an-
notated as TrxRs, none contain the TrxR catalytic CXXC motif. A mul-
tiple sequence alignment showed that the TrxR-like FNRs cluster in three 
different branches on a phylogenetic tree, however, FNR1 and FNR2 
share a higher sequence identity than they do with Bdr [68]. B. cereus 
also contains two flavodoxins, Fld1 and Fld2, as well as the 
flavodoxin-like protein NrdI. Thus, the B. cereus FNR/Fld redox network 
has been a good starting point to compare and contrast the structure and 
function of different FNRs and Flds, as well as the FNR-Fld interaction 
and electron transfer. 

The crystal structure of B. cereus FNR2 [41], as also seen from the 
structure of B. subtilis YumC FNR [70], show that the NAD(P)H-binding 
domain adopts a conformation that would disallow hydride transfer 
from the NAD(P)H cofactor to the FAD cofactor. Here, the NAD(P) 
H-FAD distance is 16.9 Å (flavin N5 to NAD(P)H C4), demonstrating 
that a large-scale conformational rearrangement must take place for 

Fig. 7. Conformational variation in TrxR- 
like FNRs. The structures show variations in 
domain conformation due to different rota-
tions of the NADPH-domains relative to the 
FAD-domains. Only monomers are depicted 
in Figures A–D. (A) Overlay of B. cereus 
FNR2 (PDBid:6GAS) and B. subtilis FNR 
YumC (PDBid:3LZX) (NADPH from the 
latter), (B) T. thermophilus FNR 
(PDBid:2ZBW), (C) C. tepidum FNR (PDBi-
d:3AB1), and (D) overlay of S. aureus IruO 
(PDBid:5TWB) and B. cereus FNR1 
(PDBid:6GAR). In (E), the open FNR 
conformation is shown, allowing Fld binding 
[41] (calculated with the ClusPro2.0 server 
[144]) (PDBid:6GAS and 6GAQ), whereas in 
(F), the closed, preferred hydride transfer 
conformation of FNR is shown (PDBid: 
6GAR).   
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hydride transfer. However, this open conformation appears to give more 
room for substrate binding (Fig. 7A,E). In the open FNR2 conformation, 
the substrate Fld has been suggested to dock close to the FAD cofactor 
[41], and hence, suggesting that electron transfer must be favored in the 
open conformation as seen in these crystal structures. 

To the contrary, B. cereus FNR1 has been crystallized with the NAD 
(P)H-binding domain rotated 60◦ relative to the NAD(P)H-binding 
domain seen in the structure of B. cereus FNR2 [41] (Fig. 7D,F). This 
rotation has implications for both substrate binding and the hydri-
de/electron transfer between NAD(P)H and FAD in FNR, and to FMN in 
the Fld substrate, respectively. In FNR1, the NAD(P)H-FAD distance 
would be 10.2 Å (flavin N5 to NAD(P)H C4) [41]. The closed confor-
mation seen in this structure could allow for electron transfer in the 
FNR1 conformation, suggesting that the conformation of FNR1 is closer 
to the preferred hydride transfer conformation. Furthermore, attempts 
of docking Flds to the B. cereus FNR1 structure gives no single consensus 
binding site, and only sites distant to the FAD cofactor [41]. Thus, the 
computed potential Fld binding site would allow for electron transfer in 
the FNR2 conformation, but not in the FNR1 conformation, further 
supporting the hypothesis that substrate binding occurs in the open 
conformation of FNR2 (Fig. 7E and F). 

In addition to the structural aspects giving insight into FNR domain 
rotation and substrate binding, as demonstrated by the B. cereus FNR1 
and FNR2 crystal structures, interesting findings related to function have 
been made based on the B. cereus FNR/Fld redox network. Ribonucle-
otide reductases (RNRs) catalyze the reduction of ribonucleotides to 
their corresponding deoxyribonucleotides [74–76]. In order for the re-
action to take place in the manganese-bound class Ib RNR, formation of 
a MnIII

2-tyrosyl radical (Y•) cofactor in the NrdF subunit is assisted by 
the flavodoxin-like protein NrdI, which reacts with oxygen to produce 
an oxidant used in the activation of the manganese cluster [77,78]. As 
NrdI has been shown to be involved in this pathway for more than a 
decade [77,79], it was only in 2015 that a study linked the role of a 
TrxR-like FNR in Lactococcus lactis to ribonucleotide reduction [80], and 
a native NrdI reductase was first described in a study by Hersleth and 
co-workers a year later, identifying a missing piece of the class Ib RNR 
redox pathway [68]. The latter study showed similar dissociation con-
stants for the B. cereus FNR(1/2/3)-NrdI redox pairs, however, 
steady-state kinetics studies showed that the turnover number of FNR2 
was >10-fold and >30-fold higher than the turnover numbers of FNR1 
and FNR3, respectively, in the reduction of NrdI. The study also 
confirmed that the FNR2/NrdI redox system activated NrdF in vitro, 
generating the highest Y• yield, as compared to the FNR1-NrdI and 
FNR3-NrdI pairs. Thus, FNR2 was established as an endogenous redox 
partner involved in the activation of NrdI, and hence, class Ib RNR in 
B. cereus (Fig. 6A). Furthermore, the same group found that FNR2 re-
duces B. cereus Fld1 and Fld2 at significantly higher rates than the two 
other FNRs, with FNR2-Fld2 being the most efficient electron transfer 
pair (>200-fold higher turnover than FNR1-Fld2 and >3000-fold higher 
than FNR3-Fld2), with a similar reduction rate to that of the E. coli 
plant-type FNR-Fld pair [81]. Also, the FNR2-Fld2 pair showed a 
>90-fold higher turnover rate than the electron transfer pair FNR2-NrdI 
[41]. Insight into possible reasons for the differences in electron transfer 
rates and substrate specificities of FNR1 and FNR2 became apparent 
upon inspection of their crystal structures. The conserved C-terminal 
subdomain of one monomer stretches over the FAD cofactor in the other 
monomer [23], as also seen from most published structures of TrxR-like 
FNRs. Three residues in this helix, an aromatic residue (His, Tyr, or Phe) 
followed by two aliphatic hydroxyl-containing residues (Ser or Thr) 
stabilize the FAD cofactor by π-π interactions and hydrogen-bonding 
[23,41,70]. Although these residues were suggested to be a common 
feature in all TrxR-like FNRs, it was recently shown that the aromatic 
residue is replaced by a conserved Val in several FNRs, proposing a di-
vision into two phylogenetic subclasses of TrxR-like FNRs; one where an 
aromatic residue is stacked opposite to the FAD on the FAD re-face 
(including e.g. B. cereus FNR2), and one where Val is positioned on the 

FAD re-face (including e.g. B. cereus FNR1) [41]. Mutational studies of 
the FAD-stacking aromatic residue have suggested a shielding role of 
FAD from exposure to solvent during catalysis [23,70], however, none of 
these studies have mutated the aromatic residue to a hydrophobic, 
aliphatic residue such as Val. Further studies are required to determine 
whether the interchange of the aromatic residue to Val affects the 
function of the TrxR-like FNRs. Another difference between B. cereus 
FNR1 and FNR2 is that FNR1 has a much longer C-terminal helix than 
FNR2 [41]. The role of the C-terminal helix in TrxR-like FNRs is still 
unclear, however, functions involved in substrate binding and/or elec-
tron transfer [82], and hydride transfer [83] have been proposed. 

Another example illustrating substrate diversity and lack of speci-
ficity among FNRs, as often seen for electron transfer complexes [84], is 
the B. subtilis YumC FNR. This FNR was originally characterized as a 
redox partner to iron-sulfur Fds, showing a remarkably higher reactivity 
towards Fe4S4 type Fd than those for Fe2S2 type Fd reduction [19], in 
contrast to other types of FNRs whose physiological electron donor/-
acceptors are considered to be Fe2S2 type Fds [85]. Later on, YumC FNR 
was also confirmed to function as a native redox partner to the Fld YkuN 
in B. subtilis [86], the latter demonstrated to function as a redox partner 
involved in nitric oxide synthase (NOS) activity [21] (Fig. 6B). More-
over, another interesting aspect of FNRs is seen for the C. tepidum FNR, 
which catalyzes the reduction of NAD(P)+ to NAD(P)H with reduced Fd, 
the latter accepting electrons from the photosynthetic reaction center 
(RC) of green sulfur bacteria during the final step of the photosynthetic 
electron transport chain [23,85,87] (Fig. 6C). Whether either of the 
B. cereus FNRs may function as redox partners to the two Fds encoded in 
the B. cereus genome remains to be investigated. 

Despite the lack of substrate specificity, as well as direction of the 
electron flow in the above described FNRs, we define these FNRs as 

Fig. 8. Proposed IruO mechanism for the reduction of Fe(III)-side-
rophores. The reduced IruO dimer (PDBid:5TWB) mediates electron transfer 
from NADPH, via a FADsq intermediate, for the reduction of Fe(III)- 
desferrioxamine B and Fe(III)-ferrichrome A. 
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“classical FNRs”, in respect to redox networks involving Flds/Fds. 
Recently, other and completely different functions have been described 
for FNRs and FNR homologs in the literature, displaying an intriguing 
evolutionary divergence among these structurally related enzymes. For 
instance, although FNR1 from B. cereus is able to reduce Flds and NrdI at 
lower catalytic efficiencies [41,68], an FNR1 homolog from S. aureus, 
the TrxR-like FNR IruO, has been reported to serve different functions. 
IruO functions in the reduction of heme degrading enzymes, IsdG and 
IsdI [88,89], as well as in the reduction of hydroxamate-type side-
rophores [73] (Fig. 6D). Moreover, B. cereus FNR3 (Bdr), a poor redox 
partner to Flds and NrdI, has recently been shown to serve yet another 
function, namely as a reductase of oxidized bacillithiol [90], as initially 
reported for Bdr from S. aureus (sequence identity 60%) [10,91] 
(Fig. 6E). IruO and Bdr will be discussed in sections 5.2 and 5.3, 
respectively. 

5.2. Iron utilizing oxidoreductase (IruO) 

S. aureus does not have any genes coding for Flds. It does encode, 
however, a TrxR-like FNR, IruO, which is a close homolog of the B. cereus 
FNR1 (sequence identity 45%). As S. aureus also encodes an Fd, it would 
be reasonable to assume that IruO functions as a redox partner to Fd 
instead, however, to our knowledge, such activity has not been reported. 
If the FNR1 homolog preferentially reduces Fd in B. cereus remains to be 
investigated, however, for S. aureus IruO, other interesting redox part-
ners and roles in iron acquisition have been discovered. 

S. aureus is a widely studied human pathogen and a leading cause of 
global mortality, causing a number of diseases [92,93]. Iron acquisition 
is required for bacterial metabolism, growth, and the ability to sustain a 
successful infection by this bacterium, and obtaining iron is critical for 
these purposes as the concentration of freely available iron in 
mammalian hosts is negligible [94,95]. Consequently, S. aureus has 
evolved different strategies for iron acquisition. One such strategy is 
through heme degradation, regulated by the iron-regulated surface 
determinant (Isd) system [96]. Host heme-containing proteins hemo-
globin and haptoglobin are bound by wall-anchored proteins (IsdA, 
IsdB, IsdC, and IsdH), which extract heme, and shuttle it to the bacterial 
membrane [97–103]. Once transported across the membrane into the 
cytoplasm by an ABC transporter (IsdE, IsdF, and possibly IsdD) [98, 
104,105], the degradation of the porphyrin ring of heme, and release of 
iron, is catalyzed by the paralogous heme degrading monooxygenases 
IsdG and IsdI [106,107]. IruO has been shown to supply electrons to 
IsdG and IsdI (Fig. 6D), and has been proposed to be the biological 
reductase associated with these enzymes in heme degradation in 
S. aureus [89]. 

Another iron acquisition strategy applied by S. aureus, is scavenging 
of Fe(III) bound to host proteins using two endogenously synthesized 

siderophores, staphyloferrin A and B [108]. In addition, S. aureus can 
internalize iron-bound siderophores produced by other bacteria and 
fungi through the use of membrane anchored transporters; the SstABCD 
uptake system for catecholate-type siderophores [109], and the 
FhuBGC2-D2/D1 uptake system for hydroxamate-type siderophores 
[110,111]. Iron release from the internalized Fe(III)-siderophore com-
plexes requires a one-electron reduction of the Fe(III) complex to ferrous 
iron (Fe(II)) [112]. The iron-regulated nitroreductase NtrA has been 
shown to be essential for the utilization of the polycarboxylate-type 
siderophore Fe(III)-staphyloferrin A [113]. IruO, on the other hand, 
has been demonstrated to reduce the hydroxamate-type siderophores Fe 
(III)-desferrioxamine B and Fe(III)-ferrichrome A (Figs. 6D and 8) [73, 
113]. Based on UV–vis spectroscopic investigations, Murphy and co-
workers have proposed that each FADox cofactor in the IruO dimer ac-
cepts one electron each from NAD(P)H, where one electron is 
transferred across the interacting FAD-binding domains in the adjacent 
subunits, resulting in the FADsq state in both protomers (1 NAD(P)H to 1 
IruO dimer). Ultimately, is was shown that the FADsq form was able to 
reduce the Fe(III)-siderophore complex, indicating that reduced IruO 
mediates the transfer of electrons from NAD(P)H, via a FADsq interme-
diate, to reduce two Fe(III)-siderophore complexes [73] (Fig. 8). Proof of 
this unprecedented two single-electron transfer mechanism from 
NADPH is lacking. NADPH is known to be a mandatory 2-electron 
(hydride) donor, so a possibility is first to generate FAD/FADH2 and 
then 2FADH•, but a stepwise hydride transfer has recently been shown 
to be possible in biological systems [114]. 

As also seen in the B. cereus FNR1 structure, structural analysis of 
IruO (S. aureus NWMN0732) revealed that a conserved valine residue 
(Val324) is positioned on the FAD re-face, stabilizing the isoalloxazine 
ring, placing B. cereus FNR1 and S. aureus IruO in the same phylogenetic 
FNR clade [41,73]. The crystal structure of reduced IruO (PDBid:5TWB) 
(Cys248 and Cys265 in hinge region and FAD-binding domain, respec-
tively) has revealed that this form is the preferred substrate-binding 
form, with a putative siderophore binding site in a pocket located next 
to the re-face of the FAD isoalloxazine ring. In the structure of oxidized 
IruO, (PDBid:5TWC), the NAD(P)H-domain is rotated 90◦ relative to the 
FAD domain, with the formation of an intramolecular disulfide bond 
between Cys248 and Cys265. This rotation results in a conformational 
change in the suggested siderophore binding site, rendering it signifi-
cantly narrower. However, the general significance of this observation 
for IruO can be questioned, as this cysteine pair is not conserved among 
other Staphylococcus species, nor other Firmicutes. Based on these 
findings, together with a higher Fe(III)-siderophore reductase activity 
seen for reduced IruO, it has been suggested that the latter is the 
preferred catalytic form [73]. Murphy and co-workers show that IruO 
prefers NADPH over NADH as a source of electrons. However, in 
contrast to FNR2 and FNR YumC, IruO and FNR1 do not contain the 

Fig. 9. The bacillithiol disulfide reduc-
tase Bdr. (A) Structure showing the 
S. aureus Bdr monomer (PDBid:7A7B and 
7APR. Biological homotetramer depicted in 
Fig. 6E), displaying various structural fea-
tures: NADPH and FAD cofactors (sticks, 
colored by atom type), Tyr128, Phe51, and 
loop (involved in gating, colored teal), 
Cys14 (colored teal), and putative BSSB 
binding channel (pink surface). (B) Model of 
BSSB substrate. (C) Proposed Bdr reaction 
mechanism for the reduction of BSSB to 2 x 
BSH. NADPH binds and reduces FAD, 
NADP+ leaves and BSSB binds, and BSSB is 
reduced to 2 x BSH through a thiol-thiolate 
pair FAD C4a-cysteine adduct intermediate. 
(For interpretation of the references to color 
in this figure legend, the reader is referred to 
the Web version of this article.)   
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common HRRXXXR sequence motif for binding of the 2′P phosphate 
group of NADPH. Alignment of the FNR YumC and FNR1 structures 
indicates the presence of Arg and Lys residues in the vicinity of the 
potential binding site for 2′P phosphate of NADPH in IruO, although no 
IruO structure with bound NADPH/NADH currently exists. 

Interestingly, a recent paper reported TrxR-activity in the reduction 
of Trx1 and Trx2 for the FNR/IruO from another S. aureus strain 
(NCTC8325) (sequence identity 100%). The authors named it TrxR2, as 
it showed higher substrate specificity and catalytic efficiency towards 
Trxs [115] than reported for IruO towards siderophores or IsdG/I [73, 
89]. The crystal structure of TrxR2 (PDBid:6A4J) has an identical 
structural disposition to that of oxidized IruO (PDBid:5TWC) [73], with 
the two cysteines (Cys248 and Cys265) forming a disulfide bridge. The 
study reports that a mixed-disulfide complex can be formed between the 
Trx substrate and the TrxR2 C-terminal redox-active cysteine, support-
ing that a redox reaction following the pathway described for TrxRs can 
take place. An intriguing feature of oxidized IruO/TrxR2 is that the 
conserved active site CXXC motif in the pyridine-nucleotide-binding 
domain is missing, placing the two above-mentioned cysteine residues 
in a hinge region between the cofactor-binding domains. This location 
does not place the redox-active disulfide close to the isoallozaxine ring 
of FAD (re-face), crucial for reduction of the disulfide by the reduced 
flavin, as seen in the TrxR FO conformation [36]. Also, as mentioned 
above, this Cys-pair is not conserved among homologous proteins in 
other Firmicutes, so the potential significance has to apply only for 
certain S. aureus strains. Future studies to elucidate the detailed struc-
tural basis of IruO/TrxR2 activation are needed to resolve its proposed 
unusual TrxR-activity. 

If the homologous S. aureus IruO/TrxR2 and B. cereus FNR1 can 
function as redox partners to Fd remains to be elucidated. Regardless, 
the diversity in substrate specificity reported for these types of FNRs 
illustrates an interesting evolutionary path where nearly identical 
structurally homologous enzymes have adapted specialized roles in 
distinct cellular processes. 

5.3. Bacillithiol disulfide reductase (Bdr) 

The TrxR- and FNR-like protein Bdr (previously named YpdA) 
functions as an essential NAD(P)H-dependent reductase of oxidized 
bacillithiol disulfide (BSSB). Bacillithiol (BSH) is a LMW thiol used by 
low G+C Gram-positive Firmicutes, such as S. aureus and B. cereus, as a 
defense mechanism to buffer the intracellular redox environment and 
counteract oxidative stress. The LMW thiol GSH is the most abundant 
thiol antioxidant contributing to the control of redox homoeostasis, and 
is produced in most eukaryotes, Gram-negative bacteria, and some 
Gram-positive bacteria. In redox reactions, GSH is continuously oxidized 
to GSSG, which is recycled back to GSH by GR [116], to maintain the 
required GSH/GSSG ratio important for the cellular redox balance. 
Furthermore, an important post-translational modification for regu-
lating protein function and protecting exposed cysteine residues from 
irreversible oxidative damage is the reversible formation of GS-S-protein 
disulfides (S-glutathionylation) on proteins [116]. Analogously to GSH, 
low G+C Gram-positive Firmicutes instead utilize BSH for these func-
tions, as cofactors of enzymes in scavenging of e.g. reactive oxygen 
species (ROS), detoxification of toxins and antibiotics, protection 
against heavy metals and in metal storage [117,118], and protection of 
protein thiols through S-bacillithiolation [119–125]. 
De-bacillithiolation of proteins is catalyzed by bacilliredoxins (Brxs). 
The resulting Brx-SSB intermediate is reduced by BSH, leading to 
oxidized BSSB, which in turn is recycled to BSH by the FAD-containing 
NAD(P)H-dependent disulfide oxidoreductase Bdr [10]. 

The recently solved crystal structures of Bdr homologs from S. aureus 
and B. cereus (the latter previously referred to as FNR3) (PDBid:7A76, 
7A7B, 7APR) revealed a unique homotetrameric assembly not described 
for any other TrxR or FNR oxidoreductases (Fig. 6E) with each protomer 
containing the NAD(P)H and FAD-binding domains, and with high 

structural similarity to other members of the tDBDF superfamily 
(Figs. 6E and 9A) [90]. It has been shown that Bdr can utilize both NADH 
and NADPH [91], but the structure of S. aureus Bdr expressed in E. coli 
contained only naturally bound NADPH. Bdr does not contain the 
common HRRXXXR sequence motif for binding of the 2′phosphate group 
of NADPH, but the phosphate is stabilized by an Arg and a Lys residue. A 
key question is how this enzyme is able to reduce BSSB without the use 
of a redox-active Cys pair. The Rossmann-like FAD-binding domain of 
Bdr contains the canonical glycine-rich signature sequence motif 
GXGXXG (GGGPC14G in S. aureus and B. cereus). The single Cys residue 
of this motif is conserved in Bdr homologs in Firmicutes, however, it is 
replaced by other conserved residues within Bdrs from other phyla 
suggested to use BSH or N-methyl-bacillithiol [90]. Antelmann and co-
workers showed that this Cys is important for reduction of BSSB by 
S. aureus Bdr, based on the inactive Bdr C14A variant [10]. The Bdr 
crystal structures have revealed, however, an unlikely participation of 
Cys in the reduction of the BSSB substrate, due to the buried location of 
the Cys, ~8 Å away from the FAD isoalloxazine ring, and the conserved 
orientation of an α-helix closely lining and shielding the GGGPCG motif. 
Moreover, the structures show inadequate space for BSSB entry or 
binding in the proximity of the Cys, as well as in the space between Cys 
and the FAD cofactor (Fig. 9A). 

A probable BSSB binding site directly above the isoalloxazine ring 
has been proposed, possibly regulated through an amino acid gating 
mechanism of the channel on the re-face of the isoalloxazine ring (gated 
by Phe, Tyr, and a loop movement) (Fig. 9A and B). Based on the latter 
findings, a simpler and more direct reaction mechanism has been pro-
posed for Bdr, resembling the classical flavoprotein disulfide reductase 
mechanism as described for TrxR [38,126] (Fig. 3B and Section 3), but 
without the cysteine-based dithiol step (Fig. 9C) [90]. 

6. TrxR-like NAD(P)H-independent cysteine-dependent FAD- 
containing oxidoreductases 

The functional diversity among structurally related flavoprotein 
oxidoreductases is vast. Also, an increasing number of proteins of the 
TrxR superfamily, structurally similar to low Mr TrxR, have been 
described, containing interesting and atypical features. Although these 
flavoenzymes are composed solely of the TrxR-like fold (placing them in 
oxidoreductase group (1)) including the two canonical ββα-sandwich 
Rossmann-like fold domains with FAD bound in one domain and the 
redox-active cysteine-containing motif located in the other domain, 
several such atypical TrxR-like oxidoreductases have been shown to 
function independently of NAD(P)H as the physiological electron donor 
[127–132]. This is largely due to the fact that these protein sequences 
lack the conserved sequence motifs GXGXXG/A and the often common 
HRRXXXR motif necessary for pyridine nucleotide binding, as seen in 
canonical TrxR and many other TrxR-like oxidoreductases, however, the 
presence of this arginine-rich motif is not an essential feature in several 
NAD(P)H-utilizing oxidoreductases either. Hence, the NAD(P)H-binding 
domain of previously described oxidoreductases in this review has for 
the NAD(P)H-independent oxidoreductases been termed pseudo-NAD(P) 
H-binding domain, or alternatively redox-active disulfide domain, in 
these divergent flavoenzymes. Structural investigations have revealed 
that these NAD(P)H-independent oxidoreductases and low Mr TrxR 
share a similar homodimeric domain architecture, however, may differ 
in the domain organization and interactions, as their crystal structures 
have conformations differing from the FO and FR forms observed in low 
Mr TrxR structures (Fig. 4F–J versus A-B). 

For instance, NAD(P)+-independent flavin dithiol oxidases contain 
the TrxR-like fold, but catalyze the formation of disulfide bridges in 
small molecules through the redox-active CXXC motif and FAD in a NAD 
(P)+-independent manner. Despite having variations in their substrate 
specificity, this group of enzymes share a common reaction mechanism 
using molecular oxygen instead of NAD(P)+ as a cosubstrate and ter-
minal electron acceptor for the oxidation of dithiols to disulfides in 
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natural products with antitumor, antibiotic, and virulence factor activ-
ities [127,128,133,134]. DepH catalyzes the disulfide bond formation in 
the anticancer prodrug romidepsin. Characterized from Chromobacte-
rium violaceum, DepH (PDBid:4JN9, 4NTE) (Fig. 4F) is structurally 
related to TrxR, containing the classical Rossmann-like FAD-binding 
domain and, unlike TrxR, a pseudo-NAD(P)+-binding domain. In 
contrast to TrxR, DepH contains a loop which physically impedes the 
binding of NAD(P)+, and lacks the motifs necessary for NAD(P) 
H-binding [127,128]. Other members of this group of structurally 
related, specialized oxidoreductases include GliT (PDBid:4NTC) [127] 
(Fig. 4F), catalyzing the disulfide bond formation in the final step of the 
biosynthesis of the virulence factor gliotoxin in the fungus Aspergillus 
fumigatus [127,134], and HlmI (PDBid:4NTD) [127] (Fig. 4F), involved 
in the biosynthesis of the antibiotic holomycin in Streptomyces clav-
uligerus [127,133]. The two latter oxidoreductases are, as also seen from 
the DepH structure, composed of the TrxR-like fold, however, the 
FAD-binding domain of Hlml contains an extended C-terminal α-helix 
[127]. 

Other intriguing examples of expanded structural and mechanistic 
repertoires of TrxR-like oxidoreductases, which are involved in thiol- 
based redox regulation and the reduction of Trx have also been 
described. These include e.g “deeply-rooted TrxR” (DTR) (PDBid:5J60) 
(Fig. 4G), which is found in some cyanobacteria and marine algae [129], 

and the newly characterized isolated TrxR (TRi) (PDBid:5NII) (Fig. 4G), 
described from Desulfovibrio vulgaris [130], which both reduce Trx in a 
NAD(P)H-independent manner. In DTR, a C-terminal extension with an 
aromatic residue stacking over the FAD cofactor is present in the 
structure, not found in canonical TrxR but resembling the C-terminal 
subdomain in certain FNRs, and has been proposed to participate in a 
regulatory mechanism in DTR. Till date, no physiological donors have 
been fully established for DTR or TRi, however, Fld has been suggested 
as a candidate for the latter. The structure of another flavoprotein ho-
mologous to low Mr TrxR has recently been solved from Clostridium 
acetobutylicum. As for DTR and TRi, this unique oxidoreductase also 
functions as a redox partner to Trx in a NAD(P)H-independent manner, 
however, Trx reduction has been shown to be driven by Fd, and this 
enzyme has therefore been named ferredoxin-dependent flavin thio-
redoxin reductase (FFTR) [131] (Fig. 4H). FFTR shows high structural 

Fig. 10. FFTR. (A) Crystal structure of homodimeric C. acetobutylicum FFTR in 
complex with Trx (PDBid:6GND). (B) Model of the FFTR-Fd complex, where a 
C. acetobutylicum Fd model has been docked to each FFTR monomer 
(PDBid:6GNA) at the interface of the FAD-binding and pseudo-NAD(P)H-bind-
ing domains using the ClusPro2.0 server [144]. The C. acetobutylicum Fd ho-
mology model was generated with the SWISS-MODEL server [145] using the 
closest structural homolog of Fd from Clostridium pasteurianum (PDBid:1CLF) 
similar to Buey et al. [131]. Redox centers and cofactors are shown as sticks and 
colored by atom type. The FAD-binding domains and pseudo-NAD(P)H-binding 
domains are colored light grey and dark grey, respectively, whereas Fd and Trx 
are colored pink and yellow, respectively. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 11. DDOR. (A) Crystal structure of homodimeric G. violaceus DDOR 
(PDBid:5N0J), with each monomer colored grey and black, respectively. The 
juxtaposed FAD cofactors (FAD1 and FAD2), as well as the redox-active disul-
fide are shown as sticks, and colored by atom type. In the grey protomer (left), 
the pseudo-NADPH domain is depicted in darker grey. (B) Schematic repre-
sentation of the DDOR reaction mechanism, involving a proposed sulfhydryl 
external electron donor. 
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similarity to canonical TrxR, and hence, differs structurally from the 
functionally related ferredoxin-thioredoxin reductase (FTR) [135]. 

Another example of a structurally unique NAD(P)H-independent 
TrxR-like oxidoreductase is diflavin-linked disulfide oxidoreductase 
(DDOR) [132] (Fig. 4I). DDOR contains an exceptional structural feature 
of two FAD molecules bound in each subunit. 

A newly published paper by Hertweck and coworkers has presented 
structural and functional findings on yet a unique TrxR-like oxidore-
ductase, AclR, from the fungus Aspergillus oryzae [136] (Fig. 4J). This 
novel enzyme has been shown to catalyze both carbon-sulfur bond 
migration and spiro-ring formation in the biosynthesis pathway of 
aspirochlorine, an antifungal and toxic cyclodipeptide. AclR functions in 
an NAD(P)H-independent manner, contains a noncanonical CXXH motif 
crucial for catalysis, and binds a FAD cofactor suggested to act as a 
structural stabilizer and not as a redox-active cofactor during catalysis. 

FFTR, DDOR, and AclR will be further discussed in Sections 6.1 - 6.3, 
respectively. 

6.1. Ferredoxin-dependent flavin thioredoxin reductase (FFTR) 

The first crystal structures of two FFTR paralogues from 
C. acetobutylicum, FFTR1 and FFTR2 (PDBid:6GNC, 6GNA, 6GNB), were 
recently solved by Balsera and coworkers [131], 35 years after the first 
discovery of a flavoprotein shown to function with Fd and not NADPH in 
the reduction of Trx in Clostridium pasteurianum [137]. FFTRs are found 
almost exclusively in Firmicutes, with the exception of Bacillus species, 
and widely distributed in Clostridia [131]. In certain clostridial strains, 
the Trx system solely relies on FFTR. Together with DTR and TRi, FFTR 
is structurally homologous to low Mr TrxR, and according to amino acid 
sequence and structure conservation, DTR, TRi, FFTR, and low Mr TrxR 
share a common evolutionary ancestor. Homodimeric FFTR shares a 
common overall structural architecture with low Mr TrxR with each 
monomer being composed of two Rossmann-like fold domains. In the 
FAD-binding domain, an aromatic residue stacks with the FAD isoal-
loxazine ring on the si-face, forming π-π stacking interactions. This ar-
omatic residue is part of a conserved motif, the specificity-determining 
positions (SDPs), unique in FFTRs. The redox-active disulfide is located 
in the pseudo-NAD(P)H-binding domain, analogously to what is seen in 
TrxR structures, however, lacking the NAD(P)H-binding motifs. The two 
domains of each monomer are connected by two extended loops, 
different to TrxR, where the domains are connected by two antiparallel 
β-strands. The relative orientation of the two domains in FFTRs is 
different to the TrxR FO and FR forms. Comparison of the FFTR struc-
tures to the FFTR2-Trx2 crystal complex (PDBid:6GND) revealed a 
structural domain rearrangement in FFTR, involving a 24◦ rotation of 
the pseudo-NAD(P)H-binding domain relative to the FAD-binding 
domain, uncovering the CXXC motif for interaction with Trx 
(Fig. 10A). Both orientations have been described to represent the FR 

form of FFTR, allowing for interaction with the substrate. In the FFTR 
crystal structures, the isoalloxazine ring of FAD remains 
solvent-exposed. It is proposed that the modes of flexibility, associated 
with the flexible loop region and hinge-like opening and closing, may 
further allow for different conformations of FFTR, altering the position 
of the redox-active cysteines during the catalytic cycle, triggering the 
switching from the FR to the FO conformation. This conformational 
switch could also be initiated by the reduction of FAD and release of the 
binding-partner Fd. Fd, the reducing agent of FFTR, is assumed to bind 
to FFTR in the FR state, suitable for electron transfer from Fd to FAD 
[131]. A putative binding-site for Fd, identified as an electron donor of 
FFTR, has been investigated through molecular docking (of Fd by Clu-
sPro2.0 server, resulting in similar orientation as suggested by Balsera 
and coworkers [131]), revealing a probable Fd binding-pocket located at 
the interface of the two domains of FFTR, placing the Fe–S cluster of Fd 
close to the FAD cofactor of FFTR (Fig. 10B). The conformation observed 
in the FFTR structures, governed by the extended loop-region and 
allowing for binding of Fd, would be restricted in TrxR where the two 
domains are connected through the less flexible β-strand linker. 

6.2. Diflavin-linked disulfide oxidoreductase (DDOR) 

Another study has recently described an additional and fascinating 
example of unprecedented TrxR-like oxidoreductases, DDOR, found 
exclusively in oxygenic photosynthetic prokaryotes. The crystal struc-
tures of DDORs from Gleobacter violaceus and Synechocystis sp. have been 
solved (PDBid:5N0J, 5ODE, 5K0A) [132]. The perhaps most intriguing 
structural feature of DDOR, as the name implies, is the presence of two 
juxtaposed FAD molecules in each monomer of the DDOR homodimer 
(Fig. 11). One of the flavins, FAD1, is located in the FAD-binding domain 
analogously to what is seen for oxidized FAD in TrxRs. A second FAD, 
FAD2, is located at the interface between the FAD-binding and pseu-
do-NAD(P)H-binding domains, with the isoalloxazine ring stabilized by 
aromatic residues forming π-π stacking interactions. The orientation of 
the juxtaposed FAD1 and FAD2 isoalloxazine rings suggests a possible 
direct interflavin redox transfer. The simultaneous binding of two FAD 
cofactors, and the presence of a C-terminal extension, indicates that 
conformational flexibility and domain-rotation in DDORs is severely 
restricted. Moreover, although the protein sequences of DDOR proteins 
share the canonical FAD-binding sequence motif and conserved CXXC 
motif, they lack the conserved motifs required for NAD(P)H-binding, 
and further investigations showed that DDORs are pyridine 
nucleotide-independent enzymes [132]. The same study also showed 
that although DDOR does not function as a TrxR in Trx reduction, the 
redox-active CXXC motif is in direct two-electron redox communication 
with the flavin. Redox proteins or LMW thiols such as GSH were pro-
posed to function as donors of reducing equivalents to DDORs, however, 
further experiments are needed to elucidate the true physiological donor 

Fig. 12. AclR structure and mechanism. (A) 
Crystal structure of homodimeric A. oryzae AclR 
(PDBid:7BR0), with each monomer colored grey 
and black, respectively. The FAD cofactor and the 
redox-active CXXH motif are shown as sticks, and 
colored by atom type. In the grey protomer (left), 
the pseudo-NADPH domain is depicted in darker 
grey. (B) The active site of AclR, with the FAD 
cofactor and the redox-active noncanonical CXXH 
motif as sticks, colored by atom type. For com-
parison, the AclR active site is overlayed with the 
active site of the homologous NAD(P)+-indepen-
dent flavin dithiol oxidase GliT from A. fumigatus 
(PDBid:4NTC), displaying the canonical CXXC 
motif. The latter structure is displayed in pale 
green. (C) AclR mechanism involving spiro-ring 

formation and C–S bond formation of a precursor in the biosynthesis pathway of aspirochlorine. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)   
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of DDOR enzymes. 

6.3. Thioredoxin oxidoreductase fold protein AclR 

Epidithiodiketopiperazines (ETPs) comprise a structurally diverse 
and ecologically and medically important family of mycotoxins [138]. 
The ETP aspirochlorine, a toxic compound produced by A. oryzae, a 
fungus used is sake brewing, has been shown to exhibit antifungal, 
antibacterial, and antiviral activities [139–141], and has been suggested 
to have a high affinity to the main protease Mpro in the severe acute 
respiratory syndrome coronavirus (SARS-CoV-2) [142]. The structure of 
aspirochlorine is unusual, due to its rearranged skeleton with a 
seven-membered disulfide bridge linked to a sporoaminal ring system 
[143] (Fig. 12). A recent study has reported functional and structural 
evidence of a novel type of TrxR-like oxidoreductase, AclR, catalyzing 
the carbon-sulfur bond migration and spiro-ring formation in the 
biosynthetic pathway of aspirochlorine [136]. A number of fungi, in 
addition to A. oryzae, have been shown to carry the gene for an AclR-like 
enzyme in their acl-type gene clusters, suggesting that these clusters 
could code enzymes involved in the biosynthesis of unique compounds 
structurally related to the rare scaffold seen in aspirochlorine. AclR is a 
homodimer composed solely of the TrxR-like fold (PDBid:7BR0) 
(Fig. 12A), however, lacking the NAD(P)H-binding site, and has been 
further shown to function in an NAD(P)H-independent manner using O2 
as an electron acceptor. Moreover, bioinformatics and structural in-
vestigations revealed that AclR contains a noncanonical CXXH motif, 
distinct from the CXXC motif found in other related oxidoreductases 
(Fig. 12B). Mutational analyses further confirmed that the CXXH motif is 
crucial for catalysis, placing AclR in a distinct class of TrxR-like oxido-
reductases with a specialized catalytic core. Moreover, the study sug-
gests the independence of FAD to the redox reaction, however, 
suggesting that FAD plays a critical role as a structural stabilizing agent 
[136]. 

7. Concluding remarks 

Our structural survey of published structures containing the low Mr 
TrxR-like fold resulted in ~30 protein types, which we classified into 
five groups of oxidoreductases, based on their structural similarity and 
degree of variation. We characterized group (1) oxidoreductases as en-
zymes containing only the low Mr TrxR-like fold, a fold serving as a 
conserved structural component seen in functionally unrelated oxido-
reductases. The conservation of the structural architecture among 
members of structural group (1) oxidoreductases illustrates how en-
zymes sharing the same structural organization can catalyze a diverse 
set of chemical reactions, however, modulated by small structural 
modifications. The rapid growth in sequence and structural information 
has allowed for the identification of numerous homologous TrxR-like 
oxidoreductases, some which have evolved peculiar features and vari-
ations to cofactor dependency. Ultimately, new biological roles and re-
action mechanisms have been assigned to these enzymes, and will likely 
continue to in the future. In addition to variations in the use of redox- 
active cofactors and motifs, and of electron donors/acceptors, the 
perhaps most prominent overall structural difference among these 
structurally related enzymes is the great variation seen in the orientation 
of the NAD(P)H-binding domain (or pseudo-NAD(P)H-binding domain) 
relative to the FAD-binding domain; a key conformational change in the 
modulation of catalytic activity (summarized in a structural overlay in 
Fig. 13). 

Selected members of structural group (1) oxidoreductases have been 
discussed in detail, from a structural and functional perspective. Inter-
estingly, several of these structurally similar oxidoreductases have 
evolved the capacity to function on several substrates, further illus-
trating the extent to which evolution has experimented with fla-
voenzymes in the evolution of redox reactions. Questions remain 
unanswered with respect to how specific or selective many of these 
enzymes are; if they work on a specific substrate in vivo, if they have a 
preferred substrate but can act on others under certain conditions, or if 
they are highly promiscuous and unselective. With the increasing 
knowledge on functional diversity among these TrxR- and FNR-like 
enzymes during the last decades, it is likely that other similar enzymes 
will be discovered with alternative functions in the future. 
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