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a b s t r a c t

Biological oxidations form the basis of life on earth by utilizing organic compounds as electron donors to
drive the generation of metabolic energy carriers, such as ATP. Oxidative reactions are also important for
the biosynthesis of complex compounds, i.e. natural products such as alkaloids that provide vital benefits
for organisms in all kingdoms of life. The vitamin B2-derived cofactors flavin mononucleotide (FMN) and
flavin adenine dinucleotide (FAD) enable an astonishingly diverse array of oxidative reactions that is
based on the versatility of the redox-active isoalloxazine ring. The family of FAD-linked oxidases can be
divided into subgroups depending on specific sequence features in an otherwise very similar structural
context. The sub-family of berberine bridge enzyme (BBE)-like enzymes has recently attracted a lot of
attention due to the challenging chemistry catalyzed by its members and the unique and unusual bi-
covalent attachment of the FAD cofactor. This family is the focus of the present review highlighting
recent advancements into the structural and functional aspects of members from bacteria, fungi and
plants. In view of the unprecedented reaction catalyzed by the family's namesake, BBE from the Cali-
fornia poppy, recent studies have provided further insights into nature's treasure chest of oxidative
reactions.
© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

BBE-like enzymes form a subgroup of the superfamily of FAD-
linked oxidases (SCOPe d.58.32) that is structurally characterized
by a typical fold observed initially for vanillyl-alcohol oxidase
(VAO) [1]. Therefore, the structural architecture has been described
initially as the VAO-fold [2] and all members of this superfamily
share a common architecture that can be divided into a FAD-
binding domain and a substrate binding domain, which is also
referred to as the cap domain [1]. A comprehensive review on the
first identified members of this family was published by Leferink
et al. [3]. In recent years, however, the rapidly growing number of
member proteins has revealed a relatively low sequence conser-
vation and an astonishing diversity of catalyzed chemical reactions.
To account for these observations the superfamily of FAD-linked
oxidases can be divided into subfamilies that better reflect struc-
tural, functional and evolutionary aspects of individual group
members. The family of BBE-like enzymes forms a relatively large
subgroup featuring a characteristic C-terminal structural element
following the substrate binding region (see below). Considering the
differences in chemical reactivities observed for the relatively few
enzymes that are characterized in detail, additional sub-
classifications are helpful and will be introduced in this review.

The namesake of this family is the (S)-reticuline oxidase or
berberine bridge enzyme from California poppy (Eschscholzia cal-
ifornica) that catalyzes the conversion of (S)-reticuline to (S)-
scoulerine by mediating an oxidative ring closure reaction. The C-C
bond that is formed in this reaction is referred to as the berberine
bridge and marks a branch point in the biosynthesis of benzyliso-
quinoline alkaloids [4] (Fig. 1).

Together with glucooligosaccharide oxidase (GOOX) from Acre-
monium strictum [5,6], the characterization of BBE [7e9] revealed
one interesting hallmark of the family of BBE-like proteins: a bi-
covalently attached FAD cofactor. The characteristic 6-S-cysteinyl-,
8a-N1-histidyl-FAD linkage is only found in the BBE-subfamily of
the FAD-linked oxidases and has been shown to increase the redox
potential of the cofactor by more than 300 mV compared to free
flavin [10]. How exactly this is linked to the individual reactions
catalyzed is still not very well understood, especially since some
family members appear to have lost the cysteinyl linkage. Addi-
tional highlights of BBE-like family members are the recently
identified flavin N5-oxides observed in EncM [11] and challenging
carbon-carbon bond formation reactions involving complex bio-
molecules in natural product biosynthesis [12,13]. In comparison to
the rapidly growing number of group members identified in
various sequencing projects, the functional characterization of in-
dividual proteins is severely lagging behind also due to the chal-
lenge of identifying the true in vivo substrates, as exemplified in

Ref. [14]. Considering the stunning reactions catalyzed by members
the BBE-like enzyme family that have been analyzed in detail so far,
it will be interesting to witness which new surprising functional
details of yet uncharacterized family members will be discovered in
the future.

2. Structural characteristics of BBE-like proteins

2.1. Differentiation from other families of FAD-linked oxidases

As mentioned in the introduction, BBE-like enzymes are a sub-
family of the large superfamily of FAD-linked oxidases (SCOPe
d.58.32). Characteristic structural features of this family are a FAD
bindingmodule that is formed by theN- and C-terminal parts of the
protein, and a substrate binding module that, together with the
isoalloxazine ring of FAD, provides the environment for efficient
substrate binding and oxidation (Fig. 2). While the overall fold of
BBE-like proteins is similar to that of other prototypic members of
this superfamily, a specific structural feature in the vicinity of the
FAD-binding site distinguishes the BBE family from other FAD-
linked oxidases such as vanillyl alcohol oxidase (VAO)-like en-
zymes (SCOPe d.58.32.1), the D-lactate dehydrogenase family
(SCOPe d.58.32.2), cholesterol oxidase-like enzymes (SCOPe
d.58.32.3), cytokinin dehydrogenases (SCOPe d.58.32.4) and alditol
oxidase-like enzymes (SCOPe d.58.32.6).

The N-terminal part of the hidden Markov model (HMM) spe-
cific for the BBE and BBE-like enzymes (pfam entry: PF08031, [15])
highlights a characteristic Y/FxN motif (Fig. 3A). This element
contains a highly conserved aromatic residue (Tyr or Phe), which in
case of a Tyr interacts with the N1-C2¼O locus of the isoalloxazine
ring and a strictly conserved Asn residue that hydrogen bonds with
the before mentioned Tyr side chain. This arrangement sterically
influences the positioning of the ribityl side chain of the cofactor as
well as a structural element (residues 169e179 e EcBBE
numbering) involved in forming part of the oxygen binding pocket
on the re-side of the isoalloxazine ring (Fig. 3C) [16]. Additionally,
Asn458 is important for the positioning of His174 that stabilizes the
negative charge N1-C2¼O locus of the reduced flavin and has been
shown to be involved in the formation of the C6-cysteinyl linkage
[20].

The remaining conserved features of the HMM logo of the BBE-
like protein pfam entry correspond to structurally relevant residues
of the C-terminal FAD-binding region and are therefore also present
in other groups of the superfamily. However, an additional impor-
tant structural element that is directly coupled to the Y/FxN motif
features another highly conserved element of the BBE-like protein
family. In fact, the region closing the active site cavity at its rear part
features a conserved salt bridge between Asp192 and Arg409. The
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