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Abstract

Accepted Article

The ability of flavoenzymes to reduce dioxygen varies greatly and is controlled by the protein environment that
can cause either a rapid (oxidases) or sluggish (dehydrogenases) reaction. Previously, a “gatekeeper” amino acid
residue was identified that controls the reactivity to dioxygen in proteins from the vanillyl alcohol oxidase
superfamily of flavoenzymes. We have identified an alternate gatekeeper residue that similarly controls
dioxygen reactivity in the grass pollen allergen Phl p 4, a member of this superfamily, which has glucose
dehydrogenase activity and the highest redox potential measured in a flavoenzyme. A substitution at the
alternate gatekeeper site (I153V) transformed the enzyme into an efficient oxidase by increasing dioxygen
reactivity by a factor of 60,000. An inverse exchange (V169I) in the structurally related berberine bridge enzyme
(BBE) lowered its dioxygen reactivity by a factor of 500. Structural and biochemical characterization of these and
additional variants showed that our model enzymes have a cavity binding an anion and resembling the
“oxyanion hole” in the proximity of the flavin ring. We showed also that steric control of access to this site is the
most important parameter affecting dioxygen reactivity in BBE-like enzymes. Analysis of flavin-dependent
oxidases from other superfamilies revealed similar structural features suggesting that dioxygen reactivity might
be governed by a common mechanistic principle.

Introduction

Flavin dependent enzymes catalyze redox reactions ranging from oxidations of alcohols, aldehydes, and
amines, to monooxygenation, halogenation, complex bond formation and cyclization reactions [1–3].
Flavoenzymes that employ dioxygen as an electron acceptor can function as oxidases, reducing oxygen to
hydrogen peroxide, or as monooxygenases, splitting the molecule such that one oxygen atom is incorporated
into a hydroxylated product, and the other into water. Kinetically, the transfer of the first electron to dioxygen
appears to be the rate-limiting step in the process (Fig. 1) and while free reduced flavin in solution reacts
relatively slowly with dioxygen, flavin-bound proteins can decelerate or accelerate this reaction substantially,
spreading its rate over six orders of magnitude [4,5].
A flavin-(4a)-hydroperoxide adduct has been characterized in FAD-dependent monooxygenases [6] and
recent studies of dioxygen activation have shed light on the mechanism of dioxygen utilization in these enzymes
[7,8]. Based on the occurrence of the flavin-(4a)-adduct, the reactive carbon atom has been accepted as the site
of electron transfer in reaction with dioxygen in flavoenzymes, however, the resulting hydroperoxide
intermediate has never been observed in flavin dependent oxidases (Fig. 1) [5,9]. While the recent
characterizations of single atom adducts suggested that the flavin-(4a)-hydroperoxy adduct is a likely
intermediate in some flavin dependent oxidases [10,11], there is evidence that the reaction might also proceed
without formation of this adduct [12,13].
In recent years several studies have provided insights into the specific roles of certain residues in
flavoenzymes. Model proteins have been used to identify putative oxygen channels, influences of substrate and
inhibitor binding and altered flavin redox potentials [5,9,14]. Active site residues, such as histidine H516 in the
proximity of FAD in glucose oxidase (PDB ID: 1GPE) [15] or the conserved lysine in the proximity of N(5) in
fructosamine oxidase (PDB ID: 3DJE) and monomeric sarcosine oxidase (PDB ID: 1L9E) have suggested an
important role of a positively charged amino acid residue to regulate the dioxygen reactivity of reduced flavins
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[16–18]. Despite this progress it is still questionable whether there is a common catalytic principle that governs
the reactivity of the reduced flavin toward dioxygen.
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The vanillyl alcohol oxidase (VAO) structural superfamily (also called the p-methylcresolhydroxylase
[PCMH] structural superfamily) includes FAD dependent hydroxylases, oxidases and dehydrogenases, most of
which employ a mono- or bicovalently bound cofactor [19,20]. These enzymes have a two-domain structure with
the cofactor buried in the FAD binding domain and the redox-active isoalloxazine ring oriented with its si-face
towards the active site cavity where substrate binding is organized by the substrate binding domain [21,22]. The
re-face of the FAD is surrounded by a conserved 18-residue long segment of chain that we will refer to as the
“oxygen reactivity motif” and which creates the environment of the isoalloxazine ring above the C(4a) reactive
carbon atom. This motif contains what was described by Leferink et al. [23] as the “gatekeeper” residue at a
position suitable for the control of dioxygen reactivity in the VAO superfamily. In their model enzyme Lgalactono-γ-lactone dehydrogenase (GALDH), replacement of a gatekeeper alanine with glycine (A113G)
increased oxygen reactivity 400-fold. The correlation in the VAO superfamily was not perfect as seven of the 30
oxidases listed in their study (see their supplementary Table 1) had an alanine or a proline at the gatekeeper
position, suggesting that additional complexities exist in defining oxidase activity in the superfamily.

In the present study, we have further investigated the control of oxygen reactivity in the VAO
superfamily by employing the berberine bridge enzyme (BBE, EC 1.21.3.3) and the BBE-like protein pollen
allergen Phl p 4 as models. BBE-like enzymes are a subgroup of PCMH/VAO superfamily, classified as pfam08031
(superfamily cl06869) in the Conserved Domain Database [24]. BBE from the California poppy catalyzes the
oxidative cyclization of (S)-reticuline to (S)-scoulerine by formation of a carbon-carbon bond, the berberine
bridge [25]. Phl p 4 from Timothy grass shows extensive similarity to BBE (34% sequence identity), has a similar
overall topology (RMSD of aligned Cα atoms is 1.53 Å) and a conserved bicovalent linkage of the FAD [22].
Despite these structural similarities, Phl p 4 does not catalyze C-C bond formation, but instead oxidizes Dglucose. In contrast to BBE and other previously characterized BBE-like enzymes, reduced Phl p 4 reacts
sluggishly with dioxygen suggesting that the FAD cofactor is reoxidized by an alternative electron acceptor in
vivo. In other words, Phl p 4 behaves like a dehydrogenase rather than an oxidase, despite having a glycine at
the gatekeeper position. Since this is a feature common to all known BBE-like enzymes [26], the gatekeeper
identified by Leferink et al. does not explain suppressed oxygen reactivity of Phl p 4 and we sought to find a
novel structural feature.

Closer inspection of the active sites of BBE and Phl p 4 revealed that while the position of FAD and the
topology of the protein backbone are highly conserved, this is not the case for several amino acid side chains
near the isoalloxazine ring, such as H459/Y439 on the si-face or H174/N158 and V169/I153 on the re-face of BBE
and Phl p 4, respectively (Fig. 2A). The backbone nitrogen of cysteine C166/C150 (the residue covalently
attached at the flavin C6 position) is in a loop above the re-face of the flavin in BBE-like enzymes and too far
away to interact with the isoalloxazine ring or any protein residue (e.g. by formation of a hydrogen bond, Fig. 2).
In contrast, the backbone nitrogen of the preceding W165/V149 is within hydrogen bond distance to the C(4)=O
carbonyl group. These two residues are oriented towards the re-face of the flavin and placed adjacent to a small
cavity that is positioned above the C(4a) carbon atom and lined by the side chains of V169, H174 and L145 in
BBE (Fig. 2). This small cavity, with nearby partial positively charged backbone nitrogens available for hydrogen
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bonding, is reminiscent of the “oxyanion hole” observed in certain hydrolases [27] and potentially able to bind
oxygen in BBE-like oxidases. In this paper, we will call it “oxygen pocket”, a term that was introduced by
Lindqvist et al. for a similar structural feature described in glycolate oxidase [28]. Interestingly, the oxygen
pocket does not exist in Phl p 4 because the Cδ methyl group of I153 projects towards the C(4a) and fills the
cavity (Fig. 2B).
Based on these considerations, we created a set of BBE (G164A, V169I and G164A V169I) and Phl p 4
variants (I153V, N158H and I153V N158H) to investigate the role of the side chains involved in shaping of the
oxygen pocket formed by the oxygen reactivity motif on the re-face of the isoalloxazine ring. The Phl p 4 I153V
variant had a remarkable 60,000-fold higher dioxygen reactivity compared to the wildtype enzyme, leading us to
identify this position as an alternate gatekeeper residue that is crucial for the control of oxygen reactivity in BBElike enzymes. These results not only make it possible to predict oxygen reactivity of members of the BBE-like
enzyme family, but as we discuss, they also have implications for other flavoenzyme families that appear to have
an analogous oxygen pocket in the proximity of the reactive C(4a).

Results

Biochemical characterization of the BBE and Phl p 4 variants
All BBE and Phl p 4 variants were successfully expressed in Komagataella pastoris (formerly Pichia
pastoris) and purified to homogeneity as described in Experimental Procedures. While BBE variants, wildtype
Phl p 4 and Phl p 4 N158H were stable over longer periods of time, changes in the UV/Vis absorption spectrum
of the Phl p 4 I153V single and I153V N158H double variant indicated the slow formation of spirohydantoin
during purification and storage [29].

Kinetic parameters were determined for BBE as well as Phl p 4 variants and a summary of the oxidative
and reductive rates is given in Table 1. In the case of BBE, the single variants showed a similar (G164A) and fivefold lower (V169I) rate constant for the reduction by its substrate (S)-reticuline. In contrast, the rate of
reoxidation of the reduced variants by dioxygen dropped by 500 to 1000-fold, from ~50,000 to ~50 M-1 s-1, and
were not further decreased in the double variant (Table 1).

Wildtype Phl p 4 and its three variants showed similar reactivity with glucose (Table 1) and no saturation
was observed even at 10 mM glucose. In contrast to BBE, reduced wildtype Phl p 4 reacts with dioxygen at a rate
of 1.2 M-1s-1, more than two orders of magnitude below that of free FAD (250 M-1s-1). The N158H variant showed
a similar rate of reoxidation, however, both the single I153V and the I153V N158H double variant exhibited
much higher rates of reoxidation, with 7.1 and 3.9 x 104 M-1s-1, respectively. Thus it is evident that residue I153
plays a major role in controlling dioxygen reactivity in Phl p 4 and the I153V variant very effectively converted
this dehydrogenase into an oxidase by elevating its dioxygen reactivity more than four orders of magnitude
(Table 1).
Bicovalent modification of the isoalloxazine ring contributes to the positive redox potential found in BBE
and other flavoproteins of the VAO superfamily [25,30], and because this can play a role in reactivity, we
measured the redox potentials of the various enzyme forms. The three BBE variants exhibited redox potentials
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of approximately +110 mV, which is comparable to wildtype enzyme (E0 = 132 mV, Table 1). Wildtype Phl p 4 and
its variants had redox potentials in the range of +200 mV, approaching the O2/H2O2 redox couple (270 mV), and
roughly 400 mV more positive than that of free FAD (Fig. 3, Table 1).

Structural features of the variants and crystallographic experiments with surrogates

Intrigued by the strong effects of the V169I and G164A exchanges in BBE and the I153V substitution in
Phl p 4, we solved a set of crystal structures at 1.3 to 2.3 Å resolution (Table 2) to gain insight into the structural
changes that tune the properties of the variants. Overall, the structures determined for Phl p 4 variants were
virtually superimposable with the respective wildtype structure and no structural perturbations were observed.
The I153V exchange in Phl p 4 creates space at the re-face of the isoalloxazine ring, resulting in formation of a
pocket similar to that in wildtype BBE. In the latter, the oxygen pocket is removed by replacement of the glycine
in the gatekeeper position with an alanine, i.e. G164A, where Cβ of the alanine side chain protrudes towards the
FAD and pushes the isoalloxazine ring slightly in the direction of the si-face (Fig. 2B). While the structure of the
BBE V169I mutant was not determined, it is reasonable to expect that the extra methyl group would fill the
cavity analogously to the wildtype Phl p 4. Thus it appears that the key structural difference between wildtype
BBE and Phl p 4 involved in control of oxygen reactivity concerns the existence of the oxygen pocket placed in
the proximity of the reactive C(4a) carbon atom (Fig. 2).

Xenon pressurization experiments with crystals of Phl p 4 I153V yielded a structure with two xenon
atoms placed in hydrophobic pockets of the FAD binding domain, but not in the proximity of the isoalloxazine
ring (Table 2, Fig. 4A). It has been shown for other flavoproteins oxidases that halide ions can be used as a
surrogate for locating putative oxygen binding sites [31] and when halide ions were used in our crystal soaking
experiments, an ion at low occupancy was observed in the engineered oxygen pocket of both Phl p 4 variants
(I153V and I153V N158H), with the best results being obtained for sodium bromide and the Phl p 4 I153V N158H
(Table 2, Fig. 4). The presence of the halide ion at the site was confirmed by an anomalous difference map and
the ion was fitted into the Fo-Fc difference density. This anion bound in the oxygen pocket is positioned ~2.5 Å
above the C(4a) atom on the re-face, and ~3.6 Å away from the Cγ-methyl of V153 (Fig. 4B). The ion is stabilized
by the backbone amide nitrogens of C150 and V149 at a distance of approximately 3.4 Å. Superposition of this
structure with the structure of wildtype Phl p 4 highlights that ion binding is not feasible in the wildtype enzyme
due to a clash with Cδ atom of I153 (Fig. 4B).

Dioxygen reaction mechanism and putative transition states

FAD in all our Phl p 4 structures adopted a butterfly bent shape [22], resembling reduced FAD that is
bent due to sp3 hybridization of the N5 and N10 atoms in the central pyrazine ring. The putative intermediate in
the reaction of reduced FAD with dioxygen is expected to be further twisted due to sp3 hybridization of the
carbon in the C(4a) position, but the shape of the bent isoalloxazine ring derivative can vary significantly. To gain
a sense for what structures can be modeled in the active sites of our Phl p 4 and BBE variants, we have
compared four flavin derivatives (Fig. 5). The distal oxygen atom of the peroxy adduct in our models was
positioned analogously to the position of C(18) in 4a,5-epoxyethano-3-methyl-4a,5-dihydrolumiflavin (Emmdhflavin).
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When models of flavin-4a-hydroperoxides with the peroxy group protruding on the re-face are aligned with
the structure of Phl p 4 I153V N158H, the adduct fits into the oxygen pocket but C(4)=O clashes with the side
chain of Y439 in all models except when Emmdh-flavin is used (Fig. 6B). No clashes are observed when
derivatives are modeled in the structure of wildtype BBE (data not shown). When alignments with the peroxy
adduct at the si-face are performed, the C(4)=O atom fits into the oxygen pocket (Fig. 6A).

Discussion

BBE has been studied extensively and while several variants of amino acid exchange in the active site have been
created to identify the residues involved in substrate binding and catalysis, none of these replacements had a
significant effect on the oxidative half reaction with dioxygen (Table 3) [25,29,32,33]. The substitutions
previously studied in BBE include residues implicated as important by corresponding studies with other
flavoenzymes [9,17]. Although (at least partial) positive charge in close proximity of the FAD was eliminated in
the H459A, H174A and H104A BBE variants, the dioxygen reactivity was hardly affected. Moreover, removing
hydrogen bond donors in the proximity of N(10) on the si-face of the isoalloxazine ring in Y106F and H459A BBE
variants did not show a substantial effect on the rate of flavin reoxidation (Table 3). In the present study, a new
set of BBE and Phl p 4 variants was generated and characterized with the aim to identify amino acids responsible
for the control of dioxygen reactivity in the VAO superfamily.
Reciprocal single amino acid substitutions at the re-face of the FAD were created to study the effect on
the oxidative half reaction of the reduced enzyme with dioxygen by incorporating BBE-derived amino acid
residues in Phl p 4 and vice versa (Table 1, Fig. 2 and Fig. 4). In the case of Phl p 4, substitution of the “alternate
gatekeeper” residue isoleucine I153 to valine prompted a 60,000-fold increase in the rate of oxidation while the
inverse amino acid exchange in BBE V169I resulted in a less pronounced but still substantial 500-fold decrease in
oxygen reactivity (Table 1). Introduction of an alanine at the “gatekeeper” position of BBE (G164A) had a slightly
stronger effect on dioxygen reactivity and introduction of both mutations did not further suppress the reaction
(Table 1). Even though the decline in oxygen reactivity of the BBE variants was smaller, the attained level of
reactivity is considerably lower than the reactivity of free reduced FAD (Table 1). The redox potentials of the
enzyme-bound FAD were not substantially affected by the amino acid substitutions in any of the variants (Table
1), proving that redox potential has no effect on oxygen reactivity even in Phl p 4, a protein that exhibits the
highest redox potential ever measured in a flavin dependent enzyme.

X-ray crystal structure analysis enabled us to show that the only considerable difference between the
oxygen reactive and non-reactive variants is the existence of the “oxygen pocket” formed by the “oxygen
reactivity motif” with two backbone amide nitrogens pointing towards the re-face of the FAD above the reactive
C(4a) (Fig. 4). This cavity can be removed by introduction of a single methyl group on either side: frontal above
the C(4)=O where the gatekeeper resides at a conserved position or on the opposite side of the cavity where the
Phl p 4 derived alternate gatekeeper resides in some VAO sub-families, including the BBE-like enzymes. In the
case of BBE, valine in this position allows access to the oxygen pocket whereas the additional methyl group of
isoleucine causes steric hindrance in Phl p 4 (Fig. 2 and 4). We conclude that the observed effects on the
oxidative rates were caused exclusively by changes in the accessibility of the backbone amide nitrogens of
W165/V149 and C166/C150 and the re-face of the FAD. The existence of the partial positive charge in the cavity
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was supported by our halide soaking experiments, which showed that even though tightly packed, a halide ion
can be bound in the oxygen pocket while xenon atom can not (Fig. 4). As shown before, xenon readily binds in
hydrophobic pockets and thus putative dioxygen binding sites, but not at dioxygen reaction sites [34,31]. A
similar halide binding site was previously seen in the VAO crystal structure (Fig. 7) and was suggested to
represent the dioxygen binding site [5,35].
Interestingly, the complete environment at the re-face of FAD is defined by the oxygen reactivity motif
in VAO superfamily enzymes. While the gatekeeper residue and position of the neighboring amide nitrogen are
conserved among all VAO superfamily enzymes, the rest of the motif varies significantly (Fig. 7). For instance, in
VAO there is no alternate gatekeeper residue that could be aligned with the I153 of Phl p 4 (Fig. 7). Another
example is alditol oxidase (AldO, PDB ID: 2VFR), which is an oxidase even though it has alanine A105 at the
gatekeeper position and isoleucine I110 at the alternate gatekeeper position. It is a backbone shift of the oxygen
reactivity motif that moves the gatekeepers away from the reactive C(4a) in this enzyme (Table 4, Fig. 7) [36].
While universal predictions do not extend to all members of the VAO superfamily, reliable predictions
are possible within sub-families having members with solved representative structures. For example, BBE-like
enzymes, which are abundant in the plant kingdom (the model plant Arabidopsis thaliana contains 28 genes
encoding BBE-like enzymes [26]), have an invariant glycine at the gatekeeper position, while the residue at the
Phl p 4 derived alternate gatekeeper position is either a valine, leucine or isoleucine, suggesting that oxidases
and dehydrogenases are present.

Towards a unifying concept of dioxygen reactivity in flavoenzymes

Since our study revealed that access to the oxygen pocket in flavoenzymes of the VAO superfamily is
essential for dioxygen reactivity, we explored whether equivalent structural parameters exist in other
flavoenzyme superfamilies. Interestingly, the existence and role of an analogous structural feature in dioxygen
reactivity was already discussed for p-hydroxybenzoate hydroxylase (PHBH, PDB ID: 1PHH) more than two
decades ago by Schreuder and coworkers [37]. These authors realized that the structure of Emmdh-flavin [38]
fits perfectly into the active site of PHBH with the C(4)=O gaining two strong hydrogen bonds upon moving into a
hole formed by two backbone nitrogens, which they termed “carbonyl oxygen binding pocket”. They stressed
that the binding pocket strongly resembles the oxyanion hole, at a time already known as a key feature of
various proteases. PHBH is a member of the glucose–methanol–choline oxidoreductase (GMC) family, which
includes other well-studied flavoenzymes such as choline oxidase, glucose oxidase and D-amino acid oxidase
[10,39,40]. In contrast to the VAO superfamily, the organic substrate binds on the re-face of the flavin and the
oxygen pocket is on the si-face, making these functional similarities an interesting case of convergent evolution
(Fig. 8).

A few years later a cavity termed the “oxygen pocket” was described by Lindqvist et al. who studied structural
features of FMN dependent glycolate oxidase (PDB ID: 1GOX and 1AL7). The protein was compared to
flavocytochrome b2, a dehydrogenase in which the proton donor is absent due to a backbone shift (PDB ID:
1FCB) [28]. This pocket resides at the re-face of the FMN and is filled with a water molecule in the native
structure of glycolate oxidase (Fig. 8). Unlike in VAO and GMC oxidoreductases where two amide groups serve as
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We find similar structural patterns also in flavin dependent oxidases from other structural superfamilies
where structural features analogous to the oxygen pocket have not been previously discussed. Enzymes of the
acyl-CoA oxidase family exhibit two backbone nitrogen atoms at the si-face of the FAD, at a distance that would
allow for strong hydrogen bonding upon movement of the C(4)=O, analogous to that proposed for PHBH (Fig. 8)
[41]. In the case of fructosamine oxidase and monomeric sarcosine oxidase, replacement of a conserved lysine in
the active site removes a strongly bound water molecule in the proximity of the N(5) atom [17,18,42]. In light of
the assumed importance of the oxygen pocket, we suggest that this water molecule, together with the adjacent
backbone nitrogen of V105, could be involved in formation of the oxygen pocket (Fig. 8).
These examples illustrate that the concept of an “oxygen pocket” might be generally applicable to
flavoenzyme oxidases, albeit with a great deal of variation in the structural organization that depends on how
the isoalloxazine ring is embedded into the protein matrix.

Possible mechanisms of dioxygen reactivity

Dioxygen reaction with free reduced flavin does not distinguish between the sides of the isoalloxazine
ring, however, in enzymes this is not the case as the protein matrix renders the re- and si-face asymmetric. We
assume that oxygen reaction occurs at the C(4a) carbon in our model enzymes [4,9], but our experiments do not
allow us to distinguish a radical reaction from the reaction with a hydroperoxy intermediate (Fig. 1).
Nonetheless, we believe that conformation, orientation and spatial arrangement of radicals in case of the radical
reaction would be similar to the covalent derivatives. Since C(4a) peroxy flavin derivatives have been observed
in flavin dependent monooxygenases and are likely intermediates in certain oxidases [9], we have built models
with FAD derivatives, the putative reaction intermediates occurring during the proposed reoxidation reaction
(Fig. 1). Our models were based on four structures of flavin derivatives, three of which were found in proteins
(Fig. 5). Large variation of movements of carbonyl C(4)=O out of the plane upon C(4a) sp3 hybridization can be
observed in these derivatives, apparently due to the protein environment. We were able to align these models
in the active sites of our proteins with confidence, because the flavin ring is firmly anchored within the protein
matrix and is severely restricted in its movement in BBE-like proteins due to the covalent bonds to the cysteine
and histidine side chains in combination with a strongly bound ribityl moiety.

According to our modeling, major movements of the C(4)=O carbonyl group out of the plane and into
the oxygen pocket, occurring upon oxygen adduct formation at the si-face, are only possible in oxidase variants
(Fig. 6). In the non-reactive variants alanine at the gatekeeper position as well as isoleucine in the position of the
alternate gatekeeper prevent movements of the carbonyl oxygen towards the proton donors. Similarly, adduct
formation is sterically possible on either side of the ring in our oxidase variants, but only on the si-face in the
non-reactive variants. Therefore two scenarios are sterically possible where an accessible oxygen pocket could
play a major role in dioxygen reactivity in our model proteins; either the pocket stabilizes the peroxy adduct
directly on the re-face of FAD, or, if dioxygen attack occurs from the si-face, it stabilizes the C(4)=O carbonyl
oxygen in its twisted conformation (Fig. 6).
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It is worth pointing out that the two reaction options in BBE-like enzymes may not be mutually exclusive
and theoretically both could be taking place in certain members of the superfamily, while in some cases, such as
enzymes of the acyl-CoA dehydrogenase or GMC superfamily, only one reaction mode is sterically feasible. Also,
it is important to stress that both discussed reaction paths provide a rationale of how the sp3 hybridized
transition state is stabilized during the reoxidation of the reduced flavin and thus rationalize a fundamental
principle of enzyme catalysis.

Conclusion

In this study we have achieved substantial changes in the oxygen reactivity of flavin-dependent enzymes
based on a rational design of active site residues by mutagenesis. Our combined biochemical analysis and
structural results reveal that hydrophobic residues in the proximity to the isoalloxazine ring govern dioxygen
reaction by controlling the access to the oxygen pocket, a feature that strongly resembles the oxyanion hole. In
addition, we have demonstrated that these structural features enable the prediction and manipulation of
dioxygen reactivity in BBE-like enzymes. The conservation of the oxygen pocket in the VAO/PCMH superfamily
suggests that amino acid replacements with equivalent structural impact will have similar effects on the oxygen
reactivity of other members, however, reliable predictions of dioxygen reactivity that are based solely on
sequence alignment are only possible within subgroups of structurally highly related proteins. Furthermore,
exploration of the structures of flavin-dependent oxidases from other superfamilies indicates that dioxygen
reactivity might be governed by similar principles, i. e. the occurrence of and access to an oxygen pocket in the
proximity of the reactive C(4a) carbon atom.

Experimental Procedures

Reagents
Chemicals were purchased from Sigma-Aldrich and oligonucleotide primers were ordered from VBCBiotech. (S)-reticuline was from the natural product collection of the Donald Danforth Plant Science Center (St.
Louis, U.S.A.) and (rac)-reticuline was synthesized as described [43].

Cloning, expression and purification

Mutagenesis was performed to create the [pPICZα - BBE V169I], [pPICZα - BBE G164A], and [pPICZα BBE G164A V169I] expression plasmids using the QuikChange® XL Site-Directed Mutagenesis Kit (Stratagene). As
a template for the polymerase chain reaction, the expression vector [pPICZα BBE-ER] was used as described
before [44]. Non-glycosylated Phl p 4.0202 was used in this study (UniProt Protein Database ID: B2ZWE9).
Genes of all Phl p 4 variants were ordered from GenScript and cloned into pPICZα vector (Invitrogen).
Expression plasmids were transformed using electroporation into the expression strain Komagataella
pastoris (formerly Pichia pastoris) KM71H coexpressing the S. cerevisiae protein disulfide isomerase. Integration
of the expression cassettes into the Komagataella genome was verified using colony polymerase chain reaction.
Protein production was carried out in a BBI CT5-2 fermenter (Sartorius) as described previously [43] and stopped
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after 100-150 h of methanol induction. Purification of BBE variants was performed as described [43] and
purification of Phl p 4 was done by an adopted protocol from Nandy et al. [45].

Transient Kinetics

Reductive and oxidative half-reactions were analyzed with a stopped-flow device (SF-61DX2, Hi-Tech) at
25°C in an anaerobic atmosphere provided within a glove box (Belle Technology). All samples were rendered
oxygen-free by flushing with nitrogen and subsequent incubation in the glove box. Spectral changes of the flavin
cofactor were followed using a KinetaScanT diode array detector (model MG-6560, Hi-Tech).
Reductive half-reaction: In BBE variants rate constants were determined in 100 mM Tris-HCl, pH 9.0 at
substrate concentrations from 30 to 500 µM (S)-reticuline. Apparent rate constants were plotted against the
respective substrate concentrations and fitting the resulting data with a non-linear hyperbolic curve led to
determination of the reductive rate constant kred. Measurements of Phl p 4 variants were performed in 80 mM
KH2PO4, pH 6.7, with 100 mM NaCl, using 5 µM to 100 mM final D-glucose concentrations. Fitting of obtained
transients at 450 nm was performed with Kinetic Studio Software (TgK Scientific).
Oxidative half-reaction: Rates were determined by mixing air-saturated buffers with an oxygen free
substrate-reduced enzyme solution. Reduction of the FAD cofactor was performed with substoichiometric
amounts of (rac)-reticuline or glucose in order to prevent lag-phases in the reoxidation process.

Redox Potential Determination

Redox potentials were determined at 25 °C by an adapted method from Olson et al. [46]. Experiments
with BBE variants were performed in 50 mM potassium phosphate buffer, pH 7.0, while Phl p 4 variants were
measured in 50 mM HEPES, pH 7.0. All experiments were carried out in a glove box as described above.
Toluylene blue (E0=115 mV) was used as redox dye for redox potential determination of BBE and
dichlorophenolindophenol (DCPIP, E0=217 mV) for Phl p 4. The standard protein potentials were calculated from
plotted Nernst equation according to Minnaert [47].

Crystallization, data collection and structural characterization
BBE G164A was crystallized in batch, mixing protein (35 mg/mL in 20 mM Tris, pH 7.0) in 1:1 ratio with
crystallization buffer (100 mM HEPES, pH 7.5, 2.0 M ammonium sulfate). Phl p 4 variants were crystallized using
the sitting drop method, mixing protein (7 mg/mL in 20 mM Tris pH 7.0) in 3:2 ratio with crystallization buffer
(70% Tacsimate, pH 7.0), 43% PEG 2000 was used as the reservoir solution. All crystals were soaked in a solution
composed of crystallization buffer with 20% glycerol and frozen in liquid nitrogen. To obtain the crystal structure
with bromide, crystals were soaked in crystallization solution with 20% glycerol and 3.5 M sodium bromide prior
to freezing [34,31]. To obtain the structure with xenon, crystals were soaked in crystallization solution with 20%
glycerol and pressurized at 40 bar of xenon in a home-built device (details will be described elsewhere). The
crystal was frozen instantly after pressure was released. Data sets were collected at beam lines FIP-BM30A, ID29
and ID23-1 (ESRF, Grenoble), I04-1 (Diamond, Didcot) and P11 (Petra III, Hamburg). Data were processed with
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XDS [48], molecular replacement was conducted with Phaser [49] and structures were refined with Phenix [50]
and Coot [51]. Structures of wildtype Phl p 4 and variants have a positive electron density in the active site at the
si-face of the FAD that varies in size and shape. It is probably derived from ingredients of crystallization buffer,
glycerol and protein impurities (like the sulfite adduct) therefor we have decided to leave it empty in deposited
structures. Proteins were superimposed in PyMol by aligning three FAD atoms: C(6), C(8) and N(10). Models of
peroxy adducts are based on the structure of 4a,5-epoxyethano-3-methyl-4a,5-dihydrolumiflavin [38]. Models as
well as figures were prepared with PyMol (Schroedinger) and finished with Gimp.
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Tables

Table 1. Kinetic data and redox potentials.
kred [s-1]

kox [M-1 s-1]

E0 [mV]

BBE wildtype a

103 ± 4

(5 ± 1)·104

132 ± 4

163 AGWCPTVGTGGHISGGGF 180

BBE G164A

106 ± 13

60 ± 8

109 ± 3

163 AAWCPTVGTGGHISGGGF 180

BBE V169I

18.5 ± 1.4

98 ± 9

109 ± 2

163 AGWCPTIGTGGHISGGGF 180

BBE G164A V169I

0.04 ± 0.002

50 ± 3

110 ± 3

163 AAWCPTIGTGGHISGGGF 180

Phl p 4 wildtype

55 ± 1 d

1.3 ± 0.1

211 ± 2

147 AGVCPTVGVGGNFAGGGF 164
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Oxygen reactivity motif

108 ± 1 d

2.1 ± 0.4

208 ± 1

147 AGVCPTVGVGGHFAGGGF 164

Phl p 4 I153V

53 ± 3 d

(7.1 ± 0.2)·104

205 ± 4

147 AGVCPTIGVGGNFAGGGF 164

Phl p 4 I153V N158H

85 ± 1 d

(3.9 ± 0.6)·104

203 ± 1

147 AGVCPTIGVGGHFAGGGF 164

Free FADH2/FAD

/

250 b

-209 c

O2/H2O2

/

/

270 c
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Phl p 4 N158H

a

Kinetic data taken from Winkler et al. [25].

b

Data taken from Massey [4].

c

Data taken from Mayhew [52].

d

kobs at 1 mM glucose concentration.

Table 2. Data collection and refinement statistics.
PDB ID

4PVE

4PVH

Protein variant

Phl p 4
wildtype

Phl p 4
N158H

4PVJ

4PVK

Phl p 4 I153V

Phl p 4
I153V N158H

4PWB

4PWC

Phl p 4 I153V

Phl p 4
I153V N158H

Xenon
pressurized

3.5 M NaBr

4PZF

BBE G164A

Space group

P 61 2 2

P 61 2 2

P 61 2 2

P 61 2 2

P 61 2 2

P 61 2 2

P 2 2 21

a/b/c (Å)

117.2/117.2/
201.5

118.0/118.0/
201.1

117.7/117.7/
201.7

117.4/117.4/20
1.0

117.6/117.6/2
03.0

117.2/117.2/20
1.5

80.8/175.4/
195.8

Mol. in asym.
unit

1

1

1

1

1

1

4

1.033

0.980

0.92

0.915

0.92

0.915

0.972

49.2-1.5

40.7-1.4

49.4-1.8

49.3-1.3

49.4-1.9

29.3-2.3

47.4-2.2

(1.554-1.5)

(1.450-1.4)

(1.864-1.8)

(1.346-1.3)

(1.968-1.9)

(2.382-2.3)

(2.279-2.2)

Unique
reflections

130268
(12827)

159566
(15565)

76838 (7555)

197673 (18761)

65841 (6459)

37013 (3605)

140140
(13780)

Completeness
(%)

100 (100)

98.7 (97.7)

100 (99.9)

99.4 (95.7)

100 (100)

100 (99.9)

98.9 (98.2)

Redundancy

19.6 (19.7)

4.3 (4.2)

19.6 (18.9)

17.4 (7.6)

78.6 (77.2)

39.4 (41.2)

8.3 (8.2)

Data collection
(outer shell)
Wavelength (Å)

Resolution (Å)
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RSYM (%)

0.12 (1.8)

0.085 (1.5)

0.28 (2.9)

0.090 (2.2)

0.38 (5.4)

0.35 (3.1)

0.12 (1.1)

a

1.0 (0.76)

1.0 (0.42)

1.0 (0.54)

1.0 (0.27)

1.0 (0.69)

1.0 (0.79)

1.0 (0.79)

Mean I/σ(I)

16.8 (1.7)

11.8 (1.1)

13.0 (1.0)

18.58 (0.71)

26.6 (1.6)

24.9 (2.0)

11.8 (1.52)

RWORK /RFREE

0.133/0.154

0.146/0.167

0.152/0.186

0.141/0.160

0.160/0.187

0.186/0.225

0.220/0.242

Protein atoms

3852

3854

3851

3853

3851

3853

15713

Water atoms

620

700

508

601

377

150

308

Bond length
dev. (Å)

0.009

0.009

0.011

0.008

1.34

0.008

0.004

Bond angles
dev. (°)

1.32

1.35

1.33

1.32

0.012

1.19

0.84

Clash score

1.78

2.01

1.78

1.39

1.91

5.11

3.38

<B> protein
2
(Å )

20.4

17.8

23.9

19.5

24.4

48.5

54.1

<B> water (Å )

34.1

33.4

35.0

32.5

35.1

46.3

44.2

φ,ψ favoured
b
(%)

96

96

96

96

96

96

95

φ,ψ outliers
b
(%)

0

0

0

0

0

0

0.5
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CC1/2

Refinement

2

a

CC1/2 is the correlation between two halves of a data set, as defined by Karplus and Diederichs [53].

b

Calculated with Phenix [50].

Table 3. Summary of kinetic parameters of BBE variants.
BBE variant
wildtype

a

-1

-1 -1

kred [s ]

kox [M s ]

103 ± 4

(5 ± 1)·10

-1

4

E0 [mV]

8.0 ± 0.2

132 ± 4

0.48 ± 0.05

53 ± 2

0.54 ± 0.02

28 ± 4

C166A

a

0.28 ± 0.02

(10 ± 1)·10

H104A

b

3.4 ± 0.3

(8 ± 1)·10

H174N

e

3.0 ± 0.5

(4.1 ± 1.7)·10

4

1.2 ± 0.1

75 ± 3

H174A

c

0.08 ± 0.01

(7.0 ± 0.3)·10

3

0.07 ± 0.01

44 ± 3

H459A

d

88 ± 4

(2.9 ± 0.3)·10

4

3.1 ± 0.7

n.d.

6.7 ± 0.6

(3.2 ± 0.3)·10

4

0.7 ± 0.1

n.d.

Y106F

d

4

kcat [s ]

4
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E417Q

d

0.067 ± 0.007

(5.3 ± 0.2)·10

G164A

e

106 ± 13

e
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V169I

G164A V169I

e

4

0.054 ± 0.006

n.d.

60 ± 8

0.02 ± 0.002

109 ± 2

18.5 ± 1.4

98 ± 9

0.02 ± 0.005

109 ± 3

0.04 ± 0.002

50 ± 3

0.007 ± 0.001

110 ± 3

a

Kinetic data taken from Winkler et al. [25].

b

Kinetic data taken from Winkler et al. [32].

c

Kinetic data taken from Wallner et al. [33].

d

Kinetic data taken from Winkler et al. [29].

e

New data published in this paper.

Table 4. Distances between the reactive C(4a) and the closest side chain atom (or Cα) of
the gatekeeper residues for various enzymes from the VAO superfamily.
Protein

BBE

BBE G164A

Phl p 4

Phl p 4 I153V

VAO

AldO

PDB ID

3D2H

4PZF

4PVE

4PVJ

1VAO

2VFR

Oxygen reactivity

oxidase

dehydrogenase

dehydrogenase

oxidase

oxidase

oxidase

Gatekeeper, distance
(Å)

Gly (4.7)

Ala (3.7)

Gly (4.5)

Gly (4.7)

Pro (4.4)

Ala (4.1)

Alternate gatekeeper
(Å)

Val (4.9)

Val (5.2)

Ile (3.3)

Val (4.7)

N/A*

Ile (5.1)

* There is no residue in the VAO placed at a spatial position analogous to the alternate gatekeeper.
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Fig. 1. Oxidative half-reaction of flavoenyzme oxidases.
First electron transfer in the reaction of a reduced FAD (a) with an oxygen molecule is the rate limiting step that
yields a radical pair (b) [4]. The pair might form a covalent bond to produce hydroperoxy adduct (c), the
intermediate found in monooxygenases that has an sp3 hybridized C(4a) atom, and subsequent elimination of
the hydrogen peroxide yields oxidized FAD (d). Alternatively, the second electron transfer might take place
without a bond formation [4].
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Fig. 2. BBE and Phl p 4 active sites.
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(A) Aligned structures of wildtype BBE (green, PDB ID: 3D2H) and Phl p 4 (PDB ID: 4PVE, pink) in the proximity of
FAD (yellow). Three atoms from the isoalloxazine ring are used for the 3D alignment of proteins throughout this
paper (C(6), C(8) and N(10)). Hydrogen bonds between flavin and protein matrix are in orange, larger distances
that correspond to weak interactions are in blue. The active sites are well conserved, with important exceptions:
V169/I153 & H174/N158 on the re-face of the isoalloxazine ring and H459/Y439 & E417/Q339 on the substrate
binding si-face. (B) A view of the re-face of the FAD in wildtype BBE where a cavity (blue sphere) forms the
oxygen pocket together with the backbone nitrogen atoms of C166 and W165, the proposed proton donors. BBE
G164A variant (PDB ID: 4PZF, purple) and Phl p 4 (pink) are aligned to show how side chains of the alternate
gatekeeper I169/I153 and the gatekeeper A164 extinguish the cavity by pointing towards the reactive C(4a)
carbon atom (black).

Fig. 3. Redox potential determination.

Plots of the selected spectra of the course of reduction are shown for wildtype Phl p 4 (A) and the double
mutant Phl p 4 I153V N158H (B). The double logarithmic plots were used in the evaluation of data according to
Minnaert [47].
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Fig. 4. Structures with oxygen surrogates.

(A) Cartoon representation of Phl p 4 I153V variant (PDB ID: 4PWB) with FAD (yellow) in stick representation
and the H86 in red for easier orientation. The substrate binding site is formed by a large cavity below the flavin
ring (si-face). Xenon atoms are presented as black spheres and a bromide ion, shown in green at the re-face of
the FAD, is aligned from the bromide soak structure (Table 2). (B) Phl p 4 I153V N158H variant (PDB ID: 4PWC,
blue) accommodates a bromide in the oxygen pocket. The oxygen surrogate placed into the difference omit map
(green mesh) is positioned 2.5 Å above the reactive C(4a) (black atom in yellow FAD) and 3.4 Å from backbone
nitrogen atoms of C150 and V149, the latter is in a hydrogen bond distance with the carbonyl O(4) (orange). In
our structures, the ion is only 1.5 Å and 1.7 Å from the side chains of I153 and A164 in aligned wildtype Phl p 4
(PDB ID: 4PVE, pink) and BBE G164A (PDB ID: 4PZF, purple), respectively.
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Fig. 5. Four flavin derivatives used for models of putative C(4a) adduct intermediate states.

(A) Flavin derivative from crystal structure of choline oxidase (PDB ID: 2JBV) with oxygen adduct placed at the
position at which authors assigned an “unknown atom” [10]. (B) Drawing of the 4a,5-epoxyethano-3-methyl4a,5-dihydrolumiflavin (Emmdh-flavin) [38]. The position of C(18) was used in our models of hydroperoxy flavins
for placing the distal oxygen atom in a proposed orientation relative to the N(5). (C) 3D alignment of structures
of flavin derivatives shows that orientation of the adduct and movement of the carbonyl C(4)=O out of the plane
may vary significantly. FAD from a Phl p 4 structure is yellow, Emmdh-flavin is brown and three derivatives are
from protein X-ray structures: pyranose dehydrogenase (PDB ID: 4H7U, light green) [11], human monoamine
oxidase B (PDB ID: 2XCG, dark green) [54] and choline oxidase (PDB ID: 2JBV, cyan) [10].
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Fig. 6. Models of putative intermediates placed in Phl p 4.

Models of flavin derivative are placed in the structure of Phl p 4 I153V N158H bromide soak (PDB ID: 4PWC,
blue) and position of the bromide ion is shown with its Fo-Fc difference density (green). Structures of wildtype
Phl p 4 (pink) and BBE G164A (purple) are aligned and represented by the gatekeeper residues. (A) Model based
on the derivative structure from choline oxidase (PDB ID: 2JBV) with C(4a) hydroperoxy adduct on its si-face
shows that C(4)=O oxygen atom can freely move into the oxygen pocket in wildtype BBE and in Phl p 4 I153V
variants. Blue lines represent distances larger than 3.5 Å. (B) Model based on the structure of Emmdh-flavin with
C(4a) hydroperoxy adduct on its re-face shows that the adduct fits into the oxygen pocket where it can form
hydrogen bonds (orange) with the backbone nitrogens of C150 and possibly also V149. This intermediate cannot
form in BBE G164A variant due to a clash with the gatekeeper, nor can it form in wildtype Phl p 4 or BBE V169I
due to a clash with C(δ) of the alternate gatekeeper residue I169/I153.
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Fig. 7. The oxygen reactivity motif.

The motif defining dioxygen reactivity in VAO enzymes is shown in aligned structures of Phl p 4 I153V N158H
bromide soak (PDB ID: 4PWC, blue), VAO (PDB ID: 1VAO, green) and AldO (PDB ID: 2VFR, purple). Position of
the gatekeeper residues G148/P169/A105 and the position of the first proton donor backbone nitrogen (blue
spheres above O(4)) are highly conserved. The rest of the backbone is less aligned which influences the spatial
position and size of the oxygen pocket, represented here by the bromide (brown) and chloride (green) anions
that reside in the cavities of Phl p 4 and VAO, respectively. The motif ends in residues F164/V185/H121 which
form two strong and conserved hydrogen bonds (shown for Phl p 4 in orange) with N(3) and O(2) through their
backbone oxygen and nitrogen atoms.
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Fig. 8. Flavoenzyme oxidases from various structural superfamilies.

At the first glance, environments of FAD in Phl p 4 (PDB ID: 4PVE, A) and PHBH (PDB ID: 1PHH, B) look as if they
were mirror images. The putative oxygen pocket accommodates C(4)=O carbonyl atom of FAD in the structure of
choline oxidase (PDB ID: 2JBV, C) which, like PHBH, belongs to the GMC structural superfamily. Peroxysomal
acyl-CoA oxidase (PDB ID: 1IS2, D) belongs to the acyl-CoA dehydrogenase superfamily and has a putative
oxygen pocket at the si-face of the FAD where backbone nitrogens of P177 and G178 reside. The proposed
oxygen pocket in glycolate oxidase (PDB ID: 1GOX, E) that belongs to the superfamily of FMN-linked
oxidoreductases is formed by the side chains of S106 and Q127 and is filled with a water molecule in the native
crystal [28]. A strongly bound water molecule is also found in fructosamine oxidase (PDB ID: 3DJE, F) where the
proton donors of the oxygen pocket could be the water molecule and the backbone nitrogen of V105.
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