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Xenobiotic reductase A (XenA) from Pseudomonas putida 86 catalyzes the
NADH/NADPH-dependent reduction of various substrates, including 2-
cyclohexenone and 8-hydroxycoumarin. XenA is a member of the old
yellow enzyme (OYE) family of flavoproteins and is structurally and
functionally similar to other bacterial members of this enzyme class. A
characteristic feature of XenA is the presence of a cysteine residue (Cys25) in
the active site, where in most members of the OYE family a threonine
residue is found that modulates the reduction potential of the FMN/
FMNH– couple. We investigated the role of Cys25 by studying two variants
in which the residue has been exchanged for a serine and an alanine residue.
While the exchange against alanine has a remarkably small effect on the
reduction potential, the reactivity and the structure of XenA, the exchange
against serine increases the reduction potential by +82 mV, increases the
rate constant of the reductive half-reaction and decreases the rate constant
in the oxidative half-reaction. We determined six crystal structures at high
to true atomic resolution (dmin 1.03–1.80 Å) of the three XenA variants with
and without the substrate coumarin bound in the active site. The atomic
resolution structure of XenA in complex with coumarin reveals a
compressed active site geometry in which the isoalloxazine ring is
sandwiched between coumarin and the protein backbone. The structures
further reveal that the conformation of the active site and substrate
interactions are preserved in the two variants, indicating that the observed
changes are due to local effects only. We propose that Cys25 and the
residues in its place determine which of the two half-reactions is rate
limiting, depending on the substrate couple. This might help to explain why
the genome of Pseudomonas putida encodes multiple xenobiotic reductases
containing either cysteine, threonine or alanine in the active site.
© 2010 Elsevier Ltd. All rights reserved.
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different α,β-unsaturated carbonyl compounds,
including ketones and esters, and belong to the
old yellow enzyme (OYE) family. Members of this
family have been found in bacteria, yeasts, plants
and nematodes,1 and their physiological functions
are mostly unknown. The genome of several
bacteria contain multiple open-reading-frames
encoding OYE homologs,2,3 and the largest number
of different OYE homologs are present in the
genome of Pseudomonas putida KT2440, which
encodes six variants named XenA – XenF.4 On the
basis of amino acid sequence alignments, these
variants can be related to different subgroups of the
d.
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OYE family and are likely to have evolved from
different ancestors. XenA isolated from P. putida 86
was recently shown to be involved in the degrada-
tion of quinoline5 along the 8-hydroxycoumarin
pathway due to its ability to reduce the C3=C4
double bond of 8-hydroxycoumarin and its abun-
dance, when P. putida 86 is grown in the presence of
quinoline.6 It shares the highest sequence identity
with XenA, XenD and XenE from P. putida KT2440
and YqjM from Bacillus subtilis.4 The crystal
structure of XenA has been solved for the oxidized
enzyme alone and with two substrates bound to the
active site at a resolution of 1.5 Å.6 XenA is a
homodimer in solution and the crystal, and one
FMN molecule is bound to each monomer. The
subunit structure is similar to that reported for
OYE,7 morphinone reductase8, PETN reductase9,10,
Shewanella yellow enzyme 111 and YqjM.12 They all
consist of the typical (β/α)8 barrel and FMN is
bound at the C-terminal end. The re side of the
flavin is facing the protein and the si side defines
the bottom of a wide active site pocket. The reaction
of XenA is consistent with a ping pong mechanism
and can be divided into two half-reactions. A
kinetic investigation using NADH and NADPH as
substrates in the reductive half-reaction and 2-
cyclohexenone and coumarin in the oxidative half-
reaction revealed that either half-reaction can be
rate-limiting, depending on the combination of
substrates. In the reductive half-reaction the en-
zyme is reduced efficiently by NADPH, while the
reaction with NADH is about 20-fold slower. The
first step in this reaction is the formation of a charge
transfer complex between the flavin cofactor and
the nicotinamide, which is followed by a hydride
transfer from NAD(P)H to FMN. In the oxidative
half-reaction the enzyme can reduce different α,β-
unsaturated carbonyl compounds. In this case we
assume two different intermediates before the
equivalents of two electrons and two protons are
transferred on the substrate, suggesting that the
relative orientations of FMN and the substrate
changes from the encounter complex to the reactive
complex. The rate constants for reductive and
oxidative half-reactions are dependent on the
reduction potential of the flavin cofactors.13 The
reduction potential of the FMN/FMNH– couple in
XenA was previously determined to be –263 mV,13

which is considerably lower than the values found
for other members of the OYE family.14–16 XenA
shows several structural variations that can be
responsible for the difference in the reduction
potential. One is a cysteine residue (Cys25) in the
active site, which replaces a highly conserved
threonine residue. The side chains of cysteine in
XenA and the threonine residue are within hydro-
gen bonding distance to the O(4) carbonyl oxygen
atom of the isoalloxazine ring. Mutagenesis studies
of this threonine residue (Thr37 in OYE17 and Thr32
in morphinone reductase15) indicated that this
residue modulates the flavin reduction potential.
Cys26 in YqjM, which is analogous to Cys25 in
XenA, was shown to adopt several conformations
interacting either with O(4) or with N(5) and might
interact with the delocalized ring electrons of the
adjacent Tyr28. It is therefore assumed that Cys26
acts as a redox sensor that is able to control the
reduction potential of FMN, depending on the
presence of substrates.12 The exchange of Cys26
(C26D and C26G) altered the reactivity of YqjM and
changed its enantioselectivity.18

The recent structural6 and kinetic13 studies of
XenA did not reveal the contributions of individual
active site residues. To gain insight into the role of
Cys25 we studied its effect on the structure, the
stabilization of substrate complexes and the kinet-
ics of the catalytic cycle. We report the crystal
structures of XenA and variants in which Cys25
has been replaced by alanine and serine with and
without substrate bound in the active site, as well
as the effect of the mutations on ligand binding
and the kinetics of XenA. Threonine is the most
frequently encountered amino acid at the position
of Cys25 in related flavoenzymes. An inspection of
the crystal structure of XenA reveals that the
methyl group of threonine in a C25T variant of
XenA would clash with the neighboring tyrosine
residue (Tyr27) and we therefore preferred the
exchange of cysteine for serine and cysteine for
alanine. Our earlier structural characterization of
XenA at a resolution of 1.5 Å indicated a deviation
of the isoalloxazine ring from planarity; however,
the interatomic distances within the active site,
which contribute to create this strained conforma-
tion, could not be determined reliably.6 We
therefore extended our analysis to true atomic
resolution (dmin 1.03 Å) to reveal the individual
contributions to the deformation of the flavin. Our
earlier analysis showed that Cys25 is close to the
substrate-binding site but did not reveal any direct
interaction between the residue and the substrate.6

We were specifically interested in whether Cys25
would contribute to the stabilization of an inter-
mediate or transition state of the reaction in
comparison to the unreacted substrate to accelerate
the overall reaction. The stabilization of a transition
state cannot be revealed by a crystal structure, so
we analyzed the kinetics of the two half-reactions
of the XenA variants and compare it to that of the
wild type protein.

Results and Discussion

Mutagenesis

The QuickChange mutagenesis protocol from
Stratagene was used to mutate Cys25 in XenA
wild type. PCR primers were designed to exchange
this cysteine with alanine and with serine, and gene
sequencing of the resulting expression plasmids
confirmed the correct single site mutations. Both
variants could be expressed and purified like the
wild type enzyme. Mutagenesis did not result in a
loss of FMN and all enzymes have an FMN content
of 70 – 80%.



Table 1. Specific activities and Kd values of XenA-wt,
XenA-C25A and XenA-C25S

Specific activity
(U mg–1)

Kd (μM) for
coumarin

XenA 6.7 8.4±1.0
C25A 1.11 20.9±3.2
C25S 3.34 69.2±3.6
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Spectroscopic properties and specific activity

Wild type Xen (XenA-wt), XenA-C25A and XenA-
C25S showed only small differences in their absor-
bance spectra. The maximum peak of FMN was
shifted from 464 nm in the wild type protein to
456 nm in XenA-C25A and to 460 nm in XenA-C25S
(Supplementary Data Fig. S1). The extinction coeffi-
cients for the two peaks (ɛ456=12.7 mM-1 cm-1;
ɛ460=11.4 mM-1 cm-1) are about the same as those
for the wild type protein (ɛ464=12.20 mM-1 cm-1).6

Both variants show higher absorption around
550 nm and their spectra are red-shifted compared
to XenA-wt. With coumarin (2H-chromen-2-one)
bound to the oxidized enzyme, the absorbance
maxima of XenA-wt is 470 nm. XenA-C25A with a
maximum at 468 nm shows a red-shift of 2 nm,
whereas the maximum of XenA-C25S is blue-shifted
to 476 nm (Supplementary Data Fig. S1). The specific
activities for XenA-wt and variants, measured with
NADPH and 2-cyclohexenone as substrates are
given in Table 1. XenA-C25A shows a sixfold
decrease in specific activity, whereas the specific
activity of XenA-C25S is half of XenA-wt. However,
the XenA-C25A variant tended to precipitate under
the assay conditions, making it likely that the low
specific activity of XenA-C25A is due, at least in
part, to a lower effective enzyme concentration in
the assay. Furthermore, the specific activity of
XenA-wt and both variants was determined at pH
values ranging from 5 to 10.5 (data not shown) to
detect possible changes in the pH-activity profile.
The specific activities of the three XenA variants
have an activity optimum around pH 8, change less
than 50 % within the pH range 6 – 10 and show all
the same principal pH-activity profile.

Ligand binding

XenA-wt and the two cysteine variants were
titrated under identical conditions by stepwise
addition of coumarin. Binding of coumarin perturbs
the spectrum of XenA and therefore allows to detect
complex formation (Fig. 1). Isosbestic points, con-
sistent with a two-state binding process, are
observed with all three proteins. Plots of the
absorbance change at the maximum against ligand
concentration and regression analysis using the Eq.
(1) were used to determine the dissociation con-
stants (Kd) for XenA-wt and the variants. Kd for the
XenA-wt coumarin complex was 8.4 (± 1.0) μM,
which is similar to the value of 5.0 (± 1.0) μM
determined earlier.6 For both variants, the exchange
of cysteine resulted in small increases of the
dissociation constant; a twofold increase for XenA-
C25A and a sevenfold increase for XenA-C25S
compared to the wild type protein (Table 1). Binding
of coumarin causes no additional charge transfer
interaction with strong absorbance in the long
wavelength range.19 The small changes of Kd are
in agreement with a weak and likely indirect
contribution of Cys25 to the formation of the
complex between oxidized XenA and coumarin.
Photoreduction and determination of
reduction potentials

Both XenA variants were reduced using the light-
mediated generation of electrons with the deaza-
flavin/EDTA couple in the presence of phenosafra-
nine as redox mediator. This method was used to
ensure single electron transfer and allow the
formation of semiquinone species. Unlike XenA-
wt, which shows the initial formation of an anionic
semiquinone,13 only quinone and hydroquinone
species of FMN are observed during photoreduction
of XenA-C25S and XenA-C25A (Fig. 2a). We
therefore assume that, as in XenA-wt, the reduction
potential of the FMN/FMNH- couple is substantial-
ly lower than the FMN/FMNH– couple and that
either the enzyme or the reaction conditions allowed
for faster equilibration than observed in the exper-
iment with XenA-wt.13 The inability to form
semiquinone species has been observed also for
the related flavoenzymes morphinone reductase,20

PETN reductase14 and YqjM.21

To investigate the influence of Cys25 on the
relative stability of the oxidized and reduced state
of XenA, we determined the reduction potentials of
the FMN/FMNH– redox couple of both variants.
The reduction potentials of XenA-C25A and XenA-
C25S were calculated (using Eq. (4)) to be –266 mV
and –181 mV, respectively. Thus, the replacement of
cysteine with alanine does not change the reduction
potential (XenA-wt: E0

m=–263 mV),13 whereas the
exchange with serine increased the reduction po-
tential by +82 mV. The linear fit of the plot of log
(Eox/Ered) versus log(Dyeox/Dyered) shows a slope of
–1 in both cases, confirming that the enzyme and the
dye received the same amount of electrons and
reacted under equilibrium conditions. The determi-
nation of the reduction potential of XenA-C25A
with phenosafranine as reference dye is illustrated
by Fig. 2b.
The mutations of Cys25 to alanine and serine were

expected to alter the reduction potential of the FMN
as shown for OYE17 and morphinone reductase.15

The corresponding threonine residue in these two
enzymes forms an O-H…O hydrogen bond to the
C(4) oxygen atom of the isoalloxazine ring and
stabilizes the negative charge of the reduced FMN.
The hydrogen bond is lost when this residue is
replaced by alanine and the reduction potential
of the FMN/FMNH– couple is decreased from
–230 mV to –263 mV in OYE17 and from –242 mV
to –290 mV in morphinone reductase.15 As the
γ-sulfhydrylgroup of Cys25 is within hydrogen
bonding distance to O(4) of the isoalloxazine ring,



Fig. 1. Titration of XenA-wt, XenA-C25A and XenA-C25S with coumarin. Spectra were recorded in 50 mM Tris buffer,
pH 8.0 at 25 °C. (a) Left-hand side: For XenA-wt (30 μM), the spectra are shown in the presence of 0, 8, 22, 38, 55, 75, 95, 160
and 200 μM coumarin. Right-hand side: A plot of absorbance changes as a function of the coumarin concentrations for the
data shown on the left-hand side. (b) Left-hand side: For XenA-C25A, the spectra are shown in the presence of 0, 8, 18, 30,
45, 80, 160, 360 and 780 μM coumarin. Right-hand side: A plot of absorbance changes as a function of the coumarin
concentrations for the data shown on the left-hand side. (c) Left-hand side; For XenA-C25S, the spectra are shown in the
presence of 1, 10, 30, 50, 65, 85, 140, 240 and 360 μMcoumarin. Right-hand side: A plot of absorbance changes as a function
of the coumarin concentrations for the data shown on the left-hand side. The insets in the left-hand side of (a) – (c) show
the region of the isosbestic points in detail.
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we expected that the mutation to alanine would lead
to a substantial decrease of the reduction potential.
However, the reduction potential of XenA-C25A
was practically the same as that of the wild type
enzyme. This implies that either the oxidized and
reduced states are equally stabile in XenA-wt and
XenA-C25A or the reduced and oxidized state of the
flavine are both stabilized or destabilized by the
same amount upon loss of the SH group of Cys25.
The reduction potential of XenA-C25S changes to

–181 mV. The difference in reduction potential of
+82 mV compared to the wild type enzyme and
+87 mV compared to XenA-C25A is distinctly larger
than that observed for the exchange of the
corresponding threonine against alanine in OYE
(ΔE0

m =+33 mV) and morphinone reductase
(ΔE0

m=+48 mV). The more strongly polarized
hydroxyl group of Ser25 can form a strong O-
H...O(4) hydrogen bond with FMN and is therefore
able to stabilize both FMN and FMNH–. However,
the increase of reduction potentials is stronger than
expected from the exchange of a weak S-H…O(4)



Fig. 2. Photoreduction and determination of the reduction potential of the FMN/FMNH- couple in XenA-C25A. (a)
Conditions: 30 μMXenA-C25A, 15 mMEDTA, 1 μMphenosafranine, 100mMTris buffer, pH 8.0 and traces of 5-deaza-10-
methyl-3-sulfopropyl-isoalloxazine as catalyst. The spectra are shown before (dotted line) and after different illumination
steps (continuous lines). The spectrum of reoxidized XenA-C25A is displayed as a broken line. (b) Conditions: 15 μM
XenA-C25A, 15 μM phenosafranine, 2 μM methylviologen, 0.05 U xanthine oxidase, 50 mM Tris buffer, pH 8.0. The
reduction of XenA-C25A with phenosafranine as reference dye is shown over a time range of 1.5 h (continuous lines). The
spectrum recorded before the addition of xanthine is displayed as a dotted line. Absorbance values at 456 nm and 521 nm
were used to calculate the concentrations of oxidized C25A and dye. The inset shows the plot of log(Eox/Ered) against
log(Dyeox/Dyered). The continuous line displays the linear fit with a slope of –1. The reduction potential of XenA-C25A
was –266 mV.
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hydrogen bond by the stronger O-H…O(4) hydrogen
bond. The small change in reduction potential
upon loss of the γ-sulfhydryl group and the large
change when it was exchanged for a hydroxyl
group indicated that it did not form a hydrogen-
bond to O(4).

Transient kinetic analyses of the two
half-reactions

Stopped flow spectrophotometry on the two half-
reactions of XenA-C25A and XenA-C25S with
different substrates was used to gain further
insights into the role of Cys25 for the reactivity of
XenA.
To initiate the reductive half-reactions (RHR) the

enzymes were mixed under anoxic conditions in the
stopped flow cuvette with different concentrations
of NADH and NADPH and the signal change was
followed at 464 nm. The kinetics of the oxidative
half-reactions (OHR) of both XenA variants were
studied with various concentrations of 2-cyclohex-
enone and coumarin. Before the OHR, the enzymes
were reduced with equimolar amounts of NADH,
which was sufficient to achieve complete reduction
of FMN. Both variants were mixed with 2-cyclohex-
enone and coumarin under anoxic conditions in the
stopped flow cuvette and the signal increase was
followed at 464 nm. All of the substrates were used
in our earlier study of XenA-wt,13 which allows us
to compare the reactivities of the variants with that
of the wild type protein.
All of the observed rate constants showed a

hyperbolic dependence on the substrate concentra-
tions used (RHR in Fig. 3a–d; OHR in Fig. 4a–d).
The linear correlations between 1/kobs and 1/
[NADH or NADPH] (Fig. 3a–d, insets) and 1/kobs
and 1/[2-cyclohexenone or coumarin] (Fig. 4a–d,
insets) indicate equilibrium conditions for the
reaction so that Eq. (7) can be used to determine
the individual rate constants (kx) and the disso-
ciation constant (Kd) for the XenA substrate
complexes.
In contrast to what was found for XenA-wt,13

there was no indication of the formation of a charge
transfer complex at 520 – 560 nm with the two
variants in the RHR. The limiting rate constants of
the reduction (kred) of XenA-C25Awere 0.76 (± 0.03)
s-1 for the reaction with NADH and 19.0 (± 0.4) s-1

for the reaction with NADPH. These rate constants
are slightly smaller than that found for XenA-wt
and, like in the wild type enzyme, the XenA variants
reacted 20-fold faster with NADPH than with
NADH.13 The limiting rate constants for the
oxidation of XenA-C25A were 26.3 (± 0.1) s-1 with
2-cyclohexenone and 0.43 (± 0.01) s-1 with coumarin
as substrate. The dissociation constants of all XenA-
C25A substrates complexes are increased five- to
sevenfold by the replacement of cysteine with
alanine (RHR: NADH, 1216 ( ± 81) μM and
NADPH, 726 (± 46) μM. OHR: 2-cyclohexenone,
346 (± 3) μM; coumarin, 109 (± 10) μM). As the
reduction potentials of the FMN/FMNH– couple of
XenA-C25A and XenA-wt are very similar, we
expected practically unchanged rate constants for
the two half-reactions. However, we observed small
but consistent changes and the exchange of cysteine
against alanine decreased the rate constant of the
RHR by a factor of 2 and increased the rate constant
of the OHR by the same factor.
The rate constants for the reduction of the XenA-

C25S variant were 6.1 (± 0.2) s-1 for NADH and 171



Fig. 3. Reductive half-reactions of XenA-C25A and XenA-C25S with NADH and NADPH. The concentration
dependence of the observed rates at 464 nm for the reaction of 5 μM enzyme with the reductive substrates is shown.
(a) Reaction of XenA-C25A with different concentrations of NADH. (b) Reaction of XenA-C25S with different
concentrations of NADH. (c) Reaction of XenA-C25A with different concentrations of NADPH. (d) Reaction of XenA-
C25S with different concentrations of NADPH. The reciprocal plots are shown in the insets.
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(± 10) s-1 for NADPH, which is about three- to
fourfold higher than that for XenA-wt, while the rate
constants of the oxidation of XenA-C25S with 2-
cyclohexenone (5.12 (± 0.08) s-1) and with coumarin
(0.060 (± 0.001) s-1) are fourfold smaller than those
for XenA-wt. Again, as seen with the replacement of
cysteine by alanine, the rate constants of both half-
reactions changed by the same factor. However, the
replacement of cysteine with serine accelerated the
reductive half-reaction and decelerated the oxida-
tive half-reaction. The dissociation constants for all
four enzyme–substrate complexes were increased.
The dissociation constants of the XenA-C25S-NAD
(P)H complex were 800 (± 37) μM for NADH and
655 (± 85) μM for NADPH, which is within the same
range as that of XenA-C25A and are four- to
sevenfold greater than that of XenA-wt, while the
dissociation constants of the complexes with 2-
cyclohexenone (187.1 (± 7.1) μM) and coumarin
(53.0 (± 4.0) μM) were approximately doubled. The
reduction potential of the FMN/FMNH– couple of
XenA-C25S is more positive by 82 mV than that for
XenA-wt. We assume that the stronger stabilization
of the reduced flavin results in product stabilization
in the RHR and a destabilization of the educts in the
OHR compared to the reaction of XenA-wt. A
similar effect was observed for the threonine-alanine
exchange in OYE and morphinone reductase.
The rate constants determined for the both half-
reactions and the kinetic dissociation constants are
summarized in Table 2. From these data we can
conclude that Cys25 is not essential for catalysis, but
its presence shifts the enzyme reactivity more to the
RHR (compared to XenA-C25A) or the OHR (com-
pared to XenA-C25S). Both exchanges of the cysteine
residue decrease the affinity of the enzyme for its
substrates corresponding to a change in the apparent
binding energy (ΔGapp=RT lnKS /K'S) of 1.7 – 4.7 kJ/
mol. Due to the effect of the mutations on the
electronic structure and likely the conformation of
the isoalloxazine ring and the ππ interactions of the
substrate with the isoalloxazine ring, there are several
different contributions toΔGapp, and the local binding
energy (ΔGbind) between Sγ-Cys25 with the substrate
may be only a small part of this sum. We therefore
assume that the loss of a direct Cys25–substrate
interaction, e.g. formation of a hydrogen bond in the
Michaelis complexes,wouldhave resulted in a greater
increase of ΔGapp and we conclude that Cys25 does
not contribute to the binding of the substrate in either
the oxidized or the reduced state.

Active site structure of XenA-wt

The structure of XenA-wt was refined at a
resolution of 1.03 Å without and at 1.1 Å with



Fig. 4. Oxidative half-reactions of XenA-C25A and XenA-C25S with 2-cyclohexenone and coumarin. All figures show
the concentration dependence of the observed rates at 464 nm for the reaction of 5 μM enzyme with the oxidative
substrates is shown. (a) Reaction of XenA-C25A with different concentrations of 2-cyclohexenone. (b) Reaction of XenA-
C25S with different concentrations of 2-cyclohexenone. (c) Reaction of XenA-C25A with different concentrations
of coumarin. (d) Reaction of XenA-C25S with different concentrations of coumarin. The reciprocal plots are shown in
the insets.
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coumarin bound to the active site (Fig. 5a and b). For
the refinement, hydrogen atoms were included and
all non-hydrogen atoms were refined with aniso-
tropic B-factors. The high resolution revealed mul-
tiple conformations for 7.5 % of the side chains. A
large number of hydrogen atoms are clearly defined
in the electron density, and on leaving out the amide
protons of the main chain of XenA 37 % of the
corresponding H atoms produce peaks with more
than 0.2 e/Å3, corresponding to a σ-level of 3.0, in
the difference density map. The incomplete coverage
of the observed amide hydrogens is most likely due
to the correlation between the maximum electron
Table 2. Transient kinetic data

XenA-wta

kred (s-1) Kd (μM-1) kre

NADH 1.50±0.02 176±14 0.76
NADPH 35.7±0.6 256±12 19.0

kox (s
-1) Kd (μM-1) ko

2-Cyclohexenone 13.1±0.1 86±2 26.3
Coumarin 0.243±0.001 19.3±0.6 0.43

a Data from the wild type enzyme XenA are from Ref. [12].
density peak for an atom and the root-mean-square
(rms) deviation of the atomic position. To estimate
whether our measuring strategy induced photore-
duction of the flavin by the X-rays, we compared the
bond length within the isoalloxazine ring to the
values given for oxidized and reduced small flavin
derivatives.22 The FMN in XenA-wt has the follow-
ing redox-sensitive bond lengths: N(5)–C(4a), 1.37 Å;
C(4a)–C(4), 1.44 Å; C(4a)–C(10a), 1.40 Å; and C(10a)–N(1),
1.31 Å. These values are not typical for oxidized or
reduced flavins and are intermediate between the
distances expected for both oxidation states. These
deviations might reflect the influence of the protein
XenA-C25A XenA-C25S

d (s-1) Kd (μM-1) kred (s-1) Kd (μM-1)

±0.03 1216±81 6.1±0.2 800±37
±0.4 736±47 171±11 656±86

x (s
-1) Kd (μM-1) kox (s

-1) Kd (μM-1)

±0.1 346±3 5.12±0.08 187±7
±0.01 109±10 0.060±0.001 53±4



Fig. 5. Atomic resolution structure of XenA-wt. (a) Stereoscopic view of the electron density map of the FMN cofactor.
The 2Fo – Fc map contoured at 1.0σ is shown in gray mesh representation, the 2Fo – Fc map contoured at 5.0σ is shown in
brown surface representation. FMN is shown in stick and ball mode. Oxygen atoms, red; nitrogen atoms, blue; carbon
atoms, green; and phosphorus, yellow. (b) Stereoscopic view of FMN in complex with coumarin. The 2Fo – Fc map
contoured at 1.0σ is shown in green mesh representation and the 2Fo – Fc map contoured at 5.0σ is shown in green surface
representation. FMN (violet) is shown in stick mode. Coumarin is displayed in stick and ball representation with carbon
atoms in green and oxygen atoms in red.
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environment on the geometry of the cofactor.
However, it is likely that the synchrotron radiation,
at least in part, reduced the protein during data
collection resulting in a mixture of oxidized and
reduced molecules. We therefore refrain from an in-
depth discussion of the flavin geometry. Neverthe-
less, the improvement in resolution provides a better
description of the active site structure, particularly
on the protein–cofactor and protein–substrate inter-
actions. The atomic resolution structure allows us to
reassess the geometry of residues with an unusual
conformation. In the earlier structure, a single
tryptophan residue (Trp358) was found to deviate
from the Ramachandran statistics. This deviation is
likely of functional relevance, as Trp358 is part of the
FMN-binding site and the unusual conformation of
the peptide backbone has been confirmed in the
atomic resolution structure.
Furthermore, the electron density can provide

direct insight in the charge distribution throughout
the isoalloxazine ring, provided the ring atoms have
comparableB-factors. The averageB-factor of the ring
atoms was 6.0 Å2, and the deviations from this value
were within±15%. The electron density distribution
was lowest within the dimethylbenzene ring and
stronger for the heteroaromatic rings. These areas are
expected to interact favorably with donor atoms.23,24

The FMN cofactor is non-covalently bound to the
protein by different interactions between the protein
environment and the FMN. Hydrogen bonding
interactions are located exclusively in the area of
higher charge density (Fig. 6a). O(4) of the isoalloxa-



Fig. 6. Active site view. (a) Stereoscopic view of the hydrogen-bonding network around FMN. All residues are
displayed in stick representation. Carbon atoms of the amino acid side chains, gray; carbon atoms of FMN, green; oxygen
atoms, red; nitrogen atoms, blue, sulfur atoms, yellow; and phosphorus, orange. The broken red lines represent possible
interactions between the cofactor and the adjacent amino acids. (b) Stereoscopic view of the hydrogen bonding network
around coumarin bound to the active site. All residues are displayed in stick representation. FMN, yellow; carbon atoms
of coumarin, green; carbon atoms of the amino acid side chains, gray; oxygen atoms, red; and nitrogen atoms, blue. The
broken red lines represent possible interactions between coumarin and XenA-wt.
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zine ring is within hydrogen bonding distance to the
amide proton of Ala57 and the γ-sulfhydryl group of
Cys25. The distance between the γ-sulfhydryl group
of Cys25 and O(4) is 3.28 Å, indicating that a weak
hydrogen bond might be present. N(5) is within
hydrogen bonding distance to the amide proton of
Cys25. N(1) as well as O(2) are within hydrogen
bonding distance to the guanidinium group of
Arg231 with a distance of 2.99 Å and the proton of
N(3) interacts with the carbonyl group of Gln99with a
N–O distance of 2.80 Å.
Thedimethylbenzene ring is stabilizedby a face-on-

edge π–π interaction with Trp358 of the second
monomer and hydrophobic interactions with Met24
on the re side. Further close contacts between protein
and cofactor are found for the C(4a) andC(10a) atoms of
the isoalloxazine ring, which are only 3.06 Å away
from the carbonyl oxygen of Pro23. The oxygen atom
is positioned exactly in the middle below the bond
between C(4a) and C(10a) on the re side and it is
substantially closer to the two carbon atoms than the
van derWaals radii would suggest. The isoalloxazine
ring is distinctly non-planar. This deviation from
planarity might be, in part, a consequence of a partial
photoreduction of the ring. However, given the short
distance between Cys25 Sγ andO(4) and the observed
non-planarity of the flavin of crystals exposed to a
lose dose of radiation,6 it appears to be unlikely that
the isoalloxazine ring is planar in the oxidized state, as
that would lead to a strong overlap of the van der
Waals radii of the two atoms if Cys25 is kept fixed.
The observed overlap of the van der Waals radii
between the carbonyl oxygen of Pro23 and the C(4a)
and C(10a) carbon on the re side of the flavin with the
short S…O(4) distance in the si side indicated that the
protein environment exerts a considerable strain on
the isoalloxazine ring and that Cys25 is part of a
protein clamp for the cofactor. The active site pocket is
not empty and a sulfate molecule, a constituent of the
crystallization solution, is bound above the si side of
the isoalloxazine ring.

Active site structure with bound coumarin

The crystal structure of true Michaelis complexes
between enzyme and substrates are difficult to
achieve due to their inherent reactivity. As a
substitute, we determined the structure of oxidized
XenA in complex with coumarin to infer the relative
orientation of substrate and cofactor. The structure
of XenA-wt with coumarin bound was refined at a
resolution of 1.10 Å (Fig. 6b). The statistics of the
dataset revealed that the overall quality is not as
good as that of the other datasets and we believe the
lower data quality is the reason why the R value for
the model is not as low as expected for a structure at
this resolution (Table 4). There is no indication of
structural change occurring upon coumarin binding,
and the Cα atoms of the substrate-bound and
substrate-free structures can be superimposed with
an rms deviation of 0.09 Å. Coumarin is bound
nearly coplanar above the isoalloxazine ring,



Fig. 7. Compression of the flavin in the coumarin complex. Stereoscopic view of the active site of XenA-wt in complex
with coumarin. All residues are shown in stick and ball representation. Carbon atoms of the amino acid side chains, gray;
carbon atoms of FMN, green; carbon atoms of coumarin, light blue; oxygen atoms, red; nitrogen atoms, blue; sulfur atoms,
yellow; and hydrogen atoms, white. Distances between atoms are given (in ångström units) and are displayed as red lines.
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consistent with π–π interactions between both
molecules (Fig. 6b). The carbonyl oxygen of couma-
rin is within hydrogen bonding distance to His178
(2.90 Å) and His181 (2.84 Å). His181 is also in
hydrogen bonding distance to O(1) of coumarin. The
closest contact between coumarin and the isoallox-
azine ring is between the β carbon of coumarin and
N(5) of FMN. The distance of 3.05 Å is shorter than
expected from the van der Waals radii (van der
Waals distance 3.2 Å), indicating that the enamine
moiety of FMN is sterically compressed from both
sides in the substrate-bound form (Fig. 7). While the
carbonyl oxygen of Pro23 is close to C(4a) and C(10a)
on the re side of the flavin, coumarin presses on the
si side of the isoalloxazine ring. The short distance
between N(5) and the β carbon of coumarin is
especially notable, as the observed compression
could facilitate the electron/hydride transfer be-
tween the atoms. A role of sterical compression to
enhance catalysis has been suggested.25–27 The α
carbon of coumarin is 3.28 Å away from the
potential catalytic proton donor Tyr183 (Fig. 6b).
The shortest distance between the γ-sulfhydryl
group of Cys25 and the coumarin ring is 4.0 Å and
there is no indication of a direct interaction between
coumarin and Cys25, nor does the conformation of
Cys25 change upon coumarin binding. The princi-
pal arrangement of the enzyme-bound flavin and
the substrate is similar to the average geometry
found in a number of flavoenzymes,28 in which the
carbon atom of the substrate to be activated by
electron/hydride transfer from the N(5) atom is, on
average, 3.5 Å away (here 3.05 Å) and makes an
angle with the N(5)-N(10) atoms of 96–117° (here 98°).

Structures of XenA-C25A and XenA-C25S alone
and in complex with coumarin

The structures of XenA-C25A and XenA-C25S
were solved at resolutions of 1.20 Å and 1.80 Å,
respectively (Fig. 8a and b). The overall structures of
both mutant enzymes reveal no significant changes
of the protein conformation and confirm the ex-
change of Cys25 with Ser and Ala. All other residues
in the active site are unaltered and superimpose
exactly with the structure of XenA-wt. The replace-
ment of cysteine by serine brings a stronger
hydrogen bond donor/acceptor into the active site,
while the replacement of cysteine by alanine creates a
small void and both can perturb the local water
structure. The high resolution of the two variants
clearly defines the location of individual ordered
water molecules, which are superimposable with
XenA-wt in both cases, indicating that the mutations
have no effect on thewater structure of the active site.
The atomic resolution structures of XenA-wt and

XenA-C25A provide a better description of the
bending of the isoalloxazine ring (Fig. 9a). In
comparison to the subatomic resolution structure
of PETN reductase10 and the 1.3 Å resolution
structure of YqjM,12 the isoalloxazine rings of
XenA-wt and XenA-C25A are more domed and
point with the ends towards its re side. Furthermore,
the C(4)–O(4) carbonyl group of the pyrimidine rings
is moved further out of the ring plane towards the re
side of the FMN (Fig. 9b). XenA-C25S did not show
these distortions. Here, the isoalloxazine as well as
the pyrimidine ring are more planar, allowing the
hydroxyl group of serine and O(4) of FMN to be
within the typical hydrogen bond distance of 2.8 Å.
However, the structures of the C25S variant have
been determined at lower resolution and the
interpretations of the distortion of the isoalloxa-
zine-ring are less reliable. The position of coumarin
in the active site pocket (Fig. 8c and d), as well as the
interactions between protein and coumarin, are
indistinguishable for XenA-wt, XenA-C25A and
XenA-C25S (Fig. 9b).
The structures of the two XenA variants show that

the effects of the cysteine exchanges are only local



Fig. 8. XenA variants. (a) Active site of XenA-C25A. The 2Fo – Fc map contoured at 1.0σ is shown in gray mesh
representation. (b) Active site of XenA-C25S. The 2Fo – Fc map contoured at 1.5σ is shown in graymesh representation. All
residues are displayed in stick and ball mode. Carbon atoms, green; nitrogen atoms, blue; oxygen atoms, red; and
hydrogen atoms, white. (c) Active site of XenA-C25A in complex with coumarin. The 2Fo – Fc map of coumarin and Ala25
contoured at 1.5σ is shown in green mesh representation. (d) Active site of XenA-C25S in complex with coumarin. The
2Fo – Fc map of coumarin and Ser25 contoured at 1.5σ is shown in green mesh representation. FMN (violet) is
displayed in stick mode. Coumarin and residues 25 are displayed in stick and ball mode. Carbon atoms, green;
oxygen atoms, red; and hydrogen atoms, white.
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and do not result in any further change of the active
site. The conserved position of the substrate con-
firms that Cys25 is not important for the placement
of the substrate in the active site, nor does it change
the conformation of residues relevant for substrate
binding. We can thus be confident that the observed
changes of the spectra, reduction potential and
reactivity of XenA, originate from the exchange of
the γ-sulfhydryl group of Cys25 and not from
further structural perturbations, which are frequent-
ly caused by mutations.
Conclusions

Its central place within the active site just above
the N(5) atom of the isoalloxazine ring (Fig. 6a)
suggested that Cys25 could be involved in the
interaction with and conversion of the substrates. To
understand how Cys25 contributes to fine-tune the
chemistry of the flavin cofactor, we investigated its
role in the structure, reduction potential, substrate
binding and reactivity of XenA.
The γ-sulfhydryl group of Cys25 is close to the

bound substrate in the crystal structure of oxidized
XenA (Fig. 6b) and only small rearrangements
within the active site would be necessary for a direct
interaction. As we have no direct insight into the
structure of the true Michaelis complex, we deter-
mined the dissociation constants of the substrate –
XenA variant complexes and compared it to XenA-
wt. Both Cys25 variants of XenA have a slightly
decreased affinity for the substrates, which argues
that Cys25 contributes to substrate binding. How-
ever, changes of two to sevenfold in the dissociation
constants are less than expected for the loss of a



Fig. 9. Comparisons. (a) View of the active site of the superimposition of XenA-wt (blue), XenA-C25A (red) and C25S
(grey). (b) View of coumarin bound to the active site of the superimposition of: XenA-wt, blue; XenA-C25A, red; and
C25S, gray. All residues are shown in stick mode.
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direct interaction between enzyme and substrate
and are in agreement with an indirect role of Cys25
in substrate binding. This indirect role could be the
modulation of the electronic structure of the
isoalloxazine ring by restraining its planarity,
which is in agreement with the short distances
found in the active site (Fig. 7) and the bent
conformation of the isoalloxazine ring.
In the structure of YqjM, Cys26 was shown to have

two conformations in the absence of bound ligands: in
one conformation the γ-sulfhydryl group is closer to
O(4) and in one it is within hydrogen bonding distance
to N(5).

12 The conformational change was not depen-
dent on the oxidation state of YqjM and the modeled
structures of oxidized and reduced YqjM are virtually
identical.12 To determine whether a conformational
change of Cys25 contributes to the reactivity of XenA,
we compared the reactivity of XenA-wt with XenA-
C25A. The C25A variant is only twofold slower in the
RHR and twofold faster in the OHR than XenA-wt,
indicating that if there is a conformational change of
Cys25 during the reaction, it does not contribute to
catalysis and even the loss of the γ-sulfhydryl group
does not compromise the reactivity of XenA.
Cysteine residues typically have pKa values

around 8.329 and can act as catalytic acids. As the
γ-sulfhydryl group of Cys25 is close to the Cβ=Cγ
double bond of coumarin to which in the course of
the reaction two protons and two electrons are
transferred, we speculated that Cys25 might act as
proton donor in the reaction. However, our analysis
showed that: (I) the activity of XenA varies weakly
with pH and the same profile is observed for XenA-
wt, XenA-C25A and XenA-C25S; (II.) the loss of
activity upon replacing Cys25 with alanine is
modest in both half reactions; and (III.) the
calculated protonation probability reveals it to be
protonated over a wide pH range. We therefore
conclude that Cys25 does not act as a proton donor
in the reaction and it is most likely protonated
during the complete course of the reaction.
On the basis of our experiments, we conclude that
Cys25 is not essential for the reactivity, but
modulates substrate binding and the reduction
potential of XenA. Modulation of the reduction
potential is of physiological relevance in this class
of enzymes. While it is likely that in the reductive
half-reaction reduced nicotinamide is used as a
substrate, a wide range of substrates might be
converted in the oxidative half-reaction. Depending
on the substrates, either the oxidative or the
reductive half-reaction can become rate limiting.
We used Eq. (8), which is valid for ping pong
mechanisms, to calculate the influence of each
individual rate constant on the turnover number
(kcat) under substrate-saturated conditions. With
coumarin as a substrate, the limiting reaction is
always the OHR and thus the highest turnover can
be achieved by XenA-C25A. With 2-cyclohexenone
as substrate, either the OHR or the RHR can be rate
limiting, depending on the XenA variant and the
substrate in the RHR. While the RHR is rate
limiting for XenA-wt and XenA-C25A with
NADH as reducing substrate, the rate of both
half-reactions are balanced in XenA-C25S and,
indeed, XenA-C25S can achieve the highest turn-
over for this substrate. With NADPH as reducing
substrate, both XenA-wt and XenA-C25A have a
high turnover under which none of the two half-
reactions is limiting, while XenA-C25S is severely
limited by a slow OHR and has a lower turnover
number than the other variants.
Several copies of sequences homologous toXenAare

found in the genome of P. putida4 and three of the
copies have a cysteine residue, two have a threonine
residue and one has an alanine residue in place of
Cys25. A common characteristic for many enzymes of
theOYE family is awide range of possible substrates in
the OHR. It is tempting to speculate that the different
active site residues at the position of Cys25 in XenA
adapt the enzymes for different classes of substrates,
such that none of the two half-reactions severely limits
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the rate of the overall reaction. This would be a further
indication that the different xenobiotic reductases in P.
putida could participate in the several pathways along
which aromatic/heteroaromatic substrates are degrad-
ed and helps us to understand how such a wide range
of substrates can be converted by a single
microorganism.30
Materials and Methods

Chemicals and enzymes

All materials were purchased from Fluka, AppliChem,
Roth and Otto Nordwald. Microbial media were prepared
as described.31 5-Deaza-10-methyl-3-sulfopropyl-isoallox-
azine was a gift from Peter M.H. Kroneck (University of
Konstanz, Germany).

Mutagenesis, protein expression and purification

The mutation of Cys25 was done with the QuickChange
mutagenesis protocol from Stratagene. The PCR primers
were: for C25A

5′-GCCATTCCGCCGA-TGGCCCAATACATGGCC-
GAAG-3′
5′-CTTCGGCCATGTATTGGGCCATACA-TGGC-
CGAAG-3′

and for C25S

5′-GCCATTCCGCCGATGAGCCAATACATGGCC-
GAA-GAC-3′
5′-GTCTTCGGCCATGTATTGGCTCATCGGCG-
GAATGGC-3′

pET_XenA was used as the template as described.6 The
double-stranded wild type DNA was removed by
digestion with the restriction enzyme DpnI. The mutated
genes xenA_C25A and xenA_C25S were sequenced by
Eurofins MWG Operon. The mutated plasmids were
transformed into the expression strain Escherichia coli
Rosetta(DE3)pLysS and the genes were expressed as the
wild type gene xenA.6,13 Both enzyme variants XenA-
C25A and XenA-C25S were purified as described for
XenA-wt, including a reconstitution with FMN before
the final size-exclusion chromatography step.6,13 The
yield from 4 L of cell culture was 190 mg of the XenA-
C25A variant and 180 mg of the XenA-C25S variant,
both with purity exceeding 95% as estimated by SDS-
PAGE (data not shown). Activity assays were done in
50 mM Tris buffer (pH 8.0), 150 μM NADPH, 300 μM 2-
cyclohexenone at 25 °C. The reaction mixture was
flushed with nitrogen gas in a quartz cuvette sealed by
a screw-cap with a rubber septum. The reaction was
started by using a Hamilton syringe to add 5 μL of the
enzymes (2 mg mL-1) to 995 μL of reaction buffer. The
signal was followed for 2 min at a wavelength of
340 nm. One activity unit (U) is defined as the oxidation
of 1 μmol of NADPH per minute. Flavin contents were
determined by treatment with SDS as described.32

Extinction coefficients of protein-bound FMN were
calculated for both variants, for which the protein was
denatured by the addition of 0.05 volume of 10% (w/v)
SDS. After incubation for 10 min at room temperature, a
spectrum was recorded to follow the release of FMN
from the protein. The extinction coefficient of the
enzyme-bound flavin was calculated from the known
extinction coefficient of free FMN (12.200 M-1 cm-1).

Ligand binding studies

Oxidized XenA (XenA-wt, XenA-C25A, XenA-C25S) at
a concentration of 30 μM in 50 mM Tris buffer (pH 8.0) in a
1 cm quartz cuvette at 25 °C was titrated by addition of
small amounts of a coumarin stock solution. Absorption
spectra from 200 nm to 800 nm were recorded using an
Agilent 8453 UV-visible spectrophotometer. Changes of
absorption at 464 nm were plotted against ligand
concentration. Dissociation constants (Kd) for the en-
zyme–ligand complex were determined by non-linear
regression analysis of the data with GraFit-5 (Version 5.0,
Erithacus Software Limited, UK) using:

DA =
DAmax

2nE
L + nE + Kdð Þ − L + nE + Kdð Þ2− 4LnEð Þ

� �0:5
� �

ð1Þ

where ΔAmax is the maximum absorbance change at
464 nm, L is the total ligand concentration, E is the total
enzyme concentration and n is the number of ligand-
binding sites.

Photoreduction and determination of
reduction potentials

Photoreduction of XenA variants was done in a glass
tonometer with a cuvette side arm as described.33 We
used the potassium salt of 5-deaza-10-methyl-3-sulfopro-
pyl-isoalloxazine as the photoreductant in catalytic
amounts. The reaction mixture contained final concentra-
tions of 15 mM EDTA, 30 μM enzyme and 1 μM
phenosafranine as electron mediator in 100 mM Tris
buffer (pH 8.0) and was made anoxic by repeated
evacuation and flushing with nitrogen gas. Solutions of
the deazaflavin derivative and EDTA were stored in the
side arm cuvette during this process and mixed with the
enzyme directly before the light irradiation steps were
performed with a 100 W lamp from a slide projector
(Agfa, Opticus 100). Each illumination step lasted 10 s
and absorption spectra were recorded for 3 min after the
illumination. To check for reversibility of the reduction,
air was allowed to enter the tonometer and cuvette after
the photoreduction of the enzyme was complete and a
UV/vis spectrum of the reoxidized sample was recorded.
The determination of the reduction potential was done as
described.34 We used phenosafranine (E0

m,D=–252 mV35)
with XenA-C25A and anthraquinone-2,6-disulfonate
(E0

m,D=–184 mV36) with XenA-C25S as reference dyes.
The absorbance values and corresponding extinction
coefficients used to calculate the concentrations of
oxidized enzyme and dye are given in Table 3.
Concentrations of oxidized enzyme (Eox) and oxidized
dye (Dyeox) were calculated with Eqs (2) and (3).

A456 = eEox456 c
Eox + eDox

456 c
Dox + eEred456 cEtot − cEox

� �
+ eDred

456 cDtot − cDox� � ð2Þ

A521 = eEox521 c
Eox + eDox

521 + cDox + eEred521 cEtot − cEox
� �

+ eDred
521 cDtot − cDox� � ð3Þ



Table 3. Absorbance values and molar extinction
coefficients

Absorbance
value (nm)

Molar
extinction
coefficient
(M-1 cm-1)

oxidized form

Molar
extinction
coefficient
(M-1 cm-1)

reduced form

C25A 456 12.7×103 0.6×103

521 2.1×103 0.6×103

Phenosafranine 456 11.2×103 0.3×103

521 44.7×103 0.3×103

C25S 460 11.4×103 0.5×103

328 4.7×103 4.7×103

Anthraquinone-2,
6-disulfonate

460 0 1.2×103

328 5.7×103 0
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Equations (2) and (3) are displayed for XenA-C25A and
the reference dye phenosafranine. For XenA-C25S and the
reference dye anthraquinone-2,6-disulfonate, the listed
(Table 3) absorbance values and corresponding molar
extinction coefficients were used respectively. The reduc-
tion potential of XenA (E0

m,E) was determined from the
difference (ΔE0) in the reduction potentials of enzyme and
dye (see Eq. (4)).

E0
m;E = E0

m;D + DE ð4Þ

Stopped-flow spectrophotometry

Reductive half-reaction

The reductive half reactions of the mutant enzymes
with NADH and NADPH were measured in 50 mM Tris
buffer (pH 8.0) under anoxic conditions at 20 °C as
described.13 The reactions were monitored at 464 nm
with an Applied Photophysics SX-20MV kinetic spectro-
photometer with a 1 cm observation pathlength cuvette.
Enzyme at a concentration of 10 μM was mixed with
NAD(P)H at concentrations of 50 – 11,000 μM. The
measurement was done at least five times for each
concentration of substrate.

Oxidative half-reaction

2-Cyclohexenone and coumarin were used as oxidative
substrates with concentrations of 50 – 5000 μM. To
achieve complete reduction the enzymes were reduced by
titration with appropriate amounts of NADH in a glass
tonometer with a cuvette side arm. The observed kinetic
transients at 464 nm for reductive and oxidative half-
reactions were fit to single-exponential equations using
Pro-Data software (Applied Photophysics, UK). The rate
constants (kobs) were plotted against the respective
substrate concentrations. The reductive half-reaction
was modeled as:

Aþ B²
Kd C→

Kred D ð5Þ
where A is the enzyme in the oxidized state, B is the
reductive substrate – NAD(P)H, C is the enzymeox –
substrate charge-transfer complex and D is the enzyme con-
taining the two-electron reduced state of FMN and bound
NAD(P)+. The oxidative half-reaction was modeled as:

Eþ F²
Kd G→

Kox H ð6Þ
where E is the enzyme in the reduced state, F is the
oxidative substrate – 2-cyclohexenone, coumarin, G is the
enzymered – substrate charge-transfer complex andH is the
oxidized enzyme with bound product (2-cyclohexanon,
chroman-2-one).
The hyperbolic plots were fit to Eq. (7) using the

program GraFit-5 (Version 5.0, Erithacus Software Limit-
ed, UK) to obtain the limit of the reaction rate kred/ox at
high substrate concentrations [S] and the dissociation
constant Kd:

37

kobs = kX S½ � = Kd + S½ �ð Þ ð7Þ

Equation (8) was used to relate the limiting rate
constants to the steady-state catalytic constants:

kcat =
kredkox

kred + koxð Þ ð8Þ

Calculation of protonation probabilities

The protonation of Cys25 and all other titratable
residues in the protein were calculated using a continuum
electrostatic approach combined with a Monte Carlo (MC)
titration.38,39 The Poisson–Boltzmann equation was solved
by a finite-difference method using the MEAD program
suite.40 All aspartate, histidine, glutamate, lysine, argi-
nine, and tyrosine residues were considered as proto-
natable sites. Atomic partial charges for standard amino
acid groups were taken from the CHARMM27 parameter
set.41 The pKa values of the model compounds were taken
from the literature.39,42 The partial charges of FMN were
obtained by fitting the electrostatic potentials derived
from density functional calculations using ADF.43 The
dielectric constant of the protein was set to 4, and that of
the solvent was set to 80. The ionic strength was set to
0.1 M. The thickness of the ion exclusion layer was set to
2.0 Å. Continuum electrostatics calculations were per-
formed using the focusing technique44 in two steps using a
grid with 1513 points. The outer grid had a grid spacing of
1.0 Å and was placed at the geometric center of the
protein. The inner grid had a grid spacing of 0.25 Å and
was centered at the titratable site. A similar procedure was
used for the model compound, with all grids centered at
the titratable site.
The protonation probabilities were calculated for pH

values of 0 to 14 in steps of 0.2 using Metropolis MC.
The temperature was set to 300 K. At each pH value, a
randomly chosen initial state vector was equilibrated
with 200 MC scans, where one MC scan comprises as
many MC moves as there are titratable sites in the
protein. Subsequently, 10,000 MC scans were performed
to determine the protonation probability of each site.

Data collection and structure refinement

Crystals of the XenA mutants were grown as
described for the wild type XenA.6 The crystals were
cross-linked for 1 h in a harvesting solution containing
100 mM Hepes (pH 7.5), 2.4 M ammonium sulfate and
0.002% (v/v) glutaraldehyde. To soak crystals with
substrate, they were further incubated for 1 h in
harvesting buffer containing approximately 5 mM cou-
marin. Crystals were shock-frozen in harvesting buffer
containing 20% (v/v) 2R,3R-butanediol and stored in
liquid nitrogen. The crystals belong to the space group
I222 and the cell dimensions are given in Table 4. X-ray



Table 4. Crystallographic data and refinement statistics

XenA-wt XenA-C25A XenA-C25S

Native Coumarin Native Coumarin Native Coumarin

A. Data collection
Spacegroup cell

constants a (Å)
I222 I222 I222 I222 I222 I222

a (Å) 57.89 57.99 58.06 57.77 57.99 58.33
b (Å) 83.41 83.37 83.27 83.62 83.61 83.56
c (Å) 156.72 156.67 157.63 157.17 157.24 156.72

Wavelength (Å) 0.9184 0.9184 0.9184 0.9184 0.9184 0.9184
Total reflections 750,322 555,063 405,950 338,576 125,475 129,228
Unique reflections 180,933 147,817 110,585 96,594 64,188 36,914
Resolution (Å) 30-1.02

(1.06–1.03)
30-1.10

(1.13–1.10)
30-1.20

(1.23–1.20)
30-1.28

(1.31–1.28)
30-1.80

(1.85–1.80)
30-1.75

(1.80–1.75)
Rs

a (%) 5.7 (58.7) 9.3 (43.0) 4.9 (46.7) 6.2 (54.9) 4.7 (31.4) 6.5 (44.8)
Completeness (%) 97.1 (86.8) 96.4 (94.8) 92.8 (86.4) 98.5 (88.2) 93.7 (80.1) 94.5 (83.3)
I / σI 13.11 (2.16) 8.82 (2.54) 14.22 (2.76) 12.75 (2.31) 12.54 (2.26) 14.05 (2.64)

B. Refinement
Rwork /Rfree(%) b 12.9 / 14.8 19.0 / 21.6 12.5 / 14.9 13.4 / 16.4 18.2 / 23.0 18.0 / 21.2
rms deviation

from ideality
Bond length (Å) 0.010 0.012 0.011 0.011 0.006 0.006
Bond angle (°) 1.42 1.47 1.39 1.41 0.96 0.98
No. molecules

Atoms/ASU c 3600 3565 3623 3689 3445 3469
Ligand/ion 10 12 10 11 9 11
Water 587 561 143 622 599 596

Estimated coordinate
errors based on
R 0.021 0.039 0.034 0.044 0.147 0.131
Rfree 0.023 0.039 0.034 0.042 0.141 0.122

Values in parentheses are for the highest resolution shell.
The Friedel mates of the native data set of XenA-C25Swere treated as independent reflections to allow the use of the anomalous scattering
to detect the presence/absence of sulfur.

a Rs=ΣhΣi | Ii(h) – b I(h)N| / ΣhΣiIi(h) where i are the independent observations of reflection h.
b Rfree was calculated from 5% of the data, which were removed at random before the refinement was carried out.
c Refined atoms in the asymmetric unit.
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diffraction data were collected at the beam line BL14.2
(BESSY, Berlin, Germany). All diffraction data were
processed and scaled using the XDS package.45 The
structures were solved using difference Fourier techni-
ques with the isomorphous structure of XenAox deter-
mined at 1.5 Å.6 Subsequent rounds of model building
and refinement were performed using the programs
Coot46 and PHENIX.47 The structures at true atomic
resolution (dmin b1.2 Å) were refined as models with
riding hydrogen atoms and included anisotropic B-
factors.

Protein Data Bank accession numbers

The coordinates and structure factor amplitudes have
been deposited in the RCSB Protein Data Bank with ID
codes 3L5L (XenA-wt), 3L5M (XenA-wt with coumarin),
3L67 (XenA-C25S), 3L68 (XenA-C25S with coumarin), 3L65
(XenA-C25A) and 3L66 (XenA-C25A with coumarin).
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