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The crystal structure of glucooligosaccharide oxidase from
Acremonium strictum was demonstrated to contain a bicovalent
flavinylation, with the 6- and 8a-positions of the flavin isoallox-
azine ring cross-linked to Cys'®® and His’®, respectively. The
H70A and C130A single mutants still retain the covalent FAD,
indicating that flavinylation at these two residues is independ-
ent. Both mutants exhibit a decreased midpoint potential of
~+69 and +61 mV, respectively, compared with +126 mV for
the wild type, and possess lower activities with k., values
reduced to ~2 and 5%, and the flavin reduction rate reduced to
0.6 and 14%. This indicates that both covalent linkages increase
the flavin redox potential and alter the redox properties to pro-
mote catalytic efficiency. In addition, the isolated H70A/C130A
double mutant does not contain FAD, and addition of exoge-
nous FAD was not able to restore any detectable activity. This
demonstrates that the covalent attachment is essential for the
binding of the oxidized cofactor. Furthermore, the crystal struc-
ture of the C130A mutant displays conformational changes in
several cofactor and substrate-interacting residues and hence
provides direct evidence for novel functions of flavinylation in
assistance of cofactor and substrate binding. Finally, the wild-
type enzyme is more heat and guanidine HCl-resistant than the
mutants. Therefore, the bicovalent flavin linkage not only tunes
the redox potential and contributes to cofactor and substrate
binding but also increases structural stability.

Flavoenzymes catalyze a wide range of biological redox reac-
tions and are ubiquitously found in all organisms. Hundreds of
flavoproteins have been reported, and the majority binds the
flavin cofactor noncovalently. However, there is a subset in
which the flavin moiety is covalently linked to the protein (1).

* This work was supported by National Science Council of Taiwan Grant
NSC94-2311-B010-016-MY3 (to S.-H. L.) and by the Austrian Fonds zur For-
derung der Wissenschaftlichen Forschung (FWF) through Doktoratskolleg
“Molecular Enzymology” Grant W901-B05 (to P. M.). This work was also
supported in part by the National Research Program for Genomic Medicine
and National Science Council of Taiwan. The costs of publication of this
article were defrayed in part by the payment of page charges. This article
must therefore be hereby marked “advertisement” in accordance with 18
U.S.C. Section 1734 solely to indicate this fact.

The atomic coordinates and structure factors (code 3E0T) have been deposited in
the Protein Data Bank, Research Collaboratory for Structural Bioinformatics,
Rutgers University, New Brunswick, NJ (http://www.rcsb.org/).

" To whom correspondence should be addressed. Tel.: 886-2-2826-7278; Fax:
886-2-2820-2449; E-mail: shliaw@ym.edu.tw.

30990 JOURNAL OF BIOLOGICAL CHEMISTRY

Covalent flavinylation is found to proceed through an autocat-
alytic process. To date, five different types of single covalent
linkages have been identified: four types via the 8a-methyl
group of the isoalloxazine ring cross-linking to a histidine, cys-
teine, or tyrosine and one type via the C-6 atom to a cysteine. It
has been shown that the roles of the covalent linkage include
modulation of the flavin redox properties (2-9), stabilization of
the protein structures (10), facilitation of electron transfer (11),
promotion of tight association of different subunits (6, 12),
avoidance of the 6-hydroxyl modification (13), and prevention
of loss of the weakly bound oxidized FAD (7).

Glucooligosaccharide oxidase (GOOX)? from Acremonium
strictum has been screened for potential application in alterna-
tive carbohydrate assays and oligosaccharide acid production
(14). This covalent flavoenzyme catalyzes the oxidation of glu-
cose, lactose, cellobiose, maltose, cello-oligosaccharides, and
malto-oligosaccharides (15). GOOX contains a 25-residue
leader signal, and hence the residues are numbered according
to the mature protein in A. strictum. Recently, we have deter-
mined the crystal structure of GOOX, demonstrating that this
enzyme harbors a bicovalent flavinylation, namely a 6-S-cystei-
nyl, 8a-NI-histidyl FAD (see Fig. 1) (16). The FAD cofactor is
covalently attached to two residues, His”® and Cys'*°. The same
type of bicovalent FAD is also observed in the recently reported
structure of aclacinomycin oxidase from Streptomyces galilaeus
(17). In addition, biochemical studies have revealed the same
type of bicovalent linkage in Eschscholzia californica berberine
bridge enzyme (EcBBE), Fusarium graminearum chitooligo-
saccharide oxidase (FgChitO), hexose oxidase from Chondrus
crispus (CcHEOX), and Dbv29 involved in the glycopeptide
A40926 maturation (8, 9, 18, 19). Based on the structure fold,
both GOOX and S. galilaeus aclacinomycin oxidase are
grouped into the vanillyl-alcohol oxidase (VAO) superfamily
(20, 21). Although members of this family share a similar FAD-
binding domain, they contain three distinct FAD-binding
modes with four different flavin linkages: a double-covalent fla-
vinylation as mentioned above, three types of single-covalent
flavinylation including 8a-N1I-histidylation, 8a-N3-histidyla-
tion, and 8a-O-tyrosylation, and noncovalent binding.

2The abbreviations used are: GOOX, glucooligosaccharide oxidase; EcBBE,
E. californica berberine bridge enzyme; FgChitO, F. graminearum chitooli-
gosaccharide oxidase; CcHEOX, hexose oxidase from C. crispus; PsVAO, P.
simplicissimum vanillyl-alcohol oxidase; MES, 4-morpholineethanesulfonic
acid.
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To elucidate the functional roles of the bicovalent FAD,
mutant proteins of EcBBE, FgChitO, CcHEOX, and Dbv29 have
been generated and characterized (8, 9, 18, 19). GOOX shares
45, 25, 25, and 23% sequence identity to FgChitO, CcHEOX,
Dbv29, and EcBBE, respectively. So far, except for the FgChitO
H94A mutant, previous studies on several VAO and non-VAO
members clearly demonstrated that elimination of the FAD
covalent bond markedly decreases the flavin redox potential
(2-9). Unexpectedly, the FgChitO H94A mutant displays an
increased redox potential of +164 mV from +131 mV (9). In
addition, the Dbv29 H91A/C151A mutant contains a nonco-
valent FMN with 10% of the wild-type activity (19), whereas
expression trials of the EcBBE and FgChitO double mutants
failed (8, 9). Moreover, in Penicillium simplicissimum VAQO
(PsVAOQ), mutational analysis displayed an essential role of
His®! for autoflavinylation, perhaps through hydrogen bond-
ing between this residue and the attachment site His*** to
stabilize the histidine orientation (22). Similarly, in GOOX
Tyr?' is the only residue hydrogen bonding to His”® (Fig.
1B), and hence it may be involved in covalent flavinylation.
To elucidate the functional roles of the double covalent FAD
in GOOX, the single mutants H70A, C130A, and Y310A as
well as the H70A/C130A double mutant were generated and
characterized.

EXPERIMENTAL PROCEDURES

Protein Characterization—Site-directed mutagenesis, pro-
tein isolation, crystallization, and enzyme activity assays were
carried out as previously described (15, 16). Because expression
in Escherichia coli was not successful, all the recombinant pro-
teins were expressed in Pichia pastoris KM71 in a bioreactor
with automatic delivery of methanol. Periodic acid-Schiff stain-
ing was utilized for glycoprotein detection (23). UV-visible
absorption spectra were recorded with a Beckman DU640B
spectrophotometer. Circular dichroism spectra were measured
with an Aviv 202 Spectrometer equipped with a thermoelectric
cell holder. The spectra were measured over the range of 200 —
250 nm using three scans for each sample, and the results were
expressed in terms of mean residue ellipticity () in degree cm®
dmol ™. All of the spectra were corrected by subtracting the
buffer base line. Recombinant proteins were incubated with
gradient concentrations of freshly prepared guanidine HCI for
1 h or exposed to high temperature, and the unfolding process
was monitored by circular dichroism spectral change at
222 nm.

Yellow protein crystals of the C130A mutant were grown in
25% polyethylene glycol monomethyl ether 550, 10 mm ZnSO,,
and 0.1 m MES (pH 6.5) similar to the wild-type enzyme (16).
The diffraction data were collected using the synchrotron radi-
ation at the beamline BL13B1 at NSRRC, Taiwan. The structure
was solved by molecular replacement using the refined coordi-
nates of the wild-type GOOX. The cofactor FAD and the
mutated residue were omitted from the initial model. The
structure was refined using the CNS program (24) with
the refinement parameters listed in Tables 1 and 2. Figs. 1 and
7B were generated by MolScript (25), and Fig. 7A was generated
by BobScript (25).
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TABLE 1
Parameters of wild-type and mutant GOOX

Steady state kinetic data are the means = standard errors of at least three independ-
ent experiments. The values of the transient kinetic data were extracted from the
hyperbolic fit to raw data of typically three to five independent measurements. In the
case of kg the standard deviation of the measurements at substrate saturating
conditions is used as an error indicator. £’ is the mid-point potential for the flavin
cofactor determined at pH 7.0 and 25 °C shown as the means * standard deviation
of three independent experimental set-ups. Because of the unusual observations
upon evaluation of the redox potentials for H70A, only an approximate value is
presented.

Wild type H70A C130A
Keoe 571 11.90 £ 0.2 0.22 = 0.01 0.58 = 0.025
K, (mm) 0.061 = 0.005 0.22 = 0.01 0.40 = 0.02
kew/K,,, (s™'m v 1943 +122  101+007 150 = 0.03
K, (mm) 0.21 £0.03 0.32 = 0.02 6.4 £ 0.6
Koy (s 170 = 20 1.0+ 0.1 23+2
E (mV) 126 = 2 ~69 61 = 1
T (C) 56 48 52
[Guanidine HCl]y, (m) 3.2 1.9 2.4

TABLE 2

Statistics for data collection and structural refinement of the C130A
mutant

The values in parentheses are for the highest resolution shell.

Data collection

Space group P2,2,2,
Cell dimension (A) 58.5,97.6, 98.2
Resolution range (A) 50-1.69 (1.75-1.69)
Total observations 845,432 (47,758)
Unique reflections 62,403 (5,427)
Completeness (%) 98.6 (87.2)
I/o<I> 42.7 (2.2)
Rperge (%) 6.1(73.4)
Refinement

50-1.69 (1.70-1.69)
62,403 (636)

Resolution range (A)
Reflections (F > 0 o)

R,y (%) for 90% data 19.7 (31.8)
Ry, (%) for 10% data 22.4(31.2)
Root mean square deviations
Bond lengths (°) 0.005
Bond angles (°) 1.31
Mean B value (A?)
3,721 protein atoms 23.3
53 FAD atoms 17.8
423 water molecules 33.8

Determination of Reductive Rates—Kinetic traces of flavin
reduction were determined using a stopped flow device from
TgK Scientific (SF-61DX2). Oxygen-free conditions were pro-
vided in a glove box from Belle technology (0.8 ppm oxygen).
Changes in flavin absorbance were followed with a PM-61s
photomultiplier, and all concentrations stated in this context
were final values after mixing in the flow cell. The samples were
rendered anaerobic by flushing with oxygen free nitrogen fol-
lowed by incubation in the glove box environment. Apparent
rate constants for the reductive half-reaction were measured at
six or more different concentrations of cellobiose. The term
“reductive rates” in the remaining text refers to the apparent
rate constant under substrate saturating conditions (obtained
from a hyperbolic fit to all data). The actual substrate concen-
trations varied between the different mutant proteins because
of significant changes in the K, values. Protein concentration
for a typical experiment was ~15 um. Fitting of the obtained
transients at 445 nm was performed with SpecFit 32 (Spectrum
Software Associates) using a function of two exponentials. The
rate constants of the faster phase (contributing the major part
to the observed decrease in flavin absorbance) showed a hyper-
bolic dependence on the substrate concentration. The contri-
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B

FIGURE 1. A, the GOOX structure. Like other VAO members, the protein consists of two separate domains
responsible for FAD and substrate binding. The helices are colored in red, whereas the strands are in green. The
cofactor FAD, His”®, Cys'3°, Asn3%°, Tyr®'°, and Asn®* are displayed as ball-and-stick representations. The loop
from Val*'? to GIu®'* is omitted for clarity. B, a bicovalent flavinylation of 6-S-cysteinyl, 8a-N1-histidyl FAD.
Tyr3'® hydrogen bonds with His’® and hence may modulate the covalent flavinylation at this residue. However,
mutation analysis displays that unlike His®' in PsVAO, Tyr*'® has little effect on flavinylation and enzyme

catalysis.
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FIGURE 2. SDS-PAGE analysis of purified wild-type (WT) and mutant
enzymes. The gel was visualized by transillumination at 365 nm (A), with
Coomassie Brilliant Blue 250 (B), or periodic acid-Schiff staining (C). This anal-
ysis demonstrated that FAD is covalently attached in wild type and single
mutants but not in the H70A/C130A mutant.

bution of the slower phase (usually more than 10 times slower
than the fast rate) decreased with increasing substrate concen-
trations, but the obtained rate constants also showed a hyper-
bolic dependence. Up to now, no specific process could be
assigned to this latter process.

Redox Potential Determination—Determination of the redox
potential was carried out by the dye equilibration method using
the xanthine/xanthine oxidase system as described by Massey
(26). The reactions were carried out in 50 mm potassium phos-
phate buffer (pH 7.0) at 25 °C containing benzyl viologen (5 um)
as a mediator, 300 um xanthine, and xanthine oxidase in cata-
lytic amounts (~5 nm). To maintain anaerobic conditions
throughout the experiment, the reduction was carried out in a
glove box (0.8 ppm oxygen; Belle Technology) after rendering
all solutions anaerobic by repeated evacuation and flushing
with nitrogen. Spectra during the course of reduction were
recorded with a KinetaScanT diode array detector (MG-6560)
attached to a stopped flow device (SF-61DX2, TgK Scientific)
and equipped with an auto-shutter to reduce photochemical
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effects during the course of the
experiment. A typical reduction
lasted for 60—90 min to ensure
equilibration between dye and pro-
tein. Dyes used for analysis and their
corresponding redox potentials
were toluylene blue (+115 mV) and
thionin acetate (+64 mV). The
H70 redox potentials were calculated
from plots of log([ox]/[red]) of pro-
tein versus log([ox]/[red]) of the dye
according to Minnaert (27).

Y310

RESULTS

SDS-PAGE Analysis—Wild-type
and the single mutant proteins were
purified and showed a bright yellow
coloration. These proteins were
precipitated with 5% trichloroacetic
acid, and no free flavin was detected
in the supernatant. In-gel fluores-
cence analysis revealed that the flu-
orescent bands of the H70A and
C130A mutants were similar to the
wild-type protein (Fig. 2A). Thus
both mutants still retained a cova-
lent FAD, as did the wild-type enzyme. In contrast, the H70A/
C130A mutant did not contain any detectable FAD, i.e. the
protein solution was colorless lacking flavin absorbance, and no
fluorescent band was observed by in-gel fluorescence analysis.

SDS-PAGE analysis with Coomassie Blue R-250 staining
and periodic acid-Schiff staining showed in the Y310A
mutant a trace amount of proteins with a higher molecular
weight containing a larger amount of carbohydrates (Fig. 2, B
and C). Weaker fluorescent signals were observed for these
protein bands with a longer exposure time. Sequencing by
Edman degradation analysis showed that all of the isolated
recombinant proteins had similar N termini.

Flavin Absorption Spectra—Wild-type enzyme and the
Y310A mutant share similar flavin absorbance spectra with two
maxima, ~385 and 440 nm. The H70A and C130A mutants
display a similar absorbance at 440 nm but have distinct spec-
tral characteristics at lower wavelengths (Fig. 3). In the H70A
mutant, the shift from 385 to 395 nm may indicate a lack of the
8ca-histidyl bond, because removal of this linkage is expected to
result in a bathochromic shift of this absorbance maximum
(28). Both PsVAO H422A and FgChitO H94A mutants have
also been shown to result in a similar shift (3, 9). In contrast, in
the C130A mutant the maximum wavelength was shifted to
360-370 nm. The flavin absorbance spectrum of the C130A
mutant was similar to that of the EcBBE C166A and FgChitO
C154A mutant proteins reported recently (8, 9) but was still
apparently different from the unique absorbance spectrum of
the 6-hydroxy-FAD (29). This indicates that the FAD C-6 atom
is not hydroxylated in these three cysteine variants.

Flavin Reductive Rates and Redox Potentials—Wild-type
enzyme and the H70A and C130A mutants were rapidly mixed
with various concentrations of cellobiose, and the time course

C130
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FIGURE 3. Flavin absorption spectra. The spectra were recorded with a pro-
tein concentration of 2 mg/mlin 10 mm Tris-HCl (pH 7.6). Wild-type, solid line;
H70A, —+—; C130A, ———; and H70A/C130A, . These different spectra
indicated a substantial change in the FAD microenvironment upon elimina-
tion of the 6-S-cysteinyl or 8a-N1-histidyl bond.
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FIGURE 4. Flavin reduction in the presence of cellobiose. The kinetic traces
shown are representative for each protein under saturating conditions of

substrate. Transients from left to right correspond to wild type (solid line),
C130A (———), and H70A (—-—).

of flavin reduction was followed at 445 nm. Traces close to
substrate saturating conditions are shown in Fig. 4. Fitting of
the obtained transients resulted in observed rates that showed a
hyperbolic dependence with respect to substrate concentra-
tion. A summary of the obtained kinetic parameters accounting
for cofactor reduction by cellobiose is presented in Table 1.
Most notable is the strong shift in the affinity of cellobiose to
the C130A mutant protein with a 30-fold higher K, value.

For the determination of the redox potentials, the xanthine/
xanthine oxidase system with appropriate reference dyes was
employed. For both wild-type and the C130A mutant protein a
simultaneous two electron reduction of cofactor and dye was
observed. Evaluation of the data according to Minnaert (27)
resulted in slopes of 0.90 and 0.98, respectively, indicating
simultaneous two electron reduction of the GOOX bound FAD
and the reference dye. The calculated redox potentials are
126 = 2 and 61 = 1 mV for wild-type and the C130A mutant
protein using toluylene blue and thionin acetate, respectively,
as reporter dyes. On the other hand, analysis of the redox titra-
tions for the H70A mutant protein revealed a deviation of the
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FIGURE 5. Redox potential determination of H70A GOOX. Selected spectra
of the course of reduction are shown with the inset representing the Nernst
plot for calculation of the redox potential. In the example given, the mutant
protein with a concentration of 16 um was reduced with the xanthine/xan-
thine oxidase system in the presence of toluylene blue. Data points for anal-
ysis were extracted at 443 and 645 nm for FAD and the dye, respectively,
where no significant contribution of the other chromophore can be
observed. The first spectrum is shown with a solid line and followed by con-
secutive spectra as indicated by the arrows with the short-dashed line repre-
senting the fully reduced sample.

slopes from unity varying between 0.43 and 0.67 using different
reporter dyes for the experiment. These results indicate that
only one electron is transferred to FAD, whereas two are trans-
ferred to the reporter dye. Because we do not observe a flavin
radical during redox titrations (Fig. 5), we assume that the two-
electron transfer to FAD in the H70A mutant is kinetically
inhibited and not a result of thermodynamic stabilization of the
flavin radical over the hydroquinone form. From the obtained
Nernst plots (Fig. 5, inset), a midpoint potential of ~70 mV was
estimated for the H70A mutant using the Nernst equation for a
process resulting in a slope of 0.5 and toluylene blue as refer-
ence. To confirm this result we also used thionin acetate in a
control experiment and obtained a value of ~67 mV with a
slope of 0.45. Another possible explanation for the observed
discrepancies would be the lack of equilibrium between the
reduction of the cofactor and the reporter dye during the meas-
urement. However, this was ruled out by performing the experi-
ment at different xanthine oxidase concentrations, resulting in
experimental set-ups that required between 1 and 6 h for complete
reduction of both species. Evaluation of all reductions showed no
significant dependence of the slope in the Nernst plots upon the
time course of the titration, suggesting that equilibrium was
reached in all cases. Taken together these controls indicate that the
redox potential calculation is reproducible but should be inter-
preted with some care because a kinetic barrier for parallel two
electron reduction of cofactor and dye appears to exist. The value
of 69 mV given in Table 1 for the redox potential of the H70A
mutant protein represents an average obtained from titrations
with the two reporter dyes utilized in our study.

Enzyme Kinetics—Kinetic parameters were determined
using cellobiose as the substrate (Table 1). The amount of pro-
tein used to assay wild-type enzyme and the Y310A mutant
protein was 5-10 ug/ml, whereas 150 —300 wg/ml was used for
the H70A and C130A single mutant proteins. The H70A and
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FIGURE 6. A, circular dichroism spectra. The spectra were recorded with a protein concentration of 0.2 mg/ml in 20 mm sodium phosphate (pH 7.6). Wild type,
solid line; H70A, — - —; C130A, — — —; and H70A/C130A, -+-. The loss of either or both the 6-S-cysteinylation and 8a-N1-histidylation did not significantly
affect the overall fold. Band C, guanidine HCl-induced (B) and thermal-induced (C) unfolding process monitored by ellipticity changes at 222 nm. The greater
thermal and chemical resistance of the wild-type enzyme than the mutants revealed an enhancement of the structural stability by the bicovalent flavinylation.

C130A mutant proteins showed a substantial reduction in the
k... values decreasing by a factor of 54 and 20, respectively. At
the same time, the K, increased by a factor of 4-and 6.5, respec-
tively. In contrast, no activity was detected when the purified
H70A/C130A double mutant protein was assayed, apparently
caused by the total lack of the essential FAD cofactor (see
above). The addition of exogenous FAD to the reaction solution
was not able to restore any detectable activity.

Structural Stability—The similar far-UV circular dichroism
spectra of the wild-type and mutant proteins suggested that elim-
ination of either or both the 6-S-cysteinyl and 8a-NI-histidyl
bonds, the latter resulting in the loss of FAD binding, did not sig-
nificantly affect the global tertiary structure (Fig. 6A). The thermal
and guanidine HCl-induced unfolding experiments indicated a
typical monophasic denaturation curve, a two-state unfolding
process (Fig. 6, Band C). The corresponding melting temperatures
and [guanidine HCl], values for the H70A, C130A, H70A/C130A,
and wild-type proteins were estimated to be 48 °C, 1.9 m; 52 °C,
2.4 M; 46 °C, 2.6 M; and 56 °C/3.2 M, respectively.

The C130A Mutant Structure—The C130A mutant protein
crystals only appeared at a protein concentration of more than
50 mg/ml. The first simulated annealing omit maps clearly
demonstrate that the mutant protein contains a single covalent
8a-N1-histidyl FAD, whereas the covalent linkage to the 6-po-
sition of the isoalloxazine ring is missing because of substitu-
tion of Cys"° to alanine (Fig. 7A). The C130A mutant protein
and wild-type structure are virtually identical with a root mean
square deviation of 0.27 A for 474 Ca atoms. However, residues
128-130 and 298 —300 in the structural vicinity to residue 130
show some differences (Fig. 7B). The distance of the flavin C-6
atom to the Ala'®® CB is 3.3 A, whereas it is 2.7 A to the Cys'*°
CB. The isoalloxazine ring has also undergone subtle changes
that might contribute to the observed alteration in the flavin
redox properties as reported for PsVAO (3).

DISCUSSION

Independent Formation of the Double Covalent Attachments—
The EcBBE C166A, GOOX H70A and C130A, FgChitO H94A,
C154A, CcHEOX H79K, and Dbv29 H91A and C151A single
mutant proteins all retained a covalent FAD (8, 9, 18, 19). This
demonstrates that both modifications can be formed independ-
ently. Wild-type enzyme and the Y310A mutant protein share
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FIGURE 7. A, the F, — F_simulated annealing omit map for the FAD cofactor
contoured at the 2 o level. This density map clearly displays that the C130A
mutant still retains the 8a-N7-histidyl bond but not the 6-S-cysteinyl bond.
B, superposition of the active-site residues in the wild-type (black) and C130A
(cyan) structures. The noncovalent contacts between the flavin C-6 and the
Ala'3° CgB atoms result in Thr'?® and Tyr®%° shifting away from the substrate-
binding site.

similar enzyme activity and flavin absorbance spectra, suggest-
ing that the Tyr®'® mutant protein still retains the double flavi-
nylation. Thus unlike His®' in PsVAO, the hydrogen bond of
Tyr*'° to His”® is not involved in covalent flavinylation. There-
fore, formation of the 6-S-cysteinyl and 8a-NI-histidyl bonds
may be through independent processes and seem not to require
assistance by specific residues.

Additive Enhancement of the Flavin Redox Potential by Bico-
valent Linkage— The bicovalent FAD is also the first example of
6-S-cysteinyl FAD. The 6-S-cysteinyl FMN in trimethylamine
dehydrogenase has been shown to prevent enzyme inactivation
by hydroxylation at the flavin C-6 atom (13). In the GOOX
C130A, EcBBE C166A, and FgChitO C154A mutant proteins, a
lack of the unique features in the 6-hydroxyl flavin absorbance
spectrum indicates that the 6-S-cysteinyl bond is not for pro-
tection against 6-hydroxylation. Instead, in these three
enzymes, elimination of the 6-S-cysteinylation leads to a similar
significant drop of the redox potential, from +126 to +61 mV,
+132 to +53 mV (8), and +131 to +70 mV (9), respectively.
This is consistent with several flavin derivative studies, demon-
strating that both 6-S-cysteinyl and 8a-histidyl substitutions
are able to cause an increase in redox potential by ~50 mV
(30, 31).
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Previous studies on several single covalent flavoenzymes and
flavin derivatives have demonstrated that elimination of the
8a-histidyl modification markedly reduces the redox potential
(2-9, 31). In this study we have confirmed a lower redox poten-
tial for the H70A mutant protein, although the determined
potential of ~+69 mV, must be considered with care because
the Nernst slopes deviate from unity. However, we are confi-
dent that the observed deviation is not due to the lack of equi-
librium during the reductive titration nor due to the loss of
electrons because both processes would show some depend-
ence upon the rate of reduction. Because this is not the case, and
we did not detect any flavin radicals during redox titrations, we
assume that the observed Nernst slope of ~0.5 is due to kinetic
inhibition of the electron transfer to FAD in the H70A mutant.
It should be noted here that also for FgChitO, the redox poten-
tial determination of this protein variant (H94A) did not pro-
ceed as smoothly as for the other proteins studied (9). As men-
tioned by these authors (9), the mutant protein precipitated
during reduction and could not be reoxidized thereafter. The
extended time necessary for reduction might also reflect the
kinetic barrier for electron transfer to FAD as observed in our
case. In combination these studies suggest that the missing
covalent linkage to position 8-« of the cofactor has a significant
effect upon the properties of FAD; however, the precise func-
tion still has to be demonstrated. Unlike for the FgChitO H94A
mutant protein with an increased potential but similar to other
previously reported flavoenzymes, we show that the GOOX
H70A mutant has a decreased redox potential, from +126 mV
to ~+69 mV. Taken together, our studies suggest that in
GOOX both flavin linkages contribute to an additive increase of
the redox potential. In fact, GOOX, EcBBE, and FgChitO, pos-
sess a very similar redox potential, the highest potential deter-
mined for any flavin-dependent enzyme.

Distinct Impacts of Covalent FAD in Enzyme Catalysis—
With no exceptions so far, elimination of the covalent flavin
attachment to the protein results in a lower level of the rate of
flavin reduction (3, 8, 9) and the k_,, value. The EcBBE C166A,
FgChitO C154A, and GOOX H70A mutant proteins exhibit a
good correlation: The decrease of the redox potential (—79,
—61, and —56 mV, respectively) correlates directly with the
rate of flavin reduction (370-, 375-750-, and 170-fold lower
rates). However, the flavin reduction rate of the GOOX C130A
mutant protein is only slowed down ~7-fold with a lower redox
potential of 65 mV, suggesting that other factors in the active
site compensate for the lower oxidative power of the FAD. Sim-
ilarly, even though the PsVAO H422A mutant protein exhibits
a large drop of the redox potential from +55 to —65 mV, the
flavin reduction rate slowed down only 11-fold (3). In this con-
text, it is interesting that the FgChitO H94A mutant displays an
increased potential of 33 mV but a lower reduction rate by 3
orders of magnitude, again indicating that other parameters
bear on the rate of reduction of the cofactor.

The EcBBE C166A, GOOX H70A and C130A, and FgChitO
H94A and C154A mutant proteins showed a reduction in the
k... values, of ~17-, 54-, 20-, 8-, and 3-fold, respectively (8, 9).
8a-N1-Histidylation seems to contribute more to k_,, than 6-S-
cysteinylation, even though the latter is near the target N5
atom. On the other hand, the K, values for the GOOX H70A
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and C130A, and FgChitO H94A and C154A mutant proteins
increase by factors of 4, 6.5, 34, and 75, respectively. 6-S-Cys-
teinylation seems to affect the substrate binding more than
8a-N1I-histidylation. The GOOX C130A mutant protein struc-
ture provides direct evidence for a novel function of 6-S-cystei-
nylation in assistance of substrate binding (Fig. 7B). Replace-
ment of Cys'*® with alanine eliminates the 6-S-cysteinyl bond
and causes some conformational differences in surrounding
residues including residues 128-130 and 298-300. Among
them, Thr'** and Tyr®® directly interact with the substrate
(16), and hence their shift in position in the C130A mutant
protein appears to weaken substrate binding, resulting in
increased K,,, and K, values (Table 1). Similarly, deletion of the
8a-N1-histidylation at His”® may induce spatial changes of
another substrate-interacting residue, Tyr’>. Therefore, we
suspect that the marked increased K,, values in the FgChitO
H94A and C154A mutants are due to Tyr”®, Thr'*?, and Phe®"?
shifting away from the substrate-binding site upon deletion of
the covalent flavinylation.

Formation of a FAD Binding Cavity—So far, among the single
covalent flavoenzymes, mutation of the FAD-linking residue
results in noncovalently bound FAD and causes only minor
conformational changes (3, 5-6, 32, 33). Virtually identical
structures of the wild-type PsVAO and the mutant proteins
with no or noncovalently bound FAD demonstrate that the
apoprotein is fully folded with subsequent formation of a pre-
organized FAD-binding site (3, 22, 34).

In contrast to EcBBE and FgChitO, the GOOX double
mutant protein H70A/C130A was expressed and isolated suc-
cessfully. Even though the H70A/C130A mutant protein did
not contain any detectable bound FAD, it folds into a similar
structure (Fig. 64). However, unlike the single covalent flavoen-
zymes and Dbv29, this apoprotein does not possess an appro-
priate cavity for binding of the oxidized FAD. Residues 128 —
130 have direct contacts with the isoalloxazine ring, and the
change in position observed in the C130A mutant protein may
weaken the interaction network between GOOX and the cofac-
tor. For example, in wild-type protein, the Thr'** N hydrogen
bonds with the flavin O* with a distance of 3.0 A, whereas this
distance in the C130A mutant is 3.6 A. Similarly, residues
65-72 form an extensive interaction network with FAD, partic-
ularly with the pyrophosphate moiety (16), and hence disrup-
tion of the 8a-NI-histidylation at His’® may affect the local
structures and compromise the FAD-binding site. Therefore
the GOOX H70A/C130A double mutant protein demonstrates
that the covalent attachment is essential for the binding of the
oxidized flavin cofactor and hence suggests that the covalent
linkage accomplishes the formation of a well organized FAD
binding cavity. This is consistent with the hypothesis by Fraaije
and co-workers (9). The identified bicovalent flavoenzymes
catalyze oxidation of relatively bulky compounds and hence
possess an open substrate-binding groove; therefore, the bico-
valent linkage might have evolved to anchor the FAD cofactor
in a proper orientation for substrate binding and oxidation. In
addition, the higher melting temperature and greater guanidine
HCl resistance of wild-type GOOX compared with the mutants
display that the bicovalent FAD attachment markedly improves
the structure stability of the protein (Fig. 6, B and C).
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Conclusions—In summary, the results presented here reveal
new insights into the functional roles of the 6-S-cysteinyl,
8a-N1I-histidyl FAD in GOOX. The bicovalent linkages are
needed for efficient catalysis of sugar oxidation through an
additive enhancement of the flavin redox potential and the
cofactor and substrate binding, facilitation of the reduction
rate, and attainment of the active conformation. In addition,
the distinct correlations between the redox potentials and the
kinetic parameters in the wild-type and mutant EcBBE,
FgChitO and GOOX suggest that the bicovalent flavinylation
may play versatile roles in various flavoenzymes.
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