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Fructosamine oxidases (FAOX) catalyze the oxidative degly-
cation of low molecular weight fructosamines (Amadori prod-
ucts). These proteins are of interest in developing an enzyme to
deglycate proteins implicated in diabetic complications. We
report here the crystal structures of FAOX-II from the fungi
Aspergillus fumigatus, in free form and in complex with the
inhibitor fructosyl-thioacetate, at 1.75 and 1.6 A resolution,
respectively. FAOX-II is a two domain FAD-enzyme with an
overall topology that is most similar to that of monomeric sar-
cosine oxidase. Active site residues Tyr-60, Arg-112 and Lys-
368 bind the carboxylic portion of the fructosamine, whereas
Glu-280 and Arg-411 bind the fructosyl portion. From struc-
ture-guided sequence comparison, Glu-280 was identified as a
signature residue for FAOX activity. Two flexible surface loops
become ordered upon binding of the inhibitor in a catalytic site
that is about 12 A deep, providing an explanation for the very
low activity of FAOX enzymes toward protein-bound fruc-
tosamines, which would have difficulty accessing the active site.
Structure-based mutagenesis showed that substitution of Glu-
280 and Arg-411 eliminates enzyme activity. In contrast, modi-
fication of other active site residues or of amino acids in the
flexible active site loops has little effect, highlighting these
regions as potential targets in designing an enzyme that will
accept larger substrates.

Fructosamines are formed by condensation of glucose with
the amino group of amino acids or proteins. Fructosamines are
formed spontaneously, i.e. non-enzymatically, at a rate that
depends on temperature, sugar anomerization rate, concentra-
tion, and turnover rate of the target proteins. In medicine, pro-
tein-bound fructosamines (also named glycated proteins) have
attracted much attention since their formation is increased in
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diabetes and taken to be in part responsible for diabetic com-
plications. Fructosamines are relatively unstable compounds
and are precursors for advanced glycation end products
(AGEs),” some of which cause proteins cross-linking, extracel-
lular matrix stiffening, and activation of the receptor for AGEs
(RAGEs) (1, 2). As an example, the fructosamine-derived
lysine-arginine cross-link glucosepane is to date the single
major cross-link known to accumulate in human collagen in
diabetes and aging (3).

Several years ago our laboratory initiated a search for degly-
cating enzymes in soil organisms with the goal of finding
enzymes that could deglycate proteins. In doing so we found
enzymes with “amadoriase” activity toward low molecular
weight substrates in soil samples, first in Pseudomonas sp. (4)
and later in Aspergillus fumigatus (5-7). The latter turned out
to have similar properties with the enzyme first published by
Horiuchi et al. (8) under the name fructose amino acid oxidase
(EC 1.5.3). Considerable work has since been published on
these enzymes, which we are referring to in this work under the
generic name fructosamine oxidases (FAOX).

In addition to FAOX enzymes, two different families of
enzymes acting on fructosamines have been identified: fruc-
tosamine 3-kinases (found in mammals and birds) and fruc-
toselysine-6-phosphate deglycase, which acts in functional
association with fructoselysine-6-kinase (found in bacteria) (9,
10). All these enzymes ultimately catalyze the detachment of
the sugar moiety from the amine of the fructosamine, leading to
its “deglycation.” Those three families of enzymes use different
catalytic mechanisms and have different physiological roles;
fructosamine 3-kinase is an ATP-dependent protein-repair
enzyme that clears fructosamines as they form on proteins in
the cell, whereas the members of the last two families, fructose-
lysine-6-phosphate deglycase and FAOX, are microbial
enzymes enabling the utilization of glycated amino acids as
energy source.

Fungal FAOXs are peroxisomal enzymes containing
covalently bound FAD and catalyze the oxidation of the C-N
bond between the nitrogen of the amino portion of the fruc-
tosamines and C1 of the fructosyl moiety. The resulting Schiff
base is readily hydrolyzed to glucosone and an amino acid. After
reduction, the reduced FAD is oxidized by molecular oxygen
with concomitant release of hydrogen peroxide (Fig. 1).

®The abbreviations used are: AGE, advanced glycation end product;
FAOX, fructosamine oxidase; SeMet, selenomethionine; FSA, fructosyl
thio-acetate; r.m.s.d., root mean square deviation; MSOX, monomeric
sarcosine oxidase.
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FIGURE 1. Reaction catalyzed by FAOX. FAOX catalyzes the oxidation of the C-N bond between the nitrogen
of the amino portion of the fructosamines and C1 of the fructosyl moiety. The resulting Schiff base is readily
hydrolyzed to glucosone and an amino acid. After the catalytic cycle, the reduced FAD is oxidized by molecular

oxygen with concomitant release of hydrogen peroxide.

Many fungal species contain more than one FAOX in their
genomes, suggesting complementary roles. A. fumigatus con-
tains two FAOXs; FAOX-I, which acts best on fructosyl-e-ly-
sine and fructosyl aminocaproate, and FAOX-II, which has
more affinity for fructose-a-glycine (5-7). All FAOXs act best
on glycated amino acids, and their activity decreases as the size
of the fructosamine increases and is almost undetectable on
glycated proteins. The lack of enzymatic activity of FAOX
enzymes toward glycated proteins frustratingly prevented them
from being utilized as tools to revert protein glycation in in vitro
or animal models to study the pathological consequences of
protein glycation in aging and diabetes. To understand and pos-
sibly overcome by protein engineering, the lack of activity of
FAOX toward glycated protein, we have solved the high reso-
lution crystal structures of FAOX-II from A. fumigatus in free
and inhibitor-bound forms.

MATERIALS AND METHODS

Expression and Purification of FAOX-II—An overnight
200-ml pre-culture (37 °C, LB containing 50 mg/liter ampicillin
and 25 mg/liter chloramphenicol) of Escherichia coli
BL21(DE3)pLysS carrying the expression plasmid of FAOX-II
(6) was performed starting from a single freshly plated colony.
100 ml of this culture was used to inoculate 2 liters of LB
medium containing 50 mg/liter ampicillin and 25 mg/liter
chloramphenicol. Cells were grown at 37 °C under vigorous
shaking until A, reached 0.5, and isopropyl 1-thio-3-p-galac-
topyranoside was added to a final concentration of 0.4 mwm; the
culture was grown for an additional 4 h at 37 °C. Cells were
pelleted by centrifugation at 6000 rpm for 10 min at 4 °C. The
bacterial pellet was resuspended in 100 ml of 25 mm Tris, pH
8.0, 200 mm NaCl, 1 mg/ml hen egg lysozyme and submitted to
three cycles of freezing and thawing. MgSO, was added to a
final concentration of 1 mMm together with 20,000 units of
DNase, and the preparation was incubated at 4 °C for 15 min
before centrifugation at 16,000 rpm for 40 min at 4 °C. The
supernatant was gently mixed with polyethylene glycol 6000 at
a final concentration of 15% (w/v), and the preparation was
centrifuged at 12,000 rpm for 20 min at 4 °C to give a pellet that
contained >95% of FAOX-II. Resuspension in 25 mwm Tris, pH
8.0, 200 mm NaCl was followed by dilution in buffer A (25 mm
Tris, pH 8.0, 75 mm NaCl) to a final volume of 1100 ml before
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and the column was washed with
100 ml of buffer (25 mm Tris 8.0)
before elution of proteins using a
300-ml gradient (0—-100% B: 25 mm
Tris, pH 8.0, 0.5 M NaCl) at 2
ml/min. Fractions were collected, and A,5, nm was monitored
to identify the fractions with the most intense yellow color
(eluted at 15-30% B). The pooled fractions (~16 ml) were con-
centrated to 40 mg/ml, and buffer was exchanged into 10 mm
Tris, pH 8.0, and 10 mm NaCl, during which some protein pre-
cipitate formed and was removed by centrifugation. The final
yield was 35 mg of pure protein with a specific activity of 3.3
units/mg using fructosyl-glycine as a substrate.

Analysis of the Purity of FAOX-II—The final purified
FAOX-II preparation showed a single band with an apparent
mass of about 50 kDa by silver-stained SDS-PAGE. Dynamic
light scattering analysis indicated that the sample was mono-
disperse and had an apparent mass of 47 kDa. Mass spectrom-
etry analysis revealed one peak of mass 49,703 kDa, in excellent
agreement with the calculated mass of a FAD-bound enzyme;
no mass was observed at 48,931 kDa, expected for apoenzyme
lacking FAD (the latter represented about 80% of FAOX-II in
the bacterial crude extract and was removed during the purifi-
cation). The A,4,/A, 5, ratio was 0.125, in good agreement with
the calculated theoretical ratio of 0.124.

Mutagenesis—Mutagenesis was performed using a Strat-
agene QuikChange kit according to the manufacturer’s instruc-
tions. The mutant proteins were expressed under the same con-
ditions as the wild-type enzyme. The purification procedure
was simplified and involved only the DEAE-Sepharose and the
Q-Sepharose purifications steps. Purity of the mutant proteins
was assayed by SDS-PAGE analysis using Coomassie Blue stain-
ing and was >70%.

Expression and Purification of Selenomethionine FAOX-II—
An overnight 200-ml pre-culture (37 °C, LB ampi-chloram-
phenicol) of bacteria E. coli BL21(DE3)pLysS carrying the
expression plasmid of FAOX-II was performed starting from a
single freshly plated colony. The culture was centrifuged at
4000 rpm for 20 min at 4 °C, and the pellet was resuspended in
20 ml of a minimal medium (27 g/liter Na,HPO,, 13.5 g/liter
KH,PO,, 4.5 g/liter NH,Cl, 2.25 g/liter NaCl, 4.5 mm MgSO,,
18 g/liter glucose, 2.25 mg/liter thiamine, 125 mg
Fe(II)SO,7H,0) and the antibiotics ampicillin (to 50 mg/liter)
and chloramphenicol (25 mg/liter). Two liters of minimal
media were inoculated with 12 ml of this preparation, and the
culture was grown at 37 °C under vigorous shaking until A,
reached 0.5; at this stage, 200 mg of lysine, 200 mg of phenylala-
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nine, 200 mg of threonine, 100 mg of isoleucine, 100 mg of
leucine, 100 mg of valine, and 100 mg of selenomethionine
(SeMet) were added to the culture. After 20 min isopropyl
1-thio-B-p-galactopyranoside was added to a final concentra-
tion of 0.4 mMm and CoCl, and ZnCl, to 0.1 mwm, and the culture
was pursued for another 6 h. The preparation of the bacterial
extract and the purification procedure were performed identi-
cally as for wild-type FAOX-II with the exception that 1 mm
dithiothreitol was added to all buffers to prevent selenomethi-
onine oxidation. This procedure allowed the preparation of 10
mg of pure SeMet-FAOX-II. Mass spectrometric analysis indi-
cated that all eight methionine residues were replaced by selen-
omethionine (data not shown).

Expression and Purification of FAOX-I—His-tagged FAOX-I
from A. fumigatus was expressed and purified on a His-Trap
column as described previously (7).

Crystallization and Cryoprotection—Crystals of wild-type
and selenomethionine FAOX-II were obtained by the sitting
drop vapor diffusion method at 20 °C by mixing 1 ul of the
protein solution (15 mg/ml in 10 mm Tris buffer, pH 8.0) in the
presence or absence of a 3 mMm concentration of the inhibitor
fructosyl thioacetate (FSA) with 1 ul of the reservoir containing
0.1 M Hepes, pH 7.4, 10% isopropanol, and 18% polyethylene
glycol 4000. Crystals took 2 weeks to grow and are monoclinic,
with space group P2,, and contain 2 FAOX-II molecules in the
asymmetric unit to give a calculated Matthews coefficient of 2.1
A3/Da. SeMet crystals grew under the same conditions as the
wild type and were isomorphous. Crystals with and without
inhibitor grew under similar conditions but had different unit
cell dimensions (Table 1); the smaller SeMet crystals had more
regular morphology and were used for data collection. The
crystals were transferred to a cryoprotectant solution contain-
ing 0.1 m Hepes, pH 7.4, 20% isopropanol, 18% PEG 4000 and
dunked in liquid nitrogen for data collection.

Data Collection and Structure Determination—Single wave-
length SeMet anomalous dispersion data from a crystal con-
taining the free form of FAOX-II were measured at beamline
19-ID at the Advanced Photon Source and processed using
HKL2000 (11) (Table 1). The sites of 16 selenium atoms were
determined and used for initial phasing to 1.8 A resolution in
SOLVE (12); phases were improved by solvent-flattening and
non-crystallographic symmetry averaging in RESOLVE (13, 14)
such that the mean figure of merit increased from 0.38 to 0.66.
An initial FAOX-II model automatically built by RESOLVE
provided the starting point for iterative cycles of interactive
model building carried out in COOT (15) and refinement cal-
culations in REFMAC (16). The quality of all models was
assessed by PROCHECK (17) and MolProbity (18). The final
refined model contained residues 3-57, 68 -109, and 117-437
in molecule A, residues 3-57, 67—109, and 120—-438 in mole-
cule B, FAD cofactors in both molecules, and 842 waters. Dif-
fraction data for FAOX-II bound to FSA were measured from a
SeMet crystal. Data were measured at beamline X29 at the
National Synchrotron Light Source and processed using
HKL2000 (11) (Table 1). This structure was initially solved
using the coordinates of the unbound FAOX-II. The final
refined model of the FAOX-II includes residues 2—437 in mol-
ecule A, 2—438 in molecule B, FAD and FSA bound to both
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TABLE 1

Data collection, phasing, and refinement statistics

Numbers in parentheses refer to the highest resolution shell. EPE, Hepes.
FAOX-II (SeMet) FAOX-II-FSA (SeMet)

Crystal

Data collection
Cell dimensions

a () 74.3 87.1

b(A) 54.3 53.4

c(A) 106.3 103.3

B () ) 95.92 11333
Wavelength (A) 0.97929 1.08100
Resolution (A) 20-1.75 (1.81-1.75) 30-1.6 (1.66-1.6)
Ry OF Ry (%) 6.9 (59.5) 10.4 (24.0)
I/al 26.8 (2.9) 14.6 (3.3)
Completeness (%) 99.7 (98.4) 91.3 (52.0)
Redundancy 6.8 (6.2) 6.8 (3.4)

Refinement

Resolution (A) 20-1.8 30-1.6
No. of reflections 74,880 105,596
Ryond Riree (%) 16.7/20.4 17.0/19.8
No. of atoms

Protein 6,678 7,018

Ligand:FAD 106 106

Ligand:FSA 32

Ligand:EPE 15

Water . 842 925
Average B-factors (A?)

Protein 17.5 16.6

Ligands 21.8 19.7

Water 29.3 30.0
r.m.s.d. .

Bond lengths (A) 0.013 0.010

Bond angles (°) 1.4 1.3
Ramachandran

Most favored (%) 88.4 88.7

Additional allowed (%) 11.6 11.3

Disallowed (%) 0 0

molecules, 926 waters, and a molecule of Hepes presumably
from the crystallization mixture, bound to the surface of
FAOX-II molecule B distant from the active site. Data and
refinement statistics are provided in Table 1. Molecular figures
were generated using PyMol (19).

Synthesis of Substrates and Inhibitor—N,-(1-Deoxy-D-
fructos-1-yl)-glycine, = N_-(1-deoxy-D-fructos-1-yl)-L-valine,
N,-(1-deoxy-p-fructos-1-yl)-L-glutamic acid, N,-¢z-Boc-N_-
(1-deoxy-p-fructos-1-yl)-L-lysine (where ¢-Boc represents
tert-butoxycarbonyl), N_-(1-deoxy-D-fructos-1-yl)-L-lysine,
N_-(1-deoxy-D-fructos-1-yl)-amino caproic acid, N_-t-Boc-
N_-(1-deoxy-Dp-ribulos-1-yl)-L-lysine, and N_-(1-deoxy-p-
ribulos-1-yl)-L-lysine were synthesized as previously
described (20-23).

For synthesis of the inhibitor fructosyl-thioacetate (FSA), tri-
fluoromethane sulfonic anhydride (300 mg, 1.1 mmol) was
added into a solution of 2,3:4,5-di-O-isopropylidene-3-p-fruc-
topyranose (260 mg, 1 mmol) in dichloromethane (10 ml). The
resulting solution was stirred at room temperature for 1 h and
evaporated under reduced pressure to give triflate 2 (see Scheme),
which was dissolved in N,N-dimethylformamide (5 ml). Methyl-
thioglycate (106 mg, 1 mmol) and cesium carbonate (325 mg, 1
mmol) were added, and the resulting mixture was stirred for 0.5 h
and evaporated. The residue was purified by silica gel column
chromatography (n-hexane/ethyl acetate 5/1) to give the ester 3
(260 mg, 74.7% yield), which was hydrolyzed by lithium hydroxide
(9.5 mg, 4 mmol) in isopropanol/water (1:1, 5 ml) to give 4. The
final product 1 was achieved by deprotection of 4 in TFA/water
(4:1) at room temperature. Glycated bovine serum albumin and
glycated histones were prepared as described previously (9).
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Enzymatic Assays—FAOX activity was measured as previ-
ously described by following the formation of hydrogen perox-
ide using the Amplex Red peroxidase assay (Molecular Probes)
according to the manufacturer’s instructions (7). Briefly, FAOX
was incubated with the appropriate concentration of fruc-
tosamine in the presence of horseradish peroxidase (0.02 milli-
units) and 10-acetyl-3,7-dihydroxyphenoxazine (50 um) at
30 °Cin a final volume of 200 ul, and fluorescence was detected
at 590 nm using excitation at 540 nm in a microplate reader
(Tecan Instrument). One unit of enzyme is defined as produc-
ing 1 mmol of hydrogen peroxide/min/mg of enzyme at 30 °C at
a saturating concentration of the substrate.

RESULTS AND DISCUSSION

Previous attempts to obtain crystals from His-tagged
FAOX-I (Amadoriase I) were fruitless, leading us to isolate and
purify the non-tagged recombinant enzyme FAOX-II (Ama-
doriase II) instead. Crystals of FAOX-II in free form and bound
to its FSA inhibitor grew under similar conditions, and their
structures were determined to 1.75 and 1.6 A resolution,
respectively.

The free FAOX-II and inhibitor-bound FAOX-II-FSA struc-
tures each have two independent molecules in the asymmetric
unit. Superposition of the Ca atoms of the two molecules in
FAOX-II gives an r.m.s.d. of 0.3 A; a similar superposition
for the FAOX-II-FSA complex crystal gives a 0.2-A r.m.s.d,,
indicating that the two molecules in each crystal are in nearly
identical conformations. In the free FAOX-II structure, no con-
tinuous electron density was seen for residues 58 — 66 and 110 —
116, revealing that in the absence of ligand bound in the active
site, these two surface regions are flexible. Aside from the two
flexible segments near the active site, the conformation of the
rest of the enzyme is very similar in the presence and absence of
inhibitor, as evidenced by a low r.m.s.d. value of 0.5 for super-
position of the Ca atoms of the free and complexed FAOX-II-
FSA (Figs. 2, A and B). Unless otherwise indicated, structural
details in the following sections are provided for molecule A in
the FAOX-II-FSA crystal and are similar in both FAOX-II and
FAOX-II-FSA structures.

FAOX-II is a two-domain protein belonging to the p-amino
acid oxidase FAD-binding protein family. One domain contains
a classic FAD binding motif that includes two -sheets that are
flanked by four a-helices on one side and consists of residues
Ala-2—Gly-48, Ala-163—Ala-221, and Cys-335—Glu-382
(Figs. 2, A and B, in dark gray). The second, “catalytic” domain
contains an 8-stranded mixed B-sheet that provides a curved
wall of the active site substrate binding pocket, a long helix in a
flap that covers the active site, and a second long helix at the
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periphery of the structure. An SSM structural homolog search
(24) against the PDB data base identified monomeric sarcosine
oxidase (MSOX, PDB code 1el9) from Bacillus subtilis, a pro-
tein sharing 18% sequence identity with FAOX-II (25), as the
closest match, with an r.m.s.d. of 2.8 A for 357 equivalent Ca
atoms. The C-terminal 36 residues in FAOX-II form a loop over
the substrate binding site which is missing in MSOX (Figs. 2, A
and B, pink). L-Proline dehydrogenase (PDB code 1y56), glycine
oxidase (PDB code 1ng3), the B chain of heterotetrameric sar-
cosine oxidase (PDB code 2gag), and N-methyl-L-tryptophan
oxidase (PDB code 2apg) were also identified as structural
homologs but share no significant sequence similarity with
FAOX-IL

Flavin Binding—The FAD is bound to FAOX-II similarly in
the presence and absence of the FSA inhibitor and in a manner
that is also similar to that seen in MSOX (Fig. 2C). The cofactor
is in an extended conformation and is nearly completely
encased in the enzyme. In the two independent molecules in the
free and inhibitor-bound structures, the isoaloxazine ring var-
ied from planar to slightly bent (by up to 10°). The covalent,
hydrogen-bonding and electrostatic interactions between FAD
and FAOX-II are summarized in Fig. 3A. These include one
covalent bond to Cys-335, 21 hydrogen bonds of which 3 are to
solvent molecules, and 2 helix dipoles. The positive end of one
of the helices (residues 367-383) is directed toward the FAD N1
and O, atoms, helping to stabilize the electron-rich character of
the flavin ring; the positive end of the other dipole points
toward the negatively charged pyrophosphate group of FAD
and serves to stabilize/neutralize its charge.

Arginine residues at positions 112, 343, and 411 and lysine
residues at positions 53 and 368 contribute to a basic environ-
ment surrounding the FAD. Of particular interest is Lys-53,
which approaches the si-side of the flavin aromatic ring; in
MSOX, an Arg is found in the equivalent position. Lys-276
forms a water-mediated hydrogen bond with the flavin ring N5
atom. This interaction is also seen in MSOX and maize poly-
amine oxidase (PDB code 1b37), the latter of which has an unre-
lated protein fold. Glu-280 is the only acidic residue found in
the flavin environment and is involved in hydrogen-bonding
with the hydroxyl group of the fructosyl moiety of the inhibitor
(see below).

FSA Inhibitor Binding—Studies on MSOX successfully took
advantage of the replacement of the nitrogen of the C-N bond
of the substrate by sulfur, tellurium, or selenium in the design of
inhibitors (25, 26). We, therefore, synthesized an analog of fruc-
tosyl-glycine, the fructosamine for which FAOX-II displays the
highest affinity, in which the a-nitrogen was replaced by a sul-
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FIGURE 2. Crystal structure of FAOX-II. A, ribbon diagram of FAOX-Il in free form. FAD-binding domain is in
dark gray (left), the catalytic domain is in light gray (right), and FAD is in space-filling spheres with beige carbon
atoms. The C-terminal portion absent in MSOX is in magenta. B, the FAOX-II-FSA complex. FSA is drawn as
space-filling spheres (with green carbon atoms), and the flexible active site loops are in orange. C, 1.6 A resolu-
tion F, — F. omitelectron density contoured at 3.0 o-for FAD and FSA. D, stereoview of FAOX-Il active site. Side
chains of residues surrounding FAD and FSA are shown; FAD is covalently linked to Cys-335.

fur atom. This compound, FSA, was found to be a good com-
petitive inhibitor with a K of 5 uM, i.e. ~50-fold lower than the
K, for fructosyl-glycine, without being a substrate of FAOX-II.
Spectroscopic studies indicated that FSA formed a charge
transfer species with FAOX, presumably due to the close prox-
imity of the electron-rich sulfur of FSA and the flavin. The
soaking of FAOX-II crystals in the presence of FSA caused their
dissolution; co-crystallization was successfully used to obtain
complex crystals. The FSA ligand could be located unambigu-
ously on the re-side of the flavin ring (Figs. 2, B-D), with its
fructosyl portion displaying a pyranose conformation, the most
abundant form of fructosamines in solution (27). This finding
confirms previous studies with stereospecific inhibitors adopt-
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ing both furanose and pyranose
conformations (28). The sulfur
atom of the inhibitor, which would
correspond to the nitrogen atom of
a substrate, is 3.4 A from Cda of
FAD, whereas the adjacent carbon
of the inhibitor, corresponding to
the nascent imine carbon of a sub-
strate, is 3.4 A from N5 of FAD.
Thus, the inhibitor appears to be
bound in a position and orientation
corresponding to a productive sub-
strate binding mode. The interac-
tions made by the ligand with the
protein are summarized in Figs. 2B,
3B, and 4A and fall into three
groups, those involving the inhibi-
tor carboxylate, those involving the
fructosyl group, and those forming a
hydrophobic interface along one
side of the inhibitor.

The FSA carboxylate oxygens are
hydrogen-bound to the side chains
of Tyr-60, Arg-112, and Lys-368 and
to two water molecules (Fig. 4A).
Interestingly, the MSOX active site
contains Tyr-55, Arg-52, and
Lys-348 in similar positions (Fig.
4B). To address their possible
importance for enzyme function,
these three residues were mutated
to impair their interactions with the
carboxylic portion of the substrate.
Mutation of Tyr-60 to Phe, Arg-112
to Glu, and Lys-368 to Met resulted
in decreases of K, for fructosyl-gly-
cine by 3-, 10-, and 5-fold, respec-
tively, without changing the V.
significantly (Table 2).

The fructosyl portion of the
ligand is stabilized by a series of
hydrogen bonds involving the side
chains of Glu-280 and Arg-411, the
main chain carbonyl group of resi-
due Gly-364, and three water mole-
cules which are in turn coordinated by Arg-112, Arg-364, and
Glu-280 (Figs. 3B and 4A). Glu-280 was mutated to Leu to
address the importance of the interactions between the enzyme
and hydroxyl groups 3 and 4 of the fructosyl moiety of the
inhibitor. The resulting E280L mutant protein was completely
inactive (<0.1 milliunits), indicating that Glu-280 is important
for binding the substrate or for orienting it properly in the cat-
alytic site. Interestingly, Glu-280 is equivalent to His-269 in
B. subtilis MSOX, a residue believed to be important in the
orientation of the substrate (29). Mutation of Arg-411 to Ser
also resulted in an inactive FAOX-IL In this case, however, the
protein was unstable and precipitated after purification, sug-
gesting that Arg-411 also plays a structural role, which is sup-
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Crystal Structure of the Deglycating Enzyme FAOX-II
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FIGURE 3. Ligand binding to FAOX-II. A, interactions between FAD and FAOX-II. Hydrogen bonds are shown

as dashed lines. B, FSA interactions with FAOX-II.
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FIGURE 4. Comparison of FAOX-Il and MSOX actives sites. A, FSA bound to
FAOX-II. B, methyl-thioacetate (MTA) bound to MSOX. His-269 in MSOX and
Glu-280 in FAOX-II bind to the fructosamine hydroxyl groups. The Arg-52-
Tyr-55—Lys-348 triad in MSOX and the Tyr-60-Arg-112-Lys-368 triad in
FAOX-Il interact with the inhibitor carboxylate. C, FAOX-Il hydrophobic
pocket. Met-98 and Phe-258 undergo slight rearrangement upon FSA bind-
ing (light magenta in free FAOX-II, dark magenta in the ligand-bound struc-
ture). D, FAOX-Il active site accessibility. The molecular surface of the inhibi-
tor-bound FAOX-II structure is shown with the two flexible active site loops
computationally removed. The FAD cofactor and FSA inhibitor are shown as
beige and green space-filling spheres, respectively. With the flexible loops
removed, both FAD and FSA are partially accessible to solvent and about 12 A
from the opening of the active site.

ported by the observation that it forms a salt bridge with Asp-
339. It is, therefore, difficult to assess the importance of Arg-
411 in substrate binding.

Conformational Change upon Inhibitor Binding—The side
chains of four residues, Phe-264, Phe-258, Met-98, and Val-54,

27012 JOURNAL OF BIOLOGICAL CHEMISTRY

define a hydrophobic pocket that
interacts with one face of the FSA
(Fig. 4C). This feature suggests that
fructosamines derived from amino
acids with polar side chains would
be poor substrates for FAOX-II
compared with those derived from
amino acids with aliphatic side
chains. Accordingly, fructosyl-glu-
tamic acid is a poor substrate for
which the enzyme displays 40-fold
lower affinity and 3-fold lower activ-
ity as compared with fructosyl-gly-
cine, whereas fructosyl-valine was
found to be as good a substrate as
fructosyl-glycine (Table 3). Interest-
ingly, the side chains of residues
Phe-258 and Met-98 undergo slight
conformational  changes upon
ligand binding (Fig. 4C).

The binding of FSA causes the
reorganization and stabilization of two segments of the protein,
corresponding to residues Gly-58 —Glu-66 and Gly-110 —Pro-
119, for which only very weak and discontinuous electron den-
sity could be seen in the free FAOX-II crystal, suggesting that
they are disordered (Figs. 2, A and B). Tyr-60 and Arg-112,
involved in the binding of the substrate carboxylate group, are
likely to mediate the stabilization of the two flexible regions by
anchoring them to the ligand, thereby enclosing the substrate in
the catalytic site, sheltered from the bulk solvent. FSA binding
extends two helices and orders two loops which cover the active
site; in the complex structure, a salt bridge between Glu-71 and
Arg-114is formed. The importance of this bridge appears to be
negligible as indicated by mutagenesis; substitution of Glu-71
with Ser or Arg and of residue Arg-114 with Ser barely affected
the K, or V... of the protein (Table 2). However, mutation of
Arg-114 to Glu resulted in a 10-fold decreased affinity for the
substrate, as previously observed (28). Because Arg-114 is near
Arg-112, which interacts with the substrate, the effect of the
charge reversal of the R114E mutation may be to alter local
structure that extends to modulating the nearby Arg-112 con-
formation and substrate binding.

Identification of Glu-280 as a Signature Residue of FAOX
Activity—The identification of Glu-280 as a residue involved in
fructosyl binding and critical for FAOX-II activity suggests that
this residue may be a signature for fructosamine oxidases, thus
providing a guide for predicting the currently unknown func-
tions of FAOX-II sequence homologs. A sequence data base
search identified about 100 proteins sharing at least 27%
sequence identity with A. fumigatus FAOX-II. Among these,
eight are known to display FAOX activity, and three are known
to oxidize sarcosine, one pipecolate, and a last saccharopine.

Using a FAOX-IIand MSOX structural alignment as a partial
guide, a sequence alignment and a phylogenic tree were con-
structed with the FAOX-II sequence homologs for which actual
enzymatic activity has been reported (Figs. 5, A and B). Among
the FAOX enzymes, three groups can be distinguished; FAOX-I
enzymes, which act best on fructosyl-e-lysine (7, 30), FAOX-IIs,
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TABLE 2
Effect of amino acids substitution on kinetic properties of FAOX-II

ND, not detected (detection limit is 0.1 nmol/min/mg). Fructosyl-glysine is used as
a substrate.

K, Vv,

m max

Structural role

mm mmol/min/mg

FAOX-II (wild type) 0.24 3.30

E280L ND Fructosyl binding

R411L ND

Y60F 0.86 £0.09 4.25*=0.23  Carboxylate binding

R112E 245*018 397 021

K368M 125+011 4.36*0.16

E71S 0.20 £0.07 259 =0.09  Salt bridge between
flexible regions

E71R 0.21 £0.05 4.41 *0.31

R114E 2502014 294 +0.28

R114S 018 =0.05 2.05*0.13

E71R/R114E 2.06 = 0.18 3.92 *0.37

which act best on fructosyl-glycine (6, 30, 31), and FAOX-IIIs,
which also act on fructosamines but for which the substrate
specificity is less well defined (31-33). It appears that residue
Glu-280 is conserved in all FAOX enzymes but not in sarco-
sine oxidases (34, 40), pipecolate oxidases (34, 39), or sac-
charopine oxidase (39). In bacterial MSOX and most fungal
sarcosine oxidases, a histidine (His-269 in the B.subtilis
enzyme) is found in the position equivalent to Glu-280 in
FAOX-II. This histidine plays an important role in substrate
binding and positioning in the bacterial enzyme (29) and may,
therefore, be considered as a signature residue for sarcosine
oxidase activity. However, the Aspergillus oryzae enzyme does
not have this histidine residue and has been reported to oxidize
sarcosine (34). It is, however, possible that sarcosine is not the
physiological substrate for that enzyme but, rather, a com-
pound of related structure such as dimethylglycine.

FAOX-II Arg-411 hydrogen-bonds to the fructosyl hydroxyl
groups 4 and 5 and is conserved among FAOX-I and FAOX-II
sequences. Difficulties encountered in aligning the C-terminal
part of FAOX-III with FAOX-II result in uncertainty whether
the equivalent of Arg-411 is conserved in FAOX-IIL Interest-
ingly, FAOX-II Asp-339, which makes a salt bridge with Arg-
411, is conserved among all FAOX, including FAOX-III. How-
ever, an aspartate is found in the equivalent position of several
non-FAOX oxidases. Thus, neither Arg-411 nor Asp-339 qual-
ifies as signatures for FAOX.

Convergent Evolution of the FAOX and MSOX Substrate Car-
boxylate Binding Site—As mentioned previously, FAOX-II res-
idues Tyr-60, Arg-112, and Lys-368, which bind the substrate
carboxylate group, are conserved as Tyr-56, Arg-53, and Lys-
349 in bacterial MSOX. The bacterial MSOX carboxylate bind-
ing motif appears to be conserved not only among fungal sar-
cosine oxidases but also in pipecolate oxidases and
saccharopine oxidase (Fig. 54, orange boxes). The FAOX-II car-
boxylate binding residues are conserved in other FAOX-II
enzymes, and an equivalent motif appears to be shared among
FAOX-IIL; Arg-60, Arg-112, and Tyr-113 (in A. fumigatus
FAOX-II numbering) in FAOX-III homology models are pre-
dicted to be able to hydrogen bond to the substrate carboxylate.
This FAOX-III motif is similar to that of FAOX-II but with the
swapping of the Arg/Lys and Tyr residues in sequence and
space. In the case of FAOX-I, the carboxylate binding motif is
not conserved, consistent with the higher specificity of FAOX-I
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Crystal Structure of the Deglycating Enzyme FAOX-II
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N> >}

%
Accession Organism Activity [Reference] Identity @lu280
number
m:a.sm Aspergillus fumigatus FAOX-II [ 81 100 Yes
Aspergillus oryzas FAOX-II [30] B2 yes
m!zmzs Aspergillus terreus FROX-IT [311] B2 yes
Aspergillus fumigatus FAOX-I [T 51 yes
_|: BADSI2Y Aspergillus oryzae FROX-I [ 30] 53 yes
ANPEITOY Pichia sp. FAOX [37] 40 yes
BADOO1EG Coniochaeta ap. FAOX-III [ 321 33 yes
l_|: BAESI10 Ulocladium sp. FAOX-ITI [33] 16 yes
|_|: BADOD1RS Eupenicillium terrenum FAOX-III [32] 35 yes
CAATIS Penicillium janthinellum FAOX-III 311 35 yes
CABS0G18 Schi cmyces pombe S pine OX T35 1 25 To
BAEG1462 Aspergillus oryzae Sarcosine OX [ 3] 27 no
CARTBIS gchizosaccharomyces pombe Pipecolate OX [2%] 23 no
BAEG4ZI Aspergillus oryzae Sarcosine OX [ 341 29 no
BAESTT4 Aspergillus oryzae Fipecolate OX [ 341 30 no
P2Is2 Bacillus subtilis Sarcosine OX [ 401 18 ne

FAOX

FIGURE 5. FAOX and related proteins. A, structure-guided sequence alignment. Residues involved in carboxylate binding (Tyr-60, Arg-112, and Lys-368) in
FAOX-Il, MSOX and related enzymes are boxed in orange. Putative carboxylate binding residues in FAOX-I and FAOX-Ill are in dashed orange boxes. Residue
Glu-280, involved in the binding of the fructosyl moiety, is conserved in all FAOX enzymes but not in sarcosine, pipecolate, and saccharopine oxidases (red box);
Glu-280is, therefore, a signature residue for fructosamines oxidase activity. Arg-411 also binds the fructosyl moiety and forms a conserved salt bridge together
with Asp-339, which appears to be required for enzyme stability. Residues Glu-71 and Arg-114 form a salt bridge connecting the two flexible regions upon
ligand binding, which is conserved only in FAOX-II. Cys-335 is covalently attached to the 8a methyl group of the flavin (black box). Lys-276 makes a water-
mediated hydrogen bond with N5 of the flavin (black box). Secondary structure elements for the FAOX-Il and MSOX structures are shown as arrows (B-strands)
and rectangles (a-helices). B, phylogenic tree of the sequence alignment. Sequence identity is related to FAOX-Il from A. fumigatus.

for fructose-e-lysine compared with fructosyl-glycine. In this
substrate we expect the a-carboxylate in the larger fructosyl-e-
lysine to be shifted ~4 A relative to that in fructosyl-glycine.

27014 JOURNAL OF BIOLOGICAL CHEMISTRY

AV DN

Structural modeling suggests that conserved FAOX-I residues
Tyr-95, Arg-80, and Lys-84 (A. fumigatus FAOX-I numbering)
may be properly positioned to interact with the fructosyl-e-
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lysine a-carboxylate. In addition, FAOX-II Lys-368, which
would potentially clash with the aliphatic side chain of fructo-
syl-e-lysine, is replaced by a more compatible hydrophobic
methionine residue in FAOX-L It appears, therefore, that the
triad Arg-Tyr-Lys has been selected independently for the
binding of the a-carboxylic group of amino acid derivatives by
FAOX-II, MSOX, and possibly FAOX-III and FAOX-I.

Implications for Active Site Accessibilities of Protein-bound
Fructosamines—In FAOX-II, two flexible regions (residues
Gly-58 —Glu-66 and Gly-110 —Pro-119) become ordered and
cover the active site upon binding of the small FSA inhibitor
(Figs. 2, A and B). It is unclear whether the closing of the active
site is required for function; mutations designed to disrupt a salt
bridge between the two loops do not compromise enzyme func-
tion, suggesting that the closure of the flexible loops is not crit-
ical for activity. The FSA inhibitor reveals that the substrate
cleavage site is ~12 A from the opening of the active site cavity
(Fig. 4D). This depth would be difficult for a fructosyl-lysyl res-
idue covalently attached to a globular protein (such as bovine
serum albumin) to access, consistent with the observation of a
lack of activity of FAOX enzymes toward glycated bovine serum
albumin (Table 3). The FAOX-II inhibitor complex structure
indicates that suitable protein substrates would have the fruc-
tosyl-lysyl residue in a flexible loop or terminus to access the
active site and that the enzyme two flexible loops would not be
able to adopt a closed conformation (Fig. 4D). In this context it
is interesting to note that glycated histones, which have a highly
flexible and disordered C terminus domain containing a lysyl
residue, are substrates for FAOX, although with activities ~3
orders of magnitude lower than those observed with free fruc-
tosamines (Table 3).

Physiological Role of FAOX—In the initial studies that led to
this work, our laboratory used the highly sterically inhibited
and hydrophobic substrate fructosyl adamantane amine to iso-
late Amadoriase I and II (5, 6). However, even though these
enzymes could metabolize this substrate and fructosyl e-amino-
caproate, kinetic considerations suggested that glycated amino
acids might be the natural substrates for FAOX. Glycated
amino acids can indeed be used as a sole energy source to sus-
tain the growth of FAOX-containing fungi, as exemplified by
the fact that the growth of Aspergillus nidulans on glycated
amino acids could be prevented by knocking down the FAOX
gene (35). The structure of FAOX-II provides additional argu-
ments in favor of the hypothesis that glycated amino acids are
the physiological substrates of FAOX. The catalytic site of these
enzymes indeed appears to be well adapted to bind a-amino
acid derivatives using a carboxylic binding motif that is shared
by sarcosine oxidase.

Given the structural variety of amino acids, the presence of
several FAOX in fungal genomes (e.g. up to 5 genes in Aspergil-
lus niger) may help to cover a wide variety of fructosamine
structures. FAOX-I for instance appears to be specialized in the
utilization of fructosyl-e-lysine, a fructosamine that is expected
to be quantitatively important in nature since lysyl side chains
are prime targets for protein glycation. However, for many
fungi, even the presence of several FAOX may not be sufficient
to allow efficient utilization of all glycated amino acids, as indi-
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cated for instance by the poor utilization of fructosyl glutamate
by both FAOX-I and FAOX-II (Table 3).

This raises the question of the relative abundance of the var-
ious types of fructosamines in the natural environment. To the
best of our knowledge, glycated amino acids have not yet been
measured in fresh fruits or soils, which are among the natural
locations where FAOX-containing fungi (e.g. Aspergillus) grow.
Glycated amino acids have been reported on dried fruits, but
they are likely to be formed during the drying process itself (36).
Identification of glycated amino acids in the environment
might be difficult since those relatively unstable compounds
may be present in very small ecological niches and, possibly,
during a well defined period of time. Finally, the presence of
FAOX in the marine yeast Pichia sp. (37), a parasite of crabs and
fishes, suggests that fructosamines can also be found in some
marine ecosystems or in the animals that those marine yeasts
parasitize.

Conclusions—This work was initiated to identify the struc-
tural basis of FAOX substrate recognition. The structure of
FAOX-II-FSA identifies an active site pocket that is ~12 A
deep, explaining why glycated lysyl residues bound to globular
protein are poor substrates of the enzyme and only when they
are located in very flexible regions of the protein. Two flexible
loops are disordered in the free enzyme and close over the
active site upon FSA binding. Mutations to disrupt the closed
loop interactions do not significantly compromise enzyme
activity, suggesting that increasing loop flexibility near the
active site may be an approach in efforts to engineer a FAOX
with increased activity on glycated protein substrates.

The characterization of the FAOX-II substrate-binding site
in this work provides a basis for identifying likely substrates for
related enzymes and a valuable structural scaffold for mutagen-
esis. Many groups have reported efforts, with the help of com-
puterized models, to improve substrate selectivity of FAOX
enzymes for fructosylvaline to develop enzymatic assays utiliz-
ing proteolytic digests of glycated hemoglobin (38). The
FAOX-II structure will aid in this endeavor. Finally, the
FAOX-II structure highlights the critical role of Glu-280 for
fructosamine recognition. The presence of this residue allows
one to discriminate between fructosamine oxidases and
enzymes acting on other substrates in the FAOX/MSOX family
of proteins.
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