Biochemistry2002,41, 4453-4458 4453

Alteration of Substrate Selectivity through Mutation of Two Arginine Residues in
the Binding Site of Amadoriase Il fromMspergillussp’

Xinle Wu,* Shu G. Chen,J. Mark Petrasf,and Vincent M. Monnier®

Institute of Pathology, Case Western ResedUniversity, Cleeland, Ohio 44106, and Department of Ophthalmology and
Visual Sciences, Washington Weisity School of Medicine, St. Louis, Missouri 63110

Receied January 11, 2002; Résed Manuscript Receed February 1, 2002

ABSTRACT. Amadoriases | and Il are deglycation isoenzymes flspergillussp. of potential relevance

for treatment of diabetic complications resulting from excessive protein glycation. Amadoriase Il has a
preference for anionic substrate withKa of 0.23 and 2.53 mM for fructosylglycine and fructosylpro-
pylamine, respectively. In contrast, the correspondfagvalues for amadoriase | are 9.75 and 0.023
mM, respectively. Chemical modification of amadoriase Il vgithydroxyphenylglyoxal, a specific arginine-
modifying reagent, resulted in an inhibition of enzyme activity toward fructosylglycine, while having
less effect on the enzymatic activity toward fructosylpropylamine. Peptide mapping and subsequent mass
spectrometry analysis suggest that Afgs one of the sites op-hydroxyphenylglyoxal modification.
Sequence alignment between amadoriase | and amadoriase |l revealed that two glutamic acids in amadoriase
| align to Arg'®? and Ardg* in amadoriase Il. Site-directed mutation of amadoriase Il (R112E, R114E)
resulted in reversal of the enzymatic activities toward fructosylglycine and fructosylpropylamine. Our
results suggested that A#g and Arg* are responsible for the high affinity of amadoriase Il toward
anionic substrates and determine the substrate selectivity of the enzyme.

Amadoriasécatalyzes the oxidation of Amadori products (1, 20—22). Previously, we reported the isolation and cloning
by oxygen to yield glucosone, amine, and hydrogen peroxide of two amadoriase isoenzymes froftspergillussp. from
(). Amadori products are formed at an early stage of soil, which we named amadoriases | and 1).(Both
nonenzymatic glycation2( 3). Reducing sugars such as amadoriase | and amadoriase Il are monomers of molecular
glucose attach to the amino groups of proteins by forming a mass around 50 kDa. They have FAD as a cofactor and share
Schiff's base that subsequently undergoes rearrangement t&1% sequence identityl(21).
form the stable Amadori product), Glycation causes the When different glycated amines were tested as substrates
browning of food during long-term storage, a problem in of amadoriases | and Il, we observed a striking difference
the food industry. In vivo, the glycation of lens crystallins in the substrate selectivity between the two isoenzymes.
has been associated with enhanced susceptibility to oxidation Amadoriase Il has a high activity toward the substrate with
high molecular weight, and covalent cross-link formatibn ( a carboxylate group while amadoriase | shows little activity.
6). Glycated plasma proteins are recognized by regions atBecause amadoriase Il prefers substrates with a carboxylate
the surface of macrophages and aortic, endothelial, andgroup, which is negatively charged, we hypothesized that
mesangial cells 7—9). Accelerated glycation has been positively charged amino acid residues such as lysine and
implicated in the development of diabetic complications and arginine may possibly serve as functional groups in the
the aging processl(—13). binding site of the enzyme.

Since amadoriase catalyzes the oxidase reaction in which In this study we have probed the role of arginine residues
fructosyllysine is deglycated, it has potential application in in the binding site of amadoriase Il using the arginine
the enzymatic determination of glycated substance andmodification reagenp-hydroxyphenylglyoxal that has been
disease prevention. Amadoriase activity has been reportedwyidely used in experiments to identify functional arginine
in several strains of fungiléd—19), and a few amadoriase residues 23, 24). Using a combined approach based on
enzymes have been isolated and cloned from different specieghemical modification and site-directed mutagenesis, we
show that two arginine residues (Atg and Arg'%) are
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s \(,:Vilssi%ﬁifﬂnﬁ,%srg{t\;esgﬂg’;rf)'fty,\',ledicine. Materials. 10-Acetyl-3,7-dihydroxyphenoxazine was ob-

L Abbreviations: amadoriase, fructosyl amino acid oxidase (EC tained from Molecular Probes (Eugene, OR). Fructosylpro-
1.3.5); HRP, horseradish peroxidase; PAAP, propylamine Amadori pylamine and fructosylglycine were synthesized as reported

product (fructosyl propylamine); GAP, glycine Amadori product ; i ;
(fructosylglycine); HPGp-hydroxyphenylglyoxal; TFA, trifluoroacetic by Takahashi et al.1). NIi-NTA Superflow resins were

acid; LC-MS, liquid chromatographymass spectrometry; ESI, elec- purchased from Qiggen (Valencia, CA). The hydroxyapatite
trospray ionization; DTT, dithiothreitol. matrix was from Bio-Rad (Hercules, CA), amahydroxy-
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phenylglyoxal was from Pierce (Rockford, IL). Modified  Tapie 1: Kinetic Constants of Wild-Type and Mutant Amadoriases
sequencing grade trypsin was from Roche (Indianapolis, IN). GAP PAAP

The QuikChange site-directed mutagenesis kit was purchased
from Stratagene (La Jolla, CA), and BL21 Star competent _ Kn = Kat  KalKn = Ko o Kat o kealKn
cells were from Invitrogen (Carlsbad, CA). Oligonucleotides _2Tm2doriase (mM) (s7) (mM7's™) (mM) (s7) (mM~s™)
for site-directed mutagenesis were prepared by IDT (Cor- | (wildtype) 9.75 0.6 6.6< 10 0.023 5.8 250

: : : '« ll(wildtype) 023 32 14 253 27 1.1
ﬁ/ll\gl)le, IA). All other chemicals were from Sigma (St. Louis, | ER112>|/_F; ) 077 30 a9 16 31 g
: II(R114L)  1.93 3.0 15 3.04 37 1.2
Enzyme PreparatianRecombinant amadoriase | was [II(R112E) 448 49 11 152 47 3.1
expressed irEscherichia coliand purified as described in !l (R114E) 511 35 07 159 20 13
Wu et al. 1) through Ni, His-tag affinity chromatography. I (Eﬁig 816 30 036 058 21 3.6

The amadoriase Il gene was ligated onto the pET23d — - ]
expression vector (Novagen, Madison, WI) asEgoR|— 2 Activity was measured by hydrogen peroxmle assay as described
' . T . under Experimental Procedures. Apparent kinetic constants were
Nca fragment and transformed intB. coli strain BL21- obtained by least-squares linear regression analysis.
(DE3) pLysS. The cells were harvedté h after induction
with 0.5 mM isopropyls-p-thiogalactose (IPTG) at 30C . .
and frozen at-70°C. Cells were resuspended in lysis buffer ~ HPLC Separation and Mass Spectral Analysteptide
(50 mM NaHPQ,, 300 mM NaCl, pH 8.0) and broken by ~Mapping was performed on a Magic 2002 HPLC (Michrom
three cycles of 30 s sonications. The insoluble fraction was BioResources, Auburn, CA) using aBm reverse—pha§e
removed by centrifugation, and the whole cell extract was Magdic Gis column (100 A pore size; 1.0< 150 mm;
precipitated by 50% (NK,SOs. The pellet after centrifuga- Michrom B|0Resources) which wgsllnltlally equmbrgted in
tion was resuspended in 10 mM Ng0, (pH 8.0) and 95% mobile phase A (2% acetonitrile, 0.05% formic acid,
dialyzed against the same buffer overnight. After dialysis, @nd 0.005% TFA)/5% mobile phase B (90% acetonitrile,
the cell extract was applied to a hydroxyapatite FPLC column 0-05% formic acid, and 0.005% TFA). The tryptic digest
(12 x 88 mm, Bio-Scale MT10, Bio-Rad) equilibrated with was |njec§ed onto the_column, and the golumn was first
10 mM NahPO; (pH 8.0). After the column was washed washed with 95% mobile phase A for 5 min. The flow rate
with 50 mL of equilibration buffer, elution was carried out WaS always kept at 5@L/min and the temperature at 40
with a 100 mL linear gradient of phosphate buffer (pH 8.0) “C- Elution was performed using a linear gradient from 5%
from 10 to 200 mM with a flow rate of 2 mL/min. Fractions 0 65% mobile phase B in 30 min, with UV monitoring at

with enzymatic activity were pooled for future assay. 214 nm. On-line liquid chromatographlectrospray ioniza-
tion mass spectrometry (LC-MS) of peptide samples was

performed on a Finnigan LCQ electrospray ionization (ESI)
ion-trap mass spectrometer (Finnigan, San Jose, CA). LC-
"Ms analysis was performed by connecting the HPLC outlet
line directly to the mass spectrometer. Peptide was also
manually collected for subsequent analysis on a Micromass
Quattro Il triple quadrupole mass spectrometer (Manchester,
U.K.) at the Cleveland Mass Spectrometry Facili&L)

Enzymatic Actiity Assay Enzymatic activity was deter-
mined by Amplex Red (Molecular Probes) assay that
measures the hydogen peroxide generation. The reactio
mixture contained 2aL of enzyme solution (440 ug/mL)
in 10 mM HEPES buffer (pH 8.0), 2L of substrate
(fructosylpropylamine/fructosylglycine) in the same buffer,
and 25uL of a 5ug/mL 10-acetyl-3,7-dihydroxyphenoxazine
and 20ug/mL horseradish peroxidase (HRP) mixture in a

total volume of 75uL in a 384-well microplate. The plate Site-Directed Mutagenesighe QuikChange site-directed

was kept in 37C, and the fluorescencé« = 560 nM,em mutagenesis kit and synthetic mutagenic oligonucleotides
= 590 nm) was measured with a microplate reader (Spec-Were used to introduce the desired mutations. XL1-Blue
trafluor Plus, Tecan, Research Triangle Park, NC). supercompetent cells were transformed with mutated plasmid.

Colonies were selected from Luria broth plates containing
ampicillin (100 ug/mL), and plasmid was extracted. The
presence of mutation was confirmed by DNA sequencing,
and the plasmid was transformed irio coli strain BL21-
(DE3) pLysS for protein expression.

Modification of Amadoriase Il with p-Hydroxyphenylgly-
oxal. Five hundred microliters of purified amadoriase 1l (1
mg/mL) was incubated with 3 mg pfhydroxyphenylglyoxal
(HPG) at room temperature in the dark in 10 mM HEPES
buffer, pH 8.0. Aliquots were withdrawn at various intervals
Zgga?/lluted by 10 mM HEPES buffer, pH 8.0, for activity RESULTS

Tryptic Peptide MappingAfter incubation with HPG, Kinetic Constants of Wild-Type Amadoriases | and Il
amadoriase Il solution was passed through a gel filtration Kinetic constants were determined for purified amadoriases
column (10 DG, Bio-Rad) equilibrated with 10 mM HEPES | and Il (Table 1, wild type). GAP and PAAP (Scheme 1)
buffer, pH 8.0, to remove excess unreacted HPG. The were used as the substrates. Amadoriase | has very high
modified protein was reduced by incubating with 3mM DTT  activity toward PAAP ke./Km = 250 mM™1 s71) while its
at 50 °C for 10 min and room temperature for 1 h. activity toward GAP was negligibly lowk{s/Knm = 6.6 x
lodoacetamide (10 mM) was added, and the mixture was 102 mM~! s7%). In contrast, amadoriase Il showed more
incubated with reduced amadoriase Il in the dankIfd at than 10-fold highetke/Km for GAP (KealKm = 14 mMt
room temperature. The final solution was digested with s) than PAAP k../Kn = 1.1 mM™t s71). The amadoriase
trypsin using a ratio (w/w) of 1:20 at 37C overnight. I activity difference between GAP and PAAP results mainly
Control unmodified amadoriase Il was also treated with the from the difference irK,, suggesting that amadoraise Il has
same procedure. a higher binding affinity for GAP.
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Ficure 1: Inactivation of amadoriase Il by-hydroxyphenylgly-
oxal. The enzyme (1 mg/mL) was incubated with hydroxyphenyl-
glyoxal (6 mg/mL) at room temperature in the dark. At the
following intervals, 0, 10, 20, 30, and 40 min, aliquots were taken
out and diluted 1:250 in 10 mM HEPES buffer, pH 8.0, and assayed
for activity using 100uM fructosylglycine @) as the substrate.
The enzyme solution was also diluted 1:50 by the same buffer when
100 uM fructosylpropylamine ©) was used as the substrate. The
activity of the diluted enzyme was assayed by measurig@;H
generation vs time. The activity @ = 0 min was taken as 100%,
and each data point is in duplicate.

Scheme 1: Structures of the Substrates Used in the
Experiments
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Inactivation of Amadoriase Il with p-Hydroxyphenylgly-
oxal. Incubation of amadoriase Il with the arginine modifying
reagenp-hydroxyphenylglyoxal resulted in a time-dependent
loss of enzyme activity toward GAP (Figure 1). After
amadoriase Il (1 mg/mL) was incubated with hydroxyphe-
nylglyoxal at room temperature for 40 min, 99% of the
activity toward GAP was lost, while the same modified
enzyme still had 42% of the original activity toward PAAP
(Figure 1). The fact that modification had a larger effect on
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Ficure 2: HPLC profiles of tryptic digests of modified and
unmodified amadoriase Il. Hydroxyphenylglyoxal-modified and
unmodified amadoriases Il were digested by trypsin. Digested
samples were applied to HPLC for peptide mapping. Solvent A
was 5% acetonitrile. Solvent B was 90% acetonitrile. The flow rate
was 50uL/min. The gradient was 5% solvent B in 5 min, 5%
65% solvent B in 30 min, and 65%95% solvent B in 10 min.
The detector was set at 214 nm. The HPLC outlet was connected
directly to the mass spectrometer for on-line mass analysis. P1 was
also manually collected and analyzed as described under Experi-
mental Procedures.

Tryptic Peptide Maps of Modified and Unmodified Ama-
doriase Il and Mass Spectral Analys& comparison of the
tryptic peptide maps of modified and unmodified amadoriase
Il is shown in Figure 2. Three peptide fractions marked as
P1 and P2 in the unmodified amadoriase Il were reduced by
50% or more in the sample modified by HPG. The observed
mass values of P3 do not match any peptide generated by
trypsin digestion of amadoriase 1l; we suspect that peak P3
is due to contamination or nonspecific cleavage. Figure 3
shows the mass spectra of P1 and P2 analyzed on-line by
LC/MS with a LCQ-ESI ion trap instrument. Assignment
of P1 and P2 to their peptide sequences was made according
to the observed and expected mass values of protonated ions
and the known cleavage pattern of trypsin. The P1 fraction
was also manually collected, and the sequence was confirmed
by collision-induced dissociation (CID) tandem MS on a
Micromass Quattro Il triple quadrupole mass spectrometer
(data not shown). Peptide sequences of P1 (residues 113
131) and P2 (residues 31333) are listed as highlighted
letters in Figure 3 below the mass spectra, and arginine
residues are marked by asterisks. Modification of arginine
residues at either end of the peptide will prevent the trypsin
cleavage and generate a longer peptide, and a smaller amount

the amadoriase Il activity toward GAP suggested that someof the original peptide will be observed from peptide

arginine residue might be important for GAP binding. It is
also worth noting that after the modification the activity

toward both substrates decreased to a different extent,

mapping. On the basis of that consideration we identified
Arg'2 Arg'®l and Arg®® as the possible sites for HPG
modification. To narrow down the possibility, we prepared

indicating other arginine residues important for the enzyme the sequence alignments of the corresponding region between
function might also be modified. On the basis of the spectrum amadoriase | and amadoriase I, which are also shown in
of modified amadoriase Il after excess hydroxyphenylglyoxal Figure 3. Since the anionic preference only occurs in
was removed by gel filtration and the molar extinction amadoriase I, and amadoriase | has the opposite substrate
coefficient of hydroxyphenylglyoxal at 340 nm (1.8310* selectivity, the arginine of interest should thus not be con-
M-t cm™1) (23), it was estimated that about-3 mol of served between those two enzymes. Only*&rp not con-
hydroxyphenylglyoxal were incorporated per mole of en- served in amadoriase I, and a glutamic acid is in amadoriase
zyme. | instead. A nearby arginine residue, Ak also aligns to a
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Ficure 3: LC-MS spectrum of tryptic peptide mapping. (A) Mass spectrum of peak P1 from Figure 2 analyzed by a LCQ mass spectrometer.

A major signal with a [MH] value of 1127.2 corresponded to the unmodified tryptic peptide-1B3 (expected monoisotopic mass

[M*2H]: 1126.6). The sequence of the peptide whose expected mass matches the observed mass value is listed as highlighted below the
spectrum, and arginine residues were marked by asterisks. The alignment between amadoriase | and amadoriase Il is also listed, and
arginines are marked by asterisks. (B) Mass spectrum for P2. The signal with%al[Malue of 884.0 corresponded to the unmodified

tryptic peptide 319-333 (expected monoisotopic massf]: 883.4).

glutamic acid in amadoriase |, based on the alignment. Thesea double mutation of both arginines to glutamic acid were
data suggest that AHf and Argi'* are possible sites for  prepared. The mutant enzymes were expressef. iooli
anionic substrate binding. strain BL21(DE3) pLysS and purified through (WSO,
Properties of the Mutantg.o further identify the roles of ~ precipitation and hydroxyapatite chromatography. The purity
Arg'2 and Ard!in the enzyme catalytic mechanism, site- of the mutant enzymes was checked on sodium dodecyl
directed mutagenesis experiments were carried out. A singlesulfate-polyacrylamide gel electrophoresis, and it was shown
mutation of each arginine to leucine and glutamic acid and that the mutant enzymes were pure and had the same
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migration distance on the gel as wild-type amadoriase Il. mutagenesis data confirmed the role of Afgs the anion
The kinetic properties of the mutant enzymes are comparedbinding site, the different reactivity of arginine residues
with the wild-type enzyme, and the results obtained are toward hydroxyphenylglyoxal due to their different microen-
summarized in Table 1. All of the mutants have comparable viroment does not guarantee the same extent of modification
keat Values with the wild-type enzyme while th&, of the of Arg!'#as of Arg2

mutant toward GAP increased significantly, so the overall  Aspergillus sp. has two amadoriase isoenzymes with
activity (kea/Km) decreased. The biggest increas&gbccurs  different substrate selectivity, which allows it to be able to
in the double mutant (R112E, R114E), almost 40-fold. On metabolize a broad range of glycated molecules as the
the contrary, the activity of the mutants toward PAAP was nutrient source. Our results also show that change of the
not effected, and the mutants of Atgeven have a higher  charge status of key residues can affect the catalysis
activity toward PAAP than the wild-type amadoriase Il. significantly, and that might be one of nature’s way to “tune”
These results indicate that At§and Arg**are responsible  the enzyme during evolution.

for anionic substrate binding, but not for catalysis. Interest-

ingly, we also noticed that by changing two arginines to ACKNOWLEDGMENT

glutamic acid, as in amadoriase |, thg of the amadoriase ) .

Il mutant for both substrates became similar to that of ~We thank Dr. Vernon Anderson for useful discussion.

amadoriase | (Table 1), especially for GAP.
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