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ABSTRACT

Amadoriases, also known as fructosyl amine oxidases (FAOX), are enzymes that catalyze the de-glycosylation of fructosyl 
amino acids. As such, they are excellent candidates for the development of enzyme-based diagnostic and therapeutic tools 
against age- and diabetes-induced protein glycation. However, mostly because of the lack of a complete structural characteri-

zation of the different members of the family, the molecular bases of their substrate specificity have yet to be fully under-

stood. The high resolution crystal structures of the free and the substrate-bound form of Amadoriase I shown herein allow 
for the identification of key structural features that account for the diverse substrate specificity shown by this class of 
enzymes. This is of particular importance in the context of the rather limited and partially incomplete structural informa-

tion that has so far been available in the literature on the members of the FAOX family. Moreover, using molecular dynam-

ics simulations, we describe the tunnel conformation and the free energy profile experienced by the ligand in going from 
bulk water to the catalytic cavity, showing the presence of four gating helices/loops, followed by an “L-shaped” narrow cav-

ity. In summary, the tridimensional architecture of Amadoriase I presented herein provides a reference structural framework 
for the design of novel enzymes for diabetes monitoring and protein deglycation.
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INTRODUCTION

There is extensive clinical data in the literature on age-

and diabetes-related alterations in the functioning of all 
human tissues, including susceptibility to injury and 
reduced healing capacity.1 Tissue aging is characterized 
by a progressive accumulation of advanced glycation 
end-products (AGEs) especially in collagen-rich tissues, 
owing to the low turnover of this structural protein.2 
Besides the elderly, people who suffer from type II diabe-

tes are particularly affected by AGEs accumulation: whilst 
elder people have abundance of long-lived proteins that 
have slowly accumulated AGEs over time, type II dia-

betics have abnormally high levels of glucose in their 
blood, a surplus that can readily glycate proteins.3,4 The 
glycation reaction is spontaneous and initiates with the 
formation of a reversible Schiff base between a carbohy-

drate, typically glucose, and a protein amino group (for 
example, the lysine side-chain). The unstable Schiff base

becomes a stable intermediate keto-amine, commonly

referred to as Amadori product. Then, over time (usually

months or years), a complex series of reactions leads to
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the formation of several types of AGEs, which can be

either adducts or crosslinks5 (Fig. 1).

The hyperglycemia associated with diabetes results in

the non-enzymatic glycation of blood proteins. For this

reason, the measurement of the levels of glycated hemo-

globin (HbA1c) in the blood is a very powerful method

for monitoring the insurgence and development of dia-

betes. Indeed, while the direct blood sugar level measure-

ment is affected by daily fluctuations, the long lifetime of

hemoglobin combined with the slow, yet irreversible, gly-

cation process makes the detection of HbA1c a good

indicator of the average blood glucose concentration over

a period of 2–3 months. Several systems have been devel-

oped that are used in the clinics to measure HbA1c6;

however, they are based on relatively complex and expen-

sive techniques such as chromatography and electropho-

resis. Hence, there is a need for fast and easy HbA1c

detection, possibly to be performed at home or at a

point of care.

Amadoriases, also known as fructosyl amino acid oxi-

dases (FAODs) or fructosyl amine oxidases (FAOX)7–9

are enzymes that are found in fungi and bacteria and

that are able to cleave low molecular weight Amadori

product (i.e, glycated amino acids) to yield a free amine,

glucosone, and hydrogen peroxide.10,11 These enzymes

have been categorized12 into three groups depending on

their substrate specificity. Group I FAOX are active

mostly on a-fructosyl amino acids (that is, amino acids

glycated on backbone amines), group II FAOX are active

mostly on e-fructosyl amino acids (that is, amino acids

glycated on side-chain amines), while group III FAOX

show similar activity on either a- or e-fructosyl amino

acids. The development of Amadoriase-based sensors is

wildly regarded as a promising approach to meet the

need for a fast and simple HbA1c monitoring method.

An important issue for these sensors is that enzymatic

HbA1c sensing relies on the specific detection of the gly-

cated N-terminal valine. However, wild-type Amadoriases

are unspecific for valines since they also cleave glycated

lysines that are present on haemoglobin, which therefore

interfere with the measurement of HbAc1. A second

major limitation is the fact that available Amadoriases

are inactive on intact, wild-type haemoglobin. Therefore,

enzyme-based HbA1c sensors require a preliminary pro-

teolytic digestion of the protein to release the N-terminal

valine residue, a step that increases the time and the

complexity of the sensing method.

Glycation and AGES are also associated to several dele-

terious effects: on one hand, they alter molecular recog-

nition by modifying the biochemistry of protein binding

sites,13,14 on the other hand AGEs crosslinks such as

glucosepane can alter the mechanical properties of load

bearing proteins, such as collagen, leading to stiffer tis-

sues.15–17 However, to date, there are no effective ways

to prevent or eliminate AGEs, except reducing the dietary

sugar intake.18 The use of enzymes from either the Ama-

doriase family or from the fructosyl amino acids kinases

family has been proposed as a promising strategy for

protein deglycation to restore properties and function in

glycated proteins in our body7,8 or in food products.19

Figure 1
Schematic of the protein glycation pathway in vivo, from left to right. A free amine (for example, lysine side chain) reacts with the aldehyde

group of circulating glucose producing an unstable Schiff base. This compound is stabilized through Amadori rearrangement, resulting in a stable
product. Over the course of months or years, the Amadori product can then undergo multiple rearrangements that lead to several different AGEs.

In particular, AGEs crosslinks are formed in the presence of a reactive group from a nearby protein. In the picture, the side-chain of a nearby argi-
nine leads to the formation of pentosidine, a fluorescent crosslinking AGE.



Fructosamine kinases are active in the intracellular 
environment, they need ATP as energy source and they 
produce 3-deoxiglucosone, which is a toxic compound 
that would need removal.20

Amadoriases, on the other hand, appear to hold more 
promise as a protein deglycation tool since they work in 
the extracellular environment, do not need ATP, and do 
not produce toxic chemicals. However, despite the fact that 
from the first isolation of an Amadoriase enzyme21 over a 
dozen similar enzymes have been reported in the litera-

ture,12 none has shown significant activity on intact pro-

teins, even after extensive mutagenesis experiments.22,23

These two remarkable potential applications of Ama-

doriases highlight the need for the precise knowledge of 
the overall folding architecture and active site conforma-

tion of the different FAOX family members. The lack of 
such crucial piece of information has so far been one of 
the major limiting factors for the development of novel 
Amadoriase-like enzymes for diagnostic or therapeutic 
applications. This structural limit has been overcome in 
part by the successful determination of the free and the 
inhibitor-bound crystal structures of Amadoriase II from 
Aspergillus fumigatus,24 and by the more recent structure 
of the free fructosyl peptide oxidase from Eupenicillium 
terrenum (known as FPOX-E or EtFPOD)25 which, to 
date, are the only known FAOX structures available in 
the literature. However, Amadoriase II has been reported 
to be mostly active on backbone fructosyl amines12,26 
and on hydrophobic substrates (for example, glycated 
glycines),24 whereas FPOX-E is active mostly on a-

fructosyl amino acids.12,24

In this work, we show the first crystal structures of a 
group II FAOX, namely the free and the substrate-bound 
form of the isoenzyme Amadoriase I from Aspergillus 
fumigatus, both at high resolution. This enzyme is a 
promising candidate for protein deglycation as it is 
mostly active on side-chain fructosyl amines and on 
charged substrates (for example, glycated lysines), which 
are similar to the Amadori product that in vivo lead to 
AGEs. Furthermore, the details provided for the first 
time on the active site conformation of a group II Ama-

doriase can help the development of novel enzymes with 
improved catalytic specificity for diagnostic applications.

MATERIALS AND METHODS

Protein expression and purification

The DNA gene sequence coding for Amadoriase I pro-

tein was fused at its N terminus to an initial Met residue, 
a 6His-tag, a spacer region of five amino acid residues 
(Ser-Ser-Gly-His-Ile) and the enterokinase recognition 
site (Asp-Asp-Asp-Asp-Lys). The sequence, cloned into 
the pET3a vector (Novagen) using the NdeI and BlpI 
cloning sites, was synthetized by Eurofins MWG. E. coli 
BL21(DE3)pLysS cells (Invitrogen) were then trans-

formed with the resulting clone and grown in LB 
medium supplemented with 100 mg/liter ampicillin 
(Sigma). Cells were grown at 378C until A600 5 0.6 was 
reached and expression was induced by adding isopropyl 
1-thio-b-D-galactopyranoside (Sigma) to a final concen-
tration of 0.5 mM. Subsequent overnight protein expres-

sion at 258C provided soluble protein in very high yield. 
The cell lysate was then purified by nickel affinity chro-

matography. A second and final purification step using a 
Hiprep 26/60 Sephacryl S-100 size exclusion column (GE 
Healthcare) was performed in order to obtain 100%

sample purity as detected by Coomassie staining. 
Absorbance at 450 nm was monitored to identify the 
fractions with the most intense yellow color. The frac-

tions of this last affinity chromatography step were col-

lected, dialyzed into 10 mM Tris buffer pH 8.0, and 
brought to a final concentration of 15 mg/mL for crystal-

lization experiments.

Protein crystallization

Crystals of the free form of Amadoriase I from Asper-

gillus fumigatus were obtained by vapor diffusion at 
room temperature by mixing a 1 lL drop of the protein 
sample with an equal volume of a solution containing 
0.1M sodium citrate pH 5.6, 10% PEG4K, 15% isopropa-

nol. Crystals were then frozen in a chemically identical 
solution to which 25% (v/v) glycerol was added to serve 
as cryo-protectant for X-ray data collection. Crystals of 
the substrate-bound form of the same enzyme were 
obtained by co-crystallization, mixing a 1 lL drop of  
Amadoriase I (15 mg/ml, 300 lM) with 1 lL drop of 
ligand (3 mg/mL, 10 mM), and 1 lL drop of the same 
crystallization buffer used for the free form (0.1M 
sodium citrate pH 5.6, 10% PEG4K, 15% isopropanol). 
Crystallization experiments were set up in anaerobic con-

ditions using a glove box in order to prevent oxidase 
activity. The ligand, Ne-fructosyl-lysine (FLY), was kindly 
provided by researchers S.M. Monti, G. Roviello (Insti-

tute of Biostructures and Bioimaging of the National 
Research Council, Italy) and V. Fogliano (Wageningen 
University, The Netherlands), and produced as described 
previously.27,28

Structure determination and refinement

A 1.6 Å (free form) and a 1.9 Å (substrate-bound 
form) resolution data set were collected from single 
Amadoriase I crystals using k 5 1.000 Å in the X06DA-
PXIII beamline at the Swiss Light Source (Paul Scherrer 
Institute, Villigen, Switzerland). Diffraction images were 
processed and scaled using XDS (Kabsch-2010). Data 
collection and refinement statistics are shown in Table I. 
The first of the two structures (the free form) was deter-

mined by molecular replacement using MOLREP29 from 
the CCP4 package30 and the free Amadoriase II structure



(PDB code: 3DJD) as the search probe, while the second 
(the substrate-bound form) was refined starting from 
our free Amadoriase I structure.

In both cases, model building and refinement were 
carried out using REFMAC531 and PHENIX.32 The 
library for the refinement of the ligand and the cofactor 
portions of the structures was built using the JLigand 
tool in the CCP4 package. Water molecules were added 
both automatically using the phenix_refine tool from the 
PHENIX package and manually from visual inspection of 
the electron density map. All the figures in the article 
were generated using PyMOL (http://www.pymol.org) or 
VMD.33 The refinement of the two structures converged 
to a final R/Rfree 5 13.9/16.9% (free form) and R/

Rfree 5 14.9/18.5% (substrate-bound form).

Classical molecular dynamics simulations

We used our high resolution crystal structures of the 
free and the substrate-bound form of Amadoriase I 
(PDB code: 4WCT and 4XWZ) to carry out extensive 
molecular dynamics (MD) simulations and study the 
enzyme-substrate dynamic interactions, binding free-

energy, tunnel conformations and egress trajectory. The 
analysis of the dynamic interactions of fructosyl-lysine

within the binding pocket was done by means of a 1 ms

molecular dynamics simulation in explicit solvent using

the FLY-bound Amadoriase I crystal structure (PDB

entry: 4XWZ) as the input model. The protein was mod-

elled using the AMBER99SBildn force field34 while the

FAD co-factor and ligand were modelled using the gen-

eral amber force field (GAFF).35 The complex was then

solvated with 14,992 TIP3P water molecules and neutral-

ized with the addition of 37 Cl2 ions and 47 Na1 ions.

The setup resulted in a system of 52,003 atoms in a sim-

ulation box of initial dimensions 82 3 76 3 95 Å3.

The system was minimized and equilibrated using the 
NAMD code36 under constant pressure and temperature 
(NPT) conditions in order to relax the volume of the 
periodic box. The pressure was set to 1 atm and the tem-

perature to 300 K, while using a time step of 2 fs, a non-

bonded cut-off of 9 Å , rigid bonds and particle-mesh 
Ewald long-range electrostatics. During minimization 
and NPT equilibration, the Ca atoms of the protein were 
restrained by a 10 kcal mol 21 Å 22 spring constant to 
prevent protein diffusion. Finally, the production run 
was performed using ACEMD37 on a NVIDIA GeForce 
GT 640 GPU for a total time of 1 ms. A longer time step 
of 4 fs was used thanks to the use of the hydrogen mass 
repartitioning scheme implemented in ACEMD. All other 
parameters (temperature, non-bonded cut-off, and PME) 
were kept the same as in the equilibration phase. In 
order to avoid protein diffusion, an harmonic restraint 
of 1 kcal mol21Å 22 was applied on Ca atoms of the pro-

tein farther than 20 Å from the binding pocket. The sta-
bility of the system was checked by monitoring the 
convergence of the root mean square deviation (r.m.s.d.) 
of the protein. H-bonds between the protein and the 
substrate were calculated using tcl-scripts38,39 in 
VMD33 on a geometric basis (donor-acceptor dis-

tance < 3 Å and donor-hydrogen-acceptor angle < 208).

Tunnel conformation and egress trajectory

We used the CAVER 3.0.140 program to calculate the 
pathway leading from the buried active site to the bulk 
solvent. For the analysis of the geometry of the tunnel 
we used 20 snapshots from the equilibrated production 
MD run. The ligand, ions and water molecules included 
in the MD runs were removed during tunnel calculation. 
The substrate position within the active site as seen in 
our crystal structure was used as the starting point. We 
chose a probe consisting of a sphere with a 1.5 Å radius 
to account for the bulky sugar ring of the ligand.

We compared the results of the tunnel calculation with 
the egress pathway determined using the random acceler-

ation molecular dynamics (RAMD)41 simulation tech-
nique, which has been developed to identify egress routes 
for a ligand from a buried protein binding site. RAMD 
simulations of the complex between Amadoriase I and

Table I
Data Collection and Refinement Statistics of the Free and the

Substrate-Bound Amadoriase I Enzyme Structures

Crystal
Amadoriase I, free

(PBD id: 4WCT)
Amadoriase I, bound

(PBD id: 4XWZ)

Data collection
Space group P212121 P212121

Cell dimensions
a (�) 70.3 70.2
b (�) 83.1 83.2
c (�) 176.8 176.1

Wavelength (�) 1 1
Resolution (�) 48.07–1.67 47.96–1.90
Rsym or Rmerge (%) 7.9 (47.3) 11.7 (73.6)
I/rI 28.94 (4.06) 12.8 (2.6)
Completeness (%) 98.85 (93.01) 99.3 (95.7)
Multiplicity 5.6 7.3

Refinement
Resolution (�) 48.07–1.67 47.96–1.90
No. of reflections 119826 77606
Rwork/Rfree (%) 13.9/16.9 14.9/18.5
No.of atoms:

Protein 7004 6922
Ligand:FAD-FLY 106 (FAD) 106 (FAD)–42 (FLY)
Water 1184 660

Average B-factors (�2):
Protein 15.50 24.22
Ligand 8.90 (FAD) 16.21(FAD)–53.86 (FLY)
Water 29.7 34.83

r.m.s.d
Bond lengths (�) 0.005 0.003
Bond angles (8) 0.984 0.676

Ramachandran:
Most favored(%) 98 96.5
Additional allowed (%) 2 3.5
Disallowed (%) 0 0

http://www.pymol.org


fructosyl-lysine were performed with the NAMD code 
and the RAMD 4.1 tcl script.

We chose 10 starting configurations for the RAMD 
simulations from the production MD run. The maxi-

mum duration of each RAMD simulation was set to 1 
ns; when a ligand exit event was detected, i.e. the dis-

tance between the fructosyl-lysine center of mass and the 
Amadoriase I center of mass exceeded 35 Å , the simula-
tion was halted. The RAMD parameters used were as fol-

lows: acceleration of 0.25 kcal mol21Å 21 amu21, force 
direction re-evaluation every 100 steps and distance 
threshold of 0.4 Å .

Metadynamics calculations

We used well-tempered metadynamics simulations42 
to estimate the free energy profile of ligand exit from the 
Amadoriase I cavity. Calculations were done using the 
PLUMED 1.3 plugin43 together with ACEMD software37 
and run in NVT ensemble at a temperature of 300 K for 
400 ns. We used two separate collective variables (CVs) 
to describe the ligand exit. The first CV was defined as 
the distance between the lysine Ne moiety and the FAD 
N(5) atom (CV1, monitored in the range 2.5–20 Å ), 
accounting for the distance between the ligand and the 
binding pocket. The second CV was defined as the angle 
between the lysine Ne, the C(1) atom of the sugar ring 
and the FAD N(5) atom (CV2, range 08–1808), which 
accounts for the orientation of the ligand with respect to 
FAD. Preliminary tests have shown that because of the 
elongated shape of the ligand, a single CV would not be 
sufficient to properly describe the free energy profile. 
The Gaussian potentials were added every 1000 steps 
(corresponding to a time interval of 4 ps), and had an 
initial height of 0.1 kcal mol21 and a sigma value of 
0.2 nm (CV1) and 7.58 (CV2). The width of the Gaus-
sian functions determines the resolution of the recon-

structed free energy profile. To assess convergence of the 
metadynamics simulations we assessed the proper sam-

pling of both CVs and we calculated the free energy pro-

file as a function of time (every 5 ns). We observed that, 
after 200 ns, the estimates did no longer change over 
time.

Binding free energy calculations

To compute the Amadoriase I-FLY standard (absolute) 
binding free energy, alchemical free energy perturbation 
(FEP) molecular dynamics calculations were performed 
in which the ligand was decoupled from its binding site 
within the protein, as well as from bulk water. The total 
free energy of binding is expressed as the reversible ther-

modynamic work needed for sequentially switching on 
the interaction of the ligand with its surrounding (recep-

tor and solvent) (Fig. 2). The starting coordinates for 
decoupling of the ligand from the bound state in the

Amadoriase I binding site were taken from the corre-

sponding MD simulations of the complex after 1 ms. For

the simulation of FLY decoupling from plain water, the

ligand was solvated in a water box of the same size as

the protein box. The Amber ff99SB force field34 was

used for all the simulations performed with the

NAMD2.9 software36. The binding free energy of the

ligand was calculated using the “double decoupling

method”.44 The coupling k parameter was smoothly var-

ied between 1 (corresponding to a full electrostatics and

van der Waals interactions) and 0 (where no electro-

statics or van der Waals interaction with the force field

are considered) in steps of 0.02 using 50 windows. For-

ward and backward runs were performed in NVT ensem-

ble with 2 fs as time step at reference temperature of

310K. We used 20 ps equilibration runs followed by 40

ps of production runs for each window, which were then

combined using the Simple Overlap Sampling Method45

since the overlap of forward and backward runs provides

information on the convergence of the process, showing

microreversibility of the transformation. In the simula-

tion protocol, in order to control orientational and

translational movements of FLY relative to the binding

site for k approaching 0, restraining harmonic potentials

with a constant k 5 5 kcal mol21 Å22 or k 5 5 kcal

mol21 rad22 were activated using the Colvars module

of NAMD. We imposed translational and rotational

restrictions on the distances between FLY and the nearby

residues (Trp240, Gly370, Asn371) as well as between

FLY and the enzyme cofactor, on the sugar moiety orien-

tation relative to the amino acid part through a dihedral

angle and on the terminal part of the lysine moiety

through an angle COLVAR component. We also included

H-bond COLVAR components between FLY and receptor

residues that form stabilizing interactions in the crystal

structure (Arg418, Glu285, Glu59, Gly371, and Asn372).

Figure 2
Thermodynamic cycle used to calculate the reversible association of
FLY to Amadoriase I. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

http://wileyonlinelibrary.com


The effect of this restrain potential was removed at the

end of the FEP calculations. Theoretically, the total

standard binding free energy is not affected by

restraints.46,47 The total free energy change is expressed

as:48,49

DGbinding5 DG2-DG1ð Þ1DGrest

5 DGannihil; bulk-DGannihil; bound

� �
1DGrest

(1)

DGrest5 DGC; bulk-DGC; bound

� �
1DGr1DGt (2)

where DGannihil; bulk-DGannihil; bound corresponds to the 
interaction free energy difference associated with remov-

ing the ligand from the bulk solution and inserting it in 
the binding site, DGrest corresponds to the free energy 
cost arising from the conformational (c), translational 
(t), and rotational (r) freedom restriction of the ligand 
upon binding.46 The use of these restrictions allows for 
thermodynamic microreversibility as it accounts for the 
loss of entropy that is associated with ligand binding to 
the receptor, where the ligand is expected to be more 
restricted than it is in bulk solvent. This allows faster 
convergence and circumvents the “wandering-ligand” 
issue.48,50–52

Enzymatic activity

Amadoriase I activity was assessed by measuring the 
rate of formation of glucosone from fructosyl-lysine 
using a colorimetric reaction with o-phenylenediamine 
(OPD) and monitoring absorbance at 322 nm, as 
described in previous works.10,11 The reaction was car-
ried out in a solution containing 10 mM sodium phos-

phate buffer pH 7.4, FLY 20 mM, OPD 50 mM. The 
enzyme was added at 60 nM from batches stocked at dif-

ferent temperatures (148C, 2208C and 2808C) in a final 
volume of 1 mL and incubated for up to three hours at 
378C.

We also tested the ability of Amadoriase I to prevent 
the formation of pentosidine crosslink between lysine 
and arginine in the presence of reducing sugars.5,53 The 
glycation of lysine, with arginine, in the presence of 
Amadoriase I was carried out in 10 mM sodium phos-

phate buffer, pH 7.4, using the following conditions: 
lysine 50 mM, arginine 50 mM, ribose 100 mM, Ama-

doriase I 600 nM, or 60 nM in a final buffer volume of 
500 mL. The mixture was incubated at 378C for up to 5 
days, while the glycation reaction was monitored by 
measuring the absorbance at 365 nm.54,55 Ribose was 
chosen as glycating agent owing to its higher reactivity 
compared to glucose.54

RESULTS AND DISCUSSION

Amadoriase enzymes belong to the FAD-binding pro-

tein family of oxidoreductases. Their two-domain archi-

tecture comprises a classic FAD-binding motif formed by

four a-helices packed against two b-sheets, and a cata-

lytic domain formed by an 8-stranded mixed b-sheet

and two long a-helices, one of which is located on top

of the active site. To date, the only known structures

available of this family are the structure of Amadoriase

II,24 both in its free form (PDB code: 3DJD) and in

complex with the inhibitor fructosyl-thyoacetate (FSA)

(PDB code: 3DJE), and the structure of FPOX-E in free

form (PDB code: 4RSL).25 However, the Amadoriase II

in free form could only be partially traced in the electron

density map, thus affording an incomplete structural

model that did not allow some of the most crucial mech-

anistic details of the enzyme to be clarified. In particular,

the structure entirely lacks two crucial loops that, given

their proximity to the catalytic site, may either contribute

to defining its size or allow substrate accessibility to the

active site or be dynamically involved in substrate recog-

nition and binding. On the other hand, FPOX-E has

only been determined in its apo form and is not avail-

able in its ligand-bound configuration. Understandably,

this only partial structural characterization of Amador-

iases has so far negatively impacted on the rational engi-

neering approach to the development of effective

enzymatic tools for protein deglycation.

In this work, we report the complete crystal structure

determination of Amadoriase I from Aspergillus fumiga-

tus in its free form (determined at 1.6 Å resolution) and

in complex with its natural substrate Ne-fructosyl-lysine

(FLY) (determined at 1.9 Å resolution) (Fig. 3). In both

cases, two independent molecules are present in the

asymmetric unit. In both crystals, the two independent

molecules are nearly identical as their main chain atoms

Figure 3
Crystal structure of Amadoriase I in complex with fructosyl-lysine.

The protein (green) is shown as a cartoon model while FLY (purple)
and FAD (grey) are shown as stick models.



superimpose with an r.m.s.d. of 0.223 Å and 0.230 Å,

respectively. Moreover, when the free and the substrate-

bound Amadoriase I structures are superimposed, an

r.m.s.d. of 0.243 Å for main chain atoms can be calcu-

lated, suggesting that, globally, only small conformational

changes are induced in the overall structure upon ligand

binding.

The electron density map of the Amadoriase I-

substrate complex showed clear electron density in the

active site [Fig. 4(A–C)]. However, although this electron

density could be identified as the FLY substrate, the best

model and refinement statistics were obtained by assign-

ing FLY a 0.7 occupancy factor in the crystal. Co-

crystallization of Amadoriase I and its natural substrate

FLY was obtained by incubating the protein sample with

a 300-fold molar excess of FLY in a nitrogen atmosphere

inside a glove box. The sample was subsequently mixed

with the crystallization buffer using the hanging drop

vapor diffusion method, as described in the material and

methods section. All steps of the co-crystallization proce-

dure were carried out in an oxygen-free atmosphere in

order to inhibit or limit enzyme activity. It is conceivable

that the partial ligand occupancy may reflect substrate

turnover resulting from the presence of residual oxygen

during the crystallization and crystal manipulation steps.

In the active site of the enzyme, FLY forms a stabiliz-

ing network of hydrogen bonds, as shown in Figure

4(D). The sugar unit is stabilized by two hydrogen bonds

with the side-chain of Arg418 (2.92 and 3.01 Å), and

two hydrogen bonds with the side-chain of Glu285 (2.69

and 2.76 Å). The lysine moiety of the FLY ligand forms a

hydrogen bond between its NH1
3 group and the carbonyl

oxygen of Glu59 (2.99 Å), a second hydrogen bond

between one of the oxygen atoms of its carboxy group

and the amide nitrogen of Asn372 (2.73 Å) and a third

hydrogen bond between the Ne atom of lysine and the

carbonyl oxygen of Gly371 (3.13 Å). The importance of

these contacts is confirmed by mutagenesis experiments

that are available in the literature. The work of Collard

and co-workers24 on Amadoriase II showed that the

mutation of either Glu285 or Arg418 (that is, their

homologous in Amadoriase I) leads to a totally inactive

enzyme. A further clear evidence of the importance of

these two residues is that they are invariably conserved

in all Amadoriases (Fig. 5). Similarly, Miura and co-

workers showed that the mutation of the conserved

Gly371 residue (i.e, its homologous in N1-1 FAOD) leads

to an inactive enzyme.65 Conversely, Glu59 and Asn372

residues are not conserved among the different Amador-

iases (Fig. 5) and have been shown to tune the selectivity

of the enzymes toward different glycated amino acids.

Miura and co-workers59,63 performed mutagenesis

experiments on N1-1 FAOD in these two positions,

showing that the double mutant His51Lys/Asn354His has

greater selectivity for f-Val then for f-Lys, a favorable fea-

ture for the detection of glycated hemoglobin.

Further complex stabilization is provided by the FLY

second carboxy oxygen, which makes a water mediated

Figure 4
Structure of the Amadoriase I catalytic pocket. Comparison of the 2Fo-Fc map in the active site of the enzyme in the apo (A) and in the

substrate-bound (B) structures. Both maps are contoured at the 0.8 r-level. C: Superposition of the FLY structure on the Fo-Fc OMIT map of the

active site, contoured at the 3 r-level. D: Interactions of the catalytic residues with FLY in the ligand-bound crystal structure of Amadoriase I. E:
FLY configuration clusters observed during MD calculations. [Color figure can be viewed in the online issue, which is available at wileyonline

library.com.]

http://wileyonlinelibrary.com
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contact with the carbonyl oxygen of Glu59. Lysine Ne

forms both a direct hydrogen bond with the carbonyl

oxygen of Gly371, and a water-mediated hydrogen bond

with the same residue [Fig. 4(D)]. This water molecule

forms an extensive network of hydrogen bonds with the

surrounding residues and is not present in the free struc-

ture; this is suggestive of a catalytic role for this water

molecule in the hydrolysis of the substrate. Complex sta-

bilization energy is provided also by van der Waals con-

tacts between the sugar ring and both the side-chain of

Trp241 and FAD. Moreover, the alkyl chain of FLY forms

several hydrophobic contacts with the surrounding resi-

dues (Ile57, Met375, Phe101 and Phe263) and with FAD,

despite showing slightly different conformations in the

two substrate-bound Amadoriase I monomers that are

present in the asymmetric unit. The lysine moiety of the

ligand is in fact rather flexible. This is highlighted by the

observed high B-factors of the lysine tail in the crystal

structure. The ligand flexibility is also confirmed by the

microsecond-long molecular dynamics simulation (see

MD trajectory in the Supplementary Informations). The

trajectory analysis confirms the multiple direct hydrogen

bonds between the protein and the ligand, where the

most persistent bonds are those involving two hydroxyl

groups of the sugar ring, which form hydrogen bonding

interactions with Glu285 for 50.8% and 70.9% of the 1

ms time-course simulation, respectively. Further stabiliz-

ing hydrogen bonds are formed between the third

hydroxyl group of the sugar ring and Arg418 (17.0%),

the lysine Ne and Gly371 (14.4%), the FLY NH1
3 group

and Glu59 (30.0%) and the FLY COO- group and

Asn371 (7.9%). The strong interaction of the sugar ring

with the protein and, conversely, the high flexibility of

the FLY tail are confirmed by the analysis of the FLY

conformation during the MD run. The clustering of the

10’000 frames obtained during the MD simulation results

in five different conformational clusters, which differ

almost exclusively for the configuration of the FLY tail

[Fig. 4(E)].

While in the free form of Amadoriase I the Asn372

residue is disordered, its conformation is stabilized upon

binding to the carboxy terminal of FLY in the substrate-

bound Amadoriase I structure, suggesting a substrate rec-

ognition role for this residue.

Figure 5
Structure-based sequence alignment of Aspergillus fumigatus Ama-

doriase I with the other known FAOX enzymes. The secondary struc-
ture of Amadoriase I enzyme is presented in the first line. Residues are

coloured based on their conservation: red box with white characters
means strict identity, red characters indicate similarity among residues

involved. The alignment is performed with Clustal Omega software56

and presented using Esprit 3.0 software57. The sequences used for the
alignment are: FPOX-E from E.terrenum ATCC 1854758, PnFPOX from

Phaeosphaeria nodorum SN1559, FPOX-C from Coniochaeta sp NISL
933060, FAOD-P from Penicillum janthinelum AKU 341361, FAOD-U

from Ulocladium sp. JS-10362, FAOD-Pi from Pinchia sp. N1-163,
FAOD-Ao1 and FAOD-Ao2 from A. oryzae61, Amadoriase II and Ama-

doriase I from A. fumigatus21, FAOD_F form Fusarium oxysporum64.

[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Tunnel conformation, egress trajectory, and 
free energy profile

The tunnels connecting the active site of Amadoriase I 
with bulk solvent were analysed with the CAVER 3.0.1 
plugin40 of PyMol.44 The results show that there is a 
single possible tunnel for ligand entry, featuring a bottle-

neck of �2.8 Å and a distance of �18 Å from FAD sur-
face to bulk water. The exit of the tunnel is defined by 
two loops (residues 349–351 and 416–420) and two 
alpha-helices (residues 108–121 and 67–88) (Fig. 6). 
These results are confirmed by the egress trajectory, as 
calculated from RAMD simulations. In all different trials, 
starting from different frames extracted from the equili-

bration run, the ligand leaves the binding pocket from 
the tunnel identified by CAVER. Furthermore, the 
RAMD trajectory allows for the identification of the 
internal available volume, which is rather large, roughly 
“L-shaped” and is connected to the bulk solvent by a 
much narrower tunnel.

The energetics of the Amadoriase I tunnel from bulk 
water to the binding cavity was explored using metady-

namics simulations,42,43 in which the molecular dynam-
ics run is biased by a history-dependent potential 
defined as the sum of Gaussian functions in the CV 
space. In our study, we monitored the free energy as a 
function of the distance and orientation between the FLY 
ligand and FAD [Fig. 7(A)]. The free energy surface 
shows that the free energy minimum corresponds to the 
crystallographic position, where the FLY-FAD distance is

�3.5 Å and the angle between FLY and FAD is �608

[Fig. 7(B)]. The ligand’s approach to the cavity occurs

through a narrow passage (corresponding to FLY-FAD

distances in the 4 to 10 Å range) in which the FLY orien-

tation is restrained, assuming angle values linearly

decreasing from 1508 to 608 while approaching the cata-

lytic position. For FLY-FAD distances between 10 and 14

Å, the enzyme presents a larger cavity in which reorien-

tation of the ligand is possible without a steep increase

in the energy. The gate to the tunnel entrance is posi-

tioned at a FLY-FAD range distance of 16–18 Å. The

entrance of the ligand is possible in two different orien-

tations. In the “head first” conformation, the ligand

enters with the sugar ring first, assuming an angle of

1118 with respect to FAD. On the other hand, in the “tail

first” conformation, the lysine chain enters the tunnel

before the ring, thus assuming an angle of 508 with

respect to FAD. In this latter case, the reorientation of

the ligand occurs within the larger inner cavity, before

reaching the narrow tunnel leading to the catalytic site.

These results confirm the role of the gating loops in

restraining access to the tunnel.

The total binding free energy of Amadoriase I with its

natural substrate, FLY, was evaluated using alchemical

free energy simulations. Our results showed a total bind-

ing free energy of 28.4 6 2.0 kcal/mol with an average

net free energy during annihilation transformation for

free and bound ligand of 224.8 kcal/mol and 22.28

kcal/mol respectively, and a total restrain potentials

Figure 6
Volume explored during RAMD simulations (shown in blue). In the inset, tunnel conformation calculated by CAVER. The sections shown in red

highlight the gating loop and helices. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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contribution of 14.1 kcal/mol. This estimation is in good 
agreement with metadynamics results, where the global 
energetic minimum is � 28 kcal/mol with respect to 
bulk water.

Enzymatic assays

A complete characterization of the Amadoriase I 
kinetic parameters and binding affinity for different sub-

strates has been already described in previous 
works.10,21,24,66–68 Here, we provide evidence of cata-
lytic activity of the purified enzyme used for structure 
determination. The enzymatic activity of Amadoriase I 
was measured by recording the amount of glucosone 
released from the fructosyl-lysine in the course of the 
deglycation reaction [Fig. 8(A)]. Figure 8(B) reports glu-

cosone release in the presence of Amadoriase I showing a 
significant increase in absorbance at 365 nm during the 
60-min monitoring time, proving that the deglycating 
enzyme is active. Moreover, the data show that storage 
conditions (4, 220 and 2808C) do not influence signifi-

cantly the enzyme activity toward the glycated substrate.

We tested the ability of Amadoriase I to prevent the 
formation of stable cross-linking AGEs (pentosidine) 
between lysine and arginine. The results [Fig. 8(C)] show 
that the presence of ribose induces a marked increase in 
absorbance, which is associated with the increase of gen-

eral AGEs, the pentosidine crosslink in particular. Con-

versely, the presence of Amadoriase I strongly reduces 
the formation of glycation products, since there is no 
significant difference in the absorbance levels between 
the control samples and the samples including the reduc-

ing sugar and Amadoriase I.

Comparison of Amadoriase I and
other FAOX enzymes

A sequence alignment of Amadoriase I and the other 
known FAOX enzymes is shown in Figure 5, displaying a 
high level of identity and homology among the different 
members of this family. A structure superposition of 
Amadoriase I with the available structures of Amadoriase 
II (free and bound form) and FPOX-E (free form) is 
shown in Figure 9(A). Globally, despite the fact that the 
three enzymes belong to different groups of FAOX, their 
overall folding architecture is highly conserved. The 
major differences between them reside in the conforma-

tion of the loops (residues 59–70 and 121–126) that are 
close to the amino acid moiety of the ligand [Fig. 
9(B,D)].

In the FAD-binding domain of Amadoriase I, the 
cofactor is in the same extended conformation found in 
both the free and the inhibitor-bound structures of Ama-

doriase II as well as in the free structure of FPOX-E, 
forming stabilizing interactions with a number of con-

served residues. FAD is bound to almost the same resi-

dues in Amadoriase I and Amadoriase II or FPOX-E, 
and its conformation and orientation are maintained in 
all available crystal structures. Residues Thr19, Trp20, 
Asp40, Ala50, Val192, and Gly373 in Amadoriase I are all 
involved in FAD binding, as are their conserved counter-

parts in Amadoriase II (Thr16, Trp17, Asp37, Ala47, 
Val187 and Gly366, respectively) and their partly con-

served homologues in FPOX-E. Interestingly, Gly373, like 
its Amadoriase II conserved counterpart Gly366, makes 
both an H-bonding interaction with a FAD hydroxyl 
group and an H-bond with the N atom of the Trp20 
side-chain through its carbonyl group. This highlights

Figure 7
Metadynamics simulations. A: The collective variables chosen for metadynamics simulations. The first CV (FLY-FAD distance) is the distance

between the FLY Ne atom and the FAD N(5) atom, whereas the second CV (FLY-FAD angle) is defined as the angle between the lysine Ne atom,
the sugar ring C(1) atom and the FAD N(5) atom. B: Free energy surface as a function of the two collective variables. The free energy minimum,

corresponding to the catalytic position, is found for a FAD-FLY distance of �3.5 Å and for an angle between FLY and FAD of �608. The entrance
of the tunnel is located at a distance of �18 Å. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the important structural role played by the conserved

Gly373 residue.

Unlike the free form of Amadoriase II, the entire elec-

tron density map of the apo-Amadoriase I structure

reported herein could be completely and unambiguously

assigned in all its parts, including the two long loop por-

tions [residues 59–70 and 121–126, respectively, Fig.

9(B,D)] near the active site that are not visible in the

apo-Amadoriase II structure and that provide close stabi-

lizing contacts with FSA in the inhibited form of Ama-

doriase II [Fig. 9(A)]. By comparison with the FSA-

inhibited form of Amadoriase II and the free form of

FPOX-E, the conformation of the 59–70 loop of Ama-

doriase I helps to form a much larger active site than in

the other two Amadoriases by extending itself toward the

bulk water rather than toward the core [Fig. 9(B)], thus

allowing for the insertion of a bulkier substrate. In fact,

in both the free and the substrate-bound forms of Ama-

doriase I, residues His60 within the loop and Thr79

within the adjacent alpha helix form a stabilizing hydro-

gen bonding interaction that holds the loop in its

observed conformation, projected away from the catalytic

site, while in the FSA-bound Amadoriase II structure the

corresponding amino acids, Ser57 and Ala74, do not

form any contacts with each other, thus leaving the two

loops free to fold toward the active site upon substrate

binding and contribute to ligand stabilization. Likewise,

in Amadoriase I, an hydrogen bond between Glu62 and

Glu123 and one between Lys64 and Glu120 also help to

keep the two loops in the observed relative conforma-

tion. In the inhibited form of Amadoriase II, the lack of

stabilizing hydrogen bonds between the two loops, which

could not be determined in the apo form, suggest a high

degree of flexibility in these two portions of the protein.

In other words, the 59–70 loop in Amadoriase I main-

tain the same conformation in the free and in the

substrate-bound structures and, unlike the corresponding

loops in Amadoriase II, it does not fold inwards to help

stabilize the substrate in the active site. The tight regula-

tion of the conformation of this loop appears to be a

structural determinant of the size of the catalytic site.

Interestingly, at the end of the 59–70 loop in Amadoriase

I residue Pro70 makes the following a-helix one turn

shorter than in Amadoriase II, in which the correspond-

ing residue is an isoleucine. Similarly, Pro121 at the end

of the 121–126 loop shortens the following a-helix with

respect to the same secondary structure element of Ama-

doriase II.

The three residues in Amadoriase II that are known to

bind the sugar moiety of the substrate (Glu280, Gly364,

Figure 8
Enzymatic assays. A: Schematic of the reaction catalyzed by Amadoriase I: the oxidation of fructosysl-lysine produces a free amine, glucosone and
hydrogen peroxide. B: Enzyme activity was evaluated over time with a colorimetric reaction measuring glucosone release as product of the enzy-

matic reaction of Amadoriase I with its natural substrate fructosyl-lysine. Glucosone formation was monitored by OPD assay at 322 nm. The rate
of glucosone production is independent from the stocking temperature of the enzyme. C: Enzyme glycation prevention ability is measured in terms

of ribose-mediated glycation of lysine and arginine in the presence/absence of Amadoriase I by monitoring absorbance at 365 nm. The presence of

Amadoriase I clearly results in a negligible glycation rate, as shown by the comparable absorbance levels and by the lack of absorbance increase
over time relative to the controls (pure amino acids). A significant difference (*** p< 0.01, Kruskal Wallis test with 15 repetitions for sample) can

be observed between glycation in the absence (black) and in the presence (grey) of Amadoriase I. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Arg411) are completely conserved in all Amadoriases

(Fig. 5) and they assume a very similar conformation in

all available structures [Fig. 9(F)], suggesting that the

catalytic mechanism is similar across this class of

enzymes. The major difference between the three struc-

tures is the size of the active site, which is related to the

different conformation of the 59–70 loop, and the resi-

dues binding the amino acid moiety of the ligand, which

affect the specificity of each FAOX. A number of residues

that are found in the vicinity of the active site are likely

to be involved in substrate recognition. Residue Ile57 in

Amadoriase I corresponds to Val54 in Amadoriase II. It

is possible that the slightly longer side-chain facilitates

hydrophobic contacts with the long side-chain of the

fructosyl-lysine when the substrate is bound to the active

site in the same orientation as the fructosyl-glycine sub-

strate in Amadoriase II, thus holding it straight. Residue

Met375 in Amadoriase I replaces residue Lys368 in Ama-

doriase II. While in Amadoriase II Lys368 forms an

hydrogen bond between its side-chain amino group and

the carboxy group of FSA, in Amadoriase I Met375 con-

tributes to the stabilization of the long side-chain of the

substrate by means of hydrophobic contacts.

Interestingly, in the structure of Amadoriase II, Tyr60

belongs to the loop whose structure could be only deter-

mined in the inhibited form of the enzyme, where the

loop is folded toward the active site and coordinates the

FSA inhibitor. In that structure, Tyr60 binds directly the

substrate and it also forms an hydrogen bond with a

water molecule that contacts the sulphur atom of the

FSA inhibitor. Conversely, in Amadoriase I there is

clearly no contribution to the stabilization and process-

ing of the substrate from residues in the loops. However

a water molecule is observed in the same position also in

Figure 9
Structural comparison of Amadoriase I (green), Amadoriase II (purple), and FPOX-E (yellow). A: Superimposition of the ligand-bound crystal

structures of Amadoriase I, Amadoriase II, and FPOX-E. The dashed red circle highlights the different arrangement of loop 59–70 (Amadoriase I
numbering), detailed in panel B. While in Amadoriase II and FPOX-E this loop is directed toward the core of the protein, in Amadoriase I the

loop is projected outward and is exposed to the solvent, thus contributing to the formation of a larger catalytic cavity. The dotted red circle high-
lights the different arrangement of loops 121–126 (Amadoriase I numbering) and surrounding regions, detailed in panel D. Panel (C–E) show the

clear and well-defined electron density map for the two loops in the Amadoriase I structures reported here. (F) Superimposition of Amadoriase I

(green), Amadoriase II (purple) and FPOX-E active site (full red line in panel A), showing the side chains of residues surrounding the ligand/inhib-
itor (FLY in pink, FSA in orange). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Amadoriase I, albeit stabilized by Gly371 [Fig. 4(D)]. 
Hence, the comparison between the ligand-bound forms 
of Amadoriase I and Amadoriase II suggests a catalytic 
role for this water molecule.

CONCLUSIONS

In conclusion, the high resolution crystal structures of 
the free and the substrate-bound forms of Amadoriase I 
shown here allow for a clear identification of the sub-

strate recognition residues of the enzyme and provide a 
complete description of the architecture of its active site, 
including the crucial loops that remained elusive in the 
crystal structure of the free form of the related Amador-

iase II enzyme. Comparison with the previously deter-

mined crystal structure of the FSA-inhibited form of 
Amadoriase II allows for the elucidation of the substrate 
recognition process in these two homologous enzymes 
and the molecular bases of their specificity. This paves 
the way to future enzyme engineering studies aimed at 
developing protein deglycation tools that can positively 
reverse cellular aging processes as well as diabetes-related 
alterations in all human tissues. In fact, by means of a 
combined mutagenesis and structure assessment 
approach, an engineered Amadoriase-like enzyme that 
can efficiently recognize and process larger substrates 
such as glycosylated amino acids within proteins can 
likely be designed and utilized therapeutically to prevent 
or reverse AGEs accumulation in aging tissues. Moreover, 
precise structural date can favor the development of 
novel Amadoriases with enhances selectivity for f-Val, to 
be used as diagnostic tools for monitoring diabetes.
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