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MOLECULAR DYNAMICS SIMULATIONS PROVIDE INSIGHTS INTO STRUCTURE
AND FUNCTION OF AMADORIASE ENZYMES*

Background. Enzymatic assays based on Fructosyl Amino Acid Oxidases (FAOX) represent a potential, rapid and
economical strategy to measure glycated hemoglobin (HbAlc), which is in turn a reliable method to monitor the in-
surgence and the development of diabetes mellitus. However, the engineering of naturally occurring FAOX to specifi-
cally recognize fructosyl-valine (the glycated N-terminal residue of HbAlc) has been hindered by the paucity of in-
formation on the tridimensional structures and catalytic residues of the different FAOX that exist in nature, and in
general on the molecular mechanisms that regulate specificity in this class of enzymes.

Objective. In this study, we use molecular dynamics simulations and advanced modeling techniques to investigate five
different relevant wild-type FAOX (Amadoriase I, Amadoriase 1I, PnFPOX, FPOX-E and N1-1-FAOD) in order to
elucidate the molecular mechanisms that drive their specificity towards polar and nonpolar substrates. Specifically, we
compare these five different FAOX in terms of overall folding, ligand entry tunnel, ligand binding residues and ligand
binding energies.

Methods. We used a combination of homology modeling and molecular dynamics simulations to provide insights into
the structural difference between the five enzymes of the FAOX family.

Results. We first predicted the structure of the N1-1-FAOD and PnFPOX enzymes using homology modelling. Then,
we used these models and the experimental crystal structures of Amadoriase I, Amadoriase Il and FPOX-E to run
extensive molecular dynamics simulations in order to compare the structures of these FAOX enzymes and assess their
relevant interactions with two relevant ligands, f-val and f-lys.

Conclusions. Our work will contribute to future enzyme structure modifications aimed at the rational design of novel
biosensors for the monitoring of blood glucose levels.

Keywords: fructosyl amino acid oxidase; amadoriases; deglycating enzymes; molecular dynamics simulation; enzyme

specificity; binding interactions; HbAlc monitoring; diabetes monitoring; glycated haemoglobin.

Introduction

The glycated form of haemoglobin (HbAlc) is
of particular interest for the diagnosis and the moni-
toring of diabetes. The hyperglycemia associated with
diabetes results in the non-enzymatic glycation of
blood proteins, including haemoglobin (which has
a half-life of 120 days) and albumin (half-life of
20 days). For this reason, the measurement of the le-
vels of glycated haemoglobin in the blood is a very
powerful method for monitoring the insurgence and
the development of diabetes [1]. Indeed, while direct
measurement of the blood sugar level is affected by
daily fluctuations, the long lifetime of haemoglobin
combined with the slow, yet irreversible, glycation
process makes the detection of HbAlc a good indi-
cator of the average blood glucose concentration
over a period of 2—3 months. For this reason, in 2010
the American Diabetes Association designated the le-
vel of HbAlc as a powerful indicator for the diag-
nosis of diabetes.
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Since the assessment of glycated haemoglobin
is becoming an indispensable part of diabetes diag-
nosis and control, the HbAlc test demands robust-
ness, high-throughput capacity and cost effectiveness.
As a result, several systems have been developed that
are used in the clinics to measure HbAlc [2]. Most
methods rely on the separation of HbAlc from non-
glycated haemoglobin based on the different chemi-
cal properties of these two species. These methods in-
clude ion exchange chromatography (based on the
different isoelectric point), affinity chromatography
(based on the different affinity for boronic acid) and
capillary electrophoresis (based on the different char-
ge). While meeting the requirement for quality and
robustness, these methods are based on relatively com-
plex and expensive techniques that require the in-
tervention of specialized staff and thus fall short for
cost-effectiveness and simple delivery at a point-of-
care. An alternative method for HbAlc detection ex-
ploits the deglycating properties of Amadoriase en-
zymes, also called Fructosyl Amino Acid Oxidase
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(FAOD) or Fructosyl Peptide Oxidase (FAOX) enzy-
mes. These enzymes, which react with glycated ami-
no acids and release free amino acid, glucosone and
hydrogen peroxide, can be included in a fast, easy-
to-use and cost-effective HbAlc monitoring kit [3].

Such enzyme-based diabetes monitoring systems
have been recently proposed [3] and commercialized
(e.g., Direct Enzymatic HbAlc Assay™, Diazyme La-
boratories). The system is based on a first proteoly-
tic digestion step that releases amino acids, including
glycated valines from the N-terminus of glycated hae-
moglobin. Subsequently, Amadoriase enzymes degly-
cate valines and produce hydrogen peroxide which,
in turn, is measured using horseradish peroxidase and
a suitable chromophore. Compared to chromatogra-
phy- and electrophoresis-based sensing methods, en-
zymatic assays have the advantage of being simple
and less expensive, thus doable at a point-of-care.
However, a major drawback of these sensors is that
wild-type Amadoriases are unspecific for valines,
since they also cleave glycated lysines that are pre-
sent on haemoglobin, which therefore interfere with
the measurement of HbAlc.

In earlier works [4—6], the Sode group has ad-
dressed this issue by performing extensive mutage-
nesis experiments on the N1-1-FAOD from Pichia
marine yeast, especially at those sites that are puta-
tively involved in ligand binding (e.g., His51 and
Asn374). As a result, they managed to provide the en-
zyme with improved selectivity for fructosyl valine
over fructosyl lysine, a favorable feature for the de-
tection of HbAlc. More recent mutagenesis experi-
ments [7, 8] were also done by the same group on
the fructosyl peptide oxidase from Phaeospheria no-
dorum (PnFPOX). Other Amadoriases that are regar-
ded as promising enzymes for HbAlc sensing include
Amadoriase I [9, 10] and Amadoriase 11 [11, 12] from
Aspergillus fumigatus.

These works highlight the need for a precise
knowledge of the overall folding architecture, active
site conformation and enzyme-substrate interaction
details of the different FAOX family members. The
lack of such crucial pieces of information has so
far been one of the major limiting factors for the
development of Amadoriase-like enzymes with im-
proved sensitivity for fructosyl valine and thus use-
ful for diabetes sensing. This limit has been overcome
in part by the successful determination of the free
and the inhibitor-bound crystal structures of Amado-
riase 11 from Aspergillus fumigatus [13], by the more
recent crystal structure determination of the free fruc-
tosyl peptide oxidase from FEupenicillium terrenum
(also known as FPOX-E or EtFPOD) [14] and, la-
tely, by the crystal structure of the free and the sub-
strate-bound form of Amadoriase I from Aspergillus

Sfumigatus [15]. On the other hand, molecular dyna-
mics (MD) simulations can provide key structural
information at the atomistic level on biomolecules
[16—19] and biomaterials [20—23] when experimental
characterization proves to be difficult or impossible.

Problem Statement

In this work, we use MD simulations to provide
a detailed analysis of the folding, binding pocket con-
formation and enzyme-substrate dynamic interaction
of the five most relevant Amadoriase enzymes for
HbAlc sensing (i.e., Amadoriase I, Amadoriase II,
FPOX-E, N1-1-FAOD and PnFPOX) in complex
with fructosyl-lysine (f-lys) and fructosyl-valine (f-val).
This analysis will likely facilitate the development
of novel Amadoriase mutants with enhanced selecti-
vity for f-val, thus possibly improving the efficiency
of enzyme-based HbAlc sensing systems.

Results and discussion

Enzyme structures and sequence comparisons.
In this work we investigate the fold of five relevant
Fructosyl Amino Acid Oxidases and their binding in-
teraction with two substrates, fructosyl-lysine and fruc-
tosyl-valine. These two ligands are particularly relevant
because f-lys is the preferred ligand by most FAOX,
whereas f-val is of well-known technological impor-
tance due to its use to estimate the amount of glycated
haemoglobin in blood glucose monitoring tests.

The crystal structures of three of the five en-
zymes (namely Amadoriase I, Amadoriase II and
FPOX-E) are available and were used as the starting
point for MD simulations. For the other two enzymes
(N1-1-FAOD and PnFPOX), we determined the pu-
tative lowest energy structure by homology modelling
using the most closely related enzymes as templates.
A phylogenetic analysis showed that PnFPOX is the
most closely related to FPOX-E, while N1-1-FAOD
is only marginally similar to any other FAOX (Fig. 1).

Amadoriase 1
FAOD-F
Amadoriase 11
—‘__ FAOD-Ao2
NI1-1-FAOD
PnFPOX

SIS

L{— FPOX-C

Fig. 1. Phylogenetic tree. Phylogenetic tree of fructosyl amino
acid oxidase enzymes generated using the Clustal Omega
program with the neighbor-joining algorithm [27—29]
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Fig. 2. Sequence alignment. Structure-based sequence alignment of the five selected FAOD enzymes. Amadoriase | and Amadoriase 11
sequences from Aspergillus Fumigatus [30—32], PnFPOX from Phaeospheria nodorum [33], and N1-1-FAOD from Pichia spe-
cies N11 [4, 7] were aligned using ClustalW 1.82 [34—36] and colored using ESPript 3.0 [37]. White in a red box shows strict
identity, while red in a white box indicate similarity. Three residues are conserved at the catalytic positions: E285, G371 and

R418 (Amadoriase I numbering)

Sequence alignment (Fig. 2) and identity matrix gand corresponding to E285, G371 and R418 in

(Table 1) analysis show that all the sequences have a  Amadoriase I [15], are totally conserved.

high level of strict identity. In particular, the residues Based on the phylogenetic tree, identity matrix
that are known to bind the sugar moiety of the li- and sequence alignment, we chose the crystal struc-
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Table 1. Strict identity matrix. PnFPOX shows a high degree of identity (expressed in %) with FPOX-E, whose structure is
used as a template to build the PnFPOX structural model. Conversely, there is not an equivalent template for N1-1-FAOD,
which shows less than 41 % sequence identity with all the other available FAOXs structures

Enzyme Amadoriase 1 Amadoriase 11 N1-1-FAOD PnFPOX FPOX-E
Amadoriase I - S1.15 40.91 33.49 32.46
Amadoriase 11 51.15 - 40.67 35.18 34.38
N1-1-FAOD 40.91 40.67 - 33.33 34.24

PnFPOX 33.49 35.18 33.33 - 72.45

FPOX-E 32.46 34.38 34.24 72.45 =

ture of FPOX-E as template structure for the homo-
logy modelling of PnFPOX. For N1-1-FAOD we
used a combined template based on the crystal struc-
ture of Amadoriase 1 for the general overall fold (re-
sidues from 1 to 49 and from 150 to 427), the crys-
tal structure of Amadoriase 11 for the region ranging
from residue 50 to residue 88, and the crystal struc-
ture of FPOX-E for the solvent exposed portion com-
prised between residues 89 and 149 (N1-1-FAOD
numbering). We performed the structural alignment
of the five structures and we colored the models thus
obtained according to their structural homology and

Amadoriase 1

conservation (Fig. 3, a). As expected, all the five en-
zymes share a common global fold. In particular, they
show the typical Rossmann fold in the flavin binding
region, where the three residues (E285, G371 and
R418) that interact with the sugar moiety of the li-
gands are totally conserved.

Overall, the main differences among the five
enzymes are in the loop regions between amino acids
405 to 420 and 55 to 70 (numbering from Amado-
riase I). Interestingly, these regions define the tunnel
entry from the bulk solvent to the catalytic pocket
and they interact with the (variable) amino acid mo-

Amadoriase 11

Fig. 3. FAOX structures. Superimposition of five wildtype enzyme structures colored by conserved regions (a). Blue, white and red
indicate high, medium and low structure conservation regions, respectively. The remaining panels (b—f) show the overall folding
and tunnel of the five FAOX. The main tunnel (shown in blue) is of similar length in all FAOX enzymes (14 A)
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iety of the ligand. In particular, the loop 55—70 can
assume three different conformations: it is in fact
projected outwards towards the bulk solvent in Ama-
doriase I, projected inwards towards the catalytic ca-
vity in Amadoriase IT and N1-1-FAOD, or it can be
much shorter than in these two cases, as observed in
PnFPOX and FPOX-E.

Cavity volume estimation and tunnel conforma-
tion. We estimated the size of the cavity of the dif-
ferent enzymes by assessing the average number of
water molecules that can occupy the tunnel and the
binding cavity during the MD simulations. As shown
in Table 2, Amadoriase I features a much wider ca-
vity than all the other FAOX. The main reason is
that the 55—70 loop of Amadoriase I is folded out-
wards towards the bulk solvent and not inwards to-
wards the core of the enzyme. This conformation of
the loop contributes to the larger cavity of Amado-
riase I compared to the other enzymes. As descrybed
above, the corresponding loop in the other enzymes
either folds inwards or, in the case of FPOX-E, is
considerably shorter. Accordingly, N1-1-FAOD and
PnFPOX feature the smallest cavities.

In all of the enzymes, the cavity is buried in-
side the protein structure; in particular, all five enzy-
mes show a similar primary tunnel (see Fig. 3, b—f)
of comparable length, ranging from 11.3 A (Ama-
doriase II) to 18.8 A (N1-1-FAOD), and a compa-
rable bottleneck radius (1.33—1.85 A), as reported
in Table 2.

While Amadoriase I shows only a single tunnel,
the other enzymes show also a secondary tunnel.
However, in both FPOX-E and PnFPOX the secon-
dary tunnel is rather similar to the primary one, with
which it shares the tunnel entry. Interestingly, the

second tunnel for PnFPOX is present in only 10 %
of the analyzed frames. Conversely, Amadoriase 11
shows a rather different secondary tunnel (green in
Fig. 3, ¢), which is defined by two loop regions that
move considerably during the molecular dynamics
simulation. Another region that affects tunnel dimen-
sions and exit path is the loop 405—420 (numbering
of Amadoriase I). This region creates a wide bend
towards the main tunnel of the enzymes, thus contri-
buting to defining its entry and, in the case of N1-
1-FAOD, producing an alternative path to reach the
catalytic pocket (Fig. 3, e).

In Table 3 we list, categorized by their chemi-
cal nature, all those residues that contribute to tunnel
lining in at least 50 % of the analyzed frames. Ama-
doriase I shows the most hydrophobic tunnel, N1-1-
FAOD also presents a high number of tunnel-lining
hydrophobic residues. Conversely, both FPOX-E and
PnFPOX show a high percentage of charged residues
facing the tunnel walls. Finally, Amadoriase II shows
a mixture of charged and nonpolar residues along
the tunnel. We hypothesize that the tunnel-lining re-
sidue type could play a role in enzyme affinity for
polar or nonpolar substrates. Hydrophobic tunnels
(like the one observed for Amadoriase I) could pre-
vent polar ligands to strongly bind within the tun-
nel along their entry trajectory towards the binding
sites, thus favoring the enzyme selectivity for polar
substrates (e.g., f-lys). On the other hand, for those
enzymes that are mostly active on nonpolar sub-
strates (i.e. PnFPOX and FPOX-E) the high num-
ber of charged residues along the tunnel could
guide the ligand towards the catalytic pocket and
prevent them from remaining stuck in the tunnel.

Table 2. Cavity and tunnels. Cavity size is measured as the average number of water molecules that can be accommodated within

the cavity. We report the main features for each tunnel (id 1 and 2, where suitable) in terms of average and maximum radius

of the tunnels’ bottleneck, average length of the tunnels and their curvatures

Enzyme Cavity size | 1d Average Maximum Average Average Curvature
Y y Bottleneck [A] | Bottleneck [A] | Length [A] [A]
Amadoriase I 1702 £ 52 | 1 1.83 £ 0.17 2.27 15.73 £ 1.63 1.22 £ 0.06
. 1 1.83 £0.17 2.04 11.30 £ 1.13 1.24 £ 0.06
Amadoriase II 111.2 £ 5.3
2 1.56 £ 0.03 1.59 22.16 £ 1.24 1.24 £ 0.05
1 1.66 £ 0.22 2.25 12.92 + 3.29 1.26 £+ 0.07
FPOX-E 104.4 £ 2.9
2 1.61 £0.21 2.15 17.95 £ 4.9 1.54 £ 0.22
1 1.45 £0.12 1.82 18.88 = 1.50 1.35 £ 0.10
N1-1-FAOD 732 £ 4.1
2 1.48 £0.12 1.63 19.27 £ 14 1.21 £0.05
1 1.33 £ 0.01 1.34 13.99 + 0.48 1.16 £ 0.03
PnFPOX 77 £ 2
2 1.64 £ 0.22 2.13 19.49 £+ 1.75 1.37 £ 0.13
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Table 3. Tunnel-lining residue types (expressed in %). All the residues that are found within 3.2 A from the tunnel borders for
at least 25 ns are reported, classified by chemical nature (Charged: R, K, E, D, H. Polar: S, T, N, Q. Hydrophobic: A, V, I, L,
M, F, W, Y. Special: C, G, P). For FPOX-E and PnFPOX, results are mediated for the two tunnels because of their similar
pathway and identical exit gates. For N1-1-FAOD and Amadoriase 11 only the results for the principal tunnel are reported

Residue Type Amadoriase 1 Amadoriase 11 FP%—E N-1-1 FAOD PnE)X
Charged 3 39 () 28 Ca)
Polar 14 11 9 4 18
Hydrophobic (s0) 39 25 () 2
Special 5 11 21 20 19

Molecular dynamics simulations of enzyme-
ligand complexes. To study the molecular bases of
ligand recognition of the different FAOX enzymes
for different substrates, we ran 200 ns molecular dy-
namics simulations for each of the five enzymes in
complex with either f-lys or f-val, for a total of ten
enzyme-substrate complexes. The simulation time that
the ligands spend in the catalytic pocket and the
conformational stability of the ligands in the cavity
during the MD simulations suggests that Amadori-
ase I, Amadoriase II and FPOX-E present the best
environment for the stabilization of f-lys in their ac-
tive site (Fig. 4). These results correlate well with the
enzymatic activity of the five selected FAOX (Ta-
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RMSD, A

100 %

1.0
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0
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ble 4), which show that the most efficient enzymes
for this substrate are Amadoriase I and II. On the
other hand, our simulations suggest that the enzymes
that provide the most stabilizing environment for f-val
are Amadoriase I and N1-1-FAOD, whereas experi-
mental data from enzymatic assays show lower affi-
nity for this substrate. The reason for this difference
could be partially attributed to the high variability in
the kinetics data that are available in the literature.
Furthermore, the experimental enzymatic activity can
only be loosely associated with the ligand stability
observed in our simulations, since other factors (li-
gand exit, turnover, catalytic efficiency, etc.) are likely
to play a role in defining the observed enzymatic con-
stants.

35%
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b

Fig. 4. Ligand stability. Root mean square deviation plots of the two ligands, measured over the time of the binding trajectory in

which each ligand stays within the catalytic pocket (indicated above each bar):
— PnFPOX; a — f-lys, b — f-val

FPOX-E;  — NI-1-FAOD;

— Amadoriase [; [l — Amadoriase II; —
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Table 4. Summary of the kinetic parameters of wild-type Amadoriase 1 [13] and II [7, 13], NI1-1-FAOD [4, 6, 7, 38],

PnFPOX [8, 24], FPOX-E [25, 39]

f-lys f-val
Enzyme
K, [mM] V,ax [mmol/min/mg] K, [mM] V,.ax [mmol/min/mg]

Amadoriase 1

Collard et al., 2008 0.08 6.61 5.20 4.96
Amadoriase 11

Collard et al., 2008 2.4 1.51 0.43 3.16

Kim et al., 2010 - - 1.9 13.0
N1-1-FAOD

Miura et al., 2006 9.8 0.36 5.6 0.38

Miura et al., 2007 10.0 0.88 5.6 0.93

Ferri et al., 2009 0.9 9.5 3.9 6.5

Kim et al., 2010 - - 4.8 9.2
PnFPOX

Kim et al., 2010 (crude) 25.2 0.203 0.48 2.34

Kim et al., 2010 (purified) 12.2 2.56 0.45 24.2

Kim et al., 2012 - - 0.46 24.0
FPOX-E

Hirokawa et al., 2003 n/a 0.42 0.318 20.6

Substrate clustering analyses. In order to study Enzyme Fructosyl-lysine Fructosyl-valine

the configuration of the ligands within the catalytic
pocket, we analyzed the most populated conforma-
tional clusters found for each ligand within the five
investigated FAOX during the 200 ns MD simula-
tions (Fig. 5).

In Amadoriase I, the most common confor-
mational cluster for each ligand covers the majority
of the simulation time (92 % for f-lys and 88 % for
f-val), indicating that the substrates are highly sta-
bilized within the binding pocket of the enzyme. We
observe that the conformational clusters of f-lys dif-
fer almost exclusively for the conformation of the
tail of the ligand, while f-val clusters show also a
slight flexibility in the position of the sugar moiety.
These differences can partially explain the higher spe-
cificity of this enzyme for the f-lys substrate. In Ama-
doriase Il the most common conformational cluster
of f-lys is observed for 54 % of the simulation time.
Similarly, to Amadoriase I, the f-lys clusters differ
mostly for the position of the amino acid moiety of
the ligand, albeit with higher mobility, which could
explain the lower affinity of Amadoriase II for this
substrate compared to Amadoriase I. On the other
hand, the main cluster for f-val is observed for 85 %
of the simulation time, which suggests that this li-
gand is better stabilized by the local environment.

The two enzymes FPOX-E and PnFPOX show
a rather similar behavior: the single major confor-
mational cluster of f-lys is found in 44 % and 37 %
of the simulation time, respectively. The clusters dif-
fer mostly for the conformation of the amino acid

Amadoriase 1

Amadoriase 11

b %
P—
1;3
e

FPOX-E
¥ i
N1-1-FAOD m W\

Fig. 5. Ligand conformational clusters. Each panel shows the four
most common conformation clusters of f-lys and f-val in-
side the catalytic pocket of the five enzymes. The most po-
pulated cluster is shown in red, the second in blue and
the others in green and purple, respectively. The flavin ring
is shown for reference
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moiety of the ligand, although the sugar moiety
presents a higher degree of mobility within the bin-
ding site of FPOX-E. Conversely, f-val shows a pri-
mary cluster that is more populated (67 % and 73 %
of the time in FPOX-E and PnFPOX, respectively),
which suggests that, overall, these enzymes have a
higher affinity for f-val. This observation correlates
well with the experimentally determined enzymatic
activity of PnFPOX [24], while the enzymatic cha-
racterization of FPOX-E is incomplete [25].

Finally, we observe that both f-lys and f-val
are highly unstable in the N1-1-FAOD enzyme, as
suggested by the low population of the major con-
formational cluster (46 % for f-lys and 18 % for
f-val) and by the high mobility of the substrates in
the binding pocket, also involving the otherwise usu-
ally stable sugar moiety. This result is in accordance
with the experimental findings [4, 6], which show
that N1-1-FAOD has the worst K, and V,_,, when
compared with all the FAOX considered in this study
(see also Table 3).

Polar and hydrophobic contacts analysis. We
analyzed the polar and nonpolar interactions of both
ligands (f-lys and f-val) with the wildtype FAOXs
in order to define the relevant ligand-binding resi-
dues for each enzyme (Fig. 6). Concerning the polar
contacts, the highly conserved catalytic glutamic acid
(E285 in Amadoriase I) makes a very stable hydro-
gen bond with the sugar moiety of the ligands. This
interaction is present in all five enzymes when the
ligand is in the binding pocket. Another important
interaction that stabilizes the sugar moiety of the
substrates is provided by a conserved catalytic argi-
nine (R418 in Amadoriase I). This contact is main-
tained for a smaller share of the simulation time
than that mediated by the glutamic acid. Moreover,
its strength shows a large variability depending on
the enzyme. When the ligand is f-lys, the interac-
tion is maintained for more than 65 % of the time,
except for FPOX-E where the stability is slightly
lower (55 % of the time). The interaction shows si-
milar stability when the f-val ligand is in the Amado-
riase I, PnFPOX and FPOX-E active site. Conver-
sely, when f-val is in complex with Amadoriase 11
and NI1-1-FAOD, the contact is formed only for
31 % and 12 % of the time, respectively. A third in-
teraction that is crucial for enzyme activity is the
one involving the conserved catalytic glycine (G371
in Amadoriase I). This glycine residue interacts with
the glycated amide of the ligands and it is the key
factor for enzyme activity due to its interaction with
flavin during the oxidation process. The strength of
this interaction is lower compared to the aforemen-
tioned catalytic contacts and it varies considerably

among different complexes. In particular, higher sta-
bility is observed in the case of both Amadoriase |
and FPOX-E complexed with f-lys, as well as in the
complex between N1-1-FAOD and f-val.

Y \‘ l %

Fig. 6. Ligand binding residues. The residues forming relevant in-
teractions (polar or hydrophobic) with f-lys (yellow) and
f-val (pink) within the catalytic pocket are shown for each
enzyme

The results show also some durable contacts
with the amino acid moiety of the ligands, mainly
with f-lys owing to its charged amino acid tail. In
particular, Amadoriase Il shows a very stable con-
tact between R111 and both the sugar and the amino
acids moieties of f-lys. N1-1-FAOD, PnFPOX and
FPOX-E show a contact between f-lys and a homo-
logue lysine (K357, K376, K379 respectively) for
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more than 55 % of the simulation. Amadoriase 11
features a lysine residue in the homologous position
(K368) which, however, forms negligible contacts
with f-lys. In FPOX-E, a contact between K379 and
the C-term of the f-val amino acid moiety is for-
med for 47 % of the time, an interaction that is not
observed in the other enzymes.

Amadoriase I shows two stable contacts with
the amino acid tail of f-lys, one with E58 (45 % of
the time) and another with N371. While the former
appears to be the major stabilization interaction for
polar substrates [13, 26], the latter has an analogous
interaction in N1-1-FAOD (N354). H-bonds invol-
ving this asparagine are even more stable in the MD
trajectory when the ligand is f-val (>64 % of the
time), suggesting a key role for this residue in stabi-
lizing nonpolar substrates.

We also analyzed the set of hydrophobic con-
tacts between the enzyme and the substrate in each
complex. They may, in fact, provide a non-negligi-
ble stabilization energy to these systems. This is espe-
cially true with f-val, owing to its nonpolar amino
acid moiety. All the enzymes except Amadoriase 11
share an analogue isoleucine (I56 Amadoriase I,
157 in FPOX-E, 149 in N1-1-FAOD, and I58 in
PnFPOX) that interacts with the aliphatic chain of
f-lys and with the side chain of f-val. In particular,
this contact is observed for almost the entire simu-
lation time (more than 97 %) in Amadoriase I with
both ligands, in N1-1-FAOD in complex with f-val
and in FPOX-E and PnFPOX in complex with f-lys.
In the homologous position, Amadoriase Il features
a valine, which does not interact with the ligands.
All of the enzymes feature also several phenylala-
nine or tyrosine residues on the same side of the
catalytic pocket, which interact with both ligands.

Amadoriase 1 Amadoriase 11
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In details, an isostructural phenylalanine shared by
all complexes is F268 in Amadoriase I, F263 in Ama-
doriase 11, F266 in FPOX-E, F260 in N1-1-FAOD,
F263 Pn-FFPOX. In particular, this residue creates
a very stable contact with f-val in both PnFPOX
and FPOX-E. FPOX-E presents also a stable contact
between a F266 and f-val. Moreover, in both Ama-
doriase I and Amadoriase 1II a very firm interaction
between both ligands and a homologous phenylala-
nine (F262 and F257, respectively) is formed. This
phenylalanine is replaced by a tyrosine in FPOX-E
and PnFPOX (Y260 and Y257, respectively) and the
contacts with f-val are highly stable for the entire
simulation time. Amadoriase I, Amadoriase II and
FPOX-E complexed with f-lys show also contacts
with a methionine residue (M374, M97 and M93 res-
pectively), whose positions are, however, not homo-
logous: It is interesting to observe that the nonpolar
wall of the binding pocket is larger in N1-1-FAOD
(5 Phe and 1 Tyr), while the other enzymes present
only with three or four Phe or Tyr residues.

Binding free energy and enthalpy decomposition.
Whereas Amadoriase I shows a prevalence of polar
and charged residues among those that form its ca-
talytic pocket, Amadoriase II has a more hydropho-
bic active site.

The enthalpic component of the binding free
energy (H) was estimated using the MM-PBSA me-
thod. Fig. 7 shows the binding energy of f-lys and
f-val within each of the wildtype enzymes. For the
five enzymes, the binding energy with f-lys range
from —40 kcal/mol to —34 kcal/mol, while with
f-val it falls in the range between —33 kcal/mol and
—28 kcal/mol. The similarity of these binding energy
values is in accordance with the high homology be-
tween the five enzymes.

FPOX-E

N1-1-FAOD PnFPOX

*

* = P value < 0.0001

Fig. 7. MM-PBSA calculations. For each enzyme, the values of the enthalpic component of the binding free energy are reported for the
two different ligands. All enzymes show similar binding energies when in complex with the same ligand. Moreover, they all

show a lower binding energy for f-lys compared to f-val: [l — f-lys;

— f-val
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A detailed analysis of the different energetic con-
tributions shows that all five enzymes, in complex
with either f-lys or f-val, show similar Van der Waals
forces contributions. Regarding electrostatic and po-
lar solvation forces, Amadoriase I shows, with both
ligands, lower values than the other four enzymes;
the fact that, among the five enzymes, Amadoriase I
has the wider catalytic pocket, which increases the
distances between the ligand and the catalytic resi-
dues, can partially explain this observation. Due to
the polarity of the substrate, f-lys binding generally
leads to an unfavorable contribution of the solvation
energy, which is however balanced by a favorable
contribution of the electrostatic interactions, when
compared to the binding of f-val. The only excep-
tion seems to be represented by Amadoriase I, which
exhibits an opposite behavior.

A binding energy decomposition analysis was
performed to assess the contribution of the main
residues involved in polar contacts with the ligands.
The contact with the glutamic acid is by far the one
that is maintained for the longest time in the course
of the simulations and the decomposition analysis
shows that it provides an important energetic con-
tribution (always larger than —9.3 kcal/mol), with-
out any relevant differences between different com-
plexes with the two ligands. However, we note that
in Amadoriase II the contribution of this residue is
smaller compared to all the other enzymes.

Conversely, the energetic contribution of the
catalytic arginine varies among the different comple-
xes and the contacts it forms are less maintained over
time. For Amadoriase I and PnFPOX the interac-
tion energy between R417 and R415 with f-lys and
f-val is similar (~ —5 kcal/mol). Amadoriase II and
N1-1-FAOD show a significant energetic contribu-
tion of this catalytic arginine only in the complex
with f-lys, while the homologous arginine in FPOX-E
show a significant energetic contribution only in the
complex with f-val.

The H-bonding interactions of the ligands with
the catalytic glycine are generally limited in terms
of both persistence in time and energetic contribu-
tion. However, we observe that the contact of the
ligand with this residue is often water-mediated (as
found also in the Amadoriase I crystal structure [15]),
although water-mediated contact are not computed
in this analysis.

Regarding the energetic contributions of those
residues that interact with the amino acid moiety of
the ligand, our results show highly energetic con-
tacts mostly with f-lys, which features a charged tail.
In the complex of Amadoriase II and f-lys, the most
relevant energetic contribution is the one involving

R111. The large vibration of this residue during the
simulations is reflected in the high standard deviation
values of the binding energy. In Amadoriase I, f-lys
interacts mostly with E58 (-1.6 kcal/mol). FPOX-E,
N1-1-FAOD and PnFPOX share a homologous ly-
sine residue inside the catalytic pocket (K379, K375,
K376), which in complex with f-lys provides a sig-
nificant energetic contribution and it is present for a
significant portion of time in all simulations (>55 %
of the entire simulation time). FPOX-E shows this
interaction also with f-val, although the binding en-
ergy involved is lower. In Amadoriase I and N1-1-
FAOD, another important contact involving the ami-
no acid tail of the ligand is provided by asparagine
N371 and N354, respectively, especially when bind-
ing f-val (-3.7 and -3.3 kcal/mol, respectively). In
FPOX-E we observe that R61 forms a stabilizing
contact with f-lys (6.8 kcal/mol) that is not present
in the other enzymes, due to the different confor-
mation of the loop 55—70 in this enzyme. The N1-
1-FAOD enzyme shows a stabilizing interaction in-
volving f-lys and D53 (-10.6 kcal/mol), which is mis-
sing in the other four enzymes due to the different
conformation of this region.

The energetic contribution of the hydrophobic
interactions is rather limited (less than —2.7 kcal/mol)
compared to the polar contacts. Therefore, the rele-
vance of a specific hydrophobic contact can be eva-
luated only relative to the other existing hydropho-
bic contacts. The energetic contributions of the iso-
structural phenylalanines F268 in Amadoriase I,
F263 in Amadoriase 11, F266 in FPOX-E, F260 in
NI1-1-FAOD and F263 PnFPOX is non negligible
for all the enzymes except for N1-1-FAOD in com-
plex with f-val. These residues provide a similar sta-
bilization energy for Amadoriase 1I, FPOX-E and
PnFPOX in complex with f-lys. Furthermore, Ama-
doriase I and Amadoriase II feature a stable interac-
tion between their homologous phenylalanines F262
and F257, respectively, and both ligands. The ho-
mologous tyrosines in FPOX-E and PnFPOX (Y260
and Y257, respectively) provide a stabilizing energy
contribution when the enzymes are in complex with
f-val. Finally, the highly conserved isoleucine residues
156 in Amadoriase 1, 157 in FPOX-E, and 149 in
N1-1-FAOD and 158 in PnFPOX provide a stabili-
zing interaction with both ligands in the Amadoriase I
and the PnFPOX complexes and in the FPOX-E com-
plex with f-lys.

Conclusions

A detailed knowledge of the overall folding,
catalytic residues type and configuration, tunnel size
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and conformation together with their enzymatic ac-
tivity towards different substrates (size and type of gly-
cated amino acids or peptides) of wild-type FAOX
is of paramount importance for a knowledge-based
design of novel deglycating enzymes with expanded
functionality.

In this work, we first predicted the structure
of the N1-1-FAOD and PnFPOX enzymes using ho-
mology modelling. Then, we used these models and
the experimental crystal structures of Amadoriase I,
Amadoriase Il and FPOX-E to run extensive mole-
cular dynamics simulations in order to compare the
structures of these FAOX enzymes and assess their
relevant interactions with two relevant ligands, f-val
and f-lys. We showed that all five enzymes share a
common global fold and that the main differences
among them are located in the loop regions that
define the entry of the tunnel that leads the sub-
strate from the bulk solvent to the catalytic pocket.
Interestingly, these loop regions interact with the (va-
riable) amino acid moiety of the ligand, thus contri-
buting to the specificity of the substrate recognition
process. By studying the stability of the ligands within
the catalytic pocket of the different enzymes, we ob-
served that Amadoriase I, Amadoriase II and FPOX-E
feature the best environment for the stabilization of
f-lys, whereas f-val is highly stabilized in Amadori-
ase I and N1-1-FAOD. Finally, we analyzed the po-
lar and nonpolar interactions as well as the binding
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