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Abstract

Human iodotyrosine deiodinase (hIYD) catalyzes the reductive deiodination of iodotyrosine
using a flavin mononucleotide cofactor to maintain iodine concentration in the body. Mutations
in the hIYD gene are linked to human hypothyroidism, emphasizing its role in thyroid function
regulation. The present work employs microsecond-scale molecular dynamics simulations and
quantum chemical calculations to elucidate the conformational dynamics and reactivity in
the active site at various stages of hIYD catalysis. The flavin is found to employ a unique
butterfly motion of its isoalloxazine ring accompanied by a novel active-and-resting state of
its ribose 2′-OH group during the catalytic cycle. The flavin dynamics is found to control
substrate binding affinity, the active site lid closure, and NADPH recognition. The enzyme
uses a group of basic residues (R100, R101, R104, K182, and R279) to stabilize flavin at
different stages of catalysis, suggesting potential mutations to control enzyme activity. The
reactivity descriptor analysis and stereo-electronic analysis predict the N5 nitrogen of flavin as
a proton source during the reductive deiodination. The present findings provide key insights
into the molecular basis of hIYD activity and lay the groundwork for future research aimed
at therapeutic interventions and industrial applications.

Introduction

Iodine plays a crucial role in signaling path-
ways in the human thyroid gland.1–6 During
thyroid hormone biosynthesis, the breakdown
of thyroglobulin produces 6-7 fold more iodi-
nated tyrosines than thyroid hormones.7,8 The
loss of these iodinated tyrosines (I-Tyr) from
the body can create a scarcity in the iodine
pool of the thyroid gland.8 Organisms have de-
veloped different mechanisms for dehalogena-
tion of I-Tyr to maintain this iodine pool.9,10

While anaerobes employ reductive deiodina-
tion assisted by metal-containing cofactors, the
use of hydrolytic or oxidative pathways for de-
halogenation is more common in aerobic or-
ganisms.9,10 In humans, two enzymes of thy-
roid gland can promote reductive deiodina-
tion reactions following two distinct pathways:
Iodothyronine deiodinase (ID) uses a seleno-
cysteine based strategy to promote reductive
deiodination during thyroid hormone synthesis,
and iodotyrosine deiodinase (IYD) uses a flavin
mononucleotide (FMN) cofactor to promote the
same reaction to deiodinase the mono- and di-
iodotyrosines (I-Tyr and I2-Tyr) to maintain io-
dine pool of the body.11–13 Human IYD (hIYD)
is a promising target for different medicinal
and industrial applications. Genetics and mu-
tation studies show that hIYD gene mutations
cause hypothyroidism in humans.14,15 A novel
halophenol dehalogenase, an enzyme designed

from IYD, has been shown to scavenge toxic
halogenated pollutants from the environment.16

The overall enzymatic cycle of hIYD can be
segmented into four steps: (a) reductive de-
halogenation of I-Tyr, (b) Tyr release from
the active site, (c) NADPH-mediated flavin re-
duction, and (d) I-Tyr binding for subsequent
catalysis (Figure 1). In the reductive deiodina-
tion step, I-Tyr is reduced to Tyr, and the flavin
cofactor in hydroquinone form (FMNhq) is ox-
idized to FMNox via two one-electron transfer
steps.11 TheKM and kcat values of the deiodina-
tion step are found to be 19 µM and 0.12 s−1,
respectively.10 Rapid kinetic study of dehalo-
genation established that for I-Tyr reduction,
the initial proton transfer and/or first electron
transfer controls the rate of deiodination reac-
tion.9 However, the source of the proton has
remained unknown.10,11 In a recent study, the
steady-state concentration of the electrophilic
species generated from I-Tyr is found to be cru-
cial for reductive dehalogenation by hIYD.10

The failure of hIYD to dehalogenate F-Tyr sug-
gests the presence of a single-electron reduced
neutral semiquinone state of flavin (FMNsq)
during catalysis.9,11

After the catalytic deiodination, the end
product Tyr leaves the active site with a disso-
ciation constant (KD) > 103 µM.11 The crystal
structures of hIYD in the presence and absence
of I-Tyr (PDB IDs: 4TTC and 4TTB, respec-
tively) are superimposable with a root mean
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Figure 1: The overall enzymatic cycle of human
IYD. The four steps involve (a) the reductive
dehalogenation of I-Tyr, (b) Tyr release from
the active site, (c) The NADPH-mediated flavin
reduction, and (d) I-Tyr binding for the next
catalytic cycle. The plausible catalytic mech-
anism of reductive deiodination is given in the
box.

squared deviation (RMSD) of 0.47 Å.11 How-
ever, the crystal structure in the absence of I-
Tyr could not capture the electron density of
the active site lid helix (α5) and the connected
loops.11 In this stage, where FMNox remi-
ans bound to the active site in the absence
of Tyr, flavin undergoes an NADPH-mediated
reduction to form FMNhq. Previous studies
showed that microsomal hIYD was responsive
to the reduction by NADPH.11 Surprisingly, the
soluble hIYD, obtained as the crystal is not
sensitive to NADPH.17 Studies on BluB en-
zyme (from nitroreductase/flavin oxidoreduc-
tase family with 16 % structural similarity to
hIYD) showed that the enzyme has an unusu-
ally tight binding pocket that can not accom-
modate NADPH with flavin,18 further raising
question on the mechanism of flavin reduction.
After the NADPH-mediated reduction of flavin
in the thyroid gland, a new I-Tyr binds the ac-
tive site, in phenolate form,11 with KD = 0.15
µM and kon 1.9 × 106 M−1s−1.9

While the previous studies have shed light on
the binding kinetics and mechanistic pathway of
the unusual dehalogenation reaction by hIYD,

a molecular-level understanding of the factors
controlling the binding constants of different
substrates and the effect of conformational dy-
namics of the enzyme on the catalytic process
is missing. Human IYD is a vital enzyme for
its contribution to human health. Understand-
ing the conformational dynamics of the enzyme
and its role in I-Tyr/Tyr association with flavin
in the active site will be very insightful for fu-
ture enzyme design efforts. The role of the
dynamic nature of the important active site
residues in catalysis is also crucial for identi-
fying fatal mutations of the enzyme that can
cause hypothyroidism. In the present study,
we provide an account of the conformational
dynamics of hIYD through all-atom molecu-
lar dynamics (MD) simulations. We compare
the four thermodynamic equilibrium states of
the enzymatic cycle (Figure 1) to identify crit-
ical factors regulating each step. Our simu-
lations characterise the butterfly movement of
flavin at different stages of catalysis, estimate
the binding affinity of ligands in the changing
active site environments, and identify the key
residues in stabilizing the ligands. We use lo-
cal reactivity descriptors to identify the reac-
tive centres of flavin inside the protein matrix
and obtain a structural model consistent with
NADPH-mediated flavin reduction. The reac-
tivity descriptor analysis combined with stereo-
electronic analysis shows that N5 nitrogen of
flavin can act as a proton source during reduc-
tive deiodination.

Computational Methods

The X-ray crystal structure of hIYD com-
plexed with FMNhq and I-Tyr (PDB ID:
4TTC)11 was used as the starting struc-
ture to build four models, each representing
a thermodynamic state of the four steps of
the enzymatic cycle, namely, FMNox ·hIYD,
FMNhq ·hIYD, FMNhq ·hIYD·I−Tyr, and
FMNox ·hIYD·Tyr states (Figure 1). All pro-
tonation states were assigned using H++
server,19 and the ff14SB force-field20 was
used for all amino acids. Sodium and chlo-
ride ions were added as counter ions to neu-
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tralize the systems and to maintain a salt
concentration of 150 mM. For each model,
the partial charges of FMN (FMNhq and
FMNox) and I-Try/Tyr were obtained using
RESP method21 from the electron density ob-
tained with B3LYP+D3/def2tzvp method (Ta-
bles S1, S2, S3). The other force field pa-
rameters of the ligands were taken from the
General Amber Force Field (GAFF)22 (de-
tails in the supporting information). I-Tyr
and Tyr were modeled in phenolate form.11

The enzyme-ligand complex was enclosed in
a water box together with periodic bound-
ary conditions. Water molecules were treated
with TIP3P model.23 The system was prepared
with AmberTools18 and simulations were run
with AMBER18 package.24 An initial heating
simulation was run for 1 ns, with constant N
and V, up to a desired temperature of 300 K,
followed by a 12 ns stepwise equilibration in
the NVT ensemble. An integration time step
of 1 fs was used using SHAKE algorithm25

to constrain all hydrogen-containing covalent
bonds, and a non-bonded cut-off of 10 Å was
used to define explicit particle-particle electro-
static interactions. Electrostatic interactions
beyond 8 Å were treated with a particle-mesh
Ewald (PME) summation method.26 For tem-
perature scaling, the Langevin thermostat27

with a collision frequency of 5 ps−1 was used.
The equilibration of each model was verified
using the backbone root mean square deviation
(RMSD) of the enzyme (Figure S4). After equi-
libration, a 1 µs classical molecular dynamics
(MD) simulation was run for each model in an
NTP ensemble with an integration time step
of 2 fs, at 1 bar and 300 K, with a Berendsen
barostat28 with isotropic position scaling and
pressure relaxation time of 1 ps. The MD tra-
jectories were analyzed using cpptraj module29

and in-house Python codes. Further details of
the MD simulation are given in the supporting
information.
Molecular mechanics Poisson Boltzmann sur-

face area (MM-PBSA) method30 was employed
to determine the binding free energy of ligands
(I-Tyr/Tyr) and cofactors (FMNhq /FMNox)
in different stages of hIYD catalysis. The
binding energy for FMNhq, FMNox, I-Tyr,

and Tyr were estimated from the MM-PBSA
calculations carried out on 10 short trajec-
tories (each 10 ns long) that were started
from the last snapshot of the 1 µs trajectories
of FMNhq ·hIYD·I−Tyr, FMNox ·hIYD·Tyr,
FMNox ·hIYD, and FMNhq ·hIYD systems, re-
spectively. The total MM-PBSA free energy
was further decomposed residue-wise. The
entropy contribution to the free energy was
neglected since the binding free energy is com-
pared between ligands of similar size binding
to the same protein, and secondly, the entropy
calculated from quasi-harmonic normal mode
analysis tends to have a large margin of error
that introduces significant uncertainty in the
result.30,31 Further details of the MM-PBSA
calculation are given in the supporting infor-
mation.
Quantum chemical calculations on model sys-

tems representing various stages of enzyme
catalysis are performed to predict the trends
in reactivity. To that end, we modeled six
model systems, i.e., (a) isolated FMNhq, (b)
FMNhq in presence of T239 and R104 residues
interacting with isoalloxazine ring of flavin, (c)
FMNhq in presence of I-Tyr in phenolate form,
(d) model (c) with T238, R104, and A130B in-
teracting with isoalloxazine ring of flavin and
I-Tyr, and (e and f) model (c) and (d), respec-
tively, but with I-Tyr in phenol form. In all
cases, FMNhq was modeled as isoalloxazine ring
up to 2′-OH group. For T238, T239, and R104,
only the side chains were taken in QM calcu-
lations. For A130B, the main chain (with the
N-terminal capped with an acetyl group, and
the C-terminal capped with a methyl group)
was considered during QM calculations. The
models were prepared from the equilibrated
snapshots of the 1 µs MD trajectory of the
FMNhq ·hIYD and FMNhq ·hIYD·I−Tyr sys-
tems. The model systems, with the number of
atoms varying between 37 to 103, were treated
with DFT-B3LYP(D3)/def2tzvp using Gaus-
sian 16 program.32 The resulting wave func-
tions were used for further analysis, includ-
ing the frontier molecular orbitals (HOMO and
LUMO), the Natural bonding orbitals (NBO),
and the local reactivity descriptors (Fukui func-
tions, further details are given in the ESI) using
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Results and Discussion

Conformational dynamics in the
overall enzymatic pathway

The flavoenzyme hIYD has three domains:
an N-terminal trans-membrane domain, an
intermediate domain, and a catalytic do-
main.11 The native enzyme belongs to the
NADH oxidase/flavin reductase superfamily
and is a homo-dimer with 290 amino acids
per monomer. However, the crystal structure
(PDB ID: 4TTC) lacks the electron density
of the N-terminal membrane region (residue
1-31), and a part of the intermediate domain
(residue 32-70).11 Each monomer hosts eight α
helices, eight β strands, and six characteristic
loops. The enzyme forms a domain-swapped
dimer where α7 helices of each monomer form
the dimer interface. FMN binds the dimer
interface non-covalently (Figure 2(a)). Inter-
actions of FMN with the enzyme environment
can be segmented into three parts: (a) the salt-
bridge interactions of the phosphate group of
FMN with R100 and R101 making a crown-like
structure, (b) the hydrogen bonding (H-bond)
interactions of the ribose part with S102 and
S128 coming from alternate monomers, and (c)
multiple interactions of the isoalloxazine ring of
FMN with the zwitterionic part of I-Tyr, T239,
and R104 (Figure 2(b)). The zwitterionic group
of I-Tyr is very crucial for its binding in the ac-
tive site and makes H-bonds with K182, E157,
and Y161 of the enzyme.11 This active site
architecture of hIYD is essential for catalytic
reductive dehalogenation.

Reductive dehalogenation of iodotyrosine
The reductive deiodination reaction converts
I-Tyr to Tyr, forming the FMNox ·hIYD·Tyr
state from the FMNhq ·hIYD·I−Tyr state. The
dynamics in the two end states of the deiod-
ination reaction are distinguished by a larger
fluctuation of the α5 helix (residue 167-177)
and the α5-α6 loop (residue 178-183) in the
FMNox ·hIYD·Tyr state compared to that in

the FMNhq ·hIYD·I−Tyr state (Figures 3(c)
and (d), S7(a)). The H-bond interactions with
the side chains of Y161 and E157 weaken drasti-
cally in the case of Tyr compared to I-Tyr (Ta-
ble S4), while the interactions with A130 (of
alternate monomer), K182, and R104 remain
stable in both systems, while very weak inter-
actions with T238 and T178 are completely lost
in the FMNox ·hIYD·Tyr system.
Further active site analysis of FMNox ·hIYD·Tyr

shows that H-bond interaction with Y161 side
chain oxygen, not only breaks, but the phe-
nolic ring of Y161 undergoes a ring flip (Fig-
ure S7(b)). The conformational dynamics of
the isoalloxazine ring of flavin provide the ac-
tual reason behind this loss of interactions. The
average non-covalent interaction (aNCI) analy-
sis reveals a very strong, thermally stable van
der Waals interaction between the C-I bond of
I-Tyr with the C4a-N5 bond of FMNhq in the
FMNhq ·hIYD·I−Tyr system (Figure S7(c)).
This interaction makes the two bonds parallel
to each other maximizing the overlap between
them. The free energy profile along the C4-
N5-C6 angle and I-C-C4a-N5 dihedral validate
the observation quantitatively (Figure S6(b)).
FMNhq remains in a puckered conformation in
the active site in the FMNhq ·hIYD·I−Tyr sys-
tem. The puckered isoalloxazine ring represents
one of the two butterfly modes of FMNhq.

34–37

The van der Waals interaction between I-Tyr
and FMN becomes very stable because of this
puckering of the isoalloxazine ring with N5 ni-
trogen coming out of the isoalloxazine plane
(Figure 4(a)). Upon deiodination, this van der
Waals interaction is lost and the N5 nitrogen
comes to the plane of the isoalloxazine ring due
to the lack of flexibility of the N1-N10-N5-C6
dihedral (known as the butterfly dihedral) ow-
ing to the N-C double bonds between N1-C10a
and N5-C4a.
This conformational change of flavin in the

FMNox state becomes associated with a cascad-
ing change in the O3′-C3′-C2′-O2′ dihedral of
the ribose part of flavin (Figure 4(b)), break-
ing the very stable H-bond interaction between
the 2′-OH of FMNox and the phenolate group of
Tyr (Figure 4(b)). The intramolecular H-bond
analysis shows that in the absence of any exter-

5
https://doi.org/10.26434/chemrxiv-2024-s7p1j ORCID: https://orcid.org/0000-0003-4867-0970 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-s7p1j
https://orcid.org/0000-0003-4867-0970
https://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 2: (a) The crystal structure of hIYD in complex with FMNhq and I-Tyr (PDB ID: 4TTC).
The helices and loops of monomer A are labelled. (b) The interactions of FMN with I-Tyr and hIYD
residues. The residues from monomers A and B are shown in cyan and green color, respectively.

nal molecule (ligand: I-Tyr), the 2′-OH group
of flavin forms a very strong H-bond interaction
with the N1 nitrogen of the isoalloxazine ring
of flavin (a resting state of 2′-OH). Otherwise,
the 2′-OH group faces the site of the upcoming
molecule to form a recognition H-bond interac-
tion (an active state). This H-bond interaction
is essential for substrate recognition by flavin.38

The loss of 2′-OH H-bond (Figure S7(d) and
(e)) with Tyr results in a greater fluctuation
(non-hydrogen RMSD) of Tyr as compared to
I-Tyr. This further cascades into a loss of H-
bond interaction with Y161, T238, and T178.
These three events, i.e., (a) the disappearance

of van der Waals interaction between the C-I
bond of I-Tyr and the C4a-N5 bond of flavin,
(b) the conformational switching of flavin from
butterfly mode to planar mode, and (c) the
change of the O3′-C3′-C2′-O2′ dihedral of the
ribose part of flavin, lead to the weakening and
breaking of crucial active site interactions (like
Y161 H-bond), causing higher RMSD of ligand
in the FMNox ·hIYD·Tyr system. The loss of
interactions between ligand and residues of α5-
α6 loop leads to the opening of the active site
lid helix (α5) indicating a probable product re-
lease pathway of Tyr.

Tyrosine release from the active site The
end product of the deiodination reaction, Tyr
leaves the active site of hIYD with the FMNox

left bound to the enzyme for the next steps
of the enzymatic cycle. In the absence of
Tyr in the active site, the α4 helix, α4-α5
loop, α5 helix, and α7-α8 loop show higher
backbone RMSD in the FMNox ·hIYD state
compared to the FMNox ·hIYD·Tyr state (Fig-
ures 3(a)-(c), S8(a)). The H-bond interaction
analysis demonstrates that A130 (from α3 he-
lix of monomer B), E157 (α4 helix), R104 (α1-
α2 loop), K182 (α5-α6 loop) form a stable
H-bond network with Tyr in the active site
(Table S4). Loss of these interactions in the
FMNox ·hIYD state is responsible for the higher
RMSD of the corresponding helices and loops.
The interactions with K182, E157, and Y161
act as gatekeepers in the catalytic cycle (Fig-
ure 5(a)). After the deiodination reaction, the
interaction between Tyr and Y161 weakens,
causing the Y161 ring to flip, as mentioned ear-
lier. The remaining interactions with K182 and
E157 are also lost when Tyr leaves the active
site. In the absence of this interaction, the α5
helix opens up like a lid facilitating the release
of Tyr to solvent (Figure 5(a))
Our modeled FMNox ·hIYD state is com-
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Figure 3: The backbone RMSD of (a) α4 helix, (b) α4-α5 loop, (c) α5 helix, (d) α5-α6 loop in
FMNhq ·hIYD·I−Tyr, FMNox ·hIYD·Tyr, FMNox ·hIYD, and FMNhq ·hIYD systems.

Figure 4: (a) The butterfly mode of the FMNhq ring and the planar mode of the FMNox in
FMNhq ·hIYD·I−Tyr and FMNox ·hIYD·Tyr, respectively. The N5 atom of flavin comes out of
the isoalloxazine plane in the butterfly mode. The atom numbering of the isoalloxazine ring
of flavin is mentioned. (b) The flipping of the O3′-C3′-C2′-O2′ dihedral (yellow dashed line) in
FMNox (green) compared to FMNhq (cyan). The stable H-bond interaction between O1 (phenolate
oxygen) of Tyr and 2′-OH of flavin breaks in the FMNox ·hIYD·Tyr system (H-bond interaction is
shown by black dotted lines). The active state (in FMNhq ·hIYD·I−Tyr system) to resting state
(in FMNox ·hIYD·Tyr system) conversion is shown by a black arrow.
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parable to the FMNox bound hIYD (PDB
ID: 4TTB) with an average Cα RMSD of
0.8 Å (Figure S8(b)). All the interactions re-
ported in 4TTB crystal structure are present in
our modelled FMNox ·hIYD state. In the crys-
tal structure of 4TTB, the electron density of
residues 161-178 (end portion of α4 helix, α4-
α5 loop, α5 helix) and 199-211 (dynamic loop)
are missing. Our simulations shed light on the
sequence of events that lead to large conforma-
tional dynamics (Figure 5(a)) of hIYD in the
FMNox ·hIYD state causing the missing electron
density of its residues. Comparison of flavin’s
interactions shows that the H-bond interac-
tions with S102, R100, R101, R104, T239, and
R279 remain consistent in both systems while
newly formed H-bonds with K182, A130 (from
monomer B) appear in the FMNox ·hIYD state.
These interactions explain the lower backbone
RMSD of α1-α2 loop and α3 helix in both sys-
tems. In both systems, the values of N1-N10-
N5-C6 dihedral and C4-N5-C6 angle correspond
to the presence of the planar isoalloxazine ring
throughout the simulation with a slight increase
in planarity in the FMNox ·hIYD state (Fig-
ure S6(d) and (e)). This is a result of the loss
of the aromatic stacking interaction provided
by Tyr to the pyrimidine part of the isoallox-
azine ring. However, the conformation of the
ribose part of flavin changes largely after the
loss of Tyr in the FMNox ·hIYD state (resting
state to active state). The new conformation
of the 2′-OH group of flavin is essential for the
recognition by NADPH in the next step (Fig-
ure 5(b)).

NADPH-mediated flavin reduction In
the enzymatic cycle of hIYD, NADPH binds to
the FMNox ·hIYD state and reduces FMNox to
FMNhq. As mentioned earlier, this step is the
most obscure step of the whole enzymatic cycle.
The backbone RMSD of α4 helix, α4-α5 loop,
α5 helix, and α5-α6 loop become stable in the
FMNhq ·hIYD system (Figure 3(a)-(d)). The H-
bond interactions show that the percentage of
H-bonds with S102, R100, R101, R279, T178
and T239 increase in the FMNhq ·hIYD state
compared to the FMNox ·hIYD state (Table S4)
while that with S128 (from monomer B) weak-

ens (Table S4). Our analysis indicates that
FMNhq binds more strongly in the active site
than FMNox (∆G (FMNhq) = −37.3 kcal/mol
and ∆G (FMNox) = −35.3 kcal/mol from MM-
PBSA calculations).
T239, a crucial residue in controlling the elec-

tron transfer chemistry of flavin, shows a side
chain rotation in the FMNox ·hIYD state com-
pared to the FMNhq ·hIYD state (Figure 6(a)).
T239 provides two H-bond interactions to the
N5 of the isoalloxazine ring of flavin via back-
bone nitrogen and side chain oxygen atoms.
The interaction with backbone nitrogen re-
mains stable in both the states (Figure S9(a)),
while the side chain oxygen moves to a distance
of 5.0 Å when FMNox is present (Figure 6(a)).
The interaction again re-establishes at a dis-
tance of 4.0 Å with FMNhq (Figure S9(b)).
This agrees with the experimentally observed
distances in the crystal structure (PDB ID:
4TTB).11 The reduction of flavin may have
some influence on this phenomenon. The flavin
isoalloxazine ring remains stable in its position
in both systems as shown by the distance be-
tween T239 Cα and the center-of-mass of the
isoalloxazine plane (Figure S9(c)). After reduc-
tion, the planar isoalloxazine ring again adopts
a butterfly mode via puckering of isoalloxazine
ring.
In the FMNhq ·hIYD state, the 2′-OH

flips to a conformation as observed in the
FMNox ·hIYD·Tyr state, by the flipping of O3′-
C3′-C2′-O2′ dihedral angle (the resting state).
Intramolecular H-bond interaction shows that
like I-Tyr if NADPH is absent, the 2′-OH group
of flavin forms a very strong H-bond interac-
tion with the N1 nitrogen of the isoalloxazine
ring of flavin (the resting state of 2′-OH) (Fig-
ure 6(b)). The reason behind the presence of
an active state in the oxidized form of flavin
may be essential for NADPH recognition. How-
ever, it will require further experimental and
theoretical validation.

Flavin Reactivity We have calculated the
local reactivity descriptors (Fukui function) for
the FMNox state in the presence of S102, R100,
R104, K182, and T239 side chains to deter-
mine the reactive sites in flavin. The compar-
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Figure 5: (a) The overlaid conformations of the hIYD in the FMNox ·hIYD·Tyr state (green)
and the FMNox ·hIYD state (yellow). Y161, K182, and E157 are shown in green in the
FMNox ·hIYD·Tyr state and in yellow in the FMNox ·hIYD state. (b) The 2′-OH group con-
formation changes from active state (in FMNox ·hIYD, shown in green) to the resting state (in
FMNox ·hIYD·Tyr, shown in cyan). The new conformation of the 2′-OH group helps in NADPH
recognition.

Figure 6: (a) The side chain rotation of T239 in the FMNox ·hIYD state compared to the
FMNhq ·hIYD state. (b) The active state and resting state of the flavin 2′-OH group in the
FMNox ·hIYD and FMNhq ·hIYD states.
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ison of the FMNox state in its free form and
the presence of enzyme shows a pronounced ef-
fect of the enzyme environment in modifying
the reactivity sites in FMNox (Figure S10). The
dual descriptors show that N5 nitrogen is the
most susceptible center for nucleophilic attack
in the presence of the enzyme environment (Ta-
ble S5 and Figure S10(a) and (b)). This agrees
well with the study on 4-hydroxybenzoate hy-
droxylase which showed that NADPH trans-
fers hydride from C4 to the N5 of FMNox.

39

Similar results were also found in E. coli ni-
troreductase NfsA (PDB ID: 1F5V with struc-
tural similarity of 16% with hIYD), where C4
of NADPH remained at a 4 Å distance from
N5 of flavin for a hydride transfer step.40 Apart
from N5, the C8 carbon also shows an unusually
high electrophilic character (Table S5). This
is again in good agreement with the fact that
the substitution of native FMN by 8-MeO-FMN
leads to the formation of a one-electron reduced
semiquinone form which is absent for native
FMN.10

Our results show that the electronic nature of
flavin affects its reactivity. To probe the dy-
namic interaction between NADPH and flavin,
we docked NADPH in the active site of hIYD
to obtain a model for NADPH-mediated re-
action. The best-docked pose showed an ex-
tended conformation of NADPH in the active
site with C4 of NADPH to N5 of flavin dis-
tance of 7.2 Å (Figure S11(a)). In the docking
pose, the NADPH forms H-bond interactions
with S102, R104, N179, L277, A130 (from al-
ternate monomer), and Y212 (from alternate
monomer) (Figure S11(b)). An earlier study
has shown that flavin swings out to a position
where the enzyme opens up a solvent channel
and NADPH remains bound in an extended
conformation.39 To include the dynamic effects,
the model system was subjected to a 300 ns MD
simulation to check if the interactions found in
the docking pose were dynamically stable. Dur-
ing simulation, the conformation of NADPH
changes in such a manner that the NADPH
C4 and flavin N5 distance comes to a value
of 4 Å at around 30 ns. However, this dis-
tance keeps fluctuating, and towards the end
of the long simulation, the most stable confor-

mation is found to have a C4-N5 distance of
8 Å (Figure 7(a)). The nicotinamide ring of
NADPH forms stable H-bond interaction with
Y212 from monomer B, and the ribose moiety
forms stable H-bond interactions with 2′-OH
and 4′-OH group of FMNox. The residues T178,
T273, R279, R104, R100, R101, and S102 pro-
vide multiple stable H-bond interactions to the
amide, pyrophosphate, and phosphate tail end
of the NADPH molecule (Figure 7(b)). These
interactions compare well with the previously
reported polar interactions.18,39,40 In vitro, the
soluble hIYD, devoid of its N-terminal region
loses its sensitivity towards NADPH reduc-
tion.11 The present work shows that in the
absence of the N-terminal region, the enzyme
can still accommodate NADPH, although the
NADPH conformation adopted inside the ac-
tive site is not suitable for flavin reduction. It
is hoped that the interactions observed in the
present simulation will serve as a model for fur-
ther experimental validation.

Iodotyrosine binding in the active site I-
Tyr binds in the active site of the FMNhq ·hIYD
before the reductive deiodination. The en-
zyme’s active site becomes highly organized
upon I-Tyr binding (Figure 3(b) and (d)). I-Tyr
forms stable H-bond interactions with the 2′-
OH group and pyrimidine ring of flavin, Y161,
A130 (from alternate monomer), E157, R104,
K182, T238, and T178 in the active site (Ta-
ble S4). These interactions stabilize the α4 he-
lix and α5-α6 loop regions. Consequently, the
active site lid (α5 helix) remains in a closed
conformation, sequestering the active site from
solvent (Figure 8(a)). A comparison of the
free energy profiles along the butterfly dihe-
dral N1-N10-N5-C6 and C4-N5-C6 angle shows
the effect of I-Tyr binding on the extent of
isoalloxazine ring puckering of FMNhq (Fig-
ure S6(f) and (c)). The C4-N5-C6 angle re-
mains unchanged, while the N1-N10-N5-C6 di-
hedral changes to 150◦ from 135◦ in the pres-
ence of I-Tyr. The presence of I-Tyr establishes
stable van der Waals interaction between I-C
of I-Tyr and C4a-N5 of flavin (Figure S7(c)),
along with aromatic stacking interaction. 2′-
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Figure 7: (a) NADPH conformation after 32 ns (green) and 300 ns (cyan) of MD simulation. The
initial distance of C4-N5 of 4 Å changes to 8 Å at the end of the simulation. The recognition
interaction provided by 2′-OH of flavin is shown. (b) The H-bond interactions between NADPH
and the active site residues.

OH changes from the resting state to the active
state to reestablish the H-bond interaction with
the phenolate group of I-Tyr by (Figure 8(b)).
These interactions stabilize the puckered con-
formation of flavin as necessary for catalysis.

Role of enzyme environment in lig-
and binding

The electrostatic environment provided by en-
zyme side chains significantly affects the four
steps of the hIYD enzymatic cycle. I-Tyr in the
active site is stabilized by strong electrostatic
interaction provided by K182, R104, R101,
K175, R100, K208 (from alternate monomer),
R177, K174, R164, and R279 residues (Fig-
ure S12). After reductive dehalogenation,
the binding affinity of the product (Tyr) is
marginally less than the reactant (I-Tyr), i.e.,
∆G (I-Tyr) = −21.1 kcal/mol and ∆G (Tyr)
= −14.7 kcal/mol (calculated from MMPBSA
method, see Figure 9). Electrostatic inter-
actions provided by R100, K175, and R177
weaken for Tyr, and the interaction with R164
is lost, while a new interaction with R150 forms
(Figure S12). On the other hand, flavin is
more strongly bound in the active site after
deiodination (∆G (FMNhq) = −39.1 kcal/mol
and ∆G (FMNox) = −42.2 kcal/mol). The
FMNhq state is stabilized by electrostatic inter-

actions with R100, R101, R279, R104, K182,
K175, R177, K280, K278, and V71 (from alter-
nate monomer) (Figure S12). In the FMNox-
state, flavin makes stronger electrostatic in-
teractions with R279, K278, and K280 (Fig-
ure S12). The interaction provided by R177 to
FMNhq in FMNhq ·hIYD·I−Tyr is replaced by
K99 with FMNox in the FMNox ·hIYD·Tyr sys-
tem (Figure S12). After Tyr release, the elec-
trostatic interactions of R100, R101, R279, and
R104 with FMNox decrease substantially (Fig-
ure S12). This causes lower binding energy of
FMNox state in the FMNox ·hIYD system ∆G
(FMNox in FMNox ·hIYD) = −35.3 kcal/mol as
compared to ∆G (FMNox in FMNox ·hIYD·Tyr)
= −42.2 kcal/mol (Figure 9). After NADPH-
mediated reduction, the electrostatic interac-
tions of R100, R101, and R279 increase again
in the FMNhq ·hIYD system leading to higher
binding energy of FMNhq state ∆G (FMNhq

inFMNhq ·hIYD) = −37.3 kcal/mol compared
to ∆G (FMNox in FMNox ·hIYD) = −35.3
kcal/mol (Figure 9). In summary, the basic
residues R100, R101, R279, R104, and K182 are
crucial for providing flavin stability throughout
the catalytic cycle. Therefore, mutation of any
of these residues can cause catalytic inactivity
of hIYD. This agrees with the genetic studies,
where mutations in the DEHAL1 gene (encod-
ing the hIYD enzyme) unravel a connection to
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Figure 8: (a) The active site lid closure in hIYD after binding of I-Tyr in the active site. Blue
arrows indicate the direction of lid closure. Cyan color residues indicate the FMNhq ·hIYD state
and green color residues indicate the FMNhq ·hIYD·I−Tyr state. (b) The puckered conformation
of the flavin ring in the FMNhq ·hIYD state (cyan) and the FMNhq ·hIYD·I−Tyr state (green). The
black dotted line shows the H-bond interaction between the 2′-OH group of flavin and the phenolate
group of I-Tyr.

human hypothyroidism.14,15 The R101F muta-
tion, identified as a cause for hypothyroidism,14

exposes the delicate balance that these electro-
static interactions maintain. In the absence of
R101, the binding of FMNhq state weakens, po-
tentially leading to catalytic inactivity and the
diagnosis of hypothyroidism.

Reactivity Trends

The dual reactivity descriptors show that the
N5 and N10 atoms of FMNhq are the most
susceptible sites for electrophilic attack (Fig-
ure S13). The extent of susceptibility increases
in the presence of the active site environment
(T239 and R104 side chains)(Figure S13). The
NBOs contributing to the Fukui functions are
localized over the flavin isoalloxazine ring, par-
ticularly on N5 and N10 atoms, and C4a-C10a
and C7-C8 bonds (Figure S15). The electron
density along the C4a-C10a and C7-C8 bonds
is due to the resonance of N5 nitrogen’s lone
pairs via C4a-C10a/C7-C8 double bonds. The
HOMO is found to be localized on the isoallox-
azine ring π orbital. These results show that
the flavin isoalloxazine ring is the powerhouse
for reductive dehalogenation in the hIYD en-

Figure 9: Binding free energy of
FMNhq, FMNox , I-Tyr, and Tyr in
FMNhq ·hIYD·I−Tyr, FMNox ·hIYD·Tyr,
FMNox ·hIYD, and FMNhq ·hIYD systems. The
error bars are the averaged error of the 10
short trajectories of 10 ns long each.
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zyme.
In FMNhq ·hIYD·I−Tyr system, the ortho

and para carbons of I-Tyr are found more sus-
ceptible for electrophilic attack as compared to
the N5 and N10 atoms of flavin (Figure S13).
This suggests that the first step of IYD catal-
ysis is a proton transfer to the ortho carbon of
I-Tyr, as has been earlier suggested by exper-
imental studies.9,10 The inclusion of the active
site residues (T238, R104, and A130B) further
enhances the susceptibility without altering the
overall pattern of reactivity, revealing the cat-
alytic role of the enzyme (Figure S14). The
NBOs contributing to the Fukui functions are
located on ortho and para carbons of I-Tyr in
phenolate form, which is essential for a success-
ful proton transfer (Figure S15). The HOMO
is found to be located on the rings of I-Tyr and
flavin. From the nature of the Fukui functions,
NBOs, and HOMO, it is clear that the proton
transfer step would involve the transfer of an
electron from I-Tyr to the σ∗ anti-bonding of
the bond which will be broken to donate a pro-
ton. The σ∗ anti-bonding NBO of the N5-H
bond of flavin shows a non-zero natural pop-
ulation (Figure S17). Hence, the first proton
transfer step is likely to involve the transfer of
an electron from I-Tyr to the σ∗ anti-bonding
of the N-H bond which will be broken to donate
a proton.
The phenolate form of I-Tyr is essential for

catalysis. This is best illustrated when the reac-
tivity descriptors are compared from the calcu-
lations that model I-Tyr in phenolate and phe-
nol forms (Figure S14). When I-Tyr is modeled
in phenol form, the most susceptible site for
the electrophilic attack in the N5/N10 of flavin,
similar to what was seen in FMNhq state with-
out any substrate (Figure S16). In fact, I-Tyr’s
orthocarbon (attached to iodine) shows suscep-
tibility to nucleophilic attack (Figure S14). In
the phenol form of I-Tyr, the HOMO is cen-
tered on flavin, as observed in FMNhq state for
FMNhq ·hIYD system. The distinct change in
the reactivity pattern between the phenol and
phenolate forms of I-Tyr indicates that the lat-
ter form of I-Tyr is essential for the first step of
IYD catalysis.
The proton source for the first step of IYD

catalysis has remained unanswered. Recent
experimental studies showed an inverse cor-
relation between the acidity of N5 proton of
flavin and kcat value of I-Tyr dehalogenation
and suggested stabilization of the dearomatized
intermediate might control the rate of enzy-
matic dehalogenation.10 In the present study,
we do not find any external source of the pro-
ton from our calculations. Even when the
active site closes after I-Tyr binding in the
FMNhq ·hIYD·I−Tyr state, there are no nearby
water molecules for proton transfer to the car-
bon of I-Tyr, as can be seen from the radial dis-
tribution function of water (Figure S19). Even
the crystal structure does not show any water
near (within 5 Å)̃ I-Tyr. Hence, the solvent
does not seem to be a proton source. No other
residue within 5 Å radius is suitable for proton
transfer to the phenolate form of I-Tyr.

Figure 10: QM cluster optimization of re-face
and si -face proton transfer mechanism in the
presence of enzyme environment. The hydrogen
atoms, except for the transferred proton, are
not shown for clarity. I-Tyr in green shows si -
face proton transfer and in orange shows re-
face proton transfer. The I-Tyr ring loses its
aromatic stacking when si -face proton transfer
occurs.

The proton transfer to the orthocarbon can
occur from two possible faces: re- and si -faces.
We performed a QM cluster optimization by
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taking active sites residues within 5 Å around
I-Tyr and FMNhq (with 482 atoms, PM6-D3
method) in the FMNhq ·hIYD·I−Tyr system for
both re-face and si -face proton transfer. When
the proton approaches from the si -face, the
prochiral carbon forms an S-chiral centre, and
iodine is out of the plane of the phenyl ring
by about 1.7 Å facing toward the flavin ring
(Figure 10). Such a conformation of the iodine
faces a steric clash and interrupts the π stack-
ing interaction between flavin and I-Tyr rings
(Figure S18). On the other hand, a proton ap-
proaching from the re-face not only avoids such
a steric clash (Figure 10), but also stabilizes the
dearomatized species with non-covalent interac-
tion between I-Tyr and flavin ring (Figure S18).
This makes the N5 of FMN, situated 3 Å away
from the re-face of I-Tyr, the most likely can-
didate as a proton donor. Although, the exper-
imental studies show that the proton transfer
step is not the rate-limiting step in catalysis.10

Conclusions

The hIYD enzyme plays a critical role in main-
taining the iodine pool of the human body by
catalyzing the deiodination of mono- and di-
iodotyrosines using FMN cofactor. Based on
the MD simulations and QM calculations of var-
ious stages of hIYD catalysis, we have iden-
tified a chain of events in the active site of
hIYD that facilitates the catalytic cycle, dur-
ing which the FMN cofactor adopts alternative
conformations using its isoalloxazine ring (pla-
nar and butterfly modes) and its ribose group
(resting and active state). I-Tyr in the active
site of FMNhq ·hIYD·I−Tyr is characterized by
three unique interactions: a vdW interaction
between C-I and the flavin assisted by the but-
terfly mode of flavin, a hydrogen bond between
its phenolate group with the 2′-OH of the ribose
group of flavin, and the interaction between its
zwitterionic group with the gatekeeper residues
like K182, E157, and Y161. Upon reductive
deiodination of I-Tyr, the flavin adopts a pla-
nar conformation triggering the ribose to adopt
the resting state where Tyr loses its hydrogen
bond with the ribose 2′-OH group, leading to

a greater fluctuation of Tyr that further esca-
lates to loss of interaction with the gatekeeper
residues, thus opening the active site lid helix
(α5) for efficient Tyr release. After Tyr re-
lease, the ribose group regenerates the active
state of 2′-OH that serves as the crucial site
for NADPH recognition. The favorable confor-
mation of NADPH with a small distance be-
tween its C4 and flavin’s N5, accompanied by
a high nucleophilicity of N5 of FMNox makes
FMNox reduction facile. The enzyme employs
basic residues like R100, R101, R279, R104, and
K182 with S102 to stabilize the flavin cofactor
throughout the catalytic cycle, indicating a list
of potential mutations that can have a crucial
effect on iodine regulation in the human body.
In the absence of any indication of an external
source of proton and based on the electronic and
conformational analysis, N5 nitrogen of flavin is
the likely proton source from the re-face of the
C-I bond of I-Tyr during the first proton trans-
fer step.
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