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Kynurenine 3-monooxygenase (KMO) regulates the levels of important physiological intermediates in the
kynurenine pathway [Guillemin, et al., Journal of Neuroscience, 2007, 27, 12884], which is the major
route for L-tryptophan catabolism. Its catalytic activity (hydroxylation) is dependent on the formation of a
short-lived intermediate that forms after the reduction of the coenzyme FAD. The reduction takes place
fast when the substrate binds to KMO. Crystal structures of the apo form and in complex with an effector
inhibitor, which prevents the hydroxylation of the substrate but also stimulates KMO like the substrate, and
a competitive inhibitor, which suppresses the substrate hydroxylation, are available for the resting in con-
formation only. The active out conformational state that enables the reduction of FAD at an exposed
location of KMO after its stimulation by an effector, however, was implicated but not resolved experi-
mentally and has remained elusive so far. Molecular dynamics simulations of apo KMO and the inhibitor—
KMO complexes are carried out using extensive multi-dimensional umbrella sampling to explore the free-
energy surface of the coenzyme FAD's conformational conversion from the in state (buried within the
active site) to the out state. This allows a discussion and comparison with the experimental results, which
showed a significant increase in the rate of reduction of FAD in the presence of an effector inhibitor and
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absence of enzymatic function in the presence of a competitive inhibitor [Kim, et al, Cell Chemical
Biology, 2018, 25, 426]. The free-energy barriers associated with those conformational changes and
structural models for the active out conformation are obtained. The interactions during the confor-
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1 Introduction

Tryptophan is catabolized in the kynurenine pathway," in which
t-kynurenine (1-Kyn) is the branching point for several pathways
with contrasting biochemical effects. Kynurenine 3-monooxygen-
ase (KMO)* hydroxylates 1-Kyn and releases the product 3-hydro-
xykynurenine (3-HK); this itself and its subsequent metabolites
(3-hydroxyanthranilate (3-HanA) and quinolinate (Quin)) are
responsible for neurodegenerative diseases."”* 1-Kyn is also a
substrate to kynurenine aminotransferase (KAT), which converts
it to the neuroprotective compound kynurenic acid (KynA).*™*
Decreasing the Quin/KynA ratio by inhibiting KMO is regarded as
a possible intervention point to treat neurodegeneration. This
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mational changes are determined to identify the influence of the effector.

point of intervention allows the targeted treatment of central-
nervous-system damage.

Several successful inhibitors were developed'® over the
years, but it was soon realized'®"? that most of the inhibitors
themselves cause the release of neurodegenerative hydrogen
peroxide (H,0,). Although inhibiting KMO to prevent neurode-
generation and neuroinflammation, which cause diseases like
Huntington’s,” Alzheimer’s,* and Parkinson’s,” seems to be a
straightforward strategy, formation of H,O, complicates this
therapeutic route. Therefore, understanding the role of an
effector on the activation of KMO is crucial in the development
of optimal inhibitors.

The requirement of substrate binding for the fast reduction
with nicotinamide adenine dinucleotide phosphate (NADPH)
is a common feature of hydroxylases like KMO of the class A
monooxygenase family.> 1-Kyn binding to the enzyme initiates
the reduction of FAD’s isoalloxazine ring system by
NADPH"'® (Scheme 1). According to kinetic studies,”® the
enzymatic rate constant of the reduction of r-Kyn-KMO is
2500-fold in comparison to that of free KMO (0.0020 s™%).
‘Non-substrate effector’ ligands that inhibit the hydroxylation
were also shown'®'® to stimulate the reduction of the isoallox-
azine ring system.'® In the presence of such a non-substrate
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Scheme 1 Reaction mechanism®® of KMO. L-Kyn binding to KMO
initiates FADy reduction by NADPH, then molecular oxygen binds to
FAD's 4a position, resulting in the formation of the reactive hydroperox-
ide intermediate that is transformed into FADo, upon release of H,O and
the hydroxylation of L-Kyn, which yields the product 3-HK. The oxygen
transfer step has been computationally investigated'**® in detail. 3-HK is
released in the rate-determining step of the enzymatic cycle.

effector, the highly reactive hydroperoxide intermediate
(Scheme 1) decays to the oxidized FAD by releasing harmful
H,0,, since the oxygen from the reactive hydroperoxide inter-
mediate is not transferred to the substrate."*"°

In p-hydroxybenzoate hydroxylase (from Pseudomonas aeru-
ginosa), which is also a class A monooxygenase, this initiation
was suggested to take place via a substrate-induced confor-
mational change.'” According to the suggested mechanism,"®
upon substrate binding, the enzyme ‘senses’ the presence of
the substrate via an H-bonding network, then a conformation-
al change takes place, involving the movement of FAD’s isoal-
loxazine ring system from its buried position (the in confor-
mational state) to another position (the out conformational
state),"”"® where it is closer to the surface of the enzyme and
is reduced by the bulky NADPH (Fig. 1). KMO, however, does

Fig. 1 Structural details of the two co-crystallized conformational
states of the FAD of p-hydroxybenzoate hydroxylase from Pseudomonas
aeruginosa (pdb id: 1DOB). The isoalloxazine is buried within the active
site in the in conformation (red), while it is closer to the surface of the
enzyme in the out conformation (blue), where it can react easier with
NADPH. In the crystal structure, both conformational states were cap-
tured simultaneously with a ratio in : out = 24 : 76.
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not have such an H-bonding network and was never captured
in the out conformational state.'*'® This implies that it utilizes
a different activation mechanism in comparison to similar fla-
voproteins and its in conformational state appears to be more
thermodynamically stable. Thus, initiation of KMO reduction
must take place viag a different substrate-induced activation
mechanism that also involves the in to out conformational
transition, since the possibility of the reaction between the two
large molecules, FAD and NADPH, within the narrow active
site is not feasible.

The X-ray structure of human KMO (hKMO) was recently
published.'® As predicted,® in the absence of its membrane-
targeting domain, which binds to the mitochondria, the
enzyme lost its functionality. KMO structures from
Pseudomonas fluorescens (pfKMO)*"** and Saccharomyces cere-
visize (scKMO)'®** were also published. The release of H,0,
was detected in the presence of the substrate 1-Kyn or the
inhibitors BA or UPF-648 with hKMO, scKMO or pfKMO.'®
Reported® scKMO structures enabled a comparison between
the apo (4J33) and holo (4]36) forms of the enzyme (Fig. 2).
scKMO is a superior model system'® for hKMO because

Fig. 2 Superposition of scKMO crystal structures, in the presence of
the effector inhibitor (Inhg) UPF-648 (pdb id: 4J36) and in its absence
(pdb id: 4333). The positions of the Phe322 (orange) and Tyr323 (green)
residues that are part of a loop above the isoalloxazine (cyan) in
UPF-648-KMO are different in comparison to their original positions in
apo-KMO, where they are shown in red and blue, respectively. This
change is induced by the steric clashes due to the presence of the
dichlorobenzyl group of the inhibitor.2 The C-terminal « helix (in red in
apo-KMO) was not resolved in UPF-648-KMO, but it must be shifted
due to its steric clash with Tyr323. These conformational changes were
related to the H,O, production observed in the presence of UPF-648—
KMO. The 2D structure of UPF-648 is shown on the right.
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neither hKMO nor scKMO cause H,0, formation while pfKMO
does when hydroxylation is inhibited by Ro 61-8048. Since
truncated hKMO is inactive, ScKMO must be used in structure-
based drug-discovery studies.'®

In the loop above the isoalloxazine, residues Phe312 and
Phe313 (hKMO numbering), which have aromatic side chains,
correspond to Phe322 and Tyr323 in scKMO, and Phe319 and
His320 in pfKMO.'® In all KMOs mentioned, the reduction
was completely abolished'® when these two residues were
replaced by Ala. As shown in Fig. 2, this relation is apparent>**
from analysis of the X-ray structures of an scKMO complex that
contains a non-substrate effector UPF-648 inhibitor (Inhg) and
apo-KMO. In contrast, the competitive inhibitor (Inhc) Ro 61-
8048 does not cause such structural changes in scKMO."®

In this work, non-equilibrium molecular dynamics (MD)
simulations with extensive and multi-dimensional umbrella
sampling®*® (US) are used to model the in to out confor-
mational activation step in KMO. The investigation of the
thermodynamic driving forces and transition barriers of this
conformational change is critical for the entire KMO mecha-
nism. These simulations showed that conformational acti-
vation has a high transition barrier height in the apo form, is
facile in the complex with a non-substrate effector and is abol-
ished in the complex with a competitive inhibitor.

2 Results and discussion
2.1 The in to out FAD conformational transition in apo-KMO

In the text, the resulting computational systems associated
with the structures apo-scKMO, UPF-648-scKMO and Ro 61-
8048-scKMO are concisely referred to as apo-KMO, Inhg-KMO
and Inhc-KMO, respectively, while the atomic positions of the
isoalloxazine ring system are referred to as shown in
Scheme 1. Please see the “Details of non-equilibrium MD
simulations” subsection for further details and definitions of
the collective variables X and Y. As described in detail therein,
the 2D X-Y space is spanned by using US simulations at two
levels of accuracy: ‘fast’ US simulations refer to initial scans by
simulations in which the windows are at an interval of 5° and
each window is run for 1 ns; in the more accurate ‘slow’ US
simulations, they are at an interval of 1° and each one of them
is run for 7 ns after 1 ns of equilibration.

According to the analyses performed using the Weighted
Histogram Analysis Method (WHAM, in Fig. 3) for the ‘fast’ US
(X) simulations, the system can evolve through a saddle point
only at values of Y = 145°, 150°, 155° and 180°. For other
values of Y, the free energy of the system kept increasing con-
tinuously. Dihedral angles of ¥ = 145° and 180° were selected
for the subsequent more accurate ‘slow’ US(X) simulations.
The simulations at Y = 150° and 155° were not directly utilized
as these were close to the simulations at Y = 145°, and higher
in energy. However, during the generation of the two-dimen-
sional local free-energy surface, the points near to the maxima
in these ‘fast’ simulations were scanned (Fig. S141). According
to Fig. 4, the run at Y = 180° (‘slow’ US(X, 180)) does not reach
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Fig. 3 Changes in free energy from X = —175° to X = —85° for the ‘fast’
US(X) scan of apo-KMO, obtained for different values of dihedral angle Y
at an increment of 5°. The windows of the collective variable of US (di-
hedral angle X) are also at an interval of 5° for each run (19 = 19 X 1 ns).
The change in free energy is given relative to the minimum obtained for
each run.

a maximum as it keeps increasing, while the run at Y = 145°
(‘slow’ US(X, 145)) displays a maximum at X = —115° with a
relative free energy of +11.3 kcal mol™'. However, the free-
energy profile of the ‘slow’ US(—175, Y) run on the right-hand
side of Fig. 4 reveals an important point: in this run, the free
energy at (X, Y) = (—=175°, 145°) is 6.4 kcal mol™" higher com-
pared to the point at (—175°, 180°). Therefore, calculation of
the free-energy barrier requires the combination of several
data.

The points of the slow US(X, 145) run were used as starting
conformations in the search for the saddle point, since the US
(X, 180) run does not reach a maximum. The details about
how the contour plot were constructed can be found in
Fig. S14.7 In Fig. S14,f the saddle point is clearly visible
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Fig. 4 Changes in free energy from X = —179° to X = —85° in the ‘slow’
US(X, 145) and US(X, 180) runs (left-hand side), and from Y = 145° to Y =
194° in the ‘slow’ US(-175, Y) run (right-hand side) for apo-KMO.
Windows are at an interval of 1° for each run. The total production
runtime is 665 = 95 x 7 ns for each US(X), and 350 = 50 x 7 ns for the
Us(y).
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between X = [-119°, —118°] and Y = [180°, 181°]. In addition,
three degenerate shallow local minima are located in this
contour map. The one that is between X = [-114°, —113°] and
Y = [183°, 184°] is furthest in the X-angle direction. This
shallow minimum is a more likely candidate for the out con-
formational state, since the X-angle is the leading coordinate
in the conformational change. Further exploration of the free-
energy surface was initiated from (X, Y) = (-111°, —179°) in
Fig. S14f using ‘slow’ US(X). As shown in Fig. 5, a local
minimum can be obtained at (X, Y) = (—84°, —179°). However,
a detailed contour analysis (Fig. S15t) in the vicinity of this
region showed that this minimum can only correspond to a
shallow out conformational state, and the free energy sharply
increases beyond this point. In addition, this local minimum
between X = [-87°, —86°] and Y = [180°, 181°] is higher in free
energy compared to the shallow local minimum between X =
[-114°, —113°] and Y = [183°, 184°] in Fig. S14.} Therefore,
these correspond to two shallow out conformational states,
and the conformer in the latter minimum is more stable.

The in conformational state of apo-KMO (Fig. 6) was
obtained under the physiological conditions of the H,0, detec-
tion experiments,'® starting from selected coordinate points
from the slow US(X, 180). The most stable in conformation was
found between X = [-165°, —164°] and Y = [181°, 182°].

Obtaining the free-energy barrier and free-energy change
accompanying the conformational change (Fig. 7) can only be
achieved indirectly by combining several scan data (‘Details of
Relative Free Energy Calculations of KMO Conformational
States’ in the ESIT).

Polar sites of the isoalloxazine are stabilized by five
H-bonds (dashed lines between the atoms in Fig. 7) when the
system is at its global minimum, the in conformational state
(Fig. 7). In addition, the numbers of water molecules sur-
rounding each polar site of the isoalloxazine are listed in
Table S1.1 O2 is not in contact with water at all since it forms
two H-bonds with Asn328, while O4 and N5 are surrounded by
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Fig. 5 The free-energy profile of US(X, —179) from X —111° (as
obtained from the contour map shown in Fig. S141) to X = —-70°. The
free-energy minimum is found at (X, Y) = (-84°, —179°). The free energy
increases sharply beyond this point.
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Fig. 6 Free-energy contour map for the in conformational state of
apo-KMO. The in conformational state is located within the area
between X = [-165°, —164°] and Y = [181°, 182°]. Both in increasing and
decreasing directions in free energy, ten ‘slow’ US(Y) simulations (770 =
10 x 11 x 7 ns) were carried out for X = [-169, —160] using the output
conformers of slow US(X, 180).
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Fig. 7 The reaction coordinate of FAD's conformational change in apo-
KMO. The vertical axis is the relative free-energy change (kcal mol™).
The representative structures of the most populated clusters displayed
were obtained from cluster analysis using Amber's CPPTRAJ. The four
trajectory files analyzed for each structure are the ones that span the
extremum points defined in each caption of the contour map (Fig. 6 and
S147). The residues that are <3.5 A from any of the selected atoms of
FAD (N1, O2, H3, O4, N5, H6, 7a Hs, 8a Hs and H9) during at least half of
the time of the respective four trajectory files are shown, while nonpolar
hydrogen atoms are not displayed.

several water molecules, indicating the presence of an
H-bonding network in their surroundings. The side chain of
Phe322 of the loop above the isoalloxazine bends towards the
space in front of N5. This space will be occupied by the isoal-
loxazine ring system during the conformational change. On
the other hand, the side chain of Phe246 bends towards the

Org. Biomol. Chem., 2024, 22, 6550-6560 | 6553
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same space and forms a stacking interaction with Phe322’s
side chain. The in to out conformational change of the isoal-
loxazine is blocked through this interaction. In addition, the
movement of the isoalloxazine in the vertical direction is
restricted by another residue in the loop above the isoalloxa-
zine, Pro321, which is seen above the ring with methyl substi-
tuents in the isoalloxazine.

In the TS (Fig. 7), H-bonding interactions are retained to a
great extent and the isoalloxazine is still confined within the
active site, as can be seen from the number of water molecules
surrounding its polar sites (Table S1). These observations are
in line with the fact that the high-energy TS is early along the
reaction coordinate. The side chain of Tyr195 blocks the move-
ment of the isoalloxazine ring system. This side chain cannot
occupy a position to the left because it would clash with
Phe246. Pro321 of the loop is on top of the ring with methyl
substituents in the isoalloxazine. There, it restricts its align-
ment in the vertical direction (Fig. S20A and Bf).

In the out conformational state (Fig. 7), the number of
H-bonds of the isoalloxazine is significantly reduced to one,
while the number of water molecules surrounding it is
increased (Table S17). As exemplified in Fig. S21,} the out con-
formational state lies at a high and shallow relative free-energy
level due to the repelling interactions that the isoalloxazine
must form to maintain it. As expected from the free-energy
contour map in Fig. S14,7 the repelling intramolecular inter-
actions start to emerge as the isoalloxazine further rotates in
the reaction coordinate (Fig. S217).

Overall, in the apo form of the enzyme, the side chain of
Phe322 from the loop was shown to interact with Phe246’s
side chain with stacking interactions, blocking the way in
which FAD’s isoalloxazine ring system was supposed to move.
As shown in Fig. S22,1 this interaction is considerably wea-
kened during the transition state as the closest distance
between the two rings increases from 3.6 to 5.4 A. However,
this separation is only enabled by a high-energy TS that is
obtained at an early stage of the conformational change in the
X-angle direction. Tyr195 is a blocking residue that obstructs
the conformational change, because the loop above the isoal-
loxazine that includes the Pro321 residue prevents the move-
ment of the isoalloxazine in the vertical direction (Fig. S20A
and Bt) and makes the escape from the repelling interaction
with Tyr195 difficult. In the TS, there is a repelling H-H inter-
action at an H-bond distance, 2.6 A, due to this confinement
(Fig. S20CT). As a result, the preservation of the position of the
loop above the isoalloxazine is critical in the high free-energy
barrier.

2.2 An effector inhibitor lowers the free-energy barrier of FAD
activation

According to ‘fast’ US(X) simulations (Fig. 8), the system can
evolve towards a saddle point at Y = —-170, —175, 180, 175, 170,
165, 155, 150 and 145° in the presence of the effector inhibitor
molecule Inhg.

Values of Y = 155° and 170° were selected for further ‘slow’
US(X). A saddle point could not be localized (Fig. S167) utiliz-
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Fig. 8 Changes in free energy in kcal mol™ between X = —175° and X =
—85° for the ‘fast” US(X) scan (19 = 19 X 1 ns) of the Inhg—KMO complex
obtained from WHAM, at various values of Y.

ing the coordinate points of US(X, 155) in Fig. 9. The US(X,
170) in Fig. 9 presents a TS candidate that is followed by a
deeper well, and starting from the coordinate points obtained
from US(X, 170), a saddle point is clearly found between X =
[-113°, —112°] and Y = [170°, 171°] (Fig. 10). The global
minimum that corresponds to the in conformational state was
found between X = [-169°, —168°] and Y = [163°, 164°] (Fig. 10)
while the product state that corresponds to the out confor-
mational state was found between X = [-80°, —79°] and Y =
[166°, 167°] (Fig. 10).

WHAM ¢gives the free-energy barrier and the relative free
energy of the out conformational state (Fig. 11) as explained in
the ESI (‘Details of Relative Free Energy Calculations of KMO
Conformational States’f). As expected,'*'® the conformational
change is accompanied by an endergonic free-energy change.

In the in conformational state, the isoalloxazine is stabil-
ized by six H-bonds with the surrounding residues (Fig. 11)

US along X with Fixed Y US along Y with Fixed X

— Y=155
Y=170

IV

-150

— X=-175

o

AG(kcal-mol~1)
S

~100 140 150 160 170 180
X(*) Y()
Fig. 9 Changes in free energy in kcal mol™ between X = —179° and X =
—85° in the 'slow’ US(X, 155) run (665 = 95 X 7 ns), between X = —179°
and X = —60° in the 'slow’ US(X, 170) run (840 = 120 x 7 ns), and
between Y = 136° and Y = 180° in the ‘slow’ US(-175, Y) run (315 = 45 x
7 ns) for the Inhg—KMO complex.
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Fig. 10 Free-energy contour maps of the in state (left), TS (middle) and out state (right) of Inhg—KMO. Each contour map was obtained using the
points of the ‘slow’ US(X, 170). The in state that is between X = [-169°, —168°] and Y = [163°, 164°] was obtained via nineteen slow US(Y) runs (1862 =
19 x 14 x 7 ns) for X = [-176, —158]. The saddle point that is between X = [-113°, —112°] and Y = [170°, 171°] was obtained via ten ‘slow’ US(Y) runs
(770 = 10 x 11 x 7 ns) for X = [-120, —111]. The out conformational state that is between X = [-80°, —79°] and Y = [166°, 167°] was obtained via ten

slow US(Y) runs (770 = 10 x 11 x 7 ns) for X = [-83, —74].
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Fig. 11 The reaction coordinate of FAD's conformational change in
Inhg—KMO. The selection scheme applied to visualize the surrounding
residues of the isoalloxazine is explained in the caption of Fig. 7.

and it is more confined from water in comparison to apo-
KMO’s in conformational state, since only N5 is closely inter-
acting with a water molecule (Table S1t). Pro321 is not in the
range of the selection scheme applied in Fig. 11. A stacking
interaction is formed between the rings of the inhibitor and
the side chain of Phe246 like the interaction between Phe322
and Phe246 in apo-KMO. Through this interaction, the move-
ment that should take place for the in to out conformational
change is blocked, but with one important difference: with
Inhg being a small molecule and loosely bound, it can move
easier in comparison to Phe322, whose position is mostly dic-
tated by the protein loop. The change in the position of the
inhibitor can be visually inspected via the superposition of the
in conformational state and TS shown in Fig. S22.F

This journal is © The Royal Society of Chemistry 2024

In the TS of Inhg-KMO (Fig. 11), the isoalloxazine forms
significantly fewer (only two) H-bonds and is surrounded by
more water molecules in comparison to the TS of apo-KMO.
These observations are in line with the later location of the TS
in the reaction coordinate in comparison to that of apo-KMO.
Interestingly, interactions with water molecules increased for
every polar site but N5 (Table S11) in comparison to the in con-
formational state. As seen for the TS of apo-KMO, Tyr195 does
not form an H-bond with the isoalloxazine ring system and
remains perpendicular at its methyl-substituent end. The tran-
sition barrier energy is mostly due to this blocking effect of
Tyr195. However, unlike apo-KMO, once it rotates further
along the reaction coordinate, it relaxes to a deep local
minimum, as seen in Fig. 10.

The TS barrier in Inhg-KMO is reduced in comparison to
that of apo-KMO because the space that is occupied by the
loop above the isoalloxazine becomes available for the isoallox-
azine and it is efficiently occupied (Fig. S20A and Bf) and
thereby the blocking interaction due to Tyr195, which is also
seen in the TS of apo-KMO, is less severe. In apo-KMO, the
side chain of the loop residue Pro321 prevents the movement
of the isoalloxazine in the vertical direction, and therefore, it
cannot escape from the blocking of Tyr195 as easily as seen in
Inhg-KMO. In the TS of Inhg-KMO, the repelling H-H inter-
action is absent due to the availability of space above the isoal-
loxazine, which bends into it (Fig. S20C and D¥). As shown in
Fig. S20A,T if the Pro321 residue was not displaced as in apo-
KMO, the distorted isoalloxazine’s H and Pro321’s H would
clash. In addition, the distance between Inhy and Phe246
increases from 3.3 to 5.2 A (Fig. $221) with relative ease, due to
the mobility of Inhg (Fig. S227).

In the out conformational state of Inhz—~KMO, in which the
isoalloxazine is in an open position (Fig. 12), there is only one
H-bond involving the isoalloxazine: between O4 and Tyr195’s
side-chain polar hydrogen (Fig. 11). Tyr195’s side chain
occupies the space in front of the isoalloxazine ring system
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Fig. 12 The out conformational state of Inhg—KMO in which the isoal-
loxazine is clearly in an open position. The utilized frame is the same as
in Fig. 11 but with a different selection scheme; only the residues that
are within 5 A of N5 of FAD are shown explicitly.

and is to the left side of N5. In the out conformational state,
the number of direct interactions with water molecules
increases for O2 and remains constant for all other atoms com-
pared to the TS. N5’s relatively low number of interactions
with water molecules is interesting, considering its immediate
solvent exposure. This is the pre-reactive orientation for the
FAD reduction. As the thermodynamics in this work shows,
the out conformation is higher in free energy and probably
short-lived and expected to reconvert back to the more stable
in conformational state. However, its shielding from direct
interactions with solvent molecules can stabilize the critical
hydroperoxide intermediate that might form after the
reduction within its short lifetime.

2.3 A competitive inhibitor suppresses the conformational
activation of KMO

In the presence of the competitive inhibitor Inhg, the ‘fast’ US
simulations (Fig. 13) cover a wider range of dihedral angles X
in comparison to the previous two complexes. The runs at Y =

-135
-140
-145
-150
-155
-160
- -165
-170
304 -175
180
175
170
165
160
155
150
- 145
04 =

50 A

40

AG(kcal-mol~1)

10 A

T T T
—140 -120 —100

X(°)

T T
—180 -160

Fig. 13 Changes in free energy in kcal mol™ for the scan from X =
—180° to X = —85° in the ‘fast’ US(X) run (20 = 20 x 1 ns) for the Inhc—
KMO complex at various values of Y.
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Fig. 14 Changes in free energy in kcal mol™ for scans from X = —180°
to X = —85° (672 = 96 X 7 ns) in the 'slow’ US(X, —150), US(X, —175) and
US(X, 175) runs, and from Y = 141° to Y = 225° in the 'slow’ US(180, Y)
run (595 = 85 x 7 ns) for the Inhc—KMO complex.

—175, =150 and 175 were selected for further ‘slow’ US(X)
refinement simulations (Fig. 14) since those were indicative of
a saddle point with a reasonable barrier height. According to
the corresponding contour maps (Fig. S17-S19%), there is
neither a saddle point nor a local minimum in these ranges.
This agrees with experiments,"® which showed that FAD
reduction is not taking place in the presence of a competitive
inhibitor molecule. Nonetheless, an area from the contour of
Fig. S19t will be investigated to fully rationalize the inhibitor’s
mode of action. As displayed in Fig. 15, the in conformational
state is located between the points X = [-178°, —177°] and Y =
[-169°, —168°].

In the in conformational state (Fig. 16), the isoalloxazine
forms six H-bonds with KMO residues. These are similar to

-167 /5.01
-168

N .
D (In
-1695 Q

Y(°)

Fig. 15 Free-energy contour map for the in conformational state of the
Inhc—KMO complex. The in conformational state is localized between X
= [-178°, -177°] and Y = [-169°, —168°]. Using the slow US(X, —175) run,
both in the decreasing and the increasing directions in free energy, ten
slow US(Y) simulations (980 = 10 X 14 X 7 ns) were carried out for X =
[-178°, —169°].
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T
%}N”Metaﬂ
o A

“Gly326

Fig. 16 A. The in conformational state of FAD of Inhc—KMO. The selec-
tion scheme applied to visualize the surroundings of the isoalloxazine is
explained in the caption of Fig. 7. B. The same as in A, but from a
different point of view.

the ones in Inhg-KMO, and these polar sites do not directly
interact with the solvent molecules as in the in conformation
for Inhg-KMO. The ring of the inhibitor Inh¢ aligns horizon-
tally relative to the isoalloxazine ring system allowing the for-
mation of a ‘parallel offset’ stacking interaction.>® The position
of the inhibitor is enhanced by additional stacking interaction
with the side chain of Phe322 of the loop above the isoalloxa-
zine (Fig. S237).

In order to understand how Inh¢ prevents the confor-
mational transition of FAD, a high-energy region (located at X
= [-112°, —111°] and Y = [174°, 175°]) on the free-energy
contour map in Fig. S191 was analyzed (Fig. 17). The most sig-
nificant result from Fig. 17 is the highly restrained confor-
mation of the isoalloxazine in comparison to the in confor-
mational state in Fig. 16. This is due to the unfavorable ‘paral-
lel face-centered’ stacking interaction®® between the rings of
the inhibitor and the isoalloxazine. In contrast, the interaction
between Phe322 of the loop and the inhibitor is conserved
(Fig. S237), therefore, the positioning of the inhibitor is dic-
tated by the loop region above the isoalloxazine. This loop
stabilizes the position of the inhibitor at where it is in the in
conformational state while the putative rotational transition of
the isoalloxazine mode is destabilized. Comparing this high-
energy state to the in conformational state shows that the side

:'A~
(|
'
[t
Asn51 [
Xﬂ»
X
‘ T ;‘K S
~ Lys48 ) VA O 4
A Tyr195 | B

Fig. 17 A. A structural view of a high-energy contour region of the
Inhc—=KMO complex. The four runs cover dihedral angles ranging
between X = [-112°, —111°] and Y = [174°, 175°] on the free-energy
contour map seen in Fig. S19.7 The selection scheme applied to visualize
the surroundings of the isoalloxazine is explained in the caption of
Fig. 7. B. The same as in A but from a different point of view.
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chain of Tyr195 (Fig. S24%) is occupying a position close to the
isoalloxazine. The side chain of Tyr195 is partly responsible
for the restrained isoalloxazine binding mode in Fig. 17. The
presence of the inhibitor between the isoalloxazine and the
KMO loop further enhances the restriction of the rotation of
the isoalloxazine in the vertical direction. Therefore,
Tyr195 must be displaced to create space for the rotation of
the isoalloxazine. In addition, Tyr195’s side chain cannot
move towards the left-hand side (Fig. 17) as it would clash
with the inhibitor, so it moves forward in the positive X-angle
direction of the conformational change and further clogs it
(Fig. S247).

3 Conclusions

The activation of KMO requires an enzymatic conformational
transition towards the reactive out conformation. Extensive
exploration of the free-energy surface by umbrella sampling
revealed the free-energy differences between the inactive in
and the reactive out conformational states of FAD in KMO and
the transition-state barriers. The studies in this work con-
firmed the experimental results that showed'®*® a relation
between the positioning of the loop region above the isoalloxa-
zine of FAD and the conformational changes.

In the apo form of the enzyme, this loop above the isoallox-
azine is maintained at its original position of the in state, and
the loop orientation is restricting the transition towards the
out conformation in the vertical direction of the isoalloxazine
via the interactions with a surrounding residue, Phe246.

The competitive inhibitor (Inhc) fully inhibits the confor-
mational change of FAD and a transition state connecting the
in and out KMO states could not be localized. Furthermore,
the structural restraints due to the presence of the inhibitor do
not allow the KMO enzyme to occupy an out conformational
state. The interactions between the inhibitor and the isoalloxa-
zine, and the inhibitor and the loop residues, are critical for
this inhibition.

The non-substrate effector (Inhg) significantly lowers the
free-energy barrier for the conformational activation of FAD.
This lower transition-state barrier is enabled by the displace-
ment of the KMO loop region above the isoalloxazine in the
presence of the effector molecule. This enables a faster orien-
tation of FAD towards the reactive conformation.

For the first time, non-equilibrium MD simulations and the
free-energy changes show that the out conformational state
can be localized and corresponds to a local minimum during
KMO activation. It corresponds to a near surface position of
the isoalloxazine of FAD in the enzyme, as was already implied
by experiments but could not be verified."*'® Residues Tyr195,
Pro321 and Phe322 are critical for the conformational tran-
sition regardless of the type of inhibitor or whether an inhibi-
tor is present or not. However, in the presence of the effector
inhibitor UPF-648, the positions of residues Pro321 and
Phe322 are modified, relieving the repulsive interactions
between the isoalloxazine and Tyr195 or Pro321 during the
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transition and preventing the stacking interaction between
Phe322 and Phe246 (which blocks the transition).

The displacement of the KMO loop region by an effector
molecule is essential for the conformational change to occur
with reasonable rates. This displacement is induced by the ver-
tical positioning of the ring of the inhibitor compound, rela-
tive to the isoalloxazine ring system of FAD. Human KMO
responds to inhibitor binding in the same manner'® as
Saccharomyces cerevisiae KMO. Therefore, the results of this
study for scKMO are also transferable to human KMO. To
avoid H,0, formation during inhibition of human KMO, the
inhibitors must be designed in such a way that their structural
clash with the loop of KMO is avoided, and instead a construc-
tive interaction between them is formed to maintain the
binding mode of the isoalloxazine ring system.

4 Computational methods
4.1 Preparation of protein complexes

X-ray structures of scKMO were obtained from the protein
databank. They include 4J33.pdb (resolution = 1.82 A) in
which the protein is in the apo form, 4J36.pdb (resolution =
2.13 A) in which the inhibitor UPF-648 is present within the
active site and 5X6R.pdb (resolution = 1.91 A) in which the
inhibitor Ro 61-8048 is in the active site. Although both inhibi-
tors successfully inhibit the oxygen transfer step of the
hydroxylation, UPF-648 is a non-substrate effector while Ro 61-
8048 is a competitive inhibitor. Therefore, UPF-648 stimulates
the reduction of FAD’s isoalloxazine ring system, which further
causes H,0, formation, while Ro 61-8048 is only inhibiting the
hydroxylation."®

Missing residues were re-constituted by homology modeling
using SWISS-MODEL.?” The missing C-terminal a-helix in 4J36
was modeled using the Builder module of PyMOL*® and
Amber20*® sequential minimization. According to the
Ramachandran plots, which were generated using Maestro,*
these models are structurally reliable representations of each
protein structure (Fig. S1-S3f). For each protein structure,
SWISS-MODEL reported a “Ramachandran Favoured” value
above 95%. The protonation states of His residues were manu-
ally assigned depending on their environments, while those of
other residues were assigned automatically and all of them
were checked using the H++ server.*”

The topology and the coordinate files were generated using
the tLEAP module of Amber20, and ff19SB*> was used as the
force field. Parametrizations of ligands (FAD, UPF-648 and Ro
61-8048) were carried out using Amber’s antechamber
program suit.*> The RESP model** was used to derive the
atomic charges. The quantum mechanical calculations were
performed with Gaussian 16 Revision A.03>® for the generation
of the electrostatic potentials. In these calculations, a
B3LYP***’/6-31+G(d,p) functional/basis set combination was
used in conjunction with the MK method.*®**° During the
optimizations, the heavy atoms were fixed to their X-ray coordi-
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nates. The parameters of the ligands were generated using
GAFF2.*

The protein was solvated with the TIP3P model*' of water
in an octahedral simulation box. The minimum distance from
the protein structure to an edge of the box was set to 15 A. The
protein complexes were sequentially minimized with a non-
bonded cut-off distance of 12 A (same throughout the simu-
lations as well): (1) the water molecules were minimized with
10 000 steepest descent steps before switching to the conjugate
gradient algorithm with a convergence criterion of 0.01 kecal
mol™ A™, while the protein was constrained with a weight of
250 keal mol™ A™%. (2) The constraints were removed, and the
entire system was optimized with the same minimization para-
meters. This procedure was applied to each computational
system.

4.2 Details of MD simulations

All the MD simulations were performed using the cuda version
of Amber20’s pmemd program. Utilizing the Langevin thermo-
stat, the equilibration was carried out in three steps in which
the time step was set to 2.0 fs, the SHAKE algorithm was
turned on for H-atom-heavy-atom bonds, and the random col-
lision frequency was 2 ps: (1) starting from 0 K, the system was
heated to 310 K within 0.1 ns with weak constraints (10.0 kcal
mol™" A™?) on the protein complex in the NVT ensemble. (2)
The simulation was run with the same simulation parameters
as in step 1, but without the constraints. (3) To bring the
system to its physiological condition, the density of the system
was equilibrated using the Langevin thermostat in an NPT
ensemble for 100 ns. According to Fig. S4-S6,1 each protein
complex was well equilibrated.

4.3 Details of non-equilibrium MD simulations

As can be seen for the FAD of p-hydroxybenzoate hydroxylase
in Fig. 1, the in state to the out state conversion involves two
collective variables with a torsion around the dihedral angles.
These dihedral angle changes take place around the blue (X)
and red (Y) axes shown in Fig. 18, where the specifications
related to the applied forces are explained.

In the text, for simplicity, these collective variables are
going to be referred to as X and Y, respectively. In addition,
twelve atoms (shown in yellow in Fig. 18) were constrained
during the US simulations to prevent structural relaxation to
the starting configuration and drive the isoalloxazine ring
system from the in state to the out state.

Since the generation of FAD in the out conformation
involves a two-dimensional dynamical change, three US
schemes with different levels of accuracy were used consecu-
tively. First, approximate US simulations were carried out for a
fast initial exploration around the X-axis in steps of 5°
windows. For each window, MD simulations were carried out
for 1 ns with a 1 fs time-step. In this one-dimensional screen-
ing, the dihedral angle around the X-axis was scanned while
the dihedral angle around the Y-axis was fixed with the harmo-
nic force and treated as a parameter. These simulations were
repeated at various fixed values of the dihedral angle Y in steps

This journal is © The Royal Society of Chemistry 2024
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Fig. 18 Definitions of dihedral angles in the umbrella sampling of the
conformational changes of FAD in scKMO. The collective variables
involve two dihedral angle rotations around the axes X (blue) and Y (red).
The yellow atoms were constrained (500 kcal mol™ A2) throughout all
US simulations. The rotation around the X-axis was performed by apply-
ing a harmonic force (force constant = 0.25 kcal mol™ deg) to the di-
hedral angle formed by atoms a—b—c-d, while the rotation around the
Y-axis was obtained by applying a harmonic force with the same con-
stant to the dihedral angle formed by atoms b—c—-d-e.

of 5°. These initial simulations will be referred to as the ‘fast’
US(X) simulations. They were carried out in an NPT ensemble
in which the temperature was increased from 0 K to 310 K
using the Langevin thermostat. Those fast US(X) simulations
were only used to obtain a qualitative understanding of the
free-energy landscape related to the conformational transform-
ation of the in state to the out state, and to give initial coordi-
nates for more accurate scanning of the free-energy surface.

Second, selected ‘fast’ US(X) simulations were repeated
using their final coordinates and with a refined increment of
1° (‘slow’ US(X)). For each window, first an equilibration run
was carried out for 1 ns with a 1 fs time-step (with the same
simulation parameters as described for the fast US(X)), then a
production run was carried out for 7 ns with a 1 fs time-step
(with the same simulation parameters as described for the fast
US(X), but at constant temperature, 310 K).

Finally, in the third US scheme (‘slow’ US(Y)), which
involved rotating around the dihedral angle Y and the dihedral
angle X as the parameter, the coordinates obtained from the
selected consecutive ‘slow’ US(X) simulations were used as the
initial coordinates. In this scheme, the windows were at an
interval of 1°; first, an equilibration run was carried out for 1
ns with a 1 fs time-step, followed by a production run for 7 ns
with a 1 fs time-step, as above. Each ‘slow’ US(Y) was repeated
for incremental changes of the parameter X by 1°. Since the
windows of ‘slow’ US(Y) are very close in the two-dimensional
X-Y conformational space, the obtained data were combined,
and the local free-energy surface related to this X-Y space was
analyzed in two dimensions. This procedure allowed the
identification and localization of both minima and the saddle
point of the in to out transition. Although some overlap of
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windows of initial ‘fast’ simulations was already obtained,
these simulations did not allow extraction of quantitative
information about the free-energy surface. Therefore, they
merely served as qualitative starting points for consecutive
‘slow’ simulations. On the other hand, the overlap of windows
in the ‘slow’ simulations was excellent throughout. Due to the
large number of windows, we are discussing only representa-
tive ones here. For these selected windows (which refer to
minima and saddle points), the overlapping data are displayed
for each protein complex (in Fig. S7-S13t). Free-energy ana-
lyses were carried out using the Weighted Histogram Analysis
Method*® (WHAM). One- and two-dimensional analyses were
performed using the wham and wham-2d programs,*?
respectively.
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