
A Single-Point Mutation in D‑Arginine Dehydrogenase Unlocks a
Transient Conformational State Resulting in Altered Cofactor
Reactivity
Archana Iyer, Renata A. G. Reis, Swathi Gannavaram, Mohamed Momin, Alexander M. Spring-Connell,
Yoelvis Orozco-Gonzalez, Johnson Agniswamy, Donald Hamelberg, Irene T. Weber, Samer Gozem,
Siming Wang, Markus W. Germann, and Giovanni Gadda*

Cite This: Biochemistry 2021, 60, 711−724 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Proteins are inherently dynamic, and proper enzyme
function relies on conformational flexibility. In this study, we
demonstrated how an active site residue changes an enzyme’s
reactivity by modulating fluctuations between conformational states.
Replacement of tyrosine 249 (Y249) with phenylalanine in the active
site of the flavin-dependent D-arginine dehydrogenase yielded an
enzyme with both an active yellow FAD (Y249F-y) and an inactive
chemically modified green FAD, identified as 6-OH-FAD (Y249F-g)
through various spectroscopic techniques. Structural investigation of
Y249F-g and Y249F-y variants by comparison to the wild-type
enzyme showed no differences in the overall protein structure and
fold. A closer observation of the active site of the Y249F-y enzyme
revealed an alternative conformation for some active site residues
and the flavin cofactor. Molecular dynamics simulations probed the alternate conformations observed in the Y249F-y enzyme
structure and showed that the enzyme variant with FAD samples a metastable conformational state, not available to the wild-type
enzyme. Hybrid quantum/molecular mechanical calculations identified differences in flavin electronics between the wild type and
the alternate conformation of the Y249F-y enzyme. The computational studies further indicated that the alternate conformation in
the Y249F-y enzyme is responsible for the higher spin density at the C6 atom of flavin, which is consistent with the formation of 6-
OH-FAD in the variant enzyme. The observations in this study are consistent with an alternate conformational space that results in
fine-tuning the microenvironment around a versatile cofactor playing a critical role in enzyme function.

Enzymes catalyze chemical reactions in biological pro-
cesses.1 Understanding how enzymes perform otherwise

inaccessible reactions under physiological conditions has been
of interest for both fundamental and applied purposes. A
majority of biochemical and structural studies have focused on
the electrostatic contribution to enzyme catalysis.2 While the
inherent flexibility observed in enzymes is widely accepted to
play a role in substrate capture and product release, the
contribution of dynamic processes to enzyme catalysis is still
not entirely accepted and well understood.3,4 All proteins are
inherently dynamic and exist in solution as ensembles of
conformations.5−7 Protein motions span a wide range of time
scales, from ultrafast atom vibrations occurring on subpico-
second time scales and fast side-chain motions occurring on
subnanosecond time scales to slow domain movements ranging
from microseconds to seconds.5,8,9 Conformational changes in
enzymes facilitate many events like substrate capture,
stabilization of transition states, and product release, which
are essential for enzyme function.10 The role of dynamics in

catalysis has been investigated in many enzymes.11,12 Different
stages of catalysis, such as the binding of substrate and cis/trans
isomerization, often require conformational changes in
enzymes.5,13,14

Protein conformations can be pooled into conformational
“substates” based on structural and energetic similarities.15−17

Methods like nuclear magnetic resonance (NMR) relaxation
dispersion have previously demonstrated the existence of such
transient and sparsely populated conformational sub-
states.6,11,18,19 Early studies of myoglobin by Frauenfelder et
al. in 1982 revealed multiple conformational substates that are
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coupled to function.12,13,17,20−22 The population and sampling
of protein conformational substates can be modulated by site-
specific mutations, as demonstrated in bacterial phosphotries-
terase, Escherichia coli dihydrofolate reductase (EcDHFR), and
cyclophilin A/proline isomerase.11,23−25 Studies of EcDHFR
variants established that while the wild-type and mutant
enzymes are similar in structure, they vary significantly in their
ability to access specific conformational substates.11

D-Arginine dehydrogenase (EC 1.4.99.6, UniProtKB
Q9HXE3, PaDADH) from Pseudomonas aeruginosa PAO1 is
an FAD-dependent enzyme that oxidizes D-arginine to 2-
imino-arginine.26 The enzyme catalyzes an irreversible reaction
and is part of a two-enzyme system with L-arginine
dehydrogenase for the irreversible conversion of D-arginine
to L-arginine.27 Under nutrient-limiting conditions, the two-
enzyme system enables P. aeruginosa to utilize D-arginine as the
sole carbon and nitrogen source.27 The physiological substrate
that oxidizes the enzyme-bound flavin in PaDADH is
unknown, but the enzyme is unreactive with molecular
oxygen.26 In vitro kinetic studies have used phenazine
methosulfate (PMS) as an electron acceptor. PaDADH has a
broad substrate specificity with D-amino acids, with D-arginine
being the best substrate, as shown by a kcat/Km value of 106

M−1 s−1.26 A direct hydride ion transfer from the α-carbon
atom of the deprotonated substrate to the enzyme-bound
flavin oxidizes the substrate,28 with a mechanism that is
common to other flavin-dependent enzymes that oxidize
amino acids, such as L-amino acid oxidase, D-amino acid
oxidase, and monomeric sarcosine oxidase among others.29

The atomic-resolution crystal structures of PaDADH showed
two conformations of active site loop L1,26 with the side chain
of Y53 forming hydrogen bonds with either T137 in the ligand-
free conformation or the product’s carboxylate in the product-
bound enzyme, demonstrating the conformational flexibility of
the enzyme.26 In the product-bound enzyme, the side chain of
Y249 forms a hydrogen bond with the product’s carboxylate.26

Interestingly, upon replacement of either Y53 or Y249 with
phenylalanine, substrate binding is minimally affected, but
flavin reduction becomes reversible, suggesting modulation of
flavin reactivity by the tyrosine residues.28 Replacement of
Y249 with phenylalanine also yielded two enzyme populations,
with an active enzyme variant containing yellow FAD (Y249F-
y), which was characterized in a previous study, and an inactive
enzyme variant harboring a green modified flavin cofactor
(Y249F-g).28

We have carried out a biochemical, structural, and
computational characterization of the yellow and green
Y249F variant enzymes of PaDADH. Our results show that a
modified flavin cofactor, 6-OH-FAD, is responsible for the
green-colored enzyme variant and establish that the side-chain
hydroxyl of Y249 plays a vital role in the wild-type enzyme,
preventing the formation of the 6-OH-FAD. Indeed, removing
the Y249 hydroxyl changed the protein conformational
landscape, altering the flavin electronic structure, thus
modifying its reactivity.

■ EXPERIMENTAL PROCEDURES

Materials. D-Arginine, phenazine methosulfate, and PEG
(3350, 5000, and 6000) were purchased from Sigma-Aldrich
(St. Louis, MO). D-Alanine was obtained from Alfa Aesar
(Wardhill, MA). Synthesized 6-OH-FAD was a kind gift of B.
A. Palfey at the University of Michigan (Ann Arbor, MI). All of

the other reagents used were obtained in their highest purity
commercially available.

Enzyme Preparation. The Y249F enzyme was prepared
by site-directed mutagenesis using the cloned wild-type gene
pET20b(+)/PA3863 as a template, as described previously.28

Expression and purification of the Y249F enzyme were
described previously.28 The purified Y249F-g and Y249F-y
enzymes were stored in 20 mM Tris-HCl (pH 8.0) and 10%
glycerol, at a concentration of 10 mg/mL. The expression,
purification, and storage of the Y249F enzyme were also
carried out in the absence of glycerol to improve the quality of
the spectra in the MS-ESI analysis. The enzyme concentration
was quantified using the Bradford method.30,31 The ultra-
violet−visible (UV−vis) absorption spectrum of the Y249F-y
and Y249F-g enzymes was recorded with an Agilent
Technologies model HP8453 PC diode array spectropho-
tometer equipped with a thermostated water bath.

Flavin Extraction and MS-ESI Analysis. The flavin
cofactors were extracted from the Y249F-g and Y249F-y
enzymes by treatment with ice-cold 7% (v/v) TCA for 30 min
on an ice bath, followed by centrifugation at 10000g for 10 min
to remove precipitated protein. The procedure was repeated
on the supernatant to ensure the complete absence of protein.
The extracted flavins were purified with an SCL-10A VP
SHIMADZU HPLC instrument equipped with diode array
detection. The stationary phase was a μBondapak C18 column
(15 cm × 4.6 mm), the mobile phase consisted of H2O and
0.01% TFA as solvent A and 5% acetonitrile and 0.01% TFA as
solvent B. The flavin cofactors were loaded onto the column at
5% solvent B and eluted with a linear gradient from 5% to
100% solvent B developed in 60 min at a flow rate of 0.5 mL/
min. FAD eluted at 21 min, and 6-OH-FAD at 24 min. The
flavin cofactors extracted from the Y249F-y and Y249F-g
enzymes were analyzed using mass spectrometry (MS) in the
negative electrospray ionization (ESI) mode at the Mass
Spectrometry Laboratory of Georgia State University. Accurate
mass analysis was carried out using a Thermo Fisher Orbitrap
Elite mass spectrometer equipped with an ESI source in
negative ion mode. The samples were analyzed with an LC-MS
profile without using a column and isocratic elution with 20%
acetonitrile and 0.1% formic acid at a flow rate of 8 μL/min.

6-OH-FAD pKa Determination. After extraction and
purification by HPLC, the 6-OH-FAD was vacuum concen-
trated for ∼14 h and dissolved in 20 mM sodium phosphate
and 20 mM sodium pyrophosphate (pH 6.0). The
concentration of 6-OH-FAD was calculated using an ε422 of
19.6 mM−1 cm−1.32 The UV−vis absorption spectra of the 6-
OH-FAD solution were recorded after serial additions of 1 M
NaOH (1−10 μL), while the mixture was being stirred until
the pH was incrementally changed. After each careful and slow
addition of the base, the solution could equilibrate until no
changes in the pH value or absorbance were observed, which
typically required 2−3 min. The pH dependence of the
absorbance at 585 nm was fit to eq 1

C C
Abs

1 10 K585 nm
L H

p pHa
=

+
+ − (1)

where CL and CH are the pH-independent limiting values for
the absorbance at 585 nm at low and high pH, respectively.

Lack of Reduction of the Y249F-g Enzyme with D-
Arginine. A sample containing a mixture of the Y249F-y and
Y249F-g enzymes (Y249F-yg) was prepared by gel filtration
through a PD-10 desalting column (General Electric, Fairfield,
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CT) in 20 mM Tris-HCl (pH 8.7) at 25 °C. The Y249F-yg
enzyme was incubated with 1.0 mM D-arginine in 50 mM Tris-
HCl (pH 8.7) at 25 °C, and the UV−vis absorption spectrum
was recorded before and after incubation with the amino acid
substrate to establish whether the latter could reduce the
Y249F-g enzyme. The Y249F-y enzyme present in the sample
was used as an internal control because it was immediately
reduced with the addition of D-arginine.
NMR Analysis. NMR experiments were conducted on a

Bruker Avance 600 MHz spectrometer equipped with a 5 mm
QXI 1H (31P, 13C, 15N) probe (Bruker, Billerica, MA). One-
dimensional 1H spectra were collected using the watergate W5
pulse sequence for water suppression.33 Heteronuclear 1H−13C
HSQC spectra were processed with a shifted squared sine bell
multiplication in both dimensions (SSB = 2). A 100 ms mixing
time was used for TOCSY spectra. Samples were prepared in
10 mM sodium phosphate (pH 7.0) and referenced to 4,4-
dimethyl-4-silapentane-1-sulfonic acid (DSS) at 25 °C. Sample
concentrations of HPLC-purified flavins ranged from 15 to 30
μM for 6-OH-FAD and ∼100 μM for FAD; commercial FAD
and synthesized 6-OH-FAD sample concentrations were 300
μM.
Conversion of FAD to 6-OH-FAD in the Y249F-y

Enzyme. The Y249F-y enzyme was incubated with 15 mM D-
alanine in 20 mM Tris-HCl (pH 8.0) at 4 °C under aerobic
conditions with constant stirring for 48 h. The flavin cofactors
were extracted by treating the enzyme with 50% acetonitrile,
0.1% TCA, and centrifugation at 10000g to remove
precipitated protein. The centrifugation step was repeated on
the supernatant until no precipitation was observed. The
resulting supernatant was vacuum concentrated for ∼1 h. Serial
additions of 1 M NaOH were made to the samples after
recording the initial UV−vis absorption spectrum at pH ∼2.0
to incrementally increase the pH to ∼10.0 and visualize the
characteristic 540−800 nm band of the 6-OH-FAD.32

Incorporation of 18O into 6-OH-FAD. A Y249F-y
enzyme solution (15 μM, 1 mL) in 50 mM Tris-HCl (pH
8.0) was placed in a tonometer with a small stirring bar and a
concentrated D-alanine solution in the side arm. The
tonometer was made anaerobic by a 30-cycle treatment of
flushing with oxygen-free argon and gas removal by applying
vacuum. After the side arm solution was mixed with the
enzyme, the resulting concentration of D-alanine was 15.0 mM.
After mixing, the enzyme solution was incubated with constant
stirring at 4 °C in the presence of 18O2 gas by connecting a
pressurized cylinder with the 18O2 mixture to the tonometer.
After 48 h, the protein was denatured with 50% acetonitrile
previously cooled to −20 °C. The slurry was spun down at
10000g to remove precipitated protein, and the step was
repeated on the supernatant until no precipitation was
observed with centrifugation. The resulting supernatant was
vacuum concentrated for ∼4 h. MS analysis for the extracted
flavins was carried out on a Waters QTof micro mass
spectrometer equipped with an ESI source in negative ion
mode through a direct infusion at a flow rate of 5 μL/min. The
ESI tuning settings were a capillary voltage of 3000, a sample
cone voltage of 40, an extraction voltage of 1, a desolvation
temperature of 100 °C, and a source temperature of 70 °C.
Enzyme Crystallization. Crystals of the Y249F-g and

Y249-y enzymes were grown by the hanging-drop vapor
diffusion method; 2 μL of a protein solution and 2 μL of a
reservoir solution were mixed and equilibrated against 500 μL
of a reservoir solution. Crystals of the Y249F-g enzyme were

grown at room temperature using 50 mM Tris-HCl (pH 7.0),
10% glycerol, 13% (w/v) PEG 3350, and 6% (w/v) PEG 5000,
as the well solution. Green pyramidal crystals were observed
within 1 week and grew to a size of 0.2−0.3 mm3 in 2 weeks.
Crystals of the Y249F-y enzyme were grown at room
temperature with 50 mM Tris-HCl (pH 7.0), 10% glycerol,
13% (w/v) PEG 3350, and 6% PEG 6000, as the well solution.
Yellow crystals were observed within 1 week.

X-ray Data Collection and Processing. A single crystal
of either the Y249F-g or Y249F-y enzyme was soaked for 2 s in
the reservoir solution with 25% glycerol as a cryoprotectant
and flash-frozen immediately in liquid nitrogen. Diffraction
data were collected at 100 K on beamline 22-ID with an
MX300HS detector of the Southeast Regional Collaborative
Access Team (SER-CAT) at the Advanced Photon Source,
Argonne National Laboratory. One hundred eighty images
were collected at 1° oscillation per image with a crystal-to-
detector distance of 190 mm, and exposure of 1.5 s per image.
The data for Y249F-g and Y249F-y were processed using
iMOSFLM and scaled with SCALA tools included in CCP4i
Suite.34,35

Structure Solution and Refinement. The coordinates of
wild-type PaDADH [Protein Data Bank (PDB) entry 3NYE]
were used for the molecular replacement step to obtain the
initial phases for the Y249F-y and Y249F-g enzymes.36 The
tool Phaser found a unique solution in orthorhombic space
group P212121 with one molecule in the asymmetric unit for
both Y249F-y and Y249F-g.37 The crystal structures were
refined with Phenix_refine.38 Manual fitting and rebuilding
were performed using the molecular graphics program Coot.39

The 6-OH-FAD cofactor (6FA) coordinates were constructed
using phenix_elbow and added during the refinement of the
Y249F-g enzyme structure.40 FAD was available in the PDB
library and was added during refinement for the Y249F-y
enzyme. Refined atomic coordinates and experimental
structure factors were deposited in the Protein Data Bank
(Y249-g, PDB entry 6PLD; Y249-y, PDB entry 6P9D). All
structural figures were made using UCSF Chimera.41

Molecular Dynamics Simulations. Molecular dynamics
(MD) simulations were carried out using the Amber16 suite of
programs and AMBER ff14SB, a modified version of the force
field of Cornell et al.42,43 Initial coordinates of the systems
were taken from the wild-type enzyme structure (PDB entry
3NYE) and the Y249F-y structure (PDB entry 6P9D).36 The
AmberTools xleap program was used to construct the
appropriate system required for each MD simulation. The
parameters of the FAD cofactor were obtained from the
general AMBER force field (GAFF).44 Each system was
solvated in a periodic octahedron pre-equilibrated TIP3P45,46

water box. The edges of the octahedron were at least 10 Å
from the protein. All crystallographic water molecules were
maintained. The systems were then neutralized using Na+ or
Cl− counterions and equilibrated to 300 K and 1 bar.
A detailed equilibration protocol can be found in ref 47.

More specifically, the systems were energy minimized for 5000
steps with the positions of the protein atoms held by harmonic
constraints. Five rounds of energy minimization were
performed, where the force constant of the positional
constraints was gradually decreased from 500 to 0 kcal mol−1

Å−2. The system was heated from 100 to 300 K for 500 ps
using a 1 fs time step and positional constraints on the protein
atoms, and the temperature was maintained using the Langevin
thermostat with a collision frequency of 1.0 ps−1 under the
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NVT ensemble. Five rounds of heating were performed, where
the force constant of restraint was set to 500, 300, 100, 50, or 5
kcal mol−1 Å−2. A final equilibration step was carried out for 1
ns with a time step of 2 fs and no positional constraints under
the NPT ensemble at a constant temperature of 300 K and a
constant pressure of 1 bar using the Monte Carlo barostat with
a coupling constant of 1.0 ps. All production simulations were
carried out for 1.2 μs. The first 200 ns was considered to be an
extension of the equilibration phase, and the last 1.0 μs was
used for analysis. The particle mesh Ewald (PME)
summation48 was used to evaluate long-range electrostatic
interactions. A 9 Å cutoff was used for all short-range
nonbonded interactions. All bonds involving hydrogen atoms
were constrained using the SHAKE algorithm.49 The snapshots
of the trajectories were saved every 1 ps (500 steps).
Molecular Dynamics Simulations with O2 Molecules.

Additional MD simulations of the wild-type and mutant
enzymes with O2 molecules were carried out for 1.2 μs, similar
to the description above. In addition to the procedure
presented above, four O2 molecules were added randomly to
the solution around the protein molecule.
Principal Component Analysis (PCA). PCA was

performed using the CPPTRAJ program50 in the Amber16
suite of programs on the MD simulation trajectories. The
backbone atoms for all of the snapshots were structurally
superposed. The eigenvectors and eigenvalues were calculated
from the covariance matrix characterizing the internal motions
of all of the heavy atoms of the active site residues. Each
eigenvector represents a principal component (PC), and the
associated eigenvalue describes the structural variation
captured by the PC. The top two PCs (PC1 and PC2)
captured the largest structural variance and were used to
project back on the simulation trajectories to represent the
conformational dynamics for the active sites of the wild type
and mutant.
Hybrid Quantum Mechanical/Molecular Mechanical

(QM/MM) Calculations. Hybrid QM/MM calculations were
carried out for the wild type and for different conformations of
the Y249F-y enzymes to determine the spin densities on the
atoms of the flavin isoalloxazine moiety. Specifically, the
protocol used is based on the Average Solvent Electrostatic
Environment-Free Energy Gradient (ASEC-FEG) approach
used previously for rhodopsins,51 which was extended here to
flavoproteins. Briefly, the ASEC-FEG approach computes
quantum mechanical properties of the cofactor in a super-
position of several protein conformations instead of using a
single protein structure. ASEC-FEG, therefore, accounts for
the effect of local protein flexibility on the quantum
mechanically computed properties. The ASEC-FEG QM/
MM models were constructed by dividing each enzyme into
three subsystems, labeled QM, MM1, and MM2.
The QM subsystem, shown in Figure 1 with shaded atoms,

was described using quantum mechanics and included all
atoms of the reduced anionic lumiflavin moiety, up to the link
atom (LA). The LA lies at the frontier between the QM and
MM1 subsystems and is a hydrogen atom that caps the valency
created by breaking a CQM−CMM1 bond.

52 The position of the
LA was restrained according to the Morokuma scheme, such
that it remains colinear with the CQM−CMM1 bond.53 The
MM1 subsystem, also shown in Figure 1, includes some of the
FADH− ribityl atoms near the LA. The MM1 subsystem was
treated using molecular mechanics with the AMBER99sb54,55

force field and is optimized along with the QM subsystem

during QM/MM optimization steps of the protocol. The MM2
subsystem includes all other atoms of the FADH−, the
PaDADH protein, and surrounding water molecules and
ions, i.e., all atoms not shown in Figure 1. The MM2 subsystem
was treated with molecular mechanics with the AM-
BER99sb54,55 and TIP3P56 force fields for the protein and
water molecules, respectively, and was sampled to generate the
ASEC configurations.
QM/MM calculations were performed for wild-type

PaDADH and for different conformational substates of the
Y249F-y enzyme obtained from the 1000 ns MD simulations
discussed in the previous section using the following protocol.
These proteins were resolvated in a 10 nm cubic water box
with 17 Na+ counterions to ensure a globally neutral system.
Periodic boundary conditions were used to avoid boundary

effects. Short MD simulations were then performed for the
MM2 subsystem while keeping the QM and MM1 subsystems
frozen to generate the ASEC configurations for the proteins
while maintaining each system in the same substate sampled by
the long MD simulations. Specifically, the sampling MD
simulations were run for a total of 11.3 ns, just long enough to
sample local side-chain rotations and flexibility within each
protein substate. Those include a 0.3 ns heating simulation, in
which the temperature was slowly increased from 0 to 300 K, a
1 ns thermalization in the NPT ensemble to equilibrate the
volume of the system, a 5 ns NVT equilibration run, and a 5 ns
production run. The GROMACS code57 was used for these
MD simulations. The MD simulations were used to select 100
statistically uncorrelated snapshots to generate an “ASEC”
configuration of the MM2 subsystem, which is a superposition
of the 100 protein configurations with scaled charges and van
der Waals parameters such that the QM/MM interaction
energy is computed under conditions mimicking thermody-
namic equilibrium conditions.51,58 The QM and MM1
subsystems were then optimized within the resulting ASEC
environment. The QM/MM calculations were performed
using the MOLCAS59/TINKER60 QM/MM interface.61

QM/MM geometry optimizations were performed using the
CASSCF/ANO-L-VDZP62,63 level of theory with 14 orbitals
and 18 electrons (for FADH−) or 17 electrons (for FADH• or
FAD−•) included in the active space. The optimized geometry

Figure 1. Division of FADH− into QM (shaded atoms) and MM
atoms. The frontier valency is saturated by a hydrogen link atom
(LA).
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was used to obtain updated charge parameters for the cofactor
using the RESP protocol,64 and another MD simulation was
performed to obtain a new ASEC configuration based on the
QM/MM-optimized geometry and charges. The iterative
process described above was used to obtain a self-consistent
QM/MM1/MM2(ASEC) system.
The optimized QM/MM structures with the updated ASEC

configurations were then used to generate four models for
wild-type PaDADH and the different conformational substates
Y249F-y. The resulting four sets of data represent different sets
of assumptions to accommodate all possible mechanisms and
time scales of proton movements in the oxidative reaction
catalyzed by the enzyme, which was not known; these were as
follows.
FADH• at Equilibrium. This data set considers the

possibility that the reduced FADH− state is oxidized to a
neutral FADH• that is long-lived enough for the QM/MM
environment to equilibrate around it. In this case, the
MM2(ASEC) and QM/MM1 optimizations and spin densities
are consistently generated for FADH•.
FADH• Not at Equilibrium. This data set considers the

possibility that the reduced FADH− state is oxidized to a
neutral FADH•, but that FADH• reacts instantaneously with
O2. In this case, the MM2(ASEC) is generated for FADH− but
the QM/MM1 optimizations and spin densities are computed
for FADH•; i.e., we assumed the protein environment would
not have time to equilibrate before FADH• reacts.
FAD• at Equilibrium. This data set considers the possibility

that the reduced FADH− state is oxidized to an anionic
flavosemiquinone, i.e., FAD−•, that is long-lived enough for
the QM/MM environment to equilibrate around it. In this
case, the MM2(ASEC) and QM/MM1 optimizations and spin
densities are consistently computed for FAD−•.
FAD• Not at Equilibrium. This data set considers the

possibility that the reduced FADH− state is oxidized to a
FAD−• that reacts instantaneously with O2. In this case, the
MM2(ASEC) is generated for FADH− but the QM/MM1
optimizations and spin densities are computed for FAD−•; i.e.,
we assumed the protein environment would not have time to
equilibrate before FAD−• reacts.
The Mulliken spin densities were computed using the same

CASSCF/ANO-L-VDZP/AMBER99sb level of theory used for
the optimization. The spin density calculations were also
repeated using unrestricted B3LYP65/ANO-L-VDZP calcu-
lations for comparison. UB3LYP has been successfully used to
model several properties of flavin in different redox states,66,67

while the CASSCF/AMBER QM/MM approach is widely
used to perform multiconfigurational electronic structure
calculations of protein-bound molecules.68 Both UB3LYP
and CASSCF calculations showed the same trends in spin
densities, so only the CASSCF values are reported in the
results.

■ RESULTS
UV−Vis Absorbance of the Y249F-y and Y249F-g

Enzymes. The Y249F variant of PaDADH was isolated in
three fractions with yellow, light green, and green colors
(Figure 2A, inset) that could be separated using a DEAE-
Sepharose column. The yellow enzyme, Y249F-y, was active,
contained FAD, and was previously characterized.23 The
Y249F-y enzyme showed a UV−vis absorption spectrum at
pH 8.7 with maximal absorbance at 370 and 445 nm and no
absorbance above 540 nm (Figure 2A).

The green enzyme, Y249F-g, showed a broad band in the
range of 540−800 nm and maximal absorbance at 350 and 429
nm (Figure 2A). The light green enzyme contained a mixture
of yellow and green enzymes (Y249F-yg).

MS-ESI Analysis of 6-OH-FAD. To establish the atomic
composition of the green modified flavin in the Y249F-g
enzyme, the enzyme was denatured, and the extracted flavin
was subjected to mass spectrometry. An MS-ESI analysis
showed an m/z (−) value of 800.14 amu for the extracted
green modified flavin (Figure 2B), consistent with an extra O
atom being present on FAD. A control experiment of the
yellow flavin extracted from the Y249F-y enzyme yielded an
m/z (−) value of 784.05 amu (data not shown), in agreement
with the expected value of 784.55 amu for FAD. These data are
consistent with the green flavin being a hydroxylated form of
FAD69 but do not establish the site of modification on the
flavin cofactor.

Determination of the pKa Value of 6-OH-FAD. The pKa
value of the extracted green modified flavin was determined in
a pH titration of the UV−vis absorption spectrum (Figure 3A).
A plot of the absorbance at 585 nm versus pH yielded a pKa
value of 7.1 ± 0.1 (Figure 3A, inset), which agrees with
previous data on proton-exchangeable equilibria of 6- or 9-
OH-FAD in bulk solution.32,70,71

Figure 2. Spectroscopic characterization of the green flavin. (A) UV−
vis absorption spectra of the Y249F-y (solid curve) and Y249F-g
(dashed curve) enzymes were acquired at pH 8.7. The inset shows the
enriched green inactive fraction Y249F-g, a mixture of the Y249F-y
and Y249F-g enzyme fractions (Y249F-yg), and the enriched Y249F-y
fraction after ion-exchange chromatography. (B) MS-ESI spectrum of
the green flavin extracted from the Y249F-g enzyme in negative ion
mode, showing an m/z (−) value at 800.14 amu and the naturally
abundant isotopic pattern.

Figure 3. Spectroscopic characterization of the green flavin. (A) UV−
vis absorption spectra of the green flavin extracted from the Y249F-g
enzyme as a function of pH, with the inset showing the determined
pKa value. For the sake of clarity, only select spectra are shown
between pH 6.0 and 8.1. (B) Functional assessment of the Y249F-yg
enzyme containing a mixture of FAD and 6-OH-FAD: oxidized
enzyme before (solid curve) and after incubation for 60 min with 1
mM D-arginine (dotted curve).
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Lack of Activity of the Y249F-g Enzyme. To establish
whether the 6-OH-FAD could be reduced in the active site of
PaDADH, the enzyme containing a mixture of both 6-OH-
FAD and FAD, i.e., Y249F-yg, was incubated with 1.0 mM D-
arginine at pH 8.7, and the UV−vis absorption spectrum was
acquired. The variant enzyme containing both flavins was
chosen because it provided an internal standard, i.e., the FAD.,
which was expected to be reduced in the substrate’s presence.
The absorbance at 445 nm of the Y249F-yg enzyme
immediately decreased upon incubation of the enzyme with
the substrate (Figure 3B), consistent with the enzyme with
FAD being active. Instead, the long-wavelength band in the
540−800 nm region of the spectrum persisted after incubation
with D-arginine (Figure 3B), indicating that the amino acid
substrate could not reduce the variant enzyme containing the
green modified flavin. Thus, the enzyme with the green
modified flavin was not active, in agreement with previous
results in other systems showing that enzymes containing 6-
hydroxylated flavins retain low to no activity with their
physiological substrates.32,72−75

NMR Analyses of 6-OH-FAD. The green flavin extracted
from the Y249F-g enzyme was subjected to NMR analysis to
establish whether the extra OH group was on the flavin C6 or
C9 atom. A synthesized 6-OH-FAD standard and commer-
cially available FAD were also analyzed for reference. Three
aromatic peaks are observed in the 1H NMR spectra of the
extracted green flavin sample (at 7.8 ppm, at 8.35 ppm, and a
novel resonance at 6.75 ppm) and are identical to those of the
synthesized 6-OH-FAD sample (Figure 4A). The adenosine
resonances were identified via comparison to the FAD
standard, leaving the resonance at 6.75 ppm corresponding
to a proton on the isoalloxazine ring (Figure 4B). Analysis of
TOCSY spectra obtained from the synthesized 6-OH-FAD and
the green flavin extracted from the Y249F-g sample reveals
identical coupling between the aromatic peak at 6.75 ppm and
the isoalloxazine methyl proton at 2.4 ppm (Figure 4C,D).
Thus, by direct comparison with standards, the 1H NMR,
TOCSY, and HSQC analyses established that the green flavin’s
modification was on the C6 atom and not the C9 atom.
Conversion of FAD to 6-OH-FAD in the Y249F-y

Enzyme. The 6-OH-FAD in PaDADH could be formed
through an ionic mechanism in which the flavin hydroquinone
is a required intermediate, as previously proposed for
trimethylamine dehydrogenase.76 To determine whether the
hydroquinone was required to convert FAD to 6-OH-FAD in
the active site of PaDADH, the Y249F-y enzyme was reduced
aerobically with 15 mM D-alanine at pH 8.0 and 4 °C, and the
resulting UV−vis absorption spectrum was acquired. As shown
in Figure 5A, the aerobic treatment of the enzyme with the D-
alanine resulted in FAD’s conversion to 6-OH-FAD. An MS-
ESI analysis of the modified flavin after extraction from the
enzyme confirmed the formation of the 6-OH-FAD, with an
m/z (−) value of 800.19 amu in the mass spectrometry
spectrum (Figure 5B). In the absence of D-alanine, there were
no changes in the absorption maxima of the enzyme-bound
FAD at 377 and 449 nm (Figure 5A). Thus, the flavin
hydroquinone produced in the substrate-driven reduction of
the flavin with D-alanine could be a possible intermediate that
allows for the in vitro formation of 6-OH-FAD from FAD in
the active site of the Y249F-y enzyme.
The aerobic incubation of the Y249F-y enzyme with 15 mM

D-alanine was repeated in an atmosphere enriched with 18O2
gas to establish whether the O atom incorporated in the 6-OH-

FAD originated from molecular O2. In the MS-ESI spectrum of
the extracted flavin reduced with D-alanine in the presence of
18O2 gas, the relative intensity of the peak with an m/z (−)
value of 802.16 amu increased as compared to that treated with
atmospheric O2 gas, consistent with the incorporation of a 18O
atom in the newly formed 6-OH-FAD. Thus, the O atom of
the 6-OH-FAD originated from molecular O2.

Figure 4. 1H NMR and HSQC spectra of the modified flavin. (A)
Comparison of 1H NMR spectra of the green flavin isolated from the
Y249F-g enzyme (top), synthesized 6-OH-FAD (middle), and FAD
(bottom). 1H NMR spectra of the extracted flavin and a chemically
synthesized 6-OH-FAD yielded identical chemical shifts, confirming
the modification was at the C6 position of the isoalloxazine moiety of
FAD. (B) HSQC spectra of aromatic regions of synthesized 6-OH-
FAD (left) and FAD (right). (C) Slices from TOCSY spectra showing
coupling between position 9 of the isoalloxazine ring and the adjacent
methyl protons (left, synthesized; right, HPLC-purified). (D) HSQC
spectrum of 6-OH-FAD methyl protons. The separation between
methyl protons is 0.24 ppm.
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Proposed Mechanism for the Formation of 6-OH-
FAD. On the basis of the requirement of a flavin hydroquinone
and the observation that the O atom incorporated in the 6-
OH-FAD originated from O2, a mechanism for the formation
of 6-OH-FAD could be proposed (Figure 5C). Briefly, the
enzyme-bound FAD is initially reduced by D-alanine before
reacting with O2 via a single-electron transfer generating a
neutral flavosemiquinone and superoxide anion; the two
radical species collapse with the formation of a C6-peroxo-
FAD, which after elimination of water yields 6-OH-FAD. If
one assumes rapid equilibration of protons, an anionic
flavosemiquinone could also be considered before forming
the 6-peroxo-FAD, as illustrated by the species in brackets in
Figure 5C. Irrespective of the ionization state of the
flavosemiquinone, the proposed mechanism suggests there is
an increased tendency for O2 to react at C6 of the flavin in the
Y249F mutant relative to the wild-type system, where such a
reaction does not occur. One possibility is an enhanced
reactivity at C6 of flavin in Y249F, while another possibility is

easier O2 access to the active site. We tested both hypotheses
using MD and QM/MM calculations (see below).

X-ray Crystal Structures of the Y249F-g and Y249F-y
Enzymes. The high-resolution X-ray crystal structures of the
Y249F enzymes with either 6-OH-FAD or FAD were
independently determined in space group P212121. The space
group was the same as that previously seen for the structure of
wild-type PaDADH.36 The structure of the Y249F-g enzyme
with 6-OH-FAD (PDB entry 6PLD) was refined to an R factor
of 0.16 and a resolution of 1.55 Å and that of the yellow
Y249F-y enzyme with FAD (PDB entry 6P9D) to an R factor
of 0.13 and a resolution of 1.33 Å. The crystallographic and
refinement statistics are listed in Table 1.
Superposition of the backbone atoms of either the Y249F-g

or the Y249F-y enzyme with the structure of the wild-type
enzyme previously determined (PDB entry 3NYE) yielded
root-mean-square deviation (RMSD) values of ≤0.38 Å over
375 polypeptide backbone atoms (Figure 6). The structure of
the Y249F-g enzyme lacked electron density on the C4 atom of

Figure 5. Conversion of FAD to 6-OH-FAD in the Y249F-y enzyme. (A) The Y249F-y enzyme was incubated for 48 h in the presence or absence
of 15 mM D-alanine at pH 8.0 and 4 °C (top). UV−vis absorption spectra of the isolated cofactors after the treatment of the enzymes with acidified
50% acetonitrile and centrifugation to remove denatured protein at pH 2.0 (middle) and alkalization with 0.6 M NaOH (bottom). (B) MS-ESI
spectra of the extracted cofactors after aerobic incubation of the Y249F-y enzyme with 15 mM D-alanine in natural and 18O2 gas-enriched
atmospheres after extraction with 50% acetonitrile. (C) Proposed mechanism for hydroxylation of FAD in the active site of the Y249F-y enzyme.
The description is given in the text.
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F249, as expected due to the mutation of Y249 to
phenylalanine. Additional electron density was present on
the flavin C6 atom (Figure 7A), consistent with 6-OH-FAD in
the Y249F-g enzyme. In contrast, the structure of the Y249F-y
enzyme lacked electron density on both the C4 atom of F249
and the flavin C6 atom, consistent with the mutation of Y249
to phenylalanine and the presence of unmodified FAD.
The Y249F-g and wild-type enzymes shared identical

conformations of all of the active site residues and flavin
(Figure 7B). In the Y249F-y enzyme, instead, the con-
formations of both the guanidino group of R222 and R305
could be modeled only between 60% and 80% occupancy
(Figure 7C,D). This enzyme conformation was labeled
conformation A. The guanidino group of R222 was also
present in an alternative conformation that could be modeled
for 40% occupancy (Figure 7C,D), which was labeled
conformation B. Although residual electron density for the
side chain of R305 was observed at lower σ levels, a unique
alternative conformation of the guanidino group of R305 could
not be modeled with confidence. Residual electron density for
the FAD was also observed in the Y249F-y enzyme, but again a
unique alternative conformation could not be modeled with
confidence (Figure 7C). Thus, the FAD and the side chains of
R222 and R305 in the Y249F-y enzyme appeared to be mobile.
A similar case of FAD being in multiple conformations was
previously observed in the crystal structure of an enzyme
variant of p-hydroxybenzoate hydroxylase, in which Y222 was
replaced with phenylalanine.77

MD Simulations. To probe whether replacement of Y249
with phenylalanine was responsible for the unique conforma-
tional substate seen in the X-ray structure of the Y249F-y
enzyme, i.e., conformation B, MD simulations were carried out
on the wild type and the two conformations of the Y249F-y
enzyme. Unrestrained MD simulations were carried out for 1.2
μs to generate an ensemble of accessible conformations of the
Y249F-y and wild-type enzymes.78 PCA showed that the
Y249F-y and wild-type enzymes share most of the conforma-
tional landscape, i.e., conformation A (Figure 8). The Y249F-y
enzyme had an extra conformational substate in the PCA
involving the guanidino groups of R222 and R305 and the
FAD that was not available to the wild-type enzyme (Figures 8
and 9). Thus, the replacement of Y249 with phenylalanine
permits a conformational substate in the mutant enzyme that is
impeded in the wild-type enzyme; i.e., conformation B is
available to the Y249F enzyme but not wild-type PaDADH.

O2 Localization in the Active Site. To establish whether
the effect of the single-point mutation unlocking a transient
conformational state in the protein was due to altered
localization of O2 to the flavin C6 atom, additional MD
simulations with O2 molecules were carried out. O2 molecules
were able to freely access the active site of the wild-type and
mutant enzymes. There was no significant difference in the
localization of O2 around the flavin C6 atom in the Y249F-y
and wild-type enzymes. The replacement of Y249 with
phenylalanine yielded minimal, if any, steric control of the
formation of 6-OH-FAD in the active site of PaDADH,
suggesting that the modification was due to the change in the
electronic configuration of the flavin.

Hybrid QM/MM Electron Spin Density Flavin Compu-
tations. To determine whether the transient conformational
substate unlocked in the Y249F-y enzyme by the single-point
mutation yielded an altered chemical reactivity of the flavin,
hybrid QM/MM calculations were used to model the electron
spin density of the flavin in conformation A and conformation
B of the Y249F-y enzyme and the wild-type enzyme. As
described in the QM/MM methodology section, multiple
models were considered to allow for both the neutral
flavosemiquinones, anionic flavosemiquinones, and the protein
equilibrated before and after electron transfer. The latter
requirements allowed for either rapid formation of 6-peroxo-
FAD after superoxide formation or sufficiently slow reactivity
to allow protein equilibration, because this was not
experimentally established and was beyond the scope of this
study. As shown in Table 2, the QM/MM analysis showed that
the flavin C6 atom in the Y249F-y enzyme’s conformation B
had a higher spin density than in conformation A, irrespective
of protein equilibration or the flavosemiquinone ionization’s
state. The same result was obtained for UB3LYP spin density
calculations. Thus, the replacement of Y249 with phenyl-
alanine is associated with a change in protein dynamics,
unlocking a conformational substate with an altered FAD
reactivity, which likely results in the formation of 6-OH-FAD
in the active site of PaDADH.

■ DISCUSSION
The biochemical, structural, and computational investigation
presented here demonstrates that Y249 in PaDADH exerts a
tight control on the reactivity of flavin by limiting the ensemble
of conformational substates that could be otherwise sampled
by the protein in the absence of the Y249 hydroxyl group. The
X-ray structures of the mutant enzyme before and after the

Table 1. Data Collection and Refinement Statistics for X-ray
Crystal Structures

PaDADH Y249F-g (PDB
entry 6PLD)

PaDADH Y249F-y (PDB
entry 6P9D)

Data Collectiona

space group P212121 P212121
cell dimensions

a, b, c (Å) 59.78, 73.91, 76.98 60.10, 74.03, 77.19
α, β, γ (deg) 90.00, 90.00, 90.00 90.00, 90.00, 90.00

resolution (Å) 59.78−1.55 (1.58−1.55) 59.74−1.34 (1.58−1.34)
Rmerge 0.103 (0.488) 0.020 (0.200)
I/σI 10.6 (3.2) 17.2 (3.6)
completeness (%) 96.1 (93.4) 99.4 (96.9)
redundancy 7.0 (6.5) 2.0 (2.0)

Refinement
resolution (Å) 39.8−1.55 37.01−1.33 (1.38−1.33)
no. of reflections 53764 79364 (7694)
Rwork/Rfree 0.16/0.20 0.13/0.17
no. of atoms 3578 3770

protein 3079 3286
ligand/ion 109 95
water 390 389

B-factor (Å2) 17.0 16.62
protein 16.20 14.50
ligand/ion 21.60 23.44
water 28.28 32.80

root-mean-square
deviation

bond lengths
(Å)

0.006 0.006

bond angles
(deg)

1.178 1.23

aValues in parentheses are for the highest-resolution shell.
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formation of 6-OH-FAD, i.e., the Y249F-y enzyme in
conformation A and the Y249F-g enzyme, are identical to
that of the wild-type enzyme. The crystal structure does,
however, suggest an alternative conformation for some flexible
residues but does not entirely explain what features may alter
the reactivity of the flavin. However, MD simulations
demonstrate that, upon removal of the Y249 hydroxyl by
mutation to phenylalanine, the protein samples a new
conformational landscape not available to the wild-type
enzyme, i.e., Y249F-y conformation B. MD simulations also
indicate no difference in O2 localization in the mutant and
wild-type enzymes, while hybrid QM/MM spin density
calculations indicate that conformation B has altered
flavosemiquinone reactivity. This suggests that Y249F-g is
formed only in the transient conformation B substate of
Y249F, which is not observed in the wild-type protein.
Proteins are dynamic and sample a wide range of

conformations to stabilize transition states, control substrate
access to and product release from the active site, and provide

proper electrostatic interactions for catalysis and substrate
binding.79 Any perturbation to the existing ensemble of
conformations can severely impact enzyme activity, as
demonstrated in PaDADH, where a point mutation removing
an O atom from the side chain of an active site residue
modifies protein dynamical pathways and leads to altered
cofactor reactivity. This conclusion further expands conclu-
sions from previous studies of EcDHFR showing that
mutations affect the enzyme’s ability to sample specific
conformations associated with the hydride transfer reaction
catalyzed by the enzyme.11,79 The results presented in this
study suggest that the dynamics of enzymes orchestrate their
function due to the highly optimized interactions and coupled
motions between the different residues that can be altered with
the slightest change in the amino acid sequence.
Apart from the side-chain conformations and protein

motions, flavin dynamics also have an essential role in
substrate binding and catalysis.77 The ribityl moiety and the
isoalloxazine ring are the most mobile portions of flavins and

Figure 6. Overall structure of the Y249F-g and Y249F-y enzymes. (A) Overlay of the Y249F-g (gray) and wild-type (purple) structures, showing
similar overall folds, with RMSD values of 0.36 Å over 375 polypeptide backbone atoms. (B) Overlay of the Y249F-y (pink) and wild-type (purple)
structures, showing similar overall folds, with RMSD values of 0.38 Å over 375 polypeptide backbone atoms.
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can be stabilized by hydrogen bonding interactions.80 p-
Hydroxybenzoate hydroxylase was one of the first enzymes for
which structural evidence for a mobile flavin existing in two
conformations, namely, “in” and “out”, was established in a
Y222 to phenylalanine enzyme variant.81 In contrast to the
wild-type enzyme, the flavin in p-hydroxybenzoate hydroxylase
prefers the “out” conformation, with the isoalloxazine ring

away from the substrate binding site in the Y222F enzyme,
with R220 providing a significant stabilizing interaction to
maintain the “out” conformation.77 Interestingly, in both
PaDADH and p-hydroxybenzoate hydroxylase, protein dy-
namics is altered when an active site tyrosine is replaced with
phenylalanine, although a rationale is not immediately clear.
Perhaps nature has exploited the ability of the tyrosine’s
hydroxyl side chain to act concomitantly as both a hydrogen
bond donor and a hydrogen bond acceptor to firmly limit the
ensemble of conformational substates potentially available to
the protein. More recently, studies of enzymes like N-
hydroxylases/monooxygenase, tetracycline resistance enzymes,
and other flavin monooxygenases have focused on elucidating
the role of cofactor dynamics and how it can be coupled to
substrate binding and catalysis.82−85

Cofactor versatility and the fine-tuning of the cofactor
reactivity are other aspects that dictate enzyme activity.86 The
effect of the protein microenvironment on the flavin cofactor is
evident in Y249F-y variant conformation B, where a higher
spin density on the C6 position of the flavosemiquinone
species was observed. Another flavin-dependent enzyme in
which the microenvironment’s effect can be demonstrated on
the flavin cofactor is trimethylamine dehydrogenase
(TMADH). A substrate-assisted mechanism proposed for the
formation of 6-OH-FAD in Y249F-y was also proposed for the
C30 to alanine variant of TMADH.76 The FMN cofactor in
wild-type TMADH is covalently attached to the protein
through a 6-S-cysteinyl bond, and upon mutation of the
cysteine responsible for covalent attachment, the FMN
undergoes a substrate-assisted reduction and reacts with
molecular oxygen to form 6-hydroxy-FMN.76,87 Interestingly,

Figure 7. Active sites of the Y249F-y and Y249F-g enzymes. (A) Electron density map (2Fo − Fc contoured at 2σ) of the Y249F-g enzyme, showing
6-OH-FAD. (B) Active site overlay of Y249F-g (gray) and wild-type PaDADH (purple), demonstrating no changes in the active site. (C) Electron
density map (2Fo − Fc contoured at 1.3σ, in gray, and Fo − Fc contoured at 3.0σ, in green) of the flavin and electron density map (2Fo − Fc
contoured at 1.3σ, in gray) of R305, R222, and F249 in the active site of the Y249F-y enzyme. (D) Active site overlay of the Y249F-y (pink) and
wild-type PaDADH (purple) demonstrating two major conformations for the side chain of R222.

Figure 8. Conformational flexibility of the active site in the Y249F-y
variant. (A) Principal component analysis as a scatter plot for wild-
type PaDADH (purple) and Y249F-y conformation A (green),
demonstrating significant overlap between wild-type PaDADH and
Y249F-y conformation A. The concentric circles in orange indicate
the highest-density areas for the wild type and in white for Y249F-y
conformation A. (B) Principal component analysis as a scatter plot for
wild-type PaDADH (purple) and Y249F-y conformation B (red)
demonstrating overlap between the Y249F-y conformation B to a
lower degree, compared to Y249F-y conformation A and a novel
conformational state in conformation B. The concentric circles in
orange indicate the highest-density areas for the wild type and purple
for Y249F-y conformation B.
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the wild type and a W335 to leucine variant were isolated with
differing quantities of 6-hydroxy-FMN already present in the
active site, thereby not necessarily requiring turnover with the
substrate.87,88 A different mechanism involving a flavin
iminoquinone methide intermediate mechanism was proposed
for the W335L variant of TMADH.88 The flavin cofactor in
TMADH does possess an intrinsic susceptibility to 6-
hydroxylation or covalent attachment through a cysteinyl
bond; it is interesting to note that varying levels of 6-
hydroxylation are present depending on minor changes in the
active site environment.88 Flavins are versatile cofactors, but
their potential for catalytic versatility is primarily dictated by
the dynamic interactions with the substrate and the protein
matrix.89

Engineering an enzyme by mutagenesis for new applications
has necessarily focused on structure−function relationships,
often neglecting protein dynamics, which can have an essential
role in enzyme catalysis.11,22,24,90 Studies that include cofactor
dynamics, as in the case of tetracycline resistance enzymes, also
showcase that inhibitors can be designed to lock the cofactor
flavin in an “inactive” conformation.82 As our understanding of
protein dynamics and the approach for their study further
advance, the tools for probing conformational dynamics could

be directed toward the rational design of enzymes with novel
functions.7,91,92 The study presented here and the previous
computational investigation of EcDHFR demonstrate in
different fashions that mutations can modulate the equilibrium
between functional and nonfunctional conformational protein
ensembles.11,19 The next challenge is how to apply what is
learned about protein dynamics, cofactor motions, and
conformational space at the active site to developing new
enzyme functions.91,93 Studies that examine how enzymes have
evolved to optimize protein and cofactor motions and organize
the active site by conformational transitions will be beneficial
for engineering new enzymes that catalyze novel reac-
tions.14,94−96

■ CONCLUSION

In conclusion, our study demonstrates how a simple hydroxyl
group can act as a conformational switch. Replacement of a
tyrosine with phenylalanine in the active site of PaDADH
changed the conformational landscape of the protein, altered
the flavin electronic structure, and led to the modification of
the cofactor chemical reactivity, ultimately negatively impact-
ing biological function by allowing the formation of an inactive
modified flavin in the active site of the enzyme.
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