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ABSTRACT

NADH:quinone oxidoreductase (NQO) from Pseudomonas aeruginosa PAO1 is an FMN-
dependent enzyme that utilizes NADH to catalyze the two-electron reduction of a wide variety of
benzoquinones and naphthoquinones. The two-electron quinone reduction by NQO is thought to
play a detoxifying role in P. aeruginosa PAO1 by avoiding the formation of semiquinone radicals
known to cause oxidative stress in cells. Crystal structures of NQO demonstrate the enzyme
contains two domains: a TIM-barrel domain and an extended domain which are connected through
two Ba loops. The TIM-barrel domain is the most common enzyme fold found in nature and is
often utilized as a target to engineer catalytic functions during the de novo synthesis of enzymes.
NQO is a mostly unexplored enzyme at the time of this thesis, where only its mechanistic and
structural properties have been elucidated. In this thesis, the functional roles of two non-catalytic
residues that form the active site of NQO are investigated by employing UV-visible absorption
spectroscopy, molecular dynamics, and steady-state Kinetics. The thesis presented below
highlights the importance of non-catalytic residues in modulating the structural, biophysical, and
kinetic properties of NQO, which should be taken into account during the de novo synthesis of
TIM-barrel containing enzymes.

Previously solved crystal structures of NQO demonstrated the Bo loop 3 (residues 75-86)
from the TIM-barrel domain samples an open conformation in the ligand-free form and a closed
conformation in the ligand-bound form. The relationship between loop 3 rigidity and turnover rates
in NQO was investigated by replacing the conserved P78 with a glycine. Circular dichroism,
fluorescence spectroscopy, and UV-visible absorption spectroscopy were employed to
demonstrate the P78G mutation minimally altered the secondary structure elements of the protein

and the active site environment surrounding the flavin cofactor when compared to wild-type NQO.



The gate in NQO was determined to consist of loop 3 and the extended domain, where molecular
dynamics demonstrated the substrate-free form of NQO samples more open gate conformations
following the P78G mutation. The steady-state kinetic parameters of the mutant and wild-type
enzymes revealed the mutation led to a minimal increase in the kca/Kcogo Value, suggesting the
mutation may promote the rate of association with the quinone substrate. The results presented in
this investigation suggest the structural rigidity of loop 3 plays a role in modulating domain-
domain interactions that may increase the rate of substrate association in NQO.

In the second part of this thesis, the relationship between the protonation state of Y277 and
the flavin cofactor’s absorption spectrum was investigated in NQO. Y277 is mainly exposed to the
solvent in the active site of NQO, with one exception being a 3.0 A separation between the oxygen
atom of Y277 and the C7 methyl group of the flavin cofactor. The UV-visible absorption spectrum
of NQO was investigated as a function of pH and compared to those of a mutant enzyme NQO-
Y277F, which indicated Y277 deprotonates at high pH. A combination of UV-visible absorption
spectroscopy and QM/MM computations were utilized to determine the effect of Y277
deprotonation on flavin’s absorption peak intensities and wavelengths. Both the biochemical
experiments and computational calculations suggest that in the absence of solution ions,
deprotonating Y277 will significantly alter the absorption spectrum of flavin; however, in the
presence of added Na* and CI" ions, no spectral changes are observed between protonated and
unprotonated Y277. QM/MM simulations of NQO with Y277 in the neutral and anionic forms
revealed either Na* ions move closer to the protein surface and/or CI" ions move away from the
surface as Y277 deprotonates in the active site. The results presented in this portion of the thesis

establish that the solution ions surrounding NQO can interact with the negative point charge at



residue 277 through a long-distance counterion effect to prevent the flavin cofactor’s absorption

spectrum from being altered.

INDEX WORDS: NADH:quinone oxidoreductase, flavoprotein, gate, UV-visible absorption
spectroscopy, fluorescence spectroscopy, circular dichroism, steady-state Kkinetics,
molecular dynamics, principal component analysis, difference contact network analysis,
solution ions, quantum mechanics/molecular mechanics, radial distribution function,

density functional theory
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LIST OF ABBREVIATIONS

FMN, flavin mononucleotide; TIM, triosephosphate isomerase; IPTG, isopropyl-1-thio-p-
D-galactopyranoside; NADH, reduced nicotinamide adenine dinucleotide; NAD®, oxidized
nicotinamide adenine dinucleotide; CoQo, Coenzyme-Qo; NQO, NADH:quinone oxidoreductase;
NMO, nitronate monooxygenase; CASPT2, complete active space second-order; ESTM,
electrostatic spectral tuning map; MD, molecular dynamics; PCA, principal component analysis;

dCNA, difference contact network analysis; QM/MM, quantum mechanics/molecular mechanics



1 INTRODUCTION

1.1 TIM-Barrel Domains in Enzymes

The triosephosphate isomerase (T1M) barrel fold is reported to be among the most versatile
enzyme folds and is found in as much as 10% of all enzymes registered in the Protein Data Bank."
5 Sequence analysis of the TIM-barrel fold established the fold is associated with 16 different
protein families revealing the fold can function as an oxidoreductase, transferase, lyase, hydrolase,
or isomerase.>8 Structurally, TIM-barrel folds are a type of p-barrel domain comprised of eight
parallel B-strands and eight a-helices with Bo. and o loops connecting the secondary structures.*
® The active site residues of TIM-barrel containing enzymes are most often located at the C-
terminal ends of the B-stands where the adjacent Ba loops form the active site cavity.> ° Previous
studies demonstrated Ba loops vary in length implying the active site geometry of TIM-barrel
containing enzymes is primarily affected by these loops; thus, allowing the enzymes active sites
to diversify their functions.’® In contrast, the portion of TIM-barrel domains located below the
active site provides stability to the enzyme by forming a hydrophobic core between the -strands
and o-helices.” ® The distinct functions of the Bo loops, that modulate the activity of TIM-barrel
containing enzymes, and the hydrophobic core, which provides stability to the enzyme, allows the
TIM-barrel domain to be subdivided into two faces known as the ‘activity' and 'stability’ subunits
(Fig. 1.1).” Previous studies have justified the separation of the TIM-barrel fold into the 'activity'
and 'stability’ subunits by demonstrating mutations or replacements at Ba loops can alter an
enzyme's function without a loss is stability.*" *2 As a result, Ba loops are an attractive target for
the de novo synthesis of TIM-barrel containing enzymes to reengineer catalytic functions.®

The synthesis of de novo TIM-barrels has previously been utilized to prepare enzymes with

altered substrate specificities, reaction rates, thermodynamic stabilities, and catalytic functions.t*



Catalytic face

Activity

Stability

Stability face

Figure 1.1. Division of Labor in the TIM-Barrel Fold.

Monomeric TrpC from S. solfataricus is illustrated above. p-strands are shown in blue where a-helices
are shown in red. The fo. loops which connect the C-terminal ends of -strands to the subsequent a-helices
forms the ‘catalytic face’ of the barrel, which harbors the active site. The remainder of the fold (“stability
face’) is important for conformational stability. Used with permission from B. Hocker et al., Stability,
catalytic versatility, and evolution of the (Pa)s-barrel fold, Curr. Opin. Biotechnol. 12, 4 (2001) 367-381.

20 The design of de novo TIM-barrel containing enzymes often focuses on replacing catalytic
residues located on Pa loops to specify the function of the enzyme. However, the low enzymatic
efficiencies of de novo biocatalysts compared to their counterparts found in nature suggests a better
functional understanding of the residues located at the ‘activity’ subunit of TIM-barrel domains is
required to reduce this disparity in catalytic rates.?!* To better understand the functions of Bo. loop
residues, the thesis presented below investigates the importance of two non-catalytic residues that
form the ‘activity’ subunit in a TIM-barrel containing enzyme, where the residues are located
either directly on a Ba loop or on a domain extending from Pa loops. A detailed investigation on
the relationship between non-catalytic residues in the ‘activity’ subunit of the TIM-barrel fold and
the dynamic, biophysical, and mechanistic properties of TIM-barrel containing enzymes is
necessary to reduce the disparity in enzymatic efficiencies between de novo and naturally

occurring enzymes.



1.2 Previous Studies on NADH:Quinone Oxidoreductase from Pseudomonas aeruginosa
PAO1

NADH:quninone oxidoreductase (NQO, PA1024, EC 1.6.5.9, UniProtkKB Q914V0) from
Pseudomonas aeruginosa PAQOL is an FMN-dependent enzyme that was recently reclassified from
a 2-nitropropane dioxygenase, a class of protein now known as nitronate monooxygenases
(NMOs), to its current classification through a kinetic investigation.?® A quinone reductase is a
class of flavin-dependent enzymes that catalyzes two strict hydride transfers: the first from
NAD(P)H to the flavin cofactor and the second from the flavin to a quinone.?® Quinone reductases
employ a two-electron transfer onto quinones to ensure the formation of the hydroquinone species,
thereby avoiding semiquinone radical species generated by one-electron transfers (Fig. 1.2).%
Semiquinone radicals react with molecular oxygen to form reactive oxygen species, which leads
to oxidative stress in cells resulting in tissue degeneration, apoptosis, premature aging, and
neoplasia.?® ?° It is thought that NQO plays an essential role in the cellular detoxification of P.
aeruginosa PAO1 by avoiding the generation of harmful quinone species that lead to cytotoxicity.
In contrast, the physiological significance of quinone reductases utilizing NAD(P)H as the
reducing substrate is not as well understood compared to the significance of the quinone reduction.
The importance of NQO utilizing NADH as the reducing substrate was investigated by analyzing
the genomic context of NQO. The study demonstrated that the operon encoding for NQO also
contains hypothetical acyl-CoA dehydrogenases, a short-chain dehydrogenase, an acyl-CoA
hydratase/isomerase, and a porin, suggesting NQO may be translated with these enzymes to play
a role in the B-oxidation pathway of P. aeruginosa PA01.%5 Previous studies hypothesized NQO
plays a role in the p-oxidation pathway by oxidizing NADH to maintain a ratio of

[NAD*]/[NADH] favorable for the catabolism of fatty acid chains.® 3!



quinone
(0]
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OH o)
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Figure 1.2. Reduction Mechanism of Quinones.

Formation of the hydroquinone is achieved by a two-electron reduction onto the oxidized quinone,
whereas a one-electron reduction of quinones forms the semiquinone radical species. Semiquinone radical
species can reduce molecular oxygen to form reaction oxygen species. Used with permission from S.
Deller et al., Flavin-dependent quinone reductases, Cell. Mol. Life Sci. 65 (2008) 141-160.

NQO’s original classification as an NMO resulted from a qualitative inhibition assay, a
gene function prediction, and a crystal structure of NQO with 2-nitropropane bound in the active
site, suggesting the enzyme functioned as an NMO.*? The classification as an NMO was
uncontested until 8 years later when the structural motifs characteristic of class | NMOs were
established.® A comparison between the structural motifs of NQO and class | NMOs demonstrated
NQO does not contain any of the conserved structural sequences characteristic of class | NMOs.
This discovery prompted a reevaluation of NQO’s function through a mechanistic investigation,
which revealed the enzyme does not exhibit activity as an NMO; rather, NQO efficiently reacts
with NADH and a wide variety of quinones as an oxidoreductase.?® The structural motifs for NQO
were also reevaluated and compared to proteins annotated in the sequence database GenBankTM,
which revealed ~500 hypothetical proteins with the same conserved structural sequences. All ~500
hypothetical proteins containing the same structural motifs as NQO were annotated as NMOs,

much like NQO prior to a kinetic investigation.?® The bioinformatic and kinetic study on NQO



determined the hypothetical proteins sharing the same structural motifs as NQO needed to be
reclassified, which lead to the formation of a new class of NADH:quinone oxidoreductases.?
The crystal structure of NQO was solved in the ligand-free form (PDB: 2GJL) and in
complex with NAD* (PDB: 6E2A), which is the product of NADH oxidation from the reductive
half-reaction catalyzed by the enzyme.3? 3* Both ligand-bound and ligand-free crystal structures
identified two domains in NQO: a TIM-barrel domain (M* — P?'! and E?% — V/3%8) and an extended
domain (11e?'? — Asp?*®) connected by o loops 7 and 8 (Fig. 1.3). One molecule of FMN was
found to be noncovalently bound in the active site pocket of both crystal structures of NQO.
Structural analysis of FMN bound in NQO suggests the cofactor forms hydrogen bonds between

its phosphate moiety and the protein backbone amide atoms of Alal50, Gly180, Gly201, and

Ligand-free
L form

=

Figure 1.3. Superimposed Structures of Ligand-Free and Ligand-Bound NQO.

The overall structure of the ligand-free form of NQO (PDB: 2GJL) is in blue and the NQO-NAD™ complex
(PDB: 6E2A) is in grey. The fo loop 3 (residue 75-86) is highlighted in pink (ligand-free form) and green
(NQO-NAD" complex). The FMN carbons are in yellow and the NAD* carbons are in cyan. The dashed
line represents the distance between the position of the Ca atom of Q80 in the ligand-free and ligand-
bound structures. Used with permission from J. Ball et al., Steric hindrance controls pyridine nucleotide
specificity of flavin-dependent NADH:quinone oxidoreductase, Protein Sci. 28, 1 (2019) 167-175.



Thr202 to remain bound within the protein.®? The interactions that form between NQO and NAD*
were also investigated, which established the enzyme binds the product to its active site pocket
through several hydrogen bonds stemming from the FMN cofactor, the extended domain, and the
Bo loop 3 (residues 75-86) from the TIM-barrel domain.®* A comparison between the crystal
structures of NQO with and without NAD™ revealed loop 3 adopts two conformations near the site
of NAD™ binding, suggesting the loop acts as a gate to modulate the formation of the enzyme-
substrate complex (Fig. 1.3).3* The conformational change in loop 3 is thought to facilitate a
hydrogen bond interaction between the residues Q80 in loop 3 and Y261 in the extended domain
to secure the substrate in the active site of NQO (Fig. 1.3). Loop 3 contains three proline residues
(P78, P82, and P84), hypothesized to provide an internal rigidity to the backbone of the loop,
which is required for the proper conformational changes to take place within the gate of NQO.3*
At present, the mechanistic and structural analysis of NQO are the only studies found in the

literature that investigate the recently defined class of NADH:quinone oxidoreductases.

1.3 Specific Goal

The specific goal of this thesis is to investigate the functional significance of non-catalytic
residues that form the ‘activity’ subunit of the TIM-barrel domain in NQO using UV-visible
absorption spectroscopy, molecular dynamics, and steady-state Kinetics. The three proline residues
located on the Bo loop 3 are hypothesized to provide structural rigidity to the loop, which allows
the gate in NQO to adopt the conformational changes necessary to facilitate substrate binding. The
structural residue P78 is the only proline on loop 3 that is conserved within the second structural
motif characteristic of a new class of NADH:quinone oxidoreductases (**TXXPFGVNXThhP8,

where h is any hydrophobic residue and X is any residue). Thus, we hypothesize the structural



rigidity provided by P78 to loop 3 is required to maintain proper gate conformations that modulate
the rate of substrate association in NQO.?®

Y277 is an active site residue located on the extended domain of NQO that is positioned
3.0 A from the C7 methyl group of the FMN cofactor. Apart from the flavin, Y277 is surrounded
by the bulk solvent in the active site. The C7 methyl group of flavin is located on the non-catalytic
portion of the flavin cofactor; thus, we hypothesize Y277 does not directly contribute electrons to
the oxidation-reduction reactions performed by NQO. Instead, the proximity of Y277 to the flavin
suggests NQO can be utilized as a model system to elucidate further the relationship between
flavin’s electrostatic environment and its absorption spectrum. A comprehensive spectral,
computational, and kinetic characterization of the two active site residues located either on a fo
loop or a domain extending from Ba loops in NQO is pursued below. This study will provide the
first structure-function-dynamic investigation of key residues in the recently reclassified enzyme
NQO from P. aeruginosa PAOL. This study's broader impact serves to help reduce the disparity in
enzymatic efficiencies between de novo and naturally occurring enzymes by demonstrating the
functional significance of non-catalytic residues in the ‘activity’ subunit of TIM-barrel containing

enzymes, which may be overlooked in current protein engineering studies.
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2 INCREASED MOBILITY OF LOOP 3 WIDENS GATE DYNAMICS WHILE

PRESERVING ENZYME FUNCTION IN NADH:QUINONE OXIDOREDUCTASE

2.1 Abstract

Enzymes are essential for all living organisms and often require a series of dynamic
motions to maintain efficient turnover rates. Dynamics ranging from large and prominent domain
motions to small and subtle amino acid fluctuations play a key role in catalysis. However, the link
between protein dynamics and catalysis is currently insufficiently well understood, as
demonstrated by the low enzymatic efficiencies of de novo enzymes. The crystal structures of
NADH:quinone oxidoreductase from Pseudomonas aeruginosa PAO1 (NQO) reveal that loop 3
(residues 75-86) of the TIM-barrel domain is displaced by 5.5 A towards the active site following
NAD" binding to NQO. Thus, loop 3 is proposed to act as a gate that stabilizes the enzyme-
substrate complex by forming hydrogen bond interactions with the substrate and the extended
domain of NQO. Loop 3 contains three proline residues thought to provide structural rigidity to
the loop, where only P78 is conserved in the second structural motif of NQOs. In this study, P78
was mutated to glycine to decrease the protein backbone's internal rigidity at loop 3. The circular
dichroism, fluorescence, and UV-visible absorption spectra were determined with NQO-P78G and
NQO-WT, which revealed the P78G mutation minimally affects the protein’s secondary structure
elements and flavin's active site microenvironment in NQO. Molecular dynamics with NQO-P78G
and NQO-WT with and without NAD" bound demonstrated that NQO-P78G in the ligand-free
form samples wider conformations at the extended domain and loop 3, which opens up the gate to
expose the active site of NQO to the bulk solvent. Steady-state kinetic parameters were determined
for the mutant and wild-type enzymes at varying concentrations of NADH and Coenzyme-Qo at

pH 6.0. The results established a 3.5-fold increase in the Kcogo Value, a 2.0-fold decrease in the kcat
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value, and a 1.8-fold increase in the Kcat/Kcogo Value in NQO-P78G compared to NQO-WT.
Overall, the results presented below suggest that decreasing the rigidity at loop 3 alters the gate's
preferred conformation states to sample more open conformations without significantly affecting

the active site microenvironment or kinetic mechanism of NQO.

2.2 Introduction

Enzymes are essential for all living organisms and often require a series of dynamic
motions to maintain efficient catalytic rates.!*> Dynamics ranging from large and prominent
domain motions*® to small and subtle amino acid fluctuations'®'* are known to play a key role in
catalysis. The fluctuations of the protein backbone alone do not determine enzyme function;
instead, the enzyme's functional outcome is determined by the multiple conformational states these
motions encode. * 12! Flexible regions of enzymes can alternate between active and inactive
conformational states, which makes these protein regions a promising target for the design of
allosteric drugs.?>?® In comparison, dynamic motions associated with enzyme turnover have been
suggested to be insufficiently well understood as demonstrated by low enzymatic efficiencies of
de novo biocatalysts.? 2-3* To design better de novo biocatalysts and allosteric drugs that target
flexible regions encoding inactive conformations, there is a need for a better understanding of the
functional dynamics and catalytic roles of flexible protein regions.

Proteins often contain dynamic regions known as gates which consist of residues, loops,
secondary structures, or domains that adopt open and closed conformations.? 3 Gate dynamics
sample active and inactive conformations that control the specificity and access of substrates,
products, ions, or solvents to the interior of a protein.3*-3® From a mechanistic point of view, gates
can be involved in two processes. Firstly, gates can modulate substrate binding or product release

by forming a path between the active site pocket and the bulk solvent.® 4% Secondly, gates can
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modulate reaction rates by preparing an active site environment required for reaction intermediates
to form.*: 42 Gating residues and loops are attractive targets for protein engineering studies since
they tend to be the natural site for mutations that persist during protein evolution.***® Site-directed
mutagenesis studies on gating residues have shown that gates are an effective target to alter the
substrate specificity**’, enantioselectivity*®-*°, or thermostability®*® of enzymes. An analysis of
the molecular functions and structural characteristics of 129 molecular gates led to the formation
of a gate classification system, where gates are grouped into six structural classes with three major
functions and locations.? The analysis of protein gates provides a classification scheme that can be
easily expanded to encourage the study and engineering of gates; however, the system has not been
updated since its conception in 2013. Hence, there is a need to further study and characterize
enzyme gates to ensure the current classification system of gates applies to all proteins.
NADH:quinone oxidoreductase (NQO, EC 1.6.5.9, UniProtkB Q914V0) from P.
aeruginosa PAOQ1 is an FMN-dependent enzyme that utilizes NADH as the reducing substrate to
catalyze the two-electron reduction of a wide variety of quinones.® The physiological role of NQO
is unknown; however, the enzyme's preferred substrates and genomic context suggest that NQO
serves a dual function in the cell by detoxifying quinones and maintaining a ratio of
[NAD*]/[NADH] that is favorable for the p-oxidation pathway.>>>" Previously solved crystal
structures of NQO demonstrated the enzyme consists of a TIM-barrel domain and an extended
domain, where the two domains are connected by a hinge region to form the active site pocket.*®
According to the Protein Data Bank, the TIM-barrel fold is the most common enzyme fold and is
found in 10% of all enzymes.>®%! TIM-barrel domains are composed of eight parallel B-strands, at
the center of the fold, and eight a-helices with Ba and af3 loops connecting the secondary structures.

Bo loops are located at the C-terminal ends of the B-strands and are especially crucial for the
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Figure 2.1. Superimposed Structures of NQO With and Without NAD* Bound in the Active
Site.

The overall structure of the ligand-free form of NQO is in red (PDD: 2GJL) and the ligand-bound
complex is in grey (PDB: 6E2A). Loop 3 is highlighted in yellow for the ligand-free form and
purple for the ligand-bound form. Yellow sticks depict the FMN carbons while the NAD* carbons
are colored in cyan. The area around loop 3 is magnified to demonstrate the conformational
change at loop 3 following substrate binding. The dashed line depicts the distance traveled by
the Co. atom of 080, which hydrogen bonds to Y271 of the extended domain in the ligand-bound
form.

activity of TIM-barrel containing enzymes since the loops' variable lengths primarily form the
active site geometry.5! 62 Previous studies have established that mutations on Bo. loops can alter an
enzyme’s function without perturbing the stability the TIM-barrel fold; thus, Ba loops are an ideal
target to study the structure-function-dynamic relationships in enzymes.-¢”

The crystal structures for NQO with and without NAD" bound in the active site have
recently been solved.%® %8 A comparison of the ligand-bound and ligand-free crystal structures of
NQO revealed a mobile Ba loop (loop 3, residues 75-86) that is displaced by 5.5 A towards the
active site following ligand binding (Fig. 2.1). A previous study hypothesized that loop 3 acts as
a gate to secure NADH to the active site pocket of NQO by changing conformations to form a
hydrogen bond between the residues Q80 on loop 3 and Y261 near the interrupted helix (residues

268-270) of the extended domain.®® Interestingly, a short region of loop 3 (residues 75-78) is
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conserved in the second structural motif characteristic of a new class of NADH:quinone
oxidoreductases (®*TXXPFGVNXThhP'®, where h is any hydrophobic residue and X is any
residue).>*  Loop 3 contains three proline residues thought to provide structural rigidity to the
loop and allow for the proper gate conformations to be sampled. Of the residues included in the
second structural motif of NQO, only one of the three prolines on loop 3 (P78) is conserved,
suggesting that the conserved proline may play an important role in the loop's gating function. In
this study, the significance of loop 3 conformations in modulating substrate binding was
investigated by mutating the conserved P78 to a glycine (NQO-P78G) to reduce the backbone
rigidity at loop 3. The Co of P78 is 11.8 A from the N3 atom of the FMN cofactor; thus, we
hypothesize that mutating the conserved P78 will not perturb the active site environment of NQO.
Instead, the P78G mutant is expected to destabilize the dynamics of loop 3 and increase the rate
of enzyme-substrate association by sampling more open conformations at the gate in NQO. A
combination of molecular dynamics and steady-state Kinetics were used to determine how reducing

the rigidity of the protein backbone at loop 3 alters the function of NQO.
2.3 Experimental Procedures

2.3.1 Materials

The enzymes Pfu DNA polymerase and Dpnl were purchased from Stratagene (La Jolla,
CA) and New England Biolabs (Ipswich, MA), respectively. QIAprep Spin Miniprep Kit and
QIAquick PCR purification kit were from Qiagen (Valencia, CA). CutSmart Buffer and
Deoxynucleotide Solution Mix were obtained from New England Biolabs (Ipswich, MA).
Oligonucleotides containing the P78G point mutation were purchased from Sigma Genosys (The
Woodlands, TX). Isopropyl-1-thiol-B-D- galactopyranoside (IPTG) was ordered from Promega

(Madison, WI). Escherichia coli strains DH5a and Rosetta(DE3)pLysS were purchased from
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Invitrogen Life Technologies (Grand Island, NY) and Novagen (Madison, WI), respectively.
HiTrapTM Chelating HP 5 mL affinity column and prepacked PD-10 desalting columns were
obtained from GE Healthcare (Piscataway, NJ). All other reagents used were of the highest purity

commercially available.

2.3.2 Site-Directed Mutagenesis and Purification of NQO-P78G

NQO-P78G was prepared using mutagenic polymerase chain reaction (PCR) with E. coli
strain DH5a harboring the pET20b(+)/pal024 plasmid as a template.>* PCR products were
purified using the QIAquick PCR Purification Kit, digested with Dpnl, and transformed to
chemically competent DH5a cells via the heat shock method.®® The mutant plasmids were
extracted and purified using the QIAquick Spin Miniprep Kit and sequenced at Macrogen Inc
(Rockville, MD). NQO-P78G was expressed in E. coli strain Rosetta(DE3)pLysS and purified
using methods previously described for the wild-type enzyme.>* The purified NQO-P78G was

stored at =20 °C in 20 mM sodium phosphate, pH 8.0, 100 mM sodium chloride, and 10% glycerol.

2.3.3 Circular Dichroism

Circular dichroism spectra were acquired for NQO-P78G and NQO-WT using a Jasco
(Easton, MD) J-1500 Circular Dichroism Spectrophotometer. Samples were passed through a PD-
10 desalting column to separate contaminants and denatured proteins before use. Enzyme samples
were diluted to a concentration of 0.1 mg/mL flavin-bound enzyme in 20 mM potassium
phosphate, pH 7.0, and 200 mM sodium chloride. Spectra were recorded at 25 °C using a 1 mm
path length quartz cuvette with a bandwidth of 2 nm and a scanning speed of 20 nm/min. The
resulting CD spectra were corrected for buffer contributions, smoothed by the Means-Movement

method, and subsequently analyzed using the Jasco Spectra Analysis program.
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2.3.4 Fluorescence Spectroscopy

Fluorescence excitation and emission spectra for NQO-P78G, NQO-WT, and free-FMN
were measured using a Shimadzu (Kyoto, Japan) model RF-5301 PC spectrofluorometer with a 1
cm path length quartz cuvette at 15 °C. Enzyme-bound FMN and free-FMN were measured at a
final concentration of 3 uM and 1 puM, respectively. Fluorescence parameters were determined in
20 mM potassium phosphate, pH 6.0, and 200 mM sodium chloride, where the enzyme buffer was
exchanged using a PD-10 desalting column before use. Fluorescence spectra were corrected for
Rayleigh and Raman scattering, and spectral figures were prepared using KaleidaGraph software

(Synergy Software, Reading, PA).

2.3.5 UV-Visible Absorption Spectroscopy

UV-visible absorption spectra were recorded using an Agilent Technologies model HP
8453 PC diode-array spectrophotometer (Santa Clara, CA) equipped with a thermostated water
bath. Heat denaturation was used to extract the enzyme-bound FMN from NQO-P78G to
determine the mutant's extinction coefficient values.” Enzymes were denatured at 100 °C for 20
and 30 minutes then removed from the solution via centrifugation at 14,000 rpm. The
concentration of released FMN was calculated using the molar extinction coefficient for free FMN,
ea50 nm = 12,200 M*cm?, at 25 °C.”* The concentration of the flavin-bound NQO-P78G was
calculated using the experimentally determined extinction coefficient €461 nm= 11,900 M-tcm™ (this
study). The total protein concentration was determined using the Bradford method with bovine
serum albumin as a standard.”?

The UV-visible absorption spectra for NQO-P78G and NQO-WT were measured as a
function of pH in 10 mM sodium phosphate, 10 mM sodium pyrophosphate, pH 8.0, and 100 mM

sodium chloride at 15 °C. Absorption spectra were recorded while gradually increasing pH by
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adding 10 pL volumes of 1 M sodium hydroxide to a final pH of 11.5 while stirring. After each
sodium hydroxide addition, the enzyme solution was allowed to equilibrate until no changes in the
pH value and absorption spectra were observed, which typically required 2-3 min. Resulting
spectra were corrected for protein concentration below 325 nm using €461 nm = 11,900 M-tcm™ for

NQO-P78G and &461 = 12,400 Mcm* for NQO-WT>,

2.3.6 Molecular Dynamics

Multiple microsecond-long Molecular dynamic (MD) simulations were performed on four
systems, each containing an FMN cofactor: (i) NQO-P78G, (ii) NQO-WT, (iii) NQO-P78G with
bound NAD*, and (iv) NQO-WT with bound NAD". Initial coordinates for MD simulations were
from the crystal structures of NQO-WT in the substrate-free form (PDB: 2GJL) or with NAD*
(PDB: 6E2A). MD simulations were performed using AMBER 16 along with the AMBER ff14SB
force-field.”> " Force-field parameters for the FMN cofactor were taken from Siihnel et al.”> NQO-
P78G was prepared in silico by altering the amino acid sequence in the NQO-WT PDB files and
removing the side chain atoms at the residue of interest. The AmberTools xleap program was used
to construct the appropriate system required for each MD simulation by adding back the missing
sidechain atoms. Each system was solvated in a 10 A TIP3P octahedral box, containing two CI’
ions to neutralize the system.”® 7 The energy minimization involved 2,000 steps of steepest
descent followed by 3,000 steps of conjugate gradient, where harmonic restraints held the position
of the solute. Five rounds of energy minimization were performed, where the force constant of the
positional restraint was gradually reduced from 500 to 0 kcal mol™ A=, Each system was then
heated from 100 to 300 K within 500 ps under NVT periodic conditions with a 1-fs time step. Five
rounds of heating were performed, where the force constant of restraint was set to 500, 300, 100,

50, and 5 kcal mol™* A2, A 1-ns equilibration step was performed with a 2-fs time step where the
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whole system was allowed to move freely. All simulations were run under NPT (300 K, 1 bar)
periodic conditions where the temperature was regulated used the Langevin thermostat through a
1 ps?t collision frequency. Simultaneously, the pressure was controlled using the Monte Carlo
barostat with a coupling constraint of 1 ps. Long-range non-bonded electrostatic interactions were
evaluated using the particle mesh Ewald (PME) method with a cutoff of 9 A.”® All bonds involving
hydrogen atoms were constrained using the SHAKE algorithm.” Productions for NQO-WT and
NQO-WT with NAD* were run for 1 ps while NQO-P78G and NQO-P78G with NAD* were
simulated for 3.5 us and 1.5 ps, respectively. The subsequent analysis utilized the last 800 ns of
the NQO-WT, NQO-WT with NAD", and NQO-P78G with NAD" trajectories, and the last 1.6 ps

of the NQO-P78G trajectory.

2.3.7 Principal Component Analysis and Distance Calculations

Principal component analysis (PCA) was applied to all four systems using the CPPTRAJ
module of AMBER16.% Structures were superimposed to the backbone atoms (N, Co, C, and O)
of the first frame of the NQO-WT simulation. The variance-covariance matrix characterizing
correlated internal backbone motions was calculated and diagonalized to obtain eigenvectors and
eigenvalues. Eigenvectors were projected back onto all four systems' trajectories to obtain the
principal components (PCs), which describes the structural variance between the simulations
captured at each PC. The top two PCs (PC1 and PC2) captured the most significant structural
variance and were projected onto a 2-D PC plot using ggplot2 to analyze the interconformer
relationship between trajectories.®! The motions captured by PC1 and PC2 were visualized using
VMD.# To measure fluctuations of the gate in NQO, the distance between the Ca atoms of Q80

and Y261 was calculated and analyzed using CPPTRAJ, Bio3D, and R packages.®* 8 The
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fluctuations of the gate in NQO were monitored by first superimposing structures on the basis of

the backbone atoms then calculating the separation between the gate residues.

2.3.8 Difference Contact Network Analysis

Residue-residue contacts were analyzed for NQO-P78G and NQO-WT following methods
previously described.®% 8 A contact was defined to have formed between residues if the heavy
atoms of two residues, at least three amino acids apart in the protein sequence (i to i + n, n > 3),
were within 4.5 A from each other. Previous studies have determined a 4.5 A cutoff to be optimal
for contact analysis as it considers the range of interactions between amino acid residues.®® 8’ The
probability that residue contacts would form was evaluated, and the contact probability difference
of NQO-WT to NQO-P78G was generated to assess how contacts were affected by the mutation.
The contact probability changes were further elucidated by using the difference contact network
analysis (ACNA) method.® 8 The use of dCNA allows changes in residue-residue contacts
between protein regions to be easily identified better to understand the conformational changes
between any two systems. The analysis and subsequent figures were prepared using Bio3D%% 8

and in-house R scripts.

2.3.9 Enzymatic Assays

The steady-state kinetic parameters were measured with an Agilent Technologies (Santa
Clara, CA) model HP 8453 PC diode-array spectrophotometer equipped with a thermostated water
bath. The initial rates of the reaction were monitored in 20 mM potassium phosphate, pH 6.0, and
100 mM sodium chloride at 25 °C.%® Turnover of NQO was monitored by varying concentrations
of NADH from 10 — 200 uM and CoenzymeQo (CoQo) from 2 — 150 uM with a final enzyme
concentration of 100 nM in the reaction mixture. Stock solutions of CoQo were prepared in 100%

ethanol so that the final concentration of ethanol in the reaction mixture was kept at 1% to prevent
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any effect of ethanol on enzyme activity. Reaction rates were measured by following NADH
consumption at 340 nm, using &340 = 6,220 Mt cm™.%% 9 The enzymatic reactions were initiated

by the addition of NQO at a final concentration of 100 nM.

2.3.10 Data analysis

Kinetic data were fit using Kinetic Studio Software Suite Enzfitter (Hi-Tech Scientific,
Bradford on Avon, U.K.). Steady-state kinetic parameters at varying concentrations of NADH (A)
and CoQo (B) were determined by fitting the initial rates of reactions to the Michaelis-Menten
equations. Equation 1 describes a ping-pong bi-bi steady-state mechanism, while equation 2
describes the same mechanism but accounts for substrate inhibition by NADH. Initial rates were
measured by taking the ratio of the reaction’s initial velocity (vo) and the enzyme concentration
(e). Karepresents the Michaelis-Menten constant for NADH, Ky, represents the Michaelis-Menten
constant for CoQo, keat is the turnover number of the enzyme at saturating concentrations of both
substrates, and Kia is the inhibition constant that describes the binding of NADH to the reduced

form of enzyme yielding a dead-end complex.

1) Vg ABkmf
e K,B+ K,A+AB
2 v, _ ABk,,,

€  K,B+ K,A(1 +Ki_)+AB
X
2.4  Results

2.4.1 Circular Dichroism, Fluorescence Spectroscopy, and UV-Visible Absorption
Spectroscopy with NQO-P78G
After NQO-P78G was expressed and purified to high levels following the same protocol

as previously described for NQO-WT, the mutant enzyme was investigated using various
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Figure 2.2. Circular Dichroism and Fluorescence Spectra of NQO-P78G and NQO-WT.

(A) CD spectra of NQO-P78G (blue) and NQO-WT (red) were determined in 20 mM potassium
phosphate, pH 7.0, and 200 mM sodium chloride at 25 °C. The far-UV CD spectra were measured from
200 — 250 nm with a single scan at a scan speed of 20 nm/min, data pitch of 0.5 nm, and D.L.T of 0.5 s.
Data were analyzed and smoothed by the Means-Movement method, using Jasco Spectra Analysis
software. (B) Fluorescence excitation and emissions peaks for NQO-P78G (blue) and NQO-WT (red)
were acquired in 20 mM potassium pyrophosphate, pH 6.0, and 200 mM sodium chloride at 15 °C.
Enzymes were concentrated to 3 uM before measurements were taken. Spectra ranging from 300 — 530
nm represent the excitation spectra, while spectra ranging from 500 — 700 nm represent emission spectra.

spectroscopic techniques to determine if the mutation altered the biophysical properties of NQO
in solution. Circular dichroism (CD), fluorescence spectroscopy, and UV-visible absorption
spectroscopy were utilized to probe the biophysical properties of NQO-P78G and compare them
to those of NQO-WT. The use of spectroscopic techniques allowed for a thorough analysis of the
secondary structure elements and active site environment in NQO-P78G to establish if the
mutation altered the structural properties of NQO.

The far-UV CD spectrum for NQO-P78G was solved and compared to that of NQO-WT
to determine if the P78G mutation altered the secondary structure elements characteristic of NQO.
Far-UV CD spectra were recorded from 200 to 250 nm at pH 7.0 and 25 °C to ensure the high
concentration of salt necessary to prevent NQO from crashing out of solution did not affect the
CD signal. Figure 2.2A shows the CD spectrum for NQO-P78G is almost identical to that of NQO-

WT at the far-UV region, suggesting that the P78G mutation minimally affected the secondary
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structure elements in NQO. The results suggest the folding of the secondary structures that form
the TIM-barrel and extended domains in NQO were unaffected by the P78 to glycine mutation
allowing for subsequent experiments to occur without worrying if the mutant’s secondary
structures were properly folded in solution.

The fluorescence spectrum of the flavin bound to NQO-P78G was determined compared
to those of NQO-WT to probe whether the replacement of P78 with glycine altered the active site
microenvironment surrounding the flavin. Upon exciting NQO-P78G at 474 nm, a single emission
band with a maximum at 544 nm was observed at pH 6.0 (Fig. 2.2B). When the emission
wavelength was set at 544 nm, the excitation scan of NQO-P78G yielded two peaks with maxima
at 377 and 474 nm (Fig. 2.2B). For comparison, the emission maximum of NQO-WT was
determined at 545 nm, and the excitation peaks at 377 and 474 nm at pH 6.0 (Fig. 2.2B). A
comparison between the fluorescence peaks of NQO-P78G and NQO-WT at pH 6.0 determined
the P78G mutation had a minimal effect on the relative fluorescence intensities with no effect on
peak wavelengths.

The UV-visible absorption spectrum of NQO-P78G was monitored as a function of pH and
compared to that of NQO-WT to investigate further if the P78G mutation altered the active site
microenvironment surrounding the flavin. The absorption spectrum for NQO-P78G revealed two
excitation peaks characteristic of oxidized flavoproteins at 370 and 461 nm at pH 8.0 (Fig 2.3A).
As pH increased from 8.0 to 11.5, the absorption spectrum of NQO-P78G was minimally affected
where a < 2% change in absorption intensities and a < 5 nm difference in peak wavelengths was
observed for both peaks. The absorption spectrum for NQO-WT was determined and compared to

NQO-P78G, which revealed changes by < 15% in the intensity of the 370 nm peak, < 4% in the

intensity of the 461 nm peak, and <5 nm in the wavelengths of both oxidized peaks from pH 8.0
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Figure 2.3. Effects of pH on the Absorption Spectra of NQO-P78G and NQO-WT.

Absorption spectra for (A) NQO-P78G and (B) NQO-WT are shown as pH increases from 8.0 (blue) to
11.5 (red). Difference absorption spectra for (C) NQO-P78G and (D) NQO-WT are shown with the same
color coding as in panel A and B, where the spectra at pH 8.0 is used as a baseline. Extinction coefficient
values were corrected for the protein absorption (=320 nm) by adjusting for flavin binding. The
FMN/enzyme stoichiometry is 0.7 for NQO-P78G and 0.8 for NQO-WT. Spectra were recorded in 10 mM
sodium phosphate, 10 mM sodium pyrophosphate, pH 8.0, 10 mM sodium chloride, and 20% glycerol at
15 °C.

to 11.5 (Fig 2.3B). The largest spectral changes resulting from an increase in pH were seen at 297
nm, where a maximal increase of 3.9 and 3.6 mM*cm™ was determined for NQO-P78G and NQO-
WT, respectively (Fig 2.3CD). Previous studies demonstrated that spectral changes at 297 nm are
associated with the deprotonation of tyrosine residues located throughout the enzyme; thus,
changes at this wavelength do not necessarily probe the flavin's environment in NQO.%® In
contrast, the 320-500 nm region of flavin’s absorption spectrum is commonly used to investigate
the active site environment of flavoproteins.®® ®” The difference absorption spectra for NQO-P78G

and NQO-WT demonstrated a < 1 mM*cm™ change in the 320-500 nm region, suggesting the
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active site environment surrounding the flavin cofactor in NQO was minimally affected by pH and

the P78G mutation (Fig. 2.3CD).

2.4.2 Backbone Dynamics of NQO-P78G
Molecular dynamic (MD) simulations were performed on (i) NQO-P78G, (ii) NQO-WT,
(iii) NQO-P78G with bound NAD®, and (iv) NQO-WT with bound NAD* where the resulting

trajectories were compared to investigate how the replacement of P78 with glycine altered the
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Figure 2.4. PCA of the Cartesian Coordinates of Heavy Backbone Atoms from NQO
Simulations.

(A) The PCA plot depicts the conformations of NQO-P78G (blue), NQO-WT (red), NQO-P78G with bound
NAD™ (yellow), and NQO-WT with bound NAD™ (grey) along the first two principal components (PC1
and PC2), which captures the most significant structural variance between the systems. The number in
the axis label indicates the percent variance captured by the corresponding PC. Shaded regions indicate
conformations an enzyme system can take, while contour lines represent probability density distributions
of each production’s conformational states. (B) The scree plot measures the compounded percent total
variance captured as a function of eigenvalue ranks or principal components. For example, the first
principal component captures 51% of the total variance, while the first 20 principal components capture
86% of the total variance. The most probable backbone conformation for all four systems is shown at (C)
PC1 and (D) PC2 where colors represent the same systems as described in panel A.
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preferred conformational states of the gate in NQO. Protein backbone conformations were sampled
from the four MD simulation productions, and the top two principal components (PC1 and PC2)
were computed using principal component analysis (PCA). All four simulation trajectories with
NQO sampled a well-defined conformational space at PC1 and PC2, demonstrating that the
backbone dynamics used for the PCA represent localized conformations after the dynamics
equilibrated (Fig 2.4A). A scree-plot analysis established that PC1 and PC2 capture 67% of the
total structural variance between all four systems, which represents the dominant collective
motions from the PCA (Fig 2.4B). The PCA plot demonstrated that NQO-P78G and NQO-WT in
the ligand-free form do not overlap at the conformational space described by PC1. In contrast, a
significant overlap in conformational states between NQO-P78G with bound NAD* and NQO-WT
with bound NAD" is observed at PC1 and PC2, suggesting that the P78G mutation altered the
dynamics of NQO in the ligand-free form with a minimal effect on the dynamics of NQO in the
ligand-bound form. A comparison of the conformational space sampled by all four simulations at
PC1 and PC2 revealed NQO-P78G in the ligand-free form is the only system to differ along PC1,
indicating that the motions along PC1 illustrate the effect of a P78G mutation on the backbone
dynamics of NQO (Fig 2.4A).

The most probable conformational state for each simulation at PC1 or PC2 was projected
onto the backbone of NQO to visualize how the P78G mutation altered the preferred
conformational state of the secondary and tertiary structures in ligand-free NQO. The PC1l
projection visualizes conformational variation throughout the entire backbone of NQO, where the
largest deviations are observed at loop 3 of the TIM-barrel domain and the entirety of the extended
domain (Fig 2.4C). In contrast, the PC2 projection only depicts structural variation in NQO

surrounding an a-helix in the extended domain, known as the interrupted helix, that appears to be
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Figure 2.5. Separation between Q80 and Y261 in NQO-P78G.

The distance between the Ca atoms of 080 and Y261 is shown as a function of time for NQO-P78G and
NQO-WT. The separation was measured over simulation times where the backbone dynamics for each
system were equilibrated.

slightly unwound (Fig 2.4D). Principal component projections presented here demonstrate that
loop 3 and the extended domain extend away from one another in ligand-free NQO-P78G to open
up the gate region of NQO, which exposes the active site to the environment surrounding the
enzyme.

The separation between loop 3 and the extended domain in NQO-P78G was assessed and
compared to that of NQO-WT to investigate how the P78G mutation altered the fluctuations of the
gate. The distance between the Ca atoms of Q80 located on loop 3 and Y261 located near the
interrupted helix was used to probe the gate's dynamics. The separation between the gate residues
Q80 and Y261 was chosen to illustrate gate dynamics because the crystal structures of NQO
suggest a hydrogen bond forms between the two residues in the ligand-bound conformation of the
enzyme, which stabilizes the enzyme-substrate complex. The backbone dynamics in NQO-P78G
indicated that Q80 and Y261 fluctuate between 15 and 30 A from one another (Fig 2.5). For
comparison, the distance between Q80 and Y261 was determined in NQO-WT, which
demonstrated a separation ranging from 8 to 20 A between the two gate residues (Fig 2.5). The

results presented here suggest gate conformations in NQO-P78G can sample a separation between
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loop 3 and the extended domain that is 10 A wider than the maximum displacement of the gate in

NQO-WT.

2.4.3 Difference Community Network Analysis

Differences in the residue-residue communication pathways between NQO-P78G and
NQO-WT were determined to investigate how the P78G mutation altered residue contacts within
the gate region of NQO. The contact probability of long-range residue communications was
calculated and compared between the mutant and wild-type enzymes in the ligand-free form where

only significant contact changes (changes with an absolute probability difference > 0.1) were

Figure 2.6. Alterations in the Residue-Residue Communication Pathway by NQO-P78G.

(A) The probability of residue-residue contact changes (df) from NQO-WT to NQO-P78G is mapped onto
the backbone of NQO. Contacts that form are depicted as blue cylinders, whereas contacts that break are
depicted as red cylinders with a cylindric radius proportional to |df|. Contacts are shown if they are
meaningful (i.e., |df| > 0.1). (B) The 8 consensus communities identified by the dCNA are color-coded
onto the backbone of NQO. (C) Residue contact changes obtained in panel A were mapped onto the
community partition obtained by dCNA. Communities are represented by vertices that have the same color
as in panel B. The radius of the vertices is proportional to the number of residues in that community,
whereas the red and blue lines linking the communities represent the net contact probability difference
between two communities. (D) Residue-residue contacts with a |df| > 0.5 were mapped onto the backbone
of NQO containing only the grey, silver, and yellow communities to illustrate the interactions between
loop 3 and the extended domain.
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assessed (Fig. 2.6A). The contact analysis revealed the P78G mutation both broke and formed
contacts throughout the entire structure of NQO. A difference contact network analysis (dACNA)
was performed to describe the residue contact changes resulting from the P78G mutation in a
simplified format. A total of 8 consensus communities were defined by dCNA where each
community represents a structural portion of NQO whose residues are more densely connected by
stable contacts compared to contacts between other communities (Fig. 2.6B). The TIM-barrel and
extended domains were divided into multiple communities by dCNA where the grey community
contains loop 3, the silver community contains the interrupted helix, and the yellow community
contains the extended domain and loop 6 of NQO (Fig. 2.6B). The total contact changes between
each community were calculated and presented in a two-dimensional diagram to determine if the
P78G mutation ultimately stabilized or destabilized contacts among structural portions of NQO
(Fig. 2.6C). The largest contact change in the communication pathway of NQO-P78G occurred
between the grey and silver communities, where a local contact breakage with a probability
difference of -7.8 was identified (Fig. 2.6C). Contact changes with an absolute probability
difference > 0.5 were mapped onto the grey, silver, and yellow communities at the specific residues
they occur on, which demonstrated that significant contact breakages formed by the P78G
mutation occurred between the protein backbone surrounding residue 78 and the interrupted helix
of the extended domain (Fig. 2.6D). Visualizing the significant contact breakages between the
region of loop 3 surrounding the site of the P78G mutation and the interrupted helix of the extended
domain supports the PCA, which suggests the active site is more open to the bulk solvent in NQO-

P78G.
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2.4.4 Steady-State Kinetics of NQO-P78G.

The steady-state kinetic parameters of NQO-P78G were determined and compared to those
of NQO-WT to investigate how the gate's altered dynamics affected the rate of substrate binding
and turnover in NQO. The preferred oxidizing substrate for NQO, benzoquinone, resulted in
substrate inhibition with NQO-P78G; thus, Coenzyme-Qo (CoQo) was utilized as the oxidizing
substrate at pH 6.0 to determine the kinetic parameters of the mutant.>* In contrast, the optimal
conditions used to probe the kinetic parameters for NQO-P78G resulted in substrate inhibition by
NADH in NQO-WT. As a result, values for the kinetic parameters Knapx and Keat/ Knapx could not
be determined for the wild-type enzyme; thus, the kinetic comparison between NQO-P78G and
NQO-WT focused on changes in the Keat, Kcogo, and Keat/Kcogo Values. The best fits for both
enzymes' Kinetic parameters were obtained using an equation describing a ping-pong bi-bi steady-
state mechanism, suggesting the P78G mutation did not alter the mechanism NQO utilizes to

turnover (Table 1). A comparison of the measured kinetic parameters demonstrates 3.5-fold

Table 2.1. Steady-State Kinetic Parameters of NQO-WT and NQO-P78G with CoQo and
NADH as Substrates

Kinetic Parameter NQO-WT NQO-P78G
kearr 87! 11+1 54402
Kyapn, UM ND¢ 130 £ 10
Keogo bM 356 101
K; xapns kM 1.1£0.1 NULLP
kear/ Knapms M's ND¢ 43,000 £ 3,000
keat! Keoge M1s71 320,000 + 57,000 560,000 £ 46,000
R? 0.990 0.988

Summary of steady-state kinetic parameters for NQO-WT and NQO-P78G. Enzymes were tested in 20
mM potassium phosphate, pH 6.0, and 100 mM sodium chloride at 25 °C. Steady-state kinetic
parameters were measured by following the reduction of NADH using the extinction coefficient value
£340 = 6,220 Mtem™.

“Values were unable to be determined due to substrate inhibition by NADH.

Pvalue was not determined as it was not a kinetic parameter relevant to the mechanism studied.
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decrease in the Kcogo value, a 2.0-fold decrease in the kear value, and a 1.8-fold increase in the

Kcat/Kcogo Value from NQO-WT to NQO-P78G.

2.5 Discussion

Previous crystallographic studies on NQO with and without bound NAD™ suggest loop 3
adopts open and closed conformations, which function to secure substrates in the enzyme's active
site pocket.®® The mutagenic, spectroscopic, computational, and kinetic study presented here
demonstrates that a loss in rigidity at loop 3 by a P78G mutation alters the dynamics of the loop in
the ligand-free form to expose the active site to the bulk solvent while minimally affecting the
structural, biophysical, and mechanistic properties of NQO. Furthermore, the P78G mutation
altered the dynamics of loop 3 and the extended domain, suggesting the domain is also capable of
sampling open and closed conformations that coincide with the loop to form the gate and bind
substrates in NQO.

The P78G mutation on Ba loop 3 had a minimal effect on the structural and biophysical
properties characteristic of the protein and flavin cofactor in NQO. Evidence to support this
conclusion comes from comparing the CD, fluorescence, and UV-visible absorption spectra of
NQO-P78G to NQO-WT. CD determined the mutant and wild-type enzymes had far-UV spectra
that were virtually identical, indicating minimal differences in the secondary structure elements
between the two enzymes in solution. Changes in an enzyme’s secondary structure elements are
commonly monitored using CD to determine if perturbations in an enzyme’s structure or
environment will unfold the enzyme.®® The lack of a large effect on the secondary structure
elements of NQO by the P78G mutation is consistent with a minimal change in the folding of
NQO, which supports previous TIM-barrel studies that suggest mutations on PBa loops do not

jeopardize an enzyme's stability.®® Furthermore, the protein environment surrounding the flavin
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cofactor was minimally altered by replacing P78 with a glycine, as demonstrated by the
fluorescence and UV-visible absorption spectra of the mutant and wild-type enzymes, which
showed slight differences in absorption wavelength and intensity.%%-103

The dynamics of the gate in the ligand-free form of NQO-P78G sampled more open
conformations compared to the wild-type enzyme, which exposes the active site of NQO to the
environment surrounding the protein. Evidence to support this conclusion comes from the
molecular dynamics and subsequent protein backbone investigations with NQO-P78G and NQO-
WT in the ligand-free form. The most significant variation in enzyme conformations following the
P78G mutation was observed at loop 3 and, unexpectedly, the extended domain where the two
subunits extended away from one another to open the gate region of NQO. The separation between
loop 3 and the extended domain was investigated by monitoring the distance between Q80 and
Y261 over time, which demonstrated the gate in NQO-P78G can sample a conformation that is 10
A more open than the maximum displacement of the gate in NQO-WT. The synchronous
displacement of loop 3 and the extended domain in the mutant enzyme suggests that gate
conformations in NQO are not modulated by the displacement of loop 3 alone, as previously
hypothesized by crystal structures of NQO. Instead, molecular dynamics with NQO suggest gate
conformations are modulated by the associated dynamics of loop 3 and the extended domain.

Decreasing the rigidity at loop 3 by replacing P78 with a glycine breaks residue-residue
contacts between loop 3 and extended domain in NQO. Evidence to support this conclusion comes
from the dCNA of NQO-P78G and NQO-WT in the ligand-free form. Differences in community
contacts between the mutant and wild-type enzymes revealed the most significant contact
breakages occurred between the portion of the TIM-barrel domain surrounding loop 3 and the

interrupted helix with a contact probability difference of — 7.8. Upon further inspection, the ACNA
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revealed the significant contact breakages by the P78G mutation formed between the backbone
surrounding P78 and residues surrounding Y261 at the interrupted helix in NQO. The results
presented here support the backbone trajectory analysis, which suggests the P78G mutation
samples more open conformations at the gate in NQO by demonstrating the mutation breaks
domain-domain interactions.

NQO-P78G must undergo larger conformational changes throughout the entire protein
structure to sample the conformations of the enzyme-substrate complex compared to NQO-WT.
Evidence to support this conclusion comes from the PCA with NQO-P78G and NQO-WT with
NAD" bound and in the ligand-free form. Backbone conformations of the mutant and wild-type
enzymes with bound NAD™ lacked significant differences, demonstrating the dynamics of the
enzyme-substrate complex were mostly unaffected by the P78G mutation. The dynamics of the
TIM-barrel and extended domains revealed there is no overlap in the conformational states of the
protein backbone between NQO-P78G in the ligand-free form and the enzyme-substrate complex
of NQO. In contrast, the preferred conformational states of NQO-WT in the ligand-free form
contained significant overlap with the dynamics of the enzyme-substrate complex, where only
variations at the interrupted helix were observed. The results presented here suggest the P78G
mutation would perturb the turnover of NQO at the substrate binding step as NQO-P78G must
undergo larger conformational changes to form the enzyme-substrate complex and proceed
through catalysis.

Replacement of P78 with glycine had a small yet notable effect on the rate of association
of the oxidized quinone with the reduced enzyme to form the enzyme-quinone complexes that
partition forward to catalysis. Evidence to support this conclusion comes from the steady-state

kinetic parameters for NQO-P78G, and NQO-WT determined with NADH and CoQq as substrates.
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A twofold increase in the kcat/Kcogo Value was observed in NQO-P78G compared to NQO-WT at
pH 6.0. Typically, mutations of conserved residues in enzymes yield lower values for Kcat/Km and
Keat'%+1%: thus, the unexpected observed increase in the Keat/Kcogo Value suggests the P78G
mutation may have affected substrate capture. The molecular dynamics presented above support
this conclusion by demonstrating that the gate in NQO-P78G is more open than NQO-WT in the
ligand-free form, which may allow the CoQo substrate to more easily enter the active site pocket
to form the enzyme-quinone complex. However, the magnitude of the effect on Keat/Kcogo is small,
indicating that if the P78G mutation altered the rate of association of the oxidized quinone with
the enzyme, the change is minimal. The alternative possibility is that the mutation increased the
probability the enzyme-quinone complexes partition forward to catalysis by increasing the rate of
the two-electron quinone reduction. It is unlikely the P78G mutation results in an increased rate of
hydride transfer as molecular dynamics demonstrated the preferred conformations of NQO in the
ligand-bound form were not significantly altered by the mutation, which suggests the structure of

the mutant enzyme will not perturb the catalytic step in NQO.

2.6 Conclusions

In summary, the results presented here demonstrate a decrease in the structural rigidity at
loop 3 by a P78G mutation results in more open conformations of the gate in the substrate-free
form of NQO, which does not significantly alter the active site environment or steady-state kinetic
parameters of the enzyme. The molecular dynamics of NQO-P78G presented here build upon
previous crystal structure studies with NQO by demonstrating gate conformations are modulated
through dynamic motions at loop 3 and the extended domain. Interestingly, the current
classification scheme for gates in enzymes has not yet identified a gate that consists of a loop and

a domain that fluctuate in a concerted fashion; thus, we provide an extension to the classification
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scheme pertaining to the study of enzyme gates as the gate of NQO contains structural features
belonging to two different classes of gates. Future structural studies on enzymes involving gates
should consider the possibility that gating loops may require dynamic motions from neighboring
domains to function properly.

Gates in enzymes offer a promising site to engineer catalytic functions through site-
directed mutations, replacements, or deletions. The current study provides a detailed investigation
of the relationship between gate rigidity and enzyme turnover in NQO, which should be considered
during the de novo synthesis of gate-containing enzymes. Surprisingly, the wider conformations
sampled by the gate in the ligand-free form of NQO-P78G were determined to have a minimal to
no effect on the rate of substrate capture in NQO. However, the de novo synthesis of enzymes
commonly employs multiple point mutations to reengineer catalytic functions as a single point
mutation is unlikely to increase enzymatic efficiencies significantly. Future studies on the de novo
synthesis of gate-containing enzymes should consider widening the conformations of the gate
through a point mutation similar or identical to the P78G mutation presented here, as the present

study suggests this may contribute to an increase in the rate of substrate capture.
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3 THE IONIC ATMOSPHERE EFFECT ON THE ABSORPTION SPECTRUM OF
NADH:QUINONE OXIDOREDUCTASE: A REMINDER TO THEORY AND
EXPERIMENTALISTS ABOUT THE IMPORTANCE OF SOLUTION IONS

3.1 Abstract

Point charges from ionizable residues in enzymes are commonly utilized to promote
substrate binding, catalysis, or protein stability. However, the role of point charges from solution
ions in modulating an enzyme’s biophysical properties has not been as extensively studied
compared to other biomolecules. Previous studies demonstrated solution ions can promote the
function of DNA by interacting with the phosphate backbone to stabilize the DNA duplex. A better
understanding of the interactions between the charged environment surrounding proteins and
protein function is necessary to develop better theories and experiments to elucidate the
biophysical properties of proteins. NADH:quinone oxidoreductase (NQO) from Pseudomonas
aeruginosa PAOL is an FMN-dependent enzyme that contains a tyrosine residue (Y277) in the
active site distanced 3.0 A from the C7 methyl group of the flavin. In the study, the UV-visible
absorption spectrum of NQO was investigated and compared to that of the mutant enzyme NQO-
Y277F, which determined Y277 deprotonates to a tyrosinate at high pH without affecting the
absorption spectrum of the flavin cofactor. QM/MM simulations of NQO with Y277 in the neutral
and anionic forms predicted that introducing a negative charge near the C; methyl group of the
flavin impacts flavin’s absorption properties. In contrast, QM/MM simulations indicated
deprotonating Y277 has no effect on flavin’s absorption spectrum when solution ions were
included in the simulations, which is consistent with the biochemical experiment. An “average
solvent electrostatic configuration” QM/MM method was utilized to demonstrate the solution ions

mask the effect of deprotonated Y277 by arranging themselves around the protein-solvent interface
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to form an “ionic atmosphere”. As a result, the UV-visible absorption spectra of NQO were
determined in the presence and absence of NaCl which revealed deprotonated Y277 decreases the
flavin’s absorption intensity at the 461 nm peak and redshifts both peaks. The results presented
here demonstrate an unexpected long-distance interaction between solvent ions and the active site
of NQO that serves to prevent the flavin’s absorption spectrum from being altered by deprotonated

Y277.

3.2 Introduction

lons are well known to play a critical role in biology by modulating the function of lipidst-
3 nucleic acids*’, and proteins®**. For instance, ionizable residues in the active site of enzymes
can promote substrate binding or catalysis, as demonstrated in xylanase!!, glucose oxidase® *?,
ketosteroid isomerase!®, and UDP-galactose 4-epimerase.* In contrast, ionizable amino acids on
protein surfaces can stabilize protein structures as previous studies demonstrated optimizing
residue-residue charge interactions at the protein's surface leads to an increase in thermodynamic
denaturation temperatures and denaturation Gibbs free energies.®> "’ lons also promote the stability
of DNA, where the alkaline metal cations Na* and K* localize at the major and minor grooves of
the phosphate backbone to stabilize the DNA duplex and allow for proper functionality.” 3 ° The
local positions of the monoatomic ions varies with the sequence motifs of DNA, suggesting that
several sequence-dependent properties of the DNA duplex can be attributed to the localization of
cations.?’ Monoatomic solution ions play a role in protein chemistry by modulating protein
solubility and stability?s?*; however, the relationship between solution ions, protein surface
charges, and active site ionizable residues is not as well understood in proteins as it is in DNA.

There exists a need to understand better the interactions between solution ions and the point
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charges in protein chemistry to develop better theories and experiments that fully consider the
proteins' environment.

UV-visible absorption spectroscopy is an important tool commonly used to probe the
environment surrounding aromatic amino acid residues and conjugated cofactors in proteins. A
recent investigation on the ionizable active site residues found in class I nitronate monooxygenases
(NMOs) utilized UV-visible absorption spectroscopy to demonstrate a tyrosine deprotonates at
high pH to form a negative point charge in the active site of the flavin-dependent NMO from P.
aeruginosa PA01 (PaNMO).?* However, PaNMO contains four active site tyrosines, and the study
was unable to establish which tyrosine deprotonated to a tyrosinate. Currently, no known
flavoprotein has been utilized to identify a deprotonating active site tyrosine and probe the effect
of a tyrosinate on the absorption spectrum of flavin. Investigating the relationship between an
active site tyrosinate and the UV-visible absorption spectrum of flavin would help build on our
understanding of how perturbations in flavin absorption peaks probe the active site environment
of flavoproteins.

Flavin is an organic, conjugated cofactor responsible for a wide variety of one- and two-
electron oxidations and reductions. The flavin cofactor is a multi-redox molecule and can be found
in the quinone, semiquinone, or hydroquinone redox states (Fig. 3.1A).2° Redox states can be
distinguished by studying the UV-visible absorption spectrum of flavins because each redox state
absorbs light at distinct excitation peaks (Fig. 3.1B).2® Flavin is also capable of sampling multiple
protonation states due to the isoalloxazine ring moiety, which contains an ionizable nitrogen group
(N3) with a pKa of 10.3.272° The various redox and protonation states of flavin allow biochemists
to utilize flavin’s UV-visible absorption spectrum to probe catalysis, substrate binding, and the

active site microenvironment in flavoenzymes.?® Previous studies have utilized oxidized flavin to
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Figure 3.1. Redox States of Flavin.

(A) The structure of flavin in the various redox states is shown. (B) The UV-visible absorption spectra for
PaNMO are shown where the flavin cofactor is in the oxidized (black, solid line), neutral semiquinone
(blue), anionic semiquinone (red), and hydroquinone (black, dashed line) redox states. The oxidized
spectrum was recorded in 20 mM piperazine, pH 10.0, 0.1 M sodium chloride, while semiguinone spectra
were recorded in the same buffer with 20% glycerol at pH 5.0 (neutral) and 10.0 (anionic). The
hydroquinone spectrum was recorded in 200 mM piperazine, pH 10.0, after an anaerobic reduction with
5 mg sodium borohydride. Adapted with permission from D. Su et al., Fluorescence properties of flavin
semiquinone radicals in nitronate monooxygenase, Chem. Bio. Chem. 20, 13 (2019) 1646-1652

demonstrate the flavin’s absorption spectrum varies in the presence of negatively charged
substrates and solvents (Fig. 3.2 top).? 3% 3! However, a better understanding of the relaionship
between charged amino acid side chains in the active site of flavoproteins and flavin’s absorption
spectrum is required to fully utilize flavins as a spectroscopic probe of its environment.
Electrostatic spectral tuning maps (ESTMs) are an intuitive computational tool used to
understand how localized charges in a chromophore’s vicinity affect that chromophore’s
absorption wavelength and intensity.?® 32 Tuning maps for the 460 nm peak (E1 and f1) and the 360

nm peak (Ez and f) of oxidized flavin are presented here to indicate how a negative, localized
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Figure 3.2. Effect of the Surrounding Environment on Flavin Absorption Peaks.

Top: Simulated UV-visible absorption spectrum of flavin in a polar (water) and non-polar (cyclohexane)
solvent. The experimental UV-visible absorption spectrum in water is also shown 2® Flavin has two near-
UV-visible absorption bands, labeled band 1 (yellow arrow) and band 2 (blue arrow). The inset shows
the structure of flavin with atom labels. Adapted from ref. 25. Bottom: Electrostatic spectral tuning maps
(from ref. 32) and oscillator strength tuning maps (this work) showing how negative 0.1e charges placed
on flavin’s van der Waals surface affect the absorption wavelength (E1 and E;) and oscillator strength (f1
and f,) for each of its two absorption bands 1 and 2, respectively. The Ei/E, map legends indicate the
magnitude of the shifts relative to the gas-phase reference excitation energy in eV (nm in parentheses)
caused by the -0.1e charge, while the fi/f, map legends indicate the change in the oscillator strength
relative to the gas-phase reference strength. The approach to compute such maps is described in ref. 32,
using the B3LYP/6-31+G* method and basis set.

charge at each position of the flavin’s van der Waals surface affects flavin’s absorption spectrum
(Fig. 3.2 bottom). For instance, the ESTMs demonstrate that negative charges near flavin’s C7
methyl group would result in a noticeable redshift (Ez) and increase in oscillator strength (fz,
related to absorption intensity) at the 360 nm peak. In contrast, negative charges near the flavin’s
C7 methyl group would result in either no shift or a weak redshift (E1) and a slight decrease in
oscillator strength (f1) at the 460 nm peak. The absorption spectra and ESTMs with flavin presented

here demonstrate the relative absorption intensities of the flavin’s peaks are much more sensitive
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Figure 3.3. The Active Site of NQO.

The active site of NQO depicting the positions of the FMN cofactor and key active site residues (PDB:
2JGL). A 3.0 A distance from the hydroxyl O atom of Y277 to the C atom on the C; methyl group of FMN
was determined. The carbon atoms for FMN are shown in yellow while the carbon atoms of the protein
are shown in green. Nitrogen and oxygen atoms are colored in blue and red, respectively.

to the surrounding electrostatic environment than the peak wavelengths. For example, the
computed absorption spectra of flavin in different solvents with varying polarity demonstrates the
360 nm peak’s absorption intensity is ~30-40% brighter in water than in cyclohexane (Fig 3.2
top).? A central hypothesis in this work is that we can use flavin’s peak intensities to probe local
and long-range electrostatics in a flavoprotein.

NADH:quinone oxidoreductase (NQO, E.C. 1.6.5.9, UniProtKB Q914V0) from P.
aeruginosa PAO1 is an FMN-dependent enzyme that utilizes NADH to catalyze a two-electron
reduction of quinones.®* Quinone reductases (QR) are flavin-dependent enzymes that detoxify
quinones to form hydroquinones and bypass the production of the highly reactive semiquinone
radical species.®* % QRs play an antioxidant protective role in the cell by preventing semiquinone
radicals from reacting with molecular oxygen to promote oxidative stress, which results in tissue

degeneration, apoptosis, premature aging of cells, and neoplasia.® 3" Oxidative stress is a process
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found in both prokaryotes and eukaryotes; thus, QRs have been reported to protect against
quinone-related cell damage in a wide variety of organisms such as bacteria® 3, fungi*® 4,
plants*> 43 and mammals.** %> A crystal structure of NQO in the ligand-free form revealed the
enzyme's active site contains several ionizable groups, including K124, H152, S288, and Y277.4
Y277 is especially of interest as its hydroxyl group is 3.0 A away from the C7 methyl group of the
flavin’s isoalloxazine ring (Fig. 3.3). Besides the close proximity to the flavin, Y277 is mostly
exposed to the active site's bulk solvent. Investigating the position of Y277 in the active site of
NQO suggests the residue may be used to elucidate further the relationship between the flavin’s
electrostatic environment and its absorption spectra.

In this study, Y277 in NQO was replaced with a phenylalanine to probe the differences in
tyrosine deprotonation between the mutant and wild-type enzymes, which determined Y277
deprotonates to a tyrosinate at high pH. NQO-WT at high pH was investigated through a
combination of biochemical and computational techniques to assess the effect of the unprotonated
Y277 near the flavin’s C7 methyl group on the flavin’s absorption spectrum. ESTMs presented
above suggest that forming a negative charge by deprotonating Y277 will increase the absorption
intensity and redshift the 360 nm peak while slightly decreasing the absorption intensity of the 460
nm peak (Fig. 3.2). However, the UV-visible absorption spectra and hybrid quantum
mechanical/molecular mechanical (QM/MM) calculations presented in this study indicate that
solution ions surrounding the protein form a long-range electrostatic interaction to counter the

effect of deprotonated tyrosinate on flavin’s absorption spectrum.
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Figure 3.4. Effect of pH on the Absorption Spectra of NQO-WT, NQO-Y277F, and Free-
FMN.

Absorption spectra for (A) NQO-WT, (B) NQO-Y277F, and (C) free-FMN are shown as pH increases
from 8.0 (blue) to 11.5 (red). Difference absorption spectra for (D) NQO-WT, (E) NQO-Y277F, and (F)
free-FMN are shown where the spectra at pH 8.0 was used as a baseline. Extinction coefficient values for
the enzyme systems were corrected for the protein absorption (=320 nm) by adjusting for flavin binding.
The FMN/enzyme stoichiometry is 0.8 for NQO-WT and 0.7 for NQO-Y227F.

3.3 Results and Discussion

3.3.1 Deprotonation of Y277 in NQO

The protonation state of Y277 was investigated by probing the effect of pH on the UV-
visible absorption spectra of NQO-WT and comparing the results to those of NQO-Y277F.
Absorption spectra were taken incrementally as the pH was adjusted from 8.0 to 11.5. Spectral
changes at 295 nm were monitored as a function of pH to assess the protonation state of all tyrosine
residues throughout both enzymes, where NQO-WT contains four tyrosine residues (Fig.
3.4AB).1% 2447 For NQO-WT and NQO-Y277F, the most significant spectral changes were found

at 295 nm with maximal increases of 3.5 and 2.3 mM™cm™, respectively (Fig. 3.4DE). The 1.2
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mM-lcm™? decrease in the Aexgs value from NQO-WT to NQO-Y277F suggests the Y277F
mutation altered the deprotonation of tyrosine residues in NQO. Structurally, NQO-Y277F differs
from the wild-type enzyme by the removal of the hydroxyl O atom of Y277, suggesting that any
changes in the absorption spectra of NQO by this mutation are likely due to the absence of the
hydroxyl group. Thus, comparing the absorption spectra of both enzymes probes the protonation
state of Y277, where the additional tyrosine deprotonation event that occurs in NQO-WT indicates
that Y277 deprotonates at high pH. There is a possibility that removing the hydroxyl group of
Y277 altered the environment and thus the deprotonation of the three other tyrosine residues in
NQO:; however, this is less likely as the hydroxyl group of Y277 is about 15 A from the hydroxyl
groups of the other tyrosines. The Ae2gs values were plotted versus pH for both enzymes using Eq
1. to determine the pKa values corresponding to the tyrosine residues' ionization in each enzyme
system (Fig. 3.5A). A pKa value of 11.1 £ 0.1 was determined for Y277 by taking the difference

in Aggs values between NQO-WT and NQO-Y277F (Fig. 3.5B). The results indicate that the
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Figure 3.5. lonization of Active Site Residues in NQO-WT, NQO-Y277F, and free-FMN.

(A) A plot of the Ae values at 295 nm as a function of pH is shown for NOO-WT and NOO-Y277F. (B) The
difference in the Ae values at 295 nm between the two enzymes was determined. Data points are from the
295 nm peak of the difference absorption spectra for NOQO-WT and NQO-Y277F taken as a function of
pH. (C) A plot of the Ae values at 489 nm as a function of pH is shown for all systems. Data points are
from the 489 nm peak of the difference absorption spectra for each system taken as a function of pH.
Curves were fit to datapoints using Eq. 1.
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hydroxyl side chain of Y277 is neutral at pH 8.0 and anionic in ~60% of the wild-type enzyme
population at pH 11.5.

The absorption spectra of free FMN in solution (free-FMN) were assessed and compared
to those of NQO-WT to determine if the protonation state of the N3 atom was altered in NQO as
pH increased from 8.0 to 11.5 (Fig. 3.4C). Although the ionization of the flavin’s N3 atom is well-
established?’-2% 480 the authors were unable to find a figure depicting the titration of free-FMN
in the literature. The difference peaks correlating to N3 deprotonation in free-FMN were observed
at 340, 380, 435, and 490 nm (Fig. 3.4F). A pKa value of 10.2 + 0.1 was measured for free-FMN
by plotting the Agago vValues versus pH, which agrees with previous studies that investigated the
ionization of the flavin’s N3 atom in bulk solvent (Fig. 3.5C).2""? The absorption spectra for
neither NQO-WT nor NQO-Y277F depicted the difference peaks characteristic of N3
deprotonation, suggesting that deprotonating the hydroxyl side chain of Y277 does not affect the
ionization of the flavin cofactor in the active site of NQO at the pH range observed for the flavin

in bulk solvent.

3.3.2 Effect of the Y277F Mutation on the Steady-State Kinetics of NQO.

The steady-state kinetic parameters of NQO-Y277F were investigated and compared to
those of NQO-WT to determine if the Y277F mutation perturbed the turnover, and therefore the
active site structure of NQO (Table 3.1). Initial rates of reaction were determined by varying the
concentrations of both NADH and benzoquinone at pH 7.0. Steady-state kinetic parameters were
assessed by fitting the kinetic data to an equation describing a ping-pong bi-bi steady-state kinetic
mechanism (Eq. 2) where the fits with the highest R? value were chosen. Comparing NQO-Y277F
to NQO-WT illustrated a < 3.0-fold change in all the measured kinetic parameters (Table 3.1).

The Knapn value was not determined for NQO-WT as the lowest concentration of NADH tested
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was above 50% saturation. The results indicate only modest changes in the steady-state kinetic
parameters due to the Y277F mutation, suggesting the mutation had a negligible impact on the
organization of key catalytic residues and structure in NQO at pH 7.0. The kinetic comparison
between enzymes also indicates Y277 has a negligible role in substrate capture, catalysis, and
product release in NQO since large changes in kcat and Kgq values would be expected if Y277 did

play a mechanistic role.

Table 3.1. Steady-State Kinetic Parameters of NQO-WT and NQO-Y277F at pH 7.0.

Kinetic Parameter NQO-WT NQO-Y277F
ey, 871 33£2 42 +3

Kpq, UM 21 £3 55+6
Kxapp, WM ND? 54 +7
kea/Kpq, M's™! 1,600,000 = 300,000 800,000 £ 100,000
k o/ Knapm, M8 ND? 800,000 = 100,000
R? 0.979 0.994

Kinetic parameters were determined with varying concentrations of NADH and benzoquinone in 20
mM KP;, pH 7.0, and 100 mM NaCl at 25 °C.

4alues were not determined because concentrations of NADH below 50% saturation with NQO-WT
could not be tested.

3.3.3 Effect of Deprotonating Y277 on the UV-visible Absorption Spectra of FMN in
NQO.

The UV-visible absorption spectrum of NQO was measured from pH 8.0 to 11.5 to
determine the effect of deprotonating Y277 on the flavin cofactor’s absorption peaks (Fig. 3.4AD).
Although Y277 deprotonation effectively introduces a negative charge near the C; methyl group
of the flavin, the absorption wavelengths and intensities of the 368 and 461 nm peaks of oxidized
NQO remained unaffected (Fig. 3.4A). The lack of an effect is surprising considering the tuning
maps presented in Fig. 3.2 indicated that at least the wavelength and the intensity of flavin’s 368

nm peak should be sensitive to a negative charge introduced at residue 277.2° Y277 is mostly
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exposed to the bulk solvent in the active site of NQO; furthermore, there are no other ionizable
residues in the active site that could potentially act as counterions to cancel out the effect of the
tyrosinate. To better understand the effect of deprotonating Y277 on the absorption spectrum of

FMN, QM/MM simulations were performed on NQO in solution.

3.3.4 MD and Hybrid QM/MM Simulations and Computations

Molecular dynamic (MD) and Hybrid QM/MM simulations were performed on NQO-WT
with both protonated and unprotonated Y277 to investigate the lack of an effect by Y277
deprotonation on the flavin’s spectroscopic properties in solution. MD simulations indicated that
the side chain of Y277 in both the protonated and unprotonated forms occupied the same space in
the active site of NQO due to a hydrogen bond with the backbone nitrogen atom at residue 288.°!

The average solvent electrostatic configuration—free energy gradient (ASEC-FEG) method
was used for the QM/MM calculations, as described below (Section 3.5.8). The ionization states
of amino acids other than Y277 were determined with PROPKA. When Y277 is protonated, the

Table 3.2. QM/MM Computed Oscillator Strengths and Excitation Wavelengths for Flavin
Peaks in NQO.

Ioniza?i{(f: -’State fer- Dae f f; E;,nm E,, nm
Neutral 2 0 0.087 0.270 428 361
Anionic 1 0 0057 (-30%) 0322 (+19%) 434 (+6nm) 369 (+8 nm)
Neutral 20 18 0.142 0.187 417 340
Anionic 19 18  0.145(+2%)  0.183 (2%) 418 (+1nm) 339 (-1 nm)
Anionic 1 0 0.134 (-6%) 0210 (+12%) 421 (+4nm) 345 (+5m)

(deleted ions)

QM /MM (TD-B3LYP/aug-cc-pVDZ/AMBER) computed oscillator strengths (f1 and ;) and excitation
wavelengths (E1 and Ey) for flavin’s first and second absorption peaks are shown, respectively. The
numbers in parentheses indicate the % change in oscillator strength and the absolute change in
excitation wavelength in nm upon deprotonation of Y277 for that model. The last row shows the results
for the same QM/MM structure as the previous row but in the absence of 18 Na* and CI~ ions from
the QM/MM calculation
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protein had a total charge of +2 due to the number of positively charged amino acids outnumbering
the number of negatively charged amino acids in the protein. Therefore, as often done in the
construction of protein QM/MM models, the system was neutralized using two chloride ions (nci-
= 2). In the model with a unprotonated Y277, the total charge of the protein was +1, where one
Cl™ is used to neutralize the system (nci- = 1). The spectral properties computed using the QM/MM
models indicated that deprotonating Y277 would lead to a ~7 nm redshift at both peaks, a 19%
increase in intensity at the 368 nm peak, and a 30% decrease in intensity at the 461 nm peak (top
two rows in Table 3.2). The results presented here are consistent with the tuning maps in Fig. 3.2;
however, the QM/MM calculations do not explain the lack of changes in the flavin’s absorption
peaks in NQO when Y277 deprotonates in solution.

It is important to note that the spectra obtained in Fig. 3.4 were not for NQO in a pure water
solvent, but rather the enzyme was in a buffered solution of 10 mM NaP;, 10 mM NaP;iPi, 100 mM
NaCl, and 20% glycerol. To better understand the effect of solution ions on the absorption spectra
of flavin, the QM/MM simulations were repeated in the presence of Na* and Cl- ions. QM/MM
simulations mimicked the concentration of 100 mM NaCl from the biochemical experiment by
adding 18 Na* and CI" ions to the system, where extra Cl" ions were added to neutralize the protein
charges. QM/MM models tend to place ions into specific positions; thus, ASEC-FEG was
employed to sample the solution ions' positions properly. Utilizing ASEC-FEG for QM/MM
calculations means that the solution ions were each replaced by 100 pseudo-ions, with a charge of
+0.01e, where their positions were sampled by MD.52%8 Thus, simulating 18 Na* ions translates to
1800 +0.01e point charges where the positions originate from 100 MD snapshots. Comparing the
QM/MM calculations for Y277 in the neutral and anionic forms in the presence of solution ions

yielded a < 2% change in the computed flavin peak’s intensities and a < 1 nm shift in peak
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wavelengths (rows 3 and 4 in Table 3.2). The results of the QM/MM calculations in the presence
of solution ions agree with the biochemical experiment in Fig. 3.4 by demonstrating that solution
ions appear to cancel out the effect of deprotonating Y277 on the flavin’s absorption spectrum. To
confirm the addition of salt ions did, in fact, mask the effect of the unprotonated Y277 on flavin’s
absorption spectrum, calculations with the QM/MM APEC configuration containing 18 NaCl pairs
were re-run, where the added salt ions were deleted, leaving only the equivalent of 2 CI™ ions (see
the last row of Table 3.2). Following the removal of the solution ions from the simulation space,
perturbations in the absorption peaks of flavin were observed that were consistent with the tuning
maps, which predicted the effect of a negatively charge tyrosinate near the flavin’s C7 methyl
group in NQO. The results presented here indicate that the solution ions mask the effect of
deprotonating Y277 on flavin’s absorption spectrum, where the effect can be investigated once the

solution ions are removed from the system.

3.3.5 Radial Distribution Functions

To better understand how Na* and CI™ ions modulate the UV-visible absorption spectrum
of flavin, the radial distribution functions (RDFs) of the Na* and CI” ions relative to the flavin’s
center of mass were computed from a 500 ns MD simulation. Additionally, the coordination
numbers (CNs) were calculated, which describes the spherical integral of the RDF at each radial
position from the flavin. RDF calculations with solutions ions and Y277 in the neutral and anionic
forms were performed, where the difference in the RDF and CN values between Na*" and CI™ ions
were calculated (black lines Fig. 3.6). For comparison, the RDF calculations were performed with
the NQO simulations that did not contain added NaCl but instead only included CI" ions to keep
the system globally neutral (green lines Fig. 3.6). Comparing the ionic environment of NQO with

Y277 in the neutral and anionic forms demonstrated that the distribution of the solution ions
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surrounding the protein is altered upon Y277 deprotonation. It is important to note that the model
with Y277 in the anionic form contained one less CI" ion than the model with Y277 in the neutral
form; however, the resulting +1 overall charge was not distributed equally between each radial
shell surrounding the flavin. The displacement of the solution ions is reminiscent of the “ionic
atmosphere” effect described in the Debye—Hiickel theory,*® where each charge is surrounded, on

average, by a “cloud” of oppositely charged ions.
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Figure 3.6. Distribution of Solution lons in NQO QM/MM Simulations.

Top: RDFs of solution ion charges (computed as the difference between the RDFs of the Na* and CI"ions)
for a 500 ns MD simulation of NQO with a (A) neutral and (B) anionic Y277 and including 18 added Na™
and Cl"ions to mimic a 100 mM NacCl solution. Below the RDF is a plot of the corresponding CN as a
function of distance for the full 500 ns trajectory (bold line) and for 100 ns windows (thin dashed lines).
The numbers at the top indicate the total change in CN (i.e., integral of the RDF) for five different shells
around flavin, each 1 nm thick. The associated plus/minus uncertainty is the standard deviation calculated
by averaging the result from five 100 ns windows (dashed lines). Bottom: The results of the integrated
RDFs for each shell up to 5 nm (i.e., the change in CN for that shell) plotted on top of the protein structure
(close to actual scale). This plot helps visualize where solution ion density changes occur relative the
protein.
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To ensure the results presented here are not due to a statistical anomaly, the CN calculations
for the full 500 ns trajectory (bold lines in Fig. 3.6) were compared with the CN calculations during
each 100 ns window within the 500 ns production (thin dashed lines). The comparison between
the 500 ns and 100 ns windows consistently showed an increase in the density of Na* ions near the
protein surface from the protonated to deprotonated Y277 models; however, the ion distribution
was not fully consistent between the 100 ns windows. The fluctuations between the 100 ns
windows indicate that substantially longer molecular dynamics may be needed to capture
consistent ion distributions.

Following Y277 deprotonation, Na* ions do not enter the active site pocket in NQO to
mask the effect of anionic Y277 on the flavin’s absorption spectrum. Instead, the deprotonation of
Y277 leads to an increase in the positive charge density 1-3 nm away from the flavin, indicating
that Na* ions move closer to the protein surface and/or the CI~ ions move away from the protein
surface once the hydroxyl O atom of Y277 forms a negative charge. Evidence to support these
conclusions comes from the RDF calculations with NQO, where Y277 was modeled in the neutral
and anionic forms. Once Y277 deprotonated in the active site of NQO, a slight increase of 0.02 in
the positive charge density was seen < 1 nm away from the flavin. In contrast, increases > 0.10 in
the positive charge density 1-3 nm away from the flavin were observed in NQO from neutral to
anionic Y277. The redistribution of ions is most likely responsible for canceling out the effect of
the localized negative charge from Y277 on the flavin’s absorption spectrum and therefore acts as
a long-range electrostatic spectral tuning mechanism. Interestingly, the redistribution of solution
ions was entirely missed in the models containing only CI" ions to keep the simulations globally

neutral. The results presented here demonstrate the need to consider the effect of solution ions in
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QM/MM models as computational models that do not contain added solution ions will incorrectly

predict that deprotonating Y277 will have a strong effect on flavin’s absorption spectra.

3.3.6 Effect of Added lons on the UV-Visible Absorption Spectra of NQO

The UV-visible absorption spectra of NQO in the presence and absence of NaCl were
measured in solution to investigate whether NaCl ions can indeed have a long-range electrostatic
effect on flavin’s absorption spectrum. Absorption spectra were first determined in 10 mM
piperidine, where drops of NaOH were discretely added to buffer the solution at pH 11.5 and
minimize the solution's concentration of counterions. After taking a spectrum of NQO with
minimal counter ions, 100 mM NaCl was added to the solution, which increased the solution's
ionic strength from 10 to 110 mM. The absorption spectra of flavin displayed a 19% increase at
the 461 nm peak, a 41% increase at the 368 nm peak, and an 8 nm blueshift at both peaks by the
addition of NaCl (Fig. 3.7A). Isosbestic points formed at 291 and 480 nm suggesting the enzyme

did not denature following the addition of NaCl. QM/MM calculations on NQO investigated the
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Figure 3.7. Absorption Spectra of NQO and Free-FMN With and Without NacCl.

UV-visible absorption spectra of (A) NQO at pH 11.5, (B) NQO at pH 9.5 and (C) free-FMN at pH 8.0 in
the absence of NaCl (blue) and presence of 100 mM NacCl (red) is shown. Enzyme spectra were recorded
in 50 mM piperidine, while free-FMN was recorded in 10 mM HEPES at 10 °C. Spectra were recorded 2
min after the addition of NaCl, apart from NQO at pH 11.5 which took an hour to equilibrate. The inserts
in panel A and B show the difference in the absorption spectra following the addition of NaCl. Spectra
are reported in absorbance instead of extinction coefficient values as extinction coefficient values for all
systems were previously reported in the presence of salt.
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absorption spectrum of flavin following Y277 deprotonation (Table 3.2), whereas the experiment
presented here probes the effect of masking the interactions between unprotonated Y277 and
flavin’s absorption spectra by the addition of solution ions (Fig. 3.7A); thus, we expect the changes
in the flavin’s absorption spectra presented here to be qualitatively opposite to that of the
computational calculations. Indeed, the increase in intensity at the 461 nm peak and blueshifts of
both flavin peaks seen in Fig 3.7A are consistent with the QM/MM calculations, suggesting the
effect of unprotonated Y277 on flavin’s absorption spectrum can be elucidated biochemically
when the absorption spectra of NQO is investigated in a solution mostly absent of solution ions.
The absorption spectra of NQO-WT at pH 9.5 and free-FMN at pH 8.0 with and without
NaCl were investigated to confirm the spectral changes in NQO-WT at pH 11.5 were due to the
solutions ions masking the effect between unprotonated Y277 and the flavin cofactor. Following
the addition of 100 mM NaCl to NQO-WT at pH 9.5, there were no shifts in wavelength and a <
10% increase in intensity at both absorption peaks of flavin (Fig. 3.7B). In comparison, there were
no changes in peak intensity or wavelength at both absorption peaks for free-FMN following the
addition of NaCl (Fig. 3.7C). The absorption spectra for free-FMN were recorded at pH 8.0 as the
previously reported pKa value for the N3 atom suggests the flavin would not be fully oxidized at
higher pH values (Fig. 3.4F). The results demonstrate NQO at pH 11.5 was the only system to
observe spectral changes by the addition of NaCl, which is consistent with the solution ions

masking the effect of a negative charge near the flavin’s C7 methyl group.

3.4 Conclusion
Solution ions are well known to play an essential role in protein chemistry by stabilizing
conformations, assisting in protein folding, and altering enzymatic reaction rates,?1-23:60-62

However, the electronic contributions of solution ions to biomolecular systems are not entirely
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understood; thus, there remains an ongoing effort to model the electrostatics of ionic solutions for
applications in academia, medicine, and engineering fields. 4%3-¢6 A model describing electrostatic
interactions at the protein-solvent interface suggests that while short-distance interactions are
reasonably accurate, long-distance interactions have not been fully elucidated and maintain some
inaccuracies.?! Here, we describe an unexpected long-distance interaction between solution ions
and the absorption spectrum of flavin in NQO.

In this joint computational and biochemical study, NQO is utilized to demonstrate the
active site tyrosine Y277 deprotonates at high pH to introduce a negative charge 3.0 A from the
C7 methyl group of the flavin cofactor. Initial biochemical and computational techniques were
employed using protocols considered standard in their respective fields to determine how
unprotonated Y277 would alter the absorption spectrum of flavin. Multiple computational models
consistently predict that deprotonating Y277 would impact flavin’s absorption peak intensities and
wavelengths; however, no changes in the UV-visible absorption spectrum of NQO are observed
when Y277 deprotonates. The main disparity between the two experiments was determined to be
the presence of solution ions, where the absorption spectrum of NQO was taken in the presence of
100 mM NaCl, while the QM/MM simulations contained only a few CI" ions to keep the system
globally neutral. Interestingly, when the QM/MM computations were carried out in the presence
of added solution ions, the results were consistent with the biochemical study, which determined
no effect. In comparison, when the UV-visible absorption spectrum of NQO was investigated in a
solvent mostly absent of solution ions, spectral perturbations predicted by the initial QM/MM
calculation were observed. Additionally, the radial distribution function of the solution ions from
the QM/MM simulations indicated that the solution ions rearrange to generate a more positive

charge density near the protein surface when Y277 deprotonates, which generates a long-range
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counterion effect to the active site tyrosinate through an “ionic atmosphere”. Solution ions can
affect biomolecules in many ways, some of which are not fully understood by the scientific
community. The results suggest a unique and unexpected counterion interaction forms between
NQO and the solution ions to prevent unprotonated Y277 from altering flavin’s absorption
spectrum. The current study should serve as an important reminder to biochemical and
computational chemists not to overlook the contributions of solution ions to proteins' biophysical
properties when developing experiments and theories.

The current study suggests that deprotonating Y277 modulates the absorption spectrum of
flavin in NQO by a 19% decrease in absorption intensity at the 461 nm peak and a redshift of 8
nm at both peaks. Initial QM/MM calculations with NQO demonstrated that deprotonating Y277
in the absence of solution ions alters the absorption spectrum of flavin by decreasing the intensity
at the 461 nm peak, increasing the intensity at the 368 nm peak, and red shifting both peaks. The
predictions made by the QM/MM calculations were tested in solution, where the effect of
unprotonated Y277 on flavin’s absorption spectrum was masked by adding NaCl to a solution
containing NQO at pH 11.5. It is important to note that the QM/MM calculations probed the effect
of forming unprotonated Y277 while the biochemical experiment probed the effect of masking
unprotonated Y277; thus, the results between the two techniques are consistent when the
observations are qualitatively opposite. The results of the computational and biochemical
experiments consistently determined deprotonating Y277 decreases the intensity of the 461 nm
peak and redshifts both flavin peaks; however, the experiments were not qualitatively consistent
at the 368 nm peak. The unexpected increase in flavin’s absorption intensity at the 368 nm peak
in solution may be due to a conformational change that occurs in NQO following the addition of

NaCl. Alternatively, it is possible the addition of NaCl alters the environment surrounding the
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flavin by perturbing other active site ionizable residues instead of only masking unprotonated
Y277. Elucidating the unexpected increase in intensity at the 368 nm peak following the addition
of NaCl to NQO at pH 11.5 will be the subject of future studies. Here, we describe how the negative
point charge on Y277 can modify the spectroscopic properties of oxidized flavin to provide
biochemists with a better understanding of how proteins can modulate flavins as a spectroscopic

probe.
3.5 Materials and Methods

3.5.1 Materials

QIAprep Spin Miniprep Kit was purchased from Qiagen (Valencia, CA). Isopropyl-1-thiol-
B-D-galactopyranoside (IPTG) was ordered from Promega (Madison, W1). Escherichia coli strains
DH5a and Rosetta(DE3)pLysS were purchased from Invitrogen Life Technologies (Grand Island,
NY) and Novagen (Madison, WI1), respectively. HiTrapTM Chelating HP 5 mL affinity column
and prepacked PD-10 desalting columns were purchased from GE Healthcare (Piscataway, NJ).
Riboflavin 5’ Phosphate Sodium Salt was purchased from MP Biomedicals LLC (Solon, OH). All

other reagents used were of the highest purity commercially available.

3.5.2 Enzyme Preparation

The synthesis and cloning of the gene for NQO variant Y277F in a pET20b(+) plasmid
was prepared by Genescript (Piscataway, NJ). Upon delivery, the mutant gene was sequenced by
Macrogen Inc. (Rockville, MD). Plasmids were purified using the Qiagen QIAquick Spin
Miniprep Kit according to the manufacturer's protocol. Resulting purified plasmids were
transformed into chemically competent E. coli strain Rosetta(DE3)pLysS cells using the heat
shock method.®” NQO-Y277F was expressed in E. coli strain Rosetta(DE3)pLysS and purified

through methods previously described for NQO-WT .23 Purified NQO-Y277F was stored at —20
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°C in 20 mM NaP;, pH 8.0, 100 mM NaCl, and 10% glycerol. The protocol was adjusted so that
the storage buffer contained NaPj instead of TRIS-HCI, and the concentration of NaCl was reduced
to 100 mM, to improve the stability of NQO-Y277F in storage and solution. The total protein

concentration was determined using the Bradford method.%®

3.5.3 UV-Visible Absorption Spectroscopy

UV-visible absorption spectra were recorded using an Agilent Technologies model HP
8453 PC diode-array spectrophotometer (Santa Clara, CA) equipped with a thermostated water
bath. For the pH dependence on the UV-visible absorption spectra of flavin, buffers were
exchanged with 10 mM NaPj, 10 mM NaP;P;, pH 8.0, 100 mM NacCl, and 20% glycerol, using a
PD-10 desalting column. The UV-visible absorption spectra of NQO-WT, NQO-Y277F, and free-
FMN were measured as a function of pH at 15 °C. Each 2.5-mL buffered solution was subjected
to 1-10 pL serial additions of 1 M NaOH using a 10 pL syringe while the solution was stirring.
Absorption spectra were incrementally taken in the pH range from 8.0 to 11.5. After each addition
of base, the system was allowed to equilibrate until no changes in the pH value and absorbance
were observed, which typically required 1-2 min. The resulting spectra were corrected for
absorbance at 800 nm and the incremental dilution factor by NaOH addition. For enzyme solutions,
the spectra were corrected for concentration using €461 = 12,400 M*cm™ for NQO-WT? and e461
= 12,000 Mcm™? for NQO-Y277F (this study). The extinction coefficient of NQO-Y277F was
determined by extracting the flavin cofactor by heat denaturation in 20 mM KP;, pH 7.0, and 200
mM NacCl at 25 ° C.%

The effect of adding NaCl on the UV-visible absorption spectra of NQO-WT at pH 11.5,
NQO-WT at pH 9.5, and free-FMN were determined. NQO-WT was prepared in a 50 mM

piperidine solution, at pH 9.5 or 11.5, using a PD-10 desalting column, while free-FMN was
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prepared in 10 mM HEPES at pH 8.0. After collecting 1 mL of each solution, an absorption
spectrum was immediately taken at 10 °C with air blowing towards the cuvette to prevent moisture
condensation. Following the initial spectrum, NaCl was added to a final concentration of 100 mM,
and a spectrum was taken 2 min after the addition to allow the solution to equilibrate. For NQO-

WT at pH 11.5, the absorption spectrum took an hour to equilibrate.

3.5.4 Steady-State Kinetics

Enzymatic activity was measured using an Agilent Technologies model HP 8453 PC diode-
array spectrophotometer equipped with a thermostated water bath. The steady-state Kkinetic
parameters for NQO-WT and NQO-Y277F were measured using the method of initial rates where
the concentrations of NADH and benzoquinone were varied from 25-100 uM and 10-200 uM,
respectively.”® Stock solutions of benzoquinone were prepared in 100% ethanol. The effect of
ethanol on enzyme activity was minimized by ensuring the final concentration of ethanol in the
assay reaction mixture was at 1%. The assay was run in 20 mM KP;, pH 7.0, and 100 mM NacCl at
25 °C. Reaction rates were measured by following NADH consumption at 340 nm using €340 =
6,220 Mtcm™.” For each point, the reaction between NADH and benzoquinone was measured as

a baseline before the addition of enzyme at a final concentration of 100 nM.

3.5.5 Data Analysis

All data were fit using KaleidaGraph software (Synergy Software, Reading, PA). The
effect of pH on the UV-visible absorption spectra of NQO-WT and NQO-Y277F was fit to Eq 1,
which describes a curve with one pKa value and two limiting values at high pH (A) and low pH
(B). The kinetic data determined from initial rates using varying concentrations of NADH and
benzoquinone was fit to Eq 2, which describes a ping-pong bi-bi steady-state kinetic mechanism

with no inhibition by either substrate; here, vo represents the initial rate of reaction, e is the
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concentration of enzyme, Keat is the maximum rate of enzyme turnover at saturating concentrations
of both NADH and benzoquinone, and Knapn and Kgq are the Michaelis constants for NADH and

benzoquinone, respectively.

A+Bx10PKa—pH)

= 1+10®Ka—-pH) (1)
Yo _ kcat[NADH][BQ] (2)
e KNADH[BQ]+KBQ[NADH]+[NADH][BQ]

3.5.6 Density Functional Theory Model Calculations

ESTMs (E: and E> Fig. 3.2) were computed for lumiflavin, a minimal flavin model, in ref.
32 at the B3LYP/6-31+G* level of theory. Note, however, that the colors here are inverted with
respect to refs. 25, 32 since the maps presented here indicate the effect of a negative charge on the
absorption wavelength of each band (instead of a positive charge as reported in refs. 25, 32). The
oscillator strength tuning maps were computed using the exact same protocol,®? but instead of
plotting the surface maps as a function of the excitation energy, the maps are generated using the
computed oscillator strength as a function of external charge position on the van der Waals surface
of lumiflavin.

To support the result of the tuning map calculations, another model calculation was
performed with a B3LYP/6-31+G* geometry-optimized lumiflavin model and a tyrosine point
charge model placed at the same position and orientation relative to flavin as in the crystallographic
crystal structure of NQO. The TD-B3LYP/6-31+G* oscillator strength of lumiflavin was
computed in the presence of the tyrosine, which was described using amber99sb point charges.’?
The calculation was then repeated in the presence of tyrosinate. The calculation in the presence of
the tyrosinate had a 20% smaller oscillator f1 and a 47% larger f2, in qualitative agreement with

the trend expected from the tuning maps.
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3.5.7 Quantum Mechanical/Molecular Mechanical (QM/MM) Calculations

The QM/MM calculations of NQO-WT and NQO-Y277F were performed using the
Average Solvent Electrostatic Configuration — Free Energy Gradient (ASEC-FEG) protocol. The
ASEC-FEG approach combines the idea of the Average Solvent Electrostatic Configuration
model,>? 53 originally developed to study molecular systems in solution, and the Free Energy
Gradient method proposed by Nagaoka et al.>* %6 5" ASEC-FEG has been extended to proteins by
including van der Waals average interaction energy,®® and has recently been extended to model
flavoproteins.>®

Briefly, ASEC-FEG is an approach that computes QM/MM energies and properties in a
superposition of several protein configurations sampled by molecular dynamics instead of using
one single representative structure. The protein is divided into two subsystems: (i) the QM
subsystem, comprising the lumiflavin shown in Fig. 3.8, and (ii) The MM region, which includes

all other atoms in the simulation (the ribose-5’-phosphate group, the protein, the solvent, and

Figure 3.8. The QM/MM Frontier Region.

The lumiflavin (shaded region) is treated at the quantum mechanical (QM) level of theory, while the
ribose-5-phosphate group, the protein, and solvent as described using molecular mechanics (MM)
force fields.
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solution ions). The frontier between the QM and the MM parts is treated using the link atom (LA)
approach.” The LA position is restrained according to the Morokuma scheme.’

To locate stationary structures (e.g., minima) of the QM subsystem on the free energy
surface of the protein, the average forces acting on each atom of the QM subsystem is calculated

using the free energy gradient obtained through the following approximation:

aG(q) v (V)
F(Q)=—a—:=—(£)z—ﬁ ©)

In this equation, g represents the nuclear coordinates of the QM subsystem, G is the free
energy of the system, and V is the potential energy of the QM subsystem, including the interaction
energy with the rest of the protein. These forces are equal to the time-averaged forces acting on
each atom of the QM subsystem over the equilibrium distribution of the total system, as obtained
from a molecular dynamics (MD) simulation.

The potential energy of the system in Eq. 4 is decomposed in the following way:

V = Vaom + Vom/mm (4)

Vowm represents the potential energy of the QM atoms, while Vommm is the interaction

energy between the QM and MM subsystems. This term includes several components:
Vam/mm = Vele (QM/MM) + Vyaw (QM/MM) + Vpona (@QM/MM) ()

The first interaction term is the electrostatic interaction energy between the QM atoms and
the MM atoms of the system. This term is considered in this work through the ElectroStatic
Potential Fitted (ESPF) method.”™ 7 V4w (QM/MM) represents the van der Waals interaction
energy between the QM atoms and the MM atoms of the system, where van der Waals parameters
are assigned both to the QM and to the MM atoms. The last term of Eq. 5 deals with an empirical

bonded interaction between the QM and MM atoms at the frontier.
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The ASEC configuration in this context is an ensemble of protein configurations that
provide a time-averaged MM environment interaction with the QM subsystem. 100 protein
configurations included in the ASEC environment are selected at regular time intervals from a 500
ns molecular dynamics simulation. The charge and van der Waals parameters of these 100
configurations are scaled by 0.01 to generate the MM field acting on the QM subsystem.

The QM/ASEC configuration is used as a starting point to perform a QM/MM geometry
optimization of the QM subsystem in the field of the ASEC environment. Two steps, generation
of the APEC configuration around a fixed QM subsystem and QM/ MM geometry optimization in
a fixed ASEC environment, are repeated iteratively until the energy difference relative to the
previous step is less than a threshold of 0.5 kcal/mol. The geometry and ESPF charges of the QM
subsystem are updated in each cycle.

The details of the molecular dynamics simulations are as follows: The NQO-WT and NQO-
Y277F were solvated in a 70 A cubic water box. The molecular dynamics simulations were carried
out using the GROMACS code’” with AMBER99sb’? and TIP3P® force fields for the protein and
water molecules, respectively. An initial pre-equilibration of the entire system was performed in
the NPT ensemble, heating the system from 0 to 300 K in 300 ps, followed by 1000 ps of
equilibration. The MD is then performed in the NVT ensemble using 5000 ps for thermalization
and 500 ns for production under standard room conditions. Periodic boundary conditions (PBC)
were used to avoid boundary effects. In order to neutralize the total negative charge of some of
these proteins, ClI” ions were added to the solvent box using the “genion” procedure implemented
in the GROMACS.

To study the effect of solution ions, in addition to the CI" ions needed to neutralize the

system, 18 pairs of Na* and CI ions (1 NaCl per 555 water molecules, equivalent to a ca. 100 mM
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NaCl solution) were added to the solvent box, and molecular dynamics simulations were repeated
using the same conditions.

The details of the QM/MM calculations are as follows: The link atom is used to separate
the lumiflavin, which is neutral, from the ribose-5’-phosphate group, which is parametrized to have
a total charge of -2. The MM atom closest to the link atom (Fig. 3.8) has its charge set to zero to
avoid over-polarizing the QM/MM frontier. The QM subsystem is treated at complete-active-space
self-consistent field (CASSCF) level of theory’® and using the ANO-L-VDZP basis set.®’ The
active space used is 16 electrons and 14 orbitals, which includes all the m-electron systems,
excluding one & and n* orbital. The ASEC configuration used in the QM calculations comprises
all the atoms within 30 A from the flavin molecule. This selection is assumed to be a better
compromise than using a cubic system to avoid nonsymmetric effects. The QM subsystem is
optimized in the field of the 30 A ASEC configuration. The final optimized structure is used to
compute the oscillator strength and excitation energy of the system. The spectral shifts were
computed using the multiconfigurational complete active space second-order perturbation theory
(CASPT2) with the ANO-L-VDZP basis set to account for a substantial part of the dynamical
correlation energy. The oscillator strength values were computed both at the DFT (B3LYP/aug-
cc-pVDZ) level of theory. All the multiconfigurational calculations were computed by using the

MOLCAS-TINKER interface,®? 8 while the DFT were computed in Gaussian 03.2*
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4 CONCLUSION

In this thesis, NQO was utilized to study the roles of two non-catalytic residues located in
the "activity' subunit of the TIM-barrel domain through a combination of UV-visible absorption
spectroscopy, molecular dynamics, and steady-state kinetics. In the first portion of this thesis, the
conserved residue P78 was replaced with glycine to study the significance of gate rigidity on the
ability of NQO to form the enzyme-substrate complex. Molecular dynamic simulations of NQO-
P78G and NQO-WT with NAD* bound and in the ligand-free forms demonstrated the mutant
enzyme samples wider conformations of the gate in the ligand-free form of NQO, without affecting
the dynamics of the enzyme-substrate complex. Despite the altered gate dynamics of NQO-P78G,
a comparison of the steady-state kinetic parameters between the mutant and wild-type enzymes
demonstrated replacement of P78 with glycine resulted in a minimal increase in the rate of
substrate association with the oxidizing substrate. However, the slight increase in the rate of
substrate association is of interest as mutations at conserved residues typically decrease the
enzymatic efficiency of enzymes. The de novo synthesis of enzymes commonly utilizes multiple
mutations to reengineer catalytic functions; thus, in combination with other point mutations, the
P78G mutation may support an increase in the rate of substrate association by destabilizing the
dynamics of the gate in NQO.

An analysis of the crystal structures of NQO demonstrated the hydroxyl O atom of Y277
is distanced 3.0 A from the C7 methyl group of the FMN cofactor, suggesting the active site residue
may be utilized as a model system to elucidate the relationship between flavin’s absorption
spectrum and active site environment. In the second part of this thesis, UV-visible absorption
spectroscopy with NQO-WT and NQO-Y277F was used to establish Y277 deprotonates to form a

tyrosinate at high pH. An investigation on the relationship between unprotonated Y277 and flavin's
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absorption properties was pursued to assess how the active site environment of NQO can modulate
the flavin cofactor's spectral features. A combination of UV-visible absorption spectroscopy and
QM/MM computations demonstrated anionic Y277 can decrease the intensity of 461 nm peak and
redshift both peaks in the flavin's absorption spectrum; however, when the biochemical and
computational techniques included solution ions, the observed effect was masked. QM/MM
calculations probed the distribution of solution ions in NQO, which revealed either the Na* ions
move closer to the protein surface and/or the CI™ ions move away from the protein surface
following Y277 deprotonation. Interestingly, the results presented here demonstrate the
environment surrounding the protein can modulate the negative charge of unprotonated Y277 on
flavin's absorption properties through a long-range counterion effect reminiscent of an “ionic
atmosphere”.

In summary, the results presented in this thesis demonstrate that mutating P78G widens the
dynamics of the gate in NQO to expose the active site of the enzyme to the bulk solvent.
Furthermore, deprotonating Y277 observed a unique interaction between an active site point
charge and the solution ions. Although neither P78 nor Y277 play a key role in the turnover of
NQO, the current investigation elucidates the significance of the non-catalytic residues in the
‘activity” subunit of a TIM-barrel fold by demonstrating a P78G mutation alters gate dynamics
and Y277 deprotonation in the absence of solution ions can modulate flavin absorption properties

in NQO.
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