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Characterization of the Proline-78-Glycine Mutant of PA1024

from Pseudomonas aeruginosa

by

Benjamin Deen Dratch

Under the Direction of Dr. Giovanni Gadda

Abstract

NAD(P)H:quinone oxidoreductases (NQOs) are flavin-dependent enzymes that catalyze
the two-electron reduction of quinones and the oxidation of NAD(P)H. NQOs play a role in
cellular detoxification by preventing the formation of radical quinones thus avoiding the
generation of reactive oxygen species. The NQO from Pseudomonas aeruginosa PAO1 (PA1024)
is proposed to serve a dual function in the cell by detoxifying quinones and balancing the
[NAD*])/[NADH] ratio. Crystal structures of wild-type PA1024 were previously solved in free
form and in complex with NAD* (PDB: 2GJN & 6E2A). Comparison of the ligand-free and ligand-
bound structures of the enzyme reveals a loop (residues 75-86) in two conformations, suggesting

the mobile loop may play a role in NADH binding and selectivity. P78 is located on the mobile



loop and is hypothesized to provide internal rigidity to the mobile loop to help carry out its
functions. In the present study, site-directed mutagenesis was utilized to replace P78 with glycine
and increase mobile loop flexibility. The mutant (NQO-P78G) was expressed and purified as
previously described for wild-type PA1024. Apparent steady-state kinetics of NQO-P78G, at
varying concentrations of benzoquinone and a fixed [NADH] of 0.1 mM, showed a 20-fold
reduction in the keat value with respect to the wild-type enzyme, i.e., 1.3 s vs. 27 s’X. When the
concentration of NADH was varied with a fixed [benzoquinone] at 21 uM, NQO-P78G could not
be saturated and only a kcat/Knapr Value of 11,000 + 700 M s could be determined. On the basis
of kinetic results presented here, we propose that P78 does not play a role in substrate specificity

but rather it is important in assisting with catalysis in PA1024.

INDEX WORDS: PA1014, Substrate specificity, Mobile loop, NADH, Quinone Reductase
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Introduction

Among the wide variety of protein structures discovered in nature, as much as 10% of enzymes
are thought to contain a triosephosphate isomerase (TIM) barrel fold establishing it as the most
common tertiary enzyme fold'3. The TIM-barrel fold is a type of B-barrel composed of eight
parallel B-strands at the center of the fold and eight a-helices with Ba. and off loops connecting the
secondary structures®. Sequence analysis of the TIM-barrel fold discovered the fold to be
associated with 16 sequence families revealing that the fold could function as an oxidoreductase,
transferase, lyase, hydrolase, or isomerase® ®. Active site residues that allow the fold to serve a
variety of functions are found at the C-terminal ends of the B-stands and the adjacent loops (Ba
loops) while the remainder of the fold serves to provide stability to the enzyme®. Bo loops are
thought to be especially important for the activity of a TIM-barrel fold containing enzyme as they
have been reported to have variable lengths implying the active site geometry is largely affected
by these loops?. Since the fold can be subdivided into ‘activity’ and ‘stability’ subunits it is possible
to mutate or replace the Bo. loops without a loss is stability®®. Experiments focused on mutating
residues to learn more about the structure function relationship in proteins can easily be utilized
for TIM-barrel fold containing enzymes as mutations on active site residues will not denature the
protein® °. Previous studies have utilized this methodology and have discovered it is possible to
drastically change the function of an enzyme from just a single point mutation at a TIM-barrel

fold’s B-strand C-terminus?®.

Site-directed mutagenesis in combination with enzyme kinetics can elucidate the importance
of residues in catalysis®. This methodology is used by mutating a residue on an enzyme and
measuring Kinetic parameters, as described by Michaelis-Menten kinetics!!, to describe the

enzymatic reaction of the mutant enzyme in comparison to the wild-type enzyme'?. This
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experimental process has been previously described in PaDADH® and choline oxidase'*. The
Michaelis-Menten model describes enzyme kinetics using the kinetic parameters kcat, Km, and
keat/Km. TO measure Michaelis-Menten parameters three requirements must be met; initial
velocities must be measured, the concentration of substrate must be much greater than the
concentration of enzyme, and the rate of reaction must be proportional to the concentration of the
enzyme-substrate (ES) complex!!. The kinetic parameter ke is determined by the kinetic rate
constants starting from the ES complex to product release®®. Thus, keat describes the rate at which
the enzyme turns over. The Michaelis-Menten constant, Kwv, describes the concentration of
substrate at which the rate of reaction is half of the maximum rate of reaction. Lastly, the kinetic
parameter keat/Kwm is determined by the Kinetic rate constants starting from free enzyme up to and
including the first irreversible step. Thus, keat/Km describes how much total enzyme is engaged in
what will become a catalytic event and can be simply described as catalytic efficiency’*®. By using
Michaelis-Menten kinetics in conjuncture with mutagenesis it becomes possible to understand how

changes in an enzymes sequence can alter certain aspects of an enzyme’s catalytic activity.

Quinone reductases (QRs) are flavin-dependent enzymes that catalyze two strict hydride
transfers: the first is from NAD(P)H to the flavin cofactor and the second from the flavin to a
quinone®. The purpose of a QR’s two electron transfer onto quinones is to ensure the formation
of a hydroquinone while avoiding a one electron transfer which would result in a semiquinone
radical'® 7. Semiquinone radicals react with molecular oxygen to form reactive oxygen species
which lead to symptoms caused by oxidative stress such as tissue degeneration, apoptosis,
premature aging, and neoplasia® °. It is thought that QRs play an important role in cellular
detoxification by avoiding the generation of these harmful quinone species. QRs accept a variety

of ring containing compounds meaning a single QRs can react with multiple forms of quinones as



well as nitro-aromatic compounds?, azodyes, and ferric iron'® 2!, Some QRs can utilize NADH
and NADPH as their elector donor however other QRs, such as PA1024 from P. aeruginosa or
AzoA from Enterococcus faecalis, were found to have a clear preference for NADH as the
reducing substrate!® 22, How this substrate specificity is created is unknown however the existence
of a glycine rich structural sequence found in Rossman and flavodoxin-like folds has previously

been accredited to play a role in the reducing substrate specificity binding?® 24,

PA1024 from Pseudomonas aeruginosa was recently Kinetically characterized and classified
as an NADH:quinone oxidoreductase as opposed to its old classification of a 2-nitropropane
dioxygenase; a class of protein which is now known as nitronate monoxygenases (NMQs)?> 28,
PA1024 was reclassified when enzymatic turnover was measured to be 25 times larger with known
substrates of NADH:quinone oxidoreductases compared to those of NMOs®. Additional
investigations supported the reclassification when the conserved motifs that define class | and class
Il NMOs were found to have no similarity to the six structural motifs found for PA10242% 27 To
understand what reducing substrate PA1024 utilizes, the genomic context of the enzyme was
analyzed which revealed the enzyme is located on an operon that codes for various enzymes that
play a role in B-oxidation such as acyl-CoA dehydrogenases and acyl-CoA hydratase/isomerase
(all hypothetical)?®. It was then speculated that PA1024 also plays a role in B-oxidation by
oxidizing NAD(P)H to create a ratio of NAD(P)H/NAD(P)* that would stimulate the cycle?>: 2829,
Existing conserved motifs of PA1024 were compared to hypothetical proteins located in the
GenBank™ which revealed ~500 hypothetical proteins sharing the same structural motifs as

PA1024 allowing for the creation of a new class of NADH:quinone oxidoreductases?.

PA1024 is a quinone reductase that has a clear preference for NADH over NADPH regarding

the enzymes reducing substrate?®. A preference for NADH over NADPH was discovered when
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enzymatic assays measuring turnover of PA1024 determined NADPH reacted at least ~3,500 times
slower than NADH?®. Recently a crystal structure of PA1024 in complex with NAD* was solved
and compared to PA1024’s ligand-free structure to observe how the enzyme’s structure might
change during ligand binding. The ligand-bound structure revealed a mobile Ba loop (residues 75-
86) from PA1024s TIM-barrel fold that moves 5.5 A toward the active site with respect to the
ligand-free structure (Figure 1), Upon loop movement, glutamine-80 (Q80) is shifted to the
entrance of the active site and a potential interaction with tyrosine-261 (Y261) is made®. It is
proposed that the significance of the mobile loop taking a closed conformation is to facilitate Q80-
Y261 interactions which could act as a gate mechanism to seal the active site once the substrate is

bound°.

Figure 1. Superimposition of the ligand-free and NAD* —complex structures of PA1024. The
overall structure of the ligand-free form of PA1024 (PDB ID: 2GJL) is in blue and the
PA1024-NAD" complex (PDB ID: 6E2A) is in grey. The loop residues 75-86 are highlighted
in pink (ligand-free form) and green (PA1024-NAD™* complex). The FMN carbons are in
yellow sticks and the NAD* carbons are in cyan. The dashed line represents the distance
between the position of the C atom of Q80 in the ligand-free and NAD™* -complex structures.
From “Steric hindrance controls pyridine nucleotide specificity of a flavin- dependent
NADH:quinone oxidoreductase,” by Ball J. and Gadda G., 2018, Protein Sci., Volume 28, p.
167-175. Copyright 2018 by The Protein Society. Reprinted with permission.



A subsequent theoretical model of PA1024 in complex with NADP* was produced which
tested various conformations of the phosphate group (Figure 2)%. A comparison of PA1024 in
complex with NAD* and NADP™ suggests that the reducing substrate specificity results from steric
hindrances on nearby residues rather than ionic interactions®°. The PA1024-NADP* model shows
that the 2” phosphate of NADP" is blocked from the active site via steric hindrances with PA1024
residue’s proline-78 (P78) and Q80%°. P78 and Q80 are located on the mobile loop suggesting that
PA1024 cannot properly accept NADPH for it sterically hinders the closed conformation from
forming. P78 is thought to not only sterically hinder NADPH but may also serve to provide rigidity
to the mobile loop to help ensure Q80 interactions associate properly. A short section of the mobile
loop (residues 66-78) is found to be highly conserved as part of the second structural motif of
PA1024. On the second structural motif, P78 is found to be highly conserved among the ~500
hypothetical proteins that share the same conserved motifs at PA1024. The bioinformatic,
structural, and Kinetic characterizations of PA1024 all seem to hint that P78 plays an important

role in creating a reducing substrate specificity for NADH:quinone oxidoreductases®> *°.

P78

Figure 2. Model of hypothetical PA1024-NADP* complex. Different conformations of the
phosphate group in the NADP* were modeled. The NADP™ carbons are in green, cyan and pink
sticks, and the P78 and Q80 carbons and nearby loops of PA1024 are in grey. The red circles
represent steric clashes with their respective distances between clashing atoms. From “Steric
hindrance controls pyridine nucleotide specificity of a flavin- dependent NADH:quinone
oxidoreductase,” by Ball J. and Gadda G., 2018, Protein Sci., Volume 28, p. 167-175. Copyright
2018 by The Protein Society. Reprinted with permission.



In this study, the hypothesized function of P78 in the FMN dependent NADH:quinone
oxidoreductase PA1024 was tested by structurally altering the enzyme to reduce steric hindrances
at residue 78. P78 was replaced with a glycine via site-directed mutagenesis (NQO-P78G) which
altered the steric hindrances and structural rigidity found at residue 78 in wild-type PA1024. Data
on resulting NQO-P78G was collected using spectroscopic and steady-state Kinetic techniques to
investigate the importance of a P78G mutation on the NAD(P)H substrate specificity in wild-type
PA1024. If we removed the highly conserved proline and subsequent steric hindrances at position

78 then it is expected PA1024 will lose its ability to select between NADH and NADPH.

Material and Methods
Materials

The enzymes Pfu DNA polymerase and Dpnl were from Stratagene (La Jolla, CA) and New
England Biolabs (Ipswich, MA) respectively. QIAprep Spin Miniprep kit and QlAquick PCR
purification kit were from Qiagen (Valencia, CA). SYBR® Safe DNA gel stain was from Thermo
Fisher Science (Canton, GA). CutSmart Buffer and Deoxynucleotide (dNTP) Solution Mix was
from New England Biolabs (Ipswich, MA). Oligonucleotides, containing the point mutation P78G,
were customized and ordered from Sigma Aldrich (The Woodlands, TX). Isopropyl-1-thio-f-D-
galactopyranoside (IPTG) was ordered from Promega (Madision, WI). HiTrapTM Chelating HP
5 mL affinity column and prepacked PD10 desalting columns were purchased from GE Healthcare
(Piscataway, NJ). NADH and NADPH disodium salts were purchased from VWR (Radnor, PA).

All other reagents used were of the highest purity commercially available.



Site-directed Mutagenesis, Protein Expression, and Purification

Escherichia coli strain DH50, harboring a pET20b(+)/pa10242° plasmid, was grown on Luria—
Bertani (LB) agar plates containing 100 pg/mL of ampicillin for 17 h at 37 °C. These starter
colonies were used to inoculate 5 mL of LB broth containing 50 pg/mL ampicillin. Resulting liquid
cultures were grown under the same conditions as the LB agar plates. Cells were collected via
centrifugation at 10,000 g and 4 °C for 10 min. The plasmid harboring wild-type pal024 was
isolated by using a QIAquick Spin Miniprep Kit (Qiagen) following the manufacturer’s protocol.
Isolated plasmids were used as a template for polymerase chain reaction (PCR) while custom
designed oligonucleotide primers carried the desired point mutation for the pal024 gene (Table
1). PCR was run with an initial denaturation step at 98 °C for 2 min, 25 cycles of melting at 98 °C
for 30 s, annealing at 68 °C for 45 s, elongation at 75 °C for 10 min, and a final elongation step at
75 °C for 10 min. The PCR reaction mix contained ~50 ng template DNA, 2.5 U Pfu DNA
polymerase, 0.2 uM per each primer, 5% DMSO, and the manufacturer’s suggested concentrations
for the dNTP mix and Pfu buffer with a final volume of 50 pL. Resulting amplicons were analyzed
with agarose gel electrophoresis (1x SYBR® Safe DNA gel stain, 0.4% agar). The PCR products
were purified using the QIAquick PCR Purification Kit (Qiagen) following the manufacturer’s
protocol. Methylated DNA was digested for 2 h at 37 °C in 1x CutSmart Buffer and 2 pL of Dpnl.
The Dpnl digested product was used to transform chemically competent DH5a cells using the heat
shock method. Resulting colonies were grown on LB agar plates, purified for their plasmid using
the QIAquick Spin Miniprep Kit, and sent for sequencing at Macrogen Inc (Rockville MD). NQO-
P78G was expressed in E. coli strain Rosetta(DE3)pLysS and purified through methods previously
described for the wild-type enzyme?®. Purified PA1024-P78G was stored at —20 °C in 20 mM KP;

(pH 7.4), 200 mM NaCl, and 10% glycerol.



Table 1. Oligonucleotides used as mutagenic primers in order to amplify pET20b(+)/pal024-P78G

Primer Nucleotide Sequence m GC%

P78G-For 5’-CACCTGACCTTGTTAGGCACGCAGAAGCCGGTGCC-3*  86.2 61.1

P78G-Rev 5’-CACCGGCTTCTGCGTGCCTAACAAGGTCAGGTTGAC-3 84.3 58.3

*Nucleotide bases that replace the wildtype proline codon with a mutagenic glycine codon are underlined.

Spectroscopic Studies

Prior to spectroscopic studies, the enzymes were passed through a PD-10 desalting column to
separate out contaminants and denatured proteins. Circular dichroic spectra were acquired for
wild-type PA1024 and NQO-P78G using a Jasco (Easton, MD) J-1500 Circular Dichroism
Spectrophotometer. Studies were conducted in the far-UV region (180-250 nm) at 20 mM KP;
(pH 7.0) and 200 mM NacCl, at 25 °C, and concentrations of protein of 0.1 mg/mL. A 1 mm path
length quartz cuvette was used to acquire a single scan at a rate of 20 nm/min. Spectra of water
and buffer were measured and used as blanks to account for their contributions to signal response
in the enzyme spectra. Resulting CD spectra were smoothed by the Means-Movement method and

analyzed using Jasco Spectra Analysis program.

Enzyme Assays

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
in 20 MM KP; (pH 7.0), 200 mM NaCl, and 10% (v/v) glycerol, at 25 °C, using the method of
initial rates. Reaction rates were measured by following NADH consumption at 340 nm, using €340
= 6,220 Mt cm™ 3% 32, The traditional approach to obtain the steady-state kinetic mechanism by

varying the concentration of both NAD(P)H and benzoquinone could not be carried out due to low
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Kbenzoquinone Values and high Knapn values. An apparent steady-state experiment was run with
benzoquinone at substrate concentrations ranging from 3 to 100 uM and NADH at a concentration
of 100 uM. The reaction was initiated by the addition of NQO-P78G at a final concentration of
300 nM. Turnover of NQO-P78G with NAD(P)H was measured through a steady-state experiment
where NAD(P)H was tested at concentrations ranging from 30 to 300 uM, at saturating 1,4-

benzoquinone (21 uM), and 300 nM of enzyme.

Data Analysis

Kinetic data were fit using KaleidaGraph software (Synergy Software, Reading, PA). The
apparent steady-state Kinetic parameters at varying concentrations of benzoquinone was
determined by fitting the initial rates of reactions to the Michaelis-Menten equation (Equation 1)
or to Equation 2 in cases where substrate inhibition was seen. Initial rates were measured by taking
the initial velocity of the reaction (vo) over the concentration of enzyme (e). Kbenzoguinone 8nd KnabH
represent the Michaelis-Menten constants for benzoquinone and NADH respectively while Kkcat
represents the turnover number of the enzyme at saturating concentrations of both substrates. The
kinetic parameter K; is used to account for the effect substrate inhibition has on initial rates. Steady-
state kinetic parameters at varying concentrations of NAD(P)H were fit to a Michaelis-Menten
equation that measured true kinetic parameters (Equation 3). This equation is further derived from
the Michaelis-Menten equation for two substrates after determining that the Kyenzoquinone iS much
smaller than the concentration of benzoquinone used so that Koenzoquinone/[D€NZOQuinone] = ~1.

Thus, it is possible to assume that all terms involving Kpenzoquinone have a negligible effect on vo/e.
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Vo appkcat [benzoquinone]

T X (1)
e pprenzoquinone+ [benzoquinone]
Vo appkcat [benzoquinone] (2)
e . [benzoquinone]?
Kpenzoquinone+ [benzoquinone]+ I oa—
Vo _ kcar [NADH] 3)

e  Knapu+ [NADH]

Results

Site-directed Mutagenesis, Protein Expression, and Purification

pal024-P78G and NQO-P78G were successfully prepared for further experimentation through
a PCR on pal024 and protein purification as previously described?®. DNA sequencing results
confirmed the inserted pal024 gene contained a P78G point mutation as well as an absence of
undesired mutations. Mutagenic primers, a pET20b(+)/pal024 DNA template and Pfu DNA
polymerase were utilized as the key components for a successful PCR. Custom designed primers
were designed to contain the P78G mutation which, upon extension, produced the desired
pET20b(+)/pal024-P78G mutant plasmid. Addition of 5% DMSO to the PCR reaction mix was
necessary due the high GC content of the pal024 gene. DMSO facilitates the denaturation of GC
rich DNA regions during PCR to prevent the formation of unwanted secondary structures in the
primers. Template plasmids were removed from the PCR product reaction mix through a Dpnl
restriction digest. Dpnl endonucleases digest methylated nucleotide sequences and among the
plasmids in the PCR product mix, only wild-type plasmids had been exposed to methylases in
vivo. The pET20b(+) plasmid harboring pal024-P78G was taken up by competent E. coli DH5a
cells using the heat shock method. The transformed pET20b(+)/pal024-P78G plasmid was

purified and sequenced to discern if the mutant plasmid was properly prepared. Through the NCBI
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Nucleotide Blast program, sequencing results were compared to the wild-type sequence of pal1024.
The nucleotide sequence alignment revealed the nucleotides at positions 232-234 were mutated
from CCG to GGC which corresponds to a successful P78G mutation. Purified
pPET20b(+)/pal024-P78G was taken up by competent E. coli Rosetta(DE3)pLysS cells as a first
step to purifying NQO-P78G. NQO-P78G was purified to a high yield using the protocol for wild-
type PA1024 thus, troubleshooting protein expression and purification was not necessary. The
storage buffer for NQO-P78G was 20 mM KP; (pH 7.0) and 200 mM NaCl which slightly differs
from the wild-type buffer which used 20 mM Tris-Cl instead of KP;. This alteration in the buffer

was made to create a more stable environment for the enzyme during storage.

Circular Dichroic Analysis of PA1024-P78G

Circular dichroism was used as a means to compare the secondary structures of wild-type
PA1024 and NQO-P78G to establish if NQO-P78G was folded properly with respect to the wild-
type. Figure 3 shows that the far-UV circular dichroic spectra of the NQO-P78G and wild-type
PA1024 determined at pH 7.0 and 25 °C are very similar to one another, both containing a single
negative peak around 222 nm with a shoulder around 210 nm. Between the two enzymes there is
a difference of -0.22x10° deg cm?dmol™ at 222 nm and -0.16x10° deg cm?dmol™ at 210 nm. Wild-
type PA1024 absorbs slightly more right-handed circularly polarized light than the mutant
however visually, this difference is not significant. PA1024’s secondary structures composition
contains more a-helices than B-strands and consequently the spectra presented are consistent with
the distinct spectra exhibited by a-helices®. Results are indicative that the two enzymes give the

comparable CD responses at the far-UV region.
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Figure 3. Circular dichroic spectra of wild-type PA1024 (red) and NQO-PA1024 (blue) were
determined in 20 mM potassium phosphate (pH 7.0) and 200 mM sodium chloride at 25 °C. Far-
UV spectra was measured from 200 — 250 nm due to the large salt concentration needed to
prevent the enzyme from denaturing. Spectra were obtained from a single scan at a scan speed
of 20 nm/min, data pitch of 0.5 nm, and D.I.T of 0.5 s. Data was analyzed and smoothed, by the
Means-Movement method, using Jasco Spectra Analysis software.

Apparent Steady-State Kinetics

As a first step in the investigation on the effects of a P78G mutation the #Pkes value was
determined by measuring initial rates of reaction at varying concentrations of benzoquinone and a
saturating concentration of NADH at 100 uM. Substrates were chosen based on previous wild-
type PA1024 kinetic studies that determined the enzyme has the greatest catalytic efficiency with
benzoquinone and NADH as the oxidizing and reducing substrates respectively?®. The
concentrations of substrates used for NQO-P78G experiments were chosen based on previous
wild-type PA1024 experiments which measured an *PKpenzoquinone value of 15 £ 1 pM and
determined NADH is fully saturating the enzyme at 100 pM?°. In contrast to wild-type PA1024,
certain steady-state kinetic parameters for NQO-P78G could not be measured since the estimated

14



#PK henzoquinone Value was too low for accurate kinetic determination of 2PKpenzoguinone and P (Kcat
IKbenzogquinone). NQO-P78G also differs from wild-type PA1024 at concentrations of benzoquinone
greater than 21 uM where a decrease in initial rates is measured suggesting NQO-P78G is subject
to substrate inhibition at high concentrations of benzoquinone. An ke value of 1.4 + 0.2 s was
obtained for NQO-P78G by averaging all initial rate values measured at saturating benzoquinone
(Table 2). A comparison of identical apparent steady-states done on wild-type PA1024 and NQO-
P78G measured an overall significant decrease in initial rates due to the P78G point mutation

(Figure 4).
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Figure 4. Initial rates of NADH consumption were measured at a fixed concentration of NADH
(100 uM) and varying concentrations of benzoquinone from 3-100 uM. The experiment was
done in 20 mM KP;, 200 mM NacCl, pH 7.0, at 25 °C, and in triplicate with the average values
being shown. Wild-type PA1024 was fit with the Michaelis-Menten equation for one substrate
(Equation 1) while NQO-PA1024 was fit with the Michaelis-Menten equation for substrate
inhibition (Equation 2).
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Table 2. Summary of Apparent Steady-state Kinetic Parameters for Mutant and Wild-type PA1024

Enzyme aPPK ot (5-1) apprenzoquinone (HM) aLpp(kcat/Kbenzoquinone) (M'l 3'1)
Wild-Type PA1024 27+1 15+1 1,900,000 + 130,000
NQO-P78G 14+£0.2 <1t >1,400,000%

Values were estimated by analyzing the change in absorbance at the NADH absorbance peak.

Wild-type PA1024 and NQO-P78G were tested in 20 mM KP;, 200 mM NacCl, pH 7.0, at 25 °C. Steady-state
parameters were found by following the reduction of NADH at a saturating concentration of 100 pM and using the
extinction coefficient for NADH at 340 nm (gz40 = 6,220 Mt cm'Y).

Steady-State Kinetics with NAD(P)H

The steady-state kinetic parameters for the mutant enzyme with NADH and NADPH were
measured and compared at substrate concentrations ranging from 30 to 300 uM at pH 7.0 and 25
°C. In contrast with the previous apparent-steady state; this experiment measured true Kinetic
parameters using a derivation of the Michaelis-Menten equation for two substrates (Equation 3).
A KnapH value of 1200 uM was measured however concentrations of NADH greater than 300 uM
could not be reliably tested using the spectrophotometer as the entire NADH peak was above 1
absorbance unit. This meant that Knaon and Kear could not be reliably measured however a
Keat/Knapn Value of 11,000 + 700 Mt s was determined (Figure 5A). It was possible to measure
concentration dependence on initial rate for NAO-P78G only when NADH was the reducing
substrate (Figure 5). NADPH as the reducing substrate saw no enzymatic reaction with NQO-

P78G.
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Figure 5. Concentration dependence of the initial rate of reaction of NQO-P78G while varying
NADH (A) and NADPH (B) from 30 — 300 uM. Steady-state experiments were done in a fixed
concentration of benzoquinone at 21 uM and in 20 mM KPi, 200 mM NaCl, pH 7.0 and 25 °C.
Data points were tested in triplicate with the average values and corresponding standard
deviations being shown. The curve for NADH was obtained by fitting the data with the
Michaelis-Menten equation (Equation 3).

Discussion

Crystal structures of wild-type PA1024 suggest that steric hindrances stemming from mobile
loop residues P78 and Q80 could be the cause of the reducing substrate specificity found for the
enzyme®. Previous rapid kinetic studies on wild-type PA1024 determined NADH is the preferred
reducing substrate by measuring a keat Value that was at least ~3,500 times faster with NADH,
compared to NADPH?. The structural determinants for NADH specificity were tested through
crystallographic studies which observed a mobile loop that undergoes a conformational change of
5.5 A towards the active site®’. This conformation change is thought to occur sometime during
NADH binding. The mobile loop's closed conformation was modeled in complex with NADP*
while different conformations of the phosphate group in NADPH were tested*°. This theoretical
model suggested P78, located on the mobile loop, was partially inhibiting NADPH from forming

a complex with wild-type PA1024 by sterically hindering the 2° phosphate of NADP*’s adenine
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moiety. P78 was found to be highly conserved among ~500 hypothetical proteins that share the
same conserved motifs as wild-type PA1024 further suggesting the proline plays a necessary role
in NADH:quinone oxidoreductases®. In this study mutagenesis, protein purification and
expression, circular dichroism, and steady-state kinetic approaches were utilized to test the role of

P78 in creating a reducing substrate specificity in PA1024.

From a wild-type pET20b(+)/pal024 plasmid in E. coli, a pal024-P78G variant was prepared
via site-directed mutagenesis and the recombinant protein NQO-P78G was purified to a high yield
for subsequent experiments. Evidence of a successful mutation comes from a sequence analysis of
the mutated plasmid while NQO-P78G purification and expression was confirmed through activity
assays and SDS-PAGE analysis. Among all the amino acids, proline is the only amino acid to
contain a side chain that covalently binds to the peptide backbone. By binding to the peptide
backbone proline can provides stability to the surrounding backbone and prevent certain secondary
structures, such as a-helices, from forming®* *°. P78 was mutated to a glycine to remove the steric
hindrances from residue 78 as well as some rigidity from the mobile loop which potentially assists
in stabilizing the mobile loop conformations. The resulting loss of rigidity on the mobile loop from
mutagenesis was not a concern as other prolines are found on the mobile loop at residues 82 and
84. A P78G mutation was prepared because glycine has the shortest side chain among the amino
acids, sporting just a hydrogen as a side chain. Replacement of prolines cyclic side chain with a
hydrogen reduces the steric hindrances found at residue 78 thus allowing the role of P78 in
preventing NADPH from binding to the active site of PA1024 to be tested. Wild-type PA1024 and
NQO-P78G were tested for variations in substrate specificity to measure the impact of a loss in
steric hindrances and rigidity at residue 78. NQO-P78G was expressed and purified in the same

manner as wild-type PA1024.
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A P78G mutation did not result in any significant changes to the overall structure of the enzyme
with respect to wild-type PA1024. Evidence of this conclusion comes from circular dichroism
studies comparing wild-type PA1024 and NQO-P78G in the far-UV region (200-250 nm). Circular
dichroic spectra of wild-type PA1024 and NQO-P78G are comparable to one another which
confirms a P78G mutation did not affect the secondary structure content of PA1024 (Figure 3).
The complete far-UV spectra (180-250 nm) could not be measured because both forms of PA1024
requires a high salt concentration to remain in solution which interfered with the CD response
around the 180-200 nm region. However, the full far-UV spectra is not required since CD
unfolding studies are commonly done at 222 nm which is unaffected by a high salt buffer®,
Absorbance of circularly polarized light at the 222 nm peak is also used to assess the a-helical
content of proteins®®. PA1024 contains 14 a-helices throughout its structure thus the 222 nm peak
is a good indicator for comparing the overall secondary structure folding of wild-type PA1024 and
NQO-P78G®. The P78G mutation resulting in no structural changes is consistent with previous
TIM-barrel domain studies that suggest mutations on Bao loops do not jeopardize the stability of
the enzyme®. Overall, the P78G mutation had no significant effects on the structure of the enzyme

in comparison to the wild-type.

A P78G mutation on PA1024 significantly decreases the ability of the enzyme to turnover with
preferred substrates. Evidence to support this conclusion comes from an apparent steady-state on
NQO-P78G that measured initial rates at various concentrations benzoquinone and a saturating
concentration of NADH. A 20-fold decrease in the Pk value was measured and a 15-fold
decrease in the ®PKpenzoquinone Value was estimated for NQO-P78G compared to that of wild-type
PA1024. In the case of wild-type PA1024, benzoquinone was found to be the preferred oxidizing

substrate after relatively large ®Pkcat, *PKbenzoquinone, and 2P (Kcat/ Kbenzoquinone) Values were measured
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and compared to various quinones®. Comparison of wild-type PA1024 kinetic parameters to the
kinetic parameters measured for NQO-P78G in this study demonstrate P78 plays a key role in
maintaining an efficient turnover rate and possibly substrate affinity (Table 2). An observed
decrease in the #P(Kcat/Kbenzoquinone) Value was estimated as well. However, unlike the other kinetic
parameters, this was a 1.1-fold decrease when compared to wild-type PA1024, which implies that
the catalytic efficiency of PA1024 is not affected by a P78G mutation. Previous studies established
that steady-state kinetic parameters at varying concentrations of benzoquinone and a fixed
concentration of NADH were determined by using the Michaelis-Menten equation for one
substrate (Equation 1)?°. However, NQO-P78G is subject to substrate inhibition at relatively low
concentrations of benzoquinone thus steady-state kinetic parameters for NQO-P78G were
measured using a variant of the Michaelis-Menten equation which considers substrate inhibition
(Figure 4, Equation 2). Results elucidate the importance of P78 by suggesting the role of this

proline is to assist in maintaining efficient enzymatic rates.

Reducing the steric hindrance at residue 78 did not alter the reducing substrate specificity of
PA1024 so that NADPH could act as a substrate. Evidence to support this conclusion comes from
steady-state kinetic experiments with NQO-P78G that measured a concentration dependence of
enzymatic rates with NADH and an absence of enzymatic turnover with NADPH (Figure 5). These
results are consistent with previous wild-type PA1024 steady-state experiments which also
measure insignificant turnover rates with NADPH when compared to NADH. In contrast, NQO-
P78G is not capable of reaching saturating concentrations of NADH during in vitro studies
whereas wild-type PA1024 is saturated at 100 uM NADH. The estimated #PKbenzoguinone for NQO-
P78G was found to be sufficiently low enough to allow the Michaelis-Menten equation to be

manipulated resulting in the measurement of true kinetic parameters (Equation 3). However, this
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is not the case for wild-type PA1024 thus the measured Kcat/Knaon Value of 11,000 + 700 Mts?
has no direct comparison to wild-type PA1024 at the moment. Ultimately, this experiment proves
the hypothesis to be incorrect by measuring no change in reducing substrate specificity following

a P78G mutation.

Conclusion

In summary, we have used site-directed mutagenesis, protein purification and expression,
circular dichroism, and steady-state Kinetics to suggest that the role of the highly conserved P78
in PA1024 is to maintain efficient enzymatic rates during turnover. The most significant effect of
a P78G mutation on PA1024 was a measured 20-fold and estimated 15-fold reduction in the kinetic
parameters #Pkcar and #PKpenzoquione respectively. This large decrease in kinetic parameters suggest
the conserved role of P78 is involved in catalysis rather than the original assumption of substrate
specificity. We propose the presence of P78 in NADH:quinone oxidoreductases maintains
enzymatic rates by providing a rigidity to the mobile loop so that the microenvironment of the
flavin cofactor remains favorable for turnover. Future studies are aimed at analyzing the
microenvironment surrounding the FMN cofactor in NQO-P78G through CD studies as well as
crystalizing the enzyme in ligand-free and ligand-found forms for comparison with wild-type
PA1024. The results presented on NQO-P78G show no change in substrate specificity which is in
agreement with previous substrate specificity studies with wild-type PA1024. Thus, we can
conclude that P78 does not fully control the reducing substrate specificity in PA1024. Since P78
has no effect on substrate specificity it is likely the steric hindrances stemming from Q80 prevent
NADPH from reacting with wild-type PA1024 and NQO-P78G as efficiently as NADH.
Additionally, it is possible the prolines at residues 82 and 84 continue to provide enough rigidity

to the mobile loop to allow sterically hindering residues to position themselves properly to hinder
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NADPH. By testing the role of the key residue (P78) from the recently defined class of
NADH:quinone oxidoreductases; it is possible to better understand what important features nature

has incorporated into protein structures to result in efficient enzymes.
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