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Abstract

Fa20 COFACTOR DEPENDENT ENZYMES: KINETIC, MECHANISTIC AND
STRUCTURAL CHARACTERIZATION OF Fa20-DEPENDENT
GLUCOSE-6-PHOSPHATE DEHYDROGENASE (FGD)

FROM MYCOBACTERIUM TUBERCULOSIS

Mercy A. Oyugi, PhD

The University of Texas at Arlington, 2017

Supervising Professor: Kayunta Johnson-Winters

Fs20-dependent glucose-6-phosphate dehydrogenase (FGD) from Mycobacterium
tuberculosis (Mtb) is one of a few enzymes that utilize the unique Fa20 cofactor for catalysis.
FGD catalyzes the first committed step of the pentose-phosphate pathway, where it uses
the oxidized Fao cofactor to convert glucose-6-phosphate (G6P) to 6-
phosphogluconolactone. Mtb is the bacteria that causes Tuberculosis (TB), which is
currently the world’s deadliest bacterial disease. The pentose-phosphate pathway is
important for survival of Mtb, since it provides precursors for nucleic acid synthesis and
yields reducing equivalents that are essential for other metabolic pathways. The fact that
FGD catalyzes the committed step of the pentose-phosphate pathway makes it a promising
target for therapeutic purposes against TB. Chapter 1 gives detailed background on the
Fa20 cofactor, FGD, and the direct link to TB disease.

The focus of the work presented here is to investigate FGD using a variety of
protein characterization methods so as to deduce structural and mechanistic information
about the enzyme. Chapter 2 discusses the mechanistic investigation of the FGD reaction

using site-directed mutagenesis of essential active site residues. Five FGD variants (H40A,



E109Q, W44A, W44F, and W44Y) along with the wild-type FGD were analyzed using
fluorescence binding assays, steady state and pre-steady state kinetic methods. All five
variants were found to be less catalytically active than the wild-type FGD, with the FGD
H40A variant being the least active with ~1000 fold decrease in activity. The pH profile of
the wild-type FGD, FGD H40A and FGD E109Q confirmed that Glul109 is the active site
acid for the FGD reaction, while His40 was proven to not be the active site base as was
previously proposed. The multiple turnover pre-steady state kinetics exponential decay
curves were biphasic, suggesting that hydride transfer is not rate-limiting.

Chapter 3 presents further investigation of the wild-type FGD mechanism using
substrate inhibition experiments along with solvent and substrate deuterium isotope effects
studies. The substrate inhibition studies revealed an ordered substrate addition
mechanism in which FGD must first bind Fa2o before binding the G6P substrate. The
deuterium isotope effects results yielded normal SKIE on the kcat and keat/Km, and this effect
is likely a contribution of the Glu109 hydrogen that protonates the Faz2o at position N1.

In Chapter 4, the catalytically inactive FGD H40A variant was successfully co-
crystallized with both Fa2o and G6P in an attempt at providing novel insights into the
interactions within the FGD active site. The crystal structure of this variant was solved at
2.9 A resolution, revealing a vast network of interactions between the phosphate moiety

and C1-C4 hydroxyl groups of G6P with some FGD active site residues.
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Chapter 1
F420 COFACTOR, Fa20 DEPENDENT ENZYMES AND TUBERCULOSIS DISEASE
1.1 Introduction

Enzymes are biological catalysts that speed up the rates of chemical reactions.
Most enzymes are protein in nature and their substrate specificity allows them to catalyze
only specific reactions. In order to function, most enzymes require cofactors which help in
mediating the reactions catalyzed by the enzymes. Cofactors can be either inorganic or
organic. Inorganic cofactors are usually metal ions such as Zn2*, Mn2* or Fe?*. Organic
cofactors are called coenzymes, examples of which include NADP*, Fa20, FAD, FMN and
NAD*. This chapter discusses the Fs20 cofactor in detail, presenting its chemical and
physical properties, biological significance, biosynthetic pathway and phylogenetic
distribution. This chapter also introduces the M. tuberculosis enzyme Fa2o-dependent
glucose-6-phosphate dehydrogenase (FGD), discussing its catalyzed reaction, crystal
structure, and proposed mechanism. Finally, this chapter addresses the implications of

both the F420 cofactor and FGD on Tuberculosis disease (TB).

1.2 Fa2o cofactor

1.2.1 Structure of the Fazo cofactor

The chemical name of the Fs0 cofactor is 7,8-didemethyl-8-hydroxy-5-
deazariboflavin-5’-phosphoryllactyl(glutamyl)», which is descriptive of the various moieties
that make up the F420 cofactor (Figure 1.1).1 The primary component of the F420 cofactor is
the 5-deazaisoalloxazine fused-ring system, which contains the sites of chemistry at
positions N1 and C5. The side chain of the F420 cofactor contains four different structures
and is linked at position N10 of the 5’-deazaisoalloxazine moiety. The first side chain
component linked directly at the N10 position is a ribitol group, which together with the 5-

deazaisoalloxazine moiety, forms the FO fragment of the Fa20 cofactor. This FO fragment

1



is known to be catalytically active with several Faxo-dependent enzymes.'* The next
component of the side chain is a phosphate group, which forms the F* fragment together
with the FO. The third structure in the side chain is a lactyl group and this together with the
F* forms the Fa20-0 fragment. At the end of the side chain is a y-linked polyglutamate tail
whose length varies from 1-9 depending on the species from which the cofactor is found

(Fa20-1 to Fa20-9).

F420-0
|
|
|
|
|
| )
" T o} [ole)e)
I N )v\ .
" ril COO
o) coO” : H
|
|
|
|
|
Fy20-1

Figure 1.1 Structure of the F420 cofactor showing the 5’-deazaisoalloxazine chromophore,
with a side chain at N10 consisting of a ribitol (blue), phosphate (green), lactate (black),
and a polyglutamate tail (purple). The fragments of the F420 cofactor are also shown in
dashed lines.5

The Fa2o cofactor is a flavin analogue with notable structural differences compared
to other known flavin cofactors. These structural differences contribute immensely to the
chemistry of the Fazo cofactor, which is discussed in Section 1.2.2. One significant structural
difference is that the Faz20 cofactor contains a carbon at position 5, whereas the other flavins

possess a nitrogen atom at position 5. Another difference is that flavins contain methyl

groups at positions C7 and C8, while the F420 cofactor is demethylated at position C7 and



the methyl group has been replaced with a hydroxyl group at position C8. Finally, the Fazo
cofactor has a polyglutamate tail at the end of its side chain, which is a feature that other

flavins do not possess.

1.2.2 Spectral properties and chemistry of the Faxo cofactor

The Faz20 cofactor derives its name from its unique spectral properties. When the
Fa20 cofactor is oxidized, it has a strong absorbance peak at 420 nm (Figure 1.2). Upon
reduction, the Fazo cofactor loses the peak at 420 nm and instead gains a shoulder at 325
nm (Figure 1.2).57 The reduced Fa2oH2 has less conjugated bonds compared to the
oxidized Fa420, and this in turn results in the observed spectral changes between the two
redox states of the cofactor (Figure 1.2). This unique absorbance profile of the F420 cofactor
provides the capability of conducting kinetic experiments of Fs2o-dependent enzymes by
monitoring the reactions at 420 nm. The molar extinction coefficients (g) for the oxidized
F420 and reduced Fa20H: are also significantly different, with €oxidized,420 being 45.5 mM-1cm-

1 and €reduced,325 being lower at 10.8 mM-1cm=.1

HH O
oo
HO N rll’go
Flz' H

Reduced FypoH»

|

H o

o,
4

HO N \N/&O

Oxidized Fypq

Absorbance

300 350 400 450 500 550 600
Wavelength (nm)

Figure 1.2 Absorbance spectra of the oxidized Fazo (red solid line) and reduced FazoH2
(black dashed line).6



The Fa0 cofactor is chemically equivalent to NAD* and NADP* in its redox
chemistry, in that it is strictly a two-electron acceptor. Because it lacks a nitrogen atom at
position 5, the Fs20 cofactor does not display the semiquinone form common to other
flavins, and can therefore only facilitate hydride transfer reactions. The sites of the redox
chemistry are at the C5 and N1 positions of the 5-deazaisoalloxazine chromophore (Figure
1.2).

In 1984, the redox potential of the F420 cofactor was investigated by the Jacobson
group and found to be approximately —350 mV.8 This redox potential is more negative than
that of flavins and thus gives the Fs20 cofactor the unique ability to facilitate the reduction

of NAD* with electrons from hydrogen or formate oxidation (Figure 1.3).°

—420mV —~ H,/2H* + 2e- : HCOO/CO, + H* + 2e-
-350mV —— F420H2 / F420 + 2e-

_320mv —l— NAD(P)H / NAD(P)* + 2e-

~219mV —}— FADH, /FAD +2e-

Figure 1.3 Redox potential ladder of the Fa20 cofactor and other physiological electron
transfer mediators.1°

The absorbance spectra of the Fazo cofactor is also pH-dependent (Figure
1.4).158 The maximum absorbance wavelength (Amax) of the Fazo cofactor is 420 nm when
in solutions with pH values greater than 6. However, at pH values lower than 6, the Amax of

the F420 cofactor shifts from 420 nm to lower wavelengths with an isosbestic point of 401



nm. (Figure 1.4). The observed shift in Amax can be attributed to the pH-dependent
ionization events that occur at the C8-OH and N3-H positions of the 5’-deazaisoalloxazine
chromophore (Figure 1.5A). The C8-OH group has a pKa value of 6.3, and at higher pH,
the hydroxyl proton is abstracted, resulting in a negatively charged 5’-deazaisoalloxazine
chromophore. The negatively charged chromophore has two resonance structures (Figure
1.5B and C) which then contribute to the observed shift in Amax.2 At increasingly basic pH,
the N3-H proton is also removed and the resulting structure (Figure 1.5D) further

contributes to the shift in Amaxto longer wavelengths.%.58

pHE5

Absorbance

"

150 378 400 425 450 ars

Wavelength (nm)

Figure 1.4 UV-Vis absorbance spectra showing the effect of pH on the absorbance
properties of the oxidized Fas20 cofactor.> A shift in the Amax from 420 nm to lower
wavelengths is observed at pH lower than 6.



Figure 1.5 lonization events that occur at the 5’-deazaisoalloxazine chromophore of the
F420 cofactor (A). The deprotonation at the C8-OH results in a negatively charged structure
with two possible resonance forms (B and C), while further deprotonation at the N3-H
increases the negative charge on the structure (D), resulting in further shifts in Amaxto longer
wavelengths.811

1.2.3 Biosynthetic pathway of the Fazo cofactor

The early steps in the synthesis of Fa20 and other riboflavins lead to the formation
of 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione (ARP).12 ARP is synthesized in 5
enzymatic steps (Figure 1.6). The first step is catalyzed by guanosine triphosphate (GTP)
cyclohydrolase Il (ArfA), which converts GTP to 2-amino-5-formylamino-6-ribosylamino-
4(3H)-pyrimidinone 5 monophosphate (FAPY) (Figure 1.6, Structure 11).12 The second step
is catalyzed by a formamide hydrolase (ArfB) which converts FAPy to 2,5-diamino-6-

ribosylamino-4(3H)-pyrimidinone 5’-phosphate (APy) (Figure 1.6, Structure 1l1).12 The next



step involves the reduction of the APy to 2,5-diamino-6- ribitylamino-4(3H)-pyrimidinone 5-
phosphate (Figure 1.6, Structure 1V) by the enzyme APy reductase (ArfC).1213 The next
reaction is catalyzed by an unknown enzyme and involves the deamination of the
pyrimidine at C2 to form 2-amino-5-formylamino-6-ribosylamino-4(3H) pyrimidinone 5'-
monophosphate (ARP-P) (Figure 1.6, Structure V). Finally, the dephosphorylation of ARP-
P by an enzyme that is also unknown yields ARP (Figure 1.6, Structure VI).12 The enzyme
FO synthase (CofGH) then catalyzes the condensation of ARP and 4-
hydroxyphenylpyruvate to form the Fao precursor 7,8-didemethyl-8-hydroxy-5-
deazariboflavin (FO) (Figure 1.6, Structure VII).1415

The next integral process in the synthesis of F4zo involves the assembly of the side
chain. The fusion of 2-phospho-L-lactate with GTP yields lactyl-2-diphospho-5’-guanosine
(LPPG), and the reaction is catalyzed by phospho-L-lactate guanylyltransferase (CofC).
The enzyme 2-phospho-L-Lactate transferase (CofD) then facilitates the transfer of 2-
phospho-L-lactate from LPPG to FO, forming the core Fa20-0 structure (Figure 1.6,
Structure 1X).1216 Finally, a polyglutamate tail is added to the Fa420-0 structure, and the
number of glutamates varies from 1-9 depending on the organism. The first two glutamates
are added to F420-0 by the GTP-dependent enzyme Fas20-0:L-glutamate ligase (CofE), in

two sequential reactions that yield Fs20-1 then Fa20-2 (Figure 1.6, Structures X and XI).17.18
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1.2.4 Phylogenetic distribution of Faxo-dependent enzymes

The F420 cofactor was first isolated and characterized from methanogenic archaea
in 1972,% but has since been found to be present in several other archaeal, bacterial and
eukaryotic microorganisms (Table 1.1). F42o in archaea is thought to be found in all strictly
anaerobic methanogens,>® where it serves as a major catabolic cofactor in two central
methanogenic pathways. Methanogenic archaea that synthesize methane using
hydrogenotrophic pathways contain about 100-400 mg/kg of the Fa20 cofactor.51920 Fyz0 is
also found in a few non-methanogenic archaea, including the sulfate-reducing
Archaeglobus genus,?1-24 and the photosynthetic Halobacteria and Halococcus genera.2526

Within bacteria, the Fa20 cofactor is found in some species of the Mycobacterium,?”-
29 Nocardia,?"?° Streptomyces,273%31 and Norcadioides®? genera. Within Mycobacterium,
the Fa20 cofactor has significant health implications as it is found in the three major obligate
pathogens, M. tuberculosis, M. leprae, and M. bovis. The Fas20 within Mycobacterium
protects the organisms against oxidative and nitrosative stress, and also against naturally
available antibiotic and xenobiotic compounds.33:34 The Fa20 cofactor found in Streptomyces
mainly functions in antibiotic biosynthesis pathways. Within Nocardia and Norcadioides the
F420 cofactor is majorly involved in aerobic catabolism pathways such as degradation of
nitrophenols.

The Fs20 cofactor precursor, FO, has been isolated from only two eukaryotic
organisms, D. melanogaster and O. tauri. Within these two organisms, FO acts as a light-
harvesting antenna for the DNA photolyase that is responsible for DNA repair and
maintenance.3%3¢ Table 1.1 summarizes a list of Faxo-dependent enzymes, the organisms

in which they are found, and their biological functions.



Table 1.1 Phylogenetic distribution of Fs20-dependent enzymes and their biological

functions.

Organism Enzyme Function

Archaea Fa20 reducing hydrogenase (Frh)3 Hydrogenotrophic methanogenesis
Fa20:formate dehydrogenase (Ffd)” | Formatotrophic methanogenesis
Fa20H2 oxidase (Fpr)3” O:2 detoxification
F4on§;NADP+ oxidoreductase Source of NADPH
(Fno)
Fa20H2:heterodisulfide .
oxidoreductase (Fho)®® Source of FazoH2 for ATP synthesis
Fa20H2:quinone oxidoreductase Membrane-bound electron transport
(Fgo)#*° system
Methylenetetrahydromethanopterin .
dehydrogenase (Mtd)* Methanogenesis
Methylenetetrahydromethanopterin .
reductase (Mer)®2 Methanogenesis
Secondary alcohol dehydrogenase | I

43 sopropanol oxidation

(Adf)
Hzol-ii—dependent sulfite reductase Sulfite detoxification
(Fsr)

Bacteria (Féfg)gf tetracycline synthases Tetracycline biosynthesis
Fuz0 hydride transferase (Fht)®2 Biodegradation of nitrophenol

compounds

Fs20-dependent glucose-6-
phosphate dehydrogenase Source of FazoH:2
(FGD)#®
Deazaflavin—dependent . o
nitroreductase (Ddn)? Pretomanid pro-drug activation
Fs20-reducing hydroxymyecolic acid . .
dehydrogenase (fHMAD)* Cell wall biosynthesis
F4on4%-dependent reductases xenobiotic metabolism
(Fdr)

Eukaryota | DNA photolyase® DNA repair and maintenance
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1.3 Fa2o-dependent glucose-6-phosphate dehydrogenase (FGD)

1.3.1 FGD catalyzed reaction

The enzyme FGD was first isolated from M. smegmatis,*® but has since been found
to be present in other environmental actinobacteria and some obligate mycobacteria
pathogens.?® FGD uses the oxidized Fa420 cofactor to convert glucose-6-phosphate (G6P)
to 6-phosphogluconolactone, thus producing the reduced cofactor, Fa2oH2 (Figure 1.7).
This reaction catalyzed by FGD is the first committed step of the pentose-phosphate
pathway. The pentose phosphate pathway is responsible for producing ribose sugars
necessary for nucleic acid synthesis, and it also produces reducing equivalents in the form
of Fa20H2 that can be used in subsequent enzymatic reactions. Fa2oH:2 is used in the
activation of an experimental TB drug (PA-824 or Pretomanid),*64° and it has also been
shown to enhance survival of M. tuberculosis by protecting the bacteria against nitrosative
damage.®® FGD is, therefore, evidently a very essential enzyme that is crucial for the
survival of mycobacteria, especially since it is the only known source of the reduced

cofactor FazoH2 within mycobacteria.3*
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Figure 1.7 FGD-catalyzed reaction. FGD utilizes the oxidized form of the cofactor Fazo to
convert glucose-6-phosphate (G6P) to 6-phosphogluconolactone, thus yielding the
reduced cofactor, Fa2oH2.4°
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1.3.2 FGD crystal structure

In 2008, the Baker group solved the M. tuberculosis FGD crystal structure at 1.95
A resolution in complex with the Fizo cofactor and citrate (Figure 1.8A and B).5° Citrate
binds in the G6P binding pocket and is therefore a competitive inhibitor of the enzyme.°
FGD was determined to be a 78 kDa homodimer possessing an a/f
triosephosphateisomerase (TIM) barrel motif (Figure 1.8A), with each monomer weighing
approximately 39 kDa. The binding of the Fs20 cofactor within the FGD active site is
characterized by a unique non-prolyl cis-peptide bond which forms a bulge directed
towards the Fa420 binding site, causing the 5’-deazaisoalloxazine chromophore buried in the
active site to adapt a butterfly conformation.*® Some active site amino acid residues that

were thought to be essential for catalysis were also identified from the crystal structure

(Figure 1.8B).

Figure 1.8 Crystal structure of FGD solved at 1.95 A resolution (PDB # 3C8N). A: ribbon
structure showing the TIM barrel motif and the F420 cofactor bound in the active site. B:
FGD active site showing the bound cofactor, citrate and some conserved amino acid
residues.®°
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1.3.3 FGD proposed mechanism

Based on the crystal structure, the Baker group also proposed a plausible
mechanism for the FGD reaction (Figure 1.9). They suggested that Histidine 40 (His40)
acts as the active site base which initiates the FGD reaction by abstracting a proton from
the C1 hydroxyl group of G6P (Figure 1.9). The next step is the hydride transfer from C1
of G6P to C5 of the Faz0 cofactor, yielding 6-phosphogluconolactone (Figure 1.9). The final
step is protonation at N1 of the pyrimidine ring by Glutamate 109 (Glu109), vielding the
reduced cofactor F420H2 (Figure 1.9). The Tryptophan 44 (Trp44) and Glutamate 13 (Glu13)
residues are thought to be responsible for stabilizing intermediates that are formed during
the FGD reaction.?® We have since investigated this proposed mechanism and our findings

are discussed in Chapter 2.

Gluyog
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Glucose-6-phosphate QH 6-phosphogluconolactone OH

Figure 1.9 The proposed mechanism for the FGD catalyzed reaction. His40 abstracts a
proton from C1 hydroxyl of G6P, followed by a hydride transfer from C1 of G6P to C5 of
the cofactor. Finally, the N1 of the Fa20 cofactor gets protonated by Glu109.50
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1.4 Implications of FGD on Tuberculosis disease (TB)

Tuberculosis (TB) is a deadly disease caused by the M. tuberculosis bacteria. The
bacteria primarily attacks the lungs, but the infection can spread to other parts of the body
such as the brain, spine and kidneys. The bacteria can remain dormant for long periods of
time (Latent TB) before it eventually causes TB disease. People with Latent TB have a
10% chance of getting TB disease, but those with compromised immune systems due to
conditions such as HIV, diabetes or malnutrition are more likely to get TB disease than
their healthier counterparts.5! TB infections are prevalent all over the world, with Asia and
Africa recording ~ 87% of total cases reported in 2015.5 HIV and TB co-infection is a fatal
combination since both diseases accelerate the progression of each other. In fact, TB is
the leading cause of death for HIV-infected people, making up ~ 35% of all HIV deaths
reported in 2015.51

While TB is treatable and curable, the current WHO approved treatment regimen
is 6 months long and consists of a cocktail of four antimicrobial drugs; Isoniazid (Figure
1.10A), Pyrazinamide (Figure 1.10B), Ethambutol (Figure 1.10C) and Rifampin (Figure
1.10D). Isoniazid and Ethambutol were introduced in 1952 and 1961 respectively, and they
both work by inhibiting synthesis of the M. tuberculosis cell wall.52 Pyrazinamide was
approved in 1952 and it kills the bacteria by causing pH imbalance, inhibiting fatty acid
synthase, and preventing protein translation. Finally, Rifampin acts by inhibiting RNA
synthesis, and was approved in 1966.52 Evidently, no new TB drug has been introduced to
the pharmaceutical market in over 50 years, mostly due to the constant evolution of M.
tuberculosis which has resulted in occurrences of Multi-Drug Resistant (MDR) and

Extremely Drug Resistant (XDR) TB.
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Figure 1.10 Antimicrobial drugs used for TB treatment. A: Isoniazid, B: Pyrazinamide, C:
Ethambutol, D: Rifampin.52

PA-824 (Pretomanid) is a promising tuberculosis drug currently in phase Il of
clinical trials. PA-824 is a nitroimidazopyran compound that has been shown to be active
against both replicating and hypoxic non-replicating M. tuberculosis.’35 PA-824 is a
prodrug that is activated in an FaoH2-dependent reaction catalyzed by the enzyme
deazaflavin dependent nitroreductase (Ddn) (Figure 1.11).464° Previous investigations of
the mechanism of action of PA-824 reveal that it kills M. tuberculosis by causing nitrosative
stress from NO, which is a byproduct of the PA-824 activation reaction (Figure 1.11).5556
FGD is essential for the activation of PA-824 since the Fa20H2 used by Ddn is produced
only from the FGD reaction. Consequently, though not directly, FGD plays a significant role

in the rigorous efforts towards the development of novel TB drugs.

1.5 Conclusion
In this chapter, the Fs20 cofactor has been shown to be essential in a variety of
organisms and enzymes. It's chemical and physical properties have been clearly discussed
to show its uniqueness as a flavin analog cofactor. The FGD enzyme has also been

discussed in detail, and its role in the survival of M. tuberculosis has been presented. The
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subsequent chapters will be focused on the characterization of FGD to further understand

its mechanism of action.

OH N N (]

PA-824 (active)  PA-824 (prodrug)

OcFs OCF;

Figure 1.11 The role of FGD in the deazaflavin-dependent nitroreductase (Ddn) activation
of PA-824 (Pretomanid). Ddn uses the reduced cofactor to donate a hydride to the C2
position of the PA-824 prodrug, resulting in the release of NO which in turn causes
respiratory poisoning to the bacteria.46.49.:55.56
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Chapter 2
INVESTIGATING THE REACTION MECHANISM OF F420-DEPENDENT GLUCOSE-6-
PHOSPHATE DEHYDROGENASE FROM MYCOBACTERIUM TUBERCULOSIS:

KINETIC ANALYSIS OF THE WILD-TYPE AND MUTANT ENZYMES

2.1 Introduction

Tuberculosis (TB) is the world’s leading killer due to a bacterial infection. The 2014
statistics reported by the World Health Organization estimates that 9.6 million people were
infected and 1.1 million of those infections led to death.5! These current data show that TB
now rivals HIV/AIDS, which caused 1.2 million deaths in 2014.5! Since latent TB can lead
to active TB disease if a host’'s immune system is weakened, carriers of the HIV virus are
at a great risk of developing TB-HIV coinfections, which accounted for 33% of the TB-
related deaths in 2014.51 Mycobacterium tuberculosis (M. tuberculosis) is the bacterium
that causes TB disease and its constant evolution has led to the emergence of multidrug
resistant (MDR) and extensively drug resistant (XDR) TB, thus increasing the required
period of treatment from 6 months to 2-4 years.5?

In order to treat MDR- and XDR-TB, a number of promising nitro-imidazole pro-
drugs are currently in clinical trials.5457 Pretomanid (PA-824)4649 is a nitro-imidazole pro-
drug that requires activation within M. tuberculosis, in a process that is dependent on the
cofactor Fas20. Based on this mechanism, Fazo-dependent glucose-6-phosphate
dehydrogenase (FGD, we have removed the suffix 1 from the original annotation as
previously suggested®®) produces the reduced cofactor, Fa2oH2, which is then used by a
deazaflavin-dependent nitroreductase (Ddn) to activate the pro-drug.5 Cofactor Fazo is a
hydride carrier that not only plays a substantial role in the oxidoreductive reactions of M.

tuberculosis® but also protects the bacteria from nitrosative and oxidative stress.33.6061
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The reaction catalyzed by FGD is crucial in M. tuberculosis metabolism, being the
only known source of the reduced Fa20H2 within the bacteria.*”-58 FGD is a unique enzyme
that uses the cofactor Fazo, unlike other glucose-6-phosphate dehydrogenases (G6PDs)
that utilize either NADP* or NAD*.6266 FGD is involved in the first committed step of the
pentose-phosphate pathway, where it catalyzes the oxidation of glucose-6-phosphate
(G6P) to 6-phosphogluconolactone (Figure 1.7). During the FGD reaction, a hydride ion is
transferred from C1 of G6P to C5 of the cofactor Fazo, thus yielding reducing equivalents in
the form of Fa20H2.50 The Si-face stereospecificity of the hydride transfer with respect to C5
of the Fsz20 cofactor is a characteristic that has been found to be common for all Fazo-
dependent enzymes.37:38.67.68

The crystal structure of wild-type FGD from M. tuberculosis has been previously
determined to 1.9 A resolution in the presence of the cofactor Fi2o and the competitive
inhibitor, citrate (Figure 1.8).5° The three-dimensional structure revealed that FGD is a
homodimer with an (a/B)s TIM barrel fold. A mechanism has been proposed for the reaction
catalyzed by FGD, based on the crystal structure of FGD in complex with Fa20. In this
mechanism, the His40 residue acts as the active site base that abstracts the proton from
C1-OH of G6P, thus facilitating the hydride transfer from C1 of G6P to C5 of F420. Glu109
then protonates Fszo at the N1 position, thus yielding the reduced cofactor Fs2oH2 (Figure
1.9).18 The Trp44 residue is thought to play a role in stabilizing intermediates that are
formed in the course of the FGD reaction.® Until now, there has been no experimental
evidence supporting this proposed mechanism.

Here, we have investigated the roles of these active site residues in FGD catalysis
using site-directed mutagenesis to create five FGD variants: H40A, W44F, W44Y, W44A,
and E109Q. The wild-type enzyme and these five variants have been characterized by

fluorescence binding assays, steady-state kinetics, pH-dependence studies, and pre-
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steady state kinetics experiments. Here, we present kinetic evidence that His40, Trp44 and
Glul09 indeed play significant roles in FGD catalysis. We also report for the first time, the
pH-dependence of catalytic parameters for the FGD reaction. Finally, we present the first
observation of biphasic kinetics in FGD, a phenomenon that has only been observed in

one other Fa2o-dependent enzyme.?

2.2 Materials and Methods
2.2.1 Reagents
The cofactor Fazo was prepared as previously described, with a tail length of 6-9 y-
glutamate residues, typical of mycobacteria,’®> G6P was purchased from USB Corporation.
Sodium chloride, B-mercaptoethanol (BME), imidazole, sodium acetate, Bis-Tris and Tris

buffers were purchased from Fisher Scientific.

2.2.2 Site-directed mutagenesis

The open reading frame encoding wild-type FGD has been previously cloned into
the E. coli-mycobacterial shuttle vector, pYUB1049.%° This pYUB1049-fgd construct was
used as a template to generate various FGD mutant constructs. All FGD variants express
the protein with an N-terminal Hise-tag to facilitate subsequent protein purification using
immobilized metal affinity chromatography (IMAC). The 5’-phosphorylated primers
(Integrated DNA Technologies) were extended using iProof™ high-fidelity DNA
polymerase (Bio-Rad) and the primers outlined in Table 2.1. Following thermal cycling, the
mutated linear plasmids were treated with Dpnl, to digest the parental DNA template. The
linear vectors were then made circular using T4 DNA ligase (Roche), before transforming

into E. coli TOP10 electrocompetent cells. The mutations were subsequently verified using
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sequencing with T7 forward and terminator primers at the Centre for Genomics, Proteomics

and Metabolomics, School of Biological Sciences at The University of Auckland.

Table 2.1 Primers used in the mutagenesis of FGD constructs.

Construct Primer Sequences (5’- 3’)

Forward | ACCGTCAGCGACGCTTTTCAGCCTTGG
FA40A Reverse | CCAAGGCTGAAAAGCGTCGCTGACGGT

Forward | ATTTTCAGCCTTTCCGCCACCAGGG
Waar Reverse GGTCGCTGACGGTCGCGCTG

Forward | ATTTTCAGCCTTACCGCCACCAGGG
wasy Reverse | GGTCGCTGACGGTCGCGCTG

Forward | TTTCAGCCTGCGCGCCACCAGGGC
WasA Reverse | GCCCTGGTGGCGCGCAGGCTGAAA

Forward | CAGGCGCTGAACGAAATCGCCAC
E109Q

Reverse | ACCGGTGCCCACGCCAAGGAAAA

2.2.3 FGD expression and purification

The wild-type and mutant constructs of FGD were electroporated into M.
smegmatis (mc24517) cells for protein expression. All purification steps were carried out at
4 °C, using a previously reported method with slight modifications.® Briefly, the M.
smegmatis cells expressing various FGD constructs were resuspended in lysis buffer
containing 50 mM Tris-HCI (pH 7.0), 150 mM NaCl, 1 mM BME and 10 mM imidazole. The
cells were lysed by sonication and then centrifuged for 45 minutes (16,000 x g). The
resulting supernatant was then loaded onto a 2.5 x 3 cm Ni-NTA column (Thermo
Scientific), previously equilibrated with 4 column volumes of the lysis buffer. The column

was then washed with 4 column volumes of wash buffer containing 50 mM Tris-HCI (pH
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7.0), 150 mM NaCl, 1 mM BME and 25 mM imidazole, and then eluted with a 25-500 mM
imidazole gradient. The active fractions were collected and concentrated by filtration
(Millipore, 30 kDa molecular weight cut-off) to about 2 mL and then loaded onto a 1 x 20
cm size-exclusion column (Sephacryl S-200 HR, GE Healthcare), previously equilibrated
with 2 column volumes of 50 mM Tris-HCI (pH 7.0). The column was then eluted with 2
column volumes of the same buffer and the purity of the protein was confirmed using SDS-
PAGE. The protein was then concentrated and stored at -80 °C in 50 mM Tris-HCI (pH 7.0)

buffer until needed.

2.2.4 Fluorescence binding experiments

Fluorescence spectroscopy was used to determine the G6P and Fa42o dissociation
constants (Kq) for the FGD wild-type and mutant constructs. A Spectrosil® Quartz sub-micro
cell (160 pl nominal volume) from Starna Cells was used to monitor the binding assays at
22 °C on a Horiba FluoroMax Spectrofluorometer, with the excitation and emission slit
widths set at 4 and 8 nm, respectively. All binding assays were performed in 50 mM Tris-
HCI, pH 7.0. To obtain the Kq of Fazo, increasing concentrations of F4zo in either 1 or 2 yL
aliquots were titrated into a solution containing 350 nM FGD, to final F420 concentrations of
0.05-8.8 uM. The samples were excited at 290 nm and the emission scan was performed
from 310 nm-500 nm. The Kq for G6P was also determined under similar conditions by
titrating 1 or 2 pL aliquots of G6P into a solution containing 350 nM FGD, to final G6P
concentrations of 2-371 yM. Each experiment was conducted in duplicate. A decrease in
tryptophan emission at 340 nm was observed for both F420 and G6P titration and was used
for calculation of the dissociation constants.27%71 In order to investigate the effect of NaCl
concentration on the binding affinity of Fa20 and G6P, the wild-type FGD binding assays

were performed in 50 mM Tris-HCI, pH 7.0, containing either 150 mM or 300 mM NacCl.
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To obtain the Kq values for Fazo, plots of F/Fmax VS concentration of unbound Fazo
were fitted to a hyperbolic function (Equation 2.1) using SigmaPlot (Systat Software, Inc.,
San Jose, CA, USA) version 13.0,

F/Fmax = Fmax [Fazo]free/ (Kd + [Fa420]free) Equation 2.1
where F/Fmax is the fractional saturation compared with a solution of 350 nM FGD alone,
Fmax is the maximum fractional saturation (Fmax = 1), Kq is the dissociation constant, and
[Faz20]iree is the concentration of unbound cofactor. [Fazolree Was determined by subtracting
fraction of bound Fa2 from total Faz as follows: ([Fazo]total)-((F/Fmax)*[FGD]totar), Where
[Faz20]total is the total Fa20 concentration and [FGD]wotal is the total enzyme concentration, and
((F/Fmax)*[FGDJtotal) is the fraction of bound Fa20. Both F420 and FGD concentrations were
corrected for dilution during titration.

To obtain Kq values for G6P, plots of F/Fmax vs G6P concentration were fitted to a
hyperbolic function (Equation 2.2) using SigmaPlot (Systat Software, Inc., San Jose, CA,
USA) version 13.0,

F/Fmax = Fmax [GBP)/(Ka + [G6P]) Equation 2.2
where F/Fmax is the fractional saturation compared with a solution of 350 nM FGD alone,
[G6P] is the substrate concentration, Fmax is the maximum fractional saturation (Fmax = 1),
and Ka is the dissociation constant. Both G6P and FGD concentrations were corrected for

dilution during titration.

2.2.5 FGD steady state kinetics

The steady state kinetic measurements were carried out in a Spectrosil®
Quartz sub-micro cell (160 pl nominal volume) from Starna Cells using a Cary 100 UV-
Visible spectrophotometer. To determine the G6P kinetic parameters, the reactions were
performed in 50 mM Tris-HCI, pH 7.0 using a constant Fa2o concentration of 20 uM while

varying the G6P concentrations (0.008-2 mM). To determine the Fazo kinetic parameters,
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the reactions were performed in 50 mM Tris-HCI, pH 7.0 using a constant G6P
concentration of 2 mM while varying the Fazo concentrations (1-10 uM). The wild-type FGD
reactions were initiated by adding enzyme to a final concentration of 25 nM. The FGD
W44F, W44Y and E109Q reactions were initiated by adding enzyme to a final
concentration of 10 nM, 1 uM, and 4 uM respectively. The FGD W44A and H40A reactions
were both initiated with an enzyme concentration of 10 uM. The reactions were monitored
by following the reduction of the Fa20 cofactor at 420 nm. Plots of rate constant vs substrate
concentration were fitted to a hyperbolic function (Equation 2.3) using SigmaPlot (Systat
Software, Inc., San Jose, CA, USA) version 13.0.
k = Keat [S)/(Km*[S]) Equation 2.3

where, k is the rate constant obtained by dividing the initial rate by the enzyme
concentration, Keat is the turnover number, Km is the Michaelis-Menten constant, and [S] is

concentration of either G6P or Faoo.

2.2.6 FGD pH dependence studies

The pH-dependence experiments were conducted for wild-type FGD and its
H40A and E109Q variants using the following buffers: 50 mM sodium acetate (pH 5.0 and
5.5), 50 mM Bis-Tris (pH 6.0 and 6.5), and 50 mM Tris-HCI (pH 7-9). The experiments were
conducted under the steady state conditions described in the previous section, by varying
the G6P concentration over the range 0.008 to 2 mM while keeping the F420 concentration
constant at 20 yM. The reduction of the Faz2o cofactor at pH 5.0-6.5 and pH 7.0-9.0 were
monitored at 400 nm and 420 nm, respectively.! Plots of rate constant vs substrate
concentration were fitted to Equation 3 in order to obtain kcat and Km at each pH for each
of the three enzymes. pK values were determined by fitting pH-rate profiles of log Keat or

log keat/Km to equations for curves with one proton transition (Equation 2.4) or two proton
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transitions (Equations 2.5, 2.6 and 2.7), where Y is Kcat Or Keat/Km, Yu and Y.L are the
maximum and minimum pH-independent values of Y respectively, K1 and Kz are acid
dissociation constants for the ascending and descending limbs respecetively, and [H*] is
the proton concentration at each pH. All fits were done using SigmaPlot (Systat Software,

Inc., San Jose, CA, USA) version 13.0.

log Y = log {Yn/ (1+[H*]/ K1)} Equation 2.4
log Y = log {Yn/ (1+[H*]/ K1) + K2 /[H*])} Equation 2.5
log Y =log {Yu/ ((1+[H*]/ K1) + K¢ /[H*])} Equation 2.6
log Y = log {(Yn+ YL(H*]/ K1)/ (L1+[H*]/ K1) + K2 /[H])} Equation 2.7

The Km of the F420 cofactor was checked at pH extremes (pH 5.0 and 9.0) in order
to verify that the pH dependence observed was strictly due to effects on the G6P substrate.
The reactions were performed in the appropriate buffers using a constant G6P
concentration of 2 mM while varying the Fazo concentrations (1 — 10 yM). For the FGD
E109Q variant, these experiments were performed over the full pH range (5.0-9.0) in order
to determine if this variant displayed pH-dependent allostery with respect to the Fazo
cofactor. The sigmoidal curves obtained for the FGD E109Q variant at pH 7.0-9.0 were
fitted to Equation 2.8, where k is the rate constant obtained by dividing the initial rate by
the enzyme concentration, Kcat is the turnover number, Kos is the substrate concentration
at half of keat, [S] is concentration of Fazo, and n is the Hill coefficient.

k = Keat [S]"/(Ko.s" + [S]") Equation 2.8
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2.2.7 FGD pre-steady state kinetics

The rapid kinetic experiments for wild-type FGD and its variants were performed
in a Hitech Scientific DX2 stopped-flow spectrophotometer at 22 °C in 50 mM Tris-HCI, pH
7.0. The multiple turnover experiments were performed by pre-incubating a solution of 12
MM FGD with 40 pM Faz0, followed by rapid mixing with an equal volume solution of 2 mM
G6P. The final reaction concentrations were 6 yM FGD, 20 uM Fs20, and 1 mM G6P. Time
trace measurements were made in diode array mode between 350-800 nm following Fazo
reduction at 420 nm. Plots of absorbance at 420 nm vs time were fitted using SigmaPlot
(Systat Software, Inc., San Jose, CA, USA) version 13.0. Plots that revealed a single
reaction phase were fitted to a single 3-parameter exponential decay function (Equation
2.9), where A is the highest absorbance, A: is the change in absorbance, kobs is the
apparent rate constant, t is the reaction time, and c is the absorbance at infinite time. Plots
that revealed two reaction phases were fitted to a double 5-parameter exponential decay
function (Equation 2.10), where A is the highest absorbance, A1 and A: are the changes in
absorbance for the fast and slow phase respectively, kobs: and kobs2 are the apparent rate
constants for the fast and slow phase respectively, t is the reaction time, and c is the

absorbance at infinite time.
A=Are®orst+c Equation 2.9
A= Are™orst 4 Ay ekt 4 ¢ Equation 2.10
The single turnover experiments were performed under similar conditions, by pre-
incubating 100 yM FGD with 10 yM Fa420 and mixing rapidly with an equal volume solution
of 1 mM G6P solution. The final concentrations for the single turnover kinetics were 50 uM
FGD, 5 uM Fa20, and 500 uM G6P. The single turnover plots of absorbance at 420 nm vs
time were all fitted to Equation 2.8 using SigmaPIlot (Systat Software, Inc., San Jose, CA,

USA) version 13.0.
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2.3 Results
2.3.1 FGD expression and purification
A subunit molecular mass of ~39 kDa was estimated from the SDS-PAGE gel of

the various purified FGD enzymes (Figure 2.1).

kDa 1 2 3 4 5 6
116

66.2

450

35.0

25.0

18.4

144

Figure 2.1 SDS-PAGE of purified FGD samples from the SEC column. Lane 1: protein
molecular weight marker; Lane 2: wild-type FGD (7 yg); Lane 3: FGD W44F (5 pg); Lane
4: FGD W44F (2 pg); Lane 5: FGD E109Q (2 ug); Lane 6: FGD H40A (4 pg).”
2.3.2 Binding of F420 and G6P to FGD

A decrease in tryptophan fluorescence intensity at 340 nm was observed upon
addition of increasing concentrations of the cofactor Fs2o into FGD solutions (Figure 2.2,
panel A). The plot of fractional saturation vs unbound cofactor yielded Kq values for Fazo
binding of 6.6 + 0.1 nM for wild-type FGD (Figure 2.2, panel B). Compared to wild-type

FGD, all the variants had higher Fazo Kd values (Table 2.2). FGD W44Y had the largest Fazo

Kd value, which was 180-fold higher than for wild-type FGD. FGD W44F had the least effect
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on Fa2o Kq value, with only a 3-fold higher Fa2o Ka. FGD W44A, E109Q, and H40A had 18-
, 75-, and 22-fold higher Fa20 Kq values, respectively. See Appendix A (Figure A.1) for the
FGD variants Fazo binding curves.

A similar decrease in tryptophan fluorescence intensity at 340 nm was revealed
when increasing concentrations of G6P were titrated into FGD solutions (Figure 2.2, panel
C). The fractional saturation was plotted against G6P concentration and the curve was
fitted to Equation 2. The Kq value obtained for G6P binding was 17 + 4 yM for wild-type
FGD (Figure 2.2, panel D). Very similar G6P Kq values were obtained for the various mutant
FGD enzymes (Table 2.2) which are all equal within error. See Appendix A (Figure A.2) for
the FGD variants G6P binding curves.

The effects of NaCl concentration on Fs20 and G6P dissociation constants were
analyzed by repeating the wild-type FGD binding experiments in assay buffer containing
either 150 mM or 300 mM NaCl. The Fa20 Kd values at NaCl concentrations of 150 mM and
300 mM were 92 £ 17 nM, and 250 + 37 nM, respectively. The G6P Kgq values at NaCl

concentrations of 150 mM and 300 mM were 13 + 2 uM, and 14 £ 1 uM, respectively.
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Figure 2.2 Binding of F420 and G6P to FGD as measured by tryptophan fluorescence. The
assays for Faz0 and G6P binding to FGD were carried outin 50 mM Tris-HCI (pH 7.0) buffer
at 22 °C. A 350 nM FGD solution was titrated with increasing concentrations of Fa2o or G6P
and the samples were excited at 290 nm while the emission was monitored at 340 nm. A:
emission spectra of wild-type FGD containing 0, 0.05, 0.28, 0.53, 0.78, 1.8, 2.2, 3.2, 4.2,
5.1, 7.0, and 8.8 pM of F420 (upper to lower spectra respectively). B: plot of F/Fmax vs free
Fs20 concentration for wild-type FGD. The solid circles represent an average of two
measurements of F/Fmax at various concentrations of unbound Fa420 and the solid line
represents fit to Equation 2.1. C: emission spectra of wild-type FGD containing 0, 2.0, 6.0,
17.8, 41.0, 72.0, 133, 193, and 371 uM of G6P (upper to lower spectra respectively). D:
plot of F/Fmax Vs G6P concentration for wild-type FGD. The solid circles represent an
average of two measurements of F/Fmax at various concentrations of G6P and the solid line
represents fit to Equation 2.2. The error bars in the plots represent standard deviations
obtained from duplicate measurements of each ligand concentration.”?
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Table 2.2 Binding constants for FGD wild-type and variants. The assays for Fsz0 and G6P
binding to FGD were carried out in 50 mM Tris-HCI (pH 7.0) buffer at 22 °C. A 350 nM FGD
solution was titrated with increasing concentrations of Fa2o or G6P and the samples were
excited at 290 nm while the emission was monitored at 340 nm. The Fa2 and G6P Kqg
values were obtained from fits to Equation 2.1 and Equation 2.2, respectively.”?

FGD GSPK 4 (UM) FaoK 4 (NM)
Wild-type 17+ 4 6.6 +0.1
WA44F 19+2 22+9
w44y 19+2 1170 + 174
WA44A 14+2 122 + 27
E109Q 17+2 498 + 52
H40A 10+1 149 + 20

2.3.3 FGD steady state kinetics

The plots of rate constant vs G6P concentration for wild-type FGD and the
variants displayed classic Michaelis-Menten saturation kinetics (Figure 2.3A). See
Appendix B (Figure B.1) for the FGD variants steady state kinetic plots with respect to
G6P.The plots were fitted to a hyperbolic function (Equation 2.3) in order to determine the
apparent G6P kinetic parameters, which are presented in Table 2.3. Compared to wild-
type FGD, all the variants had lower kcat values with the exception of FGD W44F, which
had a 2-fold higher kcar. FGD H40A and W44A had 1000-fold lower kcat values, while FGD
W44Y and E109Q Kcat values were 34- and 60-fold lower than wild-type FGD, respectively.
The G6P Km values were similar for wild-type FGD and FGD H40A. Compared to wild-type
enzyme, FGD W44F, W44Y, W44A and E109Q variants had 16-, 8-, 13-, and 4-fold higher

G6P Km values, respectively.
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The plots of rate constant vs Faz0 concentration for wild-type FGD and the FGD
variants also displayed classic Michaelis-Menten saturation kinetics (Figure 2.3B). See
Appendix B (Figure B.2) for the FGD variants steady state kinetic plots with respect to Fazo.
The apparent Faxo kinetic parameters are shown in Table 2.3. For all six FGD enzymes,
the keat values in response to varying Fa20 were very similar to the values obtained when
G6P was varied. When compared with wild-type FGD, the W44F, W44Y and E109Q
variants all had 2-fold higher F420 Km values. The Fa20 Km for H40A variant was 4-fold higher,

while Fa20 Km was 3-fold lower in W44A than wild-type FGD.
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Figure 2.3 Steady state kinetics plots for wild-type FGD. The experiments were carried out
in 50 mM Tris-HCI (pH 7.0) at 22 °C. The reactions were monitored by following the
reduction of the Fazo cofactor at 420 nm. The rate constants were obtained by dividing initial
rates by enzyme concentration. A: Plot of rate constant vs G6P concentration. The solid
circles represent an average of two measurements of rate constants at various
concentrations of G6P and the solid line represents fit to Equation 2.3. B: Plot of rate
constant vs Fa2 concentration. The solid circles represent an average of two
measurements of rate constants at various concentrations of Fsxo and the solid line
represents fit to Equation 2.3. The error bars in the plots represent standard deviations
obtained from duplicate measurements of each variable substrate concentration.”?
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Table 2.3 Apparent steady-state kinetics parameters for FGD wild-type and variants. The
apparent kinetic parameters presented here are reasonable approximations of the true
values. The experiments were carried out in 50 mM Tris-HCI (pH 7.0) at 22 °C. The
reactions were monitored by following the reduction of the Fa2o cofactor at 420 nm. The
apparent kinetic parameters kcat and Km, along with their uncertainties, were obtained by
fitting the plots to Equation 2.3.72

@ The uncertainties for the catalytic efficiency values were calculated using the formula
{((Km em/ Km)2 + (kcat em/ kcat)z)ll2 * (kcat / Km)}, where Km (e and Keat (ern represent the
uncertainties in the individual Km and kcat values.

® Denotes Ko.s obtained from fit to Equation 2.8.

¢ Denotes Kkeat /Kos.

FGD G kcat app F420kcat, app GGPKm, app F420Km, app GGPkcat/Km a F420kcat/Km a
) (s) (M) (M) (Ms™) (M*s™)
Wild-type 1.410.1 14103 22+2 | 2603 | (60+05)x10 | (6.0+1)x10
WA44F 3.5£0.1 3.2£0.3 335435 | 54+1.0 | (1.0+01)x10 | (6.0+1)x 10
w44y 0.041 +0.001 0.060+0.01 | 171%17 | 42%0.8 | 20+02)x10 | (2.0+0.4)x 10
W44A | 0.0012 +0.0003 | 0.0010+0.0003 | 27836 | 0.9+0.2 40%1 (1.0£0.5)x 10
E109Q | 0.023+0.002 | 0.020+0003 | 4112 [56+1.0° | (10+05)x10 | (4.0%0.8)x10
H40A | 0.0016+0.0001 | 0.0020 +0.0001 | 27%5 | 80%20 | (0+1)x10 | (4.0+0.6)x 10

2.3.4 FGD pH dependence

Experiments to study pH-dependence for wild-type FGD and its E109Q and

H40A variants were conducted over the pH range 5.0-9.0, by varying the G6P
concentration and holding the Fa20 concentration constant. The log keat-pH profile for wild-

type FGD was bell-shaped with optimal activity at pH 7.0 and slopes of +1 and -1 on the
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acidic and basic limbs respectively (Figure 2.4A), suggesting that two ionizations are
involved in the turnover of the enzyme-substrate complex. The fit of the wild-type FGD log
keat VS pH profile to Equation 2.5 yielded wild-type FGD pKi and pK: values of 6.5 + 0.3
and 8.0 + 0.3, respectively. The FGD E109Q log keat-pH profile displayed a sigmoidal curve
with a plateau between pH 6-7 and increased activity between pH 8-9 (Figure 2.4C).
Compared to wild-type FGD, the fit to Equation 2.7 for FGD E109Q yielded a similar pKz,
while the pKi value shifted slightly towards acidic pH (Table 2.4). The FGD H40A log Kcat-
pH profile displayed complete removal of the ionization on the basic limb, resulting in a
plateau between pH 7-9 (Figure 2.4E), and a fit to Equation 2.4 yielded a pK1 value similar
to the wild-type FGD pKai value in the corresponding profile (Table 2.4). The fit of the bell-
shaped log kea/Km-pH profiles for wild-type FGD (Figure 2.4B) and FGD H40A (Figure 2.4F)
to Equation 2.5 yielded pK: and pKzvalues that were too close to distinguish and, therefore,
the plots were fitted to Equation 2.6 and yielded similar average pKi value of 7.0. The log
keat/Km-pH profile for FGD E109Q was bell shaped (Figure 2.4D), and a fit to Equation 2.5
gave a pKi value similar to wild-type FGD and a pK: value that was more basic than the

wild-type pKz (Table 2.4).
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Figure 2.4 pH-rate profiles of log keat and log kca/Km for wild-type FGD (A and B
respectively), FGD E109Q (C and D respectively), and FGD H40A (E and F respectively).
The pH-dependence studies for the three enzymes were conducted using constant Fazo
concentration (20 uM) and varying G6P concentration (0.008-2 mM) within a pH range of
5.0-9.0. Equations 2.4-2.7 were used to fit the appropriate curves as follows: Equation 2.4
(E), Equation 2.5 (A and D), Equation 2.6 (B and F), and Equation 2.7 (C).72
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Table 2.4 pK values from pH-rate profiles of log kcat and log kca/Km for wild-type FGD and
its E109Q and H40A variants. The pH-dependence studies for the three enzymes were
conducted at 22 °C using a constant Fs2o concentration (20 yM) and varying G6P
concentration (0.008-2 mM) within a pH range of 5.0-9.0. The pK values were obtained
from appropriate fits of the pH-rate profiles to Equations 4-7. The errors reported here were
also generated from the appropriate fits to Equations 4-7.72

ND: not determined.

Log Kca-pH Log Kcat/Km-pH
FGD
pK1 pK2 pK1 pK2
Wild-type 6.5+0.3 8.0+0.3 7.0+0.03 7.0+0.03
E109Q 54+0.3 8.3+0.7 6.3+0.2 8.8+0.2
H40A 6.1+0.2 ND 7.0+0.01 7.0+0.01

In order to confirm that the pH dependence was completely due to effects of
G6P substrate, the Km of the Fs20 cofactor was determined at pH extremes for the three
enzymes. The F20 Km values at pH 5.0 and 9.0 were similar to the Fs20 Km values at pH
7.0 for both wild-type FGD and FGD H40A (Appendix B, Figure B.3). The FGD E109Q
variant displayed classic Michaelis-Menten hyperbolic curves at pH 5.0-6.0, and sigmoidal
curves at pH 7.0-9.0 (Figure 2.5). The Ko values were similar at pH 7.0-9.0 and the Kn
values were ~5- and 2-fold lower at pH 5.0 and 6.0 respectively, compared to the Kos. The
Hill coefficients were 1.8 £ 0.3, 3.6 + 0.6 and 3.0 £ 0.4 at pH 7.0, 8.0 and 9.0, respectively.
The value of the Hill coefficient evidently increased with increasing pH, thus implying pH-
dependent positive kinetic cooperativity in the FGD E109Q variant, with respect to the Fazo

cofactor.
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Figure 2.5 FGD E109Q plots of rate constant vs Faz2o concentration. The experiments were
carried out in appropriate buffers (pH 5.0-9.0) at 22 °C using a fixed G6P concentration
and varying Fs20 concentrations. The reactions were monitored by following the reduction
of the Fa420 cofactor at 400 nm (pH 5.0-6.0) or 420 nm (pH 7.0-9.0). Each data point
represents an average of two measurements of rate constants at various concentrations
of Fa20. The error bars in the plots represent standard deviations obtained from duplicate
measurements of each Fa2o concentration.”

2.3.5 FGD pre-steady state kinetics

A pre-incubated solution containing FGD and Fa20 was rapidly mixed with equal
volumes of a solution containing G6P in the stopped-flow spectrophotometer. The
reduction of the Fa2o cofactor was monitored by absorbance changes at 420 nm. The
spectra at different time intervals were collected in diode array mode (350 — 800 nm), with
no observable peaks for intermediate formation. For the multiple-turnover experiments, the
reaction progress monitored at 420 nm revealed a fast phase and a slow phase for wild-
type FGD (Figure 2.6A), W44F, W44Y, and E109Q variants. The plots of absorbance at
420 nm vs time for these four enzymes were, therefore, fitted to a double exponential decay

function (Equation 10). FGD H40A and W44A plots were fitted to a single exponential
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decay function (Equation 2.9) since their reactions revealed a single phase. The multiple
turnover kobs vValues are summarized in Table 2.5. See Appendix C (Figure C.1) for the

FGD variants multiple turnover curves.

The plots for the single turnover experiments were all fitted to a single exponential
decay function (Figure 2.6B;) and the kobs values are also summarized in Table 2.5. Overall,
the kobs Values in the single turnover conditions are comparatively similar to the multiple
turnover kobs values for the fast phase of wild-type FGD, W44F, W44Y, and E109Q. See

Appendix C (Figure C.2) for the FGD variants single turnover curves.
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Figure 2.6 Wild-type FGD pre-steady state kinetics plots of absorbance at 420 nm vs time.
The FGD pre-steady state kinetics experiments were carried out in diode array mode, using
50 mM Tris-HCI (pH 7.0) buffer at 22 °C. A: multiple turnover experiment containing 6 uM
FGD, 20 pM F420 and 1 mM G6P. The plot revealed a fast phase and a slow phase for the
reaction. The solid circles represent an average of three absorbance measurements at
various times and the solid line represents the fit to Equation 2.10. For the purpose of
clarity, only each 10" data point is shown on the plot. B: single turnover experiment
containing 50 UM FGD, 5 UM Fa20 and 500 uM G6P. The solid circles represent an average
of three absorbance measurements at various times and the solid line represents the fit to
Equation 2.9.72
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Table 2.5 Apparent rate constants obtained from pre-steady state kinetics for FGD wild-
type and variants. The FGD pre-steady state kinetics experiments were carried out in
diode array mode, using 50 mM Tris-HCI (pH 7.0) buffer at 22 °C. Multiple turnover
experiment contained 6 pM FGD, 20 pM Fa20 and 1 mM G6P while single turnover
experiments contained 50 uM FGD, 5 pM Fa20 and 500 uM G6P. The apparent rate
constants were obtained from fits to Equation 2.9 where only a single reaction phase was
observed or to Equation 2.10 where two reaction phases were observed. The errors
reported here were also generated from the fits to Equation 2.9 and Equation 2.10.72

ND: not determined.

Multiple turnover Single turnover
FGD Fast phase Slow phase K 1
Kebs (572 Kot (579 obs (57)
Wild-type 67+3 1.60 + 0.02 70+5
W44F 17+1 0.144 + 0.001 145+0.1
W44y 28+0.2 0.065 + 0.002 53+0.2
W44A ND 0.0172 + 0.0002 0.11 + 0.02
E109Q 1.75+£0.02 0.104 + 0.001 14+0.1
H40A ND 0.007 + 0.001 0.02+0.01

2.4 Discussion
The experiments presented here were aimed at probing the previously proposed
mechanism of the FGD reaction.®° We used site-directed mutagenesis to target three active
site residues that are thought to be involved in the FGD reaction. The residue His40 was
converted to alanine, thus eliminating the proposed active site base.®® Trp44, which is
thought to stabilize reaction intermediates,>® was converted to three different residues;
phenylalanine to maintain aromaticity, tyrosine for its phenolic side chain, and alanine to

eliminate aromaticity. It has also been hypothesized that Glu109 protonates the Fazo

37



cofactor at position N1,5° so this residue was converted to a glutamine, replacing the
carboxyl group with a carboxyamide group.

Fluorescence-based binding assays were performed to obtain dissociation
constants that would enable appropriate substrate and cofactor concentrations to be
chosen for the subsequent kinetic experiments, to ensure saturating conditions and to
determine the effects that the FGD variants have on G6P and Fazo binding, in comparison
to wild-type FGD. The Kq values for G6P were approximately equal for the wild-type FGD
and all five FGD variants, suggesting that His40, Trp44 and Glu1l09 do not have critical
roles in substrate binding, despite their proximity to the proposed G6P binding site (Table
2.2). The Fa20 Kq values for the four FGD variants, on the other hand, were all significantly
higher than that of wild-type FGD (Table 2.2), indicating weaker Fs20 binding. The FGD
E109Q variant had 75-fold lower binding affinity for Fazo, while the Fazo binding affinity of
the H40A variant was 23-fold lower than for wild-type FGD (Table 2.2). Glu109 and His40
help to anchor the Faz20 cofactor into the active site by creating a pocket where its pyrimidine
ring binds. Compared to wild-type FGD, the W44Y, W44A and W44F variants had 177-,
18- and 3-fold lower binding affinities for F420 (Table 2.2). Trp44 forms a hydrophobic back-
stop in the binding pocket and the much lower Fazo affinity of the W44Y variant, compared
with W44F, implies that the phenolic hydroxyl group must destabilize Fa420 binding.

The Fs20 Ka value for wild-type FGD was 6.6 + 0.1 nM, much lower than the
previously reported M. tuberculosis wild-type FGD Fa2o Kqg value of 4.5 uM, which was
obtained in 300 mM NaCl conditions.5° The significant difference in the Fs20 Kq values
obtained under these two different NaCl conditions prompted us to carry out wild-type FGD
binding assays at three different NaCl concentrations (0 mM, 150 mM, and 300 mM). The
F420 Kg value at 300 mM NaCl was 250 + 37 nM, which is still significantly lower than the

4.5 uM previously published.® Overall, the results showed a 14- and 38-fold increase in
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Fs20 Ka for the 150 mM and 300 mM NaCl conditions, respectively. Crystal structures of
FGD and several other Faxo-dependent enzymes show that the 5-deazaisoalloxazine
chromophore of the F420 cofactor is generally buried within the active site while the poly-y-
glutamate tail extends out into the solvent, and helps in anchoring the cofactor into the
active site.*346:50.73 The observed decrease in Fa2o binding affinity with increasing NaCl
concentration could be due to the interaction of sodium ions with the negatively charged
poly-y-glutamate tail of the cofactor Fszo that is exposed to the solvent. The G6P Kq values
at 0 mM, 150 mM and 300 mM were very similar, indicating that NaCl concentration does
not affect the binding of G6P to FGD.

The Km value for G6P obtained for wild-type FGD in our steady-state kinetics
studies, conducted in the absence of added NaCl, was 21.6 + 1.5 yM. This was lower than
the previously-determined G6P Km value of 100 pyM, in 50 mM Tris (pH 7.0) containing 300
mM NaCl.5° We therefore repeated the steady-state kinetics experiments for wild-type FGD
with the addition of 300 mM NaCl in the reaction buffer. The G6P Km value obtained was
100 £ 17 uM (data not shown), fully consistent with the published G6P K. 5°

The G6P Km value obtained for the FGD H40A variant was very similar to the wild-
type value (Table 2.3). However, this H40A mutant showed a significant loss of catalytic
activity, with a drastic ~900-fold decrease in kcat and ~1000-fold decrease in catalytic
efficiency compared to the wild-type FGD (Table 2.3). His40 is close enough to the
modeled G6P binding site (Figure 2.7) for proton abstraction from the C1-OH of G6P.18
Other NAD* or NADP* dependent glucose-6-phosphate dehydrogenases have been
shown to have conserved histidine residues in their active sites that function either in
substrate binding or in acid-base catalysis.®?-%6 In the case of FGD, our data show that
His40 is involved in catalysis as well as having an indirect role in Fa2o binding. We cannot

confirm that His40 is the sole active site base, however, since the E109Q mutant also
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shows a large, albeit less dramatic, reduction in kcat. The G6P Km value for E109Q was 4-
fold higher while its kcat value was 140-fold lower than the values for wild-type FGD,
resulting in ~500-fold lower catalytic efficiency (Table 2.3). The significant loss of activity
for this variant is associated with loss of the ionizable carboxylic side chain, which is
proposed to donate a proton to N1 of the F420 cofactor. These findings suggest that Glu109

residue also has a role in acid-base catalysis as proposed by Bashiri et al.>°

Figure 2.7 Proposed interactions between G6P (magenta), F42o (green) and selected active
site residues. G6P was docked into the active site to suggest these interactions8, which
are shown in broken lines. The G6P is oriented between Fs20 and Trp44. It has been
proposed that His40 abstracts the proton from C1-OH of G6P, while Trp44 stabilizes the
reaction intermediate by hydrogen bonding to the negatively charged O during the proton
abstraction. The broken lines from His40 and Glul09 to N1 of Fs20 have been used to
illustrate the proton donor-acceptor distance and do not imply interactions between these
residues and the cofactor.°
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For the FGD W44Y variant, the G6P Km was 8-fold higher while the kcar was 34-
fold lower, making the variant ~270-fold less efficient than wild-type FGD (Table 2.3). The
G6P K for FGD W44F was 16-fold higher while the kcat was 2-fold higher, making the
variant ~6-fold less efficient than wild-type FGD (Table 2.3). The Trp44 residue has been
proposed to be involved in stabilizing FGD reaction intermediates, possibly by hydrogen
bonding to a hydroxyl group of the G6P substrate (Figure 2.7).18 It is easy to see why the
W44Y mutation would disrupt productive G6P binding (Figure 2.7) but the lack of a
significant effect for the W44F variant would seem to rule out the suggested hydrogen
bonding interaction. A significant loss of catalytic activity in the FGD W44A mutant was
reflected in a drastic ~1000-fold decrease in keat and ~2500-fold decrease in catalytic
efficiency compared to the wild-type FGD (Table 2.3), revealing that aromaticity at residue
44 is essential for FGD catalysis. Inspection of the FGD structure!® shows that the aromatic
ring plane of residue 44 inserts neatly between His40 and Leu252, adjacent to the cofactor.
Loss of this aromatic ring, or replacement with a non-aromatic side chain would disrupt the
active site structure significantly and the effects on catalysis due to Trp44 mutations are
likely to be due to this rather than loss of the proposed hydroxyl interaction.

The kcat values obtained for all six enzyme variants as the Fa2o concentration was
varied were very similar to the kcat values obtained when varying G6P (Table 2.3). The Km
values for the Fa20 cofactor were all slightly higher for the mutants compared to wild-type
FGD, with the exception of the W44A variant (Table 2.3). The low Fs20 Km value for W44A
is probably because of the larger Fa420 binding pocket created when aromaticity at residue
44 is eliminated. Overall, as previously observed with varying G6P, all the variants were
catalytically less efficient than wild-type FGD.

The pH-rate profiles of some glucose-6-phosphate dehydrogenases have

been shown to be influenced by ionizations of the conserved active site residues that act
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as general acid-base catalysts.”*7> The mutation of a potential acid-base catalytic residue
should result in complete elimination of the ionization associated with that particular
residue, and should be reflected in the pH-rate profile of the mutant enzyme when
compared with the native enzyme. We, therefore, selected the FGD E109Q and H40A
variants for pH-rate studies because of the potential roles of Glu109 and His40 as general
acid-base catalysts for the FGD reaction. The pK values obtained from log kcat-pH profiles
represent ionizations in the enzyme-substrate complex, when enzyme is fully saturated
with substrate.

The wild-type FGD log kcat-pH profile decreased at high and low pH, in a
manner characteristic of a general acid-base catalyzed reaction (Figure 2.4A). The two pK
values obtained from the log keat-pH profile are consistent with the presence of an enzyme-
substrate complex in which one ionizable residue must be deprotonated with a pK of 6.5
and another ionizable residue must be protonated with a pK of 8.0 in order for catalytic
turnover to occur (Table 2.4). The FGD E109Q log kcar-pH profile was sigmoidal with a
plateau between pH 6-7 and a linear increase in kcat between pH 8-9 (Figure 2.4C). The
pK1 of the log keat-pH profile was more acidic while the pK: is similar compared to that of
wild-type FGD (Table 2.4). FGD H40A kca: varied with pH according to a single acidic pK
due to a complete elimination of the high-pH ionization seen in the corresponding wild-type
FGD pH profile (Figure 2.4E).

The results of the log keat-pH profiles suggest that both His40 and Glu109 are
protonated during catalysis and therefore, could both serve as active site acids. However,
the distance between the pyrrole-like nitrogen of His40 and N1 of Fax is 5.4 A, making the
proton transfer between His40 and Faz2o unlikely (Figure 2.7). The more favorable donor-
acceptor distance of 3.4 A between N1 of Fso and 5-OH of Glu109 allows for the

assignment of Glu109 as the active site acid that protonates the F420 cofactor at N1 during
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the reaction (Figure 2.7). The pK values obtained from log kca/Km-pH profiles represent
ionizations in the free enzyme and substrate. The FGD E109Q kca/Km-pH profile revealed
two distinguishable ionization events with a pH-independence between pH 7-8 (Figure
2.4D; Table 2.4). The average pK value obtained from the bell-shaped log keat/Km-pH profile
for the wild-type and H40A constructs implies that there are two ionization events with pKi
and pK: averaging to pK 7.0 (Figures 2.4B and 2.4F; Table 2.4). The phosphate moiety of
G6P substrate ionizes at pK 6.1, and assignment of a pK1 6.1 to G6P ionization implies
that another ionization event occurs at pKz 7.9. It is possible to assign the basic pKz values
of the log keat/Km-pH profiles to residues in the free enzyme that are involved in binding the
phosphate moiety of G6P,”* such as Lys198 and Lys259.50

The Km of the F420 cofactor at pH extremes was determined for wild-type FGD,
FGD H40A and FGD E109Q so as to verify that the pH-dependence of the kinetic
parameters was entirely as a result of effects on the G6P substrate. The Fa20 Km values at
pH 5.0 and 9.0 were similar for the wild-type FGD and FGD H40A, thus showing that the
bell-shaped curves (Figure 2.4B and 2.4F) were not as a result of higher F420 Kn at the pH
extremes. The FGD E109Q variant had similar Ko.s values at pH 7.0-9.0 while the Kn at pH
5.0 was ~5-fold lower compared to the Kos. Therefore, it is also evident that the FGD
E109Q bell-shaped curve (Figure 2.4D) was not as a result of lower Fas2o affinity at pH
extremes.

Unlike the wild-type enzyme and the FGD H40A mutant, the FGD E109Q
variant displayed sigmoidal kinetics with respect to the Fa2o cofactor at pH 7.0-9.0, thus
suggesting the possibility of an allosteric mechanism for this mutant (Figure 2.5). The
values of the Hill coefficient varied from 1.8-3.6, suggesting strong positive cooperativity
with respect to the Fi2o cofactor. However, in order for an allosteric mechanism to truly

exist, both the ligand binding curve and the kinetic curve must exhibit sigmoidal behavior.””-
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7 The FGD E109Q Fa20 binding curves were all hyperbolic at pH 7.0-9.0. This lack of
thermodynamic cooperativity in the FGD E109Q F420 binding curves strongly suggests that
the pH-dependent sigmoidal Fazo kinetic curves are as a result of kinetic cooperativity.””-80

Random addition of substrates and enzyme hysteresis are two mechanisms
that can be used to explain kinetic cooperativity.””8182 For a two-substrate oligomeric
enzyme that follows a random substrate addition mechanism, the positive kinetic
cooperativity curves due to one substrate will depend on the concentration of the other
substrate, and saturating concentrations of the other substrate will result in substrate
inhibition.8%83 FGD E109Q G6P kinetic curves did not display substrate inhibition at
saturating G6P concentrations (data not shown) and we can therefore eliminate random
substrate addition mechanism as an explanation for the observed kinetic cooperativity. It
is plausible that the pH-dependent kinetic cooperativity for FGD E109Q is due to enzyme
hysteresis as a result of Fa2o-induced isomerization from a less active to a more active form
of the enzyme.81.84 The pH-profile studies presented here have established that the Glu109
residue protonates the Fa2o cofactor at position N1. Therefore, it is likely that in the absence
of the Glu109 residue, the FGD E109Q variant will undergo conformational changes with
increasing concentrations of Faz2o before it is able to attain it’s most active form.

The pre-steady state kinetics experiments conducted in diode array mode
produced scans between 350-800 nm, revealing no observable intermediate peaks within
that wavelength range. The catalytically inefficient FGD variants, W44A and H40A,
displayed only a slow phase under multiple turnover conditions. However, the FGD multiple
turnover plots revealed two phases for FGD wild-type, W44F, W44Y, and E109Q (Figure
2.6). Similar biphasic kinetics have previously been observed in another Fa2o-dependent
enzyme known as Fs20H2:NADP* oxidoreductase.? The fast phase kobs values for the

mentioned four FGD constructs were very similar to their koos values under single turnover
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conditions (Table 2.5), while the kobs values for the slow phase were very similar to the
steady state kcat Values (Tables 2.4 and 2.5). Since the fast phase observed reflects the
hydride transfer step of the FGD reaction, it is reasonable to conclude that the rate-limiting
step for the FGD reaction is not the hydride transfer.

In summary, the drastic loss of catalytic efficiency and kcat for the FGD H40A
mutant suggests that His40 plays a crucial role in the FGD reaction. However, based upon
the pH profiles, it is likely not the general base as was previously proposed. Based upon
the rate-pH profiles, we have also shown that Glu109 is the general acid involved in the
last step of the FGD reaction, where it donates a proton to N1 of the F420 cofactor. We have
also deduced that aromaticity at residue 44 is essential for catalysis, and that Trp44 residue

is not likely involved in acid-base catalysis of the FGD reaction.
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Chapter 3
MECHANISTIC INSIGHTS INTO Fa20-DEPENDENT GLUCOSE-6-PHOSPHATE
DEHYDROGENASE USING ISOTOPE EFFECTS AND SUBSTRATE INHIBITION
STUDIES
3.1 Introduction

Fs20-dependent glucose-6-phosphate dehydrogenase (FGD) is an essential
pentose-phosphate pathway enzyme that catalyzes the conversion of glucose-6-
phosphate (G6P) to 6-phosphogluconolactone within mycobacteria.*> The enzyme utilizes
G6P to transfer a hydride to the C5 position on the si-face of the oxidized cofactor,
producing reduced Fa420 within the cell. Recent studies by Jirapanjawat et. al. have shown
that the reduced Fa2o cofactor is essential for protecting mycobacteria from diverse
environmental antimicrobial agents.3* More specifically, FGD appears to be the only
enzyme within mycobacteria that produces the reduced Fa2o cofactor3* and is therefore
essential for the survival of the bacteria within the environment and also aids in the
resistance of Mycobacterium tuberculosis (M. tuberculosis).3*

The crystal structure confirms that FGD is a 78 kDa homodimer with one Faz2o
molecule per subunit.’® The proposed FGD reaction mechanism based on this crystal
structure suggested that His40 acts as an active site base, while Glu109 donates a proton
to the F420 cofactor, and Trp44 aids in stabilizing reaction intermediates.>® However, there
was no experimental evidence to support the FGD proposed mechanism. In our previous
investigation of the FGD mechanism, we converted His40 to alanine (H40A), in order to
discern if it is the active site base. We also converted Glu109 to glutamine (E109Q) to
investigate whether it was the active site acid, and converted Trp44 to alanine (W44A),
phenylalanine (W44F), and tyrosine (W44Y) to study its functionality.”? Binding studies on

the FGD variants suggested that these residues do not function in G6P binding, but that
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they do play a role in F420 cofactor binding. However, they did play a role in Fa2o cofactor
binding. Additionally, our steady state kinetic analysis of these variants suggests that the
aromaticity of Trp44 is essential for FGD activity and that His40 and Glu109 play important
roles in catalysis.”? Further analysis of the H40A and E109Q variants using pH profiles
suggested that His40 does not serve as the active site base, while Glu109 is the active site
acid.”? While this work provided insights into the key residues involved in FGD catalysis,
much of the mechanistic details of the reaction is yet to be investigated.

For example, studies using isotopic labeling are informative given the multistep
nature of enzymatic reactions, and are therefore effective methods for determining
enzymatic mechanisms. Isotopic substitution via a deuterium or another heavy atom could
change the rate of a specific step in a mechanism. Such studies can also help to determine
whether an enzymatic reaction is stepwise or concerted.88 Additionally, solvent
deuterium isotope studies can be useful in determining how many protons are in flight
during turnover.

Studies of this kind have been performed with NADP*-dependent glucose-6-
phosphate dehydrogenase (G6PD) in which d-1-glucose-6-phosphate and 13C labeled
G6P at the C-1 position were used to determine the magnitude of the isotope effect within
the enzyme.8” Steady state experiments were conducted with these substrates and with
the natural unlabeled G6P substrate. The data showed an increase in the apparent V/IK
values with the deuterated substrate, which was characteristic of a mechanism in which all
isotope effects are attributed to the same step of a reaction.8” The isotopically labeled
substrate experiments showed an isotope effect of Pk= 5.27 + 0.29, while in D20 the
number reduced to 3.66 £ 0.29. The data suggest that there is a coupled motion effect
when more than one hydrogen is in motion in the transition state.®” Such studies have not

previously been conducted with FGD nor any other Fs20 dependent enzyme. Therefore,
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the goal of this study is to use isotopic substitution to observe the isotope effect on the
hydride transfer step using steady state and pre-steady state kinetic methods. We have
also performed solvent isotope effects experiments using D20 in order to determine the
number and possible origin of protons in flight during turnover. Finally, since previous
steady state kinetics could not deduce the order of substrate addition,”? an additional goal
of this work is to use dead-end inhibition studies and steady state kinetics to determine the

order of addition for G6P and the Faz2o cofactor.

3.2 Materials and methods

3.2.1 Reagents

G6P was purchased from USB Corporation, unless otherwise specified. The Fazo
cofactor with a tail length of 6-9 y-glutamate residues was prepared as previously
described.’®> Activated carbon, ATP disodium salt (98%), sodium citrate, magnesium
chloride and Tris buffer were purchased from Fisher Scientific. D20, deuterium chloride, D-
Glucose and D-glucose-1-d: (98 atom % D) were purchased from Sigma Aldrich.
Hexokinase was purchased from Worthington Biochemical Corporation. The glucose-6-

phosphate assay kit was purchased from ScienCell Research Laboratories.

3.2.2 FGD expression and purification
The wild-type FGD enzyme used for all experiments presented in this chapter was

expressed and purified as described in Chapter 2, Section 2.2.3.

3.2.3 Dead-end inhibition studies using citrate
The wild-type FGD steady state kinetics experiments were performed using a
Cary 100 UV-Visible spectrophotometer in a Starna Cells Spectrosil® Quartz sub-micro cell

(160 pl nominal volume). Citrate was chosen as the inhibitor for the dead-end inhibition
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studies.5° The experiments were conducted at 22 °C in 50 mM Tris-HCI, pH 7.0 buffer
containing 0, 2, 4, 8, or 10 mM sodium citrate. The wild-type FGD steady state kinetics
experiments performed in 0 mM citrate have previously been published elsewhere.”? The
inhibition pattern with respect to G6P concentration was determined at the various citrate
concentrations using a constant Fs2o concentration of 20 yM while varying the G6P
concentrations (8 — 250 yM). The inhibition pattern with respect to F420 concentration was
determined at the various citrate concentrations using a constant G6P concentration of 2
mM while varying the F420 concentrations (1 — 10 uM). Each reaction was initiated by adding
wild-type FGD to a final concentration of 25 nM and the reduction of the F420 cofactor was
followed at 420 nm.

For a visual inspection of the inhibition patterns, plots of 1/k vs 1/[S] were fitted
to a double reciprocal function (Equation 3.1) using SigmaPlot (Systat Software, Inc., San
Jose, CA, USA) version 13.0.

1/k = (Km/(Kcat [S])) + L/Kcat Equation 3.1
where, k is the rate constant obtained by dividing the initial rate by the enzyme
concentration, keat is the turnover number, Km is the Michaelis-Menten constant, and [S] is
concentration of either G6P or Faz. Multidimensional fits of k vs [S] were also performed
for the G6P and Fa20 inhibition curves using SigmaPlot version 13.0 Enzyme Kinetics
Module (Systat Software, Inc., San Jose, CA, USA). The G6P inhibition data fit best to the
competetive inhibition model (Equation 3.2) while the Fa20 inhibition data fit best to the
uncompetetive inhibition model (Equation 3.3).

k = keat /(1 + (Kn/[S]) * (1 + I/K3)) Equation 3.2

K = Keat/(1 + I/Ki + Km /[S]) Equation 3.3
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3.2.4 Solvent deuterium isotope effects studies
3.2.4.1 Steady state kinetics experiments

The effects of solvent on the steady state kinetics parameters of wild-type FGD
were investigated by performing the experiments at 22 °C, in 50 mM Tris (pH 7.0) dissolved
in H20 or 50 mM Tris (pD 7.0) dissolved in 100 % D»0O. The experiments performed in H20
have previously been published elsewhere.”? The D20 buffer was prepared by deuterium
chloride titration of the 50 mM Tris solution to pH 6.6, using the correction pD = pH +
0.4.8889 The kinetic parameters with respect to G6P were determined using a constant Fazo
concentration of 20 yM and varying G6P concentrations from 0.008 - 2 mM, while the
kinetic parameters with respect to the Faz0 cofactor were determined using a constant G6P
concentration of 2 mM and varying Faz2o concentrations from 1 — 10 yM. Each reaction was
initiated by adding wild-type FGD to a final concentration of 25 nM and 420 nm wavelength
was used to monitor the reduction of the Faz2o cofactor. Plots of rate constant vs substrate
concentration were fitted to a hyperbolic function (Equation 3.4) using SigmaPlot (Systat
Software, Inc., San Jose, CA, USA) version 13.0.

k = Keat [S)/(Km*[S]) Equation 3.4
where, k is the rate constant obtained by dividing the initial rate by the enzyme
concentration, Keat is the turnover number, Km is the Michaelis-Menten constant, and [S] is
concentration of either G6P or Fazo. For each varied substrate, the solvent kinetic isotope
effect (SKIE) was obtained by dividing the kcat with respect to H20 by the kcar with respect

to D20.

3.2.4.2 Proton inventory studies
Proton inventory studies were conducted using pre-steady state Kkinetic

experiments under single turnover conditions. The rapid kinetic experiments were

50



performed on a Hitech Scientific DX2 stopped-flow spectrophotometer at 22 °C in 50 mM
Tris (pH 7.0) buffer dissolved in varying D20 concentrations (0-100%). The 0% D20
experiments were performed in 50 mM Tris (pH 7.0) buffer dissolved in H20, and have
previously been published elsewhere.”? The 20, 40, 60, and 80% D20 buffers were
obtained by mixing appropriate volumes of 50 mM Tris in H20 (0% D20, pH 7.0) with 50
mM Tris in D20 (100% D20, pD 7.0). To ensure that the pD for each prepared D20 solution
remained at pD 7.0, the pD was measured using a pH electrode with the correction pD =
pH + 0.4.888% For each buffer composition, a solution of 100 uM FGD was pre-incubated
with 10 UM Faz20 and then mixed rapidly with an equal volume solution of 1 mM G6P solution.
The final concentrations for the single turnover kinetics were 50 uM FGD, 5 UM Fa20, and
500 uM G6P. The single turnover plots of absorbance at 420 nm vs time were fitted to
Equation 3.5 using SigmaPlot (Systat Software, Inc., San Jose, CA, USA) version 13.0,
A=Apeknstyc Equation 3.5
where A is the absorbance at time t, A: is the initial absorbance at time t = 0, kobs is the
apparent rate constant, t is the reaction time, and c is the absorbance at infinite time. A
linear plot of the proton inventory was analyzed using the simplified version of the Gross-
Butler equation (Equation 3.4)%0.91
kn/ko=(®T—1)n+1 Equation 3.6

where kx is the apparent rate constant at a given D20 concentration, ko is the apparent rate
constant in H20, n is the mole fraction of DO and ®Tis the fractionation factor of a proton
in transition state.®1%2 Assuming the hydrogen bond in which this proton participates to be
linear, the hydrogen bond length (HBL) between the two proton wells was then calculated
using Equations 3.7 and 3.8, where Axminis the distance between two proton wells, 2 A is

the value of two covalent bond lengths, and ®7is the fractionation factor.93-9
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HBL= Axmin + 2 A Equation 3.7

Axmin = 0.2220 + 1.1924(D7) - 1.3347(PT)2 + 0.6080(PT)* Equation 3.8

3.2.5 Kinetic deuterium isotope effects studies
3.2.5.1 G6P and G6P-d: synthesis

The deuterated substrate G6P-d1 was enzymatically synthesized following a
previously published protocol.8” The reaction contained 30 mM D-glucose-1-di, 50 mM
ATP, 500 U hexokinase and 50 mM MgClz in a total volume of 50 mL. The reaction
proceeded overnight at 4 °C and the pH was maintained at pH 8.0 using 2 N KOH. The
reaction was then terminated by removing the hexokinase via an Amicon PM Ultrafiltration
unit (30 kDa MWCO). The filtrate containing the deuterated substrate was then further
purified using 3 cycles of activated charcoal treatment to remove excess ATP and ADP,
followed by a Na* Chelex-100 column treatment to remove the Mg?* ions. The purified
G6P-d1 was then precipitated using rotary evaporation and ethanol addition. For fair
comparison between the deuterated and protiated substrates, the G6P used for the kinetic
isotope effect studies was also synthesized using the procedure above, except for the 30
mM D-glucose-1-d: being substituted for 30 mM D-glucose. The molar masses of the
synthesized G6P and G6P-d: substrates were then confirmed using LC-MS IT-TOF. Both
synthesized G6P and G6P-d: substrates were dissolved in filtered deionized water and the
concentrations of the stocks determined using the ScienCell Research Laboratories G6P
assay kit. The concentration used for the mass determination was 1 mM for each of the
substrates. Data were acquired using the Shimadzu LC-MS-IT-TOF mass spectrometer
(MS) and recorded in negative electrospray (ESI) mode at an ESI interface voltage of -3.7

kV. The LC direct injection elution program was run for 1 minute and the MS
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chromatograms were recorded from 100 m/z. The data was analyzed using LCMS Solution

Software (Shimadzu Corp., Kyoto, Japan) version 3.70.390.

3.2.5.2 G6P and G6P-d: steady state kinetics experiments

The steady state kinetic experiments were performed and analyzed as described
in Section 3.2.4.1. All the reactions were performed at 22 °C in 50 mM Tris-HCI, pH 7.0
buffer. The kinetic parameters were only determined with respect to the synthesized
substrates, using a constant Fa2o concentration of 20 uM and varying the G6P or G6P-d:
concentrations from 0.008 — 0.4 mM. The final FGD concentration used in each reaction
was 25 nM. The hyperbolic steady state kinetic plots of rate constant vs substrate
concentration were fitted to Equation 3.4 using SigmaPlot (Systat Software, Inc., San Jose,
CA, USA) version 13.0. The kinetic isotope effect (kn/kp) was obtained by dividing the kcat

with respect to G6P (kn) by the kcar with respect to G6P-dz1 (kp).

3.2.5.3 G6P and G6P-d:1 pre-steady state kinetics experiments

The pre-steady state kinetic experiments were performed under single turnover
conditions as detailed in Section 3.2.4.2. All the reactions were performed at 22 °C in 50
mM Tris-HCI, pH 7.0 buffer. 100 uM wild-type FGD was pre-incubated with 10 UM Fa2o in
the reaction buffer and then mixed rapidly with an equal volume solution of 1 mM G6P or
G6P-d: solution. The final concentrations in the single turnover reactions were 50 uM wild-
type FGD, 5 uM Fa20, and 500 uM G6P or G6P-d1. The single turnover plots of absorbance
at 420 nm vs time displayed exponential decay and were fitted to Equation 3.5 using
SigmaPlot (Systat Software, Inc., San Jose, CA, USA) version 13.0. The kinetic isotope
effect was obtained by dividing the kobs With respect to G6P by the kobs with respect to G6P-

di.
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3.3 Results
3.3.1 Dead-end inhibition studies using citrate
The Lineweaver-Burk plot of 1/k vs 1/[G6P] at a fixed concentration of F420 and various
fixed concentrations of citrate reveals competitive inhibition with respect to G6P (Figure
3.1A). The multidimensional fit of the G6P data to the competitive inhibition model (Figure

3.1B) yielded a G6P Km of 26 + 2 uM and citrate Ki of 0.84 = 0.05 pM.

k (s1)

1.8
@® 0 mM citrate A ® 0 mM citrate B
O 2 mM citrate 161 o 2mMcitrate
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A 8 mM citrate 141 2 8mMcitrate
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Figure 3.1 Inhibition pattern of wild-type FGD by citrate with G6P as the variable substrate.
The steady state kinetics experiments were carried out in 50 mM Tris-HCI (pH 7.0) at 22
°C. The wild-type FGD and Fa420 concentrations were held constant at 25 nM and 20 yM
respectively. The G6P and citrate concentrations were varied from 8 — 250 yM and 2 — 10
mM respectively. The rate constants were obtained by dividing initial rates by enzyme
concentration. A: The double reciprocal plots of 1/k vs 1/[G6P]. The symbols represent an
average of two measurements of rate constants at various concentrations of G6P and
citrate. The solid lines represent the fits to Equation 3.1 at various citrate concentrations.
B: Multidimensional fit of k vs [G6P] fitted to the competitive inhibition model. The symbols
represent an average of two measurements of rate constants at various concentrations of
G6P and citrate. The solid lines represent the fits to Equation 3.2 at various citrate
concentrations.%”

When the concentration of Fa2o was varied at various fixed citrate concentrations

and a constant G6P concentration, the Lineweaver-Burk plot of 1/k vs 1/[F420] revealed an
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uncompetitive inhibition pattern of citrate with respect to Fso (Figure 3.2A). The
multidimensional fit of the Fazo data to the uncompetitive inhibition model (Figure 3.2B)

yielded an Fa20 Km of 0.89 + 0.08 uM and citrate K of 7.3 £ 0.4 pM.
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Figure 3.2 Inhibition pattern of wild-type FGD by citrate with Fazo as the variable substrate.
The steady state kinetics experiments were carried out in 50 mM Tris-HCI (pH 7.0) at 22
°C. The wild-type FGD and G6P concentrations were held constant at 25 nM and 2 mM
respectively. The Fa2o and citrate concentrations were varied from 1 — 10 yM and 2 — 10
mM respectively. The rate constants were obtained by dividing initial rates by enzyme
concentration. A: The double reciprocal plots of 1/k vs 1/[F420]. The symbols represent an
average of two measurements of rate constants at various concentrations of Fa2o and
citrate. The solid lines represent the fits to Equation 3.1 at various citrate concentrations.
B: Multidimensional fit of k vs [Fazg] fitted to the uncompetitive inhibition model. The
symbols represent an average of two measurements of rate constants at various
concentrations of Fa2o and citrate. The solid lines represent the fits to Equation 3.3 at
various citrate concentrations.%’

3.3.2 Solvent deuterium isotope effects studies
3.3.2.1 Steady state kinetics

The magnitude of SKIE in the wild-type FGD reaction was determined by
performing steady state kinetic experiments by varying the G6P or F420 concentration in

reaction buffer containing either D20 or H20. The hyperbolic steady state kinetics plots of
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rate constant vs substrate concentration were fitted to Equation 2 to obtain the kinetic
parameters. When G6P was the varied substrate (Figure 3.3A), the SKIE on the Kcat was
3.1 (Table 3.1). The SKIE on the kcat when Fa2o was the varied substrate (Figure 3.3B) was
2.6, making it comparable to the G6P SKIE within error (Table 3.1). The SKIE on the Kcat/Km
was 4.6 and 2.6 with respect to G6P and Fa2o respectively (Table 3.1). The wild-type FGD
steady state kinetics figures and parameters for experiments performed in H20 are

presented in Chapter 2, Section 2.3.3 (Figure 2.3 and Table 2.3).72
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Figure 3.3 Wild-type FGD steady state kinetics plots for solvent isotope experiments. The
reactions were carried out at 22 °C in 50 mM Tris-HCI dissolved in either D20 (pD 7.0).
The reduction of the Fs20 cofactor was tracked at 420 nm to obtain the initial rates of the
reactions. The rate constants were obtained by dividing the initial rates by the FGD
concentration. A: Plots of rate constant vs G6P concentration for D20. The solid circles
represent an average of two values of rate constants at various concentrations of G6P and
the solid line represents fit to Equation 3.4. B: Plot of rate constant vs F420 concentration
for D20. The solid circles represent an average of two values of rate constants at various
concentrations of Fazo and the solid line represents fit to Equation 3.4. The error bars
represent standard deviations from duplicate reactions of each varied substrate
concentration.®”
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Table 3.1 Wild-type FGD solvent isotope effects on apparent steady state kinetics
parameters. The reactions were carried out at 22 °C in 50 mM Tris-HCI dissolved in either
D20 (pD 7.0) or H20 (pH 7.0). The reactions were monitored by following the reduction of
the Fa20 cofactor at 420 nm. The steady state kinetic parameters kcat and Km were obtained
by fitting the kinetic data to Equation 3.4. The uncertainty in each kinetic parameter is the
standard error from least-squares fits of the kinetic data to the appropriate equation.®’

aThe apparent kinetic parameters presented here are reasonable approximations of the
true values.

bThe uncertainties for the catalytic efficiency values were calculated using the formula {((Km
(err)/ Km)2 + (kcat (err)/ kcat)z)llz* (kcat/ Km)}, where Kn (err) and Keat (em) represent the uncertainties
in the individual Km and Kcat values.

°Not determined.

GOPK ¢ (aop)? Fazog (@pp)? G6PK (aon)? Fa2oK (aop)? GOPY ot/ K Fazole /K P
(s (s (uM) (uM) M*s) M*s)
HO | 1.4+01 | 1403 22+2 26+03 | (60+05)x10 | (6.0+1.0)x10
DO | 045+0.01 | 054+0.02 | 36+5 24+0.2 | (13+05)x10 | (23+0.2)x 10
DOKIE | 3.1+0.2 | 2.6£0.6 NDe ND® 46+2.0 2.6+0.5

3.3.2.2 Proton inventory studies

Rapid mixing experiments under single turnover conditions were performed to
obtain proton inventory data. The wild-type FGD kobs value in H20 (0% D20) are presented
in Chapter 2, Section 2.3.5, Table 2.5.72 The single exponential decay curves of
absorbance at 420 nm vs time were fitted to Equation 3.5 to obtain the kobs value at each
concentration of D20 (Table 3.2). Each of the kobs values were divided by the kobs value at
0% D20 and plotted vs the mole fraction of DO and then fitted to Equation 3.6 to obtain
the proton inventory parameters (Figure 3.4). The fractionation factor, ®T calculated from
the proton inventory curve was 0.37, while the hydrogen bond length calculated from

Equations 3.7 and 3.8 was 2.5 A.
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Table 3.2 Wild-type FGD stopped flow single turnover apparent rate constants at various
concentrations of D20. The experiments were carried out in 50 mM Tris-HCI (pH 7.0) at 22
°C. The reactions were monitored by following the reduction of the Fa2o cofactor at 420 nm.
The kobs values were obtained by fitting the single turnover plots to Equation 3.5. The
uncertainty in each kinetic parameter is the standard error from least-squares fits of the
kinetic data to Equation 3.5.97

% DZO n kobs (S_l) kn/ko
0 0 70+5 1

20 0.2 62+5 0.880
40 0.4 55+4 0.779
60 0.6 42+5 0.593
80 0.8 35+3 0.506
100 1 27+5 0.380
1.0 1
0.8 1 -

i<<:>

x:
0.6 1
0.4 1

O‘.O 0‘.2 0‘.4 0:6 018 l:O

Mole fraction D20 (n)

Figure 3.4 Proton inventory curve for wild-type FGD. The single turnover stopped-flow
experiments were performed in diode array mode at 22 °C in 50 mM Tris-HCI, pH 7.0,
dissolved in varying concentrations of D20. 50 uM wild-type FGD was pre-incubated with
5 UM Fa420 and then rapidly mixed with 500 uM G6P. The exponential decay curves for the
reduction of the Fazo cofactor at 420 nm were fitted to Equation 3.5 to yield the apparent
rate constants (kn) at varying D20 concentrations. The kn values were then divided by the
apparent rate constant in pure H20 (ko). The kn / ko ratios were then plotted vs the mole
fractions of D20 (n) and then fitted to Equation 3.6. The error bars in the plots represent
standard deviations obtained from duplicate measurements of each variable substrate
concentration.®”
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3.3.3 Kinetic deuterium isotope effects studies
3.3.3.1 G6P and G6P-d1 molar masses

For the sake of proper comparison, both the protiated G6P and deuterated G6P-
d1 substrates were synthesized enzymatically following the same protocol. The molar
masses of the synthesized G6P-d: and G6P were confirmed using the Shimadzu LC-MS-
IT-TOF mass spectrometer and recorded in both positive and negative electrospray (ESI)
mode. The negative ESI mode chromatograms revealed the predicted molar masses of
259.0225 g/mol and 260.0300 g/mol for the G6P (Figure 3.5A) and G6P-d: (Figure 3.5B),

respectively.

000 1280 1500 1750 200 250 20 2750 W00

2600000
B

1000 12650 1500 1750 2000 250 2600 2780 WO

Figure 3.5 LC-MS-IT-TOF chromatograms of enzymatically synthesized substrates. Both
chromatograms were recorded in the negative ESI mode. A: chromatogram for synthesized
protiated G6P. B: chromatogram for synthesized deuterated G6P-d1.%”
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3.3.3.2 G6P and G6P-d: steady state kinetics experiments

To determine the kinetic isotope effect on the wild-type FGD reaction, the steady
state kinetic experiments were performed with a constant F420 concentration, while varying
either the G6P or G6P-d1 substrate concentration. The hyperbolic curves of the rate
constant vs substrate concentration were fitted to Equation 3.4 to obtain the Michaelis-
Menten kinetic parameters (Figure 3.6). The wild-type FGD Km and kcat Values were very
similar for the G6P and G6P-d1 substrates, resulting in an overall kinetic isotope effect of

1.1 with respect to both Keat and Kcat/Km (Table 3.3).

1.2 1.4
A B
10 1.2 .
1.0
0.8 [ ]
4 08
0.6 1 K2
~x 0.6
041 0.4
0.2 1 0.2
0.0 0.0 ‘ : ‘
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
[G6P] (mM) [G6P-d,] (mM)

Figure 3.6 Wild-type FGD steady state kinetics plots with respect to enzymatically
synthesized G6P and G6P-d: substrates. The reactions were carried out at 22 °C in 50
mM Tris-HCI (pH 7.0). The reduction of the Fazo cofactor was followed at 420 nm to obtain
the initial rates of the reactions. The rate constants were obtained by dividing the initial
rates by the FGD concentration. A: Plot of rate constant vs G6P concentration. The solid
circles represent an average of two values of rate constants at various concentrations of
G6P and the solid line represents the fit to Equation 3.4. B: Plot of rate constant vs G6P-
d: concentration. The solid circles represent an average of two values of rate constants at
various concentrations of G6P-di1 and the solid line represents the fit to Equation 3.4. The
error bars represent standard deviations from duplicate reactions of each varied substrate
concentration.®”
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Table 3.3 Wild-type FGD substrate deuterium isotope effects on steady state and pre-
steady state kinetics parameters. The experiments were carried out in 50 mM Tris-HCI (pH
7.0) at 22 °C by varying the concentration of either G6P or G6P-d: substrates. The
reactions were monitored by following the reduction of the Fa2o cofactor at 420 nm. The
steady state and pre-steady state kinetic parameters were obtained by fitting the
appropriate kinetic data to Equation 3.4 and Equation 3.5, respectively. The uncertainty in
each kinetic parameter is the standard error from least-squares fits of the kinetic data to
the appropriate equation.%’

&The apparent kinetic parameters presented here are reasonable approximations of the
true values.

bThe uncertainties for the catalytic efficiency values were calculated using the formula {((Km
em/ Km)2 + (kcat em/ kcat)z)llz* (kcat/ Km)}, where Km emand Keat (er) represent the uncertainties
in the individual Km and Kkcat values.

Steady state kinetics Pre—itead.y state
Inetics
Kcat (app)? Km (app)® kcat_/lK_”;b Ku/kp (Keat/Km)n/ Kobs kn/kp
(S-l) (M) M~s™) (Kcat/Km)p (5-1)
G6P |1.40£0.03| 44%4 | (32:+01)x10 78+8
1.1+£0.1 [1.1+£0.1 1.4+0.1
G6P-di | 1.30£0.05 | 466 | (2840.2)x10 56 + 1

3.3.3.3 G6P and G6P-d:1 pre-steady state kinetics experiments

The kinetic isotope effect on the FGD reaction was also investigated by performing
rapid mixing experiments under single turnover conditions. The exponential decay curves
of absorbance at 420 nm vs time were fitted to Equation 3.5 to obtain the kobs values (Figure
3.7). A kinetic isotope effect of 1.4 was obtained by dividing the kobs with respect to G6P

by the kobs with respect to G6P-d1 (Table 3.3).
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Figure 3.7 Wild-type FGD pre-steady kinetics plots of absorbance at 420 nm vs time with
respect to enzymatically synthesized G6P and G6P-d. substrates. The single turnover
experiments were carried out in diode array mode, using 50 mM Tris-HCI (pH 7.0) buffer
at 22 °C. A: protiated substrate experiment containing 50 uM wild-type FGD, 5 UM F420 and
500 uM G6P. The solid circles represent an average of three absorbance values at various
times and the solid line represents the fit to Equation 3.5. B: deuterated substrate
experiment containing 50 uM wild-type FGD, 5 uM Fa20 and 500 pM G6P-d:. The solid
circles represent an average of three absorbance values at various times and the solid line
represents the fit to Equation 3.5.97

3.4 Discussion

FGD is an enzyme that is essential for the survival of M. tuberculosis because it
catalyzes the committed step of the pentose-phosphate pathway, which produces pentose
phosphate sugars used for nucleotide synthesis within the bacteria. Additionally, FGD has
been proven to be the only M. tuberculosis enzyme that produces reduced Fa20 cofactor,
which is essential for the detoxifaction process within the bacterium.®* While the M.
tuberculosis FGD strictly uses the Fa2o cofactor for catalysis,*® the human G6PD enzyme
uses either NAD* or NADP*.6266 Since M. tuberculosis causes TB by incubating within
humans, the specificity of FGD for the Faz2o cofactor is a unique characteristic that can be
further explored for therapeutic purposes without compromising the human G6PD. In order
for FGD to be considered as a potential therapeutic target, it is important to understand the

mode of action of this enzyme. However, there is still very little that is known about the

62



FGD reaction mechanism. The purpose of this present work is to provide further insight
into the FGD reaction mechanism by deducing the order of substrate addition using dead-
end inhibition studies. We also present deuterium solvent and kinetic isotope effects
studies which are useful in determining the number of protons in flight during catalysis and
can also be used to determine the rate-limiting step of an enzymatic reaction.

Dead-end inhibition studies with competitive inhibitors can be used to determine
whether an enzymatic mechanism is random or ordered, and also to verify the order of
substrate addition for enzymes that use two substrates.?®9 In 1973, glucosamine-6-
phosphate, a G6P substrate analog, was identified as a competetive inhibitor of G6PD from
yeast and rat liver cells.19° Since then, dead-end inhibition studies have been conducted to
investigate the reaction mechanism of other G6PD enzymes using glucosamine-6-
phosphate as the inhibitor.19-193 However, due to the fact that FGD is unique in its use of
the F420 cofactor, and because glucosamine-6-phosphate has only previously been shown
to inhibit NAD* or NADP* dependent G6PD, we did not use glucosamine-6-phosphate in
our studies.

The FGD crystal structure solved previously by the Baker group lead to the
discovery that citrate is a competetive inhibitor of FGD with respect to the G6P substrate.>°
Therefore, the inhibition experiments presented here were performed in the presence of
citrate, in an attempt to form an FGD:Fazo:citrate dead-end complex. The inhibition patterns
obtained from the dead-end inhibition experiments eliminate a rapid equilibrium random
mechanism of substrate addition. In a random mechanism, citrate would be able to bind to
both free FGD and the FGD:F420 complex, resulting in non-competitive and competitive
inhibition with respect to Fs20 and G6P, respectively. However, citrate was found to be a
competitive inhibitor with respect to G6P (Figure 3.1) and an uncompetetive inhibitor with

respect to Fszo (Figure 3.2), implying that citrate can only bind to the FGD:F420 complex.
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This supports a mechanism of ordered addition of substrates, in which the Faz2o cofactor
must bind to FGD first before G6P can bind. 98101104

Product inhibition studies can also be utilized to investigate enzyme reaction
mechanisms,?8 and such work has specifically been done before using NADPH for other
G6PD enzymes.101-103105106 |n the case of FGD, we were unable to perform product
inhibition studies with the Fa20H2 product because it is not as readily available as NADPH.
We were also unable to perform product inhibition studies with 6-phosphogluconolactone
product due its unstable nature in solution which gives it a very short half-life (~1.5 s).107

Steady- state kinetic experiments performed in Tris buffer dissolved in either D20
or H20 revealed the magnitudes of deuterium SKIE on the wild-type FGD Kcat and Kcat/Km,
with respect to both G6P and Faz0. All experiments were performed at pH/pD 7.0 which
was chosen based on previously published wild-type FGD pH profiles that revealed a pH
independence of keat at pH 7.0.72 Regardless of which substrate was varied, the SKIE
observed for all four kinetic parameters were normal since all the values obtained were
greater than 1 (Table 3.1). These SKIE values all fall within the range of 1.5-4, which is
usually observed in general acid-base catalysis derived from a single transition state site
such as a catalytic proton bridge.1% Since a single proton transferred from an oxygen atom
usually yields SKIE 21.5,19° our SKIE results suggest that a proton transferred from an
oxygen atom probably plays a significant role in the rate-limiting step of the FGD reaction.

Proton inventory experiments were performed using rapid mixing experiments
under single turnover conditions, to further investigate the effect of solvent-derived protons
and to determine the number of solvent protons in transition in the isotope-sensitive steps
of the FGD reaction. The proton inventory curve fitted to Equation 3.6 was linear (Figure
3.4), suggesting that a single solvent-exchangeable proton was likely involved in the

transition state and was responsible for the observed overall SKIE.?192.110 Fractionation
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factors obtained from proton inventory curves are often used to characterize hydrogen
bonds, where fractionation factors less than 1 are usually attributed to short and strong
hydrogen bonds 1. The fractionation factor, ®T = 0.37 obtained from the proton inventory
curve was significantly less than 1 and almost near the minimum ®T value of 0.16 9111,
which is consistent with a proton on a carboxylic acid involved in a short and strong
hydrogen bond 112113, We can, therefore, propose that this solvent-exchangeable proton is
the proton on Glu109 that protonates the cofactor at position N1 °1119, The hydrogen bond
length for the Glul09-COOH----Fa20-N1 interaction as calculated from the measured
fractionation factor was 2.5 A, which is much less than the typical van der Waals contact
distance of 2.9 A between nitrogen and oxygen, indicating short, strong hydrogen bond
formation in the FGD mechanism which plausibly serves to increase the enzyme’s catalytic
efficiency.

Primary deuterium kinetic isotope effects on the FGD reaction were also
investigated by using enzymatically synthesized deuterated and protiated G6P in both
steady state and pre-steady state kinetic experiments. The G6P hydrogen atom targeted
for deuterium substitution was the C1-H, which is the hydride that is transferred to the C5
position of the Fa2o cofactor during catalysis.5® Small deuterium KIE values of 1.1 were
observed with respect to both kcar and kea/Km (Table 3.3). Previous kinetic and mechanistic
studies performed by our group showed that hydride transfer is likely not the rate-limiting
step in the FGD reaction.”? The results of our deuterium KIE experiments have provided
further evidence that supports our previous findings of hydride transfer not being rate-
limiting since there were no drastic effects on the reaction rates in both the steady state
and pre-steady state kinetic parameters (Table 3.3). We can also conclude that the
deuterium KIEs presented here are observed, rather than intrinsic, since the isotope-

sensitive hydride transfer step is not rate-limiting.}14115 |t is plausible that the intrinsic
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deuterium KIE is masked in the kcat because the slower rate-limiting step occurs before or
after the isotope-labeled hydride transfer step. Given the sizeable magnitude of the SKIE,
it is likely that a proton transfer is involved in the rate-limiting step of the FGD reaction. This
further implies that the rate-limiting step could be the first step of the FGD reaction where
a base abstracts a proton form C1-OH of G6P, or the final step of the reaction where a
proton is transferred from Glu109 to position N1 of the cofactor.

In 1982, the Cleland group utilized a combination of *3C-labeling with deuterated
and protiated G6P substrates in the investigation of the intrinsic KIE on L. mesenteroides
G6PD which led to the conclusion that 13C and deuterium isotope effects contribution at C1
of G6P occur concomitantly during the reaction.8” In 1984, further studies on isotope effects
by the Cleland group on L. mesenteroides G6PD provided evidence of tunneling in
hydrogen motion, due to the first deuterium substitution decreasing the KIE of subsequent
deuteration.!'6 Based solely on the magnitudes of the deuterium KIE (Table 3.3), we cannot
confidently deduce whether or not tunneling occurs within FGD since we were not able to
measure the intrinsic KIE.

Figure 3.8 represents the proposed mechanism of FGD based upon the crystal
structure solved by Bashiri et. al. as well as our previously published kinetic studies and
our work presented here.5%.72 The oxidized F420 cofactor must first bind to the FGD active
site, followed by G6P binding (Figure 3.8). We have not at this point been able to deduce
the identity of the active site base. Therefore, it is represented as “B” in Figure 3.8.
However, the base would then abstract a proton from G6P, facilitating the transfer of a
hydride from the substrate to the oxidized Fa2o, thereby reducing it. Fa20 accepts a proton
from Glu109 to complete its conversion to Fa20H2. Quite possibly, the active site base could

be solvent.
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In summary, this work provides further significant insights into the FGD reaction.
We have presented the first evidence of ordered mechanism of substrate addition for FGD,
where G6P can only bind to the FGD active site after the Fs20 cofactor has been bound.
The solvent isotope effects studies also revealed a proton in flight that is likely from Glu109
and protonates the cofactor at position N1 in the last step of the FGD catalysis. Finally, the
primary kinetic isotope effects studies yielded small KIE, implying that hydride transfer is
not the rate-limiting step of the FGD reaction, and pointing towards a rate-limiting step that

involves a proton transfer.

67



F420q, G6P

FGD ,%é FGD.F420, ,%é FGD.F4204, G6P

FAZ20 .4 F420,, cep

G-phospho-
gluconolactone

Glu 109 Glu 109
. H
o C-“ L 0
Lo "~
o
" /s
Ho O Hoo*) LI
o ; Q:} o
0 a (____-'/ Nh""R
HO HO
Fd20q,
HO HO
OPOy* OPOD;> OH
G-phospho- GEP
gluconolactone \ /
Glu 109
H
Y o

=]

N\(z.s A o

G-phospho- [P
gluconolactons Y 9/] /\:f "H \J 07

an,; ‘M

Figure 3.8 Revised FGD mechanism.%’

68



Chapter 4
CRYSTAL STRUCTURE AND SUBSTRATE BINDING STUDIES OF THE H40A Fazo-
DEPENDENT GLUCOSE-6-PHOSPHATE DEYDROGENASE VARIANT FROM
MYCOBACTERIUM TUBERCULOSIS
4.1 Introduction

The crystal structure of wild-type FGD from M. tuberculosis has previously been
solved to 1.9 A resolution by the Baker group.5° However, this crystal structure was solved
in the absence of the G6P substrate, since a turnover of the wild-type enzyme would not
have captured the events that occur in the active site during catalysis. The crystal structure
was instead solved in the presence of the Fazo cofactor and citrate, which was found to be
a competitive inhibitor of the enzyme. In this chapter, we aim to use the catalytically inactive
FGD H40A variant to create an enzyme-substrate complex. The FGD H40A kinetic data
has already been presented in Chapter 2 of this dissertation.”? FGD H40A was targeted for
crystallization because it’s catalytic inactivity prevents it from turning over, and we can then
deduce the amino acid residues that interact with the substrate during catalysis. Evidently,
the FGD H40A crystals allowed us to trap a ternary structure in complex with G6P and Fazo,
displaying a snapshot of the initiation state of the reaction. Based on this structure,
insightful information about the reaction mechanism of FGD is presented, paving the way

for the chemical intervention of TB targeting FGD.

4.2 Materials and methods
4.2.1 Reagents
The cofactor F420 was prepared as previously described.’®> G6P was purchased
from USB Corporation. Sodium chloride, B-mercaptoethanol (BME), imidazole and Tris

buffer were purchased from Fisher Scientific.
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4.2.2 Site-directed mutagenesis
Site-directed mutagenesis was used to create the FGD H40A mutant as detailed

in Chapter 2, Section 2.2.2.

4.2.3 FGD expression and purification
Both wild-type FGD and the FGD H40A variant were expressed and purified

following the protocol in Chapter 2, Section 2.2.3.

4.2.4 Binding of F420 and G6P to FGD
The fluorescence binding experiments for wild-type FGD and the FGD H40A

variant were performed as described in Chapter 2, Section 2.2.4.

4.2.5 FGD steady state kinetics
The steady state kinetics experiments for wild-type FGD and the FGD H40A

variant were performed as described in Chapter 2, Section 2.2.5.

4.2.6 FGD H40A crystallization

The FGD HA40A crystals were grown and optimized in our laboratory at the
University of Texas at Arlington as follows. The purified FGD H40A enzyme was
concentrated to 14 mg/mL in 50 mM Tris-HCI, pH 7.0, using a 30 kDa cut-off Amicon filter
unit (Millipore). In preparation for co-crystallization, the concentrated enzyme was
incubated for 2 hours with 4.5 mM G6P and 41 pM Faz0. Crystallization experiments were
performed using the hanging drop vapor diffusion technique, with a 1:1 ratio of the reservoir
solution to the protein solution, to a final drop volume of 4 pyL. The best crystals were
obtained using a precipitant containing 19% PEG 3350 and 0.1 M ammonium citrate

dibasic (pH 5.0) that yielded crystals within 2 days. The crystals were fully grown after 1
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week. Single crystals were cryoprotected in 30% glycerol containing 0.1 M ammonium
citrate, and mounted on cryo loops and then flash-frozen in liquid nitrogen before shipping

to the Synchrotron Radiation Laboratory for X-ray diffraction experiments.

4.2.7 X-ray diffraction, data collection and structure refinement

The X-ray diffraction, data collection and structure refinement presented in this
section were performed by our collaborators at the University of Texas at Austin (Joshua
Mayfield and Dr. Jessie Zang). Crystallographic diffraction data for FGD H40A/G6P were
collected on beam-line 5.0.3 of the Advanced Light Source (ALS). All diffraction data were
processed with HKL2000.117 The structure was determined by molecular replacement (MR)
using the existing FGD structure (PDB ID: 3c8n)%° as a search model using the program
Phaser in the PHENIX suite.’1® The MR solution was fitted into the calculated density in
COOT!8 with computational refinements performed using phenix.refine in the PHENIX
suite.’2® The ligands were manually built into the Fo-Fc map in COOT and then iteratively
improved to obtain the final model. The quality of the final refined model was evaluated
using Procheck and MolProbity.??° The final statistics for data collection and structure

determination are summarized in Table 4.1.

4.3 Results
4.3.1 Binding of F20 and G6P to FGD
The Kq values obtained for wild-type FGD and FGD H40A with respect to G6P and
F420 binding are presented in Chapter 2, Section 2.3.2, Table 2.2. In summary, the G6P Ky
values were similar for wild-type FGD and FGD H40A, while the Fs20 Kq value for FGD

H40A was ~8 fold higher than for wild-type FGD.
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4.3.2 FGD steady state kinetics

Both wild-type FGD and FGD H40A plots of rate constant vs G6P
concentration displayed classic Michaelis-Menten saturation kinetics (Figure 2.3). The
steady state kinetic parameters obtained for wild-type FGD and FGD H40A are presented
in Chapter 2, Section 2.3.3, Table 2.3. In summary, the FGD H40A variant lost ~1000 fold

catalytic activity.

4.3.3 FGD H40A structure and G6P hinding

Data collection and processing statistics used to solve the FGD H40A structure
are displayed in Table 4.1. The electron density maps for G6P and Fa4z20 bound in the active
site are shown in Figure 4.1. The overall architecture of FGD aligns well with previous

structures solved by the Baker group (PDB ID: 3c8n and 3b4y).%0

Figure 4.1 FGD H40A 2Fo-Fc electron density maps contoured to 1.00
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Table 4.1 FGD H40A X-ray crystallography data collection and refinement statistics.

Wavelength (A) 0.97648
Resolution range (A) 49.04 - 2.893 (2.997 - 2.893)
Space group P212121

a=89.522 A, b=103.067 A, c=159.556

Unit cell A, a=90°, B=90°, y=90°

Total reflections 33566
Unique reflections 3220
Redundancy 7 (6)

Completeness 99.7 (97.0)

Mean I/sigma(l) 8.94 (1.99)
Wilson B-factor 41.61

R-sym (%) 23.2 (0.792)

R-work (%)

20.34 (24.40)

R-free (%)*

26.96 (32.52)

Number of non-hydrogen atoms 10320
Protein residues 1328
RMS (bonds) 0.014
RMS (angles) 2.05
Ramachandran favored (%) 96
Ramachandran outliers (%)** 0.68
Average B-factor 33.1

*R-free is calculated with 5% of data randomly omitted from refinement

**Ramachandran statistics generated in MolProbity. Outliers arise from
physiologically relevant non-proline cis-peptide bond & terminal residues.
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The asymmetric unit contains four FGD molecules, each comprising residues 3-
334. These residues assume an (a/p)s TIM-barrel fold that encloses a deep active site
pocket that binds the Fa420 cofactor and the G6P substrate (Figure 4.2A). The FGD H40A
variant’s active site aligns well with the existing structures and the mutation appears to
minimally disturb the active site arrangement. The cofactor Fazo is coordinated by a network
of hydrogen bonds, as observed previously.5° This network contains a notable non-proline
cis-peptide bond between Ser73 and Val74 that orients the carbonyl group of the cis-
peptide bond such that it contacts the central ring of the Fs20 deaza-isoalloxazine system
(Figure 4.2B).%

Importantly, our structure provides the first experimental insight into the nature of
G6P substrate binding. The hydroxyl groups of carbons 1-4 (C1-C4) in G6P are positioned
via an extensive network of polar interactions with active site residues (Figure 4.2C). The
C1 hydroxyl group hydrogen bonds with the side chain of Glul3, which is positioned by the
hydroxyl of Ser38 and the indole nitrogen of Trp44. The C2 hydroxyl group accepts a
hydrogen bond from the g-amino group of Lys9, which in turn is held in place through
additional hydrogen bonds with the carbonyl oxygen of Ser73 and the carboxyl group of
Glu230.

The C3 hydroxyl group is hydrogen bonded to the side chains of Glu230 and
Lys232, while the hydroxyl of C4 is also hydrogen bonded to the e-amino group of Lys232.
Recognition of the G6P phosphate group is mediated by a positively charged cluster of
residues, Lys198, Lys259, and Arg283 (Figure 4.2D). Both Lys198 and Arg283 make direct
electrostatic interactions with the phosphate moiety, while Lys259 interacts with the side
chain of Thr195, which is in turn hydrogen bonded to one of the phosphate oxygens (Figure
4.2D). Atoms suspected to participate in hydride transfer, specifically the C1 of G6P and

C5 of the Fa2o cofactor, are positioned ~4.5 A apart in the FGD H40A structure.
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Figure 4.2 Structure of FGD H40A from M. tuberculosis in complex with Fazo and G6P. A:
Cartoon diagram of the FGD H40A tetramer displaying the (a/B)s TIM-barrel fold, with a-
helices (grey), B-strands (cyan), and loops (brown). The bound Fa420 cofactor (blue) and
G6P (yellow) are also shown within each monomer. B: View of the active site showing the
mutated Ala40 residue and the interaction between Fa20 and G6P. Residues Val72 and
Ser73, which participate in the crucial non-proline cis-peptide bond, are also displayed. C:
View of the active site showing the interaction of G6P with the protein. Residues Glul3,
Lys9, His 311, Glu230, and Lys232 hydrogen bond to the hydroxyl groups of carbons 1-4.
Glul3 further hydrogen bonds with Ser38, while Glu230 additionally hydrogen bonds to
Ser73. Lys232 and His311 also hydrogen bond with each other. Trp44 does not form any
hydrogen bonds with G6P or other residues. D: hydrogen bonding network around the
phosphate moiety of G6P. Residues Thr195, Arg283, and Lys259 are essential for binding
of the G6P phosphate moiety. The hydroxyl of Thr195 and carbonyl of Leu252 further
coordinate the interactions by hydrogen bonding to the amino groups of Lys198 and
Arg283. All figures were prepared using PyMOL version 1.3 (Schrodinger, LLC, New York,
NY).
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4.4 Discussion

The structure of FGD H40A bound to G6P reveals two primary determinants of
substrate binding. First, the phosphate moiety of G6P interacts electrostatically with FGD
at positively charged residues Lys198, Lys259, and Arg283. Secondly, polar contacts
between FGD and the hydroxyl groups of C1-C4 on G6P are mediated by multiple
residues; namely Lys9, Glul3, Glu230 and Lys232. Interestingly, these residues not only
hydrogen bond directly with the G6P hydroxyl groups, thereby positioning G6P, but are
also involved in an intricate network of interactions that include His311 and the unique non-
proline cis-peptide bond between Ser73 and Val74. The carbonyl oxygen of this cis-peptide
bond is within weak hydrogen bonding distance (~3.5 A) of the e-amino group of Lys9,
which binds the C2 and C3 hydroxyl groups of G6P. This finding strengthens the
importance of this conserved cis-peptide bond in FGD function.

In our structure, no obvious conformational change is observed at the active site
upon H40A mutation, which is consistent with the nearly identical K4 values for G6P binding
between the wild-type and H40A FGD. The decrease in affinity for Fa2o binding upon H40A
mutation is not immediately apparent from the mutant structure. One possible explanation
is the ability of the imidazole side chain of histidine to participate in polar contacts with the
Fa20 cofactor. In a previous FGD structure (PDB ID: 3B4Y)%° the imidazole ring of His40 is
positioned ~3 A from nitrogen 1 and carbonyl groups of the isoalloxazine ring system.
Depending on the rotamer conformation and protonation state of this histidine side chain,
hydrogen bonding may occur to stabilize the F420 cofactor within the active site.

Our investigation into the mechanism of the FGD reaction revealed that His40 is
unlikely to be the active site base, and the particular role it plays in catalysis is not yet
known.”? Hydride transfer from C1 of G6P to C5 of Faxois theorized to follow the initial

proton abstraction step. In our structure, C1 of G6P and C5 of Fs20 are separated by a
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considerable distance (~4.5 A), making hydride transfer in the observed conformation
unlikely. It is probable that hydride transfer from C1 of G6P to the C5 of Fa2o occurs
concomitantly with active site rearrangement to position these atoms within an appropriate

distance for chemistry.
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Appendix A

Fs20 and G6P binding curves for FGD H40A, E109Q, W44A, W44Y and W44F variants
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Figure A.1 Plots of F/Fmax Vs free F420 concentration for FGD variants. The assays for F420 binding
to FGD were carried out at 22 °C in 50 mM Tris-HCI (pH 7.0). A 350 nM FGD solution was titrated
with increasing concentrations of F420 and the samples were excited at 290 nm while the emission
was monitored at 340 nm. The solid circles represent an average of two measurements of F/Fmax
at various concentrations of free Fa20 and the solid lines represent fit to Equation 2.1. The error
bars in the plots represent standard deviations obtained from duplicate measurements of each
Fa20 concentration.”?
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Figure A.2 Plots of F/Fmax vs G6P concentration for FGD variants. The assays for G6P binding to
FGD were carried out at 22 °C in 50 mM Tris-HCI (pH 7.0). A 350 nM FGD solution was titrated
with increasing concentrations of G6P and the samples were excited at 290 nm while the emission
was monitored at 340 nm. The solid circles represent an average of two measurements of F/Fmax
at various concentrations of G6P and the solid lines represent fit to Equation 2.2. The error bars
in the plots represent standard deviations obtained from duplicate measurements of each G6P
concentration.”?
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Appendix B
Steady state kinetics and pH dependence curves for FGD H40A, E109Q, W44A, W44Y

and W44F variants
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Figure B.1 Plots of rate constant vs G6P concentration for FGD variants. The FGD steady-state
kinetics experiments were carried out in 50 mM Tris-HCI (pH 7.0) at 22 °C. The reactions were
monitored by following the reduction of the Faxo cofactor at 420 nm. The rate constants were
obtained by dividing initial rates by enzyme concentration. The solid circles represent an average
of two measurements of rate constants at various concentrations of G6P and the solid lines
represent fit to Equation 2.3. The error bars in the plots represent standard deviations obtained
from duplicate measurements of each G6P concentration.”?
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Figure B.2 Plots of rate constant vs Faz0 concentration for FGD variants. The FGD steady-state
kinetics experiments were carried out in 50 mM Tris-HCI (pH 7.0) at 22 °C. The reactions were
monitored by following the reduction of the Faxo cofactor at 420 nm. The rate constants were
obtained by dividing initial rates by enzyme concentration. The solid circles represent an average
of two measurements of rate constants at various concentrations of Fa2o and the solid lines
represent fit to Equation 2.3, except for the FGD E109Q that was fitted to Equation 2.8. The error
bars in the plots represent standard deviations obtained from duplicate measurements of each
Fa20 concentration.”?
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Figure B.3 Plots of rate constant vs. Fs20 concentration at pH extremes for wild-type FGD and
FGD H40A. The experiments were carried out in appropriate buffers (pH 5.0 or 9.0) at 22 °C using
a fixed G6P concentration and varying Fs20 concentrations. The reactions were monitored by
following the reduction of the Fa2o cofactor at 400 nm (pH 5.0) or 420 nm (pH 9.0). Each data
point represents an average of two measurements of rate constants at various concentrations of
Fa20. The kinetic parameters reported in the table were obtained by fitting the plots to Equation
2.3. The error bars in the plots represent standard deviations obtained from duplicate
measurements of each Fazo concentration. The uncertainties reported in the table were standard
errors generated from the least squares fits to Equation 2.3.72
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Appendix C
Multiple and single turnover pre-steady state kinetic curves for FGD H40A, E109Q,

W44A, W44Y and W44F variants
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Figure C.1 Multiple turnover plots of absorbance at 420 nm vs time for FGD variants. The
FGD pre-steady state kinetics experiments were carried out in diode array mode, using 50
mM Tris-HCI (pH 7.0) buffer at 22 °C. The multiple turnover experiments contained 6 pM
FGD, 20 uM F420 and 1 mM G6P. The solid circles represent an average of two absorbance
measurements at various times and the solid lines represent the fit to Equation 2.9 or 2.10.
For clarity, only each 10™ data point is shown on these plots.”?
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Figure C.2 Single turnover plots of absorbance at 420 nm vs time for FGD variants. The
FGD pre-steady state kinetics experiments were carried out in diode array mode, using 50
mM Tris-HCI (pH 7.0) buffer at 22 °C. The single turnover experiments contained 50 pM
FGD, 5 uM Fa20 and 500 uM G6P. The solid circles represent an average of two absorbance
measurements at various times and the solid lines represent the fit to Equation 2.9.72
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