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Abstract

Aldo-keto reductases (AKRs) are a superfamily of enzymes that reduce carbonyls to alcohols in
a stereospecific manner, making them useful for biocatalysis. Previous studies of the a-amide
ketoreductase variant AKR 163 from the Saccharomyces cerevisiae strain SC108 have found that
it exhibits substrate inhibition. In particular, AKR 163 is only inhibited by substrates with
electron-withdrawing groups, such as ethyl-4-chloroacetoacetate (E4CIAA), ethyl-2-
fluoroacetoacetate (E2FAA), and ethyl pyruvate (EP). To test the generality of substrate
inhibition in AKRs, AKR 308, a variant of D-arabinose dehydrogenase (Aral), was
overexpressed in E. coli and purified via glutathione affinity chromatography. In contrast to AKR
163, AKR 308 exhibited Michaelis-Menten kinetics with E4CIAA, E2FAA, and 2,3-
pentanedione (2,3-PD). AKR 308 displayed both substrate inhibition and cooperativity with EP,
with a Hill coefficient of 3.9. Overall, AKR 308 exhibited higher turnover numbers and greater
Kum values than AKR 163 with these substrates, with ke values between 1.5 and 7 s™' and

Kwm values between 6.7 and 80 mM. AKR 308 also displayed distinct kinetic behavior from AKR
163 with ethyl acetoacetate (EAA) analogs containing alkyl substituents. Whereas increased
steric bulk at the C2 position decreased AKR 163’s kcat, AKR 308-catalyzed ethyl-2-
ethylacetoacetate reduction displayed a higher keat of 4.5 s™! compared to 0.8 s for EAA.
Substantial AKR 308 activity was not observed with 2,4-pentanedione or 1,1,1-trifluoro-2,4-
pentanedione, suggesting that B-ketone carbonyls are not effective AKR 308 substrates, even if
they have electron-withdrawing substituents. Fluorescence titrations yielded a Kp value of 1.2 +
0.2 uM for NADP" binding to AKR 308, compared to a Kp value of 0.5 = 0.1 uM for NADP"*

binding to AKR 163. This indicates that AKR 308 has slightly lower affinity for NADP*



compared to AKR 163. Substrate docking with Cresset Flare revealed that EP adopts
nonproductive poses in Aral’s active site that are more energetically favorable than the catalytic
pose, whereas E4CIAA and 2,3-PD do not. Allosteric pockets were generated using PASSer to
investigate potential mechanisms of EP’s cooperativity, and a pocket that favors binding of EP
over E4CIAA and 2,3-PD was identified. However, this pocket has a low calculated probability
of being an allosteric site. These findings indicate that AKR 163’s mechanism of substrate
inhibition is not general across yeast AKRs, as AKR 308’s substrate inhibition appears to be
mediated by nonproductive pose formation rather than binding of substrate to the enzyme-
NADP" complex. Furthermore, this study identifies conditions under which AKR 163 and AKR
308 would be most optimal for biocatalysis, demonstrating the importance of enzyme screening

studies.
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Background
Overview

A common issue faced by the pharmaceutical industry is the need for more efficient and
environmentally friendly methods to synthesize chiral drugs. To solve this problem,
pharmaceutical companies are increasingly turning to biocatalysis, where enzymes are used to
synthesize chiral molecules in a stereospecific manner that eliminates the need to remove the
unwanted enantiomer.! Aldo-keto reductases (AKRs) are particularly useful for the production of
chiral alcohols.? This superfamily of oxidoreductases reduces aldehydes and ketones to alcohols
via hydride transfer from NADPH, which is oxidized to NADP*.> AKRs share a common (a/B)s-
barrel fold structure, catalytic tetrad, and ordered bi-bi reaction mechanism.? Screening studies
have characterized the substrate specificities of novel AKRs, with the goal of identifying AKRs
that are useful for certain biocatalytic applications. For example, Zarina Akbary identified five
AKRs from the Saccharomyces cerevisiae strain SC108, which was isolated from ancient amber,
that demonstrated stereospecific reduction of a- and p-keto esters.* An SC108 AKR called AKR
163 was selected for further study and found to exhibit substrate inhibition with substrates
containing electron-withdrawing groups, which would impair biocatalysis.® It was hypothesized
that electron-withdrawing substituents increase the rate of the hydride transfer step, allowing a
second substrate molecule to bind to the enzyme-NADP" complex and block further catalysis.”
The present study aimed to systematically compare AKR 163’s behavior to another SC108 AKR
called AKR 308 in order to determine whether AKR 163’s mechanism of substrate inhibition is

general across yeast AKRs.



Enzyme Kinetics and Industrial Applications

Biocatalysis in the Pharmaceutical Industry

The chirality of a drug is one of the most important considerations in pharmaceutical
synthesis. Chiral molecules have four unique substituents attached to a central atom. These
molecules exist as two non-superimposable mirror images called enantiomers (Figure 1).
Enantiomers share the same physical properties, but they differ in chemical properties and thus in
the molecules with which they interact. As a result, enantiomers of a drug may exhibit different
reactivity with biomolecules. Often, one enantiomer of a drug, termed the eutomer, will have the
desired reactivity, while the other enantiomer, termed the distomer, will have no effect or may
even cause harm.® Due to this phenomenon, the U.S. Food and Drug Administration released
guidelines in 1992 mandating that pharmaceutical companies characterize the biological activity
of each enantiomer of a drug and justify the decision to market a drug as a racemate, or as a
mixture of both enantiomers.® These guidelines have promoted a shift toward marketing chiral
drugs as single enantiomers. However, traditional organic methods for stereospecific synthesis
often involve hazardous and expensive chemical catalysts as well as complex and wasteful
procedures for removing the distomer. Therefore, it is of interest to develop more efficient and

environmentally friendly methods for the synthesis of chiral drugs.
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Figure 1. Two enantiomers of a chiral molecule. The enantiomers are mirror images of each
other.

One solution is biocatalysis, or the use of enzymes to catalyze industrial reactions.
Enzymes are biological catalysts that increase the rate of biochemical reactions. They are highly
specific for certain reactants, or substrates. As catalysts, enzymes are not consumed in the
reaction, allowing them to achieve a high turnover rate. Biocatalysis is utilized as an alternative
to chemical catalysts in a wide variety of industries to increase product yield, minimize cost, and
reduce environmental impacts. Examples include the use of proteases in detergents to help
remove stains, the use of a-amylase to catalyze the first step in the conversion of starch to
fructose, the use of phytases as animal feed additives to improve phosphorus uptake, the use of
transglutaminase as a texturing agent, and the use of lipolytic enzymes as emulsifiers in the
baking industry.” Many enzymes are also highly stereospecific, producing a single enantiomer of

the product. As a result, biocatalysis is an attractive option for synthesizing enantiopure chiral



drugs, eliminating the need for costly chemical catalysts and distomer removal. In addition,
enzymes are biodegradable, and enzymatic syntheses require fewer steps and can be carried out
under mild conditions,' making biocatalysis a more sustainable alternative. For these reasons,
interest in pharmaceutical biocatalysis has increased rapidly in the past 25 years.

The syntheses of the anti-ulcer drug dexlansoprazole and the GABA analogue Pregabalin
illustrate the advantages of biocatalysis over traditional organic synthesis. Dexlansoprazole
contains a chiral sulfur atom, as shown in Figure 2. Raju et al’s® chemocatalytic synthesis of
dexlansoprazole employs a chiral titanium catalyst for asymmetric sulfoxidation, requiring a
wasteful crystallization process to remove the undesired (S) enantiomer, expensive reagents,
multiple synthetic and work-up steps, and the use of heating and cooling. Liu et al.” sought to
develop a biocatalytic alternative for dexlansoprazole synthesis involving ChbBVMO, a Baeyer-
Villager monooxygenase from Cupriavidus basilensis. Using a whole-cell biocatalytic system of
E. coli cells expressing ChBVMO, the authors achieved 99% enantiomeric excess (ee) and 100%
conversion of the starting material. Compared to Raju et al.’s procedure, the biocatalytic
synthesis of dexlansoprazole has a much-reduced environmental impact. Liu et al.’s synthesis
generates less waste because it does not require removal of the unwanted enantiomer, which also
explains the higher yield. The biocatalytic approach also requires only one synthetic step,

involves relatively inexpensive and safe reagents, and can be completed at 30 °C.
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Figure 2. Comparison of the chemocatalytic route® to dexlansoprazole synthesis (top) with
the more efficient biocatalytic route’ (bottom). Adapted from Rossino et al.!

Similarly, the biocatalytic synthesis of Pregabalin is more efficient and environmentally
friendly than the first-generation synthesis (Figure 3), which used (S)-mandelic acid resolution
and recrystallization as the final steps to obtain the desired (S) enantiomer.! Martinez et al.’s'’
biocatalytic synthesis employs a commercial Lipolase enzyme that reacts only with the (S)
enantiomer of the starting material, allowing the stereocenter to be set in the first step of the
synthesis. The undesired (R) enantiomer can then be recycled to improve the yield. Compared to
the first-generation synthesis, the biocatalytic synthesis uses a lower amount of chemicals and
solvents, doubles the yield, and reduces the environmental factor (E factor) from 86 to 17.
Pregabalin is also obtained with 99.5% purity and 99.75% ee. These syntheses illuminate the
immense power of biocatalysis in terms of achieving enantioselectivity, improving yield, and

minimizing environmental impact.



First generation Pregabalin manufacturing process
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Figure 3. Comparison of the first-generation route to Pregabalin synthesis with the more
efficient biocatalytic route. Adapted from Martinez et al.'°

Protein engineering and directed evolution offer an opportunity to optimize catalytic
efficiency and expand the scope of organic reactions suitable for biocatalysis. These techniques
allow scientists to overcome common problems associated with biocatalysis, such as narrow or
promiscuous substrate specificity, environmental tolerance, and high substrate loading.” One
example of successful enzyme engineering is the use of the Arthrobacter transaminase ATA-117
to synthesize the antidiabetic drug sitagliptin.!! Wild-type ATA-117 exhibits a limited substrate
specificity, and its binding pocket cannot accommodate prositagliptin ketone. Using site-directed
mutagenesis, molecular docking, and directed evolution, Savile et al.!! produced an ATA-117

variant with vastly improved activity toward prositagliptin. Further protein engineering produced



a variant that could tolerate the environmental conditions required for the large-scale
manufacturing of sitagliptin, such as high temperature and substrate loading. The most effective
ATA-117 variant produced sitagliptin with >99.95% ee and a 92% yield, demonstrating
improvements over the previous rhodium-catalyzed process in terms of yield, waste production,
and cost. Thus, protein engineering allows researchers to maximize the potential of enzymes for

stereospecific pharmaceutical synthesis.

The Enzymatic Mechanism of Rate Enhancement

In order to optimize the biocatalytic potential of enzymes, it is essential to first
understand how they function. Enzymes increase the rate of a reaction by facilitating the
formation of the transition state, which is the highest-energy structure between reactants and
products.'? Achieving the transition state requires an input of free energy known as the activation
energy, or AG* (Figure 4). The activation energy determines the rate of a chemical reaction;
higher activation energies require a greater input of free energy, leading to a slower rate of

reaction.



AG

Reaction Coordinate

Figure 4. Reaction coordinate diagrams for uncatalyzed (top) and enzyme-catalyzed
(bottom) reactions. S = substrate, ES = enzyme-substrate complex, TS = transition state, EP =
enzyme-product complex, AG* = activation energy, and AGp = binding energy. Adapted from
Scholey!.

An enzyme’s ability to lower a reaction’s activation energy relates to the formation of the
enzyme-substrate complex. This occurs when a substrate binds to an enzyme’s active site, which

is a three-dimensional cleft with high affinity for the substrate.!> Noncovalent interactions



between the enzyme and substrate lead to a release of free energy known as the binding energy
(AGBg). The enzyme has the greatest affinity for the transition state; in other words, the active site
exhibits the greatest number of noncovalent interactions with the transition state. Thus, when the
transition state is achieved, the maximum binding energy is released. Through this mechanism,
the enzyme stabilizes the transition state and makes its formation more energetically favorable,'*

lowering the reaction’s activation energy and increasing the rate of the reaction.

Enzymatic rate enhancement has significant consequences for biology. While the half-
lives of uncatalyzed biochemical reactions can range up to millions of years, enzymes generally
catalyze reactions with ke values of 100-1000 s!, equating to half-lives of less than a second. '
In the absence of enzymes, these reactions would not occur at sufficiently fast rates to sustain

life.

It is important to note that enzymes do not affect the overall equilibrium of a reaction
(AQG). In other words, enzymes do not affect the equilibrium concentrations of the substrate and
product or the free energy difference between them.!* Instead, enzymes increase the rate at which

the reaction proceeds toward equilibrium.

Michaelis-Menten Kinetics

The study of enzyme kinetics allows researchers to quantify the speed of enzyme-
catalyzed reactions, investigate substrate preference, and optimize conditions for biocatalysis.?
The Michaelis-Menten model (Figure 5), first derived experimentally by Leonor Michaelis and
Maud Menten in 1913,'® describes the most common type of enzymatic kinetic behavior. In this

model, reaction velocity initially increases in a linear fashion as substrate concentration
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increases. Eventually, all enzyme active sites become saturated with substrate, and increases in
substrate concentration no longer affect the reaction velocity, causing it to plateau. Enzymes that
follow Michaelis-Menten kinetics produce a hyperbolic velocity vs substrate concentration

curve, as shown in Figure 5.
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Figure 5. Reaction velocity vs concentration plot for an enzyme that exhibits Michaelis-
Menten kinetics. The Vmax and Kwm for this reaction are labeled. The Michaelis-Menten reaction
mechanism (top) and the Michaelis-Menten equation (bottom) are also shown. Because the
Michaelis-Menten model only considers initial reaction velocities, k.» was omitted from the
mechanism.

The Michaelis-Menten model incorporates several key assumptions: 1) the enzyme and
substrate form an enzyme-substrate (ES) complex that dissociates to enzyme and substrate or

proceeds to product, 2) velocities are measured at the initial stage of the reaction, before the
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reverse reaction becomes consequential, 3) the rate of the enzyme-catalyzed reaction is
proportional to the concentration of the ES complex, 4) the substrate concentration is much
larger than the enzyme concentration, and 5) the rate of change of the ES complex concentration
is negligible compared to the rate of change of the substrate and product concentrations. A
mechanism that satisfies the first two assumptions is shown in Figure 5. From these five
assumptions, one can derive the Michaelis-Menten equation, which is also shown in Figure 5. A

full derivation of the Michaelis-Menten equation is presented in the Appendix.

In the Michaelis-Menten equation, [S] represents the substrate concentration, Vo
represents the initial reaction velocity (dependent on substrate concentration), and Vmax
represents the reaction velocity when the enzyme is saturated with substrate. Dividing Vmax by
the enzyme concentration yields kcat, or the enzyme’s turnover number, which is equivalent to the
rate constant ko for product formation. ket is @ measure of an enzyme’s catalytic power, where

higher values indicate faster catalysis.
Kw is defined as follows:

kgt

K
M k,

Kwm can also be defined as the substrate concentration necessary to achieve a reaction
velocity equivalent to half of Vimax. Under this definition, Km can be used to approximate an
enzyme’s affinity for a substrate, particularly if the catalytic step is slower than dissociation of
the enzyme-substrate complex. A lower Km indicates that a lower substrate concentration is

necessary to achieve %2 Vimax, which indicates higher affinity for the substrate. Dividing keat by
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Kwm yields the catalytic efficiency, which reflects an enzyme’s preference for a particular

substrate. Higher efficiency values indicate greater preference for a substrate.

Non-Michaelis Menten Kinetics

Most enzymes obey Michaelis-Menten kinetics, but it is not the only type of enzymatic
kinetic behavior. The most common deviation from Michaelis-Menten kinetics is substrate
inhibition,!” where the enzyme is inhibited by its own substrate. In this model, the velocity curve
reaches a maximum and then decreases with increasing substrate concentration (Figure 6).
Substrate inhibition is commonly attributed to a second substrate molecule binding to the ES

17.18 a5 shown in the

complex, forming a dead-end SES complex that cannot proceed to catalysis,
mechanism in Figure 6. However, binding of the inhibitory substrate to the enzyme-product
complex has been demonstrated as well.!” The equation for substrate inhibition is shown in

Figure 6. In this equation, K; represents the inhibitory constant, or the substrate concentration at

which 50% of the enzyme molecules are inhibited.
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Figure 6. Reaction velocity vs concentration plot for an enzyme that exhibits substrate
inhibition. The reaction velocity approaches zero as substrate concentration increases. The
mechanism for substrate inhibition (top) and the substrate inhibition equation (bottom) are also
shown.

Substrate inhibition occurs in 25% of known enzymes,'” suggesting that it serves a
biological purpose. In fact, there are several examples of the biological relevance of substrate

inhibition, which are summarized by Reed et al.'

For example, the glycolytic enzyme
phosphofructokinase is inhibited by high concentrations of its substrate ATP. This phenomenon is
logical in the context of glycolysis; further production of ATP is unnecessary if the cell’s ATP
requirements are met. Additionally, acetylcholinesterase displays inhibition by its substrate

acetylcholine, ensuring that acetylcholine is only degraded after post-synaptic receptor binding,

when concentrations in the synapse are low. Finally, tyrosine hydroxylase is inhibited by its
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substrate tyrosine, ensuring that dopamine synthesis remains constant despite fluctuations in

tyrosine concentration in the brain before and after meals.

Cooperativity is another example of deviation from Michaelis-Menten kinetics. This
behavior is most commonly observed with oligomeric enzymes that contain multiple active sites.
In the concerted model of cooperative behavior, an enzyme exists in an equilibrium between two
forms: the T state, which has low affinity for substrate, and the R state, which has high affinity
for substrate.?’ At low substrate concentrations, most of the enzyme molecules are in the T state.
As the substrate concentration increases, substrate binding to the T state causes conformational
changes that convert all subunits to the R state, reflected by E* in the mechanism shown in
Figure 7. In this process, each active site acquires higher affinity for the substrate. Binding of
substrate to the R state reduces the number of unbound enzyme molecules in the R state, which
results in increased conversion of the T state to the R state to maintain equilibrium.
Consequently, the proportion of enzyme molecules in the R state increases as substrate
concentration increases, producing a characteristic sigmoidal binding curve that displays an

exponential increase in reaction velocity (Figure 7).
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Figure 7. Reaction velocity vs substrate concentration plot for an enzyme that exhibits
cooperative behavior. The velocity curve is sigmoidal, which is characteristic of cooperative
behavior. The mechanism for cooperative behavior for a dimeric enzyme is shown in the bottom
right, with E representing the T state and E* representing the R state. The Hill equation is shown
in the upper left.

The Hill equation for cooperative behavior is shown in Figure 7. In this equation, Ko s
represents the substrate concentration at which 50% of the enzyme molecules are bound by
substrate, and n represents the Hill coefficient, which reflects the number of substrate binding

sites.

Cooperative behavior is a useful concept in analyzing the effects of allosteric regulators,
which bind outside the active site and control metabolic pathways. For cooperative enzymes, an
allosteric inhibitor stabilizes the T state, reducing the enzyme’s affinity for substrate, while an
allosteric activator stabilizes the R state, increasing the enzyme’s affinity for substrate.°

Aspartate transcarbamoylase, which catalyzes the first step of pyrimidine nucleotide biosynthesis
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by producing N-carbamoyl-L-aspartate from carbamoyl phosphate and aspartate, represents one
example of this mechanism of allosteric regulation.?! The substrate aspartate produces
conformational changes that weaken the interactions stabilizing the T state, shifting the
equilibrium toward the R state and promoting cooperative behavior. CTP, the end product of
pyrimidine nucleotide biosynthesis, acts as an allosteric inhibitor that stabilizes the T state of
aspartate transcarbamoylase. ATP, a precursor to carbamoyl phosphate, acts an allosteric
activator that stabilizes the R state of aspartate transcarbamoylase. Through allosteric effects that
modulate aspartate transcarbamoylase’s cooperative behavior, CTP and ATP facilitate feedback
and feedforward regulation of pyrimidine nucleotide biosynthesis, respectively, depending on the

cell’s needs.

Oxidoreductases and the Production of Chiral Alcohols

There are six major classes of enzymes: oxidoreductases, transferases, hydrolases, lyases,
isomerases, and ligases.'* While hydrolases are the most commonly used industrial enzymes,*'*
oxidoreductases also play a significant role in biocatalysis. As the name suggests,
oxidoreductases catalyze oxidation-reduction reactions, using a cofactor as an electron donor or
acceptor.?? About 80% of oxidoreductases use the closely related molecules NAD(H) and
NADP(H) as cofactors.? Other cofactors include cytochrome, molecular oxygen, hydrogen
peroxide, iron-sulfur proteins, and flavin.?? The class of oxidoreductases encompasses
dehydrogenases, monooxygenases, dioxygenases, oxidases, and peroxides. Biocatalytic
applications of these enzymes include the oxidation of alcohols to aldehydes, asymmetric
epoxidation of alkenes, sulfur oxidation, reduction of ketones and aldehydes to alcohols,

reductive amination of aldehydes and ketones, carboxylic acid reduction to aldehydes, and
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asymmetric hydrogenation.? One limitation of oxidoreductases is the requirement for a
stoichiometric amount of NAD(P)(H).?? This is often addressed by coupling the reaction to an

enzymatic regeneration system that recycles the cofactor, such as glucose dehydrogenase (GDH).

Oxidoreductase-catalyzed reduction reactions are especially useful because they often
yield chiral products. There is particular interest in using oxidoreductases to reduce ketones and
aldehydes to chiral alcohols, which represent important functional groups and intermediates of
many pharmaceuticals.?? Alcohol dehydrogenases and aldo-keto reductases (AKRs) are the
major superfamilies of oxidoreductases that catalyze these reactions.? Due to their broad
substrate specificity, high enantioselectivity, and preference for reduction over oxidation,* AKRs
are becoming increasingly prevalent in the biocatalytic production of chiral alcohols.>> The
remainder of this thesis will focus on the characteristics of AKRs as well as their biocatalytic

applications.

Aldo-Keto Reductases: An Overview

AKRs are a superfamily of mostly monomeric, mainly NADP(H)-dependent
oxidoreductases that catalyze the reduction of aldehydes and ketones to alcohols.’ More than 190
AKRs had been identified as of 2015. AKRs are divided into 16 families, which are further
divided into subfamilies based on shared sequence identity. These enzymes are expressed in all
organisms, and they have a wide substrate specificity that includes sugars, lipid aldehydes, and
ketosteroids as well as carcinogens like aflatoxin. While AKRs exhibit a strong preference for

NADPH over NADH,** some AKRs exhibit dual NADPH/NADH specificity?® or rely
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exclusively on NADH?’. Many AKRs share common features in their structure, catalytic

mechanism, kinetic mechanism, and biological function, which are described below.

AKR Structure

AKRs share a common scaffold and cofactor binding site, but they exhibit some
differences in active site construction and structural loops that contribute to substrate specificity.
Aldose reductase, or AKRI1BI, serves as a representative example of AKR structure (Figure 8).
All AKRs adopt an identical (o/p)s-barrel fold, also known as a triose-phosphate isomerase
(TIM) barrel.”® The TIM barrel consists of eight central parallel B-strands alternating with a-
helices, which form the outer layer and run antiparallel to the B-strands.?’ The amino terminus
adopts a short antiparallel p-hairpin at the bottom of the TIM barrel.?® AKRs also contain a
variety of extraneous helices and loops that differ between subfamilies, contributing to variations

in cofactor binding and substrate specificity.?*
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Figure 8. Crystal structure of NADPH-bound aldose reductase. This enzyme exhibits the
TIM barrel and three large loops near the active site that are characteristic of AKRs. a-helices are
shown in magenta, B-sheets are shown in yellow, and loops are shown in white. NADPH is
shown in ball-and-stick form. This crystal structure was obtained from RCSB Protein Data Bank
with identifier 1ABN and solved by Borhani et al.>* Labeling of the loops was derived from
Campbell et al.’!

NADPH-binding residues are conserved across all AKRs, and the mechanism of cofactor
binding is nearly identical. NADPH is bound in an extended conformation on the C-terminal side

of the TIM barrel, with the nicotinamide ring situated in the B-sheet core and the pyrophosphate
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bridge situated in the outer lip between the B-sheets and a-helices.”’ Upon NADPH binding,
AKRs undergo a conformational change.?® In rat liver 3a-hydroxysteroid dehydrogenase (3a-
HSD, or AKR1C9), this conformational change occurs when Arg-276 forms a salt bridge with
the adenine 2’-phosphate of NADPH, anchoring the cofactor in place.>? Arg-276 is highly
conserved across AKRs, implying that this binding mechanism is conserved as well.*° In
addition, some AKRs, such as aldehyde reductase (AKR1A1) and aldose reductase (AKR1B1),
contain residues that form a salt-bridge “safety belt” over the pyrophosphate bridge, locking
NADPH in place.?® In AKR1BI, loop B represents the “safety belt” (Figure 8).%° This “safety
belt” contributes to increased affinity for the cofactor as well as the rate-limiting step of cofactor
release,”® which will be discussed in more detail later. NADPH binding also establishes the
stereospecificity of AKRs. Due to aromatic n-stacking interactions between the nicotinamide ring
and a Tyr or Trp residue, NADPH is always bound in the anti conformation.?® As a result, the 4-

pro-R hydrogen is always transferred from C4 of the nicotinamide ring to the substrate carbonyl.

While portions of the AKR active site are conserved, there are also regions of variation
that account for substrate specificity. The substrate-binding site forms a cleft at the C-terminal
end of the TIM barrel and consists of the oxyanion binding site (conserved Tyr and His residues
and C-4 of the nicotinamide ring), residues at the edge of the active site, and three loops that
form the sides of the cleft (loops A, B, and C in Figure 8).>” Residues in the substrate-binding
cleft are less conserved compared to residues that bind NADPH, and the size of the substrate-
binding cleft is also highly variable.?® Residues at the edge of the active site and in the three
loops are particularly prone to variation, indicating that these regions determine substrate

specificity.?® For example, the residues at positions 54 and 118 at the edge of the active site vary
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between aldose reductases and hydroxysteroid dehydrogenases, indicating that these residues
discriminate between sugar and steroid substrates.?’ Thus, residues in these regions are excellent

targets for protein engineering to alter substrate specificity for biocatalysis.

The Catalytic Tetrad

AKR active sites contain four conserved residues: Tyr-55, His-117, Lys-84, and Asp-50
(AKR1C9 numbering).?® Because these four residues are critical for hydride transfer, they are
referred to as the catalytic tetrad. In order for hydride transfer to occur, one of these conserved
residues must act as a proton donor in the reduction reaction and as a proton acceptor in the
oxidation reaction. Site-directed mutagenesis experiments showed that the catalytic tyrosine

residue fulfills this role.2633:34

Based on work with AKR1C9, Schlegel et al.>* proposed a “push-pull” catalytic
mechanism that incorporates Tyr-55 as the general acid/base and assigns catalytic roles to His-
117, Lys-84, and Asp-50. The “push-pull” mechanism proceeds counterclockwise through Figure
9. The reduction direction begins with step 1 and ends with step 3. In step 2, a hydride is
transferred from NADPH to the carbonyl, and Tyr-55 donates a proton to the carbonyl,
generating the alcohol product and oxidizing NADPH to NADP". Additionally, His-117
protonates Tyr-55’s hydroxyl group, enhancing Tyr-55’s ability to act as a general acid. The
oxidation direction begins with step 3 and ends with step 1. In step 4, Tyr-55 abstracts a proton
from the alcohol, and a hydride is transferred from the alcohol to NADP™, generating the
carbonyl product and reducing NADP" to NADPH. Additionally, Lys-84 deprotonates Tyr-55’s

hydroxyl group, enhancing Tyr-55’s ability to act as a general base. Asp-50’s negatively charged
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carboxyl group stabilizes the positive charge that forms on Lys-84 during this process. Thus, via
proton shuttling, His-117 facilitates proton donation in the reduction direction, and Lys-84
facilitates proton removal in the oxidation direction. However, this mechanism of proton
shuttling may not be universally applicable to all AKRs.?® Kratzer et al.,?° for example,

concluded that Lys-80 and His-113 do not assist directly in catalytic proton transfer for xylose

reductase.
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Figure 9. The “push-pull” mechanism of AKR catalysis. In the reduction reaction, His-117
protonates Tyr-55, facilitating proton donation. In the oxidation reaction, Lys-84 deprotonates
Tyr-55, facilitating proton removal. Adapted from Schlegel et al.>*
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Residues in the catalytic tetrad also play indirect roles in catalysis. Bohren et al.** found
that His-110 assists in substrate binding and determines substrate stereospecificity for AKR1BI1,
as mutation of His-110 prevented AKR1B1 from distinguishing between D-xylose and L-xylose.

Kratzer et al.?®

also proposed that His-113 in xylose reductase positions the carbonyl substrate
for hydride transfer. In xylose reductase, Lys-80 activates the electrophilic carbonyl group for
hydride transfer. It also stabilizes partial negative charges on the carbonyl oxygen and Tyr-51s
phenolic oxygen, contributing to an overall neutral charge in the active site. Finally, there is
evidence that the catalytic Tyr may also function in substrate binding via hydrogen bonding to

the carbonyl oxygen.?®

The Kinetic Mechanism of AKRs

In addition to characterizing the catalytic mechanism of AKRs, it is of interest to
determine their kinetic mechanism, or the order in which cofactor and substrate are bound to and
released from the enzyme and the rates associated with each binding step. All AKRs follow an
ordered bi-bi kinetic mechanism in both the reduction and oxidation directions,’ as exemplified
by pioneering studies on AKR1B13* and AKR1C9*®. This kinetic mechanism is illustrated in
Figure 10. The first step of an ordered bi-bi mechanism is the binding of cofactor to the enzyme.
The enzyme then undergoes conformational changes (E to E*) such as cofactor anchoring®® and
“safety belt” formation®® to achieve tighter cofactor binding, as described previously. Following
the conformational change, the substrate binds to the enzyme, forming a ternary complex.
Hydride transfer occurs, and the product is released from the enzyme-NADP" complex. The

enzyme then undergoes another conformational change (E* to E), and NADP" is released.



24

E + NADPH
NADP*
E<NADPH

E*NADP*

Rate Limiting Step — g E*NADPH+S

E*NADP"

E*-NADPH-S
P/&E’“NADPhP

Figure 10. The ordered bi-bi kinetic mechanism for AKR-catalyzed reactions, where
cofactor binding precedes substrate binding and cofactor release follows product release. E
represents enzyme, S represents substrate, P represents product, and E* represents a
conformational change. Figure from 2023 ACS Spring Meeting presentation by Akbary et al.>’

.

When characterizing the kinetic mechanism of AKRs, it is also important to determine
the rate-limiting step, or the slowest step of the reaction that determines the overall reaction rate.
In the reduction direction, the rate-limiting step is typically the change from E* to E that
precedes NADP™ release, as the strong interactions between enzyme and cofactor facilitated by
conformational changes like “safety belt” formation need to be broken.?® Consistent with this
prediction, the conformational change preceding NADP™ release is the rate-limiting step in the
reduction direction for both AKR1B1%> and AKR2B5%, as well as many other AKRs. However,

exceptions do occur, such as AKR1C9-¢,
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Microbial AKRs

Microbial AKRs, or AKRs derived from bacteria, yeast, and fungi, represent the most
common source of enzymes for biocatalysis. In general, microbial enzymes are easier to obtain
and purify compared to plant and animal sources, and microorganisms exhibit greater
availability, generate less waste, and display higher stability under the conditions necessary for
industrial reactions, making microbial enzymes more cost-effective overall.'* The use of
microorganisms also permits simple genetic manipulation via plasmid insertion, allowing

researchers to easily produce novel or mutated enzymes with new biocatalytic applications.'*

Understanding the physiological function of microbial AKRs is also important, as it can
provide clues to substrate specificity as well as insight into the function of homologous human
AKRs. One common finding is that microbial AKRs serve a crucial role in stress responses,
similar to their human counterparts. For example, upregulation of the AKR gene was observed in
Candida glabrata isolates that were resistant to the antifungal drugs fluconazole and
itraconazole,*® suggesting that this AKR protein is important in detoxification. Saccharomyces
cerevisiae also produces several AKRs involved in stress responses. Triple mutation of the YPRI,
GRE3, and GCY1 increased the susceptibility of S. cerevisiae cells to heat shock.’® In addition,
triple and pentuple deletion of S. cerevisiae AKRs produced several markers of oxidative stress,
including decreased glutathione levels, nuclear localization of the transcription factor Yapl, and
upregulation of oxidative stress regulatory genes.*’ These mutants also displayed defects in
transcription, as evidenced by their dependence on inositol supplementation.*’ Significantly,
Yprl, Gre3, and Geyl display considerable homology with AKR1B1,*' and transformation of the

triple-null S. cerevisiae mutant with AKR1B1 partially rescues heat shock sensitivity*. Thus,
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microbial AKRs are important not only in biocatalysis but also in advancing our understanding

of human AKRs.

AKRs in Biocatalysis

AKRs are of great interest in the pharmaceutical and fine chemical industries for the
stereospecific synthesis of chiral alcohols. In many cases, the AKR-catalyzed reactions are
greener and more efficient than chemocatalytic or even other biocatalytic alternatives. Like other
enzymes utilized in biocatalysis, AKRs are often engineered for improved substrate specificity

and environmental tolerance.

One example of an AKR-catalyzed large-scale industrial process is the synthesis of an

intermediate of the asthma and allergy drug Montelukast (Figure 11a).*?

Previously, scientists
used the chemical catalyst (-)-DIP-CI to set montelukast’s single stereocenter. However, this
catalyst exhibits several problems, such as corrosivity, poor atom economy, complicated workup
procedures, and large amounts of waste. In order to develop a biocatalytic alternative, Liang et
al.*? selected AKRs from Codexis’ collection that reduced the montelukast intermediate and then
performed directed evolution to obtain variants with improved activity, thermal stability, and
organic solvent tolerance. The most optimal engineered AKR exhibited 3000-fold higher activity

and produced the chiral alcohol with greater than 95% yield and greater than 99% ee. Compared

to the (-)-DIP-CI synthesis, use of an AKR reduced the process mass intensity (PMI) by 30%.

AKRs have also been utilized in the industrial production of (R)-2-methylpentanol
(Figure 9b), an intermediate for several pharmaceuticals and liquid crystals.** Previous

chemocatalytic and chemoenzymatic kinetic resolution procedures for racemic 2-
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methylvaleraldehyde reduction displayed low enantioselectivity, requiring additional steps or

high pressure to achieve high ee. Gooding et al.*

performed directed evolution of a
Lactobacillus kefir AKR under desired process conditions, successively improving the
enantioselectivity, activity, and thermal stability of the AKR variants. The final AKR variant met

the process goals, achieving 45% conversion in 28 hours with 99.93% product purity and

98.22% ee in a one-step reaction.
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Figure 11. Use of engineered AKRs for the enantioselective, biocatalytic production of
montelukast*’ (a) and (R)-2-methylpentanol® (b). KRED = keto-reductase.

Human AKRs

Human AKRs represent another important area of AKR research. These enzymes are
some of the most well-characterized AKRs in terms of their structure, function, and substrate
specificity, and they exhibit some similarities with microbial AKRs. Furthermore, certain human

AKRs represent disease targets and serve as the primary metabolizing enzymes of various drugs.
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The human AKRs exhibit a variety of physiological functions. One of their most
important functions is detoxification of lipid aldehyde electrophiles produced under oxidative
stress, which are linked to atherosclerotic plaques and neurodegenerative diseases.** AKR1C1
reduces one such lipid aldehyde, 4-hydroxy-2-nonenal, with high catalytic efficiency, and it is
induced under conditions of oxidative stress.*> In addition, human AKRs function in steroid
metabolism. For example, AKR1C1 converts progesterone to the inactive form 20a-
hydroxyprogesterone, and AKR1C3 converts estrone to estradiol, the active form of estrogen.*®
As a result, these enzymes regulate access of estrogens and progestins to their receptors, altering
the biological response produced by these hormones. Finally, human AKRs function in the
metabolism of retinoic acid, which binds to peroxisome proliferator-activated receptor y (PPARY)
and exhibits anti-proliferative effects.** AKR1B1 and AKR1B10 reduce retinal to retinol,*’

preventing retinal from being oxidized to retinoic acid and thus inhibiting retinoic acid signaling.

In addition to their physiological substrates, human AKRs metabolize a number of
xenobiotic substrates. This includes the tobacco carcinogen 4-methylnitrosamino-1-(3-pyridyl)-
1-butanone (NNK)*® and the liver carcinogen aflatoxin.*” Human AKRs also metabolize various
pharmaceuticals.?* For example, the AKR1C enzymes reduce the anticancer drug oracin, the
opioid overdose medication naloxone, and the beta blocker befunolol.’! Aldehyde reductase
contributes to metabolism of the anticancer drug daunorubicin, and it is the primary enzyme that

reduces the diabetes drug acetohexamide in the liver.’!

Several human AKRs are implicated in disease and represent important drug targets. For
example, AKR1BI1 is linked to diabetic complications like neuropathy and nephropathy because

it converts excess glucose to the hyperosmotic sugar sorbitol.® In addition, AKR1B10 is
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overexpressed in smokers’ non-small cell lung carcinoma.’> AKR1B10’s role in inhibiting the
retinoic acid pathway, which exerts anti-proliferative effects and promotes tumor cell
differentiation, may explain its link to cancer.>*’ Abnormal expression of AKR1C1 and AKR1C3
has also been observed in endometrial cancer, which may contribute to the dysregulation of
progesterone and estradiol levels that is characteristic of this type of cancer.* Inhibition of these
AKRs represents an attractive strategy to treat cancer and diabetes, and a number of AKR
inhibitors are in preclinical and clinical development.* For example, diabetes patients treated
with the AKR1B1 inhibitor fidarestat displayed improvement in several symptoms of diabetic
peripheral neuropathy compared to the placebo group.>® Additionally, the AKR1B10 inhibitor
oleanolic acid inhibits the growth of cancer cells overexpressing AKR1B10.>* Overall, the study

of human AKRs is important from both a functional and pharmacological perspective.

Screening Approaches

In order to design a large-scale biocatalytic process that incorporates AKRs, it is essential
to first identify AKRs with some activity toward the desired carbonyl. Once an initial AKR has
been identified, protein engineering and optimization can occur. Thus, the first step in
biocatalysis often involves screening various AKRs for activity toward the desired substrate,
which can be cumbersome due to the large number of AKRs and microbial sources. One
alternative is to consult previous studies in which AKRs were screened against broad categories
of substrates. While these studies may include industrially important chemicals or
pharmaceutical precursors, their major focus is on establishing AKR substrate specificity or
identifying AKRs that are particularly useful for reduction of certain carbonyls. For instance,

1 55,56

Kaluzna et a characterized the activities of 18 purified S. cerevisiae AKRs toward various o-
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and B-keto esters. These researchers also determined the stereoselectivity of each reduction
reaction, a particularly helpful metric for biocatalysis. In another example, Ni et al.>’ screened 11
E. coli strains overexpressing Bacillus oxidoreductases, and they selected YtbE for further
analysis on the basis of 2-chloroacetophenone reduction. Ni et al. characterized YtbE’s activity
and enantioselectivity with 20 aromatic ketones and keto esters, including the important

1.8 utilized a

pharmaceutical intermediate ethyl 4,4,4-trifluoroacetoacetate. Finally, Liang et a
gene mining approach to identify five microbial AKRs with high catalytic activity toward bulky

ketones, which are characteristic pharmaceutical intermediates. All of these AKRs reduced the

bulky ketones with almost 100% ee, demonstrating their potential utility in biocatalysis.

While many screening approaches utilize AKRs from established microbial strains like S.
cerevisiae, there is also the potential to consider novel sources of AKRs. One example is
ancestral microbial strains, which may possess distinct ketoreductase activity compared to their
modern-day counterparts. Pursuing this line of investigation, Zarina Akbary examined the
ketoreductase activity of S. cerevisiae strain SC108, which was isolated from 45-million-year-old

amber.* Her work forms the basis of the experiments described in this thesis.

The AKRs of SC108

Initial Studies of the SC108 AKRs

Akbary observed whole-cell ketoreductase activity in SC108, which catalyzed the
reduction of ethyl pyruvate (EP), ethyl acetoacetate (EAA), and E4CIAA.* She then identified
eight putative AKR gene sequences of interest from SC108, and she successfully cloned five of

these sequences into E. coli. The recombinant E. coli cells reduced EP, EAA, and E4CIAA,
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indicating that these AKRs contribute to the ketoreductase activity observed in SC108. Akbary
also determined the chiral configuration of products from some of the cell extracts, confirming
stereospecific reduction for all AKRs except AKR 169. Thus, these enzymes are potentially

useful in biocatalysis.

AKR 163 and the Discovery of Substrate Inhibition

The researchers continuing Akbary’s work sought to evaluate the kinetic behavior,
substrate specificity, and biocatalytic applications of the SC108 AKRs. To do this, they isolated
the SC108 AKRs from E. coli and purified them for in vitro analysis. Because AKR 163

exhibited the highest purity based on SDS-PAGE, it was selected for further study.’

AKR 163 shares 98.7% of its amino acid residues with the a-amide ketoreductase
Yd1124w,*® which has been used previously in biocatalysis. For example, a YdI124w/GDH-
coupled system displayed stereospecific reduction of E4CIAA to the statin side chain
intermediate (S)-4-chloro-3-hydroxybutanoate in both in vitro and whole-cell conditions.*
Ydl124w was also incorporated into an enantiospecific synthesis of the Taxol side chain,
reducing an o-chloro-B-keto ester precursor via whole-cell biocatalysis with 98% ee.®! Therefore,
the study of AKR 163 has important industrial implications, as AKR 163 could be utilized in

these syntheses or for novel applications depending on its substrate specificity.

Kinetic investigations of AKR 163 revealed surprising results. AKR 163 displayed typical
Michaelis-Menten kinetics with EAA as well as ethyl propionyl acetate (EPA) and ethyl-2-
methylacetoacetate (E2MAA), which are EAA analogues that contain alkyl groups (Figure 12a).

On the other hand, AKR 163 was found to exhibit substrate inhibition with EAA analogues that
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contain an electron-withdrawing group proximal to the reduced carbonyl, such as E4CIAA,

ethyl-2-fluoroacetoacetate (E2FAA), and EP (Figure 12b).
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Figure 12. AKR 163 displays Michaelis-Menten behavior with EAA analogues containing
alkyl groups (a) and substrate inhibition behavior with EAA analogues containing electron-
withdrawing groups (b). Figure from Akbary et al.’

Substrate inhibition is rare among AKRs, and it has not been reported for Ydl124w.
However, there are a few examples of substrate inhibition in AKRs, including AKR1B1¢2,
AKRI1D1®, and the Bombyx mori enzyme AKR2E4%, In the latter two cases, substrate inhibition
was observed with a physiological substrate. In addition, a Sporobolomyces salmonicolor
oxidoreductase from a different superfamily exhibited substrate inhibition with E4CIAA,%
similar to AKR 163. Thus, studying substrate inhibition in AKR 163 can provide insight into

inhibition in other AKRs and improve the scientific understanding of these enzymes.
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Substrate inhibition is detrimental to biocatalysis, in which high substrate loadings are
common.®®*%” In the case of AKR 163, low concentrations of electron-withdrawing substrates
would be required in order to avoid inhibition, limiting the amount of product that can be
produced. Therefore, it is critical to identify the causes of AKR 163’s substrate inhibition as well
as approaches to ameliorate this behavior. Understanding AKR 163’s substrate inhibition is also

useful for future biocatalytic approaches that aim to utilize AKRs exhibiting substrate inhibition.

After characterizing AKR 163’s kinetic behavior, Akbary et al.’ proposed a model for this
enzyme’s substrate inhibition that incorporates AKRs’ ordered bi-bi kinetic mechanism (Figure
13). In this model, electron-withdrawing groups increase the electrophilicity of the carbonyl
carbon by withdrawing electron density, making the carbonyl carbon more reactive and leading
to a more rapid hydride transfer. This hypothesis is supported by the low Ky values for substrates
containing electron-withdrawing groups compared to EAA analogues with alkyl groups.
Assuming that the conformational change preceding NADP™ release is the rate-limiting step, the
more rapid hydride transfer leaves most of the enzyme in the form of the enzyme-NADP”*
complex. A second substrate molecule can then bind to the enzyme-NADP" complex, preventing

NADP" dissociation and thus hindering catalysis.
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Figure 13. The mechanism of AKR 163’s substrate inhibition proposed by Akbary et al.’
Electron-withdrawing groups adjacent to the reactive carbonyl increase the rate of hydride
transfer, leaving most of the enzyme in the form of the enzyme-NADP" complex. This allows a
second substrate molecule to bind to the enzyme-NADP" complex and block NADP*
dissociation. Figure from 2023 ACS Spring Meeting presentation by Akbary et al.’’

While this proposed model is logical in the context of AKR 163’s kinetic behavior, it has
not been experimentally validated. Previous attempts to determine a precise mechanism for AKR
163’s substrate inhibition have so far been unsuccessful. For example, enzyme-catalyzed dead-
end adduct formation between the substrate and NADP*, which was previously observed to
facilitate substrate inhibition in aldose reductase,’® did not appear to contribute to the substrate
inhibition of AKR 163 (Goldman and Cassano, unpublished data). In addition, the glutathione-S-
transferase (GST) tag fused to AKR 163 to facilitate its purification does not appear to cause
substrate inhibition, as an AKR sample procured after removing the GST tag displayed the same
substrate inhibition activity (Nazari and Cassano, unpublished data). One unexplored possibility
is that substrate inhibition occurs solely due to the substrate binding to the enzyme-NADP*

complex, so substrate inhibition with EAA analogues with electron-withdrawing groups may be
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a general feature of AKRs. Therefore, attention has turned to purifying the other AKRs cloned

from SC108 in order to compare their kinetic behavior to AKR 163.

AKR 308/Aral: A Literature Review

AKR 308 became the next enzyme of interest due to its increased solubility compared to
the other three cloned AKRs, allowing larger yields from enzyme preparations.* AKR 308 is
nearly identical to the S. cerevisiae S288C enzyme D-arabinose dehydrogenase (Aral), which
reduces the toxic o,B-dicarbonyls 2,3-pentanedione (2,3-PD), diacetyl, and methylglyoxal with
K values below 20 mM and kea values between 4 s and 7 s1.% aral knockout decreased the
growth rate of yeast cells exposed to diacetyl,” and overexpression of aral in S. cerevisiae led to
a fivefold increase in whole-cell diacetyl reductase activity’’. In addition to reducing diacetyl to
acetoin, Aral can also reduce acetoin asymmetrically to 2,3-butanediol, with opposite

stereoselectivity to butanediol dehydrogenase.”!’?

Aral plays a protective role in vivo because it helps attenuate the stressful conditions
generated by methylglyoxal, diacetyl, and 2,3-pentanedione. a,B-dicarbonyls are toxic because
they react with amines via the Maillard reaction to form imines known as advanced glycation
end products.”® This imine formation inhibits enzymes, triggers DNA mutagenesis, and generates
redox cycling, which increases reactive carbonyl species formation and induces oxidative
stress.”® The expression of aral also increases about twofold in response to oxidative stress

induced by H20,, providing further evidence for Aral’s protective role.”

Aral’s wide substrate range and stereospecificity make AKR 308 well-suited for a variety

of biocatalytic applications. For example, Aral reduces a,-dicarbonyls to (S)-a-hydroxyketones
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with greater than 96% ee.”? Interestingly, Aral produces alcohols with the opposite
stereochemistry from Ydl124w, which favors the R enantiomer.”” Aral also reduces a wide
variety of a- and B-keto esters® as well as o-chloro-B-keto esters,’® demonstrating its versatility.
Therefore, it is of interest to analyze AKR 308’s kinetic behavior in order to determine the
optimal conditions for biocatalysis and assess whether this enzyme exhibits substrate inhibition,

which would pose potential problems for biocatalytic applications.

In addition to kinetic studies, an exploration of Aral’s structure allows for a deeper
understanding of AKR 308’s catalytic behavior, potential substrate inhibition, and utility in
biocatalysis. Unlike the monomeric Ydl124w,>® Aral exists as a homodimer composed of two 40
kDa subunits.® Several studies have also noted a 39 kDa band on SDS-PAGE,”>”>7® which
initially led to the conclusion that Aral was a heterodimer.”> However, the smaller subunit was
eventually identified as degraded Aral, which has been observed in both E. coli and S.
cerevisiae.”® Aral was confirmed to be a homodimer based on the crystal structure of the
apoenzyme (41JC) and its complex with NADPH (41JR).”” The 4ijr crystal structure is shown in
Figure 14. Subunit interactions occur between strand BA, strand BB, the loop Met-15-Tyr-24, and
the loop Lys-91-Leu-96. Based on sequence alignment, Aral’s catalytic tetrad consists of Asp-
66, Tyr-71, Lys-100, and His-131. Hu et al.”” also docked diacetyl and 2,3-PD into the Aral
active site. Aral’s published crystal structure provides mechanistic insights into AKR 308’s
kinetic behavior, and the dimeric nature of this enzyme creates a possibility for more unique

behaviors like cooperative binding.
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Figure 14. Crystal structure of Aral in complex with NADPH. o helices are shown in light
blue, B sheets are shown in yellow, loops are shown in green, and NADPH is shown in dark blue.
This crystal structure was obtained from RCSB Protein Data Bank with identifier 41JR, and it
was solved by Hu et al.”’

Present Study

This thesis describes a broad investigation of AKR 308’s kinetic behavior, substrate
specificity, substrate inhibition patterns, and structural properties in relation to AKR 163. GST-
tagged AKR 308 was isolated from E. coli and purified via glutathione affinity chromatography.
Then, AKR 308’s properties were examined in a series of experiments within three categories:
kinetics, fluorescence, and substrate docking. Kinetic experiments were performed to establish
AKR 308’s substrate specificity in comparison to AKR 163 and to screen for substrate inhibition
behavior. Fluorescence emission spectroscopy experiments were conducted to determine Kp
values for cofactor and substrate binding, which more accurately reflect binding affinity
compared to Ky values. Computational substrate docking with the Aral crystal structure was

performed to predict catalytic and nonproductive binding poses of substrates, identify allosteric
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sites that could contribute to AKR 308’s cooperativity, and assess potential structural

mechanisms of substrate inhibition.

AKR 308 was found to exhibit different substrate inhibition behavior compared to AKR
163. For AKR 308, substrate inhibition was not general across substrates with electron-
withdrawing groups. However, AKR 308 did exhibit substrate inhibition and cooperativity with
the substrate ethyl pyruvate. Fluorescence emission spectroscopy experiments revealed that AKR
308 has a slightly lower binding affinity for NADP" compared to AKR 163. Substrate docking
studies predicted nonproductive poses of EP in the active site that were more energetically
favorable compared to the catalytic pose, which was not the case for E4CIAA and 2,3-PD. Taken
together, these findings suggest that AKR 308’s substrate inhibition may be mediated by the
formation of nonproductive substrate poses rather than substrate binding to the enzyme-NADP"

complex.

Methods

Purification

Isolation and purification of AKR 308 were performed as described in Akbary et al.
Briefly, AKR 308 was overexpressed via IPTG induction in E. coli containing a fused AKR 308-
GST plasmid construct. Cultures were grown at either 28 °C or 30 °C with similar yield. AKR
308 was purified via glutathione affinity chromatography after lysis of the bacterial pellet. The
concentration of each affinity chromatography fraction was assessed using a Bradford assay, and
the activity of each affinity chromatography fraction was determined based on the reduction of 2

mM E4CIAA. After removal of glutathione, the concentration of AKR 308 was determined based
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on absorbance at 280 nm and an extinction coefficient of 87210 Abs-M™'-cm™ calculated from

the number of tryptophan and tyrosine residues in AKR 308’s sequence.”®

SDS-PAGE was performed to confirm purification of AKR 308. Samples contained either
10 pg of lysate; 5 pg of column flowthrough, the first wash buffer fraction (WB1), or the second
wash buffer fraction (WB2); or 2 pg of the second eluting buffer fraction (EB2), the third eluting
buffer fraction (EB3), concentrated AKR 308, or concentrated AKR 163. These samples were
combined with SDS-denaturing buffer (0.125 M Tris-HCI, pH 6.8, 4% SDS, 20% glycerol, 10%
B-mercaptoethanol, 0.002% bromophenol blue), heated to 95 °C for 5 minutes to ensure
denaturation, and loaded into a 12% Bis-Tris PAGE plate in Tris-glycine buffer (0.025 M Tris,
pH 8.3, 0.192 M glycine, 0.1% SDS) along with a Precision Plus Protein Dual Color Standard
ladder. The gel was run at 200 V for approximately 30 minutes, stained in Coomassie Brilliant

Blue R solution, and destained in a 40% methanol, 7% acetic acid solution.

Kinetics

Kinetic experiments with AKR 308 were performed as described in Akbary et al.> with
some modifications. Reactions were conducted in 25 mM Tris buffer (pH 8) using 100 uM
NADPH. The structures and concentration ranges of the substrates used in kinetic experiments
are shown in Table 1. An AKR 308 concentration of 87 nM was used for the majority of trials,
and an AKR 308 concentration of 43.5 nM was used for EP and certain trials of E2ZMAA and
E2EAA to conserve enzyme. Kinetic data for the AKR 163-catalyzed reduction of EAA,
E4CIAA, E2FAA, and EP was obtained from Akbary et al.®, and the present study explored the

AKR 163-catalyzed reduction of 2,3-PD, 2,4-PD, and E2EAA. In most cases, the concentration
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of AKR 163 was 84 nM. The AKR 163 concentration was doubled for 2,4-PD and E2EAA. Due
to solubility concerns with 2,3-PD, the maximum DMSO concentration for reactions with this
substrate was increased to 3%. For all other experiments, the maximum DMSO concentration
was maintained at 2%. Reactions were monitored by a Cary60 UV-Vis spectrophotometer based
on the decrease in absorbance at 340 nm as NADPH is oxidized to NADP". The extinction
coefficient for NADPH is 6.22 Abs-mM™-s!. Absorbance data was taken every 15 seconds for a

total time of 3 minutes with an average scan time of 1 second.
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Table 1. Names, abbreviations, structures, and concentration ranges of substrates used in

kinetic experiments.

Substrate Structure Concentration Range (mM)
O O
Ethyl acetoacetate (EAA 10-158
yl acetoacetate (EAA) MO/\
Ethyl 4-chloroacetoacetate o Q 1235
(E4CIAA) CIMO/\
0] 0]
Ethyl 2-fluoroacetoacetate
(E2FAA) Mo/\ 138
F
0
Ethyl pyruvate (EP) \/O\H)J\ 1-30
o
O
2,3-pentanedione (2,3-PD) /\”)k 0.25-15
O
O O
2,4-pentanedione (2,4-PD) M 1-158
O O
1,1,1-trifluoro-2,4- b F 1-164
pentanedione (TF-2,4-PD)
F
O O
Ethyl-2-methylacetoacetate
(E2MAA) )J\(U\ O/\ 10-126
O O
Ethyl-2-ethylacetoacetate 10-124

(E2EAA)
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Data analysis was conducted using the general procedure outlined in Akbary et al.’
Reaction rates in Abs/s were calculated in Excel and converted to velocities in mM/s. Velocities
were plotted in Kaleidagraph and fit to either Equation 1, 2, 3, or 4. For substrates displaying

Michaelis-Menten kinetics, velocity data was fit to Equation 1:

Vo = Ku+ls]

For substrates displaying substrate inhibition, velocity data was fit to Equation 2:

0 — [S]2
Kp+[S]+o—
m+[S] X,

For substrates displaying cooperative binding, velocity data was fit to the Hill equation

(Equation 3):

_ [s]™
vO - Vmax ((KO.S)n+[S]n) (3)

For substrates displaying both cooperative binding and inhibition, velocity data was fit to

a model combining the Hill equation and substrate inhibition equation (Equation 4):

Vinax[S]"
D (4)

(Ko.s)n+[s]n+
l

v0=

Vmax represents the reaction velocity at enzyme saturation, Km represents the Michaelis
constant, K; represents the inhibitory constant, Ko s represents the substrate concentration at

which 50% of the enzyme binding sites are occupied, and n represents the Hill coefficient.
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Fluorescence

Fluorescence titrations of AKR 308 with either NADP™ or substrate were conducted to
determine Kp values. Fluorescence measurements were taken on a FluoroMax 3 fluorimeter,
with excitation occurring at 290 nm and emission spectra taken from 310 nm to 450 nm. The
solution used for fluorescence measurements contained 25 mM Tris buffer (pH 8) and 0.5 uM
AKR 308 at a total volume of 2.5 mL. Before taking fluorescence measurements with enzyme,
the fluorimeter was first blanked on an equivalent solution with purification buffer (125 mM
Tris, 150 mM NaCl, pH 8) replacing the volume of AKR 308. To determine the Kp value for
cofactor, NADP"* was added incrementally to produce a range of concentrations from 0.1 uM to
3.5 uM. The total volume of NADP" added did not exceed 1% of the total solution volume.
When determining Kp values for substrates, 15 uM NADP" was added beforehand to saturate the
enzyme and ensure that the expected decrease in fluorescence occurred. Substrate was then

added incrementally.

The fluorescence data were analyzed using Excel. Fluorescence values for the blank
solution at each wavelength were subtracted from the other scans, and the fluorescence values
were plotted as a function of wavelength for each NADP" or substrate concentration. To
determine AF values for each NADP* concentration, the fluorescence of AKR 308 alone at 341
nm (generally corresponding to the maximum fluorescence) was subtracted from the
fluorescence of the AKR 308-NADP" complex at 341 nm. AF values for substrates were
determined using a similar approach, except that the fluorescence of the AKR 308-NADP*

complex was used for normalization instead of AKR 308 alone.
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AF values were plotted against NADP" or substrate concentration in Kaleidagraph in

order to calculate Kp values. For substrates, Kp values were calculated using Equation 5:

— AFmax[S]
AF = Kptls] (5)

For NADP", the Michaelis-Menten assumption that the substrate concentration is much
greater than the enzyme concentration is not true, so Equation 5 could not be used. Instead,

Equation 6 was derived from the definition of Kp:

AF = —AFyq ([E] + [NADP*] + K, — \/([E] + [NADP*] + Kp)? + 4[E][NADP~]) (6)

The absorbance of EP, EAA, E4CIAA, and 2,4-PD was measured at 290 nm using a
Cary60 UV-vis spectrophotometer in order to assess confounding substrate absorbance effects at
the excitation wavelength. Absorbance measurements were taken at the maximum substrate
concentration used in fluorescence experiments. The transmittance of E4ACIAA at 290 nm was
measured as well in an attempt to correct the fluorescence values and account for substrate

absorbance.

Substrate Docking

Substrate docking was conducted using Cresset Flare software’® and the Normal mode of
the LeadFinder algorithm.?’ The docking process is based on a genetic algorithm in which an
initial pool of optimized poses is generated, the population is divided into geometry-based
clusters, and the most ideal poses in each cluster are selected for further optimization.®! The
LeadFinder algorithm generates three scores for each pose: the Rank Score, the dG Score, and

the virtual screening score (VSscore). Each score is based on energy contributions that include
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van der Waals interactions, metal interactions, electrostatic interactions, ligand desolvation,
hydrogen bonding, nonpolar solvation due to hydrophobic contacts, ligand internal energy and
entropic losses, and torsion energy. Different weights are applied to the energy contributions for
each score. The Rank Score reflects the accuracy of the docked pose, where higher scores
correspond to poses that are most likely to be observed experimentally. The dG Score reflects the
free energy of ligand binding in kcal/mol. Because the VSscore is intended for virtual screening

of large compound libraries, it was not examined in this study.

Docking was conducted with 41JR, the AKR 308-NADP" crystal structure determined by
Hu et al.”” The “active site” was defined using the substrate binding residues identified by Hu et
al.: Y71, H131, A41, A70, W102, W132, K150, T151, Y240, H246, 1321, E323, and F325. The
energy grid surrounding the active site was selected so that steric clashes with NADPH would be

minimized and the substrate would be positioned near Y71, the catalytic tyrosine.

All substrates tested in kinetic experiments were docked into the active site. Each
substrate yielded five to ten poses. In some poses, the substrate overlapped with NADPH. These
poses were immediately rejected. “Catalytic” poses were chosen based on adherence to the
following criteria: 1) orientation of the reactive carbonyl toward Y71, 2) a hydrogen bonding
distance between the reactive carbonyl and NADPH that is less than or equal to 4.1 A, and 3) a

hydrogen bonding distance between the reactive carbonyl and Y71 that is less than or equal to

4.1 A.

In addition to Rank Scores and dG Scores from the LeadFinder algorithm, findings from

other Flare features were recorded for each pose. Flare’s Interaction Map feature was used to
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identify residues that interact with the substrate via hydrogen bonding and van der Waals forces
as well as steric clashes. Distances to hydrogen bond donors were determined using Flare’s
Measurement tool. Hydrogen bond distances from the reactive carbonyl to Y71 and NADPH

were also measured for catalytic poses.

Potential allosteric sites were identified using the Ensemble mode of the PASSer
algorithm.®? Pockets with the three highest allostery probabilities were selected for docking, and
the pocket residues were designated in Flare. EP, E4ACIAA, and 2,3-PD were docked into the
allosteric sites using the LeadFinder algorithm, with the energy grids defined by the pocket
residues. The poses with the five highest Rank Scores were selected for further analysis as

described above (except for evaluating catalytic potential).

Results

AKR 308 was overexpressed in E. coli and purified via glutathione affinity
chromatography. Kinetic behavior and substrate specificity were assessed using UV-vis
spectroscopy, and cofactor and substrate binding were assessed using fluorescence emission
spectroscopy. Computational substrate docking was performed to predict substrate binding poses,
identify potential structural explanations for substrate specificity and substrate inhibition, and

examine potential allosteric sites.

Purification

AKR 308 was successfully purified by glutathione affinity chromatography. Specific
activity data for a sample purification is shown in Figure 15. The specific activities of EB2 and

EB3 were approximately two times greater than the specific activity of the lysate, demonstrating
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elution of pure AKR 308 from the column. Unwanted proteins were removed in WB1 and WB2,

which have much lower specific activities than the lysate and elution buffer fractions.

0.35000
0.30000
0.25000
0.20000

0.15000

0.10000
0.05000
0.00000 . -

Lysate WB1 WB2 EB2 EB3

Specific Activity (umol/min/mg)

Figure 15. Specific activity of the lysate, wash buffer fraction 1 (WB1), wash buffer fraction
2 (WB2), elution buffer fraction 2 (EB2), and elution buffer fraction 3 (EB3).

SDS-PAGE confirmed that the protein obtained in the elution buffer fractions is AKR 308
(Figure 16). While the lysate, flowthrough, WB1, and WB2 contain multiple bands, EB2 and
EB3 contain a single band between 50 and 75 kDa in weight, suggesting that AKR 308 is present
in these fractions without any contaminating proteins. Concentrated AKR 308 and AKR 163
produced darker bands than what was observed for EB2 and EB3. Both concentrated AKR 308
and concentrated AKR 163 produced a band between 50 and 75 kDa in weight. The band that
AKR 308 produced in this range is slightly higher than the band for AKR 163, indicating that
AKR 308 has a greater molecular weight than AKR 163. These observations are consistent with
GST-tagged AKR 308’s molecular weight of 68 kDa and GST-tagged AKR 163’s molecular

weight of 64 kDa. Both concentrated AKR 308 and concentrated AKR 163 also produced a band
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between 25 kDa and 37 kDa in size and a band between 37 kDa and 50 kDa in size. The bands
that AKR 308 produced in these regions were darker than for AKR 163. However, these
contaminating bands are fainter than the full-length AKR 308 and AKR 163 proteins, indicating

satisfactory purification.

Flow
Ladder Lysate Through WB1  WB2  EB2 EB3  AkR 308

Concentrated Concentrated
AKR 163

Figure 16. SDS-PAGE performed on purification fractions. The ladder was Precision Plus
Protein Dual Color Standard. The lysate was overloaded with 10 ug of protein due to concerns
about underestimating the concentration in the Bradford assay. The flowthrough, wash buffer
fraction 1 (WBI1), and wash buffer fraction 2 (WB2) contained 5 pg of protein. Elution buffer
fraction 2 (EB2), elution buffer fraction 3 (EB3), concentrated AKR 308, and concentrated AKR
163 contained 2 pg of protein. Concentrated AKR 308 and concentrated AKR 163 represent
samples taken after the removal of glutathione.

Kinetics

The kinetic data for AKR 308 is summarized in Table 2 and compared to kinetic
parameters for AKR 163. Kinetic plots are presented below, and kinetic data is discussed in turn

from the plots.



Table 2. Kinetic parameters for AKR 163-catalyzed and AKR 308-catalyzed reduction of

various substrates.
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AKR 163 AKR 308
1 Nl
k1) | Ku(mM) k“i Ilfd“ﬂ()s K (mM) Keat (s Kyt (mM) k”r‘l/l ﬁﬁgs
EAA 0.524+0.072 260+502 0.0022 N/A 0.84+0.4? 80043002 0.001?
E2MAA | 0.22+0.05% 140+50° 0.00152 N/A Inconclusive Inconclusive Inconclusive
E2EAA N.R. N.R. N.R. N.R. 4.5+0.52 170+302 0.026*
E4CIAA 1.8+0.4° 0.5+0.2b 3.6P 0.6+0.2b 2.4+0.22 10,422 0.242
E2FAA 0.6+0.1° 0.9+0.3b 0.7° 0.4+0.1° 1.8+0.42 50+202 0.042
EP 2.5+0.3% 0.38+0.06° 6.6 0.29+0.05Y 1.5+0.2¢ 6.7+0.4° 0.22¢
2,3-PD 0.99+0.08? 4.4+0.92 0.23? Inconclusive 7428 80+30? 0.08?
2,4-PD N.R. N.R. N.R. N.R. N.R. N.R. N.R.
TF24PD N.D. N.D. N.D. N.D. N.R. N.R. N.R.

N.R., no reaction; N.D., not determined.
 Determined from Equation 1
® Determined from Equation 2
¢ Determined from Equation 3

Kinetic Analysis of Substrates Without Electron-Withdrawing Groups

Both AKR 308 and AKR 163 followed Michaelis-Menten kinetics with respect to EAA

(Figure 17). AKR 308 displays a slightly higher ke value for EAA, but its Ku value for this

substrate is three times higher than that of AKR 163 (Table 2). As a result, AKR 308-catalyzed

reduction of EAA is about half as efficient as AKR 163-catalyzed reduction of this substrate.
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Figure 17. Comparison of the AKR 163-catalyzed and AKR 308-catalyzed reduction of
EAA. AKR 308 is represented by circles, and AKR 163 is represented by squares. All velocities
represent the average of three trials, and error bars represent the standard error. EAA follows
Michaelis-Menten kinetics for both enzymes, so both plots are fit to Equation 1. Data for AKR
163 was obtained from Akbary et al.” AKR 308’s and AKR 163’s kinetic parameters for EAA are
shown in Table 2.

One question of interest with regard to substrates without electron-withdrawing groups is
the impact of steric bulk. E2MAA and E2EAA were chosen to investigate this question. E2ZMAA
and E2EAA consist of EAA with methyl and ethyl groups attached to the carbon in the 2-
position, respectively. Akbary et al.” previously found that AKR 163 exhibits a lower keat, K,

and efficiency with E2MAA compared to EAA, indicating that AKR 163’s catalytic power and

efficiency decrease with increasing steric bulk, but its substrate binding affinity increases. The
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AKR 308-catalyzed reduction of E2ZMAA was examined to determine if AKR 308 exhibits a
similar trend. To further investigate the effect of steric bulk, AKR 163’s and AKR 308’s activities

with E2EAA were examined as well.

AKR 308 displayed markedly higher reaction velocities with E2MAA compared to AKR
163 (Figure 18). Because the Michaelis-Menten fit was too linear over the concentration range
tested, kinetic parameters could not be calculated for AKR 308. However, one can infer from

Figure 18 that AKR 308 displays a higher kcat for EZMAA compared to AKR 163.
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Figure 18. Comparison of the AKR 163-catalyzed and AKR 308-catalyzed reduction of
E2MAA. AKR 308 is represented by squares, and AKR 163 is represented by circles. All
velocities represent the average of three trials, and error bars represent the standard error.
E2MAA follows Michaelis-Menten kinetics for both enzymes, so both plots are fit to Equation 1.
Data for AKR 163 was obtained from Akbary et al.> AKR 308’s and AKR 163’s kinetic
parameters for E2ZMAA are shown in Table 2.
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AKR 308’s reaction velocity with E2ZEAA is even greater than its reaction velocity with
E2MAA at identical substrate concentrations (Figure 19). At about 125 mM, AKR 308’s reaction
velocity with E2ZEAA is more than twice its reaction velocity with E2ZMAA. AKR 308-catalyzed
E2EAA reduction has a kcat value that is more than five times larger than that of EAA, a Km
value that is more than four times smaller than that of EAA, and an efficiency value that is more
than twice as large than that of EAA (Table 2). Thus, AKR 308 has greater catalytic power and
substrate binding affinity with E2ZEAA, leading to a greater catalytic efficiency compared to
EAA. Overall, AKR 308’s activity with substrates without electron-withdrawing groups appears

to improve with increased steric bulk.
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Figure 19. Comparison of the AKR 308-catalyzed reduction of EAA, E2MAA, and E2EAA.
EAA is represented by closed circles, E2ZMAA is represented by squares, and E2EAA is
represented by open circles. All velocities represent the average of three trials, and error bars
represent standard error. EAA, E2MAA, and E2EAA follow Michaelis-Menten kinetics for AKR
308, so all of these plots are fit to Equation 1. AKR 308’s and AKR 163’s kinetic parameters for
these substrates are shown in Table 2.

AKR 163 did not appear to react with E2ZEAA (data not shown). V¢/[E] values did not
exceed 0.14 57!, and reaction velocities did not increase in a concentration-dependent manner.
This is consistent with a trend where AKR 163’s catalytic power and efficiency decrease with

increasing steric bulk, which is opposite to the trend exhibited by AKR 308.

Kinetic Analysis of Substrates with Electron-Withdrawing Groups

AKR 308’s kinetic behavior with respect to E4CIAA (Figure 20) and E2FAA (Figure 21)

is strikingly different from AKR 163. While E4ACIAA and E2FAA exhibited substrate inhibition
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with AKR 163, these substrates followed Michaelis-Menten kinetics with AKR 308. Similar to
EAA, AKR 308 displays higher kcar and Km values and lower efficiency values for these
substrates compared to AKR 163 (Table 2). Interestingly, AKR 308 displays markedly different
binding affinities for E4CIAA and E2FAA. AKR 308’s Km value for E2FAA is fivefold higher
than its Km value for E4CIAA (Table 2). In contrast, AKR 163’s Ky value for E2FAA is only two

times higher than its Km value for E4CIAA.
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0.00016 | e
o
- %
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Figure 20. Comparison of the AKR 163-catalyzed and AKR 308-catalyzed reduction of
E4CIAA. AKR 308 is represented by circles, and AKR 163 is represented by squares. Velocities
for AKR 163 represent the average of six trials. For AKR 308, the velocity for 35 mM E4CIAA
represents the average of two trials, and all other velocities represent the average of three trials.
Error bars represent standard error. E4CIAA exhibits substrate inhibition for AKR 163, so this
plot is fit to Equation 2. E4CIAA follows Michaelis-Menten kinetics for AKR 308, so this plot is
fit to Equation 1. Data for AKR 163 was obtained from Akbary et al.> AKR 308’s and AKR 163’s
kinetic parameters for E4CIAA are shown in Table 2.
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Figure 21. Comparison of the AKR 163-catalyzed and AKR 308-catalyzed reduction of
E2FAA. AKR 308 is represented by circles, and AKR 163 is represented by squares. AKR 308’s
reaction velocity with 158 mM E2FAA was included in the curve fit but is not shown in the
graph. Velocities for AKR 163 represent the average of two trials. For AKR 308, the velocities
for | mM E2FAA and 158 mM E2FAA represent the average of two trials, and the velocity for
75 mM E2FAA represents the average of four trials. All other velocities for E2ZFAA represent the
average of three trials. Error bars represent range for AKR 163 and standard error for AKR 308.
E2FAA exhibits substrate inhibition for AKR 163, so this plot is fit to Equation 2. E2FAA
follows Michaelis-Menten kinetics for AKR 308, so this plot is fit to Equation 1. Data for AKR
163 was obtained from Akbary et al.> AKR 308’s and AKR 163’s kinetic parameters for E2FAA
are shown in Table 2.

EP displayed more unique kinetic behaviors with AKR 308 compared to EAA, E4CIAA,
and E2FAA. In contrast to the other electron-withdrawing substrates E4CIAA and E2FAA, EP
exhibited substrate inhibition with AKR 308 as well as AKR 163 (Figure 22). Surprisingly, EP
also exhibited cooperative binding with AKR 308. Cooperative binding is evident from Figure
22; for AKR 308, the initial increase in velocity is sigmoidal, whereas for AKR 163, the initial

increase in velocity is linear. While Equation 4 produced a curve that fit the velocities for EP, the
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kinetic parameters could not be determined due to this equation’s complexity. Therefore, to
estimate Kcat, Km, and the Hill coefficient, the velocities for EP concentrations below 10 mM
were fit to Equation 3, which excludes substrate inhibition (Figure 23). As a result of this

procedure, the K; for EP could not be determined. The Hill coefficient for EP was estimated as

3.9+0.6.
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Figure 22. Comparison of the AKR 163-catalyzed and AKR 308-catalyzed reduction of EP.
AKR 308 is represented by circles, and AKR 163 is represented by squares. All velocities
represent the average of three trials, and error bars represent standard error. EP exhibits substrate
inhibition for AKR 163, so this plot is fit to Equation 2. EP exhibits both cooperative binding and
substrate inhibition for AKR 308, so this plot is fit to Equation 4. Data for AKR 163 was
obtained from Akbary et al.” AKR 163’s kinetic parameters for EP are shown in Table 2. The
kinetic parameters for AKR 308-catalyzed EP reduction could not be determined using this
model.
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Figure 23. AKR 308-catalyzed reduction of EP fit to Equation 3. Concentrations above 10
mM EP are excluded. Each velocity represents the average of three trials, and error bars
represent standard error. AKR 308’s kinetic parameters for EP are shown in Table 2.

The kinetic parameters of AKR 308-catalyzed EP reduction differ from other AKR 308
substrates as well as AKR 163-catalyzed EP reduction. As is the case for EAA, E4CIAA, and
E2FAA, AKR 308 displays a higher Km and lower efficiency for EP compared to AKR 163
(Table 2). However, unlike the other substrates, AKR 308 displays a lower kca: for EP compared
to AKR 163. Substrate inhibition of AKR 163 by EP occurs at a much lower EP concentration
compared to AKR 308. To illustrate, the sigmoidal portion of AKR 308’s EP velocity plot begins
to increase exponentially at an EP concentration at which AKR 163 is almost completely
inhibited (Figure 22). AKR 308 also displays lower Kwm and kcat values for EP than for E4CIAA

(Table 2). However, these substrates have similar efficiency values (Table 2).
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Because E4CIAA and E2FAA did not induce substrate inhibition or cooperativity in AKR

308, it was already clear that these phenomena were not functions of electron-withdrawing
groups. However, it was plausible that these behaviors were functions of 2,3-dicarbonyls, a
category that describes EP and Aral’s physiological substrate 2,3-PD. Thus, AKR 308’s kinetic
behavior with 2,3-PD was examined. In contrast to EP, 2,3-PD appears to exhibit Michaelis-
Menten kinetics with AKR 308 (Figure 24). 2,3-PD exhibited a higher keat and Km compared to
EP, and reduction of EP was more efficient than reduction of 2,3-PD (Table 2). Because the
background absorbance of 20 mM 2,3-PD exceeded 2, the highest 2,3-PD concentration was
limited to 15 mM, which meant that saturation of AKR 308 with 2,3-PD could not be achieved
and a Michaelis-Menten model could not be confirmed. However, based on the current data,

substrate inhibition of AKR 308 with 2,3-PD does not appear to occur.
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Figure 24. Comparison of the AKR 308-catalyzed reduction of EP and 2,3-PD. EP is
represented by circles, and 2,3-PD is represented by squares. All velocities represent the average
of three trials, and error bars represent standard error. 2,3-PD follows Michaelis-Menten kinetics,
so this plot is fit to Equation 1. EP exhibits both cooperative binding and substrate inhibition, so
this plot is fit to Equation 4. AKR 308’s kinetic parameters for EP and 2,3-PD are shown in Table
2. Kinetic parameters for EP were calculated from Equation 3.

The AKR 163-catalyzed reduction of 2,3-PD was also investigated for the first time to
determine if electron withdrawing group-dependent inhibition of this enzyme also applies to 2,3-
dicarbonyls. AKR 163’s behavior with 2,3-PD appears to be Michaelis-Menten. However, it is
important to note that a decrease in velocity was observed between 12 mM and 15 mM 2,3-PD,
suggesting that AKR 163 may exhibit substrate inhibition with 2,3-PD. Thus, the velocities for
AKR 163-catalyzed 2,3-PD reduction can be fit to either a Michaelis-Menten model or a
substrate inhibition model (Figure 25). In order to definitively exclude the possibility of substrate

inhibition, one would need to examine 2,3-PD concentrations above 15 mM, which was not
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undertaken in this study due to the high background absorbance rates. A Michaelis-Menten
model was assumed for the purpose of comparison with AKR 308 (Figure 26). AKR 163 exhibits
a higher kcat, a lower Ky, and a higher efficiency for 2,3-PD compared to AKR 308 (Table 2).
Compared to other electron-withdrawing substrates, the AKR 163-catalyzed reduction of 2,3-PD
exhibits a higher Km, a lower efficiency, and a similar keat (Table 2). Compared to the AKR 163-
catalyzed reduction of EAA, 2,3-PD reduction exhibits a higher kcat, a lower Ky, and a greater

efficiency (Table 2).

== Michaelis-Menten Fit
—il— Substrate Inhibition Fit

Vu (mM/s)

[2,3-PD] (mM)

Figure 25. Michaelis-Menten fit (dashed line) and substrate inhibition fit (solid line) for the
AKR 163-catalyzed reduction of 2,3-PD. The Michaelis-Menten curve is fit to Equation 1, and
the substrate inhibition curve is fit to Equation 2.
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Figure 26. Comparison of the AKR 163-catalyzed and AKR 308-catalyzed reduction of 2,3-
PD. AKR 163 is represented by circles, and AKR 308 is represented by squares. All velocities
represent the average of three trials, and error bars represent standard error. The velocities for
both AKR 163 and AKR 308 are fit to Equation 1. AKR 308’s and AKR 163’s kinetic parameters
for 2,3-PD are shown in Table 2.

Kinetic Analysis of p-Diketones

Findings with 2,3-PD inspired another research direction—an examination of j3-
diketones. The substrates selected for investigation were 2,4-PD and TF-2,4-PD. 2,4-PD differs
from 2,3-PD in that the carbonyls are two carbons apart rather than adjacent to each other. As a
result, 2,4-PD lacks an electron-withdrawing group adjacent to the reactive carbonyl. This means
that AKR 308-catalyzed reduction of 2,4-PD would be predicted to be less efficient than AKR
308-catalyzed reduction of 2,3-PD. It is also of value to compare 2,4-PD to EAA, which also
lacks an electron-withdrawing group adjacent to the reactive carbonyl but does have an
additional electron-withdrawing ester functionality. TF-2,4-PD resembles 2,4-PD but contains

three fluorine atoms adjacent to one of the carbonyls. These fluorine atoms are electron-
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withdrawing and would be expected to increase the reaction rate. TF-2,4-PD was also of interest
because it is a dicarbonyl with an additional electron-withdrawing group, similar to EP. If TF-
2,4-PD were to exhibit substrate inhibition or cooperativity with AKR 308, it could indicate that

these behaviors are properties of dicarbonyls with additional electron-withdrawing groups.

AKR 308’s reaction velocities with 2,4-PD and TF-2,4-PD did not exceed 4.79x10°
mM)/s or 1.22x107> mM/s, respectively, and the reaction velocities were not concentration-
dependent (data not shown), suggesting that AKR 308 does not catalyze the reduction of these
substrates. Supporting this hypothesis, the enzyme-catalyzed reaction rates for TF-2,4-PD were
similar in magnitude to the uncatalyzed reaction rates (data not shown). Notably, AKR 163-
catalyzed 2,4-PD reduction also failed to achieve velocities greater than 2.54x10 mM/s even at
double the enzyme concentration (data not shown), indicating that 2,4-PD is also a poor substrate
for AKR 163.

AKR 308’s reaction rates with 2,4-PD and TF-2,4-PD were strikingly different from the
rates with 2,3-PD (Figure 27). At a concentration of 15 mM, 2,3-PD’s reaction rate was about
five times greater than TF-2,4-PD’s rate and about 13 times greater than 2,4-PD’s rate. While TF-
2,4-PD’s reaction rate is comparable to EAA, 2,4-PD’s reaction rate is less than half that of
EAA’s. The R? values for each substrate are also insightful. 2,3-PD and EAA have R? values
greater than 0.99, indicating a strong linear regression fit that reflects an actual reaction. In
contrast, 2,4-PD and TF-2,4-PD have R? values below 0.95, indicating that the decrease in
absorbance is nonuniform and may not reflect an actual reaction. While TF-2,4-PD’s reaction

rate is close in magnitude to EAA’s, the difference in R? values suggests that this is not a valid
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comparison. Overall, B-diketones appear to be poorer substrates than B-keto esters and a-

diketones.
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Figure 27. Absorbance changes over time for AKR 308-catalyzed reduction of EAA (gray),
2,3-PD (blue), 2,4-PD (orange), and TF-2,4-PD (yellow) at the maximum substrate
concentrations tested. Absorbance changes were normalized by subtracting the absorbance at
the initial scan. Linear regression equations and R? values for each substrate are noted under the

legend entries. The slope of the linear regression equation corresponds to the reaction rate in
Abs/s.

Fluorescence

Fluorescence titration of AKR 308 with NADP" generated a decrease in fluorescence
across most of the emission spectrum as NADP" concentration increased (Figure 28). This is
consistent with a transfer of energy from a tryptophan residue to NADP" that quenches the
tryptophan residue’s fluorescence.® Fitting the AF vs [NADP*] plot to Equation 6 (Figure 29)
yielded a AFmax value of 4.0 x 10° + 2 x 10 cps and a Kp value of 1.2 + 0.2 pM for NADP*

binding to AKR 308.
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Figure 28. Representative emission spectra for a fluorescence titration of 0.5 pM AKR 308
with 0.1 to 2.5 pM NADP".
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Figure 29. AF vs [NADP?] plot fit to Equation 6. AF values represent the average of three trials
for all NADP" concentrations except 3.5 uM (average of two trials), and error bars represent
SEM.
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Fluorescence titrations were attempted with EP, E4CIAA, EAA, and 2,4-PD. However,
the Kp values for E4CIAA and EAA were much lower than what was expected based on the Ku
values. In addition, fluorescence was almost completely quenched at 3.5 mM E4CIAA (Figure
30), and fluorescence was immediately quenched upon addition of 3 mM 2,4-PD. Therefore, the
absorbance of these substrates in the excitation range was measured to identify potential

confounding substrate absorbance effects.

2000000
—— AKR 308 Only
1500000 ——— AKR 308 + 15 uM NADP+
0.1 mM E4CIAA
1000000 0.3 mM E4CIAA
2 ——0.5 mM E4CIAA
§ ——1.0 mM E4CIAA
500000 —— 1.5 mM E4CIAA
——2.0 mM E4CIAA
0 —— 2.5 mM E4CIAA
310 360 410 ——3.0 mM E4CIAA
——3.5 mM E4CIAA
-500000

Wavelength (nm)

Figure 30. Representative emission spectra for a fluorescence titration of 0.5 pM AKR 308
with 0.1 to 3.5 mM E4ClAA. The “dip” in emission at 325 nm is caused by subtraction of the
blank.

3.5 mM E4CIAA and 50 mM 2,4-PD exhibited absorbance values of about 3 at 290 nm
(Figure 31). This strong substrate absorbance is likely responsible for the significant quenching

of fluorescence. 50 mM EAA’s absorbance at 290 nm is about 1.25, and 20 mM EP’s absorbance
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at 290 nm is about 1. This is less extreme than E4CIAA and 2,4-PD’s absorbance values, but it is

still a cause for concern.
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Figure 31. Absorbance of EP (orange), E4CIAA (gray), EAA (yellow), and 2,4-PD (light
blue) between 280 and 300 nm. The substrate concentration corresponded to the maximum
concentration used in fluorescence titrations. DMSO (dark blue) was included as a negative
control.

The significant substrate absorbance at 290 nm limits the interpretability of the emission
spectra and Kp values. In an attempt to correct for confounding substrate absorbance effects, the
transmittance of E4CIAA at 290 nm was measured. Transmittance values were obtained for each
E4CIAA concentration tested in fluorescence experiments, and then the fluorescence values for
each E4CIAA concentration were divided by the transmittance value in decimal form. However,
because the transmittance values were very low, this corrective method was unsuccessful (data

not shown). Therefore, fluorescence experiments with substrates were not pursued further.
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Substrate Docking

Catalytic Poses

Catalytic poses were identified for EP, E4CIAA, EAA, 2,3-PD, E2EAA, 2,4-PD, and TF-
2,4-PD. Docking scores and notable interactions for each catalytic pose are listed in Table 3, and
visual representations of the catalytic poses are shown in subsequent figures. Multiple catalytic
poses were identified for 2,3-PD and TF-2,4-PD. The catalytic pose of 2,3-PD discussed in this
section has the most optimal hydrogen bonding distances to NADPH and Y71, and the catalytic
pose of TF-2,4-PD discussed in this section has the fewest steric clashes. For E2FAA and
E2MAA, all poses were at least 5.0 A from Y71, which is outside of hydrogen bonding range.
Therefore, poses of E2FAA and E2ZMAA were not analyzed further. Selection of a different
energy grid or different docking parameters could have produced catalytic poses of these

substrates, but this was beyond the scope of the docking study.



Table 3. Docking scores and interactions for catalytic poses.
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Distance | . Hydrogen- | Van der Steric
Distance | Bonding Waals
Rank dG to Clashes
Substrate | Pose toY71 Contacts Contacts .
Score | (kcal/mol) | NADPH A . (Distance
A) (A) (Distance | (Number of in A)
in A) Interactions)
F325,
EP 6/7 | -1.041 | -2.541 32 34 }(121%1 W102,
) W132
W132
E4CIAA | 3/10 | -1.267 -3.475 33 3.2 (2.0),
) ’ ’ ) H131
(2.0)
H131 W102, A70,
EAA 7/8 -0.833 -2.773 1.9 33 2.1) Y71
H1;10§2.6, W102 (2),
23PD 3/6 -1.281 -2.582 3.1 3.0 W'B’z Y71 (2),
2.7) W132, F325
\(2123)2 F325,W102
E2EAA 3/10 | -1.196 -3.484 3.1 3.6 H13f 4),Y71 (4),
(2.0) AT0
W132
i i (2.1), w102 (2), w102
24PD 5/5 1.362 2.744 1.9 3.2 H131 Y71 (3.0)
(2.1
TF24PD 1/7 -1.969 -2.657 4.1 3.8 \?7115)2 W132

The catalytic poses share some common features. Distances from the substrate to the

NADPH hydride transfer site and to the Y71 hydroxyl group typically range from 3 to 4 A. The

exceptions are EAA and 2,4-PD, where the distance to the NADPH hydride transfer site is 1.9 A,

and TF-2,4-PD, where the distance to the NADPH hydride transfer site is 4.1 A. In the catalytic

pose, substrates hydrogen bond with H131 and/or W132, and van der Waals contacts occur with

F325, W102, A70, Y71, and/or W132. H131 is one member of the catalytic tetrad,”” and W102
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aligns with AKR1C9 residue W86, which was quenched by NADPH binding in fluorescence

experiments.®’

EP’s catalytic pose (Figure 32) has the lowest binding energy out of all seven substrates,
and its Rank Score is lower than E4CIAA’s and 2,3-PD’s (Table 3). EP’s shape is planar and
horizontal; its proximal carbonyls may produce strong carbon-carbon double bond character that

restricts rotation.

Figure 32. Catalytic pose of EP docked into the active site. Residues are shown in cartoon
form, secondary structures are shown in ribbon form, and EP and NADPH are shown in ball and
stick form. The residues that typically interact with substrates are labeled. Measurements (blue
dashes) indicate the distances from EP to Y71 and NADPH as well as hydrogen bonds with other
residues. Carbon atoms in residues are shown in green, oxygen atoms are shown in red, nitrogen
atoms are shown in blue, and hydrogen atoms are shown in white.

E4CIAA’s catalytic pose (Figure 33) has the second-highest binding energy out of all

seven substrates (Table 3). Interestingly, E4CIAA’s catalytic pose is the only one that lacks van
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der Waals contacts, which could explain its high binding energy. Unlike EP, E4CIAA twists so

that the ester functionality hydrogen bonds with W132.

Figure 33. Catalytic pose of E4CIAA docked into the active site.

The diketones—2,3-PD, 2,4-PD, and TF-2,4-PD—are very similar in terms of Rank
Score and binding affinity, but there are some notable differences in other aspects. 2,3-PD’s
catalytic pose (Figure 34) was one of four catalytic poses obtained from docking. The Rank
Score of this pose is similar to E4CIAA’s (Table 3). 2,3-PD is oriented vertically, with C3 serving
as the reactive carbonyl that points toward Y71, C2 oriented toward NADPH and hydrogen
bonding with W132, and C4 and C5 pointing toward K150. Like EP, 2,3-PD is mostly linear,
with C4 and C5 rotated inward. Again, the planar character may be related to the proximal

carbonyls.
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Figure 34. Catalytic pose of 2,3-PD docked into the active site.

2,4-PD’s catalytic pose (Figure 35) is much closer to NADPH than the other diketones,
and it has a steric clash with W102 (Table 3). These steric clashes could contribute to AKR 308’s
lack of reactivity with 2,4-PD. This substrate is oriented horizontally and twisted so that the

nonreactive carbonyl hydrogen bonds with W132.

Figure 35. Catalytic pose of 2,4-PD docked into the active site.
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TF-2,4-PD’s only meaningful interactions occur with W132 (Table 3). The reactive
carbonyl is next to the three fluorine atoms and points toward Y71, while the nonreactive
carbonyl points down and hydrogen bonds with W132 (Figure 36). Interestingly, the nonreactive
carbonyl is closer to NADPH than the reactive carbonyl. As a result, the reactive carbonyl is

farthest from NADPH compared to the other substrates.

Figure 36. Catalytic pose of TF-2,4-PD docked into the active site.

The docking results for EAA and E2EAA provide some insight into AKR 308’s
preference for greater steric bulk among the B-keto esters that lack electron-withdrawing
substituents. EAA’s Rank Score is the lowest out of all nine substrates (Table 3). It is also closer
to NADPH than the other substrates, which could produce steric clashes. EAA is mostly planar
and horizontal, with the exception of the ethyl group next to the ester, which is rotated toward
A70 (Figure 37). EAA’s reactive carbonyl is pointed directly toward Y71’s hydroxyl group, and

the ester does not hydrogen bond with W132.
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Figure 37. Catalytic pose of EAA docked into the active site.

E2EAA has a greater binding energy than EAA as well as a higher Rank Score (Table 3).
Notably, E2ZEAA’s binding affinity is the greatest out of all nine substrates, even though E2EAA
lacks electron-withdrawing substituents. Compared to EAA, E2ZEAA exhibits more van der
Waals interactions with Aral’s residues. This is likely due to the increased number of nonpolar
substituents in E2ZEAA, and it could explain the difference in binding affinity. E2ZEAA’s reactive
carbonyl lies flat beneath Y71’s hydroxyl group, and the ester hydrogen bonds with W132
(Figure 38). The carbon next to the reactive carbonyl points outward, the ethyl substituent points
toward A70, and the ethyl group next to the ester points toward W102, permitting more van der

Waals contacts compared to EAA.
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Figure 38. Catalytic pose of E2EAA docked into the active site.

Influence of Noncatalytic and Additional Catalytic Poses

In addition to examining the catalytic poses described above, it is also of interest to
analyze noncatalytic (or nonproductive) poses that the substrates can adopt. Noncatalytic poses
typically meet one of the following criteria: the reactive carbonyl is pointed down and away from
Y71, the ester is facing Y71, the substrate is oriented sideways, or the substrate is too far away
from or too close to NADPH or Y71. In some noncatalytic poses, the substrates exhibit hydrogen
bonds with K150 and/or van der Waals contacts with Y240, which were not observed for any of
the catalytic poses. Poses that overlapped with NADPH are not included within the noncatalytic

poses.

EP exhibits two nonproductive poses of note: pose 3 (Figure 39a) and pose 5 (Figure
39b). As shown in Table 4, these poses have higher free energies and Rank Scores than pose 6
(the catalytic pose). In other words, poses 3 and 5 are more likely to be observed experimentally

compared to the catalytic pose, and they have higher binding affinities than the catalytic pose.
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Pose 3 is oriented so that the carbonyls point outward, and it is rotated 90 degrees relative to the

catalytic pose. The reactive carbonyl hydrogen bonds with K150, and the ester is aligned with

Y71’s hydroxyl group but points away from it, hydrogen bonding with W132. In pose 5, the ester

points toward Y71, while the reactive carbonyl points down and hydrogen bonds with W132.

Table 4. Scores, interactions, and catalytic potential of EP’s docking poses.

Hydrogen- Van der Waals
Bonding Contacts Evaluation of
Pose Rank Score | dG (kcal/mol) Contacts (Number of Catalytic Potential
(distance in A) Interactions)
W132 (2.8), | W132, W102 (2), Noncatalytic.
3 -1.294 -2.826 K150 (2.1) A70,Y71 Ester facing Y71.
Noncatalytic.
W132 (2.3), Y71 (2), W102 .
5 -1.183 -2.829 HI31 (2.2) (2), A70. W132 Reagtlye carbonyl
pointing down.
F325, W102, .
6 -1.041 -2.541 HI131 (2.1) W132 Catalytic




76

Figure 39. EP poses 3 (a) and 5 (b) docked into the active site.

Poses 2 (Figure 40a), 4 (Figure 40b), and 6 (Figure 40c) of EACIAA have similar binding
energies and Rank Scores and slightly higher binding energies compared to pose 3 (the catalytic
pose). These poses are compared in Table 5. In pose 2, the reactive carbonyl points down toward
W132, the ester hydrogen bonds with K150, and the chlorine atom is located near NADPH. The

ester is aligned with Y71 in both poses 4 and 6, with the reactive carbonyl hydrogen bonding
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with K150. In pose 4, the ester points toward Y71, and in pose 6, the ester points outward. Pose 6

also exhibits a halogen bond between the chlorine atom and T151. Poses 2, 4, and 6 are much

closer to NADPH than pose 3.

Table 5. Scores, interactions, and catalytic potential of E4CIAA’s docking poses.

Pose Rank Score | dG (kcal/mol) Hydrogen- Van der Waals Evaluation of
Bonding Contacts Catalytic Potential
Contacts (Number of
(distance in A) Interactions)
2 -1.345 -3.447 K150 (2.0), W102 (3), F325, Noncatalytic.
W132 (1.9), Y71 Reactive carbonyl
H131 (2.8) pointing down.
3 -1.267 -3.475 W132 (2.0), Catalytic
H131 (2.0)
4 -1.148 -3.489 K150 (2.0) W132 Noncatalytic.
Ester facing Y71
6 -1.003 -3.499 W132 (2.5), W102 (2) Noncatalytic.
H131 (2.2), Ester facing Y71

K150 (2.1)




Figure 40. E4CIAA poses 2 (a), 4 (b), and 6 (¢) docked into the active site.
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There are four poses of EAA ranked above the catalytic pose in terms of Rank Score and

binding energy. Of these poses, pose 2 (Figure 41) has the fewest steric clashes with NADPH

and is therefore most likely to be observed experimentally. Poses 2 and 7 (the catalytic pose) are

compared in Table 6. In pose 2, the reactive carbonyl points down and hydrogen bonds with

W132, and the ester hydrogen bonds with K150. The ethyl group next to the ester points toward

W102, allowing for more van der Waals contacts relative to the catalytic pose. The catalytic pose

is also more linear compared to pose 2.

Table 6. Scores, interactions, and catalytic potential of EAA’s docking poses.

Pose Rank Score | dG (kcal/mol) Hydrogen- Van der Waals Evaluation of
Bonding Contacts Catalytic Potential
Contacts (Number of
(distance in A) Interactions)
2 -1.549 -3.175 K150 (2.0), F325, W102 (4), Noncatalytic.
W132 (1.8) Y71 Carbonyl pointing
down
7 -0.833 -2.773 H131 (2.1) W102,A70, Y71 Catalytic
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Figure 41. EAA pose 2 docked into the active site.

Unlike EP, E4CIAA, and EAA, the majority of 2,3-PD’s poses are catalytic. Data for
these poses is shown in Table 7. 2,3-PD also exhibits one noncatalytic pose that is not shown in
Table 7. Pose 1 (Figure 42a) is 2.9 A from NADPH and 3.9 A from Y71. Both carbonyls point
down, but the distance between the reactive carbonyl and Y71 is comparable to other catalytic
poses. C2 is the reactive carbonyl, and C4 and C5 generate a steric clash with W102. Pose 3
(Figure 34) is vertical, with C2 and C3 facing in the same direction. Pose 3 was selected to
compare with the other substrates’ catalytic poses due to the short distances to NADPH and Y71
(3.1 A and 3.0 A, respectively). C3 points toward Y71, and C2 hydrogen bonds with W132. Pose
4 (Figure 42b) is 3.7 A from both NADPH and Y71. It is oriented vertically, with C3 parallel
with Y71 and C2 pointing in the opposite direction and hydrogen bonding with W132. Pose 6

(Figure 42¢) is 3.2 A from NADPH and 3.4 A from Y71. It is oriented horizontally, with C2



pointing toward Y71 and C3 pointing outward. In pose 6, 2,3-PD does not hydrogen bond with

W132.

Table 7. Scores and interactions of 2,3-PD’s docking poses
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Pose Rank Score | dG (kcal/mol) Hydrogen- Van der Waals Steric Clashes
Bonding Contacts (Distance in A)
Contacts (Number of
(Distance in A) Interactions)
1 -1.533 -2.714 H131 (2.1), Y71 (3), A70, W102 (3.0)
W132 (2.0) W102 (2)
3 -1.281 -2.582 H131 (2.6, W102 (2), Y71
2.0), W132 (2), W132, F325
2.7
4 -1.212 -2.626 W132 (1.8) W132, W102 (2),
Y71 (2)
6 -0.907 -2.366 H131 (2.0) Y71 (4),W132




Figure 42. 2,3-PD docking poses 1 (a), 4 (b), and 6 (¢).
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2,3-PD’s poses can be compared to an experimental analysis by Calam et al.”? as well as

the docking results obtained by Hu et al.”’

Based on Calam et al.’s gas chromatography analysis,
Aral reduces C2 in 2,3-PD to form (S)-2-hydroxy-3-pentanone. This would be consistent with
poses 1 and 6, where C2 forms a hydrogen bond with Y71. However, poses 1 and 6 are less
optimal than poses 3 and 4, where C3 is reduced. In pose 1, 2,3-PD is outside the typical
hydrogen bonding range, and there is a steric clash with W102. Pose 6 has the lowest Rank Score
and binding energy out of the catalytic poses. Hu et al. also docked 2,3-PD into Aral’s active site
with C3 facing Y71, which does not align with Calam et al.’s findings. In Hu et al.’s pose, C2 is
parallel with W132, and C4 and CS5 are located between W132 and NADPH. This type of pose

was not obtained in this docking study. The hydrogen bonding distance between the reactive

carbonyl and Y71 is 3.3 A, which is most similar to pose 6.

Allosteric Sites

In addition to examining poses in the active site, another goal of substrate docking was to
determine whether Aral has any allosteric sites that could explain AKR 308’s cooperative
behavior with EP. Table 8 shows the amino acid sequences of the pockets generated by PASSer’s
ensemble model with the highest probability of being allosteric sites. The letters after the amino
acid codes correspond to one of Aral’s two monomeric chains, which are marked as A and C.
The pockets are shown graphically in the context of Aral’s crystal structure in Figure 43. Pocket
1 is located at the top of chain A and branches into the dimeric interface. Pocket 2 spans the
middle of the dimeric interface and occupies a portion of chain C. Pocket 3 is located at the

bottom of chain C.



84

Table 8. Probabilities and amino acid sequences for allosteric sites generated by PASSer.

Pocket Number

Probability

Residues

1

40.58%

K228A, F298C, R277A, E297C, L16C, M15C, S300A,
N310A, M224A, Q278A, V265C, F321A, P222A, R227A,
T302A, K262C, Y263C, L306A, K303A, N264C

34.68%

Y263A, L306C, K228C, Q278C, M224C, M15A, N264A,
E297A,Y263C, K303C, L16A, T302C, S300C, F231C,
K262C, K262A, T302A, V265A, F298A, R227C, R277C,
E225C

30.79%

Q169C, K172C, Q173C, D180C, D183C, R185C, V109C,
R111C, E108C, 1177C, D107C, K176C, D110C

Figure 43. JSmol image output from PASSer highlighting the allosteric pockets in the Aral
crystal structure. Pocket 1 is shown in red, pocket 2 is shown in orange, and pocket 3 is shown
in yellow. Chain C is located to the left, and chain A is located to the right.

EP, E4CIAA, and 2,3-PD were docked into each pocket. E4ACIAA and 2,3-PD were

docked for the purpose of comparison with EP. 2,3-PD is a 2,3-dicarbonyl that is most similar in

structure to EP, and both 2,3-PD and E4CIAA are examples of electron-withdrawing substrates

that produced Michaelis-Menten kinetics, in contrast to AKR 308’s more unique kinetic
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behaviors with EP. Ideally, E4CIAA and 2,3-PD would have lower binding energies, fewer
favorable interactions with amino acids, and/or a larger number of steric clashes in an allosteric

pocket compared to EP.

With the exception of one pose of 2,3-PD, the substrates docked into an identical location
in pocket 1 (Figure 44). The substrates bound near the dimeric interface, hydrogen bonding with
the R group of R227A and the backbone amine of L237A, which is part of a B-sheet that extends
to the active site. Van der Waals interactions occur with R227A, L.237A, L236A, and F231A.
Like L237A, L236A is a component of the f-sheet. R227A and F231A were included among the

pocket 1 residues identified by PASSer, while the two leucine residues were not.

Figure 44. Aral crystal structure with EP docked into pocket 1. Secondary structures are
shown in cartoon form. EP and NADPH are shown in ball and stick form. Y71 is shown in stick
form to mark the active site.
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EP’s binding energies for pocket 1 are about 1 kcal/mol greater than EP’s binding

energies in the active site (Table 9). This pattern, where binding energies in the allosteric pocket

exceed binding energies in the active site, was commonly observed across different pockets and

substrates. EP’s Rank Scores are also greater than those produced in active site docking.

However, it is important to note that the docking grid for allosteric sites was much larger than the

grid for the active site, potentially allowing for poses with higher Rank Scores and binding

energies. Hydrogen bonds were more common with L237A than with R227A. Interestingly, EP

does not exhibit steric clashes in pocket 1. EP is completely linear in two poses, and three poses

only feature rotation of the ethyl group next to the ester, indicating minimal conformational

adjustments to bind pocket 1. A representative pose of EP in pocket 1 is shown in Figure 45.

Table 9. Scores and interactions for EP’s docking poses in pocket 1.

Hydrogen-Bonding Van der Waals
Pose Rank Score dG (kcal/mol) Contacts (Distance | Contacts (Number of
in A) Interactions)
R227A (2.4), F231A, R227A,
! -2714 -3.721 1L237A (2.0) L236A
R227A (2.6),
2 -2.081 -3.585 1237A (2.0) F231A
3 -2.041 -3.527 R227A (2.0) L236A
4 -1.938 -3.615 L237A (2.0) L236A, R227A (2)
5 -1.813 -3.515 L237A (2.0) L236A, R227A (2)
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Figure 45. EP pose 1 docked into pocket 1.

E4CIAA’s binding energies are among the highest observed in the entire docking study,
but its Rank Scores are generally lower than EP’s poses in pocket 1 (Table 12 in the Appendix).
Strikingly, every pose in pocket 1 exhibits at least one steric clash. This scenario did not occur
for any other combination of substrate and pocket. E4CIAA’s poses are also more contorted than
EP’s, with rotation along several single bonds often necessary to achieve the desired pose. With
the exception of pose 1, E4ACIAA favors hydrogen bonds with L237A over R227A, similar to
what was observed with EP. A representative pose of E4ACIAA in pocket 1 is shown in Figure 53

in the Appendix.

Data for 2,3-PD’s docking into pocket 1 is shown in Table 13 in the Appendix. Like EP,
2,3-PD’s binding energies are about 1 kcal/mol higher than the binding energies for the active
site, and the Rank Scores are greater than those for the active site (Table 13 in the Appendix).
Three of 2,3-PD’s poses exhibit a steric clash. Unlike the other substrates and 2,3-PD’s other

poses, pose 2 (Figure 54 in the Appendix) is located in a different region of pocket 1. Pose 2 is
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located in the dimeric interface, hydrogen bonding with R277A and exhibiting van der Waals
contacts with L16C and N264C. This binding site is more similar to those observed in pocket 2.
Pose 2 has the second-lowest binding energy among 2,3-PD’s five poses along with a steric
clash. 2,3-PD’s poses in pocket 2 are more similar to EP’s and are not as contorted as E4CIAA’s.
C4 and C5 often exhibit significant rotation. Like EP and E4CIAA, hydrogen bonds are more

common with L237A than with R227A. Pose 1 is also unique in hydrogen bonding with T280A.

The substrates docked into three different locations in pocket 2, which spans the dimeric
interface and branches into chain C. These three binding sites likely arise from the large energy
grid that encapsulates pocket 2. The first binding site (binding site 1) occurs within the dimeric
interface (Figure 46a). In this binding location, substrates typically hydrogen bond with R277A
and N264C while forming van der Waals contacts with residues like L16C and Y263C. 2,3-PD
pose 2 also docked into this binding location. The second binding site (binding site 2) is located
within chain C (Figure 46b), which mirrors the most common binding location in pocket 1. Here,
the substrates typically hydrogen bond with R227C, which is located within an a-helix, and they
form van der Waals contacts with K228C, F231C, and L237C. The third binding site (binding
site 3) is located at the edge of the dimeric interface, near several loop structures (Figure 46¢). In
this binding site, the substrates typically form hydrogen bonds with R277C, N264A, and K303C
as well as van der Waals contacts with M15A, E297A, L16A, and V265A. Poses in the second
binding location typically have lower binding energies than poses in the first and third binding

locations.
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Figure 46. Aral crystal structure with EP docked into pocket 2 in three different positions:
pose 1 (a), pose 2 (b), and pose 3 (¢).
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EP poses 1 (Figure 47a), 4, and 5 are located in binding site 1, pose 2 (Figure 47b) is

located in binding site 2, and pose 3 (Figure 47¢) is located in binding site 3. EP’s binding

energies in pocket 2 (Table 10) are generally lower than its binding energies in pocket 1. The

Rank Scores for pocket 2 are generally similar to the Rank Scores for all poses in pocket 1

except for pose 1, which has a Rank Score of -2.714. Three poses exhibit steric clashes; pose 2 in

binding site 2 clashes with T280C, and two poses in binding site 1 clash with S300A. EP is

completely linear in poses 1 and 4.

Table 10. Scores and interactions for EP’s docking poses in pocket 2.

Hydrogen- Van der Waals
Bonding Contacts Steric Clashes
Pose Rank Score | dG (keal/mol) Contacts (Number of (Distance in A)
(Distance in A) Interactions)
R277A (2.5),
1 -2.091 -3.591 S300A (2.0) L16C, Y263C (2) | S300A(2.8,2.9)
2 -2.004 -3.106 R22;(é)(2.0, T280C (2.8)
R277C (2.5
’ T302C, M15A
3 -1.981 -3.535 2.0), N264A ’ ’
(2.6) E297A (2)
R277A (2.1,
4 -1.975 -3.402 2.5,2.2), E297C
N264C (2.9)
K303A (2.0),
5 -1.92 -3.482 R277A (2.9, Y263C (2), S300A (3.0)
2.4 N264C




Figure 47. EP docked into binding site 1 (pose 1, a), binding site 2 (pose 2, b), and binding
site 3 (pose 3, ¢) in pocket 2.
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The free energies and Rank Scores for E4CIAA in pocket 2 (Table 14 in the Appendix)
are similar to the data for pocket 1. Poses 2, 4, and 5 docked in binding site 3, while pose 1
(Figure 55 in the Appendix) docked in binding site 1 and pose 3 docked in binding site 2. The
free energies for binding site 3 are greater than those for binding sites 1 and 2. Unlike EP and
2,3-PD, E4CIAA does not exhibit any steric clashes in pocket 2. Like pocket 1, E4ACIAA is more

contorted in pocket 2 than EP and 2,3-PD.

2,3-PD poses 1 (Figure 56 in the Appendix), 4, and 5 docked into binding site 2, while
pose 2 docked into binding site 3 and pose 3 docked into binding site 1. In other words, 2,3-PD
favors binding site 2, in contrast to EP and E4CIAA. 2,3-PD’s binding energies for binding site 2
are lower than the energies for the other binding sites (Table 15 in the Appendix), which is
characteristic of pocket 2. The binding energies are lower than those observed for pocket 1, while
the Rank Scores are similar. Pose 1 and pose 3 exhibit steric clashes. Both 2,3-PD and EP
exhibited a steric clash with T280C when docking into binding site 2. On the other hand, EP
exhibited a steric clash with S300A in binding site 1, while 2,3-PD clashed with E297C. 2,3-PD

is nonlinear in all poses, with some rotation around the C4-C5 axis occurring.

All substrates docked in the same general location in pocket 3 (Figure 48), near two a-
helices on the enzyme’s outer edge. The substrates typically formed hydrogen bonds with the
backbone amines of V109C, D110C, and R111C within one of the a-helices. In some poses, the
substrates formed hydrogen bonds with the R group of K176C, located on the second a-helix.
Van der Waals contacts most commonly occurred with Q173C, K176C, and 1177C. Steric clashes
occurred most frequently with Q173C. Free energies for binding in pocket 3 were generally

lower compared to pockets 1 and 2.



93

Figure 48. Aral crystal structure with EP docked into pocket 3.

While the free energies for EP poses 1 (Figure 49a) and 4 in pocket 3 (Table 11) are
similar to those typically observed for pocket 2, the free energies for the rest of the poses are
noticeably lower compared to those typically observed for pockets 1 and 2. The Rank Scores for
poses 4 (Figure 49b) and 5 are lower than those typically observed for EP poses docked into
other pockets. In pose 1, the reactive carbonyl and the alkoxy group in the ester form hydrogen
bonds with V109C, D110C, and R111C, whereas in poses 2 and 3, both carbonyls form hydrogen
bonds with these residues. Pose 3 exhibits a steric clash between the ester carbonyl and Q173C.
In poses 4 and 5, one carbonyl points toward the a-helix containing V109C, D110C, and R111C,
and the other carbonyl hydrogen bonds with K176C’s R group. In pose 4, the ester carbonyl
hydrogen bonds with K176C, and in pose 5, the reactive carbonyl hydrogen bonds with K176C.
All poses exhibit some rotation of the ethyl group next to the ester, with pose 1 exhibiting the

least rotation.



Table 11. Scores and interactions for EP’s docking poses in pocket 3.
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Hydrogen- Van der Waals
Bonding Contacts Steric Clashes
Pose Rank Score | dG (keal/mol) Contacts (Number of (Distance in A)
(Distance in A) Interactions)
V109C (2.9),
DI110C (2.0, Q173C, 1177C
I ~2.247 -3.351 2.7), R111C (2). D110C
(2.0
V109C (2.5),
2 -2.005 -2.898 DI110C (1.9), R111C
RI1IC (1.9)
RI11C (2.0),
DI110C (2.8,
3 -1.899 -2.992 1.8), V109C K176C Q173C (2.6)
(2.2)
K176C (2.1),
4 -1.752 -3.138 DI10C (2.1) 1177C, Q173C
K176C (2.4),
5 -1.681 -2.989 D110C (1.8), DHOC, T77C,

V109C (2.8)

K176C




95

K176C

Figure 49. EP poses 1 (a) and 4 (b) docked into pocket 3.

E4CIAA’s binding energies for pocket 3 (Table 16 in the Appendix) are greater than those
for EP and 2,3-PD, as is typical, but they are lower than E4ACIAA’s binding energies for pockets 1
and 2. None of E4CIAA’s poses exhibit hydrogen bonds with K176C, unlike EP and 2,3-PD.
Poses 1 (Figure 57 in the Appendix), 4, and 5 exhibit steric clashes with Q173C. Pose 4 exhibits
an additional steric clash between the chlorine atom and D107C, which was not observed for any

other poses or substrates. In poses 1, 4, and 5, both carbonyls hydrogen bond with V109C,
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D110C, and R111C. In poses 2 and 3, the reactive carbonyl and the ester alkoxy group form
hydrogen bonds with these residues, preventing the steric clash with Q173C. E4CIAA is less
contorted in pocket 3 compared to the other two pockets, with pose 1 representing the most

linear pose.

2,3-PD’s binding energies for pocket 3 (Table 17 in the Appendix) are similar to EP’s. In
pose 5, 2,3-PD forms a hydrogen bond with K176C. Poses 2, 3, and 4 exhibit steric clashes with
Q173C. In poses 1 (Figure 58 in the Appendix), 2, and 3, both carbonyls point toward the a-helix
containing V109C, D110C, and R111C. In poses 4 and 5, only one carbonyl points toward this a-

helix. Pose 1 is the most linear pose.

Discussion

Purification

SDS-PAGE indicates that AKR 308 was sufficiently purified. Eluting fractions 2 and 3
produced a single band with a size of approximately 68 kDa, and concentrated AKR 308 was
slightly larger in size than concentrated AKR 163. The size of the Aral monomer is 40 kDa,””
and the size of Ydl124w is 36 kDa.>® GST-fused AKR 308 and AKR 163 have molecular weights
of 68 kDa and 64 kDa, respectively. Therefore, the molecular mass of the isolated enzyme is

consistent with GST-tagged AKR 308.

Two additional bands were produced for concentrated AKR 308 and AKR 163, indicating
that these protein samples are not completely pure. One band is between 25 kDa and 37 kDa in
size, and the other band is between 37 and 50 kDa in size. There are a few possibilities that could

explain these contaminating bands. First, several publications reported observing a band
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corresponding to a 39 kDa Aral degradation product.’>7>7¢ Cleavage of Aral to form this
degradation product occurs at the N-terminal end,’® which is the site of GST tag fusion. The GST
tag is 26 kDa in size, so N-terminal cleavage of AKR 308 would produce fragments with sizes
corresponding to the contaminating bands. However, the AKR 308 degradation product would
have needed to bind to glutathione in order to appear in the eluting fractions. While N-terminal
cleavage would not explain the contaminating bands observed for AKR 163, it is plausible that
these bands may simply be spill-over from the AKR 308 lane. Another possibility is that the
column may have contained leftover TEV protease, which was used previously to cleave the
GST tag from AKR 163. The band between 37 and 50 kDa in size could also correspond to a
bacterial protein that binds glutathione. Finally, the contaminating bands might represent protein
samples that degraded during the heating process. Although these contaminating bands may be a
minor cause for concern, concentrated AKR 308 still produced a band of the appropriate size that
was much darker than the contaminating bands, indicating purification of this enzyme to a

sufficient degree for experimental studies.

Substrate Specificity

Substrates Without Electron-Withdrawing Groups: The Impact of Steric Bulk

While AKR 308 and AKR 163 display similar kinetic parameters for EAA, they have
different tolerance levels for increasing steric bulk. AKR 163 displays lower kcat, Km, and
efficiency values with E2MAA compared to EAA,’ and it does not appear to catalyze E2EAA
reduction. These findings imply that AKR 163 prefers B-keto esters with less branching, or more

generally, B-keto esters with less steric bulk. In contrast, AKR 308 displays a higher kcat value,
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lower Km value, and higher efficiency value with E2ZEAA than with EAA. Thus, while AKR 163
only displays an increase in substrate binding affinity with bulkier substrates, AKR 308 displays
an increase in both substrate binding affinity and catalytic activity, producing higher efficiency
values for bulkier substrates. In other words, AKR 308 prefers B-keto esters with more extensive
branching. However, this assumption is complicated by the findings for AKR 308-catalyzed
E2MAA reduction. While the higher velocities relative to EAA reduction suggest a greater Keat
value compared to EAA, the linearity of the velocity plot suggests a larger K value compared to
EAA and E2EAA. One would need to examine higher concentrations of EZMAA in order to

confirm the kinetic parameters.

There is only one example in the literature of Aral reducing a branched compound with
quantitative activity data. Nakamura et al.** compared reduction of ethyl 2-oxobutanoate (Figure
50a) and ethyl 3-methyl-2-oxobutanoate (Figure 50b) by YKER-V, which was later confirmed to
be Aral®. YKER-V’s activity with ethyl 2-oxobutanoate was 31% of its activity with ethyl
pyruvate, while its activity with ethyl 3-methyl-2-oxobutanoate was 7% of its activity with ethyl
pyruvate. Nakamura et al. also determined the kcar and Ky values of YKER-V-catalyzed
reduction of ethyl pyruvate, ethyl 2-oxohexanoate (Figure 50c), and ethyl 3-methyl-2-
oxobutanoate. While ethyl 3-methyl-2-oxobutanoate’s keat value (37.0 s') was slightly higher
than the other substrates (30.5 s and 27.8 s), its Ky value (79.4 mM) is much greater than the
other substrates (5.06 mM and 5.72 mM), indicating slightly higher catalytic power but much
poorer binding affinity. An increase in kcar With increasing steric bulk was also observed in this
study. On the other hand, while the decrease in binding affinity aligns with the apparently high

Kwm value for E2ZMAA, it contradicts the lower Ky value for E2EAA compared to EAA. Tt is
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important to note, however, that ethyl 3-methyl-2-oxobutanoate is an a-keto ester, and the bulky

substrates examined in this study are B-keto esters.
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Figure 50. Structures of (a) ethyl-2-oxobutanoate, (b) ethyl-3-methyl-2-oxobutanoate, and
(c) ethyl 2-oxohexanoate.

One other consideration with regard to steric bulk is the effect of increasing chain length,
which was not examined in this study. According to the literature, Aral appears to better tolerate
increased chain length than branching, although studies have not examined increasing the chain
length of B-keto esters specifically. For example, YKER-V-catalyzed ethyl pyruvate reduction
had a keae value of 30.5 s! and a Ky value of 5.06 mM, and YKER-V-catalyzed ethyl-2-oxo-
hexanoate reduction had a keat value of 27.8 s™' and a Ky value of 5.72 mM.** The decreases in
kear and Km are minimal despite a five-carbon increase in chain length. Aral also displays similar

activity levels®® and kinetic parameters’? with 2,3-pentanedione and 2,3-hexanedione.
y p p
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Interestingly, Aral’s efficiency values for its physiological substrates increase from 0.30 s' mM!

(methylglyoxal) to 1.41 s mM™! (2,3-pentanedione) with increasing chain length.%’

AKR 163 has been tested with ethyl propionyl acetate® (Figure 51a) and ethyl 3-
oxohexanoate (Figure 51b; Goldman and Cassano, unpublished data), which are B-keto esters
with longer chain lengths than EAA. Similar to the branched substrates, kear and Km both
decreased with increasing chain length. It would be of interest to examine the AKR 308-
catalyzed reduction of these substrates in order to determine whether AKR 308 prefers increasing

chain length as well as more extensive branching.

Figure 51. Structures of (a) ethyl propionyl acetate and (b) ethyl 3-oxohexanoate.

The docking results provide some insight into AKR 308’s preference for E2ZEAA over
EAA. Compared to all of E2EAA’s poses, E2ZEAA’s catalytic pose has the highest free energy as
well as the third-highest Rank Score. In contrast, EAA exhibits four noncatalytic poses with
higher Rank Scores and binding affinity than the catalytic pose. E2ZEAA also exhibits more van
der Waals interactions with AKR 308’s residues compared to EAA, which likely explains its

increased binding affinity.
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Kinetic Parameters of Electron-Withdrawing Substrates

There are some intriguing differences in AKR 163’s and AKR 308’s kear and Km values
for substrates with electron-withdrawing substituents (E4CIAA, E2FAA, EP, and 2,3-PD). In
general, AKR 308 exhibited higher kcar and K values than AKR 163, indicating that it reduces
substrates with a higher catalytic turnover number. The increase in Knm may simply reflect the
increase in kea rather than a decrease in binding affinity. The discrepancy in Ku values is greater
than the discrepancy in kea values. For example, AKR 308’s kcat value for E4ACIAA is 25% higher
than AKR 163’s kcat value for E4ACIAA, but AKR 308’s Km for E4ACIAA is 20 times greater than
AKR 163’s Ku for E4CIAA. This large discrepancy in Ku values was not observed for EAA, as

AKR 308’s Ky for this substrate was only three times greater than AKR 163’s K.

The substitution of the halogen in E2FAA versus E4CIAA also affected binding affinity
to a greater extent for AKR 308 than for AKR 163. E2FAA is branched, while E4CIAA is
straight-chained. Therefore, it is possible that the branching of E2FAA is the cause of the higher
Kwm for AKR 308 compared to E4CIAA. On the other hand, AKR 163 may better tolerate
E2FAA’s branching. This would align with Nakamura et al.’s findings regarding ethyl 3-methyl-
2-oxobutanoate® as well as E2MAA’s apparently high Ky value, but it does not align with the
present study’s findings regarding EAA and E2EAA, where Km decreased with more extensive
branching. One potential explanation is that branching of halogen substituents may have a
different effect than branching of alkyl substituents. Investigations of other substrates containing

branched halogen substituents would be necessary to confirm this.
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Previous studies have explored the reduction of 2,3-PD by Aral. van Bergen et al.®
reported a Ky of 4.2 mM and a keat 0of 5.9 s7! for 2,3-PD, and Calam et al.” reported a Ky of 2.2
mM and a keat of 6.4 57! for 2,3-PD. The kear of AKR 308 for 2,3-PD is 7 s°!, which is close to the
literature values. However, the Km of AKR 308 for 2,3-PD is 80 mM, which is much higher than
the literature values and likely exceeds the 2,3-PD concentration in vivo. The discrepancy may
have been caused by pH; van Bergen et al. and Calam et al. both used buffers with a pH of 7,
whereas the current study used a buffer with a pH of 8. The high background absorbance of 2,3-
PD might also have distorted the rate measurements. Furthermore, 2,3-PD was difficult to pipet
due to its viscosity, so inaccurate concentrations may have been produced during the serial
dilution process. Regardless, 2,3-PD exhibited the highest kcat out of all of the substrates tested,

which is consistent with its role as AKR 308’s physiological substrate.

Nakamura et al.3* report kinetic parameters for the reduction of EP by YKER-V and
YKER-IV (which Ishihara et al.’® hypothesize is Yd1124w). YKER-V’s Ky for EP reduction was
5.06 mM, and the keat was 30.5 s™'. By comparison, the Ky value for AKR 308-catalyzed
reduction of EP was 6.7 mM, and the kcat was 1.5 s™'. While the Km values agree, the keat for
AKR 308 is much lower than what the literature reports. Nakamura et al. did not observe
substrate inhibition or cooperativity for Aral-catalyzed EP reduction, which may explain the
discrepancy. Additionally, calculation of AKR 308’s kca did not account for substrate inhibition
due to the complexity of Equation 4, so it does not reflect the actual turnover number for AKR
308-catalyzed EP reduction. Nakamura et al. also used buffers with a pH of 7 and did not use an
affinity tag in their purification of YKER-V, which could also contribute to the difference in

kinetic behavior. Interestingly, Nakamura et al. also found that the Ky for the reduction of EP by
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YKER-IV was 0.434 mM, which is almost identical to the value of 0.38 mM determined for
AKR 163. The lower Km for YKER-IV compared to YKER-V is consistent with the present
study’s findings regarding the Kwm values for AKR 163 compared to AKR 308. Nakamura et al.
also obtained a keat value of 1.66 s for the YKER-IV-catalyzed reduction of EP, which is similar
to the keat value of 2.5 s™!' obtained by Akbary et al.> Nakamura et al.’s keat values imply that Aral
has a larger keat for EP reduction compared to Ydl124w, which was not the case in the present
study. However, this discrepancy might also result from the presence of cooperativity and

substrate inhibition in the present study as well as the calculation of kcar from Equation 3.

[S-Diketones: Poor Substrates

As kinetic investigations expanded to the a-diketone 2,3-PD, it became of interest to
evaluate AKR 308’s behavior with B-diketones as well. 2,4-PD was chosen due to its structural
similarity to 2,3-PD, and TF-2,4-PD was selected because it is a dicarbonyl with an electron-
withdrawing substituent, similar to EP. Both 2,4-PD and TF-2,4-PD were exceptionally poor
substrates with limited reactivity. AKR 308’s velocity with 15 mM 2,3-PD greatly exceeded its
velocities with 125 mM 2,4-PD and 164 mM TF-2,4-PD. 2,4-PD and TF-2,4-PD were also less
reactive than EAA, AKR 308’s poorest $-keto ester substrate. Thus, B-diketones are worse
substrates for AKR 308 than a-diketones and B-keto esters. A study of Aral by Heidlas and

Tressl®®

aligns with this finding. Compared to baseline activity with diacetyl, Aral displayed
151% relative activity with 2,3-PD, 39% relative activity with EAA, and 5% relative activity

with 2,4-PD.



104

a-diketones like 2,3-PD contain two adjacent carbonyls, so the reactive carbonyl is
adjacent to an electron-withdrawing group that increases its reactivity. Like B-diketones, a B-keto
ester like EAA lacks an electron-withdrawing group adjacent to the reactive carbonyl. However,
EAA does contain an electron-withdrawing ester functionality. In this case, the ester functionality
in EAA may function as a stronger electron-withdrawing group than the second carbonyl in 3-

diketones, increasing the reactivity of EAA compared to 2,4-PD and TF-2,4-PD.

The docking results for 2,4-PD offer a structural basis for its low reactivity that
supplements the above hypothesis. 2,4-PD’s catalytic pose exhibits steric clashes with NADPH
and W102, and noncatalytic poses of 2,4-PD have higher Rank Scores than the catalytic pose,

indicating that the catalytic pose is unlikely to be observed experimentally.

TF-2,4-PD represents a more perplexing case than 2,4-PD, as one would expect the three
fluorine atoms to act as an electron-withdrawing group that increases reactivity. It is important to
note, however, that the reactive carbonyl in TF-2,4-PD’s catalytic pose is 4.1 A away from
NADPH, which represents the longest distance to NADPH among the catalytic poses. Unlike the
other substrates, the nonreactive carbonyl in TF-2,4-PD is closer to NADPH compared to the
reactive carbonyl. The longer distance would make hydride transfer from NADPH less efficient,

leading to slower catalysis.

Substrate Inhibition

AKR 308 displayed markedly different patterns in substrate inhibition compared to AKR
163. Substrate inhibition was observed with E4CIAA, E2FAA, and EP but not with EAA and

other substrates lacking electron-withdrawing groups.® This pattern suggested that an electron-
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withdrawing group adjacent to the reduced carbonyl induced substrate inhibition in AKR 163.
Because lower Kum values were observed for E4CIAA, E2FAA, and EP compared to EAA, it was
hypothesized that the electron-withdrawing substituent increases the rate of hydride transfer,
allowing the substrate to bind to the enzyme-NADP" complex and induce substrate inhibition. In
contrast, only EP induced substrate inhibition in AKR 308, with E4CIAA and E2FAA exhibiting
Michaelis-Menten kinetics. This suggests that AKR 308 does not follow the mechanism of
substrate inhibition proposed for AKR 163. Because both EP and 2,3-PD contain a 2,3-
dicarbonyl functional group, 2,3-PD was tested with AKR 308 to determine whether substrate
inhibition is general for this functional group. A linear increase in velocity was observed up to 15
mM 2,3-PD. While saturation of AKR 308 with 2,3-PD could not be achieved due to high
background absorbance, it is evident that substrate inhibition would occur, if at all, at 2,3-PD
concentrations that are not biologically or practically relevant. This behavior contrasts with EP,
as substrate inhibition was observed at concentrations greater than 10 mM. Thus, for AKR 308,
substrate inhibition is not a function of electron-withdrawing substituents or of the 2,3-
dicarbonyl functionality. Interestingly, EP does exhibit the lowest Ky value out of all of the
substrates tested with AKR 308, which is consistent with the observed correlation between lower

Kwm values and substrate inhibition for AKR 163.

AKR 163’s kinetic behavior with 2,3-PD also provides implications for the model of
AKR 163’s substrate inhibition. As a 2,3-diketone, 2,3-PD does contain an electron-withdrawing
group next to the reduced carbonyl. 2,3-PD exhibited a lower Ky than EAA but a higher Kv than
E4CIAA, E2FAA, and EP. While 2,3-PD may exhibit substrate inhibition of AKR 163, this

inhibition is far less potent than for the other three substrates with electron-withdrawing groups,
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if it occurs at all. 2,3-PD contains a weaker electron-withdrawing group since it lacks the ester
functionality, which may explain both the observed Km and the apparent lack of substrate
inhibition. If the kinetic model for 2,3-PD was confirmed to be Michaelis-Menten after testing of
higher 2,3-PD concentrations, this would indicate that either the 2,3-diketone functionality is not
potent enough to induce inhibition or that substrate inhibition is not a general feature of electron-

withdrawing substituents for AKR 163, which would be consistent with AKR 308.

Fluorescence data for AKR 308-NADP" complex formation provides further insight into
the mechanism of AKR 308’s substrate inhibition. AKR 308’s Kp value for NADP" binding is
1.2 £ 0.2 uM. Previous researchers found that AKR 163’s Kp value for NADP" binding in one
trial was 0.5 + 0.1 uM (Stafford and Cassano, unpublished data). The difference in Kp values is
small, and fluorescence titrations of AKR 163 would need to be repeated in order to confirm this
result. However, the larger Kp value for AKR 308 does suggest slightly lower binding affinity for
NADP", which is consistent with the hypothesis that AKR 308’s substrate inhibition is not
mediated by substrate binding to the enzyme-NADP" complex. The larger Kp value would
indicate faster dissociation of the AKR 308-NADP" complex after hydride transfer. As a result,
substrate molecules would not have enough time to bind to the AKR 308-NADP" complex

following hydride transfer, preventing them from causing substrate inhibition.

Docking studies suggest that rather than binding to the enzyme-NADP" complex, EP
adopts nonproductive poses in the active site that lead to substrate inhibition. EP exhibits two
nonproductive poses (3 and 5) with higher free energies and Rank Scores than the catalytic pose.
In other words, these poses are more likely to be observed experimentally than the catalytic pose,

and they have higher binding affinity than the catalytic pose. In addition, poses 3 and 5 do not
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exhibit any steric clashes. It is plausible that at higher concentrations, EP may favor pose 3 or
pose 5 over the catalytic pose, forming a dead-end complex that cannot proceed to catalysis.
Poses 3 and 5 would also dissociate more slowly from the dead-end complex because they have a
higher binding affinity than the catalytic pose, which would mean that the nonproductive

complex would dominate over the catalytic complex.

E4CIAA and 2,3-PD are more likely to adopt catalytic poses compared to EP. E4CIAA
poses 2, 4, and 6 exhibit similar Rank Scores and binding affinities to the catalytic pose.
However, these noncatalytic poses are disfavored due to steric clashes with NADPH. In pose 2, a
large chlorine atom is next to NADPH, and in poses 4 and 6, carbon groups are in close
proximity to NADPH. In contrast, the catalytic pose is twisted so that the ester portion hydrogen
bonds with W132 and does not come in contact with NADPH. Additionally, four of 2,3-PD’s
poses are catalytic in nature, indicating that 2,3-PD is more likely to adopt a catalytic pose than a
noncatalytic pose. Thus, E4CIAA and 2,3-PD would not be expected to adopt nonproductive
poses in AKR 308’s active site, which could explain why these substrates do not inhibit AKR

308.

One caveat to the proposed model of AKR 308’s substrate inhibition is that EAA and 2,4-
PD also exhibit noncatalytic poses that have greater Rank Scores and binding affinities than the
catalytic pose and lack steric clashes, yet these substrates do not inhibit AKR 308. In this case,
more favorable formation of noncatalytic poses may be linked to these substrates’ low reactivity.
It is also important to note that the concentrations of EAA tested do not approach the Ky value,

so the possibility of substrate inhibition cannot be excluded.



108

There are two noteworthy examples in the literature of substrate inhibition in AKRs that
relate to the models described above. Based on studies of the inhibitors zopolrestat and sorbinil,
Nakano and Petrash® proposed that human aldose reductase (AKR1B1) is inhibited by substrate
binding to the enzyme-NADP" complex, which is consistent with the model of AKR 163’s
inhibition. For the human steroid 5B reductase AKR1DI1, on the other hand, substrate inhibition
is mediated by binding of substrates in nonproductive poses. AKR1D1 exhibits substrate
inhibition with C18 and C19 steroids such as testosterone but not with C21 steroids such as
cortisone.®® An analysis of the AKR1D1 crystal structure revealed that testosterone adopted a
nonproductive binding orientation at the high substrate concentrations used for crystallization,

while cortisone did not.%’

This mechanism aligns with the trends observed in the docking poses
of EP, E4CIAA, and 2,3-PD in Aral’s active site. Notably, AKR1D1 lacks the “safety belt” found
in AKR1B1 that locks cofactor into place,®” which would decrease AKR1D1’s affinity for

cofactor and make substrate binding to the enzyme-NADP" complex less likely. Similarly,

fluorescence data indicates that AKR 308 has a lower affinity for NADP" compared to AKR 163.

To further investigate the role of “safety belt” formation in AKR 163’s and AKR 308’s
inhibition, the AKR1B1 sequence was aligned with the AKR 163 and AKR 308 sequences
(Figure 52). Orange shading denotes alignment of the AKR 163 and AKR 308 sequences with
the “safety belt” sequence in AKRIB1. For AKR 163, A216 aligns with A221 in the “safety belt”
(Figure 52a). There are also three instances where biochemically similar amino acids align: AKR
163 K213 with AKR1B1 R217, AKR 163 Q218 with AKR1B1 K222, and AKR 163 D220 with
AKRIBI1 E224. Charges are conserved in two of these cases, indicating conservation of the salt

bridges through which the “safety belt” stabilizes cofactor binding?®. With AKR 308, on the other
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hand, the only alignment with the “safety belt” occurs between P241 and AKR1B1 P219 (Figure
52b). Interestingly, there is a gap in the portion of the AKR 308 sequence that aligns with the
“safety belt.” Overall, the aligned AKR 163 sequence appears to be more reminiscent of the
“safety belt” compared to AKR 308, which could produce increased affinity for NADP™.
However, a more comprehensive investigation of the role of the “safety belt” in substrate
inhibition would require alignment of more AKR sequences, which was beyond the scope of the

present study.
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Figure 52. Alignments of the AKR1B1 sequence with a) AKR 163 and b) AKR 308. Orange
shading marks the alignment with AKR1B1’s “safety belt” sequence.



111

Substrate inhibition has not been previously reported for Aral. The lack of substrate
inhibition with 2,3-PD is consistent with the literature.®®’> However, while substrate inhibition

1.8* did not mention substrate inhibition

was observed with EP in the present study, Nakamura et a
in their description of YKER-V-catalyzed EP reduction (although they do note that substrate
inhibition of YKER-IV occurred at a-keto ester concentrations greater than 1 mM). Nakamura et
al. did not state the concentrations of EP that they tested, so it is possible that they did not test EP
concentrations above 10 mM and therefore would not have observed inhibition. Thus, the

findings from the present study regarding substrate inhibition fill a gap in the literature and

improve the scientific understanding of substrate inhibition in AKRs.

Cooperativity

One unexpected result from the present study was the observation that EP exhibits
cooperative binding with AKR 308. In contrast to the other substrates tested, the velocity curve
for EP is distinctly sigmoidal. Because Aral is dimeric,”’ cooperative binding is a logical
possibility. In addition, because cooperative binding was not observed for E4CIAA, E2FAA, or
2,3-PD, cooperativity is not a function of electron-withdrawing substituents or a 2,3-dicarbonyl
functionality. Interestingly, the Hill coefficient for EP is 3.9, which indicates the presence of four
binding sites. This finding is not consistent with Aral’s dimeric structure. One possible
explanation involves the dimerization of the GST tag,®® which could lead to tetramer formation.

1.8 did not observe cooperativity

GST tag dimerization could also explain why Nakamura et a
with YKER-V, as they did not include affinity tags in their purification process. It is also possible

that the Hill coefficient is an overestimate resulting from the use of Equation 3, which does not

account for the effect of substrate inhibition and therefore underestimates Vmax and K.
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Cooperativity has not been previously reported for Aral, but there are other examples of
oxidoreductases that exhibit this phenomenon. Two examples are 11p-hydroxysteroid
dehydrogenase 1 (11B-HSD1) and cis-retinol/androgen dehydrogenase (CRAD) isoforms 1 and
2. These enzymes belong to the short-chain dehydrogenase superfamily, which catalyzes
carbonyl oxidations and reductions via a different mechanism than AKRs. Therefore, these
examples are meant to illustrate biological functions of cooperativity in oxidoreductases rather
than mechanistic principles. The dimeric 113-HSD1 exhibits cooperative behavior with cortisone
and dehydroxycortisone as substrates but not with cortisol and dehydroxycortisol as substrates.®’
11B-HSD1 reduces cortisone to cortisol in vivo, so this enzyme’s cooperative behavior in the
reduction direction likely enables an effective response to fluctuations in glucocorticoid levels.
On the other hand, 113-HSD1 does not function as a cortisol dehydrogenase, which would
explain its Michaelis-Menten kinetics with this substrate. 113-HSD1 also exhibits cooperative
behavior in the reduction of the carcinogenic cigarette component NNK*° as well as the
reduction of the chemotherapeutic drug oracin to both of its enantiomers.’! The tetrameric
CRAD-1 exhibits cooperative behavior for the oxidation of 9-cis-retinol and 11-cis-retinol to
their corresponding retinals, but it exhibits Michaelis-Menten kinetics for the oxidation of 3a-
hydroxysteroids like androsterone.’? On the other hand, CRAD-2 exhibits cooperative behavior
for the oxidation of the 3a-hydroxysteroid testosterone but Michaelis-Menten kinetics for
retinols.”® Because the actions of 3a-hydroxysteroids and retinoic acids oppose each other,’” the

contrasting cooperative behaviors of the two isozymes may serve a regulatory role.

There are also examples of cooperativity within the aldo-keto reductase superfamily. For

example, a cytosolic human liver AKR metabolized the HIV integrase inhibitor S-1360 in a
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cooperative manner.”* This AKR was most likely a member of the AKR1C family. Because
AKRIC enzymes are monomeric, the cooperative behavior was most likely facilitated by
allosteric site binding rather than conformational changes at multiple active sites. Additionally,
TcAKR from the parasite Trypanosoma cruzi exhibits Michaelis-Menten kinetics with 4-
nitrobenzaldehyde and 2-dihydroxyacetone but exhibits cooperative behavior with
orthoquinones.”® The authors cite a unique catalytic mechanism used for quinone reduction” as a

potential explanation for this observation.

These examples provide some insight into potential biological roles of AKR 308’s
cooperativity. Aral’s physiological function involves metabolizing toxic diketones,® consistent
with a general role of AKRs in stress responses.***’ Cooperative behavior would allow Aral to
adjust its activity based on fluctuating diketone concentrations associated with stress; catalytic
activity would be lower in basal conditions and would increase in more stressful conditions. This

1.8 The oxidoreductases

behavior would be similar to what has been observed for 113-HSD
described above also display both cooperative and Michaelis-Menten behavior depending on the
substrate, similar to AKR 308. The implication is that AKR 308 would be more likely to exhibit
cooperative behavior with its physiological substrates, but this is inconsistent with the finding
that AKR 308 displays Michaelis-Menten kinetics with 2,3-PD as well as the literature on Aral-
catalyzed 2,3-PD reduction. However, it is possible that AKR 308 may exhibit cooperative
behavior with diacetyl and methylglyoxal, Aral’s other biological substrates. Additionally, the
enzymes described above display cooperative behavior with xenobiotic substrates, which

represent potential stressors and which would only demand high catalytic activity at high

concentrations. Interestingly, ethyl pyruvate exhibited anti-microbial activity against pathogenic
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yeast species,”’ indicating that it could serve as an external stressor. It is also notable that
orthoquinones contain two adjacent carbonyl groups,’” similar to EP. However, this observation

does not account for the Michaelis-Menten kinetics observed for 2,3-PD with AKR 308.

Studies of perakine reductase”® from Rauvolfia serpentina and AKRtyl*® from
Streptomyces fradiae describe structural mechanisms of cooperativity in AKRs. The monomeric
perakine reductase undergoes an extensive conformational change upon NADPH binding that
opens a large cavity for substrate binding, leading to cooperative kinetics when the NADPH
concentration is varied. This mechanism is likely related to perakine reductase’s unique barrel
structure, which consists of eight a-helices and six B-strands. The octameric AKRtyl exhibits
cooperative behavior with its substrate tylosin. This substrate generates cooperative behavior by
binding to an allosteric site, which causes slight conformational changes to the active site that
improve tylosin binding. AKRtyl is especially notable, however, because it exhibits both
substrate inhibition and cooperative binding with NADPH, similar to AKR 308’s behavior with
EP. AKRtyl-NADPH crystal structures and fluorescence studies revealed that the binding of
NADPH results in a concerted conformational change from a disordered T state to an ordered R
state, a model that is consistent with cooperativity. Meanwhile, at high concentrations, NADPH
binds to the substrate binding site, resulting in substrate inhibition. While AKRtyl comes closest
to matching AKR 308’s unique kinetic behavior, AKR 308 appears to be the first example of an
AKR exhibiting both substrate inhibition and cooperative binding induced by a carbonyl

substrate.

There are two mechanisms by which EP’s cooperative binding could occur. In the first

mechanism, binding of EP to one active site would generate a conformational change transmitted
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across both subunits, improving the affinity of both active sites for EP. This is the mechanism by
which aspartate induces cooperativity in aspartate transcarbamoylase.?! In the second
mechanism, binding of EP to an allosteric site would generate a conformational change that
improves the affinity of both active sites for EP, similar to the mechanism that tylosin utilizes for

cooperative binding to AKRtyl”

. Examining the first mechanism computationally would require
complex molecular dynamics simulations, which were beyond the scope of this study. The

second mechanism was examined by generating potential allosteric sites using PASSer and

docking EP, E4CIAA, and 2,3-PD into the allosteric sites.

The pockets with the three highest probabilities of being allosteric sites were examined in
this study. The binding sites generated for pockets 1 and 2 suggest a potential conformational
change that could lead to cooperativity. In pocket 1, substrates docked near a -sheet that extends
to the active site. Hypothetically, substrate binding could shift the B-sheet and produce a
conformational change in the active site that improves binding affinity. In pocket 2, two binding
sites were located within the dimeric interface. Substrate binding within the dimeric interface has
the potential to generate conformational changes in both subunits. In pocket 3, substrate binding
would likely alter the three-dimensional arrangement of the outer a-helices, but it is not clear
how this would change the active site conformation and produce cooperative behavior. This is
consistent with pocket 3 having the lowest probability of being an allosteric site. Molecular
dynamics simulations would be required to computationally determine which conformational
changes occur upon substrate binding, if any. It is also important to note that analysis of the

allosteric pockets does not account for conformational changes induced by the GST tag.
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Based on the docking results for EP, E4CIAA, and 2,3-PD, pocket 1 appears most likely
to be the allosteric site that facilitates EP’s cooperativity. EP exhibits greater binding affinities in
pocket 1 than in pockets 2 and 3. All five poses of EP docked into the same position in pocket 1,
indicating a consistent binding site. On the other hand, there was slight variation in EP’s docking
position in pocket 3 and considerable variation in docking position in pocket 2. Remarkably, EP
does not exhibit any steric clashes in pocket 1, in contrast to pockets 2 and 3. Binding of EP to
pocket 1 also appears to be more favorable than binding of E4ACIAA and 2,3-PD to pocket 1. All
of E4CIAA’s binding poses and three of 2,3-PD’s binding poses in pocket 1 exhibit steric
clashes. 2,3-PD also binds in two different sites in pocket 1, and E4CIAA’s poses in pocket 1 are

more contorted than EP’s poses.

One important caveat to these findings is that the allostery probabilities for pockets 1, 2,
and 3 are less than 50%, and PASSer’s Ensemble algorithm only labels a pocket as allosteric if
the probability is greater than 50%.!% According to this definition, the pockets analyzed in this
study would not be considered allosteric sites, which means that EP’s cooperativity is likely not
mediated through allosteric site binding. However, molecular dynamics simulations and

experimental studies would be necessary to confirm whether this is true.

Conclusion

This study aimed to compare the kinetic behavior, substrate specificity, and substrate
inhibition patterns of AKR 308 and AKR 163, representing the first investigation of an SC108
AKR other than AKR 163. AKR 308 and AKR 163 were found to exhibit significant differences

in these areas. For example, AKR 308 displays greater preference for steric bulk and higher Km
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values with substrates containing electron-withdrawing groups compared to AKR 163. Most
importantly, AKR 308’s substrate inhibition is not general across substrates containing electron-
withdrawing groups, as AKR 308 is inhibited by EP but not by E4CIAA, E2FAA, or 2,3-PD.
This indicates that AKR 163’s mechanism of substrate inhibition is not general across the SC108
AKRs. Fluorescence experiments and substrate docking studies suggest that AKR 308’s substrate
inhibition may be mediated by nonproductive substrate poses rather than substrate binding to the
enzyme-NADP" complex. AKR 308 exhibits a slightly higher Kp for NADP" binding compared
to AKR 163, indicating that AKR 308 has a lower affinity for NADP". This would reduce the
probability of substrate binding to the enzyme-NADP' complex. Furthermore, substrate docking
predicts nonproductive binding poses for EP that are more energetically favorable and more
likely to be observed experimentally than the catalytic pose. On the other hand, E4CIAA’s and
2,3-PD’s catalytic poses would be expected to dominate over nonproductive poses based on the
docking results. Overall, this study represents the first systematic structure-function study of
substrate inhibition in AKRs. While reports of substrate inhibition in AKRs focus on sporadic
inhibition or inhibition with a biological substrate, this research identifies patterns in substrate

inhibition based on carbonyl reactivity and examines how these patterns differ among AKRs.

The most unexpected finding from this study was EP’s cooperativity with AKR 308. Like
AKR 308’s substrate inhibition, cooperativity is not a function of electron-withdrawing groups or
2,3-dicarbonyl functionality. Potential allosteric sites were generated and evaluated
computationally to determine if EP’s cooperativity is mediated through an allosteric mechanism.
Pocket 1 exhibited a consistent EP binding site, lacked steric clashes with EP, and accommodated

EP better than E4CIAA and 2,3-PD, suggesting that this pocket could serve as an allosteric
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binding site for EP. However, the low allostery probabilities generated through PASSer suggest

that EP’s cooperativity is not in fact allosteric in nature.

Limitations

There are a number of limitations to this study that should be taken into consideration.

With regard to the kinetic experiments, 2,3-PD posed significant problems for data collection. Its
high absorbance prevented velocity measurements at concentrations above 15 mM, and its high
viscosity could have produced pipetting errors. These factors mean that the possibility of 2,3-PD
exerting substrate inhibition cannot be definitively eliminated, and they could explain AKR 308’s
high Kwm value for 2,3-PD, which is not consistent with the literature. Furthermore, the velocity
curve for E2ZMAA was too linear to determine kinetic parameters, which limits the conclusions
that can be drawn about AKR 308’s preference for steric bulk. Finally, EP’s kinetic parameters
are inaccurate due to the use of Equation 3, which does not account for substrate inhibition. Use

of Equation 3 also means that EP’s K; could not be determined.

The fluorescence experiments also exhibit limitations. First, Kp values for substrate
binding could not be determined due to high substrate absorbance in the excitation range. These
Kbp values would more accurately reflect substrate binding affinity compared to Kwm values, and
they could have provided insight into AKR 163’s and AKR 308’s substrate inhibition
mechanisms. Additionally, AKR 163’s Kp value for NADP" was obtained from a single trial. to
repeat the AKR 163-NADP" fluorescence titrations were unsuccessful due to abnormally high

AF values for low NADP" concentrations that prevented calculation of the Kp value. While AKR
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163-NADP" fluorescence titrations were planned for the present study, they could not be

completed due to time constraints.

There are also important caveats to the docking study. First, the LeadFinder algorithm is
optimized for drug discovery applications, which involve large molecules with maximized
binding affinity for the protein. AKR 308’s substrates do not fit in this category. To illustrate,
many of the binding energies calculated in this study would be considered “extremely poor
binding” according to LeadFinder’s criteria.®! This limits the interpretability of the docking
scores. Second, computational docking cannot produce the actual binding pose of the substrate,
which would need to be confirmed via experimental techniques like X-ray crystallography or
cryo-electron microscopy. The predicted free energies of binding also lack an empirical basis.
For example, the Kp value calculated from E4CIAA’s catalytic pose’s free energy of binding was
0.25 M, which is much higher than the Km of 10 mM determined experimentally. While the
docking results may provide potential explanations for experimental findings, these explanations
are speculative and would need to be confirmed experimentally. In cases where experimental and
computational findings conflict, the experimental findings should be viewed as more trustworthy.
Third, the docking study did not address conformational changes in AKR 308 upon substrate
binding. This includes conformational changes in the active site as well as conformational
changes across subunits upon binding of EP to the active site or to allosteric sites. More
sophisticated molecular dynamics simulations would have revealed additional structural
determinants of substrate specificity, and they would have clarified the mechanism that facilitates
EP’s cooperativity. Fourth, the crystal structures of Aral and AKR 308 may not be identical,

especially given the differences between Aral’s and AKR 308’s behavior.
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Future Directions

There are several experiments that could be performed to expand on the findings of the
present study. For example, one could evaluate AKR 308’s kinetic behavior with additional
substrates to better establish its substrate specificity. AKR 308 could be tested with ethyl
propionyl acetate and ethyl 3-oxohexanoate in order to determine whether its preference for
steric bulk extends to substrates with longer chain lengths. It would also be of interest to evaluate
Aral’s physiological substrates diacetyl and methylglyoxal to see if AKR 308 exhibits substrate

inhibition or cooperativity with these substrates.

Another unresolved question from the present study is the cause of the Hill coefficient of
3.9 for AKR 308-catalyzed EP reduction. Cross-linking studies with dimethyl suberimidate!®!
were performed in order to examine GST tag dimerization and tetramer formation, which could
explain the Hill coefficient (Goldman and Cassano, unpublished data). These studies revealed
dimerization of the monomeric AKR 163, which was most likely induced by GST tag
dimerization, and they provided preliminary evidence of AKR 308 tetramer formation. However,
confirming GST tag dimerization would require cleaving the GST tag from AKR 308 and AKR
163. Size-exclusion chromatography could also be performed to investigate AKR 308 oligomer

formation.

It would also be of interest to perform a docking study of Ydl124w. Unfortunately,
researchers have not yet determined Ydl124w’s crystal structure. An AlphaFold structure of
Ydl124w has been generated (Cassano, unpublished data), but docking into this structure would

likely produce less accurate results compared to docking into the Aral crystal structure. NADPH
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would also need to be docked into the Ydl124w AlphaFold structure, which proved to be difficult
in previous attempts. A docking study of Ydl124w would provide insight into the differences in
kinetic parameters between AKR 163 and AKR 308 as well as AKR 163’s mechanism of
substrate inhibition. If catalytic poses of substrates containing electron-withdrawing groups were
favored over nonproductive poses, this would provide further evidence for the hypothesis that

AKR 163’s and AKR 308’s substrate inhibition are mediated through different mechanisms.

One final area of investigation is the other three AKRs cloned from SC108: AKRs 169,
304, and 456. AKR 304, which is homologous to the xylose reductase Gre3,* was recently
isolated from E. coli, and it only exhibited enzymatic activity with xylose as its substrate
(Orellana, De’Stefano, and Cassano, unpublished data). The kinetic behaviors of AKR 169 and
AKR 456 have not yet been determined. AKR 456 is particularly interesting since it is also
homologous to Aral.* Kinetic studies of these AKRs would reveal whether they exhibit substrate
inhibition and, by extension, whether they conform more closely to AKR 163’s or AKR 308’s
mechanism of substrate inhibition. This would permit more general conclusions about the

mechanisms of substrate inhibition in AKRs.

Implications for Biocatalysis

In addition to comparing the substrate inhibition patterns of AKR 163 and AKR 308, a
major motivation for the present study was to evaluate the biocatalytic applications of these
enzymes. This research aligns with other screening studies of novel AKRs, which establish the
substrate specificity of these enzymes and help researchers select AKRs that are well-suited for

certain biocatalytic reactions. Kinetic studies of AKR 163 and AKR 308 revealed that these
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enzymes would be optimal for biocatalysis under different conditions. For example, AKR 163
would be well-suited for reduction of E4CIAA and EP at concentrations lower than 1 mM due to
its low Ku. On the other hand, AKR 308 would be the more ideal choice for reduction of
E4CIAA at concentrations higher than 1 mM because AKR 163 exhibits substrate inhibition at
these concentrations. AKR 308-catalyzed EP reduction would be most optimal at concentrations
between 3 mM and 10 mM, which corresponds to the exponential portion of the sigmoidal
velocity curve. Finally, AKR 308 would be preferred over AKR 163 for reductions of branched
compounds. It is also important to note that AKR 163 and AKR 308 would be predicted to differ
in their stereoselectivity; Aral reduces 2,3-diketones to the (S) enantiomer of the alcohol,

whereas YdI124w reduces 2,3-diketones to the (R)-enantiomer of the alcohol.

Because substrate inhibition impairs biocatalysis, it is of interest to develop methods to
ameliorate this behavior. For AKR 163, one method to alleviate substrate inhibition is the use of
low pH and salt ions, which disrupt salt bridge interactions involved in binding of substrate to
the enzyme-NADP" complex. For example, AKR 163-catalyzed E4CIAA reduction at pH 6 in 1
M NaCl produced a velocity curve approximating Michaelis-Menten kinetics.!®> However, this
method is less likely to alleviate the substrate inhibition of AKR 308, as this enzyme’s inhibition
appears to be mediated via formation of nonproductive substrate poses as opposed to substrate
binding to the enzyme-NADP" complex. An alternative approach for AKR 308 may be to mutate
residues involved in stabilizing the nonproductive poses of EP, such as A70, K150, and W132.
This would then favor formation of EP’s catalytic pose over the nonproductive poses, potentially

alleviating substrate inhibition.
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Appendix

Derivation of the Michaelis-Menten Equation

Derivation of the Michaelis-Menten model requires several key assumptions. The first is
that the enzyme and substrate form an enzyme-substrate complex, or ES complex.'® As shown in
Equation 1, the ES complex can either break down to enzyme (E) and substrate (S), or it can

proceed to product (P) formation.

k1 k2
E+S<~—— ES =<=—— E+P

k. K.
1 2 0

The rate constant k., describes the reverse reaction in which E and P react to re-form the
ES complex. To prevent products from influencing the reaction via product inhibition, Michaelis
and Menten measured the initial velocity of enzymatic reactions, when product formation was
negligible.'® Thus, Equation 1 can be simplified by considering only initial velocities in which
the reverse reaction described by k2 does not occur to any appreciable extent. This permits the

omission of k., leading to Equation 2.

k1 k2
ES —>» E+P

2

E+S
K.

Michaelis and Menten assumed that the rate of an enzyme-catalyzed reaction was
proportional to the ES complex concentration.' This relationship is represented by Equation 3,

in which Vo represents catalytic velocity, or the rate of product formation.
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Vo =k, [ES] 3)

The next step in the derivation is to relate Equation 3 to Equation 2, which includes the
enzyme and substrate concentrations and additional rate constants.!'? To do this, [ES] is expressed

using the terms of Equation 2, as shown in equations 4 and 5.
Rate of formation of ES=k,[E][S] (4)
Rate of breakdown of ES=(k_; + k;)[ES] (5)

Equations 4 and 5 can be simplified using the steady-state assumption, otherwise known
as the Briggs-Haldane assumption. According to the steady-state assumption, because the total
substrate concentration is much larger than the total enzyme concentration, the rate of change of
[ES] is negligible compared to the rate of change of the substrate and product concentrations. '
Thus, [ES] is assumed to be constant, and the rates of ES complex formation and breakdown are

assumed to be equal. This allows Equations 4 and 5 to be set equal to each other, producing

Equation 6.
ki[E][S] = (k_1 + k2)[ES] (6)

Equation 6 can be rearranged to give Equation 7.

[E][S] _ k-_1+tk;
= lertla

The expression on the right side of Equation 7 simplifies to a constant known as K, or

the Michaelis constant, which has units of concentration.!? This is shown in Equation 8.

k_1+k;

K, =
M Ky

®)
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One can then substitute Ky into Equation 7 and solve for [ES] to yield Equation 9.

LE][S]
[ES] ==~ )

In Equation 9, [S] and [E] represent uncombined substrate and enzyme, respectively.
Because the total substrate concentration is much larger than the total enzyme concentration, '®
[S] is assumed to be the same as the total substrate concentration. In addition, [E] can be

represented as the total enzyme concentration ([E]r) minus [ES], as shown in equation 10.
[E] = [E]r — [ES] (10)
Substituting Equation 10 for [E] in Equation 9 gives Equation 11.

[ES] — (E]r—[ESDIS] (11)

Km
Solving Equation 11 for [ES] gives Equation 12.

[E]T[S]/K
[ES] = T+ M(lz)
/K

Equation 12 can be rearranged to give Equation 13.

[ES] = [Elr e (13)

Equation 13 can then be substituted into Equation 3 to obtain Equation 14.

S
Vo = kZ[E]T [s][+1(M (14)

When [ES]=[E]r, all enzyme active sites are saturated with substrate, and the maximum

enzyme velocity is obtained.'? Thus, Vmax can be defined as shown in Equation 15.
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Vinax = k2[E]r (15)

Substituting Equation 15 into Equation 14 yields the final form of the Michaelis-Menten

equation, or Equation 16.

S
Vo = Vinax 75 1 (16)

Results of E4CIAA and 2.3-PD Docking into Allosteric Sites

Table 12. Scores and interactions for E4CIAA’s docking poses in pocket 1.

Pose Rank Score | dG (kcal/mol) Hydrogen- Van der Waals Steric Clashes
Bonding Contacts (Distance in A)
Contacts (Number of
(Distance in A) Interactions)
1 -2.243 -4.947 R227A (2.1), F231A, R227A 1235 (3.0)
L237A (1.8) (2), L237A
2 -1.891 -4.655 L237A (2.1) L236A, F231A R227A (3.0)
3 -1.852 -4.721 L237A (2.7, L236A L236A (2.9)
2.0)
4 -1.84 -4.852 L237A (2.3) L236A, F231 T280 (3.0)
5 -1.821 -4.734 L237A (2.0) L236A 1235 (2.8),
Q278A (2.9)

|| ,:227A 5

NN

bA

\2.9A
\
\

Figure 53. E4CIAA pose 1 docked into pocket 1.




Table 13. Scores and interactions for 2,3-PD’s docking poses in pocket 1.

143

Pose Rank Score | dG (kcal/mol) Hydrogen- Van der Waals Steric Clashes
Bonding Contacts (Distance in A)
Contacts (Number of
(Distance in A) Interactions)
1 -2.057 -3.619 L237A (2.0), F231A, L236A,
T280A (2.5), R227A
R227A (2.5)
2 -1.864 -3.458 R277A (1.9, | L16C (3), N264C E297C (2.9)
2.7,2.0)
3 -1.818 -3.53 L237A(2.0) | F231(2), L236A, 1235A (3.0)
R227A (2)
4 -1.741 -3.503 L237A (2.0) R227A, 1236 T280 (2.9)
5 -1.694 -3.433 L237A (2.1) L237A (3),
R227A (2),
L236A

Figure 54. 2,3-PD pose 2 docked into pocket 1.
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Table 14. Scores and interactions for E4CIAA’s docking poses in pocket 2.

Pose Rank Score dG (kcal/mol) Hydrogen-Bonding Van der Waals
Contacts (Distance | Contacts (Number of
in A) Interactions)
1 -2.131 -4.615 N264C (2.7), Y263C, V265C
R277A (2.0, 2.3,
2.3)
2 -2.07 -4.618 K303C (3.1), L16A
N264A (3.1)
3 -2.032 -4.357 R227C (2.0) K228C, F231C
4 -1.949 -4.941 R277C (2.0, 3.0), L16A (2), N264A
N264A (2.1),
K303C (2.8)
5 -1.795 -4.739 R277C (2.0, 2.1), V265A, MI5A,
K303C (2.7) E297A

N264A

}(.

Figure 55. E4CIAA pose 1 docked into pocket 2.



Table 15. Scores and interactions for 2,3-PD’s docking poses in pocket 2.
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Pose Rank Score | dG (kcal/mol) Hydrogen- Van der Waals Steric Clashes
Bonding Contacts (Distance in A)
Contacts (Number of
(Distance in A) Interactions)
1 -1.973 -3.062 R227C (1.9, F231C, R227C T280C (2.8)
2.7)
2 -1.927 -3.397 R277C (1.9), L16A, V265A
N264A (2.2)
3 -1.862 -3.349 R277A (2.0, | L16C (4), N264C E297C (2.9)
2.6,2.0)
4 -1.791 -3.128 R227C (2.1) F231C (2),
L237C (2),
R227C (2.1)
5 -1.77 -3.071 R227C (2.0) L237C (3),
R227C (2),
F231C

Figure 56. 2,3-PD pose 1 docked into pocket 2.



Table 16. Scores and interactions for E4CIAA’s docking poses in pocket 3.
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Pose

Rank Score

dG (kcal/mol)

Hydrogen-
Bonding
Contacts

(Distance in A)

Van der Waals
Contacts
(Number of
Interactions)

Steric Clashes
(Distance in A)

-2.149

-4.071

RI11C (2.0),

D110C (2.7,

1.8), V109C
(2.5)

E108C, R111C

Q173C (2.7)

-2.124

-4.074

D110C (2.1,
2.7),R111C
(2.0)

K176C, Q173 (2)

-2.102

-3.831

V109C (2.9),

D110C (2.1,

2.7), R111C
(2.0)

1177C (2), D110C

-1.975

-3.587

RI11C (1.8),
D110C (2.1),
V109C (2.5)

R111C

Q173C (2.6),
D107C (3.0)

-1.74

-3.873

RI11C (1.8),
V109C (2.3),
D110C (2.1)

D110C (2), 1177C
)

Q173C (2.7)

Figure 57. E4CIAA pose 1 docked into pocket 3.



Table 17. Scores and interactions for 2,3-PD’s docking poses in pocket 3.
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Hydrogen- Van der Waals
Bonding Contacts Steric Clashes
Pose Rank Score | dG (keal/mol) Contacts (Number of (Distance in A)
(Distance in A) Interactions)
V109C (2.4),
D110C (1.9,
1 -2.033 -3.011 2.7), R111C E108C (2)
(2.0)
R111C (2.0),
D110C (2.7,
2 -1.97 -2.93 2.0), V109C Q173C (2.7)
(2.3)
V109C (2.2),
3 -1.819 -3.116 DI110C (2.1, K176C 2), 1177C Q173 (2.7)
2.0) (2)
DI110C (1.9), K176C, 1177C
4 -1.672 -3.012 V109C (2.4) (4). DI10C (2) Q173C (2.8)
K176C (2.5), K176C, 1177C
> -1.473 -2.803 DI10C (2.1) (4), D110C

)
=

e

E108C

D107C

=\
\

R111C

K176C

Figure 58. 2,3-PD pose 1 docked into pocket 3.




