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‭Abstract‬

‭Aldo-keto‬ ‭reductases‬ ‭(AKRs)‬ ‭are‬ ‭a‬ ‭broad‬ ‭superfamily‬ ‭of‬ ‭NADPH-dependent‬ ‭oxidoreductases‬

‭capable‬‭of‬‭catalyzing‬‭the‬‭reduction‬‭of‬‭many‬‭carbonyl‬‭compounds‬‭into‬‭alcohols‬‭in‬‭living‬‭systems‬

‭and‬ ‭industrial‬ ‭settings.‬ ‭Most‬ ‭studied‬ ‭AKRs‬ ‭exhibit‬ ‭substrate‬ ‭saturation‬ ‭where‬ ‭they‬ ‭experience‬

‭typical‬ ‭Michaelis-Menten‬ ‭kinetics‬ ‭with‬ ‭their‬ ‭substrates.‬ ‭However,‬ ‭a‬ ‭novel‬ ‭AKR‬ ‭isolated‬ ‭from‬

‭ancient‬ ‭amber‬ ‭called‬ ‭AKR‬ ‭163‬ ‭experiences‬ ‭a‬ ‭phenomenon‬ ‭called‬ ‭substrate‬ ‭inhibition‬ ‭in‬ ‭the‬

‭presence‬ ‭of‬ ‭electron‬ ‭withdrawing‬‭substrates‬‭such‬‭as‬‭ethyl‬‭4-chloroacetoacetate‬‭(E4ClAA).‬‭This‬

‭characteristic‬ ‭is‬ ‭often‬ ‭undesirable‬ ‭biologically‬ ‭and‬ ‭industrially‬ ‭since‬ ‭it‬ ‭leads‬ ‭to‬ ‭poor‬ ‭product‬

‭yields.‬ ‭Unfortunately,‬ ‭there‬ ‭are‬ ‭few‬ ‭studies‬ ‭that‬ ‭aim‬ ‭to‬ ‭alleviate‬‭substrate‬‭inhibition‬‭despite‬‭its‬

‭disadvantages.‬ ‭For‬ ‭these‬ ‭reasons,‬ ‭researchers‬ ‭used‬ ‭AKR‬ ‭163‬ ‭as‬ ‭a‬ ‭model‬ ‭enzyme‬ ‭to‬ ‭test‬ ‭the‬

‭effects‬‭of‬‭pH‬‭on‬‭substrate‬‭inhibition.‬‭They‬‭found‬‭that‬‭decreasing‬‭pH‬‭reduced‬‭substrate‬‭inhibition.‬

‭However,‬‭these‬‭studies‬‭used‬‭two‬‭types‬‭of‬‭buffers‬‭to‬‭gather‬‭data‬‭from‬‭a‬‭wide‬‭range‬‭of‬‭pHs,‬‭which‬

‭could‬ ‭have‬ ‭led‬ ‭to‬ ‭inconsistent‬ ‭results.‬ ‭Similarly,‬ ‭researchers‬ ‭have‬ ‭also‬ ‭tested‬ ‭the‬ ‭effects‬ ‭of‬

‭exogenous‬‭salt‬‭ions‬‭on‬‭substrate‬‭inhibition‬‭and‬‭found‬‭that‬‭adding‬‭salt‬‭decreases‬‭inhibition.‬‭Given‬

‭the‬ ‭successes‬ ‭and‬ ‭shortcomings‬ ‭of‬ ‭these‬ ‭researchers,‬ ‭I‬ ‭combined‬ ‭these‬ ‭ideas‬ ‭to‬ ‭observe‬ ‭and‬

‭explain‬ ‭the‬ ‭effects‬ ‭of‬ ‭salt‬ ‭ions‬‭and‬‭pH‬‭changes‬‭together‬‭on‬‭substrate‬‭inhibition‬‭using‬‭an‬‭ACES‬

‭buffer‬‭system‬‭and‬‭E4ClAA‬‭as‬‭the‬‭substrate.‬‭My‬‭results‬‭confirm‬‭that‬‭lowering‬‭pH‬‭and‬‭adding‬‭salt‬

‭decrease‬‭substrate‬‭inhibition‬‭individually.‬‭Furthermore,‬‭the‬‭lowest‬‭pH‬‭trial‬‭(pH‬‭6)‬‭with‬‭1M‬‭NaCl‬

‭showed‬ ‭almost‬ ‭no‬ ‭signs‬ ‭of‬ ‭inhibition‬ ‭with‬ ‭up‬ ‭to‬ ‭6‬ ‭mM‬ ‭of‬ ‭substrate,‬ ‭and‬ ‭the‬ ‭plot‬ ‭resembled‬‭a‬

‭Michaelis-Menten‬ ‭curve.‬ ‭These‬ ‭results‬ ‭indicate‬ ‭that‬ ‭substrate‬ ‭inhibition‬ ‭can‬ ‭be‬ ‭almost‬

‭completely inhibited under those conditions.‬
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‭Introduction‬

‭Overview: Enzymes‬

‭Multitudes‬ ‭of‬ ‭chemical‬ ‭reactions‬ ‭are‬ ‭carried‬ ‭out‬ ‭in‬ ‭the‬ ‭world‬ ‭around‬ ‭us‬ ‭to‬ ‭sustain‬‭life.‬

‭These‬ ‭reactions‬ ‭have‬ ‭varying‬ ‭rates‬ ‭-‬‭some‬‭occur‬‭instantaneously‬‭while‬‭others‬‭take‬‭a‬‭long‬‭time.‬

‭Biologically,‬ ‭making‬ ‭slower‬ ‭reactions‬ ‭occur‬ ‭quicker‬ ‭is‬ ‭essential‬ ‭for‬ ‭metabolism‬ ‭and‬ ‭other‬

‭cellular‬ ‭processes.‬‭Industrially,‬‭speeding‬‭up‬‭sluggish‬‭reactions‬‭is‬‭crucial‬‭to‬‭increase‬‭the‬‭yield‬‭of‬

‭vital‬ ‭products.‬ ‭For‬ ‭these‬ ‭reasons,‬ ‭humans‬ ‭and‬ ‭other‬‭living‬‭organisms‬‭make‬‭use‬‭of‬‭catalysts‬‭for‬

‭survival.‬ ‭Catalysts‬ ‭are‬ ‭substances‬ ‭capable‬ ‭of‬ ‭increasing‬ ‭the‬ ‭rate‬ ‭of‬ ‭reactions‬ ‭without‬ ‭being‬

‭consumed‬‭or‬‭changing‬‭their‬‭equilibrium‬‭(Cooper‬‭2000).‬‭They‬‭are‬‭capable‬‭of‬‭doing‬‭this‬‭action‬‭by‬

‭decreasing‬ ‭the‬ ‭energy‬ ‭required‬ ‭to‬ ‭convert‬ ‭reactant‬ ‭molecules‬ ‭to‬ ‭products‬ ‭while‬ ‭stabilizing‬ ‭the‬

‭reaction’s transition state (Figure 1).‬
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‭Figure‬‭1.‬‭A‬‭typical‬‭catalyst‬‭reaction‬‭coordinate‬‭diagram.‬‭This‬‭plot‬‭shows‬‭the‬‭energy‬‭needed‬
‭to‬ ‭convert‬ ‭reactants‬ ‭into‬ ‭products‬ ‭for‬ ‭catalytic‬ ‭(red)‬ ‭and‬ ‭non-catalytic‬ ‭(black)‬ ‭reactions.‬ ‭With‬
‭catalysts,‬‭the‬‭energy‬‭needed‬‭to‬‭generate‬‭products‬‭(activation‬‭energy)‬‭is‬‭smaller‬‭than‬‭without‬‭the‬
‭catalyst.‬‭Furthermore,‬‭the‬‭energy‬‭required‬‭to‬‭maintain‬‭the‬‭transition‬‭state‬‭is‬‭lower‬‭in‬‭the‬‭presence‬
‭of a catalyst. The free energy of the reaction (ΔG‬‭rxn‬‭) is unaffected by catalysts.‬

‭Enzymes‬‭are‬‭biological‬‭catalysts‬‭(usually‬‭proteins)‬‭within‬‭living‬‭organisms'‬‭cells‬‭(Liu‬‭et‬

‭al.‬ ‭2007).‬ ‭They‬ ‭work‬ ‭similarly‬ ‭to‬ ‭other‬ ‭catalysts‬ ‭by‬ ‭decreasing‬ ‭the‬ ‭activation‬ ‭energy‬ ‭of‬ ‭the‬

‭reaction‬‭and‬‭stabilizing‬‭the‬‭transition‬‭state‬‭(Lewis‬‭and‬‭Stone.‬‭2023).‬‭However,‬‭their‬‭mechanism‬

‭is‬ ‭slightly‬ ‭different.‬ ‭When‬ ‭an‬ ‭enzyme‬ ‭binds‬ ‭the‬ ‭reactant‬ ‭(or‬ ‭substrate),‬ ‭it‬ ‭forms‬ ‭a‬ ‭low-energy‬

‭enzyme-substrate‬ ‭complex‬ ‭(Figure‬ ‭2A‬ ‭and‬ ‭B).‬ ‭Once‬ ‭formed,‬ ‭the‬ ‭enzyme-substrate‬ ‭complex‬

‭enters‬ ‭a‬ ‭relatively‬ ‭high‬ ‭energy‬ ‭transition‬ ‭state.‬‭During‬‭this‬‭state,‬‭the‬‭substrate‬‭is‬‭converted‬‭to‬‭a‬

‭product,‬ ‭yielding‬ ‭a‬ ‭stable,‬ ‭low-energy‬ ‭enzyme-product‬ ‭complex.‬ ‭Ultimately,‬ ‭the‬ ‭product‬ ‭is‬

‭removed‬ ‭from‬ ‭the‬ ‭enzyme’s‬ ‭binding‬ ‭site‬ ‭when‬ ‭the‬ ‭reaction‬ ‭is‬ ‭complete.‬ ‭By‬ ‭performing‬ ‭these‬

‭feats, enzymes convert substrates to products at high velocities and efficiency (Figure 2B).‬
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‭Figure‬ ‭2.‬ ‭General‬ ‭mechanism‬ ‭of‬ ‭enzyme‬ ‭catalysis.‬ ‭E‬ ‭represents‬ ‭the‬ ‭enzyme,‬ ‭S‬ ‭signifies‬‭the‬
‭substrate,‬‭and‬‭P‬‭is‬‭the‬‭product.‬‭(A)‬‭Enzyme‬‭reaction‬‭coordinate‬‭diagram.‬‭When‬‭the‬‭enzyme‬‭and‬
‭substrate‬ ‭are‬ ‭physically‬ ‭close‬ ‭(E+S),‬ ‭they‬ ‭bind,‬ ‭forming‬ ‭an‬ ‭enzyme-substrate‬ ‭complex‬ ‭(ES).‬
‭They‬ ‭then‬ ‭form‬ ‭a‬ ‭high‬‭energy‬‭transition‬‭state‬‭(ES*),‬‭and‬‭the‬‭product‬‭is‬‭made‬‭(EP).‬‭Finally,‬‭the‬
‭product‬‭is‬‭released‬‭from‬‭the‬‭enzyme‬‭(E+P).‬‭(B)‬ ‭The‬‭reaction‬‭coordinate‬‭diagram‬ ‭corresponding‬
‭to‬‭2A.‬‭The‬‭free‬‭enzyme‬‭utilizes‬‭many‬‭non-covalent‬‭interactions‬‭to‬‭bind‬‭the‬‭substrate‬‭and‬‭form‬‭a‬
‭low-energy‬ ‭ES‬ ‭complex.‬‭The‬‭ES‬‭complex‬‭progresses‬‭into‬‭the‬‭high-energy‬‭ES*‬‭state,‬‭where‬‭the‬
‭substrate‬‭is‬‭converted‬‭to‬‭a‬‭product,‬‭forming‬‭a‬‭low-energy‬‭EP.‬‭Ultimately,‬‭the‬‭product‬‭is‬‭released‬
‭after breaking non-covalent interactions with the enzyme.‬
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‭Despite‬ ‭similarities‬ ‭in‬ ‭the‬ ‭general‬ ‭function‬ ‭of‬ ‭enzymes,‬ ‭these‬ ‭biological‬ ‭catalysts‬ ‭can‬

‭perform‬ ‭various‬ ‭tasks‬ ‭and‬ ‭are‬ ‭separated‬ ‭into‬ ‭six‬ ‭main‬ ‭groups‬ ‭based‬ ‭on‬ ‭the‬ ‭substrates‬ ‭they‬‭act‬

‭upon‬ ‭(Lewis‬ ‭and‬ ‭Stone.‬ ‭2023).‬ ‭These‬ ‭groups‬ ‭are‬ ‭oxidoreductases,‬ ‭transferases,‬ ‭hydrolases,‬

‭lyases,‬‭isomerases,‬‭and‬‭ligases.‬‭Due‬‭to‬‭their‬‭ability‬‭to‬‭catalyze‬‭multiple‬‭reactions,‬‭each‬‭of‬‭the‬‭six‬

‭general‬‭groups‬‭of‬‭enzymes‬‭is‬‭found‬‭in‬‭all‬‭living‬‭organisms.‬‭(Singh‬‭et‬‭al.‬‭2016).‬‭This‬‭reason‬‭alone‬

‭provides‬ ‭a‬ ‭considerable‬ ‭incentive‬ ‭to‬ ‭study‬ ‭their‬ ‭applications.‬‭However,‬‭besides‬‭their‬‭biological‬

‭importance,‬ ‭humans‬‭have‬‭incorporated‬‭enzymes‬‭into‬‭industrial‬‭uses‬‭(Schmid‬‭et‬‭al.‬‭2002).‬‭From‬

‭making‬ ‭food‬ ‭products‬ ‭to‬ ‭drug‬ ‭development,‬ ‭enzymes‬ ‭are‬‭prominent‬‭tools‬‭in‬‭varying‬‭industries‬

‭due‬‭to‬‭their‬‭cheapness‬‭and‬‭versatility‬‭(Ranjbari‬‭et‬‭al.‬‭2018).‬‭Furthermore,‬‭unlike‬‭many‬‭chemical‬

‭catalysts,‬‭enzymes‬‭are‬‭renewable,‬‭biodegradable,‬‭generate‬‭low‬‭amounts‬‭of‬‭waste,‬‭and‬‭can‬‭act‬‭in‬

‭milder‬ ‭conditions‬ ‭(Bell‬ ‭et‬ ‭al.‬ ‭2021).‬ ‭These‬ ‭additional‬ ‭reasons‬ ‭provide‬ ‭a‬ ‭further‬ ‭motive‬ ‭for‬

‭studying the mechanisms of enzyme catalysis.‬

‭Industrial Uses of Enzymes‬

‭For‬ ‭centuries,‬ ‭humans‬ ‭used‬ ‭enzymes‬ ‭to‬ ‭catalyze‬ ‭the‬ ‭production‬ ‭of‬ ‭various‬ ‭foodstuffs‬

‭(Singh‬ ‭et‬ ‭al.‬ ‭2016).‬ ‭The‬ ‭earliest‬ ‭uses‬ ‭of‬ ‭enzymes‬ ‭stem‬ ‭from‬ ‭the‬ ‭production‬ ‭of‬ ‭alcoholic‬

‭beverages‬ ‭from‬ ‭sugars‬ ‭as‬ ‭early‬ ‭as‬ ‭7000‬ ‭BC‬ ‭(McGovern‬ ‭et‬ ‭al.‬ ‭2004).‬ ‭These‬ ‭reactions‬ ‭usually‬

‭utilized‬ ‭amylases,‬ ‭a‬ ‭subgroup‬ ‭of‬ ‭hydrolases‬ ‭capable‬ ‭of‬ ‭breaking‬ ‭down‬ ‭complex‬‭sugars‬‭(Souza‬

‭and‬‭Magalhães‬‭2010;‬‭Raveendran‬‭et‬‭al.‬‭2018).‬‭As‬‭time‬‭passed,‬‭enzymes‬‭started‬‭to‬‭have‬‭broader‬

‭industrial‬ ‭applications.‬ ‭In‬ ‭these‬ ‭settings,‬ ‭microbial‬ ‭enzymes‬ ‭are‬ ‭used‬ ‭over‬ ‭plant‬ ‭or‬ ‭animal‬

‭enzymes‬‭due‬‭to‬‭their‬‭genetic‬‭stability‬‭(Rao‬‭et‬‭al.‬‭1998;‬‭Mohapatra‬‭et‬‭al.‬‭2003).‬‭Their‬‭availability‬

‭also provides a cheap and effective way to synthesize large amounts of goods.‬
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‭During‬ ‭the‬ ‭past‬ ‭few‬ ‭decades,‬ ‭advancements‬ ‭in‬ ‭DNA‬ ‭recombinant‬ ‭technologies‬ ‭and‬

‭protein‬ ‭engineering‬ ‭have‬ ‭allowed‬ ‭the‬ ‭production‬ ‭of‬ ‭more‬ ‭diverse‬ ‭and‬ ‭catalytically‬ ‭productive‬

‭enzymes‬ ‭(Singh‬ ‭et‬ ‭al.‬ ‭2016).‬ ‭These‬ ‭developments‬ ‭mean‬ ‭that‬ ‭the‬ ‭industrial‬ ‭use‬ ‭of‬ ‭enzymes‬ ‭is‬

‭growing;‬‭increasing‬‭the‬‭efficiency‬‭of‬‭enzymatic‬‭technologies‬‭is‬‭becoming‬‭more‬‭important‬‭in‬‭the‬

‭modern‬ ‭age.‬ ‭For‬ ‭example,‬ ‭an‬ ‭engineered‬ ‭version‬ ‭of‬ ‭the‬ ‭oxidoreductase‬ ‭known‬ ‭as‬ ‭cytochrome‬

‭P450‬ ‭could‬ ‭synthesize‬ ‭(2S-6S)-hydroxynorketamine‬ ‭at‬ ‭high‬ ‭yields‬ ‭(Bokel‬ ‭et‬ ‭al.‬ ‭2020).‬ ‭This‬

‭molecule‬ ‭is‬ ‭a‬ ‭critical‬ ‭intermediate‬ ‭for‬ ‭the‬ ‭antidepressant‬ ‭drug‬ ‭esketamine,‬ ‭more‬ ‭commonly‬

‭known‬ ‭as‬ ‭Spravato.‬ ‭Another‬ ‭example‬ ‭would‬ ‭be‬ ‭⍵-transaminase.‬ ‭This‬ ‭enzyme‬ ‭is‬ ‭a‬ ‭transferase‬

‭used‬‭to‬‭synthesize‬‭or‬‭modify‬‭chiral‬‭amine‬‭groups‬‭for‬‭drug‬‭synthesis‬‭(Patil‬‭et‬‭al.‬‭2018).‬‭However,‬

‭its‬ ‭binding‬ ‭site‬ ‭naturally‬ ‭only‬ ‭fits‬‭smaller‬‭chemical‬‭groups‬‭(Han‬‭et‬‭al.‬‭2015).‬‭Researchers‬‭have‬

‭modified‬‭it‬‭to‬‭incorporate‬‭larger‬‭substrate‬‭molecules.‬‭Both‬‭enzymes‬‭showcase‬‭important‬‭aspects‬

‭of pharmaceutical synthesis - efficiency and stereoselectivity.‬

‭From‬ ‭7000‬ ‭BC‬‭to‬‭today,‬‭enzymes‬‭have‬‭become‬‭more‬‭commonplace‬‭(Singh‬‭et‬‭al.‬‭2016).‬

‭Globally,‬‭hydrolases‬‭produce‬‭the‬‭most‬‭revenue‬‭out‬‭of‬‭all‬‭the‬‭six‬‭main‬‭classes‬‭of‬‭enzymes‬‭(Espina‬

‭et‬ ‭al.‬‭2021).‬ ‭Subclasses‬‭of‬‭hydrolases‬‭like‬‭proteases‬‭and‬‭amylases‬‭are‬‭often‬‭used‬‭to‬‭make‬‭food‬

‭products,‬‭develop‬‭therapies,‬‭and‬‭create‬‭textiles‬‭(Adler-Nissen‬‭2007).‬‭Papain,‬‭a‬‭protease‬‭isolated‬

‭from‬ ‭the‬‭papaya‬‭plant,‬‭has‬‭potential‬‭as‬‭a‬‭treatment‬‭for‬‭obesity‬‭(Kang‬‭et‬‭al.‬‭2021).‬‭Additionally,‬

‭it’s‬ ‭used‬ ‭in‬ ‭the‬‭food‬‭industry‬‭as‬‭a‬‭meat‬‭tenderizer‬‭while‬‭also‬‭having‬‭other‬‭pharmaceutical‬‭uses.‬

‭Oxidoreductases‬ ‭are‬ ‭the‬ ‭second-highest‬ ‭revenue‬ ‭generators‬ ‭in‬ ‭the‬ ‭world‬ ‭(Espina‬ ‭et‬ ‭al.‬ ‭2021).‬

‭However,‬ ‭despite‬ ‭their‬ ‭prevalence,‬ ‭oxidoreductases‬ ‭are‬ ‭not‬ ‭usually‬ ‭utilized‬ ‭for‬ ‭the‬ ‭bulk‬

‭production‬‭of‬‭chemicals‬‭due‬‭to‬‭a‬‭lack‬‭of‬‭selectivity‬‭and‬‭efficiency‬‭issues‬ ‭(Martínez‬‭et‬‭al.‬‭2017).‬



‭6‬

‭Developing‬‭and‬‭implementing‬‭methodologies‬‭to‬‭deal‬‭with‬‭these‬‭problems‬‭would‬‭open‬‭new‬‭doors‬

‭for chemical synthesis.‬

‭Oxidoreductases‬

‭Oxidoreductases‬‭are‬‭one‬‭of‬‭the‬‭six‬‭main‬‭groups‬‭of‬‭enzymes‬‭(Lewis‬‭and‬‭Stone‬‭2023).‬‭As‬

‭their‬‭name‬‭suggests,‬‭they‬‭catalyze‬‭the‬‭oxidation‬‭or‬‭reduction‬‭of‬‭substrates‬‭via‬‭hydride‬‭or‬‭electron‬

‭transfer,‬ ‭usually‬ ‭with‬ ‭the‬ ‭help‬ ‭from‬ ‭a‬ ‭cofactor‬ ‭(Singh‬ ‭et‬ ‭al.‬ ‭2016).‬ ‭Cofactors‬‭help‬‭catalysis‬‭by‬

‭stabilizing‬‭the‬‭enzyme,‬‭participating‬‭in‬‭the‬‭chemical‬‭reactions,‬‭or‬‭assisting‬‭with‬‭substrate‬‭binding‬

‭(Robinson‬ ‭et‬ ‭al.‬ ‭1997;‬ ‭Schwarz‬ ‭et‬ ‭al.‬ ‭2009).‬ ‭Enzymes‬ ‭such‬ ‭as‬ ‭alcohol‬ ‭dehydrogenase‬ ‭(ADH)‬

‭utilize‬ ‭NAD‬‭+‬ ‭or‬ ‭NADH‬ ‭to‬ ‭oxidize‬ ‭or‬ ‭reduce‬ ‭substrates‬ ‭(Sicsic‬ ‭et‬ ‭al.‬ ‭1984).‬ ‭ADH‬ ‭oxidizes‬

‭alcohol‬ ‭using‬ ‭NAD‬‭+‬ ‭as‬ ‭an‬ ‭electron‬ ‭donor.‬ ‭Enzymes‬ ‭like‬ ‭isocitrate‬ ‭dehydrogenase‬ ‭use‬ ‭NADP‬‭+‬

‭(Imada‬ ‭et‬ ‭al.‬ ‭2017).‬ ‭Specifically,‬ ‭this‬ ‭enzyme‬‭oxidizes‬‭isocitrate‬‭to‬‭α-ketoglutarate‬‭in‬‭the‬‭citric‬

‭acid‬‭cycle.‬‭Flavin-containing‬‭enzymes‬‭include‬‭glucose‬‭oxidase,‬‭which‬‭catalyzes‬‭the‬‭oxidation‬‭of‬

‭substrates‬ ‭using‬ ‭Flavin‬ ‭Adenine‬ ‭Dinucleotide‬ ‭(FAD)‬ ‭(Chen‬ ‭et‬ ‭al.‬ ‭2021).‬ ‭Enzymes‬ ‭such‬ ‭as‬

‭Cytochrome‬‭P450‬‭can‬‭use‬‭metal‬‭ions‬‭as‬‭cofactors‬‭(Dydio‬‭et‬‭al.‬‭2017).‬‭This‬‭enzyme‬‭uses‬‭metals‬

‭or NADH to help substrate binding and facilitate oxidation.‬

‭Oxidoreductases‬ ‭can‬ ‭be‬ ‭further‬ ‭subdivided‬ ‭into‬ ‭groups‬ ‭such‬‭as‬‭peroxidases,‬‭reductases,‬

‭dehydrogenases,‬‭oxygenases,‬‭and‬‭many‬‭more‬‭(Monti‬‭et‬‭al.‬‭2011).‬‭Each‬‭of‬‭these‬‭subclasses‬‭have‬

‭important‬ ‭biological‬ ‭functions.‬ ‭For‬ ‭example,‬ ‭catalase‬ ‭is‬ ‭a‬ ‭peroxidase‬ ‭capable‬ ‭of‬ ‭reducing‬

‭reactive‬‭oxygen‬‭species‬‭(ROS);‬‭if‬‭downregulated,‬‭cells‬‭can‬‭suffer‬‭from‬‭various‬‭types‬‭of‬‭damage‬

‭(Min‬ ‭et‬ ‭al.‬ ‭2010).‬ ‭In‬ ‭addition‬ ‭to‬ ‭their‬ ‭biological‬ ‭roles,‬ ‭these‬ ‭enzymes‬ ‭often‬ ‭have‬ ‭industrial‬
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‭potential.‬ ‭This‬ ‭feature‬ ‭also‬ ‭applies‬ ‭to‬ ‭catalase,‬ ‭which‬ ‭is‬ ‭often‬ ‭used‬ ‭industrially‬ ‭to‬ ‭produce‬

‭clothing‬ ‭and‬ ‭textiles‬ ‭(Espina‬ ‭et‬ ‭al.‬ ‭2021).‬ ‭Unfortunately,‬ ‭these‬ ‭enzymes‬ ‭often‬ ‭face‬ ‭many‬

‭restrictions‬ ‭that‬‭limit‬‭their‬‭use‬‭(Martínez‬‭et‬‭al.‬‭2017).‬‭For‬‭example,‬‭some‬‭are‬‭unable‬‭to‬‭function‬

‭with‬ ‭large‬ ‭amounts‬ ‭of‬ ‭substrates.‬ ‭However,‬ ‭discovering‬‭novel‬‭enzymes‬‭or‬‭engineering‬‭existing‬

‭enzymes remain the most optimal methods to solve these problems.‬

‭In‬ ‭the‬ ‭past‬ ‭few‬ ‭decades,‬ ‭many‬ ‭novel‬ ‭aldo-keto‬ ‭reductases‬ ‭with‬ ‭industrial‬ ‭applications‬

‭were‬ ‭discovered.‬ ‭For‬ ‭example,‬ ‭three‬ ‭Lodderomyces‬ ‭elongisporus‬ ‭Aldo-Keto‬ ‭reductases‬

‭(LEAKRs)‬ ‭were‬ ‭isolated‬ ‭and‬ ‭engineered‬ ‭to‬ ‭efficiently‬ ‭and‬ ‭stereospecifically‬ ‭reduce‬ ‭ethyl‬

‭4-chloroacetoacetate‬ ‭(Ning‬ ‭et‬ ‭al.‬ ‭2014).‬ ‭Other‬ ‭researchers‬ ‭isolated‬ ‭another‬ ‭novel‬ ‭aldo-keto‬

‭reductase‬ ‭capable‬ ‭of‬ ‭producing‬ ‭1,3-butanediol,‬ ‭an‬ ‭intermediate‬ ‭of‬ ‭many‬ ‭polymers‬ ‭including‬

‭polyethylene‬‭terephthalate‬‭and‬‭polyurethane‬‭(Kim‬‭et‬‭al.‬‭2017).‬ ‭Biologically,‬‭AKRs‬‭are‬‭involved‬

‭in‬ ‭many‬ ‭cellular‬ ‭processes‬ ‭and/or‬ ‭diseases.‬ ‭These‬ ‭include‬ ‭inflammatory‬ ‭regulation‬ ‭in‬ ‭several‬

‭organs‬ ‭including‬ ‭the‬ ‭eyes‬ ‭(Chang‬ ‭et‬ ‭al.‬ ‭2016),‬ ‭heart‬ ‭(Ramana‬ ‭et‬ ‭al.‬ ‭2006),‬ ‭and‬ ‭kidneys‬

‭(Yagihashi‬ ‭et‬ ‭al.‬ ‭2010).‬ ‭These‬ ‭and‬ ‭other‬ ‭discoveries‬ ‭have‬ ‭shown‬ ‭the‬ ‭promise‬ ‭of‬ ‭studying‬ ‭the‬

‭mechanisms and applications of aldo-keto reductases.‬

‭Aldo-Keto reductases‬

‭Aldo-keto‬‭reductases‬‭(AKRs)‬‭are‬‭a‬‭superfamily‬‭of‬‭NADPH-dependent‬‭oxidoreductases‬‭-‬

‭they‬ ‭convert‬ ‭carbonyl‬ ‭groups‬ ‭to‬ ‭alcohols‬‭in‬‭the‬‭presence‬‭of‬‭NADPH‬‭(Sanli‬‭et‬‭al.‬‭2003).‬‭AKRs‬

‭are‬ ‭found‬ ‭in‬ ‭multiple‬ ‭species‬ ‭and‬ ‭are‬ ‭involved‬ ‭in‬ ‭many‬ ‭human‬‭diseases‬‭(Penning‬‭2015).‬‭They‬
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‭also‬‭have‬‭broad‬‭specificity‬‭and‬‭perform‬‭stereoselective‬‭catalysis,‬‭which‬‭makes‬‭them‬‭excellent‬‭for‬

‭industrial‬‭applications‬‭(Figure‬‭3).‬‭Some‬‭can‬‭even‬‭catalyze‬‭the‬‭oxidation‬‭of‬‭alcohols‬‭to‬‭carbonyls‬

‭using‬‭NADP‬‭+‬ ‭as‬‭the‬‭cofactor,‬‭contributing‬‭to‬‭the‬‭wide‬‭range‬‭of‬‭reactions‬‭they‬‭can‬‭catalyze.‬‭Due‬

‭to‬ ‭their‬ ‭biological‬ ‭and‬ ‭industrial‬ ‭relevance,‬ ‭identifying‬ ‭and‬ ‭characterizing‬ ‭AKRs‬ ‭is‬ ‭crucial‬ ‭to‬

‭understand their functionality.‬

‭Figure 3‬‭.‬‭Stereoselective reduction scheme of Aldo-keto‬‭reductases.‬‭The enzyme binds to‬
‭NADPH and the carbonyl substrate to produce alcohol and NADP‬‭+‬‭.‬

‭Homology and Structure of Aldo-Keto Reductases‬

‭AKRs are found in all phyla on the planet (Penning et al. 2015). Naturally, this means the‬

‭the‬‭superfamily‬‭consists‬‭of‬‭many‬‭diverse‬‭members‬‭-‬‭there‬‭are‬‭over‬‭190‬‭proteins‬‭categorized‬‭into‬

‭16‬ ‭families‬ ‭(AKR‬ ‭1‬ ‭to‬ ‭AKR‬ ‭16).‬ ‭However,‬ ‭despite‬ ‭their‬ ‭vast‬ ‭numbers,‬ ‭they‬ ‭share‬ ‭many‬

‭conserved‬‭traits.‬‭For‬‭instance,‬‭most‬‭AKRs‬‭are‬‭soluble‬‭and‬‭usually‬‭monomeric‬‭proteins‬‭(Sanli‬‭et‬

‭al.‬ ‭2003).‬ ‭The‬ ‭amino‬ ‭acids‬ ‭of‬ ‭these‬ ‭proteins‬ ‭adopt‬ ‭a‬ ‭(ꞵ/ɑ)‬‭8‬ ‭motif,‬ ‭also‬ ‭referred‬ ‭to‬ ‭as‬ ‭a‬ ‭Triose‬

‭phosphate‬ ‭isomerase‬ ‭(TIM)‬ ‭barrel.‬ ‭This‬ ‭motif‬ ‭describes‬ ‭the‬ ‭general‬ ‭structure‬ ‭of‬ ‭AKRs‬ ‭-‬ ‭they‬

‭form‬‭eight‬‭parallel‬‭ꞵ‬‭sheets‬‭surrounded‬‭by‬‭eight‬‭ɑ‬‭helices‬‭(Barski‬‭et‬‭al.‬‭2008).‬‭Proteins‬‭with‬‭this‬

‭structural‬ ‭feature‬ ‭usually‬ ‭have‬ ‭catalytic‬ ‭functionality‬ ‭on‬ ‭the‬ ‭C-terminal‬ ‭face‬ ‭of‬ ‭the‬ ‭central‬
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‭ꞵ-barrel‬‭(Vez‬‭et‬‭al.‬‭2003).‬‭AKRs‬‭are‬‭no‬‭exception.‬‭In‬‭AKRs,‬‭behind‬‭these‬‭TIM‬‭barrels‬‭are‬‭three‬

‭loops‬ ‭that‬ ‭govern‬ ‭substrate‬ ‭specificity‬ ‭-‬ ‭these‬ ‭are‬ ‭commonly‬ ‭called‬ ‭loops‬ ‭A,‬ ‭B,‬ ‭and‬ ‭C‬ ‭(Ellis‬

‭2002).‬ ‭Due‬ ‭to‬ ‭these‬ ‭and‬ ‭other‬ ‭features,‬ ‭all‬ ‭AKRs‬ ‭lack‬ ‭flavin‬ ‭or‬ ‭metal‬ ‭cofactors‬ ‭and‬ ‭utilize‬

‭NADPH‬ ‭to‬ ‭reduce‬ ‭carbonyl‬ ‭groups‬ ‭into‬ ‭alcohols‬ ‭instead.‬ ‭(Barski‬‭et‬‭al.‬‭2008).‬‭However,‬‭a‬‭few‬

‭AKRs,‬ ‭such‬ ‭as‬ ‭AKR‬‭1C12‬‭(Ikeda‬‭et‬‭al.‬‭1999)‬‭and‬‭AKR2B5‬‭(Kratzer‬‭et‬‭al.‬‭2006),‬‭can‬‭catalyze‬

‭reactions with NADH.‬

‭The‬ ‭cofactor‬ ‭binding‬ ‭domain‬ ‭in‬ ‭AKRs‬ ‭is‬‭also‬‭conserved‬‭(Penning‬‭2015).‬‭When‬‭bound,‬

‭NADPH‬ ‭is‬ ‭oriented‬ ‭to‬ ‭allow‬ ‭the‬ ‭nicotinamide‬ ‭ring‬ ‭to‬ ‭face‬ ‭upward‬ ‭(Figure‬ ‭4).‬‭Four‬‭conserved‬

‭amino‬ ‭acids‬ ‭in‬ ‭the‬‭cofactor‬‭binding‬‭domain‬‭interact‬‭with‬‭the‬‭nicotinamide‬‭ring‬‭of‬‭NADPH‬‭and‬

‭facilitate‬ ‭its‬ ‭hydride‬ ‭transfer‬ ‭(Ellis‬ ‭2002).‬ ‭These‬ ‭residues‬ ‭are‬ ‭tyrosine‬ ‭(Tyr),‬ ‭histidine‬ ‭(His),‬

‭aspartic‬ ‭acid‬ ‭(Asp),‬ ‭and‬ ‭lysine‬ ‭(Lys).‬‭The‬‭phosphate‬‭group‬‭on‬‭the‬‭opposite‬‭end‬‭of‬‭the‬‭NADPH‬

‭molecule‬ ‭binds‬ ‭to‬ ‭other‬ ‭amino‬ ‭acids,‬ ‭such‬ ‭as‬ ‭serine‬ ‭and‬ ‭arginine,‬ ‭through‬ ‭electrostatic‬

‭interactions,‬ ‭which‬ ‭allows‬ ‭the‬ ‭compound‬ ‭to‬ ‭stay‬ ‭in‬ ‭place‬ ‭(Ma‬ ‭et‬ ‭al.‬ ‭2000).‬‭This‬‭tight‬‭cofactor‬

‭binding‬ ‭mechanism‬ ‭is‬ ‭crucial‬ ‭to‬ ‭lowering‬ ‭the‬ ‭energy‬ ‭needed‬ ‭for‬ ‭the‬ ‭substrate‬ ‭to‬ ‭achieve‬ ‭its‬

‭transition‬ ‭state‬ ‭(Grimshaw‬ ‭1992).‬ ‭It‬ ‭also‬ ‭indicates‬ ‭that‬ ‭AKRs‬ ‭do‬ ‭not‬ ‭need‬ ‭to‬ ‭bind‬ ‭substrates‬

‭tightly‬ ‭to‬ ‭function,‬ ‭meaning‬ ‭these‬ ‭enzymes‬ ‭can‬ ‭act‬ ‭on‬ ‭multiple‬ ‭types‬ ‭of‬ ‭carbonyl‬ ‭substrates‬

‭(Barski et al. 2008).‬
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‭Figure‬ ‭4.‬ ‭Structure‬ ‭of‬ ‭NADPH.‬ ‭The‬ ‭highlighted‬ ‭portion‬ ‭is‬ ‭the‬ ‭nicotinamide‬ ‭ring,‬ ‭which‬ ‭is‬
‭responsible‬ ‭for‬ ‭catalysis.‬ ‭The‬ ‭2’‬ ‭phosphate‬ ‭group‬ ‭on‬ ‭the‬ ‭other‬ ‭end‬ ‭is‬ ‭responsible‬ ‭for‬ ‭the‬
‭molecule’s tight binding to the enzyme.‬

‭Catalytic Mechanism of Aldo-Keto Reductases‬

‭Mechanistically,‬ ‭aldo-keto‬ ‭reductases‬ ‭follow‬ ‭a‬ ‭bi-bi‬ ‭reaction‬‭mechanism‬‭-‬‭NADPH‬‭and‬

‭the‬ ‭carbonyl‬‭compound‬‭act‬‭as‬‭two‬‭substrates,‬‭and‬‭NADP‬‭+‬ ‭and‬‭the‬‭resulting‬‭alcohol‬‭are‬‭the‬‭two‬

‭products‬ ‭(Jez‬ ‭et‬ ‭al.‬ ‭1997).‬ ‭The‬ ‭enzyme‬ ‭uses‬ ‭NADPH‬ ‭to‬ ‭catalyze‬ ‭a‬ ‭hydride‬ ‭transfer‬ ‭to‬ ‭the‬

‭carbonyl‬ ‭compound,‬ ‭reducing‬ ‭it.‬ ‭Due‬ ‭to‬ ‭this‬ ‭feature,‬ ‭AKRs‬ ‭follow‬ ‭an‬ ‭ordered‬ ‭binding‬

‭mechanism‬ ‭where‬ ‭the‬ ‭NADPH‬ ‭binds‬ ‭the‬ ‭enzyme‬ ‭first‬ ‭and‬ ‭leaves‬ ‭last.‬ ‭The‬ ‭reduction‬‭aspect‬‭is‬

‭due‬ ‭to‬ ‭a‬ ‭pro-R‬ ‭hydride‬ ‭transfer‬ ‭from‬ ‭NADPH‬ ‭to‬ ‭the‬ ‭substrate‬ ‭(Kratzer‬ ‭et‬ ‭al.‬ ‭2006).‬ ‭The‬

‭conserved‬‭His‬‭is‬‭responsible‬‭for‬‭this‬‭characteristic,‬‭which‬‭dictates‬‭the‬‭stereoselectivity‬‭of‬‭AKRs‬

‭(Bohren et al. 1994).‬
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‭For‬‭catalysis‬‭to‬‭occur‬‭in‬‭AKRs,‬‭the‬‭conserved‬‭tyrosine‬‭residue‬‭acts‬‭as‬‭a‬‭general‬‭acid/base‬

‭that‬ ‭relays‬ ‭protons‬ ‭to‬ ‭other‬ ‭residues‬ ‭in‬ ‭the‬ ‭active‬ ‭site‬ ‭(Grimshaw‬ ‭et‬ ‭al.‬ ‭1995).‬ ‭While‬ ‭the‬ ‭pKa‬

‭value‬ ‭of‬ ‭Tyr’s‬ ‭side‬ ‭chain‬ ‭is‬ ‭normally‬ ‭above‬ ‭10,‬ ‭it‬ ‭is‬ ‭lowered‬ ‭when‬ ‭hydrogen‬ ‭bonded‬ ‭to‬ ‭the‬

‭conserved‬ ‭Lys‬ ‭residue‬ ‭(Schlegel‬ ‭et‬ ‭al.‬ ‭1998).‬ ‭This‬ ‭amino‬ ‭acid‬ ‭can‬ ‭bind‬ ‭the‬ ‭conserved‬ ‭Asp‬

‭through‬‭similar‬‭electrostatic‬‭interactions.‬‭The‬‭altered‬‭pKa‬‭of‬‭Tyr‬‭allows‬‭for‬‭catalysis‬‭to‬‭occur‬‭via‬

‭the push-pull mechanism.‬

‭The‬‭push-pull‬‭mechanism‬‭refers‬‭to‬‭a‬‭catalytic‬‭chemical‬‭reaction‬‭where‬‭electron-rich‬‭and‬

‭electron-deficient‬ ‭groups‬ ‭interact.‬ ‭(Jencks‬ ‭1969;‬ ‭Polgár‬ ‭1987).‬ ‭On‬ ‭one‬ ‭hand,‬ ‭an‬

‭electron-donating‬‭amino‬‭acid‬‭can‬‭act‬‭as‬‭a‬‭base‬‭to‬‭remove‬‭a‬‭proton‬‭from‬‭the‬‭substrate,‬‭resulting‬‭in‬

‭oxidation.‬‭This‬‭residue‬‭is‬‭termed‬‭the‬‭push‬‭element.‬‭On‬‭the‬‭other‬‭hand,‬‭an‬‭electron-withdrawing‬

‭amino‬ ‭acid‬‭can‬‭act‬‭as‬‭an‬‭acid‬‭to‬‭facilitate‬‭reduction.‬‭This‬‭residue‬‭is‬‭termed‬‭the‬‭pull‬‭element.‬‭In‬

‭the‬ ‭reduction‬ ‭(forward)‬ ‭reaction‬ ‭of‬ ‭AKRs,‬ ‭NADPH‬ ‭donates‬ ‭its‬ ‭hydride‬ ‭ion‬ ‭to‬ ‭the‬ ‭carbonyl‬

‭substrate,‬‭forming‬‭the‬‭alcohol‬‭group‬‭(Penning‬‭2015).‬‭Tyr‬‭acts‬‭as‬‭the‬‭pull‬‭element‬‭by‬‭donating‬‭a‬

‭proton‬‭to‬‭the‬‭substrate‬‭(Figure‬‭5).‬‭For‬‭some‬‭AKRs,‬‭such‬‭as‬‭AKR‬‭1C9,‬‭His‬‭gives‬‭Tyr‬‭this‬‭feature‬

‭(Penning‬‭2015).‬‭In‬‭the‬‭oxidation‬‭(reverse)‬‭direction,‬‭Lys‬‭reduces‬‭Tyr,‬‭making‬‭it‬‭a‬‭push‬‭element.‬

‭The‬‭Tyr‬‭residue‬‭can‬‭act‬‭as‬‭a‬‭base‬‭to‬‭gain‬‭a‬‭proton‬‭from‬‭the‬‭alcohol‬‭substrate.‬‭This‬‭reaction‬‭causes‬

‭a hydride transfer from the substrate back to the oxidized cofactor.‬
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‭Figure‬ ‭5.‬ ‭General‬ ‭reduction‬ ‭mechanism‬ ‭of‬ ‭AKRs.‬ ‭Complex‬ ‭1‬ ‭shows‬ ‭the‬ ‭hydride‬
‭transfer‬ ‭from‬ ‭the‬ ‭nicotinamide‬‭ring‬‭of‬‭NADPH‬‭to‬‭the‬‭substrate.‬‭Simultaneously,‬‭the‬‭protonated‬
‭tyrosine‬ ‭donates‬ ‭a‬ ‭hydrogen‬ ‭atom‬ ‭to‬ ‭the‬ ‭substrate.‬ ‭Complex‬ ‭2‬ ‭shows‬ ‭the‬ ‭transition‬ ‭state‬
‭involving‬ ‭the‬ ‭tyrosine‬ ‭residue,‬ ‭the‬ ‭carbonyl‬ ‭substrate,‬ ‭and‬ ‭the‬ ‭nicotinamide‬ ‭ring.‬ ‭Complex‬ ‭3‬
‭shows‬ ‭the‬ ‭reduced‬ ‭alcohol‬ ‭product,‬ ‭the‬ ‭oxidized‬ ‭NADP‬‭+‬‭,‬ ‭and‬ ‭the‬ ‭oxidized‬ ‭tyrosine.‬ ‭Adapted‬
‭from Barski et al. 2008 and Portadin 2023.‬
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‭Aldo-Keto Reductases in Humans‬

‭In‬ ‭living‬ ‭organisms,‬ ‭most‬ ‭AKRs‬ ‭mainly‬ ‭perform‬ ‭reduction‬ ‭reactions‬ ‭due‬ ‭to‬ ‭the‬

‭prevalence‬‭of‬‭NADPH‬‭over‬‭NADP‬‭+‬‭in‬‭metabolic‬‭cells‬‭(Pollak‬‭et‬‭al.‬‭2007)‬‭and‬‭their‬‭high‬‭affinity‬

‭for‬‭NADPH‬‭(Barski‬‭et‬‭al.‬‭2008).‬‭This‬‭feature‬‭also‬‭applies‬‭to‬‭human‬‭AKRs‬‭(Penning‬‭et‬‭al.‬‭2018).‬

‭These‬ ‭AKRs‬ ‭participate‬ ‭in‬ ‭vital‬ ‭reactions‬‭and‬‭their‬‭dysregulation‬‭often‬‭leads‬‭to‬‭diseases‬‭(Chen‬

‭and Zhang 2012).‬

‭Currently,‬‭there‬‭are‬‭15‬‭known‬‭human‬‭AKR‬‭isoforms‬‭from‬‭the‬‭AKR‬‭1,‬‭AKR‬‭6,‬‭and‬‭AKR‬

‭7‬‭families‬‭(Penning‬‭2015).‬‭These‬‭AKRs‬‭are‬‭pivotal‬‭in‬‭drug‬‭detoxification,‬‭metabolism,‬‭and‬‭other‬

‭cellular‬ ‭reactions.‬ ‭When‬ ‭overexpressed‬ ‭or‬ ‭underexpressed,‬ ‭these‬ ‭enzymes‬ ‭can‬ ‭cause‬ ‭immense‬

‭changes‬ ‭to‬ ‭cellular‬ ‭processes.‬ ‭For‬ ‭instance,‬ ‭aldehyde‬ ‭reductase‬ ‭(AKR1A1)‬ ‭participates‬ ‭in‬ ‭the‬

‭metabolism‬ ‭of‬ ‭many‬ ‭chemotherapeutic‬ ‭drugs‬ ‭(Chen‬ ‭and‬ ‭Zhang‬ ‭2012).‬ ‭It‬ ‭is‬ ‭also‬ ‭implicated‬ ‭in‬

‭reducing‬ ‭steatosis,‬ ‭alcoholic‬ ‭liver‬ ‭damage,‬‭and‬‭fibrosis‬‭(Lan‬‭et‬‭al.‬‭2022).‬‭When‬‭overexpressed,‬

‭AKR1A1‬ ‭may‬ ‭also‬ ‭protect‬ ‭lung‬ ‭epithelial‬ ‭tissue‬ ‭from‬ ‭toxic‬ ‭polycyclic‬ ‭aromatic‬ ‭organic‬

‭compounds‬‭(Abedin‬‭et‬‭al.‬‭2011).‬‭Steroid‬‭5β-reductase‬‭(AKR1D1)‬‭reduces‬‭bile‬‭acid‬‭intermediates‬

‭in‬ ‭the‬ ‭liver‬ ‭(Chen‬ ‭et‬ ‭al.‬ ‭2015).‬ ‭When‬ ‭this‬ ‭enzyme‬ ‭is‬ ‭underexpressed,‬ ‭it‬ ‭results‬ ‭in‬ ‭liver‬

‭dysfunction (Lemonade et al. 2003).‬

‭When‬ ‭overexpression‬ ‭results‬ ‭in‬ ‭negative‬ ‭health‬ ‭consequences,‬ ‭enzyme‬ ‭inhibitors‬ ‭are‬

‭employed‬‭to‬‭alleviate‬‭disease‬‭(Penning‬‭2015).‬‭The‬‭most‬‭studied‬‭human‬‭AKR,‬‭AKR1B1,‬‭reduces‬

‭glucose‬‭into‬‭another‬‭sugar,‬‭sorbitol‬‭(Chen‬‭and‬‭Zhang‬‭2012).‬‭Due‬‭to‬‭its‬‭function,‬‭this‬‭enzyme‬‭is‬

‭involved‬ ‭in‬ ‭diabetes‬ ‭and‬ ‭is‬ ‭the‬ ‭target‬ ‭of‬ ‭many‬ ‭drugs‬ ‭(Gabbay‬ ‭et‬ ‭al.‬ ‭1975).‬ ‭Inhibitors‬ ‭such‬ ‭as‬
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‭Sorbinil,‬ ‭Tolrestat,‬ ‭and‬ ‭others‬ ‭have‬ ‭been‬ ‭tested‬ ‭to‬ ‭treat‬ ‭symptoms‬ ‭of‬ ‭diabetes‬ ‭(Penning‬‭2015).‬

‭Cases‬ ‭like‬ ‭these‬ ‭show‬ ‭that‬ ‭studying‬ ‭inhibitors‬ ‭is‬ ‭crucial‬ ‭to‬ ‭understanding‬ ‭their‬ ‭effects‬ ‭on‬

‭diseases.‬

‭The Potential of Aldo-Keto Reductases in Industry‬

‭While‬‭AKRs‬‭are‬‭relevant‬‭biologically,‬‭they‬‭are‬‭underutilized‬‭in‬‭industry.‬‭However,‬‭due‬‭to‬

‭the‬ ‭diverse‬ ‭amounts‬ ‭of‬ ‭substrates‬ ‭they‬ ‭catalyze,‬ ‭these‬ ‭enzymes‬ ‭have‬ ‭the‬ ‭potential‬ ‭to‬ ‭be‬

‭industrially‬‭prominent.‬‭Some‬‭AKRs‬‭have‬‭avoided‬‭being‬‭overlooked‬‭such‬‭as‬‭AKR-IA‬‭(Pei‬‭et‬‭al.‬

‭2022).‬ ‭This‬ ‭artificial‬ ‭enzyme‬ ‭is‬ ‭used‬ ‭to‬‭synthesize‬‭an‬‭intermediate‬‭that‬‭can‬‭be‬‭used‬‭to‬‭produce‬

‭the‬ ‭antidepressant‬ ‭drug‬ ‭duloxetine.‬ ‭However,‬ ‭this‬ ‭enzyme‬ ‭also‬ ‭shows‬ ‭some‬ ‭of‬ ‭the‬ ‭challenges‬

‭associated‬‭with‬‭aldo-keto‬‭reductases;‬‭it‬‭is‬‭unstable‬‭and‬‭challenging‬‭to‬‭obtain.‬‭Due‬‭to‬‭limitations‬

‭like these, modifying AKRs is also relevant to increase their catalytic abilities.‬

‭Another‬ ‭solution‬ ‭is‬ ‭using‬ ‭novel‬ ‭AKRs‬ ‭by‬ ‭identifying‬ ‭or‬ ‭genetically‬ ‭engineering‬ ‭them.‬

‭For‬ ‭example,‬ ‭AKR‬ ‭3-2-9‬ ‭is‬ ‭a‬ ‭novel‬ ‭AKR‬ ‭that‬ ‭produces‬ ‭(‬‭S‬‭)-‬‭N‬‭,‬

‭N‬‭-dimethyl-3-hydroxy-3-(2-thienyl)-1-propanamine,‬‭another‬‭intermediate‬‭of‬‭the‬‭drug‬‭duloxetine‬

‭(Pei‬‭et‬‭al.‬‭2020).‬‭This‬‭enzyme‬‭was‬‭stable,‬‭had‬‭a‬‭large‬‭optimal‬‭pH‬‭range,‬‭and‬‭functioned‬‭in‬‭many‬

‭solvents.‬ ‭Another‬ ‭novel‬ ‭AKR‬ ‭called‬ ‭LEK‬ ‭catalyzes‬ ‭the‬ ‭production‬ ‭of‬ ‭ethyl‬ ‭(R)-4-chloro-3-‬

‭hydroxybutyrate,‬‭an‬‭intermediate‬‭for‬‭many‬‭drugs‬‭including‬‭atorvastatin‬‭calcium‬‭and‬‭macrolide‬‭A‬

‭(Wang‬ ‭et‬ ‭al.‬ ‭2014).‬ ‭This‬ ‭enzyme‬ ‭had‬ ‭high‬ ‭product‬ ‭yields‬ ‭and‬ ‭a‬ ‭relatively‬ ‭broad‬ ‭optimal‬ ‭pH‬

‭range.‬ ‭Given‬ ‭the‬ ‭success‬‭of‬‭these‬‭novel‬‭AKRs‬‭in‬‭catalyzing‬‭industrially‬‭relevant‬‭intermediates,‬

‭the‬ ‭Cassano‬ ‭lab‬ ‭has‬ ‭also‬ ‭purified‬ ‭and‬ ‭characterized‬ ‭a‬ ‭novel‬ ‭enzyme,‬ ‭AKR‬ ‭163‬ ‭(Akbary‬ ‭et‬ ‭al.‬
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‭2023).‬ ‭However,‬ ‭this‬ ‭enzyme‬ ‭is‬ ‭susceptible‬ ‭to‬ ‭substrate‬ ‭inhibition,‬ ‭a‬ ‭kinetic‬ ‭phenomenon‬ ‭that‬

‭usually‬ ‭does‬ ‭not‬ ‭occur‬ ‭in‬‭other‬‭AKRs‬‭(Penning‬‭2015).‬‭Overcoming‬‭such‬‭a‬‭drawback‬‭would‬‭be‬

‭cardinal for the industrial success of this enzyme or enzymes homologous to it.‬

‭Aldo-Keto Reductase: Michaelis-Menten Kinetics‬

‭Most‬‭subsets‬‭within‬‭the‬‭AKR‬‭superfamily‬‭exhibit‬‭substrate‬‭saturation‬‭(Figure‬‭6A),‬‭where‬

‭the‬ ‭enzymatic‬ ‭activity‬ ‭increases‬ ‭with‬ ‭elevating‬ ‭substrate‬ ‭concentration‬ ‭(Penning‬ ‭2015).‬ ‭This‬

‭feature‬ ‭means‬ ‭that‬ ‭as‬ ‭the‬ ‭concentration‬ ‭of‬ ‭substrate‬ ‭increases,‬ ‭the‬ ‭velocity‬ ‭increases‬ ‭until‬ ‭it‬

‭reaches‬ ‭a‬ ‭theoretical‬ ‭maximum‬ ‭value,‬ ‭V‬‭max‬ ‭(Johnson‬ ‭and‬ ‭Goody‬ ‭2011).‬ ‭In‬ ‭1913,‬ ‭scientists‬

‭observed‬ ‭and‬ ‭tested‬ ‭this‬ ‭phenomenon‬ ‭for‬ ‭the‬ ‭first‬ ‭time,‬ ‭making‬ ‭inferences‬ ‭about‬‭the‬‭nature‬‭of‬

‭enzymes.‬ ‭The‬ ‭researchers,‬ ‭namely‬ ‭Leonor‬ ‭Michaelis‬ ‭and‬ ‭Maud‬ ‭Leonora‬ ‭Menten,‬ ‭quantified‬

‭different‬ ‭aspects‬ ‭of‬ ‭enzymology;‬ ‭they‬ ‭identified‬ ‭a‬ ‭value‬ ‭that‬ ‭indicates‬ ‭the‬ ‭concentration‬ ‭of‬

‭substrate‬ ‭required‬ ‭to‬ ‭reach‬ ‭½‬ ‭of‬ ‭V‬‭max‬ ‭named‬ ‭the‬ ‭Michaelis‬ ‭constant‬ ‭(K‬‭m‬‭).‬ ‭By‬ ‭combining‬

‭quantitative‬ ‭and‬ ‭qualitative‬ ‭experimental‬ ‭data,‬ ‭they‬ ‭posterized‬ ‭the‬ ‭Michaelis-Menten‬ ‭equation‬

‭which‬ ‭showed‬ ‭the‬ ‭relationship‬ ‭between‬ ‭different‬ ‭characteristics‬ ‭of‬ ‭enzymes‬ ‭(Figure‬ ‭6B).‬

‭Understanding this equation is key to understanding the mechanism of many enzymes.‬
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‭Figure‬ ‭6.‬ ‭A‬ ‭method‬ ‭to‬ ‭analyze‬ ‭enzymatic‬ ‭kinetic‬ ‭data:‬ ‭the‬ ‭Michaelis-Menten‬ ‭curve‬ ‭and‬
‭equation.‬ ‭(A)‬ ‭A‬ ‭typical‬ ‭substrate‬ ‭saturation‬ ‭(Michaelis-Menten)‬ ‭curve.‬ ‭Low‬ ‭substrate‬
‭concentrations‬ ‭indicate‬ ‭the‬‭linear‬‭region,‬‭where‬‭the‬‭variables‬‭can‬‭be‬‭related‬‭to‬‭each‬‭other‬‭using‬
‭the‬ ‭equation‬ ‭of‬ ‭the‬ ‭line:‬ ‭y=mx+b.‬ ‭In‬ ‭this‬ ‭region,‬ ‭as‬ ‭substrate‬ ‭concentration‬‭increases,‬‭reaction‬
‭velocity‬ ‭increases‬ ‭proportionately.‬ ‭Higher‬ ‭substrate‬ ‭concentrations‬ ‭show‬ ‭the‬ ‭plateau‬ ‭region‬ ‭or‬
‭dynamic‬‭range.‬‭The‬‭equation‬‭of‬‭the‬‭line‬‭is‬‭no‬‭longer‬‭applicable‬‭since‬‭substrate‬‭concentration‬‭and‬
‭velocity‬ ‭are‬ ‭no‬ ‭longer‬ ‭proportional.‬ ‭However,‬ ‭the‬ ‭Michaelis-Menten‬ ‭equation‬ ‭can‬ ‭be‬ ‭used‬
‭instead.‬ ‭(B)‬ ‭The‬ ‭modern‬ ‭version‬ ‭of‬ ‭the‬ ‭Michaelis-Menten‬ ‭equation.‬ ‭The‬ ‭velocity‬ ‭depends‬ ‭on‬
‭maximum velocity (V‬‭max‬‭), substrate concentration ([S]), and Michaelis-Menten constant (K‬‭m‬‭).‬

‭Generally, in an enzymatic reaction, the enzyme and substrate come together to form a‬

‭complex that produces products (Blaber 2021). Each step of this mechanism has a specific rate‬

‭associated with it (Figure 7)‬

‭Figure‬ ‭7.‬ ‭General‬ ‭reaction‬ ‭mechanism‬ ‭of‬ ‭an‬ ‭enzyme.‬ ‭Where‬ ‭E‬ ‭represents‬ ‭the‬ ‭enzyme,‬ ‭S‬

‭represents‬ ‭the‬ ‭substrate,‬ ‭and‬ ‭P‬ ‭represents‬ ‭the‬‭products.‬‭The‬‭rates‬‭of‬‭association‬‭(k‬‭1‬ ‭and‬‭k‬‭2‬‭)‬‭and‬

‭the rates of dissociation (k‬‭-1‬ ‭and k‬‭-2‬‭) are also shown.‬
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‭The‬‭Michaelis-Menten‬‭equation‬‭operates‬‭under‬‭five‬‭different‬‭assumptions‬‭(Blaber‬‭2021).‬

‭The‬‭first‬‭assumption‬‭is‬‭that‬‭at‬‭the‬‭start‬‭of‬‭catalysis,‬‭no‬‭product‬‭is‬‭present.‬‭Therefore,‬‭the‬‭rate‬‭of‬

‭E+P forming ES (k‬‭-2‬‭) is negligible (Figure 8).‬

‭Figure 8. The enzymatic mechanism with the first assumption.‬‭The first assumption shows‬

‭that k‬‭-2‬ ‭is negligible.‬

‭The‬ ‭second‬ ‭assumption‬ ‭utilizes‬ ‭the‬ ‭steady-state‬ ‭mechanism‬ ‭identified‬ ‭by‬ ‭Briggs‬ ‭and‬

‭Haldane‬ ‭(Cornish-Bowden‬ ‭2013).‬ ‭This‬ ‭mechanism‬ ‭is‬ ‭based‬ ‭on‬ ‭the‬ ‭assumption‬ ‭that‬ ‭the‬ ‭rate‬‭of‬

‭formation‬‭of‬‭ES‬‭is‬‭equal‬‭to‬‭its‬‭rate‬‭of‬‭breakdown.‬‭Therefore,‬‭the‬‭concentration‬‭of‬‭intermediates‬

‭of‬‭the‬‭enzyme-catalyzed‬‭reactions‬‭remains‬‭constant‬‭over‬‭time.‬‭The‬‭third‬‭assumption‬‭requires‬‭the‬

‭concentration‬ ‭of‬ ‭substrate‬ ‭[S]‬ ‭to‬ ‭be‬ ‭much‬ ‭higher‬ ‭than‬ ‭the‬ ‭concentration‬ ‭of‬ ‭the‬ ‭enzyme‬ ‭[E]‬

‭(Blaber‬ ‭2021).‬ ‭One‬ ‭enzyme‬ ‭can‬‭act‬‭on‬‭many‬‭different‬‭substrates,‬‭therefore‬‭[ES]‬‭is‬‭much‬‭lower‬

‭than‬‭the‬‭[S].‬‭In‬‭a‬‭short‬‭time,‬‭[S]‬‭is‬‭constant‬‭since‬‭a‬‭negligible‬‭amount‬‭of‬‭it‬‭forms‬‭ES.‬‭The‬‭fourth‬

‭assumption‬‭requires‬‭that‬‭only‬‭the‬‭initial‬‭velocity‬‭(V‬‭0‬‭)‬‭is‬‭observed‬‭since‬‭assumption‬‭one‬‭requires‬

‭the‬‭amount‬‭of‬‭products‬‭to‬‭be‬‭zero‬‭and‬‭assumption‬‭three‬‭is‬‭only‬‭true‬‭at‬‭relatively‬‭short‬‭intervals‬‭of‬

‭time. The final assumption is that the total amount of enzyme ([E]‬‭total‬‭) is equal to [E] + [ES].‬
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‭To‬ ‭derive‬ ‭the‬‭Michaelis-Menten‬‭equation,‬‭finding‬‭and‬‭relating‬‭the‬‭rate‬‭of‬‭formation‬‭and‬

‭breakdown‬ ‭of‬‭ES‬‭is‬‭necessary‬‭according‬‭to‬‭the‬‭second‬‭assumption.‬‭The‬‭formation‬‭of‬‭ES‬‭would‬

‭rely on the production of ES from E+S and the reverse of E+P. This would lead to‬

‭𝑅𝑎𝑡𝑒‬‭ ‬‭𝑜𝑓‬‭ ‬‭𝐸𝑆‬‭ ‬‭𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛‬‭ ‬ = ‭ ‬‭𝑘‬
‭1‬
[‭𝐸‬][‭𝑆‬]‭ ‬ + ‭ ‬‭𝑘‬

−‭2‬
[‭𝐸‬ + ‭𝑃‬]

‭(1)‬

‭However,‬ ‭assumption‬ ‭one‬ ‭states‬ ‭that‬‭we‬‭can‬‭ignore‬‭the‬‭rate‬‭of‬‭E+P‬‭forming‬‭ES.‬‭Therefore,‬‭the‬

‭modified equation would be‬

‭𝑅𝑎𝑡𝑒‬‭ ‬‭𝑜𝑓‬‭ ‬‭𝐸𝑆‬‭ ‬‭𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛‬‭ ‬ = ‭ ‬‭𝑘‬
‭1‬
[‭𝐸‬][‭𝑆‬]‭ ‬

‭(2)‬

‭Assumption five states that [E]‬‭total‬ ‭= [E] + [ES].‬‭Therefore, [E] can be replaced with [E]‬‭total‬ ‭- [ES].‬

‭𝑅𝑎𝑡𝑒‬‭ ‬‭𝑜𝑓‬‭ ‬‭𝐸𝑆‬‭ ‬‭𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛‬‭ ‬ = ‭ ‬‭𝑘‬
‭1‬
([‭𝐸‬]

‭𝑡𝑜𝑡𝑎𝑙‬
− [‭𝐸𝑆‬])[‭𝑆‬]

‭(3)‬

‭According‬ ‭to‬ ‭assumption‬ ‭two‬‭(steady-state‬‭assumption),‬‭the‬‭rate‬‭of‬‭ES‬‭breakdown‬‭involves‬‭the‬

‭rate of product formation and product dissociation. These rates are equal.‬

‭𝑅𝑎𝑡𝑒‬‭ ‬‭𝑜𝑓‬‭ ‬‭𝐸𝑆‬‭ ‬‭𝑏𝑟𝑒𝑎𝑘𝑑𝑜𝑤𝑛‬ = ‭𝑘‬
−‭1‬

[‭𝐸𝑆‬] + ‭𝑘‬
‭2‬
[‭𝐸𝑆‬]

‭𝑅𝑎𝑡𝑒‬‭ ‬‭𝑜𝑓‬‭ ‬‭𝐸𝑆‬‭ ‬‭𝑏𝑟𝑒𝑎𝑘𝑑𝑜𝑤𝑛‬ = ‭ ‬(‭𝑘‬
−‭1‬

+ ‭𝑘‬
‭2‬
)[‭𝐸𝑆‬]

‭(4)‬

‭𝑅𝑎𝑡𝑒‬‭ ‬‭𝑜𝑓‬‭ ‬‭𝑏𝑟𝑒𝑎𝑘𝑑𝑜𝑤𝑛‬ = ‭𝑅𝑎𝑡𝑒‬‭ ‬‭𝑜𝑓‬‭ ‬‭𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛‬
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(‭𝑘‬
−‭1‬

+ ‭𝑘‬
‭2‬
)[‭𝐸𝑆‬] = ‭𝑘‬

‭1‬
([‭𝐸‬]

‭𝑡𝑜𝑡𝑎𝑙‬
− [‭𝐸𝑆‬])[‭𝑆‬]

‭(5)‬

‭Rearranging‬ ‭this‬ ‭equation‬ ‭to‬ ‭find‬ ‭the‬ ‭rate‬ ‭constants‬ ‭leads‬ ‭to‬‭the‬‭mathematical‬‭definition‬‭of‬‭the‬

‭Michaelis-Menten constant (K‬‭m‬‭).‬

([‭𝐸‬]
‭𝑡𝑜𝑡𝑎𝑙‬

−[‭𝐸𝑆‬])[‭𝑆‬]

[‭𝐸𝑆‬] =
(‭𝑘‬

−‭1‬
+‭𝑘‬

‭2‬
)

‭𝑘‬
−‭1‬

‭(6)‬

[‭𝐸‬]
‭𝑡𝑜𝑡𝑎𝑙‬

[‭𝑆‬]

[‭𝐸𝑆‬] − [‭𝑆‬] =
(‭𝑘‬

−‭1‬
+‭𝑘‬

‭2‬
)

‭𝑘‬
−‭1‬

‭(7)‬

[‭𝐸‬]
‭𝑡𝑜𝑡𝑎𝑙‬

[‭𝑆‬]

[‭𝐸𝑆‬] − [‭𝑆‬] = ‭𝐾‬
‭𝑚‬

=
(‭𝑘‬

−‭1‬
+‭𝑘‬

‭2‬
)

‭𝑘‬
−‭1‬

‭(8)‬

‭The‬‭velocity‬‭of‬‭an‬‭enzymatic‬‭reaction‬‭at‬‭any‬‭moment‬‭would‬‭be‬‭equal‬‭to‬‭the‬‭rate‬‭of‬‭formation‬‭of‬

‭products‬ ‭from‬ ‭ES‬ ‭(Equation‬ ‭9).‬ ‭Solving‬ ‭for‬ ‭ES‬ ‭and‬ ‭utilizing‬ ‭this‬ ‭feature‬ ‭would‬ ‭lead‬ ‭to‬ ‭a‬

‭preliminary‬ ‭version‬ ‭of‬ ‭the‬ ‭Michaelis-Menten‬ ‭equation‬ ‭after‬ ‭multiplying‬ ‭both‬ ‭sides‬ ‭by‬ ‭k‬‭2‬

‭(Equation 11).‬

‭𝑉‬ = ‭𝑘‬
‭2‬
[‭𝐸𝑆‬]

‭(9)‬

[‭𝐸𝑆‬] =
[‭𝐸‬]

‭𝑡𝑜𝑡𝑎𝑙‬
[‭𝑆‬]

(‭𝐾‬
‭𝑚‬

+[‭𝑆‬])

‭(10)‬
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‭𝑘‬
‭2‬
[‭𝐸𝑆‬] = ‭𝑘‬

‭2‬

[‭𝐸‬]
‭𝑡𝑜𝑡𝑎𝑙‬

[‭𝑆‬]

(‭𝐾‬
‭𝑚‬

+[‭𝑆‬])

‭∴‬‭ ‬‭𝑉‬ = ‭𝑘‬
‭2‬

[‭𝐸‬]
‭𝑡𝑜𝑡𝑎𝑙‬

[‭𝑆‬]

(‭𝐾‬
‭𝑚‬

+[‭𝑆‬])

‭(11)‬

‭Theoretically,‬‭the‬‭maximum‬‭velocity‬‭(V‬‭max‬‭)‬‭would‬‭be‬‭achieved‬‭when‬‭the‬‭[ES]‬‭being‬‭converted‬‭to‬

‭products‬ ‭is‬ ‭equal‬‭to‬‭[E]‬‭total‬ ‭(Equation‬‭12).‬‭This‬‭observation‬‭gives‬‭the‬‭modern‬‭Michaelis-Menten‬

‭equation (Equation 13).‬

‭𝑉‬
‭𝑚𝑎𝑥‬

= ‭𝑘‬
‭2‬
[‭𝐸‬]

‭𝑡𝑜𝑡𝑎𝑙‬

‭(12)‬

‭∴‬‭ ‬‭𝑉‬ =
‭𝑉‬

‭𝑚𝑎𝑥‬
[‭𝑆‬]

(‭𝐾‬
‭𝑚‬

+[‭𝑆‬])

‭(13)‬

‭Most‬ ‭AKRs‬ ‭exhibit‬ ‭substrate‬ ‭saturation‬ ‭and‬ ‭utilize‬ ‭this‬ ‭type‬ ‭of‬ ‭enzymatic‬ ‭kinetics.‬

‭However, enzymes such as Aldo-Keto reductase 163 do not under specific conditions.‬

‭Aldo-Keto Reductase 163: Substrate Inhibition‬

‭Aldo-keto‬ ‭reductase‬ ‭163‬ ‭is‬ ‭a‬ ‭yeast‬ ‭AKR‬ ‭isolated‬ ‭from‬ ‭ancient‬ ‭amber‬ ‭(Akbary‬ ‭et‬ ‭al.‬

‭2023).‬‭Like‬‭other‬‭members‬‭of‬‭the‬‭superfamily,‬‭it‬‭catalyzes‬‭the‬‭reduction‬‭of‬‭carbonyl‬‭compounds‬

‭to‬ ‭alcohols.‬ ‭Dr.‬ ‭Adam‬ ‭Cassano‬ ‭identified‬ ‭that‬ ‭this‬ ‭enzyme‬ ‭shared‬ ‭98.7%‬ ‭of‬ ‭its‬ ‭amino‬ ‭acid‬

‭sequence‬ ‭with‬ ‭an‬ ‭enzyme‬ ‭called‬ ‭YDL124W‬ ‭from‬ ‭Saccharomyces‬ ‭cerevisiae‬ ‭S288C.‬ ‭Previous‬

‭studies‬‭with‬‭YDL124W‬‭indicate‬‭that‬‭it‬‭exhibits‬‭substrate‬‭saturation‬‭(Jung‬‭et‬‭al.‬‭2010).‬‭However,‬
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‭despite‬ ‭their‬ ‭homology,‬ ‭AKR‬ ‭163‬ ‭experiences‬ ‭a‬ ‭different‬ ‭type‬ ‭of‬ ‭kinetic‬ ‭characteristic‬ ‭in‬ ‭the‬

‭presence of substrates with electron-withdrawing groups (Akbary et al. 2023).‬

‭Substrate‬ ‭inhibition‬ ‭refers‬ ‭to‬ ‭the‬ ‭kinetic‬ ‭phenomenon‬ ‭where‬ ‭the‬ ‭velocity‬ ‭of‬ ‭a‬ ‭reaction‬

‭rises‬ ‭to‬ ‭a‬ ‭maximum‬ ‭and‬ ‭subsequently‬ ‭decreases‬ ‭as‬ ‭substrate‬ ‭concentration‬ ‭increases‬ ‭(Yoshino‬

‭and‬ ‭Murakami‬‭2015,‬‭Figure‬‭9).‬‭It‬‭is‬‭the‬‭most‬‭common‬‭derivation‬‭of‬‭Michaelis-Menten‬‭kinetics‬

‭and‬ ‭occurs‬ ‭in‬ ‭25%‬ ‭of‬ ‭enzymes‬ ‭(Kokkonen‬ ‭et‬ ‭al.‬ ‭2021)‬ ‭and‬ ‭only‬ ‭a‬ ‭handful‬ ‭of‬ ‭other‬ ‭AKRs‬

‭(Yamamoto‬ ‭and‬ ‭Wilson‬ ‭2013).‬ ‭This‬ ‭prevalence‬‭and‬‭its‬‭presence‬‭in‬‭regulatory‬‭enzymes‬‭suggest‬

‭that‬‭this‬‭mechanism‬‭is‬‭biologically‬‭relevant‬‭and‬‭not‬‭a‬‭pathology‬‭(Reed‬‭et‬‭al.‬‭2010).‬‭For‬‭example,‬

‭the‬‭glycolytic‬‭enzyme‬‭phosphofructokinase‬‭is‬‭inhibited‬‭by‬‭high‬‭concentrations‬‭of‬‭ATP.‬‭However,‬

‭despite‬‭its‬‭relevance,‬‭it‬‭is‬‭still‬‭understudied.‬‭Studying‬‭its‬‭mechanism‬‭of‬‭action‬‭can‬‭help‬‭determine‬

‭ways to alleviate it in an industrial or laboratory setting.‬

‭Figure‬ ‭9.‬ ‭A‬ ‭deviation‬ ‭from‬ ‭Michaelis-Menten‬ ‭kinetics‬‭-‬‭substrate‬‭inhibition.‬‭(A)‬‭A‬‭typical‬
‭substrate‬ ‭inhibition‬ ‭curve‬ ‭(red).‬ ‭The‬ ‭reaction‬ ‭velocity‬ ‭initially‬ ‭increases‬ ‭to‬ ‭a‬ ‭maximum‬ ‭before‬
‭decreasing‬‭to‬‭zero‬‭or‬‭a‬‭non‬‭zero‬‭asymptote.‬‭The‬‭Michaelis-Menten‬‭constant‬‭(K‬‭m‬‭)‬‭represents‬‭the‬
‭minimum‬‭concentration‬‭required‬‭to‬‭reach‬‭a‬‭rate‬‭of‬‭½‬‭the‬‭maximum‬‭velocity‬‭(V‬‭max‬‭)‬‭(green)‬‭while‬
‭the‬ ‭inhibition‬ ‭constant‬ ‭(K‬‭i‬‭)‬ ‭represents‬ ‭the‬ ‭maximum‬ ‭concentration‬ ‭needed‬‭to‬‭reach‬‭a‬‭rate‬‭of‬‭½‬
‭V‬‭max‬ ‭(B)‬ ‭The‬ ‭substrate‬ ‭inhibition‬ ‭equation.‬ ‭The‬ ‭initial‬ ‭velocity‬ ‭depends‬ ‭on‬ ‭maximum‬ ‭velocity‬
‭(V‬‭max‬‭),‬ ‭substrate‬ ‭concentration‬ ‭([S]),‬ ‭Michaelis-Menten‬ ‭constant‬ ‭(K‬‭m‬‭),‬ ‭and‬ ‭inhibitor‬ ‭constant‬
‭(K‬‭i‬‭).‬
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‭Substrate‬ ‭inhibition‬ ‭builds‬ ‭upon‬ ‭the‬ ‭assumptions‬ ‭used‬ ‭in‬ ‭Michaelis-Menten‬ ‭kinetics‬

‭where‬ ‭the‬ ‭free‬ ‭enzyme‬ ‭binds‬ ‭the‬‭substrate‬‭to‬‭form‬‭an‬‭enzyme-substrate‬‭complex‬‭at‬‭a‬‭rate‬‭of‬‭k‬‭1‬

‭(Figure‬ ‭10).‬ ‭However,‬ ‭the‬ ‭concept‬ ‭of‬ ‭substrate‬ ‭inhibition‬ ‭lies‬ ‭in‬ ‭the‬ ‭second‬ ‭binding‬ ‭of‬ ‭the‬

‭substrate‬‭to‬‭the‬‭enzyme-substrate‬‭complex‬‭to‬‭form‬‭SES,‬‭denying‬‭product‬‭formation.‬‭The‬‭rate‬‭of‬

‭formation‬‭of‬‭SES‬‭is‬‭governed‬‭by‬‭the‬‭inhibitor‬‭constant,‬‭k‬‭i‬‭.‬‭Therefore,‬‭the‬‭rate‬‭of‬‭ES‬‭dissociation‬

‭depends‬ ‭on‬ ‭k‬‭-1‬‭,‬ ‭k‬‭-2‬‭,‬ ‭and‬ ‭k‬‭i‬‭,‬ ‭unlike‬ ‭with‬ ‭Michaelis-Menten‬ ‭kinetics.‬ ‭The‬ ‭substrate‬ ‭inhibition‬

‭incorporates‬ ‭this‬ ‭change‬ ‭to‬ ‭account‬ ‭for‬ ‭the‬ ‭decrease‬ ‭in‬ ‭velocity‬ ‭as‬ ‭substrate‬ ‭concentration‬

‭increases past a certain point (Figure 9).‬

‭Figure‬ ‭10.‬ ‭General‬ ‭reaction‬ ‭mechanism‬ ‭of‬ ‭an‬ ‭enzyme‬ ‭undergoing‬ ‭substrate‬ ‭inhibition.‬
‭Where‬ ‭E‬ ‭represents‬ ‭the‬ ‭enzyme,‬ ‭S‬ ‭represents‬ ‭the‬ ‭substrate,‬‭and‬‭P‬‭represents‬‭the‬‭products.‬‭The‬
‭previous‬ ‭rates‬ ‭of‬ ‭association‬ ‭(k‬‭1‬‭)‬ ‭and‬ ‭the‬ ‭rates‬ ‭of‬ ‭dissociation‬‭(k‬‭-1‬ ‭and‬‭k‬‭2‬‭)‬‭are‬‭also‬‭shown.‬‭The‬
‭rate‬ ‭of‬ ‭enzyme‬ ‭and‬ ‭product‬ ‭reverting‬ ‭to‬ ‭the‬ ‭enzyme‬ ‭substrate‬ ‭complex‬ ‭(k‬‭-2‬‭)‬ ‭is‬ ‭negligible‬
‭according‬ ‭to‬ ‭the‬ ‭first‬ ‭assumption.‬ ‭The‬ ‭rate‬ ‭of‬ ‭SES‬ ‭formation‬ ‭is‬ ‭governed‬ ‭by‬ ‭the‬ ‭inhibitor‬
‭constant (k‬‭i‬‭) and is assumed to form no products.‬
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‭Due‬ ‭to‬ ‭the‬‭prevalence‬‭of‬‭substrate‬‭inhibition,‬‭studying‬‭its‬‭effects‬‭using‬‭a‬‭model‬‭enzyme‬

‭offers‬ ‭some‬ ‭importance.‬ ‭AKR‬ ‭163‬ ‭could‬ ‭be‬ ‭this‬ ‭model‬ ‭enzyme‬ ‭due‬ ‭to‬ ‭its‬ ‭pharmaceutical‬

‭potential‬ ‭and‬‭possible‬‭biological‬‭relevance.‬‭Furthermore,‬‭it‬‭can‬‭be‬‭used‬‭as‬‭a‬‭method‬‭to‬‭uncover‬

‭what‬ ‭makes‬ ‭AKR‬ ‭163‬ ‭different‬ ‭from‬ ‭most‬ ‭of‬ ‭its‬ ‭family‬ ‭members‬ ‭when‬ ‭converting‬ ‭substrates‬

‭electron-withdrawing‬‭molecules‬‭such‬‭as‬‭ethyl‬‭4-chloroacetoacetate‬‭(E4ClAA).‬‭With‬‭this‬‭specific‬

‭substrate,‬ ‭previous‬ ‭research‬ ‭has‬ ‭found‬ ‭that‬ ‭an‬ ‭enzyme,‬ ‭YDL124W,‬ ‭can‬ ‭asymmetrically‬‭reduce‬

‭E4ClAA‬‭to‬‭produce‬‭ethyl‬‭(S)-4-chloro-3-hydroxybutyrate‬‭(E(S)4Cl3HB)‬‭like‬‭AKR‬‭163‬‭(Jung‬‭et‬

‭al.‬‭2010).‬‭However,‬‭E4ClAA‬‭causes‬‭substrate‬‭inhibition‬‭when‬‭AKR‬‭163‬‭reduces‬‭it‬‭but‬‭not‬‭with‬

‭YDL124W‬ ‭(Akbary‬ ‭et‬ ‭al.‬ ‭2023).‬ ‭Interestingly,‬ ‭researchers‬ ‭of‬ ‭the‬‭Cassano‬‭lab‬‭found‬‭that‬‭AKR‬

‭163‬ ‭can‬ ‭also‬ ‭catalyze‬ ‭the‬ ‭reverse‬ ‭reaction,‬ ‭converting‬ ‭E(S)4Cl3HB‬ ‭to‬ ‭E4ClAA‬ ‭with‬ ‭no‬

‭inhibition.‬ ‭Understanding‬ ‭the‬ ‭mechanism‬ ‭of‬ ‭action‬ ‭may‬ ‭give‬ ‭some‬ ‭insight‬ ‭into‬ ‭the‬ ‭relatively‬

‭understudied area of substrate inhibition.‬

‭Alleviating Substrate Inhibition‬

‭Like‬ ‭other‬ ‭AKRs,‬ ‭AKR‬ ‭163‬ ‭likely‬ ‭exhibits‬ ‭a‬ ‭bi-bi‬ ‭reaction‬ ‭mechanism‬ ‭and‬ ‭ordered‬

‭binding‬ ‭while‬‭utilizing‬‭a‬‭series‬‭of‬‭conformational‬‭changes‬‭(Penning‬‭2015,‬‭Figure‬‭11).‬‭After‬‭the‬

‭enzyme‬ ‭binds‬ ‭NADPH,‬ ‭it‬‭undergoes‬‭one‬‭conformational‬‭change‬‭to‬‭accommodate‬‭the‬‭substrate.‬

‭When‬ ‭the‬ ‭substrate‬ ‭binds,‬ ‭the‬ ‭enzyme‬ ‭changes‬ ‭configuration‬ ‭again‬ ‭to‬ ‭facilitate‬ ‭the‬ ‭hydride‬

‭transfer‬ ‭from‬ ‭NADPH.‬ ‭Next,‬ ‭the‬ ‭enzyme‬ ‭changes‬‭conformation‬‭when‬‭the‬‭substrate‬‭is‬‭reduced,‬

‭and‬ ‭the‬ ‭product‬ ‭leaves.‬ ‭Ultimately,‬ ‭the‬ ‭enzyme‬ ‭changes‬‭conformation‬‭to‬‭allow‬‭NADP‬‭+‬ ‭to‬‭exit.‬

‭This‬ ‭final‬ ‭conformational‬ ‭change‬ ‭to‬ ‭release‬ ‭NADP‬‭+‬ ‭is‬ ‭the‬ ‭rate-limiting‬ ‭step‬ ‭of‬ ‭the‬ ‭enzymatic‬

‭reaction‬‭(Penning‬‭2015).‬‭The‬‭free‬‭energy‬‭change‬‭of‬‭this‬‭step‬‭is‬‭small,‬‭and‬‭it‬‭is‬‭readily‬‭reversible‬
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‭(Sanli‬‭et‬‭al.‬‭2003).‬‭For‬‭these‬‭reasons,‬‭substrate‬‭inhibition‬‭in‬‭AKR‬‭163‬‭would‬‭likely‬‭occur‬‭around‬

‭this‬ ‭step;‬ ‭other‬ ‭substrate‬ ‭molecules‬ ‭would‬ ‭bind‬ ‭to‬ ‭the‬ ‭enzyme-NADP‬‭+‬ ‭complex‬ ‭since‬ ‭it‬

‭dissociates‬ ‭slowly.‬ ‭Additionally,‬ ‭the‬ ‭rate‬ ‭of‬ ‭production‬ ‭of‬ ‭the‬ ‭enzyme-NADP‬‭+‬ ‭complex‬ ‭(k‬‭9‬‭)‬

‭occurs‬ ‭faster‬ ‭than‬ ‭the‬ ‭rate-limiting‬ ‭step‬ ‭(Akbary‬ ‭et‬ ‭al‬ ‭2023,‬ ‭Figure‬ ‭11).‬ ‭This‬ ‭characteristic‬

‭indicates‬‭that‬‭the‬‭substrate‬‭has‬‭many‬‭opportunities‬‭to‬‭bind‬‭the‬‭enzyme-NADP‬‭+‬ ‭complex‬‭since‬‭it‬

‭is‬ ‭produced‬ ‭quickly‬ ‭but‬ ‭breaks‬‭apart‬‭slowly.‬‭When‬‭this‬‭occurs,‬‭the‬‭enzyme‬‭would‬‭be‬‭unable‬‭to‬

‭catalyze‬‭the‬‭reaction‬‭since‬‭hydride‬‭transfer‬‭cannot‬‭occur‬‭with‬‭NADP‬‭+‬‭.‬‭Furthermore,‬‭less‬‭enzyme‬

‭is able to be reused to perform catalysis.‬

‭Figure 11. The bi-bi reaction scheme of AKR 163.‬‭The‬‭enzyme binds two substrates (NADPH‬
‭and E4ClAA) and releases two products (NADP‬‭+‬ ‭and ethy (S)l 4-chloro-3-hydroxybutyrate‬
‭(E(S)4Cl3HB)). Each asterisk represents a conformational change. Adapted from Cooper et al.‬
‭2007.‬

‭Enzymes‬ ‭often‬ ‭utilize‬ ‭electrostatic‬ ‭interactions,‬ ‭or‬ ‭salt‬ ‭bridges,‬ ‭between‬ ‭amino‬

‭acids‬ ‭to‬‭perform‬‭their‬‭function‬‭(Penning‬‭2015).‬‭Aldo-keto‬‭reductases‬‭are‬‭no‬‭exception‬‭(Sanli‬‭et‬

‭al.‬ ‭2003).‬ ‭In‬ ‭many‬ ‭enzymes‬ ‭within‬ ‭the‬ ‭superfamily,‬ ‭the‬ ‭Rosmann‬ ‭folds‬ ‭bind‬ ‭the‬ ‭nicotinamide‬

‭ring‬ ‭of‬ ‭NADPH‬ ‭using‬ ‭these‬ ‭interactions‬ ‭(Wilson‬ ‭et‬‭al.‬‭1993).‬‭When‬‭NADPH‬‭is‬‭docked‬‭within‬
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‭the‬ ‭enzyme,‬ ‭other‬ ‭salt‬ ‭bridge‬ ‭interactions‬ ‭allow‬ ‭the‬ ‭substrate‬ ‭to‬ ‭bind.‬ ‭Dr.‬ ‭Cassano‬ ‭confirmed‬

‭these‬‭interactions‬‭in‬‭the‬‭enzyme-NADPH‬‭complex‬‭are‬‭also‬‭within‬‭the‬‭enzyme-NADP‬‭+‬ ‭complex‬

‭through sequence alignments.‬

‭Non-covalent‬ ‭bonds‬ ‭like‬ ‭salt‬‭bridge‬‭interactions‬‭likely‬‭govern‬‭the‬‭enzyme’s‬‭structure‬‭as‬

‭well‬ ‭as‬ ‭its‬ ‭conformational‬ ‭changes.‬ ‭Changing‬ ‭these‬ ‭salt‬ ‭bridges‬ ‭may‬ ‭increase‬ ‭or‬ ‭decrease‬ ‭the‬

‭rates‬ ‭of‬ ‭conformational‬ ‭changes‬ ‭and‬ ‭potentially‬ ‭alleviate‬ ‭substrate‬ ‭inhibition.‬ ‭Additionally,‬

‭altering‬ ‭salt‬ ‭bridge‬ ‭interactions‬ ‭could‬ ‭alleviate‬ ‭substrate‬ ‭inhibition‬ ‭by‬ ‭disrupting‬ ‭the‬ ‭substrate‬

‭binding‬‭to‬‭the‬‭enzyme-NADP‬‭+‬ ‭complex.‬‭Therefore,‬‭alleviating‬‭substrate‬‭inhibition‬‭in‬‭Aldo-Keto‬

‭reductase‬ ‭163‬ ‭would‬ ‭require‬ ‭some‬ ‭way‬ ‭to‬ ‭alter‬ ‭salt‬ ‭bridge‬ ‭interactions.‬ ‭Two‬ ‭ways‬ ‭to‬ ‭do‬ ‭this‬

‭would‬‭be:‬‭(1)‬‭changing‬‭the‬‭protonation‬‭state‬‭of‬‭amino‬‭acids‬‭involved‬‭in‬‭salt‬‭bridge‬‭formation‬‭or‬

‭(2)‬ ‭adding‬ ‭foreign‬ ‭ions‬ ‭to‬ ‭disrupt‬ ‭electrostatic‬ ‭interactions‬ ‭within‬ ‭the‬ ‭enzyme.‬ ‭Both‬ ‭methods‬

‭likely‬‭involve‬‭the‬‭increase‬‭of‬‭ionic‬‭strength‬‭in‬‭solution.‬‭Previous‬‭researchers‬‭in‬‭the‬‭Cassano‬‭lab‬

‭studied‬‭both‬‭of‬‭these‬‭ideas‬‭individually.‬‭Ivelisse‬‭Lorenzo,‬‭Honglin‬‭Yu,‬‭Karyme‬‭Paez,‬‭and‬‭Narisa‬

‭Lee‬ ‭studied‬ ‭the‬ ‭effects‬ ‭of‬ ‭pH‬ ‭on‬ ‭substrate‬ ‭inhibition.‬ ‭They‬ ‭found‬ ‭that‬ ‭electron-withdrawing‬

‭groups‬‭on‬‭substrates‬‭are‬‭responsible‬‭for‬‭inhibition,‬‭and‬‭lowering‬‭pH‬‭alleviates‬‭it.‬‭However,‬‭their‬

‭results‬ ‭bear‬ ‭some‬ ‭uncertainty‬ ‭since‬ ‭they‬ ‭used‬ ‭a‬ ‭two-buffer‬ ‭system‬ ‭to‬ ‭obtain‬ ‭their‬ ‭pH‬ ‭range.‬

‭Meanwhile,‬ ‭Gabby‬ ‭Tronosky‬ ‭studied‬ ‭the‬ ‭effects‬ ‭of‬ ‭salt‬ ‭ions‬‭on‬‭substrate‬‭inhibition.‬‭She‬‭found‬

‭that‬ ‭increasing‬ ‭the‬ ‭concentration‬ ‭of‬ ‭salt‬ ‭ions‬ ‭decreased‬ ‭substrate‬ ‭inhibition‬ ‭in‬ ‭AKR‬ ‭163.‬

‭However,‬ ‭her‬ ‭project‬ ‭focused‬ ‭on‬ ‭one‬ ‭specific‬ ‭pH‬ ‭value.‬ ‭For‬ ‭my‬ ‭project,‬ ‭I‬ ‭will‬ ‭be‬ ‭combining‬

‭these‬ ‭two‬ ‭ideas‬ ‭to‬ ‭observe‬ ‭the‬ ‭effects‬ ‭of‬ ‭pH‬ ‭and‬ ‭salt‬ ‭ions‬ ‭together‬ ‭on‬ ‭substrate‬ ‭inhibition‬

‭regarding‬ ‭E4ClAA‬ ‭and‬ ‭AKR‬ ‭163.‬ ‭Additionally,‬ ‭I‬ ‭will‬ ‭use‬ ‭a‬ ‭single‬ ‭buffer‬ ‭system‬ ‭for‬ ‭each‬ ‭pH‬
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‭value‬ ‭for‬ ‭more‬ ‭consistent‬ ‭results.‬ ‭With‬ ‭these‬ ‭changes,‬ ‭I‬ ‭hope‬ ‭to‬‭uncover‬‭the‬‭effects‬‭of‬‭pH‬‭and‬

‭salt ions together on enzyme catalysis and K‬‭m‬‭/K‬‭i‬‭.‬

‭Methods‬

‭Enzyme Purification and Production‬

‭Enzyme‬ ‭purification‬ ‭and‬ ‭production‬ ‭for‬ ‭these‬ ‭experiments‬ ‭were‬ ‭adapted‬ ‭from‬ ‭Akbary‬ ‭and‬‭her‬

‭colleagues.‬ ‭Chemicals‬ ‭used‬ ‭for‬ ‭enzyme‬ ‭purification‬ ‭and‬‭production‬‭were‬‭obtained‬‭from‬‭Sigma‬

‭Aldrich.‬‭Overnight‬‭cultures‬‭were‬‭made‬‭using‬‭25‬‭μL‬‭of‬‭a‬‭glycerol‬‭stock‬‭containing‬‭bacteria‬‭with‬

‭the‬‭AKR‬‭163‬‭expression‬‭vector‬‭to‬‭25‬‭mL‬‭of‬‭LB‬‭media‬‭(1%‬‭glycerol,‬‭5‬‭mg/L‬‭kanamycin).‬‭These‬

‭cultures‬ ‭were‬ ‭incubated‬ ‭at‬ ‭30‬ ‭◦C‬ ‭and‬ ‭200‬ ‭rpm.‬ ‭To‬ ‭500‬ ‭mL‬ ‭of‬ ‭media,‬ ‭10‬ ‭mL‬ ‭of‬ ‭the‬‭overnight‬

‭culture‬‭was‬‭added‬‭and‬‭incubated‬‭at‬‭30‬‭◦C‬‭and‬‭200‬‭rpm.‬‭When‬‭OD‬‭400‬ ‭reached‬‭0.4-0.5,‬‭0.5‬‭mM‬‭of‬

‭IPTG‬ ‭was‬ ‭added‬ ‭to‬ ‭induce‬ ‭gene‬ ‭expression‬ ‭while‬ ‭the‬ ‭cultures‬ ‭continued‬ ‭growing‬ ‭for‬ ‭3‬ ‭to‬ ‭4‬

‭hours.‬‭The‬‭bacteria‬‭were‬‭collected‬‭and‬‭washed‬‭with‬‭wash‬‭buffer‬‭(125‬‭mM‬‭Tris,‬‭150‬‭mM‬‭NaCl,‬

‭pH 8.0). These pelleted cells were stored at -80 ◦C until purification.‬

‭The‬ ‭pellets‬ ‭were‬ ‭lysed‬ ‭with‬ ‭Bacterial‬ ‭Protein‬ ‭Extraction‬ ‭Reagent‬ ‭(B-PER,‬ ‭ThermoScientific)‬

‭using‬ ‭the‬ ‭manufacturer’s‬ ‭procedure‬ ‭and‬ ‭centrifuged.‬ ‭The‬ ‭lysate‬ ‭was‬ ‭combined‬ ‭with‬ ‭an‬ ‭equal‬

‭volume‬ ‭of‬ ‭wash‬ ‭buffer‬ ‭and‬ ‭applied‬ ‭to‬ ‭a‬ ‭10‬ ‭mL‬ ‭column‬ ‭of‬ ‭Pierce™‬ ‭Glutathione‬ ‭Superflow‬

‭Agarose‬ ‭(ThermoScientific)‬ ‭previously‬ ‭equilibrated‬ ‭with‬ ‭the‬ ‭same‬ ‭buffer.‬ ‭Affinity‬ ‭purification‬

‭was‬‭performed‬‭using‬‭the‬‭manufacturer’s‬‭procedure.‬‭Glutathione‬‭in‬‭the‬‭elution‬‭pool‬‭was‬‭removed‬

‭using‬ ‭Pierce™‬ ‭Protein‬ ‭Concentrators‬ ‭(ThermoScientific)‬ ‭with‬ ‭wash‬ ‭buffer.‬ ‭The‬ ‭final‬
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‭concentrations‬ ‭of‬ ‭AKR‬ ‭163‬ ‭fusion‬‭proteins‬‭were‬‭determined‬‭by‬‭A280‬‭using‬‭a‬‭calculated‬‭molar‬

‭extinction‬‭coefficient‬‭of‬‭90,190‬ ‭based‬‭on‬‭the‬‭number‬‭of‬‭tryptophan‬‭and‬‭tyrosine‬‭residues‬‭𝐴𝑏𝑠‬
‭𝑀‬•‭𝑐𝑚‬

‭in the primary sequence. The enzyme solutions were stored at -20 ◦C.‬

‭Buffer Production‬

‭For‬ ‭the‬ ‭experiments‬ ‭at‬ ‭varying‬ ‭pHs,‬ ‭0.055M‬ ‭ACES‬ ‭(pKa‬ ‭~‬ ‭6.8)‬ ‭was‬ ‭made.‬ ‭This‬‭solution‬‭was‬

‭aliquoted‬ ‭into‬ ‭three‬ ‭250‬ ‭mL‬ ‭bottles.‬ ‭The‬ ‭starting‬ ‭pH‬‭was‬‭measured‬‭to‬‭be‬‭4.5‬‭with‬‭a‬‭pH‬‭meter.‬

‭The‬ ‭first‬ ‭bottled‬ ‭solution‬ ‭was‬ ‭filled‬ ‭with‬ ‭1M‬ ‭NaOH‬ ‭until‬ ‭it‬ ‭reached‬ ‭a‬ ‭final‬ ‭pH‬ ‭of‬ ‭6.02.‬ ‭The‬

‭second‬‭was‬‭filled‬‭with‬‭1M‬‭NaOH‬‭and‬‭reached‬‭a‬‭final‬‭pH‬‭of‬‭7.00.‬‭The‬‭third‬‭was‬‭filled‬‭with‬‭1M‬

‭NaOH‬ ‭until‬ ‭it‬ ‭reached‬ ‭a‬ ‭final‬ ‭pH‬ ‭of‬ ‭8.00.‬ ‭These‬ ‭buffers‬ ‭were‬ ‭stored‬ ‭and‬ ‭used‬ ‭at‬ ‭room‬

‭temperature.‬

‭Measuring the effect of pH on enzyme kinetics‬

‭Serial‬‭dilutions‬‭of‬‭E4ClAA‬‭were‬‭done‬‭in‬‭DMSO‬‭to‬‭obtain‬‭concentrations‬‭ranging‬‭from‬‭2‬‭mM‬‭to‬

‭300‬‭mM.‬‭These‬‭solutions‬‭were‬‭diluted‬‭by‬‭50x‬‭upon‬‭addition‬‭to‬‭reaction‬‭mixtures‬‭containing‬‭pH‬

‭6,‬‭7,‬‭or‬‭8‬‭ACES‬‭buffer‬‭(0.0325‬‭mM),‬‭NADPH‬‭(100‬‭µM),‬‭enzyme‬‭(84‬‭nM),‬‭and‬‭Millipore‬‭water.‬

‭The‬ ‭final‬ ‭volume‬ ‭of‬ ‭the‬ ‭reaction‬ ‭mixtures‬ ‭was‬ ‭1‬ ‭mL.‬ ‭The‬‭addition‬‭of‬‭the‬‭enzyme‬‭initiated‬‭the‬

‭reactions.‬ ‭The‬ ‭reaction‬ ‭was‬ ‭monitored‬ ‭through‬ ‭the‬‭loss‬‭of‬ ‭NADPH‬‭over‬‭time‬‭using‬‭a‬‭Cary‬‭60‬

‭UV-Vis‬ ‭spectrophotometer‬ ‭at‬ ‭an‬ ‭absorbance‬ ‭of‬ ‭340‬ ‭nm‬ ‭using‬ ‭the‬ ‭Cary‬ ‭WinUV‬ ‭Kinetics‬

‭application.‬ ‭Microsoft‬ ‭excel‬ ‭was‬ ‭used‬ ‭to‬ ‭determine‬ ‭the‬ ‭initial‬ ‭velocity‬‭(V‬‭0‬‭)‬‭of‬‭the‬‭reactions‬‭by‬

‭using‬ ‭the‬ ‭molar‬ ‭extinction‬ ‭coefficient‬ ‭of‬ ‭NADPH‬ ‭(6.22‬ ‭),‬ ‭path‬ ‭length‬ ‭(1‬ ‭cm),‬ ‭and‬ ‭the‬‭𝐴𝑏𝑠‬
‭𝑚𝑀‬•‭𝑐𝑚‬
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‭gradients‬ ‭of‬ ‭the‬ ‭NADPH‬ ‭versus‬ ‭time‬ ‭plots.‬ ‭The‬ ‭velocities‬ ‭were‬ ‭used‬ ‭to‬ ‭fit‬ ‭to‬ ‭either‬ ‭substrate‬

‭inhibition‬ ‭or‬ ‭Michaelis-Menten‬ ‭plots‬ ‭where‬ ‭appropriate‬ ‭on‬ ‭KaleidaGraph‬‭TM‬‭.‬ ‭The‬ ‭maximum‬

‭velocity‬‭(V‬‭max‬‭),‬‭Michaelis-Menten‬‭constant‬‭(K‬‭m‬‭),‬‭and‬‭inhibitor‬‭constant‬‭(K‬‭i‬‭)‬‭were‬‭obtained‬‭from‬

‭the‬‭program‬‭as‬‭well.‬‭The‬‭V‬‭max‬ ‭and‬‭total‬‭enzymes‬‭were‬‭used‬‭to‬‭find‬‭the‬‭catalytic‬‭power‬‭(k‬‭cat‬‭).‬‭This‬

‭value and the Km were used to find the catalytic efficiency.‬

‭Measuring the effect of salt concentration on enzyme kinetics‬

‭Serial‬‭dilutions‬‭of‬‭E4ClAA‬‭were‬‭done‬‭in‬‭DMSO‬‭to‬‭obtain‬‭concentrations‬‭ranging‬‭from‬‭2‬‭mM‬‭to‬

‭300‬‭mM.‬‭These‬‭solutions‬‭were‬‭diluted‬‭by‬‭50x‬‭upon‬‭addition‬‭to‬‭reaction‬‭mixtures‬‭containing‬‭pH‬

‭6,‬ ‭7,‬ ‭or‬ ‭8‬ ‭ACES‬ ‭buffer‬ ‭(0.0325‬ ‭mM),‬ ‭NADPH‬ ‭(100‬ ‭µM),‬ ‭NaCl‬ ‭solution‬ ‭(1M),‬ ‭enzyme‬ ‭(0.47‬

‭nM),‬ ‭and‬ ‭Millipore‬ ‭water.‬ ‭The‬ ‭final‬ ‭volume‬ ‭of‬ ‭the‬ ‭reaction‬ ‭mixtures‬ ‭was‬ ‭1‬ ‭mL‬ ‭each.‬ ‭The‬

‭reactions‬ ‭were‬ ‭used‬ ‭to‬ ‭generate‬ ‭absorbance‬ ‭versus‬ ‭time‬ ‭plots‬ ‭and‬ ‭substrate‬ ‭inhibition‬ ‭curves‬

‭using‬ ‭previously‬ ‭described‬ ‭methods.‬ ‭The‬ ‭k‬‭cat‬ ‭and‬ ‭efficiency‬ ‭were‬ ‭also‬ ‭calculated‬ ‭after‬ ‭data‬

‭collection.‬

‭Results‬

‭As‬‭mentioned‬‭before,‬‭previous‬‭researchers‬‭have‬‭measured‬‭the‬‭effects‬‭of‬‭pH‬‭on‬‭substrate‬

‭inhibition‬‭of‬‭AKR‬‭163‬‭with‬‭consistent‬‭results.‬‭They‬‭found‬‭that‬‭substrate‬‭inhibition‬‭decreased‬‭as‬

‭pH‬‭decreased.‬‭However,‬‭they‬‭used‬‭different‬‭buffers‬‭for‬‭each‬‭pH‬‭value,‬‭which‬‭may‬‭induce‬‭some‬

‭amount‬‭of‬‭systematic‬‭error.‬‭To‬‭clarify‬‭this‬‭uncertainty,‬‭the‬‭experiments‬‭were‬‭repeated‬‭with‬‭ACES‬

‭buffer‬‭for‬‭each‬‭pH‬‭value‬‭(pH‬‭6-8).‬‭This‬‭new‬‭system‬‭yielded‬‭the‬‭same‬‭results‬‭as‬‭previous‬‭studies‬
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‭(Figure‬‭12).‬‭At‬‭pH‬‭6,‬‭the‬‭substrate‬‭inhibition‬‭curve‬‭was‬‭pronounced‬‭with‬‭an‬‭inhibition‬‭constant‬

‭(K‬‭i‬‭)‬‭value‬‭of‬‭3.17‬‭mM‬‭(Figure‬‭12A).‬‭At‬‭pH‬‭7,‬‭the‬‭substrate‬‭inhibition‬‭curve‬‭looks‬‭more‬‭defined‬

‭and‬ ‭carries‬ ‭a‬ ‭K‬‭i‬ ‭value‬ ‭of‬‭1.79‬‭mM,‬‭indicating‬‭that‬‭the‬‭inhibitor‬‭binds‬‭stronger‬‭compared‬‭to‬‭the‬

‭pH‬ ‭6‬ ‭trial.‬ ‭However,‬ ‭at‬ ‭pH‬ ‭8,‬ ‭the‬ ‭substrate‬ ‭inhibition‬‭curve‬‭is‬‭the‬‭most‬‭pronounced‬‭with‬‭a‬‭K‬‭i‬

‭value‬ ‭of‬ ‭0.918‬ ‭mM,‬ ‭following‬‭the‬‭trend‬‭(Figure‬‭12C).‬‭These‬‭results‬‭provide‬‭more‬‭basis‬‭for‬‭the‬

‭findings of the past experiments.‬
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‭Figure‬ ‭12.‬ ‭Substrate‬ ‭inhibition‬ ‭plots‬ ‭of‬ ‭AKR‬ ‭163‬ ‭with‬ ‭Ethyl‬ ‭4-chloro-acetoacetate‬
‭(E4ClAA)‬ ‭at‬ ‭different‬ ‭pH‬ ‭values.‬ ‭Each‬ ‭point‬ ‭represents‬ ‭the‬ ‭average‬ ‭of‬‭2‬‭trials.‬‭(A)‬‭E4ClAA‬
‭reactions‬ ‭at‬ ‭pH‬ ‭6.‬ ‭The‬ ‭substrate‬ ‭inhibition‬ ‭curve‬ ‭is‬ ‭less‬ ‭exaggerated‬ ‭than‬ ‭the‬ ‭other‬ ‭trials.‬
‭Furthermore,‬‭the‬‭K‬‭m‬ ‭and‬‭K‬‭i‬ ‭values‬‭are‬‭also‬‭much‬‭higher.‬‭This‬‭indicates‬‭a‬‭lower‬‭binding‬‭affinity‬
‭of‬ ‭the‬ ‭enzyme‬ ‭and‬ ‭substrate/inhibitor.‬ ‭(B)‬ ‭E4ClAA‬ ‭reactions‬ ‭at‬ ‭pH‬ ‭7.‬ ‭The‬‭substrate‬‭inhibition‬
‭curve‬‭is‬‭pronounced.‬‭This‬‭shape‬‭is‬‭due‬‭to‬‭the‬‭relatively‬‭high‬‭K‬‭i‬‭value‬‭compared‬‭to‬‭the‬‭pH‬‭6‬‭trial.‬
‭(C)‬‭E4ClAA‬‭reactions‬‭at‬‭pH‬‭8.‬‭The‬‭substrate‬‭inhibition‬‭curve‬‭is‬‭much‬‭more‬‭pronounced‬‭than‬‭the‬
‭other‬ ‭trials.‬ ‭Furthermore,‬ ‭the‬ ‭K‬‭m‬ ‭and‬ ‭K‬‭i‬ ‭values‬ ‭are‬ ‭lower,‬ ‭indicating‬ ‭a‬ ‭higher‬ ‭binding‬ ‭affinity‬
‭between the enzyme and the substrate/inhibitor.‬
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‭The‬ ‭effects‬ ‭of‬ ‭salt‬ ‭on‬ ‭AKR‬ ‭163‬ ‭substrate‬ ‭inhibition‬ ‭were‬ ‭also‬ ‭determined‬ ‭through‬ ‭previous‬

‭experiments‬‭-‬‭adding‬‭NaCl‬‭decreased‬‭substrate‬‭inhibition.‬‭This‬‭experiment‬‭was‬‭repeated‬‭with‬‭the‬

‭new‬ ‭ACES‬ ‭buffer‬ ‭system,‬ ‭confirming‬ ‭the‬ ‭previous‬ ‭observations‬ ‭(Figure‬ ‭13).‬ ‭The‬ ‭pH‬ ‭8‬ ‭trial‬

‭without‬‭salt‬‭had‬‭a‬‭K‬‭i‬ ‭value‬‭of‬‭0.9184‬‭mM‬‭(Figure‬‭13A).‬‭However,‬‭with‬‭1M‬‭NaCl,‬‭the‬‭K‬‭i‬ ‭value‬‭of‬

‭the pH 8 trial increased substantially to 3.793 mM (Figure 13B).‬

‭Figure 13. Differences in kinetic parameters with no NaCl and 1M NaCl at pH 8.‬‭Each point‬
‭represents the average of 2 trials. (A) E4ClAA reactions at pH 8 with 0M NaCl. The substrate‬
‭inhibition curve is more pronounced due to the lower magnitude of the K‬‭i‬ ‭and K‬‭m‬‭values.‬
‭Furthermore, the Vmax is relatively low, which relates to a lower kcat. (B) E4ClAA reactions at‬
‭pH 8 with 1M NaCl. The substrate inhibition curve is less pronounced because of the increase in‬
‭the K‬‭m‬‭and K‬‭i‬‭. The Vmax is considerably higher in‬‭magnitude than the trials without NaCl.‬

‭Since‬‭the‬‭effects‬‭of‬‭pH‬‭and‬‭salt‬‭ions‬‭on‬‭substrate‬‭inhibition‬‭with‬‭the‬‭ACES‬‭buffer‬‭system‬

‭were‬‭determined‬‭to‬‭be‬‭consistent‬‭with‬‭prior‬‭findings,‬‭the‬‭next‬‭step‬‭was‬‭to‬‭combine‬‭the‬‭two‬‭ideas‬

‭to‬ ‭determine‬ ‭their‬ ‭effect‬ ‭on‬ ‭substrate‬ ‭inhibition.‬ ‭I‬ ‭reasoned‬ ‭that‬ ‭with‬ ‭decreasing‬ ‭pH‬ ‭and‬

‭increasing‬‭salt,‬‭the‬‭inhibition‬‭would‬‭decrease.‬‭At‬‭the‬‭lowest‬‭pH‬‭with‬‭1M‬‭NaCl,‬‭the‬‭shape‬‭of‬‭the‬
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‭plot‬ ‭mostly‬ ‭resembled‬ ‭a‬ ‭Michaelis-Menten‬ ‭curve‬ ‭(Figure‬ ‭14A).‬ ‭It‬ ‭was‬ ‭difficult‬ ‭to‬ ‭determine‬

‭whether‬ ‭this‬ ‭trial‬ ‭followed‬ ‭Michaelis-Menten‬ ‭kinetics‬ ‭or‬‭substrate‬‭inhibition‬‭kinetics‬‭due‬‭to‬‭its‬

‭curvature‬‭and‬‭the‬‭similar‬‭correlation‬‭coefficient‬‭(R‬‭2‬‭)‬‭values.‬‭However,‬‭substrate‬‭inhibition‬‭likely‬

‭still‬‭occurs‬‭as‬‭the‬‭K‬‭i‬ ‭value‬‭for‬‭this‬‭trial‬‭was‬‭6.770‬‭mM.‬‭The‬‭pH‬‭7‬‭trial‬‭showed‬‭more‬‭inhibition‬‭as‬

‭the‬‭K‬‭i‬‭value‬‭decreased‬‭to‬‭1.507‬‭mM,‬‭and‬‭the‬‭shape‬‭of‬‭the‬‭inhibition‬‭curve‬‭was‬‭more‬‭pronounced‬

‭(Figure‬ ‭14B).‬ ‭However,‬ ‭unlike‬ ‭our‬ ‭predictions,‬ ‭the‬ ‭pH‬ ‭8‬‭trial‬‭closely‬‭resembles‬‭the‬‭pH‬‭7‬‭trial,‬

‭instead‬ ‭of‬ ‭being‬ ‭more‬ ‭inhibited‬ ‭(Figure‬ ‭14C).‬‭Furthermore,‬‭the‬‭K‬‭i‬‭for‬‭this‬‭trial‬‭was‬‭3.793‬‭mM,‬

‭much‬‭larger‬‭than‬‭the‬‭pH‬‭7‬‭trial.‬‭These‬‭results‬‭show‬‭a‬‭direct‬‭decrease‬‭in‬‭inhibition‬‭when‬‭looking‬

‭at‬ ‭pH‬‭6‬‭and‬‭8.‬‭However,‬‭the‬‭K‬‭i‬‭values‬‭from‬‭pH‬‭6‬‭to‬‭8‬‭do‬‭not‬‭show‬‭any‬‭clear‬‭trends‬‭and‬‭should‬

‭not be the only characteristics used to assess the impact of substrate inhibition.‬
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‭Figure 14. Substrate inhibition plot of AKR 163 with E4ClAA at pH 6, 7, and 8 with 1M‬
‭NaCl.‬‭Each point represents the average of 2 trials.‬‭(A) E4ClAA reactions at pH 6 and 1M NaCl.‬
‭This curve was fitted to Michaelis-Menten and substrate inhibition equations. Substrate‬
‭inhibition is alleviated up to 6 mM of E4ClAA. The K‬‭m‬‭and V‬‭max‬ ‭values are larger than the other‬
‭trials with NaCl. The K‬‭i‬ ‭value is higher, but the‬‭associated error makes this aspect unreliable. (B)‬
‭E4ClAA reactions at pH 7 and 1M NaCl. The V‬‭max‬ ‭and‬‭K‬‭m‬‭values are lower than the pH 6 trials,‬
‭but noticeably higher than the pH 8 trials. The inhibitor constant for this trial is the lowest,‬
‭suggesting that the salt impacts substrate binding to the enzyme-NADPH complex more than the‬
‭substrate binding to the enzyme-NADP‬‭+‬ ‭complex. (C)‬‭E4ClAA reactions at pH 8 and 1M NaCl.‬
‭These results confirm that lower K‬‭m‬‭and K‬‭i‬ ‭are associated‬‭with more substrate inhibition.‬
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‭In‬‭addition‬‭to‬‭K‬‭i‬‭,‬‭other‬‭values‬‭and‬‭trends‬‭can‬‭potentially‬‭highlight‬‭differences‬‭in‬‭substrate‬

‭inhibition‬‭for‬‭each‬‭of‬‭the‬‭trials‬‭in‬‭Figure‬‭14.‬‭For‬‭example,‬‭the‬‭K‬‭m‬ ‭values‬‭decrease‬‭from‬‭pH‬‭6‬‭to‬

‭pH‬‭8,‬‭indicating‬‭better‬‭substrate‬‭binding‬‭affinity‬‭(Figure‬‭14).‬‭Since‬‭the‬‭inhibitor‬‭and‬‭the‬‭substrate‬

‭are‬ ‭theorized‬ ‭to‬ ‭be‬ ‭the‬ ‭same‬ ‭species‬ ‭(E4ClAA),‬ ‭changes‬ ‭in‬ ‭K‬‭m‬ ‭could‬‭be‬‭directly‬‭related‬‭to‬‭the‬

‭inhibitor’s‬ ‭ability‬ ‭to‬‭bind‬‭as‬‭well.‬‭The‬‭enzyme’s‬‭catalytic‬‭power‬‭(k‬‭cat‬ ‭)‬‭also‬‭decreases‬‭as‬‭the‬‭pH‬

‭decreases‬‭from‬‭pH‬‭6‬‭to‬‭8‬‭with‬‭1M‬‭NaCl‬‭(Table‬‭1).‬‭The‬‭high‬‭k‬‭cat‬ ‭of‬‭pH‬‭6‬‭could‬‭indicate‬‭that‬‭the‬

‭presence‬ ‭of‬ ‭salt‬ ‭increases‬ ‭the‬ ‭velocity‬ ‭of‬ ‭a‬ ‭reaction,‬ ‭helping‬ ‭the‬ ‭enzyme‬ ‭overcome‬ ‭substrate‬

‭inhibition.‬ ‭Despite‬ ‭uncertainties,‬ ‭these‬ ‭characteristics‬ ‭may‬ ‭provide‬ ‭more‬ ‭insight‬ ‭into‬ ‭the‬

‭alleviation of substrate inhibition regardless of the unprecedented K‬‭i‬ ‭values in Figure 14.‬
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‭Table 1‬

‭Comparison of the kinetic parameters of the different reactions.‬

‭Conditions‬ ‭V‬‭max‬ ‭(mM/s)‬ ‭K‬‭m‬‭(mM)‬ ‭K‬‭i‬‭(mM)‬ ‭k‬‭cat‬ ‭(s‬‭-1‬‭)‬ ‭Efficiency (‬ ‭)‬‭𝑠‬ −‭1‬

‭𝑚𝑀‬

‭pH 6 No‬
‭NaCl‬

‭7.18 x 10‬‭-5‬ ‭∓‬
‭1.50 x 10‬‭-5‬‭*‬

‭1.87 ∓‬
‭0.5475‬

‭3.17 ∓ 1.11‬ ‭0.854‬ ‭0.457‬

‭pH 7 No‬
‭NaCl‬

‭3.81 x 10‬‭-5‬‭∓‬
‭5.90 x 10‬‭-6‬

‭0.376 ∓‬
‭0.09659‬

‭1.79 ∓ 0.514‬ ‭0.454‬ ‭1.21‬

‭pH 8 No‬
‭NaCl‬

‭6.01 x 10‬‭-5‬‭∓‬
‭1.56 x 10‬‭-5‬

‭0.393 ∓‬
‭0.1536‬

‭0.918 ∓‬
‭0.372‬

‭0.716‬ ‭1.82‬

‭pH 6 1M‬
‭NaCl (MM‬

‭curve)‬

‭2.74 x 10‬‭-4‬‭∓‬
‭1.13 x 10‬‭-5‬

‭2.59 ∓ 0.221‬ ‭___‬ ‭3.26‬ ‭1.26‬

‭pH 6 1M‬
‭NaCl (SI‬

‭curve)‬

‭5.33 x 10‬‭-4‬‭∓‬
‭9.38 x 10‬‭-5‬

‭6.06 ∓ 1.28‬ ‭6.77 ∓ 2.39‬ ‭6.35‬ ‭1.05‬

‭pH 7 1M‬
‭NaCl‬

‭4.23 x 10‬‭-4‬‭∓‬
‭1.23 x 10‬‭-4‬

‭5.89 ∓ 1.99‬ ‭1.51 ∓ 0.560‬ ‭5.04‬ ‭0.855‬

‭pH 8, 1M‬
‭NaCl‬

‭1.41 x 10‬‭-4‬‭∓‬
‭1.92 x 10‬‭-5‬

‭0.957 ∓‬
‭0.211‬

‭3.79 ∓ 1.04‬ ‭1.68‬ ‭1.76‬

‭*Error values generated from how accurately the data points align with the KaleidaGraph‬‭TM‬ ‭fits.‬
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‭Discussion‬

‭Previous‬ ‭researchers‬ ‭have‬ ‭studied‬ ‭various‬ ‭aspects‬ ‭of‬ ‭Aldo-keto‬ ‭reductases.‬ ‭These‬

‭findings‬ ‭include‬ ‭the‬ ‭tendency‬ ‭of‬ ‭electron-withdrawing‬ ‭substrates‬ ‭to‬ ‭induce‬‭substrate‬‭inhibition‬

‭(Akbary‬‭et‬‭al.‬‭2023),‬‭lowering‬‭pH‬‭decreases‬‭substrate‬‭inhibition‬‭(Lee‬‭2023),‬‭and‬‭increasing‬‭salt‬

‭concentrations‬ ‭also‬ ‭decreases‬ ‭inhibition‬ ‭(Tronosky‬ ‭2023).‬ ‭Despite‬ ‭the‬ ‭variety‬ ‭of‬ ‭researchers,‬

‭many‬ ‭characteristics‬ ‭of‬ ‭AKR‬ ‭163‬ ‭are‬ ‭still‬ ‭unknown‬ ‭and‬ ‭understanding‬ ‭how‬ ‭it‬ ‭works‬ ‭requires‬

‭many‬‭assumptions.‬‭For‬‭instance,‬‭the‬‭specific‬‭molecular‬‭interactions‬‭that‬‭govern‬‭substrate‬‭binding‬

‭and‬ ‭catalysis‬ ‭are‬ ‭not‬ ‭well‬ ‭understood.‬ ‭Additionally,‬ ‭the‬ ‭catalytic‬ ‭tetrad,‬ ‭ordered‬ ‭binding‬

‭mechanism,‬ ‭and‬ ‭many‬ ‭other‬ ‭aspects‬ ‭of‬ ‭catalysis‬ ‭are‬‭based‬‭on‬‭conserved‬‭traits‬‭within‬‭the‬‭AKR‬

‭superfamily‬‭and‬‭not‬‭on‬‭studies‬‭of‬‭AKR‬‭163‬‭itself.‬‭Nonetheless,‬‭this‬‭study‬‭aims‬‭to‬‭start‬‭building‬

‭on‬‭ideas‬‭constructed‬‭by‬‭previous‬‭researchers‬‭by‬‭observing‬‭the‬‭effects‬‭of‬‭salt‬‭and‬‭pH‬‭together‬‭on‬

‭the electron-withdrawing substrate ethyl 4-chloroacetoacetate (E4ClAA).‬

‭Effect of pH on Substrate Inhibition‬

‭The‬ ‭first‬‭few‬‭experiments‬‭of‬‭my‬‭research‬‭aimed‬‭to‬‭confirm‬‭the‬‭validity‬‭of‬‭the‬‭effects‬‭of‬

‭pH‬‭on‬‭substrate‬‭inhibition‬‭using‬‭a‬‭single‬‭buffer‬‭system‬‭to‬‭verify‬‭previous‬‭research.‬‭In‬‭this‬‭regard,‬

‭I‬ ‭hypothesized‬ ‭that‬ ‭lowering‬ ‭pH‬ ‭decreases‬ ‭substrate‬ ‭inhibition‬ ‭by‬ ‭affecting‬ ‭amino‬ ‭acid‬

‭protonation‬ ‭states‬ ‭and‬ ‭salt‬ ‭bridge‬ ‭interactions‬ ‭within‬ ‭the‬ ‭enzyme.‬ ‭This‬ ‭idea‬ ‭was‬ ‭based‬ ‭on‬ ‭pH‬

‭changes‬ ‭affecting‬ ‭the‬ ‭protonation‬ ‭states‬ ‭of‬ ‭amino‬ ‭acids‬ ‭in‬ ‭the‬ ‭enzyme’s‬ ‭binding‬ ‭pocket‬ ‭or‬

‭catalytic‬ ‭site‬ ‭(Radha‬ ‭Kishan‬ ‭et‬ ‭al.‬ ‭2001).‬ ‭Unsurprisingly,‬ ‭decreasing‬ ‭pH‬ ‭for‬ ‭these‬ ‭reactions‬

‭decreased‬‭substrate‬‭inhibition‬‭(Figure‬‭12).‬‭K‬‭m‬ ‭and‬‭K‬‭i‬ ‭increased‬‭as‬‭substrate‬‭inhibition‬‭decreased‬
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‭(Table‬‭1)‬‭which‬‭gives‬‭some‬‭insight‬‭into‬‭E4ClAA‬‭binding‬‭the‬‭enzyme-NADPH‬‭complex‬‭and‬‭the‬

‭enzyme-NADP‬‭+‬ ‭complex‬ ‭respectively.‬ ‭The‬ ‭increase‬ ‭in‬ ‭these‬ ‭values‬ ‭at‬ ‭lower‬ ‭pHs‬ ‭could‬ ‭be‬

‭explained‬ ‭by‬ ‭the‬ ‭proposed‬ ‭differences‬ ‭in‬ ‭the‬ ‭protonation‬‭states‬‭of‬‭specific‬‭residues‬‭responsible‬

‭for‬ ‭the‬ ‭enzyme‬ ‭binding‬ ‭NADPH‬ ‭or‬ ‭the‬ ‭substrate;‬‭by‬‭altering‬‭the‬‭protonation‬‭state,‬‭the‬‭enzyme‬

‭may‬ ‭become‬ ‭less‬ ‭likely‬ ‭to‬ ‭bind‬ ‭the‬ ‭substrate,‬ ‭decreasing‬ ‭the‬ ‭likelihood‬‭of‬‭substrate‬‭inhibition.‬

‭More‬ ‭data‬ ‭or‬ ‭insight‬ ‭into‬ ‭the‬ ‭mechanisms‬ ‭of‬ ‭the‬ ‭enzyme’s‬ ‭binding‬ ‭interactions‬ ‭with‬ ‭NADPH‬

‭and/or the substrate would help solidify this hypothesis.‬

‭Effect of Salt Ions on Substrate Inhibition‬

‭In‬ ‭addition‬ ‭to‬ ‭pH,‬ ‭the‬ ‭presence‬ ‭of‬ ‭ions‬ ‭was‬ ‭also‬ ‭hypothesized‬ ‭to‬ ‭affect‬ ‭the‬ ‭activity‬ ‭of‬

‭AKRs‬ ‭due‬ ‭to‬ ‭their‬ ‭effect‬ ‭on‬ ‭salt‬ ‭bridges;‬ ‭they‬ ‭can‬ ‭interfere‬ ‭with‬ ‭these‬ ‭interactions.‬ ‭The‬ ‭next‬

‭experiments‬‭were‬‭performed‬‭to‬‭confirm‬‭this‬‭assessment.‬‭As‬‭expected,‬‭adding‬‭1M‬‭NaCl‬‭relieves‬

‭substrate‬ ‭inhibition‬ ‭(Figure‬ ‭13).‬ ‭Gabby‬ ‭Tronosky‬ ‭also‬ ‭obtained‬ ‭similar‬ ‭findings‬ ‭at‬ ‭pH‬ ‭8‬

‭(Tronosky‬‭2023).‬‭Similar‬‭to‬‭pH,‬‭K‬‭m‬‭,‬‭and‬‭K‬‭i‬ ‭generally‬‭increased‬‭as‬‭substrate‬‭inhibition‬‭decreased‬

‭(Table‬ ‭1).‬‭Additionally,‬‭catalytic‬‭power‬‭(k‬‭cat‬‭)‬‭also‬‭increased‬‭as‬‭the‬‭pH‬‭decreased‬‭only‬‭when‬‭salt‬

‭was added (Figure 15).‬
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‭Figure 15. Comparisons of the catalytic power (k‬‭cat‬‭)‬‭at different pHs with and without salt.‬

‭The‬ ‭k‬‭cat‬‭increases‬‭when‬‭pH‬‭decreases‬‭in‬‭the‬‭presence‬‭of‬‭salt‬‭(Figure‬‭15),‬‭suggesting‬‭that‬

‭catalysis‬ ‭increases.‬ ‭Any‬ ‭changes‬ ‭to‬ ‭the‬ ‭enzyme’s‬ ‭catalytic‬ ‭activity‬ ‭would‬ ‭likely‬ ‭be‬ ‭due‬ ‭to‬ ‭an‬

‭increase‬‭in‬‭the‬‭speed‬‭of‬‭the‬‭NADP‬‭+‬ ‭dissociation‬‭step‬‭(Tronosky‬‭2023,‬‭Akbary‬‭et‬‭al.‬‭2023).‬‭When‬

‭the‬ ‭rate‬ ‭of‬ ‭this‬ ‭step‬ ‭increases,‬ ‭it‬ ‭indicates‬ ‭that‬ ‭more‬ ‭free‬ ‭enzyme‬ ‭is‬ ‭ready‬ ‭for‬ ‭catalysis‬ ‭since‬

‭NADP‬‭+‬ ‭exits‬ ‭faster.‬ ‭This‬ ‭phenomenon‬ ‭likely‬ ‭occurs‬ ‭due‬ ‭to‬ ‭an‬ ‭increase‬ ‭in‬ ‭the‬ ‭solution’s‬ ‭ionic‬

‭strength‬‭which‬‭speeds‬‭up‬‭the‬‭rates‬‭of‬‭conformational‬‭changes.‬‭This‬‭idea‬‭is‬‭supported‬‭by‬‭the‬‭fact‬

‭that‬‭pH‬‭alone‬‭does‬‭not‬‭result‬‭in‬‭noticeable‬‭changes‬‭in‬‭k‬‭cat‬ ‭due‬‭to‬‭its‬‭low‬‭effect‬‭on‬‭ionic‬‭strength.‬

‭However,‬ ‭salt‬ ‭and‬ ‭pH‬ ‭together‬ ‭results‬ ‭in‬ ‭a‬ ‭stronger‬ ‭ionic‬ ‭strength‬ ‭and‬ ‭leads‬ ‭to‬ ‭an‬ ‭observable‬

‭change in k‬‭cat‬‭.‬

‭Separately,‬ ‭another‬ ‭potential‬ ‭for‬ ‭increase‬ ‭in‬ ‭k‬‭cat‬ ‭could‬ ‭be‬‭due‬‭to‬‭the‬‭increase‬‭in‬‭enzyme‬

‭catalysis.‬ ‭Previous‬ ‭studies‬ ‭have‬ ‭elucidated‬ ‭the‬ ‭conserved‬ ‭catalytic‬ ‭tetrad‬ ‭of‬ ‭AKRs‬ ‭-‬ ‭tyrosine‬

‭(Tyr),‬‭histidine‬‭(His),‬‭aspartic‬‭acid‬‭(Asp),‬‭and‬‭lysine‬‭(Lys)‬‭(Jez‬‭et‬‭al.‬‭1997).‬‭The‬‭tyrosine‬‭residue‬
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‭forms‬ ‭salt‬ ‭bridges‬ ‭with‬ ‭other‬ ‭catalytic‬ ‭residues‬ ‭to‬ ‭facilitate‬ ‭acid-base‬ ‭catalysis.‬ ‭According‬ ‭to‬

‭Schlegel‬ ‭and‬ ‭their‬ ‭colleagues,‬ ‭the‬ ‭catalytic‬ ‭tyrosine‬ ‭residue‬ ‭was‬ ‭noted‬ ‭to‬ ‭be‬ ‭in‬ ‭its‬ ‭most‬

‭protonated‬‭form‬‭in‬‭the‬‭reduction‬‭direction‬‭of‬‭AKR1C9‬‭catalysis.‬‭This‬‭feature‬‭was‬‭also‬‭elucidated‬

‭as‬‭a‬‭part‬‭of‬‭the‬‭general‬‭mechanism‬‭of‬‭catalysis‬‭of‬‭AKRs‬‭by‬‭Barski‬‭and‬‭their‬‭colleagues‬‭(Figure‬

‭5).‬ ‭Assuming‬ ‭these‬‭models‬‭apply‬‭to‬‭AKR‬‭163,‬‭lower‬‭pHs‬‭would‬‭favor‬‭this‬‭version‬‭of‬‭tyrosine,‬

‭which‬ ‭could‬ ‭begin‬ ‭to‬ ‭explain‬ ‭an‬ ‭increase‬ ‭in‬ ‭catalytic‬ ‭strength‬ ‭at‬ ‭pH‬ ‭6‬ ‭compared‬ ‭to‬ ‭pH‬ ‭8.‬

‭However,‬‭this‬‭reason‬‭is‬‭not‬‭as‬‭viable‬‭as‬‭the‬‭first‬‭since‬‭it‬‭does‬‭not‬‭account‬‭for‬‭the‬‭vast‬‭differences‬

‭between trials with and without salt.‬

‭Figure‬‭16.‬‭Comparisons‬‭of‬‭the‬‭Michaelis-Menten‬‭constant‬‭(K‬‭M‬‭)‬‭and‬‭inhibitor‬‭constant‬‭(K‬‭i‬‭)‬
‭at different pHs with and without salt.‬

‭Similarly,‬‭K‬‭m‬ ‭and‬‭K‬‭i‬ ‭generally‬‭increase‬‭under‬‭these‬‭conditions‬‭(Figure‬‭16).‬‭This‬‭feature‬‭is‬

‭likely‬ ‭due‬ ‭to‬ ‭the‬ ‭predicted‬ ‭impact‬ ‭of‬ ‭the‬ ‭relative‬ ‭environment‬ ‭on‬ ‭salt‬ ‭bridges‬ ‭necessary‬ ‭to‬

‭maintain‬ ‭stable‬ ‭binding‬ ‭(Pylaeva‬ ‭et‬ ‭al.‬ ‭2018).‬ ‭As‬ ‭with‬ ‭k‬‭cat‬‭,‬ ‭adding‬ ‭exogenous‬ ‭ions‬ ‭into‬ ‭the‬

‭solution‬ ‭would‬‭increase‬‭its‬‭ionic‬‭strength‬‭which‬‭could‬‭lead‬‭to‬‭the‬‭destabilization‬‭of‬‭substrate‬‭or‬

‭NADPH/NADP‬‭+‬ ‭binding.‬‭If‬‭salt‬‭bridges‬‭that‬‭make‬‭up‬‭the‬‭binding‬‭site‬‭have‬‭weakened‬‭or‬‭altered‬

‭interactions,‬‭that‬‭would‬‭result‬‭in‬‭an‬‭increased‬‭K‬‭m‬‭,‬‭since‬‭the‬‭enzyme‬‭has‬‭a‬‭lessened‬‭affinity‬‭for‬‭the‬



‭40‬

‭substrate.‬ ‭Furthermore,‬ ‭if‬ ‭the‬ ‭enzyme-NADPH‬ ‭complex‬ ‭is‬ ‭comparable‬ ‭to‬ ‭the‬ ‭enzyme-NADP‬‭+‬

‭complex,‬ ‭the‬ ‭K‬‭i‬ ‭would‬ ‭also‬ ‭increase‬ ‭since‬ ‭the‬ ‭substrate‬ ‭would‬ ‭bind‬ ‭with‬ ‭less‬ ‭affinity‬ ‭to‬ ‭the‬

‭enzyme-NADP‬‭+‬ ‭complex as well.‬

‭Adding‬‭salt‬‭ions‬‭along‬‭with‬‭pH‬‭show‬‭clear‬‭trends‬‭with‬‭k‬‭cat‬ ‭(Figure‬‭15),‬‭K‬‭i‬‭/K‬‭m‬ ‭(Figure‬‭16),‬

‭and‬‭alleviating‬‭substrate‬‭inhibition‬‭with‬‭up‬‭to‬‭6‬‭mM‬‭of‬‭substrate‬‭(Figure‬‭14A).‬‭This‬‭phenomenon‬

‭is‬ ‭likely‬ ‭due‬ ‭to‬ ‭the‬ ‭increase‬ ‭in‬ ‭ionic‬ ‭strength‬ ‭of‬ ‭the‬ ‭solution.‬ ‭That‬ ‭is,‬ ‭for‬ ‭the‬ ‭enzyme‬ ‭to‬ ‭have‬

‭increased‬ ‭catalytic‬ ‭activity‬ ‭with‬ ‭a‬ ‭simultaneous‬ ‭decrease‬ ‭in‬ ‭substrate/cofactor‬ ‭binding‬ ‭affinity,‬

‭there‬ ‭is‬ ‭likely‬ ‭to‬ ‭be‬ ‭a‬ ‭change‬ ‭in‬ ‭the‬ ‭overall‬ ‭structure‬ ‭of‬ ‭the‬ ‭enzyme‬ ‭due‬ ‭to‬ ‭alterations‬ ‭in‬

‭electrostatic‬‭interactions.‬‭To‬‭explain‬‭these‬‭concurrent‬‭effects,‬‭I‬‭believe‬‭that‬‭changes‬‭in‬‭the‬‭ionic‬

‭strength‬ ‭of‬ ‭the‬ ‭solution‬ ‭increases‬ ‭the‬ ‭rate‬ ‭of‬ ‭conformational‬‭changes‬‭within‬‭the‬‭enzyme‬‭which‬

‭destabilizes‬ ‭substrate/cofactor‬ ‭binding,‬ ‭but‬ ‭increases‬ ‭NADP‬‭+‬ ‭dissociation.‬ ‭Similar‬ ‭to‬ ‭my‬

‭hypothesis,‬ ‭Gabby‬ ‭Tronosky‬ ‭also‬ ‭mentioned‬ ‭that‬ ‭the‬ ‭rate-limiting‬ ‭step‬ ‭(NADP‬‭+‬ ‭release)‬

‭increased‬ ‭as‬ ‭ionic‬ ‭strength‬ ‭increased‬ ‭(Tronosky‬ ‭2023).‬ ‭This‬ ‭idea‬ ‭fits‬ ‭into‬ ‭the‬ ‭proposed‬

‭explanation‬ ‭since‬ ‭the‬ ‭enzyme‬ ‭likely‬ ‭undergoes‬ ‭structural‬ ‭changes‬ ‭that‬ ‭allow‬ ‭NADP‬‭+‬ ‭to‬ ‭be‬

‭released‬ ‭more‬ ‭quickly,‬ ‭increasing‬ ‭K‬‭i‬ ‭(binding‬ ‭destabilization)‬ ‭and‬ ‭even‬ ‭V‬‭max‬‭/k‬‭cat‬ ‭(catalytic‬

‭activity‬‭increase).‬‭My‬‭current‬‭experiments‬‭are‬‭unable‬‭to‬‭directly‬‭prove‬‭these‬‭ideas‬‭with‬‭absolute‬

‭certainty. However, future experiments can also provide insight into this phenomenon.‬

‭Relationship Between K‬‭i‬ ‭and K‬‭m‬ ‭in Substrate Inhibition‬

‭In‬ ‭this‬ ‭case‬ ‭of‬ ‭substrate‬ ‭inhibition,‬ ‭the‬ ‭Michaelis-Menten‬ ‭constant‬ ‭(K‬‭m‬‭)‬ ‭represents‬ ‭the‬

‭substrate‬ ‭binding‬ ‭to‬ ‭the‬ ‭enzyme-NADPH‬ ‭complex‬‭while‬‭the‬‭inhibition‬‭constant‬‭(K‬‭i‬‭)‬‭represents‬
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‭the‬ ‭substrate‬ ‭binding‬ ‭to‬ ‭the‬ ‭enzyme-NADP‬‭+‬ ‭complex.‬ ‭Given‬ ‭their‬ ‭similarities,‬ ‭K‬‭m‬ ‭and‬ ‭K‬‭i‬ ‭are‬

‭likely‬ ‭closely‬ ‭related‬ ‭(Figure‬ ‭16).‬ ‭Generally,‬ ‭this‬ ‭relatedness‬ ‭is‬ ‭expected‬ ‭as‬ ‭the‬ ‭substrate‬

‭inhibition‬ ‭equation‬ ‭(Haldane‬ ‭equation)‬ ‭is‬ ‭based‬ ‭on‬ ‭the‬ ‭notion‬ ‭that‬ ‭K‬‭m‬ ‭is‬ ‭the‬ ‭minimum‬

‭concentration‬ ‭of‬ ‭substrate‬ ‭required‬ ‭to‬ ‭reach‬ ‭½‬ ‭V‬‭max‬ ‭while‬ ‭K‬‭i‬ ‭is‬ ‭the‬ ‭maximum‬ ‭substrate‬

‭concentration‬ ‭required‬ ‭to‬ ‭reach‬ ‭½‬ ‭V‬‭max‬ ‭when‬‭unbound‬‭substrate‬‭concentration‬‭is‬‭zero‬‭(Haldane‬

‭1965;‬ ‭Stark‬ ‭and‬ ‭Firestone‬ ‭1996;‬ ‭Koper‬ ‭et.‬ ‭al‬ ‭2010).‬ ‭Therefore,‬ ‭as‬ ‭K‬‭m‬ ‭increases,‬ ‭K‬‭i‬ ‭is‬ ‭also‬

‭expected‬ ‭to‬ ‭increase‬ ‭and‬ ‭vice‬ ‭versa.‬ ‭This‬ ‭trend‬ ‭is‬ ‭seen‬ ‭in‬ ‭the‬ ‭results‬ ‭(Table‬ ‭1)‬ ‭-‬‭usually‬‭K‬‭i‬‭is‬

‭larger‬‭than‬‭K‬‭m‬‭,‬‭and‬‭when‬‭either‬‭one‬‭increases,‬‭the‬‭other‬‭also‬‭increases.‬‭This‬‭trend‬‭also‬‭supports‬

‭the‬‭idea‬‭that‬‭the‬‭enzyme-NADPH‬‭and‬‭enzyme-NADP‬‭+‬ ‭complexes‬‭are‬‭comparable‬‭to‬‭each‬‭other‬

‭as‬ ‭they‬ ‭likely‬‭utilize‬‭similar‬‭mechanisms‬‭to‬‭bind‬‭the‬‭substrate.‬‭If‬‭decreasing‬‭the‬‭pH‬‭and‬‭adding‬

‭salt‬‭decreases‬‭stabilizing‬‭interactions‬‭between‬‭the‬‭substrate‬‭and‬‭the‬‭enzyme-NADP‬‭+‬ ‭complex,‬‭it‬

‭would affect the association of the substrate and enzyme-NADPH complex.‬

‭This‬ ‭phenomenon‬ ‭can‬ ‭be‬ ‭problematic‬ ‭as‬ ‭increasing‬ ‭the‬ ‭K‬‭m‬ ‭could‬ ‭likely‬ ‭affect‬ ‭the‬

‭substrate’s‬ ‭ability‬ ‭to‬ ‭bind‬ ‭the‬ ‭enzyme-NADPH‬ ‭complex‬ ‭which‬ ‭is‬ ‭necessary‬ ‭for‬ ‭catalysis.‬

‭However,‬‭when‬‭K‬‭i‬ ‭approaches‬‭infinity,‬‭substrate‬‭inhibition‬‭becomes‬‭more‬‭alleviated‬‭and‬‭the‬‭plot‬

‭begins‬ ‭to‬ ‭resemble‬ ‭a‬ ‭typical‬ ‭Michaelis-Menten‬ ‭curve‬ ‭as‬ ‭seen‬ ‭in‬ ‭Figure‬ ‭14A‬ ‭(Papácek‬ ‭et‬ ‭al.‬

‭2007).‬ ‭This‬ ‭characteristic‬ ‭means‬ ‭that‬ ‭alleviating‬ ‭substrate‬ ‭inhibition‬ ‭only‬ ‭requires‬ ‭K‬‭i‬ ‭to‬ ‭be‬ ‭a‬

‭substantially‬ ‭large‬ ‭value‬ ‭compared‬‭to‬‭K‬‭m‬‭,‬‭which‬‭is‬‭generally‬‭possible‬‭since‬‭K‬‭m‬ ‭will‬‭usually‬‭be‬

‭lower‬ ‭than‬ ‭K‬‭i‬‭.‬‭However,‬‭a‬‭large‬‭K‬‭m‬ ‭value‬‭is‬‭generally‬‭indicative‬‭of‬‭a‬‭larger‬‭k‬‭cat‬ ‭value‬‭due‬‭to‬‭its‬

‭relationship with K‬‭sp‬ ‭and efficiency, which is generally‬‭desirable (Bauer et al. 2001).‬



‭42‬

‭Conclusion‬

‭Generally,‬ ‭Aldo-Keto‬ ‭reductases‬ ‭(AKRs)‬ ‭experience‬ ‭typical‬ ‭Michaelis-Menten‬ ‭kinetics‬

‭where‬ ‭the‬ ‭velocity‬ ‭increases‬ ‭to‬ ‭a‬ ‭maximum‬ ‭as‬ ‭substrate‬ ‭concentration‬ ‭increases.‬ ‭However,‬ ‭a‬

‭novel‬ ‭AKR,‬ ‭Aldo-Keto‬ ‭Reductase‬ ‭163‬ ‭(AKR‬ ‭163),‬ ‭experiences‬ ‭substrate‬ ‭inhibition‬ ‭in‬ ‭the‬

‭presence‬ ‭of‬ ‭electron-withdrawing‬ ‭substrates.‬ ‭This‬ ‭phenomenon‬ ‭was‬ ‭alleviated‬ ‭by‬ ‭adding‬

‭decreasing‬ ‭pH‬ ‭and/or‬‭adding‬‭1M‬‭NaCl‬‭to‬‭the‬‭solutions.‬‭Kinetic‬‭parameters‬‭such‬‭as‬‭K‬‭m‬‭,‬‭K‬‭i‬‭,‬‭and‬

‭k‬‭cat‬ ‭generally‬‭increased‬‭as‬‭inhibition‬‭decreased.‬‭Specifically,‬‭the‬‭catalytic‬‭power‬‭at‬‭pH‬‭6‬‭with‬‭1M‬

‭NaCl‬‭was‬‭nine‬‭times‬‭greater‬‭than‬‭at‬‭pH‬‭8‬‭without‬‭salt.‬‭Furthermore,‬‭the‬‭K‬‭m‬ ‭was‬‭15‬‭times‬‭greater‬

‭and‬ ‭the‬ ‭K‬‭i‬ ‭was‬ ‭seven‬ ‭times‬ ‭higher‬ ‭at‬ ‭pH‬ ‭6‬ ‭with‬ ‭1M‬ ‭NaCl‬ ‭than‬ ‭at‬ ‭pH‬ ‭8‬ ‭without‬ ‭salt.‬ ‭These‬

‭characteristics‬ ‭suggest‬ ‭that‬ ‭changes‬ ‭in‬ ‭pH‬ ‭and‬ ‭addition‬ ‭of‬ ‭salt‬ ‭affects‬ ‭the‬ ‭ionic‬‭strength‬‭of‬‭the‬

‭solution‬ ‭which‬ ‭alters‬ ‭the‬ ‭enzyme’s‬ ‭structure,‬ ‭leading‬ ‭to‬ ‭substrate‬ ‭binding‬‭destabilization‬‭and‬‭a‬

‭simultaneous increase in catalytic activity.‬

‭While‬ ‭it‬ ‭was‬ ‭easy‬ ‭to‬ ‭observe‬ ‭the‬ ‭alleviation‬ ‭of‬ ‭substrate‬ ‭inhibition‬ ‭through‬ ‭plots,‬ ‭it‬ ‭is‬

‭more‬ ‭complex‬ ‭to‬ ‭give‬ ‭specific‬ ‭explanations‬ ‭of‬ ‭the‬ ‭molecular‬ ‭events‬ ‭that‬ ‭give‬ ‭rise‬ ‭to‬ ‭this‬

‭phenotype.‬ ‭The‬ ‭current‬ ‭hypothesis‬ ‭is‬ ‭that‬ ‭decreasing‬ ‭pH‬ ‭and‬ ‭increasing‬ ‭salt‬ ‭alters‬ ‭the‬

‭conformational‬ ‭changes‬ ‭involved‬ ‭with‬ ‭cofactor‬ ‭binding,‬ ‭leading‬ ‭to‬ ‭a‬ ‭lower‬ ‭percentage‬ ‭of‬ ‭the‬

‭enzyme‬‭in‬‭a‬‭form‬‭that‬‭can‬‭bind‬‭the‬‭substrate.‬‭Such‬‭a‬‭circumstance‬‭would‬‭lead‬‭to‬‭the‬‭high‬‭K‬‭M‬ ‭and‬

‭K‬‭i‬ ‭values‬ ‭observed.‬ ‭This‬ ‭hypothesis‬ ‭predicts‬ ‭that‬ ‭the‬ ‭K‬‭M‬ ‭for‬ ‭the‬ ‭NADPH‬‭cofactor‬‭should‬‭also‬

‭increase‬‭under‬‭these‬‭conditions.‬‭Future‬‭experiments‬‭should‬‭also‬‭look‬‭into‬‭modeling‬‭the‬‭structure‬

‭of‬ ‭AKR‬ ‭163‬ ‭to‬ ‭better‬ ‭understand‬ ‭these‬ ‭happenings.‬ ‭Additionally,‬ ‭observing‬ ‭the‬ ‭effects‬ ‭of‬
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‭different‬ ‭salts‬ ‭at‬ ‭more‬ ‭diverse‬ ‭concentrations‬ ‭could‬ ‭also‬ ‭begin‬ ‭to‬‭explain‬‭the‬‭exact‬‭mechanism‬

‭behind the effects of ionic strength and pH.‬
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