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To Ana, Mom, and Dad. 
 
“The story is told that when Joe was a child his cousins emptied his Christmas 

stocking and replaced the gifts with horse manure. Joe took one look and bolted for the 
door, eye glittering with excitement. ‘Wait, Joe, where are you going? What did ‘ol Santa 
bring you?’ According to the story Joe paused at the door for a piece of rope. ‘Brought 
me a bran-new pony but he got away. I’ll catch him if I hurry.’ And ever since then it 
seemed that Joe had been accepting more than his share of hardship as good fortune, and 
more than his share of shit as a sign of Shetland ponies just around the corner, 
Thoroughbred Stallions just up the road.” 

 
-Ken Kesey, Sometimes a Great Notion 
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ABSTRACT 
 
 

Global CO2-emissions are continuously rising, accelerating the impact of 
associated environmental processes such as climate change, deforestation, and ocean 
acidification. As a consequence, there is great interest in processes that can mitigate the 
increase in anthropogenic CO2. The biological incorporation of a CO2 molecule into an 
organic substrate is catalyzed by enzymes known as carboxylases. Although carboxylases 
employ diverse CO2-fixing mechanisms and play broad physiological roles in Nature, 
they follow three general paradigms: 1). The formation of a reactive ene-intermediate 
nucleophile. 2). Protection of this reactive nucleophile from potential competing 
electrophiles (other than CO2) by excluding solvent from the active site. 3). Electrostatic 
complementation of the negatively-charged carboxylation intermediate and product. 2-
ketopropyl coenzyme M oxidoredutase/carboxylase (2-KPCC) is the only known 
carboxylating member of the FAD-containing, NAD(P)H-dependent disulfide 
oxidoreductase (DSOR) enzymes. The members of this family catalyze redox reactions 
and several well-characterized members catalyze the reductive cleavage of disulfide 
substrate. 2-KPCC performs the reductive cleavage of a thioether bond and subsequently 
carboxylates it’s intermediate. How 2-KPCC has integrated the paradigms of 
carboxylation using a scaffold purposed for reductive cleavage is unknown. In this work, 
the paradigms mentioned above are identified in 2-KPCC and the methods by which 2-
KPCC integrates carboxylation chemistry with reductive cleavage are discussed. 
Essential to the redox chemistry catalyzed by many DSOR members is a conserved His-
Glu catalytic dyad, which serves to stabilize the electronic interaction between the FAD 
cofactor and the redox-active cysteine pair in the reactive state. 2-KPCC has substituted 
the catalytic His and Glu with Phe and His, respectively. We show that the Phe 
substitution is critical for excluding protons (as competing electrophiles) from the active 
site and the downstream His substitution acts to stabilize the negative charge on the 
carboxylated product, acetoacetate. Individually, each substitution plays an essential role 
in carboxylation. We show through a detailed spectroscopic study that by substituting 
both catalytic dyad residues the protonated and electronic state of the redox-active 
cysteine pair and FAD cofactor are affected, altering the DSOR active site to 
accommodate the unique cleavage and CO2-fixation reaction catalyzed by 2-KPCC. 
Thus, this research has furthered the understanding of how the prototypical reductive 
cleavage reactions catalyzed by DSOR enzymes can be coordinated with a carboxylation 
reaction by a mechanism analogous to that shared by established carboxylase enzymes. 
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CHAPTER ONE 
 
 

INTRODUCTION 
 
 

Introduction to Carboxylases 
 

 Anthropogenic emissions are a substantial contributor to increasing atmospheric 

CO2, levels of which exceeded 400ppm in 2010.1 Rising levels of atmospheric CO2 have 

environmental implications in climate change, sea-level rise, and ocean acidification. In 

contrast, Nature uses atmospheric CO2 constructively, transforming about 100 gigatons of 

carbon dioxide into organic compounds per year.2 The biological incorporation of a CO2 

molecule into an organic substrate is catalyzed by enzymes known as carboxylases. 

Carboxylases employ diverse CO2-fixing mechanisms and play broad physiological roles 

in Nature, responsible for ~95% of global carbon fixation, hence the interest in their key 

roles in controlling levels of atmospheric CO2.
3   

Ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO), the carboxylating 

enzyme responsible for CO2 fixation in photosynthesis, undergoes an essential 

carbamoylation of a conserved lysine residue and binding of Mg2+ ion prior to CO2-

fixation.4,5 Acetyl-CoA/propionyl-CoA carboxylase, the carboxylase in the recently 

discovered Fuchs-Holo bicycle, catalyzes ATP-,Mg2+, and biotin-dependent 

carboxylation, but assimilates CO2 via bicarbonate ion. Pyruvate: ferredoxin 

oxidoreductase is responsible for the reductive carboxylation of acetyl-CoA into pyruvate 

in both the Wood-Lungdahl pathway and reductive citric acid (rTCA) cycle. Although 

the mechanisms carboxylating enzymes employ are as diverse as their physiological 
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roles, three general paradigms have been identified amongst these CO2-fixing enzymes: 

1). The formation of a reactive ene-intermediate nucleophile. 2). Protection of this 

reactive nucleophile from potential competing electrophiles (other than CO2) by 

excluding solvent from the active site. 3). Electrostatic complementation of the 

negatively-charged carboxylation intermediate and product. 

 
Carboxylases in Natural Pathways 

 
 
RuBisCO in the Calvin-Benson-Bassham (CBB) cycle.  

 Discovered nearly 70 years ago, the Calvin-Benson-Bassham (CBB) cycle reacts 

CO2 with a five-carbon sugar (ribulose-1,5-bisphosphate) to yield two molecules of the 

carboxylic acid, 3-phosphoglycerate (3-PG). The CBB is the key metabolic cycle in 

photosynthesis using its CO2-fixing enzyme, RubisCO, to incorporate inorganic carbon 

into organic biomass. However, flux through the CBB cycle is limited by the activity of 

RubisCO, restricting photosynthetic CO2-fixation. The average turnover number is 

between 1 and 10 s-1, orders of magnitude lower than the turnover frequencies of the 

other enzymes participating in carbon metabolism.6 In part to make up for the low rate of 

catalysis, cells express RubisCO at very high levels, even reaching to 50% of the soluble 

protein.7  

 In addition to an abominably slow turnover rate, RubisCO is subject to fixing O2 

rather than CO2. This oxygenation side reaction results in one molecule of 3-PG and one 

molecule of 2-phosphoglycolate, a toxic molecule that requires energy to recycle through 

a process known as photorespiration.8, 9 Efforts to improve RubisCOs ability to 
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discriminate between CO2 and O2 have revealed that RubisCO exists on a Pareto front 

between CO2 specificity and catalytic activity; there is little improvement in one without 

sacrifice to the other. This tradeoff has presented itself as a common theme among 

carboxylase enzymes.  

 
2-Oxoglutarate Ferredoxin: Oxidoreductase  
in the Reductive Tricarboxylic Acid Cycle.  
 

The reductive TCA (rTCA) cycle is the reverse of the oxidative TCA (Krebs) 

cycle in that it forms acetyl-CoA from two molecules of CO2. 
10, 11 The rTCA cycle 

contains three carboxylating enzymes; isocitrate dehydrogenase, 2-oxoglutarate 

ferredoxin: oxidoreductase, and pyruvate: ferredoxin oxidoreductase. Isocitrate 

dehydrogenase is present in the oxidative cycle and catalyzes the corresponding reverse 

reaction, NADH-dependent carboxylation of 2-oxoglutarate to isocitrate in the rTCA.12 

The latter two carboxylases, ferredoxin-type carboxylases are unique to the rTCA cycle 

and operate via ferredoxin-dependent reduction of iron-sulfur cluster cofactors.13 These 

cofactors and the carboxylases that harbor them are sensitive to oxidation and are 

commonly inactivated in the presence of oxygen. This exemplifies the fact that the rTCA 

is mostly present in anaerobic or microaerobic microorganisms.14, 15  

One such microaerobic microorganism, Hydrogenobacter thermophilus is a 

bacterium that possesses two isoforms of 2-oxoglutarate ferredoxin oxidoreductase.16 The 

“anoxic” isoform is preferentially expressed in anoxic conditions and has greater 

sensitivity to oxygen, but operates at greater catalytic rate.17 The “oxic” isoform is 

expressed at higher oxygen concentration conditions, is less oxygen-sensitive, but is also 
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less efficient than the anoxic isoform.18 This oxygen-based expression in H. thermophilus 

exemplifies again the tradeoff in Nature between carboxylation chemistry and catalytic 

efficiency.  

 
Acetyl-CoA Carboxylase in the Fuchs-Holo  
Bicycle & Biotin-Containing Carboxylases  
 

The Fuchs-Holo bicycle is a much more recently discovered autotrophic CO2 

fixation cycle, the key mechanistic steps were elucidated during the last two decades.19, 20 

The first cycle, (S)-malyl-CoA is formed from acetyl-CoA and two molecules of 

bicarbonate. Glyoxylate is released as a product of CO2-fixation while regenerating 

acetyl-CoA, thus initiating the second cycle. In the second cycle, glyoxylate is combined 

with propionyl-CoA into acetyl-CoA and pyruvate.19 In all, the bicycle results in pyruvate 

formation from three molecules of bicarbonate. Discovered first in the photosynthetic 

thermophilic bacterium Chloroflexus aurantiacus, this cycle performs two bicarbonate-

dependent carboxylations of both acetyl-CoA and propionyl-CoA via acetyl-

CoA/propionyl-CoA carboxylase to form malonyl-CoA and methylmalonyl-CoA, 

respectively.  

 Acetyl-CoA/propionyl-CoA carboxylase belongs to the family of biotin-

containing carboxylases that utilize the more abundant bicarbonate ion as a CO2 

equivalent. This is a well-characterized group, consisting of enzymes that include acetyl-

coA carboxylase, pyruvate carboxylase, and urea carboxylase. All biotin-dependent 

carboxylases contain at least three conserved regions; a carboxyltransferase (CT), a biotin 

carboxylase (BC), and a biotin-carboxyl carrier protein (BCCP) component.21 Biotin-
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dependent carboxylases catalyze their reactions in two steps.22 The first is the ATP-

dependent carboxylation of biotin in the BC component forming carboxybiotin, which is 

translocated to the CT domain via covalent linkage to the BCCP component. In the 

second step, the CT component catalyzes the transfer of CO2 from biotin to the organic 

acceptor molecule.23 This family of carboxylases has evolved to activate a less 

electrophilic, but more abundant CO2 equivalent bicarbonate ion as a carbon donor.  

 
Carboxylase Enzymes in Additional CO2-Fixing Pathways 
  

Carboxylase enzymes characterized in additional CO2-fixing pathways include; 

acetyl-CoA carboxylase in the reductive acetyl-CoA (Wood-Ljungdahl), acetyl-

CoA/propionyl-CoA carboxylase in the hydroxypropionate/hydroxybutyrate (HP/HB) 

cycle, and pyruvate: ferredoxin reductase and phosphoenolpyruvate carboxylase in the 

dicarboxylate/hydroxybutyrate (DC/HB) pathway.13 Although the mechanisms 

carboxylating enzymes employ are as diverse as their physiological roles, three general 

paradigms have been identified amongst these CO2-fixing enzymes. 

 
Paradigms Among Carboxylase Enzymes 

 
 

Formation of an Ene Intermediate.  

Enzymes that fix CO2 have a challenge in their need to activate this unreactive, 

non-polar, gaseous substrate. Most, if not all, carboxylases generate an ene intermediate 

(enolate, enamine, enediol, etc…) that acts to nucleophilically attack the carbon of CO2 or 

a CO2 equivalent.5 The mechanisms that carboxylases use to generate these ene-

intermediates are diverse. For example; RuBisCO generates its ene intermediate via base-



6 
 

catalyzed proton-abstraction (as do most carboxylases) of RuBP24, phosphoenolpyruvate 

carboxylase (PEPC) does so through dephosphorylation of phosphoenolpyruvate25, 

crotonyl-CoA carboxylase/reductase reduces an enoyl bond26, and 2-ketopropyl 

coenzyme M oxidoreductase/carboxylase (2-KPCC) cleaves a thioether bond.27 These 

nucleophilic intermediates can then attack electrophilic CO2 or CO2 equivalent 

(bicarbonate/carboxybiotin). In general, hydrogen-bonding partners in the active sites of 

carboxylase enzymes act to polarize CO2 to make the central carbon atom more 

electrophilic and thus more reactive.28 

 

 

Figure 1.1. Diverse methods of formation of the ene-intermediate by carboxylase 
enzymes. Once formed, the ene can act as a nucleophile to attack CO2 or a CO2 
equivalent, forming the carboxylated product.5 
 

Solvent Exclusion 

These ene intermediates, being high-energy nucleophiles, are subject to various 

competing electrophiles which lead to unproductive products.  Carboxylase enzymes 
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protect their high-energy intermediate by enveloping the active site and shielding it by 

excluding solvent and competing electrophiles. The mechanism of RubisCO has been 

intensely studied. It is initiated by the carbamoylation of an active site lysine residue by 

CO2.
29 The presence of the carbamino group in proximity to acid amino acid residues 

provides a site for the Mg2+ ion to bind which is essential for orienting and stabilizing the 

bisphosphate substrate, RuBP.30 Conformational change is induced upon substrate-

binding. Specifically, the “open” and “closed” states in Rubisco are triggered by the 

inter-phosphate distance of the bisphosphate substrate RuBP.31 Once RuBP has bound, 

loop 6 of the C-terminal α/β-barrel domain extends over the active site, occluding it from 

solvent (Fig 1.2).31, 32  

Phosphenolpyruvate carboxylase (PEPC) is well known for its involvement in the 

CO2-fixation pathway of C4 plant photosynthesis. Utilizing its relatively high affinity for 

the CO2-equivalent bicarbonate, the carboxylated product is eventually transferred and 

decarboxylated to create an environment of high CO2 concentration for RubisCO. The 

PEPC carboxylation reaction involves the nucleophilic attack of an enolate intermediate 

on the CO2 product of decarboxylation of carboxyphosphate. The enolate and 

carboxyphosphate intermediates are both susceptible to solvent interactions and must be 

protected or will form undesirable products.33 It is proposed that PEPC contains a mobile 

loop region that closes upon substrate binding, shielding the reactive carboxyphosphate 

and enolate intermediate necessary for carboxylation.25, 34  

In a much more recent study, structures of Acetone Carboxylase (AC) allude to an 

extended substrate tunnel that forms after substrate-binding and connects multiple active 
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sites while protecting reactive carboxyphosphate and phosphoenolacetone 

intermediates.35 This proposal was based on the similar solvent exclusion scheme 

proposed for the remarkable carboxylase, Carbamoyl Phosphate Synthase (CPS), in 

which the unstable and reactive intermediates are channeled from one active site to the 

next through the interior of the protein.36, 37 

 

 

Figure 1.2. Schematic depicting the open and closed states of RubisCO. Transition 
between states is dependent on Mg2+- and RuBP-binding, inducing closure of Loop 6 of 
the α/β barrel domain across the active site. This closure brings the N-terminal and α/β 
domains together while Loop 6 is sealed by the previously disordered C-terminal 
strand.31 
 

Anion Stabilization.  

A third facet shared by carboxylases addresses the need to accommodate the 

negative charge generated by addition of CO2 to a substrate. Several carboxylases are 

known to use divalent metals with/or positively charged amino acid residues to stabilize 

the developing charge on the carboxylated product. As stated previously, RubisCO binds 
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an essential Mg2+ ion which stabilizes the negative charge of the enediol intermediate.24 

In PEPC, a histidine side chain is essential for proton abstraction from the 

carboxyphosphate intermediate and subsequent charge complementation of the 

carboxylated product, oxaloacetate.33 One of three general components of biotin-

dependent carboxylases, the biotin carboxylase (BC) domain produces an activated 

carboxyl group covalently attached to biotin. The carboxylation reaction catalyzed by 

biotin-dependent enzymes proceeds via an enolate biotin intermediate and attack on CO2 

from the breakdown of a carboxyphosphate intermediate. These intermediates and the 

carboxybiotin product are stabilized via two positively charged arginine residues (Fig 

1.3).38 

 

 

Figure 1.3. Biotin carboxylase active site residues act to stabilize the enolate biotin 
intermediate and carboxybiotin product.39 
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Introduction to Xanthobacter autotrophicus Py2 
 

 Over 200 million tons of alkene gasses are released annually into the atmosphere 

from biogenic and anthropogenic processes.40 Alkene-oxidizing bacteria initiate the 

oxidation of alkenes by O2 and reductant-dependent monooxygenase reactions, leading to 

the formation of highly reactive epoxides.41-43 These electrophilic epoxides can interact 

with cellular nucleophiles e.g. DNA or proteins; to form covalent adducts which 

contribute to their toxic properties.41, 44-47 However, some alkene-oxidizing bacteria carry 

out the productive catabolism of these potentially harmful compounds by their 

conversion to central metabolites.48-50  

 The bacterium Xanthobacter autotrophicus Py2 has been the focus of several 

studies due to its unique metabolic versatility. X. autotrophicus is a gram-negative, 

aerobic, α-proteobacterium capable of diverse metabolic processes, including nitrogen 

fixation, acetone metabolism, metabolism of short chain alkenes and some aromatic 

compounds.48 Originally isolated on propylene gas and 1-butene as sole carbon growth 

substrates, X. autotrophicus received heavy interest due to its capability to grow on short 

chain aliphatic alkenes (C2 to C6) as the sole added carbon source.44-46 While 

investigating multiple pathways for short chain alkene consumption, a metabolic pathway 

was described coupling epoxide metabolism to CO2 fixation to yield β-ketoacids. Alkene 

metabolism is one of two CO2 fixation pathways in X. autotrophicus Py2, including 

alcohol metabolism (Fig 1.1).51, 52 

 X. autotrophicus can use either acetone or isopropanol in acetone metabolism. 

Isopropanol is converted to acetone by the activity of an alcohol dehydrogenase. The 
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smallest ketone body is then carboxylated by a novel ATP-dependent carboxylase, aptly 

named acetone carboxylase.51-53 The resulting product, acetoacetate, can be converted 

into acetyl-coenzyme A which can be utilized in central metabolic pathways.  

 

Figure 1.4. The two CO2-fixation pathways in Xanthobacter autotrophicus Py2. 

 

  The pathway for alkene metabolism in X. autotrophicus has been extensively 

studies with regard to propylene metabolism.54, 55 Propylene metabolism is initiated by 

highly stereoselective NADH-dependent monooxygenases which produce an 

enantiomeric excess of (R)- to (S)-epoxypropane (95% to 5%, respectively).56 In the 

presence of CO2, metabolism of (R)- and (S)-epoxypropane proceeds via a three-step, 

four-enzyme component pathway known as the “epoxide carboxylase pathway” that 
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terminates in the production of acetoacetate and concomitant regeneration of a central C3 

carrier, coenzyme M (Fig 1.5).45,46, 54 

 Coenzyme M (CoM) was once thought to be restricted to methanogenic archaea 

until its discovery in X. autotrophicus. In methanogenic archaea, CoM is an essential 

cofactor in the terminal stages of methanogenesis.57 The active form of this cofactor, 2-

mercaptoethanesulfonic acid, contains a sulfonic acid moiety separated from a thiol 

moiety by an ethyl group, making this small cofactor acidic and strongly nucleophilic.58-

60 Although it acts as a C1 carrier in the terminal stages of methanogenesis in 

methanogenic archaea, it acts as a C3 carrier in the epoxide carboxylase pathway of X. 

autotrophicus.61 Each of the enzymes in this pathway coordinate the sulfonate moiety of 

CoM by positively charged amino acid side chains for proper substrate orientation and 

catalysis.62 

 
The Epoxide Carboxylase Pathway 

 The epoxide carboxylase pathway begins with the ring opening of (R)- and (S)-

epoxypropane catalzyed by epoxyalkane: coenzyme M transferase. This reaction 

proceeds via the nucleophilic attack of CoM on the electrophilic epoxide, forming 2-

hydroxypropyl-coenzyme M enantiomers.63-65 R- and S-2-hydroxypropyl-coenzyme M 

undergo a NAD+-dependent oxidation catalyzed by stereoselective 2-(RS)-

hydroxypropyl-CoM dehydrogenase, yielding a common β-ketothioether, 2-ketopropyl 

coenzyme M (2-KPC).66 The terminal reaction of the epoxide carboxylase pathway, 

NADPH-dependent reductive cleavage and carboxylation of 2-KPC, is catalyzed by 2-

ketopropyl coenzyme M oxidoreductase/carboxylase.67, 68 The identical product as 
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acetone metabolism, acetoacetate, can be converted into acetyl-coenzyme A which can be 

utilized in central metabolic pathways, while CoM is recycled for use by epoxyalkane: 

CoM transferase. 

 

Figure 1.5. The progression of the epoxide carboxylase pathway, initiated by oxygenation 
of propylene. Coenzyme M was identified as the C3 carrier in this pathway by J. R. 
Allen, et al.52 
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Disulfide Oxidoreductase (DSOR) Enzymes 
 
 

 2-KPCC is a member of the NAD(P)H-dependent disulfide oxidoreductase 

(DSOR) family of enzymes based on its deduced amino acid sequence.67 Members of this 

family are characterized by a highly conserved redox active cysteine pair that participate 

in substrate reduction.69, 70 Prominent members of this family include dihydrolipoamide 

dehydrogenase, thioredoxin reductase, and glutathione reductase.71 With exceptions of 

mercuric ion reductase, sulhydryl reductase, and NADH oxidase/peroxidase, DSOR 

enzymes catalyze the electron transfer between NAD(P)H and a dithiol/disulfide. 

Glutathione reductase is perhaps the most characterized member of this family of 

enzymes both structurally and functionally. GR exemplifies the conventional DSOR 

reaction mechanism, depicted in Scheme 1.1. 

 The canonical DSOR catalytic mechanism consists of two half-reactions; the 

reductive and oxidative halves. The reductive half is initiated by binding of reduced 

pyridine nucleotide and subsequent hydride transfer to the N5 position of the FAD 

cofactor, resulting in reduced flavin. The FAD cofactor acts as a conduit as the electrons 

are shuttled to reduce the oxidized enzyme-disulfide bridge. Electron transfer from FAD 

cofactor to enzyme disulfide occurs by the formation of two intermediates. First to form 

is the transient C4a-covalent adduct, which forms via nucleophilic attack by the FAD 

cofactor on the proximal sulfur of the disulfide bridge. This covalent adduct is transient 

and breaks down to form an electronic complex between the proximal thiolate anion and 

the C4 carbon of the FAD cofactor, the charge-transfer complex.71-82 The cysteine that 
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participates in this complex, the cysteine proximal to the FAD cofactor is named due to 

this complex as the charge-transfer cysteine and will be addressed here on in as CysCT.  

 

Scheme 1.1. The conventional DSOR reductive half reaction 

 

 The oxidative half reaction is initiated upon oxidized glutathione binding (in the 

case of glutathione reductase), and is attacked by the thiol distal to the FAD cofactor 

(interchange cysteine or CysINT) forming a mixed-disulfide between CysINT and one 

molecule of glutathione. The remaining glutathione thiolate accepts a proton from the 

active-site acid/base histidine, which leaves as reduced glutathione. The remaining 

glutathione molecule accepts a proton from the catalytic histidine and leaves, completing 

the oxidative half reaction.77, 82-88 

 

Scheme 1.2. The conventional DSOR oxidative half reaction. 
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The Conserved Catalytic Dyad  

 DSOR enzymes contain a His-Glu conserved motif that is important in electron 

transfer and protonation catalysis. The conserved His is proximal to the redox-active 

cysteine pair in the active site and serves a variety of functions in DSOR enzymes. In E. 

coli glutathione reductase, His439 is responsible for protonating the first molecule of 

glutathione and stabilizing the nascent thiolate of CysCT.83, 87-89 By acting as an internal 

base, the catalytic His facilitates electron flow from FADH- to the redox active cysteine 

pair by stabilizing the CysCT thiolate. Mutagenesis of this key residue to alanine resulted 

in the accumulation of FADH--NADP+ intermediate by interrupting intermolecular 

electron transfer.88  

The conserved Glu residue serves as a hydrogen bonding partner whose function 

is to lower the pKa of the His side chain, maintaining its protonated state, as well as to 

orient the imidazolium ring properly for proton donation.90, 91 The conserved dyad, FAD 

cofactor, and pyridine nucleotide complete an oriented system that is reminiscent of the 

charge-relay system in serine proteases.92, 93  

 

 

Scheme 1.3. The interaction of the conserved His-Glu DSOR catalytic dyad with the 
redox active cysteine pair and FAD cofactor in glutathione reductase. 
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Flavin Properties in DSOR Enzymes 

 Flavin cofactors are versatile and ubiquitous biocatalysts that specialize in the 

transfer of one or two electron processes via the central tricyclic isoalloxazine ring94. In 

biology, an oxidized flavin cofactor will commonly accept a hydride from a reduced 

pyridine nucleotide, and vice-versa95. Flavoproteins bind various flavin cofactors such as; 

riboflavin, flavin mononucleotide (FMN) or flavin dinucleotide (FAD), and usually 

through non-dissociable, non-covalent interactions. These cofactors, free or enzyme-

bound, have characteristic absorption spectra96. Indeed, well characterized are the 

spectral features corresponding to enzyme-FAD interactions in DSOR members. Flavin 

dinucleotide molecules bound in DSOR enzymes interact electronically and sometimes 

covalently with the redox active cysteine pair, these interactions cause recognizable shifts 

and features in the Uv-vis range (Fig. 1.6), allowing the deconvolution and identification 

of separate reaction intermediates. 

 

Figure 1.6. Schematics of the various electronic and protonated states of the DSOR redox 
cysteine pair and bound FAD cofactor with the corresponding Uv-vis color coded 
spectra. 
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Redox Active Cysteine Knockouts in DSOR Enzymes  

 Several intermediates of the DSOR reaction mechanism can be observed via UV-

vis spectroscopy. Knocking out the CysINT through site-directed mutagenesis eliminates 

its spectral convolution and allows the trapping and observation of particular reaction 

intermediates. Intermediates such as the covalent C4a adduct and the charge-transfer 

complex can be observed. The CysINT knockout can be used to provide information on 

the DSOR active site, such as its pKa. Monitoring the increase in absorbance is a direct 

observation of the charge-transfer complex forming.72-74, 76, 90, 97, 98 This increase in 

absorbance can be fit to a pH titration curve and a pKa can be determined for the CysCT 

(Fig 1.7). The charge-transfer complex is the reactive form of most DSOR members and 

is the breakdown product of the transient C4a adduct. The adduct formation was 

confirmed by Miller et al. in 1990. Through a series of elaborate experimentation, Miller 

et al. proved that mercuric reductase and the DSOR catalytic reaction proceeded through 

the C4a-covalent adduct intermediate between CysCT the FAD cofactor (Fig 1.8). 99, 100 

 

 

Figure 1.7. pH titration spectra of ACAA mercuric reductase showing the increase in 
long wavelength absorbance corresponding to the formation of the charge-transfer 
complex between the FAD cofactor and CysCT.99  
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Figure 1.8. pH titration spectra of NADP+-bound ACAA mercuric reductase from high to 
low pH showing the decrease in long wavelength and concomitant formation of a spectral 
feature at 384nm corresponding to the disappearance of the charge-transfer complex and 
formation of the C4a-adduct.99 

 

2-Ketopropyl Coenzyme M Oxidoreductase/Carboxylase 
 
 

 2-KPCC is a homodimeric enzyme composed of 57-kDa subunits containing one 

molecule of FAD per subunit. The deduced amino acid sequence of 2-KPCC indicates 

that it belongs to the DSOR family of enzymes, as discussed previously.70, 101, 102 

Biochemical and mechanistic studies of 2-KPCC have led to a proposal of a catalytic 

cycle, one that contains similarities and two novel features to the DSOR reaction: First, a 

thioether substrate, rather than a disulfide, is cleaved. And second is the subsequent 

carboxylation rather than protonation of its intermediate. Protonation of the CoM mixed-

disulfide is necessary for CoM to leave and re-enter the epoxide carboxylase pathway. It 

is important to note that in the absence of CO2, both enolacetone and CoM are 

protonated, the former leading to the formation of acetone, the energy-costly product. 

 
Substrate Binding in 2-KPCC 

 Structures solved elucidating the substrate binding site as well as its orientation 

highlight a pair of Arg residues (Arg365 and Arg56) which serve to coordinate the 
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sulfonate moiety of 2-KPC, as well as Phe57 which serves as a hydrophobic backstop to 

orient the thioether bond for catalysis.103 At the ketopropyl portion of the substrate, a pair 

of histidine residues coordinate a conserved H2O molecule which serve to bind the 

substrate and stabilize the formation of an enolacetone intermediate. This intermediate 

forms after the nucelophilic attack of the sulfur on 2-KPC by CysCT forming the mixed 

disulfide and the enolactone intermediate which tautomerizes between an enol and keto 

group. A substrate electrophile binds, CO2 or H+, and the transient carbanion of the 

enolacetone intermediate nucleophilically attacks the substrate electrophile, forming 

either acetoacetate or acetone, respectively. In terms of energy conservation for the 

organism, carboxylation and acetoacetate formation is advantageous, not only because 

acetoacetate is a central metabolite that can directly enter central metabolic pathways, but 

the protonated product acetone, is carboxylated at the expense of ATP by acetone 

carboxylase. 
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Figure 1.9. Representation of the substrate (2-KPC)-bound active site of 2-KPCC 
showing the sulfonate moiety of 2-KPC coordinated by two arginine side chains (Arg56 
and Arg365) and Phe57 as a hydrophobic backstop to optimally position the thioether 
bond for catalysis.103  
 

2-KPCC forms an Enolacetone Intermediate.  

A feature essential to carboxylase chemistry, but unique to the DSOR family, is 

the formation of an ene-intermediate. 2-KPCC forms an enol(acetone) intermediate 

following the reductive cleavage of the thioether bond of 2-KPC. In 2011, Kofoed et al. 

had identified a coordinated hydrogen-bonding network that stabilizes the keto-

enolacetone intermediate.26 The stabilizing network includes two histidine residues that 

are hydrogen bonded to an ordered water molecule (Fig 1.10). Site directed mutants of 2-

KPCC, substitutions of each histidine residue singularly with alanine, showed significant 
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decrease in carboxylase activity, excluding the hypothesis that these residues were 

potential proton-donors. 

 

Figure 1.10. A histidine coordinated water molecule serves to stabilize the enolacetone 
intermediate, which is essential for carboxylation.  
 
 
Extended Regions in 2-KPCC  
Compared to Gluthathione Reductase.  
 
 Sequence alignment of 2-KPCC reveals extended regions when compared to other 

DSOR enzymes. Three regions in particular, the N-terminus, the C-terminus, and a 

proline-flanked loop, are markedly displaced upon substrate binding. Comparisons of the 

substrate-bound and native state structures of 2-KPCC indicate the binding of substrate 2-

KPC induces a conformational change resulting in the collapse of the substrate access 



23 
 

channel that leads from the active site cavity to the exterior of the dimer.103  

Encapsulation of substrate in this manner is reminiscent of conformational changes 

observed in the CO2-fixing enzyme RubisCO.24 In contrast, substrate access in other 

DSOR family members is generally defined by a large and open access cleft, where the 

redox-active disulfide rests at the base of this cleft. For the majority of DSOR enzymes, 

the reaction path follows a linear reduction pathway and protonation of the substrate with 

protons presumably being supplied from the bulk solvent, consistent with the large access 

cleft of these DSORs that is exposed to solvent would easily allow.103 However, the 

substrate-bound structure of 2-KPCC shows that the extended N- and C-termini, as well 

as the proline-loop, participate in concert to occupy this cleft, thereby limiting substrate 

access to a narrow hydrophobic channel (Figure 1.11).103, 104  

 

 

Figure 1.11. 2-KPCC regions proposed to participate in solvent-exclusion from the active 
site. The N-terminus, C-terminus, and proline-flanked loop, are extended regions when 
compared to glutathione reductase sequence alignment.   
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 CO2, rather than bicarbonate, is believed to be the active species used by 2-KPCC. 

Initial rate and radiolabeling studies using 14CO2 or NaH14CO3 suggested CO2 as the 

natural carbon substrate species.105 In addition to these data, 2-KPCC does not require 

ATP or biotin, which are almost universally required for activation of bicarbonate as an 

electrophile in carboxylases that use bicarbonate as the carbon substrate species. 

 
Potential Anion Stabilization in 2-KPCC.  

 2-KPCC structures solved with CoM disulfide and as well as CO2, 2-KPC, and 

bicarbonate-bound, have allowed insight into the catalytic mechanism of this enzyme. 

One molecule of the CoM disulfide binds in the same orientation as the physiological 

substrate, 2-KPC, where the sulfonate moiety is coordinated by the side chains of two 

arginine residues. The other CoM molecule, however, extends outward towards the side 

chains of amino acid residues, interacting with His506 and Gln509.105 Similarly, the CO2, 

2-KPC, and bicarbonate-bound structure shows an bicarbonate molecule occupy the same 

space as this sulfonate moiety of the extended CoM molecule, leading to the hypothesis 

that these two residues act in an anionic-binding pocket meant to stabilize the developing 

charge on acetoacetate.104 
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Figure 1.12. Two representations of the postulated anion-binding site of 2-KPCC. 
 
 
2-KPCC has Substituted the Conserved Dyad  

In terms of metabolic efficiency for X. autotrophicus, it is advantageous for the 

enolacetone intermediate to undergo carboxylation rather than protonation. The latter will 

result in the product acetone, which can be carboxylated by acetone carboxylase at the 

cost of ATP. Mixed-disulfide structures of glutathione reductase and 2-KPCC reveal that 

a phenylalanine and histidine adopt the positions of the catalytic His-Glu dyad, 

respectively.105 It is thought, because protonation is a disadvantageous side reaction, that 

by substituting a large hydrophobic residue in phenylalanine for a conserved histidine, 2-

KPCC has eliminated a proton donor at a key location in the active site. The downstream 

histidine of the FLNPTH sequence in 2-KPCC is thought to act in an anionic binding 

pocket to stabilize the developing charge on acetoacetate, as stated above. 

The substituted dyad in 2-KPCC raises the question of how can this enzyme 

perform redox chemistry without the His-Glu dyad? Substitution of the catalytic dyad 
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residues have deleterious effects in conventional DSOR members like glutathione 

reductase and lipoamide dehydrogenase. How 2-KPCC completes reductive cleavage of 

its substrate 2-KPC, without the catalytic dyad, remains a mystery. 

 

 

Figure 1.13. Structural representation comparing the mixed-disulfide states of glutathione 
reductase (left) with the conserved His-Glu catalytic dyad and product (reduced 
glutathione) (PDB ID: 1GRE), and (right) 2-KPCC with Phe-His residues and product 
acetone in analogous positions (PDB ID: 2C3C). 
 
 
Proposed Catalytic Cycle of 2-KPCC 

 Extensive structural and biochemical characterization of 2-KPCC have enabled 

the proposal of a detailed reaction mechanism. This scheme is initiated by NADPH 

binding and reduction of the FAD cofactor by transfer of reducing equivalents, which in 

turn are used to reduce the redox active cysteine pair. Substrate 2-KPC binds, coordinated 

by electrostatic interaction from two arginine residues which triggers the concerted 

occupation of the substrate access cleft by the solvent exclusion regions. The thioether 

bond is reductively cleaved by CysINT that results in the formation of a mixed disulfide 

(CoM-Enz) and a base-stabilized enolacetone intermediate. CO2 enters the active site 
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through a hydrophobic channel and the enol-intermediate nucleophilically attacks CO2 to 

form acetoacetate, which is released. Finally, the CoM mixed-disulfide is protonated and 

re-enters the epoxide carboxylase system, completing the 2-KPCC catalyzed reaction 

cycle. 

 

 

Figure 1.14. Reaction mechanism of 2-KPCC with relevant structural features.104 



28 
 

Research Directions 
 
 

 Well characterized carboxylase enzymes such as Rubisco, acetyl-CoA 

carboxylase, and phosphoenolpyruvate carboxylase have led to the identification of 

several paradigms common to enzyme-catalyzed CO2-fixation. Most, if not all, 

carboxylases generate a reactive ene intermediate to act as nucleophile for the 

electrophilic CO2 or CO2-equivalent. In order to prevent competing side reactions, 

carboxylase enzymes protect this reactive intermediate by excluding solvent, and 

therefore competing electrophiles, from their active sites. Finally, in order to promote 

product formation, carboxylase enzymes stabilize the developing negative charge on the 

carboxylated product through electrostatic complementation. The unique carboxylating 

member of the DSOR family, 2-KPCC has somehow coordinated the conventional 

reductive cleavage reaction to carboxylation activity. It is unknown how this unique 

enzyme has integrated the paradigms of carboxylation onto a scaffold purposed for 

reductive cleavage.  

In this work, investigating the Phe-His substituted catalytic dyad residues in 2-

KPCC by spectroscopic, crystallographic, and biochemical means has led us to ascribe 

single determinant function for carboxylation chemistry to each residue. Through a 

detailed spectroscopic and mechanistic analyses of the reductive half reaction of 2-

KPCC, we have demonstrated how substitution of the dyad has altered the active site and 

conventional reductive cleavage reaction to accommodate CO2-fixation. Overall, we 

address how 2-KPCC has coordinated the paradigms of established carboxylase enzymes, 
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required for CO2-fixing chemistry, to a scaffold conventionally used for reductive 

cleavage. 
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Abstract 
 
 

 The characteristic His-Glu catalytic dyad of the disulfide oxidoreductase (DSOR) 

family of enzymes is replaced in 2-ketopropyl coenzyme M oxidoreductase/carboxylase 

(2-KPCC) by the residues Phe-His. 2-KPCC is the only known carboxylating member of 

the DSOR family and has replaced this dyad potentially to eliminate proton-donating 

groups at a key position in the active site. Substitution of the Phe-His by the canonical 

residues results in production of higher relative concentrations of acetone versus the 

natural product acetoacetate. The results indicate that these differences in 2-KPCC are 

key in discriminating between carbon dioxide and protons as attacking electrophiles. 
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Introduction 
 

 
Mechanisms for biological CO2 capture must activate this challenging substrate 

while preventing unproductive competing reactions. Various carboxylating enzymes like 

Rubisco or crotonyl-CoA carboxylase have been the subjects of molecular engineering 

projects with aims to increase their specific activity or affinity for CO2. Optimization of 

these qualities has been directed toward crop enhancement or development of biocatalysts 

that use CO2..1-3 2-Ketopropyl coenzyme M oxidoreductase/carboxylase (2-KPCC) 

catalyzes the reductive cleavage and carboxylation of 2-ketopropyl coenzyme M (2-KPC) 

to form acetoacetate and concomitantly regenerate CoM (2-mercaptoethanesulfonate) 

in Xanthobacter autotrophicus Py2.4, 5  This reaction is the terminal step in a system 

designed to convert aliphatic epoxides into β-keto acids for entry into central metabolic 

pathways.6-10 How 2-KPCC prevents the competing reaction from yielding the 

unproductive metabolite, acetone, is not clear. 

 2-KPCC is a homodimeric protein that belongs to the FAD-dependent NAD(P)H 

disulfide oxidoreductase (DSOR) family of enzymes, which also includes glutathione 

reductase (GR), lipoamide dehydrogenase, thioredoxin reductase, and mercuric ion 

reductase.4, 11-13 The catalytic mechanism for this family can be described as involving two 

half reactions. The first results in the transfer of reducing equivalents from NADPH via 

FAD to a redox active disulfide. This is followed by a second half reaction (shown in part 

in Fig. 2.1) which leads to the reduction and protonation of a substrate disulfide. The redox 

active disulfide is regenerated on the enzyme and second thiol product is released in a final 

step (not shown).14, 15 
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 DSOR members contain a conserved catalytic His-Glu motif (His467-Glu472, Fig. 

2.1) which is critical for the protonation of the products of disulfide cleavage.16 The 

conserved Glu orients an active-site acid-base His which functions primarily to protonate 

glutathione disulfide, promoting the release of the first molecule of glutathione in GR.17 

The same His residue in GR additionally facilitates electron transfer from FADH- to the 

enzyme’s redox active disulfide during the reductive half reaction.18, 19 The active site His 

in lipoamide dehydrogenase and thioredoxin reductase functions as a base in the 

chemically opposite direction compared to GR, but is still essential for catalytic turnover.20-

22 The Glu residue of the conserved His-Glu motif acts as a strong hydrogen-bonding 

partner that fixes the active-site His within hydrogen bonding distance of the active site 

interchange thiol Cys.23 These interactions are reminiscent of the “charge relay system” of 

the serine protease family.23-25 
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Figure 2.1 Parallel reaction mechanisms for 2-KPCC (black) and GR (blue), beginning 
with formation of enzyme-substrate disulfide adducts by the reduced form of the redox 
active disulfide. This step is followed by release of enolacetone and glutathione anion 
(GS-) intermediates for 2-KPCC and GR, respectively. The primary catalytic fate of the 
enolacetone intermediate for the wild-type (Phe501) or variant (His501) 2-KPCC is 
acetoacetate or acetone, respectively. 

 
 
 In addition to being the only known carboxylating-member of the DSOR family, 

the reaction mechanism for 2-KPCC is atypical in two ways. First, a substrate carbon-sulfur 

bond, rather than a dithiolate, is cleaved as the enzyme-CoM disulfide forms. Second, the 

resulting base-stabilized enolacetone intermediate has two possible enzymatic fates: 

carboxylation to form the desired product acetoacetate, or protonation to form the 
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metabolically unproductive product acetone (Fig. 2.1).5, 26 In the presence of saturating 

CO2, carboxylation of the enolacetone intermediate and acetoacetate formation is the 

predominant catalytic outcome.5, 10 This represents a unique carboxylation reaction in the 

DSOR family of enzymes. Notably, the His-Glu mediated protonation event facilitates the 

formation of the desired product in most DSOR members. However, an analogous 

protonation would be detrimental to 2-KPCC, where carboxylation is the biologically 

preferred pathway.  Therefore, discriminating between possible substrate electrophiles 

(CO2 or protons) is crucial for promoting formation of the desired 2-KPCC product, 

acetoacetate. 

 Here, we hypothesized that replacement of the His-Glu dyad from DSORs with 

Phe-His is critical for specifying carboxylation chemistry in 2-KPCC. The mixed-disulfide 

structure of 2-KPCCillustrates that the Phe-His pair adopts analogous positions to the His-

Glu in GR (Fig. 2.2). Also in analogous positions are the products for GR and 2-KPCC, 

reduced glutathione and acetone, respectively (acetone is the product of 2-KPCC reductive 

cleavage of 2-KPC in the absence of CO2). Based on the proximity to the substrate, we 

expect that only the amino acid in the His (GR) or Phe (2-KPCC) position is capable of 

acting as a proton donor. 

 To test this hypothesis, we substituted the Phe501-His506 in 2-KPCC, first with 

His (F501H) at the first position of the dyad, which is structurally poised for proton 

donation, and then His-Glu (F501H_H506E) to replicate the typical DSOR active site. The 

His506Glu single substitution was excluded from this study due its to distance from the 

reactive disulfide and the hypothesized charge-stabilizing effect of His506 toward 
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acetoacetate; see below. We measured the efficiency with which these mutants generated 

the carboxylation (acetoacetate) and protonation (acetone) products, expecting both the 

singly and doubly substituted enzymes to exhibit a pronounced bias toward acetone. 

 

Figure 2.2. Structural representation comparing the mixed-disulfide states of (A) GR 
with its conserved DSOR His-Glu catalytic dyad and product glutathione (PDB ID: 
1GRE), and (B) 2-KPCC with PHE-His residue and product acetone in analogous 
positions (PDB ID: 2C3C). 
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Methods 
 

 A recombinant WT 2-KPCC construct, complete with an 8x His affinity tag, a 

thioredoxin tag, and TEV cleavage site, yielded highly soluble expression of 2-KPCC in E. 

coli. Pure, post TEV-cleavage recombinant 2-KPCC (rWT) exhibited similar carboxylation 

and protonation rates when compared to native X. autotrophicus 2-KPCC activity (Figs. A. 

2-3). 

 The rates at which each enzyme variant formed acetone or acetoacetate were 

measured in order to quantify the relative preference of the enzyme for forming either 

product. Acetoacetate/acetone production was measured by gas chromatography (GC) 

assay. The standard reaction mixture contained 0.25 mg 2-KPCC, 100 mM Tris pH 7.4, 10 

mM DTT (in place of the physiological reductant NADPH), ±60 mM KHCO3(this amount 

of added bicarbonate was previously shown to be sufficient to bias the rWT 2-KPCC 

exclusively toward acetoacetate production), and 5 mM 2-KPC.5 Each reaction was 

incubated for 5 min at 30°C. A UV-vis coupled carboxylation assay was used in parallel to 

detect solely acetoacetate. The same assay conditions were used as for the GC with added 

0.2 mM NADH and 90 units β-hydroxybutyrate dehydrogenase, as described 

previously.27 The rate of NADPH oxidation was measured as the time dependent decrease 

in absorbance at 340 nm. The standard reaction mixture contained 100 mM Tris pH 7.4, 

0.2 mM NADPH, 5 mM 2-KPC, and ± 60 mM KHCO3 with varied [2-KPCC] (from 0.1-

0.25 mg). The differences in activities measured by the GC and UV/vis coupled assay from 

NADPH oxidation assay (Table 1) can be attributed to the use of DTT as opposed to the 

physiological reductant NADPH.26 
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Results and Discussion 
 

 In the presence of 60 mM KHCO3, rWT and native 2-KPCC produced only 

acetoacetate, acetone was not detected (ND), which is consistent with previous 

findings (Table 2.1, Fig. A.1).5 In the absence of saturating CO2 conditions, both rWT and 

native 2-KPCC produce an almost equal molar ratio of acetoacetate to acetone. This is 

especially interesting because of the relatively low concentration ratio of CO2 (~400ppm) 

to protons in solution. Substituting the active site Phe501 in 2-KPCC with His drastically 

changed the catalytic fate of the 2-KPC substrate. The F501H variant yielded primarily 

acetone and only produced appreciable amounts of acetoacetate in saturating levels (60 

mM) of KHCO3. If the analogy to other DSOR family members applies, then replacing 

Phe501 with proton-donating His may have these effects in 2-KPCC because protons are 

readily available in the active site of the His variant. The substitution could also influence 

the ability of the active site to bind and react with either 2-KPC or CO2. The KM for 2-KPC, 

for example, increased in the F501H mutant relative to WT and exhibited cooperativity 

(Fig A.1 and A.5). Future work will address whether these 2-KPCC variants affect 

CO2 activation, and the extent to which this and/or proton donation are responsible for the 

observed preference for acetone formation. 
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Table 2.1. Effect of catalytic dyad substitutions on three differenct redox-dependent 
activities of 2-KPCC (nmol*min-1*mg-1)a 

 
a Activity measurements carried out in the presence of 0.25 mg 2-KPCC at pH 7.4, 30°C in the presence 

(+KHCO3) or absence (-KHCO3) of added 60 mM KHCO3. 
b Oxidation of NADPH monitored via loss of its UV/vis absorbance at 340nm. 
c Formation of both products monitored via the integrated intensities of their respective GC peaks. These 

assays used DTT as a surrogate reductant in place of NADPH; as a consequence, the overall rate of product 
formation for each enzyme/condition is smaller than the rate of NADPH oxidation. Limit of detection for 
either product independently under these conditions: 0.4 nmol. 

d Acetoacetate could not be reliably quantified by GC due to overlap with very high levels of acetone. 
The UV/vis coupled assay was therefore used (estimated limit of detection: 8 nmol).  

e ND = acetoacetate/acetone not detected by either GC or UV/vis coupled assay. 

 

 NADPH oxidation rates for rWT and the His501 variant in the presence of 60 mM 

KHCO3 were within the margin of error (Table 2.1). However, in the absence of KHCO3, 

NADPH oxidation by rWT significantly slowed, mirroring the lower rates of carboxylation 

and protonation. These results indicate that the absence of the substrate for the second half 

reaction (CO2) leads to a reduction in the rate of the first reaction, suggesting a possible 

mechanism for feedback. Such feedback would not be necessary for GR or other 

conventional DSOR enzymes that use an enzyme-supplied proton as the analogous 

substrate in the second half reaction. Interestingly, the rate of NADPH oxidation in the 

absence of KHCO3 was only minimally reduced (~15%) for His501 2-KPCC. By the same 

token, His501 2-KPCC produced a similar amount of acetone regardless of 

KHCO3 supplementation, and only regained a small amount of carboxylating activity (and 

increased rate of NADPH oxidation) in saturating CO2 as measured by the UV-vis coupled 

assay. These results suggest either that the His501 substitution impairs the feedback 
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mechanism, or that the availability of protons is sufficient to sustain a high rate of NADPH 

oxidation in His501 2-KPCC.  

 Replacing both 2-KPCC residues to the conserved His-Glu (Phe 501 to His and His 

506 to Glu) dyad eliminated all carboxylating activity and lowered NADPH oxidation and 

acetone production compared to the F501H single variant. The rates of NADPH oxidation 

for the double variant as a consequence are nearly identical regardless of saturating 

CO2 conditions. This rate is ~27% greater than the rWT in the absence of 

KHCO3 supplementation, suggesting that the presence of the His501 proton is sufficient to 

stimulate the reductive half reaction. However, the rate of NADPH oxidation in the double 

mutant is still ~63% less than that of the F501H single variant. 

 Why would an additional glutamate substitution knock out all carboxylating ability 

and reduce overall activity, compared to the single F501H variant? The former observation 

can be explained by the theory that a His residue at position 506 in 2KPCC is part of a 

putative anion binding pocket which acts to stabilize the developing negative charge 

buildup during acetoacetate formation.28 Replacing the positive character of a His side 

chain with a negatively charged side chain like Glu may induce a strong enough 

electrostatic repulsion to dissuade acetoacetate formation. The latter observation may be 

attributed in part to a similar charge stabilization of the sulfonate moiety of substrate 2-

KPC by the native His side chain.28 The results lay the groundwork for exploration of 

additional structure-activity relationships in 2-KPCC to address these questions. 
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Conclusion 
 
 

 The results presented here indicate that 2-KPCC has replaced an otherwise 

conserved catalytic dyad to promote carboxylation over protonation at the expense of 

maximal catalytic activity. This enzyme has effectively excluded a well positioned proton-

donating group within the active site by replacing a conserved His with a Phe residue at 

the canonical catalytic site.  
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Abstract 
 

 Disulfide oxidoreductases (DSORs) use a flavin, disulfide and conserved histidine 

to transfer reducing equivalents from NADPH to a variety of disulfide and other 

substrates. NADPH 2-ketopropyl-coenzyme M oxidoreductase/carboxylase (2-KPCC) is 

a bacterial DSOR that, uniquely to this family, catalyzes CO2 fixation. 2-KPCC is 

structurally distinct from other DSORs by having a phenylalanine in place of the 

conserved histidine, which in typical DSORs has been shown to be essential for 

stabilizing the reduced, reactive form of the active site. Here, we examined both the 

reactive half reaction and reduced, reactive form of 2-KPCC. We observed that the 

reductive half reaction of 2-KPCC was kinetically and spectroscopically similar to that of 

a typical DSOR (glutathione reductase) in which the active site histidine has been 

replaced with an alanine. The reduced, reactive form of 2-KPCC was furthermore distinct 

from that of typical DSORs. In the absence of the histidine, the flavin and disulfide 

moieties were no longer coupled via covalent or charge transfer interaction as in typical 

DSORs. Similar to thioredoxins, we propose that the pKa of 8.4 that controls reactivity is 

due to a single proton shared between the cysteines of the dithiol, which effectively 

stabilizes the attacking cysteine sulfide and renders it capable of breaking the strong C-S 

bond of the substrate. The lack of a histidine was also previously observed to protect 2-

KPCC’s reactive intermediate from unwanted protonation. Thus, small changes in the 

DSOR active site support both 2-KPCC’s unique catalysis and selectivity for CO2 

fixation. 
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Introduction 
 

  Atmospheric CO2 serves as the carbon source for building the biomass of 

photosynthetic plants and chemoautotrophic microbes. In phototrophs, the first step of 

CO2 fixation is catalyzed by ribulose-1,5-bisphosphate carboxylase/oxygenase 

(RuBisCO), the most abundant enzyme on earth.1 A variety of processes that fix CO2 or 

its hydrated form (bicarbonate, HCO3
-) in non-photosynthetic microbes and eukaryotes, 

most often using biotin to transport CO2, have likewise been described.2 How these 

processes contribute to the global carbon cycle, and the catalytic paradigms by which 

many of the relevant enzymes capture and transform this important greenhouse gas, are 

not understood. 
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Scheme 3.1. Canonical steps by which the activesite of DSORs are reduced. The oxidized 
form of the enzyme (1) rapidly binds NADPH (2). A hydride is transferred from NADPH 
to the flavin (3), rendering its characteristic yellow chromophore colorless. The flavin 
subsequently transfers two electrons to the nearby disulfide in a process catalyzed by the 
active site histidine, yielding a C4a-flavin-CysCT covalent intermediate (4). The covalent 
species rapidly tautomerizes to yield the catalytically active CT complex (6), which 
stabilized by the active site HisH+. Stopped flow kinetics studies of the reductive half 
reaction of glutathione reductase identified two phases, diagrammed by the arrows. In the 
first phase, the oxidized flavin is converted to the reduced form (3). In the second, slightly 
slower phase, the flavin reoxidizes to yield the reactive CT species (5). Second order rate 
constants for each phase are given for the WT GR. Values for the active site histidine 
mutant (H439A) are given in parentheses 9 Notably, formation of the reduced flavin is only 
clearly observed for the H439A mutant, due to >10-fold slowing of the reoxidation of the 
flavin. 
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  NADPH:2-ketopropyl-coenzyme M oxidoreductase/ carboxylase (2-KPCC) is a 

bacterial enzyme that catalyzes the direct fixation of CO2 into biomass as part of a 

metabolic pathway for metabolizing small alkenes, including propylene gas.3 This 

enzyme belongs to a group of flavin and cysteine-disulfide containing oxidoreductases 

(DSORs) that are best known for reducing disulfide (glutathione or lipoamide reductase) 

or metallic (mercuric reductase) substrates. DSORs share a common mechanism that can 

be divided into two halves.4 In the slower reductive half (Scheme 3.1), the hydride of 

NADPH is transferred via the FAD cofactor to a conserved cysteine disufide. The active 

site accumulates in a reactive, doubly protonated form (EH2) where the cysteine proximal 

to the FAD (the charge-transfer thiol, CysCTSH) participates in a charge-transfer 

interaction with the oxidized flavin (CysCTS-∙∙∙FAD). This CT species is stabilized by the 

charge on the active site acid-base histidine (Schemes 3.1 and 3.2).4 The cysteine distal to 

the FAD, known as the interchange thiol (CysINTSH), has its pKa lowered by the 

proximity of histidine, and is thereby poised to reduce a substrate in the enzyme’s 

oxidative half. In glutathione reductase (GR), a very well characterized model DSOR, 

glutathione disulfide (GSSG) is reductively cleaved by CysINT-SH to form one molecule 

of glutathione (GSH) and a covalent, mixed disulfide intermediate (CysINTS-SG). 

Protonation of the covalent intermediate then yields the second equivalent of GSH and 

allows the oxidized cysteine disulfide (CysCTS-SINTCys) to reform (Scheme 3.3).  
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Scheme 3.2. Possible reactive protonation states. (A) GR is maximally reactive in its EH2 
form, which is also the dominant form at neutral pH. The neutral pH form of 2-KPCC 
could be either the (B) EH2 or the (C) EH- form. Because the spectrum for this species 
exhibits no CT band, only the non-CT species are possible candidates. The EH- form in 
(C) stabilizes a nucleophilic thiolate and is similar to a proposed reactive form for 
thioredoxin active sites 30. 
 

  The oxidoreductase platform of DSORs is uniquely repurposed by 2-KPCC for 

catalyzing a carboxylation reaction in concert with reductive cleavage. Instead of a 

disulfide substrate, 2-KPCC reductively cleaves the relatively strong C-S bond of a 

thioether substrate known as 2-KPC (2-ketopropyl-coenzyme M, or [2-(2-

ketopropylthio)ethanesulfonate).5-6 The initial cleavage product is an unstable 

enolacetone anion which nucleophilically attacks enzyme-bound CO2 to form the new 

carbon-carbon bond of acetoacetate (Scheme 3.3). In the absence of CO2 or the presence 

of available protons, the protonation product acetone forms in an unwanted side reaction.  
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Structurally, 2-KPCC lacks the catalytically essential conserved histidine that is 

shared by most other members of its family. Substitution of the histidine by alanine leads 

to loss of nearly all catalytic function in GR4, 7; however, the native residue at this 

position in 2-KPCC is a phenylalanine (F501) (Figure 3.1). We previously showed that 

substitution of a histidine at this position (F501H) completely shifted the product 

outcome to acetone8, suggesting one possible reason for the presence of a non-acidic 

residue at that position in the native enzyme. However, because 2-KPCC lacks this 

critical active site acid-base, we hypothesized that the reductive half reaction might 

proceed differently than in typical DSORs. Moreover, the reduced form of the active site 

is likely distinct and, because it lacks histidine, must necessarily have a unique 

protonation state.9 These distinctions could be important for helping 2-KPCC to cleave a 

relatively strong thioether bond.5-6 These hypotheses are tested here via structural, 

kinetic, spectroscopic approaches. 
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Scheme 3.3.Oxidative half reaction for canonical DSOR glutathione reductase (top) and 
analogous mechanism for 2-KPCC (bottom). Note that the enolacetone intermediate 
created in the first step of the 2-KPCC reaction can react with available protons to form the 
off-pathway product acetone. 
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Figure 3.1. Structures of 2-KPCC and a representative DSOR (glutathione reductase, 
PDB ID: 1GRE).  (A) Structure of the CO2-bound 2-KPCC homodimer (PDB ID: 3Q6J) 
with subunits in green and cyan cartoon. The FAD (red), NADP+ (yellow), cysteine 
dithiol (orange) are shown as sticks. The F501 side chain is shown as sticks and 
highlighted in a darker shade of green and blue in the two subunits. The conserved active 
site Phe and His (cyan) come from the blue subunit. 2-KPCC-bound CO2 is shown in 
magenta. (B) The cofactors and catalytically important side chains from one of the active 
sites in (A) are highlighted alone and on a magnified scale. The active sites of (C) 2-
KPCC and (D) glutathione reductase (GR) (PDB ID: 1GRE) in their oxidized, disulfide 
forms are compared (carbon grey; nitrogen blue; sulfur orange; oxygen red). The 
conserved His-Glu pair in GR are replaced by Phe and His, respectively, in 2-KPCC. 
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Methods 
 
 

Expression and purification of WT and mutant 2-KPCC 

  E. coli BL21(DE3)pLysS cells were transformed with the pBAD plasmid 

harboring the wt or corresponding mutant 2-KPCC gene from Xanthobacter 

autotrophicus Py2, plated on LB agar + kanamycin (25 μg/mL) and grown overnight. A 

single colony from the plate was used to grow a 5-mL overnight culture in LB. The 5 mL 

of overnight culture was used as the inoculum for a 500 mL baffled flask containing 500 

mL of ZYP-Rich media +kanamycin (25 μg/mL). Cells were grown at 37°C with 

agitation at 225 rpm until the OD600 reached 0.6 – 1.0. The temperature was reduced to 

25°C, arabinose was added to 0.02%, and the cells were grown for an additional 16-18 

hours. Cells were pelleted by centrifugation, frozen, and stored at -80°C. 

  The cell pellet was resuspended in 4 volumes of Lysis Buffer (20mM Tris pH 8.0, 

300 mM NaCl, 5 mM imidazole, 1 mM PMSF) and thawed at 30 °C. All subsequent 

treatments were performed on ice or at 4 °C. Resuspended cells were lysed via multiple 

rounds of sonication (Branson Ultrasonifier). Cell lysates were clarified via 

centrifugation at 95,000 x g for 45 min. Clarified lysates were loaded onto a Ni-NTA 

resin column via gravity, washed with Lysis Buffer, and eluted using a 0-0.4 M imidazole 

gradient in Lysis Buffer at 2 mL/min. The eluted 2-KPCC was diluted 5-fold into Buffer 

A (20 mM Tris-Cl pH 6.5, 5% w/v glycerol), applied to a DEAE-sepharose ion-exchange 

column (GE biosciences), and eluted using a 0-1M NaCl gradient in Buffer A.  Fractions 

were screened using SDS-PAGE. Pure 2-KPCC protein was pooled and dialyzed in 20 

mM Tris-Cl pH 7.4, 10% glycerol and 200 mM NaCl.  Protein was pressure concentrated 
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using 10 kDa MWCO filters (Millipore). Total protein concentration was determined 

using a BCA protein assay (Thermo Scientific) while flavin concentration was 

determined from its UV-vis absorbance at 450 nm using an Ɛ450 = 11,828 M-1cm-1. All 

concentrations of protein cited in the text refer to flavin-containing protein. 

 
Measurement of Kd for NADP+ by fluorescence titration  

  Fluorescence excitation at 460 nm of 2-KPCC gives rise to large fluorescence 

band between 480-600 nm, with a maximal signal at 525 nm. Titration of 5 μM wt, 

C82A, or C82A/F501H (100 mM Phosphate buffer pH 6.5 or 100 mM CAPS buffer pH 

9.5) with NADP+ resulted in loss of the fluorescence signal at 525 nm.  Plots of the 

change in fluorescence intensity (Δfluor) versus NADP+ concentration were indicative of 

multi-site binding and were fit with a sum of two Langmuir isotherms to determine Kd 

values: 

∆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =   [𝐿𝐿]
𝐾𝐾𝐷𝐷1+[𝐿𝐿]

+  [𝐿𝐿]
𝐾𝐾𝐷𝐷2+[𝐿𝐿]

    (1) 

Where [L] is the free (unbound) ligand concentration. 

 
Monitoring UV/vis changes in the flavin species  
in WT and mutant 2-KPCC as a function of pH.  
 
  All pH titrations were carried out anaerobically (Coy anaerobic chamber) using an 

Agilent 8453 spectrometer with diode array detection. Titration measurements for the 

NADPH reduced wt, BES treated, and C82A variant were conducted using a procedure 

similar to that described in Kofoed et al.10  For the reduction of wt 2-KPCC, 1 eq. of 
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deoxygenated NADPH was added to the stock solution of protein prior to its introduction 

into deoxygenated GTP buffer at the appropriate pH.   

 
Steady state kinetic measurements  

  2-KPCC reactions were carried out anaerobically in a Coy chamber by monitoring 

NADPH consumption at 340 nm on an Agilent 8453 spectrometer with diode array 

detection. Protein and buffer solutions were made anaerobic using a double-manifold 

Schlenk line with alternating cycles of argon gas purging and evacuation. Stock solutions 

of NADPH and 2-KPC were made from solid powders in N2-purged buffer; in the 

absence of CO2, the product of the reaction is acetone. All reactions were initiated by 

addition of enzyme. Reactions were monitored at 340 nm for 150 s at 5 s intervals. The 

initial linear portion of the change in absorbance traces was fit via linear regression 

analysis (NADPH Ɛ340 = 6225 uM-1 cm-1) to determine the initial rate of reaction (vi). For 

each 2-KPC concentration, reactions were carried out in at least triplicate and averaged. 

The average rate was plotted as a function of [2-KPC].  Data were fit to the Michaelis 

Menton mode1:  

𝑣𝑣𝑖𝑖
[𝐸𝐸]

=  𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐[𝑆𝑆]
𝐾𝐾𝑚𝑚+[𝑆𝑆]

    (2) 

where [E] is the concentration of 2-KPCC, [S] is the [2-KPC], kcat is theoretical maximal 

turnover rate at saturating substrate, and Km is the substrate concentration at half the 

value of kcat.  For data that exhibited substrate inhibition, the following model was used: 

𝑣𝑣𝑖𝑖
[𝐸𝐸]

= 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐[𝑆𝑆]

𝐾𝐾𝑚𝑚+[𝑆𝑆]+[𝑆𝑆]2
𝐾𝐾𝐼𝐼

    (3) 
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KI describes the concentration of substrate the causes inhibition of rate to half the 

theoretical maximal rate (kcat) in the absence of any inhibition. 

 

Oxidative half reactions monitored as a function  
of [2-KPC] and pH in the absence of CO2.  
 
  The reactions were conducted as described above with the pH varied from 6.5 – 

9.5 (200 mM Glycine-Tris-Phosphate buffer with 200 mM NaCl) in 0.5 pH unit 

increments.  All reactions were carried out on a 1 ml scale with addition of NADPH from 

a stock of 10 mM to achieve a final concentration of 100 μM.  Stock solutions of 2-KPC 

(10 mM and 100 mM) were made by dissolving solid powder in the working buffer pH 

and were then added to the reaction cuvette prior to enzyme addition to achieve final 

concentrations ranging from 100 – 4000 μM.  

 
Observing the single-turnover  
reductive half reaction by stopped flow.  
 
 Data were measured using a KinetAssyst stopped flow spectrometer (Hi-Tech 

Scientific) in single-mixing mode with either diode array or single wavelength 

photomultiplier detection at 460 or 600 nm.  The spectrometer was made anaerobic by 

overnight incubation with protocatechuate dioxygenase (PCD) and its substrate, 

protocatechuic acid (PCA), or via incubation of the stopped flow sample handling unit 

with a 2 mM dithionite solution which was subsequently removed from the lines with 

large amounts deoxygenated buffer. 2-KPCC stock solutions were made anaerobic using 

a double-manifold Schlenk line with alternating cycles of argon gas purging and 

evacuation. For monitoring the reductive half reaction with NADPH, solutions of 2-



69 
 

KPCC were diluted to working concentrations in a 200 mM Glycine-Tris-Phosphate 

buffer with 200 mM at pH 6.5 – 9 and sealed in an airtight tonometer that interfaced with 

the stopped flow sample handling unit. Deoxygenated buffer or NADPH solutions were 

prepared in the anaerobic chamber, sealed in gastight syringes, and then introduced into 

the sample handling unit for reaction. For reactions monitoring the oxidative half reaction 

the protein was titrimetrically reduced with one equivalent of NADPH prior to being 

sealed in the airtight tonometer.  2-KPC solutions were prepared in the anaerobic 

chamber using anaerobic buffer, sealed in gastight syringes and introduced to the sample 

handling unit for reaction. Data were measured at varying time points and fit using the 

Kinetic Studio (Hi-Tech Scientific) software to exponential decay functions to determine 

rate constants (kobs). For each experimental condition, all data were measured in at least 

triplicate and averaged. 

 

Results 

 
The reductive half reaction for WT 2-KPCC  
proceeds similarly to the GR H439A variant  
in which the active site histidine has been replaced by alanine.4, 7  
 
  The reductive half reaction in DSORs starts with NADPH binding and ends with 

the generation of the reduced, reactive form of the active site, which has a unique 

electronic and protonation state.4, 11 The reductive half is generally rate limiting in 

DSORs, and may be orders of magnitude slower than the second, oxidative half, in which 

the active site transfers electrons and sometimes protons to a recipient substrate.12 When 

DSOR reduction is monitored under single turnover conditions in stopped flow 



70 
 

experiments, typically just one kinetic phase is observed, even though the reaction 

proceeds via several steps with several potentially spectroscopically observable 

intermediates (Scheme 3.1). However, when the active site histidine in GR is replaced 

with a hydrophobic alanine (GR H439A), the flavin chromophore is observed to 

transiently bleach, reflecting its reduction, before more slowly reoxidizing.4, 7 The 

conserved histidine has consequently been ascribed two roles in the reductive half 

reaction: polarizing electron flow through the flavin and into the disulfide, and serving as 

a catalytic acid toward it.4, 7, 13  

  We monitored reduction of 2-KPCC, which has a phenylalanine in place of the 

active site histidine (Figure 3.1), by stopped flow UV/vis under condtions where the 

reduction went to completion at a saturating rate with respect to [NADPH] (15 μM 

enzyme, 150 μM NADPH, pH 6, 25 °C) (Figure B.1). Under these conditions, a clear loss 

in absorptivity was initially observed in the characteristic flavin-dependent peak at 460 

nm (Figure 3.2). The peak then slowly grew back in intensity, before rapidly decaying 

into a final species that appeared to possess a 1e- photoreduced flavin.14 Control 

experiments in which the enzyme was first reduced by NADPH and then exposed to the 

spectrophotometer’s xenon lamp yielded identical final spectra, supporting this 

interpretation (Figure B.2).  
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Figure 3.2. Reduction of 2-KPCC with NADPH at low pH shows large transient changes 
in flavin absorbance followed by slow photoreduction. Reaction of anaerobic 15 μM 
2KPCC (red trace) with 10 eq. of NADPH at pH 6 (100 mM Tris-Cl) results in large 
changes to the flavin spectrum over time. After 100 ms (blue and by one 1s (orange trace) 
the intensity of the flavin absorbance is decreased by ~ 2x. This is followed by an 
increase and slight blue shift in the flavin absorbance maximizing at 70 s (green).  Upon 
longer reaction times and under the bright light used for diode array detection (200 and 
700 s; purple and black traces) photoreduction of the flavin spectrum, accompanied by 
increases in absorbance at 550-700 nm occurs, indicative of formation of a flavin 
semiquinone. 
 

  The first two kinetic phases, corresponding to the diminution and then the increase 

in the flavin absorptivity, were most distinct at low pH; at pH 6, they were each fit to single 

exponential curves to yield k = 25 ± 2 and k = 13 ± 2 s-1. The first constant is an order of 

magnitude smaller than the corresponding rate constant for GRH439A (Scheme 3.1), 

suggesting that the presence of the aromatic phenylalanine has a fairly strong impact on 

the transfer of electrons from NADPH to flavin. The second rate constant is of the same 
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order of magnitude as in GRH439A. Since histidine acts as an acid toward the flavin in this 

reoxidation step, we conclude that the presence of A or F at this position has an equivalent 

effect (Figure 3.3A).4, 7. As the pH was raised, the flavin reduction and reoxidation steps 

converged in the increasingly electronegative environment (Figure 3.3B)4, though the 

source of the pH effect is not clear. 

 

The catalytically active, reduced form of  
2-KPCC is neither a CT nor a C4a-adduct species.  
 
  The reduced form of GR has a uniquely reactive electronic and protonation state 

which depends on the nearby nicotinamide ring of NADP+ and the active site histidine.7, 

11, 15 At acidic pH, the reduced, NADP+ -bound GR forms a covalent adduct with CysINT 

at the carbon of the isoalloxazine ring.11 However, above pH 7, tautomerization and 

deprotonation steps lead to the formation of the reactive, charge-transfer form of the 

enzyme in which there are two protons (EH2). One resides on the histidine, and the other 

on CysINT.4 The charge on the histidine stabilizes the flavin-CysCT interaction and lowers 

the pKa on CysINT  to near 7.511, making it suitably nucleophilic for the oxidative half 

reaction (Scheme 3.2).  

  The C4a-adduct has been stably generated in DSORs (e.g., mercuric reductase) at 

acidic pH by replacing the reactive CysINT with a non-reactive alanine.16 Alternatively, 

CysINT may be blocked by reaction with a thiol-attacking suicide substrate. In either 

case, addition of NADP+ to the oxidized enzyme causes the reaction to effectively run in 

reverse. At acidic pH, this leads to the observation of a stable C4a-adduct in mercuric 
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reductase. (The same species can be observed but only transiently in the WT enzyme.)16 

This species is characterized by a single, strongly absorbing peak centered near 380 nm. 

As the pH is raised, the adduct converts isobestically to the charge transfer species; this 

suggests that the tautomerization and deprotonation steps shown in Scheme 3.2 are 

strongly coupled, and that the spectroscopically observed pKa (e.g., 6.8 in mercuric 

reductase)16 actually represents a composite of the two equilibrium steps, though it is 

reported as the approximate pKa of CysCT.10 

  The pKa of CysCT in the 2-KPCC CysINT mutant (C82A) in the absence of NADP+ 

was previously reported as >9.0, reflecting its far more hydrophobic environment.10 

Because NADP+ is critical for stabilizing the C4a -adduct16, we pH-titrated the C82A-

NADP+ complex. (See Figure B.3 for determination of NADP+ binding affinities.) 

Remarkably, the acidic form did not possess the characteristic spectrum of a C4a-

adduct16, and the alkaline charge transfer species again only formed at relatively high pH 

(pKa = 9), in spite of the presence of the nearby positively charged nicotinamide ring 

(Figure 3.4). Hence, distinct from canonical DSORs, the reactive, pH-neutral form of 2-

KPCC is neither a charge transfer species nor a C4a-adduct. Its lack of an active site 

histidine (Scheme 3.2) further ensures that its protonation state must also be distinct from 

the reactive EH2 species of GR. 
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Figure 3.3. Flavin reduction in 2-KPCC is slow relative to other DSOR proteins and 
occurs in multiple observable phases. (A) Reaction of 15 �M 2-KPCC at pH 6.5 (100 
mM phosphate buffer) with 10 eq of NADPH monitored at 460 nm by stopped flow 
exhibited three kinetic phases. The first two phases corresponded to loss and gain of 
absorptivity by the flavin chromophore and were fit to single exponential curves to yield 
k = 27± 3  and k = 10 ± 2 s-1. The third phase corresponded to subsequent changes in the 
chromophore as it reached its final form. Note that the use of monochromotized like 
avoids the photoreduction phase which obscures the final phase when white light 
excitation is used (Figure 2)..  (B) Reaction of 15 �M 2-KPCC varying pH (6.5-9.5) with 
10 eq of NADPH monitored at 460 nm by stopped flow. At pH 6.5 (red), 7 (orange), and 
7.5 (gold) three kinetic phases are observed. At pH 8 (green), 8.5 (light blue), 9 (dark 
blue), and 9.5 (purple) the reduction of the disulfide slows and results in lesser decrease 
in the 460 nm absorbance. 
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The reactive form of 2-KPCC may be a nucleophilic EH- species. 
  
  The structure of the 2-KPCC active site and the available data suggest two 

possible protonation states for the reactive form (Scheme 3.3) 4. The first is an EH2 

species in which both CysINT and CysCT are protonated. However, the immediate 

environment around CysINT, dominated by F501, is highly hydrophobic and devoid of 

basic residues. Such an environment is not expected to promote proton loss by CysINT, 

which we expect must precede cleavage of the C-S bond of 2-KPC.5-6  

  Alternatively, the active form could be an EH- species, in which a single proton is 

bound to CysINT and shared in a close hydrogen bonding interaction with CysCT.9 

Importantly, such a shared-proton interaction has been proposed for the cysteine disulfide 

of thioredoxins9, as well as other diverse enzymes without reactive disulfides, including 

aspartic proteases17-18, myoglobin19, bacteriorhodopsin19-20, and ribonuclease HI21. 

Sharing the proton between the two sulfur atoms in thioredoxin (which does not possess 

an accompanying flavin) effectively stabilizes a reactive thiolate anion at neutral pH.9 As 

in DSORs, this is deemed essential for the initiation of the reduction reaction with 

substrate.9  
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Figure 3.4. 2-KPCC does not for a C4a-adduct and has an more basic active site relative 
to a standard DSOR protein. UV/visible pH titrations were carried out for C82A 2-KPCC 
in the presence of saturating NADP+ (20 μM enzyme, 100 μM NADP+, 100 mM 
glycine-Tris-phosphate buffers). B) An apparent pKa of 9 was determined by plotting 
absorbance at 570nm vs pH and fitting to a sigmoidal curve.. The pH 6.5 spectrum is 
shown in gold, and the alkaline in orange. Intermediate spectra are in grey. In typical 
DSORs, the acidic form of the active site in the presence of NADP+ is the C4a-covalent 
adduct, characterized by a large band at 380 nm. This converts to the CT species (pKa = 
6.8), which is stabilized by the active site His. By contrast, the same pKa is elevated by 
~2 units in 2-KPCC and ~1.5 units in F501H. The acidic species in each case does not 
have the characteristic UV/vis spectrum of a C4a-adduct. 

A 

B 
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  In order to assess the reactive protonation state of 2-KPCC, two set of 

experiments were carried out. First, the enzyme was anaerobically pre-reduced with 

NADPH and then incubated under anaerobic/reducing conditions with excess (10 mM) 

bromoethanesulfonate (BES) at varying pH values. BES is a known suicide substrate in 

which the C-Br bond is a surrogate for the C-S bond in 2-KPC, and Br- is the leaving 

group.22 Residual activity from un-crosslinked enzyme was then measured. Only 

deprotonated CysINT is expected to crosslink with BES.22 The data in Figure 5 showed 

that suicide inactivation increases at elevated pH, with a pKa = 8.4. We tentatively assign 

this pKa to CysINT. 

 

Figure 3.5. The inactivation of 2-KPCC by BES is pH dependent and reflects changes to 
the protonation state of CysINT.  2-KPCC in the presence of 10 mM DTT was incubated 
with BES for 80 min at pH values ranging from 5.6 – 9.5. The BES was removed and the 
protein was assayed for 2-KPC carboxylation activity at pH 7.5 using 100 μM NADPH, 
60 mM bicarbonate, and 1 mM 2-KPC.  Rates of the carboxylation reaction relative to a 
control sample show increasing BES inactivation as the pH is raised. The data were fit 
with a sigmoidal curve to a pKa of 8.4 ± 0.2, ascribed to CysINT. 
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  Second, the steady state kinetics of the 2-KPCC-catalyzed reaction between 

NADPH and 2-KPC in the absence of CO2 were monitored as a function of [2-KPC] and 

at varying pH values. We chose to monitor this acetone-producing reaction rather than the 

carboxylation, due to the complexity of concurrently varying both pH and CO2. Michaelis 

plots of initial rate versus [2-KPC] demonstrated substrate inhibition at relatively high 

concentrations of substrate (Figure C.4), and a clear dependence on pH. The parameter 

kcat/KM[2-KPC] reports on all reaction steps involving 2-KPC, up to and including the one 

that is rate limiting. A plot of log(kcat/KM[2-KPC]) versus pH showed two linear regions 

with slopes of ~0.4 and -0.4, peaking at pH 8.4; turning points in such plots indicate 

pKas. We interpret the increase in reactivity up to pH 8.4 again as largely driven by the 

pKa for CysINT (Figure 3.6). The immediate decrease in logkcat/KM[2-KPC] above this pH 

may be due to the increasing unavailability of protons for protonating the enolacetone 

leaving group, for which there is no apparent general acid. Protonation of the initial 

leaving group is typically the rate limiting step in the oxidative half reactions of 

DSORs.23 
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Figure 3.6. The effect of pH on kcat/KM[2-KPC] indicates a peak value near pH 8.5 and a 
subsequent decline. pH-rate profiles were measured with variable [2-KPC] for the proton 
dependent reaction of 2-KPCC to produce acetone (Figure S3). A plot of log(kcat/Km) as a 
function of pH shows an increase from pH 6.5 – 8.5 with a slope of + 0.41 suggesting a 
pH dependent change at the active site that influences reactivity with 2-KPC. This 
deprotonation that enhances reactivity is attributed to deprotonation of the CysINT.  The 
linear trend reverses above pH 8.5 and the values for log(kcat/Km) decrease with a slope of 
– 0.46.  This reversal is potentially due to lower proton concentrations, under which 
conditions protonation of the enolate form of acetone or of the mixed disulfide 
intermediate to generate coenzyme M may become rate limiting. 
 

  A hallmark of systems with shared protons is the observation of apparent pKas 

shifted from an expected value.9 For a cysteine buried in a hydrophobic environment24, 

we expect the pKa to be above the free-cysteine value of 8.5. The lack of a shift in the 

observed pKa for CysINT despite the absence of any general base or charge-stabilizing 

group suggests the involvement of CysCT in a shared hydrogen bonding interaction. 

Moreover, the failure of CysCT to interact with the flavin, either in the C4a-adduct or 
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charge transfer species, except at pH > 9, suggests that its thiol is free to interact with 

CysINT. 

 

 The F501H mutation has little effect on the reductive half reaction 

  In order to more directly assess the role of the residue at position 501, and 

particularly to see if its substitution would render 2-KPCC more like WT GR, we 

examined the F501H variant of 2-KPCC. We first examined the reductive half reaction 

under stopped flow conditions, much as we had with WT 2-KPCC. At pH 6, we distinctly 

observed flavin reduction and reoxidation in the WT enzyme at pH 6, with relatively slow 

first order rates. The F501H variant was not stable at pH 6, but could be monitored at pH 

7. There, some diminution of the flavin absorbance is observed in an initial kinetic phase, 

and the rate constant for this phase from a single exponential curve fit (k = 0.95 ± 0.05 s-

1) was not appreciably different from the corresponding rate constant measured for WT 2-

KPCC. Therefore, we conclude that installation of a histidine at this position does not 

render 2-KPCC more like GR, since we would have expected the histidine to produce a 

substantially faster reductive half in a single exponential phase (Figure B.5).  

  In a second experiment, we generated the C82A F501H double mutant in order to 

see whether installation of the histidine would stabilize a C4a-adduct at low pH, or 

potentially stabilize the charge transfer species, lowering the pKa at which it forms. As 

the pH titration of this doubly substituted protein shows, the acidic form did not have a 

spectrum reminiscent of the C4a-adduct.16 It converted to a charge transfer species with a 

slightly perturbed absorbance band and with approximately the same pKa as the C82A 
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mutant (Figure B.6). We conclude that the F501H substitution does not render 2-KPCC 

electronically or catalytically similar to a conventional DSOR like GR, at least in the 

reductive half reaction. The major impact of this substition may indeed be felt in the 

oxidative half reaction, where it was shown to strongly bias the product outcome toward 

the off-pathway protonated product, acetone.8 

 
Discussion 

 
  2-KPCC is a member of a large class of oxidoreductases that contain FAD and a 

cysteine-disulfide. The reducing equivalents from a molecule of NAD(P)H are transferred 

to the disulfide via the flavin, which acts as a simple intermediary. In most other 

members of the class besides 2-KPCC, a conserved histidine plays key roles, first 

facilitating movement of charge and protons during the reduction, and then stabilizing the 

reduced form with a charge transfer interaction between the proximal cysteine (CysCT) 

and the flavin. The substrate-reactive CysINT  is then free and poised to lose its proton, due 

to the charge on the histidine. 

  How 2-KPCC catalyzes reduction of its Cys disulfide and the enzyme’s 

subsequent reaction with 2-KPC without this critical histidine has been an open question. 

Our results here suggest that the replacement of the histidine with phenylalanine (residue 

501) in wt 2-KPCC has the general effect of electronically decoupling the flavin and 

disulfide, with at least two repercussions. First, as in the H439A variant of GR4, 7, a 

reduced flavin intermediate is observed during the reductive half reaction monitored by 
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stopped flow. In both H439A and 2-KPCC, observation of the intermediate is largely due 

to slowed/impaired transfer of electrons from the flavin to the disulfide.4, 7  

  Second and more significantly, the hydrophobic active site of 2-KPCC disfavors 

the formation of either the C4a-adduct or the flavin-CysCT charge transfer intermediate, 

where the latter is the reactive form of the enzyme in all other DSORs.4, 25-28 In typical 

DSORs, this form of the enzyme has protons on the active site histidine and CysINT 

(Scheme 3.2), where the latter is rendered acidic (pKa ~ 7.5) by the active site histidine4. 

The presence of an available proton so close to 2-KPCC’s anionic intermediate (Scheme 

3.3), however, appears to favor formation of the protonated rather than the carboxylated 

product, according to prior work with the F501H mutant.8 Hence, nature appears to have 

had an important reason for avoiding placement of a histidine at this position. 

  This leads to a conundrum: how is 2-KPCC able to cleave the C-S bond of 2-

KPC, without the activation that the active site histidine provides to the disulfide, and 

especially to CysINT? We expect a relatively strong nucleophile is required for the 

reaction. The C-S bond of MeS-Me, for example, has a bond dissociation enthalpy that is 

~20 kcal/mol higher than the S-S bond of MeS-SMe.5, 29 The potentially high pKa of 

cysteine in a hydrophobic environment would seem incompatible with the demands of the 

2-KPCC reaction. 

  We propose here that the lack of a significant shift in the pKa observed for CysINT 

(8.4) even in light of the very hydrophobic pocket and the estimated CysINT pKa (>9) in 

the C82A mutant, is due to proton sharing between CysINT and CysCT.9 This model helps 

explain how CysINT might be sufficiently activated to react with 2-KPC. Instead of 
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interacting with the flavin, the CysCT in 2-KPCC is poised to direct its electron density 

toward CysINT, effectively stabilizing a reactive CysINT thiolate in a remarkably 

hydrophobic environment. This model is consistent with the data, and in keeping with a 

shared-proton model proposed for thioredoxins9, another family of enzymes that react via 

a cysteine disulfide. In those enzymes as well, a reactive thiolate is needed, often in a 

relatively hydrophobic environment.  

 

Conclusions 

  2-KPCC must balance the requirement for a strongly nucleophilic thiolate that is 

poised for C-S bond cleavage with the need to exclude reactive protons from the active 

site. We propose that it does so via proton sharing between CysCT and CysINT. This lowers 

the pKa of CysINT in a strongly hydrophobic environment. CysCT then acts as a built-in, 

internal base to retain the proton once CysINT reacts with 2-KPC, again protecting the 

enolacetone intermediate from free protons (Scheme 3.3). In this way, 2-KPCC is able to 

repurpose the disulfide-cleaving platform of typical DSORs like GR for carboxylase 

chemistry.  
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Abstract 
 

 The 2-ketopropyl coenzyme M oxidoreductase/carboxylase (2-KPCC) is the only 

carboxylase member of the disulfide oxidoreductase (DSOR) family of enzymes, 

catalyzing the reductive cleavage and carboxylation of a thioether substrate to form 

acetoacetate. A conserved His-Glu catalytic dyad present in the majority of DSOR 

enzymes is key to the reductive cleavage and histidine-dependent protonation of disulfide 

substrates. In 2-KPCC, this catalytic dyad is absent. A phenylalanine (Phe501) and 

histidine (His506), occupy the positions of the conserved histidine and glutamate, 

respectively, implicating these residues in carboxylation activity unique to 2-KPCC. In 

our previous work, we have shown through site-specific amino acid substitution studies 

that Phe501 instead of histidine at the first position of the dyad in 2-KPCC restricts 

proton availability in the active site thereby favoring nucleophilic attack of CO2 over 

protons. In this work, we have probed the hypotheses that the presence of His506 instead 

of glutamate at the second position of the 2-KPCC dyad is important catalytically in 

stabilizing the developing charge on the product acetoacetate. Site specific amino acid 

substitution eliminating the positive charge of the His of the 2-KPCC dyad results in 

decreased carboxylating and decarboxylating activities and drastically reduces product-

based inhibition providing strong support for the involvement of His506 of the dyad in 

carboxylate stabilization. 
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Introduction 
 

 Carboxylase enzymes are responsible for the incorporation of inorganic 

carbon (CO2) into biomass. Most, if not all,  biological carboxylation reactions gain a 

terminal carboxyl group via an activated “ene” (enolate/enamine/enaminate) 

intermediate.1 These reactive intermediates act as a nucleophile for CO2 or a CO2 

equivalent (bicarbonate, carboxybiotin, etc). However, competing side reactions occur. 

Most famously, ribulose 1,5-bisphosphate carboxylase/oxygenase (RubisCO) is plagued 

by an oxygenation reaction that results in an unproductive product. It is essential then that 

carboxylase enzymes have means to discriminate substrate to avoid these energetically 

costly side reactions.  

 A common feature among carboxylase enzymes is the protection of the reactive 

ene-intermediate from competing electrophiles. Exterior regions serve to encapsulate 

substrate and intermediate, excluding competing electrophiles from the solvent and 

allowing carboxylation. Enzymes that catalyze this reaction act to stabilize the negative 

charge of this intermediate through interaction with divalent cation or amino acid side 

chain, facilitating carbon-carbon bond formation. Rubisco, for example, uses bound Mg2+ 

to stabilize a β-keto acid intermediate.2 Phosphoenol pyruvate carboxylase (PEPC) and E. 

coli acetyl-CoA carboxylase, on the other hand, stabilize the negative charge on their 

respective intermediates via positively charged amino acid arginine and histidine side 

chains.3, 4  

 Xanthobacter autotrophicus Py2 couples CO2-fixation with conversion of 

epoxypropane to acetoacetate for entry into central metabolic pathways via a four step 
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pathway.5-9 The terminal reaction of this pathway is catalyzed by 2-ketopropyl-CoM 

oxidoreductase/carboxylase (2-KPCC) which reductively cleaves and carboxylates the 

substrate 2-ketopropyl coenzyme M (2-KPC) to form acetoacetate and concomitantly 

regenerate CoM. 

 2-KPCC is a member of the well-characterized family of NAD(P)H FAD-

dependent disulfide oxidoreductase (DSOR) enzymes.10, 11 DSOR enzymes contain a 

redox-active cysteine pair and conventionally function through a two-electron reduction 

and protonation of a disulfide substrate. 12, 13 The cysteine pair comprises the interchange 

thiol (CysINT) which reacts with substrate, and the charge-transfer thiol (CysCT) which is 

proximal to and interacts with the FAD cofactor.  

 The conserved histidine of the DSOR HxxxxE catalytic dyad is responsible for a 

variety of roles. Most notably are the stabilization of the nascent thiolate of the CysCT and 

protonation of the first molecule of glutathione to dissociate in glutathione reductase, a 

well-characterized member of the DSOR family.14-17 The proximity of the imidazolium 

cation to the CysCT acts to lower the Cys-thiol pKa and stabilize the thiolate, which 

facilitates electron transfer from FADH- to the enzyme disulfide. Efficient electron 

transfer is important for the formation of particular reaction intermediates such as the 

covalent C4a adduct and charge-transfer complex between the FAD cofactor and 

CysCT.18-22  

The conserved glutamate of the DSOR catalytic dyad acts as a hydrogen bonding 

and charge-relay partner necessary for proper orientation of the imidazole ring. 

Specifically, the His-Nδ1 and Glu-Oε1 form a short hydrogen-bond,23-28 which completes 
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an oriented system including the HxxxxE dyad, FAD, and NADPH cofactors that is 

reminiscent of the charge-relay system in serine proteases.29, 30 The conserved glutamate 

also acts to fix the imidazole ring in place and raise its pKa, where maintaining an 

imidazolium cation facilitates electron transfer and enzyme turnover.31-35 Mutagenesis of 

the conserved glutamate results in a decrease to 1.3-1.6% and 7% of the activity of other 

DSOR members; WT lipoamide dehydrogenase 32 and thioredoxin reductase,35 

respectively.  

2-KPCC is a unique member of this family in that it cleaves a thioether substrate, 

rather than a disulfide, and subsequently carboxylates (Scheme 4.1) the resulting enolate 

intermediate. 2-KPCC is the only known DSOR carboxylase, but in the absence of co-

substrate CO2, will protonate its intermediate. In contrast with other DSOR mechanisms, 

which require protonation of the leaving group for efficient catalysis, protonation in this 

case forms the competing and disadvantageous product, acetone (Scheme 4.2).  

 

Scheme 4.1. 2-KPCC catalyzed carboxylation reaction 

 

Scheme 4.2. 2-KPCC catalyzed protonation reaction. 
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2-KPCC has replaced the conserved HxxxxE catalytic dyad with the amino acid 

sequence FLNPTH, where Phe501 and His506 are analogous to the conserved dyad 

HxxxxE residues. We have shown in previous work that the phenylalanine residue is key 

to discriminating between substrate electrophiles (CO2 or H+). Specifically, mutagenesis 

of Phe501 to histidine (Phe501His) shifts the reactivity of the enzyme to a reductase, 

presumably by incorporating a protonatable group at a key location in the active site.36 

The primary function of His506, the catalytic glutamate replacement in 2-KPCC is 

unknown, but it clearly does not serve the same role as the DSOR hydrogen-bonding 

residue and is too far from the enzyme disulfide to act as a proton-donor. 

Scheme 4.3. 2-KPCC oxidative half reaction carboxylate-stabilizing residues.  

 

 The structure of the CO2-bound structure of 2-KPCC reveals the presence of 

trigonal planar density modeled as bicarbonate and proposed this as the anion-binding 

site for acetoacetate (Fig 1).37 One of the oxygen atoms of the bicarbonate molecule 

makes hydrogen bonds to both δ- and ε-nitrogens (3.6 and 3.7 Å) of His506 as well as a 

CO2-coordinated water molecule (2.6 Å). The second oxygen atom of the bicarbonate 
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molecule makes hydrogen bonds with a coordinated water molecule (2.9 Å), the amide 

nitrogen of Gln509, and the guanidino nitrogen of Arg365 of the opposing subunit (2.7, 

3.1, and 3.6 Å). This bicarbonate-stabilizing network in 2-KPCC is similar to that found 

in structures of β-carbonic anhydrase.38, 39 While bicarbonate occupies the anion-binding 

site, previous work cites CO2 as 2-KPCC’s co-substrate.40 We propose that the native 

His506 residue in 2-KPCC acts as a key player in the anion-binding pocket with Gln509 

that stabilizes the developing negative charge on the carboxylate moiety of acetoacetate 

and facilitates carbon-carbon bond formation (Fig 4.1, Scheme 4.3). 

 

 

Figure 4.1. Acetoacetate modeled into the active-site at the postulated anion binding 
pocket based on CoM-disulfide and CO2-bound structures. 
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 Native 2-KPCC residues His506 and Gln509 were substituted by Gln and His, 

respectively (His506Gln and Gln509His), to maintain electrostatic interaction between 

amino acid side chains and acetoacetate. Native His506 and Gln509 residues were also 

mutated to Glu (His506Glu and Gln509Glu) which would conceivably destabilize these 

attractive forces and lead to more dramatic phenotypes. The results indicate a critical role 

for Gln509 with even conservative substitutions completely eliminating activity. 

Eliminating the positive charge of the His506 resulted in decreased carboxylating and 

decarboxylating activities and drastically reduces product-based inhibition providing 

strong support for the involvement of His506 in carboxylate stabilization.  

 
Methods 

 
 Recombinant 2-KPCC enzymes including; WT, His506Gln, His506Glu, 

Gln509His, Gln509Glu, Phe501His, and Phe501Tyr were purified from E. coli as 

described previously.36 Acetoacetate production was measured using the coupled β-

hydroxybutyrate dehydrogenase (β-HBDH) assay. Under excess β-HBDH, acetoacetate 

produced by 2-KPCC is efficiently removed and coupled to NADH oxidation. The 

success of this assay relies on the fact that dithiothreitol serves as an alternative reductant 

to 2-KPCC, but NADH does not; as a consequence, the overall rate of product formation 

is lower than the rate of NADPH oxidation (Table 4.1).41 2-KPC production,42 NADPH 

oxidation,36 as well as acetoacetate production were quantified spectrophotometrically in 

triplicate using a BMG CLARIOstar microplate reader in 200uL reaction volumes.  
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 Acetone was measured in 50 μL headspace injections via a ThermoFisher GC 

Trace 1300 using buffer degassed on a vacuum/nitrogen gas manifold in series with a 

CO2 scrub KOH trap.43 The standard assay contained 100 mM Tris pH 7.4, 10 mM DTT, 

0.25 mg 2-KPCC, and 5 mM 2-KPC in a 10 mL crimp-sealed vial. After 50 min 

incubation at 30°C and 180 rpm, KHCO3 (60 mM) was added via syringe.  

 Acetoacetate inhibition assays were performed at varying concentrations of 

acetoacetate (0-10 mM), monitoring 2-KPC dependent oxidation of NADPH at 340 nm. 

The standard assay mixture contained; 100 mM Tris pH 7.4, 0.5 mM NADPH, 60 mM 

KHCO3, and 0.25 mg 2KPCC. Assays were initiated by addition of substrate 2-KPC. 

 Kinetic constants (Km and Vmax) were calculated by fitting initial rate data to the 

Hill function using Origin2018 software (OriginLab, Northampton, MA). Inhibitor 

constants, Ki, were calculated by 1/v vs [I] plots.44  

 
Results and Discussion 

 
In previous work, WT 2-KPCC has been shown to produce both acetoacetate and 

acetone at atmospheric levels of CO2 (~400 ppm).36 However, additional KHCO3 (60 

mM) creates assay conditions sufficient to bias the WT enzyme exclusively toward 

acetoacetate production. The focus of this work is to assess the role of His506 and 

Gln509 substitutions on acetoacetate stabilization and production under these 

carboxylating conditions.  

 Each of the Gln509 substitutions result in loss of function variants evidenced by 

their inability to oxidize NADPH in the presence of substrate 2-KPC. Given the proximity 
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of Gln509 to Arg365 of the opposing subunit (Fig 4.1), and the loss of function phenotype 

in both Gln509 variants, this residue most likely plays a necessary role as part of a complex 

hydrogen-bonding network stabilizing the dimer interface.   

 Unlike the Gln509 variants, His506Gln and His506Glu retain significant NADPH 

oxidation activity, 69% and 34% of the WT rate, respectively (Table 4.1). In addition, 

His506Gln and His506Glu produce acetoacetate at diminished rates compared to WT, 

46% and 19%, respectively. Under carboxylating conditions WT 2-KPCC produces 

100% acetoacetate as a product with no acetone production. Each His506 variant, 

however, also produced a substantial amount of acetone under these conditions (Table 

4.1, Fig C.1) with the His506Glu substitution having a more pronounced effect that the 

His506Gln substitution. The ratio of acetoacetate to acetone produced is markedly lower 

for the less conservative His506Glu substitution relative to His506Gln (Table 4.1). In 

light of these kinetic data, it is clear that both His506 substitutions shift the product ratio 

in favor of acetone over acetoacetate, His506Glu more dramatically than His506Gln. 

These results demonstrate that His506 is necessary to maintain carboxylation activity and 

exclusive acetoacetate production under these conditions. 

Product (acetoacetate) inhibition was examined to provide further support for the 

role of His506 in anion stabilization. Acetoacetate is a noncompetitive inhibitor of the 

2KPCC catalyzed acetoacetate formation with respect to 2-KPC, with an inhibition 

constant (Ki) of 5.54 ± 0.02 mM (Table 4.1, Fig C3). This suggests that substrate 2-KPC 

and product acetoacetate share non-identical binding sites, likely distinguished by the 

involvement of H506 in stabilizing the product. Acetoacetate inhibition in His506Gln is 
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likewise non-competitive with a >7-fold increase in Ki of 37.3 ± 4.17 mM, indicating that 

the product has a much lower affinity for this variant. Notably, no product inhibition was 

observed in His506Glu, possibly due to the much more drastic disruption of the 

acetoacetate binding site. 

  

The 2-KPCC reverse reaction couples CoM-dependent acetoacetate 

decarboxylation to NADP+ reduction and 2-KPC formation (Scheme 4.1, Fig. C.2).11 

Surprisingly, none of the 2-KPCC variants tested catalyze this reaction even though the 

His506Gln substitution retains product inhibition. This inactivity is most likely due in 

part to the affected binding of acetoacetate by the His506 2-KPCC variants.  

 Phe501 and His506 in 2-KPCC are observed in the analogous position of the 

characteristic His-Glu catalytic dyad conserved among DSOR members. The canonical 

functions of the active site His-Glu residues are to protonate the leaving group and orient 

the imidazolium cation for efficient catalysis, respectively. In our previous work, we 

identified that Phe501 plays a key role in discriminating between CO2 and H+ as attacking 

electrophiles.36 Substitution of Phe501 and His506 with both canonical His-Glu residues 

(Phe501His_His506Glu) eliminated carboxylating activity completely. The results 

presented in the current work allow us to confirm and ascribe function now to His506, the 

conserved Glu replacement, in stabilizing the carboxylation product. (Scheme 4.3, Fig 4.1).
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Table 4.1. Kinetic parameters for the WT and anionic binding pocket variants 
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CHAPTER FIVE 
 
 

CONCLUDING REMARKS 
 
 

Carboxylases, enzymes that fix inorganic CO2 into organic substrates, are 

widespread throughout Nature and account for the vast majority of global carbon 

fixation, hence their interest in controlling atmospheric CO2. This thesis focuses on 

delineating the determinants of carboxylation activity in 2-ketopropyl coenzyme M 

oxidoreductase/carboxylase 2-KPCC from the conventional reductive cleavage reaction 

catalyzed by the characterized members of its enzyme family.  

 The second chapter presented a mutagenic study of the substituted catalytic dyad 

in 2-KPCC. This work focused on the substituted Phe residue in place of the conserved 

His of the conserved DSOR His-Glu dyad. In several members of the DSOR family, the 

conserved His acts as a catalytic acid/base to protonate a disulfide substrate. However, 

the exclusion of competing electrophiles (H+) from the reactive ene-intermediate is 

essential to most, if not all, successful carboxylases and we show that 2-KPCC does so by 

eliminating an otherwise conserved acid-base residue at a key position in the active site. 

 DSOR chemistry is reliant on intermolecular electron transfer from pyridine 

nucleotide via FAD cofactor to the redox active cysteine pair. The transfer of electrons is 

facilitated by the conserved DSOR His-Glu dyad. Specifically, the conserved His acts to 

lower the pKa and stabilize the nascent thiolate of CysCT, maintaining the CysINT thiol and 

the reactive state of the enzyme. The turnover rate of 2-KPCC is orders of magnitude 

lower than other DSOR members, potentially due to the lack of the catalytic dyad. In the 
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third chapter we present a detailed spectroscopic study of the reductive half reaction of 2-

KPCC wherein the reactive form of 2-KPCC compared to other DSOR members are 

discussed in detail. We show that 2-KPCC has re-purposed the DSOR active site to 

cleave a stronger thioether bond while maintaining an active site suited for carboxylation. 

Specifically, a proton-sharing mechanism allows the stabilization of a thiolate on CysINT 

which is a stronger nucleophile than the conventional thiol in DSOR enzymes. This study 

lays out important spectroscopic groundwork for understanding how 2-KPCC sacrifices 

catalytic efficiency for carboxylation chemistry. 

 Several carboxylases stabilize the negative charge of carboxylated intermediates 

and products through electrostatic complementation via amino acid side chains or 

divalent metals. Structures solved with substrate and substrate analogs revealed a 

potential anion-binding pocket in 2-KPCC where the side chains from His506 and 

Gln509 were thought participate in stabilizing the negative charge on acetoacetate. 

Chapter four presented a mutagenic study in which the effect of substitution of these 

residues on carboxylation chemistry was tested. This work demonstrated that 2-KPCC 

fulfilled the paradigm of electrostatic complementation via His 506, using this positively 

charged amino acid residues to stabilize the carboxylate anion on acetoacetate. This His 

residue is 2-KPCC’s substitution for the conserved Glu residue in the conserved DSOR 

catalytic dyad and represents another example of how 2-KPCC has sacrificed DSOR 

efficiency for carboxylation chemistry. 

 To conclude, 2-KPCC has evolved unique structural features in addition to the 

DSOR-scaffold to meet the requirements of carboxylation chemistry. These features, 
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particularly the substituted catalytic dyad, are essential to CO2-fixation, but impact the 

conventional DSOR mechanism drastically. Cumulatively, this research has furthered the 

understanding of how the prototypical reductive cleavage reactions catalyzed by DSOR 

enzymes can be coordinated with a carboxylation reaction by a mechanism analogous to 

that shared by carboxylase enzymes. 
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Experimental Procedure 
 
 
Growth & Purification of native 2KPCC from Xanthobacter autotrophicus Py2.  

  X. autotrophicus strain Py2 was grown in 12-liter culture in a Microferm 

fermentor at 30°C in mineral salts medium with continuous propylene bubbling.1 Cells 

were harvested by centrifugation and stored at -80°C.  

  Native 2-KPCC was purified from propylene-grown X. autotrophicus Py2 as 

described previously with the exception of an additional terminal desalting step over a P2 

column into Desalting Buffer (50mM Tris pH 7.4, 10% glycerol w/v, 200mM NaCl, 1mM 

DTT, 0.1mM EDTA).2 

 

Plasmid construction of recombinant 2-KPCC 

  Site-directed mutagenesis of 2-KPCC was carried out by utilizing a four-primer 

mutation technique and Phusion polymerase. The first two primers (F1 and R1) flank the 

desired amplification and the following two primers are specific to the mutation. This 

technique can be outlined as followed; F1/R2 will amplify Fragment 1, F2/R1 will 

amplify Fragment 2. These two fragments will homologously recombine and can be 

amplified by F1/R1 PCR. The following amplicon was digested by restriction enzymes 

Xho1 and EcoN1, and ligated into the His-TRX-TEV construct pBAD vector.  The 

sequences of the primers used to create the desired mutations are as follows (F1 & R1 

used for each mutation): F1, 5’-ATCCTCGAGGCGCCCGATGGCG-3’ and R1, 5’- 

GATTTAATCTGTACTAGG-3’; F501H_H506E, F2, 5’- 
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GTCGACGAACTGGGGGACATGGACGAATTGCACCTCAATCCGACCGAATTCAT

CCAGCTC-3’ AND R2, 5’-

GCCCGCGCGCAGGCGCGAGAGCTGGATGAATTCGGTCGGATTGAGGTGCAAT

TCGTCCAT-3’; F501H, F2, 5’-GGGGACATGGACGAATTGCACCTCAATCCG-3’ 

AND R2, 5’-GAAGTGGGTCGGATTGAGGTGCAATTCGTCCAT-3’. Mutations were 

confirmed by primer extension sequencing at Functional Biosciences services. 

 

Growth media  

 E. coli BL21(DE3)pLysS cells were grown in ZYP-5052 Rich Autoinduction Media 

(ZYP-Rich) broth containing 38 mg of Riboflavin per liter. 3 

 

Growth of bacteria  

  All bacteria were grown at 37°C unless otherwise stated. E. coli 

BL21(DE3)pLysS cells that had been transformed with the pBAD or corresponding 

mutant plasmid were plated and grown overnight. A single colony from this plate was 

used to grow a 5-mL liquid overnight culture. 500 uL of overnight culture was used as the 

inoculum for a 2800 mL baffling flask containing 500 mL of ZYP-Rich media. Cells 

were allowed to grow for at 37°C with an agitation at 250 rpm for 6 hours. When cells 

reached an A600 between 0.6 and 1.0, the temperature was reduced to 25°C, arabinose was 

added to 0.02%, and the cells were allowed to grow at this temperature for 16 hours. 

Cells were pelleted by centrifugation, frozen, and stored at -80°C. 
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Expression and Purification  

  Cell pellet was resuspended in 3 volumes of Lysis Buffer (20mM Tris pH 8.0, 

300mM NaCl, 5mM imidazole, 1mM 2ME) with DNase I (0.03 mg/ml) and lysozyme 

(0.03 mg/ml) and thawed at 30°C with shaking. All subsequent treatments were 

performed on ice or at 4°C. The cell resuspension was passed three times through a 

Microfluidizer cell at a pressure of 15k (psi) and clarified by centrifugation (95,000 x g) 

for 30 min. Clarified cell extract was applied to Ni-NTA resin at 3 ml/min, washed with 

Lysis Buffer, and eluted using a 0-0.4 M Imidazole gradient in the Lysis Buffer. Ni-NTA 

eluent was diluted 5-fold into Buffer A (20mM Tris HCl pH 6.5, 5% w/v glycerol, 1mM 

2ME, and 0.1mM EDTA), applied to a 5-mL Hi Q-sepharose ion-exchange column, and 

eluted using a 0-1M NaCl gradient in the Buffer A.  

  For removal of the histidine patch and thioredoxin leader, protein fractions were 

pooled from Q-sepharose elution and incubated with TEV protease (90 units) at 4°C for 

16 hrs. The protein was then reloaded onto the Ni-NTA column and washed with Buffer 

A. Wash elution was pooled, concentrated by filter centrifugation to 2.5mL, and applied 

to a P2 desalting column equilibrated with Desalting Buffer. Appropriate fractions were 

pooled, concentrated by filter centrifugation, and frozen as 100μL aliquots in liquid 

nitrogen for storage at -80°C.  

  Protein concentration was determined using a Bradford assay, 2-KPCC 

concentrations were also determined by using the previously determined extinction 

coefficient (ε450 of 11,828 M-1*cm-1). 
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NADPH oxidation assay  

  A continuous photometric assay was developed that measured the rate of NADPH 

oxidation at A340 by 2KPCC with and without an additional carbonate source. The 

standard reaction mixture contained 100mM Tris pH 7.4, 0.2mM NADPH, 5mM 2KPC, 

± 60mM KHCO3 (-KHCO3 used ambient CO2 concentration), and varied 2KPCC 

amount. 0.1, 0.2, and 0.25mg 2KPCC were tested in duplicate; assays were initiated by 

addition of substrate 2KPC. 

 

Gas Chromatography  

  Gas Chromatography (flame ionization detector) was performed by using a 

Shimadzu GC-8A interfaced with a Shimadzu C-R8A Chromatopac Integrator. All assays 

were performed in 9 ml sealed serum vials with a total reaction volume of 1ml and 

involved 4-μl liquid phase samples. Helium was used as a carrier gas over a Porapak Q 

column, the injector temperature was 230°C, and the oven temperature was 180°C. 

 

Coupled Spectrophotometric assay for 2-KPCC carboxylation activity  

  A continuous spectrophotometric assay described previously that couples 

acetoacetate production by 2-KPCC to acetoacetate production and NADH oxidation by 

β-hydroxybutyrate dehydrogenase (β-HBDH) was utilized.4 Assays were performed as 

described previously with the exception that KHCO3 was the sole carbonate species 

added (Fig A.1, A.5). Equations for fitted data; rWT +KHCO3 y=100.2*((x/(0.40+x)), 

rWT -KHCO3 y=30.3*((x/(0.73+x)), F501H +KHCO3 y=(22.1*x^2.9)/(1.17^2.9+x^2.9). 
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Fig A.1. Reductive cleavage and carboxylation of 2-KPC to acetoacetate as measured by 
previously established UV-vis coupled assay. All assays were performed with 0.25 mg of 
2-KPCC. rWT+KHCO3 Km=0.40±0.04 (Blue); rWT-KHCO3 Km=0.73±0.03 (Red). 

 

 

Fig A.2. Time course of product accumulation via protonation of 5mM substrate 2-KPC 
by rWT 2-KPCC. Symbols; (solid circle), Acetoacetate production +KHCO3; (solid 
square), Acetoacetate production -KHCO3; (dash), Acetone production -KHCO3. 
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Fig A..3. Time course of acetone accumulation via protonation of 5mM substrate 2-KPC 
by Native 2-KPCC. Symbols; (solid circle), Acetoacetate production +KHCO3; (solid 
square), Acetoacetate production -KHCO3; (dash), Acetone production -KHCO3. 
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Fig A.4. Time course of acetone accumulation via protonation of 5mM substrate 2-KPC 
by 2-KPCC catalytic dyad variants, ± 60mM KHCO3. Symbols; (solid circle), 
F501H_H506E+KHCO3; (solid square), F501H+KHCO3; (dash), F501H_H506E-
KHCO3; (diamond), F501H-KHCO3. 
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Fig A.5. Reductive cleavage and carboxylation of 2-KPC to acetoacetate by 2KPCC variant 
F501H as measured by previously established UV-vis coupled assay. All assays were 
performed in duplicate with 0.25 mg of 2-KPCC. Km=1.17±0.07. 
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Figure B.1. The rate of 2-KPCC reduction by NADPH saturates at low concentrations. 
The reductive half reaction between 2-KPCC (15 μM) and NADPH was monitored at 460 
nm by stopped-flow spectrometry using 2 (black), 10 (blue), 15 (red), or 20 (green) 
equivalents of NADPH. Each curve could be fit to the sum of three exponential functions 
(solid black lines), reflecting three consecutive kinetic events. (Note that since single 
wavelength excitation was used, there is no photoreduction phase at the end of the 
reaction.) The initial phase (< 0.1 s) is associated with large changes at 460 nm, 
indicative of an initial flavin reduction. (Inset) The rate constant for the initial kinetic 
phase is plotted as a function [NADPH]. The rate constant reaches a saturating value by 
150 µM NADPH (10 eq). 
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Figure B.2. Similar to 2-KPCC reduced with NADPH in the stopped flow, pre -NADPH 
reduced 2-KPCC shows photoreduction when exposed to the bright light required for 
diode array detection.  Anaerobic oxidized 2-KPCC at pH 6.0  (15 μM in a 100 mM 
phosphate buffer) was reduced with 2 eq. NADPH in the box and allowed to react for 30 
min.  The reduced protein was rapidly mixed with anaerobic buffer and the reaction was 
monitored via diode array detection.  Upon reaction, flavin photoreduction was seen as 
the strong flavin absorbance decreased from 0 (red), 150 (blue), 400 (green), and 750 s 
(black) resulting in a similar flavin semiquinone spectra that was seen upon 
photoreduction of stop flow reacted 2-KPCC mixed with NADPH (main text Figure 1). 
(Inset) Monitoring the flavin absorbance at 460 nm and fitting with a single exponential 
gives a similar rate of photoreduction of 0.0005 s-1 as was seen with stopped flow 
NADPH reacted 2-KPCC. 
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Figure B.3. Wild type and C82A (C82 = CysINT) 2-KPCC show multisite binding of 
NADP+ with high affinity. Addition of NADP+ to 2-KPCC leads to a decrease in the 
enzyme’s maximal fluorescence signal at 525 nm (460 nm excitation). A) The change in 
fluorescence at 525 nm was plotted as a function of added NADP+ concentration (100 
mM potassium phosophate, pH 6.5). The data were fit to the sum of two Langmuir 
isotherms, yielding KD1 = 3.8 µM and KD2 = 3.2 µM. The identfication of two slightly 
different values for KD reflects the homodimeric nature of 2-KPCC and is common 
among DSORs. B) The titration was repeated at pH 9.5 (100 mM CAPS). The data were 
again fit to the sum of two Langmuir isotherms, yielding KD1 = 4.6 µM and KD2 = 4.2 
µM. C) The titration was repeated with the C82A mutant (5 mM 2-KPCC C82A, 100 
mM CAPS, pH 9.5) and  was plotted as a function of added NADP+ concentration. The 
data were fit to the sum of two Langmuir isotherms, yielding KD1 = 17 µM and KD2 = 20 
µM. 
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Figure B.4. Initial rates of the steady state reaction of 2-KPCC with 2-KPC to form 
acetone as a function of pH. Initial steady state rates of 2-KPCC (0.9 – 2 μM) reactions 
with variable concentrations of 2-KPC (100 μM – 4000 μM) at pH values ranging from 
6.5 – 9.5 (200 mM Glycine-Tris-Phosphate + 200 mM NaCl) were monitored. Initial 
rates (vi) were determined by fitting the initial portions of the progress of reaction curves 
(5%) with linear regression analysis, and values were plotted versus [2-KPC].  Each rate 
plot exhibited substrate based inhibition. Curves were therefore fit with a Haldane form 
of the Michaelis Menten equation to give values of kcat, KM, and KI.  The pH values 
shown in the plot are: pH 6.5 (dark blue); pH 7.0 (light blue); pH 7.5 (dark green); pH 8 
(light green); pH 8.5 (yellow); pH 9.0 (orange); pH 9.5 (red).  Values of kcat and KM 
determined from the individual rate plots were used to construct a pH rate profile for the 
acetone-forming reaction (see main text figure 6) 
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Figure B.5. Addition of an active site proton donor residue in F501H has no impact on 
the rate of 2-KPCC reduction by NADPH. Reactions between wt or F501H 2-KPCC (5 
µM) at either pH 7 (100 mM phosphate) or 9.0 (100 mM Tris-Cl) were monitored to 
examine the effect of substituting histidine into the 2-KPCC active site at position 501 in 
the active site.  The initial phase of the reactions at pH 7.0 (Red – Bold line (wt) and fine 
line (F501H)) and pH 9.0 (Blue – bold line (wt) and fine line (F501H)) are largely similar 
at their respective pH values, with only modest accelerations in the rate constants for the 
F501H mutant. We conclude that a histidine in this position does not substantially 
accelerate the rates of active site reduction as in other members of the DSOR protein 
family, where rates of the initial flavin reduction phase are ~10 x higher than 2-KPCC. 
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Figure B.6. pH titration of C82A F501H double mutant does not exhibit a C4a-adduct at 
acidic pH, but forms of a CysCT-flavin charge transfer adduct at alkaline pH with a pKa of 
8.2. Similar to C82A 2-KPCC (main text Figure 4), UV/visible pH titrations were carried 
out for the C82A F501H 2-KPCC double mutant in the presence of saturating NADP+ (20 
μM enzyme, 100 μM NADP+, 100 mM glycine-Tris-phosphate buffers). The acidic 
spectrum (pH 6.5) is shown in gold, and the alkaline (pH 10.5) in orange. The acidic 
spectrum does not resemble a C4a-adduct as in typical DSORs, which would have a 
single UV/vis peak centered at 380 nm. The alkaline form resembles the charge-transfer 
species in which the CysCT interacts with the flavin. Intermediate pH spectra  (pH 7.5, 
8.5, and 9.5) are in grey. (Inset) Fitting the change in abs at 550 nm to a the equation for 
a sigmodial curve gives an apparent pKa of 8.2 similar to that determined for the C82A 
2-KPCC (pKa = 8.5)  and BES treated 2-KPCC (pka = 9.0) samples. 
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Experimental Procedure 
 
 
 
Plasmid construction of recombinant 2-KPCC 

  Site-directed mutagenesis was carried out by utilizing a four-primer mutation 

technique and Phusion polymerase. The first two primers (F1 and R1) flank the desired 

amplification and the following two primers are specific to the mutation. This technique 

can be outlined as followed; F1/R2 will amplify Fragment 1, F2/R1 will amplify 

Fragment 2. These two fragments will homologously recombine and can be amplified by 

F1/R1 PCR. The following amplicon was digested by restriction enzymes Xho1 and 

EcoN1, and ligated into the His-TRX-TEV construct pBAD vector.  The sequences of the 

primers used to create the desired mutations are as follows (F1 & R1 used for each 

mutation): F1, 5’-ATCCTCGAGGCGCCCGATGGCG-3’ and R1, 5’- 

GATTTAATCTGTACTAGG-3’; PHE501HIS, F2, 5’-

GGGGACATGGACGAATTGCACCTCAATCCG-3’ AND R2, 5’-

GAAGTGGGTCGGATTGAGGTGCAATTCGTCCAT-3’; HIS506GLU, F2, 5’- 

GACATGGACGAATTGTTCCTCAATCCGACCGAATTCATCCAGCTC-3’ AND R2, 

5’- CGCGCGCAGGCGCGAGAGCTGGATGAATTCGGTCGGATTGAG-3’; 

HIS506GLN, F2, 5’- 

GACATGGACGAATTGTTCCTCAATCCGACCCAGTTCATCCAGCTC- 3’ AND R2, 

5’- CGCGCGCAGGCGCGAGAGCTGGATGAACTGGGTCGGATTGAG-3’ ; 

GLN509HIS, F2, 5’- 

GAATTGTTCCTCAATCCGACCCACTTCATCCACCTCTCGCGC-3’ AND R2, 5’-
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GCCCGCGCGCAGGCGCGAGAGGTGGATGAAGTG-3’; GLN509GLU, F2, 5’- 

CACTTCATCGAGCTCTCGCGC-3’ AND R2, 5’-

CGCAGGCGCGAGAGCTCGATGAAGTG-3’Mutations were confirmed by primer 

extension sequencing at Functional Biosciences services. 

 

Growth media  

  E. coli BL21(DE3)pLysS cells were grown in ZYP-5052 Rich Autoinduction 

Media (ZYP-Rich) broth containing 38 mg of Riboflavin per liter. 

 

Growth of bacteria  

  All bacteria were grown at 37°C unless otherwise stated. E. coli 

BL21(DE3)pLysS cells that had been transformed with the pBAD or corresponding 

mutant plasmid were plated and grown overnight. A single colony from this plate was 

used to grow a 5-mL liquid overnight culture. 500 uL of overnight culture was used as 

the inoculum for a 2800 mL baffled flask containing 500 mL of ZYP-Rich media. Cells 

were allowed to grow for at 37°C with an agitation at 250 rpm for 6 hours. When 

cells reached an A600 between 0.6 and 1.0, the temperature was reduced to 25°C, 

arabinose was added to 0.02%, and the cells were allowed to grow at this 

temperature for 16 hours. Cells were pelleted by centrifugation, frozen, and stored 

at -80°C. 
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Expression and Purification  

  Cell pellet was resuspended in 3 volumes of Lysis Buffer (20mM Tris pH 8.0, 

300mM NaCl, 5mM imidazole) with DNase I (0.03 mg/ml) and lysozyme (0.03 mg/ml) 

and thawed at 30°C with shaking. All subsequent treatments were performed on ice or at 

4°C. The cell resuspension was lysed via sonication and clarified by centrifugation 

(95,000 x g) for 30 min. Clarified cell extract was applied to Ni-NTA resin at 3 ml/min, 

washed with Lysis Buffer, and eluted using a 0-0.4 M Imidazole gradient in the Lysis 

Buffer. Ni-NTA eluent was diluted 5-fold into Buffer A (20mM Tris HCl pH 6.5, 5% w/v 

glycerol, and 0.1mM EDTA), applied to a 5-mL Hi Q-sepharose ion-exchange column, 

and eluted using a 0-1M NaCl gradient in the Buffer A.  

 Elution was pooled, concentrated by filter centrifugation to 2.5mL, and applied to a P2 

desalting column equilibrated with Desalting Buffer (50mM Tris pH 7.4, 200mM NaCl, 

10% Glycerol). Appropriate fractions were pooled, concentrated by filter centrifugation, 

and frozen as 100μL aliquots in liquid nitrogen for storage at -80°C.  

  Protein concentration was determined using a Bradford assay, 2-KPCC 

concentrations were also determined by using the previously determined extinction 

coefficient (ε450 of 11,828 M-1*cm-1). 

 

Gas Chromatography  

  Gas Chromatography (flame ionization detector) was performed by using a 

ThermoFisher GC Trace 1300. Analysis was completed through Thermo Chromeleon 

Software. Acetone was detected in 50uL headspace injections. All assays were performed 
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in 9 ml sealed serum vials with a total reaction volume of 1ml. Helium was used as a 

carrier gas over a Porapak Q column, the injector temperature was 230°C, and the oven 

temperature was 180°C. 

 

Coupled Spectrophotometric assay for 2-KPCC carboxylation activity  

  A continuous spectrophotometric assay that couples acetoacetate production by 2-

KPCC to acetoacetate production and NADH oxidation by β-hydroxybutyrate 

dehydrogenase (β-HBDH) was utilized. Assays were performed as described 

previously with the exception that KHCO3 was the sole carbonate species added. 

 

Spectrophotometric assay for 2-KPCC decarboxylation activity (2-KPC production) 

  A continuous spectrophotometric assay that couples CoM-dependent acetoacetate 

decarboxylation by 2-KPCC to NADP+ reduction was utilized. NADPH production was 

monitored via the increase in absorbance at 340nm. 
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Fig C.1. Time course acetone production comparison between WT 2KPCC and anionic 
binding pocket variants. Blue vertical line indicates 60mM KHCO3 added at 50min. 
 

 
Fig C.2. Michaelis-Menten plot with fitted curve for 2-KPC production catalyzed by WT 
2-KPCC.  Rates were measured as increase in absorbance at 340nm via acetoacetate and 
CoM coupled reduction of NADP+. 
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Fig C.3. Michalis-Menten (left) and reciprocal Dixon plots (right) for WT (top) and 
H506Q (bottom) 2-KPCC. Substrate 2-KPC concentrations for WT were as follows; 0.1, 
0.25, 0.5, 1, 3, and 5mM. Substrate 2-KPC concentrations for H506Q were as follows; 1, 
2.5, 5, 10, 30, and 40mM. Acetoacetate concentrations were varied from 0-10mM. 
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CRYSTALLIZATION OF F501H 2-KPCC 
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Introduction 

 
 The 2-KPCC mechanism involves the formation of an enolate intermediate that 

acts as a nucleophile for a substrate electrophile, CO2 or H+. Protonation and subsequent 

formation of acetone is disadvantageous to the organism Xanthobacter autotrophicus 

because the carboxylation reaction of which is ATP-dependent. 2-KPCC has repurposed 

the DSOR active site to promote carboxylation and dissuade canonical protonation 

activity. Specifically, 2-KPCC has replaced the catalytic hisitidine residue, essential for 

protonation in glutathione reductase in addition to other active-site roles, with a large, 

hydrophobic phenylalanine.1, 2  

 In the second chapter, a site specific mutagensis study revealed that substitution 

of the phenylalanine residue for the conserved histidine restored reductase and knocked 

out carboxylase activity in variant 2-KPCC (F501H). Here, we present a structure of 

F501H 2-KPCC, co-crystallized with 2-KPC, that has reacted to form a mixed-disulfide 

and the product of enolacetone protonation, acetone.  

 
Experimental Procedure 

 
 Variant F501H 2-KPCC was expressed and purified according to the method 

described previously.1 The crystals for this study were obtained by by the vapor diffusion 

method. The purified F501H 2-KPCC (20 mg/ ml) was incubated with substrate 2-KPC 

(10 mM final concentration) for 10 minutes prior to addition of an equal amount of 

precipitating solution containing 0.17 M ammonium acetate, 0.085 M trisodium citrate 

pH 5.6, 27% PEG 4,000, and 15% glycerol. Crystals in form of clusters of lathes have 
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been obtained in seven days (Fig. D.S.1). They belong to the monoclinic space group 

with one dimer per aymmetric unit and cell dimensions a=87.05 Å, b=60.21 Å, c=104.86 

Å, and α=γ= 90°, and β =100.46°. Data was collected from single plate flash-cooled 

crystals with a continuous flow of liquid nitrogen at 100 K at SSRL beamline 12-2 

equipped with a PILATUS detector with 0.15° oscillation. 

 The diffraction images were indexed, integrated and scaled using HKL2000.3 The 

F501H 2-KPCC structure was solved by the molecular replacement method using the 

mixed-disulfide crystal structure of 2-KPCC (PDB code 2c3c) as a search model with 

Phaser of the CCP4 program suite.4  The solutions were refined and improved by 

Refmac.5 Model building was subsequently completed manually using COOT.6 Figures 

were prepared using PyMol (http://www.pymol.org).7 The data processing and 

refinement statistics for this structure are given in Table D.S.1. 

 
Results and Discussion 

 
Previous structures of WT 2-KPCC with the mixed-disulfide between CysINT and 

CoM were obtained either by incubating 2-KPCC with acetoacetate, CoM, and NADP+, 

prior to crystallization or incubation with DTT of crystals co-crystallized with 2-KPC and 

NADPH. The mixed-disulfide state forms in F501H 2-KPCC by incubation the protein 

with 2-KPC prior to crystallization alone. The current structure shows the substituted 

histidine residue in close proximity to the mixed-disulfide bond between CoM and 

CysINT.  
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Previous biochemical work with this variant demonstrated that it produces 

acetone at preferentially, only performing the carboxlyation reaction under carboxylating 

(60 mM KHCO3) conditions.2  

The catalytic hisitidine in DSOR members acts to stabilize the nascent thiolate of 

CysCT, facilitating electron flow from pyridine nucleotide to enzyme disulfide, and 

protonating the fisrt molecule (of glutathione) to leave. It is possible that the substituted 

histidine in 2-KPCC is performing the same chemistry. If that were the case, the rate of 

F501H 2-KPCC disulfide reduction (i.e. the reductive half reaction) would be much faster 

than the WT rate. We do not see a clear increase in reduction rate. However, it is clear 

that this substitution aids in protonating the enolacetone intermediate. Either the 

subsituted hisitidine acts as an acid to directly donate a proton to the enol nucleophile, or 

the substitution allows protons to access the active site from bulk solvent. Given the 

proximity of the substituted histidine to the mixed-disulfide bond, the latter is a more 

likely scenario. 

 
Conclusion 

 
 

The substitution of phenylalanine by histidine reveals that 2-KPCC has replaced a 

conserved acid/base residue essential for protonation at the active-site to promote CO2-

fixation. This replaced hisitidine introduces a proton source in the active-site of 2-KPCC 

and leads to a shift in product formation, from acetoacetate to acetone, carboxylation to 

protonation. The structural and biochemical data lay the groundwork for future studies 
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into the role of this substituted residue in 2-KPCC which may lead to better 

understanding of carboxylation and protonation catalytic mechanisms of 2-KPCC. 

 

Table D.1. Data and refinement statistics obtained for the F501H 2-KPCC crystal 
structure obtained with 2-KPC. 

F501H 2-KPCC Data Collection Statistics 
cell dimensions  
a = Å 87.05 
b = Å 60.21 
c = Å 104.86 
  
α = γ = 90.00 
β = 100.46 
Space group P 1 21 1 
Wavelength 0.9884 
Resolution (Å) 1.89-39.2 
Completeness (%) 96 (62) 
Obsd reflections 326741 
Unique reflections 82211 
Avg redundancy 4.0 (2.9) 
I/σ 14.1 (.5) 
Rsym(%) 5.7 (62.7) 
Rpim 3.2 (51.0) 
CC(1/2) 0.999 (0.580) 
Refinement Statistics  
Resolution (Å) 1.93-39 
Rwork (%) 17.42 
Rfree (%) 20.67 
Average B, all atoms (Å2 ) 80.11 
RMSD from ideality:  
Bonds (Å) 0.008 
Angles (°) 0.999 
Ramchandran Plot: 
Most favored (%) 97.5 
Additional allowed (%) 2.5 
Outliers (%) 0.0 
1Numbers in parenthesis refer to the highest resolution 
shell.                                                                 
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Figure D.1. 2Fo-Fc electron density map of the 2-KPC co-crystallized structure contoured 
(1σ) about the CoM disulfide (Left). Crystal forms of F501H 2-KPCC in the presence of 
10mM 2-KPC as clustered lathes (Right). 
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