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Biocatalysis is increasing in demand in the industrial setting.  Many enzymes, 

however, are not suited for industrial chemistry without adaptations made to their amino 

acid sequence.  Though there has been some success predicting which amino acid 

replacements would give the desired outcome, many labs still find error-prone PCR and 

high-throughput screening to be more practical.  Relying on these methods requires 

them to search through large libraries of enzyme mutants.  These libraries often reach 

thousands of mutations.  Due to the lack of equipment and resources, or the high cost 

involved, it is impractical for many labs to analyze data sets that large.  Previous studies 

have shown that mutations at or near the active site can have the greatest impact on 

catalytic properties.   

In an effort to optimize an enzyme using scaled down libraries, mutations were 

made to the old yellow enzyme 1 (OYE1).  OYE1 is an alkene reductase that can 

reduce the double bond of many compounds but is more closely associated with the 

reduction of α,β unsaturated ketones and aldehydes.  One study focused on improving 

the substrate scope by changing the reductive potential of the FMN cofactor.  To do so, 

we used the substitution T37A, but this did not result in improvement of the enzyme’s 
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properties.  Another focus was to change the enantioselectivity of the enzyme. To do 

this, a mutant library was made at position 116.  We attempted to find if these mutants 

would change the enantioselectivity for some 2,5 alkyl substituted cyclohexenone 

compounds, and evidence was found to suggest that this does take place.  These 

mutants were also screened with some phenyl substituted alkenes and also Baylis-

Hillman adduct compounds.  While the investigation featuring phenyl substituted 

alkenes did not yield any results towards altered stereochemical outcomes, the work 

featuring Baylis-Hillman adduct compounds revealed mutants with both improved 

conversion percentages compared to OYE1 as well as improved enantioselectivity. 
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CHAPTER 1 
TECHNIQUES AND MOTIVATIONS FOR ENGINEERED PROTEINS 

Background and Significance  

Biological systems can respond differently to the different optical isomers of 

compounds.  For example, enantiomeric compounds can smell differently as in S and R 

carvone (caraway and spearmint, respectively).1 Studies have also shown that giving 

medications as one optically pure isomer increases drug potency and decreases side 

effects.2  However, many drugs are still sold as racemates or mixtures of diastereomers 

because the added cost of producing optically pure compounds is too high.  This has 

stimulated interest in developing new methods for producing chiral compounds.  One 

particularly fruitful strategy to form chiral sp3 centers is the hydrogenation of double 

bonds, particularly carbonyl and alkene moieties.  Many metal-catalyzed examples of 

these reactions have been published, more recently, enzymes capable of performing 

these reactions have also been used as the basis of synthetic methodology. 

Whole microbial cells have been popular as biocatalysts.3  In these cases, 

intracellular enzymes reduce ketones and alkenes to chiral sp3 centers.  They require 

only a cheap carbon source, such as glucose, for energy in order to regenerate the 

NADPH and NADH reducing equivalents.4  While such processes can be employed 

commercially,5 they also have drawbacks.  Since cells express many enzymes, 

enantiomeric purity can be poor due to competing catalytic activities.  In order to solve 

this problem, one can delete all of the competing proteins, though this process is 

laborious when many proteins are involved.6  Alternatively, purified enzymes can be 

used instead.  In order to simplify purifying enzymes, it is possible to clone enzymes into 

an E. coli expression vector that is tagged for affinity chromatography.7  Affinity tagging 
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allows each protein to be purified by a common protocol without the need to develop a 

customized purification procedure for each enzyme.  Easy enzyme purification allows 

one to focus on characterizing the reactions they catalyze, rather than on the mechanics 

of isolation. 

In order to be practical, biocatalysts need to be robust, cost-effective, and 

environmentally friendly.8  Inexpensive bulk materials, therefore, represent especially 

challenging targets for biocatalytic methods since the petrochemical industry is 

extremely cost effective.9  Conversely, fine chemical manufacturing is a more logical 

arena for biocatalysis.  The pharmaceutical industry currently uses more than ten 

processes that utilize carbonyl reductases.10  This is usually possible because priority is 

placed on compound purity above all else.  However, in some instances, due to their 

inherent regioselective and stereoselective properties, protection and deprotection 

pathways can be avoided, circumventing synthetic steps, thus lowering manufacturing 

costs.10  It is for these reasons the popularity of biocatalysts is increasing. 

Enzymes are not usually suited for industrial chemistry in their native form.  They 

have evolved over millions of years in support of their host organism, and not for the 

chemical process for which they may be applied.11  One problem that often arises is that 

only one product stereoisomer can be easily accessed from the native biocatalyst.  In 

the case of carbonyl reductases, enzymes that produce both alcohol enantiomers are 

available.  These catalysts are classified as being Prelog (S) or anti-Prelog (R), named 

after Prelog’s rule.12   

The situation is different for alkene reductases, however, and most of these 

enzymes reduce substrates with the same stereoselectivity.13  This class of enzyme is 
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also burdened by expensive cofactor dependence, limited substrate scope, and poor 

stability in the presence of organic substances. 

Our group has focused its attention on overcoming all of these problems.  This 

chapter will review some methods of enzyme engineering as they relate to producing 

chiral compounds using carbonyl and alkene reductases with an emphasis on synthetic 

application.  The strategies range from replacing catalytic metals of enzymes to more 

practical and even industrially relevant mutagenesis.  The final discussion of this 

chapter will be the developing field of alkene reductases with a focus on the old yellow 

enzyme family. 

Mutagenesis Methods 

A molecular biologist has many tools that can be utilized for the creation of a better 

protein.  Error-prone PCR is commonly employed since it is simple and free of 

intellectual property constraints.14  This method involves replicating DNA with a low 

fidelity process, but only works well when there is a good high-throughput screening 

method available to identify a useful variant.  Since many of the resulting mutations will 

have little effect or will even be detrimental, researchers routinely examine thousands of 

samples at a time in order to find the desired result.  Another key disadvantage to error-

prone PCR is that not all codons are accessible by base changes at a single position.  

For example, there is only one codon that codes for tryptophan (TGG).15  If the starting 

codon codes leucine using CTT, it is unlikely that all three positions will be changed by 

methods that create sequence changes at random positions.  For this reason, error-

prone PCR favors amino acids encoded by multiple codons.  The large screening efforts 

demanded by completely random mutagenesis has motivated the search for better 

ways to use knowledge of enzyme structure and properties to lessen reliance on blind 
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screening.  This problem has led to the development of rational mutagenesis methods 

in an effort to shrink the necessary screening library size.  One noteworthy example is 

provided by Codexis, which has applied the method of protein sequence activity 

relationships (ProSAR) to improve ketoreductases, and another is Iterative Saturation 

Mutagenesis (ISM), developed by the Reetz group. 

Reetz and coworkers developed ISM as a way to implement Combinatorial Active-

Site Saturation Test (CASTing).16  CASTing rests on the simple philosophy that if a 

scientist wants to influence the way an enzyme binds its substrate(s), then success is 

more probable if one concentrates on making mutations close to the active site.17  Such 

mutations to the active site are made at more than one position at a time (in 

combination).  The major drawback to traditional CASTing is that simultaneous 

saturation mutagenesis at multiple positions leads to very large libraries and a 

correspondingly large screening effort.  While ISM also relies on more than one 

mutation within the active site, each position is examined individually, and then the best 

substitutions are combined.  This involves the creation of multiple first-generation 

libraries (one for each position), which yield “anchor substitutions” for subsequent 

rounds of mutagenesis.18 

Examples of Carbonyl Reductions 

Carbonyl reductions can introduce a single chiral center into a molecule or more 

than one if dynamic kinetic resolution is involved.19  The new functional group can be 

useful for other downstream applications.20  The following sections will give examples of 

some evolved carbonyl reductases categorized by the reasons for their directed 

evolution. 
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Changing Cofactor Dependence  

Carbonyl reductase enzymes may use either NADPH or NADH to supply the 

hydride required for alcohol formation.  Enzymes are often highly selective for one 

cofactor or the other; unfortunately, NADPH is more expensive than NADH by an order 

of magnitude.  The expense can be minimized by using a cofactor recycling system, but 

industrial scales still require large cofactor quantities.  This has motivated a search to 

uncover the origin of NADPH selectivity, with the goal of switching to NADH.  On the 

other hand, it is important to preserve the original catalytic efficiency in the engineered 

variants.21 

These issues have been addressed in the family of carbonyl reductases called 

short chain dehydrogenase reductases (SDR).  Previous X-ray crystallography studies 

have shown that a conserved aspartate side-chain forms a hydrogen bond to the 

adenine for the NADH-dependent enzymes,22 while in NADPH-dependent reductases, a 

threonine at the same position hydrogen bonds to the phosphate through a water 

molecule.23  Nakanishi et al. changed the coenzyme preference from NADPH to NADH 

in mouse lung carbonyl reductase using only a single mutation (T38D).24  The Kcat 

value reported for the mutant enzyme with NADH (3.6s-1) was an improvement over the 

wild-type value with NADPH (2.4 s-1).  No changes in stereoselectivity were reported.   

Xiao applied the results of sequence and structural analysis summarized above to 

a carbonyl reductase from Candida parapsilosis.25  Using all nine possible combinations 

of the mutations S67D, H68D, and P69D, they were able to switch the selectivity of the 

enzyme to NADH dependence.  Interestingly, the enzyme also switched its 

enantioselectivity.  The wild-type enzyme is a Prelog’s rule reductase, producing S 
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alcohols.  Using 2-hydroxyacetophenone as a model substrate, the mutant that 

produced the best results was S67D/H68D which gave 83% yield and 90% ee (R). 

These same concerns were also addressed in the R-specific alcohol 

dehydrogenase from Lactobacillus brevis, which was first discovered during a search for 

synthetically interesting alcohol dehydrogenases.26  It is an interesting enzyme because 

its substrate scope includes diaryl ketones and not just substituted acetophenones like 

many other SDR’s.  This protein’s preference was changed from NADPH to NADH with 

a single mutation in its active site G37D (Figure 1-1).27  This accomplishment was 

heralded as an important advance by the authors; unfortunately, the switch in cofactor 

specificity came with a rate penalty.  This problem was overcome by a different 

research group who performed computational modeling on the enzyme.21  This group’s 

model suggested that four possible changes might work, but experimentally, three of 

them failed.  Based on computations, the A38P mutation altered the hydrogen bonding 

pattern of main chain amide bonds to NADPH, and this mutation greatly increased the 

rate of NADH oxidation with a Vmax of 80.3 U / mg.  This system was further probed by 

generating the double mutant G37D / A38P, but this variant proved to be inferior to the 

single mutant A38P. 

Substrate Scope 

Using docking studies, the enantioselectivity of the enzyme Sporobolomyces 

salmonicolor carbonyl reductase (SSCR) was enhanced.  It had been previously 

reported that SSCR reduced a number of ketones to chiral alcohols with good 

enantiomeric purity (> 95% ee).28  By contrast, it reduced para-substituted 

acetophenones with poor selectivity (14-59% ee favoring R).29  Using the docking 

program ICM-Pro 3.4.9.d, computational binding studies were carried out with 4-
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methoxyacetophenone as an initial test substrate.  These efforts revealed that the 

binding modes for Prelog and anti-Prelog hydrogenation were energetically close.30  

The docking studies also showed that the residues Q245 and M242 lay very near the 

para-position of the substrate.  When the researchers mutated Q245 to all possible 

amino acids, binding of 4-methoxyacetophenone changed, and stereoselectivity was 

enhanced by three mutations.  The H, L, and P replacements afforded higher ee values 

and also changed the enantiomeric preference from R to S (Figure 1-2).  The latter 

alteration was unexpected.  However, since the wild-type enzyme provided only 57% ee 

for this substrate, any increase in optical purity was still a welcome result.  Other para- 

substituted substrates were studied, and the same trend was observed.  All had 

improved ee values, many greater than 90% along with higher specific activity in several 

cases.  Unfortunately, the mutant displayed poorer stereoselectivity for substrates 

reduced by the wild-type enzyme with high stereoselectivity. 

Thermoanaerobacter ethanolicus dehydrogenase (TeSADH) is a secondary 

alcohol dehydrogenase that is highly thermostable (half-life of 1.7 h at 90°C ) and 

solvent stable.31  These robust properties make it attractive for industrial processes.  

Ziegelmann-Fjeld et al. used the existing crystal structure published under the name 

Thermoanaerobacter brockii dehydrogenase (sequence data had confirmed they were 

identical) to choose a site to mutate and broaden the scope of the enzyme’s utility.  The 

researchers were specifically interested in reducing phenylacetone to the S-alcohol 1-

phenyl-2-propanol (Figure 1-3) since this is an important precursor for the synthesis of 

amphetamine and derivatives of amphetamine.  However, no thermo or solvent tolerant 

enzyme is currently used for this reduction, and TeSADH cannot naturally perform this 



 

24 

reaction.  Though the enzyme can produce many secondary alcohols, including ones 

with long aliphatic chains, such as 2-decanol, it is not reactive toward ketone substrates 

containing rings with more than three carbons.32  Within the crystal structure, the active 

site has two binding pockets, designated small and large.  The small binding pocket has 

a higher affinity for alkyl groups than the large pocket.  The active site has a tryptophan 

in it that is sterically bulky, and the researchers used site-directed mutagenesis to 

change it to an alanine (W110A).  This single point mutation was successful in creating 

an enzyme that could reduce phenylacetone to the S-alcohol with 99% conversion and 

99% ee.  To further explore the selectivity of the enzyme, the researchers used the 

enzyme to oxidize a selection of racemic alcohols and resolved the R enantiomers to 

99% ee (Figure 1-4).  The driving force for the reaction uses solvent as a direct 

resource for reducing equivalents to force the equilibrium.  If oxidizing the alcohol to 

resolve enantiomers is desired, then acetone in water (10% v / v) was used as the 

solvent.  If reducing the ketone to a chiral alcohol is desired, then the solvent consists of 

2-propanol in water (30% v / v).33  This mutation also allowed TeSADH to 

reduce/oxidize other secondary alcohols that were attached to a ring. 

An extreme example of changing the substrate scope of an enzyme is galactose 

oxidase.  Whereas most researchers choose enzymes with activities that are close to 

the desired outcome, galactose oxidase has been through enough generations of 

mutagenesis to include substrates very different than its original.  Galactose oxidase is 

an oxidoreductase enzyme that catalyzes the oxidation of the alcohol to an aldehyde at 

the C-6 position of galactose (Figure 1-5).34  Though the name is similar to glucose 

oxidase, the two act on different positions of their respective sugars (glucose oxidase 
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oxidizes the anomeric carbon to yield a lactone).  Since hydrogen bonding patterns are 

often used for enzyme recognition, galactose oxidase is very specific for galactose.  

Also, since sugars are biologically active, they are interesting molecules for synthetic 

study as drug target molecules.  Sugars are a great example of the need for 

regioselective chemical methods, otherwise, protection and deprotection steps must be 

utilized to avoid oxidizing the wrong hydroxyl group.  Turner’s work was motivated by 

the lack of an available enzyme that would oxidize glucose at the 6 position.  Since 

galactose oxidase acts at the C-6 position, they hypothesized that it may be engineered 

to accept glucose using mutagenesis methods.  These researchers chose to mutate 

R330 and Q406 to eliminate the hydrogen bonds that are specific for the hydroxyls on 

C-4, C-3, and C-2 and W290 which interacts with the carbon backbone.34  After 

mutating these positions, the enzyme no longer had activity for its physiological 

substrate, galactose, but some mutants were able to oxidize glucose at the C-6 position.  

The enzyme that they found to be best was mutated in the positions R330K, Q406T, 

and W290F.   

Starting with the sequence from Turner, and using error-prone PCR, other 

researchers were able to change the activity of the enzyme to include a range of 

secondary alcohols (Figure 1-6).35  These mutants were quickly identified using a 

colorimetric screening method on agar plates.  Modeled after a previously published 

method,36 this method involves treating the agar plate with a peroxidase enzyme and a 

substrate of that enzyme that will change color upon oxidation.  In this procedure, the 

plates contained the chromogenic substrate 4-chloronapthol.  Peroxidase captured 

hydrogen peroxide, using it to oxidize 4-chloronapthol so that colonies positive for 
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oxidase activity appeared dark purple.  This allowed the authors to screen 100,000 

mutants per round of mutagenesis and find mutants that were able to resolve 13 

racemic alcohols to chiral alcohols and ketones with a Kcat > 200 and 99% ee. 

Solvent Stability 

When using purified enzymes, tolerance to organics can be a major concern.  The 

most important force holding an enzyme together is the hydrophobic effect.  However, 

substrates that are required in process chemistry are often only minutely soluble in 

water.  Reaction conditions therefore often include water-soluble alcohols or other 

miscible co-solvents to help dissolve the substrate.  This solubility problem is often 

compounded by the need for high concentrations of starting materials or products in the 

reaction mixture to achieve high volumetric productivities.  Typical physiological 

substrate concentrations are millimolar; however, industrial processes often exceed 

these levels by 100 times or more.  This often leads to protein instability.  For this 

reason, high substrate concentrations cannot be achieved without finding solvent-

tolerant enzymes.8 

There is often a correlation between solvent-tolerant and thermotolerant 

enzymes.19  Hyperthermotolerant enzymes might therefore seem a logical answer.  

Unfortunately, many of these enzymes show little or no catalytic activity at moderate 

temperatures.  One strategy used to find a solvent-tolerant enzyme has been to take a 

hyperthermotolerant enzyme and make it less thermally stable, hoping that the 

engineered enzyme will maintain a higher degree of solvent tolerance while still 

catalyzing a reaction at or near room temperature.  Pyrococcus furiosus is a 

hyperthermophile that has an optimal growth temperature near 100°C.37  Its alcohol 

dehydrogenase is capable of reducing diones to the corresponding S,S diols.38  This 
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enzyme is very robust with reported half-life values of 150h at 80°C, 22.5h at 90°C, and 

displays its maximum activity at 90°C.  Chiral diol synthesis is best done at room 

temperature or near 30°C to minimize energy cost.19  Unfortunately, P. furiosus ADH 

has only 5% of its maximal activity at this temperature.  Error-prone PCR followed by 

activity screenings were performed to increase the activity at low temperature.  The 

protein with the best activity at 30°C contained two mutations, R11L and A180V.  The 

substitution R11L is located in the NADPH binding site.  This position is not critical for 

NADPH binding, but it had previously been shown that a hydrophobic residue is 

preferred there to enhance both cofactor binding and turnover rate.39  The second 

substitution (A180V) is located in the substrate binding pocket and is also found in many 

mesophilic alcohol dehydrogenases.19  It may be important for maintaining the position 

of the catalytic residue T183.  These two mutations increased the specific activity of the 

enzyme with 2,5-hexanedione at 30°C, but maintained enough stability to still allow high 

concentrations of 2-propanol as both a co-solvent and a hydride source.  The 

researchers were interested in producing S,S,-2,5-hexanediol as a chiral building block 

in downstream applications (Figure 1-7).  As may be expected, the doubly mutated 

enzyme is not as stable as the wild-type at 100°C.  The half-life for the mutant enzyme 

at that temperature is 44 min while that of the wild-type is 178 min.  The study failed to 

report whether the increased rate at 30°C resulted in any penalty in product optical 

purity. 

Product Tolerance 

The amino alcohol dehydrogenase from Rhodococcus erythropolis MAK154 has a 

substrate scope that includes α-amino alcohols.  For example, this enzyme reduced S-

1-phenyl-1-keto-2-methylaminopropane to d-pseudoephedrine(dPE) (Figure 1-8).40  
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Given the commercial interest in this product, this is potentially useful.  Unfortunately 

the enzyme cannot tolerate high product concentrations, which makes it impractical for 

industrial use.  In response, Urano used high-throughput screening and error-prone 

PCR to test new mutants of the enzyme for greater product tolerance.41  The most 

interesting aspect of this experiment was the manner in which the reaction was 

detected.  Since the goal of the study was to increase product tolerance, the starting 

reaction mixtures contained 80 mg / mL dPE as well as (R,S)-1-phenyl-1-keto-2-

ethylaminopropane (EAM), which was the actual substrate for reduction.  A glucose 

dehydrogenase NADPH recycling system served as both the hydride source and also a 

method to monitor the reaction progress.  For every molecule of glucose oxidized to 

gluconolactone, spontaneous hydrolysis of the lactone product (Figure 1-9) yielded a 

free proton, which caused a pH drop in the reaction mixture.  This was used to monitor 

the activity by using phenol red as an indicator (Figure 1-10).   

Using the colorimetric screen, 5,000 different clones were visually examined in 

microtiter plates.  Approximately 100 clones changed the color of the indicator from red 

to yellow.  Of those, two were selected after measuring the bioconversion rate on an 

HPLC.  Each had one single amino acid substitution, either G73S or S214R.  To 

uncover the way in which two mutations were related to stability in the presence of high 

concentrations of product, the corresponding double mutant (G73S, S214R) was 

prepared.  Mutants with the G73S substitution had higher Km values than the wild-type, 

indicating an important function in substrate binding; however, tests proved the double 

mutant was the most stable in high concentrations of dPE.  It also gave the best yield 

(87%) in reaction conditions.   
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Thermostability 

Asako et al. reported Penicillium citrinum β-keto ester reductase (KER) catalyze 

the reduction of methyl 4-bromo-3-oxobutyrate (BAM) to (S)-4-bromo-3-hydroxybutyrate 

(S-BHBM) with more than 90% ee (Figure 1-11).42  This compound is an important 

intermediate in the synthesis of an inhibitor for the rate-limiting step of cholesterol 

synthesis.  Though the enzyme can reduce the desired substrate, it is not useful for 

industrial synthesis due to its low thermal stability.43  Using error-prone PCR, a library of 

4,000 mutants was generated, then screened for reductase activity by measuring 

consumption of NADPH after heating at 45°C for 30 min.  From these screenings, 4 

positions were picked as potentially useful for increasing stability.  After further site-

directed mutagenesis to mix and match substitutions at these positions, it was decided 

that the mutant L54Q possessed the most desirable properties with respect to 

stereoselectivity (98% ee S) and good thermotolerance (retaining 54% of the initial 

activity after 2 h at 45°C). 

Industrially Useful Carbonyl Reductase Variants 

All of the enzymes mentioned previously were mutated in an effort to improve their 

industrial efficacy.  However, there is no mention or evidence that these developed 

enzymes were actually employed commercially.  Even with the improved properties 

described above, it is likely that many of them are still not suitable.  In the following 

section, engineered carbonyl reductase enzymes that are used in an industrial process 

will be discussed. 

One good example was reported by workers at Codexis, who described the 

development of a carbonyl reductase suitable for producing (R)-2-methylpentanol.44  

This alcohol is a key chiral building block for pharmaceuticals45 and liquid crystals.46  
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BASF patented a process for (R)-2-methylpentanol in 2006.  Their synthesis started 

from 2-methylpent-2-enal and involved aldehyde hydrogenation, followed by alkene 

hydrogenation using a ruthenium complex and H2 at 200 bar, then a final lipase 

mediated kinetic resolution to remove the minor enantiomer (Figure 1-12).47  Codexis’ 

route involved selective reduction of racemic 2-methylvaleraldehyde by an alcohol 

dehydrogenase (Figure 1-13).  The route was expected to meet several goals, 

summarized in Table 1-1.  A library of wild-type enzymes was initially screened for the 

desired conversion, although the extent of the library was not disclosed.  Lactobacillus 

kefir KRED gave the best initial hit, although the wild-type enzyme did not meet the 

performance targets because it provided only 85% ee.44  After three rounds of 

mutagenesis, a final mutant met all of the targeted criteria, achieving 98.2% ee and 46% 

conversion at a substrate loading of 220 g / L.  This mutant had a total of five amino 

acid substitutions (G82S, S96A, E145S, L153Q, I223V). 

(R)-tetrahydrothiopene-3-ol is a useful building block for synthesizing the prodrug 

sulopenem.  The original Pfizer process starts with L-aspartic acid and requires five 

steps to reach the final target (Figure 1-14).48  Though the route yields an optical purity 

of 96% ee, it involves hazardous conditions, high energy intermediates, and a noxious 

reagent.  A simple strategy to reach the target compound would involve the asymmetric 

reduction of tetrahydrothiophene-3-one (Figure 1-15).  Unfortunately, the near-

symmetrical structure of the starting ketone makes this reduction highly challenging.  

Using CBS-borane gives only 23% ee,48 and catalytic hydrogenation using Ir-BINAP 

gave a maximum of 82% ee.49 
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To overcome these problems, Codexis set out to develop an enzyme that could 

reduce tetrahydrothiophene-3-one since no enzyme was available that possessed 

adequate performance with respect to enough optical purity.20  Cost and performance 

targets were also set for this conversion (Table 1-2).  After screening a library of 

enzymes, Lactobacillus kefir ADH again gave the most promising initial results (63% 

ee).  Several rounds of mutagenesis were employed to improve product optical purity.  

The most dramatic improvements occurred in the first two rounds when 95% ee was 

reached.  Positive changes were only incremental.  After a total of eight rounds of 

mutagenesis, the best mutant contained ten mutations.  Using the final enzyme (R)-

tetrahydrothiophene-3-ol was produced in 85-89% yield with > 99% purity and 99.3% ee 

in batches larger than 100 kg. 

Montelukast sodium is an asthma and allergy medication developed by Merck and 

sold as Singulair (Figure 1-16).50  The main drawback of the original synthesis was its 

requirement for (-)-DIP-Cl, which is corrosive, moisture sensitive, requires a tedious 

workup, and places a heavy burden on waste stream (Figure 1-17).51  The key 

challenge for a biocatalytic alternative was that the precursor molecule is not soluble in 

water, and suitable enzymes were not stable in the presence of high cosolvent levels.  

The starting material is most soluble in DMSO, and in an aqueous system, it is most 

solvent in a tertiary solvent system consisting of 1:5:3 THF/IPA/Water.  The latter 

mixture is desirable for carbonyl reduction, because the isopropyl alcohol (IPA) can also 

be used as a hydride source for the reduction.  To dissolve higher substrate 

concentrations, the bioconversion was run at 40°C.  The patent for this process cites 

several ketoreductases as being possible candidates, but does not give the final 
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process enzyme.52  The publication that supports the patent discloses that the final 

process was not run in the initial ternary solvent mixture.  At 45°C, the enzyme was 

most stable in a 1:5:3 mixture of toluene/IPA/100m M pH 8.0 triethanolamine HCl with 2 

mM MgSO4.  Conversions can be run for 24 hours in 125 kg batches. 

Synthetic Enzymes 

The most extreme example of protein engineering involves the construction of 

synthetic enzymes by incorporating a catalytic metal complex into the protein active site 

binding pocket.  In general, the catalytic outcomes of these synthetic enzymes have no 

relation to the original function of the natural proteins.  Rather, catalysis depends 

completely on the chemistry of the incorporated metal, and the stereochemical outcome 

is dictated by the steric and hydrophobic environment provided by the protein 

architecture.  Artificial metal cofactors can be placed into the active site of a protein 

using two different strategies, and two examples have been applied to reducing alkene 

and carbonyl groups. 

Direct anchoring 

Direct anchoring occurs when a catalytically active metal is bound directly to the 

active site of the protein.  This was done to human carbonic anhydrase II (HCAII), which 

normally has a zinc ion in its active site.  This zinc ion was removed via dialysis using 

2,6-pyridinedicarboxylate, then the active site was filled with rhodium using dialysis.53  

Other active site mutations were made to encourage the release of zinc by removing 

histidines from the active site for some assays.  These modifications completely 

abolished the original catalytic activity of HCAII (converting CO2 to bicarbonate) and 

allowed the completely unrelated catalytic activity of alkene reduction to be observed.  

Different mutants were screened with cis-stilbene.  The goal of this study was to 



 

33 

develop a method for alkene reduction.  Unfortunately, this has not been a very practical 

approach since the best result (80% conversion) was compromised by the presence of 

free rhodium in solution, which caused isomerization to trans-stilbene.  This isomer was 

not reduced by the enzyme (Figure 1-18). 

Indirect anchoring 

Indirect anchoring, also called supramolecular anchoring, depends on binding the 

catalytic metal ion to an inhibitor of an enzyme, thereby directing it into the active site of 

the protein.  This approach was applied to avidin by Whitesides (Figure 1-19).54  An 

achiral diphosphine rhodium catalyst conjugated to biotin was mixed with avidin, 

yielding a catalyst for hydrogenations of acrylates.  Any asymmetric preference 

observed for this system was due to the protein’s tertiary structure.  The same principle 

was then applied to streptavidin, a prokaryotic protein that also binds biotin with high 

affinity.55  Streptavidin has a larger binding pocket that affected stereoselectivity.56  The 

initial study that compared avidin and streptavidin directly concluded that some 

combinations of phosphine ligands, streptavidin and avidin yield enantiocomplementary 

products, although streptavidin generally provided better ee values.  This concept was 

later applied to ruthenium complexes combined with avidin or streptavidin for chiral 

ketone reductions.  Using acetophenone as a test substrate, the best result was 92% 

conversion along with 94% ee R.57  Many of the results in these three examples 

depended on genetic optimization as well as chemical optimization, e.g. chain length 

between metal and biotin, and the ligand sphere surrounding the coordinated metal. 

Alkene Reductases 

The Nobel Prize in chemistry was awarded to Ryoji Noyori in 2001 for his method 

of cis-hydrogenation using ruthenium 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl 
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(BINAP) complexes.  Ru BINAP complexes allow for an intuitive synthetic approach.  

One only has to choose either R or S BINAP to produce the enantiomer needed.  

Depending on the starting materials’ functionality, using S BINAP as the catalyst would 

give one product while R BINAP would give the enantiomer (Figure 1-20).58  This 

method has had great success in the presence of certain functional groups like alkenes 

functionalized with a carboxylic acid, but only moderate gains with other aprotic groups, 

such as alkenes functionalized with esters or ketones.59 With all of this success, the 

procedure for the Noyori asymmetric hydrogenation also highlights some of the general 

problems of catalysis for these reactions: high pressure, high heat, limited substrate 

range and a limited product range. Also, the products result from a cis-hydrogenation 

mechanism, which leaves out a way to produce isomers that could result from a trans-

hydrogenation.  Biotransformations using alkene reductases offer an alternative to these 

metal catalyzed reactions.  Such conversions use renewable resources, atmospheric 

pressures, at or near room temperature and often with such great enantioselectivity and 

regioselectivity that one can avoid unnecessary synthetic steps.60  The Old Yellow 

Enzyme family has proven particularly useful in asymmetric alkene hydrogenations. 

Old yellow enzyme 1 (OYE1) was the first protein containing a non-covalently 

associated cofactor to be isolated.  It was purified from Saccharomyces pastorianus 

(originally named Saccharomyces carlsbergensis) in 1933 by Warburg and Christian,61 

and its FMN cofactor was discovered by Thorell in 1935.62  This cofactor, which is 

critical to reactivity, is held in the middle of the active site using steric and hydrogen 

bonding interactions.  The enzyme has an α8β8 barrel shape, also known as a TIM 

Barrel (Figure 1-21), and the protein exists in the cell as a homodimer.63  The history of 
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the enzyme is rich with studies that provide an understanding of the chemistry that 

makes enzymatic catalysis possible, especially when it comes to the use of cofactors, 

both in vivo and in synthetic applications.  Though there is a wealth of knowledge for 

this protein, one question that has remained unanswered is the enzyme’s physiological 

role.64 

Mechanism 

OYE1 follows a ping-pong bi-bi mechanism.  The first stage is the reductive half 

reaction in which NADPH delivers a hydride to N5 of the active site FMN.65  The 

oxidative half reaction can be performed by several substrates, including O2, but for 

synthetic purposes involves reducing the alkene of an α,β unsaturated ketone or 

aldehyde.  While these are unlikely to be the physiological substrates for the enzyme, 

their reductions are efficient and stereoselective.  The side-chains of His 191 and Asn 

194 donate hydrogen bonds to the enone or enal carbonyl oxygen, which helps position 

the substrate and further polarizes the alkene bond to enhance the electrophilicity of its 

β-carbon.  This facilitates a hydride transfer from the FMN N5 to the β-carbon along with 

protonation of the enone species in a step that involves Y196.  The net result is a trans-

addition of H2 across the alkene (Figure 1-22).66  This mechanism nicely complements 

the Noyori type methods that provide net cis-hydrogenation. 

Substrates for the Oxidative Half-Reaction 

Many early OYE1 studies used oxygen as the electron acceptor for the oxidative 

half-reaction.  In 1995, it was discovered that 2-cyclohexenone could also act as an 

electron acceptor for the reduced FMN.67  This stimulated a larger search by Massey to 

identify additional OYE1 substrates.  He concluded OYE1 reduced the carbon to carbon 

bond of many substituted alpha-beta unsaturated ketones and aldehydes, although 
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there were some steric limitations.67  In general, most α,β-unsaturated acids and esters 

were not reduced by OYE1. 

Subsequent work by other groups has better defined the substrate range of OYE1.  

For example, in the case of 2-substituted 2-cyclohexenones, OYE1 reduces the methyl 

derivative efficiently, but the ethyl analog is reduced much more slowly.68  The 

conclusion is that this site can accommodate small functional groups only.  Consistent 

with this notion, halide or alcohol substitution at this position is well tolerated, and the 

added electron withdrawing effects further activate the double bond and thereby 

increases the reaction rates.69 The 3-position can vary greatly in size as long as large 

groups are not on both sides of the alkene bond.69  A few other examples of the 

enzyme’s limitations were also revealed in the substrate library.  OYE1 will not catalyze 

the reduction of an alkene that does not have sufficient electron withdrawing groups 

near it.  For example, an alkene activated by an alcohol will not react, nor will it reduce a 

carbonyl if there is no alkene to reduce.68 

OYE1 also catalyzes a dismutation reaction for some substrates in the absence of 

NADPH.  For example, incubating 2-cyclohexenone with OYE1 yields 0.5 equivalents of 

cyclohexenone and an equal amount of phenol.  In this case, the C5/C6 alkane moiety 

is the electron source for FMN reduction.  The resulting cyclohexadienone tautomerizes 

to yield phenol and the FMNH2 reduces another substrate molecule to yield the 

saturated ketone.64 

Product Stereochemistry 

A limitation shared by all enzyme-catalyzed synthetic methodologies concerns the 

ability to access the “other” stereoisomer.  For ligand-guided organometallic approaches 

such as the Noyori asymmetric hydrogenation, either enantiomer can be produced 
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simply by selecting the appropriate BINAP enantiomer.59  Since all natural enzymes are 

assembled from only L-amino acids, obtaining the enantiomer of a biocatalyst is not a 

viable strategy.  Fortunately, some enantiocomplementary pairs of enzymes have been 

identified,70 but this is not generally proven the case for alkene reductases from the 

OYE superfamily (Figure 1-23).13  Successful examples of using alkene reductases to 

produce both enantiomeric products in optically pure form are summarized below. 

The most straightforward approach to identifying an alkene reductase with 

complementary stereoselectivity to that of OYE1 is to source naturally-occurring 

enzymes.  Alkene reductases outside the OYE1 superfamily are particularly attractive 

targets. One example is rat leukotriene B4 12-hydroxydehydrogenase (Ltb4DH).  

Ltb4DH is a non-flavoprotein whose only cofactor is NADPH.71  A unique feature of this 

enzyme is its ability to catalyze either trans or cis-addition of H2 depending on whether 

R or S perillaldehyde is used as the substrate.72  Ltb4DH reduces both R and S 

perillaldehyde to the same product cis isomer (Figure 1-24); however, the mechanism 

involves net trans-addition of H2 in one case and net cis-addition is the other.  

Unfortunately, this mechanistic divergence was only observed for a single substrate. 

A related strategy for finding reductases with different stereochemical 

preferences is to develop a library of OYE1 homologs.  This approach assumes that 

even homologous proteins have enough differences to alter the stereochemical 

outcome, possibly by changing the substrate binding orientation (Figure1-25).73,74  While 

this approach was very successful for carbonyl reductases, it has shown only limited 

utility for alkene reductases.  One notable exception is the reduction of 1-nitro-2-

phenylpropene, where the enzyme NCR reductase from Zymomonas mobilis can 
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reduce this compound to the S configuration and 99% conversion while OYE1 reduces 

it to the R configuration and 90% conversion.73 

Substrate engineering is another strategy for changing the stereochemical 

outcomes of alkene reductases.  Faber has reported one example.75  This allows for an 

optimized pairing between substituents and alkene reductases.  In one example, 2-

methoxy-2-cyclohexenone is reduced by both OYE1 and NCR reductases with the 

same stereochemical preference, although the latter provides a lower % ee value.  By 

contrast, the allyl analog is not a substrate for OYE1; however, NCR reduces it to the 

opposite stereoisomer with good % ee (Figure 1-26).  Despite its success, this method 

is not ideal for synthesis since at least one enantiomer would require an additional two 

steps to account for the protection and deprotection. 

Faber also investigated a substrate engineering strategy in the synthesis of 

Roche ester using alkene reductases (Figure 1-27).76  Roche ester is an important chiral 

building block for the synthesis of α-tocopherol,77 the fragrance component muscone,78 

and many antibiotics.79,80,81  Faber’s plan to change the stereochemical outcomes of 

alkene reductase-catalyzed bioconversions was to adjust the steric bulk near the alkene 

by forming ether derivatives (allyl, benzyl, and tert-butyldimethylsilyl (TBDMS)).  

Unfortunately, the attempt to use altered steric bulk to flip substrate binding within the 

active sites failed.  While different substrate/enzyme pairs gave a wide range of 

conversions, only R-selectivity was observed, and no combination that yielded the S 

enantiomer was identified.  The best result involved TBDMS ether and xenobiotic 

reductase A, from Pseudomonas putida, which gave the reduced product with > 99% ee 

and > 99% conversion. 
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The final strategy for altering the stereoselectivities of alkene reductases is the 

one adopted by this lab.  This approach uses protein engineering to influence the 

orientations of substrate binding.  Sites for mutagenesis are selected using information 

from X-ray crystallography.  In favorable cases, a single amino acid substitution can flip 

substrate binding (Figure 1-28).82  A method pioneered by Reetz (iterative saturation 

mutagenesis) is more generally effective, however.83  Instead of making mutations and 

screening those with many substrates, this method is based on choosing a substrate 

and making generations of mutations to fit that substrate.  This coaxes the enzyme into 

binding the substrate in a new conformation.  Mutations to build from next are decided 

using conversion and ee calculations from the previous generation of enzymes.   

Experimental results clearly show that these mutations do not change the 

mechanism of the enzyme, preserving the trans-hydrogenation, and thus still act as a 

potential complement to the Noyori hydrogenation.  In a previously published example 

of this, the substrate 3-methylcyclohexenone was chosen as a substrate, and the OYE 

family member YqjM was the starting wild-type enzyme.  Using only two generations of 

mutagenesis, the researchers were able to reverse the binding of 3-

methylcyclohexenone with YqjM (Figure 1-29). 

A similar approach was taken by Toogood with the enzyme Pentaerythritol 

tetranitrate (PETN) reductase.  PETN reductase is an OYE family member from the 

organism Enterobacter cloacae.84  In a study to reveal the structural and binding impact 

of H181 and H184, Toogood et al. made site-saturated mutants at both positions.85  The 

researchers first made a library of single mutants at each position and then made 

double mutants.  Paying attention to these positions is interesting because they both 
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have been implicated as being important for substrate binding by donating hydrogen 

bonds and polarization of the double bond on the substrate.  Changing them could be 

devastating to catalytic activity.  When reducing the nitroalkene 2-phenyl-1-

nitropropene, however, the majority of H181X/H184X mutants showed a dramatic 

increase in the enantiopurity of the reduced product.  The new ee values were in excess 

of 80%, whereas the wild-type enzyme ee was 54%.  This did come with some 

unfortunate compromise, as many of the enzymes with good conversion also increased 

the yield of an undesired oxime.  One of the mutations, H184N, was the most promising 

with conversion of 84%, an ee of 87%, and 67% yield for the alkane.  Of the product 

yield, 17% was the undesired oxime byproduct. 

Overview 

The following chapters of this dissertation follow an effort to improve catalysis by 

alkene reductase enzymes focusing on OYE1.  The attempts to improve the enzyme 

include mutagenesis to allow reversed substrate binding, investigating the limitations of 

previously reported reversed substrate binding, and changing the reductive potential to 

aid in expanding substrate scope.  Many of the examples are model compounds utilized 

as a tool to understand the substrate binding environment with some examples that are 

utilized for downstream chemistry.
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Table 1-1.  Goals set by Codexis set for the production of (R)-2-methylpentanol 

Substrate (g/L) ≥220 

Enzyme (g/L) ≤2 

Reaction time (h) ≤24 

NADP cost contribution ($/kg) ≤10 

Conversion (%) ≥45 

ee (%) ≥98 

 
 

Table 1-2.  Targets set by Codexis for a biocatalytic route to tetrahydrothiophene-3-ol 

Substrate loading ≥ 100 g / L (≥ 1 M) 

KRED loading ≤ 1 g / L 

conversion ≥ 98% 

Reaction time ≤ 24 h 

Optical purity of prod. ≥99% ee 
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Figure 1-1.  Examples of alcohol dehydrogenase enzymes that are selective for NADP 
or NAD.  a) Wild-type Lactobacillus brevis alcohol dehydrogenase bound to 
NADP. b) Lactobacillus brevis alcohol dehydrogenase G37D bound to NAD.  
Reprinted with permission from J. Mol. Biol. 2005 349, 801–813.  Copyright 
2005 Elsivier 

 

 

Figure 1-2.  Reaction stereochemistry of Sporobolomyces salmonicolor carbonyl 
reductase.  Org. Lett. 2008, Vol. 10, No. 4, 525-528 

 

 

Figure 1-3.  Synthetically desired reaction performed by Thermoanaerobacter 
ethanolicus.  Prot. Eng. Des. & Selec. 2007, vol. 20 no. 2 pp. 47–55 
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Figure 1-4.  Resolution strategy using the alcohol dehydrogenase from 
Thermoanaerobacter ethanolicus.  J. Org. Chem. 2007, 72, 30-34 

 

 

Figure 1-5.  Reaction scheme of galactose oxidase.  ChemBioChem 2002, 3, 781–783. 
 

 

Figure 1-6.  Secondary aryl alcohol oxidations by engineered galactose oxidase 
mutants resolving secondary aryl alcohols.  ChemBioChem 2008, 9, 857–860 

 

 

Figure 1-7.  Reduction of 2,5-hexanedione by Pyrococcus furiosus alcohol 
dehydrogenase.  Extremophiles 2008, 12, 587-594 
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Figure 1-8.  Ketone reduction using Rhodococcus erythropolis alcohol dehydrogenase 
MAK154.  Lett. Appl. Microbiol. 2006, 43, 430-435 

 

 
Figure 1-9.  NADPH regeneration glucose dehydrogenase oxidation followed by the 

spontaneous hydrolysis of the gluconolactone to gluconic acid.  J. Biosci. 
Bioeng. 2011, 11, 3, 266-271 

 

 

Figure 1-10.  pH indicator assay used for high throughput screening from left to right 1. 
Positive control, 2. Negative control 3. W1. mutant S214R. 4. W2. Mutant 
G73S 5. Double mutant G72S, S214R.  Reprinted with permission from. J. 
Biosci. Bioeng. 2011, 11, 3, 266-271.  Copyright 2011 Elsivier. 
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Figure 1-11.  Reaction scheme of Penicillium citrinum Beta-keto ester reductase with 4-
bromo-3-oxobutyrate (BAM) to (S)-4-bromo-3-hydroxybutyrate. Appl Environ 
Microbiol. 2005, 71, 1101–1104 

 

 

Figure 1-12.  Process patented by BASF for the production of (R)-2-methylpentanol. 
World Patent Application WO 2006/034812, 2006. 

 

 

Figure 1-13.  Process developed by Codexis for the production of (R)-2-methylpentanol.  
Org. Proc. Res. Dev. 2010, 14, 119–126 
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Figure 1-14.  Pfizer process for R-tetrahydrothiophene-3-ol.  Tetrahedron Lett. 1993, 34, 
785 

 

Figure 1-15.  Codexis process for (R)-tetrahydrothiophene using a ketone reductase.  
Org. Proc. Res. & Dev. 2010, 14, 188–192 

 

 

Figure 1-16.  Structure of Montelukast sodium 
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Figure 1-17.  Asymmetric carbonyl reduction as a method for indtoducing the chiral 
center of montelukast.  Org. Proc. Res. Dev. 2010, 14, 193–198 

 

 

Figure 1-18.  Hydrogenation/isomerization of cis-stilbene.  The complex of HCAII and 
Rhodium cannot catalyze the reduction of trans-stilbene. Chem. Eur. J. 2009, 
15, 1370–1376 

 

 

Figure 1-19.  Biotin bound ligand for anchoring a Rhodium complex into avidin. J. Am. 
Chem. Soc. 1978, 100, 306 

 



 

48 

 

Figure 1-20.  BINAP structures and a basic representation of a Noyori Hydrogenation 

 

 

Figure 1-21.  PyMol image of OYE1 co-crystallized with p-hydroxybenzaldehyde. PDB 
file downloaded from Swiss Protein Data Bank. 
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Figure 1-22.  Mechanism of OYE1.  J. Biol. Chem. 1998, 273, 32763-32770 

 

 

Figure 1-23.  Typical stereochemical outcome of both chiral centers.  Biochemistry, 
1995, 34, 4246-4256 

 

 

Figure 1-24.  Enantiocomplementary reductions of perillaldehyde.  J. Am. Chem. Soc. 
2008, 130, 7655–7658 
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Figure 1-25.  Nitroalkene reduction by alkene reductases.  Eur. J. Org. Chem. 2008, 
1511–1516 

 

 

Figure 1-26.  Complementary stereochemical outcomes using substrate engineering. 
Eur. J. Org. Chem. 2010, 6354–6358 

 

 

Figure 1-27.  Synthesis of Roche ester precursors using alkene reductases.  Adv. 
Synth. Catal. 2010, 352, 2663–2666 
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Figure 1-28.  Sterecomplementary reductions of (S)-carvone by wild-type OYE1 and the 
W116I mutant.  J. Am. Chem. Soc. 2009, 131, 3271–3280 

 

 

Figure 1-29.  Altered stereochemistry of alkene reductase Yqjm using iterative 
saturation mutagenesis.  Adv. Synth. Catal. 2009, 351, 3287-3305 
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CHAPTER 2 
MEASURING REVERSED SUBSTRATE BINDING OF CARVONE MIMIC 

COMPOUNDS 

W116 Mutants 

Tryptophan 116 in OYE1 was originally chosen for replacement as a way to relieve 

steric hindrance within the active site since this side-chain is very bulky (Figure 2-1).82  It 

was expected that amino acids with smaller substituents would allow OYE1 to accept 2-

cyclohexenones with larger β-substituents.  In this regard, the mutagenesis study was a 

failure: none of the mutants had greater activity against sterically encumbered 

substrates.  There was, however, an unintended but favorable consequence.  For some 

substrates, a subset of the mutants yielded the opposite stereochemical outcome 

compound compared to the wild-type.  For example, with (S)-carvone, two changes 

occurred.  First, the poor conversion seen for wild-type OYE1 was eliminated; and 

second, the stereochemical outcome of this reduction was opposite that of wild-type 

(trans or cis).  While W116 had not been implicated in the catalytic mechanism of 

OYE1, sequence alignment shows that it is highly conserved among OYE homologs.  

NMR studies revealed that the W116I mutant followed the same mechanism as the 

wild-type OYE1 (net trans-addition of H2).  Thus, the reversed stereochemical outcome 

was due to a “flipped” binding orientation of the substrate in the active site.  Analogous 

behavior was also observed for (R)-perillaldehyde and to a lesser extent neral as well 

as the W116F mutant of OYE1. 

One intriguing result from this study was that no change in substrate binding 

orientation occurred when OYE1W116I was used to reduce 2-methylcyclohexenone.  

This led to the conclusion that the methyl group at the 2 position (which is also present 

in carvone) does not dictate binding orientation.  The only difference between R and S 
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carvone is the configuration of the substituent at the 5 position (Figure 2-2).  Given the 5 

position’s obvious influence of the 5-position substituent, we carried out a more 

systematic set of carvone analogs that differed in this position.  We also decided to 

create all possible substitution mutants for W116 since only a subset had been 

examined previously. 

Results and Discussion 

QuikChange site-directed mutagenesis 

We used the QuikChange® method for site-directed mutagenesis with optimization 

for the OYE1 gene.  The classical QuikChange method uses overlapping primers with 

TM>78°C to allow annealing despite imperfect complementarity.  Once thermal cycling is 

complete, the newly synthesized DNA lacks methylations on the adenines of GATC 

regions, while the template strands contain these modifications.  This allows selective 

destruction of the template by Dpn1, leaving only amplified DNA in the solution (see 

scheme in appendix A).  This mixture can be used to transform E. coli cells to recover 

the desired mutants after in vivo nick repair.  We originally employed the recommended 

E. coli strain (XL1-Blue); however, primer concatemers were found in the final plasmids 

(Figure 2-3).  Substituting E. coli JM109 overcame this problem, although poor 

transformation efficiency was sometimes observed.  We also altered the primer design 

to incorporate primers with larger 5’ ends.  Using the optimized methodology, genes 

encoding all amino acids at position 116 were generated.  The proline, leucine, and 

alanine mutants were prepared by Bradford Sullivan.   

Reduction of 2,5-disubstituted cyclohexenones 

The goal of this project was to uncover the structural basis for substrate flipping in 

5-substituted 2-cylclohexenones.  Substituted cyclohexenone molecules were chosen 
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(Table 2-1) to cover the structural space between the two extremes examined earlier.  

The final preparative step was to develop an analytical method that allows the enantio- 

and diastereomeric preferences of the OYE1 mutants to be established. 

A problem with the synthesis of the 2,5 disubstituted cyclohexenones is that all 

were obtained as racemic mixtures (Figure 2-4).  It was not possible to separate this 

mixture into pure enantiomers on a preparative scale.  All enzyme-catalyzed reductions 

were therefore kinetic resolutions, so we attempted to identify the substrate enantiomers 

unambiguously.  Since we were unable to resolve the substrate enantiomers directly by 

chiral-phase GC, a derivatization pathway was designed.  An initial Luche reduction 

allowed the carbonyl to be selectively reduced to an alcohol while preserving the 

alkene.  Because of the conformational preference of the starting material and the high 

axial selectivity of the Luche conditions, attack by NaBH4 yields only an enantiomeric 

pair of cis-alcohols.86  This was verified by 1H-NMR and confirmed the previous report 

by Trachetenberg.87  The products of this derivatization could be partially separated by 

chiral-phase GC, but baseline resolution was not achieved (Figure 2-5).  The 

enantiomeric alcohols were therefore acetylated, and baseline resolution on chiral-

phase GC was achieved successfully.  Unfortunately, while this reduction/acetylation 

allowed enantiomeric separation of the starting material, it proved unsuitable when 

applied to time point samples from bioconversions.  After enzymatic screening, Luche 

reduction, and acetylation, not enough material was left to fully characterize an accurate 

conversion and ee/de values.  Even after reactions had been scaled up by tenfold, the 

very small quantities made it impossible to measure peak areas reliably. 
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We therefore turned to an alternative strategy in which the starting alkenes were 

reduced with H2 /Pd on carbon, followed by chiral-phase GC analysis.  From a racemic 

starting material, four possible diastereomers would be expected.  Unfortunately, of all 

separations attempted on three different chiral-phase GC stationary phases (Chirasil-

Dex CB, β-Dex 225 and Chirasil-Val), only three peaks instead of four could be 

resolved.  From the integration values, it was clear that this was due to the columns’ 

abilities to separate the enantiomers of one diastereomer but not the other (Figure 2-6).  

It is still possible to get some information from these reactions.  If it is assumed that 

OYE1 only binds this mixture in the expected manner, then only two diastereomers 

could be formed (Figure 2-7).  These two diastereomers can be analyzed by a nonchiral 

GC (Figure 2-8).  If any of the starting materials is reduced in the reversed binding 

orientation, then one of the product peaks will disappear and the other will grow larger.  

Neither of these analyses is ideal or completely conclusive.  All one can say is one of 

the two starting material enantiomers has bound in the opposite orientation compared to 

the other.  One cannot determine which enantiomer did so.  Another problem for this 

analysis is that substrate conversion values must be near 100% in order to be able to 

speculate whether an enzyme mutant is able to flip a substrate.  Lesser extents of 

conversion skew the de values.  This effect is clearly seen in figures 2-9, 2-10, and 2-11 

where many of the enzymes that have poor conversion also have high % de.  This is 

presumed to occur because the mutant is selective for only one of the isomers. 

All of the enzymes were screened with the substrate 2-methylcyclohexenone, and 

of the enzymes that gave significant conversion, all produced the same enantiomer 

(Figure 2-12).  This does not seem intuitive since the carbon that would normally 
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interact with the 116 position is the methyl at the 2 position of the cyclohexene ring.  

This illustrates the same point as before.  Mutating the W116 amino acid site affects the 

orientation of other amino acids in the active site, which allows for the 5 position of the 

cyclic substrate to dictate which direction the molecule binds.   

When reducing 2,5-dimethylcyclohexenone, wild-type OYE1 performed exactly as 

expected, yielding two diastereomers with equal facility (Figure 2-9).  Based on the GC 

analysis, an insignificant amount of substrate flipping occurred.  However, with this 

substrate, W116I already showed some tendency for reversed substrate binding.  The 

W116I mutant had the best evidence for substrate flipping when reducing 2-methyl-5-

ethylcyclohexenone (Figure 2-10).  Both the selectivity and reactivity drop for the 

substrate with the propyl substituent.  This is also true for W116F, W116L, and W116N 

(Table 2-2).  For the W116I mutant, this was expected from the previously reported data 

because when bond rotation is considered, the ethyl group takes up a similar amount of 

space as the isopropenyl group from the carvones.  The conversion percentages of the 

enzymes with the propyl substituent tended to be poor.  In fact, only two enzymes 

actually reduced the substrate with the propyl substituent to 100% conversion (W116A 

and W116L Figure 2-11).  It is also intriguing that the W116L mutant actually reduced 

substrates with larger substituents more efficiently than those with smaller substituents.  

A similar trend can also be seen for the W116S and W116T mutants, which had little to 

no conversion with 2-methylcyclohexenone and better conversions for the ethyl and 

propyl analogs.  For the W116L mutant, this is due to a larger hydrophobic binding 

pocket.  Entropic effects help the substrate into the active site and away from water. 
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It was also found throughout this experiment, when a particular set of 

diastereomers is favored, they all favor the same set.  It is as if the enzymes can only 

change the binding of one of the starting material enantiomers.  This, however, cannot 

be guaranteed.  For example, OYE1W116A has conversion values ranging from 95% to 

100% and for all of those substrates de is low.  It is possible this enzyme is changing 

the binding of both substrates to an equivalent degree.  Doing so would cause the 

peaks corresponding to each set of enantiomers to change very little.  This would lead 

to the appearance of no flipping even if reversed substrate binding were occurring.  To 

move further, this experiment must be done with optically pure starting materials. 

Materials and Methods 

Restriction endonucleases and T4 DNA ligase were purchased from New England 

Biolabs.  Primers were ordered from Integrated DNA Technologies.  Glucose 

dehydrogenase was graciously provided by Codexis.  Plasmids were purified on large 

scales using CsCl density gradient ultracentrifugation.  DNA sequencing was performed 

by the University of Florida ICBR using the Sanger capillary fluorescence methods.  LB 

medium contained 5 g / L Bacto-Yeast extract, 10 g / L Bacto- Tryptone and 10 g / L 

NaCl.  Kanamycin and ampicillin were used at concentrations described by Maniatis 40 

μg / mL and 100 μg / mL respectively.  All protein purification steps were performed at 

4°C.  Crotonaldehyde, 2-hexene-al, and 2-methylcyclohexanone were purchased from 

Sigma-Aldrich.  Ethyl propionyl acetate was purchased from Alfa Aesar.  Glutathione 

resin was purchased from Clontech. 

Subcloning From a Saccharomyces cerevisiae Expression Plasmid 

I generated the mutants W116M, W116Y, and W116S by digesting separately with 

restriction endonuclease enzymes BsaI and KpnI from the yeast shuttle vector  
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PSKP3W116X.82  The resulting 577 bp fragment containing position 116 was isolated 

and purified by low melting agarose gel electrophoresis.  Simultaneously the E. coli 

vector pDJB5, which housed the wild-type OYE1 gene, was digested with BsaI and 

KpnI and the 7,150 bp fragment was purified using low melting agarose gel 

electrophoresis.  Fragments were joined together using T4DNA ligase and transformed 

into E. coli JM109.  Colonies were analyzed for the presence of the insert, first by PCR 

and then by Sanger DNA sequencing (Appendix B). 

QuikChange Site-Directed Mutagenesis 

I produced the W116 mutants W116G, W116H, W116Q, W116V, W116T, W116N, 

W116D, W116E, W116R, W116C, and W116K using an adaptation of the QuikChange 

method.  The procedure was 18 cycles of amplification using 95°C (30 s), 55°C (1 min) 

and 68°C (9 min) followed by final extension time of 9 min at 68°C.  Each reaction had a 

total volume of 50 μL and contained 5 μL of 10xPfu turbo buffer, 50 ng pDJB5, 125 ng 

each of the forward and reverse primers, 200 μM dNTPs, and 1μL 2.5 U Pfu turbo DNA 

polymerase.  The resulting DNA mixture was digested with DpnI overnight at 37°C to 

fragment the template DNA (Appendix A). 

Protein Purification Procedure 

I purified the mutated proteins using the overexpression plasmids transformed into 

E. coli BL21 (DE3) using electroporation.  Proteins tagged to GST were purified as 

described previously.82  A 5 mL overnight culture of the appropriate strain was grown 

using LB growth medium and 40 μg / mL kanamycin, with shaking at 37°C.  The 

overnight culture was diluted 1 : 100 into a 500 mL culture of LB/kanamycin and grown 

at 37°C with shaking.  When the optical density O.D. 600 nm of the culture was between 

0.5 and 1.0, protein expression was induced by adding isopropyl-thio-β-D-galactoside 
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(IPTG) to a final concentration of 100 μM.  At this stage, the culture was shaken at room 

temperature for 6 hours.  The cells were then pelleted by centrifugation, washed twice 

with cold sterile water and pelleted by centrifugation again.  They were resuspended in 

30 mL of cold loading buffer (50 mM Tris-Cl, 4 mM MgCl2, 1 mM DTT (added 

immediately before use), 1mM PMSF (also added immediately before use), and 10% 

glycerol, pH 7.5).  Cells were then lysed using a French pressure cell (10,000-20,000 

psi), and insoluble debris was removed by centrifugation at 15,000 x g for 20 min at 

4°C.  The supernatant was then passed through a 0.45 μm syringe filter and loaded 

onto a column containing 10 mL of glutathione resin.  It was then recirculated using a 

peristaltic pump for 3-5 hrs using a flow rate of ~0.5mL / min.  Unbound proteins were 

then allowed to flow though to waste and the column was washed twice with 20 mL 

portions of cold loading buffer (same as above).  The bound flavoprotein was then 

eluted using 40 mL elution buffer (39.6 mL loading buffer, 0.40 mL 2M NaOH, and 0.31 

g reduced glutathione).  The eluant was concentrated by ultrafiltration (Amicon YM-30 

membrane) and then dialyzed overnight in buffer (20 mM Tris-Cl, 4 mM MgCl2, 55 mM 

NaCl, 2 mM EDTA, 1 mM DTT, 50% glycerol, pH 7.5) prior to storage at -20°C.  Protein 

concentrations were determined by Bradford analysis.88  The glutathione resin was 

regenerated using high salt buffers to remove any remaining proteins.  Buffer A (0.1M 

Tris-Cl, 0.5M NaCl, pH 8.5) and buffer B (0.1 M Sodium acetate, 0.5 M NaCl, pH 4.5) 

were each passed through the column in alternating 200 mL amounts until each had 

been used 3 times. 

Experimental Procedure for Screening 

I screened the substrates in 1 mL 0.1 M potassium phosphate buffer pH 7.0 for 24 

hours at room temperature.  Reactions contained 14 μmol glucose, 5 μg glucose 
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dehydrogenase, 0.2 μmol NADP+, 5 mM alkene substrate and 100 μg alkene reductase.  

GC samples were extracted using 2 x 500 μL ethyl acetate (Figure 2-13). 

Synthesis and Characterization 

Synthesis of 2,5-dimethyl cyclohexenone and 2-methyl-5-

propylcyclohexenone.  I synthesized two substrates, each as a racemic mixture, 

starting with 2,5-dimethyl cyclohexenone (alkene 70)and 2-methyl-5-

propylcyclohexenone.  The plan was to increase the steric hindrance through ethyl and 

propyl at the 5 position (Table 2-1).  The title compounds were synthesized by a 

modification of literature methods.89  Anhydrous methanol 25 mL was chilled on an ice 

bath, then a catalytic amount of sodium metal was added to produce NaOCH3 as a 

catalytic nucleophile.  Once the sodium had dissolved, ethyl propionyl acetate and 

crotonaldehyde were added sequentially in a one to one molar ratio.  The reaction 

mixture was left on ice for 30 min and was then heated to reflux over night.  The 

reaction was quenched by slowly adding 1 M HCl.  The products were extracted using 

diethyl ether added in portions.  The combined organics were washed with 1 M NaOH 

followed by brine, then dried with MgSO4 concentrated on a rotary evaporator.  The 

crude products were purified by flash chromatography on silica gel with 1 : 10 ethyl 

acetate : hexane.  To check compound purity, conversion analysis was performed using 

a GC-MS (Hewlett-Packard) with a DB-17 column with helium as the carrier gas, 60°C 2 

min, 10°C / min increase, 200°C 5 min, TR 9.11 min.  1H-NMR δ 1.05 (3H d), 1.77 (3H 

m), 2.12 (3H m), 2.4 (1H dm), 2.50 (1H dt), 6.71 (1H m); 13C-NMR δ 200.3, 145.0, 

135.5, 46.6, 34.5, 31.0, 21.4, 15.9;  (EI) 124(M), 109(16), 82(100), 69(22), 54(42); 2-

methyl-5-propylcyclohexenone (alkene 74) was synthesized using this procedure 

replacing crotonaldehyde with 2-hexenal (Figure 2-11) GC-MS 60°C 2 min, 10°C / min 
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increase, 200°C 5 min, TR 12.35 min.  1H-NMR δ 0.903 (3H m) 1.329 (4H m), 1.767(1H 

m), 1.79(1H m), 2.04(1H m), 2.4 (3H m), 2.53 (2H dd), 6.72(1H m). 13C-NMR δ 200.5, 

145.1, 135.7, 44.8, 38.2, 35.6, 32.8, 19.8, 15.9, 14.3.  (EI) 152(M), 109(17), 82(100), 

54(20). 

Luche reduction of 2,5-dimethylcyclohexenone.86  I derivatized 2,5-

dimethylcyclohexenone to compound 83 using the Luche reduction.  To 10 mL of cold 

ethanol, 0.41mmol (100 mg) of cerium chloride was added followed by 0.41 mmol (15.5 

mg) NaBH4.  After stirring for 30 min, 0.4 mmol (49 mg) 2,5-dimethylcyclohexenone was 

slowly added to the mixture.  The progress of the reaction was monitored using GC 

(Figure 2-14).  NMR verified predominantly cis geometry as previously reported.87  To 

check compound purity, conversion analysis was performed using a GC-MS (Hewlett-

Packard) with a DB-17 column with helium as the carrier gas, 60°C 2 min, 10°C / min 

increase, 200°C 5 min, TR 8.15 min.  Chiral separation was attempted using a GC-MS 

(Hewlett-Packard) with a chirasil-dex column 60°C 2 min, 10°C / min increase, 180°C 5 

min, RT 8.17 min enantiomer 1, 8.22 min enantiomer 2; 1H-NMR δ 5.50 (1H s), 4.20 (1H 

m), 2.05 (3H m),1.75 (3H m), 1.67 (2H s), 1.21 (1H m), 0.93 (3H d); 13C-NMR δ 136.3, 

124.5, 71.0, 42.2, 34.5, 28.8, 22.1, 19.2; (EI) 126 (M), 111 (100), 97 (41), 84(77), 

69(63), 55(43). 

Acetylation of 2,5-dimethylcyclohex-2-en-1-ol.  I then derivatized 2,5-

dimethylcyclohex-2-en-1-ol using an acetylation.  To a flask containing 50 mg of 2,5-

dimethylcyclohex-2-en-1-ol, 5 mL ethyl acetate was added, stirred, and 1 mL was 

removed.  To this aliquot a twofold molar excess of acetic anhydride was added along 

with one single crystal of 4-dimethylaminopyridine and was left to stir over night (Figure 
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2-14).  The reaction was quenched by washing with water and compound 85 was 

analyzed by GC-MS.  Conversion analysis was performed using a GC-MS (Hewlett-

Packard) with a DB-17 column with helium as the carrier gas, 60°C 2 min, 10°C / min 

increase, 200°C 5 min, TR 10.28 min, (EI) 168(M), 108(58.7), 93(100), 91(22.5), 

55(25.1).  Chiral separation to measure enantiomeric excess was achieved using a GC-

MS (Hewlett-Packard) with a Chirasil Dex column with helium as the carrier gas, 60°C 2 

min, 1°C / min, 120°C 1 min, 10°C / min, 180°C 5 min. RT 37.1 min enantiomer 1, 41.2 

min enantiomer 2. 

Reduced standards.  I made three racemic standards for this project.  One for 

each 2,5-dimethylcyclohexenone, 2-methyl-5-ethylcyclohexenone, and 2-methyl-5-

propylcyclohexenone.  For each of these starting materials 20 mg was dissolved in 5 

mL ethanol, then 5 mg Pd on carbon was added and the flask was flushed with H2 and 

then left over night under H2 balloon.  Reaction conversion was monitored by GC-MS 

and then compared with the results from enzyme screening, 60°C 2 min, 10°C / min 

increase, 200°C 5 min, 2,5-dimethylcyclohexanone RT 7.86 min diastereomer 1, 8.24 

min diastereomer 2.  EI 126(M), 82(84), 69(100), 56(45). 2-methyl-5-

ethylcyclohexanone RT 9.8 min diastereomer 1, 9.97 min diastereomer 2.  (EI) 140(M), 

111(59), 96(49), 83(100), 55(70).  2-methyl-5-propylcyclohexanone  RT 11.21 min 

diastereomer 1, 11.36 min diastereomer 2, (EI) 154(M), 111(100), 97(87), 55(89) 
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Table 2-1.  Starting materials and products for the synthesis of the compounds chosen 
to mimic carvone. 

β-keto ester Enals Product Name 
 

 

 

 
       

2,5-dimethyl- 
2-cyclohexenone 

 

 

 

 
    

2-methyl-5-ethyl- 
2-cyclohexenone 

 

 

 

 

2-methyl-5-propyl- 
2-cyclohexenone 

 
Table 2-2.  Enzymes that gave 95% conversion or better at least once during the 

screening  

 

 
% conv     % de 

 
% conv     % de 

 
% conv       % de 

OYE1 Wild-Type 100             4.5 82               24.4 89.5             14.3 
W116A 95               22.8 100             20 100              13.4 
W116F 100             5.9 100             21.3 86.6             25 
W116I 100             35 100             73.5 90.8             39.3 
W116L 50.6            22.8 100             61.9 100              11.1 
W116N 96.3            29 97.8            81.7 78.4              62.6 
W116Q 100             14.7 86.9            58 61.6             100 
W116Y 100             4.4 77.6            30.2 83.3              24.8 
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Figure 2-1.  Pymol stereoimage of the OYE1 active site with p-hydroxybenzaldehyde as 
a bound inhibitor. 

 

 

Figure 2-2.  Structures of R and S carvone. 
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OYE1   CGTTCGTTTGGGTTCAGTTATGGGTTTTGGGTTGGG............ 

Seq.   CGTTCGTTTGGGTTCAGTTAGGCGTTTTGGGTTGGGTTCAGTTAGGCG  

Primer CGTTCGTTTGGGTTCAGTTTGGCGTTTTGGGTTGGG 

Primer                         CGTTCGTTTGGGTTCAGTTTGGCG 

 

............CTGCTTTCCCAGACAATC 

TTTTGGGTTGGGCTGCTTTCCCAGACAATC 

 

TTTTGGGTTGGG 

 

Figure 2-3.  Error of QuikChange® method when following Stratagene’s instruction 
manual. First line:  native OYE1 sequence, dots represent where the mutated 
sequence has additional bases. Second line:  Resulting sequence of the 
attempted W116G mutation.  Third line: Forward W116G primer to illustrate 
where it first occurs.  Fourth line:  Forward W116G primer to illustrate that it 
repeats in the resulting DNA sequence causing an undesired insertion. 

 

 

Figure 2-4.  Synthesis of the Carvone mimic compounds.  Compound 70 is the desired 
product that was obtained with about 30% yield and compound 75 is the side 
product obtained with about 20% yield.  J. Org. Chem. 1997,62, 9323-9325 
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Figure 2-5.  Chiral GC-MS result for the Luche reduction. 

 

                  

Figure 2-6.  Chiral GC result with 2,5-dimethylcyclhexanone.  When using a 1 degree 
per minute method on a chirasil-dex column only 3 peaks can be resolved.  
Integration values indicate that the first peak approximately equals the sum of 
the following two peaks, indicating it contains two of the four isomers. 
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Figure 2-7.  All possible outcomes when reducing 2,5-dimethylcyclohexenone.  When 
reducing 2,5-dimethylcyclohexenone, OYE1 binds each enantiomer in the 
expected manner, which places the methyl near the W116 and gives two 
diastereomers.  The two normal product diastereomers are structures 77 and 
78.  The two that could possibly occur from reversed binding are structures 79 
and 80. 

          

  A.     B.   C.  
Figure 2-8.  Palladium reduced standards of substituted cyclohexenone compounds on 

nonchiral GC-MS.  A. 2,5-dimethylcyclohexenone. B. 2-methyl-5-
ethylcyclohexenone C. 2-methyl-5-propylcyclohexenone.   
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Figure 2-9.  Data for the reduction of 2,5-dimethylcyclohexenone. 

 

 
Figure 2-10.  Data for the reduction of 2-methyl-5-ethylcyclohexenone 
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Figure 2-11.  Data for the reduction of 2-metyl-5-propylcyclohexenone 

 

 

Figure 2-12.  Data for the reduction of 2-methylcyclohexenone 
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Figure 2-13.  General reaction and NADPH regeneration pathway 

 

 

 

Figure 2-14.  Synthesis pathway and GC results.  GC results are of the acetylated 
product from the development of the strategy to analyze consumption of 
starting materials 2,5-dimethylcyclohexenone 
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CHAPTER 3 
REDUCTIONS OF ACIDS AND ESTERS 

Reduction of Halogenated Acids 

Previously published reports have established that OYE1 can reduce an alkene 

bond that is conjugated to an aldehyde or a ketone.  Subsequent reports later proved 

that the enzyme can also reduce alkenes with nitro substituents.  By contrast, OYE1 

cannot reduce alkene bonds of conjugated acids or esters.  Some exceptions do exist; 

however, many of these exceptions are diactivated acids or esters.90  The need for an 

enzyme to reduce these substrates has led to the class of enzymes being studied called 

enoate reductases.69  These enzymes can reduce the alkene of conjugated acids or 

esters but must do so under anaerobic conditions due to oxygen sensitivity.  It would be 

better if OYE1 could perform these reactions because it is not sensitive to oxygen.   

Early kinetic experiments showed that adding additional electron withdrawing 

groups to the alkene bond increased reaction rates.66  Increased polarity increases the 

partial positive charge on the beta carbon making hydride transfer easier from the flavin.  

In the following experiments, electron withdrawing groups were considered to aid OYE1 

in reducing compounds it normally cannot.   

As an electron withdrawing group, halogens have not been well studied with 

OYE1.  Reduced haloacrylate compounds are interesting because some of them have 

herbicide activities.  Original data using baker’s yeast suggested that it could not reduce 

acids unless there is a chlorine atom adjacent to the double bond.91  Many years later 

an enzyme called haloacrylate reductase was shown to reduce chloroacrylic acid to (S)-

2-chloropropionic acid with 99% ee.  Even though the enzyme is called haloacrylate 

reductase, only results pertaining to the chloro derivative have been reported.92,93  In an 
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effort to expand the scope of OYE1-catalyzed reactions, haloacrylate derivatives were 

screened with OYE1. 

Another approach taken to find ways to get OYE1 to reduce an organic acid and 

esters was modifying the reduction potential of the FMN cofactor.  The mutant T37A 

was made for this project because it had been previously reported that this mutant 

changed the reduction potential of the flavin.  Threonine 37 forms hydrogen bonds with 

both the flavin N5, which is the hydride delivering nitrogen, and the C4 carbonyl (Figure 

3-1).  Loss of these interactions slows the reductive half-reaction but increases the 

oxidative half-reactions (the portion of the mechanism that involves alkene 

substrates).94  It was hypothesized that an altered reduction potential may help the 

enzyme reduce compounds that it usually cannot.   

Results and Discussion 

Esters with OYE1T37A 

The first substrates that were tested for this project were acrylate esters.  Ethyl-

3,3-dimethylacrylate, and the trifluoro ester were screened.  Neither esters gave any 

conversion with either the wild-type OYE1 or the T37A mutant and only starting material 

was observed by GC-MS.  However, to get a better picture of the catalytic activity of the 

OYE1T37A mutant, it was also used to reduce known OYE1 substrates 2-

methylcyclohexenone and α-methyl-trans-cinnamaldehyde, giving poor conversion for 

both.  This suggests that even though this variant has a greater reduction potential, the 

net effect of the slower reductive half-reaction is an overall poorer enzyme (Table 3-1).  

This may be due to structural alterations caused by the T37A mutation.  FMN is held in 

the active site using hydrogen bonding and steric interactions alone.  T37 not only has 

the role of regulating reduction potential, but is also one of the hydrogen bonding 
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partners responsible for anchoring the flavin in the active site.  Given these 

disappointing results, we did not pursue the T37A mutant further.   

Haloacrylic Acids 

Because both the starting materials and products are highly water soluble, 

significant efforts were expended on developing analytical methods to monitor these 

reductions.  Each substrate presented its own challenges.  Bromoacrylic acid could be 

converted to its methyl ester using boron trifluoride in methanol and this derivative could 

be analyzed by GC-MS.  OYE1 reduced this substrate, although with only 70% 

conversion.  Unfortunately, this strategy was not applicable to methacrylic or 2-

chloroacrylic acids.  These were analyzed using FID detection GC due to poor 

ionization when using GC-MS. 

At the outset, we predicted that OYE1-catalyzed reduction would be increased by 

increased electron withdrawing ability of the halides (F > Cl > Br) (Figure 3-2).  

Methacrylic acid was not expected to be a substrate for OYE1.  It was included as a 

roughly isosteric analog for the α-haloacrylates.  To our surprise, methacrylic acid was a 

substrate for OYE1, although the extent of conversion was less than 25% (Figure 3-3).  

Chloroacrylic acid also appeared to be a relatively poor substrate (Figure 3-4), although 

accurate conversion percentages were difficult to reproduce due to sample loss from 

some samples.  This may be due to loss of the volatile saturated acid during the 

lyophilization step that preceded GC analysis.  This was also a problem for 2-

fluoroacrylic acid as well.  We were unable to monitor reductions of 2-fluoroacrylic acid. 

Materials and Methods 

(S)-2-bromopropionic acid, bromoacrylic acid, trifluoroethanol, ethyl 3,3-

dimethylacrylate, and boron trifluoride in methanol 14% were purchased from Sigma-
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Aldrich.  Chloroacrylic acid was purchased from Alfa Aesar.  2-Fluoropropenoic acid, 

and 2-fluoropropionic acid were purchased from Matrix Scientific. 

Mutagenesis  

I mutated the OYE1 sequence to include the amino acid replacement T37A using 

the QuikChange method.  The procedure was 18 cycles of amplification using 95°C (30 

s), 55°C (1 min) and 68°C (9 min) followed by final extension time of 9 min at 68°C.  

Each reaction had a total volume of 50 μL and contained 5 μL of 10xPfu turbo buffer, 50 

ng pDJB5, 125 ng each of the forward and reverse primers, 200 μM dNTPs, and 1μL 

2.5 U Pfu turbo DNA polymerase.  The resulting DNA mixture was digested with DpnI 

overnight at 37°C to fragment the template DNA (Appendix A). 

Protein Purification Procedure 

I purified the mutated proteins using the overexpression plasmids transformed into 

E. coli BL21 (DE3) using electroporation.  Proteins tagged to GST were purified as 

described previously.82  A 5 mL overnight culture of the appropriate strain was grown 

using LB growth medium and 40 μg / mL kanamycin, with shaking at 37°C.  The 

overnight culture was diluted 1 : 100 into a 500 mL culture of LB/kanamycin and grown 

at 37°C with shaking.  When the optical density O.D. 600 nm of the culture was between 

0.5 and 1.0, protein expression was induced by adding isopropyl-thio-β-D-galactoside 

(IPTG) to a final concentration of 100 μM.  At this stage, the culture was shaken at room 

temperature for 6 hours.  The cells were then pelleted by centrifugation, washed twice 

with cold sterile water and pelleted by centrifugation again.  They were resuspended in 

30 mL of cold loading buffer (50 mM Tris-Cl, 4 mM MgCl2, 1 mM DTT (added 

immediately before use), 1 mM PMSF (also added immediately before use), and 10% 

glycerol, pH 7.5).  Cells were then lysed using a French pressure cell (10,000-20,000 
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psi), and insoluble debris was removed by centrifugation at 15,000 x g for 20 min at 4 

°C.  The supernatant was then passed through a 0.45 μm syringe filter and loaded onto 

a column containing 10 mL of glutathione resin.  It was then re-circulated using a 

peristaltic pump for 3-5 hrs using a flow rate of ~0.5mL / min.  Unbound proteins were 

then allowed to flow though to waste and the column was washed twice with 20 mL 

portions of cold loading buffer (same as above).  The bound flavoprotein was then 

eluted using 40 mL elution buffer (39.6 mL loading buffer, 0.40 mL 2M NaOH, and 0.31 

g reduced glutathione).  The eluant was concentrated by ultrafiltration (Amicon YM-30 

membrane) and then dialyzed overnight in buffer (20 mM Tris-Cl, 4 mM MgCl2, 55 mM 

NaCl, 2 mM EDTA, 1 mM DTT, 50% glycerol, pH 7.5) prior to storage at -20°C.  Protein 

concentrations were determined by Bradford analysis.88  The glutathione resin was 

regenerated using high salt buffers to remove any remaining proteins.  Buffer A (0.1M 

Tris-Cl, 0.5M NaCl, pH 8.5) and buffer B (0.1 M Sodium acetate, 0.5 M NaCl, pH 4.5) 

were each passed through the column in alternating 200 mL amounts until each had 

been used 3 times. 

Procedure for Haloacrylate Reductions 

I screened the substrates in 1 mL 0.1 M potassium phosphate buffer pH 7.0 for 24 

hours at room temperature.  Reactions contained 14 μmol glucose, 5 μg glucose 

dehydrogenase, 0.2 μmol NADP+, 5 mM alkene substrate and 100 μg alkene reductase. 

Methacrylic acid, chloroacrylic acid, and fluoroacrylic acid.  A screening 

reaction mixture as described previously was lyophilized and carefully monitored 

(prolonged freeze drying affected yield of reduced acid).  To the dried sample, 1 drop of 

concentrated HCl was added and then extracted using 1 mL dichloromethane.  Analysis 
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of these compounds was carried out on a GC-FID detector 60°C 2 min, 10°C / min 

increase, 200°C 5 min, RT methacrylic acid 17.09 min, chloroacrylic acid 21.17 min. 

Esterified bromoacrylic acid.  I used a derivatization procedure to analyze the 

amount of starting material and product left after the screening.  The reduction product 

was first derivatized to the methyl ester before analysis by GC-MS.  To the lyophilized 

product 0.5 mL of 14% boron trifluoride in methanol solution was added then heated to 

100°C for 1 hour in a pressure vessel.  The reaction was then quenched by adding, 0.5 

mL H2O and extracted using methylene chloride (Figure 3-5).  This procedure was 

adapted from the supporting information from Faber.90  Conversion analysis was 

performed using a GC-MS (Hewlett-Packard) with a DB-17 column with helium as the 

carrier gas, 60°C 2 min, 10°C / min increase, 200°C 5 min, TR 6.02 min (EI) 166(M), 

164(M), 135(100), 133(95), 107(68), 105(70), 85(42), 59(35).  This very same 

procedure was used with the purchased reduced racemic standard as well.  GC-MS TR 

5.69 min (EI) 168(M), 166(M), 109(78), 107(80), 87(100), 59(77).. 

Reduced standard of methacrylic acid:  For GC-FID analysis I made a reduced 

standard of methacrylic acid by putting 0.5 mL of methacrylic acid in 5 mL of methanol.  

Palladium activated carbon 5% 25 mg was added to the solution, and the flask was 

purged using H2 gas from a balloon.  This solution was left stirring over night and 

analyzed by GC the next day.  Any activated carbon in the analysis sample was 

removed by filtering over Celite. Conversion analysis was performed using a GC-FID 

(Hewlett-Packard) with a DB-17 column with helium as the carrier gas, 60°C 2 min, 

10°C / min increase, 180°C 5 min, TR 17.06 min, 
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Trans-2,2,2-trifluoroethyl but-2-enoate.  I synthesized the ester trans-2,2,2-

trifluoroethyl but-2-enoate (alkene 87) using the following procedure.  Dry 

tetrahydrofuran 20 mL was placed in a round bottom flask and chilled to 0°C.  

Trifluoroethanol 1.9 mL and dry triethylamine 4 mL were added.  Crotonyl anhydride 6 

mL was slowly added last (Figure 3-6).  This reaction was monitored by GC-MS.  When 

the reaction reached completion, it was quenched by washing with water and saturated 

NaHCO3.  The solution was then concentrated on a rotary evaporator and distilled using 

a Kugelrohr apparatus.  NMR data was compared to previously published results.95  

Conversion analysis was performed using a GC-MS (Hewlett-Packard) with a DB-17 

column with helium as the carrier gas, 40°C 5 min, 10°C/min increase, 200°C 5 min, TR 

5.49 min.  1H NMR δ 7.10 (1H m), 5.92 (1H d), 4.53 (2H q), 1.92 (3H d). 13C NMR 18.3, 

77.4, 121, 125 148, 165. (EI) 168(M), 153(23), 83(30), 69(100). 

2,2,2-trifluoroethyl butanoate.  I synthesized a reduced standard of trans-2,2,2-

trifluoroethyl but-2-enoate by placing 20 mg into ethyl acetate 2 mL with Pd on carbon 5 

mg.  This reaction mixture was stirred under an H2 atmosphere using a balloon.  

Conversion analysis was performed using a GC-MS (Hewlett-Packard) with a DB-17 

column with helium as the carrier gas, 40°C 5 min, 10°C / min, 200°C 5 min, TR 4.32 

min. (EI) 170(M), 155(25), 142(100), 83(46), 71(80) 
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Table 3-1.  Data corresponding to the comparison of OYE1 and OYE1T37A.   

Substrate OYE1 OYE1T37A 

 

0% c 

 

0% c 

 

0% c 0% c 

 

 
99% c 
99% ee 

 
10% c 
99% ee 

 

 
93% c 
61% ee 

 
34% c 
66% ee 
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Figure 3-1.  Amino acids that hydrogen bond to the isoalloxazine ring of flavin.  
Changing T37 to an alanine has been previously published to change the 
flavin reduction potential from -230 mV to -263 mV.  Proc. Natl. Acad. Sci. 
1999, Vol. 96, 3556–3561 

 

 

Figure 3-2.  Acids used to examine OYE’s ability to reduce conjugated acids based on 
neighboring electron withdrawing halides 
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A. B.   C.   

Figure 3-3.  Methacrylic acid chromatograms. A. negative control B. Methacrylic acid 
with OYE. C. Coinjection of sample B along with the Palladium on carbon 
reduced acid.17.0 is the reduced product 17.9 is the methacrylic acid starting 
material and 19.6 is the methyl benzoate internal standard. 
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Figure 3-4.  Chloroacrylic acid chromatogram.  The peak at 19.985 is the OYE1 reduced 
product and the peak at 21.175 is the starting material. 

 

Figure 3-5.  Derivatized product of the OYE1 Bromoacrylic acid reduction on nonchiral 
GC-MS.  Peak at 5.69 is the OYE1 reduced product and 6.02 is the starting 
material. 
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Figure 3-6.  Synthesis of trans-2,2,2-trifluoroethyl but-2-enoate 
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CHAPTER 4 
ALCOHOL FUNCTIONALIZED ALKENES 

Baylis Hillman Adducts 

Previous efforts with OYE1 have focused on simple model compounds that have 

little downstream use.  Chiral centers that are functionalized with an alcohol can be 

useful as building blocks for downstream chemistry.  It was for this reason that three 

Baylis-Hillman adducts whose reduction products are chiral synthons were chosen for 

study with OYE1.96  Reduction of methyl 2-(hydroxymethyl)acrylate yields Roche ester, 

down stream products of which were discussed in Chapter 1.  2-(hydroxymethyl)-2-

cyclohexenone when reduced to the S configuration can be later used to make the 

spasmolytic drug R,R-rociverine.97  The final compound chosen was 2-(hydroxymethyl)-

2-cyclopentenone, which after reduction can be oxidized using a Baeyer-Villiger 

monooxygenase into a compound that is eventually converted into the jasmine 

lactone.98 

Results and Discussion 

Screening of Enzymes 

Wild-type OYE1, reduced methyl 2-(hydroxymethyl) acrylate with only 19% 

conversion but 98% ee R (Table 4-1).  For the 2-(hydroxymethyl)-2-cyclohexenone, 

OYE1 gave very little conversion.  This fact was not surprising because it has been 

previously published that OYE1 can only reduce 2-ethyl-2-cyclohexenone with 14% 

conversion.68  Lastly 2-hydroxymethyl-2-cyclopenteneone was reduced with 51% 

conversion and 60% ee R.  Among the OYE1W116 mutants screened with these 

substrates, W116Q and W116H performed well, giving % ee values of 98% S, 97% S 

respectively and conversion of 78% and 67% respectively.  The two best converters 
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were W116L and W116N, both reaching 98% conversion, but each one had poor optical 

purity 20% ee S and 41% ee S.  For this substrate, production of pure R was poor.  

None of the enzymes that favored R gave more than 70% conversion and of the two 

that gave 90% ee R or better conversion was only 19% and 9% (wild-type and W116A 

respectively).  This does not solve the problem, but it does suggest that further protein 

engineering may solve the problem of the production of the R enantiomer.  This would 

be ideal since the previously published example producing R (mentioned in Chapter 1) 

involved the addition and subsequent removal of TBDMS, and no direct pathway to 

produce the Roche ester.76  For the substrate 2-(hydroxymethyl)-2-cyclohexenone, 

many of the W116 mutants gave conversions of 98% combined with 98% ee S.  

Absolutely no mutants gave the R enantiomer.  For the substrate 2-hydroxymethyl-2-

cyclopentenone OYE1 wild-type actually gave the R enantiomer which would result from 

the flipped binding conformation.  This is somewhat interesting because all of the 

OYE1W116 mutants that had measurable conversion gave the S enantiomer.  The best 

result from this substrate being the reduction with the mutant W116F which gave the 

conversion of 98% and also a 98% ee S. 

These results are interesting when compared to the enzyme OYE2.6 from Pichia 

stipitis.  This enzyme was chosen in the past because in the position that is equivalent 

to W116 in wild-type OYE1, OYE2.6 has an isoleucine.  In previous studies OYE2.6 had 

stereoselectivity most resembling wild-type OYE1.82  Though it has in some instances 

resulted in complementary stereoselectivity.99  When OYE2.6 is directly compared to 

OYE 1, it outperforms OYE1 for all three substrates with respect to both conversion % 

and optical purity.  Binding and enantioselectivity of OYE2.6 do not resemble OYE1 
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since for all three substrates the product produced is in the S configuration.  Comparing 

OYE2.6 to the mutants for the first two substrates, it outperforms all of the W116 

replacements.  However, for 2-hydroxymethyl-2-cyclopenteneone, seven of the mutants 

matched the OYE2.6 conversion percentage and outperformed its stereoselectivity.  

One mutant W116F gave 98% conversion and 98% ee S. 

Crystallographic Study 

To be sure that the trans-addition was preserved and the different 

enantioselectivities were due to substrate flipping, the OYE1W116I mutant enzyme was 

crystallized and soaked with 2-hydroxymethyl-2-cyclopentenone.  The substrate bound 

with 80% occupancy, and when it was modeled in the active site with one binding mode, 

there were two regions of unaccounted for electron density.  The electron density was 

adequately accounted for after modeling the enone as a one to one mixture of binding 

modes (Figures 4-1, 4-2).  The two binding modes represent what is expected inside of 

the enzyme with the carbonyl oxygen sitting between the residues N194 and H191.  The 

electron density map also shows two orientations for Y196 and also H191.  This 

probably corresponds to the two binding modes of the substrate (Figure 4-3).  In the 

binding orientation where the hydroxymethyl group is pointing toward I116 for one of the 

orientations of Y196, there should be steric clash between the oxygen of the substrate 

and the phenolic oxygen of Y196.  The second conformation of Y196 moves this 

residue away from the substrate but also causes steric clash with H191.  It is presumed 

that this steric clash between tyrosine and histidine is relieved by histidines other 

conformation. 

The other binding mode seen in the electron density does not represent a 

favorable Michaelis complex.  It has been observed in past studies that the angle 
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formed by FMN N10-N5-substrate β-carbon should be between 96° and 117° for a 

binding mode to lead to hydride transfer.100  The angle in this binding mode is 78°.  One 

last point that helps explain why this binding mode produces little conversion is that 

Y196 puts its oxygen 4.45 Å away from the substrates α-carbon which is too far for 

proton transfer.  This accounts for the low production of the enantiomer that results from 

this binding mode. 

Materials and Methods 

Restriction endonucleases and T4 DNA ligase were purchased from New England 

Biolabs.  Primers were ordered from Integrated DNA Technologies.  Glucose 

dehydrogenase was graciously provided by Codexis.  Plasmids were purified on large 

scales using CsCl density gradient ultracentrifugation.  DNA sequencing was performed 

by the University of Florida ICBR using the Sanger capillary fluorescence methods.  LB 

medium contained 5 g / L Bacto-Yeast extract, 10 g / L Bacto- Tryptone and 10 g / L 

NaCl.  Kanamycin and ampicillin were used at concentrations described by Maniatis 40 

μg / mL and 100 μg / mL respectively.  All protein purification steps were performed at 

4°C.  (R)-Roche’s ester was purchased from Sigma-Aldrich.  Chiral GC analyses were 

performed using a β-Dex column with helium as the carrier gas and an FID detection.  

GC-MS analyses were carried out using a DB-17 column and EI ionization at 70 eV.  

Enzyme screening reactions and GC analysis were performed by Adam Walton, the 

substrates were synthesized by Dr. Bradford Sullivan, and crystallography trials were 

performed by Yuri Pompeu. 

Subcloning From a Saccharomyces cerevisiae Expression Plasmid 

I generated the mutants W116M, W116Y, and W116S by digesting separately with 

restriction endonuclease enzymes BsaI and KpnI from the yeast shuttle vector 
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PSKP3W116X.82  The resulting 577 bp fragment containing position 116 was isolated 

and purified by low-melt agarose gel electrophoresis.  Simultaneously the E. coli vector 

pDJB5, which housed the wild-type OYE1 gene, was digested with BsaI and KpnI and 

the 7150 bp fragment was purified using low melting agarose gel electrophoresis.  

Fragments were joined together using T4DNA ligase and transformed into E. coli 

JM109.   Colonies were analyzed for the presence of the insert first by PCR and then by 

Sanger DNA sequencing. 

QuikChange Site-Directed Mutagenesis 

I produced the W116 mutants W116G, W116H, W116Q, W116V, W116T, W116N, 

W116D, W116E, W116R, W116C, W116K using an adaptation of the QuikChange 

method.  The procedure was 18 cycles of amplification using 95°C (30 s), 55°C (1 min) 

and 68°C (9 min) followed by final extension time of 9 min at 68°C.  Each reaction had a 

total volume of 50 μL and contained 5 μL of 10xPfu turbo buffer, 50 ng pDJB5, 125 ng 

each of the forward and reverse primers, 200 μM dNTPs, and 1μL 2.5 U Pfu turbo DNA 

polymerase.  The resulting DNA mixture was digested with DpnI overnight at 37°C to 

fragment the template DNA.  The resulting plasmid was transformed into E. coli JM109 

using electroporation. 

Protein Purification Procedure 

I purified the mutated proteins using the overexpression plasmids transformed into 

E. coli BL21 (DE3) using electroporation.  Proteins tagged to GST were purified as 

described previously.82  A 5 mL overnight culture of the appropriate strain was grown 

using LB growth medium and 40 μg / mL kanamycin, with shaking at 37°C.  The 

overnight culture was diluted 1 : 100 into a 500 mL culture of LB / kanamycin and grown 

at 37°C with shaking.  When the optical density O.D. 600 nm of the culture was between 
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0.5 and 1.0, protein expression was induced by adding isopropyl-thio-β-D-galactoside 

(IPTG) to a final concentration of 100 μM.  At this stage, the culture was shaken at room 

temperature for 6 hours.  The cells were then pelleted by centrifugation, washed twice 

with cold sterile water and pelleted by centrifugation again.  They were resuspended in 

30 mL of cold loading buffer (50 mM Tris-Cl, 4 mM MgCl2, 1 mM DTT (added 

immediately before use), 1 mM PMSF (also added immediately before use), and 10% 

glycerol, pH 7.5).  Cells were then lysed using a French pressure cell (10,000-20,000 

psi), and insoluble debris was removed by centrifugation at 15,000 x g for 20 min at 

4°C.  The supernatant was then passed through a 0.45 μm syringe filter and loaded 

onto a column containing 10 mL of glutathione resin.  It was then re-circulated using a 

peristaltic pump for 3-5 hrs using a flow rate of ~0.5 mL / min.  Unbound proteins were 

then allowed to flow though to waste and the column was washed twice with 20 mL 

portions of cold loading buffer (same as above).  The bound flavoprotein was then 

eluted using 40 mL elution buffer (39.6 mL loading buffer, 0.40 mL 2M NaOH, and 0.31 

g reduced glutathione).  The eluant  was concentrated by ultrafiltration (Amicon YM-30 

membrane) and then dialyzed overnight in buffer (20 mM Tris-Cl, 4 mM MgCl2, 55 mM 

NaCl, 2 mM EDTA, 1 mM DTT, 50% glycerol, pH 7.5) prior to storage at -20°C.  Protein 

concentrations were determined by Bradford analysis.88  The glutathione resin was 

regenerated using high salt buffers to remove any remaining proteins.  Buffer A (0.1 M 

Tris-Cl, 0.5 M NaCl, pH 8.5) and buffer B (0.1 M Sodium acetate, 0.5 M NaCl, pH 4.5) 

were each passed through the column in alternating 200 mL amounts until each had 

been used 3 times. 
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Experimental Procedure for Screening 

Small Scale Reactions 

Adam Walton screened the enzymes in 50 mM KPi, pH 7.5 (300 µL total volume).  

Reactions contained 200 mM glucose, 25 U / mL glucose dehydrogenase, 0.3 mM 

NADP+, 10 mM alkene substrate, and 100 µg alkene reductase.  Reactions were run 

with agitation for 24 h, and then extracted using 0.5 mL ethyl acetate.  Reaction 

products were analyzed by GC. 

Reduction of Alkene 96 by GST-OYE 2.6 Crude Extract 

Adam Walton screened Alkene 96 using an OYE 2.6 crude extract using the 

following procedure.  One colony of E.coli BL21(DE3) with the plasmid pBS2 ( a 

derivative of pET22b (-) with the coding sequence of Scheffersomyces stipitis OYE2.6 

fused to GST) was picked from an LB ampicillin plate and used to inoculate 40 mL of LB 

ampicillin medium.  The culture was grown to saturation by growing at 37°C overnight, 

then added to 4 L of LB ampicillin supplemented with 20% glucose (80 mL), and AF 204 

(0.5 mL, Sigma).  Cells were grown in a New Brunswick M19 fermenter at 37°C, 700 

rpm, and 1 vvm airflow for 2.5 h until reaching O.D. 600 = 0.8, then the temperature was 

reduced to 30°C and fusion protein overexpression was induced by adding IPTG to 100 

µM.  After 4 h the cells were harvested by centrifugation and stored at -20°C.   

Cells were then thawed resuspended in 30 mL .1M KPi, 10 µM PMSF, pH 7.5 and 

passed through a French pressure cell twice. Insoluble material was pelleted by 

centrifugation at 27,000 x g for 45 min at 4°C.  Large scale reactions were performed in 

100 mK Kpi, pH 7.5 (90 mL) with glucose (8.0g), the mixture was then degassed by 

bubbling with Ar for 1 h.  Glucose dehydrogenase 1.0 mg, NADP+ 10 mg, and OYE2.6 

crude extract 450 U were added and equilibrated for 15 min.  Alkene 96 0.63 g was 
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added and the reaction was monitored using a pH stat at 7.5 with 1 M KOH as the 

titrant.  GC-MS analysis confirmed that no substrate remained when base demand 

dropped.  The product was extracted using methylene chloride (first 100 mL and then 2 

x 50 mL).  The organic layers were combined and then filtered through Celite , washed 

with brine, dried with Na2SO4 and concentrated using a rotary evaporator.  Enantiomeric 

excess was calculated using GC-MS and (S)-configuration was assigned using optical 

rotation.101 

Reduction of Alkene 97 by GST-OYE2.6 Whole Cells 

Adam Walton screened alkene 97 using the following procedure.  A colony of E. 

coli BL21(DE3) with the plasmid pBS2 was picked from an LB ampicillin plate and used 

to inoculate 15 mL LB ampicillin medium.  The culture was grown to saturation by 

growing at 37°C overnight with shaking, and then the culture was added to 500 mL LB 

amicillin with 0.40% glucose.  The culture was agitated in a baffled flask at 200 rpm until 

O.D. 600 reached 1.0.  At this point protein overexpresion was induced by adding IPTG 

to a final concentration of 100 µM, and shaken at 30°C for 4 h.  The cells were 

harvested by centrifugation and resuspended in 300 mL of 50 mM KPi, pH 7.5 with 0.10 

M glucose.  Alkene 97 300 mg was added and the mixture was shaken at 30°C for 1.5 

h.  GC-MS analysis showed that all of the starting material had been consumed.  To 

extract the product the reaction mixture was slowly stirred overnight with 500 mL CH2Cl2 

at room temperature.  The emulsion formed was filtered through Celite to remove 

insoluble material, washed with brine, dried over Na2SO4 and the solvent was removed 

using a rotary evaporator.  The absolute configuration of the reduction product was 

determined by Dr. Bradford Sullivan to be S after Baeyer-Villier oxidation to the 
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corresponding lactone.  Spectral data were consistent with previously reported data by 

Lees and Whitesides.102 
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Table 4-1.  Results of the Baylis-Hillman adduct reductions.  Appears as published in 
ACS Catalysis, 2011, 1, 989–993 

 

 
% conv     % ee 

 
% conv    % ee 

 
% conv     % ee 

S. pastorianus 
OYE1W116 
mutants 

   

Trp (wt) 19           >98(R) ≤5              N.D. 51             60 (R) 
Ala 9               90(R) 84          >98 (S) >98           72 (S) 
Val 52             86(R) 84          >98 (S) 97             92 (S) 
Tyr 68             76(R) >98        >98 (S) >98           87 (S) 
Phe 37             70(R) >98        >98 (S) 98           >98 (S) 
Ser 13             46(R) 84          >98 (S) 87           >98 (S) 
Ile 50               9(R) >98        >98 (S) >98           91 (S) 
Arg ≤5              N.D. ≤5              N.D. ≤5             N.D. 
Pro ≤5              N.D. 14          >98 (S) 16             77 (S) 
Thr ≤5              N.D. 28          >98 (S) 44           >98 (S) 
Cys ≤5              N.D. 31          >98 (S) 47             77 (S) 
Lys ≤5              N.D. 60          >98 (S) 75             76 (S) 
Glu ≤5              N.D. 93            90 (S) 96             88 (S) 
Asp ≤5              N.D. >98          91 (S) 95             77 (S) 
Gly 14            16 (S) 98          >98 (S) >98           86 (S) 
Leu >98          20 (S) >98        >98 (S) >98           57 (S) 
Asn >98          41 (S) >98        >98 (S) >98           89 (S) 
Met 15            64 (S) >98        >98 (S) >98           86 (S) 
His 67            97 (S) >98        >98 (S) >98           77 (S) 
Gln 78          >98 (S) >98        >98 (S) >98           89 (S) 
OYE 2.6 >98        >98 (S) >98        >99 (S) >98           76 (S) 
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Figure 4-1.  Electron density map with the amino acids from OYE1W116I modeled in.  
Reprinted with permission from ACS Catal. 2011, 1, 989–993. Copyright 2011 
American Chemical Society. 

 

 

Figure 4-2.  Substrate modeled into the electron density map.  A. shows there is 
unaccounted for electron density when the compound is modeled in one 
conformation.  B shows the fit by two binding modes which explains the 
electron density.  Reprinted with permission from ACS Catal. 2011, 1, 989–
993. Copyright 2011 American Chemical Society. 
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Figure 4-3.  Figure demonstrating the different conformations of I116, H191, and Y196. 



 

95 

CHAPTER 5 
BETA-PHENYL COMPOUNDS 

β-Phenyl Compounds 

Compounds with a phenyl group attached to the β carbon, like α-methyl-trans-

cinnamaldehyde, are interesting compounds to study with OYE1.  One reason is that 

some of them represent previously published abnormal binding modes in OYE1.67  

Another reason is that these compounds have different complications associated with 

synthesizing or purchasing the cis vs. trans alkene isomers.  α-Methyl-trans-

cinnamaldehyde being the predominant example in this study fits both of these 

descriptions.   

As previously published, substrates with large groups on the β-carbon, trans to the 

carbonyl, and larger than a methyl group are typically bad substrates.68  However, it has 

also been previously reported that α-methyl-trans-cinnamaldehyde is a very good 

substrate for reduction with a turnover number of 110 min-1.67  Upon further review, it 

has been noted that this substrate is reduced to the S enantiomer which represents a 

flipped binding mode in the active site (Figure 5-1).103  In addition, this substrate is a 

natural product that is readily available and sold predominantly in the trans isomer 

(95%) but is not available in the cis.  Compounds like this are a good example of why 

the strategy of using cis vs trans isomers as starting materials to get a desired reduction 

product may not be a suitable strategy to follow.  For these reasons, two compounds 

were chosen for study with the enzymes, α-methyl-trans-cinnamaldehyde and (Z)-ethyl-

2-fluoro-3-phenylacrylate. 



 

96 

Results and Discussion 

We first employed standard conditions to obtain a reduced standard for α-methyl-

trans-cinnamaldehyde (H2 with palladium on carbon) but obtained no reaction.  A 

derivatization pathway was therefore utilized to break up any resonance stabilization of 

the alkene caused by the pi bonding system.  This involved protection of the aldehyde 

using an acetalization, reduction using palladium on carbon under a hydrogen 

atmosphere, then deprotection of the aldehyde (Figure 5-2). 

None of the mutants screened with α-methyl-trans-cinnamaldehyde showed any 

complementary enantioselectivity compared to OYE1 (Figure 5-3).  The Tyr and Phe 

mutants at position 116 did show higher enantioselectivity for the same enantiomer and 

the Phe mutant even showed nearly identical conversion compared to the wild-type 

(93.4% conversion for OYE1 and 92.7% for OYE1W116F).  Having no 

enantiocomplementary products was expected because of how sterically limited the 

large phenyl ring is (Figure 5-1).  Even though this is an expected result, there has been 

some success reported on finding enzyme homologs that can produce the 

enantiocomplementary product of cinnamaldehyde derivatives.104 

Unfortunately for the substrate (Z)-ethyl-2-fluoro-3-phenylacrylate, none of the 

mutants had any favorable activity.  OYE1 displayed only 15% conversion, and no other 

enzyme reduced the substrate at all (Figure 5-4).  OYE1 is usually poor at reducing an 

alkene conjugated with an ester, so finding a mutant that could better reduce the 

compound would have also been a desirable result.  Attempts at increasing the activity 

with some substrates in the past have been successful.   
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Materials and Methods 

α-methyl-trans-cinnamaldehyde and ethylene glycol was purchased from Sigma-

Aldrich.  Palladium on carbon and p-toluene sulfonic acid were purchased from Fisher.  

(Z)-ethyl 2-fluoro-3-phenylacrylate and its reduced standard were gifts from Dr. Neil 

Stowe. 

Experimental Procedure for Screening 

I screened the substrates in 1 mL 0.1 M potassium phosphate buffer pH 7.0 for 24 

hours at room temperature.  Reactions contained 14 μmol glucose, 5 μg glucose 

dehydrogenase, 0.2 μmol NADP+, 5 mM alkene substrate and 100 μg alkene reductase.  

GC samples were extracted using 2 x 500 μL ethyl acetate. 

Trans-2-(1-phenylprop-1-en-2-yl)-1,3-dioxolane.  In order to make a reduced 

standard, I first derivatized α-methyl-trans-cinnamaldehyde into an acetal using the 

following procedure.  α-methyl-trans-cinnamaldehyde 20 mL and ethylene glycol 20 mL 

with p-toluenesulfonic acid 100 mg, was dissolved in toluene 100 mL and heated to 

reflux in a Dean Stark trap.  The resulting acetal was purified using recrystallization 

(Figure 5-2 compound 98). 1H NMR (CDCl3 300Mz) δ=1.879 (d, 3H) 4.05 (ddd, 4H), 5.3 

(s,1H) 6.68 (d, 1H), 7.28 (m, 5H). 13C NMR, 155.4, 136.9, 134.6, 130.2, 129.3, 128.3, 

127.2, 107.9, 65.7, 12.1, (EI) 190(M), 175(100), 131(30), 117(50.9), 91(23.6) 73(45.7), 

MP. 59-60°C.  Conversion analysis was performed using a GC-MS (Hewlett-Packard) 

with a DB-17 column with helium as the carrier gas, 60°C 2 min, 10°C / min increase, 

200°C 5 min, TR=17.5 min. 

2-(1-phenylpropan-2-yl)-1,3-dioxolane.  I then reduced the derivatized product 

using the following procedure.  The product from the acetalization 200 mg was placed in 

25 mL ethanol with 10 mg of palladium activated carbon under an H2 atmosphere using 
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a balloon (Figure 5-2 compound 99).  A small sample of this was removed using a 

capillary, filtered with Celite and run on GC to verify reaction conversion.  Upon 

completion of the reaction the activated carbon was filtered away using Celite and the 

resulting solution was concentrated on a rotary evaporator.  NMR data was compared to 

previously published results.104  1H NMR δ .9 (d, 3H), 2.0 (m 1H), 2.4 (dd, 1H), 2.9 (dd, 

1H), 3.9 (dm, 4H), 4.8 (d, 1H), 7.2 (m, 5H), 13C NMR δ 140.6, 129.4, 128.4, 126, 107, 

65.29, 65.26, 39, 37.8, 13.5.  (EI) 192(M), 130(2.6), 114(8.45), 91(16.5), 73(100). 

Conversion analysis was performed using a GC-MS (Hewlett-Packard) with a DB-17 

column with helium as the carrier gas, 60°C 2 min, 10°C / min increase, 200°C 5 min, 

TR=16.0 min. 

2-methyl-3-phenylpropanal.  I then deprotected the acetal back to the aldehyde 

which was used as a reduced standard of α-methyl-trans-cinnamaldehyde.  2-(1-

phenylpropan-2-yl)-1,3-dioxolane 100 mg was added to 5 mL ethanol.  Water 100 µL 

was added with 10 mg paratoluene sulfonic acid to deprotect the aldehyde (Figure 5-2 

compound 100).  This reaction mixture was heated over a Bunsen burner to facilitate 

the reaction.  A 0.25 mL aliquot of this reaction was washed with 1mL water and 

extracted using 2x0.5mL ethyl acetate and run on nonchiral GC-MS for analysis.  

Conversion analysis was performed using a GC-MS (Hewlett-Packard) with a DB-17 

column with helium as the carrier gas, 60°C 2 min 10°C / min, 200°C 5 min, TR 12.25 

min.  (EI) 148(M), 105(22), 91(100), 78(26) 65(20).  Chiral separation and ee 

calculations were achieved using GC-FID with helium as the carrier gas and a beta-dex 

column, 60°C 2 min, 1°C / min increase for 70 min, 130°C 1 min, 10°C / min increase, 

180°C 5 min, TR=R enantiomer 50.1 min, S enantiomer 50.5 min. 
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A.       B.  

Figure 5-1.  α-methyl-trans-cinnamaldehyde binding modes In OYE1.  The binding 
mode that is recognized as the normal mode for most substrates is 
represented in A.  However, it is also known that this is not sterically favorable 
due to the large phenyl ring trans to the carbonyl.  This mode is also known to 
be the non-catalytically active binding mode for this substrate.  The 
catalytically active binding mode is represented in B. which flips the substrate 
in the active site.  Dalton Trans., 2010, 39, 8472–8476. 

 

 
 

 
 

 
Figure 5-2.  Synthesis pathway for the racemic standard of reduced alpha-methyl-trans-

cinnamaldehyde 
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Figure 5-3.  Enzyme reductions with α-Methyl-trans-cinnamaldehyde 

 

 
Figure 5-4.  Enzyme reductions with (Z)-ethyl 2-fluoro-3-phenylacrylate 
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CHAPTER 6 
FUTURE WORK 

Future Work 

With respect to site-directed mutagenesis of OYE1, some optimization of the 

procedure still needs to be performed.  This work has been championed by Stewart 

group members Dr. Bradford Sullivan and doctoral candidate Adam Walton (work 

performed mostly on OYE2.6).  Under their plan, a faster more reliable method has 

been developed that saturates each amino acid position.  The goals of this work are 

important in a cooperative effort for other projects, such as engineering a protein to give 

R selectivity in the Baylis-Hillman adduct work.  If one follows the path of iterative site-

directed mutagenesis, the most promising starting points for further mutation were either 

wild-type or W116 mutants of OYE1. 

Catalytic study will not be limited to Baylis-Hillman adducts in future work.  The 

original purpose of using substrates that can be made into chiral synthons downstream 

can be applied to other compounds.  Enzymatic alkene reductions are well 

characterized with model compounds which have very little downstream importance.  In 

order for the study of alkene reductions to move forward, the question of industrial 

viability must be addressed. 

With respect to the project of reducing halogenated acids, the original plan for this 

project included analyzing whether OYE1 and the mutant enzymes could reduce the 

acid and the corresponding methyl ester compounds.  Fortunately this very question 

was answered recently by Parmaggiani.105  According to this study, OYE1, OYE2, and 

OYE3 can reduce the methyl ester of chloroacrylic and bromoacrylic acid with good 

conversion (95-100%) and ee values ranging from 94-98% S.  The fact that only S 
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enantiomers resulted means some future work may be pursued for finding a way to 

produce the R enantiomers.  This may pose a formidable challenge considering the 

bulkiness of the bromine atom. 

The 2,5-disubstituted cyclohexenones were chosen as a model to measure the 

hindrance on substrates caused by the binding pocket of OYE1 and how that changes 

as groups get bulkier.  The results of this project will be difficult to interpret without 

producing enantiomerically pure starting materials.  Perhaps derivatization followed by 

preparative HPLC could solve this.  One issue, however, is whether or not this 

information is worth pursuing.  New data suggests significant differences in selectivity 

can be caused by conservative changes in amino acid identity.  A fine example of this is 

the precursor molecule to the Roche ester with respect to OYE1W116I and 

OYE1W116L.  Without molecular dynamics study, it is difficult to predict the outcome of 

adding steric bulkiness to a substrate and how that will respond to an amino acid 

change. 

Concluding Remarks 

For an enzyme like the old yellow enzyme that has 400 amino acids in its 

sequence, the total number of possible sequences is 20400.  Some perspective can be 

reached on the scale of this number by comparing it to the current estimate of the total 

number of atoms in the known universe (1080 atoms).106  So even for studies involving 

error-prone PCR and high-throughput screening, one of the first concerns to be 

addressed is how to limit the number of samples down to a manageable size.  In 

addition, many of the mutations that will be incorporated will have a wide range of 

effects from absolutely no impact to completely deleterious.  Incorporating the strategy 

of limiting mutations to areas of the protein that are more likely to have the greatest 
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effect on binding, such as the active site, may help decrease the costs associated with 

these studies and allow smaller laboratories to have an impact on biocatalytic 

processes.  The work investigating whether an enzyme may be made to be suitable in 

process development will continue, involving more amino acid positions to produce new 

chiral building blocks.  This lab has proven that it is possible through active site 

mutations to solve the “other enantiomer” problem, as well as improve activity for 

substrates for which the wild-type enzyme is a poor performer.  This has been done with 

both model compounds and compounds that are important for the production of other 

products.  Using mutated enzymes from the Old Yellow Enzyme superfamily may be a 

viable approach for some niche chemical processes. 
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APPENDIX A 
SCHEME FOR QUIKCHANGE® METHOD 
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APPENDIX B 
SCHEME FOR RESTRICTION DIGESTIONS AND LIGATIONS 

 
 
 
 
 
 
 
 
 
 
                                                                    BsaI then KpnI 

 
 
 
 
 
 
 
 
 

 
 
 
                                                                     T4 DNA Ligase 
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APPENDIX C 
SEQUENCING CHROMATOGRAMS 

 

 
Figure C-1.  W116G 

 

 
Figure C-2.  W116H 

 

 
Figure C-3.  W116Q 
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Figure C-4.  W116M 

 

 
Figure C-5.  W116Y 

 

 
Figure C-6.  W116S 
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Figure C-7.  W116V 

 

 
Figure C-8.  W116T 

 

 
Figure C-9.  W116N 
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Figure C-10.  W116D 

 

 
Figure C-11.  W116E 

 

 
Figure C-12.  W116R 
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Figure C-13.  W116C 

 

 
Figure C-14.  W116K 

 

 
Figure C-15.  T37A 
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APPENDIX D 
PRIMERS USED 

Primer alignments Forward Primers 

A: 
OYE 1  

AAG AAA TCG TTC GTT TGG GTT CAG TTA TGG GTT TTG GGT TGG GCT GCT TTC CCA 

W116C 

     AA TCG TTC GTT TGG GTT CAG TTA TGC GTT TTG GGT TGG G 

W116D 

     AA TCG TTC GTT TGG GTT CAG TTA GAT GTT TTG GGT TGG G 

W116E 

     AA TCG TTC GTT TGG GTT CAG TTA GAA GTT TTG GGT TGG G 

W116G 

         CG TTC GTT TGG GTT CAG TTT GGC GTT TTG GGT TGG G 

W116H 

     AA TCG TTC GTT TGG GTT CAG TTA CAT GTT TTG GGT TGG G 

W116K 

              C GTT TGG GTT CAG TTA AAG GTT TTG GGT TGG GCT GCT TTC CC 

W116N 

     AA TCG TTC GTT TGG GTT CAG TTA AAC GTT TTG GGT TGG G 

W116Q 

              C GTT TGG GTT CAG TTA CAG GTT TTG GGT TGG GCT GCT TTC CC 

W116R 

     AA TCG TTC GTT TGG GTT CAG TTA CGC GTT TTG GGT TGG G 

W116T 

     AA TCG TTC GTT TGG GTT CAG TTA ACC GTT TTG GGT TGG G 

W116V 

     AA TCG TTC GTT TGG GTT CAG TTA GTG GTT TTG GGT TGG G 

 

B: Reverse primers 

W116C 

      G GAA AGC AGC CCA ACC CAA AAC GCA TAA CTG AAC CC 

W116D 

      G GAA AGC AGC CCA ACC CAA AAC ATC TAA CTG AAC CC 

W116E 

      G GAA AGC AGC CCA ACC CAA AAC TTC TAA CTG AAC CC 

W116G 

      G GAA AGC AGC CCA ACC CAA AAC GCC TAA CTG AAC CC 

W116H 

      G GAA AGC AGC CCA ACC CAA AAC ATG TAA CTG AAC CC 

W116K 

GTC TGG GAA AGC AGC CCA ACC CAA AAC CTT TAA CTG AAC CC 

W116N 

      G GAA AGC AGC CCA ACC CAA AAC GTT TAA CTG AAC CC 

W116Q 

GTC TGG GAA AGC AGC CCA ACC CAA AAC CTG TAA CTG AAC CC 

W116R 

      G GAA AGC AGC CCA ACC CAA AAC ACG TAA CTG AAC CC 

W116T 

      G GAA AGC AGC CCA ACC CAA AAC GGT TAA CTG AAC CC 

W116V 

      G GAA AGC AGC CCA ACC CAA AAC CAC TAA CTG AAC CC 
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APPENDIX E 
NMR DATA OF PREVIOUSLY UNREPORTED COMPOUNDS 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure E-1.  1H NMR of 2,5-dimethyl cyclohexenone. 
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Figure E-2.  13C NMR of 2,5-dimethylcyclohexenone. 
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Figure E-3.  1H NMR of 2-methyl-5-propylcyclohexenone. 
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Figure E-4.  13C NMR of 2-methyl-5-propylcyclohexenone. 
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Figure E-5.  1H NMR of trans-2-(1-phenylprop-1-en-2-yl)-1,3-dioxolane. 
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Figure E-6.  13C NMR of trans-2-(1-phenylprop-1-en-2-yl)-1,3-dioxolane. 
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