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Abstract

This thesis reports the investigati of mechanism and the use ofrboxylic acid
reductases CARs) for biotechnological applications and biocatalytic synthesis of

industrially relevant chemical compounds.

Chapter 3 focuses on understanding mechanistic properties of the CAR enzymes. It was
demonstrated that phosphopantetheine group is essentiak fitne functions of
Mycobacterium marinumnCAR (MCAR) aridocardiasp. strain NRRL 5646AR (NCAR).
Recent findings on the structure of these proteins allowed investigation of enzyme
modularity by swapping the reductasgomains of MCAR and NCAR with generatf
biocatalytically active chimeric enzymes.Byngstoppedflow techniques it was possible

to determine that CARs are highly dynamic and involve many conformational changes.

In chapter 4 the use of CARs was investigated for synthesis efubpticulosis drug
ethambutol from §-2-aminobutyric acid. Demonstrating that one of the intermediates
(9-2-aminobutanal is unstable the whole cascade was redesigheBOC andN-Cbz
protected §-2-aminobutyric acid were accepted by MCAR and CAR 11 respgciivel
cascade could not be fully established due to problems faced during removal of protective

groups after enzymatic scale up reactions producing the required alcohol.

Chapter 5 describes the investigation of CARs in biocatalytic production of cinnamyl
alcohol. The optimized reactions involving lyophilized cells with MCAR, lyophilised cells
containing Anabaena variabiligAvPAL) and purifie®accharomyces cerevisi@8cADH)
could be scaled up for 100 mephenylalanine substrate. Further studies reveadledt all

three enzymes can be @xpressed together fan vivofermentation.

Chapter 6 is about the exploitation of modularity of CAR enzymes to create novel
biocatalysts with double reduction activity of acid substrates to the corresponding
alcohol.Chimeric CAR enzymes were made by replacing reduction domains with double
reduction domains knen as GPL{from Mycobacterium smegmatisand NRP(from
Mycobacterium tuberculosis The newly formed enzymes were solupleowever they
retained little to no atvity and the results of reduction of acid substrates to alcohols

were inconclusive.
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1.1 Chemical reactions in biocatalysis

Biocatalysis is a colleoti of natural processes that haween exploited by mankind for
centuries.lt is generally described as transformation between different chemical species
via a series of enzymatic reactions. Fermentation of simple sugang Saccharomyces
cerevisiae for example, has beeknown to playan essatial role in brewing industry
developmentespecially for the production of beer and wineBiocatalysis can also be
used toprevent food spoilageConventionally milk is treatedwith microbes to enhance
shelf life and therefore preserved for fuiruse. This process has been documented
throughout human history and can be traced back to ancient Bgyptwell asancient
Europe based on the evidence of triacylglycerols found in broken pots and véssels
Interestingly, this suggests that milk fermentatiavas likely to be a crucial part of
civilizations from around t world. Despite the simplicity of these processes, they are

crude and must be refined to increase efficiency.

Since the establishment of modern microbiologynineteenth century biocatalysis has
been improved significantly at a fast rate. The development was further accelerated by
the discovery of genetic material i®52and the invention of polymerase chain reaction,
protein crystallography and many other technigues in molacudiology®. As a result,
fermentation processes of the previously mentioned beveragesevegtimized using
isolated strains from nature or derived artificlly under laboratory conditiofs.
Industrial lactic acid fermentation processes were inconsistent over the many generations
due to the problems such as vulnerability to bacteriophages as well as impgrdve
consistency of the resulting products, adjusting the flavour by reduction of certain

compounds.

The biocatalysis industry has grown erpntially to meet with demands andeeds of
the current human populatiorfs Therefore more effort was put to understandhe
molecular bas of enzyme activityhat is crucial for designing biocatalytic processes for
the production of pure industrially relevant compounds. Both wjde and engineered
enzymes can be expressed in different expression platfoemd usedto replace
conventional chemical reaction$. Finally, any biocatalytic processes (such as the
synthesis ofaspactic acid,-DOPA, aspartame, oils, nicotinamidep@&ntothenic acidand

acrylamide)can be scaled up for industrial manufacturirf§igire 1)!1. Given examples
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are presented from processesed by severalapanese comparseVarieties of enzymes
were used b produce these chemicals rangifiggm hydroxylases, lyases, lactonases,
various reductases, desaturases etc. For these industrial applications either purified
enzymes were used or the whole organisms to perform transédion of substrate to

desired product

0 o)
HONOH HOWJ\N N \)oj\
H o NH,

O NH, O NH,
Aspartic acid Aspartame Acrylamide
i i H OH
HO - H
Ny ONH, OH %(N OH
HO
(j)l\ I \/\[(
N HO (@) 0]
Nicotinamide L-DOPA D-pantothenic acid

Figurel. Examples of industrially proded chemicals using biocatalysis such as aspartic acid,

aspartame, acrylamide, nicotinamidePlopa, Dpantothenic acid.

All around theglobe, chemical industry companies are investing huge amounts of money
to replace the traditional chemical processes with biocatalysis as it is known to generate
fewer wase products and cost much lesSome of the examples are presentedrFigure

2. The onversion ofl0-deacetylbaccatin Il to baccatin 11l using immobilized deacetylase
from Nocardioides luteuSC 13912 allowed the production of intermediates for taxol
synthesis avoiding protection and deprotection reactiBr{Eigure2 A). The process could

be scaled to 5000 litres and substantial quantities of product were generated. Another
example used whole cells &fseudomonaghlororaphiscontaining nitrile hydratases to
convert adiponitrile to Ecyanovaleramide via hydratiomeaction with high region
selectivity® (Figure 2B). Theresulting product is an important intermediate for the
synthesis of various herbicides. The reaction was exttg efficientand could bescaled

to produce up to 13.6 metric tons of the desired product. The last example involves
synthesis of antidiabetic drug sitagliptin (Figure 20). To achieve scalable synthesis of
the compound of interest initially the transaminase ATEY was reengineered to

comply with required conditions and later used at 100 Yysubstrate concentration.
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Compared to the previous exaies, the latter requireslear molecular understanding of

the enzyme. The examples above demonstrate that biocatalytic processes are usually
involved in the synthesis where convearial chemistry would require moneactions or
would strugglewith stereoselectivity. In example A or C acetylation or amination would
be hard to perform as there are several potential sites available for reaction to occur.
Example B requires only a single amide bond formation, however using conventional
chemistry mth cyano groups would rea@nd generate high quatities of unwanted side
product Therefore, using enzymes can reduce the cost of the required reaction and

improve the yields of the product.

Immobilized

C-10 deacetylase
A HO\\\ / : > (0] . , E < (0)
HO O O\fo 9 o o oo
o o \f

10-deacetyl baccatin Baccatin Il
NC o~ P. chlororaphis B23 NC NH2

B CN ———————=

Adiponitrile 5-cyanovaleramide O
F
F

ATA-117 variant
N\
C N/ \(\N
vN F NN
F*Z/ Prositagliptin ketone F~’7\/ Sitagliptin
F F F F
Figure2. Examples of biocatalysis process used in industry.spnthesis ofbaccatin 11l using

deacetylas&, B ¢ production of 5cyanovaleramide using whole cellsf Pseudomonas
chlororaphi$®, C ¢ synthesis ofsitagliptin using transaminase enzytheRedcolour indicates

where enzymatic reaction occurred on the molecule.

Despite the benefits of biocatalysis, most biocatalysis reactions are not actively studied
after initial proof of concept and not scaled up due to extensive costs and efficiency of

certan enzymes. To overcome scalability problems, recent biocatalysis is trending

13



towards engineering enzymes for required reactions by altering the primary nucleotide
sequencecoding for the enzymeln most of the cases the reaction conditions are
completely different in biocatalysis compared to natural reactions occurring in
organisms®:

1 High concentrations of substrat@nd product (typically 54009 L, dependent
upon application)
High salt concentration
Temperature and pH determined by substrate and product solubility and stability

Gagliquid interface (for reactions consuming (e.@) Or producing (e.g. Ggas)

= =2 =2 =

Liquidtliquid interface (for aqueousrganic tweliquid phase reactions where
organic phase is used as a carrier for the substrate/argroduct)

1 Organic solvent (for assistance in solubilizing substrates)

1 Heterogeneityof temperature, pH and concentration of substrate and product

(for large scale applications limited by mixing)

Previoudy mentioned exampldgFigure2 C) required modification of the initial enzyme to
overcome the problems above. The variant of AlIA D-amino acid transferase was-re
engineered using directed evolution and ProSAR method#lagyvercome some of the
issues mentioned includingubstrate specificity, thermostability and resistance to organic
solventd“. In other cases, either computational or structigeided engineering mettus

were applied to achieve the required properties adoroduce new variants with altered
activities“°, In some examplesNADPH preferring enzymes such as katal
reductoisomerase and alcohol dehydrogenase were engineered to use NADH as cofactor
reducing the cost of overall cascase in production of isobutanol while in other tteeses

reverse preference of cofactor was inthaced®.

1.2 Synthetic biology
The early practice ofmolecula biology, whichmade the initial steps in théirth of
synthetic biology was carried out by Francois Jacob and Jacques Monod in 1961 on the

response of lac operon in bacterial céllsFundamentally, this work has demonstrated a

14



complex relationship between gene expression and changes in environments which

underlie the concept of modern synthetic biology.

In the 1970s and 1980sj0lecularbiology was restricted to simple cloning and did not
receive much attention from scientific communitias synthetic biologyHowever, it was
changed when automated DNA sequencing and various computational tools were
invented in 1990s to allow complete ssencing of microbial genomes and high
throughput quantification for RNA, protein, lipids and metabolites. Combining this
information led todeeperunderstanding of systems biology and how it can be used to
reverse engineer the intricate structure of biologl network3%24. As synthetic biology
was taken more seriously around theginning 02000 the first international conference
was organised at the Massachttse Institute of Technology (MIT) to bring together
researchers from wide range of disciplines. It was essentially an effort to highlight the
importance of synthetic biology and ultimately improve design, construction and
characterization of biological sgsns’>26. As a result, engineering was incorporated with
molecular biology research and ofést the ideas of part, standardisation, abstraction and
hierarchy. In the following years, hundreds of parts have emerged and empower
scientists to finely regulate their systems at different molecular levels. To systematically
catalogue and store these parin a standardised format, a number of public repositories
were foundedsuch as iGEMegistry and GenolL#B?8 Given the success of this meeting,
synthetic biology was held back by a number of obstacles includingcieetf assembly
methods, uncharacterised genetic parts and long ad hoc optimisaliiagration with
computational science has also been an attempt to descand design synthetic parts

andcircuits using softwares provided by the Synthetic Biology Qpeguage (SBGL.)

Despite the lack of well defined knowledge in circuit ieegring during the nai 2000s,

the field has underwenmaturation andhasbecome astonishingly more sophisticated in
recent years. Several research groups have excelled their techmigiueg made use of
better design andconstruction method¥®3L Coupled with a decline in gene synthesis
costs?, synthetic biology has been improved greatly to allow efficient and high
throughput asserhly of the constituent subparts. In 2008, Hasty and colleagues created a
synthetic system with a significant higdegree of complexity as the circuit was

constructed to exhibit robust and persistent oscillatory behaviéutiterally, it was an

15



impressive example of design based on experimental and theoretical studies. A similar
circuit was constructedin their subsequent workto couplequorum sensing to enable
synchronization across a wider populatié® To make the system even more complex
and further extend range of communication,gasphase redox signalling system was

incorporated

Combination of biocatalysis andptimized enzyme activity with synthetic biology is
expected to be used in the future to develop new and efficient routes to synthesize
various chemicals starting from basic carbon sources such as glucose or glycerol. Not only
synthetic biology allows mapilation of genetic material for various DNA based assay
Alsoit enables engineering afew metabolic pathways in organisms that never contained
them to produce chemicals such as biofuels, pharmaceuticals and various
biomaterial$®3’. Transferring genes from host organismsi&t colicells and optimizing
metabolic pathways is predicted to allow partial replacement of various fo@lgently
derived from fossil fuef8. Biofuels such as ethanol, butanol, pentanol and biodiesel are
expected to be produced. The field is still relatively new and producing more complex
moleculesor engineering novel pathways and generating industrial levels of products are

not entirely viable at the moment

1.3 Importance of oxidatioreduction reactions in
biocatalysis

Over the past years, redox reactions hd¥szome more inorporated into the pocess of
modern biocatalysis. Essentially, thepable introduction of various functional groups
resulting in formation of more complicated productdlsg oxidation and reduction
reactions can be used to stabilise substrates, intermediates or final pteduia
modification of reactive functional groupghere are several classes of redox reaction
performing enzymes including dehydrogenases, oxygenases, peroxidases and®others
DehydrogenasebBavethe same reaction type asarboxylic acid reductases performing
reduction reactions Dehydrogenses perform reduction afdehydes to alchohols and
CARs reducadds to aldehydeshowever dehydrogenases are also knownptrform

reversible reaction whereas dawxylic acid reductases are nofo function properly,

16



these enzymesequire the presence ofofactors such as NADPH or NADH as reductive
agents. They are known especialfpr their use in producing primary and secamg
alcohols from aldehydes and ketones respectit®ty. Alcohol dehydrogenases have
been used for various processes where conventional chemistry might struggle to produce
good yields. For exampkelective reduction of ketone functional groups was performed
using bicyclo[2.2.2Joctane2,6-dione substraté” (Figure 3 A). A range of assays
discovered that the best yiedsnd best ee values were achieved usi@gndida
wickerhamilUOFS 0652 for (+)}exo isomerand Cryptococcus albidusOFS 2127for (-
)-endo isomerproducts Another example includes enantioselective reduction -@x8-3-
phenylpropanenitrilefor production of various precursors for synthesis of both antipodes
of fluoxetine, atomoxetine, ah nisoxetine, popular serotonin andorepinephrine
reuptake inhibitors.. {1 SNRa &SI ad NBRdzOGF&asSa ¢SNB
enantiomers(Figure 3B) Some dehydrogenases show high stability even in subcritical
CQ and high pressure when present as the whole cells catafifggsire 30). Geotrichum
candidumNBRC 5767 was immobilized on waaeisorbent polymer retaining the activity

to reduce 2-fluoroacetophenone with high vyield and ee valueélso alcohol
dehydrogenases can be used for enantioselective oxidation retaining the correct
enantiomer unreacted. A notable example is using -phenylbutanr2-ol and
Thermoanerobacter ethanolicuslehydrogease W2110A which only accepts §-
enantiomer and oxidises to the corresponding ketgRegure 3D). The same enzyme can

be used for reduction of§-4-phenylbutan2-ol in the presence of NADPH cofacfor
These examples demonstrate how versatile alcohol dehydrogenases can be in producing

fine chemicals.
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Bake, S yor

bicyclo[2.2.2]-octane-2,6-dione

ct/s a/b,dus

(1R,4S,6S) endo

OH
(ed\n\dase CN
BW
Q )-3-hydroxy-3-phenylpropanitrile
B OH

Bak er’ <

m CN
L YG( o 8ucy
3-ox0-3-phenylpropanenitrile 039y, “'ases

(R)-3-hydroxy-3-phenylpropanitrile

0] F Geotrichum candidum
NBRC 5767

C HsC 10MPa scCO2, 2-PrOH H;C

@)
T
M

2-fluoroacetophenone (S)-1-(2-fluorophenyl)ethanol

OH
H;C
OH
Thermoanerobacter ethanolicus
D H3C dehydrogenase WT10A (R)-4-phenylbutan-2-ol
NADP+
acetone O
4-phenylbutan-2-ol HsC

4-phenylbutan-2-one

Figure3. Theuseof dehydrogenase catalysts for production of various alcohols and separation of

racemic mixturesA ¢ Selective reduction of endo and exo ketone groups usiegcld2.2.2}

octane2,6-dione. BCO Y AAYSSNAY I . 1 SNRa &S| adpredliBRIAD G 4Sa T2 NJ
Immobilized Geotrichum candidumNBRC 5767 for reduction of-flaoroacetophenone at

subcritical C@ D¢ Enantioselective oxidation ofghenylbutan2-ol*2. Red colour indicates where

enzymatic reaction occurred on the molecule.
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1.4 Aldehydes in industry

1.4.1 Importance of aldehydes the use
Aldehydes are iportant commodities for many industrial synthesis processes as well as

are used themselves. One of the known aldehydes i fomlustry is vanillin. lis the
componentthat contributes to theflavour of the cured beans o¥anilla planifolia While
the syrthesis of this compound is performguredominantlyby chemical reactionghe
naturally extractof this flavouring agent is wortkess than 1 % dthe annual market.
There aremethodsthat are known to producehis compound inE. coli however the
yields are not highly sufficient for industrial usé®44 The market was changed upon
introduction of Rhovanil® Natural by Solyayhich uses freulic acid to produce vanillin
that meets the requirementso be labelled as naturalUnlike vanillin,cinnamaldehyde
can beextracted at high quantitiefom a natural sourc®. In addition to the exceptional
flavour of this compound,tihas been shown to have antifungal and antimicrobial
activity*®#’. Optimizing the synthesis of cinnamaldehyde using industrial biotechnology
would decrease the plants needed to grow just for producing compou@ther
commonly used aldehydes for food and flavour as welplagrmaceutical industry are

benzaldehyde, anisaldehyde, formaldehyde, lilial Eigire4).

)
0 H i

H)J\H HO d H

O\
Formaldehyde Vanillin Benzaldehyde

o 0

~o
Cinnamaldehyde Anisaldehyde Lilial

Figure4. Chemical structures of industrially relevant aldehydes.

19



1.4.2 Synthesis of aldehydes
There are manyways by whichaldehydescan be synthesiseffom various chemical

compounds. The most known reactions invointerchangebetween alcoholsaldehydes

and carboxylic acidsFigure 5). These reactions can be performathder multiple
conditions including oxidation of alcohol to the corresponding aldehyde and carboxylic
acid by carbon supported platinum cataly$tsgold and palladium based cataly$tand
various other solid state cataly$fs The same figure also shows that thferward
reactions can be reversedigure5. Reduction of carboxylic acids to the corresponding
aldehydes or alcohols can khmerformed using: palladium owarbon catalyst in the
presence of hydrogen g&ds manganesecatalyst$? and palladium complexé% One of

the oldestmost documentedmethods involvehe use of borohydride based compounds
that are known for their reductive potentizt®>and the reactions starting from initial acid

substrates to the corresponding aldehydes or alcohols can occur.

o~ @) O
R OH —= P E—
R)J\H RJ\OH

Alcohol Aldehyde Acid

Figure5. Interchange of carboxylarcids to aldehydes and alcohols.

However, it is challenging to control some of these reactions resulting not only in
formation of aldehydes during reduction of acids but also alcodiss can be observed
using various hydridesincluding LiAllH and NaBH result in formation of litium and
aluminium salts and sodium boro salts respectivédyer reduction could be avoided
usingdi-isobutyl aluminium hydride (DIBAL), which stops reduction process of carboxylic
acids at aldehydes if the reaction is stoichidreally controlled. However, previously
mentioned examples generate various salts or other organic waste products that have to
be recycled.The standard chemical synthesis has other drawbacks such as ¢hefus
expensive catalysts likgalladiun?®3, They sually cannot be recycled or halieited
activity and have to be disposed. In addition to that, these reactions are performed in
organic solventgesulting insevere pollution.The synthesi®f aldehydes is possible via

other routes as well using Fukuyama coupling, Grignard reaction, Seebach Umpolung
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reaction, Stetter synthesis and other reactions that were described re®énBy using
biocatalysts for example for oxidation of alcohols or reduction of carboxylic acids to

aldehydes could reduce the use of expensive catalysts as well as organic solvents.

1.5 Carboxylic acid reductases

1.5.1 Characterization ofarboxylic acid reductases

The reduction of benzoic acid to benzyl alcohol was observed in varsiasns of
Nocardi&’ suggesing the presence ofcarboxylic acid reductactases (CAR) this
organism. Indeed, one of the first CAR enzymes was isolated and purified\fsoardia

sp. strain NRRL 5646 (NCERJhe enzyme required NAPDH, Mgiid ATP to perform

the reduction of initially tested benzoic acid to the corresponding aldehyde. It was shown
that purified NCAR enzyme had higlaetivity towardsthe substitutes of benzoic acid at
para and meta position rather than ortho postition. The purified enzyme from the
Nocardiasp. strain NRRL 5646 was further characterized by cloning the genE.icti
expression systePl. The production of NCAR E coliBL21 (DE3) yielded the enzyme
that is not as active ahat purified from the host organism. It was speculated that NCAR
required posttranslational modification that could é reconstituted by endogenoui.
colienzymes. Potentighhosphopantetheine transferasegere identified from Nocardia
strains (Npt) andBacilus subtiligSfpsynthasg®®. Indeed co-expression of either ofhe
engineeredenzymes cold recover the activity of NCAR. The initial mechanism was
suggested to be based on phosphopantethéimyoup (known asd a ¢ A y 3 X)y 3
attached to Serine 689F{gure 6). It involves activation of substrate at adenylation
domain following thioester bond formation of activated substrate with
phosphopantetheinyl group. The substrate is then delivered to #diction domain by a
GAGAYIAXRYISKISNEB Ad A& NBRdIZOSR dzaAy3a b! 5t
comparison with nonribosomal peptidesynthases (NRP3nd there wasno direct

structural or mechanistic evidende confirm it.

Interestingly it has been demonstrated that there is a potential feedback inhibition
caused by pyrophosphate produced during activation of the substrate affecting the

enzyme catalyt properties inin vitro studie$l. This may be the natural control
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mechanism of CAR enzymes in order to prevent reduction of carboxylic acids produced by
microbes foroptimal growth. In recent yearanore CARs were identified in a wide range

of organisms predominantly frorilycobacterium Nocardia StreptomycesTsukamurelia

and Segniliparuspecies with astonishingly high conservabiti? It was suggested that

CAR may have arisen from the same common protein ancestor.

1.5.2 Carboxylic acid reductases as a bridge to different enzymes classes

Carboxylic acid reductases perform a simple redox reaction as the name suggests.
Mechanistically and structurally CARse more similar to NRPS enzyméhan other

reductasesor dehydrogenasesRecently published datderived fromboth types ofthe
enzymeshavecharacterized their structural and functional properfig¥(Figure7). There

are some differences involvedspecially related to condensation domain ialn is not

LINBaSyd Ay /! wad bwt{ dzaS GKAA R2YFIAYy FT2N ¥2N
functionality do not need and it iabsent Both types of enzymes share the following

domain homology: adenylion, PCP site and thioesterasereduction domain.

In addition to that there isa thiolation domain responsible for formation of covalent
bond between AMRctivated substrate and phosphopantetheine in both classes of
enzymes. According to structural informatfsf?, both enzymes appear to require similar
domain motions for chemical reaction to occur and also share same principal in substrate
delivery from adenylation site to theatalyticdomains. Structurally CARs are similar to

NRPS however functionally they are more related to dehydrogenases.
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Figure6. Initial proposed mechanism for catalysiscarboxylic acid reductaction by CAR enzymes.
The reacttn mechanism starts from activation of beinzoic acidO{RH) (A) via formation of
AMPbenzoate (RO-AMP) intermediate at adenylating domain. Followed by a nucleophilic attack
of the phosphopantetheine thiol (HSAR) to AMBenzoate shown in green arrowB)(forming a
colavent interaction between phosphopantetheine group and benzoat®©-GCAR) (C)The
benzoyl thioesterphosphopantetheinylnen swings from the adenylatingC) domain via
conformational changetowards the reduction domain (D). Red arrow@ss the phosphate ester
bond at S689 indicates the proposed comformational movemelsDPH is either bound to the
reduction domain or binds upon delivery of the substrate leading to reduction of activated
carboxylic acid to the corresponding aldehy{thSCAR and #-H) (E). Phosphopantetheine group

is showed in brown and the attachment site is labelled as SB88 figure is taken from original

publicatiorf®.

Adenylation Thiolation PCP  Reduction Condensation Adenylation + Thiolation PCP  Thioesterase

Phosphopantetheine

Figure 7.Structure comparison of CAR {@yith NRPS (B)class enzymes. The domains in the
structural diagram are indicated according to the colored legend above, which represents a linear
domainarrangement of the enzymes. Thioesterase domain can act as reductase domain but also
can be responsible for formation of bigger molecules in NRPS enzymes. Condensation domain is
required for formation of peptide bonds in NRPS enzymes whereas CARs onlynparsingle
catalytic cycle before releasing the product. Overall structural comparison shows the highly

dynamic nature of both of these classes of enzymes.
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1.5.3 Use of CAR enzymes for synthesis of industrially relevant compounds
Aldehydes functional group isknown to be versatile for organic chemistry as welf@s
enzymatic reactions due to ithemicalreactivity. Howeverthis functional group appears
to have an issue witimstability which can be resolved by couplimgth other enzymes
especiallyfor in vivobio-productions. Only recently CARs were investigdtede used for
the synthesis of industrially relevant compounds using cascade reattidh®bably the
most commonly investigated cascade using CAR enzymes isvaieohol
dehydrogenasesADH for the following reduction of aldehyde to alcohol functional
group. It has been demonstrated that some fungal species can perform succassfub
fermentation of supplied acid substrates to the corresponding alcohols AigsCand
ADHS$®. SomeE. colistrains have been engineered twverproduce fatty acids (Ci218).
E. colicells were then induced toexpress MCAR and aldehyde reductaseAHR

from Synechocystispecies PCC 6803 resulting in accumulation of fatty alcohols.

Targeted fermentation of -bctanol was investigated based on the previously
characterized systefh (Figure §. This was one of the first examples where targeted
synthesis of producperformed by CARnzymeswas studied using glucose aan initial
substrate. Only yields at.4mg loctanoll®! h*! were detected This cascade requires

further optimizationto be used forchemical production at a larger scale

+ CoA
CARapo

3sfp

~ACP +3',5'-ADP

S o
1 2 4CAR
FAS Tes3 hol
glucose—= —= — R/\/go R/\/g - R™>N"0H
0, octanoyl-ACP octanoate ( ; octanal / ; 1-octanol

ACP NADPH NADP* NADPH NADP*
+ATP 4+ ATP,

PPi
Figure 8 Engineered synthetic pathway for production ofodtanol. The scheme represents

metabolic pathway for the production ofdctanol fromglucose via formation of fatty acids i

coli. 1¢ fatty acid biosynthesis from glucose substrate; RCP release forimg freeoctanoate 3

¢ phosphopantetheine transferase activating CAR enzyme,rdduction of octanoate by CAR
forming octanal, &; reductionof octanal to toctanol by aldehyde reductase (AHR). The diagram

and description are taken from pagér
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I GNRALIX S SyiTevysS OFadlRSaE dza AyNE v & INBRYEeE S G0 .! OAR

and Imine Reductase (IRHi2s been investigated by a recent study the production of
mono- and disubstituted piperidines and pyrrolidines and restindl essay®. The
cascade was successfully performed on a wide range of substrates expdnairgity of

the catalytic toolbox.This indicates that CARs may after all have a great potential for
biocatalytic purposesHowever, these enzymegere not studied thoroughly fothis new
application Reduction of carboxylic acids yieldsarmaton of aldehyde functional group,

which canusuallyundergo further chemical reactions.

It has been shown that produced aldehydes can be extracted andtlgiresed for
catalysisavoidng overproduction ofthe side productssuch as alcoholshat can be
generated due to presence of ADH enzyPie$hisexample usesarious carboxylic acids
that are reduced to llehydes followed by the Wittig reaction froducevarious esters

(Figure9).

by
OEJ \©

O CAR o ’/
R)J\OH RJ\H R/\)J\O/\

Acid Aldehyde Ester

Figure 9. The use of CAR enzymes in productioBunsaturated esters via biocatalytic and

chemocatalytic combination.

In summary,CARIis a class of/ersatile catalystwith great potential thatmay create
opportunities for producing biofuelsand other products Thee is vast number of
substratesthat can be accepted bfZAR enzymeas described in one of the recent
reviews®. This ranges from benzoic acid derivatives, cinnamic acid derivatives,
phenylacetic acid derivatives and evépoly-) heterocyclic acidsand aliphatic acids.

Therefore, these substrates can be combined with active enzyme Thorough
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understanding of CARwill be crucial for further development diiesecatalysts andheir

application for industrial uses.

1.6 Aims and Objectives

Enzynes are desirable replacement fohemical catalystdue to their ability to perform

complicated chemical reactionsMany industies are interested in discovery and

application of novel enzyme class@he overall aim of this thesis is to investigate the

mechanism and application ahportant enzyme group callechtboxylic acideductases.

These enzymes perforreduction ofcarboxylic acigto the aldehydes, which generally

difficult to control More specific mechanistic aims include understanding the reduction

process and engineering novel biocatalysts using the knowledgeired Biocatalysis

aims include production ahdustrially important intermediateinnamyl alcohol andnti-

tubercuosis drugethambutol using carboxylic acid reductases in cascade reacflines.

following questions will baddressed

1.
2.
3.

What are essential conditions for carboxylic acid reductases fallyefunctional?

How important is modularity in carboxylic acid reductases?
How efficient are carboxylic acid reductasder in vivo and in vitro cascade

reactions?

What is the scope of substrates? And can protected amino acids be accepted?

Coulddomain svapping be used to prodie novel catalysts based on carboxylic

acid reductase scaffold?

And to meet the aims, the following must be done

1.
2.

Express and purify model carboxylic acid reductases for kinetic studies.
Determine the optimal conditions for carbglic acid reductase activity using
steady state kinetic experiments.

Investigatethe importance of domain interactions on the kinetic rates using
engineered chimeric carboxylic acid reductases with swapped reduction domains.
Designand performa cascade starting frorf§-2-aminobutyric acidto produce

ethambutol using combination of enzymatic reacti@rs chemocatalytic steps.
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5. Designand performa cascade for production of cinnamyl alcohol from-teyived
L-phenylalanine using a combinatiori phenylalanine ammonia lyases, carboxylic
acid reductases and alcohol dehydrogenases.

6. Engineerand producechimeric carboxylic acid reductases replacing the reduction

domains with double reduction domains and analyse the formed products.
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2 Materials and Methods
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2.1 Materials

2.1.1 Dry lab materials

2.1.11Web resources
NCBIThe NationalCenterfor Biotechnology Information advances science and health by

providing access to biomedical and genomic informatitps://www.ncbi.nlm.nih.gov/
ExPasy:SIB Bioinformatics Resource Pbtiial//www.expasy.org/
PDBThe Protein Data Bank archilrgp://www.rcsb.org/pdb/home/home.do

UniProt:The Universal Protein Resouhts://www.uniprot.org/

2.1.2 Experimental materials

2.1.21 Chemicals and reagents
Analytical grade reagents and solvents were obtained from FiSbentificunless stated

otherwise and used without further purification. NADH and NADPH were acquired from

Melford Laboratories ATP,L-phenylalanine trans-cinnamic acid and cinnamaldehyde

were purchased from SigmaAldrich. Restriction enzymes were purchased from New

England Biolal® Inc. Glucose dehydrogenase (GOZDX901) was kindly supplied by

Codexis and alcohol dehydrogenase fr8atcharomyces cerevisige{ O! 51 0 o6xonn dzy A
mg? protein) was obtaind from SigmaAldrich. Kanamycimas obtained from Bio Basic

Canada, Spectinomycin from Melfotéboratoriesand other antibioticsand IPTG from

ForMediuni™. 2 mL glass vials witbcrew caps designed for HPLC &t needles, from

Agilent Technologies for HPLC and GC analysis.

2.1.2.2Microbiological growth mediaand antibiotics
Growthmedia were boughaspre-mixturesfrom FormediumMand prepared according to

0 KS YI y dzFstruotiomgNEBeflydconipghentswere dissolved irdeionized water
and sterilized by autoclaveat 121 °C for 20 mjnand allowed to cool before adding
appropriate antibiotis. Antibiotics were preparedas 1006fold concentrated stock
solutions filter-sterilized using 0.2 um Minisart® NML syringe filters with surfactant free

cellulose acetate membraiseand added to mediat the required final concentrations.
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For molecular cloning procedures, bacteria wevatinely cultured in Luria Broth (LB: 10
g L tryptone, 5 g £ yeast extract, 10 g“'LNaCl) orLBagar (15 gb). Antibiotics were
added to agar medihefore solidificatiorand spread evenly in sterile 150 x 15 mm plastic
petri dishesSOC outgrowth mediurf20 g t tryptone, 5 g £ yeast extract0.5 g  NaCl,
3.6 g £ glucose, 4.8 g L MgSQ, 0.2 g £ KCl)was used inorder to inprove
transformation efficiencyCells producing any dhe KREDr CAR engmeswere grownin
Terrific Broth (TB12 g E tryptone, 24 g i yeast extract, 9.4 g LKHPQ, 2.2 g t
KoHPQ). PALs were expressed in &B baseautoinduction medium (AIM10 g E
tryptone, 5 g t! yeast extract, 3.3 gi(NH)SQ, 6.8 g t: KHPQ, 7.1 g ! N&HPQ, 0.5 g
! glucose, 0.15 g1MgSQ, 2.0 g tth-Lactose, 0.03 gltrace elementk

The following antibiotic concentrations were used inygtlo media:50 pg mt kanamycin
for growth and expression of KREBDH enzymes; 100 ug rhéampicillinfor AvPAL and
RgPAL; 50 pug milkanamycin for other PA&nzymes;100 pg mtt ampicillinwith 50 pg
mL? streptomycinfor MCAR/ NCAR and Sfp @xpressionand 50 pg mt kanamycin
with 50 ug mttstreptomycinfor CARs 3, 4, 9 and 11.

2.1.2.3Buffers and markers
1 E. colicell lysisbuffer: 50 mMpotassiumphosphatepH 8.G, 500 mMNaCl and 10

mM imidazole

1 Elution buffersfor nicketaffinity chromatographyhas the same composition as
lysis buffer butwith varied concentrations of imidazole

1 Gelfiltration buffer: 50 mMpotassium phosphateH 8.G, 150 mMNaC

1 * potassium phosphatbuffers were made from 1 M stock pH adjustedsolution
madeby mixing required proportions af M of KHPQiinto 1 M KHPQ

1 Pellet washingolution 0.5 % NacCl

1 SDSPAGE running buffer: 25 mMisHCI, 192 mM glycine, 0.1 % SDS

1 SDSPAGE sample loadirmuffer (two-fold concentrated)62.5 mMTrisHCI, 2 %
SDS, 25 % glycerol, 0.01 % bromophenol blue, 2 Sn#r@aptoethanol pH 6.8

1 DNA gel running buffer (1 x TAE):mMTris, 20 mM acetic acid and 1 mM EDTA.

1 6xloading dye for agase ges: 10 mMTrisHCI (pH 7.6) 0.03% bromophenol blue,
0.03% xylene cyanol FF, 60% glyc&®ImM EDTA (Thermo Scientific)
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1 SDSPAGE marker: Precision PlusProtéiRrotein prestained standards (All blue)
(BioRad)

1 DNA gel ladder: 1 kb DNA Ladder (N&vgland BiolalsInc).

1 Deuterated NADPH equilibrati@olution: 10 mM NHHCQ

1 Deuterated NADPH eluticgolution:500 mM NHHCQ

2.1.2.4Plasmids
All PALs were providectady cloned in the respective vector3dble ) by Dr Nicholas

Weise.Plasmids containing genes encodM@AR NCARand Sfpwere provided by Dr
Kalim Akhtar. Other CARcontaining plasmid were providedby Dr Sasha Derrington.
MCAR andNCARencoding genetackingreduction domairs were providedin pEF28a by
Dr. Mark Dunsta. Selected KREDADH enzymes3b, 89, 121, 144, 150, 229, 231, 291)
T NP NREDjto-3 2 ¢ s ffork ®ProzomixLtd were kindly provided by ProfSimon J.
Charnock cloned in plasmids of preferenc&ynthetic genesvere codonoptimized for
expression irk. coli. Thesegeuncesf all genes in their plasmid vectors were confirmed

by DNA sequence determination.

2.1.2.5Bacterial $rains
Escherichia colistrain  JM109 (Promega&ndAl,recAl,gyrA96,thi, hsdR17 (&,

mi*), relAl,su® n n Jac-ppoAB), [FtraD36,proAB lagl%zn a mwaB Rsed for plasmid

DNA amplification and general cloning procedures.

Escherichia caditrain BL21(DE3) (New England Bickg:fhuA2[lon],ompT,gald < 5900 X
OROWMSE S k< 5Bard LI2EERBB, int:(acl:PladJV5:TA SY S monms, wasm X K
used for growth and expression of all CAR, PAL and KREB proteins.

Escherichia coktrain HSTOS8Stellafr™ cells (Clontech): ¢; endA1l, supgE44,thi-1, recAl,
relAl,gyrA96,phd I ulgciR a mIpcZYAjargFd U169 mig - hsdRMS- merBC),

nmer 2¢, was used for IfFusion cloning.
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Name Function Organism Plasmid | Study/Source
AVPAL | PAL Anabaena variabilis pPETF16b

RgPAL | PAL/ TAL | Rhodotorula glutinis pETF16b

EncP PAL/ PAM | Streptomycesnaritimus pET28a

DdPAL | PAL Dictyostelium discoideum pET28a | Prof. Turner
MxPAL | PAL Methylobacteriumsp. pEF28a | 9roup

SrPAL | PAL Streptomyces rimosus pPETF28b

BIPAL PAL Brevibacillus laterosporus | pEF28b

PbPAL | PAL Planctomyces brasiliensis | pEF28b

MCAR | CAR Mycobacterium marinum pET21a | 6

NCAR | CAR Nocardiasp. NRRL 5646 pET21a | %6

CAR3 CAR Mycobacterium smegmatis | pEF28b | GSK

CAR4 CAR Tsukamurella paurometabold pEF28b | GSK

CAR9 CAR Segnilipausrotundus pPET28b | GSK

CAR11 | CAR Segniliparusugosus pEF28b | GSK

Sfp PPant T Bacillus Subtilis pCDFlb | 66

85-291 | KRED ADH | na pEF28a | Prozomix Ltd
RGPL |DRD Mycobacterium smegmatis | pGm92 | 147

RNRP | DRD Mycobacterium tuberculosis| pGm92 | 147

Table 1.Proteinencoding genestudied in this work Table contains acronyms, the function,
origin of enzyme and respective vectors providedRALC phenylalanine ammonilyase, TAI
tyrosine ammonidyase, PAM; phenylalanine aminomutase, CARcarboxylic acid reductase,
PPant T¢ phosphopantetheine transferase, KREDADH ¢ ketone reductase/ alcohol

dehydrogenase, DR{double reduction domia.

2.1.2.6Equipment

Function Name Company
SDSPAGE gel Gel DoV EZ Imager Bio-Rad
viewer
Gas 7890A GC system equipped with an FID dete( Agilent Technologies
chromatography and a 7693 autosampler
(G9
Gas 7890B GC system equipped with an 5977A MSD | Agilent Technologies
chromatography
/mass spectrometry|
(GCM9
High performance 1200 Series LC system equipped with a G13| Agilent Technologies
liquid degasser, a G1312A binary pump, a G1
chromatography autosampler unit, a G1316A temperaturg controll
(HPLE column conpartment and a G1315B diode arra
detector
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DBWAXcolumn on Y E n®oH YY A®R®DI n| Technologies
HRS5 column on Y E nd®oH YY AORDI n
Micro tube | AccuBlock' Digital Dry Bath Labnetinternational Inc
incubator
DNA guantification | NanoDrop 2000 spectrophotometer Thermo Scientific
Incubators for Stuartorbital incubator SI5000 ColeParmer
biotransformations
Microbiological Infors HT Multitron Infors AG
incubator
Table top IEC MicroCL7 centrifuge Thermo Electron
centrifuge Corporation
Large table top 5810 R Eppendorf
centrifuge
Spectrophotometer| Varian Cary 300 bio U¥sible spectrophotometer | Agilent Technologies
Spectrophotometer | Dual cell peltieraccessorytemperature controller| Thermofisher Scientific
temperature with thermostat
control unit
Lyopholizer Heto Power Dry LL1500 Freeze Dryer Thermo Electron
Corporation
Static incubator Binder ED23 Classic Gravity Convection Oven, 0| ColeParmer
ft, 115 VAC
Rotavapor CVC 2 fromvacuubrand for pressure contro| Vacuubrand
Waterbath B480 from BUCHI and Membra
Vakuumpumper (diaphragm vacuum pump)
SDSPAGE gel tankd Mini-Protean® Tetra Cell Bio-Rad
Electricity supply PowerPac 3000 Bio-Rad
for SDSPAGE
Gel filtration AKTApure fitted with fraction collector F€ or FRR | GE Healthcare
system
Gel filtration HiLoad® 16/60 Superdex® 200 Generon
column
Floorstanding Avanti®}26 XP Beckman Coulter
centrifuge
French press French® Press Thermo Electron
Corporation
Sonicator equipped | Soniprep 150 MSE
with process timer
UV lamp for TLC UVP UVGES Analytikjena An
Endress+Hauser
Magnetic stirrer Stuart Advanced AnalogStirring Hot Plate, ColeParmer® Scientifi
aluminum, 6" x 6", 120 VAC experts
Stoppedflow SX20 Applied Photophysics
spectrometer
Heat gun GHG 660 LCD Professional Bosch
Derivatization Incubator 1000 Heidolph

reaction incubator

NMR instrument

nnn | fGNF { KASEt Rx

BrukerSpectrospin
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2.2 Methods

2.2.1DNA manipulation methods

2.2.1.1Escheiichia coli transformation
Plasmids wereintroduced into commercially suppliedchemically competentE. coli

strains BL2YDE3), JM109 or Stellarfor protein expressionplasmid amplificatioror In-
Fusion cloningrespectively. Competent cells were thawedice, a 50 pLaliquot was
transferred to asterile 1.5 mLmicrotube, 1 pLof plasmid DNA (5@ 150 ng) wagently

mixed withthe cellsthen left in ice for 15 min Cells were given®& S| i akK2 06y} I G
placing the tuben a heat blockor 45 s The tube was then immediatetyansferredback

into ice, left for5 min then500 pLSOGnediumwasaddedandthe tubewas placed in an

Ay Odzo | (i 2 $hakingial@0 Tpm of 15h. 100 plof the transformed cells weréhen
spread onto agar platescontaning appropriate antibiotics. Inthe case of IAFusion
cloning the transformed cellswere sedimented by centrifugation &000 rpm for 5 min

then gently resuspended ih00 pLof freshSOGnediumprior to spreading on plateshe

LI F §Sa 6SNB Ay Odzo | (-$6FRh) it distatic incubatdhef stbfet3t & 3 K {

¢ Aasrequired

2.2.1.2Plasmid DNA extraction
Plasmid DNA was isolatétbm 5 mLsaturated cultures in LB mediurasinga QIAprep

Spin Miniprep KitQiagen followingli KS Y I y dzF I OG dzZNBE N & Ay & (i NJz

2.2.1.3DNA quantification
DNA was quantified in 1.5 pLaliquots using a Nanodrop spectrophotometer. The

concentration of DNA was calculatadtomaticallyfrom triplicate measurements at 280

and 260 nnby the software

2.2.1.4Site-directed mutagenesis
Mutations were introduced intgprotein coding sequencessing forward and reverse

mutagenicprimers {Table 2, Figurd0). Primers were designetb be between 35 and 40

nucleotides in lengthwith G/ C content between 50 and 65 % athé mutated positions
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in the middle.Primers werepurchasedfrom Eurofins MWG and0 uM working stock
solutions were prepared in deionized watdihe plasmid was mixed withe primersand
the/ £ 2y S! YL | A C Atiort containingNIBIA” polmesagetaccordingTable
3, andthe site directed mutagenesiSDM PCR reaction was performed according to the
protocol in Table 4 Immediately after the PCRhe methylationspecific restriction
enzymeDpnlin CutSmart® BuffgiNew England BioLabs® Im@s addedaccording to
Table 5and incubatedat 37 °C for 80 mim order to destroy themethylated parental

DNAstrandsprior transformation.Ecoli JIM109was then transformed with 1 pL of the

mixture.
Gene name | Direction | PrimerSequence GC
content(%)
MCAR A/P F GGAAGCGGCGCGTAARBBAGICGAGCACCACCACCY 63
R GTGGTGGTGGTGCTCGABIGTTTACGCGCCGCTT(Q 63
NCAR A/P F GAAGCGGAACGTAACMFCTCGAGCACCACCACCA( 56
R GTGGTGGTGGTGCTCGARIMGTTACGTTCCGCTTC| 56
MCAR RNRP | F CGTAAACCGAAACTGGABTCGTGATGCACGTCC 56
R GGACGTGCATCACGACGAGTTTCGGTTTACG 56
NCAR RNRP | F CGTAACAGCABFCGAGGTCGTGATGCACGTCC 56
R GGACGTGCATCACGACGAGTTTGCTGTTACG 56
MCAR GPL F CGTAAACCGABFCGAGGTGAACGTACCGATCG 53
R CGATCGGTACGTTGACGAGTTTCGGTTTACG 53
NCAR GPL F CGTAACAGCABFCGAGGTGAACGTACCGATCG 53
R CGATCGGTACGTTGACGAGTTTGCTGTTACG 53

Table 2.The complete sequences of primers representedrigure 7. Inserted or exchanged
nucleotides are shown ired. A/ P signifies products with adenylating and phosphopantetheine
sites lacking reduction domains.and R, forward and reverse primers. GC content is expressed as
LISNDSYyGF3ISd t NAYSNE | NB NBLNBaSYydiSR pQ G2 oQ
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Gene name Site directed mutagenesitarget

MCAR without
reduction domain

5

Xhol

Forward

7L
I(;Ln’\f\(;li(-ly(ih(]h 1 /‘\»‘\/"Lit.(-n/\/\’; TCGAGCACC /\LL}/\(m

CTGGCCGATTATGTGGAAGCGGCGCGTAAACCGTAACTCGAGCACCACCACCACCACCACTGAGATCCGE < &
3 GACCGGCTAATACACCTTCGCCGCGCATTTGGCATTGAGETCGTGGTGGTGGTGGTGGTGACTCTAGGCCE 5
CCTTCGCCGCGCATIT TG l‘(v‘ TGAGCTCGTGGTGGTGG I(l
L\:> Reverse
NCAR without e
. . Forward
reduction domain =
[I-;‘\Ah(‘,h(;/‘w’\(ih TAACAGCHAACTCGAGCACCACCACCAC
s GGCCAACTATATTGAAGCGGAACGTAACAGCTAAC T CGAGCACCACCACCACCACCACTGAGATCCGGE 3
3 CCGGTTGATATAACTTCGCCTTGCATTGTCGATTGAGETCGTGGTGGTGGTGGTGGTGACTCTAGGCCE 5¢
k:S;JAAAIIt(AIliY(LVII(A((I((I‘(V((I((Kk
Revers
MCAR RNRP
G
[CGIAAACCGAAACTCGAGBICGIGA[GCACG!CC
S éTGTGGAAGCGGCGCGTAAACCGAAACTCGAGGTCGTGATGCACGTCCGACCAGCGATCCGCGTCTGGT < 1
F t t + + + t i
3 TACACCTTCGCCGCGCATTTGGCTTTGAGCTCCAGCACTACGTGCAGGCTGGTCGCTAGGCGCAGACCA 5
GCATTTGGCTTTGAGCTICCAGCACTACGTGCAGG]
Reverse &
NCAR RNRP Forvard
G
[CGTAACAGCAAACTCGAGGICGTGATGCACGTCC
G ACTATATTGAAGCGGAACGTAACAGCAAACTCGAGGTCGTGATGCACGTCCGACCAGCGATCCGCGTCTGG 3
3! TGATATAACTTCGCCTTGCATTGTCGTTTGAGCTCCAGCACTACGTGCAGGCTGGTCGCTAGGCGCAGACC 5
GCATIGICGITTGAGCIICCAGCACTACG T GCAGG)
Reverse [c]
MCAR GPL
G
EGTAAAUCGAAACTCGAUQYGAAC&?ACCGAECG
S’ CCGATYATGTGGAAGCGGCGCGTAAACCGAAACTCGAGGTGAACGTACCGATCGTGTTAGCTTTGCGGCA 3’
3 GGCTAATACACCTTCGCCGCGCATTTGGCTTTGAGCTCCACTTGCATGGCTAGCACAATCGAAACGCCGT 5°
GCATTIGGCTTTGAGCTICCACTIGCATGGCTAGC]
Reverse le]
NCAR GPL
[6]
[CGTAACAGCAAACT CGAGG T GAACG TACCGATCG
S’ HATATTGAAGCGGAACGTAACAGCAAACTCGAGGTGAACGTACCGATCGTGTTAGCTTTGCGGCAGTTCAT 3
: A : s s 3 A
} + + + + + + +
3’ ATATAACTTCGCCTTGCATTGTCGTTTGAGCTCCACTTGCATGGCTAGCACAATCGAAACGCCGTCAAGTA 5

GCATTGICGTTTGAGCTIGCACTTGCATGGCTAGO)
Reverse kj

Figure 10. Sitedirected mutagenic strategy to modify proteiencoding genesThe mutation

target areaf genes are showwith their mutagenic primersMutagenic primers were designed

to remove stop codors (in the case ofMCAR and NCAR encoding genes without reduction

domairs) andto reintroducemissing nucleotideafter InFusion cloningRed colouredasepairs

representthe Xholrecognition sequencePrimer sequenceare coloured bluewith inserted or

exchanged nucleotidgndicated
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Component  Volume (ub
/I f2yS 1 125

P1 0.75
P2 0.75
Template 0.5
dHO 10.5
Total 25

Table 3.Composition of thePCR mixturdor site-directed mutagenesis £ 2y S | YLha O2y Gl Ay a
mixture of all thecomponentsnecessarfor the PCRncluding polymerase anaadyto be mixed
with DNA primers and templatd?], forward primer, P2 reverseprimer; the template is circular

plasmid DNAStock concentration of primers was 10 uM. hiitiemplate concentration was 05

ng pL.

Cycles Time (s) Temperature (°C)
1 90 98
19 10 98
15 55
45 72
1 K 4

Table 4.Cycling parameters dhe PCHRor site-directed mutagenesi¢N.B.The extensions times

with MCAR and NCAR Rwere 40 s instead of 45s).

Component Volume (ub)
Dpnl 0.5

PCR mix 25

10x buffer 2.5

dHO 2

Total 30

Table 5.Dpnl digestionmixture compostion. Dpnl was obtained from NEB at 20 000 U'mL

concentration.

2.2.1.5In-Fusion cloning
CGenes encoding chimeric proteingere constructedusingthe In-Fusion HD cloning kit

(Clontech) [figurell).
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Xhol (158)

pPGOmM-2
3448 bp

pET-28a(+)
7492 bp

T7 promoter]

S GGTCGTGATGCACGTCCGACCAGCGATCC T TACCAATCTGCAGCTGCTGGGTCTGCTGTAA g

3 CCAGCACTACGTGCAGGCTGGTCGCTAGGAATGGTTAGACGTCGACGACCCAGACGACATT 5

A

<XhoI> (7492)
<XhoI> (0)

700

" el |
rminator

7% 6xHis

Xhal (1) Xhol (1384)

2501 E 7500 1000 12501

Linear
7492 bp

3 thrombin site
£ GxHis

\ B8

RBS

T7 promoter

Circular
8869 bp

RBS
(T7 promoter.
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Figure 11 Schematicof chimeric DNA formation usinpe In-Fusion cloningnethod. Step1l is
linearization of thetarget plasmidby cleavage withrestriction enzyme Xhol (A). Step 2 is

amplificationby PCPRf the DNAto be inserted(in this case encoding DRI generate a product

with 15-nucleotide ovehang G ST OK pQ SyR O2YLX SYBS@tdp NE (2 GKS

involves annedahg of the overhangs with the complementary targetsequences and ligétipn

Plasmid DNA containing regions encoding the adenylation domain and
phosphopantetheine site were fused with PCR products encoding the double reduction
domairs (Table 13 using In-Fusion cloning method. Plasmid DNA was linearized by
digestion with Xho(New England BioLabs® Inc) in CutSmart® buffer at 37 °C fdalildn

6) and purified using a QIAquick® Gel Extraction purification kit (QIAGEN) after
electrophoresis in 26 agarsegel The inself ¢ A ( K psQ@omplé&hemMidkylto/tie
insertion site within thedigestedplasmid, was amplified by PQRable 7 Table 8 Figure

12, Table 9, treated with the methylated DN&pecific nuclease Dpnl to remove PCR
template, and purifiedusing the QIAquick® PCR purification kit (QIAGEN) in accord with
0KS YU ydzfF I Ol dzNBr¢dized plagriidi WaszOnikdd 2withii an  appropriate
concentration of the insertsT@ble10), the ligation reaction was incubated for 15 min at
50 °C, transferredo ice, then used to transforminto E.colistrain HST08 Stelbar

(Clontech) according to the procedudescribed aboveGhapter2, Sectior2.1.1).

Component Volume (ub)

Xhol 1

Plasmid DNA 1 pg (66.2uD)
10x buffer 5

Water Up to 50
Total 50

Table6. Linearization of plasmid DNA with Xhilixtures were incubated for 1 h at 3T Xho |
was obtained from NEB at 20 000 U hebncentration.
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Cycles Time (s) Temperature (°C)

1 90 98

35 10 98
15 55
15 72

1 K 4

Table 7 PCR cyclingarametersfor amplification of DNA for insertion by-Fusion cloning.

Component Volume (ul)
JdoneAmm 125

polymerase

P1 0.75
P2 0.75
Template 0.5
dHO 10.5
Total 25

Table 8 PCR mixture for amplificatioof DNA for insertion byin-Fusioncloning. Template
concentration 19 ng pL. P1, forward primer; P2, reverse primer; the template is circular plasmid

DNA.Stock concentration of primers was 10 uM.

Gene name Primer sequence GC %

MCARRNRP| F | TAACAGCAAACTC EISIERSORBETCC | 65
CCTCETCETC T AAEASASREAREY GO 53

MCARRNRP| F | TAAACCGAAACTCEIBEISIRISERBE CC | 65
GGTGGCTGGCTCCTENCACORGABEORABEN G 55

NCARGPL |F | TAACAGCAAACTCEEICHASENRSEEIN-GT | 56
R | GGTGGTGGTGCT(EMOAEORGRBBORECAG | 56

MCARGPL | F | TAAACCGAAACTC EEICRABEIABEEINCGT | 56
R | GGTGGTGGTGCT(RNOACOACABBORBE /G | 56

Table 9.Primer sequences for JRusion cloning according tigure 12 Sequences in yellow are

complementary to the plasmid insertion sites. Sequences in red correspond foritheng sites
for PCR to generate the products for insertion. F (forward) and R (reverse) signify the direction of

priming. Sequences are written 5' to 3'.
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Gene name Amplification of double reduction domain with overhangs
5 GGTCGTGATGCACGTCCGACCAGCGATCC I TACCAATCTGCAGCTGCTGGGTCTGCTGTAA 3
i 3 4 4 $ 4 +J
3 CCAGCACTACGTGCAGGCTGGTCGCTAGGAATGGTTAGACGTCGACGACCCAGACGACATT - e
57 GGTCGTGATGCACGTCCGACCAGCGATC! TACCAAICIGCAGCIGCIGGGTCYGCIGTA? < 4
! 4 n 4 4 4 .|
3 CCAGCACTACGTGCAGGCTGGTCGCTAGG ATGGITAGACGTCGACGACCCAGACGACATK 5
NCARGPL Forwarc
~COA S GTGAACGTACCGA ‘N
BT GGTGAACGTACCGATCGTGTTAGCTTTGCGACCGATCTGCAGCTGCTGGGTCTGCTGTAA =L
! s 3 s ' b ]
I T t T T t T T t 1
3 CCACTTGCATGGCTAGCACAATCGAAACGCTGGCTAGACGTCGACGACCCAGACGACATT 5"
l‘\Ar.l‘\AI‘.l‘.\'.Al‘n’-‘-.l',G.-’-‘-.l‘:AT_AI.I
Reverse —
MCARGPL g
CCAGGTGAACGTACEGA ‘N
5 (IBGTGAACGTACCGATCGTGTTAGCTTTGC-:,‘.:=.CCGATCTGCAGCTGCTGGGTCTGCTGTA;? 3r
" L 4 ' " L + ' " L +
I T t T T t T T t 1
3r CCACTTGCATGGCTAGCACAATCGAAACGCTGGCTAGACGTCGACGACCCAGACGACATT ks

Reverse

EE;;ARCCAGARGAEAT_””

Figurel2. Sites of primer annealing on template DiAgenerate PCR products for insertion by

In-Fusion cloningPrimer sequences are in blue. Templatenealing portions of each primer are

shown. Each primer contains B5-nucleotide 5' extension complementarto the plasmid

insertion site(complete primersequences are shown rable 9.

MCARNRP | NCARNRP MCARGPL | NCARGPL
CAR 5.25(24 ng) | 5.25(44 ng) | 5.25(24 ng) | 5.25(44 ng)
DRD 0.75(56 ng) | 0.75(56 ng) | 0.75(82 ng) | 0.75(82 ng)
5X InFusion HD 2 2 2 2
Enzyme Premix
Water 2 2 2 2

Table 10lIn-Fusion reaction mixtui® CARsthe linearized plasmitb be inserted intocontaining

either NCAR or MCAdhcoding genewithout reduction domain; DRihdicates PCR fragments of
pQ 2 @StdlikKd y3Ia

double reduction domairncoding genewith 15y dzOf S2 i A RS

plasmid integration site5-times concentratedn-Fusion HD Enzyme Premwas purchased with

In-Fusion cloning kit from Clontectiolumes arein pL.
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Gene
name

Protein sequence

DNA sequence

RNRP

GRDARPTSDPRLVSVHGDN
VHASDLTLDRFIDADTLATA
PGPSPELRTVLLTGATGFL(
VLELLRRLDVDGRLICLVRA
DARRRLEKTFDSGDPELLR
LAADRLEVVAGDKSEPDLG
PMWRRLAETVDLIVDSAAM
AFPYHELFGPNVAGTAELIR
TKLKPFTYVSTADVGAAIEP|
TEDADIRVISPTRTVDGGW:3
YGTSKWAGEVLLREANDL(
VAVFROGILADTSYAGQLNN
SDWVTRMVLSLMATGIAPR
EPDSEGNRQRAHFDGLPV]
EAIAVLGARVAGSSLAGFAT
MNPHDDGIGLDEYVDWLIE
YPIRRIDDFAEWLQRFEASL
PDRQRRHSVLPMLLASNS(Q
PLKPTRGCSAPTDRFRAAV
KVGSDKDNPDIPHVSAPTIIN
TNLQLLGLL

GGTCGTGATGCACGTCCGACCAGCGATCCGCGTCTGGTTAGTGTTCA
CCGACCGAAGTTCATGCCAGCGATCTGACCCTGGATCGTTTTATTGAT
TGGCAACCGCAGTTAATCTGCCGGGTCCGAGCCCGGAACTGCGTAC(
CCGGTGCAACCGGTTTTCTGGGTCGTTATCTGGTTCTGGAACTGCTG

TGTTGATGGTCGTCTGATTTGTOTGTBGCGGAAAGCGATGAAGATGCA(
TCGTCTGGAGAAAACCTTTGATAGCGGTGATCCGGAACTGCTGCGTC
ACTGGCAGCAGATCGTCTGGAAGTTGTTGCCGGTGATAAAAGCGAAC
GTCTGGATCAGCCGATGTGGCGTCGTCTGGCAGAAACCGTGGATCT(
GCGCAGCAATGGTGAATGCATTTCCGTATCATGAACTGTTTGGTAGGA
GTACCGCCGAACTGATTCGCATTGCACTGACCACCAAACTGAAACCG

TAGCACCGCAGATGTTGGTGCCGCCATTGAACCGAGCGCATTTACCG
TATTCGTGTTATTAGTCCGACCCGTACCGTTGATGGTGGTTGGGCAG(
ACCAGCAAATGGGCCGGTGAAGTTCTGCTGCGTGAAGCAAATGATCT
CCGGTTGCAGTTTTTCGTTBTGATTCTGGCAGATACCAGCTATGCAG(
TGAATATGAGCGATTGGGTTACCCGTATGGTTCTGAGCCTGATGGCA/
CCCCGCGTAGCTTTTATGAACCGGATAGCGAAGGTAATCGTCAGCGT
ATGGTCTGCCGGTTACCTTTGTTGCAGAAGCAATTGCCGTTCTGGGT(
CGGTAGCAGCCTGGCAGGTTTTGCAACCTATCATGTTATGAABATIGCG/
ATTGGTCTGGATGAATATGTTGATTGGCTGATTGAAGCCGGTTATCCG
TTGATGATTTTGCAGAATGGCTGCAGCGTTTTGAAGCAAGCCTGGGT(
ATCGTCAGCGTCGTCATAGCGTTCTGCCGATGCTGCTGGCAAGCAAT
GCAGCCGCTGAAACCGACCCGTGGTTGTAGCGCACCGACCGATCGT]
AGTTCGTGCAGCAAARBITAGTGATAAAGATAATCCGGATATTCCGCA
CGCACCGACCATTATTAATTATGTTACCAATCTGCAGCTGCTGGGTCT

RGPL

GERTDRVSFAAVHGSDVTH
RDLTLDKFIDAPTLRTATTLR
GAVQTVLLTGATGFLGRYL
WLRQLRRVDDKVICLVRGK
DARRRLEATFDTDPLLRKH
ATERLQVVAGDKGQPNLGI
QTWQRLAESVDLIVDSAAF
VLPYSELFGPNVVGTAELIR
SKLKPFNFVSTSDVGRQIER
TEQADIRLVSATRKIEVGYA
GNSKWAGEVLLREAHDHC
VAVFRSGMIMVDPTYAGQL
TDTVSRMVLSIVATGVAPG
QRGDNGERQRAHFDGLPV,
AQAITKLGWQVARSVTDST
FETYHVMNPHDDGIGIDTYI
LIEAGYPIERIEDFGEWLQR
ALQGLSDQQRQNSVLQML]
KQQAGELQPPMRGSFAPAD
FQAAVRDANIGVEGEIPHV1
VIVKYVTDLQLLGLL

GGTGAACGTACCGATCGTGTTAGCTTTGCGGCAGTTCATGGTAGCGA
GTTCATGCGCGTGATCTGACCCTGGATAAATTTATTGATGCACCGACC
CAACCACCCTGCCGCGTCCGGATGGTGCAGTTCAGACCGTTCTGCT(Q
CCGGTTTTCTGGGTCGTTATCTGCTGCTGEBBABIFIGAGCTGCGTCGTG
TGATAAAGTTATTTGTCTGGTTCGTGGTAAAAGCGATGAAGATGCACG
GGAAGCCACCTTTGATACCGATCCGCTGCTGCGTAAACATTTTAATGA
GAACGTCTGCAGGTTGTTGCAGGCGATAAAGGTCAGCCGAATCTGG(
ACAGACCTGGCAGCGTCTGGCAGAAAGCGTTGATCTGATTGTTGATT

GTTATAGCGTTCTGCCGTATAGCGAACTGTTTGGTCCGAATGTGGTT(
GAACTGATTCGTTTTGCACTGACCAGCAAACTGAAACCGTTTAATTTT(
GCGATGTTGGTCGTCAGATTGAACCGAGCCGTTTTACCGAACAGGCA
TGGTTAGCGCAACCCGTAAAATTGAAGTTGGTTATGCAAATGGTTATG
AATGGGCCGGTGAAGTTCTGCTGCGAGARGATCATTGTGGTCTGCCG
CCGTTTTTCGTAGCGGTATGATTATGGTTGATCCGACCTATGCAGGT(Q
TACCGATACCGTTAGCCGTATGGTTCTGAGCATTGTTGCAACCGGTGI
AGCTTTTATCAGCGTGGTGATAATGGTGAACGTCAGCGTGCCCATTTT
CGGTTGATTTTGTTGCGCAGGCAATTACCAAACTGGGTTGGCAGGTT(
TTACCGATAGCACCGCAAGTGGTTTTGAAACCTATCATGTTATGAATC

TGGTATTGGTATTGATACCTATATTGATTGGCTGATTGAAGCAGGTTAT
CGTATTGAAGATTTTGGTGAATGGCTGCAGCGTTTTGAAGCAGCCCT(
AGCGATCAGCAGCGTCAGAATAGCGTTCTGCAGATGCTGACCCTGCT]
GCAGGCGAACTGCAGCCGCOBEATCCGTGGCAGCTTTGCACCGGCA
TTTCAGGCCGCCGTTCGTGATGCAAATATTGGTGTTGAAGGTGAAATT
CCCGTGAAGTTATTGTTAAATATGTTACCGATCTGCAGCTGCTGGGTC

Table 13 Peptideand DNA sequences of double reduction domains.
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2.2.1.6Colony PCR
Screening for correct gertion events following the Hrusion cloning waperformed by

PCR amplification directly from transformed bacterial colonies picked from agar plates.
This was accomplished using GoTag® polymerase (Promega). The composition of the
reaction mixtures is shown ifable 11 Twafold concentrated GoTaq® Green Mastex Mi

was mixed in PCR reaction tubes with forward and reverse primers (listeabla 9 and
brought to final volume with water. Singke. colicolonieswere picked andransferredto

the reaction mixtures, and a live inoculum of each colony was retainedceventual
propagationof positive clones. PCR was perfornaatordingo Table 12 then at the end

of the reaction the mixtures were loaded directly on to% agarose TAE gels for

electrophoretic analysis.

Component Volume (ub
2X mixture 6.25

P1 0.25
P2 0.25
dHO 5.75
Total 12.5

Table 11.Composition ofcolony PCRfor screening of transformants frodm-Fusion cloning. P1
and P2, forward and reverse primers for inserl@®DsStock concentration of primers was 10
HM.

Cycles Time (s) Temperature (°C)
1 300 98
30 30 98
30 65
90 72
1 150 72
1 K 4

Table 12 PCReycling parameterfor colony PCRmplification
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2.2.1.7Analysis of DNA by agarose gel elegifmresis
Gels were mad&vith 1 % (w) agarosein TAE buffeand includedd.01 % (wH{ , . wxu

Safe dye (Thermo Fischer Scientificjnixed with the gel while still molten to allow
visualization of the DNAAfter loading DNA samples into the wells with loading dye,
electrophoresisvas at 120 V (constant voltage) for 50 minin TAE buSeparated DNA

bands were visualized under ultraviolet light and images were recorded digitally

2.2.1.8DNASequencing
Nucleotide sequences of &INA samples werdeterminedby the commercialserviceof

Eurofins MWG using the Sanger technique with fluorescent dyeconjugated
dideoxynucleotidesPurified plasmid DNA wasovided for sequencing ialiqguotsof 15
uL at a concentration of5 ng pt. Sequencing was primed using either standard T7
promoter andterminator primersor specific primersvithin regions of interes{Table 14.
Primers were pranixed with plasmid DNA by addiguL of 10 pMprimer to the15 pL
plasmid aliquotsResulting sequence filagere obtainedin FASTA format and analyzed

usingsoftware provided byNCBI.

Name Sequence
TAA TAC GAC TCACTATAG GG
CTAGTTATTGCT CAGCGG T

T7 promoter_F

T7 terminator_R

MCAR_2096_F TGATATTGAAGTGCCGGTGGGCGTG
NCAR_2115_F GAAGTGCCGGTGGGTGTGGTTGTGAG
MCAR_716_F CTGGCACTGAGTGGTCA AAC
MCAR_2072_R TTTGTTCCAGCAGTTCAC CA
GPLrevseq_R GTGCATCTTCATCGCTTT TACC
NCAR_687_F CATCTACCCCGGAACATC TG
NCAR_2069_R CGCCATAACGTTCTTTCA GG

RNPrevseq_R

CTTCATCGCTTTCCGCAC GAAC

Table 14.Primer sequences used for sequencing the genes or gene products. F and R represent

forward and reverselirectionality accordingly.
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2.2.2Protein expression methods

2.2.2.1Expression trials to test protein solubility
Single colonies of bacteria transformed with plasmids for the expressiochiaferic

enzymes wereaised to inoculatel0 mLcultures inTBmediumwith IPTGadded to induce
the expression(will be further described ilfChapter 2, Sectio.2.6. BugBuster® Protein
Extraction Reagent (Novagen) was uded the extraction of proteinfollowing the
YIydzZFlI OGdzZNBENR& LINRG2O02¢

An alternative lysis and protein extraction procedure was tried as folldws.mL of
induced culture was pelleted by centrifugation, the cells resuspende@00 pLlysis
buffer andlysed by sonication (eiglatyclesof 25 s on and 60 s off at 25 % ampiiéuusing
Soniprep 150 equipped witB.5 mm MSEprobe). Boththe lysate and thewhole cells
were comparedgair-wiseby SDSPAGEnNnalysis

2.2.2.2Analysis ofpurified proteins by SDSPAGE
Electrophoresis wagerformed in 10 % MiniPROTEAN® TGX St@iNJ Brecast Gels

from BioRadrun in Trisglycine buffer. Aliquots of proteimvere mixed in15 pLtotal

volume with 2x Laemmli sample buffer, KS 4§ SR ¥ 2 NJ p, clafified byl

centrifugation(15 s at 13 000 rpinthen10 pLsample aliquots were loadedtmseparate
wells of the gel 7 pL prestained Precision Plus Proteirstandardswere loaded as size
markers. Electrophoresis waserformed at 300 V for 1615 min Protein bands were

visualized usingB S Syaté@mBio-Rad.

2.2.2.3SDSPAGEanalysis of crude bacterial cell extracts
50 uL of 2xLaemmli buffer was addedirectly to the equivalent of 1 mL cells @Dso=1,

pelleted from an induced culture. The cebllets were thoroughly resuspendecheated
for 15 min at 95 /clarified by cetrifugation (15 s at 13 000 rpinand 10 pL aliquots of

supernatantwere analysed by electrophoresis (as described above, 2.2.2.2).
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2.2.2.4Pre-culture for enzyme production
A single colony froman agar plate orculture scratchedrom a glycerol stockvas used to

inoculate 5 mLLB containing the appropriate antibiotic (according to the plasmids used)

in a50 mLFalcon tube and incubated overnight @c KO |4 oT1 e/ 6AGK

2.2.2.5Preparation of dycerol stockscultures for proteinexpression
5 mLLB or TBnediawith appropriate antibioticavere inoculated from singléacterial

coloniesfrom an agarmediaplate and grown overnighat 37 °C200 rpm.0.5 mLof the
saturated culture was themixed with0.5 mL40 %sterile glycerol ina 1.6 mL CryoPure

Tube (Sarstedt) and transferred 480 °Cfor storage

2.2.2.6Protein expression
PAL, CAR, KREBDH and chimeric enzymes were expressds.ioolBL21(DE3). 5 mof

pre-culture containing cells for PAL productiovas used to inoculate 0.5 L TB with the
appropriate antibiotic ina 2 L Erlenmeyer flasKulturesfor PAL expressiowere grown
for four Rl @ & I,{00 mpyn ineLB baseauto-induction mediathen harvested by
centrifugation.Cells containing either KRE ADH or CAR with or without Sfp were grown
I 0 200 rpn to optical density (Ofo) 0.6-0.8, then induced with 0.4 mMPTG(final
concentration). Upon induction the temperaturevas reduced tod n  aad incubation
was continued forl4 ¢ 16 h duringwhich 1 mLsamples were withdrawn in order to
assesghe protein content by SDBAGE Cultures were harvested by centrifugation at
6000 rpm for 8 min at 4 °@ aJLAS8.1000 rotorin aBeckman CoulteAvanti @ntrifuge.
All culture supernatantvas sterilied by treatment withw St @ bhy n * A NJ 2 Y u
supplies)prior to disposal Cels were washed byesuspensionn pre-chilled 0.5 % NacCl
transferred to50 mLFalcon tubeghen sedimentedat 4000 rpmatn ¢ A be#ickftop
centrifuge Harvested cellsvere then used either for whole cell biocatalyst production or

protein purification.

2.2.2.7Whole cell biocatalyst production
Washed, harvestedt. coliBL21(DE3)containingexpressed proteirwastransferred to a

0.5 Lround-bottom flask spreadevenly over the bottom of the flask using a spatula,
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flashfrozen in liquid nitrogenthen lyophilizedunder vacuum for 14& 24 hin afreeze

dryeruntil completelydry. The dried cells we storedatH 1 ¢ /  Kaifonpulpes. Y [

2.2.2.8Purification of CAR proteins
Manipulations were performedcold with pre-chilled vessels and solutions and the

preparation maintained in ice slurrf. coli pellets from 2 L culturesexpressingNCAR
PPant, MCAR PPant, NCAR or MCAR or chimeric proteins were thawesl/eariyl
dispersed intl00 mL50 mM potassium phosphate pH 8@5M NaCJ] 10 mM imidazole.
The following additions were then madenvo mplete EDTAree protease inhibitor
tablets (Roche)0.1 mL10 mg mt! lysozyme (in 50 mM sodium acetate pH 6.5, 5 mM
CaGl, 0.1 mM PMSF and 50 % glycerahd 0.2 mLof 5 mg mt DNase | (in 50 mM
sodium acetatepH 6.5, 5 mM Cag£l10.1 mM PMSF and 50 % glycesnil the mixture
was stirred untilbecamehomogenous.The lypzyme wasaddedto enhance lysis and
DNaseto reduceviscosity of thepreparation The mixture was then passdbree times
through a pre-cooled French pressat 1500 psi(FA032 40 k standard cell Thermo
Electron Corporation Alternatively, lysis was a@ved by ultrasonication (Bandelin
Sonoplus equipped with Soniprep 19 mm prof& cycles of 13 on/ 17 s offat 35 %
intensity) in an ice bath Cell debris wasubsequently removedy centrifugation at
48,000 x g, 4 °C for lih aJA25.50 rotor(Beckman Coulter)The celfree supernaant
was filtered throughn ®np >Y &a&NRARy3IS FsufaddhiNidee céllaldsg A a I NI t
acetate membrane). The sample was thapplied to acolumn ofNiSQ-charged IDA resin
(Generon) pre-equilibrated with lysiuffer, using a peristaltic pumprhe columnwas
washedwith ten bedvolumes oflysis buffer to removenon-specificallypound proteirs.
Specifically bound protein was eluted stepwise with 50 mL aliquotsysi§ buffer
containing20 ¢ 200 mM imidazoleThe content of eluted fractions was assessed by-SDS
PAGE, fractions containirfggh levels of protein of interest werpooled andinitially
concentratedto about 30 mLin astirred cell concentrato{Amicon)with a76 mm, 100
000 molecular weight cut ofpolyethersulfone(PES)membranedisc Generor). Then
further concentratedin Vivaspin® 20 (Sartorius Stedim Biotemmtrifugalconcentratos
with 100 000 MWCO PES membraadinal volume of abou6 mL The final concentrate

was clarified byentrifugationat 13,000 rpm for 5 min iratable top centrifuge to remove
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precipitate, then loadeddirectly ontoa HiLoad® 1660 Superde® 200 column (Generon)
with 5 mLloop fitted to an AKTAPure system (GE Healthcare) with fraction collector.
Protein of interestwasisocratically eluted in 50 mNdotassium phosphate@H 8.0, 150
Mm NacC] at a flow rate ofl mLmin. Fractions with high Aowere assessed for purity by
SDSPAGE. Those with higét purity were combined and concentrated 100¢ 200 pM
protein inVivaspin® 2@oncentrators Pure samples were slowtlispensedfrom a P200
Pipette, Gilson,with sterile tips) into a low form glass Dewar flask (CeRarmer)
containing liquid nitrogenthus formingd LINE (i S Aoy 40 qllappfogindate volume.
Frozenprotein bals were then transferred to 5 mulastic bijou bottles using a spoon and

stored at-80 °CAny desired number of balls could then be defrosted for further work.

2.2.2.9Protein concentration determination
Absorbanceof the protein samples was measured at 280 nisdAn 1.5 mL UNCuvette

semimicro Brand® using Cary 300 Bio\iBible spectrophotometer at 20 °C with fitted
thermostat and temperature controller. The theoretical extinction coefficients were
predicted acording to protein sequence by Expa3gotparam online tool, which takes
into account the tryptophan and tyrosineontent Concentration was then calculated
from absorbance values img) the Beeff | Y0 SNIi [ | B Where A is &bsoppan€®, F
s -Gal] extinction coefficient, ¢sthe concentration [M!] and listhe path length of

the cuvette (1cm).

2.2.3Mechanistic methods

2.2.3.1General steadystate kinetics protocol
Steadystate kinetic analysis of different CAR enzymes was performed om\@aiy 300

Bio UWvisible spectrophotometer using 1.5 mL {QJvette semimicro Brand® plastic
cuvettes suitable for UV measurements. The stesidye turnovers were determined at
30 °dn assay mixtures containing 10 mM Mg@iaried concentrationof CAR enzymes, 1
mMMATPH N n xa b! 5t | -methyi@nnamic ¥ciddr 'other substrates) in 100
mM potassium phosphate buffetJl TOp® | ¢t I -mdthyl&inndmik adidy R

concentrations were varied to measutiee Ky values for CAR enzymes. Each congmbn
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required for the reaction was addew buffer preequilibrated to reaction temperature
The substrate was dissolved in DMSO unless stated otherRasetiors were initiated by
addition of the substrateand the absorbance change at 340 nm (charadiered NADPH
oxidation ¥340 = 6.22 mM cntl) was monitored for 1 min. Initial linear rateswere
determined over 30 s. The datavere then plotted in Origin Pro 9.1 and fitted with

modified MichaeligVienten steadystate kinetic equations with substratehibition.

2.2.3.2Viscosity steadystate kinetics for chimeric and wild type proteins
The steadystate turnover of MCAR at different viscosities (using either glycerol or

sucrose as viscogens) was determined at 30 &Ssay mixtures containing 10 mMgkas,
0.1 uM MCAR1 mM ATP, 200 uM NADPHO mM potassiumpH 7.5. Reactianset up
and initiated by addition of substra as described above&hapter 2, Sectio8.3.1).The
viscosity of glycel and sucrose solutionsvas calculatedaccording to published

parameters?.,

2.2.3.3NADPH analogue synthesis
NADPH was obtained from Sigkdrich and preRNADPH ((R-[4-°H]-NADPH) and pr&

NADPH (§-[4-°H}-NADPH) were synthesized and characterized as described pre¥dpusly
with the followingminor alterations (R-[4-°H]-NADPH was synthesized using NA&YRI
2-PropanoilOD as substrate instead of [°Hg]-ethanol. The process involves the
stereospecific transfer ofH from the alcohol group using NAD#Eependent alcohol
dehydrogenase fronThermoanaerobiunbrockie containingbetween5 and 15 unitsmg?

of protein. §-[4-°H-NADPH was synthesized using NARRAd %[°H]-glucose as
substrate. In this case, the stereospecflit transfer reaction from one of the glucose
alcohol groups was performedising glucose dehydrogenas¢GDH CDX901 from
Codexis) The whole reaction mixture was loaded o@@0 mLQ-Sepharose HPLC column
pre-equilibrated with 10 mM NEHCQ, pH 8.5 fitted to an AKTAPuresystem. The pre
loaded sample was washeen times with equilibration buffer and elutedith a gradient

of elution buffercontaining500 mM NHHCQ. Highly absorbing fractions (wiso/ Asao
ratio of approximately 2vere combined together in 50 miEalcon tubes and frozen in

liquid nitrogen. Samples were lyophilizeatil a fine powder formed, usuallfor three
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days(NHHCQ decomposé to CQ and NH leavingpure deuterated NADPHEnalogug.
The pure dry samples were stored 20 °C. 25 mg was dissolved in deuterated water
(D:0) and'H NMR experiment performed to determine purity and ratio of deuterated
against nordeuterated NADPH. Full detaiégse described in te previously published

protocol’,

2.2.3.430pped-flow setup
Before commencingstoppedflow measurementsMCAR (or other CAR enzymes) were

activated using 100 mM potassium phosphateH 7.5, 10 mM Mgedl H Y a
methylcinnamic acidand 2 mMATP final concentratio), at room temperatureand
incubationfor 20 min with gentle shaking. This allowed the enzyme to be in a state where
the substrate is supposedly bound either covalently or-comalently within the active
site. The samplewas then transferred to a stoppeitow cell at the required
concentrationand temperature and left to equilibrate for 5 min. The other cell was filled
with NADPH oits analogies pro-Rand proS NADPH) at 1 uM concentration in 100 mM
potassium phosphatpH 7.5.

2.2.3.5Stoppedflow measurements
Stoppedflow studies were performed on an Applied Photophysics SX20 steijiped

spectrometer. Experiments were conducted in 100 mM potassium phosppidter.5.
Reactions were initiated by mixing NADBHO.5 pM final concentration with varying
concentrations of activated enzymeat 30 °C. For KIE measurements the same
concentratiors of pro-R and preS NADPH were mixed with the enzyme. To follow the
reductive reaction, NADPH was excited at 340 nm, flumtescene emission changes
(unwanted fluorescence was removed using 400 cutroff filter ¢ WG400 long pascut

on filter).

2.2.3.6Phosphopantetheinylation level of the enzymes
All four proteins (both modified MCARPantand NCARPant and unmodified analogues

MCAR and NCARvere buffer-exchanged usingvo micro BieSpin P6 Gel columns into

100 mM ammonium acetate, pH 6.8ontaining 0.8% mNBA to increase the number of
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charges on the protein and move the peaks to a lower m/zore@f the spectrumorin
orderto increase transmissiohaccuracy. The concentration of the protein waggprox.5
UM. The proteins were ionised by nasetectrospray ionisation and the experiments were
carried out on a Synapt G2 instrument. Experinsamére initiated by Dr. Mark Dunstan

and performed by the members of PréferditaBarrangroup.

2.2.4Biotransformation

2.2.4.1Gas chromatography sample preparation
Biotransformatiors requiring acid derivatizatiowere quenched with 100 pull M HCI

then extracted twicewith 800 pLethyl acetate. DBVAX and HB columnscan be
damaged with prolonged exposute acids, such that this derivatization was performed
essentially to maintain columns unaffected and sample rxso, the formed esters have
higherboiling point and can be analysed easiettraction was performed imicrotubes
by vortexingwith the required volume of organic solvent for 10 s priorcentrifugation
for 5 min at 13 000 rpm in table top centrifuge. The orggrii@sewas removed by
pipette, taking care to avoid the aqueous phasieen dried over anhydrous magnesium
sulphate in a microtubegube, vortexed for 10 s. The sample was thelarified by
centrifugation 3,000 rpm for 5 mijp and transferred to a fresimicratube, into which
were added 200 pL methanol and 10 [2.0M (TrimethylsilyJdiazomethanesolution in
hexanes Figure13). The reaction mixture was incubated for 1 hour at 28 °C, agitated at

250 rpm in a derivatization reaction incubator.

O (CH3)3S|CHN2

)J\ MeOH )J\ -~

R OH
Acid Methyl ester
Figure 13 Derivatization reactiorof organic acid$or GC or GBS andysis. The scheme shows
chemical reaction of generic organic acid containirgjd® chain. The final generated product is
esterthat has higher boiling point than acid as well as neutralized carboxylic acid functional group

that may interfere with the column
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Derivatization was terminated by addition of 2L glacial acetic acid andhcubated,
shakingfor a further20 min at 28 €. The sample was then transferredHPLC GC vials

for analysis The conversions were determined by comparing integrated pealsarea

For other reactions that did not require derivatization for GC analysis the sample was
extracted inatotal volumeof 1 mLethyl acetate as describedabove.Samples were then

transferreddirectlyto HPLQ GC vials for analysis.

2.2.4.2Reactions with AvPAL lyophilized cells
Dried BL21DE3) cells containing expressed PAL enzymes were transferreditocaube

and suspended in wateby vortexingto make a stock solution of 1€ 20 mg ni! of
lyophilised cellsThe required volume of the stock waddedto 100 uL1 M potassium
phosphatepH 7.5,in a micrdube, to which L-phenylalanine washen added and the
total volume brought to 1 mL with wateiThe mixtureswere then incubated at 30 °C,
vertically shaking a250 rpm for up to 24h. After appropriate incubation timea400 pL
aliquot was removedo a freshmicrotube and clarified by entrifugation for 5 min at
13,000 rpm in a table top centrifuge. Thotarified solution was transferredo filter vials

(0.45 pm PVDHhomson Instrument Company) and filtered prior to HPLC analysis.

2.2.4.3Reaction with CAR enzymes
Dried BL21(DE3) cells containing expressed Cémymes were transferred to a

microtubeand suspended in water by vortexing to make a stock solufd+ 20 mgmlL?
of lyophilised cellsThe required volume ohe stock was transferred to 2 nmhicratubes
where reactions were performedollowing the addition of 100 pLl M potassium
phosphate buffer pH 7.9n case of higher concentiahs ranging from 20 to 50 mg mL
the cells were directly weighed into reaction tubes without stock preparation.
Additionally, 10 mM MgC}, varied concentration of D-glucose, 10 U glucose
dehydrogenase GDH and NADP (or NADPH)n order to recyclethe cofactor and,
stoichiometric amounts of ATRere provided. Finally, thexcid substrate was added at
the required concentration anthe volume brought tal mLwith water. The sample was

incubated at 20- 30 °Cwith vertical agitation a250 rpm for the required amount of
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time and extracted as describegbove Reaction conditionsfor purified CARwere the

same

2.2.4.4Reactiors with purified / lyopholized ADH enzymes
GComponents were combined in 2 minicratubes containing 100 mM potassium

phosphatepH 7.5.Enzymeswere added as solids or as aliquots of stock solutions, as
appropriate.The reactions were then supplemented with either NA& NADH) NADP

(or NADPH)or both cofactors asin mostcases theequiredcofactor was unknowriNone

of them were studied before and there was no background informatidrcofactors
recycling systenwas included and reactions were incubatat 20-30 °Cas described
before (Chapter 23ection 2.4.3)

2.2.4.5Preparative scaleythesis
LyophilisedE. coliBL21(DE3) cells containing expressed enzymes waushed to a fine

powder with a spatula ira 50 mLFalcon tubeand dispersedo homogeneityin 40 mL
buffer solution Thehomogeneous suspension wasinsferred to a 250 mLconicalflask
containing aMono-Mold SlimLine Stir Bar with Spinning Riragd the flask waplaced on

a magnetic stirrer (Col®armer). While e@lls were kept suspended at 250 rprhe
remaining componergtrequiredfor the reactionwere added Substrate was added lagi
start the reactionand final volume adjusteavith buffer. Theflaskwas transferred to a
microbiological incubatorat 30 °C,shaking at250 rpm Aliquots were withdrawn for
analysis atappropriate time intervalsReaction times were varied depending when the

full conversion was reached.

On completion of the reactior5 mLaliquots were mixedvith an equal volume oéthyl
acetate in 50 mL Falcon tubes, vortexddr 30 s the phases wereseparated by
centrifugation (4,000 rpm 5 min, large table-top centrifugg, the organic(upper) phase
was transferred to a cleanound bottom flask and driedn presence ofanhydrous
magnesium sulphateTheextraction process was repeatetihree times and 8 extracted
and dried fractionsvere combined togetherResidual magnesium sulphate was removed

by filtration funnel and cotton balls and the solvent was removedy rotary
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evaporation The obtained material was weighed and kept at 4 pir to flash

chromatography.

2.2.4.60kRedyto-32 ¢ A ONBSY
10 mL of0.25 mg mt! 2-(4-iodophenyl}3-(4-nitrophenyl}5-phenyt2H-tetrazolium (INT)

with 50 mg mt! cinamyl alcohol stock solution was prepared in the falcon tube. 50 pL of
the stock solution was then transferred into each well of 384l plate using multi
channel pipette and lyophilised enzymes resuspended. The plates were covered using
aluminium foiland incubated at room temperature prior to measurement at 492 nm
vawelength as well as visual photos taken. The negative controls were prepared in the

same way but stock solution did not include cinnamyl alcohol.

2.2.5Chemical synthesis

2.2.5.1Tert-butyloxycarbonyl(BOQ protected compounds
(9-2-Aminobutanoic acidBOC 4, (9-2-Amino-1-butanatBOC 5 and (§-2-Amino-1-

butanokBOC6 were synthesized and characterized usithtty 13C and highresolution
mass spectrometry (HRS) by Luca Cariati undgupervision of Dr. Francesco Muttithe
MIB. The initial substrates and standards wexiso provided by him.Number in bold
represent number of the compound that will be further be described in the result

sections including the structure and chemical parameters.

2.2.5.2Carboxybenzyl@BZ protected (S-2-Amino-butanoicacid synthesig10)
(9-2-Aminobutanoicacid 1 (0.250 g, 2.41 mmol) was suspendedaimixture of water

and THF (151:1 v ) and KOH was added (1.8523 mmol)and left mixinguntil the
starting material was completely dissolved. The rubber septum was then placed on top of
the flask to avoid evaporation of the organic solvent. The required volume of benzyl
chloroformate was added (0.620 g, 73.@#mol, approx. 520 ul) drop-wise into the
solutionfrom al mLsyringe(. 5 t f I )addhypbdérmineedle (0.80 x 120 mnBL/
LB Sterican®, from . NJ. d@h¢ needle and syringe were then washadreaction

mixture, gently removed then washed again in acetone prioto disposal. Two
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hypodermic needles (0.8 x 38 mam ! 3 IfrgfA Teimo® were left in the rubber
septum toallow any pressure equalizatioRrior toreaction, the round bottom flask with
reactants was kepih ice for 15 min. Next, the reaction was performed for 1 h ontiven
incubated at room temperature fom further 14 h. The following day the pH of the
agueous phase was adjusted approx.pH 1-2 with concentratechydrochloric acid The
solution was extracted with ethyl acetate (3 x 25 mL). The organic phase from each
extraction was combined and dried with anhydromsgnesium sulphate, then filtered
using plastic funnel fitted with cottanAfter filtration, the solvent was removetly
Rotavapor usinga water bath at 40°C and required pressur&he analysis of synthestte

product10will be presented in the appropriate chapter.

2.2.5.2Carboxybenzyl CBZ protected §-2-Amino-1-butanol synthesis(12)
Cbz protection reactions were performed in two separate conditions. The initial reaction

was carried outusing mixture of water andorganic solvent mixture(S-2-Amino-1-

butanol3 was suspended (0.58 g, 6.50 mmol) in a mixture of water and THF (30 mL, 1:1 v

v1) and KOH (46 mmol, 2.7 g) were addemixed until the starting material was

completely dissolved. The rubber septum was placed on top of the flask to avoid

evaporation of the organic solvent. Then, benzyl chloroformate (1.24 g, 153.04 mmol,

approx.1040 pl) wasadded dropwise from al mLsyringeNR2 Y .5 tfl adA LI {n | yR
120 mm BL/ LB Sterican® hypodermitSSRf S FTNRY . . Nl dzynod ¢KS &
procedure was then followeds forCBZ acid synthesi€hapter 2, Section 2.5.8)thout

any alterations except that there was no need to adjust pH pratlucts were directly

extracted after overnight reaction (14 h).

The second reaction was performagsing the organic solvestonly. (§-2-Amino-1-
butanol 3 was suspendedl.056 g, 11.85 mmol) in a 20 MICMcontaining triethylamine
(580 L. 4.16 mmol¥ollowing the addition of benzyl chloroformate (0.4150.03 mmol,
340 ub in the same way as described before. The next day reactioturai was
supplemented with 5 mldHO and incubated for another 1 h to react with unreacted
benzyl chloformate. The pduct was then purified as described befo(€hapter 2,
Section 2.5.2)The analysis of synthesized proda@will be presented in the appropriate

chapter.
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2.2.5.3Tert-butyloxycarbonyl(BOQ deprotection reactions
50 ¢ 250 mg of either$-2-Amino-1-butanolBOCL2 or (§-2-Aminc-1-butanol 3 (negative

control) were dissolved in 5 miioxane treated wittd M HCI ina 25 mLround bottom
flask. Alternativelythe sample was dissolved in 5 BICMfollowed bythe addiion of 1
mL TFA. Both redions were performed for 14 h with vigorous mixing at room
temperature with aloose stopperover the flask. The reaction was performed in a fume
hood. The next daysolvent was removed using Rotavapor witha 40 °C water bath in
the fume hood. The crudex¢ract was then dissolved in 1R00 pL methanol and flash
chromatography performed to separate reactants and producthie analysis of

performed reactiorwill be presented in the appropriate chapter.

2.2.5.4Carboxybenzy(CBZ deprotection reactions
Cbzprotected §-2-Amino-1-butanol 12 (100 mg) was dissolved in MeOH (5 mL) with 10

% Pd C (10%wt loading, matrix activated carbon support ~20 mg) and transferrea to
25 mLround bottom flask flushed witmitrogen gas prior the experiment. Hydrogen gas
was delivered directlyinto the solutionby hypodermieneedle (0.80 x 120 mpBL/ LB
Sterican®, . NJ ptimé€dk on the cut syringe glued withhgdrogenrfilled balloon. The
reaction was stirred at room temperaturerf 16 h.Themixture was then filtered through
celiteand the solvent evaporated under reduced pressuséng aRotavapor.The analysis

of performed reactiorwill be presented in the appropriate chapter.

2.2.6Analytical Methods

2.2.6.1HPLC analysf L-phenylalanine conversion
Reverse phase HPLC was performed on an Agilent 1200 Series LC system equipped with

G1379A degasser, a G1312A binary pump, a G1329 autosampler unit, a G1316A
temperature controlled column compartment and a G1315B diode arrayeatet.
Conversion for the PAtatalysed reaction was calculated from reverse phase liquid
chromatography performed using a ZORBAX Ex@&i column (50 mm x 4.6 mm x 3.5

>Y 3 | JdThé rBopiléphaBewas ammonium hydroxidg0.35% wv?, pH 10.0) / at
90:10ratio; flow rate was1 mL min'; temperature 40 °C detection wavelength210 nm.

Peaks were assigned via comparison with commercially available standards. Starting
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material and product distributions were derived from integration of peak areasg a

response factor of 2.3 to account for the higher &hsorbanceof trans-cinnamic acid

2.2.6.2HPLC analysisf trans-cinnamic acid conversion
Reverse phase HPB@Gd analysisvas performedas described aboveChapter2, Section

2.6.1) Conversion for thérans-cinnamic acid reaction was calculated from reverse phase
liquid chromatography performed using an Eclipse XI2B column (250 mm x 4.6 mm X
p >YZI ! 3Af Sy (iOdbAcatdhifrile {7325)\KH addgidal 011 % formic adi

Flow rate,1 mL min; Temperature, 22 °@Qetection wavelength: 280 nm.

2.2.6.3GC Analysis (DB/AX 5mM generic)
+2f | GAES SEGNI OG& 6 m-ADH[ réactidhdlBere afalyZd by !lgas | yR /|

chromatography on an Agilent Technologies 7890A GC systpnipped with an FID

detector and a 7693 autosampler. A BB - O2f dzYy o6on YT ndoH YYT 7
thickness; JW Scientific) was used to separate the compounds. The injector temperature
wassetat22@ / SAGK | &aLX AG NI GA Zrierpd washdmwith m > AyeS
a flow rate of 1.5 mimint and a pressure of 9.2 psi. The following oven program was

used: 100°C (Omin hold), ramp to 200C at 4°@nint (0 min hdd), and ramp to 240C at

20 °Qmin! (1 min hold). The FID detector was maintained at a temperature of@58th

a flow of hydrogen at 30 min.

2.2.6.4GCGMS Analysis (generjc
Reaction products were primarily analyzed byl using an Agilent Technologies 7890B

GC equipped with anglent Technologies 5977A MSD. The products were separated on a

DBWAX column (30 m x 0.32 mmternal diameteE ndup >a FAfY G(KAOlySa
¢ SOKy2ft23ASa0d ¢KS Ay2SO0i2N) G§GSYLISNI GdzNB g+ a as
injection). The caier gas was helium ith a flow rate of 2 mimin? and a pressure of 4.6

psi. The following oven program was used: 2G0Q0min hold), ramp to 20C at 4 °@int

(0 min hotl), and ramp to 240 °C at 20 i! (1 min hold). The ion source temperature

of the mass spectrometer (M8)as set to 230 °@nd spectra were recorded from m/z 50

to m/z 250. Compound identification was carried out using authentic standards and
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comparison to reference spectra in the NIST library of MS spectra and fragmentation

patterns

2.2.6.5GC Analysis (H® 5mM)

+2f  GAES SEGNIOG&a om >[0 FNBY GKS /'w |y
on an Agilent Technologies 7890A GC system equipped with an FID detector and a 769z
autosampler. AHP O2f dzYy o6 on Y Tfilnntdiakness;YIW Bcientifio) was > Y
used to separate the compounds. The injector temperature was set atQ20ith a split
NFGA2 2F manYm 6m >[ A yudhSvithfaXl@wraiedof 106Kn&inO 1 NN
and a pressure of 9 psi. The followingea program was used: 8C (2 min hold)ramp to

130°C at 22Cmint (0 min hdd), and ramp to 300C at 20 °@in? (2 min hold). The FID

detector was maintained €250 °Cwith a flow of hydrogen at 30 nhint.

2.2.6.6High resolution mass spectrometr(HRMS)
The sample wa prepared by dissolvirgpprox.200 pg in 1 mMeOH(alternatively, 5 pL

of sample after NMRvas mixed witin 1 mLMeOH and transfered to a GC vial. Samples
were submitted for HRM$rough an inhouse serviceHRMS analyses were performed
using an Agilent 6510-QOF mass spectrometer connected to an Agilent 1200 Series LC

system.

2.2.6.7Flash chromatograhy analysis
The column for flash chromatography was prepared by dissolving silica powder (pore size

60 A, 220440 mesh particle size, 3% pm particle sizeSigma) in the required running
phasethen pouredinto the column. Silica gel wadlowedto settle. Samplegdissolved in
methanol was appliedcarefullyto the top. The silica gel was then covered wif ¢ 70
mesh particle sizt sand. The sample was isocratically eluted with the required running
phase and collected into glass vials. The purity of fractionsasaayedon pre-coated
TLGsheets ALUGRAM®-B®W/ UC254 (TLC technigué&mall dropsvere appliedto a
plate andblow-dried, the plate waghen placed irrunning phase solution. The plate was
removed from solution before the organic solvent ran the whole lengtle extent of

migrationwas markedwith pencil andthe plate dried with a heat gunChemicals were
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visualized eitherunder UV light or by chemical staiing (10 % posphomolybdic acid

dissolved in thanol).

2.2.6.8Preparation of samples fdduclear Magnetic Resonance (NMR)
The sample was dissolved in 800gileither CDGlor DO and'H- and 3 GNMR spectra

recorded with standards programs for each solvent usindNMR instrument operating
at400al 1T ® / KSYAOIf aKATdia ¢S MNERMBhawGaSynd SR Ay LIJ

assignments will be presented together with synthesis data pr@priate chapters.
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3 Enzyme Raracterisation
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3.1 Background

3.1.1 Predicted mechanism of CAR enzymes
Over the last 20 years, carboxylic acid reductases (CARS) have been extensively studied

for their use in industrial processder the unique chemical reactiothey support:the
reduction of carboxylic acids to the corresponding aldehydes. One of the first studied
CARs was fromlocardiasp. strain NRRL 5646 (NCAR), an enzyme that was shown to
reduce vanillic acid. Following these initial studies, there has been increasing rekear
into the mechanism of CAR enzymes showing the importance of ATP, NADPH #nd Mg
ions for enzyme activitj. However, these studies overlooked crucial elements required
for CAR activity including the importance of pogtanslational modifications by
phosphopantetheine transferase (PPTase) enzymes, which increase the activity of CAR by
20-fold®. Interestingly, this studyshowed that PPTases and CARs from unrelated
organisms can be successfully combined to produce active CAR enmuggssting a
high degree of conservation afecognition sites between enzymes from efated

organisms.

In recent years, there has been somesearchperformed to understandhe mechanism

of other CAR enzymes fromilycobacterium marinum(MCAR) as well as CAR from
Segniliparus rugosuU§€ARL1). Theseproteinshave been kown to be much morestable

than those previously worked on making them perfect madsl CAR enzymes. Only the
most recent publication investigated thgtructure and mechanism of CAdzyme&’.

Part of the published worthat was performediuring my PhD degresill be presented in

this chapter investigating more mechanistic details rather than uses of CAR enzymes. In
this study, the first crystal structure of a CARzymesystem was determinedMoreover,

in this study, the importance of the complex catalytic cycle of CAR enzymes was
investigated using crystatructure-based models and SAXS data. However, as it was
impossible to obtaira complete crystal structte for the protein separate domais were
crystallized together and separately with a phosphopantetheine binding site. Key findings
from this publication include hypotheses suggesting a range of dynamic motions during

CAR enzyme catalysis.
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The predicted catalytic cycle of CAR enzymeblasvs inFigure14 and can be described

as follows. The acid substrate binds to the adenylation domain where adenylation occurs
(2). It involves activatiomwith ATP to forman AMP-substrateintermediate with release

of pyrophosphate. The activatessterthen can be covalently attached to the enzyme via
then QLIK 2 & LIK 2 LI Y ih&t pef@risya BucldoNiBlidztthck amdleasesof AMP

(2). The substrate is then delivered to the reduction domain via domain movement or
conformational change of phosphopgtheine group or both. Theubsequentreaction
involves NADPH aneduction of thesubstrate to aldehyde (3hen release ofproduct

with restoration of the original enzyme conformati@a). This is only the predicted cycle
and it needs to be investigated further to understand the sequence of reactions,

processes involved and rates of each of the steps.

)L
R on 0 ATP
o I
)]\ R OH
R H
4 1 PPi
o) 0
R H R O-AMP
R} 5 9
NADP* )j\
R S-CAR
NADPH AMP

Figure X. The predicted catalytic cycle of CAR enzymes. The four steps in fhedtalytic cycle
are represented activation of the substratél), covalent bond formation between the substrate

and the enzymég2),reduction of the substrat¢3), andformation of initial complex4).
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3.2 Results and Discussion

3.2.1 Enzyme purification

3.2.1.1 NCAR PPant expression and purification
Recombinant expressiottevels of Mycobacterium marinumCAR(MCAR) Nocardiasp.

NRRL 564€AR(NCARpBNd the phosphopantetheinylatecanalogues of these enzymes
(MCAR PPant and NCAR PPaete visualized using the SPBGE techniqué4CAR and
NCAR enzymes were expressed from-RET vector. The phosphopantetheinylation was
achieved using cexpression of CAR enzymes with phosphopantetheine transfe3fse
from Bacillus SubtilisThis enzyra could be expressed simultaneously fro@DFLb with
MCAR and NCAR resulting in formation of MCAR PPant and NCARARParwmbinant
proteins were expressed iBscherichia cobtrain BL21(DE3)using standard expression
protocol (Chapter 2, Section 2.2.6). Rxdture was used to inoculate 0.5 L of TB media
with apprgpriate antibiotics and cells grown up @Ds000.6-0.8and induced with IPTG for
protein expression overnightlPTG induced cellrptein content shows presence of
intense lands at ~128 kDathat correlates with predicted moleculaweight of CAR
proteins (Figure 15. As this is the predicted molecular weight of the CARym1eS, it can
be believed thatCAR proteins were induced and esgsed successfully . coliBL21
(DE3). MCAR and MCAR PPant showed much higher expression levels compared to NCAR
and NCAR PPant.

E. coli cdls with overexpressed proteinsvere harvested.The pellets were then
resuspended idoading buffer, and lysed using either French Press or sonication (both
techniques gave positive results). Lysate was loaded antolumn containing Ni-IDA
resin and NCAR adiCAR PPamturified accordingly{Chapter 2, Section 2.2.8Ylost of

the enzyme wadound in thesolublefraction at ~128 kDahowever some of it was still
found in cell debris fractionFigure 1§. NCAR PPant wasluted usinglysis buffer
supplemented with imidazolat 30, 50 and 100 miVNi-affinity chromatography did not
yield pure protein samplesherefore fractions 6, 7 and &igure 16 were combined and
concentrated Protein samples were preloaded ontbe gel filtration column and
isocratically eluted in 50 mNdotassium phosphat@H 8.0, 150 mM NaCAccording to

the UV chromatogramseveral eluted fractions showed high absorbance at 280 nm
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(Figurel7) with the main peak eluting at ~62 mLhere were other smaller peaks as well
a4 d&akKz2dzZ RSNBé ySEG G2 GKS YIFAYy LISF]1 AYyR
protein degradation as wellsaaggregation products. The highly absorbing fractions were
collected and prepared for SBPFRAGE analysi8. high degree of purification of the protein

of interest was achieveghowing band at ~128 kDhowever it was still not suitably pure

for kinetic exgriments Figurel8).

150
100

75

Figurel5. Crude extract oE. colicells before and after induction of CAR enzymes. paiel, CAR
protein induction: lane X, NCAR after induction, lane @MCAR after induction, lane @NCAR
before induction, lane 4¢ MCAR before induction. Righpanel, CAR protein induction
simultaneously with Sfp: lane I NCAR after induction, lane2NCARbefore induction, lane &
MCAR after induction, lane @MCAR before induction. Molecular weight for all four enzymes is
approximately 128 kDa as predicted from the amino acid sequdexgected bands for enzyme

are highlighted in red.

Thus, fraction® ¢ 8 were collected and concentrated using Visaspin® 20 column for a
second gel filtration rurfthe volume, column and load was the same as the first.rihg

UV chromatogram at 280 nm for a second gel filtration run contained only single peak
withasmalld & K2 dzf RSNE 2y GKS ST AARS® ¢KAa A
be more pure compared to the previous rurigurel9). Indeed SDBAGE confirmed the
higher purity of NCARPant(Figure20). There were other impurities present at relatively

low concentrations compared to the main banthe highest impurity was observed
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~70 kDaeluting together with NCAR, btihe degree ofNCAR PPamurity was deemed

adequatefor the assays.

It was suspeced that this impurity is ceeluting with NCAR protein not only in gel
filtration step but also inNi-affinity chromatography. It could be that this is either
degradation of NCAR PPant or just a simple-cawvalent interactionwith unrelated

protein. Fnally the most pure fraction® ¢ 7 (Figure 20) were collected, concentrated

more and frozen as protein balls.

I

)
E s
I

25

T

Figure16. SDSPAGE gel showing fractions of NCAR Pfélotving Ni affinity chromatography
elution. Lanes are as follows: ¢/Size marker (kDalane 1¢ cell lysate, lane 2 cell debris pellet,
lane 3¢ flow-through from Ni resin, lane 4 wash with 10 mM imidazole. Elution with variable
concentrations of imidazole: lane 5 contai@® mM imidcazole; lane 6 contains 30 mM imidazole;
lane 7 containd0 mM imidazole; lane 8 contains 100 mM imidazddee 9contains200 mM

imidazole Expected bands for enzyme are highlighted in red.
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Figurel7. Gel filtration chromatogranusingHiLoad® 1660 Superdex® 200 colurohfirst NCAR

PPant isocratic elution. Blue line shows absorbaac80 nm and the collected fractions are

labelled belowBrown line the conductivity (m&m?).
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Figure 18. SDSPAGE ofgel filtration fractions Figure 17) collected during CAR enzyme

purification. Lanes are as follows: §/Size marker (kDa).anes X 11 indicate fractiond ¢ 11

according to gel filtration chromatogran©Only fractions of interest were selected from gel

filtration. Expected bands for enzynaee highlighted in red.
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Figure19. Gel filtration chromatogramusingHiLoad® 16 60 Superdex® 200 colunaf second
NCAR PPant isocratic elution. Blue line shows absorbance at 280 nm and the collected fractions

are labelled belowBrown line the condugvity (mScn?).
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Figure 20. SDSPAGE ofgel filtration fractions Figure 19) collected during CAR enzyme
purification. Lanes are as follows! ¢ Size marker (kDa).anes 1¢ 9 indicate fractionsl ¢ 9
according to gel filtration chromatogran©Only fractions of interest were selected from gel

filtration. Expected bands for enzyme are highlighted in red.
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3.2.1.2 Expression and purificatioof MCAR PPant, MCAR and NCAR
MCAR PPant was soluble and efficiebtiyindto Ni-IDA resinHowever, a reldively high

amount remained in the flowthrough fractions Figure S1¢ S indicates figures from
supplementary datp This was probablgiue to saturation of the resinas MCAR PPant
was expressed at much higher levels compared to NCAR RieampareFigurel5). The
eluted MCAR PPant fractions were much purer than for NCAR RRdnEDSPAGE
revealedonly one main band at ~12&igure 3). After elution of MCAR PPant from-Ni
IDA resinthe flowthrough was reapplied tothe washedcolumn and the flow through
from this time contained much smaller quantities of protein of intereBtactions eluted
with buffer containing 50 and 200 mM imidazole were combined with the previous
elution fractions. The samples containihggh levels oforotein were concentratecand
further purified bygel filtration. Gel filtration step showed a similar pattern as for NCAR
PPant Figure SR There was a small pealarly intheSt dzi A2y >~ | & & K2 dzf |
side and additionally, possibly two superimposed peakswhich could bedue to
saturation of the UV detectorrather thandimerization.Highly absorbing fractions were
pooled andanalysed usinDSPAGE, whiclevealeda much highedegree ofpurity than
previous purifications. The most pure fractioflenes 1 ¢ 10) were pooled and
concentrated foran additional gel filtrationrun in case there was the presence of various
oligomers. This run yielded in much cleaner UV chromatogFagule S% with one main
peak suggestinghat there is asingleoligomeric form indicatirg that that theprevioudy
obversedpeak doubling was artefagél. The purity was confirmed by SBP8GEHigure

SH, and factions 2¢ 7 werepooledand frozen as NCAR PPant.

Purification of unmodified MCAR and NCAR pedormed by the sameprocedure usd

for the modified enzymegexpression of these enzymes did not incluse .Stpjhcluded

cell lysisand Ni-affinity chromatography followedy double gel filtration steps. Both of
the proteins were impure after NDA elution and gel filtration was essenti&d achieve
sufficient purity.The pure fractions aftethe second gel filtration were concentrated and
frozen. These purification resultsere similar to those previously shown and are not
illustrated here. The relative puty of all four final protein preparations was shown by
SDSPAGERigure21). The degree of purity was deemed sufficient for enzymatic assays,

but not good enough for crystallography.
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Figure2l. Purity of CARrotein preparations shown by SEFAGEEachlane contains 5 g of
protein. Lane  NCARMW ~128.%Da) lane 2¢ NCAR PPariMW ~128.7kDa) lane 3¢ MCAR
(MW ~127.8 kDa) lane 4 ¢ MCAR PPant(MW ~128.2 kDa) Protein with attached
phosphopantetheine is labelled as PPawtg Size marker (kDa)Expected bands for enzyme are

highlighted in red.

3.2.2 CAR activitpssayand optimization of conditions

3.2.2.1 Post translational modificatioq phosphopantetheinylationof CAR enzymes
To understand the nature of MCAR and NCAR, it was essential manexthe levels of

phosphopantetheinylation prior to subsequent kinetic experiments. Experiments were
carried out to estimate and compasteadystate kinetics of the enzymes the presence
and absencef phosphopantetheingyroup. This postranslationalmodification shoud be
introduced byphosphopantetheine transferase Sfp froBecillus Subtili€o-expressed
with CAR enzymesom pCDFLb plasmid Transcinnamic acid was chosen specifically to
produce cinnamaldehydevhich hasimportance in several indusés including food and
cosmetics Steady state kinetic experiment was performed by monitoring
spectrophotometically by measuringconsumption ofNADPH at 340 njrand thekinetic

parameterskca, Km andK were determined from the intial rate§-igure22).
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Figure 22. Reaction scheme foCARcatalysed reduction oftranscinnamic acid. The initial
substrate trans-cinnamic acidis reduced to the corresponding aldehydsyy NADPHnN the
presence of excess of AMPaan AMPtrans-cinnamic acid intermediate. The oxidatioeduction
consumesNADPH as reductive agent. This procesmamitored by measuringthe change in

absorbance at 340 nm, indicativetbe NADPHoncentration.

Figure 3 and Table B show kinetics ofrans-cinnamic acid reduction by MCAR and IRCA
expressed in the presence or absence of (pfpsphopantetheine transferase Sfp from

Bacillus Subtilisras ceexpressed fronpCDFLb with CAR enzymes).
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Figure 23 MichaelisMenten fitting for wild type MCAR and NCAR enzymes expressed alone or in

combination with Sfp. The extracted kinetic parameters are list8tbie b.
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It is clear thatco-expression of CARs with Sips a significant impact on the activity of
both CAR enzymg3able 15. MCAR withithe phosphopantetheine group (MCAR PPant)
had higherkcat and keaf Kv values than the original unadified version of the protein.
NCAR witlthe phosphopantetheine group (NCAR PPant) had Ideggrbut higherkead Ku
valuescompared to MCAR PParithis implieslower turnover ratebut higher catalytic
efficiency Interestingly keat of the unmodified NCAR is relatively small and may explain
inactivity during the reaction. The results show that the presence of the
phosphopantetheine group has a greater effect on the activity of NCAR than on MCAR.
As shown inFigure 3, substrate inhibition was observed with ranging from 18.5 to

72.1 mM whenconversion oftrans-cinnamic acidvas catalysed by MCAR, MCAR PPant

andNCAR PPant.

Enzyme Keat Ku K Kead Ku
(min?) (mM) (mM) (mintmM-?)

MCAR PPant 1941+ 84 0.55 + 0.06 185+2.8 352

NCAR PPant 725+1.5 0.15+0.01 72.1+18.6 493

MCAR 118.7 £ 3.7 0.41 £ 0.04 25.6 + 3.8 290

NCAR 6.8+0.7 0.11 +0.09 n/a 60

Table B. Comparison of kinetic parameters of CAR proteins. Data were recorded by monitoring
the rate of NADPH oxidation at 340 nm ovepexiod of up to 60 s and fit over 30 s. Reaction
conditions: 100 mMpotassium phosphateH 7.5,10 mM MgGl, 1 mM ATP, 200 uM NADPH,

0.3 uM enzyme, 30 °C. The concentratiotrafs-cinnamic acid was varied

As shown inTable 15, coexpression of CAR proteins with Sfp results in formation of
enzymes with higher activityThis indicates that CARssestially require this post
translational modification to be fully functionallo confirm the hypothesis that pds
translational modification hadeffect on the function of MCARand NCAR mass
spectrometry (MS) was used to reanalyse the samplégddition of the
phosphopantetheinggroup changeshe molecular weight byaround 340Da. This makes

it possible to differentiate the protein after phosphopantetheinylatigmhis experiment
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was initiated by Dr. Mark Dunstan and performed by Prof. Perdita Bagraup

membery.

Figure 2 A shows the MSspectra of Sfp modified MCAR which contains
phosphopantetheinegroup. There was only one main peak detected for each charged
state. However, the unmodified MCAR samféxpressed without Sfpgontained the
protein both with and withoutthe phosphopantetheine group attache@Figure 24B). It
might be that endogenoug&. colienzymes were performing this modification; however
this hypothesis was not investigated in this wolBath sampes carriedbetween 25 and

30 pasitive chargesAccording tointegration of thepeakareas, approximately60 % of the
MCARprotein was unmodified and 40 %vas modified with the phosphopantetheine

groupwhen expressed in the absence of §fmure 23.
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Figure 24 Mass spectrometry data for modified and unmodified MCAR protaispectrum
demonstrates ionization spectrum for MCAR protein expressed on its own (unmodifi&er97
Da andB spectrumfor the protein ceexpressed with Sfp enzymen@dified ~128137 Dp The
predicted molecular weights are estimated using Expasy ProtParamTthisl.experiment was

initiated by Dr. Mark Dunstan and performeyg Brof. Perdita Barran group members.
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This may explain the relatively high activity tbe supposedly unmodified wsion of
MCAR(Table B). Interestingly, MCAR on its own was shown to retain ~ 60 % of activity
according to thesteadystate kinetics. Both NCAR samples carried between 25 and 20
positive chargesHigure %). The results showed that over 98 of MCAR anNCAR were
modified when ceexpressed withSp. This suggests that phosphopantetheinylation by
phosphopantetheine transferas&fp is efficient given the origins of these enzymiés.
should be noted that theSfp is fromBacillus Subtiliand MCARfrom Mycobacterium
marinum but it is still capable of interacting with the enzyni&sinterestingly, the
unmodified NCARontained not only single peaks for each charged species, but many

small peaks with up to 5000 m/z ratjBigure 25B).
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Figure 25 Mass spectrometry data for modified and unmodified NCAR profespectrumshows
ionization patterndor NCAR protein expressed on its own (unmodifi¢@8346 Da B spectrum
showsthe protein ceexpressed with Sfp enzyme (modifieti28686 Da The predicted molecular
weights are estimated using Expasy ProtParam fbbis experiment was initiated by Dr. Mark

Dunstan and performed by Prof. Perdita Bargaoup members.
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This may representrpurities as well as destabiliz&€dCAR enzyme due tocla of the
prosthetic group. According to the MS ionization data the single peak of unmodified
NCAR actually contained only enzyreking the phosphopantetheine group. This
explains the lowkcat valuesobserved forthis enzyme. To wterstandfully the importance

of this modification, biotransformation reactions were carried out usingns-cinnamic

acid with stoichiometric amounts of ATP and NADPH. In some,isadystate kinetic
assays cannot fullgredict whether an enzymewill be active or notin biotransformation
productivity. The reasons fahis may bethe degree oftability over timethe equilibrium

of the product, and product inhibition. Biotransformationreactions showed the same
trends of activity as observeth the steadystate kineticstudies both CARs cexpressed

with Sfp as well as MCAgxpressed without Sfpyvere capable of convertingrans

cinnamic acid to the corresponding aldehyd@ég(ire B).

2.57

Concentration (mM)

MCAR  MCAR  NCAR NCAR  MCAR  MCAR  NCAR  NCAR
Ppant PPant  PPant PPant NADPH NADH NADPH NADH
NADPH NADH NADPH NADH

Figure 26 Single timegooint biotransformation reactionsshowing the dependenceof NADPH
NADH on modified and unmodified enzyme activgjue columns represertans-cinnamic acid
and brown columng cinnamaldehydel00 mM potassium phosphateH 7.5, 10 mM Mggll
mM ATP, 1 mM NAD(P)H, 2 ntMns-cinnamic acid, 0.3 uM enzyme, 3G, 190 rpm, 4h, inL

reactions. Conversions measured using HPLC and calculated according to the calibration curves.
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NCAR withouthe PPant group showed low to nafetectableactivity according to the
substrate consumed and product formed. Additionally, none of the enzymes were

capable of performinghe reduction reaction using NADH instead of NADPH

Thesumof alltheseresults suggestthat Sfp fully modifies botthe CAR enzymes (MR

and NCAR) andadditionally the MCAR could be phosphopantetheinylated by
endogenousE. colienzymes. It has been reported that the presence of kaatgl carrier
protein synthase (ACPRSwhich transfers the 4Nphosphopantetheine moiety from
coenzyme Ad a specificserine on acyl carrier proteinis also found irE. colf®. The
activity of endogenoug. coliACPS observed towards MCAR rather than NCAR enzyme
with 40 % modification. This is most likely due to either structural or sequence differences
around the targeted serine residue. However,the structure of these enzymes is not
available, it is generally impossible to establish the causes of differences in modification
between NCAR and MCAR.

These experiments showed that it is important to use CAR enzgmespressedvith Sfp

in Kinetic studies to avoid incomplete phosphopantetheinylationrncomplete
phosphopantetheinylationis likely to affectthe reliability and reproducibility of the
experiments. However, if the enzymes are to be used for biocatalytic processéfiviC

the absence of Sf{s a suitable candidate for this. Expressing Sfp requires additional gene
construcs, and in futureE. colicells could be engineered to overproduce ACPS enzymes
in order to simplify the system using CARs for biotransformation timec or

fermentation processes.

3.2.2.2 Enzyme stability and activity tests
Based on thekcat values (Table 15, MCAR PPant is unarguably thest performing

enzyme. For this reason, this enzyme was seleébedurther optimisation Reactios
were prepared as shown ifablel6. Thetesting of different reaction conditionsevealed
that MCAR PPant activity is dependent on the concentration of Myf* is known to
be essential for CAR enzyme actiyiyit whereas 10 mM Mg was previously reported
to be optimal for this enzym@ the present studyfinds that increasingMg?*

concentrations of upto 30 mM progressively enhancie activity (Figure Z). The
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optimum temperature for activity was found to be between 30 °C and 40 °C, and

significant activity was observed throughout the range from 20 “&Dt&Q(Figure 7).

Variable pH screen  Temperature Mg screen  Substrate ATP screen
screen screen

100 mM KHPGO/KHPQ  6.0¢ 9.5 7.5 7.5 7.5 7.5

MgCh 10 mM 10 mM 0-30 mM 10 mM 10 mM

ATP 1mM 1mM 1mM 1 mM 0-5mM

NADPH 200 pM 200 pM 200 pM 200 pM 200 pM

Enzyme 0.3 uM 0.3 uM 0.3 uM 0.3 uM 0.3 uM

Substrate 2mM 2mM 2mM 0-10 mM 2mM

Temperature 30°C 20-50 °C 30°C 30°C 30°C

Table16. Concentration of components and the parameters varied during optimization of MCAR

PPant reactiomonditions

Mycobacterium marinumwhich isfrequently the cause of human diseases (i.e. skin
chronic granulomatous)s known to have optimal growthetween 30 and 32 °C®. The
enzyme retained high activity over a pH range from slightly acidic to slightly alkaline (pH
6.0-7.5) but atpH 8.0 and above the activity was markedly redu@@idure 27. This is
most likely due to limited capacity of the phosphate buffer to regulate pH of a strong
alkaline solution (pH > 8t is noted that in these experimentdg?*and PG* formed a
precipitate, which could affect the reproducibility of the resuksirthermore, ideallythe
reaction shouldhave beenoptimised usinga range ofdifferent buffers, but phosphate
buffer was used to maintaithe interaction between AMP with phosphate ians. Finally,

it was foundthat 1 ¢ 5 mM ATPsupported maximalenzyme activity. This can be
explained by the fact that substrate activation by ¥gnd ATP is conserved in enzymes
using phosphopantetheine grougnd only initial reaction rates are detectehd not all
ATP is being consumedtven though not much is known about the nature of CAR
enzymes, activation of fatty acids by Mand ATP has been studied extensively over the

past few year§ 677 Yet, this type ofmechanism appearto be conserved in various
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organisms including yeasts and bactéi@ and it could potentially be used for
understand how CARsgork.
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Figure Z. The dependence dfICAR PPant activign reaction conditionsThe tested conditions
include:MgC} (A),temperature(B),pH (C)and ATP (D) The concentrations of components of the

reaction are listedn Table16.

Water miscible oganic solvents have positive effech terms of reducing massansfer
limitations dueto better solubility of the substrate. However, they also limit enzyme
activity due to direct interface between enzyme and the solvent at higher
concentrationg’. This may potentially lead to precipitation, degradation or aggregation of
the protein. Therefore it was important to test how MCAR PPant is affected by common
organic solvents. The turnover rates were measured at fixed concémeatf substrate,
enzyme and cofactors and the depletion of NADPH mvaasuredat 340 nm. Increasing

the concentration of bothethanol and DMS@ed to decreased activitypf MCAR PPant
(Figure B). DMSO hada slightly stronger effect on rates at 0.5 %; hewer, at higher
concentrations ethandhad the highest inhibitory effecfThe gradual decrease in enzyme

activity was observed upon increasing concentration of the solvents. At 5 %
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concentration,25 %activity loss was observed for DMSO ab@l % activity bss was

observedfor ethanol.

160 - m DMSO
—~ 140 - H Ethanol
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Figure B. Solvent dependence on MCAR PPant turnover rates. Reaction conditions: 100 mM
potassium phosphateH 7.5, 10 mM Mggll mM ATP, 200 uM NADPH, 2 rrishs-cinnamic
acid, 0.3 uM enzyme, 30 °C. Substrate diasolved in either DMSO or ethanol.

As catajtic activity of MCAR PPantstrongly depadent on thenature of the solvent
used for the substrateit was necessary furtheio explorethe kinetic properties of the
reaction. To do sosteadystate kineticparameterswere investigatedusing DMSO and
ethanol as solvents fdrans-cinnamic acid. Overall thealculatedkca/ Ku values for MCAR
PPant and NCAR PPant fians-cinnamic acid dissolved in DMSO were much greater in
comparison to ethanol indicatingcreasedefficiency of the enzyme to perform chemical
reaction Tablel7 A). For both enzymeghese differences were lgely due to differences

in Kv but not in the kear. This suggests that solvents play a significant rolérans

cinnamic acid bindingnd specificity rather than the rate of chemical reaction.

The resultdor h-methylcinnamic aciqTable17 B) were marginally different frontrans-
cinnamic acid. Thica/ Ku value of the samples in DMSO wago times higher compared

to the samples inethanol for MCAR PPant enzymAlso, the substrate inhibition was
greatly decreased when DMSO was used as a solvent. The biggest impact of ethanol wa:

observed forkcat value with only slight variations iKu. This indicates that ethanahhibits
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turnover as well asslightly affectshe affinity only for MCAR PPant toward the substrate
h-methylcinnamic acid. In the case of NCAR PPant, the oppefféet was observed,
except forkear, which was very similar in both solvents. In DME&&' Ky was greater and
Kv and K was lower than in ethanol. The effects of solventskpnalues were not clear

and varied from sample to sample for both substrates.

Enzyme Keat Ku K Keat Km

Substrate
(min?) (mM) (mM) (mintmM)

MCAR PPartthanol 195.5+7.1 0.60+0.06 18.4+24 326

MCAR PParbMSO 1845+89 042+0.06 242+53 435

NCAR PPartithanol 80.5+2.6 0.21+0.03 119+72 381

NCAR PPamMSO 81.0+0.9 0.14+0.01 n/a 582

MCAR PPartthanol 117.6+3.5 0.14+0.01 13.6+1.0 846

MCAR PParbMSO 164.0+3.0 0.11+0.01 404+5.8 1504

NCAR PPartithanol 2442+ 7.8 0.18+£0.02 80.2+34.1 1327

W >
/i/ i//
O O
o o
I I

NCAR PPamMSO 246.8+6.1 0.22+0.02 48.4+10.3 1126

Table 17 The dependence of kinetic parameters substratesolvent. Transcinnamic aciqA)and
h-methyl cinnamic aci@B)were used for comparison. Data were recorded by monitoring the rate
of NADPH oxidation at 340 nm over a maximum period of 60 s and fit over B@action
conditions: 100 mMpotassium phosphat@eH 7.5, 10 mM Mggll mM ATP, 200 uM NADPH,
0.3 pM enzyme, 30 °C. The concentrationt@insOA Y Y | Y A-@ethylghRamit¢ acid was

varied.

The presence of the phosphaptetheine group was demonstratetd be essential for
CAR enzyme activity. Independent expression and purificadf the enzyme mayot
only affect the levels of prosthetic group modificatipbut also variationof the active
enzymelevels within the purified fractions This may be dueot phosphomntetheine
transferase activity that is ndully characterized and is emstial for CAR modification.

Different batches of the purified MCAR PPant and NCAR PPant demonstrated no or
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relatively small differences in kinetic parameteii@lle 18). This indicated that protein
expression was reproducible withconstant amount of postranslational modification.
Thekeat and K values for both batces of MCAR PPant were the sarhewever theKy

value for the second batch was slightly higher. For NERR&nt there were some
differences between batches artie second batchhad slightly higherkca, Kv and K
values. Thekead Km value for NCAR PPant in separate batches differed by over 20 %.

Overall there were no obvious significant differendestweenthe kinetic constants.

Enzyme Keat Kw K Keal Km
(min?) (mM) (mM) (mintmM1)

MCAR PPant 1941+ 84 0.55+0.06 185+2.8 353

MCAR PPant* 1955=+7.1 0.60 + 0.06 18424 327

NCAR PPant 72515 0.15+0.01 72.1+18.6 493

NCARPPant* 80526 0.21 £0.03 119.7 £ 72.7 382

Table 18 The comparison of modified NCAR and MCAR kinetic constants from sepatette ba
expression and purificatio\steriks represent proteifrom separate expression andipfication.

Data were recorded by monitoring the rate of NADPH oxidation at 340 nm over a maximum
period of 60 s and fit over 30 s. Reaction conditions: 100 pdfassium phosphateH 7.5, 10

mM MgC4, 1 mM ATP, 200 uM NADPH, 0.3 uM enzyme, 30 °C. The concentrati@msf

cinnamic acid was varied. Substrate was dissolved in DMSO.

In summary, the tested conditions includ®bCp, ATP, temperature, reaction pH and the
solvent used to dissolve the sulkae. It was shown that reaction cannot be performed
without ATP and Mgg&lhowever just slight addition of Mgtould reconstitute the
enzymes activity. The temperature and pH had negative impact on enzyme activity only at
extreme levels and the tested AR PPant enzyme showed relatively high stability
Finally both of the solvents used (DMSO and ethanol) had negative impact on NCAR PPan
and MCAR PPant activity at higher concentrations. It was shown that ethanol reduced
enzyme rates more than DMSO at teame concentration. Also, ethanol affected the

binding constants and should not be used for any sensitive assays.
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3.2.2.3 Substrate profile kinetic characterization
Followingthe optimizationof the reaction conditions fopH, temperature and the type of

solvent,the kinetic paameters for MCAR PPant and NCAR Pleatalysedactivities with
respect to different substratesvere determined. Steadystate kinetic analysiswas

modelled using Michaelislenten type of equation with substrate inhibitioif éble19).

Substrate Enzyme Keat Ku K Kead Ku
(min?) (mM) (mM) (mintmM?)
MCAR PPant 417.0+ 10.1 0.76 £ 0.09 n/a 550

O
OH
A NCAR PPant 395.7+6.6 155+0.010 nl/a 256

MCAR PPant

43.9 +5.9 0.10 +0.03 1.4+05 443

NCAR PPant 15.3+129 0.60 *0.67 12+20 27

(0] MCAR PPant 108.0+3.0 0.14+0.01 36.1+6.8 783
/@/\)‘\OH
cl NCAR PPant 39.3+0.5 0.01+0.01 n/a 5614
C
O MCAR PPant 164.0+3.0 0.11+0.01 40.4+5.8 1505
X OH
NCAR PPant 246.8+6.1 0.22+0.02 48.4 +10.3 1127
D
O MCAR PPant 184.54 +8.9 0.42 +£0.06 24.2+5.3 435
™
NCAR PPant 81.0+0.9 0.14 £ 0.01 n/a 583
E

Table 19. Steady state kinetic parameters for differetfans-cinnamic acid derivativeand
benzoic acidAll of the substrates were dissolved in DMSO. Data were recorded by monitoring the
rate of NADPH oxidation at 340 nm over a maximum period of 60 s and fit30ve. Reaction
conditions: 100 mMpotassium phosphateH 7.5, 10 mM Mggll mM ATP, 200 uM NADPH,
0.3 pM enzyme, 30 °C. Substrate concentration was varked; benzoic acid, Bg h-
phenylcinnamic acid, € 4-chlorocinnamic acid, R h-methylcinnamic ad, E¢ trans-cinnamic

acid.
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Benzoic acidgave thehighest keat Valug with no sign of inhibition by the substrate.
Furthermore, nzoic acidshowed greater solubility in watethan other tested
compounds andherefore reduced the effects obrganic solvents. Poor catalytic activity

gl & 20 aSs NnEeSyRinnandid\dcidBinding &finity (Ku) was very high for MCAR
PPant, however the substrate inhibition was observed for both enzymes at very low
concentrations indiating that this substratenay a¢ as an effective inhibitor. Due tihe
additional bulky phenyl side chain, this substrate may not be accepted by the enzymes
becauseaccommodation of the molecule at active site is restrict&étlisis because the
substrate is supposed to be deliverérom N-terminus to Gterminus (according to the
predicted mechanismdf the enzyme during the activation and reduction reactio#

OKf 2 NB OA Yy yrhethyobnami©dcig Antrdans-cinnamic acid displayed relatively
high keat values(Table 19). The highest activity for MCAR PPant was detectedréms-
OAYYlIYAO I OARZI ¢ KA f-ntethyfcBiinio dcitl. Wil of thebeysibstratds &
showed various degrees of substrate inhibitiorBinding constantw suggested that
NCARPPant and MCARPBNt bound strongly to ®Kf 2 NBOAY Yl YAO |
phenylcinnamic acid, respectivelflhs data does not indicate to what extent the
enzymes were capable of reducing significant quantities of these acwisuit therefore

be necessary to perfornbiotransformation experiments to show thilt.is apparent that
MCAR PPant outperformed NCAR PPant according tedhalues with respect to all the
G§SaGSR adzo ai NI -tnedhglcinrari® ScidiThis Badsibly réflects subtle

differencesbetweenthe active site of the CAR enzymes.

3.2.2.4 Steadystate kinetic comparison of wild type and chimeric proteins
The alignment of MCAR and NCa&mRino acid sequencessing Protein BLASEvealed

high conservationof the amino acid sequences ofthe adenylation domain, the
phosphopantetheine site anthe reduction domainshowing 62 % identityAround 600

CAR are found theNCBI databaséndicatingthe prevalence of theseenzymesacross
different organisms. This raised thpossibility of anevolutionary relationship between

the domains in CAR enzymed different organisms This apparent modularity was
investigatedo @ G a gl LILIAY 3IE R2YFAYya o0SG6SSYy b/ !

Dunstan performedthe genetic manipulatios to exchangethe nucleotide sequencs
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encodingthe reduction domais between the different specié$ Therecombinantgenes

were named according tothe sequentialorder of domains thus, nmcar indicated the
adenylation domain and phosphopantetheine site framar fused to the reduction
domain frommcar, and vice versdor mncar (Figure29). Enzymes were expressedkn
coliBL21 (DE3) and purifiad the same manner as wild type CAR enzyli@&sapter 2
Section 2.2.8). Expression of chimeric MNCAR and NMCAR enzymes also included Sfp co
expression expecting full or partiphosphopantetheine modification. However, the levels

of posttranslational modification were not measured.

veAR I

Adenylating domain Phosphopantetheine Reduction domain
attachment site

Wild type CARs

NCAR _ _

Adenylating domain Phosphopantetheine Reduction domain
attachment site

Swapping the reduction domains
between CAR encoding genes

wncAR I I

Adenylating domain Phosphopantetheine Reduction domain
attachment site

Chimeric CARs

NMCAR _ _

Adenylating domain Phosphopantetheine Reduction domain
attachment site

Figure 29 Diagram showing the comaparison between domains of wild type MCAR and NCAR and
chimeric CARs with swapped reduction domatach color indicates a domain from MCAR and

NCAR wild type enzymes and the swap of reduction dormfainshimeric MNCAR and NMCAR
proteins

The steadystate kineticparameterswere determined dza A yhigthylcinnamic acidas
substrate(Figure30). This substrate has a mommplex structure than that adbenzoic
acid andtrans-cinnamic acidTheintention was to use it for further reduction using ene
reductases to produce chiral compoundisitial experiments were carried out tmeasure

Kv values for ATP and NADPH in ordedéterminesaturating conditions.
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NADPH NADP*

SN I
X OH N H
ATP, CAR

Figure 30 Reduction of? -methylcinnamic acid to the corresponding aldehy@oichiometric
amounts of ATRare usedand NADPHis oxidised The process isassayedspectroscopically by

measuring consumption of NADPH340 nm.

The concentrations of cofactors were varied and the datxe fitted within the 99 %

confidence intervalKigure 31, Figure32).
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Figure 31 MichelisMenten fitting for wild-type and chimeric CAR proteins using varying
concentrations of ATHEnzyme used for each assay in indicated on each datdksetconditions

used andthe generated constants arshownin Table 20. All enzymes were eexpressed with

Stp.
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Figure 32 MichelisMenten fitting for wild-type and chimeric CAR proteins using varying
02 y OSy i Nrniethykiiramia€idEhzyme used for each assay in indicated on each data
set The conditions used aritie generated constants arshownin Table20. All enzymes were

co-expressed with Sfp.

Kv values showed that the conditions used previously for stestdye kineticanalysis,
200 uM NADPH and 1 mM ATwere within the saturation rangeT@ble 20). The
concentrations of ATP chosen warere thantwenty timesthe Ku valug and those for
NADPHwvere 13 to 43 times the original concentration. These conditions are suitable for

steady state kinetics as conversion rates will not be limited by the absence of cofactors.

According tokv for NADPH it was shown that reduction domains retain similar igffin
for NADPH nonetheless of the adenylation domain with phosphopantetheine site. This
may indicate that some domains such as reduction domain act independently from the
rest of the enzyme. On the other han#y values for ATP were slightly variable but
relatively consistent with the specific adenylation domain present. It could be concluded
that CARs are modular and swapping reduction domains does not affect the affinity

towards ATP and NADPH substrates.
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Enzyme Kum ATP Km NADPH

0>a0d6al (dz2N> G 6>a006al GdzNJ

MNCAR 36.14 £ 6.1328) 15.72 + 2.59%3)
NMCAR 39.47 + 4.1475) 5.77 + 0.6535)
MCAR 37.79 + 6.1026) 4.70 + 0.5443)
NCAR 46.59 + 2.3621) 13.10 + 1.30%5)

Table 20 Ku valueswith respect toATP and NADPH for MCAR, NCAR, MNCAR and NMRCAR.
Saturationlevel (in parenthesiedhdicates thefold-excess of concentration of cofactor above the

Kwu, used for determinindk.a: and Ky values fortrans-cinnamic acidsshown inTable21. Data were
recorded bymonitoring the rate of NADPH oxidation at 340 nm over a maximum period of 60 s
and fit over 30 s. Reaction conditions: 100 nptassium phosphateH 7.5, 10 mM Mggl1

Ya !¢t X HAn ¥ a-methykibnhnic, @3 uM anzyme concentration, 30 °C. &P

NADPH concentrations were varied for respective experiments.

Ly GKS F2ftf26Ay3 SE LIS Namedycinmamiciwas vareg 0 Sy
determinekcat, Kv and K values for chimeric NMCAR and MNCARas assumed that Sfp
fully modified the chimeric CAR proteinBhe wild type MCAR and NCAR enzymitls
PPant attachedavere studied before using this substrate and data the same data was used
for comparison(Chapter 3 Section 2.2.3) Turnover rates wexr estimated usinghe
MichaelisMenten equation with substrate inhibition on Origin PFiqure33). The fitting
showed higher than 99 % confideniceervaland catalytic constants wemeterminedfor
comparison.NCAR showed the highekda value whilechimeric proteinthat contaired

the same reductiordomain (MNCAR appeared to show the lowest rategdble 21).
Interestingly, the chimeric protein NMCAlRat carries thereduction domain from MCAR
appeared to shovgreaterkeat valuethan the wildtype MCAR enzyme. Thisuggests that

not only the activity of reduction domain is important but also how it interacts \thih
adenylation domain and maintains correct conformation for proper catalytic activity. This
is one of the limitations that were observed iéhtrying to make nofribosomal peptide

synthases with novelinction’,
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Enzyme Keat Ku K Kea Ku
(min?) (mM) (mM) (mintmM?)

MNCAR PPant 28.8 £0.8 0.04 £0.01 0 702

NMCAR PPant 177.4+7.5 0.24 +0.03 70.3+35.8 752

MCAR PPant 164.0+£ 3.0 0.11 £0.01 40.4+£5.8 1504

NCAR PPant 246.8+6.1 0.22 £ 0.02 48.4 +10.3 1127

Table 21 Comparison okteadystate kinetic parameters for domaiaxchanged and wiltype

CARData were recorded by monitoring the rate of NADPH oxidation at 340 nm over a maximum
period of 60 s and fit over 30 s. Reaction conditions: 100 pdassium phosphateH 7.5, 10

mM MgC4, 1 mM ATP, 200 uM NADPH, 0.1 uM NMCAR, 0.3 uM MCAR, NCAR and MNCAR , 30 °C.
¢ KS 02y 0S8 ynietigcindasiy aciél Was Vvaried.
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Figure 33 MichelisMenten fitting for wild-type and chimeric CAR proteinsith varying
O 2 y OS y i Nrniethykiyirtami2a€idEhzyme used for each assay in indicated on each data

set Thederivedconstants areshownin Table21. All enzymes were eexpressed with Sfp.

88



The incorrect combinatiorof domains, linkers and domain boundaries can reduce the
enzyme rateas shown for MNCAR this caseprobably, eitherthe chimeric proteirfails
to acquire the correctonformation or the domainsfail to interact with each other The
Ku values for enzyms containing thesame adenylation domains (NCARIMCAR and
MCAR/ MNCAR)are very similar(Table 2}, suggesting indeedhat the substrate
recognition is determined byhe adenylation domain. Thikas beenproposed already
based on the structural data and homology studies betwewm-ribosomal peptide

synthetasa?’8,

3.2.2.5 The impact of conformaticad changes
The effects of enzymdynamics were then tested usirsgcombination ofviscositybased

experiments. The gparent keat values weredeterminedl & I FAESR 02y 0S
methylcinnamic acid, NADPH and A@fd changesin absorbance due to oxidation of
NAPDH wereneasuredovera 1 min period Differencesin apparentkeca: were observedn

different viscogess, even at the same viscosityigure34).

130 140 -
1201 ; Sucrose 120- ; Glycerol
r"c 110+ } “-':;100-
'S 100- } £
£ 80
3 901 .
~< g5 x° 60-
oy % } o ‘}
< 704 ¢ 2 401 {» ;
60 204 L] s :
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OI T T T T T T 1 O T T T T T T 1
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Viscosity (mPa*s) Viscosity (mPa*s)

Figure 34 The steadystate turnoverby MCARPPantat different viscositiesn differentviscogens.
Data were determined from the oxidation rate BMADPHmeasuredat 340 nm, over a maximum
period of 30 s. Raction conditions:100 mM potassium phosphat@H 7.5, 10 mM Mggl0.1
xa al/lwX M Ya ! ¢t I Hnmethybcindamié acidat 30 §ORpendenteaof h
apparent ke on varying viscosity was determined for sucrose and glycekitEosity was

calculated as previously descridédThe legend indicates the viscogen of the experiment.
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Sucrose showed a potentially linear dependence between viscosityappdrent Keat
values up to 2 mPa*s. The threshold of impattiscaity wes reached between 2 and
3.2mPa*s. A more exponential dependence was observed for glycerol. Just slight changes
in viscosity affected rates significantlsesulting in an exponential dependence rather
than a linear dependence,compared to sucroseAs forglycerol the threshold of impact

of viscosity was reacheat around3.2 mPa*s. The reasons fibre different trends are not
understood Theycould be due to the chemical propertiestbi viscoges. Overall there

was an impact ompparentkca: values by bth viscogens, an effect that is most likely due

to inhibition of domain movementsAltogether, hesedata suggest that CARs are highly

dynamic enzymesn whichdomain interactions and crogalk are necessary for catalysis

3.2.2.6Kinetic studies usingtopped-flow technique
Having demonstrated thampact of viscosity on CAR activity, it was important to

understand whether therewas an effect onthe reductive part of the reaction opn
loading and substrate delivery the reduction site.In order D test this, a stoppedflow
experiment wasdesignedusing a double mixing strategy with fixed concentration of
NADPH screening against gpoaded MCAR enzyme. The enzyme waslpaeled at room
temperature using excess ATdhd "-methylcinnamic acidin the required buffering
conditions. It was expected thathis would allow trappingof the enzyme in the state
where the substrate is covalently boundttee phosphopantetheine groug=jgure %, the
insert highlighted in blue). Stoppdtbw fluorescence measurement showexh initial
increase in voltage followed by a gradual decay. The enhanced fluorescence is known to
be caused by binding of NAPtducinginternal conformational changes to a nuebof
enzyme&84 The decrease in fluorescence signal directly represents the rate of oxidation
of NADPH and should naépresentany domain movementThe same assay was applied
to investigatewhether there were any changes ithe fluorescence and decay pattern in
different concentrations of glycerolhe enzymesubstrate complex was preloadeden
mixed with glycerol to adjust the level of viscosiBurerlayof the fluorescence spectra at
different glycerol concentrations wasommalized by the final fluorescenc&igure 3).
There wasa certain dependency between glycerol concentration and the value of

maximum fluorescence. Most likellgis is because conformati@i change is hindered by

90



viscosity with the result thatbinding of NADPH, conformational change and reduction of
substratebecame fused into a single proceskie to reduced rates of each of these steps
This suggeststhat, possibly, here is more than one conformational changeoccurring

duringthe catalytic cyd.

6.0- A . ")L‘)“ a ATP 6.0 B 0% glycerol
A RJ\UH _ 9.9 5% glycerol
95.5- oo PP 3 504 — 10% glycerol
~ il . . o —— 20% glycerol
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Figure ®. Characterization ofthe reduction pathway using stoppeftbw spectroscopy An
example transient stoppedflow fluorescence stwing the reaction between60 pM final
concentration MCAR PPaamnd0.5uM final concentratiodNADPH (A)The MCAR catalytic cydse
shown, withsteps observedy stoppedflow highlighted in blueNormalised fluorescence signals
at different percentageglycerol concentratios(v v*) recordedfor 10 second¢B) All experimets
were performed in 100mM potassium phosphate buffer pH 7.8Reaction conditions for
preloading tle enzyme with substrate: 100 mplotassium phosphateH 7.5, 10 mM Mggl2

mM ATP, 2 mM -methylcinnamic, 120 uM enzyme concentration, 20 °C, 20 min.

To analyze conformationathanges of the complex betweeGARenzymesand the
substrate upon mixing with NADPH, stopgémv experimens were performed witha
fixed concentration of NADPH. Kinetic constakisand k., were estimated for alvild-
type andchimeric enzymeslit was extracted from the initial increase of fluorescence
where ki represents bindingate of NADPH andé. several conformational changeisat
affectthe overall shape of the signal from experimétite exact mechanism and amount
of conformational changes is unknownJhe kinetic values of all four enzymssidied
were within narrow range;however,no clear corelationsthat are commonly used to fit
the data emergedor ki (Figure &). On the other hand: values were fit to linear relation

except for NMCAR which showed rather hyperbolic dependefsdghe sharp increase in
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fluorescence may indicate the presence of multiple processes, oversimplification of the

data may result in information loss.
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Figure 36 Observed rate constants and k. associated with the bindingy] and conformational
changes B) respectivelyduring the reduction of wildype and chimeric CAR enzymes by NADPH.
Final concentration of NADPH is 0.5 uM. UeftRght, k.. All experiments were performed in 100
mM potassium phosphate buffggH 7.5 at 30 °C. Reaction conditions for preloadireydaizyme

with substrate: 100 mMpotassium phosphateH 7.5, 10 mM Mge H Ya !¢+ X H Ya
methylcinnamic, 120 uM enzyme concentration, 20 °C, 20 min. All enzymes wer@rassed

with Sfp.

The final decay of fluorescende, was showing hyperbolic relabnship with preloaded
concentrations for all the enzymeasnd was fit using Michaelglenten equation (to
illustrate the dependenceFigure J). This seems to be reasonable as only one process is
observed¢ the oxidation of NADPH. NCAR shows the highest NADR#hation rates
observed followed by the NMCAR. Interestingly, MCAR which shares the same reduction
domainwith NMCAR shows much lower rates by more th&ol@. The opposite situation

is observed for NCARvhich shaes the same reduction domain with MNCAR but the
rates forthe chimericenzyme are extremely slow. This supports thygothesisthat not

only isthe interaction between different domains important the initial reaction stages

such as adenylation and tmafer of substrate to reduction domainbut domain

interaction isalsoimportant duringchemical reduction.
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Figure 3. Observedrate-constants associated with NADPH reductiég) (singwild-type and
chimeric CAR. Finabncentration of NADPH is 0.5 uM. All experiments were performed in 100
mM potassium phosphate buffer pH 7ab 30 °C. Reaction conditions for preloading #tmzyme
with substrate: 100 mMpotassium phosphateH 7.5, 10 mM Mggl2 mM ATP, 2 mM-
methylcinramic, 120 uM enzyme concentration, 20 °C, 20 min. All enzymes werrpcessed

with Sfp.

3.2.2.7Isotope-effect studies onMCAR and NCAR
To refine further the mechanism of reductive halgactions in CAR enzymes, Kinetic

isotope effect (KIE) studies weperformed. Deuterated NAGH pro-R andpro-S forms

were synthesized using enamtspecific enzymatic reactions. Whilee pro-S isoform of
NADPH showed 100 % deuteratidhe pro-R isoform showed only 95 % denaturation
based on théH NMR spectraHigureS6. Transient state kinetic experiments to study the
reductive halreaction of CAR enzymes were performed by mixing CAR enzymes with
nicotinamide coenzyme in a stoppdéidw instrument. Stoppedlow transients recorded

for the reduction of CAR by NADPHreveptimally fitted to a triple exponential function.

The maximumks values differed significantly between MCAR PPant and NCAR PPant
(Figure B). Different affinity for NADPH forn{pro-S and preR)was observed between
MCAR PPant and NCAR PPdintshowed that the proS form affectsthe reaction

significantly suggestingan isotope effect for both of the enzymes. Interestingthe
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effect of a secondary isotope was observed tioe pro-R form, which showed slightly

smaller kns3 than the NADPH but highdran proS form.
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Figure 3. Observed rate constastissociated with the ragction of CAR enzymes by NADRH (
Final concentration of NADPH analoguesre 0.5 uM. Left isotope effect for MCARRight:
isotope effect foNCAR. All experiments were performed in DRI potassium phosphate buffer

pH 7.5at 30 °C. Reaction conditions for preloading tenzyme with substrate: 100 mM
potassium phosphateH 7.5, 10 mM Mggl2 mM ATP, 2 mM -methylcinnamic, 120 uM

enzyme concenation, 20 °C, 20 min.

3.3 Conclusion

This study has successfully characterised different aspects of CAR enzymes including
expression, purification and catalytic mechanism. CAR fiéyeobacterium marinum
(MCAR) and fronNocardiasp. NRRL 5646 (NCAR) were chosen beagiuteeir ready
availability within the research grouprhe enzymes were successfully expressed and
purified at required purity for various assayBrevious research has shown that CAR
enzymes require phosphopanteheine group for activity and, therefore, in this project,
CAR enzymes were -expressed withBacillus subtiligphosphopantetheine transferase
(Sfp) to mediateposttranslational modification. In this chapter, wiee NCARwas
expressed without 9, no activity was detectd in the biotransformation reactions
MCARwas expressed andwas clearly functional regardless of thpresence ofSfp.
Through the use of mass spectrometry,was observed that ceexpression of both

enzymes result in 100 % modificatioof CARs. Lack of Sfp expressiesulted in
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unmodified NCAR and partially modified MCAR. Modification of CAR enzymes in this

latter casewasmost likelydue toendogenou<. colienzymes.

In this chapter, the most suitable conditions for MCAR PPant sBdRNPPant were
determined by measuring turnover rates at varying concentrations of ATP MdCand
temperature. As most of the substrates for the CAR enzymes are water insoluble, they
had to be dissolved in organic solvents (DMSO or ethanb8.solvets, however,had a
negative impact on the awntty of MCAR PPanincreasingthe concentration of organic
solventscaused alecreasethe catalytic activity.The inhibitory effect oDMSQ however,

was slight. DMSO, therefore, was the solvent of chfscsubsequent experiments.

MCAR PPant and NCAR PPant showed tolerance and strong activity towards various
cinnamates with differences between the two enzymes obsennedsteadystate.
Followingthe basic kineticanalysisof CAR enzymes, experiments were paried to
provide more indepth mechanistic insight into CAR catalydi$easurements were
performed with both native CARand with chimeric proteins created by swapping
reduction domains between MCAR and NCAR. One of the chimeric constardisnng

an adenylation domaiand phosphopantetheine site from NCA&hdareduction domain
from MCAR remarkably outperformedwild-type MCAR. This may be explained by
conformational matchingwhich is the consequence of highly dynamic domains. It was
shown by steadystate kinetic analysesand stopped flow assays that viscoshgd a
significant impact orthe whole catalytic cycleas well an thereductive part resulting

in reduced ratesn the presence of viscogen.

In summary, studies presented in this chapthave demonstrated the importance of
domain crosgalk and ultimatelyhelped to understand thenechanism of CAR enzymes
slightly. The work on chimeric enzymes presented here could provide a framework of how

to design chimeric proteins with a set of no¥ahctions.
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4 Multistep Synthesis of thambutol
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4.1 Background

4.1.1 The use of ethambutol

Ethambutol is a simple organic compound with potential application in treating
tuberculosis (TB). Over the past 50 years, numerous studies have been carried out to
shed light on the properties of this chemical especially for its inhibitory effect on the
growth of Mycobacterium siegmatisand Mycobacterim tuberculosi&<e8, Despite being

a primary medication for TB, this chemical is beconaimgsseffective treatmentdue to

the rise o drug resistant mycobacterium straingt has been suggested that drug
resistance is essentially caused by mutations withinghw operorf®?°. Recently, it has
been proposed that the mechanism of drug resistance may after all contain multiple
stepS192

4.1.2 Current synthesis route for production of ethambutol

Since the discovergf ethambutol, scientists have attempted to optimize the production

of this antibiotic. Some of the described synthesis methods were patented for further
applicaton and industrial productionf ethambutoP3. Other methods currently described
involve initial substrates such agrethionine*z  facetylenic amino alcohdy diol$®

and diene monoepoxid€s Existing strategies based on traditional organic chemistry
resut in high amount of waste despite generating products in good yield. Therefore,
biological routes to produce intermediates can result in a much greener process and may
even reduce production cost. The initial synthesis of this antibiotic was performad usi
(9-2-aminobutanol precurs@®. Only the §,3-ethambutol shows desiredoroperties
whereas the other enantiomers have less thanf@ldl effect on bacterial growth and also

can cause blindness and other side eff&tts

4.1.3 Renewable route for synthesimy ethambutol using CAR enzymes
The cascade was designed to producg-2faminobutanol 3 starting from @-2-

aminobutyric acidl reduced bycarboxylic acid reductag€ARto the (§-2-aminobutanal
2 following reduction byalcohol dehydrogenaseADH (Figure 39). There was a single

attempt reported in the literature to perform this particular cascade eitiewitro or in
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vivo producing 1.7 mg-tof 3. The low yield mearthat this process was inadequate for
industrial application and required furthesptimization to fully exploit this cascad®®.
Thus, available tools such as libraries of CAR enzymes must be used to optimise and scale

up the cascade.

ATP H, NAD

NH,
NADPH

Figure39. Synthesis scheme fo®{2-F Y A y 2 6 dzarhinbButanolj3from (§-2-aminobutyric

I O A -Bmindbutyric acid)l using combination of CAR and ADH enzymes.

4.2 Results and Discussion

4.2.1 Testing the designed seade

noeHodMmdm . A 230 NI sa@ifoBuNdtladidA 2y dza Ay 3 b

(9-2-F YA Y 20 dzii @ NR -@mindb@yki®R acid) 2 Bdd ©-2-F YAy 206 dzi | y 2 € 6 2 NJ
aminobutanol) 3 were purchased from Sigma to be used for the designed cascade.
However, §-2-1 YA y 2 0 dzi l-ayhindbutana® Ndag not enlistedby any chemical
producing companies, which raised suspicion that this compound may not be very stable.
bSOSNIKSt Saaz (KS -atitoButric RaSid 1 Qvizhy Mykobdctgriaim h
marinum CAR (MCARJnd ADH enzymes available in sto8ag¢charomyces cerevisiae
ADH)was still performedwith an expecttion to observe the presence of new peak

HPLC chromatogranfor 2. There were neither additional peaks observed ribe
presence of3 detectedafter a 24h of reaction containing both enzymédata not shown

as it does not contain any positive result$his suggests that MCAR may not be active

towards1 or the formed intermediate? is not being stable.

4.2.1.2 Stability of intermediates
A cascade was designed to produgestarting from 3 via protection, oxidation and

deprotection reactionsKigure40). The stability o2 and the synthesis mechanism of this
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compound were investigated previously by Luca Cariati (a PhD student in P6fSTL &
laboratory). Tert-butyloxycarbony(N-BOC also known ash / 0  LINZPainiBobuiafaR b

5 was synthesized fron8. This protective group was subsequently removed using
standard deprotection methods with trifluoroacetic acid (TFA) in dichloromethane {DCM
The product formed after BOC removal was analysed on TLC plates. Multiple products
were observed suggesting the presence of multiple compounds in the sample. This is
usually observed whe the compounds are unstable adegrade or form various
oligomerici LISOAS&® LYy I RRA Gano/aldéhgdesthave Begntrépored A 2

to racemiz@01.102

O
| )

i g /;\AIASH i /\H i /\H
NH HN__O
3 ’ 6 \[o]/ \’< 5 \([)]/ T< 2 N2

Figure40. Proposed gnthesisroute 2 F-antinobutanal2 & G I NIi A yaminobNahot3. Pirst
step is protection of amine group with BOC group following oxidation to the aldehyde and
removal of the BOC group.(Boc)O in dioxane with water ii) Deddartin periodinane in DCM iii)

TFA in DCM -aminobutanal2 was not successfully produced.

Figure 41 illustrates the myriad ofpredicted chemical species formed during the
NBRdzOG A 2 Yy -dniNd@@y&idakidl ByFCAR enzymes. Compouddan either be
further reduced by ADH enzymes to the corresponding alcohol or &dihydropyrazine
derivative16. The formed adduct is not stable and could further oligometrizproduce
polymer 18 or form a stable pyrazine derivativE7. The chiral ceme (marked with an
asterisk) can undergo a reversible dimerization which leads to racemization. This
AYRAOFGSR GKIFG GKS OF alOl RS -&hinR graug fromS N
interacting with an aldehydeunctional group The whole cascade was reengined and

initial substrate was protected witaBOC group.
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Figure 41{ OKSY Il 4 A O NX LaBnddityric lkcidh r2ddictiod To the corresponding
aldehyde 2 using CAR enzymes and formation of various oligomeric species from the latter
O2YLRdzy Rd L g I-aminabd@EnabZosnS EimeticKdoripouhds following further

oligomerization. Asterisk indicates a chiral centre for required compounds.

4.2.2 ert-butyloxycarbonylprotecting group

4.2.2.1 Designing analytical methods

AN L A

. ht LINE (HSYONIYSARO dzii @ NdR OA YI2O A0 I y-aminobutanydR were

synthesized previouslyy Luca Cariai y t NBFd ¢ dzNy SNRA 3INRBdzL) 6A (K
by GCH and®C NMR- YR KA 3IK NBaz2fdziAz2y Y-amimoburiclSOGI NR YSGN
acidBOC4 was analysedy a GC method using a F&°column (Agilent) leading to the

major peak at 19.9 min and additional peaks at retention times 10.45 and 19.08 min

which are most likely impuritied={gure42). This could battributed to either an artefact

2NJ RSANI RFGAZ2Y 27F (K SamiddhfdnEBR¢SRohtaitedatajit S F SNy OS
LISI]T Fd mMnoduT YAY Iy R-anfinobuanolBOE6 as gr&luel #yi SN SRA I G ¢
the cascade ifFigure40d CA Yy | f f & Z-aminkb8tanbiEBACH appeaddJat'19.65

min with sufficient separation from the corresponding acid.
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Figure 42 Separation of BOC protected-aminobutyric acid4, h-aminobutanal5 and h-
aminobutanol6 on GC chromatogram from top to bottom respectively. This indicates that GC

program is capable of separating the peaks of the initial substrate and final product.

4.2.2.2 Screening for CARs accepting BOC protected substrate
The newly redesigned cascadediga f SR . h/ -amhihBuly® Gdidd Rs the

A0FNIHAY3I adzoadNIGS F2NJ NBRdzOGAZ2Y dzaay3
aminobutanal5 should be stable and could be further reduced by the ADH enzymes to

h/ LINE -arsirobuaniols (Figure4d).

o)
! OH
OH CAR ADH HN\H/O
HN. O ATP HN._ _O NAD(P)H \’<
4 \’< NADPH 5 [ j< 6 O
o) o)

Figure 43 Synthesis ofh-aminobutanolwith BOC protective groug starting from the BOC

I oA 2 4.oAa

To test the conversion of to the corresponding aldehyd® or alcohol6, purified MCAR

and NCAR enzymes were used. In additas,part of investigation of CAR substrate
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tolerance,Dr. Mark Dunstar{collaboration on CAR enzyme studidspignedncar gene
containing mutation at posion 341 by replacing phenyé&aine for alanine. In theory, this
mutation should allow larger substrates to be accepted byaheymesCAR enzymes for
purification or whole cell lyophilisation were -@xpressed with Sfp for postanslational
modificationto retain the activity(demonstrated inChapter 3, &ction 2.2.1). All three
purified enzymes were tested showing that MCAR reduces most substrates within 20 h

(Table22).

Purified enzymes Lyophilized cells

MCAR NCAR NCARF341A MCAR NCAR CAR12 NCAR

F341A
4 (%) 30.8 43.7 69.1 24 48.8 41.7 3.9
5 (%) 60.4 50.8 21.2 0 0 8.8 20.1
6 (%) 3.3 0 4.9 97.6 52.2 44.9 68.1
SideProduct (%) 5.6 55 4.8 0 0 4.5 7.9

Table22. A 2 G NI y&aT2NYI {A-8mnobNtxic d2iéBOS4¢ubstratel Thyg amotlints of
compounds are stated in percentage according to the area of the peaks. The activity of purified
CAR enzymes against lyophilised CARs in whole cells form was compared. Conditions: 100 mM
potassium phosphate buffgyH 7.5 10 mM MdCh, 15 mM glucose, 10 U GDHO mM ATP10 uM

CAR enzyme$& mM h-aminobutyric acieBOG 10 pM NADPH, 30 mg rhbf lyophilized cells (20

mg mLX MCAR), 30 °C, 250 rpm, 20 h.

In comparison with the wildype, NCAR mutant showed lower activity suggesthma
there may be issues with stability or substrate binding affinity caused by the introduced
mutation F341A. The main product formed in all cases WwasSmall quantities of
unidentified impurities were detected as well & suggesting that eitherglucose
dehydrogenaseGDH or co-purified ADH enzymes further reduce the formed aldeh§de
Surprisinglyusing the whole lyophilised cells with expressed enzymes instead of purified
CARs yielded mostly (Table 22). This suggests that endogenoks colienzymescan
successfully reduck. Almost full conversion of compourdicould be reached for both

NCAR F341A and MCAR with the latter reaction resulting in formatiéroofy even at
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lower concentration of lyophilised cells compared to the other samples. IniaddCAR

12 (organism and sequence not specified in this thesw)taining lyophilised cells were
tested which showed similar conversion pattern to NCAR.

Positive control reactions were carried out using benzoic 48do compare enzyme

activity in bothpurified and lyophilised cell fornir{gure44).

o) o)
CAR ! ADH OH
OH TaTPp NAD(P)H
NADPH
13 14 15

Figure 44 Positive control for CAR reactions using benzoic A8idubstrate in the presence of

purified CAR enzymes as well as lyophilised cells.

It showed that after 20 h, full conversion &8 is achieved by purified MCAR and NCAR
enzymes Table23). Even higher percentage of benzyl alcoiélwasobserved compared

to 6 from previous testdue to further reduction of the aldehyde.

Purified enzynes Lyophilised cells

MCAR NCAR NCAR F341A MCAR NCAR CAR12 NCAR F341;

13 (%) 0 0 38.3 0 0 0 0
14 (%) 80.9 879 506 0 0 1.6 0
15 (%) 10.1 121 11 100 100 98.4 100

Table 3. Biotransformation reactions with benzoic acid as a positive confiioé amounts of
compounds are stated in percentage according to the area of the peaks. The activity of purified
CAR enzymes against lyophilised CARs in whole cells form was compared. Coddifian$/
potassium phosphate buffeggH 7.510 mM MgGl, 15 mM ducose, 10 U GOHO mM ATP10 pM

CAR enzyme§ mM benzoic acigdl0 uM NADPH, 30 mg rhaf lyophilized cells were us¢@0 mg

mL!* MCAR)30 °C, 250 rpm, 20 h.

The mutated NCAR F341A enzyme showed much lower conversion compared to other

studied enzymes. Lyophilised cells with overexpressed enzymes were much more efficient

reaching 100 % conversion 8 using all of the studied catalysts. In all studied cases,
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nearly full conversion tdl5 was observed. This confirms th@ARs that were expressed
and purifiedas well as expressed and lyophilised in whae# formare active to perform

chemical reactions on either substrate of interest or standard control benniic a

nedHDPHDPo ¢KS AYLERNILOIFYOS -Arfinod@armiBOT 2 NB 2y LINP RdzOG
The following experiment aimed to further optimise the reduction process uéiag a

substrate. Only lyophilised cells with overexpressed enzymes were used dilreito
ability to perform a further reduction of the formed aldehydas was shown previously
(Table 23. The presence of NADPH, ATP or absence of both cofactors was tested using
biotransformation reactions. It showed that there is a relationship between the presence

of cofactors and consumption dffor all of the tested catalystg-{gure45).

100

n4
§ 90 -
~ 80
S 6
= 70
8_ 60 m Side Product_
e
8 50 -
)
2 40 -
c
gg 30 -
g 20 |
A NN )
o | m I
ATP ‘NADP»}-INone‘ ATP ‘NADP»}-INone‘ ATP INADPHNone| ATP [NADPHNone
MCAR NCAR NCAR F341A CAR12

Cofactors / catalyst

Figure45. Dependence of cofactors present on reaction product profiles using various CARs in
lyophilised cell form. The indicated cofactors are externally suppli@drdimg to the legend
meaningthat the other cofactor is missing. None represents that neitherhef tofactors are
supplied. Conditions: 100 mbtassium phosphate buffggH 7.5, 10 mM Mggll5 mM glucose,

10 U glucose dehydrogenase, 10 mM ATP, 5hrvhinobutyric acieBOC, 10 uM NADPH, 30 mg
mL? of lyophilized cells (20 mg MMCAR), 30 °C, 250 rpi20 h.
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The absence of ATP led to lower substrate consumption compared to that of NADPH. This
can be explained by the fact that NADPH can be easily recycléd ¢glicells wheras

ATP regeneration is much more complicated due to produced AMP side prdavact.
stepsare requiredto regenerate ATP whereas for NADPH only a single step is sufficient.
The absence of both cofactors appeared to promote the consumption of initial substrate
For MCAR and NCAR containing lyophilised cells, the absence of ATP also affected th
production of6 more than that ofNADPH Lack of both cofactors resulted in less of this
product being produced. On the other hand, lack of external NADPH in the samples
containing NCAR F341A and CAR 12 and the absence of NADPH had a much higher impeé
on alcohol production than the lack of ATP. Absence of both cofactors however showed
higher percentage of alcohol produced compared to those without external NADPH. This
observation is intriguing and may be related to enzyme stability or the rates of catalysts.
This experiment showed that MCAR even at lower concentration of lyophilised cells could
reduce most of4 to the corresponding alcohdd without aldehyde5 and other &de
products being produced such that it was selected for subsequent experiments to

determine its capacity of the reaction.

4.2.2.4 Evaluation of substrate concentration dependence on conversion
Screening for efficient catalysts aw performed at 10 and20 mM substrate 4

concentration as it was important to determine the efficiency of lyophilised MCAR
expressing cells at different substrate concentrations. Also, it was shown that supply of
external cofactors can affect the reduction levels of initial $we and final
concentration of produc6. Thereforethe presenceand/ or absence of external ATP and
NADPH cofactors ag tested at 20 ¢ 50 mg mt concentration Conversion of Q5 %

was observed in the absence of both-fe@tors at a substrate concentration of 20 mM
(Table24). At 20¢ 30 mg mt of catalyst in addition to an external supply of ATP and
NADPH, there was no difference in the conversion. However, at higher concensati
there was a clear impact of the cofactors as conversion became significantly higher. The
conversion could be increased from ~10 % and 15 % to 50 % by supplementing reactions

with cofactors at 40 and 50 mg nkatalyst concentrations, respectively. ioth cases
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only 30 % ob was detected which is not sufficient for upscale reactions. Therefore, the

following experiment involved lower concentration of initial substrate.

20 mgmL* 30 mgmL? 40 mgmL? 50 mgmL*

None Both None Both None Both None Both

4 878 852 O2 81.9 90 51.8 84.3 49.6
5 0 21 0 2.3 0 9.9 0 11.7
6 12.2 127 8 15.7 10 28.5 15.7 29
Side(%) 0 0 0 0 0 9.8 0 9.7

Table24. Dependence of lyophilised cell load and presence of cofactors on conversion of 20 mM
h-aminobutyric acieBOC4. None¢ indicates the absence of externally added ATP and NADPH,
both ¢ the presence of externally added cofactors. Conditions: 100 pathssium phosphate
buffer pH 7.5, 10 mM Mg&eb0 mM glucose, 10 U GDH, 22mM ATP, 20 wévhinobutyric acid

BOG 10 uM NADPH, 2050 mg mt! of lyophilized cells with overexpressed MCAR, 30 °C, 250
rpm, 20 h.

Similar trend were observed at 10 mM substrate concentration when compared to 20
mM. The absence of cofactors significantly reducedversion of substrate only at 20 mg
mL?*of dried cells usedT@ble25). At higher catalyst concentratiponly small differences
were observed between samples with external cofactors améswithout. Thisis likely
since cells contain enough ATP andPRAM or are capable to recycle those cofactors
sufficiently for conversions of 10 mM df The highest conversion of initial substrate to
final product was observed for samples containing 40 mg" odtalyst either with or
without externally added cofactorand 50 mg mtwith external cofactors present. At 10
mM substrate concentration using 40 mg ™the best conversion could be achieved
without external supply of the cofactors. Thus, thesaditions were chosen fdahe scale

up reaction.
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20 mg mL? 30 mg mL? 40 mg mL? 50 mg mL?!

None Both None Both None Both None Both

4 781 206 226 14.3 13.2 136  20.6 13.3
5 0 204 O 8.1 0 0 0 0
6 219 505 774 776 868 8.4 794  86.7
Side(%) 0 85 0 0 0 0 0 0

Table25. Dependence of lyophilised cell load and presence of cofactors on conversion of 10 mM
h-aminobutyric acieBOC4. None¢ indicates the absence of externally added ATP and NADPH,
both ¢ the presence of externally added cofactors. Conditions: 100 pathssium phosphate
buffer pH 7.5 10 mM MgGCJ, 30 mM glucose, 10 U GDH, 11 mM AGPuM NADPHy i Y-a h
aminobutyric acieBOG20- 50 mg mttof MCAR cel|80 °C, 250 rpm, 20 h.

nou du dp ¢ AYS -arfnbbbtyriR &MBDE cadvérsion
To investigate the product profile and accumulation rates of the studied cascade4ising

with lyophilised cells containing MCAR enzyme, conversion was measured at different
time points. As mentioned beford0 mM substrate concentration was chosen with 40
mg mL* lyophilised cells containing MCAR and no externally added cofactors. Over a 30
minute period, there was roughly no consumption observedd guggesting that most
likely the substrate has to diffuse into lyophilised cafigy(re46). Even after 6@nin only

a slight increase in conversion was observed. Finally, a significant consumptiomasf
detected after 3 h reaching ~ 60 %. In addition to increased consumption of subsatte

the same time there was presence of the corresponding aldeHyd®d some side
product detected. However, after 20 h of total reaction time none afsta compounds
were detected anymore. There was not much increase in consumption of the substrate
detected after 20 hours compared to 5 hours. It is most likely due to lgtamsues of

MCAR even within lyophilised cell formdure tosubstrateor productinhibition effects
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Figure46. Time dependence on substrate consumption and product production using lyopholised
MCAR cells with-aminobutyric acieBOC substratd. Conditions: 100 mMpotassium phosphate
buffer pH 7.5 10 mM MgG, 30 mM glucose, 10 U GP#n  Y-aminbbutyric acieBOC40 mg

mL* MCAR lyophilised cells, 30 °C, 250 rpm, 20 h.

4.2.2.6 Scale up of biotransformation reaction

Following optimization ofK S O2y RAGA2Y & NBIjdzZANBR F2-NJ 4dz00Sa 41
aminobutyric acieBOC4 and the corresponding alcoh6] the process was scaled up. The
scale up reaction was performed using conditions stated below: 100 poMssium
phosphate buffepH 7.5, 10 il MgC$, 30 mM glucose, 10 uM, 10 U GDHp Ya h
aminobutyric acieBOC, 8 mg mt! of MCAR containing dried cells, 30 °C, 20 h, 250 rpm
at 49 mL final volume. Initial substrate was supplied at 100 mg finaleight. 1 mL
fraction was collected for GC analysis after 20 h. It showed that the conversibto &

was ~78 %vithin 20 h The scale up reaction was then extracted using ethyl acetate and
purified by flash chromatographysing mixture DCM KMeOH (98 : 2 v¥). The yield of 54

% was reached50 mg final products colourless dil To confirm purity*H, 13C NMR
experiments were performeds well as TLRf = 0.75, DCM / MeOH; 98 : 2-).\HRMS
showed that the final product is seen as a*lddduct with m/z ratb of 212 (expected

molecular weight is 189 Dan the spectrum Kigure47). The assignetH and**C NMR
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aLISOG NI O2y T A NahBdbutandBOO6 wasyprRo@uEeR in scale upaction
(Figure48, Figure49).

User Spectra
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Figure 47 High resolution mass spectrometry of purified biotransformation reactions showing the

ionization spectrum of BOC protectédaminobutanol.The peak represents adduct 6fwith Na'

ion attached Predictedmolecular weighis212.1257 Da (mass error 18.38 ppm)
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Figure 48 AssignedH NMR spectrum of purifietl-aminobutanotBOGC6 from biotransformation
reaction.'’H NMR(CDGE nnn al 1T 0 4, 3.66867@EppcAlH, HVv3.583.55 (app m,
2H, H), 1.521.59 (m, Y, H), 1.44(s, 9H, k), 0.95 (t, 3H, J = 8 Ha).
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Figure 49 Assigned*C NMR spectrum of purifigtkaminobutanolBOG6 from biotransformation
reaction ¥C NMR(CDGE  mnn  al 1 0s), 719.77w@, G582 KG), B4/47 (6), 28.51 (),
24.63 (@), 10.64 (9.

In addition, comparison between purified biotransformation products and previously
synthesized standards showed virtually identical patterns. More importantly, the finding
proved that lyophilised cells containing MCAR enzyme can be used to perform sequential
reductioni 2 O 2 yamiSoNdiyrichacieBOCA to alcohol6 which can be purified and

confirmed using analytical tools.

noHdHdT 5SLINR G SOG-aBINGbul . h/ LINRPGSOGSR b
Removal othe. h/ 3ANRdzLJ A & Yy S O SamimobdtdnolFfredewnstréath dza S 2 F

cascadessynthesizing ethambutol athe amine group will be involved in nucleophilic
addition reactiors. There are several protocols described in the literature that are used to
remove BOC growadrom suchcompounds. Various standard methods use strong acids
suchas trifluoroacetic aciqTFAY®3 or hydrochloric acid (HGPf dissolved in dioxane or

other organic solventsRecent publications described mildegmiotection methods that
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could be used to remove BO@oup involving water which acts as base and acid
simultaneously at high temperatur&$:1%¢ The standard deprotection method using TFA
was further investigatedé was mixed with trifluoroacetic acid (TFA)dichloromethane
(DCM) (Chapter 2, Section 2.5.3The reaction was performed overnight and organic
solvent with TFA removed using Rotavapor in the fume hood. Crude extract was directly
used for synthesizing ethambut®l (Figure 50). The reaction was perfored with 1,2
dibromoethane8 and basified using &3Q. The next dayhe reaction wasextracted and
purified using flash chromatography showing the same migration on TLC plates as
commerciallyavailable standar® (Rf = 0.68, isopropanol / ammonia / wat&0 : 20 : 10

v v1) and very similar migration pattern to expected prod@ctRf = 0.80, isopropanol /
ammonia / water; 70 : 20 : 10 v} Reaction product rapidly crystallized upon drying and
according to physical state was similart¢the yield wasot measured)Finally, 20 mg of
the crude product was dissolved itMeOD and *H NMR experiment performed to
compare it with the spectra oB and 9 standards. This showed a relatively similar
spectrum between reaction mixture and stand&davith some small differences observed
at 3.4 and 3.2 ppm of reaction mixtur€igure51). In addition to that the spectra were
slightly shifted. Comparison 8H NMR showed greater differences as there were peaks
missing at 1.3, 1.6 and 2.7 ppm of reactioixture compared td3 suggesting that all of
the deprotected alcohol reacted:®C spectra however showed significant differences
between extracted product of ethambutol synthesis and its stand@rdrhe biggest
differences involvedwo quartets at 110130 ppm and 162165 ppm Figure 520 of
reaction mixture as well as the lack of peak at 45 ppigyre52 B). The splitting pattern

of the quartets was suggested to be due the fluorine atoms present. The hypothesis
was raised that durinthe deprotectionreaction a stable salt is being formed that cannot

be separated even with basic compourgigh asCsCQ.
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Figure 50 Scheme of reactions involving deprotection faminobutanoiBOC6 using TFA
following chemical reactioto form ethambutol9. It represents the formation of intermediate
TFA sal? with h-aminobutanol3 in reversible manner with -aminobutanol that could react with

1,2-dibromoethane8 to form final producti) TFA in DCM ii) basifiedtivCsCQ
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Figure 51*H NMR of -aminobutanol3 (A) and ethambutol9 (B)standards as well as ethambutol

synthesig(C) (Figure50) extracted and purified fractions. 30 mg of each sample was dissolved in

MeODand prepared for NMR experiments.
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Figue 52 ®C NMR ofh-aminobutanol 3 (A) and ethambutol 9 (B) standards as well as
ethambutol synthesi¢C)(Figure50) extracted and purified fraction@0 mgof each sample was
dissolvedMeODand prepared for NMR experimentshe highlighted peaks 5 (B) and 6 (C) show

the differences between TFA salt and ethambutol.

noHoOH dy { AnfinbbBuB@ORTBA saltF b
¢2 GSald GKS K-anidduutkr®/iRAY sali Kvasi formbed during the

deprotection step, the conditions were Ikdf A O (1 S-Bmindbaitangl3 and TFA in
dichloromethane(Chapter 2, Section 2.5.3This reaction was incubated overnight at
room temperature with vigorous shakind-igure 53). The following day the organic
solvent was removed under reduced pressusing Rotavapor and product purified using
flash chromatography.Product started crystallizing when the organic solvent was
removed indicating similarities with the previous reactidine yield was not measured as
this experiment was performed for qualiise purposes Interestingly, the formed
compound migrated on the TLC plates in the same mann8r(R$ = 0.68, isopropanol /

ammonia / water; 70 : 20 : 10 vlysuggesting that the interaction betweehand TFA
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produces a stable compountiat mimics progrties of ethambutol9. The product was
prepared for'H and**C NMR experiments by dissolvingleOD Comparison ofH NMR
K -atni@dbutaid@BOO depratgttioh y R h

a LIS Ol NHzY -0BAiwSEdgzi hy 2 €

reaction following ethambutol synthesis appeareety similar Figure54).
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Figure 53 { & y (i K S damiaobuga@olTPA salt7 from 3 dza A y 3

aminobutanoiBOC deprotection.
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Figure 54H NMR of -aminobutanotBOG6 deprotection followingethambutol9 synthesis with

h-aminobutanol/ TFAreaction. Crudeof ethambutol product(A) and h -aminobutanol3 reaction

al vys

O2YyRAGAZY

with TFA productB) 30 mg of each sapte was dissolved in MeOD and prepared for NMR

experiments.
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Most peaks were identical between egtra with few insignificant differences observed.
The situation became even clearer afté€ NMR experiment{gure55). The presence of
unique quartes at 110130 ppmand 162165 ppmwas observed in both samples and
probably caused by the formation oFA salt. Additional experiments were performed
involving neutralization of reaction mixture after deprotection step however the same
LINE RdzOG 61 & &GAf f -aninab @D BoR PFADESEINDNMPIUAdAVES 2
not successful with any of the otherathods tested. Another deprotection method was
tested using HCI in dioxane but the same issue of salt formation was observed. As
mentioned previously, there are methods that do not involve strong acids and they
should be investigated further in the futur&here are few potential methods that can be
dza SR G2 RAA&NHzLIQI & & NP yaminoButaholi is \sateh $olHESandd | 2

extraction is not simple from water based extraction systems.
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Figure 55%3C NMR -aminobutanolBOG5 deprotection following ethambutodd 8 y § KS &-A & &
aminobutanol/ TFAreaction. $nthesis of ethambutol produdiA) andh -aminobutanol3 reaction
with TFA productB). 30 mg of each sapte was dissolved in MeO&nd prepared for NMR

experiments.
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4.2.3 Carboxybenzyrotecting group

5 oA 2 s oA x

423m {8y GKSaAa 2amnbbdtyricdaddP G§ SOGSR h
Due to issues with deprotection of the BOC based compounds, a different protective

group was investigated CarboxybenzylN-Cbz or Cbz). This protective group is used
widely to prevent interaction of amireewith other side chains especially in gigle
synthesis. Removal of Cbz functiongdloup does not require extreme conditions
compared toremoval of BOC functional group and could be performed at room
temperature using hydrogen and palladium orarbon (Pd/G catalyst®”. The Cbz
water mixture using benzyl chloroformate as protecting group dombecrudewas then
extracted using ethyl acetate and purified by flash chromatogragdigg mixture DCM /
MeOH (98 : 2 vY). The yield 59 % was reache®92 mg of colourless oilfheproduct

was confirmed usingTLC (Rf = 0.1DCM / MeOH; 98 : 2 v}y HRMS!H and'3C Figure

56, Figure 57 Figure58). ThisO2 Y FANXY SR GKIFId AYyRSSR {4 KS
aminobutyric acidCbz and ppears as Naadduct in HRMS spectruexpected molecular

weight is 237 Da but the peak shows 23 Da increase)
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A8y iK:

Figure56® | A 3K NBaz2fdziAz2y Yl aa alLlS aminPuyteladdbz a LIS O NHzy 2

for biotransformation reactionsThe main peak represents adduct 1 with Na" ion attached.

Predicted molecular weight is 260.0893 Da (mass e&@6ppm).

116



A MM mmem 2o Y MnmMnm QAANNANRANNNRMNND A
(<] NININININDN nmnunmmMmnmMm T A A A A A A A A A o oo
NIRRT i e N 1700
7 - 1600
2 0 2 7 1500
3
1/\HJ\OH7 7 1 1400
N r© 7 i /7
6 7 1200
10 O 1100
- 1000
900
800
6 F700
600
- 500
- 400
300
2H
3 | - 200
|
! [ o
I}
: A L ‘ o
h < % N EARY S
o % & N 33 ] F-100
— < — o — ™
T T T T T T T T T T T T T T T T T T T T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05

5
f1 (ppm)

Figure 57 Assigned'H NMR spectrum of purified-aminobutyric acieCbz10 from chemical
synthesissTHNMR(CDGE nnn al | 0 4, 7.3p%37¢m, SHi L 5.085.15 (M, 2H, §),
4.36-4.41 (m, 1H, k), 1.891.98 (m, 1H, k), 1.701.81 (m, 1H, k), 0.97 (t, 3H, J = 8 Hz)H

ndHdodH /1w ¢2f SNIF yO&8nindbtgicati®a / 61 LINR G SO
Previous experiments demonstrated that MCARMiddr 6 f S 2F | OOS L Ay 3
aminobutyric acid and performing successful reduction to the corresponding aldehyde,
followed by reduction to alcohol by endogenols coliADH enzymeg@Chapter 4, Section
2.2.6) Howeverthe Cbz group is much larger théame BOC group and may interfere with
binding, activation or transfer of the substrate from adenylation domain to reduction site.
The initial test wagindly performed bycolleagueDr. Sasha Derringtofas she worked on
screenng diffent acid substratesd determine which CAR enzymes can effectively reduce
h-aminobutyric acidCbz10 (Figure59). Initial screening revealed that among all tested
CARs the most efficient in terms of consumption of NAB#RIdubstrae 10 was CAR 11

from Segniliparus rugosy3able26). It was 7 times more active compared to CGARIso
known as NCARj)rom Nocardia sp. NRRL 5646 and CAR 3 frdfgcobacterium
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smegmatisenzymes. To confirm the activity was necessary to show consumption of the

substrae and production of product using biotransformation reactions.
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Figure 58 Assigned*C NMR spectrum of purifiedl-aminobutyric acieCbz 10 from chemical
synthesis’3C NMR(CDGE  mn n  137.3% (G), 156.22 (), 136.20 (@), 128.67 (6), 128.37
(Go), 128.26 (@), 67.28 (€), 54.93 (@), 25.67 (@), 9.58 (©.

o) o)
! OH
/\HJ\OH CAR /\H ADH HN. O p
HN. O ATP HN. _O NAD(P)H hig
12 ©

10 hid NADPH hig

Figure 59 Synthesis of -aminobutanotCbz12 from h -aminobutyric acieCbz10 using lyophilised

cells containing CAR enzymeshdaminobutanalCbz11.
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CAR3 CAR4 CAR5 CAR9 CAR11

Sandard activity 0.027 0.031 0.007 0.005 0.218

Table 26 Standard activity of various CAR enzymes with Cbz protéctadinobutyric acidlO.
Screen was performed by Dr. Sasha Derrington. The units are relative according to NADPH

consumption over time.

To monitor the conversion, compound® and 12 were measured using the same GC
method previously mentioed (Chapter 4 Section 2.2.). It showed that10 | y R- h
aminobutanolCbz12 can be separated using the same program with samples containing

either single compound or premixed both compounds togetitegyre60).
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Figure 60 Separation of Cbz protectetaminobutyric acidl0 and h-aminobutanol12 on GC
chromatogram. Top graph contains shows the separation of both compounds in premixed sample.
Other two figures indicate how compounds separate when loaded separately. This indicates that

GC program is capable of separating the pedkbBainitial substrate and final product.

12 was synthesized in the same way % however, the purityaccording to TLQRf =
0.62, DCM / MeOH; 98 : 2 vy and H and'3C NMRwas not sufficient due to
contamination of the side product benzyl alcohol. Separation was sufficient to test

O2y@SNEAZ2Y & YR LISI1a 6SNBE yaminobira@eflNdas LILIA
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not synthesized for tests on GC as it was shown previously that higher loafling o
lyophilised cells harbouring CAR enzymes directly perform reduction of the aldehyde to
the aorresponding alcohol (Chapter 8gction 2.2.2). The same pattern was expected in
these reactions and any unrecognised peaks would be further analysed to degetin@n

presence of aldehyd&l formed.

4.2.3.3 Optimization of the cascade
Previous experiments demonstrated that CAR 11 accepts subsifataccording ©

reduction of NADPH (Chapter 8ection 2.3.2). CAR 11 from gE8b expression vector
was produced irkE. coliBL21 (DE3) cells together with Sfp enzyme for pastslational
modification. Two different expression protocols were tested using either standard
expression in TB media with IPTG induction or TB basedirdiiation media (AIM) and
the cells wee lyophilised and used in this form fourther experiments. Initial
biotransformation reactionsshowed that there are no observed differences for
conversion ofl0 to the corresponding alcohdl2 for standard IPTG induction and AIM
(Table27).

Catalyst Concentration 10 12
mg mL!

CAR11 IPTG 30 0 >99
10 2 98

CAR1AIM 30 0 >99
10 2 98

MCAR 40 18.9 81.1

Table 27 Conversion of Cbz protectédaminobutyric acidlO to the corresponding alcohdl2

using lyophilised whole cells. #hows conversion oCAR 11 expressed under two different
conditions: IPTG induction in TB media and TB based autoinduction media (AIM). Conditions: 100
mM potassium phosphate buffepH 7.5 10 mM MgG, 30 mM glucose, 10 mM ATP, i
NADPH, 10 U GDH,mM, h-aminobutyric acieCbz substrate10-40 mg mL! of lyophilised cells
containing produced enzym&50 rpm 30 °C, 20 h.
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Both samples showed 98 % conversion with residual 2 % of initial substrate left. There
were no other peaks observed at similar time GC chromatogram indicating that the
formed aldehydell is directly reduced to the alcohd2. As a positive control MCAR
containing lyophilised cells were tested. It showed lower conversion at higher

concentration of catalyst copared to CAR 11 contairg lyophilisectells.

Lyophilised cells with overexpressed CAR 11 using IPTG induction were selected for
subsequent experiments as it takes shorter time to prodin@secells compared to AlIM.

The following experiments involved testing different catalyst loading as well as different
concentration of initial substratd0. Biotransformation reactions showed that there are

no significant differences in conversion detectedngs5, 10 or 15 mg miLof lyophilised

cells at 5 mM substrate concentratiomgble28).

Concentration Concentration 10 12
mg mL!

5 mM 5 0.5 99.5
10 1.5 98.5
15 0.8 99.2

10 mM 10 2.5 97.6
15 14 98.6
20 15 98.5
30 2.9 97.1

20 mM 50 7.5 92.5

Table 28 Comparison of conversion of Cbz protectédaminobutyric acid 10 to the
corresponding alcohdl2 using whole cells at different substrate and catalyst concentrations. ATP
was used in stoichiometric amounts doubling the concentration of the substrate. Conditions: 100
mM potassium phosphate buffegH 7.510 mM MgGCl 30 mM glucose, 1AM NADPH, 10 UH,

5-20 mM, " -aminobutyric acieCBZ substratés-50 mg mt? of lyophilised cells containing CAR 11,
250 rpm 30 °C, 20 h.
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The highest conversion detected was over 99 %. Even at 10 mM substrate concentration

the conversions were very similar using8 mg mL* of dried cells for reaction. Finally,

higher loading of lyophilised cells was used with 20 mM substrate concentration and still

~92 % conversion wasachedd / 2 YLJ NBR (2 GKS LanBdiayziadza OF a0l R
acid was pratcted with BOC groupChapter 4 Section 2.2.22.2.6) and lyophilised cells

contained MCAR enzyme this substrate and enzyme combination showed higher

efficiency of product produced per dried catalyst usedll the tested reactions used

stoichiometric amounts of ATP with twice higher concentration compared to the

substrate. The amounts of ATP used are extremely high so it was decided to test how the

lack of external ATP affects the conversiod®fo 12.

For testing the effect of ATP on biotransformation reactions, higher substrate
concentrations (> 5 mM) were used. In this case, scale up reactions would require lower
volume and lower amount of organic solvent for the final product extraction. It was
demondrated that there is a correlation between conversions d® to 12 with

concentration of cells resulting in higher conversidalfle29).

Maximum conversion (~ 99%) was reached at 20 mg ofllyophilised cells. This means
that additional increase on deloading will not affect the product formation at 10 mM
substrate concentration anymore. Comparison of conversions with reactions that
contained externally added ATFapble 28) and without it (Table 29 revealed thatat

lower concentration of lyophilisedells there was an impact with samples containing
supplied ATP showing higher conversion. For example, reactions containing 5*ha§ mL
lyophilised cells and externally added ATP showed ~ 99 % conversion whereas at the
same concentration of cells withodtTP only ~28 %. But as mentioned previously, higher
loading of dried cells yielded in higher conversion even irats of ATP. It suggests that
higher concentratiorof lyophilised cells contain sufficient amounts of either ATP or ATP
recycling enzymes. €himpact of ATP importance was shown to be critical at 15 mM
substrate concentration with much lower conversions observieeb(e29). Even at 40 mg

mL? lyophilised cell load only ~ 52 % conversion was reached. According to the results
observed it seems tit the most optimal concentration of substrate is 10 mM if ATP is not

supplied externally.
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Concentration 10 12

mg mLt

10 mM 5 72.5 27.5
10 43.8 56.2
15 13.2 86.8
20 1.4 98.6
30 0.1 99.9
40 1.4 98.6

15 mM 15 72.7 27.3
20 69.7 30.3
30 63.3 36.7
40 48.2 51.8

Table 29 Comparison of conversion of Cbz protectédaminobutyric acid 10 to the
corresponding alcoholl2 using lyophilised whole cells at different substrate and catalyst
concentration. ATP was not added from external sources. 100pwotgssium phosphate buffer
pH 7.5 10 mM MgG), 30 mM glucose, 1AM NADPH, 10 U GD&20 mM h-aminobutyric acid
CBZubstrate 5-50 mg mt of lyophilised cells containing CAR 240 rpm 30 °C, 20 h.

4.2.3.4 Scale upeaction
Upon optimizing the conditions such as substrate concentration, ATP and lyophilised cell

load, the system was taken to scale up. It was decitiecuse conditions without
externally added ATP. The scale up reaction was performed using conditions stated
below: 100 mMpotassium phosphate buffegH 7.5, 10 mM Mgg;l 30 mM glucose, 10
xaX wmn | D5ambobuynic a¥idCbz,'20 mg of MCAR cells'mB0 °C, 20 h,

250 rpm at 42 mL final volume. Initial substrdf@was suplied at 100 mg final amount.

1 mL fraction was collected for GC analysis after 20 h. It showed that the converiion of

to 12 was ~86 %. The scale up reaction was thextracted using ethyl acetate and
purified by flash chromatographyt has the consistency of colourless dihe yield of 64

% was reached (60.5 mg final prodd®. To confirm purityrLC (Rf = 0.6 DCM / MeOH,;
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98 : 2 v ¥), H, 3C NMR experiments wer performed. According to reference
compoundssynthesizedbefore and asigned NMR spectra it was shown thH was
successfully produced frorh0 using lyophilised cells containing CAR 11 enzyme. Finally,
the sample was sent for HRMS analysis which show&dghe main ionized peak at 246
(m/z) (Figure6l). Despite molecular weight df2 being 223Dg, it seems thatl2 was
formed as anadducted with Naion. This is a very common process observed during
HRMS experiment. Both NMR spectra were assighgpi(e62, Figure63) confirming the
LINE a S y @GlinoButnoiCbz 12. All experiments combined proved that CAR 11
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Hgure 62 AssignedH NMR spectrum of purifietl-aminobutanolCbz12 from biotransformation
reaction.'H NMR(CDGE n n n 7£24712% (mi5H, k), 5.00 (s, 2H, $ 3.433.57 (m, 3H, H

Hs), 2.86 (s, 1H, 4} 1.441.5 (m, 1H, b, 1.321.39 (m, 1H, b, 0.85(t, 3H, J = 8 HH).
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Figure 61 High resolution mass spectrometry of purified biotransformation reactions showing the
ionization spectrum of Cbz protectédaminobutanol12. The main peak represents adduct I

with Na'ion attached Predicted molecular weight is 246.1208 Da (mass eB@01ppm).
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Figue 63 Assigned®C NMR spectrum of purifiedtaminobutanotCbz12 from biotransformation
reaction.’®*C NMR(CDGE ™ n n  156.95 (), 136.43 (§), 128.54 (), 128.15 (), 128.08

(G), 66.82 (G), 64.88 (@), 54.70 (6), 24.38 (§), 10.46 (Q).
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The BOC deprotection was studied before unsuccessfully resulting in formation of TFA salt

AyaidSl R aminobutaraldgblipter Section 2.2.7). The Cheprotection does

not require strong acidsnd therefore should resolve these problems. As mentioned

previously, Cbdeprotection requires bHland Pd/C cataly$t’ present in reaction mixture

(Figure64). Chemical synthesis P had to be optimized as the previous method using

agueous conditions reswdt in formation of benzyl alcohal5 as a side product. The

oAIAYLFEf LINRG202f 61 a& FR2dZAGSR o6& dzaiy3d 2yfe 2
aminobutanol3 A & Fdzf £ @ &2 f daminGutyd@acidli{Qhdpter 21 Section

2520 ¢KS AFYS LIzNR FAOI (A 2 ¥minbBNBnOISHR t2NilBs 6 & dza SR
obtained & m 3 adeyikKSaira a0FfSod 5SLINRPGSOGAZ2Y NBI Oi
aminobutanolCbz 12 with Pd/C catalyst and Hgas supply. The reaction was filtered

through celite and the sample concentrated using Rotavapor and directly preparéd for

and 3C NMR analysi80 mg of crude product was obtainedhe comparison of carbon

baw &LJS Od NdamidoButamoB Eiguren65A), h-aminobutanoiCbz12 (Figure 65

O I ¥ R-aminobutanolCbz deprotection reaction (Figure 65 B) showed there are

significant dF FSNByYy 0S&a 06S06SSy (KS ARbindbiatoS DhieA 2y NBI Ol
spectra of 3C NMR showed thepresence ofthe representative peaks foB in

deprotection reaction(Figure 65B) however there were other peaks present as well and

the final amount ofextracted product was very lawAlternative methods should be

investigated to determine optimal design of the cascad®l2 RdzOAy 3 SO K| Yodzizft ¥
aminobutyric acieCbz It appears that the deprotection reaction is a bottleneck in the

whole cascade and caaohbe performed by previously tested methods efficiently.

OH
W) e e o
T NH;
12 O 3 15

Figure64® wSY2 @It 27F /-aninobufhhdBCHzLIR vl NipdiOgertation reaction
producing3 and side product benzyl alcohtb.
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Figure65. Comparison of’C NMR spectrabetweenh -aminobutanol3 (A), h -aminobutarol-Cbz
deprotection reaction (Band h-aminobutanolCbz10 (C) Highlighted peaks in B chromatogram

represent potentially same peaks as for compo@nd

ndHdn / KSYAOIf &aéyl kaénindbatandd T SUGKI Yo c
The last part of synthesis of ethambu®& G I NIi A yaminobutyBicYacidl is a cheme
catalytic stéJ dza -angirbbutanol3. An initial investigation on potential routes to the

final compound revealed several chemical pathways, one of which was a nucleophilic
addition to 1,2dibromoethane8 (Figure66). Two reactions were performed at different
scale sarting from 100 mg and 1 substrate The reactants were mixed in round boith

flask following addition of&sium carbonate (G8€Q). Inthe case of 100 mg scale reaction

was supplemented wittD.5 mL ofmethanol due to low volumeBoth reactions were
performed overnight (16 h)l'he product was then extracted in ethyl acetate and purified
using flash chromatography with running phase containing isopropanol:ammonia

(conc):water (7:2:1). The solvents were removed usiegeS8ac evaporar to remove
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low-boiling point solvents like water and ammon{&f = 0.56, isopropanol / ammonia /
water; 70 : 20 : 10 vy Purified compound showed the consistency of oil rather than
crystalline standard. This can be explained by the fact that ethaohlbatandard is

supplied in HCI salt form.

NH, 100 °C N
3 8 9 HO

OH
H
/Y\OH + Br/\/Br CSzCO§ \/[N/\/Nj/\

Figure 66 Chemical synthesis of ethambut®lfrom h-aminobutanol3 using 1,2dibromoethane

8. Standard conditions were described in the literature before and were tested again.

Both of the samples from 100 mg and 1 g synthesis were preparetHfand'*C NMR
experiments by dissolving 30 mg in 800 @DG. According to'H NMR spectrahe
synthesized from 1 g scale and commercial standard showed almost identical peaks
with an additional peak present at 3.3 ppm for synthesized prod&dgure67). ThelC
NMR spectra were identical for synthesized substrate and standgigure 68). A
different outcome was observed with 100 mg synthesis scale due to high levels of

impurities pesent even after flash chromatograpfgata not present)
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Figure 67*H NMR spectra comparison of synthesized ethamb@iteith its commecial standard.
Bhambutol 9 standard(A) andthe synthesized and purified produéB) 30 mg of each sample

was dissolved ideuteratedchloroformand prepared for NMR experiments.
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Figure 68 ®*C NMR spectra comparison of synthesized ethamb@takith its commercial
standard.Bhambutol 9 standard (A) and synthesized and purified produ() 30 mg of each

sample was dissolved deuteratedchloroformand prepared for NMR experiments.
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4.3 Conclusion

t NERdzOG A2y 27F -&uinkdutyria deidl fvds indestiBaed in this chapter. The

OF a0l RS Ay @2t @S-Bminbdut$ric &8 B dhe doespbndidgraldéhyde by

various CAR enzymes @lling the reduction of ADHs to the corresponding alcohol. A

single chemicalstep & dza SR (2 LINPRdzOS SUOKI Yodzi2ft ® LYyAGAL
aminobutanal is unstable and the whole cascade needed to be redesigned. Thexefore

protective groups such as carboxybenzyl (Cbz)tartebutyloxycarbonyl (BOC) were used

to mitigate in stability issues. It showed that the most efficient CAR for BOC protected
aminobutyricacids & a/ ! w @A GK O2 Y-hdinrBhutSnalBFCRtimGNgA 2y G2 b

further reduction to the corresponding alcohol by endogen&.golienzymes.

This was due to the fact that MCAR containing cells were used in a lyoplaiitéorm

retaining partial integrity of cells.The cascade could be scaled up to prodsigmificant

amounts of the required alcohol which was confirmed by high resolution mass

spectrometry and'H and**C NMR experimentddowever, removal of BOC group was

dzy 4dzOO0SaaTdzZA | a4 Ad LINRRuHGm Ahothdrdgpodcibwag C! &l £
tKSy Ay @SaiAalr SR dzaAy3 /61 LINE G-Sdbltgiy 2F GKS |
acid was used as a substrate and CAR 11 turned out to be the most efficient CAR enzyme.

Complete reduction of the protected acid to the alcohol was observed using CAR 11

containing lyophilised cellst s likely that the formed aldehyde wagduced byE. coli

enzymes in the same way as the BOC protected compound. Finally, the biocatalytic

cascade was scaled up atite product purified demonstrating that Cbz protectionnca

efficiently be used in the cascades of CAR enzymes. However, removing Cbz didinot yiel

0 KS NI {pdisloblimol. h

¢KS flFrad adSLI Ay GKS OlF aOl-&rfnobatanal tolprodddeS Y2 OF G| £ &
ethambutol. It was performed successfufiyoducing sufficient quantities of the product

for NMR expements. A major obstacle for the whotascadegroducing ethambutohas

been the deprotection step as frequently affording unwanted products is not suitable for

the following step. Future experiments will require more rigorous optimisation of this

step, in order to achieve a functional chersmzymatic cascade towards tipeoduction

of ethambutol.
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5 Application of CAR for the Production of
Cinnamyl Acohol
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5.1 Background

5.1.1 Uses of cinnamyl alcohol
Cinnamyl alcohol is a chemical used extensively for the production of many valuable

substances. It isighly aromatic and relatively safe for human consumption, such that it is
frequently added to toiletries and household produ®s Via simple esterification, it can

be convertednto a variety of cinnamyl esters, which is a class of compounds essential for
the manufacture of fragrances and flavouring agéfftsFor example, cinnamyl acetate is

an ester known to confer spicy aridral aromas. Astonishingly, 0100 metric tons of

this chemical was produced in 2004 to feed the matetWhat is more, cinnamyl esters
can also be used for the production of smart polymer matertals Cinnamyl
methacrylate, in particular, is a type of monomer that daen polynerized by radical or
photochemical means to create a durable dual crasised product Figure 69). More
importantly, cinnamyl alcohol has several biomedical applications as it can be aminated
to produce cinnamyl aminé¥!5 Notable examples of these include the clinically
approved drugs flunarizine, cinnarizine and naftifine used as an antihistamine agent, for
the treatment of peipheral vascular conditions and for the treatment of fungal
infections, respectively. As well as esiep conversions yielding compounds of interest,
cinnamyl alcohol is also reported as a starting material for rstdp syntheses. A four

step synthesis iglds a dapoxetineserotonin transporter inhibitor and a more
complicated multistep process produces a side chain of the potent cancer treatment

drug taxot6.117

5.1.2 Synthesis of cinnamyl alcohol

It is possible explicitly to derive cinnamyl alcohol from a naturat@®such as Styrax (4.1

%), Cinnamon leaf (0.6 %) and Cassia leaves (0.2 %) using organic extraction and
purification method$'®. However, this particular method is unsustainable due to the low
concentration of cinnamyl alcohol and has to be replaced by more synthetic means. This
alternative approach requires selective reduction aminamylaldehyde using reducing
agents, reactivametals and complex catalyst formulatid4¥'?2. Chemical reduction of

allyl aldehydes relies strongly on fine control of reaction mditions as well as

temperature and pressureThis ispossibly due to the noselective but simultaneous
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reduction of carbonyl and en&nctional group?®*?4 One of the most recent studies
published in 2017 demonstrated #t whole cell biotransformation reactionssing
phenylalanine ammonia lyase (PAL), hydroxycinnamate: CoA ligase (4CL), clboamyl
reductase (CCR), and alcohol dehydrogenase (ADHId be usedto produce final
concentrationsof cinnamyl alcohol up 285 mg!Lt?>. This was undeniably the first
demonstrated proofof-principle thatE. colicells are capable of successfully producing

this important chemical compound.

Dapoxetine \N/

(Seratonin Reuptake
Inhibitor) (0]

Side chain of Taxol O~ 'NH O

(Anticancer Drug) H o
OH
Cinnamyl Acetate Multi-step
(Fragrance Compound) Synthesis
(0}
>
Esterification A OH
o Cinnamyl
A Alcohol
SRAAT
Cinnamyl Methacrylate Amination

(Photocrosslinking Monomer)

Flunarizine (Vertigo Treatment)

D )
Naftifine F

N~ (Antifungal
| Agent)

Figure 69 Examples of industrialgelevant chemicals which can be synthesized from cinnamyl
alcohol. Cinnamyl amines including naftifine arfiinariziné'*!% cinnamyl esters including
various fragrancg®!%and photocrosslinkig monomer$t, multi-step synthsis of compounds

such as dapoxetine and taxi'*’
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The objective of the work described in this chapter was to improve the previously
published cascade by careful incorporation of phenylalanine ammonia lyase (PAL) and
carboxylic acid reductase (CAR) combined waitiohol dehydrogenase (ADH) biocatalysts
into a new cascade sequence to allow production of cinnamyl alcohol directly from the
proteinogenic amino acid-phhenylalanine ({Phe) Figure 70). This cascade is clearly
simpler in terms of the number of biocatalg involved compared to the previously
published work, as it uses a single enzyme fans-cinnamic acid reduction to

cinnamaldehyde.

X CAR X ~o ADH X OH
ZOOH 21 22

OH
NH,
19

Figure 70 A biocatalytic route to cinnamyl alcoh®2 from bio-derived Lphenylalarine 19 using a
combination of phenylalanine ammonia lyase (PAL), carboxylic acid reductase (CAR) and alcohol
dehydrogenase (AHD) enzymes. Intermediates formed during cascade itrdnsieinnamic acid

20 and cinnamaldehyd@l. The deamination reactiodoes not require any additional cofactors.
However, the subsequent two dections require NADPH and ATP for CAR enzyme actidty
NADPH or NADH for ADH

5.2 Resultsand Discussion

5.2.1 Optimization process of each of the single enzymes withinithgitro
cascade

5.2.1.1 PAL activity evaluation

As an initial test for feasibility of the cascade, enzymes were selected based on their
catalytic efficiency. PAL from the cyanobacterivhmabaena variabiliSfAvPAL) was
selected because it is well characterizat relatively stable in the lyophilized whole cell

form®26.127  AvPAL was produced and lyophilized as deschbd@hapter 5, Section
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2.2.3). ADH enzymes were purchased either as lyophilized cell lysates or purified
enzymes. The Mycobacterium marinum CAR (MCAR) andBacillus subtilis
phosphopantetheinetransferase Sfp enzyme (required for covalent addition of the
cofactor to CAR) was produced B colithen lyophilized (Chapter 5, Section 2.2.2).
Previously, MCAR was successfully used in a cascade reaction producing chira
piperidine$® but the work described in this chaptes the first use of CARs in a lydjsed

cell form. To ensure that enzymes were fully functional, each was tested individually for
activity. It is known that heterologously expressed enzymes in lyophilized cell form have
higher stability compared to either pure enzymes or enzymes in retotesl wet cells
during biotransformation experiment®; activebiocatalysts contained in lyophilized cells
can even be maintained in the organic phase of biphasic or monophasic reagtions
Furthermore, sempermeable membranes arenaintained in lyophilized cells, thus
allowing increased diffusion rates of substrate into the cells and of product from the cells
compared to live celldt was found that there was a direct correlation between substrate
conversion rate and concentrationf dried cells containingAWAL used within the
reaction, as determined by revergghase HPLO éble 30. 1 to 5 mg mt of cells used in
reactions containing 10 mM substrate resulted in 56 to 90 % convergiibh the optimal
conversionbeing 3 mg mtof cells. The selected conditions of temperature (30 °C) and
pH (7.5) were chosen according to CAR enzyme activity profiles determined during the
basic characterization of CAR enzym€sgpter 3, Section 2.2.Zor pH, temperature,
MgCh and ATP optimizain. The conditions matched those for optimal AvPAL activity,

thus avoiding additional optimization stejg

5.2.1.2 Product profiles using PAL and CAR enzymes
As AVPAL was shown to work efficiently on the substrate of interest, the combination of

PAL and CAR together was tested in orbetter to understand the dynamics of the
system. Also, the influence of substrate concentration and enzyme logbteged on
lyophilised cell loadingvas investigated for dual enzyme conversion. The catalytic
pathway is illustrated irFigure 24 with corresponding substrates and productsrmed

indicated as numbers inatd.
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0]
PAL N
OH — ™= ©/\)J\OH
NH»
19

Catalyst Loading/ mg ML % composition in aqueous phase

Compound: 19 20
0 100 0
1 44 56
2 26 74
3 18 82
4 13 87
5 10 90

Table 30 The effect of AVPAL catalyst loading gohienylalaninel9 conversion tarans-cinnamic
acid 20. Conditions: 8¢5 mg mL! of lyophilisedE. colicontaining AvPAL, 106M potassium
phosphate buffer pH 7,510 mM EPhenylalanine, final volume 1 mL, 30 °C, 25® vertical

shaking, 22 hDetermined via reversphase HPLC analysis on a fotiral phase.

0
X CAR X ~o ADH X OH
zoOH 21 22
PAL' ERED
o}
OH X ADH OH
O g 24
NH, 23
19

Figure 71 A biocatalytic route to cinnamyl alcoh®2 from bio-derived Lphenylalaninel9 using a
combination of phenylalan@g ammonia lyase (PAL), carboxylic acid reductase (CAR) and alcohol
dehydrogenase (ADH) enzymeSREDg enereductasethat is responsible for side product
formation. Intermediates formed during cascade includlans-cinnamic acid?0 cinnamaldehyde

21, hydrocinnamaldehyd23 and 3-phenylpropanok4.
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Studies of the MCABobntaining whole lyophilized cells wittrans-cinnamic acid20
substrates showed only 1% conversion to the corresponding aldehydable 3). Other
major productsformed gave mass spectra consistent with cinnamyl alc@2oand 3

phenylpropanol4 (initially identified using G®™S)

Biocatalyst(s) Substrate % composition in extracted phdde

20 21 22 23 24

CAR! 20 <1 11 33 <1 56
CAR 20 17 79 4 <1 <1
PAL/CAR 19 18 1 57 <1 24
PAL/CAR 19 45 <1 44 <1 11
GDH! 21 - 99 1 <1 <1

Table 31 Comparison of product profiles using either PAL or CAR separately or insngle
reactions. Reaction conditions: 100 mM potassium phosphatesbyffi 7.5 5 mMsubstrate, 10
mM MgC}4, 15 mM Dglucose, 10 mM ATP, 10 U GDH, and 500 uM N2MDFEC, 26 rpm vertical
shaking, 22 h. [aMCAR biocatalyst used as a whole lyogdilicell formulation (1 mg mi). [b]
MCAR biocatalyst used as an isolated enzyme foriom#&2 uM) [d MCAR and AvPAL biocatalyst
used as a whole lyophiéid cell formulation (1 and 3 mg micespectively) [ MCAR biocatalyst
used as an isolated enzyme formulation adlwPAL as whole lyophilised céBsuM and 3 mg mL

1) [e] GDH biocatalyst useid recycling reaction quantities][fConversions werealculated using

GC according to peak area. The conversions of PAL are not accounted for in this table but are

assumed fromTable 30to be approx. 70 %. Chemical compounds (substrates and products) are

designated by number according Figure71.

Decreasing the substrate concentration from 5 to 2 mM and increasing the cell load

caused100 % conversion to the side produ24 (Table 2). It is predicted that these
products were formed via the action of CAR followed by host celiredectases. It is
knownthateneNE RdzO( I 4Sa KI @S KA IK NBI Oilnsadated
I f RS K& Rubisatirated Xétones and other unsatdeal compounds containing
electronically activating group¥. Reduction of cinnamaldehyde and itsridgatives has
been extensively studied by a number of research gréiipsiven though external ADH

enzymes were supplied, it appears that endogendtscoliADHs have high activity
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towards cinnamaldehyde2l reducing it to either cinnamyl alcohoR2 or 3
phenylpropanol24. It has been shown that endogeno&s coliADHs are capable of
reducing a broad range of compouré#s Interestingly, it has been demonstrated that
reduction of cinnamaldehyd21 to alcohol22 acts as a defence mechanism in live éé&lls

It is understandable thaRl must be siphoned by exterrlgl added biocatalysts as it
affects metabolism and growth dive cells however using lyophilised cells may help to
overcome this issuel he interference betwee@1 and the cells could be solved in part by
the use of prrified MCAR, which supported 88 caversion of20, giving a product ratio
of ~20:1 (compoundg1:22 (Table 31 Table 2).

Biocatalyst(s) Substrate % composition in extracted phd¥e

20 21 22 23 24
CAR 20 <1 <1 <1 <1 100
CAR) 20 <1 12 88 <1 <1
PAL/CAR 19 6 0 53 <1 41
PAL/CAR 19 <1 <1 91 <1 9

Table 32 Comparison of product profiles using either PAL or CAR separately or inpmhgle
reactions. Reaction conditions the same asTable 31 [a] MCAR biocatalyst used as a whole
lyophilised cell formulation (25 mg mi). [b] MCAR biocatalyst used as an isethtenzyme
formulation (10 uM) [t MCAR and AvPAL biocatalyst used as a whole hyagohdell formulation

(25 and 10 mg mbrespectively) [#l MCAR biocatalyst used as an isolated enzyme formulation
and AVPAL as wholgophilisedcells(10 pM and 10 mg mi). The experimental conditions were
the same as above except that 2 mM of substrate was ys¢@.onversions werealculated using
GC according to peak are@hemical compounds (substrates and products) are designhy

number according té-igure71.

Use of lower concentrations of the substrate with more enzyme resulted predominantly
in formation of cinnamyl alcohd2. This was possibly due to the presence cpuaafied

E. coliADH and/or the use of a glucose d¢elnogenase (GDH) with low activity for
aldehyde, as well as low concentrations of the substrate itself. There is a high probability

of co-purifying many enzymes at marginally low quantities, which may have significant
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effects in cascade reactiot¥& Evidence for the action of endogenous ADH enzymes in
both the whole cell systems prompted an investigation of the effetdifferent PALCAR
combinations to ascertain whether cinnamyl alcohol could be produced without the

addition of a third biocatalystADH

The use of AvPAL and MCAR in whole cell formulations was found to yield both the
unsaturated alcohoR2 and saturéed by-product 24 at a ratio of ~1:2.4 within the
extracted organic layer, with the other components remaining predominantly as2écid
(Table31, Table 2). A more favourable ratio of ~4:2Z:24) could be achieved through

the use of purified MCAR in th@esence of an additional GEddsed cofactor recycling
system. However, the conversion was found to be lower when using PAL in lyophilized
and MCAR in purified form compared to both enzymes in lyophilized cells. The apparent
reduction of enereductase actiity within the system was expected, due to the lower cell
weight used for this biotransformation. The same pattern with subtle variations in ratio
was observed while using less substrate and the higher concentration of either cells or
purified enzyme redting in 5:4 2:24) in lyophilized catalyst form and 9:224) in
purified CAR form and lyophilized whole cell PAlable 31 Table 2). Further
investigation revealed the impact of cinnamaldehy2iereduction by the GDH recycling
system showing insignificant reduction of the latter substrate yielding only~in %
conversion The expected reactions happening during the investigated catalytic processes
mentioned above are shown iRigure71. Hydrocinnamaldehyd23 was not detected in

any d the measured samples.

In response to the finding that high concentrations of lyophilized cells resulted in the
formation of side product ®henylpropanol24, it was important to understand the
reduction dynamics ofrans-cinnamic acid20. Rates of cinnaaldehyde?21 formation
should directly affect the reduction by ADH enzymes as well as ERED. Different
concentrations oflyophilisedMCARcontainingcatalyst were used 1, 2.5, 5 and 7.5 mg

mL?* and results compared using GC analyBigure72). There was a direct correlation
observed between the amount of catalyst used anrgh&nylpropanol24 being formed

over the course of the reaction resulting in higher concentration of the side product with
higher loading of the dried cells. According e tresults Figure72), the formation of this

side product?4is relatively slow even in the presence of high concentratiodlseen in
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all of the studiedconditions The idea of adding additional enzyme such as ADH was
proposed to siphon the potentialubstrate 21 towards the direction of22 avoiding the
slow process of ene moiety reduction as shown in this experiment. Interestingly in all of
the cases, the reduction dfans-cinnamic acid20 was very efficient within the first 30
min, but slowed down dastically thereafter (using 2.5 and 1 mghMCAR catalyst the
reaction rate remained high during the first hour). This could be either due to instability
of the catalyst, even within the lyophilized cell form, or a problem of equilibrium. Finally,
it was shown that the presence of ADH is not high enough at these concentrations of
dried cells to produce sufficient levels 22 from 21 and supply of additional enzyme

downstream would be egstial for efficient conversionHigure 2).

=
o
o

=20 ,O\go:

S 80 -

=21 T 70

22 %gg

24 & 40 -

© 30 -

. D 20 -

~ Q 10

. . . : 0 -

; 20 100 -
£5 e S
%’70 ] 21 [¢) 38 ]
& 60 - —>e=22 D 60 -
+ 50 4 + 50 -
c 24 £

@ 40 - S @ 40 -
% 30 - ) £ 30 -
&3 = &R

0 —+—e—== : . T | 0 +— g(_é_a_—)ﬁ_'_:)(_'/(_'
0 05 1 2 4 7 23 0 05 1 2 4 7 23
Time (h) Time (h)

Figure 72The time dependence afans-cinnamic acid0 reduction and product formation using
different concentrations of lyophilised MCAR expressing .cRksctions werg@erformed in 100
mM potassium phosphate buffer pH 7% mMtrans-cinnamic acid, 10 mM MgClL ¢ 7.5 mg mt
MCAR lyophilised cells, 15 mMgicose, 10 mM ATP, 10 U GDH, 500 uM NARI® uM NAD

final volume 1 mL at 30 °C, 250 rpm, 22 la. A5, B¢ 5, Cg 2.5 and O; 1 mg mt! CAR lyophilised
cells.

5.2.1.3 ADH screen separately and in cométron with MCAR
The search for potential ADH enzymes began with available screening kits that were used

by other members of the laboratory. Initial studies started with testing ADH enzymes
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from Codexis and Johnson Matthey. To our surprise, most ofAfbElswere extremely
efficient forreductionof 21 to the corresponding alcoh@2 showing 100 % conversion in

most of the cases using 2 mg tntatalyst Table33).

Conversion ADH kit KR Other ADH

100 % A2, A3, A5, A6, A7 KR124, KR10: ADH 105, ADH 11(
A8, Al10, All, Al: KR105 ADH 112S. cerevisia¢
Al4, Al6, LBDH, ADH (ScADH)
Al18

A9 % Al, A4, A9, Al12 KR111 Eq ADH, ADH 101
Al15, Al17.

Table 33 Theefficiency of mnamaldehyde21 conversion to cinnamyl alcoh@P using various

ADH enzymes. Reactigrerformed in 100mM potassium phosphate buffer pH 7.5 mM
cinnamaldehyde, 2 mg mIADH lyophilised cells or lysate , 15 mMylDcose, 10 U GDH, 500 uM
NADP, 500 pM NADfinal volumel mL at 30 °C, 250 rpm, 22 /Al ¢ A20 ADH from Codexis®,
KR10Z; KR124 and ADH 1@IADH 112 from Johnson Matthey, ScCADH, LB ADH and Eq ADH from
Sigma.

However, to understand the exact efficiency of the ADH enzymes, they were combined
with the more concentrated MCAR within lyophilized cells. As shown previd&giyre

72) that the ratios between22 and the sideproduct 24 depend directly on the
concentration of the catalyst usedMCAR lyophilised cellsfue to predicted ene
reductase activityKigure72). Therefore, by applying selective pressure to the system and
adding high amounts of MCA®ntaining dried cells, it was possible to determine the
most efficient ADH enzyme that is capabldmferingthe concentrationof side product

24 generatal. The following experiment contained 25 mg-hdf MCAR dried cells with 2

mg mk! ADH enzymesH{gure 73). Interestingly, all of the tested reactions showed full
depletion of20 or 21 within 22 h. Most of the teted enzymes showed higher than 4:1
(22:24) ratio indicating their ability to push the reaction towards favourable prodi:t
Some of the enzymes were even more efficient, resulting in ratios close to 9.5:1 and 9:1
(22:24). On the other hand, the model ADH fro8accharomyces cerevisig&cADH)

showed only a ratio close to 4:(22:24). Out of all the tested ADHs seven were selected
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for further investigation. In order to study a more realissituation,dried cells wereused
in catalytic quantitis rather than in excessto find out how this might affect the

formation of the produc2 and byproduct24ratios.
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Figure 73 The effect of ADH on CA®H cascade reaction product profiles. Reactions were

performed in 100mM potassium phosphate buffer pH 7.5 mM trans-cinnamic acid, 10 mM
MgC$, 25 mg mL! MCAR lyophilisegells, 2 mg mLADH lyophilised cells or lysate, 30 mM D
glucose, 10 mM ATP, 10 U GDH, 500 uM NARIP® pM NAD final volume 1 mL, at 30 °C, 250
rpm, 22 h.Conversions werealculated using GC according to peak areh¢ A20 A from
Codexis®, KR1@2KR124 and ADH 1@LADH 112 from Johnson Matthey, SCADH and Eq ADH

from Sigma.

Selective pressure was lowered by reducing the concentration of MCAR cells used and
therefore reducing the activity of ereeductase. The previous problem of formation of
side product24 could be easily remedied using this approach and in most of the tases
major product22 was in excess of more than 95 %, with only 5 % or leggdduct 24

being observedTable34). As in the previous case, even with the lower load of MCAR
containing lyophilized cells, the full conversiont@ns-cinnamic acid?0 was dserved,
including the following reduction of cinnamaldehyde to further products. Although some
of the ADHs ouperformed ScADH in the previous test for efficiency, SCADH was chosen

for further studies becausit is well characterized ansupported suffi@nt conversiof®’,
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Biocatalyst(s) % composition in extracted phase

Compound no.: 22 24
LB ADH 97 3
A8 96 4
Al0 95 5
Al3 95 5
ADH 105 93 7
ADH 110 98 2
MCAR 52 48
ScADH 87 13

Table 34 The effect of most efficient ADH of th€ ARADH cascade reaction. Reactions were
performed in 100mM potassium phosphate buffer pH 7.5 mM trans-cinnamic acid, 10 mM
MgC}, 7.5 mg mit MCAR lyophilised cells, 2 mg fADH lyophilised cells or lysate, 30 mM D
glucose, 10 mM ATP, 10 U GDH, 500 uM NARP uM NADfinal volume 1 mL at 30 °C, 250
rpm, 22 h.A8¢ A13 ADH from Codexis®, ADH ¢@¥H 110 from Johnson Matthey, ScCADH and
LBADH from Sigma.

In order to ensure selective recovery and separation of cinnamyl al@hdlom the
reaction mixture and from -phenylpropanol24, the conversion ofrans-cinnamic aci®0

to the corresponding alcohol produ2® was investigated further. Commercially available
ScADH was used for the tests and combined with MCAR lyophilized cells in different
conditions. Previous experiments showed that the production rate24ofere relatively

slow, suggesting that the ratio bseen products22 and 24 could be improved by
manipulation of the quantity of the catalysontaining cell§Figure 2). It was hoped to
optimise the cascade containing PAL, CAR, and ADH by adjusting the concentrations so a
to overcome the rate limiting sps. It was important to control cinnamaldehy@®d
reduction by ADH, avoiding the reduction of the double bond by endogeRousliene-
reductases. A concentration of 1 mg fMCARcontaining lyophilisedvhole cells was
chosen, based on the previous obgations (Figure 72) that sufficient conversiorcould

be obtained with lower catalyst loading. MCAR cells combined with 0.25 migSmADH

showed a gradual consumption of cinnamé&6, yielding 90 % conversion within the
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initial two hours Figure74). The only product formed w&2, and no side produc24 was
observed. After the reaction, there was an increasebfdetected, indicating that the
MCAR catalyst retains activity much longer compared to the purified SCADH enzyme. This
could be explainedby enhanced stability of MCAR in the whole lyophilized cell
preparation, compared to the stability of ADH in purified lyophilized form.

Increasinglyophilised MCARwhole cellsconcentrationto 2.5 mg mt: was found to
enhance the reaction rate@igure 4), resulting in complete consumption of cinnamate
20 within two hours, producing predominantl®2 and intermediate21 with small levels

of side product4.

100% -
90% -
80% -
70% -
60% -
50% + m22
40% -
30% -
20% - m21
10% - =20

Composition

30 ‘ 60 ‘ 120 ‘ 240 ‘ 480 ‘ 1440‘

CAR loading (mg m)L
Time (min)

Figure 74 The effect of MCAR catalyst loading on product composition and subsiate
consumption rates of the CARDH cascade reactions over time. Reaction vperdormed in 100
mM potassium phosphat buffer pH 7.55 mMtrans-cinnamic acid, 10 mM MgCIMCAR dried
cells, 30 mM Bylucose, 10 mM ATP, 10 U GDH, 0.25 mg SdADH, 500 uM ND¥, 500 uM
NAD final volume 1 mL at 30 °C, 250 rpm, 2Zbmpounds detected in this reaction are stated
as20, 21, 22 and24 according toFigure71.

Longer reaction times (4, 8 and 24 hours) resulted in accumulation figst arid then24.

These results indicate the importance of timneurse assays in the development of an
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optimised cascade procedure arallow understanding the dynamics of intermediate
compound formation. Additionally, they give some insight into ADH mechanism,
indicatingthe potential reversibility problems of SCADH resulting in accumulatia2lof
Generally, ADH enzymes are known to be reversible and direction depends on the
available cofact@: NADPH for reduction and NADBr oxidation process. In this case,
correct drectionality was ensured by the GDH supplied with excess glucose and catalytic
levels of NAPD However, it could be that GDH lost its activity over time and the
directionality was reversed back to oxidation of cinnamyl alcohol instead of the

correspondingaldehyde reduction.

5.2.1.4 Importance of the inclusion of ATP
Using catalytic amounts of cofactors is essential to making enzymatic processes viable at

an industrial scale. However, not all cofactors can be recyaldg simple recycling
systems and marequire few additional catalyst€CARs are known to use both NADPH
and ATP as cofactors for successful reduction of the acids to the aldehydes. ATP is no
commonly used at an industrial scale owing to its expense, and there are no commercially
availableATRregeneration kits. A few possible routes to recycle ATP from ADP have been
described, linking enzymes from different cell lil€sHowever, CAR enzymes produce
AMP instead of ADP from ATP, complicating the recycling process. Therefore,
stoichiometric amounts of ATP were investigated in the reaction contaiMi@fR and
SADH. A strongositive correlaibn was found aonversion20 and 22 depending orthe

concentration of ATFR{gure75).

A minmum ratio of 2:1 ATBubstrate was necessary for optimal biotransformation. This
shows that high levels of ATP are essential for this cascade and cannot be avoided. In
order to transfer the whole cascade into anvivosystem and scale it up to produce high
amounts of final poduct, it will be necessary either to harness the endogengusoli
enzymes for ATP recycling or to introduce a new system under the regulation of specific
promoters. Using stoichiometric amounts of ATP in such a system in the future will not be

economially viable.
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Figure B. The impaciof ATP concentration on theARADH cascade. Reactiperformed in 100
mM potassium phosphate buffer pH 7.5 mM trans-cinnamic acid, 10 mM MgCIll mg mt
MCAR lyophilised cells, 0.25 mg'h8cADH, 30 mNd-glucose, G 10 mM ATP, 10 U GDH, 500 uM
NADP, 500 uM NADfinal volume 1 mL at 30 °C, 250 rpm, 22Cmmpounds detected in this
reaction are stated a20, 21, 22 and 24 according td~igure71.

5.2.1.5 ADH activity and stability test
Finally, in an attempt to increase flux even more and reduce the potential side product

24, the loading of SCADH was varied from025 to 0.25 mg mbtwith either a single or
double batch addition at t=0 min and t=300 miRiqure 76). This was taunderstand
whether second additiorof SCADH could achieve enhancement after the initial SCADH
had become inactive. It was found that there was a siphoning effect caused by the second
addition of SCADH resulting in increased purity28fat lower enzyme cocentrations.
There is a linear dependence 22 produced and ScCADH concentration used in a single
batch experiment containing both of the catalysts MCAR and ScADH. No apparent impact
of double batch addition was observed in most cases, at 0.25, 0.15 anmd@dmt: ADH,

but at lower concentrations, a significantly higher leveR@fwas produced. In all cases,

the intermediate 21 was detected at low levels suggesting that there is a potential
synergistic action between CAR and ADH, which is probably retagdimple substrate
inhibition by 21 towards CAR enzymes (as shown in the initial enzyme characterization

Chapter 3, Section 2.2.2Previous experimentslescribel parts of the triple enzyme
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cascade for cinnamyl alcohd?2 production, using enzymes e#h singly or in
combination, highlighted potential solutions as well as limitations. The problems included
3-phenylpropanol4 production due to eneeductase activity fronk. colidried cells, and

low MCAR activity after the initial 3@in phase Both of problems could be overcome
using SCADH to siphon the reaction towards cinnamyl alceRdly removing residual
cinnamaldehyde21 intermediate for potential CAR inhibition as well as eneiety
reduction. Some problems, such as the requirement forckiometric quantities of ATP,

will have to be addressed at a later stage of fermentation process development. Overall,
the concentrations of the single or partial reactions were adjusted and could be applied

for a full cascade.
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Figure 76 The compadon of CARADH cascade reaction product profiles using single or double
batch addition of SCADH. Reactiparformed in 100mM potassium phosphate buffggH 7.5, 5

mM trans-cinnamic acid, 10 mM MggCll mg mt2 MCAR lyophilised cells, 0.25.025 mg mt
ScADH, 30 mM-Blucose, 10 mM ATP, 10 U GDH, 500 pM NAGDP pM NADfinal volume 1 mL

at 30 °C, 250 rpm, 22 h. 2x indicates that ADH was added twice with the second addition after 4h
of reaction.Compounds detected in this reaction are stated28s 21, 22 and 24 according to

Figure71.
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5.2.1.6 The comparison of singlpot and sequential reactions
Having demonstrated the possibility of high conversion -phé&nylalaninel9 to trans-

cinnamic aci®0 using AvPAEtontaining dried cell§Table 3() andtrans-cinnamic aci®0

to cinnamyl alcohol22 using a combination of dried cells with MCAR enzyme and
lyophilized purified ScCADH with minimal side reactiqihggure 7), the system was
extended to combine all catalysts together. The effect of varying tieAA whole cell
loading on the overall composition of the reaction intermediates/products could be easily
tested by extraction of these from any remainibgphenylalanine with organic solvent.
The full threeenzyme reaction was performed both as a g cascade and by the
implementation of the AWAL andMCARS®ADH portions under temporal separation
(Figure77).
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Figure 77 The impact of PAL containing cells concentrationone-pot triple enzyme cascade
(left) and partition process (right) involving addition of CAR and ADH after completion of the initial
reaction. Partition eaction: 100 mM potassium phosphate buffggH 7.5, 3 mg mbtof AvPAL
dried cells and 10 mM-phenyldanine at 30 °C, 250 rpm 1 mL final volurAdter 20 h the
reactionmixture was spun down and 500 pupernatant was supplemented with 10 mM Mgdl

mg mL! MCAR dried cells, 30 mMducose, 10 mM ATP, 10 U GDH, 0.05 ni§ScADH, 500 uM
NADP, and 500uM NAD, up to final volume of 1 mL, then incubated at 30 °C, 250 rpm, further
for 20 h. Onepot reaction had the same components but the starting concentration of substrate

was 5 mM instead of 10 mM and the reaction was stopped after 20 h.
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Overall, the pdition reaction gave much better results with higher percentage
compositions of22, no byproduct 24 and significantljower amountsof 20 detected in

all of the concentrations tested. There was a gradual increase in percentage of p@duct
formed by lovering the concentration of the catalyst, which could be directly assigned to

a higher AvPAL conversionk¥to the corresponding acidO (Table30).

On the other hand, the singlgot reaction demonstrated the problems in conversion of
initial substratel9 to the final product22 resulting in incomplete conversion as well as
high levels of unwanted produ@4. Only AvPAL at the highest concentration of 10 mg
mL?* produced significantly elevated levels 22, while lower concentrations produced a
similar pattern of ratios of approximately 5:2%:20). This was presumably due to low
initial rates and higher stability of PAL compared to CAR and/or ADH as well as overall cell
loading (with associated emeductase activity). In this case, the cinnama2®
acwmulates due to inactivation of CAR/ADH, resulting in an inefficient process.
Therefore, the partitioning method was investigated further for the proof of concept

studies and scailap.

5.2.1.7 Scalaup production and purification of cinnamyl alcohol
A ful time-course experiment was performed for the two biocatalytic systems using a

partition process to separate sequential reactions in order to increase the overall
productivity of the cascade. The combination of reverse phase HPLC (to monitor the initial
PAL reaction) and GC (to follow product formation with the @&R cascade) was used

to follow the progress of the scalgp process. The reaction was performed with 107 mg
starting materiall9 at 10 mM concentration in 65 mL, with around 8b5being converte

to 20 after a 22 houtrAWPAL reaction. The cell debris was then removed by centrifugation
and supernatant supplemented wittMCAR/S&BDH catalyst and required cofactors
diluting the initial substrate to 5 mM Fgure 78). The reaction was performed

sequentially to separate PAL and CARH reactions.

6 hours after addition of the second and third biocatalysts, the product was extracted 4
times in equal volumes of ethyl acetate and dried using anhydrous Md3@ sample
was then filtered and organic solveremoved under reduced pressure yielding 155 mg of

a brown/yellow crude extract. Flash chromatoghgpwas performed as described before
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(Chapter 2, Section 2.6.8nd cinnamyl alcohol purified accordingly using DI@&OH
(98:2) running phase.
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Figure 78 Composition profile for the conversion @9 to 22 via addition of PAL (t=@erformed

in 100mM potassium phosphate buffer pH 7.8 mg mt of AvPAL dried cells and 10 mM L
Phenylalanine (107 mg) at 30 °C, 250 rpm 65 mL final volgni&20)reactionmixture was spun
down and supernatant supplemented with 10 mM MgQlmg mtt MCAR dried cells, 30 mMD
glucose, 10 mM ATP, 10 U GDH, 0.05 mg$cADH, 500 uM NADR00 uM NADfinal volume

130 mL at 30 °C, 250 rpm. (t=1680) reaction finished and jptoeitracted. Note: SCADH was
added from a new stock and showed much greater activity. It was supposed to be added twice

but after a single addition the full conversion was observed already.

The purity and fractions containing the compound of intergstre confirmed using
reverse phase TL@Rf = 0.34 DCM / MeOH; 98 : 2 vy Samples were dried under
reduced pressure at 40 °C yielding colourless oil which immediately solidified at room
temperature, consistent with the known melting temperature of cnmyl alcohol of 30

°C suggesting that the scal@ reaction and purification were successfiihe overall
isolated molar yield of 53 % (43.5 mg) was achieved. 20 mg of purified compound was
then dissolved in deuterated chloroform (CB)@nd cinnamyl alcohol was confirmed by

H and'*C NMR as well as @€S chromatographyHigure 79 Figure80, Figure81).
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Figure 79 GCGMS spectrum and information table of purifiehnamyl alcohoR?2 after scaleup

biotransformation reactions.Cinnamyl alcohol was confirmed by -GIS andthe ionization

pattern matched with predicted.
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Figure 80 AssignedH NMR spectrunof purified cinnamyl alcohd2 product after the scaledip
partition reaction.'H NMR(CDGE n nn  7al47A.30 (m} 5HHs), 6.52(d, 1H, J = 16 HE),

6.26(dt, 1H, J = 16, 8 Hd), 4.22 (dd, 2H, J =Hz,Hy).
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Figure 81 Assigned®*CNMR spectrunof purified cinnamyl alcohd2 product after the scaledip
partition reaction °C NMR(CDGE  mnn  al | ), 331.1@ (gc 128.64(G)0 128.55 (),
127.70 (@), 126.49 (), 63.66 (©.

The NMR and the GK&S results both showed some impurities still to be present in the
purified fractions, indicating scope for further optimization in future. The fgolution

MS, however, did not show any ionizatiohcinnamyl alcohol and could not loetected

5.2.2 Enzyme optimization fan vivo production of cinnamyl alcohol

5.2.21 Identification of efficient ADH enzymes

The proof of principle studies showed that AvPAL, MCAR and ScADH enzymes can be
combined together when expressed separately toquce cinnamyl alcohd@®2 from L-
phenylalaninel9. The fully optimized conditions demonstrated incompatibility problems
between the enzymes according to their initial reaction rates. This could have been due
to the intrinsic nature of the source (lyophilized cells expressed in different media or

lyophilizd purified SCADHIn order to move another step forward and transfer enzymes
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for the continuous fermentation process, the system had to b@pémized by finding

the most efficient enzymes.

Knowing that the way to avoid side produ# requires siphonig of cinnamaldehydé@l,

the screen began by searching for the most efficient ADH for this cascade. It was decided
G2 €221 F2NI I y20St OFdFtead toFk2N (KASI R
ProzomixLtd. It contains 384 lyophilizegenzymes classifteas ADH/KREID a 384-well

plate. KRED (ketone reductase) and ADH (alcohol dehydrogenase) activities are known tc
overlap, and from this point onward they will be referred to simplyAf¥ because only

reduction of cinnamaldehyde will be tested.

Plates were screened using cinnamyl alcobdlas a substrate, and negative controls
containing no substrate were includd€hapter 2, Section 2.4.6Jhe oxidation of the
alcohol22 and subsequent reduction &-(4-iodophenyl}3-(4-nitrophenyl}5-phenyl2H-
tetrazolium (INT) affects the colour. ADH enzymes are known to be reversible depending
on the state of cofactors (according to whether oxidized or reduced). Therefore, selecting
the most active cinnamyl alcoh®2P oxidizing enzymes at least suggests et substrate

can be accepted in the active site and the reverse reaction could be performed as well.
The results for the negative control were reliable, with most wells remaining colourless
(Figure 82). On the other hand, screening with2 present in thewells resulted in
significant colour changes. Some of the enzymes showed responses even few minutes
after mixing the reactants suggesting extremely fast catalytic rates. The reactions were
incubated at room temperature for 15 min, 45 min and 18 hours #rel absorption
measured at each time point at 492 nm and normalized against the negative control
(Figure S7, Figure SBigureS9. To monitor changes, photos were taken every 15 min for
the reaction to visually become bright purplBigure82). In addition, F1, J13, J15, D17
and F24 showed significant differences in absorbance measkrgadréS7). Following the
measurement after 45 min the same wells still showed high absorbance but also more
than 15 enzymes performed similarfyigureS8. This suggesthat most likely the other
enzymes have lower initial activity levels. Finally, after 18 h around 50 % of the wells had
similar responses in term of absorption indicating that the maximum activity response
was reached(Figure S9. According to all time points measured the most active ADH
enzymes were D13 (85), D17 (89), F1 (121), F24 (K144), G6 (150), J13 (229), J15 (231), |
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(291). Plasmids encoding those enzymes were kindly provided from ProzmiXhietd.
following screeningexperiment consisted of four different concentrations of lyophilized
cells (1, 0.5, 0.25 and 0.1 mg MLthree different incubation temperatures (20, 25, and
30 °C) and two time duration (30 min and 22 h) in order to evaluate the dynamics of
products formed(Table35). At 1 mg mt concentration at all temperatures tested, all

catalysts showed 100 % conversion of cinnamaldel®ide cinnamyl alcoho22.

Figure82. Screening of KREADH enzymes for potential activity towards cinnamyl alc@l
usingkREDyto-go plate assay from Prozonlixd. Images of the 384vell plates are shown, with
different enzymepreparations in each well. A panel shows the negative control; B panel shows
the standard screen results using cinnamyl alc@#dubstrate and the reversibility advantage of

ADH enzymes.
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The most efficient enzymes, ADH 85, ADH 89, ADH 121 and ADHa%@ds100 %
conversion at all concentrations and temperatures within the initial 30 min reactions,
indicating their efficacy for this cascade. The most inefficient enzyme was ADH 229, which
showed the lowest conversions under all tested conditions at 30 Bome ADHs, such as
144, 231 and 291, showed high activity at higher concentrations but low conversion at

0.25 and 0.1 mg mL

1 mgni?t 0.5 mg nm?! 0.25 mg ntt 0.1 mg m?
Enzyme| Temperature | 21 22 21 22 21 22 21 22
30 0 100 0 100 0 100 0 100
85 25 0 100 0 100 0 100 0 100
20 0 100 0 100 0 100 0 100
30 0 100 0 100 0 100 0 100
89 25 0 100 0 100 0 100 0 100
20 0 100 0 100 0 100 0 100
30 0 100 0 100 0 100 0 100
121 25 0 100 0 100 0 100 0 100
20 0 100 0 100 0 100 0 100
30 0 100 0 100 0 100 36.8 63.2
144 25 0 100 0 100 0 100 60.7 39.3
20 0 100 0 100 3.4 96.6 57.3 42.7
30 0 100 0 100 0 100 0 100
150 25 0 100 0 100 0 100 0 100
20 0 100 0 100 0 100 0 100
30 0 100 0 100 155 84.5 40.5 59.5
229 25 0 100 12 88 36.1 63.9 62.5 37.5
20 0 100 12.3 87.7 32.8 67.2 60.3 39.7
30 0 100 0 100 0 100 0 100
231 25 0 100 0 100 0 100 7.1 92.9
20 0 100 0 100 0 100 3.2 96.8
30 0 100 0 100 0 100 22.9 77.1
291 25 0 100 0 100 19.6 80.4 67.2 32.8
20 0 100 0 100 26.6 73.4 66.8 33.2

Table 35 The effect of various ADH on cinnamaldehytdeconversion to cinnamyl alcoh@p.
Reactionperformed in 100mM potassium phosphate buffer pH 7.5 mMcinnamaldehyde, 0.1

1 mg mt! of lyophilised cells overexpressing various ADH enzymes, 15 4giht&se, 10 U GDH,
500 uM NADR 500 pM NADfinal volume 1 mL at 30 °C, 250 rpm, 30 min time point. Some
reactions showed 0K ™ 23 2 F4(nbik@udetiO

There was a correlation between substrate consumed and temperature. It is possible that

the low conversion rates for ADH 144, ADH 229 and ADH 291 could have been due to low

enzyme expression levels, as it was not possible to measure absolute enzyme
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concentations within lyophilized cellsAfter 22 h, starting materiaRl was observed

again to reappearhaving previously beesepletedby the forward reaction{able36).

1 mg ni? 0.5 mg m.? 0.25 mg ! 0.1 mg nm.?!
Enzyme | Temperature | 21 22 21 22 21 22 21 22
30 81.1 18.9 52.4 47.6 23 97.7 0 100
85 25 79.7 20.3 46.1 53.9 0 100 0 100
20 74.2 25.8 47.3 52.7 0 100 0 100
30 83.4 16.6 40.3 59.7 0 100 0 100
89 25 74.3 25.7 19.3 80.7 0 100 0 100
20 67.1 32.9 39.4 60.6 0 100 0 100
30 61.7 38.3 29.6 70.4 0 100 0 100
121 25 51.4 48.6 5.3 94.5 0 100 0 100
20 36.7 63.3 0 100 0 100 0 100
30 11.8 88.2 5.1 94.9 0 100 0 100
144 25 9.5 90.5 3.2 96.8 0 100 0 100
20 6 94 0.8 99.2 0 100 0 100
30 80.9 19.1 65.8 34.2 0 100 0 100
150 25 75.7 24.3 53 47 0.9 99.1 0 100
20 69.4 30.7 47.3 52.7 2.3 97.7 0 100
30 75.6 24.4 56.7 42.3 20.5 79.5 0 100
229 25 73 27 50.5 49.5 34 96.6 0 100
20 61 39 36.3 63.7 0 100 0 100
30 77.6 22.4 51 49 0 100 0 100
231 25 52.6 41.4 6.4 93.6 0 100 0 100
20 58.4 41.6 3.5 96.5 0 100 0 100
30 18.9 81.1 7.3 92.7 1.4 98.6 0 100
201 25 14.5 85.5 5.3 94.7 0 100 0 100
20 8.7 91.3 2.9 97.1 0 100 0 100

Table &. The effect of various ADH on cinnamaldehyteconversion to cinnamyl alcoh@2.
Reactionperformed in100 mM potassium phosphate buffer pH 7.5 mMcinnamaldehyde, 0.1

1 mg mt! of lyophilised cells overexpressing various ADH enzymes, 15 4giht&se, 10 U GDH,
500 uM NADR 500 puM NADfinal volume 1 mL at 30 °C, 250 rpm, 22 h time point. Some
reactions showed 0)K ™M 2 2 F4 (nbok@uget?)O {

This confirms that ADH aetly is reversible. However, this phenomenon was not
observed when the concentration of Iyophilized cells was low, perhaps due to
degradation of activity or the establishment of equilibriuFor example, at 0.1 mg ML

all of the reactions showed 100 % conversion after 22 h whereas at 1 mdnnsiome
cases more than 80 % 2fl wasobserved.Increasing the concentration to 0.25 mg L

still resulted in most enzymes convertid to 22 fully at all temperatures whereaat 1

156



and 0.5 mg mtnone of the enzymes showed 100 % conversion after Zthis. suggests
that the reversibility depends directly oratalyst concentrationand that this could be

manipulated to optimize the process.

At these concentrations, there wagt@nd of increasing percentage @afl with increasing
temperature from 20 to 30 °C, except in the case of ADH 89 at 0.5 MgThkse data
suggest that both reaction equilibria and conversion rates are affected by temperature as
well as concentrationof the substrate. Btentially, the product profile could be
manipulated by thermal adjustment during the reaction. Finally, there was no 3
phenylpropanol24 observed in most cases, although some exceptions yielded less than 1
% of this side product (not shown tonversions as it is present at low levels). This side
product was only observeat the higher concentrations suc dsng mtt and 0.5 mg mt,

but was absent at 0.25 and 0.1 mg-flt is apparent that the cell load is responsible for
this side reactia due to endogenous enzymes such as-sauctases fronk. colicells, as

discussed previously (Chapter$®ction 2.1.2 and 2.1.3).

The optimal ADH was selectaccording to reaction rate and final product profile. The
enzyme had ought to béast enough after 30 min ankleep the preferred equilibrium

after 22 h. Knowing that ADH 144, ADH 229 and ADH 291 are not as efficient as other
ADH enzymes after 30 min, and show the presenc2lpthey were not considered for
further studies even thought 22 h ADH 291 and ADH 144 showed the best conversions.
Presumably, this was due to low catalytic yield and enzyme inactivation over time
resulting in low reversible reaction rates. Of the remaining enzymes, ADH 121 showed the
most suitable characterisisaccordingto conversion rates at different temperatures and
concentrations. ADH 121vas therefore selected as a candidate ADH for further

experiments involving combination with the CAR enzymes.

5.2.22 Optimization of the CAR / ADH reaction
The same tye of screening was performed for lyophilized CAR enzymes as for ADH, using

four concentrations of cells (1, 0.5, 0.25 and 0.1 mghnthree temperatures (20, 25,
and 30 °C) and two time duratioi30 min and 22 h)T@ableSJ). In addition, the reactions
were supplemented with 0.25 mg mMLADH 121containing lyophilised cell$o test
suitability of ADH 121 with various CAR enzynidg substrate used for this screen was

157



trans-cinnamic acid20. In most of the conditions after 30 min, there were low levels o
cinnamaldehyde21 detected, indicating that the selected ADH 121 was efficient in
combination with CAR and could remove the intermediate at fast rates. This was also
confirmed by the lack of-Bhenylpropanol4 formed as the side product, which can only

be formed from21 via ene moiety reduction before aldehydienctionalgroup reduction.

No 21 was detected at 0.25 and 0.1 mg ™toncentrations of catalyst and less than 1 %
was detected at 0.5 and 1 mg rhlexcept with CAR 9 at 1 mg Pt 30 °CFurthermore,

there was a correlation between the temperature of reaction and conversions of initial
substrate20 to final product22, resulting in increased conversion at higher temperature,
except in the case of CAR 4 at 0.5 mg'nilhis could have been due experimental
error, as all the other reaction profiles showed the same trend. After 30 min, the least
efficient catalyst was NCAR with ~17 % conversion of the subsiate the most
efficient conditions (30 °C and 1 mg #lwhile the best enzymes werable to perform

up to ~70 % conversion under the same conditions. There was an obvious correlation
between the lyophilized cell concentration and conversion observed, which is clearly due

to the catalyst load.

As after 30 min, NCAR performed the woedter 22 h, showing lowest conversion
compared to other catalysts under all concentrations and temperatures teJiadl¢S2.

There was a relationship between extent of conversions and the amount of catalyst used,
as expected, due to the higher concenimat of the enzymes within cells, as noticed also
after 30 min. The presence @fi was also dependent on the concentration of catalyst and
was observed at less than 1 % at lower catalyst load (0.25 and 0.1 g Thiis was
probably due to a lower conceration of side products created by emeductases. Only

at 0.1 mg mt catalyst, in all but one case, izl was observed. However, at higher
concentrations more of this intermediate was detected suggesting that probably those
CARcatalysts were relativelylewv and this product accumulated when the ADH stopped
working efficiently or that ADH started acting in the reverse direction. Especially high
levels of21 were detected using MCAR and CAR 3 enzymes at all temperatures and higher
concentrations including,10.5 and 0.25 mg mL CAR 4, CAR 9 and CAR 11 showed the
highest conversions at all temperatures and concentrations after 22 h with lowest

amounts of21 and 24. However, out of these, the best seemed to be CAR 11 with as high

158



as 100 % conversion at 1 afcs mg mtt at 30 °C after 22 h. It showed slightly higher
conversions than the other two, by around@5 % in some conditions. CAR 11 was
therefore selected for further experiments, not only because of the high reaction rates
supported, but also becausi had recently been subject to extensive structural and
mechanistic analysé% In summary, it was found that all of the CAR enzymes were
capable of convertingrans-cinnamic acid into the corresponding aldehyde following the
reduction to the alcohol byyophlilisedE. colicells containingADH 121 at different rates,

with the best combination of catalysts containing CAR 11.

5.2.23 Comparison of PAL enzyme activity
After extensive studies of CAR and ADH expredsiralicells under varying conditions,

the best enzymesvere identified asCAR 11 and ADH 12Chapter 5, Section 2.2.1 and
2.2.3)andselected for full cascade involving PAL enzyme. The next step watetonthe

which of the PALs is the most efficieRAL encoding genes were supplied by members of
the Prof. Turner group. Lyophilized cells with different osexpressed PAL enzymes were
used at 1 mg mktwith 5 mM concentration of {phenylalaninel9. Onlythe reaction at 30

°C was tested as PALs are known to tolerate various temperatures and retain activity. The

conversion was tested after 30 min and 22Hg(re83).

There was no activity observed by DdPAL and MxPAL surprisingly, indicating that either
these enzymes were not expressed very well or were unstable in lyophilized cell form.
Minimal activity was observed by EncP and PbPAL containing lyophilisedEcels.is
1y26y (2 -0I83NSbraeNadtior and PbPAL is good for amination rather than
deamination reactiod®. Even though RgPAL showed the highest activity after 30 min and
22 h but due to its additional activity involving deamination of tyrosine it may interfere
with cell growth and would not be suitable for fermentation experiméfftsDeamination

of tyrosine 25 would vyield in formation of coumaric acid, which could be potentially
further reduced to the coumaryl alcoh@b6 by a combination of CAR and ADH enzymes
(Figure 84). Due toits structural similarity separation of coumaryl alcohol and cinnamyl
alcohol 26 would complicate the system even more. Finally, AvPAL and SrPAL showed

relatively similar activities with AvPAL outperforming SrPAL after 22 h by ~10 % but SrPAL
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showing inital fasterconversion after 30 min. As such, SrPAL was selected as a target

enzyme for the cascade.
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AVPALBIPALDdPALMXPAL EncP PbPALRgPALSrPAL

Conversion

Enzyme

Figure 83 Conversion of {phenylalaninel9 to trans-cinnamic acid20 using lyophilisede. coli
BL21 (DE3) with overexpressed PAL enzymes after 30 min and 22 h. Reaction coh@iomd:
potassium phosphate buffer pH 7.5 mg mt of dried cells and 5 mM-phenylalanine at 30 °C,

250 rpm 1 mL final volume.

o
PAL/CAR/ADH ™
OH — ~ /©/on
NH, HO

HO
25 26

Figure 84. Predicted drmation of coumaryl alcohd6 side productfrom tyrosine25 duringin

vivofermentationexperiments with SrPAL, CAR 11 and ADH 121.

5.2.24 Biotransformation reactionsusingSrPAL, CAR 11 and ADH t2a%cade
The bestselectedenzymes were cloned into an expression plasmid containing rhamnose

and arabinose inducible promoterEiQure85). Even though the screening tests showed
that the ratio of cells expressing ADH 121 compared to CAR 11 ideally should be <1:1, for
simplicity al 3 enzymes (SrPAL, CAR 11 and ADH 121) were cloned under the same

arabinose promoter whereas Sfp expressing gene was selected to be controlled tighter by
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the rhamnose promoter. Several different expression conditions were tested varying the
arabinose andrhamnose concentrations for the most optimal expression of the
arabinosecontrolled genes and rhamnosmntrolled Sfp for phosphopantetheine
modification of CAR enzym@&@4dble 37). The enzymes were expressed according to the
standard protocol with inductiorat OQ00~0.8 using specific concentration of inducers.
The cells were left at 28 °C for 20 h to mimic the fermentation process as close as
possible. Subsequently, cells were harvested and treated accordingly either by lyophilizing

or freezing in liquid mrogen ard storing at-80 °C.

T/Te terminator

pBbE8k-Eva2_x1_2ZZ
10,446 bp

RBS+Shine
bi.ter_B0O051

Figure 85 Plasmid construct containing SrPAL, CAR 11 and ADH 121 under arabinose promoter
with Sfp gene under rhamnose promoter used feghenylalaninel9 transformation to cinnamyl
alcohol22. The construct was designéd pBbE8k vector and cloned by Dr. Ziga ZekBED 121

is the same gene as ADH 121.
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Biotransformation reactions were performed using 5 mNdHenylalaninel9 substrate

and standard conditions involving all cofactors with prepared whole cell catalysts
containing all 3 enzymes with additional Sfp for CAR modificaliba.expected pathways
and enzymes with their origins are described Rigure 86. The bottom product 3-
phenylpropanol24 represents side reaction and top product cinnamyl alcoBdlthe

desired pathway.

Expression Condition # | 1 2 3 4 5 6 7 8
Concentration (mg mt) 1 1 1 1 5 5 5 5

Cell Dry Dry Dry Dry Frozen| Frozen| Frozen| Frozen
Arabinose (mM) 50 10 50 10 50 10 50 10
Rhamnose (%) 0.01 |001 |0.05 |0.05 0.01 |(0.01 |0.05 |0.05

Table 37. Conditionsused for expression of PAL, CAR and ADH with Sfp from a single plasmid
construct pBbE8k Eva2 x1 EigUre &, Figure 88 Dryindicatesthe lyophilised cells and frozen
are cells that were harvested by centrifugation and froze liquid ntrogen prior to use. The
concentration differences arise from water within frozen cells and the final concentratitimeof

catalyss should be similaafter adjustment

After 30 min samples were extracted and measured using GC with internal standards.
There was no presence ofrans-cinnamic acid 20, cinnamaldehyde2l1 or 3
phenylpropanol4 detected Figure87). The only product observed was cinnamyl alcohol
22. All of the reactions showed similar amounts of this product formed with the
approximate concentration of 0.80.4 mM according to the internal standard used. The
residual Ephenylalanine concentration was supposed temain at ~4.6 mM. The
experiment was continuedor up to 22 h and samples extracted again and measured
using GC. Different product profiles emerged accordinglifterent treatment of cells
(Figure88). In the case where cells were not lyophilized, much greater activity of enzymes
and the highest conggration of cinnamyl alcohd2 wasdetected,yielding slightly more

than 4 mMaccording to internal standards
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Figure 86 An engineered pathway for synthesi§ cinnamyl alcohoR2 from L-phenylalaninel9
using a combination dbtreptomycesimosusphenylalanineammonia lyaseSIPAL) Segniliparus
rugosuscarboxylicacid reductase (CARL) and alcohol dehydrogenase (ARE) from unknown
organism E. colienereductases (ERED) and alcohol dehydrogenésbBsl) are responsible for

side reactions producingphenylpropanol4.
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Figure 87 Composition profile for the conversion bfphenylalaninegl9 to cinnamyl alcoho®2 via
addition combination of ce&xpressed SrPAL, CAR 11 and ADH 121 with Sfp gene after 30 min. The
remainingconcentration of kphenylalaninel9 was calculated according to the cinnamyl alcohol

22 concentration determined using internal standards. Reactonditions:100 mM potassium
phosphate buffer pH 7,510 mM MgGl 1 mg mt dried cells or 5 mg mifrozen cells30 mM D
glucose, 10 mM ATP, 10 U GDH, 500 puM NARI® uM NADfinal volume 1 mL at 30 °C, 250

rpm.
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This was produced using cells inducsdh 10 mM arabinose and 0.05 % rhamnose.
Surprisingly,conditions used to produce these cells required lowest concentration of
inducing agentsAlso, using the frozen cells in aflthe cases low levelsf trans-cinnamic
acid20 detected suggesting that CAR enzymes were working efficiently. Also, there was a
greater concentration o4, which is probably due to either inactivity of ARRL1 or its

reversibility resulting in accumulation of cinnamaldehy@& following enemoiety

reduction and aldehyde group reduction.

4.5
4
%\3.5
E 3
= m21
2 2.5 m24
s 2 m 20
e
5 m22
m19

4 5 6 7 8

Expression conditions
Figure 88 Composition profile for the conversion ofhenylalaningl9 to cinnamyl alcohoP?2 via

addition combination of caexpressed SrPAL, CAR 11 and ADH 121 with Sfp gene after 22 h. The
concentration of kphenyalanine 19 was calculated according to the cinnamyl alcol2@
cinnamaldehyde1, trans-cinnamic acid20 and 3phenylpropanol24 concentrations determined

using internal standards. Reaction conditiod®0 mM potassium phosphate buffer pH 7.50

mM MgC}, 1 mg mt dried cells or 5 mg mifrozen cells 30 mM DBglucose, 10 mM ATP, 10 U
GDH, 500 uM NADF500 uM NADfinal volume 1 mL at 30 °C, 250 rpm.

5.3 Conclusion

Suitability of the triple enzyme cascade to produce cinnamyl alcohol from a natural
substrate Lphenylalanine was investigated in this chapter. Screening for the most

suitable ADH demonstrated the high activity of most of the studied enzymes towards
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cinnamaldehyde and ADH fro®accharomyces cerevisi@@cADH) was selected as it is
well characterized and displayed sufficient catalytic activities. Initial studies using
phenylalanine ammonia lyase from cyanobacteridmabaena variabiliAVPAL), CAR
from Mycobacterium  marinum (MCAR) modified with Bacillus subtilis
phosphopantetheinyl transferase (Sfp) and mentioned ScADH separately and combined
together confirmed our hypothesis that a triple enzyme cascade is possible to perform.
We hypothesized that starting materiatpbenylalanine would be converted twans-
cinnamic acid using AvPAL, further reduced to cinnamaldehyde using MCAR catalyst anc
the final reduction to cinnamyl alcohol would be performed by ScADH. However, to
optimize the cascade it was essential to investigate the product profiles and aeacti
rates. This demonstrated that there is some incompatibility between the enzymes
resulting in the formation of the side productghenylpropanol due to potential enre
reductase activity. Additionally, there were problems due to unmatched initial activity
rates between PAL and CARADH part, which was resolved by performing sequential
reactions instead of the single pot cascade. Finally, it was proven that this process could
be used to perform and scale up reaction and generate suitable amounts of product

required for flash chromatography and NMRaracterization

Knowledge obtained from proof of principle studies was transferred to the fermentation
LINEP OS&aad ¢KS 6Said !'51 a8 ¢6SNB &S tHHSDASIMANE
Prozomix Ltd and further expressed i coli In addition, a panel of 8 CAR encoding
enzymes was cexpressed with Sfp as well as 8 PAL enzymes. The potential candidate
screen demonstrated that most of CAR, ADH and PAL enzoun&tsbe suitable for his
cascadebut the most dficient were chosen includin§rfRAL, CAR 11 with Sfp and ADH
121 The genes for these were cloned in the same plasmid controlled by arabinose and
rhamnose promoters and expressed using specific concentrations of the inducers. Th
conversion of iphenylalanine to cinnamyl alcohol was instigated from a culture
expressing all enzymes and showed that lyophilized cells are not optimal for the

fermentation process. Much higher yields were achieved usingpeistts offrozen cells
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6 Engineering CAR Enzymes to Perform
Double Feduction
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6.1 Background

6.1.1 Instability of aldehydes

Rationale for designing chimeric enzymes to perform a double reduction from irctchal a
substrates to alcohol ariseffom problems that were faced during the synthesis of
ethambutol (Chapter 4) and cinnamyl alcohol (Chapter 5). In the synthesis of ethambutol
AG 61 a4 akKz2gy {aiinbitanal i Sot staBléhdu§hRandthe whole process
had to be redesigned. Thefere, avoiding accumulation of this aldehyde and directly
reducing it to the corresponding alcohol would simplify the synthesis. In case of cinnamyl
alcohol productn the formed cinnamaldehyde couldndergo enefunctional group
reduction and thus directarmation of alcohol would overcome this problem. Other
problems include racemizayp 2 F F-amid6 SIRehydes andt can greatly affect
yield andpurity of the target molecules. In order to prevent this process protection by
BOC, Cbz grosmr any otherside chains can be implementé#143. Various methods
have been investigated to avoid using these protective groups as they depend strongly on
additional catalytic steps thatoenplicate the production ofthe desired compounsd
However this approach appears to limit the number of reactions that can be performed
efficiently without cascade modificatidff-142 Therefore it was decided to examine if CAR

enzyme based systems can be used to overcome these complications.

6.1.2 Double reduction domains

The notion of double reduction domains was derived originally from systemic comparison
between CAR andonribosomal peptide synthetases (NRPS). Both enzyme classes share
certain structural and mechanistic similarities as discussed in the introductionte@ZHap
Section 5.3. They require activation of initial substrate usually by formation of AMP
intermediate followed by thiolation. The substrate is then delivered to the thio@steior
reduction domain by a phosphopantetheine group for the following riemét. Arecent
publication has proven that some thioesterase domains are capable of perfgraouble
reduction of ativated substrates(usually acids)n the nonprocessive mann¥r. It also
suggests that this reaction is driven primarily by conformational changes in sequential

order meaning that the enzyme accommodates predetermined conformations dieror
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rather than randomly. Itresults in the release of NADRas well as formed aldehyde,
which is then reuptaken again by the enzyme together with an additional NADPH
molecule for further reduction to the corresponding alcohdlhe sequence of the

reactiors could be described iRigure89.

O O

L - ~ R7OOH

R® OH R H

Figure 89 Reaction scheme for ddle reduction of acid substrate forming aldehyde intermediate
followed by further reductin to the corresponding alcohoBrackets indicate the formed

aldehyde intermediate in a double reduction process.

6.1.3 Engineering multidomain enzymes

NRPS are known to produce various unique biologically active molecules that are usually
complicated to make using organic chemistrgcét progress in structural annotation of
NRPS enzymelsasallowed scientists to engineer and produce compounds with relatively
high industrial values. For example, directed evolution can be used to manipulate these
enzymes to produce a variety of antibic compound¥*®. However, this method is not
practical ast is unpredictable and may lead to ineffective enzyme outputs. To resolve this
problem, a more rational method such as domain swapping or addition of a new
thioeterase domain is requirééf. In addition to targeting changes in the final product,
substrate recognition can be altered to include new substrateproduce an entirely
different class of productd. Computational modelg has recently become a popular
method that complements a number of modern researsias that involve studying the
structure of complex proteinsuch as NRP%C This allowed faster progress in domain
swapping field of NRPS. In the previous chapter, dorsawapping was shown to retain
catalytic efficiency or significantly reduce chemical atgtim MCAR and NCAR (Chapter 3,
Section 2.2.4). Therefore it was logical to swap reduction domains of CAR enzymes with
double reduction domaingalso known as R domains) fro@PL fromglycopeptialipid

cluster (GPL) ofMycobacterium smegmatisind non-ribosomal peptide synthas¢éNRP)of

Mycobacterium tuberculosi¥. The process of making chemeric CAR ensyeneoding
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geres with double reduction domains is shownhkigure90. The naming and design is

demonstrated using colored domain representations.

Wild type CARs without reduction domain Reduction domains
mcAR ]
Adenylating domain Phosphopantetheine Double reduction domain GPL

attachment site

NCAR I I

Adenylating domain Phosphopantetheine Double reduction domain NRP
attachment site

In-Fusion cloning to form genes encoding
chimeric CARs with double reduction domains

wcar crL —

Adenylating domain Phosphopantetheine  Double reduction domain GPL
attachment site

mcAR NRP E—

Adenylating domain Phosphopantetheine  Double reduction domain NRP
attachment site

NCAR GPL [ ]

Adenylating domain Phosphopantetheine  Double reduction domain GPL
attachment site

NCAR NRP [ R

Adenylating domain Phosphopantetheine  Double reduction domain NRP
attachment site

Figure 90 The principle for swapping MCAR and NG@&dRiction domains folR domains from
glycopeptidolipidcluster(GPLpf Mycobacterium smegmatiand nonribosomal peptide synthase
(NRP) of Mycobacterium tuberculosisThe genes containingnly adenylating domain and
phosphopantetheine attachement sitef MCAR and NCAkere used for IfFusionreaction with
GPL and NFEPPR domains.The colors are used to represent each of ttiemainsand the

formation of varioushimeric constrits.
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6.2 Results and Discussion

6.2.1 Engineering the enzymes

2.2.1.1 Theoretical background supporting the rationadéchimeric enzyme design
Dr. Mark Dunstan compared the amino acid and structural similarities of MCAR and NCAR

reduction domains with previously studied RGPL and RNRP double reduction ddmains
Theyshowed high homology and was suggest®dDr. Mark Dunstano be cloned to
replace reduction domains expecting efficient crosstalk for reactions to occurmthe

andncargenes lacking reduction domain were kindly provided byMark Dunstan.

6.2.1.2 Cloning chimeric enzymes
Prior to InFusion clonindgthe principle demonstrated ifrigure 1), stop codons were

excluded frommcar and ncar lacking reduction domains. This was performed using site
directed mutagenesis with primerthat contain mismatching nucleotidefChapter 2,
Section 2.1.4)It was essential to remove stop codons as they are located upstream of the
Xhol cut site required for plasmid linearisation during cloning. After mutagenesis, the
constructs weretransformed into Escherichia colstrain JM109. Four colonies were

selected from each plate and mutations were confirmed by Sanger sequencing.

Next, the insert genes encoding double reduction domd@®L and NRP were codon
optimized and ordered from Gen®)ere amplified using PCR with overhangs designed
specifically for cloning and purified with get extraction kit. Plasmids contamiay and

ncar genes lacking reduction domain encoding part were linearized using Xhol at the
insertion site followed by islation usingpurification kit. Thefragmentswere then mixed

together with IrFusion cloning reactants and directhansformedinto Escherichia coli
AUONIAY 1 {¢ny {GStfFNM LINRPOARSR gAGK GKS (1Ado
each plate were seened using colony PCR for the inserts (i.e. genes encoding for the
chimeric proteins MCAR GPL, NCAR GPL, MCAR NRP and NCAR NRP). It showed that the
size of PCR products of most of the colonies matched with the positive control showing

the band at aroundl.3 kb size Rigure 91). This indicated that the double reduction

domains were successfully fused withcar and ncar constructs lacking reduction
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domains.Two colonies from each construct with positive colony PCR results were grown

in LB media overnight tpurify plasmids for sequencing on the Eurofins MWG platform.

MCAR NRP NCAR NRP
L 123456781L123456784++

—

MCAR GPL NCAR GPL
L123456781L12345678+ +

Figure91. Colony PCR with eight randomly picked colonies aft&ubion cloning. Insert
specificprimers were used to determine which colonies contain the double reduction
domain. Plus sigmdicates positive control. & 8 colonies picked from {Rusion cloning
with the corresponding expected product labeled on tog, 1. kb DNA ladder (NEB) and

plus sign indicates positive control.

It showed that there was a mutation at the-Fusion aning site which was later
recognized as the fault in the cloning design causing the unwanted frameshift occurrence.
The new sets of primers were designed to introduce missing nucleotide and the site
directed mutagenesis was performed. Mutated plasmids evdren used to transform
Escherichia cositrain JIM109. From the total of over 30 colonies, four transformants were
selected and checked by sequencing for successful nucleotide introduction. Finally all

constructs were sequenced fully to confirm that thegsence of clonedjenes encoding
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chimeric MCAR and NCAR proteins with double reduction donveéssmatching with

expected designRigure90).

6.2.2 Purification of chimeric enzymes

6.2.2.1 Solubility testing of chimeric enzymes
In this study, chimeric CAR enzymes containing either GPL or NRP reduction domains

were expressed for the first time ifE. coliBL21 (DE3) strain. Previously it was
demonstrated that swapping reduction domains from MCAR to NCAR does not affect
stability sgnificantly and the enzynseretained some activity (Chapter Fection 2.2.4).
However it was not known how introducing double reduction domains (GPL and NRP) into
CAR system will affect produced enzymes stability. Therefore it was necessary to check
for solubility of the newly expressed proteins A simple commercially available
BugBuster® solubility test was chosen and performed. All chimeric enzymes: MCAR NRP,
NCAR NRP, MCAR GPL and NCAR GPL were expressed succésstalipir1l (DE3)
strain under tandard conditions with IPTG induction. Samples were taken before and
after the induction at different concentrations of IPT@Whole cells loaded on SIPAGE

gel contained intensive band at ~130 kDa indicating expression chimeric prdtejuse(

92). It showed that most of MCAR GPL enzyme became insoluble after cellidysys
BugBuster@Different IPTG concentrations, however, did not significantly affect solubility
and only weak bands were seen in lysed soluble sample on thd®A0GE gel. The same

pattern was observed for other expressed chimeric proteiigyre S10, Sland 32).

It has been reported that certain lysis methods are prone to false negative results.
Therefore expression of the foehimericenzymes was repeated with IPTG inductiowl a
followed by BugBuster® lysis as well as sonication for additional comparison. It was clear
that all four chimeric proteins were expressed as they were visible on the gel in the whole
cell fractions FFigure93). Surprisingly, the results of different igsnetods contradicted

each other. Tose with with sonication resulted in highly soluble proteins. The
BugBuster® containing soluble fractions showed little to none chimeric enzymes on the
SDSPAGE gel. Due to the false negative redBiltgBuster@ould not be used for studying
protein solubility. On the other hand, even using sonicatiometpellet of MCAR GPL
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sample showed remarkably intense band of the proteirnterest (~130 kDaJ{gure )
suggesting that most likelpart of the fraction ofthis enzyme precipitated during the
expression/ lysis. It was concluded that all chimeric enzymdGSAR NRP, NCAR NRP,
MCAR GPL and NCAR Ga&tlLbe expressed in a soluble formEncolBL21 (DE3) strain

kba M1 2 3 4 56 789

150
100
75

50
37

25

Figure92. Comaprison of MCAR GPL solubility induced with different IPTG concentrations using
Bug Buster® on 10 RtiniProtean TGX stain free gelgtell sample before induction, 0.4 mM

IPTG induced whole cells,¢30.4 mM IPTG soluble fraction,c40.05 mM IR'G induced whole

cells, 5¢ 0.05 mM IPTG soluble fractionc8.4 mM IPTG induced whole cellsg .4 mM IPTG
soluble fraction, & 0.05 mM IPTG induced whole cellsg .05 mM IPTG soluble fraction. Lysis
was performed using Bug Buster.dqWPrecision Ris Standards Bitad.2 ¢ 5 and 6¢ 9 used 20 °C

and 24 °C overnight expression temperatures respectivEipected bands for enzyme are

highlighted in red.

6.2.2.2 Preparation of chimeric enzymes as catalysts
The chimeric proteins MCAR NRP, NCAR NRP, MCAR GPL and NCAR GPL were |1

expressed at higher scale ih coliBL21 (DE3) straiRart of the culture was lyophilised in
the whole cells form and the rest was purified using Ni affinity chromatography. Purity

was then determined by SEFSAGERigure @). The readings showed that these enzymes
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were pure enough to be used for biocatalytic purposes. However samples still contained
some impurities that would need to be removed especially for crystallography studies
And lastly, the samples were stored frozen liquid nitrogenand stored at¢ 80 ° for

further use.

MCAR GPL MCAR NRP NCAR GPL NCAR NRP
kDa MPrel 2 3 1 3 2 1 2 3 1 2 3 Pel

150 . y —
o LIS e wy
75 ! 'l o: s = (% —' dg
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Figure 93. Comparison of chimeric enzyme solubility using sonication and Bug buster lysis
methods on 10 % MiniProtean TGX stain free gel.cRrell sample before induction, 4 whole

cell fraction, 2¢ Bug Buster lysis, @sonication and Pe] pellet of the cellexpressing MCAR GPL
after. Arrow indicates approximate molecular weight for chimeric proteinsg Mrecision Plus

Standards Bivad. Expected bands for enzyme are highlighted in red.

6.2.3 Activity of chimeric CAR enzymes with double reduction domain

6.2.3.1 Activity of chimeric enzymes within lyophilised cell form
Initial experiments were performed using whole cells with enzgnre the lyophilised

form in order to observe changes in concentrations of the initial substrate amd th
corresponding alcoholFew different acid substrates were tested at 5 nddncentration

with 40 mg mtt concentration of lyophilised cellsSThe results showed that lyophilised

174



MCAR cells led to nearly 100 % conversiball tested acid to the corresponding alcohols
(Table39).
5 Hug 10 pg
kba Ml 2 3 4 m i 2 3 4l
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Figure94. Purified chimeric enzymes using Ni affinity chromatography on 10 % MiniProtean TGX
stain free gell ¢ MCAR GPL,2MCAR NRP,BNCAR GPL,dNCAR NRP. Enzymes were loaded
at 5 and 10 pg quantities to compared the purity.cNPrecision PluStandards Bigad. Expected

bands for enzyme are highlighted in red.

This was used as a positive control given that MCAR is able to accept a wide range of
substrates and also endogenots colienzymes perform the further reduction of the
aldehyde to alohol as shown before (Chapter 4, Section 2.2.2. and Chapt8ed&jon
2.1.2). Howeverreactions containindyophilisedcells with chimeric enzymes were not as
efficient as the positive control. NRIBuble reductiondomain containing enzymes MCAR
NRP andNCAR NRP showed activity only towards octanoic acid with percentage of
alcohol formed 8.1 and 1.7, respectively. It seems that GPL domain containing enzymes
accept wider range of substrates with NCAR GPL being able to catalyse the conversions o
all the tested acids Table 38). The formed alcohol products were confirmed with
commercially acquired refence molecules and also with @LS experiment. This
demonstrates that lyophilised cells with chimeric enzymes are indeed caphl@ducing
carboxylic acidsNonetheless, this does not mean that they can convert the formed
aldehydes into alcohols as this particular reaction can be performed as well by
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endogenous ADH enzymes frdin coli(Chapter 4 Section 2.2. and Chapter 55ection
2.1.2).This experimentvas used just to test if acid substrates are accepldterefore, it

wascrucial to carry out the same experiments using purified enzymes.

Substrate MCAR MCAR NCAR MCAR NCAR
NRP  NRP GPL GPL
0 100 0 0 1.2 3.2
©)‘\OH
A
B 100 8.1 1.7 4.3 6.6
o)

O+ _OH 100 0 0 0 2.5
C % ~

Oé EOH 92 0 0 1 4.5
F

100 0 0 15 2.8

E O

Table38. Conversion of acid substrates to therresponding alcohols using chimeric enzymes in
lyophilised cell form. The numbers indicate percentage of alcohol detected. Reactions were
performed in 100nM potassium phosphate buffer pH 75 mM acid substrate, 10 mM Mg40

mg mL! lyophilised ce# with overexpressed enzymes, 15 mMylDcose, 10 mM ATP, 10 U GDH,
500 pM NADRfinal volume 1 mL at 30 °C, 250 rpm, 20 h. No corresponding aldehydes were
detected at any sample® ¢ benzoic acid, B octanoic acid, & 3-fluorobenzoic acid, & 3-

methylbenzoic acid, E 3-thiophenecarboxylic acid.
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6.2.3.2 Activity of purified chimeric enzymes
Biotransformation reactions were performed initially using all four purified chimeric

enzymes at 2 uM concentration with 5 mbttanoic and benzoiacid substrates from,
but there was no sign of the expected aldehy@ehich might be formed due nen
processive nature of GPL and NRP double reduction donaidsilcohobccording to GC
and GGEMS spectraln response to this finding, it was necessarydétermine whether
alcohol is produced with the increasing amount mirified NCAR GPL using either
stoichiometric or catalytic amounts of NADPEken at 10uM enzyme, there was no

alcohol or aldehyd@roduced using stoichiomatr amounts of the cofactor@able39).

Reaction conditions # 1 2 3

0] 0 8 10

©)J\OH
A
o) 0 25 46

/\/\/\)J\OH

B

Table 39 Comparison of conversions of benzoic a¢id) and octanoic acid(B) to the
corresponding alcohol using NCAR GPL chimeric enzyme. Reactions were performecM 100
potassium phosphate buffer pH 7.8 mM acid substrate, 10 mM MgCl0 mM ATP, final volume

1 mL at 30 °C, 250 rpm, 241h¢ NCAR GPL was supplied was aidbe beginning of reaction at

10 pM concentration with 10 U GDH, 15 mMyDcose, 5 mM NADPBRICNCAR GPL was supplied
over reaction duration. The reaction was initiated with 10 uM NCAR GPL with 5 mM NADPH. After
2 h and 30 min supplied with additional @@L of 200 uM stock following 70 pL addition of the
same stock after 22 18 ¢ NCAR GPL was supplied as in condRiaith NADPH recycling system
using10 U GDH, 15 mM-Blucose 5 mM NADPHNo aldehydegroducts were detected imny

samples.

However, it was not the case when higher concentration of the enzyme was
supplemented in sequential steps. Compared to the original experiment, the amount of
enzyme in this reaction was three times higher. Both acids were converted to the
corresponding alcohol a8 % and 25 % for benzoic acid and octanoic acid substrates,

respectively. Higher conversion rates were observed when GDH recycling system was
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introduced with sequential supply of the enzyme. The initial reaction did not result in any
formation of alcohol st likely due to instability of NCAR GPL. Even after 30 min there
were precipitants observed in the reaction mixturt. seems thatthe reaction was
pushed forward when the enzyme was oversaturatdal{e 39). Performing reactions
with such high loadingfdNCAR GPL results in higher concentration of impurities such as
co-purified ADH enzymes introduced into reaction mixture. Therefore the exact reaction
that chimeric enzymes perform cannot be concluded. It is possible that they either
perform double redudbn in nonprocessive manner or simply reduce the acid to the
corresponding aldehydewhich is then reduced by ADH enzymes. Due to low activity of
NCAR GPL, it cannot be applied for biocatalytic reac@brikis point It was proven to
accept some of the@ds however at very low concentrations and also resulting in low

yields of the product formed.

6.3 Conclusion

In this chapter the possibility of using modularity of CAR enzymes to engineer proteins
with novel enzymatic function was investigated. In fhr@vious chapters, it was shown
that reduction of certain carboxylic acids produces a variety of unstable compounds
Ay Of dzRminglditantl (Chapter 4) or cinnamaldehyde (Chapter 5). Many of these
compounds have been proven to uergo side reactions suas enemoiety reduction of

the formed cinnamaldehyde or racemisation and oligomerisationthie Ol 4 S - 2 F
aminobutanal. The final product of both cascades was supposed to be agltuéraifore

it was decided to investigate the possibility of engineeringR€Ao perform double

reduction simultaneouslywhich could help to solve previously mentioned problems.

Potential target double reduction domains were identified as GPL fsynobacterium
smegmatisand NRP fronMycobacterium tuberculosishowing high homlegy with the
reduction domains of MCAR and NCAR enzymes. They were cloneoheatland ncar
constructs to replace reduction domains. Initial expression trials showed that the formed
chimeric enzymes are not solubleut appeared to be false negatives (stdikely caused

by the BugBuster® assay). Finally, all produced enzymes were purified using Ni affinity

chromatography. There was no conversion of the initial acid substrates to the
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corresponding alcohobbservedusing purified enzymesgven though lyophised cells
containing chimeric enzymes showed production of alcohols. From experiment containing
lyophilised cells NCAR GPL was selected as the best candidate. It showed that overloadin
system with purified NCAR GPL can lead to the formation of alcoloaevér, the
concentration of enzymes used was unreasonably high suggesting that this chimeric
enzyme is not very effient. This indicatethat chimeric enzymemay not be suitable for
biocatalytic purposes. In addition to these findings, it is not knovmetiver the produced
chimeric enzymes can indeed perform a double reduction on the acid substatethe
formed aldehyds. This is because addition of the high concentration of NCAR GPL also
results in the high concentration of impurities as well as sgkibs within the reaction

mixture.
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7 Conclusions and Future Work
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7.1 Conclusions

This thesis provides a thorough characterisation of Carboxylic acid reductases (CAR)
More specifically, several aspects of this enzyme wakestigded including detailed
mechanisticstudies application in synthesis of ethambutol and cinnamyl alcohol and
finally the use of obtained knowledge inttesignsgenerating catalysts witproposed

novel functions.

The main investigated CARs in the thesis were fkynobacterium marinuniMCAR) and

from Nocardia sp. NRRL 5646 (NCAR). It was demonstrated that-tpostlational
modification by phosphopantetheine transferase is essential for theirabadgtic activity.

Lack of this enzyme in CARpression system results in fully inactive NCAR, whereas
MCAR retains some activity due to partial modification By colienzymes. It was
confirmed that studied CARs are sensitive to organic solvents and they should bedselecte
carefully to avoid undesired loss of enzyme activity. The obtained kinetic data combined
with structural information from a recently published paper allowdte desing of
chimeric CAR enzymes with swapped reduction domains from MCAR to NCAR. One of the
formed chimera contaied the adenylation domain and phosphopantetheine site from
NCAR and reduction domain from MGA#Rdretained its activity suggesting that CARs
are highly modular and can be exploited farther domain swapping. By using stopped

flow based techniques the dynamic nature of chimeric CARs as well as wild type enzymes

was confirmed.

The bllowing chapters 4 and Snvestigated application of CAR enzymes in synthesis of
ethambutol and cinnamyalcohol. The originally designed cascdde synthesis of
ethambutol had to be modified due to instability issues of one of the intermedi&Be?- (
aminobutanal and thereforéN-protection of §-2-aminobutyric acid was introduced in

the system. The newly made substrates were accepted by different CARnesz
including MCAR for BOC protected and CAR 11 for Cbz prot&2drhinobutyric acid

The reduction of acid substrates to the corresponding alcohols was observed when
catalysts were present in the lyophilised cell form. Most likely the formed aldshyaebre
reduced by endogenous. colienzymes as there were no additional ADHs present in the

reaction mixture. However, removal of BOC group produced TFA salt ®H® (
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aminobutanol and Cbz deprotection did not show any signs of the alcohol present.

Depotection reactions will be optimized in the future.

Another cascade was investigated using PAL, CAR and ADH based system for production
of cinnamyl alcohol from-phenylalanine. It showed that using lyophilised cells containing
PAL fromAnabaena variabiliSAvPAL), CAR fromilycobacterium marinum(MCAR)
modified with Bacillus subtilisphosphopantetheinyl transferase (Sfp) and ADH from
Saccharomyces cerevisiggcADH) 100 mg reaction could be performed and final product
purified and confirmed using NMR techoes. The cascade was further optimized
screening various PAL, CAR and ADH enzymes to determine the most active ones. All
three most active enzymes (SrPAL fr8tneptomyces rimosu€£AR 11 fronsegniliparus
rugosusand KRED ADH 121 from unknown organism) were cloned in a single plasmid.
The experiments showed that feedingphenylalanine to cells expressing those enzymes
can produce cinnamyl alcohol. However, due to the lack of timeyivo fermentation

processes could noteéinvestigated further.

Finally, the application of chimeric CAR enzymes was investigated using CARs with double
reduction domains. All four chimeric enzymes MCAR GPL, NCAR GPL, MCAR NRP and
NCAR NRP were soluble however showed very limited activity. d¢eepted various

acids but it was not possible to confirm that chimeric enzymes are capable to further
reduce the formed aldehyde as their activity requires release of the formed aldehyde

during the reduction step and further uptake.

7.2 Future Work

Havirg demonstrated that the bottleneck in synthesis of ethambutol fro- (
aminobutyric acid and it¥N-protected derivatives is removal of protection group new
methods will be investigated including enzymatic removal of Cbz group. It does not
require any strog chemicals and may potentially solve the problems due to unwanted
chemical interaction during deprotection reactions. The full cascade will then be

performed to show applicability of CAR enzymes in synthesis of ethambutol.
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Having demonstrated that combkation of PAL, CAR and ADH enzymes afhord
successful conversion ofphenylalanine to cinnamyl alcohdloth in vitro or in vivo
fermentation processes this cascade will be incorporated into central metabolisin of
coli strain that overproduces-phenyhlanine. These strains are commercially available
and can easily be turned into cell factories producing cinnamyl alcohol with a help of the

tested cascade. Hopefully, in the future the developed process can be used at industrial

scale.
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Supplementary Materials

Figure S1.SDSPAGE gel showing purification and elution fractions of MCAR PPant on 10 %
MiniProtean TGX stain free gel. Precision Plus Standards Bawl. Left image: Lane 4 cell
lysate, lane 2; cell debrispellet, lane 3 flow-through from Ni resin, lane ¢ wash with 10 mM
imidazole. Elution with variable concentrations of imidazole: lame2® mM imidazole, lane 6
30 mM imidazole, lane @ 50 mM imidazole, lane § 100 mM imidazole. Right image: lahe
flow-through, lane Z; wash with 10 mM imidazole, laneq350 mM imidazole, lane ¢ 200 mM

imidazole Expected bands for enzyme are highlighted in red.

Figure S2Gel filtration chromatogram of first MCAR PPant isocratic elution. Blue line shows

absorbance at 280 nm and the collected fractions are labelled beé®oawn line representsthe

conductivity (m@m?).
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