UNIVERSITY OF CALIFORNIA

Los Angeles

Exploring the Programming Rules of Highly Reducitwjyketide Synthases

by Analyzing Their Kinetic Parameters

A thesis submitted in partial satisfaction

of the requirements for the degree Master of Seienc

in Chemical and Biomolecular Engineering

By

Bo Wang

2014






ABSTRACT OF THE THESIS

Exploring the programming rules of highly reducpagyketide synthases

by analyzing their kinetic parameters

By

Bo Wang

Master of Science in Chemical Engineering

University of California, Los Angeles, 2014

Professor Yi Tang, Chair

Fungal highly reducing polyketide synthaddR{PKS), which contains threeketo
processing domains: ketoreductase (KR), dehydrgiash and enoylreductase (ER),
have higher degree of complexity in their biosytith@rogramming rules than that of
bacterial PKSs. In order to decipher the relatigmetween protein sequences and the
structures of their products, model fungal HR-PK&R and its product lovastatin were
studied. In each elongation step, LovB choosesifsgpammbinations of modification
domains. This thesis aimed at exploring the prognarg rules in HR-PKS based on

kinetic studies. Specifically, methods for quantity kinetic parameters of the KR and



MT (methyltransferase) domains of HR-PKS were disiadd. Ketoreduction reaction
was measured based on NADPH consumption using RRataler and methylation
reaction was measured according to the desiredirgassity in the positive ionization
mode of LC-MS. The fusarielins family was also staldand served as a parallel and

complementary system to lovastatin.
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| Introduction
1 Fungal polyketide synthases

The enzymes that synthesize polyketides arkeatdely referred to as polyketide
synthases (PKSs) and their enzymology is paradlethat of the fatty acid synthases
(FASSs) [1]. Fungal polyketides (PKs) are the prdduaf fungal polyketide synthases
(PKSs). Lots of them, such as lovastatin and pkiniciplay an important role in

agricultural or pharmaceutical fields [2, 3].

Like bacterial PKSs, the minimal enzyme commpsénvolved in chain extension of
fungal PKs are also the ketosynthase (KS), mal@QoA:ACP transacylase (MAT) and
the acyl carrier protein (ACP). Malonyl coenzymgalonyl-CoA) often serves as the
monomers for PKs biosynthesis. The KS domain iparsible for decarboxylative thio-
Claisen condensations and C—C bonds are formediglehain elongation, the MAT
domain is used to introduce the extender unit dugach cycle of elongation, and the

ACP domain serves as the platform for the acylrclagisembling and chain elongation.
The carbon at the-position of the monomers, which is often nucletiptand is attached
to ACP domain, can attack keto group of the extansnits which is directly attached to

KS domain. This is where decarboxylative thio-Gtaizondensations happens and C-C

bonds are formed.[4] (Séegure 1)
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Figure 1. The fundamental reactions of PKS

The PKSs are currently classified into typeR, land Il subgroups. Type | PKSs are
megasynthases and their catalytic domains arealpitound in a single polypeptide.
They can operate in an assembly line fashion. TypgeKSs are composed of mostly
dissociated, monofunctional enzymes that functiepeatedly in the synthesis of
aromatic polyketide compounds. Type lll PKSs, whitifier from type | and Il PKSs,
primarily use coenzyme A thioesters directly asssabes without the need for an acyl
carrier protein. Fungal PKs are typically biosyrsired by fungal iterative type | PKSs

(IPKSs)[5].

Based on the extent pdketo reduction, IPKSs can be further divided i@or groups,
which are non-reducing PKSs (NR-PKS), partiallyugdg PKSs (PR-PKS), highly
reducing PKSs (HR-PKS) and highly reducing PKSsribmsomal peptide synthetase

hybrids (HRPKS-NRPS hybrids, one or two modulesN&XPSs are fused to the C-



terminal end of a HR-PKS). In contrast to the NRS3KHR-PKSs contains thr@eketo
processing domains: ketoreductase (KR), dehydrgiash and enoylreductase (ER),

which introduce a much higher degree of complexitiheir biosynthetic programming.

After Claisen condensation where the chaintiached to ACP domain, the next
elongation step will happen if the chain is trangf@ to KS domain freeing the ACP
domain for use. The threp-keto processing domains will have functions on the
polyketide chain attached to ACP domain beforectain is transferred to KS domain.
The HR-PKSs will be responsible for choosing whiieketo processing domain will be
used first and which will be used second etc. Witendesired chain length is reached,
the product can be offloaded from the PKSs viaeddfit release mechanisms, such as

hydrolysis or macrocyclization catalyzed by a tsieease (TE, seeéigure 2) [6].
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Figure 2. Hydrolysis and macrocyclization catalyzed by TE

2 The programming rules of Typel modular PKSs

Although the function of each domain is welldenstood, this is not enough if we want
to engineer the protein and get whatever (suchrag-ariented) structure and chain
length we want. To get to this point, we need towkrthe reason why and when each
fundamental step will happen. Also, one of the miagportant things is when the

elongation will stop. In fact, we are still quier from engineering the protein sequence



and get whatever structure we want. Sometimes,wee bave difficulty in predicting the
products of PKSs and even the backbone of poly&stidith the protein sequence in

hand.

Before we discuss HR-PKSs (iterative PKSs, ti)pavhich have higher degree of
complexity in their biosynthetic programming, lefisst try to predict the backbone of
the products of one modular type | PKS (DEBS) [6,DEBS has served as the model
system to study and engineer modular type | PK&snRhe protein sequence of DEBS,
it is clear that DEBS contains one loading modulé six extension modules. So, we can
predict that the chain elongation happens six tifreduding the start unit, the backbone
of the products should contain 14 carbons (Mononoéen have two carbons for the
backbone). What's more, we even can predict theifinations in each module. We

clearly know that KR functions 5 times, DH funct®once and ER functions once.

In fact, the total biosynthesis of 6-deoxyergtivlide B (6-dEB) and erythromycin,
which are the products from DEBS, is the most ss&fcd example of using. coli as a
heterologous host. 6-dEB is the 14-membered maclicayore (just as predicted) of the
antibiotic erythromycin synthesized Bgccharopolyspora erythraea. The feature of type
| modular PKSs has greatly enabled the rational ipodetion of the domains and

modules towards the generation of structurallyratteporoducts. Through the engineering

of AT and B-processing domains of DEBS, over 50 different rokdes have been

synthesized[8].
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Figure 3. Biosynthetic pathway of 6-deoxyerythronolide B

3 The programming rules of highly reducing iterative polyketide synthase

Then, let’s try to predict the backbone of Hie-PKSs’ products. Our group reported
efficient expression of the lovastatin nonaketigiatisase (LovB: HR-PKS), which is a
highly reducing iterative polyketide synthase, froen engineered strain of
Saccharomyces cerevisiag[9]. Its catalytic function was completely recongted in the
presence and absence of cofactors (NADPH: the eedform of nicotinamide adenine

dinucleotide phosphate and SABtadenosylmethionine) and the enoyl reductase LovC.

Based on the protein structure of LovBdure 4), we would like to determine what
the backbone’s chain length of the products shdnddand how many times the KR
domain, MT domain or DH domain will be used duritigg biosynthetic pathway. It

seems we cannot answer any of these questionslsiv&eis not a modular type | PKS



but a monomodule megasynthase. Then, will LovB pcedmany products with random

chain length or modifications?

The answer is no. LovB is the key enzyme ferlilosynthesis of lovastatin which is a
cholesterol-lowering drug fromAspergillus terreus [9]. Biosynthesis of lovastatin
proceeds via dihydromonacolin L. The chain lengtti enodification steps are controlled
accurately and efficiently. From the protein seq@nwe cannot even predict the
backbone of the products since we know nothing altbe chain length and their

modifications.

From the proposed mechanism of dihydromonacolinidsymthesis, we summarize
that KR domain was used 8 times, MT domain was wse#, DH domain was used 6
times and ER domain was used 3 timEgyire 4). The necessity of such complex
programming rule is evident in the product of LoflBhydromonacolin L) in which the
decalin core is formed through the intramoleculgl$>-Alder cyclization of a precisely
prepared triene at the hexaketide stage[10, 11¢. ddmains chosen by LovB were so
complex and precise. There must be a well-estaaigtrogramming rule involved.
Before trying to understand how the chain lengthindramolecular cyclization were
controlled, it is very helpful to carefully analytiee biosynthetic pathway step by step

from the aspects of basic organic chemistry.
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Figure 4. Proposed mechanism of dihydromonacolin L

For each elongation step, there may be four enzynwedved for modifications: MT,
KR, DH and ER Figure 4). As shown below, thea-carbon of the starting material is
nucleophilic due to the two keto groups nearbyalt attack SAM (cofactor required by
MT domain) to get methylated or keto group attacteelS domain to finish elongation.

But if one of the keto groups is reduced by KR domtne nucleophilic activity of the-

carbon was significantly reduced and MT domain may be active enough to modify

the a-position any more. So, it is very important to nid KR domain functions before

or after MT domain. If the KR domain functions firthe MT will not show activity in

this elongation step.
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Therefore, there will not be a methyl group afposition. From the biosynthetic

pathway of dihydromonacolin L, all the modificat®rior each step begin with KR
domain except the third step of elongatiéig(re 4). So, only during the modification of

tetraketide, MT domain functions before KR domainick introduce a methyl group to

its a-position. Then, why and how LovB can only choos€ tlbmain to function before

KR domain during tetraketide modifications sincehbKR and MT domain are present.
Can LovB use the MT domain like a switch (Turn it @nly during the modification of

tetraketide) or does the MT domain still have fumrtton other intermediates like
diketide and triketide? The mimic of intermediatédovastatin could be used for further

study[12]. Lots of questions remain to be answered.

4 Therelationship between lovastatin and fusarielins family

Besides lovastatin, the structure of anothirasting family (fusarielins, Séegure 6)
was analyzed [13, 14]. Its gene cluster (FSL génster) was characterized recently [15].
This family is produced bifusarium graminearum and is predicted to be synthesized by

a HR-PKS (FSL_PKS) which is similar to LovBifureb5).
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Figure 6. Proposed biosynthetic pathway of fusarielins

In comparing the first few proposed biosynttestieps of the lovastatin and fusarielins
(Figure 7), the MT domain of FSL_PKS functions before KR damon diketide,
triketide and pentaketide. But the KR domain fumesi before the MT domain on
tetraketide which is just parallel and complementarLovB (e.g. MT domain functions

before KR domain on tetraketide). It will be a veaggod parallel model if we can



compare LovB’s and FSL_PKS's functions. So, th@nstitution of FSL_PKS in vitro is
needed for study. Also, reconstitution of the bidakgtic pathway of fusarielins is very

meaningful which has not been studied.
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Figure 7. The comparison of biosynthetic pathways of lovast@nd fusarielins

A lot of polyketide biosynthetic gene clustevsre identified using bioinformatics
analysis. Although some protein sequences of th&sPEan be obtained accurately,
predicting structures of their products is stilleoof the biggest challenges. First, it is
very difficult to reconstitute large enzymes (e-iR-PKS) and generate soluble protein.
Second, the programming rules of HR-PKS are sbillwell-understood. Third, a number
of polyketide compounds remain unknown because tasy encoded by cryptic
biosynthetic clusters. Therefore, a better undeditey of these biosynthetic pathways
and the programming rules behind them are of s@amt importance in order to improve

the drug discovery process.
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[l Materials

All chemicals were purchased from Sigma-Aldrichless otherwise specified, and
were used as receivefaccharomyces cerevisiae strain BJ5464-NpgA was used as the
yeast expression host. Liquid Chromatography MagpectBometer (LC-MS) was
conducted with a Shimadzu 2010 EV using positivectebspray ionization and a
Phenomenex Luna 5u 2.0 x 100 mm C18 reverse-pl@sme. Bio-TEK powerwave
XS Plate Reader was used to measure the NADPH ogoign. 96-well UV plates with

UV transparent flat bottoms from Corning Incorperhtvere used for the kinetic studies.
All other chemicals were from standard sources.

1l Methods and Results

1. Exploringthe programming rulesof HR-PKS

1.1 Protein purification for LovB and L ovB-DH®°

The expression plasmids, YEplovB-6His harbotimg LovB or pXW11 harboring the
LovB-DH® (Dehydratase domain was site-mutated and ketoriedugiroducts will
accumulate), were transformed irlaccharomyces cerevisiae strain BJ5464-NpgA by
using S. c. EasyCompTM Transformation Kit (Invitemy. For 1 L yeast culture, the
cells were grown at 28 °C in YPD media with 1% desé for 72 hours. The cells were
harvested by centrifugation (3750 rpm, 15 minutesSC), resuspended in 30 mL lysis
buffer (50 mM NaHPQO,, pH = 8.0, 0.15 M NaCl, 10 mM imidazole) and lyseidh
sonication on ice (Sonicate for 1 minute, then adoivn for 1 minute. Repeat for 9

times). Cellular debris was removed by centrifugat{35000 g, 1 hour, 4 °C). Ni-NTA

11



agarose resin was added to the supernatant (2~3 oflL¢lulture) and the solution was
stirred at 4 °C overnight. The protein/resin migtuvas loaded into a gravity flow
column and proteins were purified with increasingaentration of imidazole in Buffer A
(50 mM Tris-HCIl, pH = 7.9, 2 mM EDTA, 2 mM DTT). Hfied proteins were

concentrated and buffer exchanged into buffer E 8@ Tris-HCI, 100 mM NacCl,

pH=7.9) containing 10% glycerol. The concentrateryene solutions were aliquoted and
flash frozen. Protein concentrations were deterthiwéh the Bradford (Biorad) assay

using BSA as a standard. Purified proteins areoruthe SDS gel.

Bench Marker

Protein ladder W LovB-DH°(M.W.=335 kDa)
220 KDa

160 KDa

120 KDa
100 KDa

Love-DH (L)) ) CACICICI

KS MAT DH° MT ER® KR ACP CON
Figure 8. SDS-PAGE of the purified of LovB-DHrom S. cerevisiae strain

1.2 Essays

121 KR essays

For in vitro assays ketoreduction study (KR doma®) the final concentrations of
LovB-DH® were 20~32.8M, with cofactor concentrations as 0.05 or 0.7 mKINPH,
100 mM NaHPO, (pH = 7.4) buffer at room temperature. The totalume of the

reaction is 10QL (for testing the reactions) or 2@Q (Measure with Plate Readefhe

12



reactions were quenched after 1~24 hrs and extraeted with 99% ethyl acetate
(EA)/1% acetic acid (AcOH). The resultant orgamtracts were evaporated to dryness,

redissolved in methanol, and then analyzed by LC-MS

122 MT essays

For in vitro assays methylation study (MT domathg final concentrations of LovB
were 20~4QuM, with cofactor concentrations as 1 mM SAM, 100 MdH,PO, (pH =
7.4) buffer at room temperatur@he reactions were quenched after 1~24 hours and
extracted twice with 99% ethyl acetate (EA)/1% mcetcid (AcOH). The resultant
organic extracts were evaporated to dryness, sslisd in methanol, and then analyzed

by LC-MS.

1.3 Kinetic studies

1.3.1 Pre-experiments on model diketide and tetraketide inter mediates of lovastatin

We used a series @gfketo-S-N-acetyl cysteamine (SNAC) compounds arsaed
them in the presence of LovB and its required dofac(SAM or NADPH). We first try
to test if the MT domain of LovB has activity orkdtide 1la (AASNAC) since the first
step of modification on diketide was ketoreductimt methylation. 10QL reaction was
set up with 20 uM LovB, 1ImM SAM and 1mMa. After 16 hours, the reaction was

guenched as stated in MT essays above and andlyZ2e6d-MS.

o 0] O 0]
)j\/u\ H LovB, SAM H
—>
57N\ \n/ 57N\ \n/
o o
Molecular Weight: 203.26 Molecular Weight: 217.29
1a 1b

13



'+11:218.00 (1.00) \
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Figure 9. LC-MS analysis of AASNAC methylation essay

The LC-MS analysis of this in vitro assay waswn above irFigure 9. The traces
shown are the selected ion monitoring of desiret im the positive ionization mode.
Trace lais [M+H] at 204 forla and trace 1b is [M+H]at 218 forlb. At the same time,
we set up another essay with 20 uM LovB-DHmMM NADPH and 1 mMla. We
expected to see the happening of ketoreductionlandith molecular weight 205.27

could be detected. After 16 hours, we analyzedehetion with LC-MS.

0] 0] OH O
LovB-DH® )\/U\
s \[]/ NADPH s
O 0]
Molecular Weight: 203.26 Molecular Weight: 205.27
1a 1c
AT E—

“11:208.00 (1.00) 1
I

Figure 10. LC-MS analysis of AASNAC ketoreduction essay

At this time, trace 1a is [M+H]at 204 forla and trace 1c is [M+H]at 206 foric
(Figure 10). It's really interesting to see that both ketaretibon and methylation
reactions can happen on diketitla since the natural product lovastatin was formed

without methylation in its first elongation step.

14



If methylation can happen on diketide, then cout&tokeduction happen first on
tetraketide? If ketoreduction could happen on ketiide first, the MT domain may not
function on the reduction product since the nudidapactivity of the tetraketide will be
dramatically reduced. We tried the same reactiowitions: 40 uM LovB-DH , 1 mM

model tetraketide SNAQa, 1 mM NADPH or SAM, 16 hours.

0 0 ’ 0] 0] H
N LovB-DH° » N
/\/\/U\)I\S/\/ \n/ SAM S/\/ \n/
O O
Molecular Weight: 259.37 Molecular Weight: 273.39
2a 2b

Jusegeiron Za\ \ﬂk/ 2b
) [
o 25 7.5 0 12.5 150 17.5 200 25 250 perai 3 300 a5

Figure 11. LC-MS analysis of model tetraketide SNAC methylatessay

2590 378 £0.0 428 450 475 50.0

O 0] H OH O H
/\/\)J\/U\ /\/N LovB-DH® /\/\)\/U\ /\/N
s N T o > s e
O 0]
Molecular Weight: 259.37 Molecular Weight: 261.38
2a 2c

r00J000]
10{1:260.00 (1.00) |

. J1:262.00 (1.00) 2C 22

00 51 100 150 21 21 10 %0 400 &1 500 5.0
Figure 12. LC-MS analysis of model tetraketide SNAC ketoreductessay

From the results abov€&igure 11 andFigure 12), we found that both methylation and

reduction can also happen on tetraketide (samekatid#). MT domain of LovB will

15



modify diketide if NADPH is not given. In comparingigure 9 and Figure 10,
ketoreduction reaction seems much faster than tbyiation reaction. KR domain of
LovB will modify tetraketide if SAM is not given. #fer comparingFigure 11 and
Figure 12, methylation reaction seems faster than the ketmteon reaction. Both
ketoreduction reaction on diketide and methylatiesction on tetraketide happen during
the biosynthesis of lovastatin. And these two lieacare both faster. In each step of
elongation, LovB has the preference of choosingiipecombination of modification

domains based on the substrates.

Although all domains are present in the enzyme froeginning to the end of
biosynthesis of lovastatin, LovB seems to choos&hvidomain to use first based on
kinetic selectivity. For example, if LovB chooses use KR domain (Functions faster
than MT domain) first in diketide, MT domain maytnoave activity on the reduced
product any more. This may also be the case fkettde. Until tetraketide, LovB will
choose MT domain to work faster than KR domain whmethylation products start to
appear in this step. For pentaketide, LovB will eoback to choose KR domain first.
From diketide to pentaketide, LovB may choose itsdification domains (KR first or

MT first) based on kinetic selectivity.

In order to prove our assumptions, we need to dyatite ketoreduction and
methylation reactions. So, we need to find a waygeb the kinetic parameters which

describe the rates of these two reactions.

Michaelis—Menten equation we used here descritesdie of enzymatic reactions by

relating reaction ratg to [S] which is the concentration of a substratdtSformula is

16



dP] _ VoSl

iven byv=
g y dt K. +[S]

. Vimax represents the maximum reaction rate in the system

m

at maximum (saturating) substrate concentratiohs. Michaelis constant kis equal to
the substrate concentration at which the reactiat®e iis half its maximal value.

Sometimes, a high Kindicates weak binding; a lowHdndicates strong binding [17].

In proposed model of the enzymatic reacti@+S[] ES— E+P), an enzyme E is

binding to a substrate S to form a complex ESs(khe rate constant of ES formation and
k; is the rate constant of its reverse reaction)ctvig then converted into a product P and
the enzyme E itself (kis the rate constant where E and P are formed &&h If the
enzyme concentration is much less than the substrahcentration, the equation

V= dIP] _ VolS] can be rewritten tov= Ll =Vmaxﬁ = kcat[E]Oi
dt K, +[S] dt K. +[S] K. +[S]

m

which shows thaV, ., =k_[E],. [Elo is the enzyme concentrationsak(the turnover

number) is the maximum number of substrate molectd@verted to product per enzyme
molecule per second. After gettingnkand k., we can use the constant kcat/Km to
measure of how efficiently an enzyme converts astgate into product. After we get
kinetic parameters from both ketoreduction and mlatlton of the same substrate, we

can compare their i kearand ka/Km to discuss their kinetic selectivities [20].

In our reaction, LovB will be the enzyme. Model SBIAompounds and cofactors
(SAM or NADPH) will be the substrates. For determgnthe constants ¥x and Ky, we
can run a series of enzyme assays at varying sitdsioncentrations [S] and measure the
initial reaction rate ywhich is measured after a relatively short timeiquk Since we

have two substrates in our reactions, before wg Wae substrates concentration of

17



different model SNAC substrates, we need to make $iute concentration of other

substrates, SAM or NADPH, can provide a saturatettenment for the reactions.

The reason why we did not use natural tetraketiN&\G substrate3a is that the
methylation reaction did not give us a single puidas shown irFigure 13. 3a was
almost totally consumed after 2 hours. Compareth¢oresults of methylation reaction
above,3b might be the product we want. And there was anmopleak, which has the
same molecular weight witBb, that is formed simultaneously. This will be veiifidult
for us to quantify the methylation reaction whee tther peak is unknown. So, we chose
to use the model substrat@s) for further study which gave us a single peakdessthe
substrate. This may also indicate that the unknpeak inFigure 13 could be another

undesired methylation product.

(0] (0]
PR H LovB, SAM (1 mM) S A H
M)I\/U\S/\/N\n/ . s\ \n/
5 NaH,PO,4 (100 mM) o
1 mM, Molecular Weight: 255.33 Molecular Weight: 269.36
3a 3b
e 1.258.00 (100 .2
1:270.00 (1.00) 33\[\( 3b Vi
]
| Ei 100 1FI ] {‘J jfl ] :{:.:: ¥ & 480 ] ]

Figure 13. LC-MS analysis of natural tetraketide SNAC methylatessay

In order to quantify the kinetic activities of KRomhain or MT domain, either the
consumption of substrates, formation of productsconsumption of the cofactors
(NADPH or SAM) could be measured. NADPH consumptisn widely used in

guantification of NADPH involved enzymatic reactsorso, we first tried to measure the
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kinetic parameters of KR domain based on NADPH gon#ion using Plate Reader

(340 Kinetics).

1.3.2 Kinetic measur ements

1.3.2.1 NADPH Standard Curve

96-well UV plates with UV transparent flat bottonesre used here for measurements
of NADPH 340nm absorption. Each well contains 2d0 solutions. The NADPH
standard curveHigure 14) is established to show the correlation between 3#h0nm
absorptions from Plate Reader and NADPH conceotrai8, 19]. This curve also
shows the linear range of NADPH concentration we aoae for our reaction. After
increasing the NADPH concentration to 2.5 mM or g nthe 340 nm absorption was no

longer in the linear range.

y=0.3801x - 0.0631
1.2 R*=0.994

NADPH cone. {mM)

0 0.5 1 1.5 2 25 3 35 4

340 nm Absorption

Figure 14. Correlation between NADPH concentration and 340afmsorption

1.3.2.2 Measurements of kinetic parameters of ketoreduction reactions
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Before varying theSNAC substrate concentratiodg was tested firstjo get reactior
rates,three reactions as a control (without L-DH® or NADPH or1a) were set uj
together with a ketoreduction reacticWe can use Plate Reader to collect data a:
reaction goes orOnly the reaction with all the components can digaitly reduce th
340nm absption of the solutionSee Table 1 and Figure 15 below. The enzyme
concentration (32.85M) used here gave us a nearly straight line, whithbe used ir

ketoreduction reactions lat

Table 1. Substrate 1a Ketoreduction

Substrate NADPH Enzyme NaH,PO,

Ketoreduction 30mM 0.05mM 32.85uM 100 mM
Control 1 30mM 0.05mM XhE 100 mM

Control 2 30 mM i 32.85uM 100 mM
Control 3 EE 0.05mM 32.85uM 100 mM
oo H LovB-DH® (32.85uM), NADPH (0.05 mM) of G 5
/,/lL_;/J'LQ AN N ~ ‘/K/JLQ_/\\_/ N \__/
s i = Il
4 NaH,PO, (100 mh) i
Absorption
1.2 4
14 Centrol 3
0.8 - Control 1
0.5 Ketoreduction
0.4 - Control 2
0.2 |
o] T T T Ti 5
0 200 400 500 ime (Sec)

Figure 15. Pre-experiments of AASNAC ketoredution

After we have an available enzyme concentrationneed tomake surethe NADPH
concentrationis high enough durir the ketoreduction reactions. Different NADF
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concentrations were tested (5 nild, 32.85 uM LovB-DH). The max slope ifable 2,
which corresponding to the initial reaction ratgswbased on the reduction of 340nm
absorption. From 0.5 mM of NADPH concentration, tleaction rate became stable

(saturated) which can be used for further studfyn@M NADPH was chosen here.

Table 2. Ketoreduction with different NADPH concentration

NADPH Conc. Max Slope

0.05 mM -5.4287114
0.1 mM -7.1140233
0.2 mM -13.524086
0.5 mM -18.242236
0.7 mM -18.054851

1mM -18.359286

NADPH Conc. Vs ketoreduction rate

12 * * *

Wlax slope

C N - NADPH cuci'c.#‘-‘:\'v‘-] b
The next step is to run a series of enzyme ass#lyslikferent substrate concentrations
(100 uM — 30000 uM) to get the correlation betwdeitial rate and substrate
concentration. The initial reaction rate is caltetabased on the first few points read
from Plate ReaderT@ble 3). The K, and ks were calculated using Michaelis-Menten
model (Software GraphPad Prism was usegyre 16). From the data here, we could get
kinetic parameters of AASNACL4) ketoredution that K is 6.007 mM, ky is 0.2242

min? and Vpax iS 7.365 uM/min. Also, k&/Kn, is 0.03732 mNMmin™.
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OH O
H LovB-DH° H
)‘l\)l\s/\/N\n/ —_— )\/Ls/\/f‘]m/
o] o
Essay conditions: 32.85 uM LovB-DH®, AASNAC, 0.7 mM NADPH, 100 mM NaH,PO,

Table 3. Substrate 1a concentration and their initial rate

1a Conc. (uM) Initial rate (uM/min)

30000 6
20000 6
10000 4.2
5000 3.6
1000 52
500 0.12
100 0.36

AASNAC Michaelis-Menten Model

Initial rate (uM/min)

L) L) L) Ll
0 10000 20000 30000 40000
Substrate Conc. (uM)

Figure 16. Results ofAASNAC Michaelis-Menten Model

1.3.2.3 Methods and standard curve for measuring methylation reactions

After setting up the methods for ketoreduction tieas, methylation reactions need to
be quantified. AASNAC was also tested first herkerE is almost no UV absorption at
lower substrate concentration of both substrateitsndesired product. Also, no enzymes

were efficient and available to do some structuoglification to facilitate the detection.
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For our testing essays, the peak of the produatatame distinguished clearly to know
exact area of the peak. But we found out that tedeion monitoring of the desired ions
intensity in the positive ionization mode of LC-MSvery easy to identify. [M+H](218

for AASNAC 1a) was the peak we selected and used for deterromafithe area of the

MS intensity.

One of the most important part here is to confirthé MS intensity can be trusted and
used for calculation. Eight standafdh concentration have been tested, each of the

solutions was 100 uL and LC-MS injected 20 uL @& #olutions.

1b conc. Vs MS intensity

y = 2E-09x - 0.0581
R*=0.9855

08

"0 o

0.6 et .
o e )H/KSNAC

0 100000000 200000000 300000000 400000000 500000000 600000000

Wlethyl AASNAC Conc. {mM)

MS intensity

Figure 17. Correlation betweefb concentrations and their corresponding MS intesssit

Based on the results (segure 17), we got a very good linear correlation betwébn
concentrations and the corresponding MS intensitieen, for each methylation reaction,
we can measure the [M+HMS intensity of produclb using LC-MS and calculate the

1b concentration based on the standard curve.

1.3.2.4 Measurements of kinetic parameters of methylation reactions
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We tried to get reaction rates based on théodedbove (SAM concentration was
not adjusted yet). Methylation reactions at eadbssate concentration were set up as
400 uL or 500 uL reaction mix and aliquot the msx1®0 uL mix per 1.5 mL tube. The
reactions from the same master mix were quenched @f 2, 4, 6, 8 hrs and extracted
twice with 99% ethyl acetate (EA)/1% acetic acicQX). The resultant organic extracts
were evaporated to dryness, redissolved in 100 athamol, and 20 uL was injected to
LC-MS by auto-sampling. The MS intensities werevasted to the concentrations of the
product. The concentration of LovB could be 20 uiM46 uM, which was in the linear
range. The next step will be testing the SAM cotregion which can be used for further

study.
1.4 Discussion

Methods for measuring the kinetic parametersketoreduction and methylation
reactions were set up. NADPH consumption could easured by Plate Reader (340
kinetics) as the reaction goes on. After enzymecentration and NADPH concentration
were selected and tested, different substrkdg ¢oncentrations and their corresponding
initial reaction rate were used to calculatg, K.t and ka/Kn. During quantifying the
methylation reactions, [M+H]MS intensities were recorded and converted in® th

product concentration based on the standard curve.
2 Biosynthesis of Fusarielins

2.1 Molecular Biology

2.1.1 General DNA Manipulation Techniques and putative fusarielin gene cluster
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E. coli XL1-Blue andE. coli TOPO10 were used for cloning following standard
recombinant DNA technique<. coli BL21 (DE3) was used for protein expressioftin
coli. DNA restriction enzymes were used as recommenyethe manufacturer (New
England Biolabs)Saccharomyces cerevisiae strain BJ5464-NpgAMATa ura3-52 his3-
4200 leu2- A1 trpl pepd::HIS3 prbl 41.6R canl GAL) was used as the yeast expression

host [9].

Putative fusarielin gene cluster Fusarium graminearum was identified [15]. After
analyzing the structure of fusarielins, we thoudlat three key enzymekifure 18) may
be responsible for the biosynthesis of fusarielFSL1 (Polyketide synthase, FSL_PKS;
Construct the backbone of fusarielins, 287.01 K¥§L2 (Esterase/lipase, FSL_TE;
Release the products from ACP domain of polykesigiethase, 26.99 KDa) and FSL5

(Enoyl reductase, FSL_ER; Enoyl reduction duringgfielins biosynthesis, 39.32 KDa).

COOH

COOH CHZOH

Fusarielin F Fusarielin G Fusarielin H
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FSL7 FSL6 FSL5 FSL4 FSL3 FSL2 FSLA1

_2) s » —m ) A —_—
v
Transcription AMP- Enoyl A!dose
factor binding reductase TCRHLETate

L

Cytochrome

P450 [ Esterase/ | Polyketide
monooxygenase | 7lipase y synthase

Begin reconstitution with these three genes! l

Figure 18. Structures of fusarielins and putative fusarigime clusters

The three enzymes need to be cloned and exprd3aseld on prediction, FSL_TE has
no introns, FSL_ER has one introns and FSL_PKS fhas introns (three at the
beginning and two in the endigure 19). All the introns have to be removed in order to
achieve heterologous protein expression. SinceFBe PKS is too large, it will be
divided into three parts: PKS1 (front, ~2 K bp, thietrons), PKS-mid (middle, ~4 K bp,
no introns), PKS2 (end, ~ 2K bp, two introns). TI& FPKS will be constructed using

yeast recombination.

Exon 15
Exon 16 FGSG 10464
Exon 18\ Exon 20 Exon 17

i\>\\ | | /// H>

Fragment of FSL cluster [with exons]
8221 bp (mol ecul e 25001 bp)

Figure 19. Putative FSL_PKS gene and the predicted positiomtimns

2.1.2 Plasmid construction
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The genome DNA (gDNA) was extracted frofusarium graminearum (F.
graminearum) which was grown for about two weeks on solid Yeastract Sucrose
(YES) agar[15]. FSL_PKS, FSL_ER and FSL_TE geneseweloned from the cDNA
which was generated by RT-PCR from RNA Faf graminearum using poly-T or the

primers listed inrable 4.

Table 4. Primer table for cloning

Primer Name Sequence
FSL_N-His_ER-Ndel-F AAC ATATGC ATCACCATCATCATCACATGA AACGTGTCTTTTTACTC
FSL_ER-Notl-R AAG CGG CCGCTTATGCTACTTGCG GAATCATG
FSL_ER-Pmel-R AAG TTT AAA CTT ATG CTA CTT GCGGAATCA TG
FSL_N-His_TE-Ndel-F AAC ATA TGC ATCACCATCATCATCACA TGA CTATTC AAA GTA CTG CGA ATC
FSL_TE-Notl-R AAG CGG CCG CTT ATG TTT GCG CAG AGT CCC AAC
FSL_TE-Pmel-R AAGTTT AAA CTT ATG TTT GCG CAG AGT CCCAAC
FSL_PKS-Spel-F GCT AGC GAT TAT AAG GAT GAT GAT GAT AAG ACT AGT ATG CAA GGA CCGACCAACGAAC
FSL_PKS-RT_PCR1-R GCT GGA TGA CTG AGT GTT GCG
FSL_PKS_PCR_Mid-f CACAGA GAGTGTCTATCATAGCATCGAC
FSL_PKS_PCR_Mid-r TAT TGA CGT CTGTGC CGA CCT G
FSL_PKS-RT_PCR2-f CAA CTG GTT TGC CAA GCCAC

FSL_PKS-RT_PCR2-PmlI-R TCA TTT AAA TTA GTG ATG GTG ATG GTG ATG CAC GTG CTT GGA CTT TTC CTT GAC CGG

2.1.2.1 Cloning of C-His6 FSL-PK S expression vector

DNA sequences of FSL-PKS were amplified in 8cps (PKS1, PKS-mid, PKS2),
using the primers listed ihable 4. All of them were first ligated into pCR-Blunt viecs
and hence created pBo3 (from gDNA, PKS-M), pBoZ2b6 (from cDNA, PKS1 and
PKS2) which carries an ADH2p-(FSL_PKS)-ADH2t cassetvas used as the vector
template in the cloning. Yeast recombinatidiigre 19) were performed using three
corresponding PCR products(PKS1, PKS-mid, PKS2)aalexpression vector pXW55
digested by Spel/Pmll (a yeast expression vectdh va uracil marker), to create

FSL_PKS yeast expression vector pBo27.
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PKS1 PKS2
PKS1 PKS-mid PKS2 XW55 —
(no (~4k) (no vector PKS-mid ‘

introns,™~2k) \ '\.‘ mtrons r”2k)

@@@ "

Figure 19. DNA gel showing the DNA pieces before yeast recimiaion and proposed

yeast recombination method

2.1.2.2 Cloning of C-His6 FSL_ER E. coli and Saccharomyces cerevisiae expression

vector

FSL_ER (from # ATG) was cloned from cDNA using the primers listadrable 4.
The PCR product was inserted into pCR-Blunt andgsgbently digested with Ndel and
Notl and inserted into pET-23a (+) to yield coli expression vector pBol8. FSL_ER
PCR products with Pmel/Ndel digestion ends wereried into the digested pXWO06 (a

yeast expression vector with a tryptophan markecye¢ate pBol7.

2.1.2.3 Cloning of C-His6 FSL_TE E. coli and Saccharomyces cerevisiae expression

Vectors

FSL_TE was cloned from gDNA using the primers tisteTable 4. The PCR product
was inserted into pCR-Blunt and subsequently degestith Ndel and Notl and inserted
into pET-23a (+) to yielcE. coli expression vector pBo9. FSL_TE PCR products with
Pmel/Ndel digestion ends were inserted into theestiegd pXW02 (a yeast expression
vector with leucine marker) or pXWO06 (a yeast espren vector with a tryptophan
marker) to create pBo26-4 or pBol1.
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2.2 Protein Expression and Purification

2.2.1 Proteins Expression and Purification from E. coli.

The expression plasmids were transformed tcoli BL21 (DE3) strain for protein
expression through electroporation. The cells vgeosvn at 37°C in 1L LB medium with
100 ug/mL ampicillin to an OD600 of 0.4-0.6. After thélhe cells were incubated on ice
for 10 minutes, and then induced with 0.1 mM is@githio-3-D-galactoside (IPTG) for
16 hours at 16°C. The cells were harvested by ifegation (2500 g, 15 minutes, 4°C),
re-suspended in 25 mL lysis buffer (50 mM Tris-HZImM EDTA, 2 mM DTT, 500
mM NaCl, 5 mM imidazole, pH=7.9) and lysed throwuggmication on ice (Sonicate for
30 minute, then cool down for 1 minute. Repeat @otimes). Cellular debris was
removed by centrifugation (30,000 g, 30 min, 4°}NTA agarose resin was added to
the supernatant and the solution and was stirrdd@tfor at least 2 hours. The mixture
was loaded into a gravity flow column and proteimere eluted with an increasing

concentration of imidazole in buffer A (50 mM Th&ZI, 500 mM NaCl, pH=7.9).

For the expression of FSL_TE, a chaperone pthp@-KJE8 was also co-transformed
with pBo9 intoE. coli BL21 (DES3) strain through electroporation. Theng@rmants
were incubated at 37°C in 1L LB medium containi@ ig/mL ampicillin, 25ug/mL,
chloramphenicol and 5 ng/mL tetracycline to an OD©&® 0.4-0.6. The expression and

purification steps were the same as above.

2.2.2 Expression and Purification of proteinsin Saccharomyces cerevisiae

For FSL_TE and FSL_PKS an attempt was made tohgsgdast strain BJ5464-NpgA

as an expression host. The expression plasmids tnareformed intdSaccharomyces
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cerevisiae strain BJ5464-NpgA by using S. c. EasyCompTM Tiamsation Kit
(Invitrogen). For 1L of yeast culture, the cellsrevgrown at 25°C in YPD media with 1%
dextrose for 72 hours. The cells were harvesteddnyrifugation (2500 g, 20 minutes,
4°C), re-suspended in 25 mL lysis buffer (50 mM Mag, pH 8.0, 0.15 M NacCl, 10
mM imidazole) and lysed through sonication on iCellular debris was removed by
centrifugation (35,000 g, 1 hour, 4°C). Ni-NTA agse resin was added to the
supernatant (2 mL/L of culture) and the solutionsvairred at 4°C overnight. The
protein/resin mixture was loaded into a gravitywloolumn and proteins were purified
with increasing concentration of imidazole in Buffe (50 mM Tris-HCI, pH=7.9, 2 mM

EDTA, 2 mM DTT).

2.3 Results and Discussion

FSL_ER was expressed usiBgcoli BL21 (DE3) as expression host. We could not get
FSL_TE expressed in vitro both B coli and in yeast. Three expression plasmids,
(pBo27 harboring the FSL_PKS, pBol7 harboring tB& FER and pBo26-4 harboring
the FSL_TE), were co-transformed irflaccharomyces cerevisiae strain BJ5464-NpgA
by using S. c. EasyCompTM Transformation Kit (Inegen). The strain was cultivated

and extracted. Unfortunately, LC-MS did not show promising products.

FSL_PKS was expressed to get two truncated parig 8accharomyces cerevisiae as
expression hostHgure 20). After adding protease inhibiter, the FSL_PKS stimes
can be purified without truncated part. We guesspgtotein may be truncated between
MAT domain and DH domain where the bond is relathaek. But the concentration of

FSL_PKS was very low and in vitro essays did notshny activities.
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Figure 20. SDS-PAGE showing FSL_PKS and FSL_ER

IV Futurestudies

In conclusion, methods for measuring the kineticapeeters of KR domain and MT
domain using NADPH consumption or MS intensity westablished. The next step is to
get the kinetic parameters of the methylation ieactising AASNAC as the substrate
and to apply the methods to other model substriiestic parameters can be compared
between KR and MT domains based on the same intkatee The ratio of Kp
(Kp=kcat/Km) between KR domain and MT domain isdiceed to become much smaller
during the biosynthesis of tetraketide where MT domworks faster than KR domain.
This fundamental study will give us more knowlediyem the aspects of kinetic

selectivity to make it clearer about what the pamgming rule of HR-PKS is.

In addition, the fusarielins family’s biosynthepathway is a good model to compare
with lovastatin’s. Its MT domain is proposed to walower on tetraketide and work
faster on diketide, triketide and pentaketide. €xpression of the key enzymes should

be looked at more carefully by focusing on theimehg and sequence analysis.
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