ABSTRACT

Second Spherc Effects of O; Activation in Stearoyl-Acyl Carrier Protein A9
Desaturase

Stearoyl-acyl carrier protein A” desaturase (ASD) from Ricinus communis
converts stearic acid into monounsaturated oleic acid and functions to maintain the lipid
composition of the cell membrane. While the desaturase active site glutamate and
histidine residues are crucial to catalysis, there are a number of conserved “secoﬁd
sphere” residues. One such residue is Threonine 199 found ~5A from the diiron center
and it has been hypothesized to stabilize the peroxo intermediate formed during catalysis.
In this work, the role of this residue has been probed through studies of a series of
mutants. These mutations show a lower ks and an increase in the rate of decay of the

peroxo intermediate, providing evidence of stabilization of the intermediate.
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Summary

Stearoyl-acyl carrier proteit® desaturaseA@D) from Ricinus communis
converts stearic acid into monounsaturated olatt aad functions to maintain the lipid
composition of the cell membrane. While the desas®iactive site glutamate and
histidine residues are crucial to catalysis, tte@eea number of conserved “second
sphere” residues. One such residue is Threonindal®@l ~5A from the diiron center
and it has been hypothesized to stabilize the pertermediate formed during catalysis.
In this work, the role of this residue has beerbptbthrough studies of a series of
mutants. These mutations show a lokgrand an increase in the rate of decay of the

peroxo intermediate, providing evidence of stahtiian of the intermediate.



Introduction

In plants, fatty acid biosynthesis occurs in thiodplasts of green tissue or in
the plastids of non-photosynthetic tissues. Theag@ry products are acyl carrier protein
(ACP) esters of saturated palmitic and stearicsadtdtty acid desaturases are iron-
containing multiprotein complexes that insert deubbnds into fatty acyl chains after
their biosynthesf®. They provide lipid precursors to cell membraresyutritionally
essential polyunsaturated fatty acids and to pgtestaing. Abnormal lipid metabolism
can lead to diseases such as hypertension, nolrHtigpendent diabetes, obesity,
neurological pathologies and many othefhere is also increased interest in fatty acid
biosynthesis in plants because of the possiblelpgknt oils as renewable sources for
reduced carbdfl

Stearoyl-acyl carrier proteit® desaturaseA@D) from Ricunis communis, the
castor seed, belongs to the family of diiron enzythat catalyze a variety of oxygen-
dependent reactions. This soluble desaturasepsmsible for the biosynthesis of oleic
acid, the most abundant unsaturated fatty acidtrttduces a cis double bond between
carbon 9 and 10 of stearoyl-ACP, converting it iol@oyl-ACP*2. This reaction is highly
regiospecific and stereospecific. Four proteinsrageiired for desaturase activity: acyl
carrier protein (ACP), ferredoxin, ferredoxin rethse and stearoyl-ACF’ desaturase
(A9D). The substrates f&9D are acyl-acyl carrier proteins (acyl-ACP). Tisislso an
oxidase reaction where 4 electrons are used toecbyinto 2 moles of watér O, + 4¢

+ H,O 2 2H,0 (See Fig. 1).
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Fig 1.A9 — 18:0-ACP desaturase electron transport chain.

The A9D enzyme is a homodimer consisting of two 42kDausits’ (Fig.2). The
active site is a diiron center ligated by histidarel glutamate and residues within a four
helical bundle that has high structural similatiyribonucleotide reductasand
multicomponent monooxygenases from the same faohitlfiron enzymes. The four
helical bundle is needed for binding and activatmggen, which is a reaction this class
of diiron enzymes have in common. It is also ursadly conserved and responsible for
binding the two iron atoms (See Fig. 1). The diicenter is in a bent channel in the
enzyme at a depth where carbon 9 and 10 of thart® fatty acid will be situated
during catalysis. Reducing equivalents from NADREl teansferred from ferredoxin
reductase to ferredoxin and themd®@D'2. In the presence ofOhydrogen at C-9 and C-
10 are removed from stearoyl-ACP (18:0-ACP, 18:$igietes an 18 carbon fatty acid
with no double bond) to give oleoyl-ACP (aiS-18:1-ACP, cisA®-18:1-ACP is an 18
carbon fatty acid with a cis double bond at the @sSition) with complete fidelity of
double bond position and the correct cis stereo@dtgmWhile the active site glutamate
and histidine residues are crucial to catalyseelare a number of conserved "second

sphere" residues. Some of these residues are leydbmmnded to ligating residues and are



thought to play a role in electron tranéfédne such residue is Threonine 199 found ~5A
from the diiron centér(Fig. 3) and has been hypothesized to stabiliegpdroxo

intermediate formed during catalysis.

Fig. 3 Active Site oA9D. Threonine 199
is highlighted and is ~5A from the diiron

Fig. 2 A9D Homodime center.

While A9D is also the most studied desaturase, many sletidihe desaturase
catalysis, such as contributions of protein inteo&s and reactivity of the required diiron
centers, are not well understood. Work on desatgrasimportant as it suggests a source
of renewable carbon sources. With deeper undeisigiod the mechanistic details,
protein engineering can be used to modify enzymiesgenerating fatty acids of desired
length and degree of saturation, which is usefuirfdustrial and commercial purposes.
Understanding the reaction mechanism would be Usefwman medicine and health-
related studies as the research can also prowsighils into abnormal lipid metabolism

which causes diseases such as obesity, hypertemsibtiabetes.



Previous work done in the Fox lab has identifiedaygen activated peroxo
intermediate when9D is reduced with dithionite instead of ferredgstime biological
redox partner. Thig-1,2-peroxo-bridged diferric complex is designgbedoxa\9D. The
peroxo intermediate formed in the wild typ8D is quite stable with a half life;f3) for
decay of ~26 min and its decay does not resydtaduct. This peroxo intermediate and
the intermediate that is formed during catalysesldely stabilized by the interactions
with the surrounding amino acid residues. The meishaof catalysis is still unclear.
Threonine 199 has been hypothesized to stabilz@dnoxo intermediate formed during
catalysis and mutations made to this position apeeted to result in peroxo

intermediates that are not as stable.
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Fig 4. Formation of peroxdA\9D intermediate after addition of dithionite

Recent work by Guet al. has begun to probe the function of TA9R199 was
changed to aspartic acid (T199D) and glutamic GCI®9E). These mutations resulted in
a thousand fold decrease in the rate of desataratith a ~30 fold increase in catalase
activity. The increase in catalase activity wasdtiipsized to occur since the active site
of the desaturase has been shown to be structsmailliar to that of rubrerythrin, which
is an enzyme with catalase activity. Threonine p@ar proton donor. IA9D, it is
situated ~4.5A from the diiron site, while at tizeree residue position in rubrerythrin, it is

glutamic acid which facilitates proton transfettthan threonine. While this work has



focused on the effect of this residue on catalasentstry, no work was focused on the
effects of mutation on the catalytically relevaatipay, oxygen activation and
subsequent desaturation. Mutagenesis of this dred stirrounding residues may provide
insight into the mechanism of this important clatenzymes and provide a more

complete understanding of the mechanistic detitiesaturase reaction.



Experimental Procedures
1. Ste Directed Mutagenesis

The sequence of thedD gene is known. The gene #®D has been cloned into
pPET-3d, with the resulting plasmid known as pRCMDBe desired mutants were
created using site directed mutageriesisimers were designed where the threonine
residue was replaced with alanine (T199A), seriri99S), asparagine (T199N),
glutamine (T199Q), aspartic acid (T199D), glutaead (T199E). The mutant gene was

then sequenced to ensure the correct mutationdesdbtained.

2. Protein Purification

The recombinant plasmid was used to transfiasolerichia coli strain
BL21(DES3). The protein was overexpressed by inductvith IPTG. The cells were then
broken by sonication and the cell free extracttfoaated by DEAE anion exchange.
Fractions containing9D were identified using denaturing polyacrylamiy
electrophoresis and concentrated using ultrafittnabn a YM30 membrane (Amicon).
The concentrated protein was then applied to a&mphS-100 column and fractions

containingA9D were identified and concentrated using ultnafilon.

3. Characterization of Mutants.
Steady state catalysis assays

Steady state catalysis assays were done on thatsitestudy th&,, andkcy
parameters. In a typical assayM.of A9D, 1uM of ferredoxin, 0.16@M of ferredoxin
reductase, varying concentrations of substrate-A&P from 1uM to 50uM and 40QM

of NADPH were added to buffer (Buffer used: 50mMmMES, pH 7.8, 50nM NacCl) to



make up a total reaction volume of pl0Concentrations of ferredoxin, ferredoxin
reductaseA9D, oxygen and NADPH were kept constant while thiecentration of the
substrate acyl-ACP was varied. All components exB&DPH were mixed together at
room temperature, and then NADPH was added totsgareaction. In cases whegg
was lower, the concentrations of protein componesi® increased so that there will be
greater product formation with time. Reactions werenched at various time intervals
by withdrawing 200uL of the reaction and mixingiddp with the same volume of
tetrahydrofuran. The quenched reactions were thieted with deionized water and the
fatty acyl chain cleaved from ACP by addition ofméof NaBH. After incubation at
37°C for 10 minutes, the remaining NaBWas quenched by addition of 10@f 1N

HCI and then the sample converted to alkaline ptdging 3@l of 10N NaOH. The

fatty alcohols were then obtained with 2 equal watuextractions with CHGI The

pooled CHCI3 were evaporated to dryness and resdepelO@l of hexane. 2.5l of N-
methyl-N-trimethylsilyltrifluroacetamide (MSTFA) vgaadded to convert the fatty
alcohols to silyl ether derivatives for gas chromgaaphic analysts The products were
identified and quantitated using a GC/MS (Hewlettkard GC 6869 series) connected to
either a flame ionization detector or electron zation mass-sensitive detector with

helium used as the carrier gas.

Stopped flow spectrophotometry
The rate of formation and decay of the peroxo mestiate was monitored by
stopped-flow spectrophotometry. In this experimapproximately 500M of A9D and a

stoichiometrically equivalent amount of 18:0-ACPrevenixed and made anaerobic,



before being reduced by dithionite. The redus8®-ACP complex was rapidly mixed

observing the formation and decay of the spectna #50-650 nm.
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Results
Seady Sate Catalysis Assays

TheKyu andke; parameters obtained from steady state catalysés/asre summarized

below:
. Activity Assay
Mutant Cloned Expressed  Purified
Km (UM) ket (Min'™)

T199A \ \ \ 0.8 0.7
T199N \ - - - -
T199S v v v 35.6 0.4
T199V v v v 6.6 0.5
T199Q \ \ \ - -
T199D \ \ \ 2.2 0.1
T199E v v v 14.7 0.2
WT - - - 3.3 33

Table 1. Values ofKm and kcat of T199 mutants obtained from steady state catalisassays. The
parameters of wild typeA9D are used as comparisoh‘\' indicates the process has been successfully

completed. ‘ -’ indicates pending work.

All the variants of the mutants were successfulbiyied and the mutations
verified through sequencing. Except for T199N wadre expressed and purified using
protocols described above and concentrated to @eotration suitable for conducting
steady-state catalysis assays (~100 tuK)O0

Steady state catalysis assays were done on alhtswgacept for TL99N and
T199Q. Initial desaturation velocities were deteradi by linear least-squares fitting of
the increase of product over 3 minutes. Steadg &iattic parametels, andKy were

determined by non-linear least-squares fittinghefinitial desaturation velocities and

Kea[S]

substrate concentrations to the Michaelis-Menteraggny = o [S] .
M

For all the mutanA9D assayed, thie,;: were much lower than the wild type and

showed ~100-1000 fold decrease in desaturasetggtivicating loss of activity due to
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mutation. On the other hand, tkg of mutantA9D showed variable changes. Except for
T199A and T199D, all of the mutants showed an iasednKy, suggesting that these

mutants have a lower affinity for the substratenttiee wild type enzyme.

Sopped Flow Spectrophotometry

T122V peroxo at S60nm
3 -
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] rate constants for its decay and
271 formation are ~105and 0.93
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Studies were done using T199V. The ¢f the peroxo intermediate decay is less than a
minute. The peroxo intermediate formed by the mutd®9V is extremely short-lived
compared to wild typA9D which has ai, of about 26 minutes. Data was fit to a
sequential exponential sequence 6»B->C to obtain rate constants ofation= ~10 &

and Kecay= 0.9 &
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Discussion

The mutants displayed ~100-1000 fold decreasesatdease activity, as shown
in the lower rate constants. This is expected aditates that Threonine 199 plays a role
in catalysis; change of the amino acid residueesaadoss or decrease in activity. The
activity of T199D is consistent with previously mefed value§ while the activity of
T199E is higher than reported. Disparity betweaséhwvalues and previous values could
be due to the different methods of workup usedxpeamental error. Assays will be

repeated to ensure experimental errors are reduced.

At the 199th position in the wild typ®D, threonine is a polar uncharged residue.
Through the mutations that were designed, thredmasebeen changed to negatively
charged groups (T199D, T199E), non-polar group®9gRl T199V) or polar uncharged
residues with a smaller side chain (T199S). All aiohs showed a drastic decrease in
the catalytic activity. When side chains are changenon-polar or negatively charged,
the decrease in activity is expected as the prpéthe residue has changed.

As Threonine 199 is a “second sphere” residus,likely responsible for protein
interactions and positioning of other residuemadctive site; by changing its properties,
this residue is unable to function as effectivéi)hen the size of the side chain of the
199" residue is reduced in T199S, there was also aidrte activity of the enzyme.

The decrease in the activity of T199S indicates i size of the side chain is also

important in the functioning of the 199esidue.
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The specificity constant&,, of the mutants were variable. Siri¢gindicates the
affinity of the enzyme for the substrate, T199S99\X and T199E having high&t,
constants indicate that they have a lower affinftthe enzyme, and this is expected since
the property of the residue at the T'q@sition has been changed. T199A and T199D
have loweK, indicating that they have a higher affinity foetsubstrate than the wild
type enzyme. However, their rate constants afndatier than the wild type enzyme.

This suggests that T199A and T199D might be bindetter to the substrate, but the

reaction is not catalyzed at the same rate aotiggrved in the wild type.

Studies done using T199V in stopped flow spectroghetry showed that the
peroxo intermediate formed quickly and decayed nfaster than the peroxo
intermediate formed in the wild typeD (1, ~26min). Because the property of the
residue at 199 position has changed in the mutants, the fasterofadecay confirms that
Threonine 199 contributes to stabilizing the permtermediate formed during turnover
of chemically reduced9D and may provide insight into stabilization o intermediate
during catalysis. Stopped-flow spectrophotometsigags will also be done on other

mutants to examine the stability of the peroxormiediates formed.

Studies of Threonine 199 doneABD can be relevant to studying similar diiron
binding motifs in other enzymes, such as othertdesses, R2 subunit of the
ribonucleotide reductase and bacterial multicompbn@nooxygenases. A similarly
situated threonine residue in cytochrome P450asdht to play a role in proton transfer

during catalysis. The evolutionarily related baietemulticomponent monooxygenases
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possess a conserved threonine in a similar posilative to the active siteRecent
structural studies from our lab have indicatedla for this residue in positioning both a
second sphere glutamine and an active site glueachatng catalysis. A similar bonding
network may be formed during catalysisA®@D upon formation of the protein-protein
interactions required in the reaction cycle. Furtlerk on the multi-protein complexes

of A9D will be required to elucidate the structuralestetinants of catalysis.

-15-



References

1. Fox Brian G.; Lyle Karen S.; Rogge CorinaReactions of the diiron enzyme stearoyl-acyl carer
protein desaturase Acc. Chem. Res., 2004 Jul;37(7):421-9.

2. Lindgvist Y.; Huang W.; Schneider G.; ShanklitCdystal structure of delta9 stearoyl-acyl carrier
protein desaturase from castor seed and its relatitship to other di-iron proteins. The EMBO J. 1996
August 15; 15(16): 4081-4092.

3. Fox Brian G.; Shanklin J.; Somerville C.; MuriekStearoyl-acyl carrier protein delta 9 desaturase
from Ricinus communis is a diiron-oxo protein.Proc Natl Acad Sci U SA. 1993 Mar 15; 90(6): 2486-
2490.

4. Jodie E. Guy, Isabel A. Abreu, Martin Moche, ¥Ivindqvist, Edward Whittle, and John Shankhn.
Single mutation in the castorA9-18:0-desaturase changes reaction partitioning fra desaturation to
oxidase chemistry PNAS. November 14, 2006, vol. 103, no. 46, 17220-17224

5. Fox Brian G.; Haas Jeffrey Role of Hydrophobic Partitioning in Substrate Seletivity and
Turnover of the Ricinus communis Stearoyl Acyl Carrier Protein A° Desaturase Biochemistry.38
(39), 12833 -12840, 1999

6. Sperling, P.; Ternes, P.; Zank, T. K.; HeinzTEe evolution of desaturasesProstaglandins,
Leukotrienes Essent. Fatty Acide03 68, 73-95.

7. Fox, B. G. In Comprehensive Biological CatalySisnott, M., Ed.; Academic Press: London, 1998L.V
3, pp 261-348.

8. Shanklin, J.; Cahoon, E. Besaturation and related modifications of fatty adils. Annu. Rev.
PlantPhysiol. Plant Mol. Bioll998 49,611-641.

9. Funk, C. DProstaglandins and leukotrienes: advances in eicasaid biology. Science2001, 294,
1871-1875.

10. Ohlrogge,J.BDesign of new plant products: engineering of fattyacid metabolism.Plant Phvsiol.
1994, 104. 821-826.

-16 -



	Yi Han Ng abstract.pdf
	Yi Han Ng cover.pdf
	Yi Han Ng thesis without abstract or cover.pdf

