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Abbreviations

FA, ferulic acid

PCA, p-coumaric acid

CA, caffeic acid

4-VG, 4-vinylguaiacol

4-VVP, 4-vinylphenol

6H2N, 6-hydroxy-2-naphthoic acid

PAD, phenolic acid decarboxylase

CgPAD, PAD fromC. guilliermondii

PMSF, phenylmethanesulfonyl fluoride

MES, 2-morpholinoethanesulfonic acid
SDS-PAGE, SDS-polyacrylamide gel electrophoresis
HPLC, high-performance liquid chromatography
SD, standard deviation

YNB, Yeast Nitrogen Base

DTNB, 5,5'-dithio-bis(2-nitrobenzoic acid)



Chapter 1 Introduction

Phenolic acids are components of phenolic ring amdrganic carboxylic acid function.
They are widely distributed plant constituents. iRiie acids can be subdivided into two major
groups, hydroxybenzoic acids and hydroxycinnamie@dsacHydroxybenzoic acids include
p-hydroxybenzoic, protocatechuic, vanillic, syringiand gallic acids. They are commonly
present in the bound form and are typically a comepd of a complex structure like lignins and
hydrolyzable tannins. Hydroxycinnamic acids inclygeoumaric, caffeic, ferulic, and sinapic
acids. They are mainly found esterified with smatilecules, e.g., quinic or tartaric acids, as
well as cell-wall-bound structural components, sashcellulose, lignin, and proteins, through
ester bonds (Liu 2004).

Ferulic acid (FA), a derivative of hydroxycinnanacid, is found in cell walls, leaves and
seeds of plants such as in rice, wheat, and oatieisas in coffee, apple, artichoke, peanut,
orange, and pineapple (Mathew and Abraham 2004xdars in them primarily in both its free
form and as an ester linked to lignin and otheygamtcharides. FA is a precursor to vanillin,
one of the aromatic flavors used in the food, plzaemtical, and cosmetic industries (Mathew
and Abraham 2006; Priefert et al. 2001). In additidue to both its antioxidant and
anti-inflammatory activities, FA has versatile ftiooal and biological activities, such as
protecting foods from oxidative spoilage (Maokaakt2008) and whitening skin (Lin et al.
2005), and it has been shown to lower blood gludesgel, blood pressure (Ardiansyah et al.
2008; Mathew and Abraham 2004), plasma total cherels and low-density-lipoprotein
cholesterol concentrations (Jung et al. 2007; @tagubashini et al. 2003), and inhibit tumor

promotion (Huang et al. 1988).



Volatile phenols, including 4-vinylguaiacol (4-VG);vinylphenol (4-VP), and ethylphenol,
are frequently detected in beer, wine, and whisttesing brewing and fermentation. These
phenolic compounds usually originate from the niab decarboxylation of phenolic acids
(hydroxycinnamic acids) present in the raw mater@ring fermentation (Coghe et al. 2004;
Séez et al. 2010; Smit et al. 2003; Van Beek aiesPR000; Vanbeneden et al. 20@8)d in
fruit juice production (Donaghy et al. 1999; Falliet al. 1996). They are valuable precursors in
the biotransformation of flavors and fragrances tfMa and Abraham 2006; Priefert et al.
2001) and are regarded as a good aroma and/olagffré in beers and wines (Coghe et al.
2004; Oelofse et al. 2008; Saez et al. 2010; Smiale2003; Thurston and Tubb 1981;
Vanbeneden et al. 2008). The 4-VG formed is vakigdsecursor in the biotransformation of
flavors and fragrances used in the food, pharmaauand cosmetic industries (Mathew and
Abraham 2006; Priefert et al. 2001).

The microbial phenolic acid decarboxylases (PADshich decarboxylate FA and/or
p-coumaric acid (PCA) witkoncomitant production of 4-VG and/or 4-VP, respety, are
believed to be responsible for the detoxificatidrpbenolic acids (Cavin et al. 1997b, 1998;
Clausen et al. 1994; Coghe et al. 2004; Degrassi &095; Huang et al. 1994; Smit et al. 2003).
Namely, bacterial PADs, which decarboxylate FA, RPG#d/or caffeic acid (CA) with
concomitant production of 4-VG, 4-VP, and/or 4-\laatechol, respectively (see below), are
responsible for the detoxification of these 4-hygwnnamic acids (Huang et al. 1994;
Degrassi et al. 1995; Cavin et al. 1997b, 1998yoz&t al. (1995) first succeeded in sequencing
and expression of a bacterial PAD (FA decarboxyles®a Bacillus pumilus) in Escherichia coli.
The genetic mechanism of bacterial PAD expressambeen well established by the discovery
of PadR-mediated response to 4-hydroxycinnamic sadia Pediococcus pentosaceus

(Barthelmebs et al. 2000bBacillus subtilis (Tran et al. 2008), antactobacillus plantarum



(Gury et al. 2009).

R4 R5 o R4 R5
— 2
R3 \—\ 2 R3—<: :>—\\
7 \—COOH > CH,
R2 R1 R2 R1 i
Substrate Product

Ferulic acid (R1=R4=R5=H, R2=0Meg, R3=0H)} === 4-Vinylguaiacol (R1=R4=R5=H, R2=0CMe, R3=0H)
p-Coumaric acid (R1=R2=R4=R5=H, R3=0H) —— 4-Vinylphenol (R1=R2=R4=R5=H, R3=0H})
Caffeic acid (R1=R4=R5=H, R2=R3=0H) ——3 4-Vinylcatechol (R1=R4=R5=H, R2=R3=0H)

Reaction scheme for CgPAD with different substrates

Naturally-occurring phenolic acids are known toilniththe growth of yeasts such as
Saccharomyces cerevisiae, Pichia anomala, Debaryomyces hansenii, and Candida
guilliermondii  (Meyerozyma guilliermondii comb. nov.; Kurtzman and Suzuki 2010)
(Baranowski et al. 1980, Pereira et al. 2011, Si€8b).S. cerevisiae (Goodey and Tubb 1982;
Clausen et al. 1994; Smit et al. 2003; Coghe €2G04),Brettanomyces bruxellensis (Godoy et
al. 2008) are suggested to produce a PAD in regponegelation to 4-hydroxycinnamic acids.
guilliermondii has been frequently isolated from grapes and nagséscontaminant (Barata et al.
2008; Dias et al. 2003; Martorell et al. 200€andida spp. have been demonstrated to
decarboxylate FA, generating 4-VG as an off-flavar improperly stored fruit juices
(Sutherland et al. 1995) and as a characterisaiofl of soy sauce and miso (Suezawa and
Suzuki 2007).

However, little is known about the enzymatic proiesr of PADs from yeasts except for
those of the two species Bfettanomyces (Edlin et al. 1998; Godoy et al. 2008). The aintlus$
work was to purify and characterize, and cloning aaquencing the gene for a PAD fr@n
guilliermondii ATCC 9058 (CgPAD), which may be involved in thetatmlism of phenolic

acids by yeast.



Chapter 2 Purification and properties of phenolic acid decar boxylase

from Candida guilliermondii

2-1 Introduction

FA, a derivative of hydroxycinnamic acid, is fouimdcell walls, leaves and seeds of plants
such as in rice, wheat, and oat, as well as ineegfpple, artichoke, peanut, orange, and
pineapple (Mathew and Abraham 2004). It occurdiant primarily in both its free form and as
an ester linked to lignin and other polysaccharids is a precursor to vanillin, one of the
aromatic flavors used in the food, pharmaceutieald cosmetic industries (Mathew and
Abraham 2006; Priefert et al. 2001). In additionyedto both its antioxidant and
anti-inflammatory activities, FA has versatile ftiooal and biological activities, such as
protecting foods from oxidative spoilage (Maokaaét2008) and whitening skin (Lin et al.
2005), and it has been shown to lower blood gludesgel, blood pressure (Ardiansyah et al.
2008; Mathew and Abraham 2004), plasma total chedek and low-density-lipoprotein
cholesterol concentrations (Jung et al. 2007; &tagubashini et al. 2003), and inhibit tumor
promotion (Huang et al. 1988).

Volatile phenols, including 4-VG, 4-VP, and ethydpiol, are frequently detected in beer,
wine, and whiskey during brewing and fermentatidimese phenolic compounds usually
originate from the microbial decarboxylation of pbéc acids (hydroxycinnamic acids) present
in the raw materials during fermentation (Coghale004; S4ez et al. 2010; Smit et al. 2003;
Van Beek and Priest 2000; Vanbeneden et al. 2808)n fruit juice production (Donaghy et al.
1999; Fallico et al. 1996). They are valuable prears in the biotransformation of flavors and
fragrances (Mathew and Abraham 2006) and are redaad a good aroma and/or off-flavors in

beers and wines (Coghe et al. 2004; Oelofse €204I18; Saez et al. 2010; Smit et al. 2003;



Thurston and Tubb 1981; Vanbeneden et al. 2008). ficrobial PADs, which decarboxylate
FA and/or PCA witltoncomitant production of 4-VG and/or 4-VP, respety, are believed to
be responsible for the detoxification of phenolada (Cavin et al. 1997b, 1998; Clausen et al.
1994; Coghe et al. 2004; Degrassi et al. 1995; Hwaml. 1994; Smit et al. 2003).

The aim of work in this chapter was to purify arfthacterize a CgPAD, which may be

involved in the metabolism of phenolic acids bystea

2-2 Materials and methods

Materials
FA, CA, 4-VG, and 6-hydroxy-2-naphthotic acid (6H2Nere purchased from Wako Pure
Chemical (Osaka, Japan). PCA was from MP Biomesli¢@blon, OH), and 4-VP was from

Sigma-Aldrich (Steinheim, Germany). All other cheals used were of analytical grade.

Organism and culture conditions

The enzyme source wds. guilliermondii ATCC 9058. The growth medium (w/v) was
composed of 1.0% glucose, 0.5% peptone (Bacto Rep®ecton, Dickinson and Company,
Sparks, MD), 0.2% yeast extract (Becton, Dickingord Company). 0.1% KPQO, 0.1%
K,HPGQ, 0.01% MgSQ@ 7H,0, and 1 mM 6H2N (pH 7.0). The yeast was grown5aC2for 3
days, with shaking, in 200-ml aliquots of the mediplaced in 2-| flasks. After collecting cells
by centrifugation (3,000 x for 5 min) at 4°C, the cell paste (17.7 g wet fadm 600-ml
culture) was used as the starting material forfigpation of the enzyme. 6H2N was used as the
pseudo-inducer because our preliminary experimamtgved that it enhanced the expression of

the enzyme in the cells much more than FA and PGA d



Purification of CgPAD

Enzyme purification was done at a temperature xoteding 4°C.
Sep 1 Preparation of cell-free extract

The harvested 6H2N-induced cells were washed twittesaline and then suspended in 20
mM sodium phosphate buffer (pH 7.0) containing 1 nelsich of phenylmethanesulfonyl
fluoride (PMSF), MgCJ, EDTA, and dithiothreitol. The yeast cells wererdpted six times for
50 s each with glass beads (0.5 mm in diamete2)580 rpm in a homogenizer (Multi-Beads
Shocker; Yasui Kikai, Osaka, Japan). After cellriietvas removed by centrifugation (12,000 x
g, 15 min), the supernatant obtained was used hf@elextract.
Step 2 Cation exchange chromatography

The cell-free extract was applied directly to auooh of CM Toyopearl 650M (2.5 cm x 24
cm; Tosoh, Tokyo, Japan) previously equilibratethv20 mM 2-morpholinoethanesulfonic acid
(MES) buffer (pH 6.0). Proteins containing CgPADreveluted with the buffer.
Step 3 Anion exchange chromatography

The active fractions that passed through the colurare combined, and the solution was
immediately applied to a column of DEAE SepharosstHA-low (2.5 cm x 255 cm; GE
Healthcare) equilibrated with the same buffer. €bolimn was initially washed with 700 mL of
50 mM NacCl in MES buffer (pH 6.0), and proteins evetuted with a 600-ml linear gradient of
50 mM to 400 mM NacCl in the buffer (Fig. 2-1).
Step 4 Ge-filtration chromatography

The active fractions were concentrated and exclthmgéh 50 mM phosphate buffer (pH
7.0) by ultrafiltration (Amicon Ultra-15; MilliporeBillerica, MA) to a small volume. The
concentrate was then put on a column of Bio-GeD®-®.5 cm x 45 cm; Bio-Rad, Hercules,

CA) equilibrated with 50 mM sodium phosphate buffeeH 7.0). The gel-filtration



chromatography was done by elution with the egutibn buffer, and the active fractions
eluted were combined and concentrated by ultrafitin (Fig. 2-2). The resultant retentate was
used exclusively for further experiments as thalfipreparation of purified enzyme. The

purified enzyme was stored at —20°C when necessary.

Estimation of molecular mass

SDS-polyacrylamide gel electrophoresis (SDS-PAGEswlone using a 15% (w/v)
acrylamide gel for determination of the subunit @mollar mass. Proteins in the gel were stained
with Coomassie Brilliant Blue R250. The subunit ewllar mass was determined using a
PageRuler Unstained Protein Ladder kit (Thermo dfisBcientific, Rockville, MD). The
molecular mass of the native form was estimatedyélyfiltration chromatography using a
column of Superdex75 10/300 GL (GE Healthcare & 8aiences, Uppsala, Sweden) at a flow
rate of 0.4 ml/min (L-7100 pump; Hitachi, Tokyo,pda) with 50 mM phosphate buffer plus
0.15 M NaCl (pH 7.0). The column was calibratedhwitandard molecular mass markers
(Sigma-Aldrich), bovine serum albumin (66 kDa), ait&n egg albumin (44 kDa), carbonic
anhydrase (29 kDa), and cytochromél2.4 kDa), using a UV detector operated at 220 nm

(U-VIS L-7420; Hitachi).

Assay of CgPAD activity

The initial velocity of decarboxylation activity wameasured at 25°C with phenolic acids as
substrates unless otherwise stated. The reactiotumai contained suitably-diluted enzyme
solution and a 5 mM substrate (neutralized with N.8laOH) in 100 mM sodium phosphate

buffer (pH 6.0) in a final volume of 1.0 ml. Theopiucts formed were quantified by
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high-performance liquid chromatography (HPLC) onHiPLC system from Waters (Milford,
MA) equipped with a 2487 Dual Absorbance Detector and a 2695 Separation Module.
HPLC was done at 40°C on a packed column for redgphiase chromatography (Cosmosil
5C18-MS-Il, 4.6 mm x 150 mm; Nacalai Tesque, Tokyapan) with acetonitrile/0.05%
phosphoric acid (7:3, v/v) as the mobile phaseflivarate of 0.6 ml/min. Tenpl of the sample
were injected automatically, and the UV detectos wperated at 260 nm. One unit of enzyme
activity was defined as the amount of enzyme thkgased 1 pmol of 4-VG or 4-VP per min.
Protein concentrations were measured with a BCAeprassay kit (Thermo Fisher Scientific)

with bovine serum albumin as the standard.

Induction experiments

Yeast Nitrogen Base (YNB; Invitrogen, Carlsbad, @#9th was used to induce the CgPAD.
The carbon sources used were glucose, galactodescaiium acetate at 0.5% (w/v) each, and
inducer candidates were FA, PCA, and 6H2N eachGamM. Cultures were incubated at 25°C
for 2 days, and the growtl\{sg), pH of the spent media, and specific activitesdrd FA and

PCA in the cell-free extracts were measured.

2-3 Results

Purification and physicochemical properties of CgPAD

A highly purified enzyme was obtained within 3 ddysa simple purification procedure, as
summarized in Table 2:-With a high yield (19%). Approximately 87-fold pfication to a
specific activity of 531 U/mg was obtained when swad with FA as the substrate at 25°C in

0.1 M phosphate buffer at pH 6.0.



The protein was homogeneous, and its molecular aetgsmined to be approximately 20
kDa, as judged by SDS-PAGE (Fig. 2-3a). Gel chrogpaphy of the purified enzyme gave a
molecular mass of approximately 36 kDa (Fig. 2-3higgesting that the enzyme is a dimeric
form composed of two identical subunits.

The absorption spectrum in the UV region exhibaesdmple protein peak around at 280 nm,
and the extinction coefficient #@g, (10 g/l; light path, 1 cm) was 20.5 in 5avirphosphate
buffer (pH 7.0) when the protein was quantifiedngsbovine serum albumin as the reference

standard.

Effects of metal ions and chemical reagents on activity

The enzyme reaction was carried out in the presehearious cations (5 mh each) at 25°C
for 5 min with FA as the substrate.?feNi**, Cu#*, and Hg" ions completely inhibited the
reaction. ZA" ions caused 29% inhibition. EaMn?*, C&*, F€*, and AP ions had either no
effect or a slightly inhibitory effect. The decaxytation activities toward FA and PCA
gradually increased with the increase in the comatian of Md" ions. The activation maxima
of 180% and 153%, respectively, of the controhdistiwere reached at around 1nwithout
the cation. The activation by the cation of CA dboaylation fluctuated considerably, possibly
due to the low activity.

The effects of chemical reagents were examinedéyrtethod of Igarashi et al. (1998). The
activity was inhibited almost completely by 4-cldorercuribenzoateN-bromosuccinimide,
and diethyl pyrocarbonate, but not hyethylmaleimide and iodoacetate (0.3jnunder the
indicated conditions, as shown in Table 2-2. PM®E &DTA were without effect on the

activity.
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Table 2-1 A summary of typical purification of CgPAD

Purification Total vol. Total protein Total act. Specificact. Yield

Fold
step (mL) (mg) (U) (U/mg) (%)
Cell-free extract 37.5 251 1530 6.09 100 1.0
Toyopear| CM 103 128 1170 9.12 76.5 1.5
DEAE Sepharose FF 37.0 9.81 323 32.9 21.1 5.4
Bio-Gel P-100 1.67 0.55 292 531 19.1 87.2
a b
kDa * 100 -
: =
50 . 9:
40— = 50
vy
©
30— £
25— =
20— — 3
[ &)
<
15— Eo
10 T T 1
— 20 25 30 35
Y Retention time (min)

Fig. 2-3 Estimation of the molecular mass of the purifiecyene by SDS-PAGE&) and

gel-filtration chromatographybj. In a, M denotes molecular mass markers (in kDa), and the

amount of the purified enzyme analyzed wasug0
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Table 2-2 Effects of chemical reagents on the activity

Additive Concentration Relative activity?

(mM) (%)

No additive 100 = 11
N-Ethylmaleimide 1.0 96 + 1.8
Diethyl pyrocarbonate 1.0 0
N-Bromosuccinimide® 0.1 4 + 031
PMSF 1.0 94 £ 55
4-Chloromercuribenzoate® 0.5 7011
lodcacetate® 0.5 84 *+ 4.9
EDTA 1.0 99 + 2.1

¥The activity was measured after the enzyme had been treated
with each chemical reagent for 20 min at the indicated pH and
temperaturein the suitable buffer. The treatment conditions
were at 25°C and at pH 6.0 in 10 mM phosphate buffer, and a
0.1-ml aliquot was used for the determination of the residual
activity under the standard assay conditions. The values are
the means of three experiments with standard deviation (SD)
and shown as the percentages of the activity without additives,
which is taken as 100%.

P Treated for 20 min at 4°C and at pH 5.0 in 10 mM acetate buffer.

¢Treated for 20 min at 25°C and at pH 5.0 in 10 mM acetate buffer.

12



Substrate specificity and kinetic parameters

The purified CgPAD was examined for its abilitydecarboxylate various phenolic acids
and their derivatives (5 mM each) under the astaydard conditions. It decarboxylated PCA,
FA, and CA at relative ratios of approximately 188, as shown in Table 2-3. No reaction was
observed with cinnamic acid, 2- and 3-hydroxy-cmiw@ acids,o- and m-cinnamic acids,
3-(4-hydroxyphenyl)-propionic acid, 2-naphthoicdaa@nd 6H2N. Among the active substrates,
CgPAD tended to favor PCA over FA for catalysis,jadged by theiK,, k.o, and catalytic
efficiency Kk.a/Km) values, as shown in Table 2-4. Thke for PCA with 5 mM Mj+ ions was
approximately 1.4-fold greater than that withowg tation. The&,, values were not affected by

the presence of the cation. These results suggdetethis cation enhanced the CgPAD activity.

Effects of pH and temperature on activity and stability

The pH ranges at which the purified enzyme was/aand stable were determined using
FA as the substrate. As shown in Fig. 2-4a, theimealxactivity was observed at pH 6.1 when
measured in various buffers at 50 mM. When BritRobinson buffers at different pH values
were used, the optimal pH was 5.9. In the pH rargfeveen 5.5 and 7.5, the specific activity
was 2- to 4-fold greater in various buffers thaat im Britton-Robinson buffers. In the buffers,
no detectable activity was observed at lower tHdr8 and higher than pH 8.8. To determine
the pH stability, the enzyme was preincubated Gtfd? 3 h in 10 mM Britton-Robinson buffer
and assayed at 25°C in 0.1 M phosphate buffer &.pHThe enzyme was stable over a range
between pH 6.5 and 8.5, and the activity was cotalyl@bolished at pHs lower than 3.5 and
higher than 11.5 (Fig. 2-5).

The decarboxylation activity was measured at varimmperatures at pH 6.0 in 50 mM

phosphate buffer in the absence or presence oM Mg’ ions, as shown in Fig. 2-4b. The

13



Table 2-3 Substrate specificity of CgPAD

R4 R5
= Specific activity ® Relative activit
Substrate R3—<Q—\-\\_COOH P (U/me) v (%) v

Rz R1
Cinnamic acid (R1=R2=R3=R4=R5=H} 0 0
o-Coumaric acid (R2=R3=R4=R5=H, R1=0H) 0 0
m-Coumaric acid (R1=R3=R4=R5=H, R2=0H) 0 0
p-Coumaric acid (R1=R2=R4=R5=H, R3=0H) 600 £3.74 100
2-Hydroxy-cinnamic acid (R1=R2=R3=R4=H, R5=0H} 0 0
3-Hydroxy-cinnamic acid (R1=R2=R3=R5=H, R4=0H) 0 0
3-(4-Hydroxyphenyl)-propionic acid HO@H\—COOH 0 0
Caffeic acid (R1=R4=R5=H, R2=R3=CH) 45.6 £2.47 7.6
Ferulic acid (R1=R4=R5=H, R2=0OMe, R3=0H) 531 +=31.9 28.5
2-Naphthoic acid OG/COOH 0 0

NP

A, ~CO0H
6-Hydroxy-2-naphthoicacid Q /j/ 0 0
HO ¢

2 Data represent the means of three experiments with SD.

14



Table 2-4 Kinetic parameters of CgPAD

Kinetic parameter?

Substrate K Keat Keat/ Kin ®
(mM) (sh) (sTmM-1)
FA 532 +0.288 114 &+ 2.67 21.4 + 1.44
PCA 2.66 = 3.91 113 £ 111 42,5 + 3.06

PCA+5mM Mg* 264+ 0581 158 &+ 22.0 59.8 =+ 5.61

2 Thevalues are the means of three experiments with SD and shown as the
percentages of the activity without additives, which is taken as 100%.
b The values were calculated assuming the native molecular mass as 36 kDa.

15



Relative activity (%)

Relative activity (%)

0 20 40 60 80
Temperature (°C)

Fig. 2-4 Effects of pH and temperature on the activity ofified CgPAD. a The pH-activity
curve was measured twice at 25°C with FA as substmavarious buffers at 50 mMogen
circle, sodium acetatefilled triangle, MES; open triangle, sodium phosphate) and 50 mM
Britton-Robinson universal buffers at different pelues filled circle). The actual pH in each
reaction mixture was previously measured at 25°fe &verage values are expressed as
percentages, taking the maximal activity as 100%.The temperature-activity curves were
measured at 25°C and at pH 6.0 in 50 mM phosphéfertin the absencdilled circle) and
presence of MgGl(5 mM; open circle). The activities were measured twice at different
temperatures under the standard conditions of eezagray using 0.1 M phosphate buffer (pH
6.0) with FA as substrate. The average valuesxessed as percentages, taking the maximal

activity as 100%.

16
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Residual activity (%)
¥, ]
o

Fig. 2-5 pH stability at different pHs. The enzyme was tdatat 4°C with 10 mM
Britton-Robinson universal buffers at different pelues for 3 hf{lled circle) and 16 h ¢pen
circle). The remaining activities were measured at 259 WA as substrate in sodium
phosphate buffers at 50 mM. The values obtainech fittree separate experiments are shown
and expressed as percentages, taking the maxisiduad activity as 100%. The bars indicate

the standard deviation at each point.
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optimal temperature for activity with FA as the suite was approximately 25°C, while that in
the presence of Mgions was 25-30°C. The activity was stimulated ligy divalent cation at
the temperature range examined. Notably, evenGt fre than 50% of the activity at the
optimal temperature was observed. The thermallgyabf the enzyme was assessed at pH 6.0
in 50 mM phosphate buffer after heating for 20 mirvarious temperatures. The enzyme was
stable up to 30°C (or more), and complete lossctifity was observed at 50°C, as shown in
Table 2-5. At the temperatures examined, the ratfagmaining activity with and without 10
mM Mg* ions were essentially the same, indicating agadn the cation causes activation of

activity, but not protection from thermal inactiiat.

Inducibility of CQPAD

In order to study the inducibility of CgPAD, we tiaily examined the effects of 0.5% (w/v)
carbon sources on the expression of the enzynteitY NB broth plus 1 mM 6H2N instead of
the complex medium used for enzyme purification.

Under shaking conditions, the induction on glucasta 6H2N was approximately double
those on galactose or sodium acetate after inaubati 25°C for two days. Then, we examined
the effects of 1 mM each of 6H2N, FA, and PCA oa itducibility of CgPAD in YNB broth
plus 0.5% glucose. As shown in Table 2-6, the &mdivf PCA or FAto the media induced FA
and PCA activities at equal ratios. Unexpectediy2l8 was found to induce both activities at
approximately 16-fold and 6-fold greater levelsntHaA and PCA, respectively. In addition,
6H2N-induced cells grown on glucose, galactose, @&odium acetate contained the
decarboxylation activities toward PCA and FA aatiek ratios of 1:3, 1:2, and 1:4, respectively.
Notably, when glucose was used as a carbon sadimegerobic growth with PCA or FA was

double that without the additive, while that witHBN did not.
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Table 2-5 Thermal stability at different temperatures

Temperature (°C)

Relative activity (%) 2

— Mg?* + Mg2+ + Mg2+/— Mg2+
Control 100 +=11.4 135 =% 2.13 135 £ 2.13
25 107 =565 131+ 1.18 122 +1.10
30 102 +=1.56 140« 2.70 137 + 2,60
40 67 +£1.15 87 x 892 130 = 13.3
50 8026 7 + 1.56 88 + 19.6

@ The enzyme was pre-treated at the indicated temperatures for 20
min in the absence or presence of Mg ions (5 mM) in 0.1 M

phosphate buffer (pH 6.0). The residual activities were determined
under the standard conditions of enzyme assay. The values are the
means of three experiments with SD, taking the control (not heated)

as 100%.
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Table 2-6 Inducibility of CgPAD under different growth conditions

Growth pH of Specific activity (U/mg)®  Rratio of

Growth condition ? (As50) medium toward FA/PCA
FA PCA
Glucose
+ no additive 8.6 2.4 0.24 0.33 0.73
+1mM FA 15 2.3 0.72 0.94 0.77
+ 1 mM PCA 17 2.1 0.97 1.31 0.74
+1mM 6H2N 6.7 2.6 16.7 6.11 2.73
Galactose
+1mM B6H2ZN 5.4 2.6 9.83 458 2.15

Sodium acetate
+1mM BH2ZN 2.7 5.1 8.54 2.18 3.89

aEach culture was grown with shaking in YNB broth plus 0.5% (w/v) carbon source
at 25°C for 2 days.

" The activities toward both substrates were measured twice, and the average values
are shown.
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Bioconver sions of FA and PCA under growing conditions

C. guilliermondii ATCC 9058 was grown aerobically in YNB broth pu§% (w/v) glucose
with FA and PCA (each at 1 mM) under the same ¢mmdi as described above. The phenolic
acids were converted almost stoichiometrically 46@ and 4-VP, respectively, within 24 h, as
shown in Fig. 2-6. Further conversion of the twodurcts did not occur even after 2 days. When
anaerobiosis was attained in a flask, which wéadfivith the media up to the narrow neck, the
amount of growth afsso on 0.5% (w/v) glucose was faint and reached & af 2-day and 0.5

even after a 5 day-incubation.
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Fig. 2-6 Bioconversions of FA and PCA during the growthGofguilliermondii. The yeast was
grown with shaking at 25°C on 0.5% (w/v) glucosé&'MB broth plus 1.0 mM each of FA and
PCA. At intervals (12, 24, and 36 h), aliquots (1 of each broth were withdrawn and
subjected to HPLC with the uninoculated broth a@eremce (0 hdotted line). a Elution
profiles of HPLC when FA was added. FA Retentionets of FA and 4-VG were 2.83 and 3.90
min, respectively. b Those when PCA was added. Retention times of P@RA4VP were
2.79 and 3.75 min, respectively. The amounts ofGland 4-VP accumulated after 24 h were
calculated to be approximately 1 mM for both. TheU& profiles after 36 h were similar to

those after 24 h.
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Chapter 3 An endogenous factor enhances ferulic acid
decarboxylation catalyzed by phenolic acid decar boxylase from

Candida guilliermondii

3-1Introduction

The genetic mechanism of bacterial PAD expressias been well established by the
discovery of PadR-mediated response to 4-hydroxgoinic acids in P pentosaceus
(Barthelmebs et al. 200018, subtilis (Tran et al. 2008), and. plantarum (Gury et al. 2009).
To understand the genetic feature of PADs, Zagn. €1.995) first succeeded in sequencing and
expression of a bacterial PAD (FA decarboxylasenfB pumilus) in Escherichia coli.

CgPAD may be induced by both PCA and FA, becauseatios of decarboxylation activity
toward FA to PCA in the cell-free extracts were pamable to that of the purified enzyme.
However, 6-hydroxy-2-naphthoic acid (6H2N) inducaglPAD 20- and 6-fold greater than FA
and PCA, respectively, and the ratios of decarlagign activity toward FA to PCA in the cells
grown on different carbon sources in the presericthe pseudo-inducer were found to be
increased remarkably (see Chapter 2). There wasssiljility that 6H2N induced another FA
decarboxylase distinct from CgPAD under a definetdition, but such activity was not
detectable during the course of purification.

In this chapter, to resolve this inconsistency, seguenced the gene for CgPAD and
created recombinant enzymes. Unexpectedly, we fdabad the presence of dithiothreitol,
2-mercaptoethanol, cysteine, and homocysteine deradily accelerated the rates of FA
decarboxylation activity of the purified native anecombinant CgPAD, while they did not

affect those of their PCA decarboxylation activitye also demonstrated that an unidentified
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amino thiol-like compound in the ultrafiltrate dfetC. guilliermondii cell-free extract enhanced

the FA decarboxylation activity specifically.

3-2 Materials and methods

Materials
FA, CA, 4VG, and 6H2N were purchased from Wako Roihemical (Osaka, Japan). PCA
was from MP Biomedicals (Solon, OH), and 4VP wasmir Sigma-Aldrich (Steinheim,

Germany). All other chemicals used were of anadytigade.

Microor ganisms and propagation

The source of PAD and its gene w@&s guilliermondii ATCC 9058. The enzyme was
induced aerobically by 6H2N (1 mM) in YNB (Invitreg, Carlsbad, CA) broth containing
0.5% glucose, as described in Chapter 2. Bridfig, feast was grown at 25°C for 1 day, with
shaking, in 200-ml portions of the medium place@-nflasks.Escherichia coli DH5a (Takara
Bio, Otsu, Japan) and. coli BL21 (DE3) (Takara Bio) were used for plasmid repion and
sequencing and for expression and purificatioreobmbinant CgPAD, respectively.

The transformecE. coli cells were grown, with shaking, at 37°C in 50-nortfpns of
Luria-Bertani broth plus ampicillin (100 pg Miplaced in 500-ml flasks to ans#) of 0.5. After
adding isopropyPB-D-galactosyl pyranoside (0.1 mM) to the cultumgubations were further
continued at 18°C for 24 h. After cells were cdkekcby centrifugation (12,000 g<for 10 min)
at 4°C, cell pastes obtained from 600-ml cultureewesed as the starting materials for enzyme

purification.
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Purification of native and recombinant forms of CgPAD

The wild-type and mutant recombinant enzymes higiigressed iiic. coli cells, together
with native enzyme, were each purified by essdptthe same procedure as that described for
the native enzyme (Chapter 2), including chromatplgies on CM Toyopearl 650M, DEAE

Toyopearl 650M, and Bio-Gel P-100 columns, as dlesdrin Chapter 2.

Assay of CgPAD activity

The enzyme assay method was essentially the sathatatescribed in Chapter 2.

Sequencing of internal amino acid residues of CgPAD

Initially, peptides of native CgPAD were obtained/ breatment with CNBr or
Staphylococcus aureus V8 protease. The CNBr cleavage was done essegribialihe method of
Steers et a1965). One mg of CgPAD was dissolved in 0.2 mf@% formic acid and cleaved
with an excess of CNBr at room temperature for 2After the remaining CNBr was removed
by a rotary evaporator, the reaction mixture whsréd on a column of TSK gel G2000SWXL
(Tosoh, 0.78 x 30 cm) in 30% acetic acid. The digasof CgPAD with V8 protease was
performed at 37°C for 6 h in 50 mM ammonium bicadde buffer (pH 7.8) plus 4 M urea and
2 mM EDTA. The peptide fragments obtained were tioaated by reverse-phase
chromatography on a C4 column (3.9 x 150 mm, Watglifford, MA). The amino acid
sequences of peptides derived from CNBr or V8 asedigestion of native CgPAD were
determined by automated sequential Edman degradasing a PPSQ-23A protein sequencing

system (Shimadzu, Kyoto, Japan).
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Cloning and sequencing of CgPAD gene

All primers used are presented in Table 3-1. Bywerse transcription polymerase chain
reaction using appropriate degenerate primersjntieenal cDNA fragments of CgPAD were
sequenced. Total RNA was isolated frd@n guilliermondii using an RNeasy kit (Qiagen,
Valencia, CA). First-strand cDNA synthesis was perfed with 5ug of total RNA using a
GeneRacer kit (Invitrogen, Carlsbad, CA) with oligi) adaptor primer. The cDNA obtained
was used as a template for PCR amplification wiglgetherate primers. The first PCR was
performed with primers Pl (a forward primer destnefrom an internal
LKNKHFQYTYDNGWKYEFHV) and P2 (a reverse primer dgsed from an internal
AFSQGHWEHPEQAHGDKRED), and nested PCR was done Rittand P3 (a reverse primer
designed from an internal AFSQGHWEHPEQAHGDKRED)e(fequences used for primer
design are underlined). The nested PCR product tivas cloned into a pGEM-T vector
(Promega, Madison, WI) and sequenced using the R#m system (Model 310; Applied
Biosystems, Foster City, CA).

To obtain the entire gene for CgPAD, bothahd 3 rapid amplification of cDNA ends
(RACE) were performed using a GeneRacer kit acogrdd the manufacturer’s instructions.
The gene-specific primers P4 (first PCR) and P5tgtePCR) were used for theFRACE and
the gene-specific primers P6 (first PCR) and P3tgtePCR) for the'®RACE. Approximately
250 bp and 290 bp were amplified byFRACE and 3'-RACE, respectively. Finally, a cDNA
fragment containing the entire coding region of BR:DNA was amplified using the forward
primer P8 (designed from thé-BACE product) and reverse primer P9 (designed fthen
3-RACE product).

The nucleotide sequence of CgPAD was submitted@D8Dunder the accession number

AB663499
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Table 3-1 Primers for CgPAD cDNA cloning.

Primer Sequence (5" - 3)

pP1* CARTAYACNTAYGAYAAYGG

p2* TRTCNCCRTGNGCYTG

p3* YTCNGGRTGYTCCCARTG

P4 ATATCCAAAATCAACGACACAACGG

PS5 CAGTTTCTTCTAACCAATTGACTTGCC
P& GGCAAGTCAATTGGTTAGAAGAAACTG
P7 CCGTTGTGTCGTTGATTTTGGATAT

P8 ATGTCCTACCAACCACTTATTGG

PO GAACCTCATTCGCTTCAATTC

* Degenerate primers designed by internal amino acid sequences of native CgPAD.
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Site-directed mutagenesis

The entire CgPAD gene was amplified by PCR andezldnto theNdel/Hindlll site of
pET-22b (+) (Novagen, Darmstadt, Germany), yieldthg construct designated pPAD22b.
Amino acid replacements were performed using a Guénge 1l site-directed mutagenesis kit
(Stratagene, La Jolla, CA). PCR was performed uBingltra HF DNA polymerase (Promega)
with pPAD22b as the template. The primer sets usedvere
5-CATGGGGGGCCACTGGCTGGACGGCAC-3/5-GTGCCGTCCAGCEA GGCCCCC
CATG-3 for the Met57-Leu (M57L) mutation,
5-CATGGGGGGCCAACGGCTGGACGGCAC-3'/5-GTGCCGTCCAGCABGGLCCeee
CATG-3’ for the M57T mutation, and
5-CATGGGGGGCCAGCGGCTGGACGGCAC-3/5-GTGCCGTCCAGCLEGGLCLCCCC
CATG-3 for the M57A mutation (the underlined seques indicate mutated codons). To
express mutant proteins, the resulting plasmidbdrarg the respective mutated genes were

each introduced into competdatcoli BL21 (DE3) cells.

Construction of model structure of CgPAD

The secondary structure of CgPAD was predictedhey method of Kabsch and Sander
(1983). The deduced amino acid sequence of thenemayas aligned with that of the crystal
structure of a PAD (PCA decarboxylase) fram plantarum (LpPAD; PDB code 2GC9)
(Rodriguez et al. 2010). A model of the CgPAD duiee built with method of homology
modeling was constructed based on the structurp®AD (Sali et al. 1993). All data sets were
processed on a Windows XP personal computer ubimddtscovery Studio software package
(Accelrys, San Diego, CA). Distance between intrimlar sulfur atom of methionine and

side-chain carbonyl oxygen atoms of glutamic adgicamide nitrogen atom of arginine was
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calculated from the coordinate values. The figuraswrepared using a DS Visualizer

(Accelrys).

3-3 Results

Purification of native and recombinant forms of CgPAD

Highly purified recombinant wild-type and mutantzgmes were obtained within 2 d by the
simple purification procedure (Fig. 3-1). All thecombinant enzymes were purified to
homogeneity as judged by SDS-acrylamide gel elphticesis approximately 2- to 5-folds with

yields of 40—-70%.

Nucleotide and deduced amino acid sequences of CgPAD

To resolve unusual inconsistency of the above-roaatl substrate specificity (see Table
2-6), we first sequenced the gene for CgPAD andteterecombinant enzymes. We initially
cloned and sequenced the CgPAD gene. The entirACgEne was 504 nucleotides in length,
and an open reading frame encoded 168 amino asidues (Fig. 3-2). The calculated
molecular mass was 19,828 Da (http://web.expadgampute_pi/), a value very close to the
20 kDa determined for the native enzyme by SDS-PAGE
The deduced amino acid sequence of CgPAD was dligvith those of functional PADs
reported to date from  different bacteria  (Thompsoret al. 1997;
http://www.genome.jp/tools-bin/clustalw). As shown Fig. 3-3, CgPAD exhibited very low
similarity of sequence to functional PADs reportad date fromL. plantarum WCFS1
(Rodriguez et al. 2010) anhd plantarum LPCHL2 (Cavin et al. 1997a) with 39%nterobacter

sp. Px6-4 (Gu et al. 2011a, 2011b) with 34Q6pxytoca (Uchiyama et al. 2008) with7%,B.
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20 kpa > ———

Fig. 3-1 SDS-PAGE of purified enzymes. The electrophoresss wone using a 15% (w/v)
acrylamide gel for determination of the moleculasses, using a PageRuler Unstained Protein
Ladder kit (Thermo Fisher Scientific, Rockville, NIs standard markers. Proteins in the gel
were stained with Coomassie Brilliant Blue R250. Mplecular size markers; 1, native
enzyme; 2, wild-type enzyme; 3, mutant with M57L;utant with M57T; 5, mutant with

MSTA.
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STTCCTCAGGAACAATTTGAC &0
P Q E E F D 20

61 CAGGAATTGAAAAACAAGGATTT CAGIACACTIATGAT AATGAC GGAAATACSAGTTC 120
21Q_ELKNKHFQmTDNGWK‘|’EF40

4 H VvV P N D K R | v oY 8 | H G & P M A G 60

121 CATGTTCCCAATGACAAACGAAT_GTATACTCGA_TCATGGGGGGCCAA_GGCTGGﬁm;GG 180

Po

181 CACAACTT  CACACATCTTACTACZTACATACTCACCAAAAATTTA CCCAACTCAATTCGC 240
61 H N F Q T c Y Y Q R V R K N L w a A\ N W 80

-
~ PT L

PS ~ P4

241 TT. AGAAACTGSAACCG  TGTGTCOGTTCATTT GGATATTCAAAATAAACGTATTACT 300

81 L E T G T VoV 5 L | L D | E N K R | T 100
- ) r2

A1 ACHD TEATGEEG T T TS TOAGRG DATTHEGAGUATCCALRAGUAAGUACANGCHARACAAG  B60

101 7T F M A F s @ _G_H_W_E_H P__E__Q__A__H__G D _K 120

361 CGEGAAGA TTGGACCGITGGAGAGAGCTTTCTAGAATTSCAATTGCAACCAATACGTAGC 420
121 R E D L E R W R E L £ R | G | A T N R Y 140

421 TTSATAACCGAACAAGCATCGATCGATGACATT T TGAASCAASAGGSTGATT TACCTGAT 480

141 L | T E Q A g | D E | F E G R G D L P D 160
- Po

481 ATTTCATTCCATCTACCAACCT TATAACTATATA CTOAATTCAACCCAATCACISTTE 538

161 | g L D L P T L * 168

Fig. 3-2 Nucleotide and deduced amino acid sequences oADgHhe primers used for
cloning the CgPAD gene are indicated by arrows abthe nucleotide sequence. Dotted
underlines indicate deduced amino acid sequenaeagiddl to those of the peptides derived
from CNBr andS. aureus V8 protease digestions of native CgPAD. The ressdpossibly
involved in the catalysis, which are integrally served in LpPAD (Rodriguez et al. 2010), are

boxed.
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Fig. 3-3 Multiple amino acid sequence alignment of CgPADhwiinctional PADs reported to

date. The sequences used brdrevis ATCC 367 (RM84) (Lb; ABJ63379)R. pentosaceus

ATCC 25745 (Pp; AJ276891),. plantarum WCFS1 (Lp; PDB code 2GC9; gi9327996k),

plantarum LPCHL2 (LI; U63827),B. pumilus ATCC 15884 Bap; AJ278683)B. subtilis 168

(Bs; AF017117)Enterobacter sp. Px6-4 (Px6-4; ACJ26748), aKdoxytoca (Ko; BAF65031).

The sequences were aligned using the ClustalW gnagResidues identical to those in CgPAD

are shaded. Possible catalytic residues are irdic open circles above the CgPAD sequence.

Partially conserved Met residues are indicated ikexd fcircle. Sequences of homologous

hypothetical proteins of unknown function in thpaged genome sequences are not included in

the multiple alignments.
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subtilis 168 (Cavin et al. 1998) with 26%actobacillus brevis ATCC 367 (RM84) (Landete et
al. 2010) with 25%P. pentosaceus ATCC 25745 (Barthelmebs et al. 2001) with 25%, &nd
pumilus ATCC 15884 (Barthelmebs et al. 2001) with 24% idgnNevertheless, four residues
(Tyrl8, Tyr20, Arg48, and Glu71) involved in thatalysis of LpPAD (Rodriguez et al. 2010)
were well conserved in CgPAD as Tyr30, Tyr32, Ardé@n23 in the crystal structure of
Enterobacter enzyme (Gu et al. 2011b)], and Glu82 and of PADsfiother bacteria as these

residues at the corresponding positions.

Construction of model structure and mutant proteins of CgPAD

The absence and/or replacement of methionine residdjacent to catalytic residues or in
the proximate area of active-site pockets has begorted to confer resistance to oxidation, as
based on the catalytic activity of enzymes (Esétllal. 1985; Hagihara et al. 2001, 2003;
Nonaka et al. 2003). Further, we demonstratedttieateplacement or oxidation of such the Met
residues altered the conversion rates of substogteeme enzymes (Hagihara et al. 2001, 2003;
Nonaka et al. 2003, 2004; Saeki et al. 2007). Thefirst postulated that the fluctuation of the
ratio of decarboxylation toward FA to PCA mightukifrom oxidation of heat-labile CgPAD,
because the deduced amino acid sequence contaioexXidizable Met residues at positions 57
and 103 (Fig. 3-2). It was expected that the reptaent of either Met57 or Met 103 with the
non-oxidizable amino acids would increase the rafiadecarboxylation activity of CgPAD
toward FA to PCA.

According to this scenario, we constructed a mofl€lgPAD using the crystal structure of
LpPAD (PDB code 2GC9) as the template. In the tethé Met residues at positions 57 and

103 in the modeled CgPAD appeared to be locatéukimactive-site pocket and in the vicinity
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TPPAD WTKTFKTLDDELGTRE 1Y TY SNCRE YERY AKIOR TVD TR THoCl| RoRUUTDOKEDIVILTEC [YKTS 68
CgPAD MSYOPLIGYDAADY POREEFDOELKNKHEOY TY IMGWKYEEHY PADKRIVYS ITHOGEMIRGREN-FOTCT TORVEKN LWOWVH 79

IpPAD WIEFTGTOVALDFMPNEKKELHGT IZFPKWVEEHPELITVTYONERI DLMEQERERKYATYPKLVVEPEFANITYXGDAGONNE 148

CgPAD WIERTGTVVSLTLOTENER TTTF@QFS QGHWEHPEQAHGDERFEDLERWRELSRIGTATHNRY LTTRQASTDEIFEGRGDLE 159

a3
LpPAD DVISEAPYREMPNILRNGEYFDONYHRLNEK 178
CgPAD DISLDLPTL-——--mmmmmmmmmmm e 168

r—=———————"
AN

Fig. 3-4 A. Structure-based amino acid sequence alignmedgBAD with LpPAD of known
structure (PDB code 2GC9). The secondary strugirgeiction of the CgPAD sequence was
done by the method of Kabsch and Sander (1983)héhees of LpPAD and CgPAD are
shown by lines and b-strands in dotted lines. Ththionine residues possibly close to active
sites are boxed. A model structure of CgPAD incorporating possitégalytic residues Glu82
and Arg60 residues and subsite residues Tyr30 grgRTalong with Met57 and Cys66. It was
constructed with the LpPAD structure as a templHte. right plates indicate part of the
active-site pocket around Met57 (Val45), Met1084R), and Pro56 (Met44) in the vicinity of
possible catalytic residues Glu82 (Glu71) and Arg®®48) (numbers in parentheses

correspond to residues in LpPAD).
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Fig. 3-5 A. A CPK model of CgPAD. The possible catalytic deigis Arg60 and Glu82, along
with Met57 and Met103, are shown. They are inditdig arrows. Cys66 is located at the other
side of the model structure shovBi. Coordination of the catalytic residues in thereunding
Met57 (upper) and Met103 (lower) in the model CgP#tucture. The figures are stick models
showing the distance from the respective catalgggidues to the “Satom of either Met57

(upper) or Met103 (lower).

35



of possible catalytic residues Arg60 and Glu82 (Big). However, the Met103 residue is
spatially more distant from the two catalytic resid and located deeper in the active-site
pocket (Fig. 3-5). In contrast, the Met57 is lodad¢ the entrance of the pocket and in the

immediate vicinity of the two catalytic residuesie€dof substrate-binding residues, Leu45, in

the Enterobacter enzyme (Gu et al. 2011b) is conserved as Met atdhesponding positions in
other aligned bacterial enzymes. The corresponeinaiglue is replaced with Pro at position 56

and the adjacent residue is Met57 in CgPAD (Fi8).3-

Therefore, we selected the Met57 residue as thgettafior site-directed mutagenesis.
Expecting that replacement of Met57 with a non-zdtle amino acid would drastically
increase the ratio of decarboxylation activity @RAD toward FA to PCA, we created mutant
enzymes with M57L, M57T, and M57A and expressedntlie E. coli cells. The recombinant
wild- type and mutant enzymes, together with thievaaenzyme fronC. guilliermondii, were
each purified to homogeneity (Fig. 3-1). Howeves,shown in Table 3-2, the increase in the
ratio of decarboxylation toward FA to PCA of the M5mutant enzyme was not observed
compared with those of the native and wild-typeyemzs. The activities toward both substrates

of the mutants with M57T and M57A were practicalbgligible.

Acceleration of FA decarboxylation activity of CgPAD by thiol compounds

For measurement of enzyme activities in the cekk-fextracts, we disrupted the cells in the
extraction buffer supplemented with MDTT. Then, we examined the effect of this thiol on
the activity of purified native CgPAD. Unexpectediye FA decarboxylation activity was found
to be enhanced by DTT at 0.2-IMn{(Fig. 3-6). The PCA decarboxylation activity wast n
affected by DTT at the concentrations examined.

To explain the unexpected positive effect of DTE, mext examined the effects of various
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Table 3-2 Substrate specificities of native and recombinant enzymes

Specific activity Relative activity?

Enzyme Substrate (Umg) (%)
Native FA 37816 100
PCA 393=*=6 104
CA 53X9 14

Recombinant  Wild-type

FA 260=+=30 100

PCA 259=+=4.0 100

CA 31.7x2.8 12
MS57L

FA 20.1£0.3 100

PCA 20503 102

CA 2.93%x0.03 15
M57T

FA <0.1 -

PCA <0.1 -

CA <0.01 -
MS57A

FA <1.0 -

PCA <1.0 -

CA <0.02 —

@ The FA decarboxylation activities of the native and recombinant
enzymes are taken as 100% for each.
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Fig. 3-6 Effect of DTT on decarboxylation activities towalFd and PCA of purified native
CgPAD. DTT (0.2, 0.5, or 1 mM) was added to thectiea mixtures containing x10 enzyme
(1.0-ml final volume) and incubated at 25°C forr2id. An aliquot (0.1 ml) was withdrawn and
added to 0.9 ml of the reaction mixture contairfnM FA or PCA, and the initial velocities of
decarboxylation of FA (filled circle) and PCA (opeincle) were measured under the standard
conditions of enzyme assay. The values obtained frmee separate experiments are shown and
expressed as percentages, taking the activity of eatreated enzyme as 100%. The bars

indicate the standard deviation at each point.
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sulfur-containing amino acids and chemical reagentsoth activities. Positive effects on the
FA decarboxylation activity were also observed v@itmercaptoethanol (5M) and sulfhydryl
amino acids such adscysteineD-cysteine, andL-homocysteine (1 M each), and the
increases in the relative decarboxylation actigité FA to PCA reached 2:1 to 3:1 when
compared with the control (without thiol), as showTable 3-3. Cysteic acid (1M) was
essentially without effect.

The possibility that the replacement of Met57 witu disrupted the structural rigidity of
CgPAD has not yet been excluded because its spemifivity was considerably lower than
those of the native and wild-type enzymes (Tabl2).3However, the positive effect by
L-cysteine (1 ) on FA decarboxylation activity was also observdath the M57L mutant
enzyme as well as with native and recombinant Wi forms, as shown in Table 3-4.
Essentially,L-cysteine was without effect on the decarboxylatmtivity toward CA of the
wild-type enzyme. The activity toward CA of the M5ihutant enzyme was too low to evaluate

the effect ofL-cysteine.

Activation of FA decarboxylation activity by ultrafiltrate of cell-free extract

Finally, we supposed that. guilliermondii inherently possessed a physiological thiol
activator, which might have been removed duringegheyme purification. Then, we prepared
an ultrafiltrate of the cell-free extract (Mr 10®0ut-off) of inducedC. guilliermondii cells and
incubated it with native and recombinant CgPAD25C for 20 min before enzyme assays. As
the results shown irFig. 3-7, the ultrafiltrate was found to remarkabhcrease the FA
decarboxylation activities of both enzymes (apprately up to 5-folds) with an increase in its
volume, while it exhibited little effect on theirGA and CA decarboxylation activities. The

ultrafiltrate of the cell-free extract of recombimi&. coli did not exhibit such an activation
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Table 3-3 Effects of thiol reagents on the activities of native CgPAD

Specific activity (U mg™1)

Additive (1 mM) FA/PCA
FA (%) PCA (%)
None 378+ 16 (100) 3936 (100) 0.96
2-Mercaptoethanol (5 mm) 80656 (213) 440%=3(112) 1.83
Dithiothreitol 1140177 (302) 5987 (112) 1.91
L-Cysteine 113037 (299) 437139 (111) 2.59
D-Cysteine 1590252 (421) 5904 (150) 2.69
DL-Homocysteine 1830+354 (484) 628=%=9(160) 291
Cysteic acid 557+30(147)  593%9(151) 0.94

Experimental conditions were the same as those described in Fig. 3-6
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Table 3-4 Effects of L-cysteine on the activities of recombinant
wild-type and M57L mutant CgPAD

Specific activit Relative activity ®
Substrate P y Y

(Umg) (%)
Wild type
FA 260%9.0 100
FA + L-cysteine 2 759156 292
PCA 259%x4.0 100
PCA + L-cysteine 257%+3.3 99
CA 31.7%x2.38 12
CA + L-cysteine 35.9+35 14
M57L
FA 20.1+0.3 100
FA + L-cysteine @ 66.7+8.5 332
PCA 20.5+ 0.3 100
PCA + L-cysteine 26.0x2.7 127
CA <2.6 <13
CA + L-cysteine ND ©

Experimental conditions were the same as those described in Fig.
3-6. *Treated with 1 mM. ° The activity toward FA is taken as
100%. “ Not determined.
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Fig. 3-7 Effect of ultrafiltrate on activities of native (And recombinant wild-type CgPAD (B).
Cell pastes of 6H2N-induce@. guilliermondii and recombinanE. coli were disrupted with
glass beads in the extraction buffer. The freshfim# extracts obtained (5.8—7.5 mg protein
mi™) were ultrafiltered by centrifugation in an Amicbiftra-15. Aliquots (1Qul to100pl) of the
ultrafiltrate were added immediately to the reattiixture containing enzyme (0.95-ml final
volume), incubated at 25°C for 20 min, and thenithigal velocities toward substrates were
measured by adding 0 of a 0.1 M substrate. The values were obtainethfseveral separate
experiments and are expressed as percentageg thkiactivitytoward FA (filled circle), PCA

(open circle), and CA (filled triangle) of the updited enzyme as 100%.
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effect. These results suggested that an unideshiieivator was present in tke guilliermondii

cells.

Partial purification of true activator in the ultrafiltrate

The ultrafiltrate was subjected to gel-filtratiomematography on Bio-Gel P-2. As shown in
Fig. 3-8, a possible true activator associated #ithFA decarboxylation activity was detected
in fractions corresponding to a Mr larger than 0,40he fractions reacted positively with the
5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB) and hydrin reagents. In the presence ofib@f
ultrafiltrate, the values df,, ke, andke/K, for FA were 5.67 mil, 278 &', and 49.0 $mM™,
whereas those of the control (without ultrafilt)ateere 5.31 i, 89.7 &, and 16.9 $mMm™,

respectively.
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Fig. 3-8 Gel-filtration chromatography of ultrafiltrate. Ond@ of the ultrafiltrate prepared from
the cell-free extract of inducegl guilliermondii cells was applied to a Bio-Gel P-2 column (1.0
cm x 50 cm) previously washed with distilled waded eluted with distilled water. The column
was calibrated with cyanocobalamin (a, Mr = 1,3%8)|obiose (b, Mr = 342), and glucose (c,
Mr = 180), as indicated by vertical arrows. Thetielu pattern was monitored by measuring at
240 nm (dotted line). The fractions containing #eéivator of FA decarboxylase activity (filled
circle) were examined for color reactions with DTNBIlution at 412 nm (open circle) and
ninhydrin solution at 570 nm (open triangle). Thetiation was expressed asU mg'
[(activity + eluate) — (control activity)] after 2@in incubation at 25°C. For the color reactions,
0.1-ml aliquots were added to 0.9 ml of 5 mM DTNB50 mM phosphate buffer (pH 7.5) and

ninhydrin solution, respectively.
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Chapter 4 Discussion

In this study, we showed that a substrate-inducilg®AD can be purified to homogeneity
by a simple purification procedure within 3 daydathat the purified enzyme was fully
characterized. Our purification procedure doesimdude concentration of enzyme solution to
subject to column chromatography on cation and raréxchangers equilibrated at an
appropriate pH.

As shown in Chapter 2, the molecular mass of thdfipd CgPAD determined by
SDS-PAGE is about 20 kDa, which is similar to thageyeast strains oBrettanomyces
anomalus (Edlin et al. 1998) anB. bruxellensis (Godoy et al. 2008). The native CgPAD was a
homodimer with two identical subunits, which is 8anto those of the two yeasts (Edlin et al.
1998; Godoy et al. 2008) and bacteria sucBa$llus subtilis (Cavin et al. 1998)B. pumilus
(Degrassi et al. 1995), arfekeudomonas fluorescens (Huang et al. 1994). Exceptionally, the
PCA decarboxylase fronh. plantarum LpCHL2 has a larger molecular mass of 93 kDa
consisting of four identical 23.5-kDa subunits (et al. 1997b).

The purified CgPAD was active toward 4-hydroxycima acid derivatives, PCA, FA, and
CA, whose relative activity ratios are differenorir the PADs ofB. anomalus and B.
bruxellensis (Edlin et al. 1998; Godoy et al. 2008). Namelydécarboxylated PCA, FA, and
CA at relative ratios of 100:89:8, the values ofichihare very different form the enzymes of
yeastsB. anomalus (100:266:84) (Edlin et al. 1998) aBdbruxellensis (100:120:80) (Godoy et
al. 2008). Further, the activity of CgPAD toward BAd/or PCA was stimulated by Mgons
and their specific activities were much higher thlaose reported for these and other yeasts
(Clausen et al. 1994; Edlin et al. 1998; Godoy le2@08; Mukai et al. 2010) and bacteria

(Degrassi et al. 1995; Landete et al. 2010). Ttayre was inactive toward cinnamic acid, 2-

45



and  3-hydroxy-cinnamic  acids, o- and mcinnamic acids, and notably
3-(4-hydroxyphenyl)-propionic  acid, indicating thatthe p-hydroxycinnamic acid
(4-hydroxy-cinnamic acid) derivatives serve as salss for this enzyme.

Characteristically, CgPAD was cold-adapted in tlaen at 0°C, it exhibited more than
50% of the activity at the optimal temperature, abhis similar to theB. pumilus enzyme
(Degrassi et al. 1995). It watsoheat-labile as in the cases of PADs frBnpumilus (Degrassi
et al. 1995)L. brevis (Landete et al. 2010), athd plantarum (Rodriguez et al. 2008).

The enzyme activity was abolished bifbromosuccinimide and diethyl pyrocarbonate,
suggesting that tryptophan and histidine residumdtribute to the enzyme catalysis. It is
generally accepted that tryptophan around an astigeplays a role in substrate binding (Clarke
1987; Kawaminami et al. 1994) and histidine is e8akfor activity in some enzymes (Ito
2009). Heavy metal ions and 4-chloromercuribenzads® inhibited the CgPAD activity
completely. The contribution of cysteine residue#he catalysis is unclear because iodoacetate
andN-ethylmaleimide exhibited either no or a moderairhjbitory effect, respectively.

PADs are believed to be responsible for the deatatibn of phenolic acids, and most of
them are inducible in yeasts (Clausen et al. 182Hoy et al. 2008; Goodey et al. 1982) and
bacteria (Barthelmebs et al. 2000a, 2000b; Caval.€t997b, 1998; Degrassi et al. 1995; Gury
et al. 2009; Tran et al. 2008). The genetic medmndf PAD expression has been well
explained by the PadR-mediated response to phentd$ @ bacteria such aBediococcus
pentosaceus (Barthelmebs et al. 20001), plantarum (Gury et al. 2009), an@. subtilis (Tran et
al. 2008). However, such the bacterial inductioncinamism might not be applicable to
eukaryoticC. guilliermondii ATCC 9058 because antimicrobial PCA and FA rastenulated
the growth rate of this yeast in YNB broth. Themstiation was reproducibly observed in the

presence of both phenolic acids at concentratioos f0.1 mM to 2.0 mM, although they
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significantly retarded growth at 10 mM.

The hyperinduction by 6H2N of PAD was first demeoattd by Hashidoko et al. (2001)
using Gram-negativ&lebsiella oxytoca. It seems likely that 6H2N can induce PADs in othe
eukaryotes and also those in Gram-positive bactiériBH2N were not degraded by the
organisms. In fact, 6H2N was not degradedCbguilliermondii ATCC 9058 in YNB broth as
judged by HPLC (data not shown).

When C. guilliermondii ATCC 9058 was grown aerobically in YNB broth, stobmetric
conversions of FA and PCA to 4-VG and 4-VP, redpelt, were completed within 24 h.
4-Ethylguaiacol, 4-ethylphenol, and other derivesiirom the products (Cavin et al. 1997a;
Dias et al. 2003; Godoy et al. 2008; Suezawa ardk2007) were not detectable even after 2
days. Therefore, the reaction with CgPAD or ferragoh using this yeast would allow
industrial production of 4-VG and 4-VP, which areeqursors to flavors and fragrances
(Mathew and Abraham 2006; Priefert et al. 2001) @eig:cted as the aroma of beers and wines
(Coghe et al. 2004; Oelofse et al. 2008; Saez. x(dl0; Smit et al. 2003; Thurston and Tubb

1981; Vanbeneden et al. 2008) and flavors of sagesand miso (Suezawa and Suzuki 2007).

In Chapter 3, we described for the first time thanimg, sequencing, and expressing the
gene for a eukaryotic PAD iB. coli. CgPAD exhibited very low sequence similarity éported
functional PADs with 24—39% identity. CgPAD showHiD% amino acid sequence identity to a
hypothetical protein (EDK35930; locus tag PGUG_®&)0Oih the genome of the yeast.
guilliermondii ATCC 6260 (AAFM00000000), and moderate similafBl—56% identity) to the
internal sequences of hypothetical proteins of omkn function in the genomes of fungi
including the generaVerticillium, Neosartorya, Aspergillus, Schizophyllum, Ustilago,

Soorisorium, Nectria, Gibberella, and Penicillium. Notably, CgPAD exhibited sequence
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similarity to PAD1 (YDR538W) with less than 14% idity and essentially no homology with
FDC1 (YDR539W) isolated frorB. cerevisiae (Clausen et al. 1994; Mukai et al. 2010).

There was a possibility that either Met57 or MetiD8gPAD was located in the active-site
pocket and oxidized to methionine sulfoxide durgrgwth or purification. Accordingly, the
massive sulfoxide group of the oxidized Met residu¢he CgPAD might hinder the entry of
FA (4-hydroxy-3-methoxycinnamic acid) due to itsm&thoxy group, but not PCA
(4-hydroxycinnamic acid), to the active-site pocKed understand the fluctuation of the ratio of
decarboxylation toward FA to PCA of CgPAD, we consted a model structure of the enzyme
and replaced the Met57 residue located at the resgraf the pocket with non-oxidizable amino
acids by site-directed mutagenesis. However, a migazyme (M57L) did not increase the
decarboxylation ratio of FA to PCA, for instancehi§ may exclude the possibility that
oxidation of Met57, close to the catalytic residéeg60 and Glu82, alters the decarboxylation
ratio of FA to PCA. A single Cys residue at positié6 could be responsible for the alteration of
CgPAD activity. However, in the model of CgPAD waeilh the Cys66 residue is located
deeper in the active-site pocket and faced on thercide and far distant (7.2 A) from the
indole ring of Trp80 which might interact with GR8Essentially, conversion of cysteine to
cysteic acid during purification steps is unlikblgcause cysteine is oxidized by strong chemical
oxidants.

The activities toward substrates of the M57T and7MSnutants, together with M57L
mutant, were found to be much lower than thoséefrative and recombinant wild-type forms
of CgPAD. This result suggests that Met57 is onghef substrate-binding residues in the
catalysis of CgPAD. In support of our view, onesobstrate-binding residues, Leu45, in the
Enterobacter PAD (Gu et al. 2011b) is conserved as Met at treesponding positions in the

aligned bacterial enzymes. The corresponding resigu CgPAD is Met57 in the model
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structure of CgPAD (Fig. 3-4).

Unexpectedly, we found that the rate of FA decaylaidon activity, but not PCA
decarboxylation activity, of CgPAD was accelerdbgdDTT, 2-mercaptoethanol, cysteine (both
L- and D-forms), andDL-homocysteine, which are antioxidants and/or redyadieagents.
However, these chemical reagents cannot reducezegidet residues (methionine sulfoxide
and methionine sulfonate) in protein molecules.tiemmore,L-cysteine and.-homocysteine
are involved in the trans-sulfurization of amindadametabolism (e.g., Brosnan and Brosnan
2006), both of which intracellular concentratiome g&ery lowered by strict regulatory control.
These results exclude the possibility that thesm@racids are the physiological activator for
CgPAD.

Finally, we found that an amino thiol-like endogaadactor in the ultrafiltrate of th€.
guilliermondii cell-free extract drastically enhanced the FA dexaylation activity. The kinetic
data indicate that the ultrafiltrate increasesmiaximal activity toward FA without altering of
the affinity to the substrate. These findings lexdto conclude that a true activator for FA
decarboxylation activity is inherently presenthie €. guilliermondii cells. This also shows that
the true activator was removed during the enzyndigation. Such a catalytic nature has never
been reported in the literature. Identificatiortlud structure of the endogenous activator would
explain the novel catalytic feature of CgPAD andtdbute to the clarification of physiological
role of PADs in some yeast cells. It is interestiogexamine whether such activation of
eukaryotic PADs is observed by ultrafiltrates afkaryotes and vice versa.

Rodriguez et al. (2010) clarified by site-directeditagenesis of Arg48 and Glu71 in
LpPAD that the entrance region, particularly itef32 and3-34 loops, adopted a distinct
closed conformation that decreased the openinghef dctive-site cavity. Possible subsite

residues Tyr30 and Tyr32 and catalytic residue &ai®ng with Met57 of CgPAD are located
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on the 12 loop andB3-34 loop, respectively (see Fig. 3-4 A). It is possilthat the

physiological activator in the ultrafiltrate and/dhe tested thiol compounds induce
conformational change of the loops so that theyemiti=A is much easier than those of PCA
and CA. CgPAD exhibits low sequence similarity oPAD of known structure, and we are

crystalizing CgPAD to solve its X-ray structure.
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Summary

A heat-labile phenolic acid decarboxylase (PAD)frGandida guilliermondii (Meyerozyma
guilliermondii) was purified to homogeneity by simple successiokimn chromatographies
within 3 days. The molecular mass was 20 kDa by-gbigacrylamide gel electrophoresis and
36 kDa by gel-filtration chromatography, suggestingt the purified enzyme was a homodimer.
The optimal pH and temperature were approximately @hd 25°C. Characteristically, more
than 50% of the optimal activity was observed &f,08uggesting that this enzyme was
cold-adapted. The enzyme converpedoumaric acid (PCA), ferulic acid (FA), and cadfeicid
to corresponding products with high specific atitdd of approximately 600, 530, and 46 U/mg,
respectively. The activity was activated by #ipns, while it was completely inhibited by ¥e
Ni?*, CU/*, Hg", 4-chloromericuribenzoat®l-bromosuccinimide, and diethyl pyrocarbonate.

The enzyme was inducible and expressed inside di& moderately by FA and PCA and
significantly by non-metabolizable 6-hydroxy-2-n#iptic acid. Then the gene for this
eukaryotic enzyme was cloned, sequenced, and egatésEscherichia coli for the first time.
The structural gene contained an open reading fraim®4 bp, corresponding to 168 amino
acids with a calculated molecular mass of 19,828 Thae deduced amino acid sequence
exhibited low similarity to those of functional PADpreviously reported from bacteria with
24-39% identity and to those of PAD1 and FDC1 pnstérom Saccharomyces cerevisiae with
less than 14% identity.

Surprisingly, the ultrafiltrate (Mr 10,000-cut-off the cell-free extract . guilliermondii
remarkably activated the FA decarboxylation by pheified enzyme, whereas it was almost
without effect on the PCA decarboxylation. Gelréition chromatography of the ultrafiltrate
suggested that an endogenous amino thiol-like comgbavith a molecular weight greater than

Mr 1,400 was responsible for the activation.
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