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Metabolic Fate of Phenylalanine in the Corn Smut Fungus Ustilago maydis
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ABSTRACT : Cetecol has been known as a component of melanin in teliospores of the corn smut fungus Ustilago
maydis. Its metabolic precursor has been assumed to be benzoic acid but it has not been proven yet. This study
was carried out to verify the synthesis of benzoic acid and to chase its metabolic origin in U. maydis. For this aim,
the catabolic process of phenylalanine was investigated by culturing the fungus in the complete medium containing
L-"“C-phenylalanine and '*C-frans-cinnamic acid. We detected frans-cinnamic acid, benzoic acid, 4-hydroxybenzoic
acid and hydroxybenzoic acid derivatives from the extracts of the fungus cells and cultural filtrates by thin layered
chromatography analysis. We also observed that the fungus could completely catabolize L-“C-phenylalanine and
produce 14CO2 in the air. Conclusively, this study provided an evidence that U. maydis could produce benzoic acid

through catabolic process of phenylalanine.
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Ustilago maydis(S=7=1 57 it ye BARFOEA S5
219 9, &7, o2}, 3] Tl Hdste] H2ae] xaks
SN ol 2AE FYsAl 7152 =l S (plant
tumoryS ¥o7|= XIAEA o, $-2juetE BFEsto
AAL ZE=re] S Agtell sl = A EHddeltt
(Agrios, 1988). U. maydis7t 21 &0l A E vt 42 A
o7l te HEx WA FaAtHe] EAR1 FxA}
(teliospore)E @751 ] A|ZFsPHA] o] Fofx|=H| FEA= &
2 AL XG4 o] Mg w3 QJr), wEbA] F3EARe] A
FA 22| dste ome AL JE AR AR HAL
Atk U. maydis7t TH=e XA M A catecol Al 2
o g B e (Piattelli ef al., 1965) ©] thAF=Z 2]
A2l benzoic acid7} Al EHAA BE|E Ao F
A== ¢HH benzoic acid’t AATIA frElsh=A] 2 ol o)
gk ofFo] lojsitt. ot o7l gk shte] TFsAd
phenylalanine ©}7]=A4F 3 9] thARMERRE f2f &
ZoR FFEU0 o} AFEI E uf glrt. ofof we}
B AFNM= U maydisd©] phenylalanines +3) 5k
benzoic acidS A=A LotR A} HAMY 9 94
F4g Fot AL AES AN
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A= U maydis 518 T2 complete media(Holliday, 1974)°]]
HEkaL 25°Col| wigste] Al ARg-ERATt WAME
Y94 53 23S 9Js)A= phenylalanine ammonia-lyase
TSRS AR (Kim e al., 2001b) 50 m-S TS
218 AR o 300 ml FE]EEkaAe] #A 1ml (2 %
10° cells)E HE3l] 25°C ¢ 2ol £ 200 rpm <
T2 16X A 242t 3l 3 shte] iAlell= 5 Ci L-
[U-"C]-phenylalanine (sp. act. 474 mCi/mmol)Z #7}s}aL
ot} shte] viRol= 2 Ci L{U-"CJ-cinnamic acid (sp. act.
474 mCi/mmolyE 7k & 2A17H F7h S AAIst
At wMFE U maydis A= 4°CAlA 15 min 5<% 14,
000 x g Z710|A] Sr&dqle] ato] w ol el ate] 7
SIATE MAEFZEL 95% ethanollA 10 min F<F ZoIA]
THISIH AL il FE2E2 6N HCIZ AHdst A7 &
diethyl ether= '8 FZ3t] FH|sIGTh T0]E o|& 2714
FEE2 JAVEAZ 554171 F Thin layer chromatography
(TLC: silica gel type, Merk Co.)& AAISIATE 12 A7ll=
n-butanol : ethanol : water =4 :1: 12 Z7/|E&H0 2 AlE
9L 22} A7N+= toluene : acetic acid=4: 1= A&
Ao 2 AR AE TLC plates F5FollA 324
F718uwlE 7AxA171 & X-Omat AR film (Kodak)ell 15
A7+ 7H3AIZ ). Phenylalanine® 2 H-E F23ke tiA}

259 A4S fEME filmell M=ol vehvks £49]
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e maydis7t ¥1F SOl
phenylalanineS thAISIHEA 2% HajabEza “Co,5 WA
AZIEA] gotrr] fEixE dbAief o] FRIE v =] ol
025 Ci¢] L-[U-"C]-phenylalanines H7}sle] 7+ 7o
2 16A17F v Wsk= CO, E54H-S Hyamine-
hydroxideE &3l &A1 $ AA4BAF7] (LS-6500/
Beckman Coulter, Inc. Germany)E AR&-3le] S8 At
Bol M WA 9o EA) fEE AR

Phenylalanine &off 22 &4

B4 F9947F A" L-“C-phenylalanine 2 "C-trans-
cinnamic acidE H7Fst AR oA 2417+ A2k U maydis
o] gAMb B4 A3+ Fig. 19 YeRisith A&4
=22 E frans-cinnamic acid, benzoic acid, 4-hydroxybenzoic
acid 5°] AL Z 5ol hydroxybenzoic acid derivatives
F4 5= o2 benzoic acid 8 £4 Fol HEEUT).
olgfgt BEAEE #AME FEEH v Bl A=
Hch A5 B24S A A EH L-"C-phenylalanine
< H7rek wiR|elA At FAZHE prans-cinnamic acid 7t

Seoond:

Fig. 1. Autoradiogram of the radioactive phenolics metabolized
from L-[U-"*C] phenylalanine or [U-"C]trans-cinnamic
acid by U. maydis. A and B indicate autoradiograms of
cell extract and medium extract, respectively, from the
cultures grown in the presence of "*C-phenylalanine. C
and D indicate autoradiograms of cell extract and medium
extract, respectively from the cultures grown in the presence
of "C-trans-cinnamic acid. The developed TLC plates
were exposed to X-ray film for one week. CA : trans-
cinnamic acid, BA :benzoic acid, 4BA : 4-hydroxybenzoic
acid, and PHBA : possible hydroxybenzoic acid derivatives.

oS & 4= AL (Fig. 1A) vkt ol benzoic acid”}
EAEE & 5 AT (Fig 1B). A “C-trans-cinnamic
acidS H7Feh iR oA 2t FAZHE benzoic acid®] &
Ao} 1 vre] WER|A] k2 cHEEo] EAES & 5 UL
(Fig. 1C) v o2 HE= frans-cinnamic acid, benzoic
acid, 4-hydroxybenzoic acid®} L ¥}ol] T2 hydroxybenzoic
acid derivatives =4 0] EATHE & AU (Fig. 1D).
o]2 E uj 7} L-“C-phenylalanine @ "“C-frans-cinnamic
acids ¥4 WollA thakete] Al|e] AE o= o]59] if
AMHER]D frans-cinnamic acid, benzoic acid, 4-hydroxybenzoic
acid ¢ F714hS wjduiAel viEehe As Slsith
L-"C-phenylalanine 3T} C-frans-cinnamic acid® 3 7}3
izl A B gefsiAl f71cte]l wiEE =T o= U
maydist-©] AFFAA] phenylalanineS #-3|5t] tAIZ =
ARGSHAITE Al ] Tl gdel] 2 o ARgeh] wEd
Aoz Al FH U} cinnamic acidE 718 A9 o]EZo|
SE7F Eom #Alo] F4de] 2 & et v e o
Absle] AIEZ vroz YHEYE Ao AlEHn. 3 L-1C-
phenylalanine®] 7} x| A 6417k F<L Bl FalHA
ZHg 37 9 SFUAEAR FEe QAERATT1E
o] g3l ZATH A} vl F7sild WA ER1 025
Ci®l 02% ol Gole %] WA BarF EATE
g1e 4= ATk ol F7IslE L-"C-phenylalanine < T
Abste] w9 8] F7] FOE COE WETS At
o|ASE B wf U maydis 72 phenylalanine2 3l 51HA]
TXAOE S7199] T Y TXE WHEAA HEH R ¢
3] Akl COE HE & F = AeS ¢ & Atk o=
U. maydis <°] phenylalanine ©]1} cinnamic acidS oA
o7 AL T USS HAF WA E T AE S 2
sk 7150 e dE0] It BA] ettt 58] IR
oA Hdse] Fallo st Bavh BA] ef2nk 2 A
A= U maydis 2 AFSAC thek 28 ZH
A &gt

t

Phenylalanine 25| 2

ol HEH AAE vHOE U maydisol st
phenylalanine®] &35 o|3zbdS =245t Fig. 29
AABEATE wABE] 9§k phenylalanine e T2
phenylalanine deaminase®l] 2]3l -8l == AR A4
U. maydis®] Aol tgt phenylalanine deaminase =7 23}
gdo] 1=l phenylalanine> 3 @794 phenylalanine
ammina-lyase(PAL) &4~ 93] #rnas-cinnamic acidZ
€t} U maydis7t PAL 845 7R3 -2 PAL
Aol ek A AF(Kim et al., 1996)2F PAL 412
Z29 A(Kim ef al. 2001ay7}F A=nE FAE 27] Bl
GAE & 5 ek B APl E Fig 1A A3l L-C-
phenylalanine E%-E] “C-frans-cinnamic acid’} 449 Z<
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Fig. 2. Schematic diagram of catabolic pathway of phenylalanine in U. maydis. PAL:phenylalanine ammonia-lyase, C4H : cinnamic acid 4
hydroxylase 4CL : 4-coumaryl Co A ligase, BAHs : benzoic acid hydroxlases. Arrows indicate identified way and predicted way.

3l & 4= Ut} F HA BAI= trans-cinnamic acid’} para-
coumaric acid(4-coumaric acid)Z A&3}3L para-coumaric
acid’} para-coumaryl Co A(4-coumarorl Co A)Z k= T
Qe & AFollM e o] E-o| AEEA] Fsitt ol + =4
& AL cinnamic acid 4 hydroxylase(C4H)9} 4-coumaryl
Co A ligase(4CLYl| €J3l} o] Fofx]= AR Aaolie L
#] AtH(Douglas, 1996). °15 T+ a4 AlEAX = 2 4
A dort #FolM e o7 B AT A o)F
ofX|A] Sk FAsHA AEA} gl Aot o] &
29 A8 9I8lA= ATP hydrolysis7} 2750 Ats}gk
A W85 Fshes AFE Aol w9 wEA X1
He Ao AEdXA = dEA ot ofH ol A
2 W3S W L-"C-phenylalanine® v} "“C-rans-cinnamic
acidE FJE w M Eo] EA3= cinnamic acidE W}
27 g £ E A8AA diAE Adsiel7] deel &
Ao AAEE wloF 6A17F o] 2] Al7|dlE A thE
EAE Wslste] HAEEA BUE 7FsAol Eral AleE
t} AH Fig. 1DS] A3E B o]E F G490 ez
B a7t o R E ool A tiakikee] X B B
o] AEHIeS & Aok e 8 & o cinnamic acid
O] $-H-E] benzoic acid’t A HE S+ TSAZE vl wEA
APEThL B 4 9o}, A B-oxidation DAl 49
Ago] glo] A== vi-¢- e 3}z v DA R
o8t 42 7Fgsitial AbRE

C4H2} 4CL F%&X} homologous 237 |ME &M

o] 74A] Kol A C4HSF 4CLell thgh A+7F gle=nt
U. maydisolX ©15 F 249] benzoic acid 34 7Fs/dol
gk & OE S718 Ak sk @A GenBank DNA
tl| o] EJul] o] 2~ (www.ncbintm.nih.gov/genbank)oll U, maydis]
A AR7F JEHHgenome ID;UM5074) ¥Z2(GenBank
Accession no. Q43054), ©}2H]5A]2(GenBank Accession
no. P92994), ¢-&3}(GenBank Accession no. P37114) 5
S 2R 47 C4H &4 FAA d7148E ol&-5to]
Blast P S F3 U maydis genome S ZFE C4H
a4 §72}F homologous region] A& HA8IATE &8
A3} C4H &2:2] Cytochrome P450 cysteine heme-iron
ligand signature 1 [FW]-[SGNH]-x-[GD]- {F}-[RKHPT]- {P}-
C-[LIVMFAP]-[GAD]E 7HI+= F4A #9171 SAdS
Zklslal PAUP* software(Swofford, 2002)° 21+ Clustal

W 22738 o]-83F] multiple alignmentES -3} Th

(Fig. 3). FAMESI= U maydis$t EE2], 483}, olgH]
FAEZe] R BEE e & o e 2

WHO 2 4CL F% A} homologous region®] &A1& o}t
H]35-A]2x(GenBank Accession nos. 4CL : Q42524, 4CL2 :
Q9S725, 4CL3 :Q9S777, 4CL4: QOLU36), E|THAEL}R
(GenBank Accession no. P41636), B4l (GenBank Accession
no. AAB18638) 52| ¥# 7 4CL &49] FHAE o] &3l
U. maydis genome 25 T4t A3} 37]9] homologous 41
¥ (GenBank Accession nos. EAK81955, CBQ69176,



252 rle 5
Poplar 390 IPAESKILVNAWWLANNPAHWKNPEEFRPERFLEE---GAKVEANGNDFRYLPFGVGRRS 446
Alfalfa 391 IPAESKILVNAWWLPNNPAHWKKPEEFRPERFLEE---ESHVEANGNDFRYLPFGVGRRS 447
Arabidopsis 390 IPAESKILVNAWWLANNPNSWKKPEEFRPERFFEE---ESHVEANGNDFRYVPFGVGRRS 446
U. maydis 410 IPAGTTFFLNSWACNVDAEKFADPFEFKPERFMDKSASNAHVENKMGGVETYAFGNGRRM 470
Fhk oo iRk HN LK Kk okkkk S kel
Poplar CPGIILALPILGITLGRLVONFELLPPP-—GQSKIDTSEKGGQFSLHILKHSTIVAKPRS 504
Alfalfa CPGIILALPILGITIGRLVQNVELLPPP-—GQSKIDTSEKGGQFSLHILKHSTIVAKPRS 505
Arabidopsis CPGIILALPILGITIGRMVQONFELLPPP-—GQSKVDTSEKGGQFSLHILNHSIIVMKPRN 504
U. maydis CPGVFLALREIYTTLVFLTHFFDIAPDGEYDIDPLTAVEDGRAFSVRPKPFKVRCTPRPG 530
dkk . . kkk : * . * N *k ..

Poplar F-———————- 505

Alfalfa F-——————— 506

Arabidopsis C-—=—===== 505

U. maydis VDLSPVLDKQ 540

C4H alignment

U. maydis 1 RTEDAFIVFSSGTSGKPKGVQLVHGNMTAVTTAIVHTFGD—AISPND------ RYIGVL 241
U. maydis 2 ATETAFIMFSSGTSGSAKGVEITHSNVIHSVMALVATHDD—YFGQKD------ VQVGFL 248
Arabidopsis 4CL1 PDDVVALPYSSGTTGLPKGVMLTHKGLVTSVAQQVDGENPNLYFHSDD------ VILCVL 254
Arabidopsis 4CL2 PEDVVALPFSSGTTGLPKGVMLTHKGLVTSVAQQVDGENPNLYFNRDD-—-~-~-~ VILCVL 247
Pine 4CL PDDVVALPYSSGTTGLPKGVMLTHKGLVSSVAQQVDGENPNLYFHSDD———--—-— VILCVL 233
Tobacco 4CL PDDVVALPYSSGTTGLPKGVMLTHKGLVTSVAQQVDGENPNLYIHSED------ VMLCVL 233
Arabidopsis 4CL4 PEDTVAMPYSSGTTGLPKGVMITHKGLVTSIAQKVDGENPNLNFTAND------ VILCFL 262
Arabidopsis 4CL3 GDDAAALPFSSGTTGLPKGVVLTHKSLITSVAQQVDGDNPNLYLKSND--—-—-~ VILCVL 257
U. maydis 3

ckkkk Kk

LNDTAYLPFSSGTTGLPKAVEISHGNVIN—-MVEIFRHTPSLFLKHDDGTEMQFRTLNFL 247
. * Kk -

* : : ¥ oLk

4CL alignment

Fig. 3. Comparison of the partial deduced amino acid sequences of C4H (upper) and 4CL (lower) homologous genes found in U. maydis
genome with the partial deduced amino acid sequences of C4H and 4CL known from plant species. The amino acid sequences
are in one-letter code and have been aligned using Clustal W program in PAUP’ software. Protein sequence was obtained from
GenBank and their accession numbers were described in the text. Perfectly conserved and well-conserved positions in the
alignment are marked as * and :, respectively. Shadowed sequences are the cytochrome P450 cysteine heme-iron ligand
signature [FW]-[SGNH]-x-[GD]-{F}-[RKHPT]-{P}-C-[LIVMFAP]-[GAD] present in C4H and AMP binding domain signature
LIVMFY]-{E}-{VES}-[STG]-[STAG]-G-[ST]-[STEI]-[SG]-x-[PASLIVM]-[KR] present in 4CL, respectively.

EAK85592)& 2Zsllth. ol d7IMEs did MEd=
HEA 7] A 4CL 249] F-9]o] 5HZF o= Exjsh=
AMP binding domain signature 1 LIVMFY]-{E}-{VES}-
[STG]-[STAG]-G-[ST]-[STEI]-[SG]-x-[PASLIVM]-[KR]
= 7KK JAAH (Fig. 3). ol EAI222] - 47112] 4CL
B4 A2 EA SR U maydisol ] AE% 3719] 4CL
homologous’t 25 4CL &4 §3x4Y 7FeA% Ut
T3y 4CL 4 W3- 712824 4-coumaric acid £]o%=
& phenolic acids & 7]14= ©]&¥ 4 =vH(Allina
et al., 1998) ©|=¢] 7|2 50]dl el & § T
Frore] 35 AFE Bt glsl= Zlo] dasith
Fig. 39| A3E v o g Aztel & W U maydiss C4HS}
4CL B2e] AAIE 7L $le Aoz F4Hn) o]
Aol Fig, 20| AAIS AZNZE U maydisol|~] phenylalanine
2 benzoic acid2 F3lH = UA} A2E X3S Fo=
Al E T}
AEOZA B AFNAME= U maydisit©] phenylalanine
F3l5led benzoic acidS AL CO, E3|7HA] H+&=
< SRl FATEA U maydis®] ARl lofx o

[o

POV

benzoicE FF==A] ol thek A-H A= oFF Ritt. Pritchardo}
Bell(1967)2 Ustilagome] SRl FApilol2 olx|ah=
E3o] 928 BIsPEA 1 20| phenylpropanoid £ 21
cinnamic acid F=A 2 FH3A. U maydisdt2] S
T 71FAE HalHA F 7P $Eldde sxApT v
RHA] 2zol] T FABIAL FAlol 71FolA WEE o
Ak of Bl AL Tl dE F e A2
melanin 42332 31| Ft}. Catechol derivatives®} salicylic
acide= 2= melanin=7H &1 A= (Yoshida, 1969)
o1& HEA =L U maydisa SEALS] QRO RE
EA1gto] BT (Piattelli ef al, 1965). Catechol derivatives
9} salicylic acid’} benzoic acidZ2H-E A2 = UL
(Yalpani et al., 1993) Fig. 24 YER}50] phenylalanine
o] Ball 2HE-2] cinnamic acidEF-E] benzoic acid %A
7t AREE AL B W A= U maydis 7] melanin &
J& Ao phenylalanine® ZHE AJAJE Edof| 25}
T2 7S WiAE F flokal Alsd SrEAE
phenylalanine #34H=21 phenylpropanoid &2 o] 2
T2 FYAEZ] melanoma cell®] Wehd Aol JeS
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vZIths R (Park ef al., 2003)E Ustilago &3] A]
phenylalanine -3l tHAFZ A3 =|o] 8] %)= phenylpropanoid
E4o] 713 Al AA T A5 gl AT 7o)
022 AJAFSE}. Phenylpropanoids Wak=Eglo] ghAv)
IRZE ARzo] el phenotd BAZA C6-C3 3FaHEoln,
ole] o] FEA (derivatives)EE Bo| A3t A]E9]
37, st e, 2] ar eFE ol o] Ak flste] gt
A3 sk A= Y# A Jrh(Hahlbrock and Scheel,
1989). ol wkete] XtelX= o5 Sgt=9] AT gt
A7) v §- vjRgte 7 B A= & 3 U maydisdolA
phenylalanine ZFF A== %3S cinnamic acid9t
benzoic acid F=A 22 E0] AAw g AT A A+
skt 88k 719 Al
g

Ustilago maydis(S=7r77-71:F)° 101X 324} melanin
o] FAAECOR catecol Al FZIn} o] EHL] HFAQL
benzoic acid®] A4 oF-¢F 2 fof XS FH s
phenylalanine®] el 78-S ZAFsIch WAMY 5914
47} A8 L-"C-phenylalanine 2 "*C-trans-cinnamic acid
£ A7k AAEA A FAeF v S YR thAt
AHES 32 ZAVSE A3 frans-cinnamic acid, benzoic acid,
4-hydroxybenzoic acid®} hydroxybenzoic acid derivatives
F45e B4 Tol AE¥Arh 53 L-“C-phenylalanine
S Al wlg- AH3E 3] FoE “CoE WESS
813} phenylalanineg ¢Hd3] #3l & o A2 ¥H3l
o A8H o= B A+de S]] benzoic acids
AJ7338tal 1 frEll= phenylalanine®] E3jollA] THE0)A]
= A5 Al

FAINCI,
o] =2 20069 FR(SH s )] Adez

STl e ol A A9 (KRF-2006-
331-F00005).
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