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Research Trend about the Development of White Biotech-Based Aromatic Compounds. Lee, Jin-Ho*.
Department of Food Science & Biotechnology, Kyungsung University, Busan 608-736, Korea — Due to the
depleting petroleum reserve, recurring energy crisis, and global warming, it is necessary to study the devel op-
ment of white biotech-based aromatic chemical feedstock from renewable biomass for replacing petroleum-
based one. In particular, the production of aromatic intermediates and derivatives in biosynthetic pathway of
aromatic amino acids from glucose might be replaced by the production of petrochemical-based aromatic
chemical feedstock including benzene-derived aromatic compounds. In this review, | briefly described the
production technology for hydroquinone, catechol, adipic acid, shikimic acid, gallic acid, pyrogalol, vanillin,
p-hydroxycinnamic acid, p-hydroxystyrene, p-hydroxybenzoic acid, indigo, and indole 3-acetic acid using
metabolic engineering, bioconversion, and chemical process. The problems and possible solutions regarding
development of production technology for competitive white biotech-based aromatic compounds were also

discussed.
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AR A Able] A2 F83 JFS 3
= AFSAIES A5 12, FAR7E) LA A%,
s8] ARgl 27 AT ed3}, SA A 7
s152] 9198200 Aalglet. H2 MFFEE T8 A
A7 ol ofHRel ASste] A& 7hed Ak
vl F=31 214 7] A A]7]4k ule] @ 73 A (knowledge-based
bioeconomy)e] 24& thx17] Sl4) SEHAE ARl A
Al who] v 2 (biomass)E o] -&-3te] 2}5H41 B (chemical
feedstock)Al &, &, Eek2Els& AAkshs Mraehatgd

— 1o =
3} Akgdnte] @ (industriad or white biotechnology)7} §-3Hel
ulo] @ 3}ekAke]-S SAEY] f13 AAS sk A H-2
579l A|d3te] ool Hagt 7| o] w9~ Ehds] =
=L 9l Aste|H 15, 16, 17].

AfrafetEd el el k3Rt (aromatic compounds)
2 ANAA R A7t oF 35005HE oAl AAkEE At A]
S o] F e RME[18]2A] HAREE A A A7) Al
(benzene), £l (toluene), ZA & (xyleng) 22 €] o F-%&
TSzl 20]. 53], WAl 2% skl 84 Ee] el
o] &&= ¢ 83k EAZ oAl (ethylbenzene), 4l
(cumene), =35 (phenol), Ato]E=23 Ak (cyclohexane), oFd#
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(aniling), oF=1=ZAk (adipic acid), 7122} (caprolactam), 2
2 2wl (chlorobenzene)5-2] Aol AH&-¥ITh(Fig. 1)[20].
e, WAl flellA st ARl FAR HEe] &
244 W3 (acute myeloid leukemia), B] A 713 2=
(non-Hodgkin's lymphoma)z} 12kl 71738h< el FA| S of
7|1A71E Al WA frall=d ol oH19). whehA, wiAl
2| Faligt WSSt gl A7 (renewable) ¥t
olemiAg Haw AEFIH 71EeS o83l U ES
AR 7]s7lbe] E Q3

WEESEE AR dA ke ERES dEdEd, B2
A1, 4 AH(folic acid), ubiquinone, menagquinone, bacteriocin
7} 72 HIgEE olu] Al (aromatic amino acid, AAA), B[E}
", siderophores 55 AJAFsH= 83 AP R o], w3t
Z7FN AR @]l 3-deydroquinic acid, 3-dehydroshikimic acid,
shikimic acid, chorismic acid, Q1 & ¥ I =352 WAl
i SR EA, ookE, 3K, AE, 9%, o, 2
u, 7[e} Eeixlsel A, A ow JESs $4-E
e w83 dixiEe 2, 7, 21, 27, 41).

3= WS AR dikEE FelA wiAlTe
24| 3R EE RIS Sl A7
vlo]| e mj A2 HE] mAE Y EAEE o] &3t AEFER
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HIFIS slstelsexl

WARES R el A A7) Wil oAl Sl S, AL

o|FZ AL, ob ™, o] ZAL, 7}_3%} , FR2HAS5e)
A8 2 AMET(Fig. 1)[20]. L Sl 50% oA Z

] 2 FefaEe] U8e] e (styreng)oll o] 8-FE <
eulAle] Aol AREETh 2000 S AR #HE9)
WA AR, oF 1506 el el Al
Fake] el "}‘9‘514_‘:]' g, %2 bisphenol-A, 55
7, 7hz2 g, o, °‘-l’7a]4]l‘é‘, Abe] A AL, catechol,
hydroquinone, p—hydroxybenzoic acids WH-&-3)st, A s)st
gl E*i]—?i}xﬂf/] EALS AAsl=d AeEE, 34
A, FYT }AE] Aok, 430, s, 9w, 79
S ot polol BUste) A8

WEESIEE MEY tAkEE

2 AN HAH Q] wiefotn] Al AFA A
R phosphomolpyruvate(PEP)i} erythrose 4-phosphate
(E4P)2] Z3hik-go 2] A== 3-deoxy-D-arabino-
heptulosonate 7-phosphate(DAHP) 23] A] 2}5}e] choris-
mic acid7}A]e] FE7dZ ¢} chorismic acidZ%E L-
tryptophan, L-tyrosing, L-phenyldanineo] A3 == %]
Az 2 FASe] glek(Fig. 3)[2, 7, 21, 41]. HATelA AAA
A A 2] AwtA 491 DAHP synthase:= &4
g o] Z+7} tyrosing, phenylalaning, tryptophanel 2] 3l
feedback inhibitiong %= AroF, AroG, 2 AroH 37}%]7}
EAEIE}. o5 FHA| ohu|xalel o3l A S A = W
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Fig. 2. Bio-based chemical feedstocks derived from glucose
[19].

o whilAZo gt A7t wel HlLw, o]zt ¥l
RS =331 AAAS AAE S8A77F wol Haz gl
26, 38,47). A7 Z°] 739 TrpE/D(anthranilate syn-
thase), PheA(chorismate mutase/prephenate dehydratase),
TyrA(chorismate mutase/prephenate dehydrogenase) &+ 2
o] Z+7} tryptophan, phenylalaning, tyrosineol] <]3f feed-
back inhibitionS W=t} AAA AR FAIAES o
F49l A A TyrR == TrpRel|l 2]&llA] transcri-
ptional repressions =}, TrpRoll &JsA] 242 k=
A A5 aroH, trp operon, aroLM, tyrB, aroP, mitr, tyrP
ol e, TyrRell oJsiA 248& s FAAE2 aroF-
tyrA, aroG, aroLM, tyrB, aroP, mtr, tyrP 5-o] 3lv}. =3t
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Fig. 1. Major commaodity chemicals and polymers derived from benzene [20].
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Fig. 3. Biosynthetic pathway and regulations of aromatic amino acids in Escherichia coli. The dotted lines and the dashed lines indi-
cate feedback inhibition and repression, respectively. Symbals for genes follow mostly the E. coli K-12 linkage map [21].

trp operore} pheA= atenuation 7]=tel] 2Jaljr F7pEH o2
2 A W] 24 S Her 21, 41].

sjo|EHlo|2Ey |8t waEslstelE BMEE

A el IR AT 7FeAd el e WIS
38 2= 357 2lA f=l== hydroquinone, catechol,
adipic acid, shikimic acid, gallic acid, pyrogdlal, vanillin
3} chorismic acid EX]7 26 A F == p-hydroxy-
cinnamic acid, p-hydroxystyrene, p-hydroxybenzoic acid,
sdlicyclic acid, p-aminobenzoic acid, indigo, indole 3-
acetic acid 5-°] oH(Fig. 4, 5)[2, 4, 7, 27]. Shikimic acid
o] A% AAA AT AR Fxhalz AR s,
catechol, vanillin, gdlic acid, pyrogdlol, p-hydroxycinnamic
acid, p-hydroxybenzoic acid, indigo %! indole 3-acetic
acid 2 °|F = 50 FAAES HIAA YA
4 212, hydroquinone, catechol, adipic aicde] 73-¢- &
Fy st stebd FAHS Walskel o)g3ted, phydroxy-
styrene®] 7 %EH, EaAw 2 b RS
7 Abgsted Ak 4 <leh,

Sio|EHIO| &7 |8t BHekRsIstal ol MLt
Hydroquinone(Benzene-1,4-diol) 44t Hydroquinone(HQ)
2 FEZAY, anthraquinone 995, azo 9=, tFU o} A

Abol] A== eh8) 53-8 (desulfurization co-solvent), X
F AbEpER| A, o} =™ Ak(acrylic acid) 2 MMA(methyl
methacrylate) =7 (monomer)2] -8 #)| Al (polymeriza-
tion inhibitor), % <A, 71 AP Al Fol AR
t}18]. 20043 AlAl HQ 428+ oF 47H4000% Sol, wl
A A FHE =2 peroxide oxidationw 14
diisoprppylbenzene2] Hock oxidationtol] 2]sljA] AAL=| T2
A=H37].

A 7Vsdt A2 E HQF $EE A2 =g
u|A =l ol E=ellA quinic acidQAYH A EE
A3t g I 28] QARFE HQ7F A== 2
A A S Bl AP TH(Fig. 4[37]. WA AAA B3
A QA =2 FEHE S A<l 3-dehydroquinate
(DHQ)E &A317] SlsiA G A4 aroD ¥ ¢] (aroD352)
o 7118} 3-dehydroquinate dehydratase 4~ EHido] 44
% FF2 AR, DAHPERE DHQ $A4S Evjsl-
DHQ synthase 435 $7H11717] 9184 aroBE F7H42>
2 1 copy o AN serA TSI AE 2 Al
2+3F oHE. coli QPL.1). g, 52 ¥ DHQ: Klebsella
pneumoniae 2] 2] dehydroquinate dehydrogenase(-+-% A}
gackll 23l skz3}) Sulel osiM QAZE ARAE 4 Ut
T oE A2 AT =19l shikimic acid dehydrogenase
7} #uEEC 2 DHQE QAR 3HIA7IE EAe] od=iA 3l

|==R=N
=
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Fig. 4. Pathway of aromatic amino acid biosynthesis to chorismic acid in E. coli and heterologous pathways to hydroaromatic and
aromatic compounds derived thereof. Abbreviations: E4P, erythrose-4-phosphate; PEP, phosphoenolpyruvate; DAHP, 3-deoxy-d-arabino-
heptul osonate-7-phosphate; DHQ, 3-dehydroquinic acid; DHS, 3-dehydroshikimic acid; SA, shikimic acid; S3P, shikmate-3-phosphate;
EPSP, 5-enolpyruvylshikimate-3-phosphate; QA, quinic acid; PCA, protocatechuate; GA, galic acid. Genes. aroF, DAHP synthase (I-tyr);
aroG DAHP synthase (I-phe); aroH, DAHP synthase (I-trp); aroB, DHQ synthase; aroD, DHQ dehydratase; aroE, shikimate dehydroge-
nase; aroL, shikimate kinase I1; aroK, shikimate kinase |; aroA, EPSP synthase; aroC, chorismate synthase; gad, dehydroquinate dehydro-
genase; aroZ, dehdroshikimate dehydratase; aroY, protocatechuate decarboxylase; pobA’, mutant p-hydroxybenzoate hydroxylase; catA,
catechol 1,2-dioxygenase. (1) Chemical synthesis of hydroquinone by addition of (NH4).Ce(SO,)s. (2) Adipic acid synthesis by hydroge-

nation with 10% Pt on carbon at 3,400 kPa H, pressure [27].

=4, Ran} Frost 52 aroE -f~d A& plasmidel] cloning
sl QAZ FAA71E AT Aeia7]. of A=
plasmicell AAA A7 2 2] AetA| AAdE<] DAHPZ ]
EIAF 2SS To]9 7] 9siA] tyrosined] 23} feedback
inhibitiona] si#1%l AroF BRe] fdxle}l serA fAIAS 3
7l =13 WE pKD12.138S Alzteli, o] F E. coli
QPL1e 3 3ste] QANAL A Z3E HWAS 7HEErs
o B o R RG-S ARESte] MRS F3l 48471
49g/L QA, 20% mol/mol &5 et g, HFH o=
QAZFH HQE FAT 4 Gl WPEE mu]o} o]&e]
A AR wkgol o 2 BE] sodium hypochlorite(NaOCI)E o]-&
3+ A3k elebalaby (oxidative decarboxylation), A7) 2k}
2 AEHEY, F450] 22 o] £-3) chloridefree oxidative
decarboxylation #}¥ o] HI=ElEd, 53], F5ole
(NH4)2Ce(SOs)s5 o83 AbsHs &ehibs} uhe-5 713 HQ
AT 91%E Al

Catechol(pyrocatechol, 1,2-dihydroxybenzene) 444+ Catechol
o ok gl SJeRES AAkH SR AHE B ok
2} 3, 98, 73 Al (photosensitiv meaterial), A7 =

E 0]

A (electroplating material), 54=°d =, AFPIA|A|, At
A, A (light stabilizer), WA (anticorrosive agent) =
= 2 9 E (promoter)S- AJArsl=d] ARE-ElTH[18]. 20044 7]
T22 M7 catechol Ak 27H5000E G<Eol™, AA)
WAl A fefE 525 H.0.= AREsle] hydroxylation
AlA "EE{ A& hydroquinone?} catechol®] E3-EollA 3
Frate] A3

n)A3E84 catechol AAMIE-S 3-dehydroshikimate(DHS)
Z AAFs= ) Atol] Klebsidla pneumoniae 29 ZH2t
3-dehydroshikimate dehydratase®} protocatechuate decar-
boxylaseS ¢t 3}el= aroz @ aroYE =313te] mAgEo)A
AAkE S glo(Fig. 4)[31]. 22}, Al el 9§ catechol2]
78 SAuel AR o= ksl W st
of 1 tijke wiek 2%l A= catecholhS: resin
o F&FE3aL MEE oA 53K in Situ resin-based
extractiontd 2= v catechols =5 25g/L °|3}E
A SRS W] AR = e e, HEsA
o FHEAE 45 DHQ == DHSE Al Ee]| W3t =
o] ¢lem protocatechuate(PCA)= catecholel] B]3l] Alcl

=2
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Fig. 5. Pathway of aromatic amino acid biosynthesis from chorismic acid in E. coli and heterologous pathways to hydroaromatic
and aromatic compounds derived thereof. Abbreviations: pheA, chorismate mutase-prephenate dehydratase; tyrA, chorismate mutase-
prephenate dehydrogenase; pal/tal, phenylalanine/tyrosine ammonia lyase; pdc, p-hydroxystyrene decarboxylase; ubiC, chorismate pyru-
vate-lyase; entC/pmsC, isochorismate synthase; pmsB, isochorismate pyruvate lyase [41].

Moz FAo| vr2 FAol7] wjite], u|AEel st 54
o] Gk AH 2= w2 DHQ, DHS, PCAS 247 A4t
s A A ES AEelaL ol & 3]l WS o]
3} catechold FHAIsR= HbHo] Bars|gle}{29, 30, 31].
Zoll A catechol AJAF &&o] 7H =& -2 PCA AA
AEZ AAE wleloh. AAA AR T2 TR
ol DHSE FA4317] HsliA diAd A4 A2 aroE ¥ o]
(aroE353)¢]] 7] <13t shikimate dehydrogenase &4~ 24 o]
2% #5F2 AFFslAL(E. coli AB2834), DHQ 3H4S =
A8l DAHPEZYH-E &helAlzlsl DAP(3-deoxy-D-arabino-
heptulosonate)®] 343 H=|317] 913l aroBE F71HH o=
1 copy ©l A serA FZHRSol AblE T8 ARt
AHE. coli KL3). 3, DHSEHE PCAY] AL Z)3)
= 3-dehydroshikimate dehydratase %=} aroz, PEP,
E4P 2 DAHP pool& £714]717] 913t B4 =2 fx1x}
PpsA, tktA 2 aroF R plasmide] eFAl o] & A4}
38 searAS E81E7] $lst -2 Al serAS BT
&} plasmidell cloningdted ] pWL2.46BS w511, o] =
E. coli KL3 34 3tsle] PCAS WA= Axg %
T2 sy, 1 A s or ¥eohd ARl

W2 23] 48x]7k] 41g/L PCA, FAHEE DAH 15¢g/L
< A9k $95E PCAY SAEAIE 1A $18] PCA
FZE8 8] =& AG-1 X8 resin® = packing® columns
o]-8-3} resin-based extraction 22 wjFNY PCAFEE
13g/L ©|3tZ fR|spHA wEs ¢ PCA = 71glL,
a8 49%, DAH 16 g/Le] ZAHE dgdeh. FHEH o=,
TEAgelA] PCAE 290°C ooz 7hdshad 90%e] /2]
&= catechole] 3=

Adipic acid(butane-1,4-dicarboxylic acid) A4k o}] At
2 F2 YdE(nylon) 66, 7}4A], 2] 2(grease), PU
(polyurethane) A|Z-8-22 A= glom | 20054 715 A
AAA FEE oF 2507kE]] o] 2 A FEFe|H 14, 20].
2 benzene® 2 5-E] cyclohexane, cyclohexanol, cycloh-
exanones 7AA FAE =Y, AL, 273 A, A
At Q] FAIRERE o2}t Al ZIAA M FARER A7 =
NoOol| 98 @A 9 A28l 7|ef3l = A7}
Ao}, apebA, wAl Al ke 2 K adipic acids
AR 71s7lde] F a3t Asteloh. Weigh Frost o= Al
Z38F AT o83l 154 E cis,cismuconic acids A
Abslal, 2A| = slekgAdS 53 adipic acid A 1Ee AN




wakdot(Fig. 4)[34].

AroE E43H4 o] AME E. coli AB28342] A A el
A2 serA 2 laczi-9] gtell 7+t aroBaroZ ¥ tktAaroZ
FAAES ARIE E. coli WNIS Al=ke}sic). &, PCA
£ catechol2 #3A|7]= K. pneumoniae -f=H<2] protocate-
chuate decarboxylase % A} aroY, catecholZ%-¥ ciscis
muconic acid?] §4d-S Sl3l= Acinetobacter calcoaceticus
22 catechol 1,2-dioxygenase %A} arozZ, 8|1
aroFBR W serAZ ¥ 5 3} plasmidel] cloningale] ™€
PWN2.2482 w531, o] 2 E. coli WN1ell 323 35}o]
cis,cismuconic acids AJAkeh= A Z3 AT sl
o 2 A, gades ¥ehs AbEste] HEE F3
cis,cismuconic acid 36.8g/L, & 22%, 18|31 FAE=Z
DHS 3g/L, catechol 1.6 g/LS Aot Wa | Fy S A
g9l ofgpg oz AEZ AATE Aol 10% HF=w (Pt on
carbon)E ©]8-3ke] 3,400 kPa®] A7k F oA 443t
w5 A1A 97% &= adipic acid® AiH

Shikimic acid M4k Shikimic acid= 7154< 7 6719
eha T2 FHe] vIAA FAE 7HA7] dEel A
B3 o2 F93F 3¥ME 49 building blockeZ AR
H AL QlekFig. 4). L o2, FF7vke]E A A8 AQ)
Tamiflu 4] SEA = AM-H T ¢)2, combinatorial
library synthesis®] |4 ZAEA= o] &¥n, 3t 7o
719] sl AsellA 227192 3ked phenol Aol o] &
2 5 3ioH12]. el T2 AE a8l D (sar
anise)l| M FE3 et dudFe ¥, A2TA] 1A
23 2 3 e, AEF n|AdEel ot A A7
7} wo] B3l Qlu}6, 27, 48]. Shikimic acidE BAreR=
HAES e WS, AAA AT 8RN 5
A== shikimic acidZ- shikimate 3-phosphate(S3P)2 13}
A7) shikimate kinase - AFS A7 8te] Ak W
3} S3PE- EPSP(5-enol pyruvylshikimate-3-phosphate) 2. A
35 S0lj3l= EPSP synthase(AroA) 24 u| &2 #|2}s}
3 AJEY 2] bacterial phosphatases A& o] £-3}¢]
shikimic acidg A= 2714] 7l o] od=ix sl
[27]. Shikimate kinase Z<= w]AE<l] 2J8t shikimic acids
Ak 49l -, AT A A shikimate
kinaseE & 3psh= 2714 FAAkel aroK 2 aroLS A<
313, serAE A3 A aroBFAAHE leopy AMYEt E
coli SP1.1S Al=tslal, DAHPY] 7]l PEPY] 332 %
317] $18iX =% phosphoenol pyruvate-phosphotransferase
system(PTS)ol] F+edsl= ptsH, ptsl, crr-AAS 72 &3}
E. coli SP1.1pts #55 A|=tslsiv}. 312, hydroguinone A
A AEe A Q159 plasmid pKD12.138 Exre] A
X 44| facilitated diffusiong =75 PEPE AM8-3)
A k31 =A] QlAFEIA)7]= Zymomonas mobilis §22] glf-
glk(glucose facilitator 2! glucose kinaseE & 3fsl= A

DEVELOPMENT TREND OF AROMATIC COMPOUNDS 311

ZHE cloningsle] #Z4 2 pSC6.090BE A|2Hslal E.
coli SPL.1pts 7+l 32 3ksled shikimic acids A AFsH
B Az AATE Pskdeh 1 A3 100 HE A
shikimic acid 84 g/L, 5-& 33%°] wil-%- & 7|&7Es o
et 28|, A== shikimic acide= DHQ, DHS2R]
ks 2 AroEe] Fukgel| o3l QARS] F3to| o] FoiA
Al HAHERE DHS 10g/L, QA 2g/L7} AAEE EAIH o]
veh =], 35 o3t FARES o] A 4 9l o
T7F a3t Astoltt

p-Hydroxybenzoic acid(pHBA) 2t pHBAY: ¥l5-A] 4
BEAZ AME = parabens 430 ARS-E M, Efolee] B}
AR Fe7t STV Absteln, el AA T AA)
ol AAE BT 7l 7154 el A 3R (liquid
crystal polymers)2] major monomer® A== A-5-318Hd
BEEAE, G4 dle2iE 2, I8l Al FAE
o] 71w 3}shH o2 FHA (Kolbe-Schmidt reaction)¥ th
[1, 20].

xrgo g e AESH WoR: A WS E
coli f-22] chorismate pyruvate-lyase(CPL) 42} ubiCS
E. coli, Mycobacterium tuberculosis === 2] &2l Nicotiana
tabacum®| 35A| 7li5ell X=843}ed chorismateZFE] pHBA
< A8 (1, 33,40, 46], 71-8¥ W14 Pseudomonas
putida S12¢| Rhodosporium turuloides 22 phenyl-
danine anmonia lyase A5 =43l tyrosine® 2 ¢
pHBAE AAbsh= W] A slo(Fig. 5)[44]. A%
oA pHBAZS AJAks | $leliA= wiA] chorismatedl| A 2
IR 2w = A2 E 2p5tstr] 9)sl chorismate mutase-
prephenate dehydrataseE % .3}35l= pheA, chorismate
mutase-prephenate  dehydrogenaseE 3315l tyrA,
anthranilate synthaseS- $t&3}sl= trpE~C -fAAlS0] A4
5 TS AL of 7)o WS RS 'S
< 377171 $18l serA A} F-9lol| tac promoterel] <
A% aroA, arol, aroC, aroB f-AAE 71422 1copy
o] AFSl gk A} 23 E coli JB161S 7N ald o). ¥4,
chorismateZ7-8| pHBA®| IS Falleh= 840 x4}
ubiC:= aroF R, tkiA 2 serAe} g7 plasmidel] clonings}
ol W plB2.2745 WS, ©|E E. coli B161el| FAA
3ksle] pHBAE Akl Ax23 s /st 1
A3, tader yenhs Ab83te] WEE F3 pHBA
12g/L, & 13%, 18|3 FAHE-E prephenic acid 6.3 gL,
phenylaanine 4.1 g/L, DHS 1.4 g/L7} 2= o). A==
PHBAS A|Eol] gk FAJo] Ash, w2 F=ell = UbiC
&4-0] Wgt 75t feedback inhibitionS 07): EAH el
vrebstel 13, 25]. ==3F, chorismate2 F-E] WHES: ofv] Ak
A7 25 Atatv|zte vl gl vhgel o)A pre-
phenate”} A 7=, 37141 & Auk-g-o 2]slA] phenyl-
pyruvate, phenylalanines-e] 4= EA1A = 3le pHBA
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AATEEo] FA] k2 Aol o]gst A S A7)
AsAM suzanne 5= 7187 WA P putida S12 w|AE
< o|-83led pHBAE AAksl= A3 Haslioi44]. 5,
71A2HE tyrosines PR ©IAESFo] S7HA ol
), A E = pHBAS] E3j¢l] Fred 3l pobA(p-hydroxy-
benzoate hydroxylase 32171 2<% P putida S12palB1
n] QY E-of phenyldanine ammonia lyaseS 23 &} o]
tyrosine®- 2 %-8] p-coumarate(4-hydroxycinnamic acid)=
AZAIZ] F A Z2 ] SRR BAsel oJsir 2EH
L2 pHBAZ} H-H = #|E3 Pseudomonass: 7iEa}3ic.
2 A3} glyceroks: B4 2 o]g3le] pHBA 1.8¢g/L, 5
£ 85%°] AE BRIt TS o83 Barker
o A7AIE A= vl 22 FFoleH1]. 34, Viitanen
52 A1EAQ] Huje] FEAY Alsel E coli ubiC 43k
2 AR MFslsle] ZAA|SeEe 2 13~18%] glucose-conjugar
tive forme] pHBAE YAkl AT7ZEAE U333 v 46].
H|= Al o $go] WA 35 FUHEQl 7 E
pHBA &5 &4 & b Ax3 A=74 sle s
e AR 2 o7t 2 4 S Ao AlEEH.
p-Hydroxystyrene(4-vinylphenol) A4t A-f-7]9HgA o] <]
a4 BALEE= p-hydroxystyrene(pHS) BE=A| | Zol] Z
83 9o w7k 7444 424] (photoresists)2] 482l poly-
4-vinylphenol (PVP)] Al Zol] AH-E= F83 s &
Al o] t}10, 22]. pHSE tyrosine® 2B phenylaanine/
tyrosine ammonia lyase(PAL/TAL)S] =8 &J3 pHCAZ
Z18k=31 p-hydroxystyrene decarboxylase(Pdc)e] Zuflol] <]
3 pHS7} AArEE= A3yt ¥ w9 e 39](Fig. 5). HA]
aroF, aroG, aroL, tyrA @ tyrBe] W&ol HAeJsp= =4
frAARl tyrRS GAAIIIA ZA<LA17] F branch pathway
3l phenyldanine® 22| et452-5 x}<+3}7] $l8A] pheA
RS ZA<&31aL, tyrosine S SHH3k= tyrA R4t
2 3l tyrosines AJAHSH= E. colig A2k
Tyrosine?] ®olu| =4S~ (deamination)ol] ZHedshn, 7]E0]|
Hog ehidd e o tyrosne] H&h 7123 3ol £
Rhodotorula glutinis =] pal/tal f-52H43] 2 pHCA®]
elebal3lE Svll3l= Lactobacillus plantarum f-21<] pdc
FA2H51E plasmidel] cloningsle] tyrosines A Aks= E.
coliell & 3ksle] pHSE A= N2 WS W
3deH39, 43]. 10-L & ZA] wiekst A3}t oF 0.6 g/Le]
pHS} BA =8I}, o] pHCAS} pHS?} 2H-e A d 2
3hghEo] Alxe) digt w2 LR Qs BEIAT| &
gro] S45= pHS 2 pHCAO &) A2t A = &
A4, tyrosine ammonia lyase(TAL)7} productg! pHCA®]|
2J& 733t product inhibitiong Wrew &4 31f-o] Enjjg
A5 o] HolxA] Y catalytic turnover numbersS- ZH=
LA 7] wltel] HAES o]-83le] ExelA] pHS
£ A2 A Akl 342 v o3 [39]. wet

A, TR B84 - AAS &M 1R mAES
o] &3t A a2 2 tyrosines AAlSRL, 2AI = PAL/
TALS &3 MEE 324 3}3}ed bioconversiony >
pHCAE AJAbelal, - o= 35hHql w2 pHSE
ARz Wi o] APEgleh. TAL A8 gt pHe}
PHCA®] B35 ZAkst Aol o3td, pH7l g&eb7bdA
pHCA®!| €] product inhibitione] 23 ¢lei=A|™ pH 9.5
A A2 93}, product inhibitionS | A3}=ic.
2, pH 9.5 A= 42 =2 turnover number wjj o]
3 RA 07 F4AE Hrksl= AE= cdcdum aginate bead
o TAL 33l A 2F 1A 3}ste] AdH o= A=
IS Mt @ F4F ] FARS SEIY
[42]. 7 A}, 3243} S-S 53l pH 9.8+ 50g/L
o] tyrosine® 2 €| 2504 7ke] A&E AMAMEFAH SR of
39+4 g/L®] pHCAE A= AFE At e uks
= ;A pHSE A AFSH= ¥ (base-catalyzed thermal
decarboxylation)2 N,N-dimethylacetamide §vio] pHCAZ
=9l & EuA|E 1.9 mole%®] potassium acetateE 47|35}
o] 150°Cel|A] 15047+ dA2|ste] 98.6%2] pHS AAkrE
< 49id. 3, 2 Verhoef5~= 49114 P putida S12
fref el tyrosines A= mAEll fd#}k pal @ pdeE:
3l 2§23 PsuedomonasE A 2Hslal, pHS dldl &2
L =5 Zk= f7]80el 1-decanol S A7HE 24H (two-
phase) water-decanol &5 3f3le] ErrFo 2 HE 24
wtgwl o2 pHS 25g/L(21 mM), 8 4.1%Z LA%iTH45].
o] Wk 3jkE SAel Wigk WA o] st nlEe] 3}
FAaEA] WA SFE AT 25 vEME
At B 4 glom, wEE sigkEe digt A vdE
o] 3=, WA 712He] el Wsk A77F AAH
= 3lo|Enfo] e €7 WlFESIRE AL 7| el =7
7148 Aoz AlgE.

7|et WEE stptE Mok WS dAP 2% gdlic add,
pyrogalol, vanillin, saicyclic acid[24], indigo, indole-3-
acetic acid, 2,3-trans-CHD(SS-2,3-dihydroxy-2,3-dihydro-
benzoic acid)[11], D-phenylglycing[32] S 72 Akgj=l o
2 83 EAe Al o849 4 9.

Gallic acide} pyrogallole- 334 trimethoprim, T-5-]¢k
A galamine triethiodide, A4 bendiocarbs<] g4dell A}
£5= 33EE Frogd 5 P aeuginosa 219 p-
hydroxybenzoate hydroxylase 4 ¢] ®Wo]%l pobAS 3
AlA PCAZAE gdlic acids Ak A= Al
on, F71FH 22 K. pneumoniae 2] PCA decarboxyl-
ase 312 aroYE 3 sted pyrogalols A= 5
= wHE2d5k(Fig. 4)[8, 9, 23).

A gl de] AH-EE= A2l indigos EHERS
AAkshe Aol A AlEd] Ex13kR= tryptophanse] 2] 3)
Al indole2 A 3to] ¥ F P putida 22| naphthalene




dioxygenase -FFAAS P ste] 18 g/l 59 QY IE
AR AN 23S sk e(Fig. 5)[3].

Indole 3-acetic acid= tE= el A EAJAS 2R 0 2 oty
# 9l=d Paten 52 P. putida GR12-2 752 A28}
tryptophans- A 713+ & ulx]ol] indolepyruvate decar-
boxylase 3 AS & 3}e] indole 3-acetic acid’} Ak
g 58S Eiﬂ?iv}(ﬁg 5)[35].

updelske] ¢1zal u}@ < AAA AAA RS FE
A M & 5o 4= ¢ "’ﬂ AS AR ATl
catechol-O-methyltransferase vz‘ix}g Fh+a stod vanillic
acid2 Z3kx]7] ¥ Neurospora crassa 22] aryl adehyde
dehydrogenase -+ AHE #813ted vanilling A AFsHd ot
(Fig. 4)[28, 36].

Sio|EHlO| 287 |8t WHEkRSIErE JHEe| TAlE
aratEsiatEo] MESM: W USR-S Al X digt
Ao Zhste] A WERS Tty e EE AR
ojggo] ot Al SAFAE FE3] Sls wER
= AL EFE #7188 Y8 22 WA S A2
Psudomonas & AH8-8l= W [44], WeFE3leEel dist
Ll =7} EowAME £ A AelA] o I 8HE AN
g 247 S sk WP [45], HaEIE Foll wiodey
< WSSl Wist F3EH | & RIS ATAIA
wioFid SRS U W31, Al iy A
Aoz e AFAE 12 HE o ksl 25+
2 Ao m=xeAl s eR FHE IREE A
A= Wb o] A lTH31]. 23y o]=lst B>
°}X~177W AR eI BEA Sl oA FAHEE 7HA
31 it webA, A Al Higt ARl A
Xdzﬂ 3121l dlgF DNA microarrays- o] 83 AAHA|, 2-
D PAGEE o]-&sh whA|, A efAREA ]| gt ejAA] <
To= &3l W3] ME B2 S-S oPIA7I
= 2713 kA, WAl Heddhs v’qx} ==
AW o] A Edle] WEFESERE.l Higt WS 2 7t
A= v = o] B3t Aol
CHARBEH AAA A2 drRE) 1L fEAE AR 1
AE S F2 A3l WAREE v dAlY] 3izE A
22171 vy, A Y Ak (central metabolism)ZF-E] AAA
FEARE e F TS 7] S T = o] &
A2} (heterologous gene)s ZZA|7|7 v E4S NEA)7)=
i, AAA 33729 'I'I";HX]’T——I FEA7)= W, ik
—r7<17§i4 RS FFA71E B, o159 Ak =
3k v 5 Hekst @;‘ﬂﬁi WAREES o]-83le] Al
43} 71 el e AAHTEe] Wel /= 92, 21,
27,41]. &% ¥ o 7§“§Eﬂ9‘ A xS s
_r]a]]}\}‘—— 755314 _;4-317]/\ o ;gl?;]- /\]/\E‘ﬂlg-é—b‘]-—« o]
43le] FAHQ FAS B3l drEeel AJE5she kel
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I 83

TEAH o2 YAEA, AR E Fe] ] S]],
n}eFE313kaol| "416} WA 5= Edte] WEEIRE A
A“oﬂ z_«]a‘]—a—]. 2AFE /\4245]— 1:]..— 7]&0}] Hl—z;:]z] _§_§—l—
AR RE E‘Hi YA S-S o]-83te] FAHALENE
AAA A2 2] Bl AAA FE72 R0 'l o] )
S 73k 7kt (platform strain)[41]5 A 2FslaL of 7)ol
zk _1,] th—_,_ E}ﬂg s]-/H 01] 3 83 zq x]—— ;gig]_u:] H
oo 880w 7% WRESRME-S Ak B8 A
et = 9l& o= 7d g

AT §a0| w2 ol JHak 1:]]/\]—5'—%1-9_ E3} vlskE 3_kE
AT NEF D B 3R B o e =
ste] AHEs= A7) gt 1 0111, Klebsella, Acineto-
bacter, Pseudomonas, Rhodotorula, Lactobacillus 5-2] ©]A}
2ol fei% dehydrogenases, decarboxylases, dioxygenases,
ammonia lyase 52 328 =43k quinic acid, pro-
tocatechuate, catechol, cis,cismuconic acid, adipic acid,
vanillin, indoleacetic acid, indigo, D-phenylglycine, p-
hydroxystyrene = AABE e 83 o] 45

a1 QJUH[31, 34,37, 39]. 1BfH, o|2|3t EAEE ob] A4k
TFol A o] 223171 H QA intrinsic cataytic
activity’} 714, productell 2]8+ 738t inhibitiong- WH= 5
o] A EC] =t wEkA, metagenome 522 HE] Kot
o oiefst 71A BelAs e BAES ek, directed
evolution 5= &3l 40| SAS ks A77F 87

MEZTH3 stz Ho g Hﬁ% Akt 4B S

v Eel A AAA HAF T I 1 fFEAIEEE de
HPS A A %ﬂs_z AA 5 e 2=
MR, B S Weldte] Ak gEE W34,
37, 39]. WA, A E ‘H/\Vﬁﬂvdi‘, As)st, a4 o
Alget, WEsh, A 74] g, 7 ] 474] U]"é‘ E3et AESH
Toket F713M, 7713 S
o7l £t A7 F3l A3 o AdHor AL v}
3t 717 ie] H a3

MY7ksst blo|eojae] 0|&: 3jo] Evto] 9 &) 7]nt %E}

F2200] AAHE 71H7] S18IME 7)o whol enl
BT & 9 TRl B ol iAok Tk, %, A%

B w2 ALS FHe F B e A4
39, e B 9R A, 4% SR AN 5

U HAES] EEe 3RS A ATEeloF & AL
2 Heloh

o oF
i =

fro] 7, vlEE = ouA] 97] 2 z]q_lpyﬁ} =24
o 7dlsto] A% G4l AP Hlol Lol a2 AMgSle]
WS A sk A7) Basls) A
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et 53], vle] S H| ZEEAIE o] 83 xERo R E W
oAl APAAAE A 2 2 F=A F47
o WAl ARteS TR W WS Maslels
E dAE 7ol ole 7IsEel AL Qldh & e
A2 HAEs AEA 3, B TES o] &3y
hydroquinone, catechol, adipic acid, shikimic acid, galic
acid, pyrogdlol, vanillin, p-hydroxycinnamic acid, p-hydroxy-
styrene, p-hydroxybenzoic acid, indigo, indole 3-acetic
acide} 22 WHEIIEE o AT YA =3}
e}, =3, A=Y sto] Entel 987l W= s}HE
A 1ES Ael) 913 EAR 2 S aelsS w3,

“Atel 2

& A7 2008 E AU T edTA AT
A 22 o] FolFlFU T
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