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Introduction

Streptomyces, a genu

large group of filamentou

pharmacologically importantactiviti _. " ' antifungal. antiparasitic,

antitumor and antibiotic. Eryth biotic produced by Saccharopolyspora

erythrea, play an important ro stious diseases including

pneumonia, sore throé ’,-_ f’g ulos 1997). Because of, its

side effects, developmenmf a new generatic mycinEeds knowledge and

understanding of biosyntheﬁ:‘mcess. The biosyathesis of polyketides is composed of
condensation st%uﬂgremsﬂ.mﬁjma&mgeactions X
ketoredéfion e,ridration and enoyl reﬁuction. which &re catalyzed by poélyketide synthases
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antibiotics is one-or more oxidation reactions catalyzed by a cytochrome P-450 hydroxylase.

(PKS) and tailoring

This process converts inactive polyketides to an active form. The aims of this research are to
screen and identify cytochrome P-450 hydroxylase gene of Streptomyces species isolated in

Thailand. We are interested in picK cytochrome P-450 hydroxylase catalyzing the hydroxylation



of narbomycin to picromycin in S. venezuelae, and use it as a probe for finding cytochrome P-

450 hydroxylases in order to generate novel polyketides.
Streptomyces as Bioactive Compound Producers

Streptomyces are soil bacteria ubit ” e. They colonize in soil as a vegetative
hyphal mass which differentiatesi ‘ e . éwi-dorminant stage in the life cycle

utrient and water availability

whereas the mycelial stag c G Ki ; 0). The life cycle of
Streptomyces is describ Ollowst: [Fir , the.gern d-shaped or oval immobile
spores results in the form ‘ e ) ly grow on the tip but do not

branch. Since there is no cfosswa ormed in‘vegetatiy , a polynucleated filament is

being formed. It results in ve 5-1.0 um in diameter. Second,

Once colonies become aging, spores are produced above the

qught about by the formation of

surfaces of the colonie
Il' - -
cross walls in polynucleatedaeriat mycelitim resulting = 4[ ation. Individual cells then

Finally; Strepfomycs

differentiates directly intoEores h ar punded by %heath leading to the formation

of a spore chain. The classifiCation of Streptomyees is often done according to the shape,

arrangement of ﬂa“&@nﬂoﬂi%gﬁ%r& %ﬂ ‘i

The most i:tllerestin property of freptomyces isdts ability to produge secondary
bioactiv%em):i’t]saalﬁbﬁ]n‘iefiuell;ridt:r],gdmﬂ t:acanﬂ tools
(Hopwood 1979). Two-thirds of known antibiotics are produced by bacteria groupep in
Actinomycetes, and nearly 80% of antibiotics are made by genus Streptomyces (Kieser et al.

2000). Streptomyces spp. produce not only antibiotics but also antitumor, immunosuppressive

and cholesterol-lowering agents (Demain 1999). For examples, erythromycin, amphotericin B,



and avermectin are antibacterial, antifungal and antihelmintic agents produced by
Saccharopolyspora erythraea, S. nodosus and S. avermitilis, respectively. Doxorubicin and
mitomycin C are antitumors synthesized by S. peucetius and S. lavendulae. Rapamycin and

FK506 are immunosuppressants produced by S. hygroscopicus. Pravastatin is a drug for

lowering blood cholesterol which pr

Polyketide Biosynthesis

Polyketides are a gro in bacteria, fungi and plants.

They possess a pharmacologic : \o lyketides are usually classified upon

the basis of their chemical the ara t| polyketides with one to six

aromatic rings, and the com | into macrolides, ansamycins, polyenes

and polyethers (Hranueli et al. ctu  5 of the two groups of polyketides

are shown in Figure 1.

Polyketide biosynthesis i St eptor omplex biochemical processes

catalyzed by enzymes. The enz

y 5 ide backbone are

(PKS) (Hopwood 2004). PKS are magorized in to three

polyketide synthase complgs
types(Hranueli et al. 1) Ei S is ve gi Itifunctional proteins or modules, Each
module plays role cﬁ M j:i]tiﬂrﬁs : rﬂ/ij gjjrionsible for synthesis
of macrolides, hr i € i n rﬁi ystati nﬁﬂotaricin B.
Type Il PKHOﬁtjfaﬁ:m;im;i’l;ﬂ:i t enzja?jv olypeptides
carrying an individual with a single catalytic activity. They are used iteratively during the
biosynthetic process (Hranueli et al. 2001). Type Il PKS catalyzes the formation of polyketides

that requires aromatization and cyclization. This type of PKS is involved in the biosynthesis of

aromatic polyketides, for examples : actinorhodin, tetracenomycin and doxorubicin. Type Il PKS



is responsible for synthesis of chalcones and stilbenes in plants and polyhydroxy phenols in
bacteria. Unlikewise other type of PKS, chalcone synthase is composed of small protein with a

single polypeptide chain. These PKS is involved in the biosynthesis of precursors for flavonoids

(Hopwood 2004; Hranueli et al. 2001).

In general, the biosynthesis 0 ; / uential condensation of small organic
acids such as acetic and malonie: tions caﬁKS to produce a long chain of
——
carbon atoms. First step of t I is the conversiong etic and malonic acid to

activated derivartives (ace ases (Shen 2003). Then

alyzed by ketosynthase. The

condensation steps produ he condensation cycle with

acetyl CoA and malonyl C 7 \*
\kb

malonyl CoA or other exten length of the carbon chain. The

number and the types of buildi ' ? : "y of l‘ ketide backbones. The other

biosynthetic steps are the three- duction reactions catalyzed by

ketoreductase convert keto groups to-n! he alternate carbon atom in the

—

growing carbon chain. ‘1' --------------------------- , achc dfothe carbon chain results

in double bond formation inEe str 2 n‘wE the enoyl reduction of double

bond by enoly reductase (Hopweaed and Sherman 1990; Hopwood 2004). The complete carbon

g o b e 8 B0 ki e

cyclization. The polyketlde backbone is further by post polyketide synthase Wnng steps (e.g.

methylatloﬂﬂﬁgﬁ ﬁon‘i mumqq nﬂ'm-dﬂowfcauons

are S|gn|f|cant to enhance the maturity and bioactivity of polyketide (Betlach et al.1998).
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Figure 1. Aromatics and complexes polyketides (Hopwood 1997; Khosla 1997,

Brautaset et al. 2000; Leadlay et al. 2001)



Post-Polyketide Synthase Tailoring Enzymes
Many of bioactive polyketides contain methyl groups in their structures, which are
introduced methyl groups during biosynthesis. However, all methylations are not due to the

action of methyltransferases. In the case of the polyketides, some of methyl groups derives

from the carboxylic acids used as,s\ its during the condensation reactions.

ponsible for the methylation
| —
r in the polyketide most of them is O-

In other cases, the action of s
reactions. Although O-, N-
methylation. Such a methylati ' osynthesi ylosin, erythromycin,
tetracenomycin and da
biosynthesis use S-ade
biosynthesis, the methyla den Imet “ i 8 : the methylation of the 3-OH of

mycarose on erythromycin

directly the conversion of erythromycin-C (Carreras et al. 2002)
In addition to mfg\ylation,"ﬁf rnished with different
|
carbohydrates. The sug@ ; noieties impart polar-functior giycone structures that are

often hydrophobic and ch'ly walel occ@ in both the macrolide and the

tetracyclic subclasses of polyketide antibiotics (Walsh et al. 2003). In the case of erythromycin,
glycosyltransfer@ nu &Igsnaﬂﬁyﬂ)goq';a;}oup hydroxy! of
erythronolide B to?:i'eld -mycarosylerythr‘nolide B, whichzis further glycosylated with
desosar;aqeﬂfela\yﬂn tjcmauymgflr;l n&.leaha\&l D (Carreras et
al. 2002). Other post-polyketide modification usually involved the hydroxylation reaction.
Polyketide cytochrome P-450 hydroxylase catalyzes the site-specific oxidation of the polyketide
core structure to form an active antibiotics. EryF and EryK are cytochrome P-450 hydroxylases

that catalyze hydroxylation of 14-carbon macrolactone. EryF hydroxylates at C-6 of 6-



deoxyerythronolide B to yield erythronolide B, and EryK catalyzes the hydroxylation of
glycosylated compound erythromycin D at C -12 to erythromycin C. The biological importance

of the hydroxylation is represented by increase in antibiotic potency (Betlach et al.1998).

Picromycin Biosynthesis of Streptomy . ae
j ing (picromycin and narbomycin)
—

Streptomyces venezue uces 14-m

and 12-membered macrol
from 1 acetate and 5 pro
neomethymycin). Picro /cin‘are de e from narbonolide by addition of one
or more propionate unit t
Macrolactones are synthe

pikAl, pikAll, pikAlll, pikAlV ¥slle J thesi '_ D-deoxymethynolide and

including desosamine gly%ylaio ! e des@nes which are responsible for

desosamine glycosylation entode desosamine glycosyltransferase for addition of a

desosamine sug ; uﬂygtnﬂ m ﬁmnﬂtniﬂvgw and narbomycin

respectively. Nearby the des genes, pici‘encoding a cytochrome P-450 hydroxylase is
res.ponsit;qq fﬂx:lahﬁr X I;imaurmn:l grmﬂ(:rlﬁl ﬂB).
Interestingly, PicK is exclusively cytochrome P-450 hydroxylase in the pik cluster that utility 12-
and 14-membered ring macrolide substrates (Xue et al.1998; Zhang and Sherman 2001). The

hydroxylation reactions catalyzed by the PicK are depicted in Figure 3.



PIkAL PikAl PikAll PikAIV PIkAV
—

le represents an enzymatic

acyl-ACP synthase; KS°, a KS-like

domain; AT, acyltransferase; \CP re ase; DH, B-hydroxyl-thioester

dehydratase; ER, enoyl reduct : TEll, type |l thioesterase

(Xue and Sherman 2001).

qMI4 ﬂimﬁgusgaa

e 0 ”
narbomycin pikromycin

Figure 3. Hydroxylations catalyzed by PicK cytochrome P-450 hydroxylase of S. venezuelae

(Xue and Sherman 2001).



Importance of Cytochrome P-450 Monooxygenases

The cytochrome P-450 (called P-450) is a superfamily of b-type heme containing protein

(Miles et al. 2000) involved in the metabolism of a wide variety of both exogenous and

endogenous compounds. They actas a te m’7l oxidase in multicomponent electron transfer

/ﬂv:riety of organisms and play roles in

cells. In plants, they involve in

chain (Degtyarenko 1995). P-450s

drug metabolism and steroid

herbicide resistance and Moreover, P450 enzymes are

involved in antibiotic bio stomycetes) (Miles et al.

2000). All cytochrome P 4 to the membranes of

endoplasmic reticulums P-450s are water-soluble
(Omura 1999).
The cytochrome P-450s fi Fe ni; \ \ Klingenberg who studied the

spectrophotometric properties of p dmsats in a'r fraction prepared from rat livers.

When addition of a reducing agen! {sodium dithioni 3. diluted microsome suspension

previously gassed with car oxide, a unique -‘-' ’trum with @ maximum
wavelength at 450 nm wetec . m@at 450 nm is unique amongst
hemeproteins and serves as'the,signature of P-480,(Hasler et al. 1999; Guengerich 1991).

P-450 is derived from the fact that the prﬁteins have a heme group and angunusual spectrum.
The P-4g@qeﬁm’;1 ﬁ cirf(]lei;u ;Lm:r;]agom&liaeahwﬁo nm in the
reduced state in the presence of carbon monoxide. Naming a P-450 gene include the italicized
symbol “CYP" , denoting cytochrome P-450, and Arabic number designating the P-450 family,
a letter indicating the subfamily when two or more subfamilies are known to exist within that

family, and an Arabic numeral representing the individual gene. After the gene number is used
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to denote a pseudogene. If no second subfamily or second gene exists in a family, the
subfamily and gene number need not be included, e.g., CYP5 or CYP19. The same
nomenclature for the corresponding gene product (enzyme) is recommended, e.g., italicized

“ CYP1A1" or “CYP17" (Nelson et al. 1993)., The CYP families are involved in the metabolism

of endogenous substances, such f andins, steroid and thyroid hormones.
Isoenzymes in the same fami ' ' their amino acid sequence and
e —

\t\ux dyal and Dadhich 2001).
\\

stem of the bacterial and

members of the same sub

Based on the prote of electrons to P-450s, are

devided into three classe

eucaryotic mitochondriz r FMN-containing flavoprotein

(NADPH or NADH-depe and the P-450. Class Il P-450

system (most eykaryotic microsc e ite tei taining both FAD and FMN (NADPH-

s ;
dependent P-450 reductase) and t e_P-45 F P-450 monooxygenase (P-450,_,) from
Ay ?',._:54 4.:‘; v
Streptomyces carbophilus is ass Class Ill P-450 system, for

example P-4504,,.; froM a}i i ;j he P-450 are fused in a

single polypeptide as ong)rotein Sy 000; D@yarenko and Archakov 1993).

These three classes of P-4ﬁlb illustrated in ie 4. Both microsomal and mitochondrial

eukaryotic P-45 tu ﬂbg nﬂm Wfﬂqn;natnon reaction
VW C TP Rk
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(A) clase I

(C) class III

‘a .
YL WL
Figure 4. Class@tyoﬂA system. (A) Class I, b rial ucaryotic mitochondrial P-

e/

N, NPT WD [ RED

and the P-‘SO. (B) Class Il, eucaryotic microsomal P-450 systems include the diflavin reductase

and the P-450. (C) Class IIl, one component P-450 system that is the fusion of diflavinreductase

and P-450 fused in a single polypeptide (Miles et al. 2000).
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I. Mechanism of Cytochrome P-450 Enzymes
The most common reaction catalyzed by P-450 is hydroxylation. Moreover, they
catalyze epoxidation, especially in detoxification system, with yield unstable products that react

to nucleophilic groups of macromolecules to initiate biological effects (Degtyarenko and

Archakov 1993). The hydroxylation ollowing :

+H,0
~'-—'r

RH +

The P-450 hydroxy. orovided by redox partner

proteins, dioxygen and ough an activated oxygen

species that effects contr S . strate The catalytic cycle of

P-450 is represented in trate (RH) binding over the

surface of the heme, whic \ spin state of the iron from low to

o ferrous (Fe ") by the transfer of

high spin (step 1). The hem reduced fi -" 2TiC ‘3

; -
one electron from a redox partner (st J' d‘ rapidly (step 3). Once the second

electron transfer to the heme, iti eavage and the formation of a

transient oxy-ferryl inte iateas weltas the re r# 4 and 5). Finally, the
reactive oxyferryl speciesgtacks ne gin theﬁ)nooxygenation of the
compound (step 6, 7 and 8)4{Mites et al. 2000; Gugngerich 1991; Poulos 1995).

ﬂumwﬂmwmm

. Functions of Cytochrome P-450s
Cytochrtﬂe WS’Laﬂ ni m u m;] I]( mtﬂ fJ ac& an essential
important of the plasma membrane. Some prokaryotes, which utilize organic hydrocarbons as
the sole carbon and energy sources contain extremely high concentrations of special forms of
cytochrome P-450s as found in P.putida which carries camphor-oxidizing P-450 (P-450cam)

(Omura 1999). The P-450s are grouped as an important superfamily of enzymes involved in
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metabolism of drugs, foreign chemicals, cholesterol, steroids and other important lipids. The
role of P-450 in biosynthesis and catabolism of steroids and other sterols (cholesterol of
animals, ergosterol of fungi, and phytosterols of plants) is the biocatalyst in the oxidative

removal of 14a-methyl group from the intermediate compounds (lanosterol in the synthesis of

‘ # is of phytosterols). This oxidative
th%om&functional sterols. In addition, the

cholesterol and ergosterol, and ob

reaction is the common essenti
T ——

-

oxygenase reactions (mai

various lipid compounds

1999). Moreover, P-450 of xenobiotic compounds

bility. The second role of P-

and drugs. The major r r;
450 is the catalytic oxidati %H eaction involves the conversion
o
of pro-drug to an active forl Ach 2
Polyketide cytochrome G reptomycetes are located in macrolide
I : Ly ) 5 —
or polyketide blosyntheﬁ» gene clusters: Tl 20- and regio- specific oxidation of
L

2003). For example, the @synthe ' 549 @ponsible for hydroxylation of

6-deoxyerythronolide B to efiythronolide B. EryK engoded by eryK gene catalyzes the
hydroxylation of%tuﬂgom‘ﬂﬂmﬁ Fw &&mgf( genein

Streptomyces venezuelae, catalyzes the"ﬁydroxylation afsnarbomycin to picromycin and
catalyzghﬂ/;]@iﬁ ﬂjymrumg@m& t;l)a‘neEJ of antihelmintic
avermectin in Streptomyces avermitilis, AveE catalyzes the hydroxylation of furan ring formation
at C6, C7 and C8 to avermectin (lkeda et al. 1999). OleP, P-450 of Streptomyces antibioticus,
catalyzes the oxidation of C-8 of oleandomycin lactone ring to oleandomycin (Olano et al.

1998). AmphN and AmphL from Streptomyces nodosus catalyze the hydroxylation reactions in
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the post-modification step of polyene amphotericin B biosynthesis (Caffrey et al.2001). P-450
in Streptomyces peucetius, DoxA, catalyzes three oxidation steps in the biosynthesis of
doxorubicin (Walczak et al. 1999). The biological importance of resulting oxidation particulary

hydroxylatlon of compounds by P-450 enzymes is siginificant increasing in antibiotic potency

(Lamb et al. 2003; Parajuli et al. 20
lll. Structures of Cyto

P-450s, approxi acids, Yy 3 : sidue located near the

carboxy-terminus and h i ues nearthe a 0 us of the enzyme. The

(camphor hydroxylase) from v _ )s et al. 1987), P-450,,,, (ct-terpencel

show low sequence identity (<20%) but th ose s%tural similarity in the term of
topology. The P-450 structurés;have common andssimilar secondary structures elements. The

e o rfpbo sl bW it 4 ek v vt corsne

o-helices denoted A B,B,C,D,EF,G, ‘l I, J, K and Las represented in Eigure 6. In addition,
they sho‘va\qim :lﬁ/eﬂ mifjfmlunw-’;ﬂ.’ltnﬂaatﬁ&mcxe
signature of heme-binding domain and the A (A,G,) X (E,D) T signature of oxygen-binding motif
(Guengerich 2000).

The tertiary structure has an approximate trigonal prism arrangement containing both

a-helical and B-sheet regions. Helices dominate the structure, and many of these lie parallel to
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the plane of the heme. The heme is embedded between the | and L helices, the | helix lies
distal to the heme and spans the diameter of the protein structure, the L helix lies proximal to
the heme iron. The heme buries within the structure, and the substrate binding site lies on the
0 are different in size and shape, resulting from

#/- 50gu.5 hydroxylates the long chain

e inding site that extends from the

distal face. The substrate binding sites of P-4
’ \

the nature of their substrates (Figur

fatty acid substrate, and the s

surface of the enzyme to t er hand, the substrate binding

site of P-450,,, is much Substrate ess Channel is much less

appearant. The P-450,, . the P-450,,, as a result

from a network of hydro inding site (Miles et al. 2000).

the 6-deoxyerythronolide B

P-450,, is the en

(6-DEB) to erythronolide B as

crystal structure of the substratesboufid P-450, a useful model for other P-450
enzymes especially in \p lide biosynthesis :*, drophobic substrates. P-

450, has an o/f3 structu@with

are involved in B-sheets (Cupps¥ickery and Poulog 1995). The overall structure of P-450, .

looks similar to P%Ou »&M‘lfﬂ ﬂrnﬁdweﬂgcﬂ ﬁhe B and F helices.
RINNTUANININY

nan ﬁwelical configulation and 17%
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Heme
Figure 6. The represer i 2-4504,,5- The heme cofactor
is visible as a ball-and-sti : d \\; (Miles et al. 2000)

(A)

Y]

m 6-deoxyerythronolide B

o AUEINENTNBANS
ARIEN TN UATVINNRE ™

QOL- terpineol Palmitoleic acid

Figure 7. Substrates for the cytochrome P-450 (A) P-450,,, (B) P-450,, (C) P-450,,,

(D) P-450,,, (Miles et al. 2000)



18

The B' helix of the P-450,, is responsible in key interactions with camphor and is partly
responsible for substrate-binding and site specificity for hydroxylation. In contrast, the
repositioning of the B' helix in P-450, . enlarges the substrate- binding pocket and positions the

side chains of the B' helix so that they do n ke contact with the substrate. The F helix in P-

450, is shortened by two residues : f;elix of P-450_,,, and is shifted away

from the substrate binding site: ment of iX'is necessary to accommodate the

T
fB arges the substrate binding

rotation of the B' helix. Posi
pocket, which allows the
450 is the | helix, which , ire molec ule e enzyme and has the conserved
theronine residue. The | i e ‘here the catalytic function of the
P-450s occurs. The differ 450 i esence of an alanine residue in P-
450, at the position homol X Thr2b; _in the conserved threonine. This
residue is proposed to act as the a-:é'f he reaction cycle. Nevertheless, the

distal | helix of P-450,,, o that of P-450,,,, (Cupp-Vickery

and Poulos 1995; Cup . j n of | helix forms a pocket

sa

for binding molecular oxygn and has b proposed to play a@le in proton delivery for

catalysis. A model fonﬁ)tor‘dﬂery has evolvedito'include the delivery of a proton to iron-

bound molecularﬁq]i/ ﬂt‘gwymxﬂmrﬁf mﬂgenﬁnine in the | helix.
RN INUNINYIAY



G helix

F helix
H helix

E helix

D helix
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Figure 8. Crystal structure of EryF cytochrome P-450 hydroxylase and its hydroxylation

reaction (Betlach et al 1998; Leys et al 2003).
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