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Abstract—Two ketoreductases, RED1 and RED2, are involved in the biosynthesis of actinorhodin in Streptomyces coelicolor A3(2)
and dihydrogranaticin in S. violaceoruber T1i22, respectively. They are responsible for the stereospecific reductions of the bicyclic
intermediate to give (S)- or (R)-DNPA, although there is no similarity between their amino acid sequences. Biotransformation using
synthetic analogous substrates revealed that the substrate specificities are quite different. Homology modelling studies and site direc-
ted mutagenesis showed remarkable differences in three-dimensional structures and catalytic mechanisms between RED1 and

RED?2.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Benzoisochromanequinone (BIQ) antibiotics are mem-
bers of a class of aromatic polyketides produced by
streptomycetes. Actinorhodin (ACT, Fig. 1, 1), pro-
duced by one of the most genetically characterized
examples, Streptomyces coelicolor A3(2),' is a member
of this group. The other related antibiotics include
medermycin, frenolicin B, nanaomycin A (NNM),
dihydrogranaticin A (DHGRA, Fig. 1, 2), and griseusin
B.? The stereochemistry at C-3 and C-15 allows the com-
pounds to be further classified into either the ACT type,
possessing the (3S,15R) configuration, or the NNM type
with the opposite (3R,15S) configuration. Generally, the
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stereochemistry of a functional group greatly influences
its biological activity, therefore it is one of the most
important medicinal issues to understand how the stereo-
chemistry is determined as a step towards metabolic
engineering to generate novel pharmacophores.

The biosynthetic gene clusters of ACT and DHGRA
(the act cluster and the gra cluster) were sequenced.’®
We recently reported the full sequence of the medermy-
cin biosynthetic gene cluster (the med cluster),'? present-
ing the complete sequence information available on the
three BIQ clusters. ACT and medermycin belong to
the ACT type, and the other hand, DHGRA belongs
to the NNM type. It is of great interest to make compar-
ative analysis on these gene clusters to understand the
biosynthesis and the mechanism of controlling the
stereochemistry.

In the ACT biosynthesis, the C-3 absolute configuration
is determined by stereospecific ketoreductase, REDI1
encoded by act VI-ORFI1.!'"!3 REDI recognizes the
bicyclic intermediate (Fig. 1, 5) as its substrate and
reduces the prochiral C-3 keto-group. Subsequent
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Figure 1. Proposed biosynthetic pathways of actinorhodin and dihydrogranaticin. The bicyclic intermediate produced by early steps enzymes is
subjected to stereospecific ketoreductions by RED1/2. Subsequent cyclization and dehydration provide either (S)- or (R)-DNPA. Mutation of RED1
leads to production of the shunt products, DMAC/aloesaponarin II and disruption of act VI-ORFA leads to accumulation of the other shunt
product, (S)-NHAB. The intermediates before (S)- or (R)-DNPA are tentatively shown as enzyme bound (CO-S-Enz.). Numbering of carbon atoms

is based on the biosynthetic origin.

cyclization and dehydration produce the intermediate,
4-dihydro-9-hydroxy-1-methyl-10-oxo-3- H-naphtho-[2,3-
c]-pyran-3-(S)-acetic acid, (S)-DNPA (Fig. 1, 3). The
bicyclic intermediate is produced by the enzymes of
the early steps, consisting of B-ketosynthase (KS), chain
length factor (CLF), acyl carrier protein (ACP), ketore-
ductase (KR), aromatase (ARO) and cyclase (CYC). In
the gra cluster, the homologous genes encoding early
steps enzymes are all present, and it is likely that the
bicyclic intermediate is also produced in the DHGRA
biosynthesis. We had assumed the presence of RED2
to reduce the bicyclic intermediate stereospecifically to
give the intermediate (R)-DNPA (Fig. 1, 4), and an
obvious expectation was that RED2 is encoded by the
homologue of act VI-ORF1. However, no RED1 homo-
logue was found in the gra cluster. We found that gra-
ORF5 and -ORF6 are candidates coding a reductase
based on their nucleotide binding motifs as well as their
similarity to the functionally related proteins, and have
demonstrated that the gra-ORF6 product is essential
for the production of (R)-DNPA, 415 suggesting its role
as RED2.

Although REDI and RED?2 reduce the C-3 keto-group
of the bicyclic intermediate and give (S)- or (R)-DNPA,
BLAST 2 Sequences'® showed no homology of the ami-
no acid sequences between both enzymes.!> Position-
specific iterated BLAST (PSI-BLAST)!” suggested that

REDI1 is categorized into 3-hydroxyacyl-CoA dehy-
drogenase (3HAD) and RED?2 into short-chain dehy-
drogenase/reductase (SDR). To clarify and compare
the stereospecific reduction mechanisms, we have now
investigated further the biochemistry and bioinformatics
of RED1 and RED2.

2. Results
2.1. Biotransformation of synthetic analogous compounds

For the functional analysis of gra-ORF6, we had con-
structed plasmids based on an expression vector,
pRMS5.18 This vector carries the genes of act I-ORF1
(KS), act I-ORF2 (CLF), act I-ORF3 (ACP), act 111
(KR), act VII (ARO), act IV (CYC) and act 1I-ORF4
(Streptomyces antibiotic regulatory protein, SARP).
When introduced into the act cluster deficient mutant,
S. coelicolor CH999, this vector gives rise to the produc-
tion of the bicyclic intermediate in this transformant,
but this compound cyclizes spontaneously to give the
two shunt products, 3,8-dihydro-1-methoxyanthraqui-
none-2-carboxylic acid (DMAC) and aloesaponarin
I1'8 (Fig. 1 6 and 7). Addition of act VI-ORF1, encoding
REDI, to pRMS5 leads to construction of plJ5660 and
addition of gra-ORF6 encoding RED2 leads to
pIK187. In the transformants carrying plJ5660 or
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pIK187, REDI or RED2 recognized the bicyclic inter-
mediate produced by early steps enzymes to give (S)-
or (R)-DNPA.

As demonstrated previously,!® the four analogous com-
pounds were synthesized in place of the unstable bicyclic
intermediate, and fed to the S. coelicolor CH999 trans-
formant carrying plJ5675, which is deficient in act
I-ORF1 (KS) from plJ5660. Deletion of KS gene causes
no production of any ACT-related polyketides, but
ACT biosynthetic enzymes except KS were expressed
in this transformant. All the analogous compounds were
enantioselectively reduced with the ACT-type configura-
tion. Similarly, pIK196 was constructed by the deletion
of act I-ORF1 from pIK190' for the reduction with
(R)-configuration. The monocyclic and bicyclic analo-
gous compounds were fed to the transformant carrying
pIK196. RED2 turned out to give no reduction of these
analogous compounds (Fig. 2). This result suggests that

substrate specificities are greatly different between
REDI1 and RED?2, although both enzymes possibly rec-
ognize the same substrate motif.

2.2. Key catalytic residues of RED1 and RED2

Homology searches against the Protein Data Bank
(PDB)* for REDI and RED2 sequences using PSI-
BLAST were carried out. In the case of REDI, L-3-hyd-
roxyacyl-CoA dehydrogenase (3HAD) from human
heart was found?'>* as a homologous protein. This
enzyme is essential to B-oxidation of fatty acids and cat-
alyzes the dehydration of L-3-hydroxyacyl-CoA (Fig. 3),
whose partial structure is similar to the reactive portion
of the bicyclic intermediate. There are 43% similarity
(identity + homology) between REDI1 and 3HAD. In
3HAD, His158 and Glul70 were proved to be essential
for activity by site directed mutagenesis and X-ray crys-
tallography.???*> Alignment of the amino acid sequences

product of RED1 substrate product of RED2

OH O O O
H not reduced
OH SNAc

not reduced

Figure 2. Results of biotransformation using synthetic analogous substrates. Left column shows the results of RED1, middle column shows the
substrates, and right column shows the results of RED2. Bottom low shows the intact substrate and products of RED1/2, respectively, for

comparison with analogous substrates.
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3HAD 151 QDRFAGLHFF NPVPVMKLVE VIKTPMT 177
RED]1 122 PGRLVVAHPF NPPHIVPLVE VVRGERT 148

B

3HNR 161 LMGSITGQAK AVPKHAVYSG SKGAIET 187
REDZ 141 NVSSIAG-SR PAGSSIPYAV SKAAIEH 166
TRII 143 FISSISG-AS ALPYEAVYGA TKGAMDQ 168

Figure 4. Alignment of the amino acid sequences between RED1 and
3HAD (A), and between RED2, 3HNR and TR-II (B). Bold
characters show the conserved residues including the proposed key
catalytic ones with underlines. The numbers indicate amino acid
positions of each entry.

of REDI and 3HAD showed that His129 and Glul41 in
REDI1 are well conserved and suggested that these two
residues are essential for the reducing activity of
REDI1 (Fig. 4A). In the case of RED2, trihydroxynaph-
thalene reductase (3HNR) from Magnaporthe grisea®*
was found as a homologous protein. This enzyme catal-
yzes the reduction of trihydroxynaphthalene to afford
vermelone in the melanin biosynthesis (Fig. 3). RED2
resembles SHNR with 45% similarity. 3HNR is a typical
SDR enzyme. Another SDR example, tropinone reduc-
tase I1,>> was also found. These enzymes have three key
residues, Ser, Tyr and Lys as shown in Figure 4B, and
the three residues are called as a catalytic triad (see Sec-
tion 3). However, in the original sequence’ of the gra-
ORF6 protein, the third residue, Lys was substituted
for Asn. The genomic fragment containing gra-ORF6,
separately isolated from the rest of the gra cluster,®
was examined to reveal that gra-ORF6 does indeed
encode Lys (see Section 5). The catalytic triad was also
conserved in RED2, and probably these residues should
be essential for RED2 activity.

To test the importance of His129 and Glul41 in REDI,
site directed mutagenesis was carried out. The strategy
was based on the evaluation of (S)-DNPA production
using CH999/pl1J5660.'2 Our approach was to introduce
a His-tag, epitope sequence for Anti-Xpress™—Anti-
body-HRP (Invitrogen) and enterokinase cleavage site
at N-terminal of REDI, allowing recombinant RED1
to be detected and isolated by Nickel-affinity column.
The constructed plasmids were introduced into S. coeli-
color CH999 followed by cultivation in liquid medium.
The amounts of (S)-DNPA accumulated in culture med-
ium were analyzed by HPLC. The modified version of
plJ5660, pIK572 (wild type: WT), gave comparable pro-
duction of (S)-DNPA in its CH999 transformant. Sub-
sequently, His129 was substituted with Ala (pIK573),
Phe (pIK574) or Tyr (pIK575), and Glul41 was substi-
tuted with Ala (pIKS576), Asp (pIK577) or Gin
(pIK578). The productivities of (S)-DNPA of the trans-
formants carrying the plasmids are summarized in Fig-
ure 5A. Only E141D mutant produced 1.1% amount
of (S)-DNPA, and the other mutants produce no (S)-
DNPA at all. This result shows that His129 is essential
to REDI activity. The difference between Glu and Asp
is the length of side chain, which is likely to influence
the reduction activity of RED1.
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Figure 5. Summary of site directed mutagenesis of REDI (A) and
RED2 (B). Bar graphs illustrate the relative activities of mutant
REDI1/2s and photos shows the results of RT-PCR.

To investigate the role of Ser144, Tyr157 and Lysl61, in
RED?2 site directed mutagenesis was performed in a sim-
ilar manner to that for REDI. Plasmids were designed
based on the plasmid, pIK187,'> where act VI-ORFI
was replaced with an expression cassette of gra-ORF6.
For these experiments, WT (pIK559), SI144A
(pIK560), Y157F (pIK561), Y157H (pIK562), K161A
(pIK563) and KI16IN (pIK564) were constructed.
Transformation and liquid culture were operated as
for REDI1, and amounts of (R)-DNPA in the culture
medium were measured by HPLC. Results are shown
in Figure 5B. S144A, T157F, T157H and K161A com-
pletely lost the reduction activity, while only K161N
retained 16% activity.

2.3. Homology modelling of RED1 and RED2

To gain further insight, we constructed homodimer
models of REDI-NAD" and RED2-NADPH com-
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plexes using FAMS Ligand&Complex,3 a fully auto-
mated modelling system for protein—protein complex
including ligand. FAMS Ligand&Complex was devel-
oped by improving the procedures of FAMS,?° a fully
automated modelling system for monomer protein.
The accuracy of FAMS Ligand&Complex has been
demonstrated by an excellent example.?” The high abil-
ity of FAMS Ligand&Complex, and also FAMS,?® are
mainly derived from the optimization protocol based
on iterative cycles of side chain and main chain optimi-
zation. This protocol enables the conservation of the
side chain torsional angles and main chain conformation
within homologous proteins. After modelling, the qual-
ity of the stereochemistry of the models was checked.
In each model structure, no unfavourable contacts be-
tween the atoms and no unnatural chiral centres were
observed, and there were no bad steric clashes that pre-
vented close interaction of the two monomers in the

dimer. In the Ramachandran plot of the main chain ¢
—¢ angles made by the program PROCHECK,?’ almost
all of the non-glycine residues were in the most
favoured or allowed regions. All the w angles were
trans-planar.

In the case of REDI1, we constructed a homodimer
model using 3HAD as the reference protein (Fig. 6A),
because the structure of 3HAD suggested that REDI1
exists as a dimer. Although the sequence identity
between RED1 and 3HAD is only 24%, the low E-value
(1x107"7) obtained by PSI-BLAST indicates that
REDI1 has a similar fold to 3HAD and that 3HAD
could be used as the reference protein for RED1. More-
over, the amino acid residues in the active site region are
highly conserved between RED1 and 3HAD, which
indicates that the alignment of the active site region is
reliable and that the active site structure of REDI

Figure 6. Model structures of RED1 and RED?2. (A) Homodimer model of RED1. In one subunit, N-terminal and C-terminal domains are shown in
red and green, respectively. In the other subunit, N-terminal and C-terminal domains are shown in magenta and cyan, respectively. (B) Homodimer
model of RED2. Two subunits are shown in red and green. (C) Stereoview of the active site region of RED1 model. Oxygen, nitrogen and
phosphorus atoms are coloured in red, blue and orange, respectively. Carbon atoms of His129 and Glu141 are coloured in yellow and those of NAD*
are coloured in cyan. Hydrogen bonds are indicated with green lines. (D) Stereoview of the active site region of RED2 model. Oxygen, nitrogen and
phosphorus atoms are coloured as (C). Carbon atoms of Ser144, Tyr157 and Lys161 are coloured in yellow and those of NADPH are coloured in
cyan. Hydrogen bonds are indicated with green lines. Models were visualized using a WEBLAB VIEWERLITE 4.0 (Molecular Simulations Inc.).
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should be very similar to that of 3HAD. These factors
suggested that the model structure is reliable especially
in the active site region. In the PDB, 11 structures of
3HAD or mutant 3HAD were registered. One of them
(PDB code: 1F0Y) is a complex with NAD™ and aceto-
acetyl-CoA with the highest resolution, therefore we
chose 1FQY as the reference protein. Because the refer-
ence structure is the complex structure of 3HAD-
NAD™, we constructed REDI-NAD" complex model
using FAMS Ligand&Complex. The model comprises
residues 1-279 out of 307 amino acids. The N-terminal
domain (Metl-Alal73) has Rossman fold, a common
tertiary structure found in NAD(P)-binding proteins.
The C-terminal domain (Alal79-Ala279) is involved in
subunit dimerization. The two domains are connected
by a short loop (Leul74-Alal78). In the active site
region, N&1 atom of His129 is hydrogen bonded with
Oe¢l atom of Glul4l (Fig. 6C), as the corresponding
atom pair hydrogen bonded in 3HAD.

In the case of RED?2, we constructed a homodimer mod-
el using 3HNR as the reference protein (Fig. 6B), be-
cause the structure of 3HNR suggested that RED2
exists as a dimer. The sequence identity between
RED?2 and 3HNR is 32%, and E-value (4 x 107°%) was
low enough that 3HNR could be used as the reference
protein for RED2. These indicate that the model struc-
ture is reliable. In the PDB, four structures were found
for the 3HNR in complex with the combinations of
NADPH and four inhibitors. Among them, we used
an X-ray structure (PDB code: IDOH) as the reference
structure. The model consists of residues 3-248 out of
249 total amino acids. It has a single-domain structure
with the Rossman fold to bind NAD(P)H. In the model,
NC atom of Lys161 forms hydrogen bonds to 2’- and 3'-
hydroxyl groups of ribose of NADPH, and On atom of
Tyr157 forms a hydrogen bond to 2’-hydroxyl group of
ribose of NADPH (Fig. 6D). The corresponding atom
pairs also form hydrogen bonds in 3HNR. Tyrl57 is
perfectly located as a proton donor for a hemiketal for-
mation of the reduced product. Lys161 appears to be
placed to form possible hydrogen bond with ribose of
NADPH.

2.4. Expression analysis

To evaluate the expression levels of mutants of REDI
and RED?2, expression analysis was carried out. Trans-
formants carrying wild type and mutant act VI-ORF1
or gra-ORF6 were cultivated under the same conditions
as above. Protein preparations from mycelia of each
transformant were used for analysis with SDS-PAGE
and western blotting. Surprisingly, the bands corre-
sponding to RED1 or RED2 were not detected even
for the transformants carrying the plasmids of WT
REDI1 (pIK572) and RED2 (pIK559) genes. (Data not
shown.) Therefore, we tried transcriptional analysis by
reverse transcription (RT)-PCR. Total RNA extracted
from frozen mycelia was used as the template for
RT-PCR with the specific primers used. Expected PCR
products were detected from all transformants (Fig. 5),
demonstrating that mutation of act VI-ORF1 and
gra-ORF6 had not abolished their transcriptions.

3. Discussion
3.1. Difference of substrate specificity

The biotransformation experiments suggest that the
substrate specificities of RED1 and RED2 are different.
An explanation for this might arise from the significant
difference in the domain structures of both enzymes.
3HAD, the template of REDI, consists of N-terminal
domain and C-terminal domain and L-3-hydroxyacyl-
CoA as a substrate binds in the cleft between the two
domains. The significant domain shift observed in the
structures with and without ligands clearly suggested
that the N-terminal domain rotates inward toward the
C-terminal domain when the substrate binds.?> A simi-
lar domain shift would occur in REDI, allowing the
broader substrate specificity. On the other hand,
RED?2 is a single-domain protein unlikely to provide sig-
nificant conformation change, implying the more strict
substrate specificity.

PSI-BLAST showed that RED2 resembles 3-oxoacyl-
ACP reductases/FabG from various bacteria. FabG is
an essential component of type II fatty acid synthesis
and catalyzes the reduction of C-3 keto-group of 3-
oxoacyl-ACP in bacteria. Especially FabG from Escher-
ichia coli was shown to bind ACP for the reduction.?%-3!
This might explain the reason why RED?2 is unable to
reduce analogous compounds. Possibly, for the reduc-
tion by RED?2, the bicyclic intermediate and analogous
substrates have to be bound to ACP.

3.2. Proposed mechanism of the reduction by RED1

The structural study of 3HAD suggested Glul70 to be
appropriately interacted with His158 in such a way that
the pK, of His158 is elevated.?® This suggestion and all
of the present data led us propose the reaction mecha-
nism of RED1 as shown in Figure 7A. His129 is acti-
vated by Glul4l and proton of the His129 side chain
is used to reduce of the C-3 keto-group. Additionally,
taking account into the mechanism of 3HAD, pro-S
proton of nicotinamide ring of NAD(P)H would be
transferred to C-3 of the bicyclic intermediate. Because
in HI29A and H129F mutants Ala and Phe had no
transferable protons, they showed no activity. The lack
of reducing activity observed for the H129Y mutant is
explained by the rather basic property of the hydroxyl
moiety of Tyr, rendering it incapable of functioning as
a proton donor.

In 3HAD, substitution of Glul70 with Gln retained the
function but with a resulting 30-fold reduction in activ-
ity. We expected that E141Q mutant would also show
lower activity, but this mutant has no activity. Possibly
the role of Glul4lwould be more important in REDI
than in 3HAD. Interestingly, E141D mutant showed
very low activity. By substitution of Glu with Asp, side
chain became shorter, but a weak hydrogen bond
could form to allow His129 to be activated. These re-
sults well agree with the proposed mechanism of
REDI1 (Fig. 7A).
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to afford either (S)-DNPA or (R)-DNPA.

3.3. Proposed mechanism of the reduction by RED2

As mentioned previously,'> RED2 belongs to the SDR
family. Highly conserved Ser-Tyr-Lys residues (catalytic
triad) are involved in SDR catalysis, where the Tyr res-
idue functions as a catalytic acid—base for proton trans-
fer together with the Ser residue interacting the reactive
oxygen of a substrate.?’ Indeed, the pK, values attribut-
able to the triad Tyr was experimentally estimated to 7.5
for a Dorosophila alcohol dehydrogenase.?? Crystallo-
graphic studies’*?> showed that the triad Lys residue
is hydrogen bonded to both the 2’- and 3’-hydroxyl
groups of the nicotinamide ribose of a cofactor likely
to contribute to the acid—base catalysis. This is a clear
distinction from our study on REDI1 that the mutant
(H129Y) is catalytically inactive, indicating the Tyr
residue incapable of acting as a proton donor. In the
RED2-NADPH complex model, N atom of Lys161
is hydrogen bonded to both 2’- and 3’-hydroxyl groups
of NADPH, and On atom of Tyrl57 is hydrogen
bonded to 2’-hydroxyl group of ribose of NADPH
(Fig. 6D). Based on the results of site directed muta-

genesis and modelling of the complex, we proposed the
reaction mechanism of RED2 as shown in Figure 7B.

In the proposed mechanism of 3HNR, Ser164 of the cata-
Iytic triad only stabilizes the reactive keto-group, but
S144A mutant of RED?2 lost its activity. This might sug-
gest that the hydrogen bond between the proton of
Serl44 side chain and the oxygen atom of C-3 keto-
group is critical in RED2. In 3HNR and TR-II pro-S
proton of nicotinamide ring of NADPH was transferred
to substrates. It is likely that in RED2 pro-S proton of
nicotinamide ring of NADPH was used to give (R) con-
figuration at C-3. The model of RED2 in complex with
NADPH supports this possibility. Substitution of
Tyrl57 to Phel57 might not change the three-dimen-
sional structure of mutant RED2, but the lack of the
hydroxy moiety must destroy the salt bridge between
NAD(P)H, Tyr and Lys, so causing the loss of activity.
Similarly, in Y157H, the salt bridge could not be formed
because the pK, and structure of side chain of Tyr and
His are greatly different. It is reasonable that Y157F
and Y157H mutants showed no activity. Probably the
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destruction of salt bridge occurred in the K161 A mutant
but K161N might be slightly different. The structures of
the side chains, Lys161 and Asn, both possess an amino
moiety. It is possible that Asnl61 in K161N mutant
formed weak hydrogen bond with hydroxyl moiety of
ribose of NAD(P)H to form incomplete salt bridge
and then showed weak activity.

3.4. Possibility of cyclization after ketoreduction

The chemically spontaneous hemiketal formation of the
3-keto reduced products could also be catalyzed in an
enzyme cavity. We propose here a catalytic cyclization
in REDI/RED2 (Fig. 7). The hydroxyl group would
be reactivated by His129 to attack the C-15 keto-group
to initiate cyclization to regenerate the active amino acid
residues (Glul41l and His129) in favour of a unidirec-
tional biosynthetic pathway to ACT (Fig. 7A). Simi-
larly, the C-15 keto-group in RED2 catalysis could be
located close to the Tyr157 residue. Because the Ser res-
idue is shown to stabilize substrate binding by hydrogen
bonding to the reactive oxygen, it is likely that an ani-
onic oxygen of C-3 is involved in the cyclization fol-
lowed by the proton abstraction from Tyr157 (Fig. 7B).

The production of (S)- or (R)-DNPA by co-expression
of RED1/2 with the early biosynthetic enzymes in S.
coelicolor CH999 indicates an efficient cyclization and
dehydration after the ketoreduction of the bicyclic inter-
mediate in the recombinant systems (Fig. 7). It would be
interesting to know if the dehydration also proceeds in
the RED1/RED2 cavity. In the case of S. coelicolor,
we reported that act VI-ORFA disruptant of S. coeli-
color accumulated not only (S)-DNPA but also the
novel shunt product, 1,4-naphthoquinone-8-hydroxy-3-
[(3S)-acetoxybutyric acid], (S)-NHAB (Fig. 1, 8).333¢
Interestingly, it also produces a reduced amount of
ACT compared with the wild type strain. The structure
of (S)-NHAB indicates that disruption of act VI-ORFA
causes to decrease the efficiency of dehydration from a
hemiketal. Database search indicated that a family of
act VI-ORFA genes is widely distributed in the gene
clusters for Streptomyces aromatic polyketides including
non-BIQ metabolites’* exclusively with carbocyclic
rings. The combined data makes us favour an idea of
more regulatory role of this gene family. We are under-
taking its biochemical characterization such as coexpres-
sion with the relevant act biosynthetic enzymes. Taken
together, the REDI catalytic process appears to be
responsible for the steps of dehydration as well as 3-keto
reduction (Fig. 7), and act VI-ORFA seems to increase
the efficiency of dehydration.

3.5. Comparison between RED1 and RED2

The present study using homology modelling and muta-
genesis showed the marked difference in the structure
and possible catalytic mechanism of REDI1 and
RED2. Suppose two enzymes with the opposite stereo-
chemistries recognize a common substrate, one could
expect significant sequence similarity between the two
enzymes, at least for the substrate recognition. Tropi-
none reductase I and II (TR-I and TR-II) from plant,

Hyoscyamus niger, are such examples. The two enzymes
belonging to SDR are involved in the biosynthesis of
tropane alkaloid and recognize tropinone as sub-
strate to give tropine (3o-hydroxytropane) and pseudot-
ropine (3p-hydroxytropane), respectively.?> But TR-I
and TR-II share 64% of the same amino acid residues
and conserve overall structures. While the two enzymes
exist in the same plant, RED1 and RED2 are from
different bacterial strains, indicating RED1 and RED?2
to be evolved from different origins. One possibility
of origin of REDI is 3-hydroxyacyl-CoA dehydro-
genase (3HAD), which is involved in B-oxidation of
fatty acid in the primary metabolism. It is possible that
one of the copies of 3HAD was transferred from the
other location of genome to the act cluster with muta-
tion and gained the reduction activity of the bicyclic
intermediate. Indeed, there are nine homologues of
3HAD in the S. coelicolor genome, whose complete gen-
ome sequence available.! On the other hand, a large
number of RED2 homologues are found in various bac-
teria. It is intriguing to assume that the gra-ORF6 gene,
encoding RED2, could have been duplicated from its
flanking gra-ORF5, which encodes KR, followed by fur-
ther evolution to gain 3-keto reducing activity.

4. Conclusion

An increasing number of biosynthetic gene clusters
responsible for secondary metabolites including anti-
biotics have been cloned and sequenced. However, for
the purpose of metabolic engineering to produce unnat-
ural compounds towards effective therapeutics, we ulti-
mately have to understand the catalytic mechanisms
for each biosynthetic enzyme. One of the most impor-
tant key enzymes is concerned with the stereochemical
control of a target compound. We clarified here novel
examples, RED1 and RED2. Actually the two enzymes
catalyze the ketoreduction at C-3 of the bicyclic interme-
diate to give (S)- or (R)-DNPA, about various aspects,
like amino acid sequences, predicted three-dimensional
structures, the substrate specificity, and reduction mech-
anism, RED1 and RED2 were shown to be dissimilar.
This suggests that it is not simple to know how to con-
trol stereochemistry in combinatorial biosynthesis and
we have to approach to clarify the characteristics of each
biosynthetic enzyme from various aspects. X-ray crystal-
lographic and NMR studies give us much information
on the three-dimensional structure of a protein of inter-
est, but still to a limited extent. Homology modelling of
a target protein is a complementary and useful method
to predict protein structures and their putative func-
tions. The present study demonstrated a successful
example of a functional genomics approach based on
bioinformatics and biochemistry.

5. Experimental procedures

5.1. Bacterial strains and DNA manipulation

The host strain for all the plasmids was S. coelicolor
A3(2) CH999,'® which is an act cluster deficient strain
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(proAl, argAl, SCP1~, SCP2", redE60, Aact). General
DNA manipulations for transformation were according
to standard procedures.> Streptomyces manipulations
were as described.?®

5.2. Plasmid for biotransformation

Deletion of Pacl-Nsil fragment from pIK 190! followed
by Klenow treatment gave pIK196.

5.3. PCR and sequence analysis

All PCR was carried out using RoboCyler® Gradient40
(Stratagene) with Ex-Taq DNA polymerase (TaKaRa).
PCR programme except site directed mutagenesis was
as follows: 94°C, S5Smin; [94°C, 1min; 70°C, 30s;
72°C, 1 min] x 25 cycles; 72°C, 10min. PCR programme
for site directed mutagenesis was as follows: 95°C,
10min; [95°C, 1min; 56°C, 30s; 72°C, 1min]x 25
cycles; 72°C, 10min. Sequence analysis was performed
on automated DNA sequencers, model 4000L (LI-
COR) and PRISM-3100 (ABI).

5.4. Sequence analysis of gra-ORF6

A plasmid pIK109'* derived from the pBluescript
SK(—) based subclone (B8) carrying the BamHI frag-
ment of the gra cluster® was used for sequence analysis.
Previously reported sequence,” ‘469 AGCAATGGC-
GGCCATCGAGCACAGACT 505 was corrected to
the revised one, ‘469 AGCAAGGCGGCCATCGAG-
CACATGACT 505. The changes of thymine (shown
in bold italic) changed the amino acid sequence from
‘160 SNGGHRAQT 168’ to ‘160 SKAAIEHMT 168’
(the residues relevant to catalytic triad are shown in
bold).

5.5. Plasmids for site directed mutagenesis of RED2

To construct plasmids for site directed mutagenesis,
gra-ORF6 was amplified from pIK110'* with the sense
primer, 5-GGAAGATCTATGGCCACCGACGCGC-
CCGA-3’ (italic shows BgllIl site and bold start codon),
and the antisense primer, 5-CCGGAATTCAG-
GGGGCGGGTCAGAGGAGGT-3’ (italic, EcoRlI site;
bold, stop codon). PCR products were digested by
EcoRI and Bg/II and ligated to pRSET B (Invitrogen)
to give pIK403. To engineer the nucleic acid sequence
corresponding to His-tag, epitope of Antibody and
enterokinase cleavage site, three-step PCR was carried
out from pIK403. N-terminal 300bp region of gra-
ORF6 was engineered as follows: 5-GAATTCG-
CATGCGGAGGGATATACATATGCGGGGCTCC-
CATCATCATCATCATCACGAGCTGTACGACGAC-
GACGACAAGGATCCGAGCTCGAGATCTATGGC-
CACCGAC-3' (italic, EcoRI site; underline, Sphl site;
bold, ribosomal binding site; second underline, His x6-
tag; second bold, epitope for Anti-Xpress™-Antibody—
HRP; bold and underline, enterokinase cleavate site;
second italic Bg/II site; third bold, start codon of gra-
ORF6). This PCR product was subcloned into pT7Blue
vector (Novagen) to give pIK532. To construct C-termi-
nal 450bp region of gra-ORF6, five antisense primers,

5'-CCCGCGATGGCCGACACGTT-3' (S144A), 5'-CT-
CACCGCGAAAGGGATCGA-3' (Y157F), 5'-CTCA-
CCGCGTGAGGGATCGA-3’ (Y157H), 5-TCGATG-
GCCGCGGCGCTCAC-3" (K161A), 5'-TCGATGG-
CCGCGTTGCTCAC-3' (K161N) and the sense primer,
5'-ACCTGGCGGCCGCCACccee-3 (underline,
Notl site), were used for PCR, and then each PCR
product and antisense primer 5-AAGCTT-GCA-
TGCGGGCGGGTCAGAGGAGGT-3’ (underline,
HindlIIl site; italic, Sphl site; bold, stop codon) were
used for second PCR. PCR fragements (450bp) were
subcloned into T7blue vector to give pIK351-pIK355.
Combination of Notl-HindlIl fragments of 450 bp from
pIK179 and pIK351-pIK355 with engineered N-termi-
nal region on pIK532 lead to construction of Sphl cas-
settes of engineered gra-ORF6 on pIK540-pIK545.
Each Sphl cassette was subcloned to plJ5654 to give
pIKS553-pIKS58, and then Xbal-EcoRI fragment of
5.5kbp was digested and substituted into pRMS5 to con-
struct pIK559—pIK 564 finally.

5.6. Plasmids for site directed mutagenesis of RED1

To construct plasmids for site directed mutagenesis of
REDI1, act VI-ORF1 was amplified by PCR from
plJ5660 with the sense primer, 5'-GGAAGATCTATG-
AGCACCGTGACAGTGATCG-3 (italic, Bg/Il site;
bold, start codon), and the antisense primer, 5'-CCG-
GAATTCTCACTTGGTCTCCTCCTGGGG-3' (italic,
EcoRI site; bold, stop codon). PCR product was
digested by EcoRI and Bg/ll and ligated to pRSET
B to give pIK402 (act VI-ORF1). Using plIK402
as a template, sense primer, 5'-CGGCTGCAGT-
CGGCGCTGCT-3' (underline, PstI site), and antisense
primer, 5-AAGCTTGCATGCGAATTCTCACTTG-
GTCTCCTCCT-3' (first underline, HindIIl site; italic,
Sphl site; second underline, EcoRI; bold, stop codon),
380 bp fragment was amplified and subcloned into
T7blue vector to give pIK517. A Pstl-HindlIl region
on plK402 was substituted by the PstI-HindIll frag-
ment on pIK517 and pIK518 was constructed. To con-
struct mutant act VI-ORFI1, six antisense primers,
5'"TTGAACGGTGCCGCGACGAC-3' (H129A), 5'-TT-
GAACGGGAACGCGACGAC-3' (H129F), 5'-TTGA-
ACGGGTACGCGACGAC-3" (H129Y), 5-CGGAC-
CACTGCGACCAGCGG-3" (El141A), 5-CGGAC-
CACATCGACCAGCGG-3' (E141D), 5'-CGGAC-
CACTTGGACCAGCGG-3' (E141Q) and the sense pri-
mer, 5'-AGAGATCGGAGCGGCCGCCC-3’ (under-
line, Not site), were used for first PCR, and then each
first PCR product and antisense primer 5-TCGAG-
CTCCTCGACGGTCAC-3' (underline, Sacl site) were
used for second PCR. Notl-Sacl region on pIKS518
was substituted by 350bp PCR products to give
pIK520-pIK525. A BamHI-Hindlll fragments of
pIK518 and pIK520-pIKS525 were ligated to pIKS532
and Sphl cassettes of act VI-ORF1 were constructed
on pIK519 and pIK526—pIKS531. Each Sphl cassette
was subcloned to plJ5654 to give pIK533-pIKS539. After
pIK533-539 was partially digested by EcoRI followed
by Klenow treatment, Xbal-EcoRI fragment of
5.5kbp was digested and substituted into pRMS5 to con-
struct pIK572-pIK578.
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5.7. Culture

Seed cultures (10mL) were grown as previously
described.** Production cultures were modified as fol-
lows. Aliquots (SmL) of the culture were inoculated to
50mL of R4 medium consisting of glucose 1%, yeast ex-
tract (DIFCO) 0.1%, BACTO™ casamino acid 0.01%,
K»S0O,4 0.02%, MgCl,-6H,0 1%, TES buffer 0.56%, trace
element solution®® 0.2% v/v, CaCl,2H,O 0.4%, L-pro-
line 0.3%, pH7.2 in 500mL Erlenmyer flasks, which
were grown on a rotary shaker at 200rpm, 28°C. The
term of cultures depended on each experiment.

5.8. HPLC analysis

Part of culture (1 mL) from each flask was transferred to
centrifuge tube and centrifuged at 20,000g for 5Smin.
Supernatant (100pL) was directly subjected to
reversed-phase HPLC analysis on a TOSOH 8020 sys-
tem under the following conditions: column, TSK gel
ODS-80Ty; (4.61.d. x 150mm, TOSOH); column tem-
perature, 40 °C; gradient elution, solvent A (0.5% AcOH
in CH;3CN) and solvent B (0.5% AcOH in deionized
H>0), gradient profile depends on each experiment; flow
rate, 1.0mL/min; detection, absorption between 250—
600nm using photo-diode array detector (PD-8020,
TOSOH).

5.9. Synthesis and biotransformation

Monocyclic and bicyclic analogous compound were syn-
thesized as described.!” Each compound was dissolved
or suspended in MeOH with 50mg/mL. Following
strains were used for biotransformation, the host strain
CH999 as negative control, transformant CH999/
plJ5674 as another negative control, CH999/plJ5675
as positive control, and CH999/pIK196. Forty-eight
hours after production culture started, 1 mL of solution
was added to each flask and for further two days cul-
tures were continued at the same condition. Supernatant
of cultures were directly subjected to HPLC and ana-
lyzed under the following gradient profile: 0-20min,
10-70% A; 20-23min, 70-95% A; 23-27min, 95% A;
27-30min, 95-10%.

5.10. HPLC analysis for site directed mutagenesis

Production cultures were continued for 110h (5days).
HPLC analysis was carried out with following gradient
profile: 0-5min, 35%; 5-20min, 35-70%; 20-23min,
70-95%; 23-27 min, 95%; 27-30min, 95-35%.

5.11. Expression analysis of RED1 and RED2

Mycelia of each transformant collected by filtration
were immediately frozen in liquid N, and stored at
—30°C before use. Frozen mycelia were ground on a
mortar with a pestle together with x0.5 w/w of Polyclar
AT and x1 w/w of aluminium oxide. Then added was x5
viw of extraction buffer consisting of 20mM Tris—HCI
(pH7.8), 10mM MgCl,, 20mM NH4Cl, ImM dithio-
threitol and Complete Mini, EDTA-free (Roche, one

tablet in 10mL buffer). Broken mycelia was suspended
in extraction buffer and collected into a centrifugation
tube. After centrifugation at 20,000g, 4°C, for 10min,
supernatant was transferred to other fresh tube as crude
extract. Crude extracts were applied on a 13% gel for
SDS-PAGE with 10puL/well and developed at 200V
for 45min. Then proteins on the gel were blotted on
nitrocellulose membrane by electroblotting at 100V
for 90min. The blotted membranes were incubated
in Tris-saline-buffer containing Anti-Xpress™-Anti-
body—-HRP and then stained using Konica Immunostain
kit.

5.12. RT-PCR

Frozen mycelia of each transformant (0.1-0.15g) was
ground on a mortar with a pestle and suspended in
ImL of ISOGEN (Nipponegene). Extraction of RNA
was followed by manufacture’s manual and repeated
twice. RNA was dissolved in purified water 50 uL, and
concentration was measured by UV-spectroscopy. After
2ug of RNA was treated with DNasel (Invitrogen,
Amp. Grade), reverse transcription (RT) was carried
out with Thermoscript RT (Invitrogen) and specific
primers for act VI-ORFI1, 5-GCTCCGATCTCT-
GCGAACAA-3' or gra-ORF6, 5'-GGCGTTGTTGA-
CGAGGACGT-3'. PCR was carried out with Ex-Tag
DNA polymerase using 1 uL of RT solution as template.
Antisense primers were as same as the primers for RT.
The sense primer, 5-GGCTCCCATCATCATCAT-
CAT-3’ was used for both genes. PCR fragments (the
expected sizes, act VI-1: 350 bp; gra-ORF6: 320 bp) were
analyzed on 2% agarose electrophoresis. As negative
control, extraction of RNA from the frozen mycelia of
S. coelicolor CH999 carrying pRMS5 and RT-PCR was
carried out under the same condition. No amplified
products were detected.

5.13. Homology modelling of RED1-NAD™ and
RED2-NADPH complexes

Model structures of RED1-NAD" and RED2-NADPH
complexes were constructed based on homology model-
ling methods. Searching for reference proteins and
sequence alignments was performed using PSI-BLAST.
The reference protein for RED1 was the X-ray structure
of 3-L-hydroxyacyl-CoA dehydrogenase (3HAD) in
complex with acetoacetyl-CoA and NAD™ (PDB code:
1F0Y) and that for RED2 was the X-ray structure of tri-
hydroxynaphthalene reductase (3HNR) in complex with
NADPH and 4-nitroinden-1-one (PDB code: 1DOH).
The sequence alignments produced by PSI-BLAST were
manually adjusted taking biologically important regions
and secondary structure into consideration using CHI-
MERA modelling system.’”-3¥ Then we constructed
homodimer models of REDI-NAD" and RED2-
NADPH complexes using the computer software FAMS
Ligand&Complex based on the homodimer structures of
3HAD-NAD" and 3HNR-NADPH complexes, respec-
tively. The molecular coordinates (PDB files) of the
REDI and REDI are freely available upon request to
the corresponding author.
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6. Accession numbers

The modified DNA and deduced protein sequence of
gra-ORF6 in this paper was deposited in the DDBJ,
EMBL and GenBank nucleotide sequence databases
under the accession number AB167818.
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