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ABSTRACT: Type II polyketides are a class of natural products that include pharmaceutically important
aromatic compounds such as the antibiotic tetracycline and antitumor compound doxorubicin. The type
II polyketide synthase (PKS) is a complex consisting of 5-10 standalone domains homologous to fatty
acid synthase (FAS). Polyketide ketoreductase (KR) provides regio- and stereochemical diversity during
the reduction. How the type II polyketide KR specifically reduces only the C9 carbonyl group is not well
understood. The cocrystal structures of actinorhodin polyketide ketoreductase (actKR) bound with NADPH
or NADP+ and the inhibitor emodin were solved with the wild type and P94L mutant of actKR, revealing
the first observation of a bentp-quinone in an enzyme active site. Molecular dynamics simulation help
explain the origin of the bent geometry. Extensive screening forin Vitro substrates shows that unlike FAS
KR, the actKR prefers bicyclic substrates. Inhibition kinetics indicate that actKR follows an ordered Bi
Bi mechanism. Together with docking simulations that identified a potential phosphopantetheine binding
groove, the structural and functional studies reveal that the C9 specificity is a result of active site geometry
and substrate ring constraints. The results lay the foundation for the design of novel aromatic polyketide
natural products with different reduction patterns.

The pharmaceutical potential of bacterial or fungal natural
products is illustrated by the large number of compounds
that are clinically applied as therapeutics. Many pharmaceuti-
cally relevant natural products are derived from polyketides
and are used as antibiotic (tetracyclines, actinorhodin),
anticancer (doxorubicin), antiviral (rebeccamycin deriva-
tives), and cholesterol-lowering (statins) compounds (1). The
antibiotics such as tetracycline and actinorhodin are biosyn-
thesized from acyl-CoA thiosters by type II polyketide
synthases (PKSs1), which are structurally and functionally
related to the type II fatty acid synthase (FAS) (2). Compared
to the type I FAS and PKS, which have enzyme domains
covalently linked together, the type II FAS and PKS consist
of 5-10 standalone enzymes that catalyze the condensation
of malonyl extender units iteratively, followed by chain
modifications, to produce the aromatic polyketides (3, 4).

A major difference between the type II PKS and FAS is
the degree of reduction of the polyketide product. Whereas
FAS typically have ketoreductase (KR), enoyl reductase

(ER), and dehydratase (DH) domains that catalyze iterative
reductions to produce a fully reduced, long-chain aliphatic
fatty acid, the type II PKS either lacks any reduction domains
or has a single KR domain that specifically reduces one
carbonyl (normally the C9-carbonyl) group of the polyketide
chain. As a result, the unreduced or singly reduced polyketide
chain can form cyclized products that vary in their chain
length, reduction levels, and presence of one or more rings
and chiral centers.

The focus of this study is the type II KR, a key modifying
enzyme in the biosynthesis of polycyclic, aromatic polyketides.
The polyketide chain is first assembled by the minimal PKS
(acyl-carrier protein, ketosynthase, and chain length factor),
followed by KR reduction at a specific position and cycliza-
tion/aromatization of the polyketide chain (Figure 1A).
Previous work suggests that the regiospecificities of ketore-
duction, cyclization, and aromatization are closely related
to one another (5, 6). Further, experiments from over 50
cloned type II PKSs have found that, except in rare cases,
the type II KR specifically reduces the C9 carbonyl group,
as demonstrated by the product outcome during the biosyn-
theses of actinorhodin (7), doxorubicin (8), R1128 (9), and
enterocin (10, 11). Similar to actinorhodin, all of these
polyketides are cyclized at the C7-C12 position (Figure 1A),
although in special cases, a C5-C10 cyclized product also
affords a C7-reduced product by KR (12). Despite extensive
genetic analysis of type II PKS, the structure-function
relationship that leads to the C9-specificity of KR is not well
understood (13).

Earlier, we solved the cocrystal structures of actinorhodin
KR (actKR) bound with either the cofactor NADP+ or
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NADPH (14, 15) and showed that the actKR belongs to the
short chain dehydrogenase (SDR) family that contains a
Rossmann fold (16). Catalytic residues in the active site of
SDRs are highly conserved, and substrate binding is guided
by the active site residues Ser144 and Tyr157. Previous
studies with tropinone reducatase I and II and with the type
I PKS have suggested that the conformation of the bound
polyketide substrate is closely related to the regio- and
stereospecificity of the reduced product (17, 18). However,
it remains unclear how actKR achieves such accurate C9
regiospecificity.

The development ofin Vitro activity assays for theE. coli
FabG (19), human FAS KR (20), and the isolated KR1

domain of 6-deoxyerythronolide synthase (DEBS KR1) (21)
have given insight into the molecular events and substrate
specificity of the KRs. However, to date there is noin Vitro
kinetic information for any type II polyketide modifying
enzymes. Here, we describe anin Vitro assay for actKR
activity with the substrate analoguestrans-1-decalone, 2-de-
calone, andR-tetralone (Figure 1B,7-9). Additionally, we
report inhibition kinetics for actKR using the plant polyketide
emodin. The assay results elucidate the catalytic mechanism
of actKR with respect to substrate binding and product
release. Herein, we also report the crystal structure of the
inhibitor emodin bound in the KR active site. Previously,
no polyketide KR structure has been reported with substrate
or inhibitor bound. Surprisingly, we found that thep-quinone
emodin is bent in the actKR active site. In combination with
the kinetic data, the KR-emodin cocrystal structures allow
the identification of residues important for enzyme catalysis
and substrate binding, as well as molecular features important
for control of the reduction stereo- and regiospecificity.

MATERIALS AND METHODS

Chemicals, Strains, and DNA Manipulation.NADPH,
trans-1-decalone, 2-decalone, andR-tetralone were purchased
from Sigma and were the highest grade available. DMSO,
and all other reagents were ACS grade purchased from Fluka.
Escherichia colistrain DH5R was used to prepare mutant
and WT plasmid DNA. The S144A, Y157A, and P94L
mutations were introduced using the Stratagene Quick-
Change Kit. Synthetic oligonucleotides were from Operon.
Transformants were selected on media supplemented with
50 µg mL-1 kanamycin as the selectivity marker. The point
mutations were confirmed by sequence analysis.E. coli strain
BL21 λ(DE3) was used for recombinant protein expression.

Expression and Purification of Recombinant Proteins.The
actIII gene was cloned into the pET28b vector to produce
plasmid pYT238 as described previously (15). Following
transformation of plasmid pYT238 intoE. coli strain BL21-
(DE3) (Novagen), 1 L of LB media containing 100µg/mL
kanamycin was inoculated with the transformed BL21 cells
at 37°C until the OD600 ∼ 0.6, and protein expression was
induced by 1 mM IPTG overnight at 18°C. The cells were
harvested by centrifugation (6000g × 30 min) and resus-
pended in lysis buffer (50 mM Tris-Cl, pH 7.4, 0.3 M NaCl,
5 mM imidazole, 5% glycerol). The cells were lysed on ice
by sonication (5× 30 s) and the debris removed by
centrifugation (14000 rpm× 45 min). The recombinant His-
tagged protein was purified by Ni-NTA affinity chromotog-
raphy (2 mL, Qiagen) and eluted at 20, 40, 60, 100, and
150 mM imidazole. ActKR was eluted as>95% pure protein
at 60 mM imidazole and was dialyzed overnight against 4 L
of 50 mM Tris-Cl, pH 7.5, 0.3 M NaCl, 10% glycerol. The
protein was concentrated to 10 mg/mL with Vivaspin 30,-
000 MWCO concentrators.

In Vitro Kinetic Assays for actKR.Kinetic parameters were
determined spectrophotometrically on a Cary 3E UV-vis
spectrophotometer (Varian). Steady-state kinetic parameters
were determined by monitoring the change in absorbance at
340 nm from the conversion of NADPH (ε340 ) 6220 M-1

cm-1) to NADP+ over 5 min. The use oftrans-1-decalone,
2-decalone, andR-tetralone as substrates for reductase
activity has been reported for the FAS and the Type I PKS

FIGURE 1: (A) The actinorhodin biosynthesis pathway. The
polyketide chain is first assembled by the minimal PKS (acyl-carrier
protein ACP, ketosynthase KS, and chain length factor CLF),
followed by reduction by KR at the C9 position and cyclization/
aromatization of the polyketide chain. (B) Thein Vitro actKR
substrate candidates7-16 that were tested in this work. actKR
accepts only the bicyclic substrates7-9 in Vitro. (C) Intermediate
5, its aromatized form, and the tautomers. (D) The inhibitor emodin
17 and its tautomers.
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KR domains (20, 21). For actKR, all assays were performed
in 400 mM KPi buffer, pH 7.4, and were initiated with the
addition of the enzyme. The enzyme concentration varied
between 100 nM and 5µM. Because of the low solubility
of R-tetralone in water, the temperature was kept constant
at 30 °C in assay buffer containing 2% DMSO. The
Michaelis-Menten constantsKm and kcat for each ketone
substrate were obtained by varying the substrate concentra-
tion in the presence of 50µM NADPH. The Michaelis-
Menten constants for NADPH were obtained by varying the
NADPH concentration in the presence of 2 mMtrans-1-
decalone. A reaction with NADPH in the buffer containing
2% DMSO was used as control and did not show any effect
on the change in absorbance. Data were fitted directly to
the Michaelis-Menten equation, using the program Kaleida-
graph (Synergy).

Crystallization of actKR-Cofactor-Emodin (Ternary)
Complexes.Growth conditions for the trigonal crystals (space
group P3221) containing actKR in complex with either
NADPH or NADP+ were previously reported simultaneously
by our group and Hadfield et al. (14, 15). Crystals of actKR
wild-type or mutant complexes with cofactor (NADP+ or
NADPH) and emodin grew within 3 days at room temper-
ature by sitting-drop vapor diffusion in 3.8-4.8 M sodium
formate (14, 15). Emodin was added to 10 mg/mL acktKR
containing 5 mM NADP(H) to a final concentration of 250
µM, where the final concentration of DMSO was 1% (v/v).

The drop was produced by mixing 2µL of the purified
protein solution with 2µL of the well buffer over 500µL of
the well solution. The crystals of the ternary complexes
yielded the same space group and similar cell dimensions
as the actKR-NADP(H) binary complex (Table 1).

Data Collection.X-ray diffraction data for the ternary
complexes of actKR were collected at the Stanford Syn-
chrotron Radiation Laboratory (SSRL) to 2.1 Å. Crystals
were flash frozen in the well solution plus 30% v/v glycerol.
The diffraction intensities were integrated, reduced, and
scaled using the program HKL2000 (22). The crystal space
groups for all ternary complexes are P3221, and cell
dimensions varied by 1-2 Å. A summary of the crystal-
lographic data is shown in Table 1.

Molecular Replacement and Refinement.The structures
of the actKR ternary complexes were solved by molecular
replacement with CNS (23), using the coordinates for the
actKR-NADPH structure as the search model (19). The
actKR dimer was used for cross-rotation and translation
search with the data from 15 to 4 Å. Once a suitable solution
was found, a rigid body refinement was performed, treating
the noncrystallographically related monomers as rigid bodies.
Because of the flexibility of the loop region between residues
200-214, the starting model deleted this loop region in both
monomers. A preliminary round of refinement using torsion
angle simulated annealing, followed by energy minimization,
positional, and individualB-factor refinement reducedRcrys

Table 1: Crystallization, Data Collection and Refinement Statistics

KR-NADPH-emodin KR-NADP+-emodin P94L-NADPH-emodin

A. Crystallization
4 M sodium formate 4 M sodium formate 4 M sodium formate
50 mM Tris-Cl, 0.3 M NaCl,
10% glycerol (pH 7.5)

50 mM Tris-Cl, 0.3 M NaCl,
10% glycerol (pH 7.5)

50 mM Tris-Cl, 0.3 M NaCl,
10% glycerol (pH 7.5)

B. Crystallographic Data
space group P3221 P 3221 P 3221
cell dimension (Å) 104.0 104.0 123.4

R ) â ) 90,γ ) 120
103.9, 103.9, 123.2
R ) â ) 90,γ ) 120

104. 7, 104.7, 123.6
R ) â ) 90,γ ) 120

resolution (Å) 2.30 2.10 2.50
mosaicity (deg) 0.2 0.2 0.2
no. of observations 844700 1570585 1573966
no. of unique reflections 34835 45482 27840
completeness % (last shell) 100.0 (100.0) 99.9 (100.0) 99.3 (100.0)
I/σ(I) (last shell) 33.0 (5.9) 30.9 (5.3) 21.3 (5.7)
Rmerge% (last shell) 7.7 (49.9) 7.7 (48.1) 9.3 (49.9)

C. Refinement
resolution (Å) 2.30 2.10 2.50
no. of reflections 33667 43397 26627
no. of protein atoms 3851 3804 3804
no. of cofactor atoms 94 94 94
no. of ligand atoms 20 20 40
averageB-factor protein 39.9 35.1 52.6
averageB-factor solvent 46.6 49.5 59.7
averageB-factor emodin 73.7 79.7 65.9
averageB-factor cofactor 36.4 29.8 54.4
no. of waters 267 326 173
Rfree % 20.4 21.3 21.6
Rcrys % 17.9 18.5 18.9

D. Geometry
RMS bonds (Å) 0.006 0.005 0.008
RMS angles (deg) 1.29 1.26 1.70
RMS B main chain 1.27 1.28 1.39
RMS B side chain 2.2 2.14 2.18
Ramachandran plot (%)

most favored 89.7 90.1 88.2
favored 10.3 9.4 11.8
generously allowed 0.0 0.5 0.0
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to 24-28%. The molecular models were gradually improved
by sequential rounds of manual rebuilding using the program
QUANTA (Accelrys), followed by refinement utilizing the
maximum likelihood based approach (CNS), using all data
to the highest resolution. Electron density maps at this stage
showed clear density for the bound cofactor, inhibitor
emodin, as well as the excluded 200-214 loop region (23).
The emodin model was generated using PRODRG (24) and
fitted to the difference maps using SWISS-PDB Viewer (25),
and loop residues 200-214 were added in QUANTA. The
topology and parameter files for emodin were generated
using XPLO2D (26). Following positional refinement of the
inhibitor, waters were added for final refinement of the
models. The presence of emodin was confirmed by generat-
ing a simulated annealing omit map in the region of the
bound inhibitor. Table 1 lists the statistics for refinement
and components of the final models.

Model Docking.Docking between act KR-NADPH and
trans-1-decalone, 2-decalone, and various putative conforma-
tions of the natural phosphopantetheinylated substrate were
performed using ICM-Pro (27). The A chain from the KR-
NADPH structure was defined as static. The binding pocket
of actKR was defined by the 10 conserved residues, P94,
G95, G96, T145, Q149, V151, F189, V198, R220, and L258,
along with the catalytic tetrad N114, S144, Y157, and K161.
Different binding conformations were searched using a
default thoroughness of 2. Each compound was docked 10
times to ensure consistent docking simulation.

Molecular Dynamics Simulation of Inhibitor Binding.To
study the molecular energies of emodin in bent or flat
geometries (EMB and EML, respectively), initial pdb
structures for both conformations were optimized with
Gaussian 03 B3LYP (28) using the 6-311+G(d,p) basis set
for the ab initio calculation. To study the influence of protein
environment to the geometry preferences of EMB and EML,
Langevin dynamics (LD) simulations for both geometries
in both free (solution) and enzyme-bound states were
performed in implicit solvent (29) with default parameters
in the AMBER 9 simulation package (30). The cavity radii
are taken from a previous study (31). SHAKE (32) was
turned on for bonds containing hydrogen atoms, so that a
time step of 2 fs could be used in the leapfrog (33) numerical
integrator for LD simulations. Each LD simulation was
started after a brief steepest descent minimization of 500 steps
to relax any possible clashes. After heating for 20 ps from
0 to 298 K, a production run was performed for 280 ps at
298K.

RESULTS AND DISCUSSION

In Vitro Assay of actKR: A Significant Preference for
Bicyclic Substrates.Previous biosynthetic experiments using
a Streptomyceshost have implicated actKR in the first ring
cyclization of the polyketide substrate (Figure 1A, from0
to 1) (6, 34, 35). This raises the question whether the
substrate of actKR is the linear polyketide0 or the cyclized
polyketides (such as1 or 5, Figure 1A) and requires an in-
depth analysis of actKR. However, the natural substrates of
type II polyketide KRs are inherently unstable due to the
presence of multiple ketone groups (36) (Figure 1A, inter-
mediates0-6). This difficulty raises the issue of finding a
suitablein Vitro substrate for the type II polyketide KRs.

Previously, the assay for actKR activityin Vitro involved a
cell free assay, in which each component of the minimal
PKS (KS, CLF, and ACP, Figure 1A) must be purified
separately and incubated with KR, followed by monitoring
the formation of radiolabeled mutactin product by TLC (6).
Such an assay is highly dependent on the activity of
components other than KR itself, such as KS, CLF, and ACP,
and does not distinguish between possible intermediates
(Figure 1A, intermediates0, 1, or 5). In order to isolate the
single ketoreduction event and clarify mechanistic issues
concerning the KR stereo- and regiospecificity, there is a
need to identify suitablein Vitro substrates for the type II
polyketide KR.

We screened a wide range of potential substrate candidates
(Figure 1B), such as the bicyclic,trans-1- or 2-decalones (7
and 8) and tetralone (9), acyl-CoAs (10 and 11), and the
monocyclic 1,3-diketocyclohexanones (12-16). Previous
studies with FAS (20, 37) and type I polyketide KRs (21)
have shown that monocyclic ketones (such as12-16) of
various length and substitution patterns can be used asin
Vitro substrates for these KRs. However, in the case of
actKR, we could not detect enzyme activity for any linear
or mono-cyclic ketones, as well as acetoacetyl-CoA or
acetoacetyl-ACP. On the other hand, we can detect enzyme
activity for bicyclic ketone substrates such astrans-1-
decalone (7), 2-decalone (8), andR-tetralone (9) (Table 2).
Therefore, actKR shows a clear preference for bicyclic
substrates.

The dependence on a sterically constrained substrate is
not without precedent. Two of the best studied fungal
reductases, 1,3,8 reductase (T3HNR) and 1,3,6,8-tetrahy-
droxynaphthalene (T4HNR), share 30% and 25% sequence
identity with actKR, respectively (38-40). The products of
T3HNR and T4HNR, scytalone and vermelone, are structur-
ally similar to the first ring C9 reduced product in actKR
biosynthesis (Figure 1A, intermediate1) (38). The sequence
homology with T3HNR and T4HNR, in combination with
the strong preference for bicyclic substrates, points to the
possibility that in the absence of downstream ARO and CYC
domains, actKR may reduce an intermediate with both the
first and second ring cyclized (intermediate5 that can also
lead to mutactin, Figure 1A), and the actual substrate for
actKR may be a tautomerized form of the bicyclic intermedi-
ate5 (Figure 1C,5, as well as its aromatized form and the
aromatic tautomers).

The Importance of Substrate Flexibility: Probing the
Substrate Specificity for 1-Decalone, 2-Decalone, and Te-
tralone. Among the bicyclic substrates, actKR shows a
distinct preference fortrans-1-decalone (Table 2). TheKm

Table 2: Kinetic Parameters for the Reduction oftrans-1-Decalone,
2-Decalone, andR-Tetralone by actKR

kcat (s-1)d Km (mM)d kcat/Km (s-1 mM-1)

NADPHa 1.75( 0.09 0.005( 0.001 350( 70
trans-1-decaloneb 2.6( 0.1 0.79( 0.09 3.2( 0.3
2-decaloneb 0.16( 0.02 3.9( 1.0 0.04( 0.01
R-tetralonec 0.073( 0.003 5.7( 0.5 0.013( 0.001

a Determined in the presence of 2 mMtrans-1-decalone.b Deter-
mined in the presence of 0.2 mM NADPH.c Determined in the presence
of 0.2 mM NADPH at 30°C and 2% Me2SO. d The values ofkcat and
Km for trans-1-decalone and 2-decalone are apparent values due to the
presence of different enantiomeric forms of the substrate.
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values of 0.79 mM fortrans-1-decalone and 0.0049 mM for
NADPH agree well with published data for DEBS KR1 (21)
(1.2 and 0.011 mM fortrans-1-decalone and NADPH,
respectively), although thekcat/Km is an order of magnitude
higher for actKR (3.23 s-1 mM-1 for actKR versus 0.450
s-1 mM-1 for DEBS KR1). Therefore, despite the sequence
homology shared between actKR and DEBS KR1 (17%
identical, 35% similar), the catalytic efficiency and substrate
specificity for thein Vitro substrates are different between
type I and type II polyketide KRs.

In comparison to 1- and 2-decalone, the aromaticR-te-
tralone is a much poorer substrate, with an 8-fold higherKm

(5.6 ( 0.36 mM) and a 200-fold lowerkcat/Km than that of
trans-1-decalone. The apparent differences in binding and
efficiency betweentrans-1-decalone andR-tetralone could
be a result of decreased second-ring flexibility in the aromatic
R-tetralone substrate.

Interestingly, 2-decalone (Figure 1B, compound8) is a
poorer KR substrate thantrans-1-decalone, with an 80-fold
lower kcat/Km. In the natural substrate1 or 5, the C7-C12
cyclization restricts the reduction to the C9 position of the
polyketide chain (Figure 1A) (3). 2-Decalone mimics the first
two rings in intermediates1 and5, with its carbonyl group
corresponding to the natural C9 ketone of intermediate1
(Figure 1A,B). If it is assumed that the first ring (C7-C12)
cyclization occurs before reduction of the C9 carbonyl of
the tautomers (35, 36), the 2-decalone ketone group should
be more readily reduced than the ketone oftrans-1-decalone.
So why do we observe the opposite trend thatkcat/Km of
2-decalone is smaller thantrans-1-decalone? The first
possible explanation is due to the presence of isomers. In
the commercially available 2-decalone, the cis isomer and
both enantiomers of the trans substrate are present. The
potential nonreactivity ofcis-2-decalone has been reported
previously in screens for stereoselective reductions by alcohol
dehydrogenase inD. groVesii (41). Since the cis and trans
isomers are 1:1 in ratio, the presence of the cis isomer will
decrease the activity by half. However, even if only one of
the eight possible 2-decalone isomers are reactive, the activity
will only decrease to 1/8, and this still does not account for
the 80 foldkcat/Km difference between 1- and 2-decalone. A
second possible explanation is that 1- and 2-decalone have
different docking modes in the actKR substrate pocket, which
is important for orienting the ketone group for ketoreduction.
Indeed, docking simulation suggests thattrans-1-decalone
andtrans-2-decalone have different binding modes. Docking
for both (9R)-trans-1-decalone and (9S)-trans-1-decalone
consistently predicts the same conformation for the ketone
in an appropriate orientation for hydride transfer (Figure 3A)
and an average calculated binding energy (∆G) of -30.2
kcal/mol. In contrast, when either (9R)-trans-2-decalone,
(9S)-trans-2-decalone, orcis-2-decalone was used as the
substrate, the docking position and orientation varied over
every docking run, and with a much smaller binding energy
(∆G ) -22.69, -22.02, and-25.49 kcal/mol for 9(R)-
trans-, 9(S)-trans-, andcis-2-decalones, respectively) (Figure
3B). Specifically, about 40% of docking runs orient the
ketone of 2-decalone within hydrogen-bonding distance of
the Thr145 side chain, thus misorienting the ketone out of
the range of the oxyanion hole (side chains of Tyr157 and
Ser144) and away from the catalytic tetrad. Therefore, the
docking simulation indicates that the observed higherkcat/

Km value of trans-1-decalone (as compared to that of
2-decalone) is likely due to different conformations oftrans-
1- and 2-decalone in the actKR active site, wheretrans-1-
decalone is better oriented for ketoreduction. However, if
the actual substrate is a tautomer of the aromatic first ring,
the natural substrate would be more constrained than either
1- or 2-decalone substrate. The importance of substrate
adaptation in the actKR pocket is supported by the fact that
the more rigidR-tetralone has a 200-foldkcat/Km decrease
compared totrans-1-decalone. Finally, it is possible that the
energy penalty imposed on the small bicyclic substrates due
to the presence and position of a single carbonyl group (in
the absence of other functional groups) is not significant
enough to restrict the reduction of the C9 or C11 carbonyl
groups. To further address the issue of substrate binding,
both computer simulation and inhibition studies are neces-
sary.

Inhibition Kinetics Support an Ordered Bi Bi Mechanism.
In order to experimentally probe the substrate binding mode
and further study the enzyme kinetics of actKR, we searched
for potential actKR inhibitors with chemical structures that
mimic the actKR substrate or transition state. Emodin
(compound17, Figure 1D) is an anthracycline polyketide
that inhibits the FAS enoylreductase (42). It bears high
structural similarity to the actKR polyketide intermediates/
products shown in Figure 1A (especially DMAC) (38, 43).
We found that emodin inhibits actKR with an apparentKi

of 15 µM (Figure 4C).
The identification of emodin as an actKR inhibitor allows

us to further investigate the actKR enzyme mechanism. Past
studies of homologous SDR enzymes (such as mannitol
dehydrogenase, alcohol dehydrogenase, and dihydropteridine
reductase (44-46)) suggest that actKR (and by analogy other
PKS KRs) may behave similarly as other SDR enzymes and
follow an ordered Bi Bi mechanism. Indeed, when the
concentrations of the substratestrans-1-decalone and NAD-
PH are varied, we observed intersecting lines (Figure 4A),
eliminating a ping-pong mechanism for actKR. To differenti-
ate between a random Bi Bi and an ordered Bi Bi mechanism,
further inhibition kinetic experiments were performed using
emodin (47) and AMP as competitive inhibitors for the
substratetrans-1-decalone and the cofactor NADPH, respec-
tively (Figure 4B,C). Emodin is a competitive inhibitor of
trans-1-decalone and an uncompetitive inhibitor of NADPH,
while AMP is a competitive inhibitor of NADPH and a
noncompetitive inhibitor oftrans-1-decalone. The above

FIGURE 2: Cartoon representation of the proposed proton-relay
mechanism. The three docking points for intermediate1 are labeled
in the order of the proton-relay event. The active site consists of
NADPH and the catalytic tetrad N114-S144-Y157-K161. Hy-
drogen bonds are in cyan.
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result is consistent with an ordered Bi Bi mechanism, where
binding of NADPH is followed by substrate binding, ketone
reduction, and product release.

The actKR-NADP(H)-Emodin Crystal Structure Shows
a Bent p-Quinone.The ternary structure of actKR bound with
the cofactor NADP+ or NADPH (denoted as NADP(H)) and

the inhibitor emodin was crystallized in the same crystal-
lization solution, with the same hexagonal space group (P32-
21) as the binary KR-cofactor complex (15). Each crystal-
lographic asymmetric unit contains two monomers (A and
B), while the 2-fold crystallographic axis generates the
biological tetramer (Figure 5A). The A chain of KR-
NADPH-emodin structure shows emodin electron density
in the 3Fo - 2Fc map (contoured at 1 sigma), and it has an
overall rmsd of 0.20 and 0.34 Å with the KR-NADP+ and
KR-NADPH structures, respectively, although in both
structures the emodin does have an elevatedB-factor relative
to the rest of the protein (Figure 6A, 6C, Table 1). The
hydrogen-bonding network, observed in the binary complex
structure between the cofactor, N114, K161, S144, Y157,
and the four waters are conserved in the emodin-bound
ternary structure (Figures 2 and 6). All amino acids for both
monomers could be built into the electron density, including
the loop region betweenR6 andR7 in both monomers as
well as the six residues (cloning artifact) preceding the
N-terminal methionine in monomer B. The overall rmsd
between monomers A and B is 0.48 Å, although there is a
significant movement of∼7.9 Å in the flexible loop region
betweenR6 and R7 (Figure 5B, right panel). A close
inspection of the electron density near the active site of
monomer A shows some density contribution from a
neighboring monomer that contacts the conserved NNAG
motif in the long loop region betweenâ4 and R5. An
inspection of symmetrically related molecules in the unit cell
shows that the density corresponds to residues-6 to 0 from
monomer B′ of the Y - X, -X, Z + 1/3 symmetry mate.
Although the first six residues do not interact directly with
the active site, Val-5 comes within 6 Å of the bound
emodin and P94 stacks with H0 of monomer B. The crystal
structure also shows that the stacking of proline and histidine
residues (P94-H0′-P-4′-H201) locks the N-terminus of
monomer B in place. Inspection of the previously reported
binary structures shows that these crystal contacts are
conserved between the KR-NADPH, KR-NADP+, and
KR-NADP(H)-emodin structures.

In both actKR-NADP+-emodin and actKR-NADPH-
emodin structures, the inhibitor emodin binds in the substrate
binding cleft of monomer A (see electron density maps in
Figure 6A,C). To our surprise, in both ternary structures,
the bound emodin was not planar in the substrate binding
pocket but was found to be bent∼63° from planarity with

FIGURE 3: Docking simulation between actKR andtrans-1- or 2-decalone. (A)trans-1-Decalone binds tightly to actKR with a single
predicted conformation. (B) 2-decalone binds less tightly to actKR with multiple possible binding modes.

FIGURE 4: Enzyme kinetics of actKR. (A) The double reciprocal
plot (1/V versus 1/[trans-1-decalone]) altering the concentration of
trans-1-decalone and NADPH eliminates a ping-pong mechanism
(which will produce parallel lines) as a possible mechanism. (B)
The double reciprocal plot that changes the concentration of the
inhibitor AMP, NADPH, andtrans-1-decalone indicates that AMP
is a competitive inhibitor (right) of NADPH but a noncompetitive
inhibitor for trans-1-decalone (left). (C) The double reciprocal plot
that changes the concentration of the inhibitor emodin, NADPH,
andtrans-1-decalone indicates that emodin is a competitive inhibitor
of trans-1-decalone (left) but a uncompetitive inhibitor for NADPH
(right). The results from A, B, and C indicate that actKR proceeds
via an ordered Bi Bi mechanism.
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the C10 in the appropriate orientation instead of the C6
hydroxyl (Figure 6A-D). In addition, an unbiased 2Fo -
Fc simulated annealing omit map (not shown) in this region
shows partial density for the core of the bent emodin,
confirming the bentp-quinone geometry. In order for the
anthraquinone to adopt this bent conformation, the quinone
moiety of emodin would either need to be reduced, harbor
a radical or a semi-quinone, or be bent due to steric
constraints in the active site of actKR. The first two
possibilities were eliminated by a lack of any detectable
signal in single turnover and EPR experiments (data not
shown). Furthermore, when we solved the crystal structure
of mutant P94L (active withtrans-1-decalone with akcat/Km

of 1.02( 0.59 s-1 mM-1) bound with NADPH and emodin,
we found that emodin binds tightly and adopts a flat
conformation in the active site as evident in its slightly lower
B factors and the presence of well-defined electron density
for two molecules of emodin modeled at full occupancy in
the unbiased 2Fo - Fc simulated-annealing omit map (Figure
6E,F, contoured at 1σ). This indicates that emodin is uniquely
bent in the wild type actKR active site, and that, although
emodin has elevated B factors in the wild type structure,
the bent electron density is not a crystallization artifact. In
the wild type enzyme, the hydrogen bond between emodin

C10 and active site residues may help stabilize the bent
conformation, so that an abortive complex (KR-NADP(H)-
emodin) is stable enough to be crystallized (Figure 6A-D).
In addition, the presence of two molecules of emodin bound
in the P94L mutant active site (Figure 6E,F) demonstrates
that a change in the actKR active site geometry will
significantly affect the substrate/inhibitor specificity. Al-
though this is the first report of a bentp-quinone bound in
an enzyme binding pocket, recent small molecule crystal
structures of chemically similar hydroxyanthraquinone com-
pounds also show that it is possible for thep-quinone to be
bent in solution without extensive energy penalties due to
the presence of different tautomers (Figure 1D, emodin, and
its tautomers) (48).

To look into the bent emodin energetics, we performed
molecular dynamics simulation to analyze the energy penalty

FIGURE 5: (A) The tetramer (in different colors) cocrystal structure
of wild type actKR-NADPH-emodin, in which the cofactor
NADPH (in sticks) is bound to all four monomers, whereas well-
defined electron density of emodin (in spheres) can be found in
monomers A and C. (B) The asymmetric unit contains monomers
A (middle panel) and B (left panel) in open and close conformations,
respectively. Surface potentials were colored from negative (red)
to positive (blue). When the open and closed conformations are
overlapped (right panel, open in yellow, close in purple), the major
conformational change is in the flexibleR6-R7 region, with a 7.9
Å difference between the two monomers.

FIGURE 6: (A and B) The wild type actKR-NADPH-emodin
cocrystal structure shows that the quinone carbonyl group of emodin
is in the three-point docking position. Surprisingly, thep-quinone
is bent, as seen in the 3Fo - 2Fc density contoured at 1σ. In
addition, an unbiased 2Fo - Fc simulated annealing omit map (not
shown) in this region contoured at 1σ also shows partial density
for the core of the bent emodin, confiming the bent geometry. (B)
With the view rotated 90°. (C and D) Similarly, the wild type
actKR-NADP+-emodin cocrystal structure shows that the quinone
carbonyl group of emodin is in the three-point docking position
(2Fo - Fc density map is shown, contoured at 0.6s), and the
p-quinone is also bent, as shown in D with the view rotated 90°.
(E and F) In comparison, the P94L actKR-NADPH-emodin
cocrystal structure shows a flatp-quinone in the 2Fo - Fc simulated
annealing omit map contoured at 1s. Also, unexpectedly, there are
two molecules of emodin bound in the P94L mutant active site
with the first molecule (purple) at full occupancy while there is
only partial density in the sa-omit map for the second molecule
when also modeled at full occupancy (density map not shown).
This result indicates that a change in the actKR active site geometry
affects substrate/inhibitor binding, and also that the observed bent
emodin in the wild type is not a crystallization defect. The electron
density surrounding emodin is shown in blue mesh.
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for the bent versus flat forms of emodin in the actKR active
site using the linear (EML) and bent (EMB) conformations
of emodin built using PRODRG (24). Two angles, one for
atoms C4, C2, and C15 and the other for atoms C8, C11,
and C19, respectively, were used to monitor the geometry
preferences between EML and EMB. We found that EMB
remains bent, and EML is planar after energy minimization.
The molecular dynamic simulation shows that the energy
difference between a bent and planar emodin is similar in
solution and in the actKR binding pocket. Therefore, if a
p-quinone can be bent in the solution, as reported before by
small molecular crystallography, our calculation shows that
actKR will not prevent the bending from happening.

On the basis of the above results, it is possible that a
tautomeric form of emodin is bound to the active site (Figure
1D), which holds thep-quinone in the bent geometry and
positions the C10 quinone carbonyl near the oxyanion hole
in a conformation that is not favorable for reduction. It is
apparent that the bent emodin maintains extensive hydrogen-
bonding and hydrophobic interactions with actKR that are
necessary for its inhibitory characteristics (Ki of ∼15 µM).
This extensive hydrogen-bonding network includes the C6
hydroxyl that hydrogen-bonds with Gln149 and Thr145, as
well as the C3 methyl that interacts with Pro94 and Ala154.
Val151 comes within 3.3 Å of the reduced emodin. Also,
the aromatic residue Phe189 comes within 3.6 Å of aromatic
ring C, possibly to help orient the bound inhibitor. These
extra interactions may stabilize the bent emodin in the active
site, facilitating crystallization of the actKR-NADP(H)-
emodin ternary complex.

The Open FormVersus the Closed Form.The greatest
difference between the Type II polyketide KRs and other
SDRs (such as type I polyketide KRs, FabG (49), and
tropinone reductase (50)) is a 10-residue insertion (residues
199-209) between helices 6 and 7. Although the length is
widely conserved in type II KRs, the amino acid composition
of the loop varies except for Y202 and W206. The length of
this region in modular (type I) polyketide KRs is not as
uniformly conserved as in type II polyketide KRs, making
this 10-residue insertion a unique feature of type II polyketide
KR. Because the type II polyketide KRs have a higher
sequence identity with the fungal PKS or FAS KRs, it is
noteworthy that Y202 (a conserved residue in this 10-residue
region) is also conserved and stacks directly with bound
inhibitors in the T3HN reductase structures, similar to the
actKR-emodin structure (39). Furthermore, when the mono-
mers A and B of the emodin-bound structure are superim-
posed, there is a large shift in this loop region (residues 200-
214), especially surrounding the CR of Glu207 (7.9 Å
between monomers A and B, Figure 5B, right panel). The
importance of this flexible loop region has been described
for the homologous T3HN reductase fromM. grisea (40)
and the 7R-hydroxysteroid dehydrogenase fromE. coli (51).
This loop region forms half of the substrate binding pocket
and is the least conserved region among SDRs (52),
accounting for the different SDR substrate specificities. The
R6-R7 region also has the highestB-factor in the actKR
crystal structure. A comparison of monomers A and B in
the published binary actKR-NADPH structure (14, 15) or
the actKR-NADP(H)-emodin ternary structures (this work)
show that there is a significant difference in the loop regions
between monomers A and B. In the ternary actKR-NADP-

(H)-emodin complex, this difference is highlighted by the
fact that clear electron density for the bent emodin is
observed in monomer A but not in monomer B.

The observed conformational flexibility in the 10-residue
insertion loop may have a profound influence on the binding
of the natural polyketide substrate. When actKR adopts a
closed conformation (Figure 5B, left panel) with NADPH
bound as in monomer B, we could not observe electron
density corresponding to emodin. However, in monomer A,
where the emodin density is well defined, actKR adopts an
open conformation, presumably in an orientation that mimics
substrate binding or product release (Figure 5B, middle
panel). Therefore, the opening and closing of the actKR
pocket may be related with substrate and product binding.

Substrate Specificity and Protein Flexibility.The impor-
tance of protein flexibility on ligand docking has been
recently reviewed (53). In light of the flexible 10-residue
insert discussed above, and in combination with kinetic data
and docking simulations, we have further investigated the
correlation between substrate specificity and protein flex-
ibility as follows: docking simulation shows that 10-carbon,
bicyclic substrates such astrans-1- and 2-decalone can fit
in the active site, but do not possess the necessary hydrophilic
substituents as in the natural substrate, to reinforce the C9
regiospecificity. To determine the importance of hydrophilic
substituents in the polyketide chain for substrate binding,
we docked actKR with C7-C12 cyclized intermediates (1
and5, Figure 1A) containing the phosphopantetheine (PPT)
group. The docked substrates mimic the natural polyketide
intermediates that are tethered to acyl carrier protein via the
PPT group. We found that the use of different monomers
(A or B) result in very different docking results. When the
closed form of actKR (monomer B) is used, the cyclized
ring cannot enter the closed-off active site (Figure 5B, left
panel). On the other hand, when the open form of actKR
(monomer A) is used (Figure 5B, middle panel), multiple
docking runs consistently dock the C9 position of mono-
and bicyclic intermediates1 and5 (Figure 1A) in the correct
orientation in the vicinity of the oxyanion hole (Figure 7A).
Therefore, the docking simulation indicates that the closed
form blocks the binding of an incoming polyketide substrate,
while the open form is presumably the conformation adopted
by actKR prior to substrate binding and/or product release.

Significantly, multiple runs dock the PPT group to a
unique groove that is only present in the open form (Figure
7B,C). This groove contains a pocket of three arginines, R38,
R65, and R93, D109, and T113. All except R65 are highly
conserved in type II polyketide KRs. These residues form a
pocket that is predicted to interact strongly with the
phosphate in the PPT group to help anchor the polyketide
substrate. Interestingly, this same region was recently identi-
fied as the probable location for ACP and phosphopanteth-
eine docking in SCO1815, the KR involved in biosynthesis
of R1128 inS. coelicolor(54). Furthermore, the docking
results suggest that the positioning of P94 can influence the
bending of the PPT arm, further guiding the orientation of
the substrate. The conclusion for the above simulation is that
both protein flexibility and substrate chemical properties
(such as the ring constraints) are important for actKR to
properly orient its substrate for regiospecific ketoreduction.

Biological Significance.Polyketides have been recognized
as one of the most important classes of natural products for
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medical applications. The PKS is a multidomain enzyme
complex that produces a huge variety of polyketides via a
controlled variation of building blocks and modification
reactions such as chain reduction and cyclization. However,
it is unclear whether polyketide cyclizations (that lead to the
formation of 1 and 5, Figure 1A) occur before or after
ketoreduction. Our kinetic analyses show that similar to other
SDR proteins, the order of substrate and cofactor binding in
actKR follows an ordered Bi Bi mechanism, where the
cofactor NADPH binds before the ketone substrate. However,
in Vitro, the actKR (and likely all type II polyketide KRs)
has a unique preference for bicyclic substrates, indicating
that the C7-C12 cyclized intermediates1 or 5 are the most
likely substrate of actKR (Figure 1A). Therefore, the C9
regiospecificity results from the dual constraints of the three-
point docking in the active site and the C7-C12 ring
geometry of the substrate. The importance of cyclization and
substitution pattern can be seen in the actKR-NADP(H)-
emodin ternary structure, which also reveals a bentp-quinone
in an enzyme active site for the first time. The emodin
cocrystal structure, in combination with docking studies,
suggest conserved residues in the binding pocket of Type II
KRs, namely G95, G96, T145, Q149, V151, M194, V198,
Y202, and the lesser conserved P94 help guide substrate
binding with a marked preference for cyclic, geometrically
constrained substrates. Docking simulations further support
the importance of the open conformation for substrate
binding and identified a highly conserved groove for PPT
binding. Therefore, the actKR substrate specificity is defined
by a combination of enzyme conformation, specific molec-

ular interactions between the substrate and active site
residues, and substrate and protein flexibility. Because of
the dynamic nature of the binding cleft, it should be possible
for KR to be altered in a way to accept substrates with
variable chain lengths or cyclization patterns. In conclusion,
we have conducted detailed kinetic and structural analysis
of a polyketide KR domain and, for the first time, reported
an inhibitor-bound polyketide KR structure that enables us
to elucidate the molecular basis of KR specificity, which in
turn will facilitate the development of “unnatural natural
products” via protein engineering of polyketide synthase.
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