
Chemistry & Biology 13, 277–285, March 2006 ª2006 Elsevier Ltd All rights reserved DOI 10.1016/j.chembiol.2006.01.004

Dir
Ca
the

Abe

Alex
Diet

Nur
and
1De
Univ
80 T
Cam
Unit
2De
Univ
Len
Cam
Unit

Sum

The
from

(PK
opp

eryK
ous

con
mut

che

oxo
wild

3R)
ami

P14
alco

mai
the

con
sug

in p

Intr

Mod
the
ble
anti
lyze
plex

*Cor
3 Pre

Insti

Swit
4 Pre

Depa

0774
5 Pre

Unite
6 Pre

C/Ju
ected Mutagenesis Alters the Stereochemistry of
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mary

ketoreductase (KR) domains eryKR1 and eryKR2

the erythromycin-producing polyketide synthase

S) reduce 3-ketoacyl-thioester intermediates with
osite stereospecificity. Modeling of eryKR1 and

R2 showed that conserved amino acids previ-
ly correlated with production of alternative alcohol

figurations lie in the active site. eryKR1 domains
ated at these positions showed an altered stereo-

mical outcome in reduction of (2R, S)-2-methyl-3-

pentanoic acid N-acetylcysteamine thioester. The
-type eryKR1 domain exclusively gave the (2S,

-3-hydroxy-2-methylpentanoic acid N-acetylcyste-
ne thioester, while the double mutant (F141W,

4G) gave only the (2S, 3S) isomer, a switch of the
hol stereochemistry. Mutation of the eryKR2 do-

n, in contrast, greatly increased the proportion of
wild-type (2R, 3S)-alcohol product. These data

firm the role of key residues in stereocontrol and
gest an additional way to make rational alterations

olyketide antibiotic structure.

oduction

ular type I polyketide synthases (PKSs), for example
6-deoxyerythronolide B synthase (DEBS) responsi-
for synthesis of the aglycone core of the macrolide
biotic erythromycin A, are multienzymes that cata-
the assembly line biosynthesis of structurally com-
and clinically important polyketide natural products

[1, 2
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], starting from simple carboxylic acid building
ks. Polyketide chain assembly resembles fatty
biosynthesis in that acyl-CoA starter units and ex-
er units are condensed together, without the inter-
iates being released into solution. In contrast to
acid biosynthesis, modular PKSs utilize a wider va-
of starter and extender units, and the b-keto func-
lity created after each condensation step is not
ssarily fully reduced before the next cycle of chain
nsion, leading to a far greater potential for chemical
stereochemical diversity in the products. A number
rategies have been successfully used to engineer
ular PKSs, and also downstream post-PKS en-
es, to produce rationally altered analogs of bioac-
polyketide products [3–7]. In contrast, attempts to
the configuration at specific stereocenters have
r been hampered by our limited understanding of
fundamental mechanisms by which PKSs exert
ocontrol over polyketide assembly.
illustrated in Figure 1 for the first two extension

ules of DEBS, each PKS extension module contains
osynthase (KS) domain, which catalyzes the forma-
of a carbon-carbon bond, and an acyltransferase
domain, which recruits the chain extension unit,
from (2S)-methylmalonyl-CoA. The acyl carrier pro-
ACP) cooperates in the carbon-carbon bond forma-
to form a b-ketoester and then carries the growing
n to domains involved in reductive processing of
eto group before the next cycle of chain extension.
e reductive activities are optionally present de-
ing on the module and comprise: a b-ketoreduc-
(KR) domain, which catalyzes the reduction of the
lly formed b-ketoester to a b-hydroxyester; a dehy-
se (DH) domain, which dehydrates the b-hy-

yester; and an enoyl reductase (ER) domain, which
ces the double bond. There is a good correlation
een the predicted constituent domains and the
ical structure of the corresponding chain exten-

unit in the growing polyketide chain.
e methyl centers at C-2 and the hydroxyl centers at
can have either an R or S configuration. As first
d by Celmer, there is a strong position-specific
tural and stereochemical homology in families of

rolide polyketides, suggesting a genetic origin for
ochemical control at such centers [8]. AT domains

not thought [9, 10] to control stereochemistry at
yl-branched centers in the polyketide product.
er, it appears that KS domains in only some exten-
modules can catalyze the epimerization, at the
yl center of the initially formed (2R) isomer of the

ester, to the (2S) isomer [11]. If such extension mod-
also contain a KR that selects only the (2S) isomer
the mixture, then, effectively, the KR specificity de-
ines the configuration at the methyl center [12, 13].
e chirality at the b-hydroxyl group is determined by
irection of hydride addition to the keto group (re or

ce) within the active site of the KR domain. In vivo
ies have shown in a number of cases that swapping
idual KR domains between modules of different
s results in the inversion of alcohol stereochemistry
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Figure 1. The Stereochemistry of Polyketide

Chain Formation on the First Two Extension

Modules of DEBS, the Erythromycin-Produc-

ing Modular PKS

(A) NADPH-dependent reduction by ketore-

ductase domains eryKR1 and eryKR2 pro-

duces the opposite configuration in the alco-

hol intermediates.

(B) Reduction of a racemic mixture of (2R, S)-

2-methyl-3-oxopentanoic acid N-acetylcys-

teamine ester 1 to four possible diastereo-

isomeric alcohols 2–5. Isomers 2 and 5 are

the expected products from eryKR1 and

eryKR2, respectively, based on the absolute

configuration of erythromycin.

KS, ketosynthase; AT, acyltransferase; KR,

ketoreductase; ACP, acyl carrier protein;

DEBS, 6-deoxyerythronolide B synthase;

NAC, N-acetylcysteamine.
at that position in the resulting natural product, ind
ing that the stereospecificity of reduction is dictate
the KR domain and is transferable ([14] and L. Ke
berger and P.F.L., unpublished data). However, wh
KR domain in a PKS is presented with an unnatural s
strate, the stereochemical outcome may be unexp
edly altered [15]. To gain a better understanding o
factors at work, we have therefore sought to ana
the intrinsic (stereo)specificity of KR domains.

We have previously shown that the KR activities
be specifically assayed (as for fatty acid synthases
17]) by using the surrogate substrate (2R, S)-2-me
3-oxopentanoic acid N-acetylcysteamine thioest
(Figure 1B), when expressed either as part of a
[13, 15, 18] or as soluble and enzymatically active
teins in recombinant Escherichia coli, in the abse
of other PKS components [19]. In the latter experime
eryKR1 was found to be intrinsically both stereoselec
and stereospecific, as it was able to select the expe
(2S) enantiomer from the racemic mixture and m
from it exclusively the expected (2S, 3R)-3-hydrox
methylpentanoic acid N-acetylcysteamine thioeste
The eryKR2 was less active toward 1, and the expe
(2R, 3S)-3-hydroxy-2-methylpentanoic acid N-ac
cysteamine thioester 5 was a minor product; the ma
ity of the product consisted of 3 and 2, obtained by p
erential reduction of the ‘‘wrong’’ enantiomer of 1

These data support the idea that alternative mode
binding to the KR active site are responsible for diffe
stereochemical outcomes, and they reveal that the e
getic differences between these binding modes
rather small. Therefore, alteration of a few key resid
at the active site might suffice to induce a chang
icat-
d by
llen-
en a
ub-
ect-
f the
lyze

can
[16,

thyl-
er 1
PKS
pro-
nce
nts,
tive

cted
ake
y-2-
r 2.

cted
etyl-
jor-
ref-

[19].
s of
rent
ner-
are
ues
e in

the stereochemistry of KR-mediated reduction. There
is clear precedent for this in recent work on two mutually
homologous plant tropinone reductases that act on the
3-keto group of the alkaloid to form two enantiomeric
products, and whose stereospecificity has successfully
been switched by site-directed mutagenesis [20, 21].

It has previously been reported [22, 23] that certain
amino acid residues are characteristic of natural modu-
lar PKS KRs that reduce from one or the other face of a
3-ketoacylthioester substrate. In particular, Caffrey [23]
has noted, among 68 PKS KR domains where the config-
uration of the product is known, 2 amino acid motifs (re-
ferred to here as motif I and motif II, respectively) that are
hallmarks of these 2 groups of enzymes, which he terms
A- and B-side selective (Figure 2). We report here the
site-specific mutagenesis of some of these amino acids
and the effects of these mutations on the stereochemis-
try of the products of KR-mediated ketoreduction by
both eryKR1 and eryKR2. In the absence of an X-ray
crystal structure, we also have undertaken homology
modeling of both eryKR1 and eryKR2 (which, as previ-
ously reported [22], belong to the short-chain dehydro-
genase/reductase [SDR] enzyme family) to analyze for
consistency of active-site architecture and also to eluci-
date whether the residues of the two motifs are situated
close enough to the KR active site that they might plau-
sibly contact the substrate and play a direct role in ste-
reocontrol. Our kinetic and stereochemical analysis
showed that exchange of only two of these amino acids
led to an effective switch of alcohol stereochemistry in
eryKR1. The results of mutation of eryKR2, which is not
stereoselective against diketide substrates, were less
clear-cut, but they also confirmed the importance of
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Figure 2. Amino Acid Motifs that Are Puta-

tively Involved in the Control of Stereochem-

istry by KR Domains from Modular PKSs

Amino acid motifs have been identified by

Caffrey [23].

(A) The strongest indicator for B-type KR do-

mains is an LDD motif (motif I) in the region

between amino acids 88 and 103, which is

absent from A-type KR domains [22]. Addi-

tional amino acids in the 134–149 region

(motif II), specifically P144 and N148, which

indicate B-type KRs and W141 in A-type do-

mains, support this assignment.

(B) Sequence alignment of KR domains show-

ing the mutants constructed in this work. The

active site motifs, and the changes made, are

indicated in bold (residues are numbered ac-

cording to [23]). The consensus sequences

for A- and B-type KRs are also shown. h, ali-

phatic hydrophobic residue; x, unspecified

residue.
hese motifs. In an accompanying paper [24] (this issue
f Chemistry & Biology), we demonstrate that the
ethods of molecular evolution can be applied to iden-

ify numerous active site mutants of both eryKR1 and
ryKR2 that are active against surrogate substrates,
ut which have altered stereocontrol. Making such tai-

ored mutations in KR domains within intact PKS multi-
nzymes would offer a new route to engineered polyke-
ide drugs with altered chirality.

esults and Discussion

omology Modeling of PKS Ketoreductase Domains
redicts that Key Amino Acids Proposed

o Be Involved in Stereoselection Are Located
t the Active Site

s previously reported [22], searches of publicly avail-
ble databases readily show that the ketoreductase do-
ains of modular PKS multienzymes are members of

he short-chain NAD(P)H-dependent dehydrogenase/
eductase (SDR) enzyme family. These enzymes are
haracterized by a well-defined Rossmann fold and by
ey tyrosine, serine, lysine, and asparagine residues at
he active site [22, 25]. Homology models of both eryKR1

and e
porc
quen
dure
was
serve
The p
mod
the n
drog
(S181
amid
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from
sition
numb
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strat
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the s
of su
[23].
the c
ryKR2 were constructed based on the SDR enzyme
ine carbonyl reductase as a template (28% se-
ce identity), as described in Experimental Proce-
s. The overall fold predicted for eryKR1 and eryKR2

essentially identical, and served to reveal key con-
d features of their predicted active sites (Figure 3).
osition of the bound NADPH cofactor could also be

eled with confidence. The carboxyamide group of
icotinamide ring of the cofactor is anchored by hy-
en bonding to the side chain of S182 in eryKR1

in eryKR2). This directs the A face of the nicotin-
e ring toward the putative substrate binding site,
istent with the observed specificity of both eryKR1

eryKR2 for hydride transfer of the pro-S hydrogen
the C-40 of the reduced nicotinamide [26]. The po-
of the critical residues Y149 and S136 (Caffrey

ering [23]), which is thought to assist hydride
fer by polarization of the keto group of the sub-
e, is essentially identical in both eryKR1 and eryKR2,
istent with the idea that the observed differences in
tereochemistry are determined by different modes
bstrate binding to a conserved catalytic apparatus
The amino acid sequence motif I [23], containing
onserved motif LDD at residues 93–95 and also
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Figure 3. Homology Models of eryKR1 and eryKR2 Indicating the Location of Conserved Amino Acids Proposed to Influence the Stereospec-

ificity of Reduction

In eryKR1, the active site residue Y149 positions the substrate carbonyl for hydride transfer from NADPH (blue). Motif residues are shown in

green as follows: F141, P144, and G148 are part of a loop directly adjacent to catalytic residue Y149, while LDD93–95 belong in a loop adjacent

to the active site. In eryKR2, W141 and 93–95PQQ are the counterparts of F141 and 93–95LDD in eryKR1. The numbering of key residues has

been done to facilitate comparison with Figure 2, based on Caffrey [23]. Because of single amino acid insertions in the sequences of eryKR1

and eryKR2, the true active site residue numbers derived from the model differ very slightly from those shown, and they are given in the Sup-

plemental Data. The coordinates of the homology models are available upon request from the authors.
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noted by Reid et al. [22], is located in a loop region ad
cent to the active site Y149 (Figure 3) and to the nico
amide ring of NADPH. The sequence motif II previou
described [23] and including (for eryKR1) resid
F141, P144, and G148 lies in a second loop directly
stream of the active site Y149 (Figure 3). This region
parently has no definite secondary structure, but
flanked by predicted a helices. In the absence of a cr
tal structure for a PKS KR domain, these models prov
useful support for the hypothesis that directed mu
genesis of the motif residues could directly affect s
reocontrol by modulating the binding of substrates.
cently, the crystal structure of the discrete KR invol
in biosynthesis of the aromatic polyketide actinorho
has been determined [27, 28]. At least for the analog
KR from the enterocin pathway, it appears that keto
duction may take place during polyketide chain elon
tion [29]. These enzymes also belong to the SDR fam
[23]. Although exact details of substrate-enzyme bi
ing have proved elusive, inspection of the active site
chitecture also supports the conclusion, from mode
of the eryKR domains, that motifs I and II are at or n
the active site in such enzymes.

Mutagenesis, Expression, and Relative
Ketoreductase Activities of eryKR1

and eryKR2 Domains
As shown in Figure 2, eryKR1 has LDD at residues 93–

as in the motif I consensus for B-type KR domains
motif II, the domain lacks W141 and has P144 as
pected [23], but it has G at 148 rather than the consen
N148. To switch the amino acid residues of the mot
those typical of A-side KRs, mutant KR1-PQS w
designed to alter all of residues 93–95, and mut
KR1-WGG was designed to replace F141 and P144
W141 and G144 respectively. In a third mutant, K
ja-
tin-
sly

ues
up-
ap-
it is
ys-
ide
ta-
te-

Re-
ved
din
ous
re-
ga-
ily

nd-
ar-

ling
ear

95,
. In
ex-
sus
if to

as
ant
by

R1-

5M, all five amino acid changes were introduced. Exam
ination of the eryKR2 sequence indicates the absence o
LDD at residues 93–95 and the presence of W141, as ex
pected for A-type KR domains. In mutant KR2-LDD, res
idues 93–95 were altered to LDD, and, in an additiona
mutant (KR2-LPN), all of W141, A144, and A148 were re
placed by L141, P144, and N148, respectively. Finally, in
mutant KR2-6M, all six of these amino acid substitution
were combined. Individual mutant KR domains were ex
pressed as glutathione-S-transferase (GST) fusion pro
teins in E. coli, and were purified as previously described
for the wild-type domains [19]. The fusion proteins wer
used directly for additional experiments, since we hav
previously shown [19] that the presence of the GST do
main does not affect the kinetics or stereochemistry o
KR-mediated reduction.

In order to assess the effect of the amino acid substi
tutions on overall KR activity, the rate of consumption o
NADPH was measured at high (presumed to be saturat
ing) [19] concentrations of both 1 (30 mM) and NADPH
(1 mM) and was compared to the activity of wild-typ
KR domains (Figure 4). These data show that substitu
tions in eryKR1 result in an w5-fold decrease in overa
activity, to a level closer to that of wild-type eryKR2. I
contrast, all of the eryKR2 mutants have a slightly highe
activity than the wild-type domain.

Site-Specific Mutations in Motifs I and II Alter

Stereocontrol by Isolated KR Domains
We next determined the effects of these mutations on
the stereochemical outcome of ketoreduction by sepa
rating 2–5 from 1 by using chiral HPLC (Figures 5 and
6). Under these conditions, the wild-type eryKR1 domain
produced almost exclusively (>98%) the (2S, 3R) isome
2 [19] (Figure 5A). Surprisingly, the double mutant al
tered in motif II (KR1-WGG), although it also showed
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ecificity for the (2S) substrate, reduced it almost ex-
usively to the (2S, 3S) stereoisomer 3, in which the con-
uration at C-3 is switched (Figure 5B), together with
ry small amounts of both the (2S, 3R) and the (2R,
) isomers 2 and 4. The KR1 containing the triple muta-

on in motif I (KR1-PQS) also favored selection of the
rrect stereoisomer of the substrate, but it produced
1:1 mixture of 2 and 3, again with a small amount of
(Figure 5C), showing that, in this case, reduction oc-
rred without stereochemical preference, from either
ce of the keto group. The mutant with all five substitu-

ons (KR1-5M) also showed switched specificity in com-
arison to the wild-type (Figure 5D), yielding almost ex-
usively the (2S, 3S) stereoisomer 3. None of the eryKR1

utants in this study showed altered stereoselectivity
nce they all preferentially selected the S isomer of 1.
Detailed interpretation of these striking results in
rms of specific enzyme-substrate interactions must
ait the determination of the crystal structure of wild-

pe and mutant KR domains in the presence of a suit-
le substrate analog. However, these results are con-

stent with the previously postulated role of conserved
tive site residues in determining the stereochemistry

f reduction, as evidenced by sequence alignments of
R domains [22, 23]. They support the proposal that
e energetic differences between alternative modes of

resentation of 3-oxoacyl-NAC substrates (for example
to KR domains are rather small [19]. They also demon-
rate the feasibility of using site-specific mutation to
gineer a precise change in alcohol product stereo-
emistry.
The consequences of mutation of eryKR2 on the ste-
ocontrol of ketoreduction were less clear-cut (Figure 6).

he wild-type domain under these conditions produces
ree products, but the (2S, 3S) isomer 3 and the (2S,
) isomer 2 are the predominant forms (Figure 6A). The
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gure 4. Ketoreductase Activity of Recombinant KR Domains

utant and wild-type KR domains, purified as their GST fusion pro-

ins, were assayed for NADPH-dependent ketoreductase activity

ith (2R, S)-2-methyl-3-oxopentanoic acid NAC ester (IUPAC

me: S-2-acetamidoethyl 3-hydroxy-2-methyl-pentanethioate) 1

substrate.
icted (2R, 3S) alcohol 5 represents only 6%–15%
e product mixture [19, 24] (Figure 6A). Presumably,
ack of expected stereocontrol is a reflection of the
hat the normal substrate for this enzyme is a trike-
rather than a diketide. Unfortunately, the use of
ically synthesized triketide thioesters as sub-

es is frustrated by their spontaneous and rapid cy-
tion to the corresponding lactone. Three mutants
KR2 were expressed and assayed. The eryKR2 do-
containing the triple mutation in motif I (KR2-LDD)

uced only two products, an w1:1 mixture of 3 and
ure 6B). A similar product mixture was also pro-

d by the triple mutant in motif II (KR2-LPN) (data
hown) and by the KR2 with all six substitutions

-6M) (Figure 6C). These results must be considered
ther with the data of Figure 4, showing that the mu-
enzymes are apparently more efficient than wild-
in the NADPH-linked assay. Rather than prompting
xpected switch in the configuration at C-3 of the al-
l product, these mutations actually increase the
ortion of the wild-type (2R, 3S) stereoisomer. Again,
absence of structural information, no definite inter-
tion can yet be given for these results. One possible
nation is that the altered active site disfavors com-

ion from the (2S) enantiomer of substrate 1, and/or
nonproductive binding modes of the (2R) enantio-
However, as pointed out in the accompanying pa-
24], the same alterations in the product ratio are
in mutants of eryKR2 where bulky residues (P93 or

1 or both) are replaced by smaller ones, which would
to indicate a more open active site in such mutants.

tever the detailed explanation, the present results
rm the importance of amino acids in motifs I and II
nding substrate at the active site of KR domains.
also demonstrate for the first time that mutagenesis
ly a few residues can shift the substrate specificity
PKS KR with respect to the configuration at the
yl-branched (C-2) position of the substrate, as
as the stereochemistry at C-3.
veral models have been proposed to explain the
ospecificity of ketoreductases in type I PKS. One
at the position and orientation of the active site
, which activates the keto group via coordination
e carbonyl oxygen, is different in A-type and B-
KR domains, resulting in a different orientation of
ction [25]. This hypothesis is consistent with the
ts of our mutations in the 141–148 (motif II) loop of
hich is directly adjacent to the active site tyrosine.

titutions in this loop of eryKR1 resulted in switched
ificity, whereas substitutions in the same loop of
R2 resulted in the apparent tightening of the active
Both results are consistent with a slight movement

active site tyrosine as a result of having to accom-
ate the amino acid substitutions. This model, how-
does not easily explain the effect of substitutions

e LDD motif I of eryKR1, as these amino acids do
eem to have any direct contact with the active site
ine in our homology models of KR.
ernatively, it has been proposed that the active site
tecture is invariant, with respect to the positioning
y residues and the face of bound NADPH, which
posed to substrate, and this hypothesis is strongly
orted by our homology modeling experiments
those of Reid et al. [22]. The differences in
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Figure 5. Stereochemical Outcome of Reduction by Wild-Type and Mutant eryKR1 Domains

(A–D) The products of ketoreduction of (2R, S)-2-methyl-3-oxopentanoic acid NAC ester 1 were separated on a Chiracel OD chiral HPLC

column after incubation with (A) wild-type eryKR1, (B) KR1-WGG, (C) KR1-PQS, or (D) KR1-WGG/PQS (also referred to in the text as KR1-5M).
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stereochemical outcome between A-type and B-
KR domains would then arise because the entering s
strate has available two alternative binding modes
lated by a 180º rotation about the axis of the target
bonyl group, and the residues of motifs I and II affec
energetic balance between the two. We currently f
this model, which also accounts for the range of kin
and stereochemical behavior seen with diketide s
strates on different recombinant KR domains [19].

Configurational Switching
in Polyketide Biosynthesis

The stereochemistry of ketoreduction in polyketide
synthesis is tightly controlled in nature by KR doma
Previous efforts to harness the intrinsic stereospecifi
of KR domains have involved the replacement of an
tire KR domain by another one of opposite stereoch
istry within a PKS multienzyme ([14] and J.L. Ke
berger and P.F.L., unpublished data). Although s
of these chimeric constructs generated the prod
with altered alcohol (C-3) stereochemistry, the yi
of the desired novel compound were relatively
One plausible explanation for the mixed success of
main-swap (or module-swap) strategies is that sw
ype
ub-
re-
ar-
the
vor
etic
ub-

io-
ins.
city
en-
m-

len-
me
uct
lds
ow.
do-
ap-

ping a KR domain for another from a different natura
modular PKS not only could alter the stereochemistr
at the site of reduction, but might also reduce the overa
activity of the PKS, through the introduction of unfavor
able protein:protein interactions. Reid et al. have prev
ously demonstrated that ablation of KR activity in exten
sion module 6 of the erythromycin-producing PKS b
site-specific change of the essential tyrosine residu
gave a slightly better yield of macrocyclic oxolacton
product, both in vivo and in vitro, than when the eng
neering was done by a domain swap [22]. In this pape
we have identified several amino acids in eryKR1 tha
when changed simultaneously, allow it to retain its activ
ity but actually switch its intrinsic stereospecificity. Pre
viously, two groups have reported independently tha
site-directed mutagenesis of PKS AT domains led t
a relaxation of extender unit specificity, falling short o
a complete switch [30, 31]. If a PKS multienzyme wit
such KR active site substitutions generated novel com
pounds efficiently and with specifically altered configu
ration, it would offer an attractive additional route to en
gineered polyketides. Clearly, to make the best use o
the strategy, we need to know far more about how
changes in nonessential KR active site residues affec
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gure 6. Stereochemical Outcome of Reduction by Wild-Type and Mutant eryKR2 Domains

–C) The products of ketoreduction of (2R, S)-2-methyl-3-oxopentanoic acid NAC ester 1 were separated on a Chiracel OD chiral HPLC col-

n after incubation with (A) wild-type eryKR2, (B) KR2-LDD, or (C) KR2-LDD/LPN (also referred to in the text as KR2-6M).

) The separation of a mixture of synthetic standards is also shown.
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ctivity and stereoselectivity. In the accompanying pa-
er [24], we demonstrate how high-throughput muta-
enesis of isolated KR domains can be used rapidly to
xplore the effects of replacing such residues, and to
evelop a more detailed model for stereochemical con-
ol in these enzymes.

ignificance

ttempts to alter the configuration at specific stereo-
enters in polyketide natural products by engineering

e biosynthetic genes have been hampered by a lim-
ed understanding of the fundamental mechanisms

y which modular polyketide synthases (PKSs) exert
tereocontrol over polyketide assembly. Previous

ork has indicated that ketoreductase (KR) domains
xercise control over the configuration of the alcohol

roduct by favoring one of two alternative modes of
inding of the 3-oxoacyl substrate, and empirical cor-

elations have been detected between the presence of
ertain amino acid sequence motifs in natural PKS KR

omains and the stereoselectivity of the reduction.
ere, we have used homology modeling to confirm

at these sequence motifs are at the KR active site,
here they might interact directly with bound sub-

trate. In one case, the substitution of two of these
mino acid residues gave a mutant enzyme with re-

uced activity, but with a switch in the configuration
f the alcohol product. Optimization of this approach,
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ts extension to KR domains within intact PKS

enzymes, could lead to more reliable and efficient
eering of polyketide stereochemistry, with po-

lly wide-ranging benefits for rationally engi-
d biosynthesis of polyketide therapeutics.

mental Procedures

als

e cloning and transformation procedures were as previously

bed for E. coli [32]. Electrocompetent cells of the E. coli

strain were made as described previously [33]. All antibiotics

ought from Sigma. PCR reactions were performed on a pro-

able Robo Cycler Gradient 96 (Stratagene). Automated DNA

cing was carried out on double-stranded DNA templates

g an automated ABI Prism 3700 DNA Analyzer (Applied Bio-

s). LB medium contained 10 g tryptone (Duchefa), 5 g yeast

t (Duchefa), and 10 g NaCl in 1 liter of water.

g Procedures

asmid used as a template for site-directed mutagenesis of

1 was pAPS28 [19], which contains the DNA encoding the

1 domain (plus flanking regions) cloned into the expression

pGEX-4T-3 (Stratagene) to create a C-terminal fusion protein

lutathione-S-transferase (GST) [19]. The corresponding plas-

ed as a template for mutagenesis of eryKR2 was pVS1, which

e contains the DNA encoding the eryKR2 domain (plus flank-

ions) cloned into the expression vector pGEX-4T-3 (Strata-

[19]. Mutagenesis was carried out by overlap PCR by using

A polymerase (Stratagene) and specific mutagenic oligonu-

es in two separate PCR reactions, as detailed in Table S1

e Supplemental Data available with this article online). The

roducts from reactions 1 and 2 were mixed together and
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used as a template for a third PCR reaction by using the approp

flanking primers. The resulting fragment was in each case a

length KR domain that contained the desired mutations. These

ments were digested with BamHI and EcoRI and cloned into exp

sion plasmid pGEX-4T-3, previously cut with the same enzymes

KR1 mutant with five substitutions across both motifs I and II

the KR2 mutant with six substitutions across motifs I and II (Figu

were made by substituting the StyI/EcoRI fragment from ery

WGG and eryKR2-LPN into the corresponding unique site

the eryKR1-PQS and eryKR2-LDD, respectively, resulting in

eryKR1-PQS-WGG (eryKR1-5M) and eryKR2-LDD-LPN (eryKR2

housed in the pGEX expression vector. All constructs were ve

by DNA sequencing.

Protein Expression

One liter of culture in LB medium of E. coli-BL21(DE3)-CodonP

RP (Stratagene) harboring the recombinant plasmids was grow

30ºC to an OD600 of 0.4, under carbenicillin (50 mg/ml) and chlo

phenicol (34 mg/ml) selection. The cultures were cooled to 22ºC

upon reaching an A600 of 0.6, induced with 0.1 mM IPTG (Me

Laboratories); the cell growth continued for 16 hr. Cells were

vested by centrifugation, and cell pellets were stored at 220ºC

Protein Purification

Typically, frozen cell pellets (about 3 g wet weight) were thawed

resuspended in 20 ml lysis buffer (100 mM NaH2PO4 [pH

150 mM NaCl, 1 mM dithiothreitol, 10% glycerol) containing 1 t

of protease inhibitors (Complete Roche, Indianapolis, IN) per 2

RNase (25 mg/l, Sigma), DNase (100 mg/l, Sigma), and lysoz

(1 mg/ml, Sigma). The cell suspensions were incubated on ic

40 min and disrupted by passage through a French pressure

(SLM Instruments, Urbana, IL) operated at 1000 psi, and the in

ble material was collected by centrifugation. The resulting supe

tant was applied to a 50% suspension of glutathione-agarose b

(Sigma), prepared according to the manufacturer’s instructions

incubated for 45 min at 4ºC. The beads were washed several t

by resuspending in 10 volumes of 25 mM HEPES-KOH buffe

7.5) containing 150 mM NaCl, and eluted with the same buffer

taining 20 mM reduced glutathione. The elution step was repe

three times, and the fractions collected. The combined protein-

taining fractions were concentrated in a spin concentrator to a

volume of 2.5 ml, and the glutathione was removed by using a P

(Pharmacia) column equilibrated with 25 mM HEPES-KOH buffe

7.5), containing 150 mM NaCl. Typical yields for all proteins we

10 mg/l of culture, as measured by the bicinchoninic acid (BCA

say (Pierce, Rockford, IL).

Kinetic Assays

NADPH-linked assays were carried out at 30ºC in the chamb

a Spectramax Plus 96-well microplate reader equipped with

max Pro data acquisition software (Molecular Devices, Sunny

CA). The reactions were followed by monitoring the change in ab

bance at 340 nm at 30 s intervals for 7 min in a UV transparent 96

plate (Greiner Bio-One, Kremsmuenster, Austria). Protein sam

(0.1–0.3 mg/ml) were incubated with saturating amounts of cof

and substrate (1.0 mM NADPH, 30 mM (2R, S)-2-methyl-3-oxo

tanoic acid N-acetylcysteamine thioester 1) in 400 mM potas

phosphate buffer (pH 7.5) at 30ºC. Protein concentration was d

mined after the assay by the BCA method. The total assay vo

was 200 ml. The enzyme was preincubated with NADPH for 20

the substrate was added, and the reaction was mixed by sha

for 10 s before taking the first reading, and for 3 s prior to each

sequent reading. All readings were corrected for the change in

sorbance at 340 nm in the absence of enzyme, and each a

was repeated in triplicate.

Product Separation by Chiral HPLC

Reduction of (2R, S)-2-methyl-3-oxopentanoic acid N-acetylc

amine thioester 1 was carried out in a total volume of 200 ml con

ing 10 mM NADPH, 15 mM 1, 200 mM NaH2PO4 (pH 7.5), and e

wild-type (0.1 mg/ml, 2 mM) or mutant (1.0 mg/ml, 20 mM) KR

zymes. Reactions were incubated at 22ºC for 16 hr and extra

with 3 ml ethyl acetate. Extracts were evaporated and resuspe

in 50 ml isopropanol. The reaction products were separated
riate
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a ChiraCel OC column (Daicel, 25 cm 3 4.6 mm), connected to an

Agilent HPLC system at a flow rate of 0.8 ml/min in an isocratic

mobile phase of 93% isohexane/7% ethanol at 40ºC for 2 hr. The

unreacted 1 still present served as an internal standard for the cali-

bration of traces. Control samples were run with each batch of anal-

yses to determine the retention times of the four diastereoisomeric

products 2–5 (Figure 6D). Additionally, some samples were spiked

with one of the standards to aid identification.

Homology Modeling of the KR1 and KR2 Structures

The sequences of erythromycin PKS ketoreductase 1 and 2 (eryKR1

and eryKR2) were compared with all protein sequences deposited in

SWISS-PROT, by using the Blast v2.2 program [34]. A PSI-BLAST

search in each case produced an alignment between the eryKR do-

main and homologous proteins, which highlighted conserved resi-

dues in the short-chain dehydrogenase/reductase (SDR) family to

which the eryKR domains were found to belong, as previously re-

ported [22]. Homologous proteins with known structure were identi-

fied by using the FUGUE [35] homology recognition server. FUGUE

searches for homologs in the structural profile library derived from

the structure-based alignments in the HOMSTRAD database [35]

and uses the environment-specific substitution tables to generate,

automatically, the best alignments for the top hits. The homolog

found with the highest percentage of identity (28%) to both eryKR

domains was porcine carbonyl reductase (pdb code: 1N5D). The

alignments produced by FUGUE for this highest-scoring hit were

formatted with JOY [36] and analyzed visually to highlight the con-

servation of structurally and functionally important residues. The

alignment was further improved by using SEAVIEW [37]. The models

of eryKR1 and eryKR2 were constructed with MODELLER [38] by us-

ing porcine carbonyl reductase as the template. The models were

improved by using the loop-building programs RAPPER [39] and

CODA [40]. Final energy and structure minimization were performed

by using the SYBYL (Tripos, Inc., St. Louis, MO, USA) force field. Fi-

nally, the models were validated by PROCHECK [41], VERIFY3D [42],

and by visual inspection with 3D graphics software. The results from

all of these programs revealed that the models did not require further

modification.

Supplemental Data

Supplemental Data including the methods used to construct the ho-

mology models and the sequences of oligonucleotide primers used

for mutagenesis are available at http://www.chembiol.com/cgi/

content/full/13/3/277/DC1/.
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Böhm, I., Holzbaur, I.E., Hanefeld, U., Cortés, J., Staunton, J.,

and Leadlay, P.F. (1998). Engineering of a minimal modular poly-

ketide synthase, and targeted alteration of the stereospecificity

of polyketide chain extension. Chem. Biol. 5, 407–412.

Holzbaur, I.E., Harris, R.C., Bycroft, J., Cortés, J., Bisang, C.,

Staunton, J., Rudd, B.A.M., and Leadlay, P.F. (1999). Molecular

basis of Celmer’s rules: the role of two ketoreductase domains in

the control of chirality by the erythromycin modular polyketide

synthase. Chem. Biol. 6, 189–195.

Kao, C.M., McPherson, M., McDaniel, R.N., Fu, H., Cane, D.E.,

and Khosla, C. (1998). Alcohol stereochemistry in polyketide

backbones is controlled by the b-ketoreductase domains of

modular polyketide synthases. J. Am. Chem. Soc. 120, 2478–

2479.

Holzbaur, I.E., Ranganathan, A., Thomas, I.P., Kearney, D.J.A.,

Reather, J., Rudd, B.A.M., Staunton, J., and Leadlay, P.F.

(2001). Molecular basis of Celmer’s rules: role of the ketosyn-

thase domain in epimerisation and demonstration that ketore-

ductase domains can have altered product specificity with un-

natural substrates. Chem. Biol. 8, 329–340.

Joshi, A.K., and Smith, S. (1993). Construction of a cDNA encod-

ing the multifunctional animal fatty acid synthase and expres-

sion in Spodoptera frugiperda cells using baculoviral vectors.

Biochem. J. 296, 143–149.

Rangan, V.S., Joshi, A.K., and Smith, S. (1998). Mapping the

functional topology of the animal fatty acid synthase by mutant

complementation in vitro. J. Biol. Chem. 273, 34949–34953.

Østergaard, L.H., Kellenberger, L., Cortés, J., Roddis, M.P., Dea-

con, M., Staunton, J., and Leadlay, P.F. (2002). Stereochemistry

of catalysis by the ketoreductase activity in the first extension

module of the erythromycin polyketide synthase. Biochemistry

41, 2719–2726.

Siskos, A.P., Baerga-Ortiz, A., Bali, S., Stein, V., Mamdani, H.,

Spiteller, D., Popovic, B., Spencer, J.B., Staunton, J., Weissman,

K.J., et al. (2005). Molecular basis of Celmer’s rules: stereo-

chemistry of catalysis by isolated ketoreductase domains from

modular polyketide synthases. Chem. Biol. 12, 1145–1153.

Nakajima, K., Yamashita, A., Akama, H., Nakatsu, T., Kato, H.,

Hashimoto, T., Oda, J., and Yamada, Y. (1998). Crystal struc-

tures of two tropinone reductases: different reaction stereo-

specificities in the same protein fold. Proc. Natl. Acad. Sci.

USA 95, 4876–4881.

Nakajima, K., Kato, H., Oda, J., Yamada, Y., and Hashimoto, T.

(1999). Site-directed mutagenesis of putative substrate-binding

residues reveals a mechanism controlling the different stereo-

specificities of two tropinone reductases. J. Biol. Chem. 274,

16563–16568.

Reid, R., Piagentini, M., Rodriguez, E., Ashley, G., Viswanathan,

N., Carney, J., Santi, D.V., Hutchinson, C.R., and McDaniel, R.

(20

ma

23. Ca

wi

tha

24. O’

Le

sit

ke

tha

25. Ka

Sh

ch

26. Mc

bio

sp

So

27. Ha

J.,

ac

AC

28. Ko

an

bin

14

29. He

Mo

cin

Ch

30. Re

an

of

thr

31. De

B.,

P.F

mo

30

32. Sa

Clo

Sp

33. Do

cie

Nu

34. Alt

Mi

BL

Nu

35. Sh

qu

sp

tie

36. Mi

Ov

se

37. Ga

PH

lec

38. Sa

by

39. de

(20

rac

ten

va

40. De

rith

mo

41. La

J.M

qu

42. Lu

pro

85
03). A model of structure and catalysis for ketoreductase do-

ins in modular polyketide synthases. Biochemistry 42, 72–79.

ffrey, P. (2003). Conserved amino acid residues correlating

th ketoreductase stereospecificity in modular polyketide syn-

ses. ChemBioChem 4, 649–662.

Hare, H.M., Baerga-Ortiz, A., Popovic, B., Spencer, J.B., and

adlay, P.F. (2005). High-throughput mutagenesis of active

e residues to evaluate models of stereochemical control in

toreductase domains from the erythromycin polyketide syn-

se. Chem. Biol. 13, this issue, 287–296.

llberg, Y., Oppermann, U., Jornvall, H., and Persson, B. (2002).

ort-chain dehydrogenases/reductases (SDRs). Eur. J. Bio-

em. 269, 4409–4417.

Pherson, M., Khosla, C., and Cane, D.E. (1998). Erythromycin

synthesis: the b-ketoreductase domains catalyze the stereo-

ecific transfer of the 4-pro-S hydride of NADPH. J. Am. Chem.

c. 120, 3267–3268.

dfield, A.T., Limpkin, C., Teartasin, W., Simpson, T.J., Crosby,

and Crump, M.P. (2004). The crystal structure of the actIII

tinorhodin polyketide reductase: proposed mechanism for

P and polyketide binding. Structure 12, 1865–1875.

rman, T.P., Hill, J.A., Vu, T.N., and Tsai, S.C. (2004). Structural

alysis of actinorhodin polyketide ketoreductase: cofactor

ding and substrate specificity. Biochemistry 43, 14529–

538.

rtweck, C., Xiang, L., Kalaitzis, J.A., Cheng, Q., Palzer, M., and

ore, B.S. (2004). Context-dependent behavior of the entero-

iterative polyketide synthase; a new model for ketoreduction.

em. Biol. 11, 461–468.

eves, C.D., Ashley, G.W., Piagentini, M., Hutchinson, C.R.,

d McDaniel, R. (2001). Alteration of the substrate specificity

a modular polyketide synthase acyltransferase domain

ough site-specific mutations. Biochemistry 40, 15464–15470.

l Vecchio, F., Petkovic, H., Kendrew, S.G., Low, L., Wilkinson,

Lill, R.E., Cortés, J., Rudd, B.A.M., Staunton, J., and Leadlay,

. (2003). Active-site residue, domain and module swaps in

dular polyketide synthases. J. Ind. Microbiol. Biotechnol.

, 489–494.

mbrook, J., Fritsch, E.F., and Maniatis, T. (1989). Molecular

ning: A Laboratory Manual (Cold Spring Harbor, NY: Cold

ring Harbor Laboratory Press).

wer, W.J., Miller, J.F., and Ragsdale, C.W. (1998). High effi-

ncy transformation of E. coli by high voltage electroporation.

cleic Acids Res. 16, 6127–6145.

schul, S.F., Madden, T.L., Schafer, A.A., Zhang, J., Zhang, Z.,

ller, W., and Lipman, D.J. (1997). Gapped BLAST and PSI-

AST: a new generation of protein database search programs.

cleic Acids Res. 25, 3389–3402.

i, J., Blundell, T.L., and Mizuguchi, K. (2001). FUGUE: se-

ence-structure homology recognition using environment-

ecific substitution tables and structure-dependent gap penal-

s. J. Mol. Biol. 310, 243–257.

zuguchi, K., Deane, C.M., Blundell, T.L., Johnson, M.S., and

erington, J.P. (1998). JOY: protein sequence-structure repre-

ntation and analysis. Bioinformatics 14, 617–623.

ltier, N., Gouy, M., and Gautier, C. (1996). SEAVIEW and

YLO_WIN: two graphic tools for sequence alignment and mo-

ular phylogeny. Comput. Appl. Biosci. 12, 543–548.

li, A., and Blundell, T.L. (1993). Comparative protein modelling

satisfaction of spatial restraints. J. Mol. Biol. 234, 779–815.

Bakker, P.I., DePristo, M.A., Burke, D.F., and Blundell, T.L.

03). Ab initio construction of polypeptide fragments: accu-

y of loop decoy discrimination by an all-atom statistical po-

tial and the AMBER force field with the Generalized Born sol-

tion model. Proteins 51, 21–40.

ane, C.M., and Blundell, T.L. (2001). CODA: a combined algo-

m for predicting the structurally variable regions of protein

dels. Protein Sci. 10, 599–612.

skowski, R.A., MacArthur, M.W., Moss, D.S., and Thornton,

. (1993). PROCHECK: a program to check the stereochemical

ality of protein structures. J. Appl. Crystallogr. 26, 283–291.

thy, R., Bowie, J.U., and Eisenberg, D. (1992). Assessment of

tein models with three-dimensional profiles. Nature 356, 83–

.


	Directed Mutagenesis Alters the Stereochemistry of Catalysis by Isolated Ketoreductase Domains from the Erythromycin Polyketide Synthase
	Introduction
	Results and Discussion
	Homology Modeling of PKS Ketoreductase Domains Predicts that Key Amino Acids Proposed to Be Involved in Stereoselection Are Located at the Active Site
	Mutagenesis, Expression, and Relative Ketoreductase Activities of eryKR1 and eryKR2 Domains
	Site-Specific Mutations in Motifs I and II Alter Stereocontrol by Isolated KR Domains
	Configurational Switching in Polyketide Biosynthesis

	Significance
	Experimental Procedures
	Materials
	Cloning Procedures
	Protein Expression
	Protein Purification
	Kinetic Assays
	Product Separation by Chiral HPLC
	Homology Modeling of the KR1 and KR2 Structures
	Supplemental Data

	Acknowledgments
	References




