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During assembly of complex polyketide antibiotics like erythromycin A, molecular recog- 
nition by the multienzyme polyketide synthase controls the stereochemical outcome as 
each successive methylmalonyl-coenzyme A (CoA) extender unit is added. Acylation of 
the purified erythromycin-producing polyketide synthase has shown that all six acyltrans- 
ferase domains have identical stereospecificity for their normal substrate, (2s)-methyl- 
malonyl-CoA. In contrast, the configuration of the methyl-branched centers in the product, 
that are derived from (2s)-methylmalonyl-CoA, is different. Stereoselection during the 
chain building process must, therefore, involve additional epimerization steps. 

T h e  clinically important antibiotic eryth- 
romycin A is derived from one propionyl- 
CoA and six methylmalonyl-CoA units 
that are sequentially incorporated into a 
growing polyketide chain (1). As in all 
complex polyketides, the stereochemistry of 
chain growth differs between extension cy- 
cles (2-5), but the molecular basis for this is 
unknown (3, 6). Understanding this unusu- 
al stereochemical divergence would facili- 
tate attempts to design hybrid polyketide 
antibiotics (7, 8). 

The 6-deoxyerythronolide B synthase 
(DEBS) consists of three giant multien- 
zymes DEBS 1, DEBS 2, and DEBS 3 (7, 9, 
lo), which catalyze formation of the mac- 
rolide core of erythromycin A from simple 
fatty acyl precursors in successive rounds of 
condensation and (to a variable extent) 
reduction. Each DEBS multienzyme is 
thought to contain all the activities neces- 
sary for two of these six chain extension 
cycles (Fig. 1). DEBS was purified from an 
erythromycin-producing strain of Saccha- 
ropolyspora erythraea and separated into its 
three constituent multienzvmes (1 0). To . , 
confirm previous work with recombinant 
DEBS 3 ~urified from Escherichia coli (1 l ) ,  
we incub'ated DEBS 3 from S. erythraea fb; 
5 minutes with a fivefold molar excess 
of (2R,S)-[1-14C]methylmalonyl-CoA and 
then subjected it to SDS-polyacrylamide 
gel electrophoresis. Radioactivity was found 
associated with the DEBS 3 polypeptide 
(Fig. 2A, lane 1). The extent of labeling 
decreased with longer incubation time, fall- 
ing to zero after about 2 hours (Fig. 2A, 
lane 2) (1 1). Identical results were obtained 
with DEBS 1 and DEBS 2. The simplest 
interpretation of these data is that the six 
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methylmalonyltransferase components of 
the synthase, two of which are found in 
each of DEBS 1, DEBS 2, and DEBS 3, are 
acylated and, in the absence of chain 
growth, the acyl group is subsequently hy- 
drolyzed. Analogous results have been 
found for acylation of fatty acid synthase by 
malonyl-CoA and acetyl-CoA (1 2). Addi- 
tion of further (2R,S)-[1-14C]methylmalo- 
nvl-CoA after 2 hours of incubation re- 
stored the original amount of radiolabeling 
of DEBS 3 (Fig. 2A, lane 4), after which 
the intensity of labeling again decreased. 
The products of this reaction, as deter- 
mined by thin-layer chromatography, anal- 
ysis, were methylmalonate and CoA (13). 

If onlv one isomer of methvlma I onvl- 
CoA was to acylate the enzyme, the unre- 
active isomer would remain after extended 
incubation with DEBS 3. We tested this by 
adding, after such an extended incubation, 
purified methylmalonyl-CoA epimerase 
from Propimibacterium shermanii (14, 15) 
that specifically and rapidly interconverts 
(2R)- and (2s)-methylmalonyl-CoA. This 
treatment restored about half the original - 
amount of radiolabeling of purified recom- 

binant DEBS 3 (Fig. 2A, lane 5), demon- 
strating (i) that only one isomer reacts with 
the enzyme and (ii) that DEBS 3 does not 
possess an intrinsic methylmalonyl-CoA 
epimerase activity. The same results were 
obtained for DEBS 1 and DEBS 2. 

The DEBS multienzymes all competed 
for the same isomer of methylmalonyl-CoA 
as substrate. This was shown by preincuba- 
tion of radiolabeled (2R, S) -methylmalonyl- 
CoA with one of the three DEBS multien- 
zymes from S. erythraea until labeling was 
no longer observed (Fig. 2B, lanes 6 and 7). 
If one of the other two components was 
then added, it was not labeled (Fig. 2B, 
lanes 8 and 9). However, addition of me- 
thylmalonyl-CoA epimerase allowed subse- 
quent labeling of all DEBS multienzymes 
present in the incubation mixture (Fig. 2B, 
lanes 1 1 to 13). 

To discover which of the two stereoiso- 
mers of methylmalonyl-CoA is the pre- 
ferred substrate for all of thd DEBS multi- 
enzymes, we prepared samples of (2R)- and 
(2s) -methylmalonyl-CoA under conditions 
where the nonenzymatic epimerization is 
negligible (15). This was done in situ (Fig. 
2C); the unwanted isomer was removed 
with enzymes that act specifically on the 
(2R) and the (2s) isomer, respectively. The 
remaining isomer was used immediately in 
the experiments with DEBS. 

All three enzymes, DEBS 1, DEBS 2, 
and DEBS 3, either individually or in com- 
bination, were labeled by (2s)-methylmal- 
onyl-CoA (Fig. 2C). For DEBS 1, both 
acyltransferases were labeled, as shown by 
limited proteolysis and subsequent labeling 
of the digests (Fig. 3). Similar results were 
obtained for DEBS 2 and DEBS 3. Only 
those proteolytic fragments containing at 
least one acyltransferase were labeled (1 6). 
The (2R) isomer did not label either DEBS 
2 or DEBS 3 and only labeled DEBS 1 
weakly. Even this weak labeling of DEBS 1 

Fig. 1. The reaction catalyzed by 
DEBS from S, erythraea. The f~rst 
two cycles of chain assembly are 
thought to be catalyzed by DEBS propionyl-CoA DEBS 1 
1, the third and fourth by DEBS 2, + - Of,,,, 

and the final two by DEBS 3 (7, 9). Methy'malonyl-CoA 

Asterisks denote the three asym- "l'f~oH 
metric centers shown to be de- 
rived from (2s)-methylmalonyl- 
CoA (3). The different configura- 
tion in the product is thought to 
result from an inversion of config- 

Y 
,.' 

uration as for fatty acid biosynthe- 

Tnz 
sis (20). S-enz denotes covalent 
attachment to an unspecified en- 
zyme thiol. 
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Flg. 2. Auto~adiirams produced by the radiola- 
beling of DEBS m u l t i i e s  with substrate 
methylmalonyl-CaA (MMCoA). (A) Incubation of 
purified DEBS 3 (10 pmd) from S. erythraea with 
an approximately fiefold molar excess of (2R,S)- 
[1 -14C]mett.lylrnalonyICaA. The preparations 
were incubated for 5 min (lane 1) or 120 min (lane 
2). After an initial incubation of 120 min, further 
additions were made: DEBS 3 7 prnol (lane 3). or 
[1-l4C]methylmalonylGaA 50 pmd (lane 4), or 
methylmalonyl-CoA epimerase 1 mu (lane 5) 
(14). (B) As in (A), except that a 20-fold molar 
excess of radiolabel was used. Incubations were 
done for 5 min (lane 6) or 120 min (lane 7). After 
120 min, additions of DEBS 1,2, or 3 were made 
(lanes 8,9, and 10, respectively) and the incuba- 
tions were continued for 5 min. In lanes 1 1, 12, 
and 13, after an inlial incubation of 120 min, 
rnethylrnalonyl-CoA epimerase (1 mu) was add- 
ed and then DEBS 1,2, and 3, respectively. (C) 
(2R)-methylmalonyl-CoA was incubated with 
DEBS 1.2, or 3 (lanes 14 to 16. respectively) or all 
three multienzymes (lane 17). Analogous experi- 
ments were done with (2s)-methylmalonyl-CaA 
(lanes 18 to 21). 

DEBS 3 
MMCoA 
5 120 

mln mln 

was not due to acylation by (2R)-methylmal- 
onyl-&A. The enzymatic preparation of this 
isomer involves propionyl-CoA as a by-prod- 
uct, the bulk of which is removed by specific 
hydrolysis. The traces that remained in this 
particular experiment account for all of the 
observed labeling. The NH,-terminal loading 
domain of DEBS 1 was strongly and specifi- 
cally labeled by [l-14C]propionyl-CoA (Fig. 
3) (16). Also, preincubation of DEBS 1 with 
unlabeled propionylCoA abolished the weak 
labeling seen in Fig. 2C, but did not interfere 
with the binding of (2s)-methylmalonyll-CoA 
(16). Taken together, these results confirm 
that all of the six individual methylmalonyl- 
transferases in the synthase react with the 
same (2s) isomer of methylmalonyl-CoA. 

There are several plausible mechanisms 
by which the stereochemistry of methyl 
branching during polyketide chain growth 
might be controlled. One proposal in par- 

- - - + + + Epirnerase 

1 2 3 1 2 3 +DEBS 
- .  

ticular has gained attention: that individual 
acyltransferases in the multienzymes might 
have different but absolute substrate speci- 
ficity for one or the other stereoisomer of 
the extender unit methylmalonyl-&A. 
This has been proposed (7, 17) on the basis 
of two findings: DNA sequencing of the 
DEBS genes (7, 9) showed that there is a 
sevarate methvlmalonvltransferase for each 
cycle of chain extension, and replacement 
of the acyltransferase domain in the final 
extension cycle catalyzed by DEBS 3 leads 
to the incorporation of an acetate unit at 
this position to yield 2-norerythromycin 
(18). Alternatively, methylmalonyl trans- 
fer to the multienzyme might be promiscu- 
ous, from either (2R)- or (2s)-methylmal- 
onvl-CoA. This would reauire a "vroof- 
reading" activity to hydrolyze those acyl 
groups added to the wrong sites, analogous 
to the discrimination exercized by certain 
arninoacyl-tRNA synthetases (1 9). Finally, 
transfer to the enzyme might be from the 
(2R) isomer or the (2s) isomer only. In this 

Fig. 3. Autoradiograms produced by the incu- A 1 2 =  3 4 bation of proteolyzed DEBS 1 with radiolabeled 
substrate. Similar data were obtained for DEBS DEBS 1- 
2 and DEBS 3, showing that the radiolabel was E l  - T 5 ~  '-7- -- 
confined exclusively to polypeptides containing E2 - 
acyltransferase domains. (A) DEBS 1 was par- 

T 6 7  - 
tially digested with elastase (16) and briefly T9 /- 
incubated with [1-12C]propionyl-CoA, then 
(2R,S)-[1-14C]methylmalonyl-CoA (lane I), or 
[l-14C]propionyl-CoA alone (lane 2). Polypep- T I  0- 

tide fragments contained the following activities 
(16): DEBS 1--ATlACPlKSlAT2KRlACP2KS2- 
AT3KR2ACP3; El-ATlACPlKSlAT2KRlACP2; -TI 
and E2-KS2AT,KR2ACP3. (B) DEBS 1 was 
partially digested with trypsin (16) and briefly 
incubated with [I-12C]propionyl-CoA, then (2R,S)-[1-i4C]methylmalonyl-CoA (lane 3), or 
[l-14C]propionyl-CoA alone (lane 4). Polypeptide fragments contained the following activities: 
TI--ATIACPl; T5-KRlACP2KS2AT,KRfiCP3; T6-ACP2KS2AT3KR2ACP3; Ti'-KRlACP2KSfiT3; 
T9-KRlACP,KSfiT3KR2; and TlO-KSlAT2. ACP, acyl carrier protein; AT, acyltransferase; KR, 
0-ketoreductase; KS, 0-ketoacyl ACP synthase. Numbering of activities corresponds to proximity to 
NH2-terminus of DEBS 1. 
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event, additional enzyme-catalyzed steps 
would be required during chain growth to 
epimerize at least some of the methyl- 
branched centers to the configuration found 
in the antibiotic product. 

The finding reported here, that all of the 
units used in the construction of erythro- 
mycin apparently come from (2s)-methyl- 
malonyl-&A, allows a clear choice be- 
tween these alternatives. The observed ste- 
reoselection during polyketide chain 
growth is not due to discrimination by the 
acyltransferases (7) nor to the operation of 
a proofreading mechanism, but must be the 
effect of additional epimerization steps cat- 
alyzed by the synthase. Because chain as- 
sembly is processive (20), epimerization 
must, therefore, occur either in the meth- 
ylmalonyl group immediately before con- 
densation or in the ketide product immedi- 
atelv after condensation. Previous attemvts 
to address this question, by feeding isotopi- 
cally labeled precursors to whole cells and 
then examining the distribution of label in 
the polyketide products, have led to ambig- 
uous results (3, 6). For example, a specifi- 
cally deuterated propionate precursor of 
(2s)-methylmalonyl-CoA was incorporated 
into erythromycin A (3) in which residual 
deuterium was found attached only at C-2, 
C-4, and C-10 of the macrolide ring (Fig. 
1). This result implicated the second, fifth, 
and sixth extension units as having arisen 
from incorporation of (2s)-methylmalonyl- 
CoA, with inversion of configuration as 
found for fatty acid synthase (21 ), but left 
the origin of the remaining units obscure. 

The stereochemical variation along the. 
polyketide chain of erythromycin is shared 
by more than 150 macrolide antibiotics (2, 
22), and similar patterns of variation have 
been discerned in polyethers (4, 22). If, as 
seems probable, chain assembly in all these 
closely related polyketide synthases requires 
only one stereoisomer of methylmalonyl- 
CoA, this must be taken into account in 
future attempts (7, 8) to reprogram such 
polyketide synthases and produce hybrid 
antibiotics. 
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Mechanistic information and structure-based design methods have been used to design 
a series of nonpeptide cyclic ureas that are potent inhibitors of human immunodeficiency 
virus (HIV) protease and HIV replication. A fundamental feature of these inhibitors is the 
cyclic urea carbonyl oxygen that mimics the hydrogen-bonding features of a key structural 
water molecule. The success of the design in both displacing and mimicking the structural 
water molecule was cdnfirmed by x-ray crystallographic studies. Highly selective, preor- 
ganized inhibitors with relatively low molecular weight and high oral bioavailability were 
synthesized. 

Knobledge of the HIV protease (HIV PR) 
mechanism of action and substrate s~ecific- 
ity has been extensively used to design a 
varietv of transition state-based inhibitors 
with inhibition constants in the nanomolar 
or subnanomolar range (1, 2). The symme- 
try of the HIV PR dimer guided the design 
of twofold (C2) symmetric and pseudosym- 
metric inhibitors (3). However. these in- . , 
hibitors retain substantial peptide charac- 
ter, and despite many elegant structure- 
activity studies, it has been difficult to 
combine adequate potency with oral bio- 
availability (3, 4). The difficulty in devel- 
oping such leads into useful therapeutics is 
challenging. for in addition to the tradi- 

u u, 

tional barriers encountered in the drug de- 
velopment process, peptide-based mole- 
cules are in general biologically unstable, 
poorly absorbed, and rapidly metabolized 
(5). This challenge is not unique to HIV 
PR; transition from peptide-based leads to 
therapeutics has proven formidable for oth- 

er enzymes such as renin inhibitors (6, 7). 
We have previously explored a series of 

potent, linear CZ-symmetric inhibitors in 
which the transition state mimetic was a 
diol (8). We were unable to overcome the 
poor oral bioavailability of these peptide 
molecules and consequently sought other 
approaches. The technique of searching 
databases containine three-dimensional - 
(3D) molecular structures has been used to 
identifv svnthetic frameworks that can , , 
serve as the starting point for the design of 
nonpeptide inhibitors, and this approach 
has been explored with HIV PR. Unfortu- 
nately, the HIV PR inhibitors designed to 
date on the basis of 3D database searches 
(9, 10) have yielded inhibitors with only 
micromolar uotencv. 

Our current design of nonpeptide inhib- 
itors (1 1) began with structural information 
available from published x-ray crystal struc- 
tures of HIV-PR inhibitor complexes (12- 
15). A common feature observed is the 
presence of a tetracoordinated structural 

Departments of "lro\ogy Research and Chemical and water linking the inhibitor 
Physlcal Sc~ences, The DuPont Merck Pharmaceutical to the flexible glycine-rich P strands or 
Company, Wllm~ngton, DE 19880 "flaps" of the HIV PR dimer (Fig. 1). This 
*To whom correspondence should be addressed water molecule accepts two hydrogen bonds 

from backbone amide hydrogens of HIV PR 
residues Ile 50 and Ile 50' and donates two 
hydrogen bonds to carbonyl oxygens of the 
inhibitor, thus inducing the, fit of the flaps 
over the inhibitor (1 6). Its relevance to the 
generation of HIV PR inhibitors has been 
noted (12, 13). 

We hypothesized that incorporation of 
the binding features of this structural water 
molecule into an inhibitor would be bene- 
ficial because its displacement should be 
energetically favorable (1 7). In addition, 
conversion of a flexible, linear inhibitor 
into a rigid, cyclic structure with restricted 
conformations should provide a positive 
entropic effect. Finally, incorporation of a 
mimic for the structural water within the 
inhibitor should ensure specificity for the 
HIV PR as against other aspartic acid pro- 
teases, because this water molecule is 
unique to retroviral proteases. We reasoned 
that these effects might provide highly po- 
tent and specific binding and reduce the 
need for multiple interactions at the speci- 
ficity pockets. This should permit design of 
smaller (<600 daltons) inhibitors with im- 
proved oral bioavailability. 

Extensive structure-activity relations 
(SARs) established for C2-symmetric diols 
indicated that the diol imparts significant 
potency as compared with corresponding 
mono-01 transition state analogs (3, 8). 
Thus, we wanted to incorporate this feature 
of the diol-HIV PR interaction into a 3D 
pharmacophore model. However, no x-ray 
structure of a C2-symmetric diol-protease 
complex was available when this work was 
initiated; two independent reports of struc- 
tures have since appeared (1 8). Therefore, 
computer models for CZ-symmetric diols 
bound to the active site of HIV-1 PR were 
develo~ed from the cwstal structure coordi- 
nates df a hydroxyeth;lene inhibitor bound 
to HIV PR (15) by means of distance 
geometry (1 9) (Fig. 2, A and B) and several 
pharmacophores were generated. 

The simplest pharmacophore model 
(Fig. 2C) was based on two key intramolec- 
ular distances: that between symmetric hy- 
drophobic groups, designated P1 and PI', 
that occupy corresponding enzyme pockets 
S1 and S1' and that from P1 and PI' to a 
hydrogen bond donorlacceptor group (or 
groups) that binds to catalytic aspartates. A 
3D database search (20, 2 1) with this phar- 
macophore model yielded the "hit" (22) 
shown in Fig. 2D, which not only met the 
initial search criteria, but also included an 
oxygen that matched the structural water 
found in HIV PR-inhibitor complexes. 
This 3D search indicated that a phenyl ring 
could properly position groups to interact 
with asuartates 25 and 25' as well as to 
mimic the structural water (Fig. 2E). How- 
ever, because a phenyl ring might not 
properly position all substituents in the 
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