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Evolving enzyme technology for pharmaceutical applications:
case studies
WK Yeh

Lilly Research Laboratories, Eli Lilly and Company, Indianapolis, IN 46285, USA

The case studies focus on two types of enzyme applications for pharmaceutical development. Demethylmacrocin
O-methyltransferase, macrocin O-methyltransferase (both putatively rate-limiting) and tylosin reductase were puri-
fied from Streptomyces fradiae , characterized and the genes manipulated for increasing tylosin biosynthesis in S.
fradiae . The rate-limiting enzyme, deacetoxycephalosporin C (DAOC) synthase/hydroxylase (expandase/
hydroxylase), was purified from Cephalosporium acremonium , its gene over-expressed, and cephalosporin C
biosynthesis improved in C. acremonium . Also, heterologous expression of penicillin N epimerase and DAOC syn-
thase (expandase) genes of Streptomyces clavuligerus in Penicillium chrysogenum permitted DAOC production in
the fungal strain. Second, serine hydroxymethyltransferase of Escherichia coli and phthalyl amidase of Xanthobacter
agilis were employed in chemo-enzymatic synthesis of carbacephem. Similarly, echinocandin B deacylase of Actino-
planes utahensis was used in the second-type synthesis of the ECB antifungal agent.
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Introduction versions. Our primary focus has been the biosynthesis of
the macrolide antibiotic, tylosin, and that of the beta-lactamCase studies in enzyme technology can trace their roots to
compound, cephalosporin C.toluene dioxygenase fromPseudomonas putida. The

monooxygenase with cytochrome p450 was the only recog-
Tylosin biosynthesis: Tylosin is an animal health pro-nized bacterial three-component oxygenation system in the
duct used agriculturally as a growth promotant. It is a sec-early 1970s. The multi-component nature of toluene dioxy-
ondary metabolite produced by the soil bacterium,Strepto-genase was not realized at the time, and this made its puri-
myces fradiae. The tylosin biosynthetic pathway is shownfication quite challenging. The subsequent resolution of the
in Figure 1 [3,12]. Our interest was focused on the twodioxygenase as a three-component system [30] was a sig-
O-methyltransferases catalyzing the final two steps in thenificant milestone for this unique bacterial enzyme. The
biosynthesis of tylosin, and on the aldehyde reductasethree-component system [24–26] was not only academi-
mediating the conversion of tylosin to the less active com-cally interesting but also industrially useful. The evolution
pound, relomycin. DemethylmacrocinO-methyltransferaseof toluene dioxygenase was intimately connected with the
(DMOMT) catalyzes the 2′-O-methylation of the deoxy-evolution of multiple degradative enzymes of theb-keto-
allose moiety forming macrocin, which in turn is theadipate pathway [28]. The metabolic evolution gave rise
substrate for the 3′-O-methyltransferase (MOMT) thatto practical enzyme technology in the areas of antibiotic
methylates the 3′-hydroxyl position of the same moietybiosynthesis, antibiotic biocatalysis and drug discovery.
to yield tylosin (Figure 1) [22]. Because of substrateThe advances in enzyme technology have affected differ-
(demethylmacrocin/macrocin) accumulation by high tylo-ent aspects of enzyme biochemistry including: enzyme
sin-producing strains, both enzymatic reactions were rate-assay and purification, reaction optimization, enzyme
limiting for tylosin biosynthesis [22]. Tylosin reductasecharacterization, substrate specificity, enzyme kinetics and
(TR) catalyzes reduction of tylosin to relomycin, resultingmechanism, enzyme refolding and metabolic engineering.
in poor recovery of the tylosin product [12].Examples of two types of enzyme technology in a number

Through the efforts of several persons over a number ofof these aspects of enzyme biochemistry are described
years, the three enzymes (DMOMT, MOMT and TR) werebelow.
purified to homogeneity and characterized [4,12,16]. The
physical, catalytic and kinetic properties of the three

Results and discussion enzymes are listed in Table 1 [4,12,16]. DMOMT and
MOMT catalyze two consecutiveO-methylations in tylosinAntibiotic biosynthesis
biosynthesis, and they are distinctiveO-methyltransferasesAntibiotic biosynthetic pathways in microorganisms are
[4,16]. Both DMOMT and MOMT exhibit a lowKm (ie,frequently complex and involve many enzymatic intercon-
high affinity) and a highVmax for their substrates and a
very narrow substrate specificity (Table 1) [4,16], thus both

Correspondence: WK Yeh, Lilly Research Laboratories, Eli Lilly and enzymes may be specific to tylosin biosynthesis [12]. Inter-
Company, Indianapolis, IN 46285, USA estingly, based on theKi values of the macrolide inhibitorsThis paper is dedicated to Professor David T Gibson for his many contri-

[4,16], the twoO-methyltransferases are inhibited indepen-butions to our understanding of microbial biochemistry.
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Figure 1 Tylosin biosynthesis inS. fradiae. A solid arrow indicates a known metabolic step and a dashed arrow indicates a shunt route.
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336 Table 1 Biochemical properties of DMOMT, MOMT and TR

Property DMOMT MOMT TR

Substrate Demethylmacrocin Macrocin Tylosin
Co-Substrate AdoMet AdoMet None

Oligomer 122–126 kDa 65 kDa 270 kDa
Monomer 42 kDa 32 kDa 26- and 10-kDa
Structure Trimer Dimer Octamer

Optimal pH 7.8–8.5 7.5–8.0 7.0–7.2

Optimal temp 42°C 31°C 40°C

Metal ion Mg2+ Mg2+, Mn2+, Co2+ None

Cofactor None None Flavin

Electron donor None None NADPH

Km (mM) 0.006 0.005 1.4

Vmax (mU mg−1) 230 150 920

Substrate
specificity Narrow Narrow Broad

strongly by macrocin and MOMT strongly by demethyl-
macrocin (Figure 2). In contrast to DMOMT or MOMT,
TR shows a very highKm (ie, low affinity), a higherVmax

for its substrate and a broad substrate specificity (Table 1)
[12]. This indicates that TR may not be specific for tylosin
conversion [12]. Also, several chromatographic forms of
TR activity were observed fromS. fradiae[12]. In addition,
TR activity was observed from mutants ofS. fradiaewhich
lack most or all of the tylosin-biosynthetic activities as well
as from other actinomycetes which do not produce tylosin
[12]. Since relomycin is less active as an antibiotic than
tylosin, bacteria may have recruited several aldehyde
reductases from primary metabolism to carry out tylosin
reduction as a detoxification mechanism [12]. The project
on the enzymology of tylosin biosynthesis initiated enzymeFigure 2 Independent metabolite inhibition of MOMT and DMOMTin
technology at Lilly from two aspects. Specifically, the vitro. A heavy side-arrow indicates a strong inhibition and a regular side-
amino-terminal sequence of MOMT was used in the firstarrow indicates a weak or moderate inhibition. See OMT and DMT in

Figure 1 and the detailed metabolite inhibition data in Reference 16.successful bacterial gene cloning via reverse genetics at
Lilly [7,11]. In general, by studying and defining the three
rate-limiting steps biochemically and the metabolite inhi-
bition patterns of DMOMT and MOMT, enzyme tech- improvement in the rate of cephalosporin C production

[23]. This confirmed that the expandase/hydroxylase wasnology has guided the program on the gene manipulation
of tylosin biosynthesis [4,12,16]. rate-limiting for cephalosporin C biosynthesis in the pro-

duction strain.
In contrast to the bifunctional fungalBeta-lactam biosynthesis: Cephalosporin C is used

as starting material for semi-synthetic cephalosporin anti- expandase/hydroxylase (41 kDa), the bacterial expandase
(35 kDa) and hydroxylase (37 kDa) for cephamycin Cbiotics. The known biosynthetic pathway of cephalosporin

C by Cephalosporium acremoniumwith its corresponding biosynthesis are separate enzymes (Figure 4) [1,10,13].
With similar molecular mass and extensive sequence homo-enzymes is shown in Figure 3 [31]. The accumulation of

penicillin N and DAOC (ie, two substrates), suggested that logies, the fungal and two bacterial enzymes appear to rep-
resent products from a divergent evolution [1,10].the expandase/hydroxylase activities were rate-limiting for

cephalosporin C biosynthesis in the production strain [31]. DAOC can be enzymatically deacylated to 7-ADCA,
which is also starting material for semi-synthetic cephalo-The purified expandase/hydroxylase is a bifunctional

enzyme of about 41 kDa [2,9]. An extra copy of the sporin antibiotics [29]. DAOC could be produced by direct
inactivation of the bacterial hydroxylase gene [6,14]. Alter-expandase/hydroxylase gene, cloned by reverse genetics

[21], was added to the production strain ofC. acremonium natively, DAOC biosynthesis by a new approach was
undertaken. The bacterial expandase and epimerase were[23]. Addition of the extra gene copy led to increased

expandase/hydroxylase activityin vivo and a significant purified [10,27] and their genes cloned to a production
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Figure 3 Cephalosporin C biosynthesis inC. acremoniumand cephamycin C biosynthesis inS. clavuligerus. LLD-ACV, d-(l-aminoadipyl)-l-cysteinyl-
d-valine.
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Figure 4 Metabolic engineering for DAOC biosynthesis inP. chrysogenum.
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strain of Penicillium chrysogenum[6,15,20]. The cloned is difficult to remove chemically. A phthalyl amidase, that

was discovered and purified fromXanthobacter agilis,genes were targeted to integrate into and disrupt the
endogenous transferase gene [6]. Since the level of isopen- mediates the cleavage of the phthalyl carbacephem

efficiently [5]. TheE. coli SHMT exhibits a broad substrateicillin N, substrate for the epimerase, is much higher inP.
chrysogenumthan in theS. clavuligerusavailable to us [6], specificity for aldehyde substrates and a more specific sub-

strate specificity for amide co-substrates [see Table 5 inaddition of the two bacterial genes toP. chrysogenum
resulted in moderate DAOC accumulation [6]. The meta- Ref. 18]. As an example, the enzyme has a highkcat and

low Km for pentene aldehyde leading to a very high diaster-bolic engineering for the production of DAOC inP. chryso-
genumis a unique example of the production of a complex eospecificity of the product (l-allo-AHHA) [see Table 5 in

Ref. 18]. The phthalyl amidase, though highly specific forchemical intermediate by manipulation of the cellular
enzyme composition. phthalic acid, shows a broad substrate specificity for the

amide portion [5]. As an example, its kinetic properties for
five different substrates are shown in Table 2 [5]. BecauseAntibiotic biocatalysis

Three enzymes involved in two pharmaceutical synthetic of chemical utility of the phthalyl group and the broad sub-
strate specificity of phthalyl amidase, the enzyme maypathways will be described: serine hydroxymethyltransfer-

ase (SHMT) and phthalyl amidase (PA) for carbacephem become applicable widely in chemo-enzymatic synthesis of
molecules such as carbacephems and peptides.synthesis; and echinocandin B (ECB) deacylase for the syn-

thesis of a new anti-fungal agent. ECB is a six-member cyclic lipopeptide that is produced
by Aspergillus nidulans. A putatively membrane-boundA SHMT-/PA-based route to a carbacephem is shown in

Figure 5. SHMT catalyzes a C–C bond formation between deacylase, that catalyzes the hydrolysis of the acyl side-
chain of ECB to form the free cyclic peptide nucleusan aldehyde and glycine leading to the diastereospecific

intermediate (l-allo-AHHA). The phthalyl-blocking group (Figure 6), was solubilized, purified and characterized from
Actinoplanes utahensis[17]. The cyclic peptide nucleus isis then added to protect the amino-group in subsequent

steps. Because of its chemical stability, the phthalyl group then reacylated chemically with a different side-chain for-

Figure 5 SHMT-/PA-based route to a carbacephem.
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340 Table 2 Substrate specificity of phthalyl amidasea

Kinetic constant 296230b 311947c 202461 266099 293333

Km (mM) 0.9 0.05 0.17 0.09 0.14

Vmax (mmol min−1 mg−1) 7.6 5.95 1.94 1.41 0.27

kcat (mmol min−1 mmol−1) 6.33 4.95 1.61 1.18 0.22

kcat/Km (mmol min−1 mmol−1 mM−1) 7 99 9.5 13.1 1.6

aReaction conditions: 200 mM KPi, pH 8.2 and 0.017 or 0.102 nmol enzyme in 1-ml mixture at 32°C for 20 min.
bQuantitated by HPLC for the nucleus formation (one substrate).
cQuantitated by HPLC for the phthalic acid formation (four substrates).

ming a compound with potent, broad spectrum anti-fungalConclusion
activity [8]. In addition to ECB, this deacylase mediates
cleavage of aculeacin A (a natural lipopeptide with the Both microbial enzymes and their academic/industrial uses

are evolving continuously. The case studies in enzyme tech-same nucleus), of various semi-synthetic ECB derivatives,
and of daptomycin and its three derivatives (Table 3) [17]. nology have focused on enzyme biochemistry applied to

pharmaceutical development. The industrial applicationsDaptomycin is a natural product consisting of a ten-member
cyclic peptide with three additional amino acids in the side- have ranged from enzymes of antibiotic biosynthesis to

enzymes used in biocatalysis and, more recently, also tochain linked to an aliphatic moiety. It should be noted that
the substrate specificity of the (ECB) deacylase is readily enzymes used in screen development and inhibitor optimiz-

ation. The enzyme technology described in this review rep-distinguishable from that of industrially important penicillin
G amidase. Whereas the amidase catalyzes side-chain resents a small glimpse of enzymes as tools in pharmaceut-

ical applications, and it is expanding in various directionsremoval from a typical three-member cyclic peptide such
as a penicillin or a cephalosporin, the deacylase mediates such as directed evolution of enzymes [19]. Finally, as an

enzyme is encoded by a gene(s), the evolving enzyme tech-side-chain cleavage from six- or ten-member cyclic pep-
tides such as ECB/aculeacin and daptomycin. Thus, the nology that has significantly contributed to pharmaceutical

applications has been greatly facilitated by simultaneouslyECB deacylase may become increasingly significant as a
pharmaceutical biocatalyst. From an evolutionary view- evolving molecular biology.
point, the deacylase shares a detectable sequence similarity
with the amidase [17].

In addition to biosynthesis and biocatalysis as described
above, microbial enzymes have been used extensively asAcknowledgements
targets for screen development and inhibitor optimization.
The latter two types of enzyme applications for pharmaceut- I am grateful to Gerard Davis, Matt Hilton, Adam Kreuz-
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Figure 6 Chemo-enzymatic synthesis of an ECB anti-fungal agent.
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Substrate R1 or R2 Activity (%)

ECB 100

ECB Analogue 1 30

ECB Analogue 2 30

ECB Analogue 3 15

ECB Analogue 4 5

ECB Analogue 5 5

Cilofungin
0

ECB anti-fungal
0

Aculeacin 208

Daptomycin 437

A21978C1 278

A21978C2 282

A21978C3 208
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