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Abstract: The stereochemical course of reduction of crotonyl CoA by the novel crotonyl CoA reductase (CCR) of
Streptomyces collinusas determined using a radiochemical assay. The reaction was shown to proceed with transfer
of the hydrogen from thero-4S position of NADPH to theReface of thes-carbon of crotonyl CoA. This transfer
represents the first exception to the observation that enoyl thioester reductases catalyze trangfes-dBthgdrogen

of NADPH to theSiface of the substrate. The observation of addition of solvent hydrogen tRelfece of the
o-carbon in the reaction catalyzed by CCR demonstrated that the overall reduction of crotonyl CoA proceeds in an

anti fashion.

The overall stereochemical outcome of the reaction catalyzed by CCR is different to the four

stereochemical outcomes that have previously been observed for enoyl thioester reductases. It is significant that the
predicted amino acid sequence of CCR has also been shown to be unrelated to other enoyl thioester reductases.
Based on these observations it is proposed that the stereochemical course of an enoyl thioester reduction serves no
mechanistic function but merely reflects the pedigree or ancestral lineage of the enzyme. Any two enoyl thioester
reductases which exhibit different stereospecificities are, therefore, predicted to have different pedigrees and unrelated
amino acid sequences. An evaluation of all the enoyl thioester reductases where both the stereochemical course of
reduction and the predicted amino acid sequence are known is shown to be entirely consistent with these predictions.

Introduction Extensive regiochemical and stereochemical studies have been
reported for enoyl thioester reductadé®?® The regiochemical
course of these reductions is conserved, proceeding with addition

of the solvent hydrogen to the-carbon of the substrate. The

Enoyl thioester reductases catalyze the reduction ofifie
double bond of enoyl thioesters utilizing either NADH or
NADPH as the electron donor (Figure 1). Their typical gtereochemical course, however, is highly diverse and involves
physiological function is in primary metabolism, catalyzing the three cryptic stereochemical details: (1) the stereospecificity
second reductive step in the cycles of either fatty acid elongation of hydrogen transfer from thero-4R or pro-4S position of the
or de novo fatty acid biosynthesis> These enzymes are  cofactor to thes-carbon; (2) the face of thé-carbon to which
therefore ubiquitous in nature and have been purified and this hydrogen is added, and; (3) the addition of solvent hydrogen
characterized from both eucaryotes and procaryotésEnoyl to either theSi or Re face of thea-carbon. With the caveat
thioester reductases are also implicated in certain secondaryhat the regiochemistry is conserved, there are eight possible
metabolic processes, in particular formation of the macrolide stereochemical outcomes for a reaction catalyzed by an enoyl
and polyether polyketide antibiotiés.*® thioester reductase (Figure 1). Four of these stereochemical

* Corresponding author. Tel (410) 706 5008. FAX (410) 706 0346.
E-mail: Reynolds@pharmsmtp.ab.umd.edu.

® Abstract published i\dvance ACS Abstractddarch 15, 1997.

(1) Kikuchi, C.; Kusaka, TJ. Biochem1984 96, 841—-848.

(2) Nishimaki-Mogami,T.; Yamanaka, H.; Mizugaki, Mur. J. Biochem.
1987 102 427-432.

(3) Inui, H.; Miyatake, K.; Nakano, Y.; Kitaoka, Eur. J. Biochem.
1984 142 121-126.

(4) Maitra, S. K.; Kumar, SJ. Biol. Chem1974 249, 111-117.

(5) Chang, S.; Hammes, G. ®Groc. Natl. Acad. Sci. U.S.A.989 86,
8373-8376.

(6) Chiang, C.Prep. Biochem1987,17, 315-325.

(7) CvetanovigM.; Moreno De La Garza, M.; Dommes, V.; Kunau, W.
H. Biochem. J1985 227, 49-56.

(8) Inui, H.; Miyatake, K.; Nakano, Y.; Kitaoka, §. Biochem1986
100, 995-1000.

(9) Nishimaki, T.; Yamakawa, H.; Mizugaki, Ml. Biochem1984,95,
1315-1321.

(10) Shimakata, T.; Kusaka,T. Biochem1981, 89, 1075-1080.

(11) Reynolds, K. AJ. Nat. Prod.1993 56, 175-185.

(12) Hutchinson, C. R.; Shu-Wen, L.; Mclnnes, A. G.; Walter, J. A.
Tetrahedron1983 39, 35073513.

S0002-7863(96)01047-5 CCC: $14.00

(13) Townsend, C. A.; Brobst, S. W..; Ramer, S. E.; Vederas, J. C.
Am. Chem. Sod 988 110, 319-321.

(14) Reese, P. B.; Rawlings, B. J.; Ramer, S. E.; VederdsAim. Chem.
Soc.1988 110 316-318.

(15) Arai, K.; Rawlings, B. J.; Yoshizawa, Y.; Vederas, J. X.Am.
Chem. Soc1989 111, 3391-3399.

(16) Reynolds, K. A.; Wang, P.; Fox, K. M.; Lam S,; Speedie, M. K.;
Floss, H.J. Bacteriol 1992 174, 3850-3854.

(17) Saito, K.; Kawaguchi, A.; Seyama, Y.; Yamakawa, T.; Okuda, S.
J. Biochem1981, 90, 16971704.

(18) Saito, K.; Kawaguchi, A.; Seyama, Y.; Yamakawa, T.; Okuda, S.
Eur. J. Biochem1981, 116 581-586 (1981).

(19) Sedgewick, B.; Morris, CJ. Chem Soc., Chem. Commur280
96—97.

(20) O'Sullivan, M. C.; Schwab, J.; Zabriskie, T. M.; Helms, G. L.;
Vederas, J. CJ. Am. Chem. S0d99], 113 3997-3998.

(21) Frossl, C.; Boland, WI. Chem. Soc., Chem Comm(A91, 1731
1733.

(22) Anderson,V. E.; Hammes, G. ®iochemistry1984 23, 2088~
2094.

(23) Reynolds, K. A,; Fox, K. M.; Yuan, Z.-M.; Lam, 3. Am. Chem.
Soc.1991, 113 4339-4340.

© 1997 American Chemical Society



2974 J. Am. Chem. Soc., Vol. 119, No. 13, 1997

Stereochemical
Outcome

Vi
i

Vil

Hey Rz
R1%(
Ha’/ H 0

Figure 1. Eight possible stereochemical outcomes for a reaction
catalyzed by an enoyl thioester reductase. In all outcomes the solvent
hydrogen is added to the-carbon (an additional eight stereochemical
outcomes would be possible if addition to hearbon was allowed).

Hb and Ha represent the the pr8dnd pro-R hydrogens of NADPH,
respectively. Hc represents the solvent hydrogen. SR represents eithe
coenzyme A (SCoA) or an acyl carrier protein (SACP).

Table 1. Stereochemical Outcome of the Reaction Catalyzed by
Various Enoyl Reductases

attack of

stereo- stereo-
specificity M‘ type of chemical
enzyme source of NAD(P)H C-3 C-2 addition outcome
Brevibacterium pro-4S Si Si anti Il
ammoniagends
yeastc pro-4S Si Si anti Il
ratd pro-4R Re Si syn v
chickertd pro-4R Re Si syn \Y
E. coli(chain pro-4R Re Re anti [
elongation)
E. colP pro-4S Si  Re syn |
S. collinus(ChcAy pro-4S Si Si anti Il
S. collinus(CCRY»¢ pro-4S Re Re anti Y,

Liu et al.

all enoyl thioester reductases, no additional stereochemical
outcomes will be observed.

Two alternative theories that explain the stereochemical
dichotomy for the nucleotide specificity for enoyl thioester
reductases involved specifically in fatty acid synthesis have been
presented; either these enoyl thioester reductases are not
homologous and have formed by convergent evolution, or the
stereochemistry for transfer of the nucleotide hydrogen can
diverge?* No attempt has been made, however, to expand these
theories to include all three cryptic stereochemical details or a
broader range of enoyl thioester reductases. In recent years the
enoyl thioester reductase genes involved in fatty acid biosyn-
thesis have been cloned and sequert@&d? thereby providing
an opportunity to discriminate between the two theories
advanced for the observed stereochemical diversity. Further-
more, enoyl thioester reductase genes involved in other processes
have also recently been cloned and sequefic&dhus allowing
these theories to be tested more generally for this entire class
of enzymes.

Reported herein is a stereochemical analysis of crotonyl CoA
reductase (CCR), a novel enoyl thioester reductase from
Streptomyces collinusThe predicted amino acid sequence of
CCR has previously been shown to have no significant similarity
with other enoyl thioester reductas®s.The stereochemical
course of the reaction catalyzed by CCR is shown to be different
to all previously observed stereospecificities and to represent
the first exception to the observation that the nucleotide
stereospecificity determines the stereospecificity of hydrogen
addition at the8-carbon!”18.22 A proposal that stereochemical
diversity reflects amino acid sequence diversity in enoyl thioester
reductases is presented based on these observations. An analysis
of other enoyl thioester reductases, where both the stereochem-
ical course and amino acid sequence data are now known, is
shown to be consistent with this proposal.

Experimental Methods

Materials. [1-14C]Butyryl coenzyme A (4 mCi/mmol) was pur-
chased from Moravek. 3H]Water (100 mCi/g) was obtained from
Dupont NEN. [12H]Glucose (15.5 Ci/mmol), crotonyl coenzyme A,
butyryl coenzyme A, coenzyme A (CoA), FAD, NADP, NADPH,
glucose dehydrogenas&hermoplasma acidophilualcohol dehy-
drogenaseThermoanaerobium brochjiand acyl CoA oxidaseGan-
dida lipolytica) were purchased from Sigma. Enzyme activity of
crotonyl CoA reductase was assayed spectrophotometétaliy by
HPLC analysis. Enzyme activities were measured in units (U), where
a unit corresponds to the oxidation of 1 mmol of NADPH per min.

HPLC Analysis of Butyryl CoA and Crotonyl CoA. Butyryl CoA
and crotonyl CoA concentrations were monitored at 254 nm using a
Beckman HPLC system equipped with a 165 variable wavelength
detector and a 4.& 250 mm ODS2 column (MetachemTechnologies).

2 Only enoyl thioester reductases where all three cryptic stereochem-

(24) Glasfield, A.; Leanz, G. F.; Benner, S. A.Biol. Chem1990,265

ical details have been elucidated are included. Roman numerals arel1692-11697. _ _ _ _
used to correlate the observed stereochemical outcomes with those  (25) Meurer, G.; Biermann, G.; Schutz, A.; Harth, S.; SchweizeWM@.

depicted in Figure 1. Most of the enzymes are enoyl ACP reductases
involved in de nao fatty acid synthesis. The exceptions are the
crotonyl CoA reductase (CCR) and 1-cyclohexenylcarbonyl CoA
reductase (ChcA) ds. collinusand thek. coli enoyl thioester reductase
involved in fatty acid elongatior?. Denotes enzymes whose predicted
amino acid sequence is availabté Denotes two groups of enzymes
that have significant amino acid sequence similaritthin the group.

The remaining enzymes have no significant amino acid sequenceg

similarity with each other® Represents findings from this work.

outcomes have already been observed with the enoyl thioeste
reductases studied to date (TabléT}® A general pattern has
emerged in which the nucleotide specificity, eitlpeo-4R or
pro-4S, appears to determine the stereospecificity of the
hydrogen addition at thg-carbon of the fatty acidpro-3R or
pro-3S, respectivelyt’-1822 |f this observation is applicable for
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Enoyl Thioester Reductases

The mobile phase typically consisted of 50 mM potassium phosphate
(pH 4.0) and methanol (75:25) at a flowrate of 1.0 mL/min. For
radiolabeled analysis, eluent from the column was collected in 0.5 mL
fractions and mixed with 5 mL of scintillation fluid (Scintisafe Econo

1 from Fisher Scientific). BotifH and “C levels were determined
using a Beckman LS5801 Liquid Scintillation Counter. The ratio of
3H/'4C was calculated based on the counts per min (CPM) determined
for each individual isotope in the standard manner. Crotonyl CoA and
butyryl CoA concentrations were determined by comparisons of the
peak areas from the HPLC analysis with injections of standards.

J. Am. Chem. Soc., Vol. 119, No. 13, 2993

[1-*C]butyryl CoA and FAD and treated with acyl CoA oxidase as
described above.

Results and Discussion

Stereochemical Course of the Crotonyl CoA Reductase
Reaction. An enoyl CoA reductase, believed to be involved
in supplying butyryl CoA for primary and secondary metabolic
processes, has been isolated frémcollinus®® This enzyme

Specific activities of these compounds was calculated based on thisspecifically requires NADPH as the sole electron donor and a

peak area and the radioactivity associated with the peak (CPM were

converted to disintegrations per minute based on a counting efficiency
of 38% and 74% fofH andC, respectively).

HPLC Analysis of NADP and NADPH. An HPLC analysis was
also used for monitoring concentrations of NADP and NADPH. A

mobile phase of 50 mM potassium phosphate (pH 4.0) and methanol

(91.5:8.5) at a flowrate of 1.0 mL/min allowed baseline separation of
NADP and NADPH with retention times of 3.2 and 5.2 min,
respectively. The specific activity of NADP and NADPH was
determined in the manner described above.

Synthesis of [R-3H]- and [4S-3H]NADPH. [4S*H]NADPH was
prepared enzymatically by incubating NADP (8 mg, 10 mmol) with
glucose dehydrogenase 41, 3.5 units), glucose (2.0 mg, 11 mmol),
and [1°H]glucose (0.1 mCi, approximately 0.007 mmol) in a 50 mM
potassium phosphate solution (0.6 mL) at pH 7.0Zch at 30°C.3*
The solution was freeze dried.

[4R-*H]NADPH was prepared from NADP through a series of three
enzymatic step¥. Initially [4 S®H]NADPH was generated with glucose

four carbon substrate, crotonyl CoA. The complete stereo-
chemical course of reduction of crotonyl CoA has been
determined using a direct radiochemical approach. Previous
approaches to analyzing stereochemical course of reduction of
crotonyl CoA or crotonyl ACP (acyl carrier protein) have used
indirect methods that require hydrolysis of the butyryl CoA and
crotonyl CoA thioester bonds prior to analysis. Such methods
require harsh conditions and result in hydration of crotonyl CoA
to hydroxybutyrate and a potential for hydrogen exchange at
the a-carbon!®3¢ An alternative approach involving direct
derivatization with benzylamine has also been repoitedll

of these methods have proven problematic in our experience
and led to the development of a radiochemical assay that allows
direct analysis of butyryl CoA and crotonyl CoA.

To investigate the addition of hydrogen at thearbon of
crotonyl CoA, [4R-*H]- and [4S-3H]NADPH were prepared

dehydrogenase in the manner described above. Acetone (16 mg, 0.2¢@nZymatically. Crotonyl CoA was incubated overnight with
mmol) and alcohol dehydrogenase (5 units) were added to the reactionPurified crotonyl CoA reductase in the presence ®t-f#H] and

mixture (0.2 mL). Incubation of the resulting solutiorr 2 h at 30
°C produced [4H]NADP. [4-*H]NADP was reduced in volume and
purified by HPLC (fractions with retention times from 3:68.5 min

[SHINADPH. The butyryl CoA from the enzyme reaction
was then separated from unreacted crotonyl CoA and NS#&DP
using reverse phase HPLC and subsequently analyzed. The

were collected and freeze dried). The resulting material was dissolved gnalysis clearly demonstrated that the incubation in the presence

in water (1 mL), and the pH was adjusted to 7.0 witfHRO, (1 M).
Glucose (0.5 mg, 2.8 mmol) and glucose dehydrogenagd (1B.5
units) were added into the solution. The reaction mixture was incubated
for 5 h at 30°C and subsequently freeze dried.

Preparation of Crotonyl CoA Reductase. Crotonyl CoA reductase
was purified as a recombinant protein froEscherichia colias
previously describegf.

Determination of the Stereochemical Course of Hydrogen
Transfer from NADPH in the Crotonyl CoA Reductase Reaction.
Purified crotonyl CoA reductase (L, 3.5 units) was added to 600
uL of 50 mM potassium phosphate solution (pH 7.0) containing crotonyl
CoA (0.7 mg, 0.84 mmol) and B*HINADPH (3 mCi, 0.7 mg, 0.9
mmol), and the reaction mixture was incubated overnight at@5
Analysis by HPLC indicated in this and subsequent experiments with
crotonyl CoA reductase almost a complete conversion of crotonyl CoA
to butyryl CoA.

The reaction mixture was heated for 5 min at 2@to inactivate
crotonyl CoA reductase and treated with'{G]butyryl CoA, acyl CoA
oxidase fromCandida lipolytica(0.2 units) and FAD (2@L of 1 mM
solution). A 16-h incubation of the reaction mixture in the dark (30
°C) resulted in virtually complete conversion of butyryl CoA to crotonyl
CoA. The reaction mixture was fractionated by HPLC and analyzed
as described above.

Reduction of crotonyl CoA in the presence oRIAH]NADPH was
performed in a similar manner. Thus, 2@Q of 50 mM, pH 7.0
potassium phosphate solution containing crotonyl CoA (0.03 mg, 0.04
umol) and [AR-HINADPH (0.1 uCi, 0.04 umol) was treated with
purified crotonyl CoA reductase (@@L, 3.5 units).

Determination of the Stereochemical Course of Solvent Hydrogen
Addition in the Crotonyl CoA Reductase Reaction. A solution
containing 10QcL of [3H]water (10 mCi), 8QuL of potassium phosphate
buffer (50 mM, pH 7.0), crotonyl CoA (2 mg, 2/mol), and NADPH
(2.5 mg, 3umol) was treated with the recombinant crotonyl CoA
reductase (2L, 7 units) overnight at 28C. The solution was treated
with 150 4L of water and freeze dried. This washing process was

of [4S3HINADPH (3.4 £ 0.3 mCi/mmol, determined from
triplicate injections) resulted in the production of tritiated butyryl
CoA (2.2 + 0.2 mCi/mmol, determined from HPLC analysis
from three separate experiments) (Figure 2). Conversely,
incubation of the enzyme in the presence of crotonyl CoA and
[4R-HINADPH (2.6 £ 0.3 mCi/mmol, determined from
triplicate injections) resulted in the production of butyryl CoA
with no detectable radiolabel (Figure 2). In experiments using
both the isomers of labeled NADPH, almost complete conver-
sion of crotonyl CoA to butyryl CoA was observed. In both
sets of experiments the HPLC analyses was conducted using
comparable butyryl CoA quantities. These experiments clearly
demonstrated that the enzyme catalyzed reaction proceeds with
transfer of thepro-4S hydrogen of NADPH to crotonyl CoA.

The tritiated butyryl CoA formed in these experiments was
combined with [11C]butyryl CoA to yield a®H/'“C ratio of
1.1. This butyryl CoA (with a specific activity fot*C of 0.98
mCi/mmol) was converted to crotonyl CoA by incubation with
an acyl CoA oxidase fronCandida lipolytica This enzyme
stereospecifically catalyzes the removal of pghe-2R andpro-
3R hydrogens of the acyl CoA substréte.Under the experi-
mental conditions HPLC analysis indicated that almost a
complete conversion of butyryl CoA to crotonyl CoA was
obtained (Figure 3). Consistent with this observation was the
loss of all’“C and3H radioactivity associated with the butyryl
CoA peak (Figure 3). The resulting crotonyl CoA had a specific
activity for 1“C of 0.844 0.04 mCi/mmol (determined from
three separate experiments) but no detectable levelsl ¢a
SH/4C ratio of 0) indicating that the reaction proceeded with
100% loss of tritium. This result is entirely consistent with an
initial transfer of tritium from thepro-4Shydrogen of NADPH
to the Re face of thep-carbon of crotonyl CoA (addition of

repeated twice. The dried reaction mixture was resuspended in waterhydrogen from the cofactor to the-carbon in enoyl thioester

(200 uL) and analyzed by HPLC. This solution was combined with

reductions is unprecedented and would contravene a clear
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Figure 2. Determination of the NADPH stereospecificity in the reaction catalyzed by crotonyl CoA reductase (CCR). A and B represent a typical
HPLC analysis of an incubation of crotonyl CoA and NADPH with CCR at time zero and 16 h, respectively. HPLC analyses were conducted using
50 mM potassium phosphate (pH 4.0) and methanol (70:30) at a flow rate of 1 mL/min. Crotonyl CoA (b) and butyryl CoA (a) had retention times
of 7.5 and 9.5 min, respectively. C represents overlaid results of the HPLC-radiochemical analyses of the butyryl CoA formed when incubations
of CCR were carried out with crotonyl CoA and eitheBEH]NADPH (open circles) or [R-3H]NADPH (grey circles). D represents the radiochemical
analyses of butyryl CoA formed when the crotonyl CoA was reduced by CCR in the presence of tritiated water.

mechanistic imperative) (Table 1). This result is unusual since the pro-2R position. Therefore, the crotonyl CoA reductase

reduction reactions that proceed with transfer of fe-4S reduces crotonyl CoA in aanti fashion with addition of solvent
hydrogen of NAD(P)H have previously been shown to always hydrogen to theReface of thea-carbon (Table 1).

result in addition of hydrogen to th8i face of thes-carbon Interpretation of Stereochemical Diversity for Enoyl
(Table 1)17.18.22 Thioester Reductases.The interpretation of stereospecificity

To determine the stereochemistry of hydrogen transfer from in enzyme catalyzed processes has attracted considerable interest
solvent to thea-carbon of crotonyl CoA, the crotonyl CoA  and controversy for several decad@®+? Of particular interest
reductase was incubated3H,0 (1 mCi/mmol in the reaction ~ has been the interpretation of cases where stereospecificity is
mixture) in the presence of NADPH and crotonyl CoA in an either highly conserved or highly diverged for enzymes cata-
overnight incubation. A series of freeze drying steps were used ™ (34) Ottolina,G.; Riva, S.; Carrea, G.; Daneli, B.; Buckman. A. F.
to remove the tritiated water. Butyryl CoA with a specific  Biochim. Biophys. Actd989 998 173-178.
activity 56u4Ci/mmol was obtained in these reactions, reflecting Bio(gﬁzlg/all‘\’eersa’ c\:/é;mquﬂgég;;1\51\/3855516525%0'\"; Richards, W. Biochem.

a _S|gn|f|cant isotope effect. Th_e reaction mixture was combined (36) Lienhard, G. E.: Wang, T. -Q. Am. Chem. Sod.968§ 90, 3781
with [1-*4C]-butyryl CoA to provide a sample containing butyryl  3787.

CoA with a 3H/*C ratio of 0.8 (a specific activity of ap- (37) Kawaguchi, A.; Tsubotani, S.; Seyama, Y.; Yamakawa, T.; Osumi,
proximately 56uCi/mmol for 3H and 40xCi mmol for 14C). -Ela-é; Tﬁ?fl?ﬁtg"é T.; Kikuchi, T.; Ando, M.; Okuda, 3. Biochem.1980
This reaction mixture was then incubated with the acyl CoOA ™ (38) Hanson, K. R.; Rose, I. Mcc. Chem. Red975 1, 1-10.
dehydrogenase fron€. lipolytica Under the experimental (39) Weinhold, E. G.; Glasfield, A,; Ellington, A. D; Benner, S.®Rroc.
conditions HPLC analysis again revealed a complete convgrsmnNa& Oﬁcé}ﬁ'h ;glr},UA'.S'S?;gg]éni% r?élsz(:oﬁ?:‘lgit. Re. Biochem 1988 23

of butyryl CoA to crotonyl CoA (Figure 3). Consistent with 369" 4>6

this observation was the loss 8fC and 3H radioactivity (41) Benner, S. AExperiential982 38, 633-637.

associated with the butyryl CoA peak (Figure 3). The resulting (42) Srivasta, D. K.; Bernhard, S. Aiochemistry1984 23, 4538~
crotonyl _CoA was determined to have a specific activity of 33 (43) Benner, S. A.: Nambiar, K. P.: Chambers, GJKAm. Chem. Soc.
+ 3 uCi mmol for “C (determined from three separate 1985 107 5513-5517.

experiments) and to have no significant levels3pf above (44) You, K.-S.CRC Crit. Re. Biochem.1984 17, 313-451.
background (28H/'C ratio of 0) (Figure 3). These results  (43) Oppenheimer, NJ. Am. Chem. S04984 106 3032-3033.

o . . " (46) Garavito, R. M.; Rossmann, M. G.; Argos, P.; Eventoff, W.
indicate that the reaction proceeded with a 100% loss of tritium. gjochemistry1977 16, 5065-5071.

This result is consistent with the location of a tritium label in (47) Rose, |. RCrit. Rev. Biochem 1972 1, 33-55.
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Figure 3. Determination of the overall stereochemical course of reduction oétfielouble bond of crotonyl CoA by crotonyl CoA reductase

(CCR). A represents an HPLC-radiochemical analysis of a mixtuféldfutyryl CoA (formed from an incubation CCR with crotonyl CoA and
[4S*H]NADPH) and‘C butyryl CoA. B represents an HPLC-radiochemical analysis of this same reaction mixture after an overnight incubation
with an acyl CoA oxidase. C represents an HPLC-radiochemical analysis of a mixtétieboityryl CoA (formed from an incubation CCR with

crotonyl CoA, NADPH and tritiated water) arC butyryl CoA. D represents an HPLC-radiochemical analysis of this same reaction mixture after

an overnight incubation with an acyl CoA oxidase. HPLC analyses were conducted using 50 mM potassium phosphate (pH 4.0) and methanol
(75:25) at a flow rate of 1 mL/min. Crotonyl CoA (b) and butyryl CoA (a) had approximate retention times of 11.7 and 16.8 min, respectively. The
1C and®H radiochemical analyses are depicted using grey diamonds and open circles, respectively.

lyzing analogous reactions. Historical and functional models their stereospecificity®3°47 In the historical model, ste-
have both been presented to rationalize cases where enzymereospecificity is a nonselected trait which is conserved during
catalyzing analogous reactions exhibit extreme conservatism indivergent evolutiod#4%43 In the functional model the conserved
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nature of the stereospecificity is dictated by a mechanistic where stereospecific diversity correlates with diversity in
imperative?” In the most concise form “the basis for stereo- evolutionary origin. As described below, this observation can
chemical conservation may be embedded in the reactionbe extended for other enoyl thioester reductases.
mechanism or the perpetuation of a segment of protein structure The enoyl thioester (ACP) reductases involved in fatty acid
that defines certain stereochemical imperatives in the active biosynthesis exhibit different stereospecificities (Table 1). The
site”#” Only historical models have been presented to rational- E. coli enoyl ACP reductase involved ide nao synthesis
ize enzymes that catalyze analogous or identical reactions withexhibits different stereospecificities to the eukaryotic enoyl ACP
differing stereospecificities. In these cases the observed ster-reductases. Consistent with this observation, the predicted
eochemical diversity reflects either that the stereospecificity is amino acid sequence data f#bl (the gene that putatively
not a functional trait which alters during divergent evolution or encodes this enzyme) shows similarity to some alcohol dehy-
that the enzymes being compared are unreltéd. drogenases but not with other enoyl ACP reductdsén

The dehydroquinases are one of the clearest recent examplesontrast, an 83% identity has been observed for the enoyl ACP
of enzymes that catalyze reactions with opposite stereospeci-reductase sites in the chicken and rat fatty acid synthases fFAS).
ficities. The type | and type Il dehydroquinases catalyze a 1,4- Overall these two synthases exhibit 67% identitgonsistent
elimination reaction with dehydroquinate in syn and anti with this observation the chicken and rat FAS enoyl ACP
fashion, respectivel§® Analysis of the predicted amino acid reductases exhibit the same stereospecificity (Table 1). The
sequences of these type | and |l dehydroquinases have showryeast andBrevibacterium ammoniagendsave recently been
they are unrelated and have arisen by convergent evoltftion. shown to have significant sequence homology (30% and 46%
Thus these enzymes represent examples where the observatioiglentity along the entire sequence for FAS1 and FAS2,
of stereochemical diversity is an indicator of diversity in respectivelyf® This observation would predict that the same
evolutionary origin. Mohrig and co-workers have presented stereochemical outcome would be observed for the reaction
direct evidence that theyn—anti dichotomy observed for the  catalyzed by these enzymes. The initial stereochemical evalu-
entire class of hydrataselehydratase enzymes is based on a ation of the enoyl ACP reductase catalyzed step.immmo-
historical contigency rather than a mechanistic imper&five. ~ niagenesreported’ that the reaction proceeded withsgn

Enoy! thioester reductases represent an unusual case wher@ddition of the solvent hydrogen to tReface of thea-carbon
both a functional and a historical model must be invoked to (differing to thesynaddition observed for the yeast FAS) and
interpret the observed stereospecificities. In all cases examinedS inconsistent with this prediction. It is significant that a
to date the solvent hydrogen is added todhearbon?819.22-23 reevaluation of this reduction has suggested that the reaction
This observation is consistent with a mechanistic imperative Proceeds with amnti addition of the solvent hydrogen to the
associated with the polarization of thes-double bond. With Reface of thea-carbon?® Consistent with our predictions, the
the inclusion of theS. collinuscrotonyl CoA reductase, five of ~ Same stereochemical course are now reported for the yeast and
the eight stereochemical outcomes possible for enoyl CoA B. ammoniagenesnzymes (Table 1). Also consistent with our
thioester reductases have now been observed (Table 1). It isPredictions is the lack of any clear amino acid sequence
now clear that the nucleotide stereospecificity does not determineSimilarity between the yea&l/ ammoniageneand the chicken/
the stereospecificity of hydrogen addition at fhxearbon and rat FAS enoyl ACP reductases which catalyze reactions with
suggests that eventually examples of all eight possible stereo-different stereochemical outcomes. It has even been suggested
chemical outcomes may be observed for these enzymes. In théhat the yeast and chicken FAS diverged from a common
case of the dehydroquinases, a difference in the stereochemicagVvolutionary pathway at a very early time or were obtained via
outcome correlates with a difference in evolutionary origin. In @ different evolutionary pathwely.These data do indicate, albeit
an analogous fashion, the five different stereospecificities of from a small data set, that the origin of the diversity in
the enoyl thioester reductases may correlate with a minimum Stereospecificity in the fatty acid biosynthetic enoyl ACP
of five different evolutionary origins (i.e., the enzymes that reductases can now be attributed to either highly diverged genes
exhibit different stereospecificities are not related, while those Or different ancestral genés.
exhibiting the same stereospecificities may or may not be The final enoyl thioester reductase for which both the
related). Alternatively, all enoyl thioester reductases may have complete stereochemical course of reaction and predicted amino
the same evolutionary origin, so long as the stereospecificity acid sequence are known is the 1-cyclohexenylcarbonyl CoA
can alter during divergent evolution. The phenomenal diversity reductase (ChcA) o8. collinus®5! The stereospecificity of
observed in both the predicted amino acid sequence and putativéehCA matches only the yeast FAS enoyl ACP reductase.
evolutionary origin of enoyl thioester reductases presents clearSignificantly, the amino acid sequence of ChcA shows no
evidence contrary to the latter of these propo¥af$ Evidence sequence similarity with other enoyl thioester reductases (in
consistent with the former of these proposals, however, is particular theS. collinuscrotonyl CoA reductase or the enoyl
provided by examination of the stereospecificity and amino acid ACP reductases involved in fatty acid biosynthesis) but rather
sequence of CCR® The CCR has a different Stereospeciﬁcity with members of the short-chain alcohol dehydrogenase super-
with other enoyl thioester reductases where the overall ste- family.>*
reospecificity is known (Table 1). Analysis of the amino acid All of these observations are consistent with the suggestion
sequence of this CCR with these enoyl thioester reductases that the observation of diversity in stereospecificity correlates
where the seguence is known, reveals no obvious S|m||ar|ty with diVerSity in eVOlUtionary Origin for enoyl thioester reduc-
(some minor sequence similarity centered around the putativetases. Furthermore, the case of the yeast FAS enoyl ACP
NAD(P)H binding domain has been notéfl)In fact the CCR reductase and ChcA demonstrates that the observation of the
appears to be most closely related to some alcohol dehydroge-Same stereospecificity does not necessarily indicate that two
nase members of the quinone oxidoreductase superfamily. Thusenoy! thioester reductases are related. We therefore propose

crotonyl CoA reductase, like dehydroquinase, is an example that conserved stereospecificityayindicate related enzymes,
whereas diverse stereospecificityust indicate unrelated or
(48) Schneier, A.; Harris, J.; Kleanthous, C.; Coggins, J. R; Hawkins, highly diverged enzymes. As shown below, these proposed
A. R.; Abell, C.Bioorg. Med. Chem. Letfl993 3, 1399-1402.
(49) Elsmore, D. A.; Ornston, L. NI. Bacteriol.1995 177, 5971-5978. (51) Wang, P.; Denoya, C. D.; Morgenstern, M. R.; Skinner, D.; Wallace,
(50) Mohrig, J. R.; Moerke, K. A.; Cloutier, D. L.; Lane, B. D.; Person, K. K.; DiGate, R.; Patten, S.; Banavali, N.; Schuler, G.; Speedie, M. K,;
E. C.; Onasch, T. BSciencel995 269, 527-529. Reynolds, K. A.J. Bacteriol 1996 178 6873-6881.
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interpretations of stereochemical diversity can be used in a hydrogen addition at the-carbon'21415> These enzymes would,
highly successful predictive manner with other enoyl thioester therefore, be predicted to have unrelated or highly divergent
reductases where only one or two stereochemical details haveamino acid sequences. Although insufficient data are available
been determined. at this time to test this prediction, some support is provided by
In S. collinusit has been shown that a pathway from shikimic the growing consensus that amino acid sequence identity is
acid to cyclohexanecarboxylic acid (CHC) likely proceeds with greater between primary and secondary metabolic enzymes if
three separate enoyl thioester reductions, each proceeding irgenes are compared between organisms, rather than in the same
ananti fashion with addition of solvent hydrogen to tBéface organisnk® The one exception to the findings with fungal
of thea-carbon (thign vivo analysis did not allow the nucleotide  polyketide and fatty acid biosynthesis has been the biosynthesis
specificity to be determined¥:5253 Based on this observation, of averufin and fatty acids iM\spergillus parasiticuswhere
it has been suggested that one enoyl thioester reductase ishe first three enoyl thioester reduction steps proceed with
responsible for catalyzing all three of these st&$3. Recent solvent hydrogen addition to the same face of the growing
enzymatic and genetic analysis of ChcA has proven consistentpolyketide and fatty acié® Again, the observation of the same
with this predictior?? stereospecificity may indicate a reaction catalyzed by related
Two enoyl thioester reduction steps have also been implicatedenoyl thioester reductases. In fact, the stereochemical observa-
for the conversion of shikimic acid to dihydroxycyclohex- tion has previously been used to argue that the first three addition
anecarboxylic acid (DHCHC), used as a starter unit in the reactions in the polyketide biosynthetic process are catalyzed
biosynthesis of ascomycin and rapamycin in various strains of by a fatty acid synthase rather than a polyketide syntha¥e.

Streptomyces hygroscopictfs Analysis fromin vivo incorpo- These predictions are supported by recent genetic analysis of
ration experiments with the ascomycin producer indicated that the averufin polyketide synthase PKS gene cluster which reveals
the second of these reductions steps occurs iardifashion, a FAS-like gene essential to the biosynthetic proééss.

while the first likely occurs in aynfashion (thisn vivo analysis )
also did not allow the nucleotide specificity to be determirfdd). ~ €onclusion
Two unrelated enoyl thioester reductases would, therefore, be |n summary, analysis of the available database of enoyl

predicted to catalyze these two reactions. Recent analysis Ofthioester reductases has demonstrated that different stereospeci-
the DNA sequence encoding the rapamycin biosynthetic genesficities can be attributed to proteins that have unrelated amino
suggests that the second enoy! thioester reduction is catalyzedycid sequences. The stereospecificity of an enoyl thioester
by an enoyl thioester reductase that is part of a multifunctional reductase, with the exception of solvent addition toalcmarbon,
enzyme (RAPS1) involved in rapamycin biosynthésisThere is not a functional trait and is, therefore, reflective of the
is no information at this time concerning the enzyme involved eyolutionary origin of the protein. Furthermore, there is no
in the first reduction. The location of a coenzyme A ligase strong evidence that stereospecificity can alter with divergent
adjacent to the enoyl thioester reductase in the rapamycin geneevolution. Conclusive evidence for these interpretations cannot
cluste?! suggests, however, that the first reduction may not even pe obtained. Rather, it is the accumulation of supporting data
occur at the level of the thioester. and the absence of any data to the contrary that lends credence
The enoyl thioester reductions involved in the biosynthesis to the interpretation of enoyl thioester stereospecificity presented
of CHC and the final step of the DHCHC pathway proceed herein. It would be interesting to determine in the light of recent
with opposite absolute stereochemi8#’# and would be  published amino acid sequences whether a similar historical
predicted to be catalyzed by unrelated enzymes. No amino acidmodel, rather than the controversial functional model, can be

sequence similarity of ChcA with the enoyl thioester reductase used to interpret dehydrogenase stereospec#feity*s
of RAPS1 is observed.
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