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ABSTRACT. The stereochemical course of reduction of dienoyl-coenzyme A (CoA) thiolesters catalyzed
by the 2,4-dienoyl-CoA reductase from rat liver mitochondria was investigated. The configuration of the
double bond in the 3-enoyl-CoA products was determinettblMMR, and experiments to determine the
stereochemical course of reduction atx @nd G by use of 42H-labeled -nicotinamide adenine
dinucleotide phosphate, reduced form (NADPH), were conducted ;@ Bnd DO. Defining the
diastereoselectivity of the reaction, catalyzed by th&AZ-enoyl-CoA isomerase, facilitated the
determination of the stereochemical course of reduction by 2,4-dienoyl-CoA reductase. The absence of
solvent exchange of the proton transferred duringAfi@2-enoyl-CoA isomerase catalyzed equilibration

of trans-2- andtrans-3-enoyl-CoAs, coupled with the strong sequence homology to enoyl-CoA hydratase
support the intramolecular suprafacial transfer of gh@ 2R proton oftrans-3-enoyl-CoA to thepro-4R
position oftrans2-enoyl-CoA. The results indicate that the configuration of the double bond of the 3-enoyl-
CoA product istrans and that a general acid-catalyzed addition of a solvent derived proton/deuteron
occurs on thesi face at @ of the dienoyl-CoA. The addition of thpro-4S hydrogen from NADPH
occurs on thesi face at @ of trans2,cis-4-dienoyl-CoA and on thee face at @ of trans-2 trans-4-
dienoyl-CoA. The stereochemical course of reduction of InhA, an enoyl-thiolester reductase from
Mycobacterium tuberculosisvas also determined by use of JA]JNADH in D,0. The reduction ofrans
2-octenoyl-CoA catalyzed by InhA resulted in thgn addition of2H, across the double bond yielding
(2R,39-[2,3-H;Joctanoyl-CoA. In the crystal structure of the InhA ternary complex, the residue donating
the proton to @ could not be identified [Rozwarski, D. A., Vilcheze, C., Sugantino, M., Bittman, R., and
Sacchettini, J. C. (1999) J. Biol. Chem. 274, 15588589]. The current results place further restrictions
on the source of the proton and suggest the reduction is stepwise.

Enoyl-thiolester reductases are involved in many physi- reduced pyridine nucleotide, the diastereoselectivity of the
ological processes but are primarily involved in fatty acid hydride transfer from the C4 of the nicotinamide ring varies
elongation pathways2(-6). These enzymes catalyze the among them. Likewise, the addition of a solvent-derived
NAD(P)H!-dependent reduction of the double bond of  hydrogen occurs with varied stereospecificity, and in all
the enoyl-thiolester to the resulting saturated acyl-thiolester previously examined cases the addition of this solvent-
and stereochemistry of these reductions has been intensivelyerived hydrogen occurs at tleecarbon (). Unlike the
studied (, 7-9). Even though these enzymes all utilize a reactions catalyzed by these reductases, the 2,4-dienoyl-CoA
reductase (24DCR) catalyzes the unusual 1,4 additior,of H
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Recent studies have identified the enzymatic targets of the
mainstream antimicrobial agents triclosan and isoniazid as
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to t2c4DDCOoA by the addition of catalytic amounts of acyl-
CoA oxidase Arthrobactersp.) and catalase. The progress

being members of the reductase/dehydrogenase superfamilpf the reaction was monitored by observing the increase in

(15—18). One in particular, the InhA enoyl-thiolester reduc-
tase fromMycobacterium tuberculosihas been identified
as the target for the traditional drugs isoniazid and ethiona-
mide (5). The crystal structures of InhA19), InhA
complexed with NAD and isoniazid 20), and the ternary
complex with NAD" and S-3-hexadecenoyiN-acetylcys-
teamine 21) have been determined, but the stereochemical

absorbance at 296 nm and the reaction was typically
complete within 15 min.

High-Performance Liquid ChromatographPLC puri-
fication of the acyl-CoA substrates and products were
performed on an Alltech Econosil C18 reversed-phase
column (10x 250 mm). The CoA thiolesters were eluted
with a methanol gradient and were detected by the ultraviolet

course of reduction has not been reported to date. Proteingpsorhance of the adenine and dienoyl-thiolester at 260 and

sequence alignments of the 24DCR with InhA have shown
some degree of homology, especially within the active-site
residues of InhA. As a result of this homology, the stereo-
chemical course of reduction by InhA was determined so
that it could be compared to the 24DCR. Determining the
stereochemistry of reduction of both the 24DCR and InhA
provides information about the chemical mechanism of
reduction as well as information about the enzyme’s active
sites and the orientation of the two substrates. This informa-
tion should prove useful in the rational design of potential
inhibitors and therapeutics against enoyl-thiolester reductases

EXPERIMENTAL PROCEDURES

Materials. trans2 trans-4-Decadien-1-alrans-2 trans-4-
hexadienoic acid, formid-acid (potassium salt), and deu-
terium oxide (99.9 atom % D) were from Aldricleis-4-
Decen-1-al was from Lancaster atrdns-3-hexenoic acid
was from Acros Organics. Coenzyme A (lithium salt) was
from U.S. Biochemical Corp. Monobasic (kPO,) and
dibasic (KHPQ,) potassium phosphate were from Fisher
Scientific. Arthrobacter sp. and Candida sp. acyl-CoA
oxidase, Thermoplasma acidophilunand Cryptococcus
uniguttulatusglucose dehydrogenasg;hydroxyacyl-CoA
dehydrogenase (bovine liver), catalase (bovine liver), formate
dehydrogenase (yeast), lactate dehydrogenase; NRBDP™,
NADPH, and acetoacetyl-CoA were from Sigma—EH]-
Glucose was from Omicron Biochemicals, Inc. All other

296 nm, respectively.

Synthesis and Purification of [4%4]NADPH. [4S2H]-
NADPH was prepared enzymatically and purified in the
following manner. To begin, 5 mg of NADPwas added to
2.5 mL of potassium phosphate buffer (100 mM, with 100
uM EDTA, pH 8.0) containing [£+2H]glucose 8 mM).
The reaction was initiated by the addition of glucose
dehydrogenase frofd. uniguttulatuswhich adds a hydrogen
to the pro-4S position of NADP" (25). The increase in
absorbance at 340 nm was used to monitor the reaction.
When there was no further change in thgo, the enzyme
was removed by vortexing the reaction solution after the
addition of 50uL of CHCI;. The supernatant after centrifu-
gation was then purified by reversed-phase HPLC using a
modified method of Klaidman et al.26). The [4S2H]-
NADPH was purified on a 4.6< 250 mm Econosil C18
column (Alltech) that had been equilibrated with buffer A
(200 mM NHHCO;, pH 7.6) at a flow rate of 1 mL/min.
After the sample was loaded, the column was washed for
15 min at 100% buffer A, followedyba 5 min linear gradient
to 15% MeOH in buffer A. The column was washed for 10
min at 15% MeOH in buffer A, followed by a second 5 min
linear gradient to 30% MeOH in buffer A. Finally, the
column was washed for 10 min with 30% MeOH in buffer
A. The fractions with am\zs0/Ass0 absorbance ratio less than
2.25 were pooled and desalted as follows. Initially, the
concentration of the NHHCO; buffer in the pooled fractions

reagents were of research grade or better and were obtainetvas increased to approximately 300 mM. TheSf#]-

from commercial sources.

Synthesis of CoA Substratd@$e trans-2 trans-4-hexadi-
enoyl-CoA (2t4HDCoA) andtrans3-hexenoyl-CoA were
synthesized from the corresponding fatty acid via the mixed
anhydride method2?). Thet2t4HDCoA was then purified
by reversed-phase HPLC on a ¥0250 mm Econosil C18
column (Alltech). The syntheses trins-2 trans-4-decadi-
enoyl-CoA (2t4DDCoA) and cis-4-decenoyl-CoA were
performed in a similar manner. The commercially available
trans-2 trans-4-decadien-1-al ands-4-decen-1-al were oxi-
dized to their corresponding acids with A (23, 24. The
acids were then used to make the corresponding acyl-CoA
via the mixed anhydride method and were purified by
reversed phase HPLC. After purificatiais-4-decenoyl-CoA
and trans3-hexenoyl-CoA were stored at20 °C as
lyophilized powders. Th&2t4HDCoA andt2t4DDCoA were
concentrated te~1 mM, sparged with helium, and stored
frozen at—80 °C.

The trans2,cis-4-decadienoyl-CoA t2c4DDCoA) was
prepared immediately prior to use as follows. Initialtys-
4-decenoyl-CoA was dissolved in buffer [20 mM K H,O
(pH 7.6)] or DO (pD 7.6)) and was enzymatically converted

NADPH was loaded onto a 1.0 3.4 cm C18 column (Prep
Sep, Fisher) and eluted with 20% MeOH in ddH The
desalted [&°H]NADPH was then pooled, lyophilized, and
stored at—80°C.

I1H NMR Acquisition All *H NMR spectra were acquired
on a Varian Innova 600 MHz spectrometer operating at
599.908 MHz equipped with a triple-resonance probe at a
6600 Hz sweep width. Th&#H data were acquired in either
D,0 or phosphate-buffered,D (20 mM, pD 7.6) at 25C
with a solvent (HO) presaturation pulse 1.5 s in duration.
A 90° pulse with a 7.2s pulse width followed by a 1.7 s
acquisition time were used. At least 800 transients for all
'H NMR spectra were acquired. Chemical shifts were
referenced internally by use of the triplet at 2.43 ppm (t,
2H) from the 6 methylene protons of the pantetheine
backbone of CoA. The proton resonances from the coenzyme
A were readily recognized and typical chemical shifts were
as follows: ¢ 8.58 (s, 1H), 8.28 (s, 1H), 6.19 (d, 1H), 4.59
(m, 1H), 4.25 (m, 1H), 4.03 (s, 1H), 3.85 (q, 1H), 3.57 (q,
1H), 3.46 (t, 2H), 3.34 (t, 2H), 3.04 (t, 2H), 2.43 (t, 2H),
0.89 (s, 3H), 0.76 (s, 3H). These values are in agreement
with those previously reported by D’Ordine et &.7}.
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trans-2,cis-4-Decadienoyl-Co&.52 (d of d, 1HJyans=
15.1 and 10.8 Hz, ), 6.20 (d, 1H,Jyans = 15.1 Hz, @),
6.11 (d of d, 1HJ.s = 10.3 and 10.9 Hz, €), 6.06 (m, 1H,
Jis = 10.2 and 7.4 Hz, €), 2.26 (d of t, 2H, €), 1.38 (m,
2H, CZ), 1.25 (m, 4H), 0.84 (t, 3H).

trans-2,trans-4-Hexadienoyl-Co&.15 (d of d, 1H Jians
= 15.2 and 10.8 Hz, £), 6.33 (m, 1H,Jyans = 15.2 Hz,
Co), 6.19 (d of d, 1HJyrans= 15.2 and 10.8 Hz, ), 6.09
(d, 1H, Jyans = 15.3 Hz, @), 1.84 (d, 3H, @).

trans-3-Hexenoyl-Co/.75 (d of t, 1H, @), 5.48 (d of t,
1H, &3), 3.48 (d, 2H, @), 2.04 (m, 2H, ©), 0.96 (t, 3H,
Ce).

[2,5-°H;]-trans-3-hexenoyl-CoA6.74 (d of d, 1H Jyans=
15.0 Hz, @), 5.48 (d of d, 1HJyans= 15.0 Hz, @), 3.26
(d, 1H, Gu), 2.02 (m, 1H, ©), 0.95 (d, 3H, @).

[5-2H] trans-3-Hexenoyl-CoA5.74 (d of d, 1H,Jyans =
15.4 Hz, @), 5.48 (d of t, 1H,Jyans = 15.4 Hz, (@), 3.28
(d, 2H, Gu), 2.02 (m, 1H, ©), 0.95 (t, 3H, G).

[2-2H] trans-3-Hexenoyl-CoA5.74 (d of t, 1H,Jyans =
15.3 Hz, @), 5.48 (d of d, 1H Jyans= 15.3 Hz, @), 3.26
(d, 1H, Gn), 2.04 (m, 2H, ©), 0.96 (t, 3H, G).

[2-2H]-trans-2-Hexenoyl-CoA6.94 (t, 1H,J = 6.39 Hz,
Cp), 2.18 (d of t, 2H, @), 1.45 (m, 2H, ©), 0.88 (t, 3H,
Ce).

[2,5-°H,]-trans-3-Decenoyl-CoA5.68 (d of d, 1H,Jyans
= 15.1 Hz, @), 5.47 (d of d, 1H,Jyans = 15.2 Hz, @),
3.25(d, 1H, @), 1.99 (m, 1H, ©), 1.32 (m, 2H, @), 1.24
(m, 6H), 0.84 (t, 3H).

[5-2H]-trans-3-Decenoyl-CoA5.67 (d of d, 1H,Jyans =
15.2 Hz, @), 5.46 (d of t, 1H,Jyans = 15.3 Hz, @3), 1.98
(m, 2H, @), 1.32 (m, 2H, @), 1.23 (m, 6H), 0.84 (t, 3H).

Octanoyl-CoA2.58 (t, 2H, @), 1.58 (m, 2H, @), 1.23
(m, 8H), 0.84 (t, 3H).

trans-2-Octenoyl-C0A6.95 (d of t, 1H,Jyans= 15.0 and
6.7 Hz, @), 6.16 (d, 1H,Jyans= 15.0 Hz, Gy), 2.18 (d of
t, 2H, Cy), 1.41 (m, 2H, @), 1.25 (m, 4H), 0.84 (t, 3H).

[3-2H]Octanoyl-CoA 2.57 (d, 2H, @), 1.56 (m, 1H, @),
1.23 (m, 8H), 0.84 (t, 3H).

[2,3-?H;]Octanoyl-CoA.2.55 (d, 1H, @), 1.54 (m, 1H,
Cp), 1.22 (m, 8H), 0.83 (t, 3H).

[3-2H]-trans-2-Octenoyl-CoA6.18 (s, 1H, @), 2.18 (t,
2H, Cy), 1.41 (m, 2H, ©), 1.25 (m, 4H), 0.85 (t, 3H).

[2,3-?H;]-3-Hydroxyoctanoyl-CoA2.75 (s, 1H, @), 1.45
(t, 2H, Cy), 1.25 (m, 6H), 0.84 (t, 3H).

[3-2H]Butyryl-CoA.2.57 (d, 2H, @), 1.60 (m, 1H, @),
0.88 (d, 3H, @).

trans-2-Butenoyl-Co0A6.95 (d of q, 1HJyans= 14.0 Hz,
Cp), 6.19 (d, 1H,Jyans = 13.9 Hz, @), 1.21 (d, 3H, @).

Preparation of Phosphate Buffer Salts féH NMR
ExperimentsA solution containing 14 mM KHPO, and 6
mM KH,PO, was prepared and 528 aliquots were taken

to dryness by vacuum centrifugation. The buffer salts were
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exhibited a single band in Coomassie Blue stained -SDS
PAGE and a molecular mass of 32 413 Da was determined
by electrospray ionization mass spectrometry. The purified
24DCR was used without any further manipulation. The
recombinant rat liver mitochondrial enoyl-CoA hydratase was
purified by the method of Wu et al3Q). The A3 A?-enoyl-
CoA isomerase was a generous gift from Dr. Wilhelm Stoffel
(University of Kdn). The recombinant InhA enoyl-thiolester
reductase fronM. tuberculosisvas overexpressed . coli

and purified by following the previously described procedure
(6). The purification of porcine heart thiolase | (broad chain
length specific form) was performed following a modified
procedure of Staack et al31). After the second phospho-
cellulose chromatography step, the pooled thiolase | was
tested for thiolesterase activity againt4HDCoA and
AcAc-CoA and none was detected. Since only catalytic
amounts of thiolase I, without contaminating thiolesterase
activity, were needed for the fatty acid oxidation reactions,
the final (carboxymethyl)cellulose chromatography step was
omitted and the concentrated protein was stored&a °C.
During the purification, thiolase | activity was detected by
the following assay. A typical assay was initiated by the
addition of~10—20ug of crude protein to a TAPS buffered
solution (100 mM, pH 8.3) containing acetoacetyl-CoA (40
uM), free CoA (40uM), and MgC} (10 mM) at 25°C. The
decrease in absorbance at 304 nm, which corresponds to the
disappearance of the Migstabilized enolate ion of AcAc-
CoA, was used to monitor the reactioBy.

Determination of the Diastereoseledty of Hydride
Transfer from NADPHThe diastereoselectivity of hydride
transfer was determined by reducitZi4HDCoA (1 mM)
in H,O (50 mM KR, pH 7.5) in the presence of $#H]-
NADPH (1.5 mM) with the 24DCR. The reaction was
monitored by the decrease in absorbance at 340 nm. When
there was no further decrease M40, the protein was
denatured by vortexing the reaction solution after the addition
of 50 uL of CHCls. After centrifugation, the supernatant was
removed and the 3-hexenoyl-CoA product was purified by
reversed-phase HPLC. #d NMR spectrum of the purified
product was then acquired to determine the presence/absence
of 2H at GJ.

Determination of the Stereochemical Course of Isomer-
ization Catalyzed by tha3 A2-Enoyl-CoA Isomerase. trans
3-Hexenoyl-CoA was solubilized infD buffer (20 mM KR,
pD 7.6) and a preliminariH NMR spectrum was acquired.
Next, a catalytic amount ofA3,A%-enoyl-CoA isomerase
(ECI) was added to the NMR tube and equilibrium between
trans-3-hexenoyl-CoA andrans-2-hexenoyl-CoA was es-
tablished. A secondH NMR spectrum was then acquired.
After an 18 h incubation a third NMR spectrum was acquired
and compared to the previous spectra.

Determination of the Stereochemical Course of Reduction

dissolved in 30uL of D,O and then taken to dryness by of Dienoyl-CoAs at @. The procedure for determining the
vacuum centrifugation. This process was repeated twice tostereochemical course of reduction att @ outlined in
ensure that the protons had been exchanged with deuteron§cheme 1. The reductions #4HDCoA andt2c4DDCoA
in the buffer salts. Immediately prior to use, the 20 mM by the 24DCR were conducted in buffered@® (20 mM

phosphate buffer, pD 7.6 (pH meter readittg0.4) 28),
was prepared by adding 52& of D,0O to an aliquot of the
H — D exchanged phosphate salts.

EnzymesThe recombinant functional 24DCR was over-

expressed inEscherichia coliand was purified by the
previously described protocoR9). The purified enzyme

KP;, pD 7.6) in the presence of either NADPH or J4}-
NADPH. Initially, the dienoyl-CoA substrates-(—2 mM)
were prepared in ED buffer and a preliminaryH NMR
spectrum was acquired for each. Each sample was then
transferred to a clean test tube and’H]glucose (or [11H]-
glucose), NADP, glucose dehydrogenask. @cidophiluny,
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Scheme 1 Scheme 2
o} Lg Ls o}
RWSCM WSCOA
t_anoyl~CoA
NADPD(H) D-glucono- 3-lactone somerase lactate
24DCR . hggucose LR___Ls [e} pyruvate
in D,0 ehydrogenase )\/\)}\
2 N 5CoA LDH
NADP+ D-[1-2H]-glucose
(or glucose)
crotonase NAD+ NADH
LeL o]

H D(H) 0] enoyl-CoA H D(H) 0 )R_-\SBiH/U\ Lr __E—s O [0}

w somerase > A SCoA 3-OH acyl CoA )\)I\)J\
R = 3 SCoA R = SCoA dehydrogenase SCoA

Ly Lg H Ly L
CoA
and 24DCR were added to final concentrations of 4 mM, thiolase
50uM, 10 units, and 1g, respectively. The reactions were
incubated at room temperature and were monitored by Ls o
removing a 5ulL aliquot from each reaction tube and /l\/u\ acyl Con Lals O o
acquiring a UV spectrum. The reaction was complete when CoA oxidase )\)J\ ¥ )k
+ CoA CoA

there was no longer absorbance at 296 nm. The proteins were
then denatured by vortexing after the addition of:B00f
chloroform. The supernatant after centrifugation was re- €nolate of the 3-oxoacyl-CoA was no longer present.
moved and the 3-hexenoyl-CoA and 3-decenoyl-CoA prod- After the completion of the fatty acid oxidation, the
ucts were purified by reversed-phase HPLCA NMR reaction solution was placed in a clean test tube and the
spectrum of each product was acquired, followed by the prot_e_lns were denatured by vigorous vor_texmg after the
addition of a catalytic amount of the\3A%-enoyl-CoA addition of 200uL of CHCIs;. After centrifugation the
isomerase to the NMR tubes. Once the isomerase catalyzedUPernatant was removed and the resulting acyl-CoAs were
equilibrium had been established, an additiof&lNMR purified by reversed-phase HPLC. A preliminaty NMR
spectrum of each sample was acquired. spectra of each acyl-CoA was acquired followed by the
Determination of the Stereochemical Course of Reduction add't'?” of acyl-CoA oxidaseQandidasp.) to each NMR
of Dienoyl-CoAs at ©. The stereochemical course of tube._ H NMR spectra of the oxidized samples were then
reduction at @ was determined by reducingt4HDCOA, acquired and the results were analyzed. _
t2t4DDCOA, andi2c4DDCoA in H,O (20 mM KR, pH 7.5) Determination of the Stereochemlcal Course of Reduction
in the presence of [4H]NADPH by the previously described ~ Catalyzed by the InhA Enoyl-Thiolester Reductabse
method. The HPLC-purified 3-enoyl-CoA products were procedure used to deterr_nme the stereochemical course of
subjected to one round of fatty acid oxidation following the InhA reductase was similar to that used for the 24DCR.
isomerization to the corresponditrgns-2-enoyl-CoA by the ~ 1he reduction oftrans-2-octenoyl-CoA (500uM) was
ECI. The experimental procedure is outlined in Scheme 2 CO”dUthd in RO buffer (20 mM, pD 7.6) in the presence
and the reaction conditions were as follows. To begin, the of NAD™ (40xM) and PH]formate (2.5 mM). The reaction
3-enoyl-CoA was solubilized in 2.7 mL of a TAPS-buffered WaS initiated by the addltlon of 5 units of formate dehydro-
solution (20 mM, pH 8.3) containing Mge(10 mM) to a genase and the change in abso_rbance_ at 340 nm was
final concentration of~100 «M. Next, a catalytic amount ~ monitored. When theAs,o stopped increasing, a catalytic
of ECl was added to the cuvette and the increase in @mount of InhA was added to the reaction cuvette and the
absorbance at 260 nm corresponding to the formation of the/sso decreased as expected. The reaction was considered
double bond at @ was observed. When there was no longer cOmplete when the absorbance at 340 nm returned to the
an observable increase Mgo, a catalytic amount of enoyl- previously obser_ved maximum. The_ enzymes were then
CoA hydratase (ECH) was added to the cuvette and\the removed by centrifugal filtration (Centricon-10, Amicon) and
rapidly decreased. NADand pyruvate were added to the the filtrate was divided into three equal aliquots. Acyl-CoA
cuvette to final concentrations of 50 and 1081, respec- oxidase fromCandidawas then added to one aliquot and
tively. A catalytic amount of.-3-hydroxyacyl-CoA dehy- acyl-CoA _OX|dase frorrArthrobactergp. was ad'ded to the
drogenase was then added and the increase in absorbance §8¢ond aliquot. The oxidation reactions were incubated for
340 nm corresponding to the production of NADH was several hours and th_e enzyme in the (_))_(ldlzed samples was
monitored. When thesso Sstopped increasing, 5 units of denatured by vortexing after the addition of CHCThe
lactate dehydrogenase was added to the cuvette Athe supern_atants after centrifugation were purified with the
slowly decreased and the reaction was incubated until nounoxidized sample by reversed-phase HPLC. The resulting
further decrease iAo Was observed, which indicated that Products were then analyzed EHy NMR.
this step of fatty acid oxidation was near completion. Finally, RESULTS
free CoA (150uM final concentration) was added to the
cuvette followed by thiolase |. The thiolase reaction was Determination of the Stereochemical Configuration of the
complete when the absorbance at 304 nm arising from the3-Enoyl-CoA Products The reductions oft2t4HDCOoA,

L zOH
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of [4S?H]NADPH was conducted in 0. TheH NMR
spectrum of the resultingrans-3-hexenoyl-CoA indicated
that a single deuterium atom had been incorporated into the
Co position as evidenced by the doublet of doublets splitting
pattern of the @ proton at 5.74 ppm (Figure 1C). Thus,
this result confirms that the NADPH donates the-4S
hydride to @ of the dienoyl-CoA substrate, which is in
agreement with data reported for the bovine liver enzyme
(39).

Stereochemical Course of Isomerization Catalyzed by the
A3,A?%-enoyl-CoA Isomerasd.he stereochemical course of
reduction at @ was determined by reacting theans3-
enoyl-CoA products with the\3,A%-enoyl-CoA isomerase
(ECI) and analyzing the resulting 2-enoyl-CoA products by
H NMR. Prior to conducting these experiments, the stere-
ochemical course of the ECl-catalyzed isomerization needed
to be determined. ThéH NMR of an ECI-catalyzed
equilibrium betweenrans-3- andtrans-2-hexenoyl-CoA in
D,0 is shown in Figure 2A. The splitting pattern of tfie
proton of trans-2-hexenoyl-CoA did not change after ex-
tended incubation, which indicates that there was no solvent-
derived?H incorporation. This demonstrates that the ECI
catalyzes the conserved intramolecular transfer of a hydrogen
from Ca.to Cy. This observation agrees with previous reports
for the ox liver vinylacetyl-CoA isomerase, which catalyzes
a similar reaction35). The A3 A2-enoyl-CoA isomerase is
a member of the hydratase/isomerase enzyme superfamily
and shares a degree of homology with enoyl-CoA hydratase
(ECH). Most importantly, both enzymes share a conserved
glutamate residue at the active site that is necessary for
catalysis, E164 in ECH and E165 in EC36). The stereo-
chemistry of the ECH-catalyzed addition of,® to the

[ A I I I N R R RN AR RN double bond oftrans2-enoyl-CoA has been previously
5.85 5.75 5.65 5.35 545 pem determined where the conserved glutamate 164 adds a proton
FiIGURe 1: H NMR spectra, over the region 5:%.35 ppm, of the to thepro-2Rposition @37). Similarly, the vinylacetyl-CoA
trans-3-hexenoyl-CoA products from the 24DCR-catalyzed reduc- jsomerase fronClostridium kluyeri transfers thepro-2R

tion of trans2trans4-hexadienoyl-CoA in BO with [4S-2H]- ; .
NADPH (A). in D,0 with NADPH (8), and in HO with hydrogen to thee face at @ of the vinylacetyl-CoA 88),

[4S2H]NADPH (C). The 15 Hz coupling constaritlu,, between ~ démonstrating that the vinylacetyl-CoA reaction is a su-
the 8 and y protons indicates &ans configuration. Also, these  prafacial proton-transfer proces39. On the bases of the
results demonstrate that a solvent-derived proton is addedxto C homology between ECI and ECH, the similarity to the

(B) and the hydride equivalent from NADPH is added t6 (). vinylacetyl-CoA isomerase and the absence of exchange with

The asterisk denotes a peak from an unidentified contaminant.) solvent, we conclude that the ECI catalyzes the suprafacial

t2t4DDCoA, andt2c4ADDCoA by 24DCR were conducted transfer of thero-R proton from Gx of trans-3-enoyl-CoA

in D,O and HO in the presence of either NADPH or f#]- to the pro-R position at @ of trans-2-enoyl-CoA.

NADPH. 'H NMR spectra of each were acquired and the  Stereochemical Course of Proton Addition a& Cata-

coupling constanfJyy, between the protons ongGnd C/ lyzed by 24DCRThe trans-3-enoyl-CoA 24DCR products

was determined to be 15 Hz for all products. This indicates were isomerized with EClI andH NMR spectra were

that the product of reduction teans-3-enoyl-CoA regardless  acquired. TheH NMR spectrum of the isomerizetlans

of the stereochemical configuration of the double bond at 3-hexenoyl-CoA made from the reduction 2t4HDCoA

position 4 in the dienoyl-CoA substrat83). Also, these in D,O with NADPH is shown in Figure 2C. The results

results demonstrate that a solvent-derived proton is addeddisplay a triplet centered at 6.95 pp§ 7 Hz), which

to Ca and the hydride equivalent from NADPH is added to corresponds to the proton aj@f the trans-2-hexenoyl-

Co (Figure 1). Additionally, the splitting pattern for the3C  CoA. This splitting pattern and the 7 Hz coupling constant

proton of thetrans-3-decenoyl-CoA, made by reduction of indicate that there are two protons at the @sition and a

t2c4DDCoA in DO with [4-°H]NADPH, indicates that G deuterium atom at thedCposition of thetrans-2-hexenoyl-

is almost completely deuterated, presumably from 24DCR- CoA. On the basis of the ECI stereochemistry shown in

catalyzed exchange (data not shown). In the absence ofScheme 1, we conclude that the proton atgie2Rposition

24DCR, there was no observable @roton exchange when  of thetrans3-hexenoyl-CoA was transferred to theo-4R

trans-3-hexenoyl-CoA was incubated in,©O under identical position, leaving behind a single deuterium atom at This

conditions. deuterium atom was originally in th@ro-2S position,
Diastereoselectity of Hydride Transfer from NADPH. indicating the 24DCR adds a solvent-derived proton/deuteron

The reduction of2t4HDCoA by the 24DCR in the presence to thesi face at @ of the dienoyl-CoA substrates.
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FicurRe 2: *H NMR spectra, over the region 75.3 ppm, of the T T T T T T T Ty T T T T

: hgs .9 6.8 6.7 6.6 6.5 6.4 6.3 6.2
enoyl-CoA isomerase-catalyzed equilibrium betwéans-2- and 7.1 7.0 6.9 6.8 6.7 6.6 6.5 6.4 6.3 6 ppm

trans-3-hexenoyl-CoAs in BO (A). The splitting pattern of thg Ficure 3: H NMR spectra, over the region #5.0 ppm, used to
proton did not change after extended incubation, which indicates determine the stereochemical course of reductiont(8) *H
that there was no solvent-derivéld incorporation into the @ or NMR spectrum of the [#4H]NADPH-reducedtrans2 trans-4-

Cy positions. The'H NMR spectra of thdrans-3-hexenoyl-CoA hexadienoyl-CoA, chain-shortened by fatty acid oxidation and
made from the reduction dfans2trans4-hexadienoyl-CoA in dehydrogenated byCandida acyl-CoA oxidase. (B)'H NMR
D,0 with NADPH before B) and after C) isomerization with the spectrum of the [#H]NADPH-reducedtrans2 trans-4-decadi-
enoyl-CoA isomerase. The results display a triplet centered at 6.94enoyl-CoA, chain-shortened by fatty acid oxidation and dehydro-
ppm €Jun 7 Hz) which corresponds to th& proton oftrans-2- genated byCandidaacyl-CoA oxidase. (C}H NMR spectrum of
hexenoyl-CoA. This splitting pattern, the 7 Hz coupling constant, the [4?HINADPH-reducedrans-2 cis-4-decadienoyl-CoA, chain-
and the absence of aoproton resonance i@ indicate that there shortened by fatty acid oxidation and dehydrogenate@éydida
are two protons at thejCposition and a deuterium atom attheC  acyl-CoA oxidase. The presencefprotons in the oxidized chain-
position of thetrans-2-hexenoyl-CoA. shortened products dfans2trans-4-dienoyl-CoAs A and B)

indicates that the addition of the deuteride from2H{NADPH

PR ; .~ occurs on thee face at @, resulting in (R)-[5-2H]-trans-3-enoyl-
Determination of the Stereochemical Course of Reduction CoA. The absence of thgproton in the oxidized chain-shortened

at Co Catalyzed by 24DCRIhe reductions of2t4HDCOA, product oftrans2 cis-4-decadienoyl-CoAQ) indicates that the

t2t4DDCOA, andt2c4ADDCoA by the 24DCR were conducted  deuteride addition occurs on tiséface at @, resulting in (%)-

in H,O in the presence of [3AH]NADPH, and thetrans-3- [5-2H]-trans-3-decenoyl-CoA. The residugl protons that appear

enoyl-CoA products were taken through one round of fatty in panelC are a result of the first round of the NADPH recycling

acid oxidation as illustrated in Scheme 2. The resulting acyl- P'0¢€sS used during the reduction of the dienoyl-CoA.

CoA was shortened by two carbon atoms and the original 2 trans-4-dienoyl-CoAs indicates that the addition of the

Cd position was now at € which facilitated the determi-  deuteride from NADPD occurs on the face at @ resulting

nation of the absolute configuration at this position. in (5R)-[5-2H]-trans-3-enoyl-CoA. The absence of the3C
The chain-shortened fatty acid oxidation products, butyryl- proton in the dehydrogenated chain-shortened product of

CoA and octanoyl-CoA, were dehydrogenated by the acyl- trans-2 cis-4-decadienoyl-CoA indicates that deuteride ad-

CoA oxidase fronCandidasp.Candidaacyl-CoA oxidases  dition occurs on thesi face at @, resulting in (5)-[5-?H]-

catalyze theanti elimination of thepro-2R and pro-3R trans-3-decenoyl-CoA.

hydrogens of the acyl-CoA4(). The *H NMR spectra of Reduction of trans-2-Octenoyl-CoA Catalyzed by InhA.

the crotonyl-CoA and 2-octenoyl-CoA products are shown The reduction oftrans-2-octenoyl-CoA by InhA was per-

in Figure 3 and the resulting absolute stereochemistrydat C formed in DO in the presence of [3H]NADH. The 'H

is shown in Scheme 3. The presence of a proton/AairC NMR spectrum of the resulting [2,34;]octanoyl-CoA

the dehydrogenated chain-shortened productstrahs verified the presence of deuterium atoms at theadd @5
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Ficure 4: 'H NMR spectra, over the region 7#5.0 ppm, of the
B A ? octanoyl-CoA InhA product befored) and after B) oxidation by
RMSCOA the Candidaacyl-CoA oxidase. The presence of theproton of
thetrans-2-octenoyl-CoA (singlet at 6.18 ppm) and the absence of
L Con el CoA a strongp proton resonance indicate that the reductiortrahs
Xdase oxidase 2-octenoyl-CoA by InhA in RO with [4-2H]NADH results in
(2R,39)-[2,32H;]octanoyl-CoA. The trace amount gfprotons in
panel B originated from the first round of the NADH recycling
b o H Q process.

NS NS
A
R/S/U\SC“ RMSC" Scheme 4

H H
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positions. This verification was done by comparing the /\/\/\)J\SCOA
splitting patterns of the protons abCand @ of the [2,3-

2H,Joctanoyl-CoA versus a fully protonated octanoyl-CoA NADD c
standard (data not shown). InhA formate

02
TheH NMR spectrum of the octanoyl-CoA product that " 020 e

had been oxidized by théandidaacyl-CoA oxidase showed NAD+ )k

only the presence of a proton att@singlet at 6.16 ppm) DI

and a trace amount of protons gt Gnultiplet at 6.95 ppm)

(Figure 4). The trace amount gf protons originated from HD O acyl-CoA D O

the nucleotide recycling process where the 4-hydrogen of /\/\/\%SCOA _oxdase /\N&(LSCM

the catalytic NAD is the initial proton transferred to the Hbd i

product acyl-CoA 41). The presence of deuterium af3C

was confirmed by the splitting pattern of the protons @t C  stereospecific dehydrogenation dyti elimination of thepro-

(triplet, 2.18 ppm). Finally, the presence of a single proton 2R andpro-3R hydrogens.

at Co. was confirmed by addition of a catalytic amount of

ECH to the NMR tube. Anothe!H NMR spectrum of the ~ DISCUSSION

hydrated product was acquired and a singlet at 2.75 ppm  Reatie Stereochemistry of InhA and 24DCRhe ster-
corresponding to a singlecCproton was observed while no — gqchemical course of the reduction of enoyl-thiolesters by
resonance for the f£proton was detected. Therefore, the NAD(P)H involves three stereochemical centers; conse-
reduction oftrans-2-octenoyl-CoA by InhA iin RO with quently there are eight possible stereochemical combinations.
[4-*HINADH results in (R 39-[2,3*HJoctanoyl-CoA  These eight possibilities were enumerated by ReyAgls
(Scheme 4). . as shown in Scheme 5 and the results of prior studies were
The determination of the absolute stereochemistry of the reyiewed. Of the eight possible stereochemical courses, five
InhA reductase also facilitated the confirmation of the of them have been previously observed. The InhA results
stereochemistry of oxidation by thrthrobactersp. acyl-  correspond to class | and are identical to those determined
CoA oxidase, which has not been reported to date.‘Fhe o Fap), theE. coli enoyl-thiolester reductase. The results

NMR  spectrum of the InhA product, oxidized by the \yith 24DCR, however, correspond to class VI, a previously
Arthrobactersp. oxidase, was identical to the spectrum of

the InhA product oxidized by th€andidaoxidase. From ) . . .

. The scheme previously presentdd kad an error in the drawing
these results, we conclude that thethrobactersp. oxidase o the structure of the nicotinamide (Reynolds, personal communica-
catalyzes the identical reaction as thandidaoxidase, the tion), so the corrected scheme is presented here.
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Scheme 5 The conserved threonine is within H-bonding distance of
Stereochemical the 3-carboxamide of the nicotinamide. Since this interaction
outcome orients the face of the nicotinamide ring, its conservation is
H A 2 consistent with the observed transfer of gne-4Shydrogens
Rw)\,gksrz ' from NADH. Thus the conserved sequence shown in Figure
Rz He 5 appears to be responsible for binding and orienting the
P nicotinamide ring for transfer of thero-4Shydride.
)»"/L The orientation of the nicotinamide, CoA substrates, and
R % SR ! active-site functional groups that catalyze gy addition
He R, . . )
of H, to the defined face of the conjugated thiolester are
HaH ©O illustrated in Figure 6. In the InhA reaction, the thiolester
R1)§_)\SR " substrate adapts thecis conformation about the CGiC2
R, He bond (i.e. the torsion angle=€C—C,—C; ~ 0). This is the
oL lowest energy solution conformation for conjugated thio-
voo e e E;j’\ lesters 44). Furthermore, in every other crystal structure of

Re™ S SR v enzymes that utilize enoyl-thiolesters, including medium-
R1)\)I\SR %— He Ry chain acyl-CoA dehydrogenasd5j and enoyl-CoA hy-
dratase 46), the enoyl-thiolester is also bound at the active
site in the s-cis conformation, suggesting this will be a
NH; R common feature of these enzymes. Thus the relative spatial
. Rz Mo orientation of the nicotinamide ring, the active site proton
donor to @, and the residues that interact with the carbonyl
of the thiolester are all defined. In 24DCR, tlebond
Vi between @ and G must bes-transas shown because the

T
by
ch
T
=
(e]
T
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o
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Fe R product of the reduction is thérans-3-enoyl-CoA. The
W oW O conjugated carboncarbon double bonds must be flipped
)VJ\ 180 relative to the nicotinamide ring when compared to
RO s InhA, as the stereochemical results require the addition of
© the hydride and proton to the opposite face of the conjugated
H H, O system. There are two choices: either the carbe@yl bond
R, )%)LSR Vil remainss-cis or it rotates 180 to becomes-trans. The
R, He stereochemical results cannot differentiate between these two

possibilities. Most NAD(P)H-dependent dehydrogenases

unobserved stereochemical reaction course. Classes | and Vi'ave an active-site electrophilic catalyst that polarizes the
share two characteristics; they both transfer the-4S double bond that is to be reduced. In the enoyl-thiolester

hydrogen of the nicotinamide ring to the electrophilic carbon reduc_:tases, it ha_ts been_ presum_ed that the carbonyl will be
of the conjugated thiolester, and the addition of the two PPlarized to stabilize an intermediate enolatg)(If 24DCR
hydrogen atoms occurs in syn fashion. The two classes shares enough structural homology with InhA that the relative

differ. in the face of the carborcarbon double bond where orientation of the electrophilic catalyst(s) that interact with
the chemistry occurs the carbonyl is conserved, then tkerans conformation

) . would be favored. However, the InhA crystal structure has
There is only a small amount of primary sequence gyggested that Tyr-158 interacts with the carbonyl of the
homology between the class | enoyl-thiolester reductases angpjglester; the mutagenic results are ambiguous on this point,
24DCRs. The homologous region of the sequences is showrgs the Y158F mutant is inactive but the Y158S mutant retains
in Figure 5. The conservation of this sequence is too greatyyjig-type activity 43). As shown in the homology scheme,
to be random. The sequence includes two residues, Lys-1657yr-158 is not conserved between InhA and 24DCR,
and Thr-196 identified by asterisks, that interact with the a|th0ugh there are several Ser residues in the 24DCR
nicotinamide nucleotide. This LyS residue in InhA was sequence that with a minimal gap could be a”gned with Tyr-
originally proposed to be the residue that acted as ani58in the InhA sequence. The alternatiseisconformation
electrophilic catalyst by polarizing the carbonyl of the is favored by the noted preference for enoyl-CoAs to retain
thiolester 6), which would enhance the electrophilic char- the lower energys-cis conformation.
acter of thes-carbon. In the crystal structure of the ternary Enolic Intermediates in Enoyl-CoA-Utilizing Enzymeke
NAD *eN-acetylShexadecenoylcysteamimnhA complex,  synaddition to the double bond of the enoyl-CoA substrates
this Lys residue is H-bonded to the-Bydroxyl of the  of InhA has mechanistic implications. If the crystal structure
nicotinamide ribose. Similarly, the homologous Lys residue of the NAD*eN-actyl-S-hexadecenoyl cysteamiighA ter-
in Fabl is also within H-bonding distance of thet8/droxyl nary structure is a correct representation of the active
in the ternary structures with either triclosad6)f or complex prior to hydride transfer, then there is no proton
thienodiazaborine 42). Consistent with this assignment, donor capable of simultaneously donating a proton ¢o C
mutation of Lys-165 to alanine or methionine abolishes The re face of Gx is even occluded by the nicotinamide
NADH binding, but mutation to the H-bond donors glutamine ring preventing the approach of a proton donor without a
or arginine have minimal effects on the activity of the rearrangement of the nicotinamide ring or CoA thiolester.
enzyme 43). While initially this orientation of the nicotinamide ring was
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Fabl I50 ERAIPNYNVMGLESSA S L MEYN A Mg P Ef VIV
InhA 152 SRAMPAYNWMT VESSS A L VESRE A K YIS VES S
24DCR (rat) 169 ESGSGFVMPSS SESESS GV LINAE WIGR YIHMEFF
24DCR (human) 201 ETGSGFVVPSASESSAGV LKA E WK YEIMEY F

FicurRe 5: Sequence alignment of the conserved region of enoyl-thiolester reductases. The residues identified by asterisks interact with the
nicotinamide nucleotide in InhA and Fabl. The Lys residue H-bonds to 'tidoxyl of the nicotinamide ribose, and the Thr interacts
with the 3-carboxamide.

A s-trans s-cis

Ficure 6: Reduction of ) trans-2 trans-4-dienoyl-CoA the 24DCR andB trans-2-enoyl-CoA by InhA. The nicotinamide ring has been
positioned so that thpro-4Shydrogen is facing the appropriate=© face of the conjugated thiolester. For presentation purposes, the CoA
was truncated at C9(27) and the NAD(P)H was truncated at the glycosidic carbon of the nicotinamide rigsBinding of the dienoyl-

CoA in the s-transor s-cis conformation orients th@ro-4Shydrogen of the nicotinamide ring toward the and si faces of the €O,
respectively. Addition of the hydride occurs on tleeface at @ of trans4 double bonds and on tlsface of G for cis-4 double bonds.
Addition of a solvent-derived proton occurs on thiface at @. (B) Binding of trans-2-enoyl-CoA to InhA in thes-cis conformation
orients thepro-4Shydrogen of the nicotinamide ring toward theface of the G=O bond. Hydride addition occurs on tiseface at @

while protonation occurs on thre face at @. The orientation of the nicotinamide ring was adapted from the crystal structure of the InhA
ternary complex41).

puzzling, the positive charge generated on the pyridinium where both primary isotope effects on the transfer of the
N would serve to most effectively stabilize the enolate hydride and the solvent-derived proton are observed, and the
intermediate. The high degree of stereospecificity in the presence ofH in the solvent reduces the primary isotope
protonation identified by these studies (estimated at greatereffect on hydride transfer to unitytg).

than 95%) indicates that the protonation occurs at the enzyme The observation of retention of transfer%f from Ca of
active site and not in solution following release of an enolic 3-enoyl-CoA to G of trans2-enoyl-CoA catalyzed by
intermediate. The protic group closest to tleeface of the enoyl-CoA isomerase again suggests the presence of an
Ca. carbon is the 2hydroxyl group of the NAD cofactor. enolic intermediate. The simplest explanation of this result
The 2-hydroxyl group has previously been suggested to play is that the active-site base, Glu-165, abstracts the proton,
arole in the proton transfers in alcohol dehydrogenaé®s ( forming an enolic intermediate. The initial prediction is that
An alternative would be for an unidentified active-site water the intermediate will be ionized and not protonated. The
molecule to be the proton donor. A similar addition to the electrophilic catalysts in the enoyl-CoA hydratase/isomerase
5,6 double bond of dUMP catalyzed by thymidylate synthase family are two amide protongi6, 49. The proton affinity

has been studied where the source of the proton, andof an amide (K. > 15) is greater than the proton affinity of
consequently the identity of the presumed general acid, couldan enolate §0). Reprotonation of the intermediate enolate
not be identified 48). The implied existence of an enolic at either carbon occurs more rapidly than exchange of the
intermediate is consistent with the isotope effects on InhA, carboxylic acid proton. The reaction then would be an
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Scheme 6

intramolecular 1,3-proton transfer as observed for all previ-

ously studied allylic isomerase89).

In the 24DCR reaction the identities of potential electro-
philic catalyst(s) interacting with the carbonyl oxygen of the

thiolester or the active-site general acid that would donate

the proton to @ are unknown. However, the intermediate
that would be formed in the 24DCR reaction is a dienolate,

as shown in Scheme 6. This dienolate intermediate has a

lower proton affinity (i.e., a more easily formed bas&,p

~ 10.5) than the enolate intermediates present in the InhA
and enoyl-CoA isomerase reactions due to the presence of “~

the additional conjugated carbenarbon double bondb().
Therefore, the 24DCR reaction is likely to proceed through
a dienolate intermediate.

An interesting question remaining to be answered is why
24DCR catalyzes the protonation of the proposed dienolate

intermediate at @ rather than at €. Protonation at ¢

would generate the thermodynamically favored 2-enoyl-CoA
and obviate the requirement for the additional action of the

enoyl-CoA isomerase during oxidation. This direct reduction
of 2,4-dienoyl-CoAs to 2-enoyl-CoAs is the reaction cata-
lyzed by theE. coliflavin containing 24DCR33). In solution

studies of ketonization of 1,3-dienolates, however, protona-

tion at C2 is favored kinetically5l). In the liver 24DCR,
then, the enzyme has followed the kinetically preferred
pathway to the less stable 3-enoyl-CoA isomer.
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