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ABSTRACT. NADPH-dependent 2,4-dienoyl-CoA reductase (DCR) is one of the auxiliary enzymes required
for the S-oxidation of unsaturated fatty acids. Mutantsksfcherichia coliDCR were generated by site-
directed mutagenesis to explore the molecular mechanism of this enzyme. The Tyr166Phe mutant, which
was expected to be inactive due to the loss of its putative proton donor residue, exhibited 27% of the
wild-type activity. However, the product of the reduction was 3-enoyl-CoA instead of 2-enoyl-CoA, the
normal product. Glul64 seems to function as proton donor in the Tyrl66Phe mutant, because the
Tyrl66Phe/ Glul64GIn double mutant was inactive whereas the Glul64Ala mutant exhibited low but
significant activity. His252 is important for the efficient operation of Tyr166 because a His252Ala mutation
by itself reduced the activity of DCR by 3 orders of magnitude, whereas the Tyrl66Phe/His252Ala double
mutation exhibited 4.4% of the wild-type activity. This data supports a mechanism that has Tyr166 with
the assistance of His252 acting as proton donor in the wild-type enzyme to produce 2-enoyl-CoA, whereas
Glul64 serves as the proton donor in the absence of Tyrl66 to yield 3-enoyl-CoA. A Cys337Ala mutation,
which resulted in the loss of most of the iron and acid-labile sulfur, decreased the reductase activity more
than 1000-fold. This observation agrees with the proposed operation of an intramolecular electron transport
chain that is essential for the effective catalysi€ofcoli DCR.

Both saturated and unsaturated fatty acids are degradedNADPH) -dependent DCRs to yieldtBans-enoyl-CoAs in
by -oxidation. However, the breakdown of unsaturated fatty eukaryotic organisms andtans-enoyl-CoAs in bacteria3).
acids requires auxiliary enzymes in addition to the enzymes Even though the mammalian akdcoli DCRs yield different
necessary for the3-oxidation of saturated fatty acids products, they are functionally similar in that they act almost
(reviewed in refl). One of the auxiliary enzymes is 2,4- equally well on cis and trans double bonds and are effective
dienoyl-CoA reductase (DCREC 1.3.1.34) that catalyzes catalysts at low micromolar concentrations of their preferred
the reduction of double bonds at even-numbered positionsz,4_dienoy|-cOA substrate$€5). Yet the mammalian and
(even-numbered double bonds) of fatty aci@. Even-  E. coli DCRs are structurally unrelated proteins. The mito-
numbered double bonds either are present in unsaturated fatt:nondrial reductase is a 124 kDa homotetrameric protein
acids, like the position 12 double bond of linoleic acid, or \yithout cofactors that belongs to the short-chain dehydro-
are formed from odd-numbered double bonds by positional genase/reductase superfamiy 6). In contrast, theE. coli
isomerizationp-Oxidation of fatty acids with even-numbered enzyme is a 72 kDa monomeric protein that contains 1 mol
double bonds yields 2,4-dienoyl-CoA intermediates that are o5 of flavin adenine dinucleotide (FAD), flavin mono-
reduced by nicotinamide adenine dinucleotide phosPhatenucleotide (FMN), and a 4Fe-4S clustar T, 8). The binding
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to catalyze the formation of 3-enoyl-CoA instead of 2-enoyl-
CoA.

EXPERIMENTAL PROCEDURES

Materials Quikchange Il XL site-directed mutagenesis Kit,
Quikchange multisite-directed mutagenesis kit, and BL21

Tu et al.

min. Concentrations of substrates were determined by mea-
suring CoA-SH according to the method of Ellmak) after
cleavage of the thioester bond tvit M NH,OH at pH 7.0.
Cloning and Site-Directed Mutagenesis of fadtefadH
gene encoding. coliDCR had been cloned into tBganHI/
HindlIl sites of the vector pND-1 to yield the expression

competent cells were purchased from Stratagene. QlAprepplasmid designated pNDHLE). However, anotheBanH]|

spin miniprep kit for purification of plasmid DNA, QIAquick
PCR purification kit, QIAquick gel extraction kit, and RGS-
His antibody, nitrilotriacetic acigNi?*—agarose (NTA-
Ni>*—agarose), and vector pQE-80L were bought from

restriction site exists in thiadH gene. To remove it, plasmid
pNDH was used as the template with a pair of primers
consisting of primer | with &ad cleavage site (5TGA-
CTGAGCTCAGCTACCCGTCGCTGTTCGCBand primer

Qiagen. Oligonucleotides were synthesized by Integrated Il with a Hindlll site (5-GTGACAAGCTTCCGGCTGCT-

DNA Technologies, IncSad, Hindlll, BarHI, Tag DNA
polymerase, deoxynucleotide solution mix, DNA ligase,
and 2-long DNA ladder (0-210) were obtained from New

England Biolabs Inc. High-strength analytical-grade agarose,

protein assay dye reagent, 10% ant9% polyacrylamide

TCAAATAACGAT-3") to replace théBanHI/Hindlll sites
with Sad/Hindlll sites. This construct was used to amplify
the completefadH gene. Amplification was for 30 cycles
under the following conditions: 94C for 30 s, 57°C for
30 s, and 72C for 3 min. Thereafter, the reaction mixture

ready gels, Trans-Blot transfer medium pure nitrocellulose was kept at 72C for 10 min. The PCR-amplified DNA

membrane, goat anti-rabbit IgG 4H.)-AP conjugate, alka-

fragments were purified by use of a QIAquick PCR purifica-

line phosphatase (AP) color development reagent, nitrobluetion kit. The purified PCR product was digested wihad

tetrazolium chloride (NBT), and 5-bromo-4-chloro-3-indolyl

plusHindlll and subcloned into th8ad/Hindlll sites of the

phosphate p-toluidine (BCIP) were purchased from Bio-Rad vector pQE-80L by T DNA ligase at 16°C overnight to

Laboratories. Gtx Ms IgG AP conjugate was purchased
from Chemicon International. Rabbit antiserum agakst

form a new expression plasmid designated pQE-80LH. The
segment of vector pQE-80LH containing the glisrm of

coli 2,4-dienoyl-CoA reductase was produced by Pocono thefadH gene was verified by DNA sequence analysis (data
Rabbit Farms and Laboratory (Canadensis, PA). Ultrafree-4 not shown).E. coli BL21 cells were transformed with the

centrifugal filter units and syringe-driven filter units (0.22
um) were from Millipore. Imidazole was purchased from
Fischer Scientific. Standard cellulose dialysis tubing was
obtained from Thomas Scientific.tPans4-trans-Decadienal
and 4eis-decenal were bought from Aldrich. CoA-SH,
NADPH, and isopropyl-b-thiogalactoside (IPTG) were
obtained from Life Science Resources. Sep-Palkc&tridges
used for concentrating acyl-CoAs andBondapak G
columns (30 cmx 3.9 mm) were purchased from Waters

new expression vector pQE-80LH, which has an insert
coding for the Higform of the wild-type DCR or its mutants,
according to the method of Chung et dl7). The transfor-
mants were grown in LB medium at 3T with vigorous
shaking 220 rpm) until the Olgyo was~0.7. At that time,
0.13 mM riboflavin and 0.8 mM isopropyl-p-thiogalacto-
pyranoside (IPTG) were added. The cells were induced by
IPTG for 4.5 h at 37C under shaking at 220 rpm. Then the
cells were harvested by centrifugation at 49@® 4 °C for

Associates. Fatty acid-free bovine serum albumin and all 20 min and stored at80 °C.
other standard biochemicals were purchased from Sigma. For site-directed mutagenesis, nine pairs of mutagenic

Recombinant rat liveA3,A%-enoyl-CoA isomerase (enoyl-
CoA isomerase)9) and bovine liver enoyl-CoA hydratase
(crotonase) 10) were prepared as described.

Preparation, Purification, and High Performance Liquid
Chromatographic Analysis of Acyl-CoAkcis-Decenoic acid
and 2trans4-trans-decadienoic acid were synthesized from
4-cis-decenal and Zrans4-transdecadienal, respectively, by
oxidation with AgO according to the method of Thomason
and Kubler {1). Coenzyme A derivatives of the two acids

primers were designed according to primer design guidelines
of Stratagene and synthesized by Integrated DNA Technolo-
gies, Inc. (Table 1). The new expression vector pQE-80LH
that contains an insert encoding the ¢fisrm of theE. coli
DCR was used as DNA template. Site-directed mutagenesis
was performed by use of Quikchange Il XL site-directed
mutagenesis kit and Quikchange multisite-directed mutagen-
esis kit from Stratagene, following the manufacturer’s
instructions. The mutations were confirmed by sequencing

were prepared by the mixed anhydride method as describedhe segment of vector pQE-80LH that encodes the-féisn

by Fong and SchulzlQ). 4-cis-Decenoyl-CoA was converted
to 24rans4-cis-decadienoyl-CoA by acyl-CoA oxidase in

of the mutant DCRs.
Purification of Hig-Tagged Wild-Type and Mutant E. coli

the presence of catalase according to the method of Yang eDCRs The induced cells were resuspended in 50 mM KP
al. (13). 5-Phenyl-2,4-pentadienoyl-CoA was prepared as (pH 8.0) containing 500 mM sodium chloride, 10 mM

described 14). All acyl-CoAs were purified by HPLC as
follows. Before samples were subjected to HPLC, the pH
of the solutions was adjusted to2 with HCI and then
readjusted te-5 with KOH. Reaction mixtures were filtered
through 0.22#m membranes. The filtrates were injected into
a WatersuBondapak G reverse-phase column (30 cm

imidazole, 1 mM benzamidine hydrochloride, 1 mM phe-
nylmethanesulfonyl fluoride, and 10 mM 2-mercaptoethanol
and then lysed by sonication (26 10 s). The lysate was
centrifuged at 2600pfor 30 min at 4°C to obtain an extract

of soluble proteins. An appropriate amount of 50% NTA
Ni?*—agarose slurry was added to this extract, and the

3.9 mm) attached to a Waters gradient HPLC system. Themixture was shaken at 4C for 1 h and then loaded onto a

absorbance of the effluent was monitored at 254 nm.

Separation was achieved by linearly increasing the acetoni-

trile content of the 50 mM (Nb)KP; elution buffer (pH
5.5) from 20% to 50% in 30 min at a flow rate of 1.5 mL/

column with a capped outlet. After the bottom cap was
removed and the column flowthrough was collected, an
imidazole step gradient (10, 20, and 30 mM) was sequentially
applied to the NTA-Ni2t—agarose column. After a wash,
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Table 1
mutation primer sequence

Tyrl66— Phe sense '"BS5GTTCCGAAGGATT TTGATCAACGAATTTCTG-3
antisense 'SCAGAAATTCGTTGATCAAAAACCCTTCGGAACC-3

His252— Phe sense '"BS5GCATTGGCTGATT GAAGCACGTATTCCG-3
antisense 'BCGGAATACGTGCTTCAAA CCAGCCAATGCC-3

His252— Ala sense 5GGCATTGGCTGGSCTGAAGCACGTATTCCG-3
antisense 'BCGGAATACGTGCTTCAGCCCAGCCAATGCC-3

Cys337— Ala sense 5GAGATCAACACTTGTATTGGCGCCAATCAGGCC-3
antisense BGGCCTGATTGGCGCCAATACAAGTGTTGATCTC-3

Glul64— GIn sense 5GTGATGGGTTCCAAGGGTATTTGATCAACG-3
antisense 'BCGTTGATCAAATACCCTTG GGAACCCATCAC-3

Glul64— GIn/Tyr166— Phe sense '"B5TGATGGGTTCCAAGGGTTT TTGATCAACG-3
antisense 'SBCGTTGATCAAAAA CCCTTG GGAACCCATCAC-3

Glul64— Ala sense 5GTGATGGGTTCGSCAGGGTATTTGATCAACG-3
antisense 'SBCGTTGATCAAATACCCTGCGGAACCCATCAC-3

Cys334— Ala/Cys337— Ala sense 5GAGATCAACACTGCTATTGGCGCCAATCAGGCC-3
antisense '5GGCCTGATTGGCGCCAATAGCAGTGTTGATCTC-3

Tyrl66— Phe/His252— Ala sense 5GAGGTGATGGGTTCCGAAGGGAGTT TTGATCAACGAA-TTTCTGACG-3
antisense 'SAACACCGGCATTGGCTGGSCTGAAGCACGTATTCCG-ACCATTGCC-3

the His-tagged wild-type or mutari. coli DCR was eluted blotting. After SDS-PAGE, the proteins were transferred
by washing the column with 50 mM KpH 8.0) containing from the gel to a nitrocellulose membrane by use of a
300 mM sodium chloride, 300 mM imidazole, 10 mM TransBlot SD semidry electrophoretic transfer cell system.
2-mercaptoethanol, and 20% glycerol. The transferred membrane was soaked in Tris-buffered saline
Enzyme Assays, Protein Measurements, and ChemicalTBS) containing 5% nonfat milk overnight at°€ or for 1
AnalysesThe activity of DCR was determined spectropho- h at 37°C. The membrane was washed three times with TBS
tometrically by measuring the oxidation of NADPH at 340 and then incubated with antiserum raised agdinsoli DCR
nm as described by Kunau and Dommé&s. (The assay (dilution 1:500) under gentle shakingrfd h at room
mixture contained 50 mM KRpH 7.4), 0.1 mM NADPH, temperature. The membrane was washed three times with
25 uM 2-trans4-trangdcis-decadienoyl-CoA, and purified ~ Tris-buffered saline with Tween (TBST) and then incubated
wild-type/mutant HigtaggedE. coli DCR to achieve an  Wwith the second antibody [goat anti-rabbit IgG(H) —AP
absorbance change of 0:00.06/min. When less active —conjugate]. After that, the membrane was washed three times
mutant DCR was assayed, the amount of enzyme waswith TBST and then incubated with color development
increased to obtain an absorbance change of at least 0.01golution containing NBT and BCIP until bands appeared on
min. The kinetic parameters of wild-type and mutant DCRs the membrane.
were determined at a fixed NADPH concentration of 0.1 mM
that was saturating with all DCR forms subjected to kinetic RESULTS
analyses. Kinetic data were analyzed by nonlinear curve- Cloning and Expression of the E. coli fadH Gene That
fitting with the Sigma Plot program. One unit of enzyme Encodes 2,4-Dienoyl-CoA ReductaBer the efficient and
activity is defined as the amount of enzyme that catalyzes rapid purification of recombinanE. coli DCR, DNA
the conversion of kmol of substrate to product in 1 min. encoding the mature enzym#gj was inserted into plasmid
NADPH oxidase activity ofE. coli DCR was measured  pQE-80L to produce HisDCR modified at its N-terminus.
spectrophotometrically at 340 nm. The assay mixture con- Expression of HisDCR also facilitated its separation from
tained 50 mM KP(pH 7.4), 0.1 mM NADPH, and purified ~ DCR that is expressed by thiadH gene of theE. coli
wild-type/mutantE. coli DCR. Enoyl-CoA hydratase activity ~ chromosome. This approach eliminated the possible con-
of E. coli DCR was determined spectrophotometrically at tamination of mutant HisDCR by small amounts of wild-
263 nm. The assay mixture contained 50 mM K- 7.4),  type DCR. Recombinant HDCR was obtained in highly
25/,L|\/| 2—decenoyICOA, and purified DCR. Protein concen- purified form after chromatography on a NTFANi2H—
trations were assayed as described by Bradf@g) with agarose column (see Figure 1). The specific activity of this
the Bio-Rad protein assay dye reagent. Ultraviolet circular preparation was 7.5 units/mg witht@ans4-trans-decadi-
dichroism (CD) spectra of the wild-type and mutant DCRs enoyl-CoA as substrate (Table 2) and thus was almost the
were recorded with a Jasco spectropolarimeter. A negativesame as the activity of 7.3 units/mg determined for recom-
band was observed between 210 and 250 nm with apinant DCR without the Hisattachment that had been used
minimum at 220 nm. The CD spectrum of a mutant was to solve the crystal structure of this proteB).(
considered similar to that of wild-type protein when its band  Eyaluation of the Proposed Reaction Mechanism by Use
was centered at 220 nm and its ellipticity wa20% of the  of DCR MutantsThe crystal structure of the ternary complex
wild-type ellipticity. The amounts of iron and acid-labile  consisting ofE. coli DCR, NADP*, and fatty acyl-CoA
sulfide in wild-type and C337A mutari. coli DCR were  substrate provided the information necessary to propose a
determined as described by Vanoni et aB)(and Brumby  reaction mechanism for this reductase. According to the
et al. 0), respectively. mechanism, hydride transfer from FMNkb carbon atom
SDS-PAGE and Western Blottingroteins were separated 5 and proton transfer from Tyr166 to carbon atom 4 bring
by SDS-PAGE on 10% ready gels at pH 8.3 and were either about the reduction of the 4,5 double bond of the 2,4-dienoyl-
stained with Coomassie brilliant blue R or used for Western CoA substrate§). The active-site residues and their proposed
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Ficure 1: SDS-PAGE analysis of purified N-terminal Higagged w

Table 2: Activities and Reaction Products of Wild-Type and
Mutant E. coli 2,4-Dienoyl-CoA Reductases

ild-type and mutant 2,4-dienoyl-CoA reductases fEornoli.

Scheme 1: Ball-and-Stick Diagram Outlining the Relative
Positions of the Three Residues Proposed to be Involved in
Proton Transfer during Reduction of 2,4-Decadienoyl-CoA at

specific activity relative ; ; ;
DCR product (units/mg) activity (%) the Active Site ofE. coli DCR2

wild type 2-decenoyl-CoA  7.54 0.19 100 Substiate
Tyrl66Phe 3-decenoyl-CoA 2.620.08 27 His252
Glul64Ala  2-decenoyl-CoA  0.095 0.01 1.3 Tyr166
Glul64GIn/  none (¢] 0 \

Tyr166Phe - \ .
His252Phe  none 0 0 V
His252Ala 3-decenoyl-CoA  0.007+ 0.000 06 0.09 — \

2-decenoyl-CoA s

His252Ala/  3-decenoyl-CoA 0.3% 0.007 4.4

Tyrl66Phe
Cys337Ala 2-decenoyl-CoA 0.006 0.0001 0.09
Cys334Ala/  2-decenoyl-CoA 0.0015: 0.0002 0.02

Cys337Ala

2 |dentified by HPLC.? With 2-trans4-trans-decadienoyl-CoA as
substrate® The limit of detecting enzymatic activity was 0.0008
units/mg.

2 The diagram was generated from the coordinates of the ternary
participations in the proton transfer are shown in Scheme 1. complex of DCR with NADP and the product analogue {eans4-
To test the proposed mechanism, Tyr-166 of DCR was (eieriC iy B0 o e, 1PS9), For clarty, the.
. . . . . u , . s
replaceq by a phenylalanlne res'que, via site-directed ml‘!_ mercaptoethanol )r/noiety ofythe product analogue modified iz situ is
tagenesis for a near-isosteric substitution. The mutant proteinnot shown. Tyr166, which is properly oriented by forming a hydrogen
was obtained in highly purified form (see Figure 1) and itS bond with His252, transfers a proton to the C4 atom of the substrate in
CD spectrum was similar to that of wild-type DCR (data wiId-typ_e DCR. The black arrow indicates the proton transfer, and the
not shown). The Tyr166Phe mutant exhibited 27% of wild- dotted lines show potential hydrogen bonds.
type activity (see Table 2) and had a slightly lovigy for
2-trans4-trans-decadienoyl-CoA of 0.44M versus 0.8:M
obtained with the wild-type DCR (see Table 3). The high

Table 3: Kinetic Parameters of Wild-Type and Mut&htcoli
2,4-Dienoyl-CoA Reductases

activity of the Tyr166Phe mutant did not seem to agree with ___PCR Km (M) Keat (571) KealKm (572 M ™)
the proposal that only Tyrl66 functions as proton donor. ¥Vi|(i-é)6/r;i 06821: g-gg gggi 8.gg 1&?2& 8.1113
i i i yr e . . . . 74+ 0.

Hencfe anott}er{(ézldue mblghthbe respondsmle f_or th‘ﬁj proton Glu16aAla 5345130 015t 001 0.028L 0.002
transter, or Tyrl66 may be the proton donor in wild-type  jsosoala 5.48£0.53  0.011+0.0004  0.002: 0.0001
DCR while a second residue may function in that capacity His252Ala/  2.40+0.46 0.44+ 0.019 0.183+ 0.008
in the Tyr166Phe mutant. In an attempt to gain an under-  Tyrl66Phe

1.4% 0.17 0.008+ 0.0004  0.006t 0.0003

standing of the reactions catalyzed by wild-type DCR and _Cys337Ala

the Tyrl66Phe mutant, their reaction products were analyzed

by HPLC. As shown in Figure 2, wild-type DCR reduced than 2-decenoyl-CoA as indicated by its elution time from
2-trans4-trans-decadienoyl-CoA (Figure 2A) to 2-decenoyl- HPLC (compare Figure 2B with Figure 2D). When this
CoA (Figure 2B), which was identified by its hydration to reaction mixture was treated with enoyl-CoA isomerase, the
3-hydroxydecanoyl-CoA in the presence of crotonase (Figurereaction product was converted to 2-decenoyl-CoA (see
2C). However, the Tyr166Phe mutant formed a product other Figure 2E), which was hydrated by crotonase to 3-hydroxy-
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Time (min) Ficure 3: HPLC analysis of the reaction products formed by

FiGURE 2: HPLC analysis of reaction products formed by wild- mutants of. coliDCR. (A) 24rans4-trans Decadienoyl-CoA after

type E. coli DCR and the Tyr166Phe mutant. (A) HPLC-purified ~ incubation for 3 min with NADPH and 26g of Glu164Ala DCR.
2-trans4-transdecadienoyl-CoA. (B) 2rans, 4-transDecadienoyl-  (B) 2-trans4-rans-Decadienoyl-CoA after incubation for 3 min
CoA after incubation for 3 min with NADPH and g of wild- with NADPH and 396ug of Glu164GIn/Tyrl66Phe DCR. (C)
type DCR. (C) Same as in panel B plus crotonase for the final 30 2-trans4-transDecadienoyl-CoA after incubation for 3 min with
s of the incubation period. (D) Rans4-transDecadienoyl-CoA ~ NADPH and 302ug of His252Phe DCR. (D) Zans4-rans
after incubation for 3 min with NADPH and 12:6) of Tyrl66Phe Decadienoyl-CoA after incubation for 30 min with NADPH and
DCR in the absence or presence of crotonase. (E) Same as in paned9549 of His252Ala DCR. (E) Zrans4-trans-Decadienoy!-CoA
D in the absence of crotonase pld,A%-enoyl-CoA isomerase  after incubation for 5 min with NADPH and 3Qf of Cys337Ala

for the final 30 s of the incubation period. (F) Same as for panel E DCR. (F) 2-Decenoyl-CoA after incubation for 5 min with 31§
plus crotonase for the final 30 s of the incubation period. ©Of Cys337Ala DCR. AbbreviationsA®4, 2-trans4-trans-decadi-

Abbreviations: A24, 2-trans4-trans-decadienoyl-CoAA3, 3-de- enoyl-CoA; A3, 3-decenoyl-CoA;A?, 2-decenoyl-CoA; 3HO,
cenoyl-CoA;A2, 2-decenoyl-CoA; 3HO, 3-hydroxydecanoyl-CoA.  3-hydroxydecanoyl-CoA.

decanoyl-CoA (see Figure 2F), whereas the initial reaction transfer when Tyr166 is replaced by a nonfunctional residue
product was not hydrated by crotonase (Figure 2D). The like phenylalanine, because no 3-decenoyl-CoA was detected
conclusion of this set of experiments is that Tyr166Phe DCR with wild-type reductase. Of all DCR mutants generated, the
catalyzes the reduction ofttans4-trans-decadienoyl-CoA  Tyrl66Phe/Glul64GIn double mutant was the least stable
to 3-decenoyl-CoA instead of 2-decenoyl-CoA, which is the enzyme as it was partially processed to a smaller protein
reaction product of wild-type reductase. Thus, a residue other(see Figure 1) that was recognized by anti-DCR antiserum
than Tyrl66 seems to serve as proton donor in the Tyrl66Phg(data not shown). However, approximately half of the
mutant and deliver a proton to carbon atom 2 of the substrate, Tyr166Phe/Glu164GIn DCR existed as the full-length protein
thereby completing the 1,4-reduction of the diene and and its CD spectrum in the 26@250 nm region was similar
producing 3-decenoyl-CoA. A possible residue is Glul64, to those of other DCRs. The inactivity of the Tyrl66Phe/
which is located at the active site close to the thioester Glu164GIn mutant supports the conclusion that either Tyr166
function of the substrate. The function of Glul64 was or Glul64 functions as proton donor. If only Tyrl66
evaluated by replacing it with an alanine or glutamine residue functions as a proton donor in wild-type DCR, what explains
via site-directed mutagenesis. The purified Glu164Ala mutant the 80-fold decrease in activity upon mutation of the Glu164
(see Figure 1), which had a CD spectrum similar to that of residue? The answer may be the loss of the suggested
wild-type DCR (data not shown), exhibited 1.3% of the hydrogen bond between Glu164 and the thioester carbonyl
activity detected with wild-type DCR (see Table 2). Although oxygen of the substrate acyl chai).(This hydrogen bond
the mutation caused th&., value for 2trans4-trans is thought to cause a polarization and optimal alignment of
decadienoyl-CoA to increase from Qud/ to 5.34uM, its the conjugated dienone systeif) §), a situation that would
main effect was a 63-fold reduction of the, value (see make carbon atom 5 more electrophilic and more susceptible
Table 3). Product analysis revealed that this enzyme catalyzedo attack by the hydride ion of FMNH To test this idea,

the formation of 2-decenoyl-CoA, the product of the wild- UV spectra of the DCR substrate 5-phenyl-2,4-pentadienoyl-
type enzyme (see Figure 3A). Replacement of Glul64 and CoA bound to wild-type DCR and to the Tyrl66Phe and
Tyrl66 with GIn and Phe, respectively, yielded an inactive Glul64Ala mutants were recorded and compared with the
DCR (see Table 2 and Figure 3B), in agreement with the spectrum of unbound substrate. As shown in Figure 4,
notion that only Tyr166 or Glu164 can serve as proton donor. binding of the substrate to wild-type DCR resulted in a red
However, Glul64 seems only to participate in the proton shift of close to 30 nm, whereas the Glul64Ala and
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Table 5: Content of Iron and Acid-Labile Sulfur in Wild-Type and
Mutant Dienoyl-CoA Reductases froB coli

DCR iron/proteifd  sulfur/proteid Fe/S [4Fe-4S]/proteif

0.06

g 004

£ wild type 3.9 3.9 1 1

é Cys337Ala 0.54 0.53 1 0.13
0.02 aMolar ratio.

0.00 limit of the DCR assay. An attempt was made to determine
300 350 400 450 if His252 is involved in the proton transfer from Glu164 to
Wavelength (nm) the substrate by generating and analyzing the Tyrl66Phe/
FiGURE 4: Spectral shifts of 5-phenyl-2,4-pentadienoyl-CoA in- His252Ala double mutant of DCR. The purified mutant
duced by wild-type or mutari. coli 2,4-dienoyl-CoA reductase.  protein (see Figure 1) had a CD spectrum similar to that of

All solutions used for spectral analyses contained p/d15-phenyl- HA
2,4-pentadienoyl-CoA in 0.1 M KRpH 7.4) plus (spectrum 1) no WIIS type ?}CR (data an?E Showrr?. ind K;“ value gor. thg
addition, (spectrum 2) 36M wild-type DCR, (spectrum 3) 36M substrate that was only 3 times higher thanKhgobtaine
Tyr166Phe DCR, or (spectrum 4) 3®1 Glu164Ala DCR. with wild-type DCR (Table 3). As expected of a Tyr166Phe
mutant, the reaction product was 3-decenoyl-CoA (data not
Table 4: NADPH Oxidase Activities of Wild-Type and Mutant shown). The mutant DCR was surprisingly active as evi-
2,4-Dienoyl-CoA Reductases frol. coli denced by a rate that was a sixth of the rate of Tyr166Phe
DCR specific activity (milliunits/mg) DCR and 4.4% of the wild-type rate (see Table 2). Together,
wild type 197+ 1 the dqta obt_ained V\_/ith His252 mutants support the nqtion
Tyr166Phe 24.5-2.2 that His252 is very important for the effective protonation
His252Ala 18.0+ 0.4 of carbon atom 4 by Tyr 166 while its contribution is less
Glul64Ala 129.4+ 1.6 ianifi i -
oluLe4GIn 13040 05 significant when, in the absence of Tyrl66, Glul64 proto

nates carbon atom 2 of the substrate.

Assessment of the PutadiElectron Transport Chairlhe
Tyrl66Phe mutants caused smaller red shifts of approxi- presence of 1 mol each of FMN, FAD, and a 4Fe-4S cluster
mately 18 and 12 nm, respectively. The reduced red shift jn the monomericE. coli DCR (7) and the identification of
detected with the Glu164Ala mutant may be due to the 10Ss their intramolecular locations) led to the proposal that these
of the hydrogen bond between Glul64 and the carbonyl cofactors form an electron transport chain that facilitates the
oxygen of the thioester group. If so, the conjugated dienonefiow of electrons from NADPH to the 2,4-dienoyl-CoA
system would be less polarized and therefore less reactivesypstrate. Because the 4Fe-4S cluster is thought to participate
in a nucleophilic attack by the hydride ion of FMNHt in the electron transfer from FAD to FMN, its absence should
carbon atom 5. This situation may explain the lower activity inhibit this process or reduce its rate and consequently
observed with the Glu164Ala mutant as compared to wild- jnactivate the reductase or at least greatly reduce its activity.
type DCR. Another property of DCR that was changed by T test this prediction, Cys337, which is one of four cysteine
the mutation of the Glu164 residue was the NADPH oxidase resjdues that anchor the 4Fe-4S cluster, was mutated in the
activity detected with wild-type DCR. As shown in Table hope of generating a DCR form without the 4Fe-4S cluster.
4, this aCtiVity was increased more than 6-fold from 20 t0130 The purified Cy5337A|a mutant behaved ||ke W||d_type DCR
milliunits/mg when Glu164 was replaced by an alanine or on SDS-PAGE and its CD spectrum was similar to that of
glutamine residue. In contrast, mutations of His252 and jd-type DCR (data not shown). The Cys337Ala mutant
Tyrl66 did not affect the oxidase activity. It is possible that gpg wild-type DCR were assayed for iron and acid-labile
loss of the hydrogen bond between Glu164 and the carbonylsyifur, which were found to be present in equimolar amounts
oxygen of the thioester induces a structural change in DCR, jn poth proteins (Table 5). However, the mutant protein
which makes it easier for molecular oxygen to enter the contained only 13% of the amount of iron and acid-labile
active site. sulfur detected in wild-type DCR that carried one 4Fe-4S

Histidine 252 was proposed to stabilize the phenolate ion cluster. The Cys337Ala mutation caused a more than 1000-
that is formed as the result of the proton transfer from Tyr166 fold decrease of the reductase activity (see Table 2) without
to carbon atom 4 of the substrai®.(To evaluate the role  having a significant effect on th€,, for the 2trans4-trans
played by His252 in the reduction of the double bond, the decadienoyl-CoA substrate (see Table 3). The latter observa-
His252Phe mutant of DCR was generated, purified (seetion suggests that the affinity of the substrate for the active
Figure 1), and assayed. Its CD spectrum was similar to thatsite was not significantly affected by this mutation. When
of wild-type DCR but the mutant was inactive .015% of two of the four cysteine residues that anchor the 4Fe-4S
the wild-type activity; see Table 2). This finding agrees with cluster (Cys334 and Cys337) were mutated to alanine, the
the proposed essential function of His252 in the protonation activity was reduced to 0.02% of the wild-type activity (see
event. When His252 was replaced by alanine, an activity Table 2) without having a significant effect on the CD
was detected that was 1000 times lower than the activity of spectrum (data not shown). These dramatic activity losses
wild-type DCR (see Table 2). Surprisingly, this mutant agree with the hypothesis that the 4Fe-4S cluster is an
catalyzed the reduction of tans4-trans-decadienoyl-CoA essential component of the electron transport chain, which
to both 3-decenoyl-CoA and 2-decenoyl-CoA (Figure 3D). is required for the efficient reduction of the 2,4-dienoyl-CoA
Thus, in the absence of His252, Tyr166 and Glul64 seemsubstrate. The reduction ofttans4-trans-decadienoyl-CoA
to compete as proton donors but at rates close to the detectiortatalyzed by Cys337Ala DCR yielded 2-decenoyl-CoA, the
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product formed by the wild-type enzyme (see Figure 3E). 4.1 A between the carboxylate oxygen and carbon atoms 2
Surprisingly, the enzyme also catalyzed the formation of and 4, respectively, after allowing for a minor rotation at
3-hydroxydecanoyl-CoA even though no crotonase was the @3 position of the Glul64 side chain. This situation
present in the incubation mixture. This observation prompted favors the transfer of a proton from Glu164 to carbon atom
us to determine whether Cys337Ala DCR has enoyl-CoA 2 of the substrate. In wild-type DCR, Glu164 was observed
hydratase activity. As illustrated in Figure 3F, this DCR to be 3.3 A away from the oxygen of the thioester group
mutant catalyzed the hydration ofttans-decenoyl-CoA to and therefore was proposed to form a hydrogen bond to the
3-hydroxydecanoyl-CoA. When the wild-type and Cys337Ala thioester oxygen8). The existence of such hydrogen bond
DCRs were assayed for enoyl-CoA hydratase activity with is also supported by an observed spectral red shift of 30 nm
2-decenoyl-CoA as substrate, a specific activity of 2.5 for 5-phenyl-2,4-pentadienoylCoA bound to wild-type DCR.
milliunits/mg of protein was observed with the wild-type That red shift was reduced to 18 nm when the substrate was
enzyme in contrast to 12.8 milliunits/mg of protein deter- bound to Glul64Ala DCR. Thus Glu164 contributes to the
mined with the mutant. Thus, DCR has a low endogenous polarization of the phenyl dienone of the substrate but is
enoyl-CoA hydratase activity that is increased 5-fold by the not responsible for the whole effect. Two water molecules,
Cys337Ala mutation. It is not surprising that the hydratase which are 2.8 and 2.9 A away from the carbonyl oxygen of
activity of wild-type DCR had previously not been detected the thioester&) and therefore are thought to participate in
because it is 3000 times lower than its reductase activity. In hydrogen bonds, might be responsible for the partial polar-
contrast, the reductase and hydratase activities of Cys337Alazation of the phenyl dienone chromophore of the substrate.
DCR are of similar magnitude, and therefore the product The partial polarization of the substrate’s chromophore agrees
analysis revealed the formation of both 2-enoyl-CoA and with the observation that the Glul64Ala mutant retains a
3-hydroxyacyl-CoA. reduced but significant activity level compared to wild-type
DCR. It was noted that Tyr166Phe DCR caused a red shift
DISCUSSION of only 12 nm in the spectrum of 5-phenyl-2,4-pentadienoyl-
The crystal structure dt. coli DCR with bound NADP CoA. This limited polarization of the phenyl dienone system
and substrate revealed the structural details necessary tanay be the consequence of Glul64 no longer participating
propose a molecular mechanism for the double-bond reduc-in a hydrogen bond with the carbonyl oxygen of the thioester.
tion catalyzed by this enzym8)( According to the proposal  Instead Glul64 may form a hydrogen bond with the
(see Figure 5A; adapted from reé¥), a hydride ion is imidazole of His252 that is available for hydrogen bonding
transferred from FMNHkto carbon atom 5 of the substrate’s because of the absence of Tyrl66. If so, His252 would be
acyl chain while the phenolic hydroxyl group of Tyrl66, expected to enhance the proton transfer from Glu164 to the
which is 3.5 and 4.1 A away from carbon atoms 4 and 2, substrate and thereby contribute to the catalytic efficiency
respectively, donates a proton to carbon atom 4. This of the Tyrl66Phe mutant. This prediction is supported by
proposal was confirmed, but only after the operation of a the activity loss that was observed when His252 was replaced
second reduction mechanism was revealed and analyzed irby an alanine residue in the Tyrl66Phe mutant. A pivotal
a mutant form of DCR. According to the proposed mecha- function of His252 in wild-type DCR was proposes) ©on
nism, replacement of Tyr166 by phenylalanine should yield the basis of its predicted hydrogen bond with Tyr166, which
an inactive enzyme. Surprisingly, the Tyr166Phe mutant would stabilize the phenolate ion that forms during proton
actively catalyzed the reduction of 2,4-decadienoyl-CoA. transfer. This proposal is supported by the observed inactivity
However, it did not form the expected product, 2-decenoyl- of the His252Phe mutant. The residual activity detected in
CoA, but instead generated 3-decenoyl-CoA, the product of the His252Ala mutant could be the consequence of a water
eukaryotic 2,4-dienoyl-CoA reductased).( Thus, the molecule residing in the space that was occupied by the
Tyr166Phe mutant had lost the capacity to protonate carbonimidazole group of His252 in wild-type DCR. The observed
atom 4, a step that is necessary to complete the reduction oformation of 2-decenoyl-CoA and 3-decenoyl-CoA by
the 4,5 double bond, but had gained the ability to transfer a His252Ala DCR suggests that, in the absence of His252, both
proton to carbon atom 2 for completion of a 1,4 reduction Tyrl66 and Glul64 have the opportunity to participate in
of the conjugated diene. Both Glul64 and His252 are the proton transfer, although at very low rates. The conclu-
potential proton donors in the Tyrl66Phe mutant becausesion is that proton transfer requires or is enhanced by
of their protic properties and their proximity to the active hydrogen bonding between the proton donor group and the
site 8). We first investigated the role of Glu164 in catalysis. imidazole of His252. Thus when Glu164 is hydrogen-bonded
Glutamate and aspartate residues often serve as protoito the oxygen of the thioester in wild-type DCR, it is inactive
acceptors and proton donors, as illustrated by the mechanismss a proton donor, whereas it is active when it is hydrogen-
of A%5A24dienoyl-CoA isomerase2(, 22), where the two ~ bonded with His252 in the Tyrl66Phe mutant. Possible
residues simultaneously add and abstract a proton from theevidence for a structural change associated with the loss of
substrate. The idea of Glu164 serving as a proton donor inthe hydrogen bond between Glu164 and the oxygen of the
Tyr166Phe DCR is supported by the observations that thethioester was the increased NADPH oxidase activity that was
Tyr166Phe/Glu164GIn DCR double mutant was completely observed when Glul64 was replaced by an alanine or
inactive, whereas the Tyr166Phe/His252Ala mutant retained glutamine residue.
a significant level of DCR activity. These observations rule  This study also addressed the question as to whether the
out His252 as a proton donor and leave Glul64 as the onlythree cofactors of DCRnamely, FAD, a 4Fe-4S cluster, and
residue at the active site that could serve as a proton donor=MN—form a functional electron transport chain that facili-
in the Tyrl66Phe/His252Ala mutant. The function of Glul64 tates the flow of electrons from NADPH to the substrate.
as a proton donor is also supported by distances of 3.1 andThe mutation of one of the cysteine residues that anchor the
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4Fe-4S cluster resulted in the loss of most, but not all, of
the iron and acid-labile sulfur and greatly reduced the activity

of the enzyme. The presence of low but equimolar amounts g

of iron and sulfur in Cys337Ala DCR agrees best with the
existence of a 4Fe-4S cluster in a small percentage of DCR
molecules. Such a 4Fe-4S cluster, which would be suspended
by only three cysteine residues due to the absence of a residue
that could substitute for Cys337, might be less active in
transferring electrons than a cluster in wild-type DCR. This
idea is supported by the observation that the Cys337Ala
mutation caused a 1000-fold decrease in reductase activity,

4.
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Cuebas, D., and Schulz, H. (1982) Evidence for a modified
pathway of linoleate degradation. Metabolism of 2,4-decadienoyl
coenzyme AJ. Biol. Chem. 25714140-14144.

Kimura, C., Kondo, A., Koeda, N., Yannanaka, H., and Mizugaki,

M. (1984) Studies on the metabolism of unsaturated fatty acids.
XV. Purification and properties of 2,4-dienoyl-CoA reductase from

rat liver peroxisomes]. Biochem. (Tokyo) 961463-1469.

6. Alphey, M. S., Yu, W., Byres, E., Li, D., and Hunter, W. N. (2005)

Structure and reactivity of human mitochondrial 2,4-dienoyl-CoA
reductase. Enzyme-ligand interactions in a distinctive short-chain
reductase active sitd, Biol. Chem. 2803068-3077.

7. Liang, X., Thorpe, C., and Schulz, H. (2000) 2,4-Dienoyl-CoA

whereas the cluster concentration was decreased less than

10-fold. The lower activity of a cluster in the Cys337Ala
mutant might be caused by its distorted orientation. Another
possibility is that DCR with a 4Fe-4S cluster anchored
by only three cysteine residues is inactive but that elec-
trons are transferred, albeit very slowly, directly from FAD
to FMN. Transfer of electrons over long distances up to 14
A can occur in native proteins28), but it is uncertain
whether it could take place, even at very slow rates, in DCR,
where FAD and FMN are separated by 15.5 A. Either
way, the data agree with the notion that an intramolecular
electron transport chain that includes the 4Fe-4S cluster is
important for efficient electron flow from NADPH to the
substrate.

In conclusion, this study confirms the proposed mechanism
of reduction by wild-typeE. coli DCR (8). As shown in
Figure 5A, the 4,5 double bond of the substrate is reduced
by transfer of a hydride ion from FMN#Ho carbon atom 5,
while Tyr166 donates a proton to carbon atom 4. The hydride
transfer is assisted by Glu164 and two water molecules that
contribute to the polarization and optimal alignment of the
conjugated dienone system via hydrogen bonds, while the
protonation is activated by His252 due to its hydrogen
bonding with Tyr166. The identification of a second mech-
anism of reduction catalyzed by Tyr166Phe DCR was totally
unanticipated. The hydride transfer is most likely not affected
by the mutation, but a different amino acid residue, appar-
ently Glul64, donates a proton to carbon atom 2, thereby
yielding 3-enoyl-CoA instead of 2-enoyl-CoA, the normal
product of E. coli DCR (see Figure 5B). His252 enhances
the proton-transfer possibly by hydrogen bonding with
Glul64. It is possible that hydrogen-bonding of His252 with
Tyrl66 in wild-type DCR or with Glu164 in the Tyr166Phe
mutant determines which of the two mechanisms is operative
and which product is formed.
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