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Long-chain acyl-CoA reductases (ACRs) catalyze a key step in the biosyn-

thesis of hydrocarbon waxes. As such they are attractive as components in

engineered metabolic pathways for ‘drop in’ biofuels. Most ACR enzymes

are integral membrane proteins, but a cytosolic ACR was recently discov-

ered in cyanobacteria. The ACR from Synechococcus elongatus was overex-

pressed in Escherichia coli, purified and characterized. The enzyme was

specific for NADPH and catalyzed the reduction of fatty acyl-CoA esters to

the corresponding aldehydes, rather than alcohols. Stearoyl-CoA was the

most effective substrate, being reduced more rapidly than either longer or

shorter chain acyl-CoAs. ACR required divalent metal ions, e.g. Mg2+, for

activity and was stimulated ~ 10-fold by K+. The enzyme was inactivated

by iodoacetamide and was acylated on incubation with stearoyl-CoA, sug-

gesting that reduction occurs through an enzyme-thioester intermediate.

Consistent with this, steady state kinetic analysis indicates that the enzyme

operates by a ‘ping-pong’ mechanism with kcat = 0.36 � 0.023 min�1, Km

(stearoyl-CoA) = 31.9 � 4.2 lM and Km (NADPH) = 35.6 � 4.9 lM. The slow

turnover number measured for ACR poses a challenge for its use in biofuel

applications where highly efficient enzymes are needed.

Introduction

Long-chain acyl-CoA reductases (ACRs) catalyze a

key step in the biosynthesis of waxes (long-chain alk-

anes) and wax esters (esters of long-chain carboxylic

acids with long-chain alcohols) [1]. These aliphatic

molecules are biosynthesized by a variety of organisms

including plants, birds, insects and green algae [2–6].
They have attracted interest as potential biofuels

because they have high energy density and have the

potential to be used directly as substitutes for gasoline,

diesel and jet fuel without costly and energy-intensive

chemical conversion [7–9].
Most long-chain ACRs that have been characterized

are membrane-associated proteins. Those that are

involved in the biosynthesis of wax esters catalyze

reduction of fatty acyl-CoA esters to alcohols [3,10–
12], presumably through an aldehyde intermediate.

The alcohol subsequently undergoes transesterification

with a second fatty acyl-CoA molecule to give the wax
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ester. The second group of reductases is involved in

alkane wax biosynthesis and reduces acyl-CoA esters

only to the aldehyde oxidation state. The latter group

includes enzymes from bacteria such as Acinetobac-

ter calcoaceticus [13], green algae such as Botyrococ-

cus braunii [4] and plants, e.g. Pisum sativum [3]. In

the alkane biosynthesis pathway, these aldehydes sub-

sequently undergo decarbonylation by aldehyde decar-

bonylase to yield alkanes with odd numbers of carbon

atoms [1]; this pathway is illustrated in Fig. 1.

The difficulties inherent in expressing and purifying

membrane proteins have hindered mechanistic studies

on the enzymes involved in hydrocarbon biosynthesis.

Recently, however, an alkane biosynthesis pathway

was identified in some strains of cyanobacteria that,

surprisingly, comprises soluble enzymes [14]. When the

cyanobacterial acyl-CoA reductase (cACR) and alde-

hyde decarbonylase (now known as cyanobacterial

aldehyde deformylating oxygenase, cADO) enzymes

were heterologously introduced into Escherichia coli,

alkanes were produced. Although the rate of produc-

tion was relatively modest, 300 mg�L�1 over 40 h [14],

this nevertheless represents a promising biological

route to produce hydrocarbon biofuels from renewable

raw materials. Several recent papers have reported

investigations on aspects of the cADO reaction [15–
19]; however, cACR has not been characterized.

In this study we report the overexpression, purifica-

tion and initial characterization of cACR from Synecho-

coccus elongatus PCC7942. By optimizing the enzyme

assay conditions, activity was increased ~ 10-fold from

that reported previously [14]. The enzyme was found to

be dependent upon both K+ and Mg2+ for activity and

is irreversibly inactivated by iodoacetamide (IAA).

Incubation with stearoyl-CoA resulted in acylation of

cACR, indicating that an enzyme-thioester intermediate

is involved in reduction. The enzyme exhibited a pro-

nounced selectivity towards reduction of stearoyl-CoA

esters, with both longer and shorter chain acyl-CoA

esters being reduced more slowly.

Results

Expression and purification of cACR

Various strains of cyanobacteria produce alkanes;

however, the enzymes from Nostoc punctiforme

PCC73102 and S. elongatus PCC7942 produced the

highest titers of alkanes when heterologously expressed

with cADO in E. coli [14]. Therefore, our efforts to

characterize cACR focused on the enzymes from these

strains. Although N. punctiforme cACR was expressed

at high levels in E. coli at 37 °C, the protein was pro-

duced exclusively as inclusion bodies. Extensive efforts

to improve solubility, including lowering the growth

temperature to 18 °C, using different culture media

and repositioning the His-tag from the N-terminal to

C-terminal of cACR, were met with little success.

Attempts to purify and refold cACR from inclusion

bodies were also unsuccessful.

Attempts to overexpress and purify S. elongatus

cACR in E. coli were more successful. Overnight

induction at 18 °C of a cACR gene construct that

incorporated a C-terminal His-tag resulted in the

expression of protein that was ~ 50% soluble. How-

ever, placing the His-tag at the N-terminus or gene

expression at higher temperatures resulted in the pro-

tein being produced almost exclusively as inclusion

bodies. The purification of S. elongatus cACR could

be accomplished by standard methods utilizing affinity

chromatography on a nickel–nitrilotriacetic acid

(NTA) column (see Materials and methods). cACR

was eluted from the column using a linear gradient of

50–250 mM imidazole to yield protein that was > 95%

pure (Fig. 2), which was used for subsequent experi-

ments.

Purified cACR was found to be quite unstable and

tended to precipitate after 3–4 days when stored at

4 °C, although it could be stored for prolonged peri-

ods at �80 °C without loss of activity. Consistent with

this, a small amount of proteolysis always appeared to

accompany purification, despite attempts to limit deg-

radation by including protease inhibitors in the purifi-

cation buffer, as evidenced by SDS/PAGE (Fig. 2).

The stability of the enzyme could be improved to some

degree by including 500 mM NaCl and/or 0.2% Chaps

in the storage buffer.

Characterization of the reaction

As noted above, long-chain ACR enzymes may cata-

lyze the reduction of acyl-CoA esters to either

aldehydes or alcohols. A preliminary investigation [14]

of the activity of cACR indicated that the enzyme
Fig. 1. Reactions catalyzed by cACR and cADO which are involved

in the alkane biosynthesis pathway in cyanobacteria.
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specifically produced aldehydes as products. Using the

assay conditions described previously [14] as a starting

point, we examined the activity of cACR using stea-

royl-CoA (400 lM) and NADPH (1 mM) as substrates

and analyzed the products of reaction by GC. The

enzyme was specific for NADPH, with no aldehyde

being formed if NADH was substituted instead. We

confirmed that no octadecanol could be detected in the

products of the reaction. Although octadecanal was

readily detected, its rate of formation was extremely

slow: only ~ 0.6 lmol octadecanal�h�1 was produced

per micromole of purified cACR. We therefore con-

ducted a comprehensive survey of assay conditions in

an attempt to improve enzyme activity.

We first investigated the sensitivity of enzyme activ-

ity to pH. Activity was found to vary only slightly

with pH and was maximal at pH 8.0. Next, given the

poor stability of the enzyme and its tendency to pre-

cipitate, we examined the effect of various additives

such as non-ionic detergents that are known to stabi-

lize enzymes. Whereas most detergents tested had little

effect on cACR activity, or were inhibitory at higher

concentrations, chaps was found to modestly increase

activity (Fig. 3A) by ~ 75% at 0.2%. We also exam-

ined the effect of thiol-directed reducing agents on

enzyme activity. Whereas 2-mercaptoethanol had no

effect on activity, high concentrations (5 mM) of dith-

iothreitol or glutathione inhibited cACR activity

(Fig. 3B). In contrast, inclusion of a high concentra-

tion (20 mM) of the phosphine-based reductant tris(hy-

droxylpropyl) phosphine (THP) increased activity ~ 2-

fold. Increasing THP concentrations beyond 20 mM

resulted in little improvement in activity. Lastly, we

investigated the addition of BSA to the assay, which

has been found to stabilize many enzymes. Inclusion

of up to 1 mg�mL�1 of BSA resulted in an increase in

activity of ~ 3-fold.

Requirement for divalent and monovalent

cations

Many enzymes that bind nucleotide-based cofactors

exhibit a requirement for divalent metal ions; we there-

fore investigated the metal ion dependence of cACR

activity. Activity was highly dependent on the presence

of divalent cations in the buffer; Mg2+, Mn2+ and

Ca2+ all supported activity (Fig. 3C). However, higher

concentrations of Mn2+ (2 mM) and Ca2+ (5 mM)

were inhibitory as they caused precipitation of the

acyl-CoA substrate in the assay buffer, a problem that

has been noted previously [20].

We had initially included 250 mM NaCl in cACR

assays because moderately high concentrations of salt

appeared to stabilize the enzyme against precipitation

during purification. Unexpectedly, however, we noticed

that substitution of KCl for NaCl in the assay buffer

increased ACR activity ~ 10-fold, with optimal activity

obtained with 250 mM KCl (Fig. 3D). This suggests

that a specific requirement for K+ ion, with Na+

being weakly stimulatory, rather than a general effect

of ionic strength is responsible for the increased activ-

ity and stability of the enzyme in the presence of salt.

By combining the results from the various optimiza-

tion trials, it was possible to significantly improve the

activity of the enzyme, although we note that the

increases in activity noted above for the individual

components of the assay buffer are not additive. The

optimized assay buffer contained 50 mM Tris/HCl, pH

7.5, 250 mM KCl, 2 mM MgCl2, 1 mg�mL�1 BSA,

20 mM THP, 0.2% Chaps, 1 mM NADPH, 400 lM ste-

aroyl-CoA and 10 lM cACR. Under these conditions

cACR activity was 17.3 lmol octadecanal�h�1�lmol

cACR�1, an improvement of 26-fold over the initially

measured activity. The cACR activity was increased

~ 10-fold compared with that reported previously

using oleoyl-CoA as a substrate [14].

Substrate specificity

The substrate range of cACR is of particular interest

for biotechnological applications. We examined the

activity of cACR with acyl-CoA esters of different

chain lengths ranging from 20 to eight carbon atoms.

The relative rates of reduction were measured by fol-

lowing the change in NADPH absorbance at 340 nm

Fig. 2. SDS/PAGE analysis of the purification scheme of cACR

from S. elongatus PCC7942 expressed in E. coli. Protein

expression was performed at 18 °C overnight: lane 1, protein

standards; lane 2, whole cells; lane 3, supernatant after cell lysis;

lane 4, cell pellet after lysis; lane 5, purified cACR after the

Ni-affinity column.
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in assays that contained 400 lM acyl-CoA and 200 lM
NADPH (Fig. 4). The enzyme showed a marked pref-

erence for stearoyl-CoA, which was reduced over twice

as fast as the eicosanoyl-CoA (C20:0). cACR showed

progressively lower activity with acyl-CoAs shorter

than stearoyl-CoA to the point at which no activity

was detectable for octanoyl-CoA, the shortest sub-

strate tested. Oleoyl-CoA (C18:1) was also a poor sub-

strate, indicating that a cis double bond is not well

accommodated by the enzyme’s active site.

Kinetic properties

The significant improvement of cACR activity that

resulted from optimization of the assay conditions made

it possible to follow the reaction in real time by monitor-

ing NADPH oxidation using absorbance at 340 nm,

rather than by GC, thus greatly facilitating kinetic anal-

A B

C D

Fig. 3. Dependence of cACR activity on detergents, reducing agents and metal ions. Effects of (A) detergents, (B) reducing agents, (C)

divalent metal ions and (D) Na+ and K+ ions. All assays were carried out at 37 °C with shaking at 200 rpm. 2-ME, 2-mercaptoethanol; DTT,

dithiothreitol; GSH, glutathione.

Fig. 4. The substrate specificity of cACR for acyl-CoA esters of

various chain lengths.
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ysis of the reaction. We determined the enzyme activity

of cACR as a function of stearoyl-CoA and NADPH

concentrations (Fig. 5). Global fitting of the data to

either a ternary mechanism (Eqn 1; see later) or a ‘ping-

pong’ mechanism (Eqn 2) indicated that a ‘ping-pong’

mechanism is more likely, since fitting the data to a ter-

nary mechanism gave values for Kia that were unrealisti-

cally low (data not shown). From the global fit to

Eqn (2) the steady state kinetic parameters are

kcat = 0.36 � 0.023 min�1, Km (stearoyl-CoA) = 31.9 �
4.2 lM and Km (NADPH) = 35.6 � 4.9 lM; R2 = 0.92.

Formation of acyl-enzyme intermediate

Other aldehyde-forming ACRs, e.g. myristoyl-CoA

reductase (luxC) [21] and malonyl-CoA reductase

(MCR) [22], have been shown to form an intermediate

acyl-enzyme thioester through an active site cysteinyl

residue. The sensitivity to thiol-reducing agents noted

above further suggested a role for an active site cyste-

ine in the mechanism of cACR. We therefore investi-

gated whether cACR was inactivated by IAA. As

shown in Fig. 6A, IAA rapidly inactivated cACR.

(The residual cACR activity evident in Fig. 6A is the

result of incomplete alkylation under the conditions of

the experiment, as evident from the mass spectral anal-

ysis of the IAA-treated enzyme, Fig. 6B, trace V. Incu-

bation of cACR with 1 mM IAA at room temperature

for 5 min completely inactivated the enzyme.) Inclu-

sion of stearoyl-CoA (200 lM) in the reaction mixture

afforded protection against inactivation. The initial

drop in activity observed when the enzyme is incu-

bated in the presence of both IAA and stearoyl-CoA

probably arises from competition between the two

reagents for the active site cysteine. However, once

acylated by stearoyl-CoA the enzyme is protected from

inactivation by IAA and the cACR activity remains

unchanged. Under the conditions of the experiment

the enzyme itself is not particularly stable, resulting in

~ 25% of the activity being lost during the experiment.

To demonstrate the formation of acylated enzyme,

cACR was incubated with stearoyl-CoA (400 lM) in

the presence of NADPH and the enzyme was subjected

to electrospray-MS analysis. The mass of native

enzyme was determined as 42626.2 Da in excellent

agreement with the predicted mass of 42626.26 Da

(Fig. 6B, trace I). In the absence of NADPH, cACR

was completely converted to the acyl-enzyme upon

incubation with stearoyl-CoA, resulting in an increase

Fig. 5. Steady state kinetic analysis of cACR. Double-reciprocal

plots for varying [NADPH] at different fixed concentrations of

stearoyl-CoA (concentrations indicated in the figure). The lines

represent the best fit of the data to a ‘ping-pong’ mechanism.

A

B

Fig. 6. Formation of acyl-enzyme intermediate. (A) Inactivation of

cACR by IAA. (B) Detection of enzyme-thioester intermediate by

LC-MS. Shown are ES-MS spectra of cACR (I) in assay buffer; (II)

after incubation with NADPH; (III) after incubation with stearoyl-CoA;

(IV) after incubation with stearoyl-CoA and NADPH; and (V) after

incubation with IAA. Spectra show peaks for unmodified enzyme,

Mr = 42626.2 � 2.0 Da; acyl-enzyme, Mr = 42893.4 � 2.0 Da; and

IAA-alkylated enzyme,Mr = 42683.4 � 2.0 Da.
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in mass to 42893.4 Da (Fig. 6B, trace III). The differ-

ence in mass (+267 Da) corresponds well with that

predicted for acylation by stearoyl-CoA (+266 Da).

When the enzyme was incubated with both stearoyl-

CoA and NADPH, so that turnover could occur

(Fig. 6B, trace IV), the acyl-enzyme accumulated to

comprise ~ 50% of the enzyme. This observation sug-

gests that the rates of acylation and reduction are

approximately the same. Together, these results point

to the formation of an acyl thioester on an active site

cysteinyl residue as an intermediate in the mechanism

of reduction. We note that these results also exclude

adventitious oxidation of the active site cysteine as a

reason for the very low activity of the enzyme.

Discussion

The cACR is unusual in being a cytosolic enzyme

rather than a membrane-associated protein, which is

the case for ACR enzymes characterized from plants

[3,11] and green algae [4]. Even so, the limited stability

and solubility of the protein complicated efforts to

overexpress and purify cACR in E. coli. We were

unable to express ACR from N. punctiforme PCC

73102 in soluble form; however, ACR from S. elonga-

tus PCC7942 could be produced, in part, as soluble

protein by expression at low temperature and was

purified to near homogeneity by affinity chromatogra-

phy on a nickel–NTA column. Only aldehydes were

detected as the products of acyl-CoA reduction, in

contrast to some other ACRs that reduce their sub-

strates to alcohols [3,11].

By screening a variety of assay conditions, we were

able to significantly increase the activity of cACR.

Low concentrations of non-ionic detergents, BSA and

reducing agents all increase activity, presumably by

preventing aggregation and maintaining cysteine in a

reduced state. The most significant effects on activity

are exerted by metal ions. cACR appears to require

divalent metal ions, such as Mg2+, and be strongly

stimulated by K+ ions. Under the optimized assay

conditions cACR activity was about 10-fold higher

than previously reported [14]; even so, kcat =

0.36 min�1 is still very low compared with most

enzymes. Although in most cases the plant and algal

ACR enzymes have not been fully purified or kineti-

cally characterized in such detail, they also appear to

be similarly slow [3,4,11].

The ACRs that have been characterized from Mar-

inobacter aqueaeolei VT8 [10] and Acinetobacter calco-

aceticus [13] exhibit a preference for palmitoyl-CoA.

In contrast, cACR is more active with stearoyl-CoA.

This observation is in accord with reports that hepta-

decane is the most abundant alkane found in cyano-

bacteria, followed by pentadecane [14]. The

cyanobacterial aldehyde decarbonylase does not exhi-

bit pronounced selectivity for aldehydes of different

chain lengths [19]; this suggests that the chain length

of alkane products is primarily determined by the dis-

tribution of aldehyde precursors, which are produced

by cACR.

cACR is identified as a member of the NAD(P)H

binding Rossmann fold superfamily on the basis of

sequence alignments; however, it shares no overall

sequence similarity with other, better characterized

aldehyde-generating reductases such as luxC [21], or

with MCR [23], aspartate semialdehyde dehydrogenase

[24] and glycderaldehyde-3-phosphate dehydrogenase,

for which X-ray structures have been solved [22,25,26].

For all these enzymes, the formation of an acyl-

enzyme thio-ester intermediate with an active site

cysteinyl residue is an established feature of the mech-

anism [21,22,24]. The acylation of cACR by stearoyl-

CoA and its inactivation by IAA suggests that cACR

operates by a similar mechanism. cACR from S. elong-

atus PCC7942 contains six cysteine residues, but only

Cys293 is conserved across all the cACR homologs

and therefore is the most likely candidate for the

active site residue.

The formation of a covalent enzyme–substrate inter-

mediate is consistent with steady state kinetic data that

support a ‘ping-pong’ mechanism for acyl-CoA reduc-

tion by cACR as shown in Scheme 1. A ‘ping-pong’

mechanism is also indicated for other aldehyde-forming

reductases. Notably for MCR a recent crystallographic

study showed that CoA and NADP+ both bind at the

Scheme 1. Proposed ‘ping-pong’ mechanism for acyl-CoA reduction by cACR.
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same site [22] so that the formation of a ternary com-

plex is physically impossible. One important point to

emerge from these studies is that cACR catalyzes the

reduction of acyl-CoA esters very slowly. This is some-

what puzzling because the reaction does not have an

intrinsically high activation barrier and MCR catalyzes

the chemically identical reduction of malonyl-CoA with

kcat ~ 20 000-fold faster than that of cACR [23]. It is

currently unclear whether this reflects the endogenous

activity of the enzyme in the cell or whether some other

(unknown) activation factor is necessary. The enzyme

will also accept acyl-(acyl carrier proteins) as substrates

[14]. However, these are turned over more slowly than

acyl-CoA esters, suggesting that this is not the reason

for the slow rate of reduction.

We note that the second enzyme of the alkane bio-

synthesis pathway in cyanobacteria, cADO, is also

extremely slow with kcat ~ 1 min�1 [19]. Moreover, it

is currently unclear why cyanobacteria produce alk-

anes, and indeed not all strains do so. It is possible

that they are produced as a side-reaction of some

other metabolic pathway, or perhaps as signaling

molecules that are only needed in very small

amounts. In such a case, there may simply be no

evolutionary pressure on the enzymes to catalyze

these reactions more rapidly. The low catalytic activ-

ity of these enzymes presents a significant challenge

for their use in biotechnological applications associ-

ated with biofuel production where highly efficient

enzymes are needed. Further elucidation of the mech-

anisms of both ACR and cADO, together with

improvements in their catalytic efficiency through

protein engineering, will be needed to realize the

potential of this hydrocarbon biosynthesis pathway

for biofuel applications.

Materials and methods

Materials

The genes encoding cACRs from N. punctiforme PCC

73102 (NCBI accession number YP_001865324) and

S. elongatus PCC7942 (NCBI accession number

YP_400611) were synthesized commercially by GenScript

USA Inc. (Piscataway, NJ, USA) and codon-optimized for

expression in E. coli. Acyl-CoA esters (C8, C12, C14, C16,

C18 and C18:1) were purchased from Sigma (Milwaukee,

WI, USA); C20 acyl-CoA ester was from Avanti Polar

Lipids (Alabaster, AL, USA). NADPH was obtained from

MP Biomedicals (Solon, OH, USA). The detergents digito-

nin, Chaps, Triton X 100 and octyl glucoside were obtained

from Fisher (Pittsburgh, PA, USA). Reducing agents

2-mercaptoethanol, dithiothreitol and glutathione were

purchased from Fisher; 0.5 M THP solution was obtained

from EMD Millipore, (Billerica, MA, USA).

Protein expression

The synthetic genes were cloned into the expression vector

pET-28b as NdeI/BamHI or NcoI/XhoI fragments to intro-

duce either an N-terminal or C-terminal His-tag to facili-

tate purification. The plasmids were transformed into

E. coli strain BL21 (DE3) (Invitrogen) for protein expres-

sion. Protein expression was performed at either 37 °C or

18 °C in 1 L LB medium supplemented with 50 lg�mL�1

kanamycin. Cell cultures were grown to an D600 of 0.6–0.8

and gene expression was induced with 0.1 mM isopropyl-b-
D-thiogalactopyranoside for 3 h or overnight before

harvesting by centrifugation.

Protein purification

All steps were performed at 4 °C on ice. In a typical purifica-

tion 7 g (damp weight) of cells were resuspended in 50 mL

binding buffer (20 mM Tris/HCl, pH 8.0, 500 mM NaCl,

5 mM imidazole, 5% glycerol, 1 mM THP). Then

0.5 mg�mL�1 of lysozyme, 1 protease inhibitor tablet

(Roche), 1 lL of DNAse (Novagen) and 1 mM THP were

added to the cell suspension and incubated on ice for 1 h

with shaking. The cells were lysed by sonication at maximum

power using 2 s pulses separated by 8 s to prevent overheat-

ing for a total time of 30 min. The supernatant was sepa-

rated from cell debris by centrifugation at 15 000 g at 4 °C
for 30 min. Protein purification was performed using an
€AKTAexplorerTM chromatography system. The supernatant

was loaded onto a HisTrap column (GE Healthcare) and the

column was washed with buffer (20 mM Tris/HCl buffer, pH

8.0, containing 500 mM NaCl, 50 mM imidazole, 5% glyc-

erol, 1 mM THP) at a flow rate of 1.0 mL�min�1. cACR was

eluted from the column with a linear gradient of 50–250 mM

imidazole in the same buffer over 30 mL. The resulting frac-

tions were analyzed by SDS/PAGE on a 15% gel. The frac-

tions containing pure cACR protein were pooled and passed

through a PD-10 column (GE Healthcare) for desalting into

50 mM Tris/HCl buffer, pH 8.0, 100 mM NaCl, 5% glycerol,

1 mM THP and 0.1% Chaps.

Enzyme assay

For initial assessment of cACR activity and biochemical

characterization of cACR, the assay solution (unless other-

wise specified) contained 50 mM Tris/HCl (pH 7.5),

250 mM NaCl, 2 mM MgCl2, 1 mM NADPH, 0.4 mM stea-

royl-CoA and 10 lM purified ACR in a total volume of

250 lL. The reaction mixtures were incubated at 37 °C for

1 h. Reaction products were extracted by addition of

250 lL ethyl acetate; samples were vortexed for 15 min
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and then centrifuged in a microfuge at 15 000 g. for 20 min

to separate the organic and aqueous phases.

The amount of aldehyde formed was determined by GC

analysis of a 10 lL sample of the ethyl acetate layer using an

Agilent 6890 gas chromatograph equipped with a flame ioni-

zation detector (FID). The flow rate of the helium carrier

gas was 1.1 mL�min�1 and the inlet temperature was main-

tained at 320 °C. Injections were made in split mode with a

split ratio of 5 : 1 and a total flow of 5.7 mL�min�1. The

oven temperature was held at 70 °C for 2 min and then

increased to 280 °C at 20 °C�min�1 and finally maintained

at 280 °C for 5 min. The FID was maintained at 260 °C
with a continuous flow of H2 at 40 mL�min�1 and air at

400 mL�min�1. Chromatographic data were analyzed using

HP CHEM STATION software. Enzymatic conversion of stea-

royl-CoA to octadecanal was quantified using a calibration

plot of octadecanal.

Kinetic measurements

cACR activity could also be followed spectrophotometri-

cally through the oxidation of NADPH. Assays were per-

formed at room temperature. The assay buffer contained

50 mM Tris/HCl (pH 7.5), 250 mM KCl, 2 mM MgCl2 and

10 lM purified ACR. Assays were initiated by addition of

NADPH, and cACR activity was measured by following

the decrease in absorbance at 340 nm. The rate of NADPH

consumption was determined based on e340 = 6.22

mM
�1 cm�1. The data were fitted to either a ternary mecha-

nism (Eqn 1) or a ‘ping-pong’ mechanism (Eqn 2):

m ¼ VAB

KiaKb þ KbAþ KaBþ AB
(1)

m ¼ VAB

KbAþ KaBþ AB
(2)

where m and V are the initial and maximal velocities, and

are the substrate concentrations, and are the Michaelis con-

stants for substrates A and B, and is the dissociation con-

stant for A. The values of the kinetic parameters were

determined by global fitting of the kinetic data using the

program MATLAB.

Inactivation with iodoacetamide

Inactivation reactions were performed in 50 mM Tris/HCl

(pH 8.0) containing 250 mM KCl, 2 mM MgCl2 and 20 lM
purified cACR. Reactions were initiated with the addition

of IAA to a final concentration of 200 lM. The reactions

were incubated at room temperature in the dark. Aliquots

were withdrawn at the indicated time points, quenched by

addition of L-cysteine to 1 mM final concentration and

assayed for enzyme activity by following NADPH

oxidation. For substrate protection experiments, 200 lM
stearoyl-CoA was included in the inactivation reactions.

As a control, cACR was incubated in the buffer in the

absence of IAA and stearoyl-CoA.

Detection of enzyme-thioester intermediate by

LC-MS

Covalent modification of cACR was analyzed using an Agi-

lent 6520 LC accurate-mass Q-TOF MS system. cACR was

incubated in the assay buffer with 0.2 mM NADPH and

0.4 mM stearoyl-CoA at room temperature for 15 min. As

a control, cACR was incubated in the buffer in the absence

of NADPH and stearoyl-CoA. The protein was passed

through a desalting column and acidified with 0.1% formic

acid. Then 5 lL of the sample was injected into a Poroshell

300SB-C8 column equilibrated with 0.1% formic acid and

5% acetonitrile. Proteins were eluted for 5 min with

95% : 5% water : acetonitrile followed by an increasing

gradient of acetonitrile to 100% over 7 min at a flow rate

of 0.5 mL�min�1. Eluting proteins were detected at 280 nm.

Mass data were obtained using intact protein mode and

analyzed using Agilent MASSHUNTER QUALITATIVE ANALYSIS

software. The raw data were deconvoluted with respect to

maximum entropy.
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