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ABSTRACT: Stearoyl acyl carrier protein∆9 desaturase (∆9D) uses a diiron center to catalyze the NADPH-
and O2-dependent desaturation of stearoyl acyl carrier protein (ACP) to form oleoyl-ACP. The reaction
of recombinantRicinus communis∆9D with natural and nonnatural chain length acyl-ACPs was used to
examine the coupling of the reconstituted enzyme complex, the specificity for position of double-bond
insertion, the kinetic parameters for the desaturation reaction, and the selectivity for acyl chain length.
The coupling of NADPH and O2 consumption and olefin production was found to be maximal for 18:
0-ACP, and the loss of coupling observed for the more slowly desaturated acyl-ACPs was attributed to
autoxidation of the electron-transfer chain. Analysis of steady-state kinetic parameters for desaturation of
acyl-ACPs having various acyl chain lengths revealed that theKM values were similar (∼2.5-fold difference)
for 15:0-18:0-ACP, while thekcat values increased by∼26-fold for the same range of acyl chain lengths.
A linear increase in log (kcat/KM) was observed upon lengthening of the acyl chain from 15:0- to 18:0-
ACP, while no further increase was observed for 19:0-ACP. The similarity of thekcat/KM values for 18:0-
and 19:0-ACPs and the retained preference for double-bond insertion at the∆9 position with 19:0-ACP
(>98% desaturation at the∆9 position) suggest that the active-site channel past the diiron center can
accommodate at least one more methylene group than is found in the natural substrate. The∆∆Gbinding

estimated from the change inkcat/KM for increasing substrate acyl-chain length was-3 kJ/mol per methylene
group, similar to the value of-3.5 kJ/mol estimated for the hydrophobic partition of long-chain fatty
acids (C-7 to C-21) from water to heptane [Smith, R., and Tanford, C. (1973)Proc. Natl. Acad. Sci.
U.S.A. 70, 289-293]. Since theKM values are overall similar for all acyl-ACPs tested, the progressive
increase in hydrophobic binding energy available from increased chain length is apparently utilized to
enhance catalytic steps, which thus provides the underlying physical mechanism for acyl chain selectivity
observed with∆9D.

Acyl-ACP1 desaturases catalyze the NADPH- and O2-
dependent introduction of cis double bonds into saturated
fatty acyl chains covalently attached to ACP via a phospho-
pantetheine thioester bond (1). These homodimeric enzymes
are uniquely found in photoauxotrophicEuglenaand the
plastid organelles of plants. The acyl-ACP desaturases are
also part of a functionally and structurally diverse group of
soluble diiron enzymes (2) that includes the R2 component

of ribonucleotide diphosphate reductase (3-5) and numerous
bacterial hydrocarbon monooxygenases (2, 6). These soluble
enzymes have a closely related protein fold that contains two
copies of the iron binding motif (D/E)X∼40EX2H separated
by ∼100 amino acids (4, 7). All catalyze O2 activation as
part of their respective reaction cycles, and related intermedi-
ates includingµ-1,2-peroxo, ferric-ferryl mixed valence, and
diferryl have been recently identified (2, 6, 16, 60-62),
implying many aspects of the catalytic mechanisms will also
be similar.

Stearoyl-ACP∆9 desaturase (∆9D) is the best character-
ized acyl-ACP desaturase. This enzyme (Mr ≈ 84 000)
preferentially desaturates stearoyl-ACP (18:0-ACP,Mr ≈
9000), yielding oleoyl-ACP (18:1-ACP). Spectroscopic stud-
ies have shown that resting∆9D contains 4 mol of iron in
two oxo/hydroxo-bridged diferric centers (7, 8), while an
X-ray structure revealed that photoreduced∆9D had lost the
oxo bridge (9). In this structure, the diferrous centers have
two carboxylate bridges and each iron site has a five-
coordinate, roughly octahedral geometry. A long nonpolar
channel that nearly traversed the entire subunit was identified
to contain the crystallization additive octyl glucoside. Mo-
lecular modeling showed that the dimensions of this channel
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were sufficient to accommodate an 18:0 acyl chain and place
the C-9 position in proximity to the diiron center. Further-
more, mutagenesis has been used to alter the selectivity for
chain length while retaining overall specificity for the
position of double-bond insertion (10, 11); the most produc-
tive of these mutations occur∼15 Å from the diiron center
at the end of the nonpolar channel.

Recent MCD studies of 4e- ∆9D produced by chemical
reduction in the absence of 18:0-ACP revealed two equiva-
lent, five-coordinate high-spin ferrous sites in a distorted
square pyramidal geometry (12), which is consistent with
the X-ray structure. Single-turnover catalytic studies have
shown that 4e- ∆9D is not reactive with O2 in the absence
of 18:0-ACP (13), implying that this equivalently coordinated
diferrous state is not correctly configured for reactivity. Upon
complexation with 18:0-ACP, changes in the MCD spectrum
indicated the conversion of one iron site of the diferrous
center from a five-coordinate site to a four-coordinate
distorted tetrahedral geometry, while the other iron site was
distorted toward a trigonal bipyramidal geometry; reaction
of this complex with O2 gives rise to a quasistable peroxo
intermediate we have called peroxo∆9D (13). Although the
optical spectrum and the vibrational frequencies determined
by resonance Raman spectroscopy are closely related to the
µ-1,2 peroxo intermediates detected in other diiron enzymes
(14-17), peroxo∆9D decays by an oxidase reaction rather
than by acyl chain desaturation. These spectroscopic studies
indicate the possible physical consequences of 18:0-ACP
binding on the structural properties of the diiron centers in
4e- ∆9D and imply that substrate binding interactions may
also provide substantial contributions to the catalytic de-
saturation cycle.

When compared to the presently available physical
characterizations, considerably less information is available
concerning the catalytic properties of∆9D. In part, this has
arisen from the complexity of obtaining sufficient quantities
of acyl-ACPs. By combining previously defined enzymatic
steps with newly available recombinant systems, we have
been able to prepare both natural and nonnatural acyl-ACPs
in large amounts (18). This availability has permitted the
more extensive investigation of the steady-state kinetic
properties of the∆9D complex reported here.

During in vitro multiple turnover catalysis, a heterologous
biological electron transfer chain consisting of FdR and [2Fe-
2S] Fd has been established to provide minimally 2e- to
resting∆9D (19, 20). In this work, the conditions that yield
either efficient coupling or rapid multiple turnover of the
reconstituted, heterologous complex have been investigated.
Furthermore, previous detailed kinetic studies of acyl-ACP
desaturases have been limited to reactions of the safflower
(19) and soybean isoforms (20) with the naturally occurring
16:0-ACP and 18:0-ACPs. These two independent studies
suggested an∼100-fold increase inkcat for 18:0-ACP as
compared to 16:0-ACP, while theKM values determined for
these two substrates were similar. In light of this apparent
kinetic selectivity for acyl chain length, and with respect to
the newly available structural and spectroscopic data on∆9D,
we have undertaken a more detailed steady-state kinetic
analysis of the∆9D reaction. These studies, performed with
acyl-ACPs having both natural and unnatural acyl chain
lengths, reveal that hydrophobic binding energy is used to

enhance catalysis rather than improve substrate binding. As
the binding of shorter acyl chains apparently does not provide
sufficient activation energy for efficient desaturase catalysis,
these observations reveal the underlying mechanism for acyl
chain length selectivity observed with∆9D.

MATERIALS AND METHODS

Enzymes. Recombinant stearoyl-ACP∆9 desaturase and
Anabaena7120 vegetative Fd were expressed, purified, and
characterized as previously described (13, 21, 22). Recom-
binantZea maysFdR (23) was purified by a combination of
ion exchange and gel filtration chromatographies. Recom-
binantLeuconostoc mesenteroidesglucose-6-phosphate de-
hydrogenase was from Sigma Chemical Co. (St. Louis, MO).

Expression, Purification, and Acylation of ACP. For
expression ofEscherichia coliACP,2 the host was grown in
a Bioflow 3000 fermenter (New Brunswick, Piscataway, NJ)
in Luria-Bertani medium as previously described (18). E.
coli ACP was produced as a mixture of the apo and holo
forms and purified by minor modifications of established
procedures (24; ∼100 mg of purified ACP recovered/L of
fermentation medium). Purification of spinach ACP‚His6, in
vitro phosphopantetheinylation of eitherE. coli or spinach
apo-ACP, and acylation of holo-ACPs with either 14:0-
19:0 or 16:1 fatty acids were as previously described (18).
Quantitation of acyl-ACP was performed by cleavage of the
acyl chain in 0.06 M NaOH for 10 min at 40°C followed
by neutralization with HCl. The concentration of liberated
free thiol on the phosphopantetheine group of holo-ACP was
then quantitated by reaction with 5,5′-dithiobis(2-nitrobenzoic
acid) (25).

Coupling Determinations. The coupling between NADPH
and O2 utilization andn:1-ACP production was determined
at room temperature with a Clarke-type O2 electrode (Yellow
Springs Instruments, Yellow Springs, OH) and custom-built
amplifier (26). The polarograph sensitivity was calibrated
to provide full-scale response when 50 nmol of O2 was
consumed in the irreversible oxygenation of 50 nmol of
recrystallized protocatechuic acid by purified 3,4 protocat-
echuate dioxygenase (26). A typical assay contained 4.4 nmol
of FdR, 4.8 nmol of Fd, 4.5 nmol of∆9D holoprotein, and
25 nmol of acyl-ACP in a final volume of 1.7 mL of 50
mM HEPES, pH 7.8, containing 50 mM NaCl. The reaction
was initiated by the addition of 25 nmol of NADPH. After
the O2 consumption reaction was complete, the reaction
mixture was removed from the electrode chamber and
quenched by the addition of tetrahydrofuran, and the acyl
chains were extracted, derivatized, and quantitiated as
described below.

Assays Used for Kinetic Studies. In a typical assay, 0.2
nmol of FdR, 1 nmol of Fd, 0.02 nmol of∆9D, 1-50 nmol
of n:0-ACP, and 1700 nmol of NADPH were placed in an
open 5 mL autosampler vial containing 1 mL of 50 mM
HEPES, pH 7.8, and 50 mM NaCl. For substrates with low
kcat (14:0-, 15:0-, and 16:0-ACP), the protein components
were increased to provide greater product formation with
time. In addition, an NADPH regeneration system (27)
consisting of 200-400 µM glucose 6-phosphate, 9 units of
glucose-6-phosphate dehydrogenase, and 200-400 µM

2 J. A. Haas, M. A. Frederick, and B. G. Fox, unpublished results.

12834 Biochemistry, Vol. 38, No. 39, 1999 Haas and Fox



NADPH was used to maintain a constant NADPH level
during the reaction. Reaction vials were shaken at 100 rpm
in a 25 °C water bath. The reactions were started by the
addition of∆9D and at timed intervals 200µL aliquots were
withdrawn and quenched by rapid mixing with 150µL of
tetrahydrofuran.

Analysis of Kinetic Data. Initial desaturation velocities
were determined by linear least-squares fitting of the increase
in n:1 product versus time over a 3 min period. Four time
points were used for least-squares fitting. The steady-state
kinetic parameterskcat andKM were determined by nonlinear
least-squares fitting of the initial desaturation velocity and
the substrate concentration data to the Michaelis-Menten
equation,V ) kcat [S]/(KM + [S]). In this work, the turnover
number,kcat, is expressed relative to diiron center concentra-
tion. Linear and nonlinear least-squares fitting were done
with KaleidaGraph (Abelbeck Software, Reading, PA).

Acyl Chain Extraction, DeriVatization, and Quantitation.
Quenched assay samples were further diluted with 300µL
of deionized H2O and the fatty acyl chains were reductively
cleaved from ACP by addition of∼5 mg of NaBH4 (28).
After incubation at 37°C for 15 min, the remaining NaBH4
was quenched by addition of 100µL of 1 N HCl containing
saturating NaCl and the sample was then converted to
alkaline pH by the addition of 30µL of 10 N NaOH. The
fatty alcohols were recovered by two equal-volume extrac-
tions with CHCl3. The pooled CHCl3 aliquots were evapo-
rated to dryness under N2 at 40 °C and resuspended in 60
µL of hexane. The fatty alcohols were converted to silyl ether
derivatives for gas chromatographic analysis by the addition
of 2.5 µL of N-methyl-N-trimethylsilyltrifluoroacetamide.
Excess acetamide reagent was quenched by the addition of
1 µL of methanol.

The silyl ether products were identified and quantitated
on a Hewlett-Packard 6890 gas chromatograph equipped with
a 7683 auto injector and a HP-5MS column (30 m× 0.25
mm, 0.25µm film thickness) connected to either a flame
ionization detector or a Hewlett-Packard 5973 electron
ionization mass-sensitive detector. Either split or splitless
injection was used depending on the quantity of silyl ether
to be analyzed. For either injection method, the injector was
maintained at 250°C, the flame ionization detector was
maintained at 300°C, and the mass detector auxiliary
temperature was maintained at 280°C. The column tem-
perature was held at 50°C for 2 min following injection,
increased to 200°C at 35°C/min, and then increased from
200 °C to 218°C at 3°C/min. Under these conditions, the
18:1- and 18:0-silyl ethers eluted at 15.9 and 16.5 min,
respectively. The fractional desaturation of a fatty acid was
calculated by dividing then:1 peak area by the sum ofn:0
plus then:1 peak areas, and the total nanomoles ofn:1-ACP
formed during the reaction was calculated by multiplying
the total nanomoles ofn:0-ACP introduced into the reaction
by the fractional conversion.

Determination of Double-Bond Position. To provide
greater sensitivity to the accumulation of minor products in
the positional analysis, enzyme reactions were scaled up
∼10-fold relative to the reaction mixture used for kinetic
studies. Double-bond positions were determined by tandem
GC-EIMS analysis of the bis(methylthio)derivatives of the
products of 14:0-, 15:0-, 17:0-, and 19:0-ACP desaturation
reactions (29). Fatty alcohols obtained from NaBH4 treatment

were resuspended in 100µL of diethyl ether containing 60
mg/mL I2 and then followed by the addition of 350µL of
dimethyl disulfide. The samples were shaken for 1 h at 37
°C and then the bis(methylthio) derivatives of the fatty
alcohols were extracted, silylated, and analyzed by the
methods and GC-EIMS instrument described above. The
EIMS data were collected in scan mode with an ionization
energy of 70 eV. During chromatographic separation, the
column temperature was increased from 160 to 220°C at 2
°C/min and then increased from 220 to 245°C at 1°C/min.
Under these conditions, the bis(methylthio) derivatives of
15:1, 17:1, and 19:1 eluted at 30.8, 38.8, and 48.5 min,
respectively. During the analysis of the 14:1 bis(methylthio)
derivative, the column temperature was increased from 160
to 190°C at 2°C/min and then increased from 190 to 220
°C at 1 °C/min. Under these conditions, the 14:1 bis-
(methylthio) derivative eluted at 30.3 min.

RESULTS AND DISCUSSION

Performance of the Reconstituted∆9D Complex.Recom-
binant proteins required to reconstitute the∆9D complex
are presently not available from a single organism. Thus the
reconstituted complex typically consists of∆9D and FdR
from Ricinus communisandZea mays, respectively, vegeta-
tive Fd fromAnabaena, and acyl-ACP from eitherE. coli
or spinach. Previous studies of the related diiron enzyme
methane monooxygenase have shown that catalytic activity
is exquisitely sensitive to protein component concentrations
(30-34). It is therefore appropriate to consider the coupling
efficiency of the heterologous∆9D complex, particularly as
uncoupled electron-transfer reactions may result in depletion
of either NADPH or O2 from the reaction mixtures or the
accumulation of deleterious species such as H2O2 or O2

-.
Furthermore, in addition to positional specificity, binding
affinity, and catalytic rate, coupling efficiency is a funda-
mental characterization that can provide significant insight
into the mechanism of enzyme action (35-38) and the
comparative function of mutated isoforms (39).

Table 1 shows the coupling of O2 consumption and product
formation determined for∆9D with 16:0-, 18:0-, or 19:0-
ACP as the substrate. For 18:0-ACP, 85% coupling between
O2 utilization and formation of the 18:1 desaturated product
was obtained when the electron-transfer chain was configured
to contain FdR, Fd, and∆9D holoprotein in an equimolar
ratio at micromolar concentrations. Under these conditions,

Table 1: Coupling between O2 Consumption and Acyl-ACP
Desaturationa

acyl
chain

O2 consumedb

(nmol)
desaturated

productc (nmol)
couplingd

(%)
ratee

(nmol of O2/min)

16:0 25.0 (1.9) 6.50 (2.0) 26 10.7 (1.3)
18:0 21.4 (0.11) 18.1 (1.1) 85 57.0 (9.9)
19:0 20.9 (0.19) 17.9 (0.049) 86 45.6 (0.85)

a Values reported are the average of duplicate experiments with the
standard deviation in parentheses.b Amount of O2 consumed in the
presence of 25 nmol of acyl-ACP, 25 nmol of NADPH, and∼4.5 nmol
of FdR, Fd, and∆9D. c Nanomoles ofn:1 acyl chain produced.
d Percentage of desaturated product relative to O2 consumed.e The rate
for O2 consumption includes both coupled and uncoupled reactions.
The reported values are∼20% of kcat determined for acyl chain
desaturation by GC/EIMS under conditions where the electron-transfer
chain and acyl-ACP were saturating.
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the coupling percentage for 19:0-ACP was nearly identical
to that for 18:0-ACP (Table 1). For comparison, the camphor
(35), methane (36), and toluene3 monooxygenases also give
high levels of coupling (∼95%) at micromolar to submicro-
molar concentrations of the electron transfer, coupling, and
monooxygenase components during oxidation of their pre-
ferred substrates. Since these bacterial enzymes are encoded
by contiguous gene clusters that have likely been optimized
by evolution for efficient catalytic function, the present∆9D
complex assembled from heterologous protein components
performed reasonably well with 18:0-ACP as the substrate.
However, when 16:0-ACP was used as the substrate with
an otherwise identical electron-transfer chain composition,
the coupling efficiency dropped to 26%.

The results of Table 1 demonstrate that the heterologous
∆9D complex investigated here can function as an efficiently
coupled system only under defined experimental conditions,
which in this case includes the appropriate choice of
substrate, 18:0-ACP, and saturation of the electron-transfer
chain with ∆9D. For 18:0- and 19:0-ACP, the rate of O2

utilization during the well-coupled experiments was∼20%
of the rate of 18:1 and 19:1 formation determined upon
saturation of∆9D with the electron-transfer chain. In the
case of slow substrates such as 16:0-ACP or in the presence
of excess amounts of the electron-transfer components,
competing, uncoupled O2 utilization reactions become sig-
nificant relative to O2 utilization coupled to desaturation. The
loss of coupling efficiency is also observed during the
oxidation of alternative substrates by P450 (40, 41), fla-
voproteins (42), and other enzymes [e.g., 2-oxoglutarate-
dependent enzymes (2)] that activate O2 by reductive
cleavage mechanisms. Furthermore, since steric packing has
been proposed to contribute to the tight coupling observed
in P450cam (41), the chain length dependence of coupling
in ∆9D (Table 1) similarly suggests that efficient packing
of the acyl chain in the active site may play a role in coupled
∆9D turnover independent of the function of the electron-
transfer chain.

Position of Double-Bond Insertion.The double-bond
positions in the products of 14:0-, 15:0-, 17:0-, and 19:0-
ACP desaturation were identified through tandem GC-EIMS
analysis of the bis(methylthio) derivatives. Figure 1 shows
that the mass spectra for each of these alcohol-TMS
derivatives contains a strong signal from the characteristic
molecular ion. Furthermore, each derivative yielded a high-
abundancem/z ) 261 ion diagnostic for fragmentation at
the ∆9 position and a second fragment ion withm/z
corresponding to the remainder of the molecule. In all four
cases,>98% of the products contained a double bond at the
∆9 position based on the low abundance of ions expected
for double-bond insertion at alternative positions (between
C-8 and C-9 or between C-10 and C-11, indicated by arrows
in Figure 1D) as compared to the abundance of them/z )
261 ion for double-bond insertion between C-9 and C-10.
Thus strict conservation of regiospecificity at the∆9 position
was observed, and in particular for 19:0-ACP desaturation.
In combination with the results reported elsewhere for 16:
0- and 18:0-ACP desaturations (1, 19, 20), these results
firmly support the conclusion that protein-protein interac-

tions between ACP and the surface of∆9D help to provide
the “carboxyl-counting” aspect of∆9D catalysis (9, 20, 43).
However, the retention of double-bond position observed
with 19:0-ACP reveals that the active-site channel past the
diiron center can accommodate at least one more methyl
group without substantial degradation of either coupling
efficiency (Table 1) or double-bond positional specificity
(Figure 1D). A contrasting result has been observed for the
Thunbergia alata16:0-ACP∆6 desaturase when assayed with
17:0-ACP (10). In this case, 85% of 17:1-ACP product
contained a double bond at the∆6 position, while∼15%
occurred at the∆7 position. Moreover, the active-site
mutations L118F/P179I, at the end of the∆9D active-site
channel, caused a 5% accumulation of an 18:1 product with
a double bond at the∆10 position (10).

Steady-State Kinetic Analysis. The GC-EIMS assay used
for this study provides picomole sensitivity and chemical
verification of products and thus offers an alternative to
methods based on the use of radiolabeled fatty acids. To
investigate whether electron-transfer reactions would be rate-
limiting during steady-state kinetic measurements,KM ) 0.38
µM and kcat ) 35 min-1 were determined by varying Fd
concentration in standard assays where the concentrations
of all other protein components and substrates were fixed.

3 J. M. Studts, J. D. Pikus, K. H. Mitchell, and B. G. Fox, unpublished
results.

FIGURE 1: GC-EIMS spectra of trimethylsilyl, bis(methylthio)
derivatives of acyl chains reductively cleaved from acyl-ACP
following ∆9D-catalyzed desaturation. Products of∆9D reaction
with (A) 14:0-ACP, (B) 15:0-ACP, (C) 17:0-ACP, and (D) 19:0-
ACP are shown.
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Subsequent analysis of the reactivity of 18:0-ACP under
steady-state conditions showed that thekcat for desaturation
was nearly identical to thekcat for electron transfer from Fd.
Furthermore, the Fd concentration used in the kinetic assays
was∼3-fold higher than the apparentKM value, and increases
in Fd concentration did not increase the rate of 18:0-ACP
desaturation. Polarographic measurements revealed a chain-
length-dependent fraction of total NADPH and O2 utilization
was being diverted to uncoupled turnover when the desatu-
ration reaction was being driven at the maximal rate. Thus
the reconstituted electron-transfer chain was not rate-limiting
for desaturase catalysis.

For the faster substrates (17:0-, 18:0-, and 19:0-ACP), a
constant rate of reaction and sufficient product formation
were obtained in a 3 min assay for reliable kinetic analysis.
No inhibitory effects were observed when a glucose-6-
phosphate dehydrogenase-based NADPH regeneration sys-
tem (27) was used to support 18:0-ACP desaturation. For
the slower substrates (14:0-, 15:0-, and 16:0-ACP), the
linearity of reaction could be maintained over longer time
periods by use of higher concentrations of∆9D, Fd, and
FdR and the NADPH regeneration system, which also
allowed accumulation of higher levels of products. This
modification of the assay method was essential to obtain
suitable kinetic behavior for the acyl-ACPs with acyl chains
shorter than 17:0-ACP.

Figure 2A shows representative data for the time-depend-
ent accumulation of 17:1 product during the desaturation of
17:0-ACP. The initial desaturation rate was determined by
linear least-squares fitting of these data. Figure 2B shows a
plot of the complete data set of initial desaturation rates
versus 17:0-ACP concentrations; the nonlinear least-squares
fit of these data to the Michaelis-Menten equation clearly
demonstrates saturation behavior with respect to 17:0-ACP.

Table 2 shows the steady-state kinetic parameterskcat and
KM determined for desaturation of 15:0- through 19:0-ACP;
similar saturation behavior and quality of least-squares fits
were observed for each of these acyl-ACPs. Comparison of
theKM values for 15:0- to 18:0-ACP revealed an∼2.5-fold
variation between the maximum and minimum values as the
length of the substrate acyl chain was changed. However,
steady increases inkcat and kcat/KM were observed as the
substrate acyl-chain length was increased from 15:0 to 18:
0, corresponding to an∼26-fold increase in both of these
parameters. For 19:0-ACP, the calculatedkcat/KM value was
similar to that for 18:0-ACP, but this similarity arose from
∼3-fold tighter binding in the Michaelis complex and a
compensatory∼3-fold decrease in the maximal rate. Table
2 also shows kinetic parameters for the desaturation of
spinach 18:0-ACP‚His6. TheKM value for this unnatural acyl-
ACP isoform was similar to that determined forE. coli 18:
0-ACP, while an∼25% increase inkcat was observed for
the spinach ACP‚His6 isoform.4

For the recombinant∆9D isoform from castor, the ratio
of kcat/KM values determined here for 18:0-ACP compared
to 16:0-ACP is∼15. This selectivity is somewhat smaller than the 100-fold selectivity previously reported for the

safflower (19) and soybean (20) isoforms purified directly
from plant sources. While species-specific protein-protein
interactions may contribute to these differences,4 further
comparisons of these results are appropriate. For the saf-
flower isoform, the kcat/KM for E. coli 18:0-ACP (9.5
µM-1‚min-1) was in close agreement with that reported here

4 The small increase inkcat/KM observed for spinach 18:0-ACP versus
E. coli 18:0-ACP is consistent with a minor contribution of protein-
protein interactions, presently unspecified, to catalytic efficiency and
selectivity. This role of protein-protein interactions has been recently
elaborated for the production of unusual monoenoic fatty acids in certain
plant tissues (44).

FIGURE 2: (A) Time-dependent accumulation of 17:1 desaturation
product at a fixed initial 17:0-ACP concentration of 52µM. (O)
Nanomoles of 17:1 produced. The solid line is a linear least-squares
fit whose slope is the initial desaturation rate,Vo. (B) dependence
of V0 on the concentration of 17:0-ACP substrate in∆9D reaction.
(9) MeasuredV0 (min-1). The solid line is a nonlinear least-squares
fit to the Michaelis-Menten equation.

Table 2: Kinetic Parameters for Desaturation of Different
Acyl-ACP Substrates by Stearoyl-ACP∆9 Desaturasea

substrateb kcat
c (min-1) KM (µM) kcat/KM (µM-1‚min-1) Rd

14:0e 0.43 5.8f 0.074f s
15:0e 1.9 (0.010) 6.9 (0.16) 0.28 0.999
16:0e 5.7 (0.62) 8.3 (2.6) 0.69 0.983
17:0 14 (0.87) 5.9 (1.6) 2.5 0.984
18:0 33 (0.80) 3.3 (0.42) 10 0.988
18:0-sACP 49 (3.8) 3.9 (1.4) 13 0.969
19:0 12 (1.1) 1.3 (0.71) 9.4 0.931

a Errors reported in parentheses are derived from nonlinear least-
squares fits as described in Materials and Methods.b All substrates were
produced from recombinantE. coli ACP with the exception of
18:0-sACP, which was produced from recombinant spinach ACP‚His6.
c kcat per diiron active site.d Correlation coefficient from nonlinear least-
squares fitting.e An NADPH regenerating system described in Materials
and Methods was required to observe linear initial velocities due to
the low kcat value relative to uncoupled NADPH consumption.f Cal-
culated as described in text.
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(Table 2, 10µM-1‚min-1), but this similarity arose from a
∼10-fold lowerkcat value and a 10-fold lowerKM value. For
16:0-ACP, the safflower isoform showed a 10-fold decrease
in kcat and essentially no change inKM, which resulted in
∼10-fold lowerkcat/KM value (0.06µM-1‚min-1) than that
reported here (Table 2, 0.69µM-1‚min-1). In these previous
studies of the safflower isoform, the electron-transfer chain
components, O2, and NADPH were incubated for 10 min
prior to the addition of acyl-ACP and∆9D, which would
allow for substantial uncoupled NADPH consumption, O2

reduction, and potential inactivation reactions. As described
above (Table 1), the uncoupled reactivity would be further
exacerbated upon addition of 16:0-ACP, so that malfunction
of the electron-transfer chain may account for the lowerkcat

value. For the soybean isoform, thekcat values determined
for both 16:0- and 18:0-ACPs were comparable to those
reported here, while theKM values were∼4-fold higher.
However, a 1.5-fold increase in the desaturation rate was
noted when the Fd concentration was raised 5-fold in the
presence of subsaturating concentrations of 18:0-ACP (20),
suggesting that the magnitude of theKM values may have
been overestimated due to faulty optimization of the electron-
transfer chain.

Inhibition of 18:0-ACP Desaturation by Holo-ACP,
14:0-ACP, or 16:1-ACP. The rate of desaturation of 40µM
18:0-ACP was not changed by the addition of 40µM holo-
ACP to the assay and was reduced by only∼20% in the
presence of 600µM holo-ACP. This limited inhibition study
supports the importance of the acyl chain to productive
binding interactions between ACP and∆9D. However, the
rate of desaturation observed for 20µM 18:0-ACP in either
the presence or the absence of 20µM 14:0-ACP was identical
(data not shown), suggesting that the association and
dissociation rates for 14:0-ACP are considerably faster than
the subsequent catalytic steps (no 14:1 product was detected
under the conditions optimized for 18:0 desaturation) and
that 18:0-ACP may have considerably higher commitment
to catalysis once the initial ES complex is formed (45). The
inclusion of 16:1-ACP at four different fixed concentrations
of 18:0-ACP resulted in an apparently mixed-type pattern
of inhibition of the 18:0-ACP desaturation reaction. Further
characterization of this inhibition mechanism was not
undertaken for these studies.

Role of Hydrophobic Partitioning in Substrate SelectiVity.
Previous kinetic studies of the safflower and soybean
isoforms of∆9D have suggested a role for the substrate acyl
chain in achieving optimal catalytic rates for desaturation, a
Vmaxeffect (19, 20). Furthermore, a combination of mutagenic
and crystallographic analyses of castor∆9D have led to the
proposal that interactions of the terminal methyl group of
the substrate acyl chain with the end of the active-site channel
control the chain length selectivity (1, 10).

Figure 3 shows that there is a linear relationship between
the length of the acyl chain of 15:0- through 18:0-ACP and
the log (kcat/KM) values. The linearity of this plot for both
natural and nonnatural acyl chain lengths supports the validity
of the comparative steady-state kinetic analysis shown in
Table 2 and Figure 2. The slope of this plot is equivalent to
the hydrophobic substituent constantπ, defined asπ ) log
PX - log PH, wherePH is the partition coefficient of a parent
molecule between an organic solvent and water andPX is
the partition coefficient of the derivative (46). Sinceπ is

derived from equilibrium partition coefficients, it is also a
thermodynamic constant. From partition coefficient analysis
of a wide variety of parent compounds, a value ofπ ≈ 0.5
per additional methylene group has been determined (46).
π-constants have been used to measure the effect of changes
in the hydrophobic substituents of substrates or inhibitors
on enzyme catalysis (46, 47). Recently, enzymes whose
substrates haven-alkyl substituents of varying chain length
have been analyzed by this approach (48-50). Like ∆9D,
these enzymes also have a linear relationship between chain
length and log (kcat/KM) over a defined range ofn-alkyl chain
lengths. Theπ-values determined for methylene group
addition varied from 0.7 to 1.3 for the yeast and human
isoforms of aldose reductase, respectively (49, 50), while a
π-value of∼1.5 was observed for nitroalkane oxidase (48).
For each of these three enzymes, the observed increase in
kcat/KM arose primarily from a decrease inKM as the length
of the alkyl chain was increased.

From the slope of the plotted line in Figure 3, a value of
π ) 0.52 was determined for∆9D catalysis with 15:0-18:
0-ACPs. In this case, the observed increase inkcat/KM arose
primarily from an increase inkcat as opposed to a decrease
in KM (Table 2). From the relationship∆∆Gbinding )
-2.303RTπ (51), a free energy change of∼-3 kJ/mol per
methylene group may be available from binding interactions
for enhancement of the∆9D reaction. Similarly, a study of
the hydrophobic partitioning of long-chain saturated fatty
acids (C7-C21) between heptane and aqueous solutions
revealed a monotonic increase in∆∆Gtransfer for increasing
alkyl chain length corresponding to∼-3.5 kJ/mol per
methylene group (52). Thus theπ-value determined for the
reaction of acyl-ACPs with∆9D strongly implies a role for
hydrophobic partitioning of the substrate acyl chain from
aqueous solution into the nonpolar active-site channel (9).
Since 19F NMR studies of 6,6- and 13,13-difluorotetra-
decanoyl-ACPs have indicated that at least the first 13
carbons of the acyl chain interact with ACP (53), ∼15 kJ/
mol of hydrophobic binding energy would potentially be

FIGURE 3: Dependence of log (kcat/KM) on the length of acyl-chain
for natural and nonnatural acyl-ACP substrates. The solid line is a
least-squares fit of the 15:0- to 18:0-ACP data showing a linear
increase in log (kcat/KM) per methylene group added to the substrate.
Symbols used are as follows: log (kcat/KM) values for 15:0- through
18:0-ACP (9); 18:0-sACP‚His6 ([); 19:0-ACP (b). The log (kcat/
KM) value for 14:0-ACP (0) was calculated as described in the
text.
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available from partition of the solvent-exposed end of an
18:0 acyl chain into the∆9D active-site channel. We propose
that optimized utilization of this hydrophobic binding energy
is responsible for the catalytic selectivity of∆9D catalysis.5

The linear relationship shown in Figure 3 did not hold for
19:0-ACP, as a decrease inKM (tighter binding) and a
decrease inkcat were the apparent consequences of an extra
methylene group. Attempts to extend this analysis to include
20:0-ACP were unsuccessful as this substrate could not be
prepared by enzymatic acylation methods. In contrast, 14:
0-ACP could be readily prepared and was desaturated to yield
14:1-ACP with>98% positional specificity for∆9 double
bond insertion (Figure 1A). Due to the presence of low-
boiling contaminants derived from the derivatization reagent
that interfered with quantitation of low 14:1 concentrations,
kcat/KM could not be directly determined at low substrate
concentrations (54), and likewise, an accurate determination
of the KM value for 14:0-ACP was not possible by using
either nonlinear least-squares fitting or reciprocal plotting.
However, by evaluation of the rate of desaturation for 50
µM 14:0-ACP, which should approximate saturation on the
basis of theKM values determined for other acyl-ACPs (Table
2), akcat value of 0.43 min-1 was determined for 14:0-ACP.
By combining thiskcat value and the equation for the best-
fit line to the chain length versus log (kcat/KM) data for 15:0-
through 18:0-ACP, aKM value of 5.8( 3 µM was then
estimated for 14:0-ACP. The magnitude of this calculated
KM value falls within the range of theKM values measured
for other acyl-ACPs (3.3-8.3 µM, Table 2).

EVolutionary Consequences of Acyl Chain SelectiVity. A
number of variant acyl-ACP desaturases with selectivities
for shorter chain acyl-ACPs and with specificities for double-
bond insertion at different positions have recently been
identified (11, 55-59). These enzymes are undoubtedly
evolved from an ancestral acyl-ACP desaturase gene, on the
basis of the high amino acid sequence identity. Surprisingly,
some of these isoforms may have considerably lower specific
activities for their respective, preferred desaturation reactions
than∆9D has for 18:0-ACP desaturation (11, 57, 59). This
may reflect a reduced metabolic requirement for these
unusual fatty acids and a correspondingly low evolutionary
pressure to maximize enzyme performance. Alternatively,
the lower specific activities may reflect the short evolutionary
time since the emergence of these higher plant isoforms,
which has not permitted a full reoptimization of catalytic
properties.

Recently, mutagenesis methods have provided significant
insight into the molecular basis for the divergence of chain-
length selectivity in the acyl-ACP desaturases (10, 11, 59).
For ∆9D, the site-directed mutations L118F and P179I, two
amino acids found at the end of the putative 18:0-ACP active
site channel, gave a 15-fold increase inspecific actiVity for

16:0-ACP but a corresponding∼10-fold decrease in specific
activity for 18:0-ACP (10). Furthermore, the specific activity
of the altered L118F/P179I∆9D with 16:0-ACP was still
∼3-fold lower than the specific activity of the native isoform
with 18:0-ACP. It has also been shown that the mutation
L118W caused a shift to nearly equivalent specific activities
for desaturation of either 16:0- or 18:0-ACP but caused a
∼30-fold decrease in the specific activity for 18:0-ACP
desaturation (11). In these mutagenesis studies,KM values
and coupling efficiencies were not evaluated. However, based
on the selectivity analysis of Table 2 and Figure 3, one
plausible reason for the lower activity of the mutated∆9D
isoforms (occluded active-site channel) and other natural
acyl-ACP desaturase isoforms (selectivity for shorter acyl
chains) may be that less binding energy is available for
transition-state stabilization from partition of shorter portions
of acyl chain.

Role of Acyl Chain Binding in the Mechanism of Acyl-
ACP Desaturase Catalysis.We have recently described the
formation and reactivity of a peroxo complex of∆9D (13).
The combination of 4e- ∆9D, 18:0-ACP, and O2 was
required to produce this intermediate, and substitution of
either holo-ACP or stearoyl-CoA did not elicit its appearance.
Furthermore, the presence or absence of 18:0-ACP has also
been shown to cause profound changes in the electronic and
geometric properties of the∆9D clusters (12, 13, 62). The
steady-state kinetic studies reported here further elaborate
the role of the acyl chain by correlating an increase in
hydrophobic binding energy available from a longer acyl
chain with an increase in the rate of desaturation. A
correlation of the presently available spectroscopic and
thermodynamic data suggests that one role of 18:0-ACP
binding may be to help convert the diiron center into a
configuration more reactive with O2, possibly by promoting
carboxylate shifts or other required ligand rearrangement
reactions.
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