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ABSTRACT. Stearoyl acyl carrier protein® desaturaseA9D) uses a diiron center to catalyze the NADPH-

and Q-dependent desaturation of stearoyl acyl carrier protein (ACP) to form oleoyl-ACP. The reaction
of recombinanRicinus communida9D 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 ©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 thakthealues were similar{2.5-fold difference)

for 15:0-18:0-ACP, while thek.o: values increased by26-fold for the same range of acyl chain lengths.

A linear increase in logkta/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 dé.tifié\ values for 18:0-

and 19:0-ACPs and the retained preference for double-bond insertion Af fhesition with 19:0-ACP
(>98% desaturation at thA® 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 substraté Guliging
estimated from the changelg./Ky for increasing substrate acyl-chain length w&&kJ/mol per methylene
group, similar to the value of3.5 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. (1B#®). Natl. Acad. Sci.
U.S.A. 70 289-293]. Since theKy 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 withA9D.

Acyl-ACP! desaturases catalyze the NADPH- angt O  of ribonucleotide diphosphate reducta3e %) and numerous
dependent introduction of cis double bonds into saturated bacterial hydrocarbon monooxygenasgasj. These soluble
fatty acyl chains covalently attached to ACP via a phospho- enzymes have a closely related protein fold that contains two
pantetheine thioester bont) (These homodimeric enzymes copies of the iron binding motif (D/E)XEX.H separated
are uniquely found in photoauxotrophiuglenaand the by ~100 amino acids4, 7). All catalyze Q activation as
plastid organelles of plants. The acyl-ACP desaturases arepart of their respective reaction cycles, and related intermedi-
also part of a functionally and structurally diverse group of ates including:-1,2-peroxo, ferric-ferryl mixed valence, and
soluble diiron enzyme<j that includes the R2 component diferryl have been recently identified,(6, 16, 60—62),
implying many aspects of the catalytic mechanisms will also
t This work was supported by Grant GM-50853 from the National be similar.
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Molecular Biophysics Pre-Doctoral Training Grant T32 GM-08293.  ized acyl-ACP desaturase. This enzynid, (~ 84 000)
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enzyme.wisc.edu; telephone (608) 262-9708; fax: (608) 265-2904. ialdi _ . ; _
1 Abbreviations: ACP, holo-acyl carrier protein; ACP-Kisecom- 9000), yielding oleoyl-ACP (18:1-ACP). Spectroscopic stud

binant acyl carrier protein containing a C-terminal Hiequence;  1€S have shown that restin§9D contains 4 mol of iron in
n:0-ACP, ann-carbon saturated fatty acid covalently attached to acyl two oxo/hydroxo-bridged diferric center§,(8), while an
carrier protein through phosphopantetheine thioester beridACP, X_ray structure revealed that photoredum had lost the

an n-carbon monounsaturated fatty acid covalently attached to acyl . . .
carrier protein;A9D, 18:0-acyl carrier proteirk® desaturase; resting oxo bridge @). In this structure, the diferrous centers have

A9D, as-isolated form of 18:0-acyl carrier proteis® desaturase  two carboxylate bridges and each iron site has a five-
containing two diferric clusters; 4eA9D, chemically reduced formof  coordinate, roughly octahedral geometry. A long nonpolar

0-. i i ini i . . . . ar
18:0-acyl carvier protei\” desaturase containing two diferrous clusters;  channel that nearly traversed the entire subunit was identified
EIMS, electron ionization mass spectrometry; Fd, recombiranat-

baena7120 vegetative [2Fe-2S] ferredoxin; FdR, recombie mays {0 contain the crystallization additive octyl glucoside. Mo-
NADPH:ferredoxin oxidoreductase. lecular modeling showed that the dimensions of this channel
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were sufficient to accommodate an 18:0 acyl chain and placeenhance catalysis rather than improve substrate binding. As
the C-9 position in proximity to the diiron center. Further- the binding of shorter acyl chains apparently does not provide
more, mutagenesis has been used to alter the selectivity forsufficient activation energy for efficient desaturase catalysis,

chain length while retaining overall specificity for the these observations reveal the underlying mechanism for acyl
position of double-bond insertiod @, 11); the most produc-  chain length selectivity observed with9D.

tive of these mutations occur15 A from the diiron center
at the end of the nonpolar channel. MATERIALS AND METHODS

Recent MCD studies of 4eA9D produced by chemical EnzymesRecombinant stearoyl-ACR® desaturase and
reduction in the absence of 18:0-ACP revealed two equiva- Anabaena’120 Vegetati\/e Fd were expressed, purified, and
lent, five-coordinate hlgh-spln ferrous sites in a distorted characterized as previous|y describég, (2]_' 22) Recom-
square pyramidal geometry?), which is consistent with  pinantZea mays~dR (3) was purified by a combination of
the X-ray structure. Single-turnover catalytic studies have jon exchange and gel filtration chromatographies. Recom-
shown that 4e A9D is not reactive with @in the absence  pjnantLeuconostoc mesenteroidgisicose-6-phosphate de-
of 18:0-ACP (.3), implying that this equivalently coordinated  hydrogenase was from Sigma Chemical Co. (St. Louis, MO).
diferrous state is not correctly configured for reactivity. Upon  Expression, Purification, and Acylation of ACHEor
complexation with 18:0-ACP, changes in the MCD spectrum expression oEscherichia coliACP2 the host was grown in
indicated the conversion of one iron site of the diferrous 3 Bjoflow 3000 fermenter (New Brunswick, Piscataway, NJ)
center from a five-coordinate site to a four-coordinate iy Luria—Bertani medium as previously describei8 E.
distorted tetrahedral geometry, while the other iron site was ¢o|j ACP was produced as a mixture of the apo and holo
distorted toward a trigonal bipyramidal geometry; reaction forms and purified by minor modifications of established
of this complex with @ gives rise to a quasistable peroxo procedures4; ~100 mg of purified ACP recovered/L of
intermediate we have called perax@D (13). Although the  fermentation medium). Purification of spinach AE#sg, in
optical spectrum and the vibrational frequencies determinedyjitro phosphopantetheinylation of eithEr coli or spinach
by resonance Raman spectroscopy are closely related to theypo-ACP, and acylation of holo-ACPs with either 14:0
u-1,2 peroxo intermediates detected in other diiron enzymes 19:0 or 16:1 fatty acids were as previously describig). (
(14-17), peroxa\9D decays by an oxidase reaction rather Quantitation of acyl-ACP was performed by cleavage of the
than by acyl chain desaturation. These spectroscopic studiegcyl chain in 0.06 M NaOH for 10 min at 4GC followed
indicate the possible physical consequences of 18:0-ACPhy neutralization with HCI. The concentration of liberated
binding on the structural properties of the diiron centers in free thiol on the phosphopantetheine group of holo-ACP was
4e” A9D and imply that substrate binding interactions may then quantitated by reaction with 5dithiobis(2-nitrobenzoic
also provide substantial contributions to the catalytic de- acid) @5).
saturation cycle. Coupling DeterminationsThe coupling between NADPH

When compared to the presently available physical and Q utilization andn:1-ACP production was determined
characterizations, considerably less information is available at room temperature with a Clarke-type &ectrode (Yellow
concerning the catalytic properties&48D. In part, this has  Springs Instruments, Yellow Springs, OH) and custom-built
arisen from the complexity of obtaining sufficient quantities amplifier (26). The polarograph sensitivity was calibrated
of acyl-ACPs. By combining previously defined enzymatic to provide full-scale response when 50 nmol of @Was
steps with newly available recombinant systems, we have consumed in the irreversible oxygenation of 50 nmol of
been able to prepare both natural and nonnatural acyl-ACPsrecrystallized protocatechuic acid by purified 3,4 protocat-
in large amounts1@). This availability has permitted the echuate dioxygenas2g). A typical assay contained 4.4 nmol
more extensive investigation of the steady-state kinetic of FdR, 4.8 nmol of Fd, 4.5 nmol cA9D holoprotein, and
properties of theA9D complex reported here. 25 nmol of acyl-ACP in a final volume of 1.7 mL of 50

During in vitro multiple turnover catalysis, a heterologous MM HEPES, pH 7.8, containing 50 mM NaCl. The reaction
biological electron transfer chain consisting of FdR and [2Fe- Was initiated by the addition of 25 nmol of NADPH. After
2S] Fd has been established to provide minimally & th_e Q consumption reaction was complete, the reaction
restingA9D (19, 20). In this work, the conditions that yield =~ Mixture was removed from the electrode chamber and
either efficient coupling or rapid multiple turnover of the duenched by the addition of tetrahydrofuran, and the acyl
reconstituted, heterologous complex have been investigatedChains were extracted, derivatized, and quantitiated as
Furthermore, previous detailed kinetic studies of acyl-Acp described below. _ .
desaturases have been limited to reactions of the safflower Assays Used for Kinetic Studids a typical assay, 0.2
(19) and soybean isoform&Q) with the naturally occurring ~ nmol of FdR, 1 nmol of Fd, 0.02 nmol af9D, 150 nmol
16:0-ACP and 18:0-ACPs. These two independent studiesOf N:0-ACP, and 1700 nmol of NADPH were placed in an
suggested an-100-fold increase irke for 18:0-ACP as ~ OPen 5 mL autosampler vial containing 1 mL of 50 mM
compared to 16:0-ACP, while th, values determined for ~HEPES, pH 7.8, and 50 mM NaCl. For substrates with low
these two substrates were similar. In light of this apparent Keat (14:0-, 15:0-, and 16:0-ACP), the protein components
kinetic selectivity for acyl chain length, and with respect to Were increased to provide greater product formation with
the newly available structural and spectroscopic datA@i, time. In addition, an NADPH regeneration syste@i/)(
we have undertaken a more detailed steady-state kineticconsisting of 206-400uM glucose 6-phosphate, 9 units of
analysis of theA9D reaction. These studies, performed with 9lucose-6-phosphate dehydrogenase, and—200 uM
acyl-ACPs having both natural and unnatural acyl chain
lengths, reveal that hydrophobic binding energy is used to  2J. A. Haas, M. A. Frederick, and B. G. Fox, unpublished results.
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NADPH was used to maintain a constant NADPH level
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Table 1: Coupling between Consumption and Acyl-ACP

during the reaction. Reaction vials were shaken at 100 rpm pesaturation

in a 25°C water bath. The reactions were started by the
addition ofA9D and at timed intervals 2QL aliquots were
withdrawn and quenched by rapid mixing with 150 of
tetrahydrofuran.

Analysis of Kinetic Datalnitial desaturation velocities

were determined by linear least-squares fitting of the increase

in n:1 product versus time ove 3 min period. Four time

acyl O,consumebl desaturated coupling' ratet

chain (nmol) product (nmol) (%) (nmol of G)/min)
16:0 25.0(1.9) 6.50 (2.0) 26 10.7 (1.3)
18:0 21.4(0.11)  18.1(L.1) 85 57.0 (9.9)
19:0 20.9(0.19)  17.9(0.049) 86 45.6 (0.85)

aValues reported are the average of duplicate experiments with the
standard deviation in parenthesegmount of G consumed in the

points were used for least-squares fitting. The steady-statepresence of 25 nmol of acyl-ACP, 25 nmol of NADPH, ard.5 nmol

kinetic parameterk.,andKy were determined by nonlinear
least-squares fitting of the initial desaturation velocity and
the substrate concentration data to the Michadgnten
equationy = ket [S)/(Kw + [S]). In this work, the turnover
number K.q; 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, Detiatization, and Quantitation.
Quenched assay samples were further diluted withd00
of deionized HO and the fatty acyl chains were reductively
cleaved from ACP by addition of5 mg of NaBH, (28).
After incubation at 37C for 15 min, the remaining NaBH
was quenched by addition of 1@ of 1 N HCI containing

of FdR, Fd, andA9D. ¢ Nanomoles ofn:1 acyl chain produced.

d Percentage of desaturated product relative toddsumed® The rate

for O, consumption includes both coupled and uncoupled reactions.
The reported values are20% of k.: determined for acyl chain
desaturation by GC/EIMS under conditions where the electron-transfer
chain and acyl-ACP were saturating.

were resuspended in 104 of diethyl ether containing 60
mg/mL |, and then followed by the addition of 356 of
dimethyl disulfide. The samples were shaken fch 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

saturating NaCl and the sample was then converted toenergy of 70 eV. During chromatographic separation, the

alkaline pH by the addition of 3pL of 10 N NaOH. The
fatty alcohols were recovered by two equal-volume extrac-
tions with CHC}. The pooled CHGlaliquots were evapo-

column temperature was increased from 160 to 22@t 2
°C/min and then increased from 220 to 245at 1°C/min.
Under these conditions, the bis(methylthio) derivatives of

rated to dryness underzNat 40°C and resuspended in 60 15:1, 17:1, and 19:1 eluted at 30.8, 38.8, and 48.5 min,
uL of hexane. The fatty alcohols were converted to silyl ether respectively. During the analysis of the 14:1 bis(methyithio)
derivatives for gas chromatographic analysis by the addition derivative, the column temperature was increased from 160
of 2.5 uL of N-methyl-N-trimethylsilyltrifluoroacetamide.  to 190°C at 2°C/min and then increased from 190 to 220
Excess acetamide reagent was quenched by the addition ofC at 1 °C/min. Under these conditions, the 14:1 bis-
1 uL of methanol. (methylthio) derivative eluted at 30.3 min.
The silyl ether products were identified and quantitated
on a Hewlett-Packard 6890 gas chromatograph equipped wWithRESULTS AND DISCUSSION
a 7683 auto injector and a HP-5MS column (30x10.25
mm, 0.25um film thickness) connected to either a flame  Performance of the Reconstitut&®D ComplexRecom-
ionization detector or a Hewlett-Packard 5973 electron binant proteins required to reconstitute théD complex
ionization mass-sensitive detector. Either split or splitless are presently not available from a single organism. Thus the
injection was used depending on the quantity of silyl ether reconstituted complex typically consists ABD and FdR
to be analyzed. For either injection method, the injector was from Ricinus communiandZea maysrespectively, vegeta-
maintained at 250C, the flame ionization detector was tive Fd fromAnabaenaand acyl-ACP from eitheE. coli
maintained at 300°C, and the mass detector auxiliary OF spinach. Previous studies of the related diiron enzyme
temperature was maintained at 28D. The column tem- methane monooxygenase have shown that catalytic activity
perature was held at 50C for 2 min following injection, is exquisitely sensitive to protein component concentrations
increased to 200C at 35°C/min, and then increased from  (30—34). It is therefore appropriate to consider the coupling
200°C to 218°C at 3°C/min. Under these conditions, the ~€efficiency of the heterologous9D complex, particularly as
18:1- and 18:0-silyl ethers eluted at 15.9 and 16.5 min, uncoupled electron-transfer reactions may result in depletion
respectively. The fractional desaturation of a fatty acid was Of either NADPH or Q from the reaction mixtures or the
calculated by dividing the:1 peak area by the sum af0 accumulation of deleterious species such a®tbr O,
p|us then:1 peak areas, and the total nanomoles:dfACP Furthermore, in addition to pOSitionaI SDECiﬁCity, blndlng
formed during the reaction was calculated by multiplying affinity, and catalytic rate, coupling efficiency is a funda-
the total nanomoles af0-ACP introduced into the reaction mental characterization that can provide significant InSIth
by the fractional conversion. into the mechanism of enzyme actioB5(-38) and the
Determination of Double-Bond PositioriTo provide ~ comparative function of mutated isoforn39f.
greater sensitivity to the accumulation of minor products in ~ Table 1 shows the coupling ol@onsumption and product
the positional analysis, enzyme reactions were scaled upformation determined foA9D with 16:0-, 18:0-, or 19:0-
~10-fold relative to the reaction mixture used for kinetic ACP as the substrate. For 18:0-ACP, 85% coupling between
studies. Double-bond positions were determined by tandemO; utilization and formation of the 18:1 desaturated product
GC-EIMS analysis of the bis(methylthio)derivatives of the was obtained when the electron-transfer chain was configured
products of 14:0-, 15:0-, 17:0-, and 19:0-ACP desaturation to contain FdR, Fd, and9D holoprotein in an equimolar
reactions 29). Fatty alcohols obtained from NaBHkfeatment ratio at micromolar concentrations. Under these conditions,
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the coupling percentage for 19:0-ACP was nearly identical A,
to that for 18:0-ACP (Table 1). For comparison, the camphor €100 117 261
(35), methane36), and toluenémonooxygenases also give g 804
high levels of coupling{95%) at micromolar to submicro- § 60 .
molar concentrations of the electron transfer, coupling, and < 40 5'}’;8
monooxygenase components during oxidation of their pre- £ 20 J
ferred substrates. Since these bacterial enzymes are encoded & o bl \ | L. t
by contiguous gene clusters that have likely been optimized 50 150 250 350 450 550
by evolution for efficient catalytic function, the presex@D B. m/z
complex assembled from heterologous protein components 004 261
performed reasonably well with 18:0-ACP as the substrate. 8 g0l
However, when 16:0-ACP was used as the substrate with g 60 M+
an otherwise identical electron-transfer chain composition, 2 40 392
the coupling efficiency dropped to 26%. % 20
The results of Table 1 demonstrate that the heterologous & o_ L il
A9D complex investigated here can function as an efficiently o 10 250 3%0 20 580
coupled system only under defined experimental conditions, C. m/z
which in this case includes the appropriate choice of £ 1004 159
substrate, 18:0-ACP, and saturation of the electron-transfer g g0 261
chain with A9D. For 18:0- and 19:0-ACP, the rate ot O 'g’ 60
utilization during the well-coupled experiments wa20% 8 40 M*
of the rate of 18:1 and 19:1 formation determined upon = 50 420
saturation ofA9D with the electron-transfer chain. In the & ol Jﬂmm ‘ L
case of slow substrates such as 16:0-ACP or in the presence 50 150 950 350 450 550
of excess amounts of the electron-transfer components, D. m/z
competing, uncoupled Qutilization reactions become sig- 1004 187
nificant relative to Q utilization coupled to desaturation. The g 80 261
loss of coupling efficiency is also observed during the g 60
oxidation of alternative substrates by P45M,(41), fla- § 40 M*
voproteins 42), and other enzymes [e.g., 2-oxoglutarate- = ol 448
dependent enzymes2){ that activate @ by reductive L _\UNJLL L‘. lll | l
cleavage mechanisms. Furthermore, since steric packing has 50 150 250 350 450 550

been proposed to contribute to the tight coupling observed _ _ _ _
in P450cam 41), the chain length dependence of coupling Ficure 1: GC-EIMS spectra of trimethylsilyl, bis(methylthio)

; . L ; derivatives of acyl chains reductively cleaved from acyl-ACP
in A9D (Table 1) similarly suggests that efficient packing following A9D-catalyzed desaturation. ProductsASID reaction

of the acyl chain in the active site may play a role in coupled i (A) 14:0-ACP, (B) 15:0-ACP, (C) 17:0-ACP, and (D) 19:0-
A9D turnover independent of the function of the electron- ACP are shown.

transfer chain.

Position of Double-Bond InsertionThe double-bond  tions between ACP and the surfaceA8D help to provide
positions in the products of 14:0-, 15:0-, 17:0-, and 19:0- the “carboxyl-counting” aspect &9D catalysis 9, 20, 43).
ACP desaturation were identified through tandem GC-EIMS However, the retention of double-bond position observed
analysis of the bis(methylthio) derivatives. Figure 1 shows with 19:0-ACP reveals that the active-site channel past the
that the mass spectra for each of these alcohol-TMS diiron center can accommodate at least one more methyl
derivatives contains a strong signal from the characteristic group without substantial degradation of either coupling
molecular ion. Furthermore, each derivative yielded a high- efficiency (Table 1) or double-bond positional specificity
abundancen/z = 261 ion diagnostic for fragmentation at (Figure 1D). A contrasting result has been observed for the
the A° position and a second fragment ion with/z Thunbergia alatal 6:0-ACPA® desaturase when assayed with
corresponding to the remainder of the molecule. In all four 17:0-ACP @0). In this case, 85% of 17:1-ACP product
cases>98% of the products contained a double bond at the contained a double bond at th€ position, while ~15%

A°® position based on the low abundance of ions expectedoccurred at theA” position. Moreover, the active-site
for double-bond insertion at alternative positions (between mutations L118F/P179I, at the end of tA®D active-site
C-8 and C-9 or between C-10 and C-11, indicated by arrows channel, caused a 5% accumulation of an 18:1 product with
in Figure 1D) as compared to the abundance ofrtfe= a double bond at th&a° position (0).
261 ion for double-bond insertion between C-9 and C-10. Steady-State Kinetic AnalysiShe GC-EIMS assay used
Thus strict conservation of regiospecificity at th&position for this study provides picomole sensitivity and chemical
was observed, and in particular for 19:0-ACP desaturation. verification of products and thus offers an alternative to
In combination with the results reported elsewhere for 16: methods based on the use of radiolabeled fatty acids. To
0- and 18:0-ACP desaturationg, (19, 20), these results  investigate whether electron-transfer reactions would be rate-
firmly support the conclusion that protetiprotein interac- limiting during steady-state kinetic measuremelts—= 0.38
uM and kege = 35 mint were determined by varying Fd
3J. M. Studts, J. D. Pikus, K. H. Mitchell, and B. G. Fox, unpublished concentration in standard assays where the concentrations
results. of all other protein components and substrates were fixed.
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Subsequent analysis of the reactivity of 18:0-ACP under A12
steady-state conditions showed that khgfor desaturation

was nearly identical to thie., for electron transfer from Fd. 1
Furthermore, the Fd concentration used in the kinetic assays 3
was~3-fold higher than the appareiit, value, and increases € 0.8
in Fd concentration did not increase the rate of 18:0-ACP <
desaturation. Polarographic measurements revealed a chain- % 0.6
length-dependent fraction of total NADPH and @ilization ff
was being diverted to uncoupled turnover when the desatu- K 0.4
ration reaction was being driven at the maximal rate. Thus T

the reconstituted electron-transfer chain was not rate-limiting 0.2+
for desaturase catalysis.

For the faster substrates (17:0-, 18:0-, and 19:0-ACP), a 0- —— T T T
constant rate of reaction and sufficient product formation o o5 1 15225
were obtainedri a 3 min assay for reliable kinetic analysis. time (min)

No inhibitory effects were observed when a glucose-6- B. 14
phosphate dehydrogenase-based NADPH regeneration sys-

tem 27) was used to support 18:0-ACP desaturation. For 121 n
the slower substrates (14:0-, 15:0-, and 16:0-ACP), the 10
linearity of reaction could be maintained over longer time —~
periods by use of higher concentrations 8D, Fd, and £ 84
FdR and the NADPH regeneration system, which also £
allowed accumulation of higher levels of products. This L 14"
modification of the assay method was essential to obtain 4
suitable kinetic behavior for the acyl-ACPs with acyl chains

shorter than 17:0-ACP. 2+

Figure 2A shows representative data for the time-depend- 0
ent accumulation of 17:1 product during the desaturation of g 10 20 30 40 50 60 70

17:0-ACP. The initial desaturation rate was determined by 17-0-ACP1 (UM
linear least-squares fitting of these data. Figure 2B shows a [17:0- 1 (M)

plot of the complete data set of initial desaturation rates FIGURE 2: (A) Time-dependent accumulation of 17:1 desaturation

versus 17:0-ACP concentrations; the nonlinear Ieast-square{lIrOOIUCt at a fixed initial 17:0-ACP concentration of . (O)
’ anomoles of 17:1 produced. The solid line is a linear least-squares

fit of these data to th_e MichaeH_s!\/Ienten equation clearly fiy\yhose slope is the initial desaturation ratg, (B) dependence
demonstrates saturation behavior with respect to 17:0-ACP.of 4, on the concentration of 17:0-ACP substrate\@D reaction.
Table 2 shows the steady-state kinetic paramétgrand (W) Measureds, (min~*). The solid line is a nonlinear least-squares
Ky determined for desaturation of 15:0- through 19:0-ACP; fit to the Michaelis-Menten equation.
similar saturation behavior and quality of least-squares fits
were observed for each of these acyl-ACPs. Comparison of Table 2: Kinetic Parameters for Desaturation of Different
the Ky values for 15:0- to 18:0-ACP revealed a®.5-fold ~ ACYMACP Substrates by Stearoyl-ACK” Desaturase _
variation between the maximum and minimum values as the substrate ke (min™!) Kw (uM)  kealKu @M~min~Y) R

length of the substrate acyl chain was changed. However, 14.¢° 0.43 5.8 0.074 -

steady increases ik and ke/Kw were observed as the 15C 1.9(0.010) 6.9(0.16) 0.28 0.999
substrate acyl-chain length was increased from 15:0 to 18: ig;g 154'7(0(%%2) %‘39((21:%)) %%9 %3%3
0, corresponding to an-26-fold increase in both of these 71g:g 33(0.80)  3.3(0.42) 10 0.988
parameters. For 19:0-ACP, the calculakedKy value was 18:0-sACP 49 (3.8) 3.9(1.4) 13 0.969
similar to that for 18:0-ACP, but this similarity arose from 19:0 12(1.1) 1.3(0.71) 9.4 0.931

~3-fold tighter binding in the Michaelis complex and a aErrors reported in parentheses are derived from nonlinear least-
compensatory-3-fold decrease in the maximal rate. Table squares fits as described in Materials and Methbddl. substrates were
2 also shows kinetic parameters for the desaturation of produced from recombinanE. coli ACP with the exception of

. j - . 18:0-sACP, which was produced from recombinant spinach-AGE
spinach 18:0-ACHHiss. TheKy value for this unnatural acyl- ¢\~ o diiron active site? Correlation coefficient from nonlinear least-

ACP isoform was similar to that determined fiér coli 18: squares fittinge An NADPH regenerating system described in Materials
0-ACP, while an~25% increase irke.a: was observed for and Methods was required to observe linear initial velocities due to
the spinach ACPHiss isoform? the low k.o value relative to uncoupled NADPH consumptib@al-

For the recombinanA9D isoform from castor, the ratio  culated as described in text.

of keafKm 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 (L9) and soybean2() isoforms purified directly
4 The small increase ik.a/Kw observed for spinach 18:0-ACP versus  from plant sources. While species-specific protginotein
E. coli 18:0-ACP is consistent with a minor contribution of protein interactions may contribute to these differentdarther

protein interactions, presently unspecified, to catalytic efficiency and comparisons of these results are appropriate. For the saf-
selectivity. This role of proteiriprotein interactions has been recently . . .
elaborated for the production of unusual monoenoic fatty acids in certain flower isoform, the keafKw for E. coli 18:0-ACP (9.5

plant tissues44). uM~tmin~1) was in close agreement with that reported here
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(Table 2, 10uM~1-min~1), but this similarity arose from a 1.5
~10-fold lowerk., value and a 10-fold loweky, value. For
16:0-ACP, the safflower isoform showed a 10-fold decrease 1 : °

in kear and essentially no change Ky, which resulted in
~10-fold lower k.o/Ky value (0.06uM~1-min~%) than that
reported here (Table 2, 0.6 1-min~1). In these previous
studies of the safflower isoform, the electron-transfer chain
components, @ and NADPH were incubated for 10 min
prior to the addition of acyl-ACP and9D, which would

log(kcat/Km)

allow for substantial uncoupled NADPH consumptior, O 0.5

reduction, and potential inactivation reactions. As described

above (Table 1), the uncoupled reactivity would be further 14

exacerbated upon addition of 16:0-ACP, so that malfunction

of the electron-transfer chain may account for the lolygr -1.5 T T T T T T

value. For the soybean isoform, thg values determined 13 14 15 16 17 18 19 20

for both 16:0- and 18:0-ACPs were comparable to those Acyl-Chain Length

reported here, while th&y values were~4-fold higher. Ficure 3: Dependence of lodk/Ky) on the length of acyl-chain

However, a 1.5-fold increase in the desaturation rate wasfor natural and _nonnatural acyl-ACP substrates. The s_olid Iinfe isa
noted when the Fd concentration was raised 5-fold in the !east-squares fit of the 15:0- to 18:0-ACP data showing a linear

: : . increase in logk.a/Kw) per methylene group added to the substrate.
presence of subsaturating concentrations of 18:0-AZDf, ( Symbols used are as follows: log4/Kwy) values for 15:0- through

suggesting that the magnitude of th@ values may have  18:0-ACP ®); 18:0-sACPHis; (#); 19:0-ACP @). The log ./
been overestimated due to faulty optimization of the electron- Ky,) value for 14:0-ACP [{l) was calculated as described in the

transfer chain. text.
Inhibition of 18:0-ACP Desaturation by Holo-ACP,
14:0-ACP, or 16:1-ACPThe rate of desaturation of 40V derived from equilibrium partition coefficients, it is also a
18:0-ACP was not changed by the addition ofi4@ holo- thermodynamic constant. From partition coefficient analysis
ACP to the assay and was reduced by orig0% in the of a wide variety of parent compounds, a valuenofy 0.5
presence of 60AM holo-ACP. This limited inhibition study ~ Per additional methylene group has been determidél (
supports the importance of the acyl chain to productive 7-constants have been used to measure the effect of changes
binding interactions between ACP an®D. However, the in the hydrophobic substituents of substrates or inhibitors
rate of desaturation observed for 28 18:0-ACP in either ~ 0N enzyme catalysis46, 47). Recently, enzymes whose
the presence or the absence of®014:0-ACP was identical ~ Substrates have-alkyl substituents of varying chain length
(data not shown), suggesting that the association andhave been analyzed by this approadB-50). Like A9D,
dissociation rates for 14:0-ACP are considerably faster thanthese enzymes also have a linear relationship between chain
the subsequent catalytic steps (no 14:1 product was detected®ngth and logK:.{Kw) over a defined range ofalkyl chain
under the conditions optimized for 18:0 desaturation) and lengths. Thes-values determined for methylene group
that 18:0-ACP may have Considerab|y h|gher commitment addition varied from 0.7 to 1.3 for the yeast and. human
to catalysis once the initial ES complex is formd@) The  isoforms of aldose reductase, respectivelg, 60), while a
inclusion of 16:1-ACP at four different fixed concentrations 7-value of~1.5 was observed for nitroalkane oxidadg)(
of 18:0-ACP resulted in an apparently mixed-type pattern For each of the_se t_hree enzymes, the (_)bserved increase in
of inhibition of the 18:0-ACP desaturation reaction. Further KeafKw arose primarily from a decrease iy as the length
characterization of this inhibition mechanism was not Of the alkyl chain was increased.
undertaken for these studies. From the slope of the plotted line in Figure 3, a value of
Role of Hydrophobic Partitioning in Substrate Seleityi. 7 = 0.52 was determined fak9D catalysis with 15:6-18:
Previous kinetic studies of the safflower and soybean 0-ACPs. In this case, the observed increask.dfKy arose
isoforms ofA9D have suggested a role for the substrate acyl primarily from an increase ik as opposed to a decrease
chain in achieving optimal catalytic rates for desaturation, a in Ky (Table 2). From the relationshi\AGyinging =
Vmax €ffect (L9, 20). Furthermore, a combination of mutagenic —2.30RTx (51), a free energy change of—3 kJ/mol per
and crystallographic analyses of cast®D have led to the ~ methylene group may be available from binding interactions
proposal that interactions of the terminal methyl group of for enhancement of thA9D reaction. Similarly, a study of
the substrate acyl chain with the end of the active-site channelthe hydrophobic partitioning of long-chain saturated fatty
control the chain length selectivityl,(10). acids (C#C21) between heptane and aqueous solutions
Figure 3 shows that there is a linear relationship betweenrevealed a monotonic increase M\ Gyanster fOr increasing
the length of the acyl chain of 15:0- through 18:0-ACP and alkyl chain length corresponding te-—3.5 kJ/mol per
the log k.a/Km) values. The linearity of this plot for both  methylene group52). Thus ther-value determined for the
natural and nonnatural acyl chain lengths supports the validity reaction of acyl-ACPs witlA9D strongly implies a role for
of the comparative steady-state kinetic analysis shown in hydrophobic partitioning of the substrate acyl chain from
Table 2 and Figure 2. The slope of this plot is equivalent to aqueous solution into the nonpolar active-site chan®gl (
the hydrophobic substituent constantdefined ast = log Since %F NMR studies of 6,6- and 13,13-difluorotetra-
Px — log Py, wherePy is the partition coefficient of a parent  decanoyl-ACPs have indicated that at least the first 13
molecule between an organic solvent and water Bgnds carbons of the acyl chain interact with ACB3{, ~15 kJ/
the partition coefficient of the derivativel§). Sincerx is mol of hydrophobic binding energy would potentially be
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available from partition of the solvent-exposed end of an
18:0 acyl chain into thA9D active-site channel. We propose
that optimized utilization of this hydrophobic binding energy
is responsible for the catalytic selectivity ABD catalysi<

The linear relationship shown in Figure 3 did not hold for
19:0-ACP, as a decrease Ky (tighter binding) and a
decrease ik, Were the apparent consequences of an extra
methylene group. Attempts to extend this analysis to include

Biochemistry, Vol. 38, No. 39, 19992839

16:0-ACP but a correspondingl0-fold decrease in specific
activity for 18:0-ACP (L0). Furthermore, the specific activity
of the altered L118F/P1799D 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

20:0-ACP were unsuccessful as this substrate could not bedesaturationX1). In these mutagenesis studiés, values

prepared by enzymatic acylation methods. In contrast, 14:

and coupling efficiencies were not evaluated. However, based

0-ACP could be readily prepared and was desaturated to yieldon the selectivity analysis of Table 2 and Figure 3, one

14:1-ACP with >98% positional specificity forA® 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,
keafKm could not be directly determined at low substrate
concentrationsg4), and likewise, an accurate determination
of the Ky 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
uM 14:0-ACP, which should approximate saturation on the
basis of the&ky values determined for other acyl-ACPs (Table
2), akeat value of 0.43 min! was determined for 14:0-ACP.
By combining thisk.s; value and the equation for the best-
fit line to the chain length versus log.t/Ky) data for 15:0-
through 18:0-ACP, &y value of 5.8+ 3 uM was then
estimated for 14:0-ACP. The magnitude of this calculated
Kwm value falls within the range of thi¥y values measured
for other acyl-ACPs (3.38.3 uM, Table 2).

Evolutionary Consequences of Acyl Chain Selatsti A

plausible reason for the lower activity of the mutat®8D
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 CatalysigVe have recently described the
formation and reactivity of a peroxo complex 48D (13).

The combination of 4e A9D, 18:0-ACP, and © 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 thA9D 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

number of variant acyl-ACP desaturases with selectivities correlation of the presently available spectroscopic and
for shorter chain acyl-ACPs and with specificities for double- thermodynamic data suggests that one role of 18:0-ACP
bond insertion at different positions have recently been binding may be to help convert the diiron center into a
identified (11, 55—-59). These enzymes are undoubtedly configuration more reactive with QOpossibly by promoting

evolved from an ancestral acyl-ACP desaturase gene, on thecarboxylate shifts or other required ligand rearrangement

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 A9D has for 18:0-ACP desaturatiohl{ 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 desaturas#s, (L1, 59).

For A9D, 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 increasespecific actiity for

51n principle, the observed data could also be accounted for by a
subtle nonproductive binding that failed to produce the “proper
orientation” within the active-site ES complex without affecting the
Kum-values. However, the regio- and stereoselectivity of the double-

bond insertion reaction remained the same, even as the shorter chain

lengths gave rise to lowée, values. This fidelity suggests that at least
the first 10 carbons of the acyl moiety on the substrate are “properly”
oriented with respect to the diiron oxidant. Thus it is likely that the
changes in chain length discussed in this work must involve interactions
at the end of the substrate channel up-tt4 A from the diiron active
site.

reactions.
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