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ABSTRACT

Stearoyl-acyl carrier protein A® desaturase (A9D) produces oleic
acid, a nutritionally valuable fatty acid containing a cis double bond
between C-9 and C-10. This multiprotein diiron enzyme complex
reacts with stearoyl-acyl carrier protein, reduced [2Fe—2S] ferre-
doxin, and O; to complete the highly regiospecific and stereo-
selective desaturation reaction. Interactions with the acyl chain
provide stability to the enzyme—substrate complex, give an ener-
getic contribution to catalytic selectivity, and help to order the
electron transfer, O, binding, and C—H bond cleavage steps of
catalysis. Reactions with natural acyl chains indicate the involve-
ment of a highly reactive diiron intermediate capable of oxidizing
secondary C—H bonds (bond dissociation energy ~ 95 kcal/mol),
but also capable of diagnostic O-atom transfer reactions with the
appropriate substrate analogues. For soluble A9D, the natural
reaction may initiate at the C-10 position, in contrast to the well-
established initial reactivity of the membrane enzyme homologue
stearoyl-coenzyme A (CoA) A® desaturase at the C-9 position.

Importance of Fatty Acid Desaturases

Figure 1 shows a representative reaction catalyzed by the
fatty acid desaturase enzymes. These iron-containing
multiprotein complexes are used to insert double bonds
into fatty acyl chains after their biosynthesis.!~3 Desatu-
rases provide lipid precursors to cell membranes, to
nutritionally essential polyunsaturated fatty acids, to
prostaglandins,* and to the plant “wound-response” hor-
mone jasmonic acid.® Diseases associated with abnormal
lipid metabolism include obesity, non-insulin-dependent
diabetes, hypertension, cardiovascular disorders, immune
distress, neurological pathologies, and many others. Un-
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FIGURE 1. Reactants and products of a representative fatty acid
desaturase reaction. This is a 2e~ and O,-dependent a.5-dehydro-
genation at an unactivated position of the fatty acyl chain resulting
in cis double bond formation. For integral membrane stearoyl-CoA
A° desaturase, R is coenzyme A; for soluble stearoyl-ACP A°
desaturase, R is holo-ACP.

saturated fatty acids also have substantial commercial
value and offer promise as renewable carbon precursors
for green-based industries.®

Despite the obvious importance of unsaturated fatty
acids, many details of desaturase catalysis are poorly
understood, including the contributions of protein inter-
actions, the reactivity of the required diiron centers, and
the nature of substrate intermediates. The long-term goal
of our research is to provide a more complete under-
standing of these essential catalytic mechanisms by study
of representative soluble and integral membrane desatu-
rases.

Integral Membrane Desaturases

Mammals and other eukaryotes contain integral mem-
brane desaturases.! This superfamily also includes hy-
droxylases,” epoxygenases, and acetylenases. Membrane
desaturases are identified by an eight histidine motif that
may provide ligands to the catalytically essential diiron
center.® Membrane desaturases react with acyl chains
attached to different polar headgroups including co-
enzyme A (CoA), diacyl glycerol, or phospholipids. Excel-
lent reviews of the phylogeny,! catalysis,*® and physiology**
of the membrane desaturases are available.

Soluble Acyl-ACP Desaturases

Presently, only plants are known to contain soluble acyl-
acyl carrier protein (ACP) desaturases. They are members
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istry, 141B Biochemistry Addition, 435 Babcock Drive, University of
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of a superfamily of diiron enzymes including ribonucle-
otide diphosphate reductase and bacterial hydrox-
ylases.*?13 Through study of these enzymes, the diiron
center has been recognized as a ubiquitous, potent, and
versatile oxidation catalyst. This realization has generated
significant interest in their biochemistry,*15 structure,6-19
and applications.®?° In this work, we focus on the reactivity
of the best-characterized soluble desaturase, stearoyl-ACP
A°® desaturase (A9D) and the preferred substrate, acyl-acyl
carrier protein (acyl-ACP).

Acyl-Acyl Carrier Protein. The physiologically relevant
substrates of A9D are acyl-ACPs. Acyl-ACPs are small,
highly soluble proteins used for lipid biosynthesis, cell wall
biosynthesis, nonribosomal peptide synthesis, autoinducer
biosynthesis, and other reactions in plants and bacteria.
An ACP is initially expressed as an inactive apo-protein
that undergoes posttranslational modification in a CoA-
dependent reaction catalyzed by holo-[ACP] synthase (EC
2.7.8.7), yielding holo-ACP.?* For the studies described
below, purified holo-ACP was acylated using 2-acylglyc-
erophosphoethanolamine acyltransferase [EC 6.2.1.20,
acyl-[ACP] synthetase??], which catalyzes ATP-dependent
thioester bond formation in a nonphysiological in vitro
reaction.

A9D Structure. Figure 2 shows the four proteins
required for soluble desaturase activity. Reducing equiva-
lents from NADPH are transferred from ferredoxin reduc-
tase (FdR) to ferredoxin (Fd) and then to stearoyl-ACP A°
desaturase (A9D). In the presence of O, the 9R,10R
hydrogen atoms of stearoyl-ACP (18:0-ACP) are removed
to give oleoyl-ACP (cis-A%-18:1-ACP) with complete fidelity
of double bond position and cis stereochemistry (18:0
designates an eighteen carbon fatty acid with no double
bonds; cis-A°-18:1 is an eighteen carbon fatty acid with a
cis double bond starting at the C-9 position).® Upon
consideration of the fate of O,, this is an oxidase reaction,
since it converts O, into 2 mol of water, O, + 4e~ + 4H™

A 2.4 A structure shows that A9D is a homodimer
(Figure 2).Y” The central a helical bundle that provides the
conserved metal binding motif of glutamate and histidine
residues’® has high structural similarity to ribonucleotide
reductase.'® In A9D, the diiron center is buried alongside
a bent channel, presumably at the correct depth from the
surface to position C-9 and C-10 of the 18:0 moiety of 18:
0-ACP for reaction. Since acyl-ACPs are the only relevant
substrates of A9D,?3~2°> many unique aspects of catalysis
arise from influence of extensive enzyme—substrate in-
teractions.

The assignment of the substrate channel is supported
by mutagenesis,?® which revealed that the T117R/G188L
mutations (lying near the end of the substrate binding
channel) gave an ~35-fold shift in acyl chain selectivity
from 18:0-ACP toward 16:0-ACP. This work and compa-
rable results on other diiron enzymes?~2° extend the
promise of the manipulation of diiron enzyme active sites
to achieve new catalytic outcomes while maintaining an
overall favorable k¢t and ke/Ky during an exceedingly
complex reaction cycle.
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FIGURE 2. The A9D complex consists of ferredoxin reductase (FdR,
PDB code 1FNB), [2Fe—2S] ferredoxin (Fd, 1FXA), stearoyl-ACP A®
desaturase (A9D, 1AFR), and 18:0-ACP (LACP). The phosphopan-
tetheine and acyl chain of 18:0-ACP and cis-A%-18:1-ACP are not
structurally defined but are added for illustration.

18:1-ACP, 2 H20

Protein and Acyl Chain Interactions

Biophysical, catalytic, and kinetic approaches have been
used to characterize complexes of acyl-ACP and A9D.
These studies have permitted assembly of an initial model
for the catalytic cycle accounting for binding affinities and
the order of interactions between A9D, 18:0-ACP, and
reduced Fd.

Resting Enzyme—Substrate Complex. To investigate
binding interactions, the single tyrosine present in Es-
cherichia coli ACP, Tyr71, was first converted to meta-
amino-Tyr71.2! The aromatic amine was reacted with an
acid chloride fluorophore and the apo-fluorophore-ACP
was recovered in ~30% yield. After in vitro phosphopan-
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tetheinylation and acylation, 18:0-dansyl-ACP had Kt =
22 min~! and Ky = 2.7 uM, comparable to the unlabeled
substrate. Thus the labeled-ACPs provided a catalytically
competent probe for studying binding interactions.

Fluorescence anisotropy is a powerful method for
studying binding interactions.®® Anisotropy (r) is calculated
from the intensity of vertical and horizontal emission
measured from a fluorescent sample excited with vertically
pOIarized Ilght: Where r= (Ihorizontal - Ivertical)/(lhorizor*ltal +
2l\ertical)- At constant viscosity and temperature, anisotropy
is proportional to the rotational relaxation time of the
fluorophore. Under appropriate circumstances, titration
of a small, fluorescently labeled ligand (e.qg., acyl-fluoro-
phore-ACP) with a larger, unlabeled binding protein (e.g.,
A9D) gives a change from the low anisotropy of the rapidly
rotating small molecule to the increased anisotropy of the
more slowly rotating larger complex.

Using dansyl- and fluoresceinyl-labeled 16:0-, 17:0-,
and 18:0-ACPs, fluorescence anisotropy was used to study
the enzyme—substrate complex.’! Since A9D is a ho-
modimer, the binding of either one or two acyl-ACP
molecules was possible with equilibrium constants Kp;
and Kp,. Figure 3A shows that 1 nM 18:0-fluoresceinyl-
ACP was tightly bound upon addition of A9D (Kp; = 13 +
3 nM) and that an ~4-fold increase in Kp; per methylene
group occurred upon shortening the acyl chain. In dif-
ferent experiments with 850 nM 18:0-dansyl-ACP, binding
to the second subunit of resting A9D was estimated to
have Kp; ~ 350 + 40 nM. These measurements indicate a
weak negative cooperativity for binding of 18:0-ACP to
dimeric A9D, perhaps mediated by conformational changes
introduced from the predicted extensive interactions of
the enzyme—substrate complex.

Chain Length Selectivity. Figure 3B shows a stopped-
flow anisotropy measurement of ko for reversal of the
preformed complex of 18:0-fluoresceinyl-ACP and A9D by
competition with unlabeled 18:0-ACP. The Ko¢-values
depended on acyl-chain length and increased 130-fold for
16:0-ACP (130 s™%) relative to 18:0-ACP (1 s™%). Thus the
~100-fold chain length selectivity for 18:0-ACP versus 16:
0-ACP derives in part from partition between nonproduc-
tive breakdown of the enzyme—substrate complex (Kos)
and subsequent steps in catalysis (Kcat), including electron
transfer, O, binding, and chemical steps of double bond
insertion.

Figure 4 shows a correspondence between acyl chain
length and catalytic selectivity of the A9D reaction,? where
the plot of log(k..t/Km) versus acyl chain length represents
a hydrophobic partitioning equilibrium. In this case, the
slope suggested that ~3.5 kJ/mol could be obtained from
each methylene group added to the enzyme—substrate
complex from 14:0 to 19:0, ~14 kJ/mol total. One plausible
use of this binding energy would be to position the
substrate in a near-attack configuration,®? the alignment
of the 9R,10R hydrogen atoms for reaction with the
activated diiron center. Notably, the formation of eclipsed
methylene hydrogen atoms demanded by the stereo-
chemistry of the desaturation reaction® corresponds to
~18 kJ/mol (Figure 4).
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FIGURE 3. Acyl chain length controls the affinity of acyl-ACP for
A9D:* (A) correlation of acyl chain length with Kp; as determined
by fluorescence anisotropy; (B) determination of kq for 18:0-ACP
by using stopped-flow fluorescence anisotropy.

Reactions of the Diiron Center

Spectroscopic methods have played a prominent role in
studies of diiron enzymes due to their exquisite sensitivity
to changes in electronic configuration at metal cen-
ters.14181% An operational paradigm for diiron enzyme
reactivity is that changes in coordination geometry,
promoted by protein—protein interactions and by changes
in redox state, help to trigger the reaction with O, as part
of an ordered catalytic cycle.

Figure 5 shows coordination geometries assigned for
four different A9D redox states and the corresponding
resonance Raman and Mdossbauer spectra. Resting A9D
contains diferric centers and has Ama around 350 nm
arising from u-oxo — Fe3* charge transfer.!? Resonance
Raman studies (Figure 5A) of resting A9D showed sym-
metric (vs = 519 cm™1) and antisymmetric (vos = 747 cm™1)
vibrational modes of the Fe—O—Fe center. These vibra-
tions shifted in frequency when the enzyme was incubated
in 80OH,-enriched water, showing that the bridging oxo
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FIGURE 4. Correlation of energy derived from acyl chain binding
and conformation required for stereoselectivity'® of A9D catalysis.?*

position exchanged with solvent (ti» & 8 min). Extended
X-ray absorption fine structure (EXAFS) and Mossbauer
studies of resting A9D showed that both oxo- and hy-
droxo-bridged diiron centers were present (oxo, AEq; =
1.53 mm/s, 6, = 0.54 mm/s, 72%; hydroxo, AEq, = 0.72
mm/s, d, = 0.49 mm/s, 21%) with Fe—Fe distances of 3.1
and 3.4 A, respectively 3435

Treatment of resting A9D with sodium dithionite gave
a reduced state called 4e~ A9D (2e~ per diiron center) with
Mossbauer parameters typical of high-spin ferrous sites
(AEq: ~ 3.30 mm/s, 61 ~ 1.27 mm/s; AEq, ~ 3.05 mm/s,
0, ~ 1.28 mm/s; Figure 5C).%¢ Addition of 18:0-ACP gave
minor changes in these parameters. Magnetic circular
dichroism (MCD) analysis indicated that 4e~ A9D con-
tained two diiron centers made from two equivalent
5-coordinate iron sites,®” as in the 2.4 A structure of
photoreduced A9D.'” Upon addition of 18:0-ACP, MCD
showed that each diiron center assumed a mixed 4- and
5-coordinate state. This appearance of a 4-coordinate site
was proposed to promote binding of 0,.38

Upon addition of O, to 4e~ A9D and 18:0-ACP, a bright
blue complex was formed with apparent first-order rate
of 87 s71.28 Resonance Raman and Mdssbauer studies
revealed that this was a u-1,2-peroxo-bridged diferric
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FIGURE 5. Spectroscopic studies of four redox states of A9D: (A)
resonance Raman;? (B) coordination geometries proposed for

various states of the diiron center discussed in the text; (C)
Massbauer spectroscopy.®

complex, designated peroxoA9D (Figure 5). Similar u-1,2-
peroxo-bridged diferric complexes have been observed in
all soluble diiron enzymes, and this complex is thought
to be an immediate precursor to O—O bond cleavage
required to generate the high-valent diferryl species (Fe*t—
Fe*") used for catalysis.3®

PeroxoA9D is unique in three ways, however. First it
is remarkably stable with a t;,, for decay of ~30 min at
room temperature. Second, the decay proceeds by an
oxidase reaction that returns the enzyme to a diferric state
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FIGURE 6. Summary of the fate of O, during the turnover of diiron
enzymes:* (A) A9D does not incorporate an O-atom from O; into
the u-oxo bridge during single-turnover catalysis; (B) ribonucleotide
reductase does incorporate an O-atom from O, into the u-oxo bridge
during single turnover; (C) methane monooxygenase incorporates
an O-atom from O, into the hydrocarbon substrate. Incorporation of
an O-atom into the u-oxo bridge could not be determined.

called peroxo-cycled A9D (Figure 5) without double bond
insertion. The oxidase reaction has no effect on subse-
quent desaturase activity upon reconstitution with the
biological electron-transfer chain. Third, photolysis of
peroxoA9D at 4.2 K in the Mdssbauer instrument gave a
diferrous state distinct from 4e~ A9D, possibly represent-
ing the mixed 4- and 5-coordinate diferrous state pro-
posed to be involved in O, binding by MCD studies.?’
When the photolyzed sample was warmed to ~77 K,
peroxoA9D was quantitatively recovered, indicating that
the dissociated O, was retained in a thermodynamic well
within the active site. Factors contributing to the remark-
able stability of peroxoA9D are not known.

Fate of O, after Reaction. Figure 6 summarizes experi-
ments on the fate of O-atoms derived from isotopically
labeled O, during three major reactions of the diiron
enzyme superfamily. These represent endpoints from
reaction of related peroxodiferric intermediates. After
reduction of A9D with reduced [2Fe-2S] Fd and exposure
to 180,, 18:1-ACP was formed more rapidly than exchange
of the u-oxo position in the resting A9D. Resonance
Raman measurements made on these samples showed no
incorporation of an O atom into the w-oxo bridge
position,*® suggesting that both O-atoms from O, were
rapidly lost to solvent during the desaturation reaction.
Figure 6A shows a plausible mechanism that would permit
the loss of both O-atoms from O, as water.

The A9D results are distinct from those with ribonucle-
otide reductase, where resonance Raman*' and O-
electron nuclear double resonance (ENDOR)* studies
showed that an O-atom from O, was incorporated into
the u-oxo position upon single-turnover formation of the
Tyrl22 radical. Moreover, high-fidelity O-atom transfers
are known during the hydroxylation reactions of methane

80
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FIGURE 7. Rapid-mix, chemical quench studies:® (O) product
formation from rapid-mix, chemical quench reactions of the pre-
reduced (treated with reduced Fd) enzyme—substrate complex with
aerobic buffer; (@) product formation from reactions of the aerobic
enzyme—substrate complex with reduced Fd. The solid lines were
calculated by numerical integration using the kinetic model shown
in Figure 8.

monooxygenase®* and toluene 4-monooxygenase,*® an
outcome that is normally not observed during desatura-
tion by A9D. These comparative results provide evidence
for the versatility of diiron enzymes and indicate that the
details of O, activation for these three enzymes are
different, despite the substantial number of similar physi-
cal and structural properties.

Transient Kinetics of Reaction

Two different initial conditions have been used for rapid-
mix and chemical quench studies of A9D: (1) rapid mix
of the enzyme—substrate complex prereduced by Fd with
aerobic buffer and (2) rapid mix of the oxidized, aerobic
enzyme—substrate complex with reduced Fd.? In the first
case, reaction with O, alone is required to initiate the
chemical steps of the reaction. In the second case, both
electron transfer and reaction with O, are required.

Several distinct aspects of the A9D reaction have been
identified from these studies. First, compared to the
quantitative generation of peroxoA9D with sodium dithio-
nite, the rapid-mix experiments showed that reduced Fd
is the catalytically competent electron donor for A9D. This
implies an unanticipated role for reduced Fd that cannot
be fulfilled by a chemical reductant. Second, the rate and
yield was maximized with the ordered addition of acyl-
ACP to resting A9D, then reduced Fd, and then O,, which
implies an ordered steady-state kinetic mechanism. This
order provides an indication of how enzyme—substrate
interactions may participate in gating the redox reactions
and activation of O, for catalysis.

Figure 7 shows results of rapid-mix, chemical quench
studies.?®> The reaction of the prereduced enzyme—
substrate complex with O, gave a burst of product
formation (open circles, Figure 7; Kpurst = k7 = 95 s71) with
a stoichiometry that suggested ~90% turnover of one
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FIGURE 8. Kinetic model for dimeric A9D catalysis.® Circle symbols represent a A9D subunit containing a diferric center, and square
symbols represent a A9D subunit containing a diferrous center. Bound substrate and product are indicated by A and P, respectively. Rate
constants k7 and k3 indicate irreversible reactions, ko/kioP and kis/kisP indicate reversible product binding, kiA/ks, kuAlky,, and kizAlkig
indicate reversible substrate binding, and kg indicates an assumed irreversible electron transfer from reduced Fd to diferric A9D.

subunit of the dimer. The burst was followed by a slower
phase of product formation (Kjinear = 4.0 s71) with a yield
consistent with turnover of the second subunit. For
comparison, reaction of the oxidized enzyme—substrate
complex with reduced Fd showed no prominent burst and
gave a slower rate of product formation (solid circles,
Kobserved = 3.4 s71). In this experiment, Kopserved Was sufficient
to allow ~1.5 turnovers before autoxidation of reduced
Fd stopped the reaction. Analysis of deuterium isotope
effects revealed only a modest effect on both kpyst (Pky &~
1.5) and Kiinear (PKiinear &~ 1.4), indicating that C—H bond
cleavage does not contribute significantly to the rate-
limiting steps of A9D catalysis.

Figure 8 shows a kinetic model for A9D catalysis.?® This
model includes (1) binding equilibria studied by fluores-
cence anisotropy, (2) burst and linear kinetics observed
from reaction of the prereduced enzyme—substrate com-
plex with O,, (3) single-turnover reaction of the oxidized,
substrate-saturated enzyme mixed with reduced Fd, and
(4) steady-state catalysis.

Numerical integration and net rate analysis were used
to evaluate this model.?® It is important to note that
numerical integration incorporated experimental results
from each of the four types of experiments indicated
above without a change in adjustable parameters other
than initial concentrations and the time domain of reac-
tion. Moreover, only a minimal set of unique rate constant
values was required with equivalent rate constants as-
signed for similar reactions (e.g., chemical step(s), k; =
kis; product release, kg = kis). The solid and dashed lines
of Figure 7 show a close match between the calculated
product formation rates and the experimental data from
10 to 1000 ms, including both the burst and linear reaction
setups.

Net rate analysis* provided an important constraint
to the validity of the kinetic model and the rate constant
assignments. By this method, an explicit expression was
written for Vinax in the catalytic loop of Figure 8,% allowing
predictive calculations using the values assigned for
individual rate constants. For the model of Figure 8, the
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Vmax = Keat & 1 571 calculated per active site compared well
to Keat &~ 0.5—0.7 s7! measured in steady state.?32426 This
close match provides substantial support for the validity
of the proposed kinetic model.

The results of Figures 7 and 8 provide important insight
into the A9D reaction. First, product release is likely to
be rate-limiting since both types of rapid-mix reactions
give single-turnover product accumulation faster than
steady-state catalysis. This assessment is consistent with
the accumulating evidence for substantial interactions
between acyl-ACP and A9D. Second, the lack of a kinetic
isotope effect indicates that reaction steps other than C—H
bond cleavage are rate-limiting. If these steps occur prior
to formation of diiron intermediates, it may not be
possible to observe these as in other diiron enzymes.*546
This would represent a distinct aspect of the A9D reaction,
which again may ultimately relate to the dominating
influence of substrate-binding interactions throughout the
A9D reaction.

Substrate Analogue Reactions

Substrate analogues have been used to investigate many
enzyme reaction mechanisms. For A9D, this approach is
complicated by the necessity of synthesizing the suitably
modified acyl-ACPs and by active site constraints, which
apparently limit the complexity of functional groups that
can be bound. Nevertheless, our recent studies of acyl-
ACP analogues have provided unique diagnostic informa-
tion about the differential nature of reaction at the C-9
and C-10 positions. The determination of isotopic incor-
poration in the presence of either 80, or ®OH, has also
revealed details about the A9D mechanism within the
paradigm of diiron enzyme reactivity.
Monounsaturated Acyl-ACPs. Positional isomers of
monounsaturated 18:1-ACP were used to test active-site
constraints and to investigate whether allylic rearrange-
ment (and, by inference, substrate radical intermediates)
might occur during catalysis.*” A9D readily desaturated
trans-A7-18:1-ACP and trans-A!!-18:1-ACP but did not
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FIGURE 9. Register-shift and chain-scission reactions of A9D with
acyl-ACP analogues: (A,B) acyloxy-ACPs;*® (C,D) thiastearoyl-ACPs.5
Heteroatom substitution at the site of reaction chemistry leads to
alternative outcomes for desaturase reactions. Placement of an ether
oxygen at the site of initial C—H bond cleavage blocks the reaction
and causes a register shift of the substrate in the active site and
chain scission at an adjacent carbon atom. Placement of a thiaether
sulfur at the site of initial C—H bond cleavage permits high-fidelity
transfer of an O-atom derived from O, Placement of either
heteroatom adjacent to the site of initial C—H bond cleavage results
in a quantitative chain-scission reaction.

react with either trans-A°-18:1-ACP or any of the corre-
sponding cis isomers. This selectivity is consistent with
steric interactions exerting a strong influence on substrate
binding. Thus acyl chains with restricted flexibility at the
critical C-9 and C-10 positions are not suitable substrates
for A9D.

Reaction of trans-A'1-18:1-ACP gave a single product,
cis-A% trans-A'!-18:2-ACP. Notably, this product arose
from reaction at C-9 and C-10 without interference from
the trans-A'! bond, indicating proper binding of the
substrate analogue with the functional group past the
diiron center. In contrast, reaction of trans-A7-18:1-ACP
gave two products, trans-A7,cis-A°-18:2- (~80%) and trans-
A',Cis-A0-18:2-ACP (~20%). The major product was again
formed by reaction at C-9 and C-10 in a manner analogous
to that observed with 18:0-ACP, while the minor product
was assigned to arise from reaction of an alternative
binding of trans-A7-18:1 where C-10 and C-11 were

arranged in the reactive configuration at the diiron oxidant
(see Figure 4). In this case, the fatty acid would be bound
in a shifted position in the active site. By assuming
sufficient reactivity of the activated diiron center once
these methylene groups were suitably positioned, all other
aspects of the reaction could proceed to the formation of
a cis double bond in an alternative position. This previ-
ously unknown introduction of a double bond in an
alternative position was our first indication of “register
shift”, a mechanistically relevant misalignment of the acyl
chain resulting in reaction at positions other than C-9 and
C-10.

Acyloxy-ACPs. Fatty acyl analogues with an O-atom
replacing a methylene group at the 8, 9, 10, or 11 positions
of the acyl chain were next investigated (Figure 9A,B).*8
The experimental rationale was that placement of the
ether oxygen would prevent oxidation at that position and
thus force alternative reaction outcomes upon dissipation
of the activated diiron center.

Reactions with either O-8 or O-11 acyloxy-ACPs gave
a single product with a cis double bond between C-9 and
C-10, corresponding to the same reaction specificity as
the natural substrate. Moreover, the apparent kinetic
parameters were also comparable. Thus an ether group
adjacent to the site of reaction had no significant effect
on reactivity. In contrast, reactions with both O-9 and
0-10 acyloxy-ACPs reduced kg, to ~3% of 18:0-ACP and
gave unique chemical outcomes. For O-9 acyloxy-ACP
(Figure 9A), 8-hydroxyoctanoyl-ACP and 1-nonanal were
the only products, corresponding to the anticipated bind-
ing register and an oxidative acyl chain cleavage between
0-9 and C-10. In contrast, the O-10 substrate yielded
9-hydroxynonanoyl-ACP and 1-octanal as the only prod-
ucts (Figure 9B), corresponding to an obligate “register
shift” of the acyloxy chain prior to acyl chain cleavage
between O-10 and C-11. A number of oxidation mecha-
nisms leading to an unstable hemiacetal are consistent
with these products.*®

The simplest interpretation of these results is that
desaturation catalyzed by A9D initiates at C-10. In con-
trast, the integral membrane stearoyl-CoA A° desaturase
catalyzes the same double bond insertion in a reaction
initiated at C-9 as evidenced by kinetic isotope effect
studies.*®%° This represents a new mechanistic distinction
between what have long been assumed to be functionally
equivalent enzyme classes. The acyloxy-ACP results fur-
ther suggest that a specific iron atom of the A9D diiron
center may act as the leading oxidant in the desaturase
reaction, as proposed for the reaction of Fe, in ribonucle-
otide reductase with Tyr122.16

Thiastearoyl-ACPs. Thiastearates have been used to
study the integral membrane desaturases. For example,
after feeding thiastearates to Saccharomyces cerevisiae
expressing membrane stearoyl-CoA desaturase, sulfoxides
recovered from the culture medium showed a high
enantiomeric excess® and a stereochemistry matching the
observed H-atom removal.*® This sulfoxidation reaction
was designated “diverted” desaturation, the first demon-
stration of an alternative reaction outcome from what is
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otherwise recognized to be a high-fidelity and high-
specificity catalytic site.

We prepared 9- and 10-thiastearoyl-ACP analogues and
reacted them with soluble A9D.5> The goals were to
determine whether the reactivity was the same as that for
the integral membrane enzymes and to identify the origin
of the O-atom incorporated into any putative sulfoxide
products. Reaction of A9D with 10-thiastearoyl-ACP gave
sulfoxidation only (Figure 9C) with the incorporated
oxygen arising stoichiometrically from O,. Surprisingly,
however, the major outcome for reaction of A9D with
9-thiastearoyl-ACP was not sulfoxidation (Figure 9D) but
was instead an acyl chain cleavage between S-9 and C-10,
representing the second example of this result catalyzed
by A9D with a heteroatom-substituted acyl chain. Single-
turnover reactions with 9-thiastearoyl-ACP revealed that
either sulfoxidation or acyl chain cleavage could occur
from a single O, activation event. Thus it is likely that the
products arise from partition between two alternative
reactions of the thiastearoyl group bound within the
enzyme active site. Furthermore, as with the acyloxy-ACPs,
the pattern of thiastearoyl-ACP reactions implicates initia-
tion of the A9D reaction at the 10-position.

The formation of isotopically labeled sulfoxides in the
presence of 80, demonstrates the A9D diiron center can
catalyze O-atom transfer reactions in the presence of an
appropriate substrate analogue. This implies participation
of an activated electrophilic complex derived from the
diiron center and O; in catalysis. The proven O-atom
transfer capability also supports mechanistic linkages with
other diiron enzymes; although it should be noted in
closing that there is presently no evidence that a hydroxy-
lated fatty acid serves as an intermediate in the normal
desaturation reaction.
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