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ABSTRACT: Stearoyl-ACPA9 desaturaseA9D) catalyzes the NADPH- and@lependent insertion of a

cis double bond between the C9 and C10 positions of stearoyl-ACP (18:0-ACP) to produce oleoyl-ACP
(18:1-ACP). This work revealed the ability of reduced [2Fe-2S] ferredoxin (Fd) to act as a catalytically
competent electron donor during the rapid conversion of 18:0-ACP into 18:1-ACP. Experiments on the
order of addition for substrate and reduced Fd showed high conversion of 18:0-ACP to 18:1:-88%1 (

per A9D active site in a single turnover) when 18:0-ACP was added prior to reduced Fd. Reactions of the
prereduced enzymesubstrate complex with £and the oxidized enzymesubstrate complex with reduced

Fd were studied by rapid-mix and chemical quench methods. For reaction of the prereduced-enzyme
substrate complex, an exponential burst phiggs(= 95 s'1) of product formation accounted for90%

of the turnover expected for one subunit in the dimeric protein. This rapid phase was followed by a
slower phasekjnear = 4.0 s1) of product formation corresponding to the turnover expected from the
second subunit. For reaction of the oxidized enzysigbstrate complex with excess reduced Fd, a slower,
linear rate Kobsa= 3.4 s'1) of product formation was observed oveld..5 turnovers peA9D active site
potentially corresponding to a third phase of reaction. An analysis of the deuterium isotope effect on the
two rapid-mix reaction sequences revealed only a modest effekgu@(Pkourst ~ 1.5) andKiinear (PKinear

~ 1.4), indicating C-H bond cleavage does not contribute significantly to the rate-limiting steps of pre-
steady-state catalysis. These results were used to assemble and evaluate a minimal kinetic ®bel for
catalysis.

The acyl-ACP desaturases insert cis double bonds into consists of substrate binding, electron transfer to form a
fatty acyl chains1). These soluble enzymes have been found diferrous center, and £activation as essential prerequisites
in photoauxotrophi€uglena the plastid organelles of plants, to product formation§—10).
and in certain microbes. Variants isolated from plants contain  The recombinant castor 18:0-ACK9 desaturase is the
unique selectivities for acyl-chain length and the position of best characterized of the acyl-ACP desaturases. This enzyme
double-bond insertior(-4). The acyl-ACP desaturases are has ana, quaternary structure. Eack42 kDa subunit
also part of a superfamily of soluble enzymes that contain contains a diiron center that is responsible fora@tivation
catalytically essential diiron centerS)( Other members of  and catalysis of the desaturation reactidp Study ofA9D
this superfamily include the bacterial hydrocarbon hydroxyl- by optical, Mssbauer, MCD, and resonance Raman spec-
ases and the R2 component of ribonucleotide diphosphatetroscopies revealed that the physical properties of the diiron
reductase. In part, this superfamily is defined by the presencecenters can be influenced by substrate bindihg—(14).
of two copies of the diiron binding sequence motif (D/E)- Notably, MCD studies of 4eA9D showed that the diferrous
X.40EX2H separated by-100 amino acids§, 7). Further- centers contained two high-spin ferrous atoms in an equiva-
more, the minimal catalytic pathway for these enzymes lent square pyramidal geometry, which corresponded to the

coordination observed in the 2.4 A structure of the photore-
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named peroxad\9D (13, 14). PeroxoA9D has optical and  18:0-ACP, reduced Fd, and.(OI' he results reveal the ability
vibrational properties that are remarkably similar to those of reduced Fd to act as a catalytically competent electron
of the peroxodiferric intermediates detected in other diiron donor during the rapid conversion of 18:0-ACP into 18:1-
enzymes 18, 19). However, the Mesbauer spectrum of ACP. For reaction of the prereduced enzyrsebstrate
peroxoA9D uniquely indicated the presence of asymmetric complex, an exponential burst phase of product formation
sites within the diferric centerl@). Decay of peroxaA9D was followed by a second phase of product formation, with
was slow {12 ~ 26 min) and did not result in the formation the amplitude of each of these two phases corresponding to
of either 18:1-ACP or KD, (14). These results suggested a the turnover of one active site of the dimeric protein. For
novel oxidase reaction from9D. Third, where resonance reaction of the oxidized enzymesubstrate complex with
Raman studies of R2 showed th&0 from 20, was excess reduced Fd, a slower, linear rate of product formation
incorporated into the-oxo bridge upon single turnover and was observed, potentially corresponding to a third phase of
Y122 formation @0), comparable studies &f9D showed reaction. These results were used to assemble and evaluate
that 80 from 180, was not incorporated into the-oxo a minimal kinetic model for thé\9D catalysis.
position upon stoichiometric, rapid formation of 18:1-ACP
(11). Moreover, thet®O-atom-transfer reactions leading to MATERIALS AND METHODS
the monooxygenations characteristic of MmoH and T4moH
do not occur withA9D except during reactions with poorly
reactive alternative substrate analog@ds22). These results
outline the substantial variation in metal center reactivity that s "

= 4200 M1 cm™* per diiron center and cross-correlated by

has emerged within the diiron enzyme superfamily. o , | :
g y b y determination of protein concentration and total i(@8, 14).

Another major difference in reactivity within the diiron For th ) 4 in thi K th o
enzyme superfamily is associated with the nature of the ~OF the preparations used In this work, these guantitations

substrate. For ribonucleotide reductase R2, the diiron centerndicate>95% occupation of diiron active sites in the dimeric
performs a single-turnover post-translational modification of protein. _Furthern(;o_re, ht_he splfcn‘lc ﬁCt('jV't%/ of bthRQD df
an active site tyrosine residu 24). Consequently, issues  Preparations used in this work matched that observed for

relating to formation of the enzymesubstrate complex, the the maximall_y active enzymg2, 25). R_gcombinanlEs-
associated order and timing of electron transfer and O Cherichia coliACP was expressed, purified, phosphopan-

binding, and the stability of the enzymeroduct complex tetheinylgted, and acquted as previously descriﬁéqu).'
are distinct from other members of this superfamily. For the ACY! chains were reductively cleaved, extracted, derivatized,
diiron hydroxylases and desaturases, there are paralleNd @nalyzed by GC-MS as previously describ2g).(
requirements for the binding of a dissociable substrate, Synthesis of 9,9,10,1Q-&tearic Acid The deuterated fatty
electron transfer, and £binding during multiple-turnover ~ acid was prepared from stearolic acid by homogeneous
catalysis. In the best-characterized hydroxylase reactions, théydrogenation using Wilkinson’s catalyst (99.9%, Aldrich,
substrates are small hydrophobic molecules such as methandflilwaukee, WI) and B gas (99.6% B, 0.4% HD, Cam-
toluene, and propene. In contrast, the desaturase reactioridge Isotope Laboratories, Andover, MA1) and purified
requires acyl-ACP~10 kDa) for catalysis, which consists by cation exhange (AG 50W-X4 resin, Bio-Rad, Hercules,
of a highly charged protein component (p3.8), a phos-  CA). An average deuterium content®B7% was estimated
phopantetheine prosthetic group, and a hydrophobic acylfrom MS scans within the peak corresponding to the
chain of 14 carbons or longe2¥). The substantial complex-  N-methylN-(trimethylsilyl)trifluoroacetamide derivative. The
ity of this substrate belies the possibility that extensive ds-18:0 was covalently attached . coli holo-ACP as
enzyme-substrate interactions may provide a dominant role previously described29), and the reaction workup was
in A9D catalysis. Indeed, the X-ray structureAiD revealed identical to that used for the unlabeled compound. The
a long channel extending from the surface through the interior deuterated compounds were analyzed by integrating the peak
of each subunit and passing in close proximity to the diiron areas containing the substram’ 331 amu for the M- 15
center (5). Occupation of this channel by substrate will Ppeak) and the desaturated produntz327 amu for the M
likely introduce substantial contacts betwe®®D, the acyl ~ — 15 peak).
chain, and potentially other parts of ACP. In this regard, Fd Preparations.Reduced Fd was made by placing a
steady-state kinetic analysis of chain length selectivity solution of oxidized Fd in a septum-sealed cuvette modified
revealed thaVma/Kym was dependent on acyl-chain length to contain a two-way stopcock. This solution was made
and implicated hydrophobic interactions as an energetic anaerobic by repeated cycling between vacuum and refill
driving force in enzyme substrate complex formatio2%). with O,-free Ar. The oxidized Fd was reduced by titration
More recently, fluorescence anistropy was used to evaluatewith a solution of~0.1 M NaS,0, prepared in anaerobic 1
binding affinities andky rates for acyl-ACPs with the M sodium phosphate buffer, pH 7.0, until the rafigyg A4z
oxidized enzymeZ6). These studies indicated tight binding was>1.2. The oxidation rate of reduced Fd was determined
and a weak negative cooperativity for successive formation at room temperature by stopped-flow optical spectrometry
of the singly and doubly bound enzymsubstrate com-  using an RSM 1000F spectrophotometer (OLIS, Bogart, GA)
plexes. Moreover, rapid-mix anisotropy studies showed that with a 400 lines/mm grating centered at 500 nm. The reaction
koir for 16:0-ACP was~130-fold faster than for 18:0-ACP,  was initiated by rapidly mixing equal volumes of aerobic
implicating the stability of the enzymesubstrate complex 50 mM Hepes, pH 7.0, containing 35 mM NaCl and 100
as an important contributor to acyl-chain length selectivity. uM reduced Fd. Single-value decomposition analysis was
In this work, rapid-mix and chemical quench methods were used to extract apparent first-order rate constants for the
used to study the reaction of various complexesA8D, conversion from reduced Fd to oxidized Fd.

Enzymes A9D and Fd were expressed, purified, and
characterized as previously describeld, (27, 28). The
concentration oA9D active sites was determined usinag
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Hand-Mixed Experiment$roduct formation was assessed used as the target function
by hand-mixing a 50Q:L solution of 50uM A9D active

sites (either with or without 18:0-ACP and/or)Qwith an _ a 2

equal volume of reduced Fd. The buffer was 50 mM Hepes, p(t) = (a,+ ay) [enz](1 = exp[= (&, + ag)(d) +

pH 7.0, containing 35 mM NaCl, and the reactions were a,afenz](d)
performed at room temperature. Immediately after mixing, LA 1)
the stoichiometry of 18:0-ACP to 9D active sites was 1:1 (ay +ay)

and that of reduced Fd #®9D 4:1. The solution was gently ) )
mixed by hand motion, and a 2@Q. aliquot of the solution ~ Where p(t) is the calculated time-dependent product ac-
was removed and mixed with 150 of tetrahydrofuran to ~ cumulation,a; andag are the rate constants associated with
quench the enzyme reaction. the fast and slow phases of the burst reaction, respectively,

Rapid-Mix Chemical Quench Experimentéese experi- and [eng is the enzyme concentration. In the fitting
ments were performed at room temperature using a SystenProcedure,¢ng was an experimental constant value, whereas
1000 rapid-mix chemical quench apparatus (Update Instru- 21 andas were fitting parameters. Equation 2 was used
ment, Inc., Madison, WI) equipped with a model 715 ram 10 qalcu]ate the burst 'amplltude as a percentage of enzyme
controller and model 1019 syringe ram. The buffer was 50 active site concentration:
mM HEPES, pH 7.8, containing 35 mM NacCl. 2

For single-turnover experiments in which reduced Fd was Apurst= 100fay/(3y + a5)] (2)
added by rapid-mix, syringe 1 was filled with 1 mL of
aerobic buffer containing 15aM 18:0-ACP and 5M A9D
active sites, and syringe 2 was filled with 1 mL of buffer

The abilities of different kinetic models to account for the
experimental results were evaluated by numerical simulation
containing either 50, 100, or 200M reduced Fd. For using the Mathematica NDSolve routine. For each kinetic
multiple-turnover exp'erime’nts syringe 1 contained 1 mL of scheme investigated, the definitions required for the simula-
aerobic buffer containing SQﬂVI’18'O-ACP and 50M A9D tion included initial boundary conditions for all enzyme,
active sites, and syringe 2 was filled with 1 mL of buffer substrate, and product species as defined by the kinetic
containing Aoun reduced Fd. For experiments in which scheme, a mass balance expression accounting for all enzyme

reduced FAA9D, and 18:0-ACP were preincubated prior to species present, and differential equations describing the
rapid-mix with aerobic buffer, the reduced Fd was prepared time-dependent interconversions of these Specs). (

as described above and transferred to an anaerobic gIovebo>§tatiStical factors account_ing for m_uItipIe pgthways_ Ieading
chamber (Coy Laboratory Products Inc., Grass City, MI) to the same enzyme species were included in the differential

where it was mixed with a solution containing anaerab@d equations. Experimentally dgtermined rates were assigned
and 18:0-ACP. The final concentration of the reaction &S constants to the appropriate steps of_the_ Kinetic models,
components in syringe 1 was 520 18:0-ACP and either whereas rate constants for _su_k_)strate binding and prqduct
50 uM or 100 uM A9D active sites. The reduced Fd release s;eps were gsagned initial valges based on egtlmates
concentration was 4Q@M in order to provide an 8- or 4-fold from previous experiment26). The reaction steps associated

excess of reducing equivalents relativeA®D active sites with electron transfer and chemical catalysis were assigned
Syringe 1 was filled with 1 mL of this mixture in th.e to be irreversible, whereas substrate binding and product

anaerobic glovebox chamber, whereas syringe 2 was filled release were considerec_zl to be reversible and dependent on
with 1.0 mL of aerobic buffer outside the anaerobic chamber. € changmg concentrations of subsrate and product gener-
Prior to removal from the anaerobic chamber, any syringes a.ted dgnng the simulation. The resu_lts of Fhe numenca_ll
containing reduced Fd were capped to slow the entry;of O simulation were evaluated by comparison with the experi-

The syringes were transferred to the rapid-mix device, and :jnentald rets’g!lffs using .V'Stlﬁal !nspleftlon, beltcause mlodell-
the total preincubation period before the rapid mixing epencent difierences in the simuiation resuits were clearty

experiment was~10 min. Aging tubes and programmed recognized as indicated under both Results and Discussion.

delays giving 131000 ms reaction times were used for data RESULTS

collection. The rapid-mix samples exiting the aging tubes

were quenched into 20@L of tetrahydrofuran. After Order of Substrate and Fd AdditioRrevious studies of
completion of the experiment, the remaining volume of A9D have shown that reaction of 4éA\9D produced by
syringe 1 was removed and quenched in the anaerobicsodium dithionite did not result in the formation of 18:1-

chamber to provide a background control, antP6 conver- ACP during a single turnover but instead gave rise to peroxo
sion to 18:1-ACP was observed. The quenched samples weré\9D (14). Here, reduced Fd is shown by rapid-mix, chemical
diluted with distilled and deionized water to 8. The qguench studies to act as a catalytically competent electron
acyl chains were reductively cleaved from ACP, extracted, donor for single-turnover reactions &f9D leading to 18:
and analyzed by tandem GC-M35]. 1-ACP formation.

Data AnalysesFor A9D reactions exhibiting burst kinet- Because a complete steady-state kinetic analysisoef

ics, the apparent rate constants were calculated from theindicating the order of binding of 18:0-ACP, reduced Fd,
product formation data with the NonlinearRegress routine and Q has not yet been completéthe most favorable order
(Mathematica v. 4.0.1.0, Wolfram Research, Champaign, IL) of addition was investigated using hand-mixed experiments
using the LevenbergMarquardt method, infinite maximum ~ as a prerequisite to the more demanding rapid-mix experi-
iterations, and default options for other adjustable calculation ments. Figure 1A shows a schematic of the mixing sequences
parameters. Equations suitable for the evaluation of burst
kinetic data have been previously derivé@)( and eq 1 was 2K. S. Lyle and B. G. Fox, unpublished results.
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Ficure 3: Pre-steady-state formation of 18:1-ACP during reaction
>95% of A9D in the presence of varied concentrations of reduced Fd.
o o ) ) Syringe 1 of the rapid mixer contained 1M 18:0-ACP and 50
FiIGURE 1. Investigation of mixing order and 18:1-ACP yield using ;M A9D active sites as described under Materials and Methods.
A9D, 18:0-ACP, reduced Fd, anc.(8:1-ACP yields are reported  Syringe 2 contained 50M reduced Fd¥, K, =6.1% 05 s?Y),

as the percentage 9D active sites: (A) schematic representation 100 ,M reduced Fd @, K, = 4.2+ 1.5 59, or 200uM reduced

of premixed components, added component(s), and 18:1-ACP yield.rq @, k., = 3.2 + 1.4 s1). The solid lines are nonlinear least-
(B) Reactions in which aerobia9D preparations We.re prgmlxe:d squares fit to a single exponentialt) = ag (1 — exp[—k::at t],

with reduced Fd followed by 18:0-ACP. (C) Reactions in which with k_ indicated above. Each data point represents the average

aerobic A9D and 18:0-ACP were premixed either prior to or of three or more experiments, and the error bars represent 2
concomitant with addition of reduced Fd. (D) Reaction in which  deviation. Error bars for some data points were within the

anaerobicA9D, reduced Fd, and 18:0-ACP were premixed with dimensions of the plotting symbol and are not visible.
aerobic buffer. After mixing, the concentrations werei2% A9D

active sites, 2xM 18:0-ACP, and 10@M reduced Fd. In reactions . .
with aerobicA%D, the Q concentra%on upon mixing was125 consumption of 1 mol of reduced Fd. The partition of reduced

uM, whereas @ (1 atm) was added to reactions initiated with Fd between catalysis and autoxidation depends on the relative
anaerobicA9D. rates for these two different reaction pathways. In aerobic
buffers, the autoxidation product was presumed to be O
used for these reactions and identifies the premixed com-upon the basis of the results of other studi@4).(For the
ponents, the added component(s), and the resultant yield ofreaction of 5uM reduced Fd alone, an apparé@iox ~ 4
18:1-ACP. In the best circumstances, these reactions required 1 was determined. However, when both oxidize@D and
~5 s to mix the solution and remove an aliquot for chemical 18:0-ACP were present, the apparent rate for the formation
guench and product analysis. of 18:1-ACP (see below) was similar kg, The presence
Figure 1B shows that reaction of excess reduced Fd with of the enzyme-substrate complex must substantially change
either aerobic or anaerobk9D samples prior to the addition ~ the partition between the two pathways of Figure 2, leading
of 18:0-ACP gave no 18:1-ACP formation. In contrast, to desaturation catalysis.
Figure 1C shows that 18:1-ACP was produced when 18:0- Fd Concentration Dependence in Transient State 18:1-
ACP was mixed withA9D either prior to or concomitant ~ ACP Formation These experiments correspond to the order
with the addition of reduced Fd. In the experiments of Figure of addition shown in Figure 1C (left), the rapid-mix of the
1C, up t0o~95% yield of 18:1-ACP per active site was preformed aerobic complex of9D and 18:0-ACP with
obtained. Figure 1D shows another mixing sequence in whichreduced Fd. Figure 3 shows how different concentrations of
a pre-equilibrated solution ok9D, 18:0-ACP, and excess  reduced Fd changed the rate and yield of 18:1-ACP. In the
reduced Fd was mixed with aerobic buffer. This reaction rapid-mix experiment, the rate of 18:1-ACP formation was
sequence also gave a high yield of 18:1-ACP product. Due gverall similar within experimental error at the three
to the comparable yields obtained, these latter two reactionconcentrations examined. Figure 3 also shows that the yield
sequences were further investigated using rapid-mix methodsof 18:1-ACP increased as the concentration of reduced Fd
Characterization of Fd ReactionBigure 2 shows a kinetic ~ was increased. To achiev€l turnover perA9D active site,
scheme relevant to the use of reduced Fd as the reductantt equiv of reduced Fd was required p&®D active site.
for A9D in aerobic solutions. The desaturase reaction Because the reaction stoichiometry requires 2 eq of reduced
pathway k) requires the consumption of 2 mol of re- ferredoxin per 1 equiv of 18:1-ACP formed, this dependence
duced Fd for each mol of 18:1-ACP produced, whereas the of 18:1-ACP yield on the concentration of Fd suggested a
autoxidation pathwayk{.oy can proceed by the independent maximal coupling between reduced Fd utilized and 18:1-
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Table 1: Kinetic Parameters Obtained for Pre-Steady-State Reactigkx@Dsf

burst phase linear phase
premiX C0mp0nel’lf8 addition$ Kourst Aourst (%) Phpurst Kinear Pkiinear
504M A9D, 18:0, Fd 0 95 (25) 92 (3) 15(0.5) 4.0 (0.6) 1.4(0.4)
+ dr18:0 o 63 (20) 91 (4) 2.9 (0.4)
25uM A9D, 18:0, Fd 0 65 (20) 85 (2) nel 5.4 (0.3) nd
A9D, 180, Q Fd —f - - 3.4(0.1) 1.4 (0.4)

a Rates kours) and burst amplitude#\(urs) Were obtained from nonlinear least-squares fitting with eq 1 as described under Materials and Methods.
b Reaction components that were premixed in syringeReaction component added from syringe 2 upon rapid mi¥ii@alculated from eq 2.
¢ Not determined’ Burst kinetics were not observed with this mixing sequence.

35
50 +
30
25 __40 .
s = - -
2 2 g
& 20 & 30 + /,—’J#
< < s -
= 15 - e --
x ?220 *i//,, + ’,*—"/
10 i,* T
! #“,‘
5 10”' */"’
yf
¢ 200 400 600 800 =5 150 250 350
t (ms) t (ms)

FiGUre 4: Pre-steady-state formation of 18:1-ACP during rapid- FIGURE 5: Pre-steady-state formation of 18:1-ACP during rapid-
mix reaction of an aerobic complex &9D and 18:0-ACP with mix reactions of a prereduced, anaerobic compleA®D and 18:
reduced Fd. Syringe 1 of the rapid mixer contained 400reduced 0-ACP with aerobic buffer. Syringe 1 contained 10@ of A9D

Fd. Syringe 2 contained 5@M A9D active sites and either 500 active sites and 502M 18:0-ACP @), 100 uM of A9D active

uM 18:0-ACP @) or 500 uM d,;-18:0-ACP #). The solid and sites and 50&M d,-18:0-ACP @), or 50u4M of A9D active sites
dashed lines are linear least-squares fits. Data point averaging andaind 50QuM 18:0-ACP (). All reactions contained 40@M reduced

error representation are as indicated in the caption to Figure 3. Fd. Syringe 2 contained air-saturated buffer. The dashed lines are
nonlinear least-squares fits to eq 1 performed as described under
Materials and Methods. Data averaging and error representation

T " .
ACP formed of~50% in the conditions of the rapid-mix are as indicated in the caption to Figure 3.

reactions. As no additional product was observed after
s, autoxidation reaction&d,) must have begun to compete  of k..~ 2.4 s, indicating a modest primary kinetic isotope
with one or more rate-limiting steps in the longer time regime  gffect of 1.4 for 18:1-ACP formation under these experi-

required for multiple catalytic turnovers. _ mental conditions. The kinetic parameters obtained from
Reaction of Premixed\9D, 18:0-ACP, and @ with  these experiments are summarized in Table 1.
Reduced FdFigure 4 shows the initldl s of thereaction of Reaction of Premixed9D, 18:0-ACP, and Reduced Fd

a preformed aerobic complex &9D and 18:0-ACP with  yjth O,. These experiments correspond to the order of
reduced Fd (solid circles; solid line). These experiments also gqdition shown in Figure 1D, a rapid-mix of the preformed
correspond to the order of addition shown in Figure 1C (left). gnaerobic complex ak9D, 18:0-ACP, and reduced Fd with
Relative to the experiments of Figure 3, the concentration gerobic buffer. Due to the time required for sample prepara-
of 18:0-ACP was increased by 3-fold to ensure substrate tion, AOD was most likely converted to a fully reduced state
saturation even after partial turnove#. This experimental  for these experimentswhereas the 18:0-ACP concentration
condition eliminates the requirement for substrate binding assured substrate saturation. Consequently, this experimental
during the first turnover of each active site of th@D dimer.  condition eliminates the requirements for both substrate
Therefore, these reactions may potentially encompass thepinding and electron transfer during the first turnover of each
contributions of electron transfer, ;(binding, chemical active site of theA9D dimer.

reactions, or product release steps of catalysis. In the time  Figyre 5 shows that a burst of 18:1-ACP formation
scale of the rapid-mix experiments;1.5 turnovers were  occurred within the first 50 ms of rapid mixing and was
obtained with an apparent 18:1-ACP formation raté@fs  followed by a further, approximately linear increase in 18:
~ 3.4 s This observed rate was faster than the turnover 1_ACp formation during the remainder of the 300 ms reaction
number for 18:0-ACP previously determined by steady-state time. For the reaction of 5@M A9D active sites (solid
catalysis,Vmax = kear = 0.5-0.7 s* (25, 29, 39). Identical  squares), nonlinear least-squares fitting of the experimental

reactions performed usingl,-18:0-ACP (solid squares;  gata using eq 1 gava, = kouwst = 95 + 25 s andag =
dashed line) gave an appareht18:1-ACP formation rate

4Mdssbauer studies indicate that incubation with reduced Fd on the
3 Numerical analysis suggests that product formation may not be time scale required to prepare the samples in the anaerobic chamber

“linear” in this region, but a linear least-squares analysis is presented gave complete reduction of th&®D diiron centers in the absence of

at this point as a provisional result. Further elaboration is provided 18:0-ACP. K. S. Lyle, J. A. Haas, V. Vrajmasu, E."htk, and B. G.

under both Results and Discussion. Fox, unpublished results.
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FiGurRe 6: Kinetic scheme for desaturation catalyzedA8D: (O)
A9D subunit containing a diferric center[d A9D subunit
containing a diferrous center. Occupation of individual subunits
by substrate (A) and product (P) is as indicated. Rate consgtants
and ki3 indicate irreversible chemical reactions/kiogP andkis/
kigP indicate reversible product binding equilibri&A/ks,
k11A/ ka0, @andk;7A/ky g indicate reversible substrate binding equilibria,
andk;g indicates irreversible electron transfer.

inear = 4.0 & 0.6 1. An analysis of the burst amplitude

using eq 2 revealed that 18:1-ACP formation accounted for
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Ficure 7: Numerical simulations oA9D turnover based on the
kinetic model of Figure 6. The experimental data are from Figure
4 (W) and Figure 5@). The solid and dashed lines are simulation

90% of expected turnover for one subunit, whereas a similar results obtained using the following rate constarks:k;s = 95

amount of 18:1-ACP was formed during the linear phase
within the next 250 ms of the reaction. Other experiments
showed that the burst amplitude was proportional toXBB

concentration (Figure 5, solid triangles). Fitting results for

Sﬁl; kg, k15 =4.0 gl; k10P = k16P < 0.05 M1 Sﬁl; kj_j_A = k17A >
1000 M1 S_l; kip=kig=1 S_l; kio = 3.4 st

constant analysis3f)

the experiments of Figure 5 are presented in Table 1. Wheny =

the burst reaction was performed usihgl8:0-ACP (Figure
5, solid circles) kourst= 63 &= 20 st andkjnear = 2.9+ 0.4

st were determined, whereas the burst amplitude was again

~90%. An analysis of the deuterium isotope effect on the
burst phase36) gave kourst = (Kn/ko)burst (An/Ap) = 1.5+
0.5, whereas for the linear pha8&near = (Ki/Ko)iinear= 1.4

+ 0.4.

Kinetic Model forA9D CatalysisFigure 6 shows a kinetic
model for catalysis byA9D. In this representation, the circle
symbols represent&9D subunit containing a diferric center
and the square symbols represe®3D subunit containing
a diferrous center. This model includes irreversible electron
transfer ki) and irreversible chemical reactioky @ndkis)
steps. Because reduced Fd is in excdsgs, has been
provisionally assigned to be irreversible. Moreover, the
chemical reaction steps likely include, @ctivation, C-H

1
KigP(Kig T Kig) + KizkiA  (Kig t kig)
Ky Ky 7Kg oA Ky 7K1 A

where thek values are rate constants defined in the kinetic
model, A is substrate, and P is product. If initial velocity
conditions (i.e., substrate saturation and no product present)
are assumed, product release and substrate binding steps are
effectively irreversible, allowing facile estimation ®fax
through simplification of eq 3.

Figure 7 shows the results of numerical simulations based
on the kinetic model of Figure 6. For the simulations, one
goal was to determine whether a single, consistent set of
experimental rate constants could reproduce the results
obtained from the rapid mix of oxidizef9D with reduced
Fd (Figure 4) and from the burst reaction of preredut8@d

3
1

13

1
+ —_
k19

bond cleavage, and double-bond insertion, an energeticallywith O, (Figure 5). A further goal was to test whether the
demanding sequence that is overall irreversible. Equilibrium simulation would predict the experimentally determined
binding interactions between the oxidized, substrate-free steady-state turnover after extrapolation to longer time
enzyme (Figure 6]1) and the oxidized, substrate-saturated periods. Visual inspection shows a close match between the

enzyme (Figure 62) have been previously investigated,
corresponding t&eq1 = kiA/k, andKeqo = ki7A/kyg Of Figure
6 [(26), with the original definition ofKeq2 = ksA/ks]. The

calculated product formation (solid and dashed lines) and
the experimental data obtained in the—1MO0 ms time
regime, including both the single-turnover reactions proceed-

equilibrium constants determined previously indicate satura- ing from the rapid mix of oxidized\9D with reduced Fd
tion of A9D with 18:0-ACP in the concentration regime used (Figure 4) and the burst reaction of prereduce@D with
for these experiments. The oxidized, substrate-saturated©2 (Figure 5).

enzyme (Figure 62) can undergo electron transfdad) to
initiate single-turnover reactions. Moreover, to account for
the burst kinetic results, the fully reduced dimer saturated
with substrate may also initiate the reaction (Figure3),

To account for multiple-turnover reactions, the model
includes a loop with reversible equilibrium binding interac-
tions for product releasek{s/k;cP) and substrate binding
(ki7A/kyg), irreversible electron transfeky), and a chemical
reaction ki3).

Equation 3 shows the expression f¥a.x within the
steady-state loop of Figure 6 as given by effective rate

Depending on the reaction (Figure 4 or 5), the enzyme
was initially assigned to be present as either 3 as defined
by Figure 6. The chemical stefxs and k;3 were assigned
the value ofkyyst= 95 s%, the product release steys,and
k;s, were assigned the value &fnear = 4.0 s, and the
electron-transfer stekig = 3.4 s was assigned from the
Kobsa Value measured in reaction of oxidize’OD with
reduced Fd (Figure 4). Although the simulation was sensitive
to the magnitude of the product release rate, it was insensitive
to bimolecular steps involving product binding (product
inhibition) in the initial velocity time regime, agoP = k6P
~ 0. The simulation was also insensitive to changes in the
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Table 2: Comparison of Rate Constants for Reactions Catalyzed by Diiron Enzymes

enzyme and substrates reaction products a(até) Ki/kpP? ref
A9D
4e-A9D autoxidatiof <0.00003 14
4e-A9D, 18:0-ACP oxidase 2 HO 0.00045 14
A9D, reduced Fd, Fdr 18:0-ACP, NADPH steady-state desaturation 18:1-ACP  —00.5 25,29, 35
(A9D, 18:0-ACP, Q) mixed with reduced Fd single-turnover desaturation 18:1-ACP —43 1.4 this work
(A9D, 18:0-ACP, reduced Fd) mixed with,O  single-turnover burst 18:1-ACP #1120 15 this work
(A9D, 18:0-ACP, reduced Fd) mixed with,O  single-turnover 2nd reaction 18:1-ACP -8 1.4 this work
stearoyl-CoA desaturase (SCD)
SCD, 18:0-CoA, cytochromies steady-state desaturation 18:1-CoA 7 49
RNR RZ
Y122F autoxidation 0.07 62
mouse ape- Fe** oxidase Y122 0.29 63
mouse Y122 Y122 5 63
Escherichia coliy122 Y122 0.7-1 62,64
MmoH'
MmoH autoxidation 0.02 65
MmoH + MmoB autoxidation 0.3 65
MmoH, MmoB, MmoR+ CH, steady-state hydroxylation GBH 0.6 1.6 55, 56
MmoH + MmoB + CH, single-turnover hydroxylation CiOH & 80 55

2O, required for all reactions. Turnover number per diiron ceritétinetic isotope effect measured for indicated reactidsutoxidation leading
to undefined products from 9 Oxidase reaction yielding 2 mol of @ without other substrate oxidatiohAssigned to an integral membrane
superfamily of diiron enzymes66). f Rates were determined at 4 or6. 9 Pseudo-first-order rate constant with 0.5 mM methane. The second-
order rate constant for this reaction is 16000 &l (55).

substrate binding and dissociation rates in the initial velocity ~ 0.5-0.7 s* has been measured in steady-state catalysis
time regime due to the presence of saturating substrate, anq25, 29, 35). The close match of the calculated and
the bimolecular rate constants for substrate bindifg = experimental values provides substantial support for the
kA = ki7A > 1000 M st gave simulation results  validity of the proposed kinetic model.

compatible with the experimental data. Correspondingly,

fluorescence anisotropy studies suggested ki#atmay be DISCUSSION

of this order of magnitude or large2§). For the numerical

simulation, the substrate dissociation ratgs= ki» = kig = . : . . . .
1+ 0.1 s were assigned from previous anisotropy studies. 18:0-ACP leading to high-yield formation of 18:1-ACP. The

The use of eq 3 provides an important constraint on the accumulating experimental evidence indicates that several
validity of the rate constant assigments. Permutations of these"i‘gpoeiégﬁgD (’i/zi\talyss areh dominated by Ttergmtmgslz\évlth
values among the different rate constants within the catalytic =©-~""~" @5). Moreover, the importance of reduce as
loop resulted in an inability of the numerical simulation to a cat_alytlcally competent electron donor for the degaturase
mimic the transient kinetic data even as the effective rate '€action has now been documented. The information pre-

constant for steady-state catalysis could be reproduced. Forsented here substantially ext'e'nds our understanding of the
example, interchange of the values fas (chemical step) unique fe_atures__ oA9D reactivity relative to other well-
andkus (product release) did not reproduce the second phasetharacterized diiron enzymes.
of the burst experiment, whereas the effective rate constant Role of Fd in A9D Reaction. Physiological electron
value was unchanged. transfer to diiron enzymes requires the formation of a
It is important to note that the simulation duplicated the complex with either a multidomain, flavin- and [2Fe-2S]-
experimental results from two distinct types of reactions containing ferredoxin:NADH oxidoreductase, or a separate
without a change in adjustable parameters other than the[2Fe-2S]-containing ferredoxir8(38, 39). However, chemi-
appropriate assignment of initial concentrations of enzyme cal reduction by sodium dithionite has facilitated in vitro
species. Moreover, a minimal set of unique rate constantSingle-turnover hydroxylations4Q, 41) and later transient
values was required for the simulation kas= ki3, ke = kis, kinetic studies 16, 42) catalyzed by methane monooxygenase
andkA = kA = kA, (Table 2). Moreover, although reactions of the ribonucleotide
The burst reaction requires one pass through the kineticreductase R2 component are most often initiated by recon-
steps fromk; throughk, s, whereas the catalytic loop contains ~Stitution of apo-enzyme with ferrous iod3 44), sodium
k. The two phases of the experimental burst were well- dithionite-mediated reduction of the preassembled diferric
reproduced by the simulation, and the presendezof both center has also been studied (Table 45)(For these two
the burst and catalytic loop of the model serves to constrain diiron enzymes, the reactions of the dithionite-reduced
the acceptable variation in rate constant values. Upon Preparations led to catalysis with rates entirely consistent
evaluation of eq 3, given from an effective rate constants With the biological processes. In contrast, reduction of the
analysis Vmax = kear= 1.3 51 per active site was determined A9D—substrate complex with sodium dithionite led to a
from the rate constants used for the simulation. Extension quasi-stable peroxodiiron(lll) intermediate that decayed by
of the numerical simulation into the 16020 s time domain ~ @n oxidase reaction and that did not yield the 18:1-ACP
showed that the total rate of product formation was dependentProduct (4).
on enzyme concentration, and also correspondéghter 1 The present studies show that reduced Fd acts as a
s ! per active site for both experiments. For comparison, kinetically competent reductant, leading to the formation of

This work shows results from the rapid-mix ABD and
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18:1-ACP. Because reduced Fd was obtained by chemical During the course of this work, a variety of alternative
reduction with sodium dithionite, the difference between kinetic models were evaluated. These included specifically
catalysis and peroxa9D formation apparently corresponds defined enzyme isomerization steps, consideration of coop-
to the presence of reduced Fd in the enzyme reaction. Thusgrative binding and catalysis, and changes in the order of
an unanticipated role for reduced Fd in théD reaction is reversible and irreversible kinetic steps during both the burst
suggested. and multiple-turnover phases of catalysis. Constraints intro-
Rapid-Mix Reaction oA9D. Reaction of the preformed ~ duced by requiring that the effective rate constant analysis
complex ofA9D, 18:0-ACP, and reduced Fd with®uffer (€4 3) must reproduce the experimentally determidggk
led to the rapid, high-yield formation of 18:1-ACP. Because eliminated several of the alternative models from further
lower yields of 18:1-ACP were obtained from mixing the consideration. In other cases, the alternative models failed
components in other arrangements, the results anticipate ari® 'eproduce one or more key aspects of the experimental

optimal kinetic order for the enzyme reactifihe combined ~ S€tup and results and were thus eliminated from further
results of Figures 4 and 5 further suggest that A8D consideration. For example, rearrangement of the kinetic

reaction may consist of at least two, but possibly three, model of Figure 6 to pIa_ce the first product release equi.lib—
distinct kinetic phases. In the rapid-mix reactions of the rium after two successive, irreversible product formation

prereduced enzymesubstrate complex (Figure 5), a burst steps led to an pverestimaf[ion of the burs_t amplitude-By
phase Kust ~ 95 1) was observed with an amplitude fold and also failed to duplicate the experimenfglx when

suggesting the turnover of one subunit of the dimeric enzyme €Xtrapolated into the steady-state time domain. _
(Aowrs™ 90%). This reaction was followed by a second, linear ' "€ coupling between reduced Fd and 18:1-ACP formation
phase of product accumulatiokifar ~ 4 s3), ultimately (Figure 3) can_be understooq by consideration of Figure 6.
leading to a total product yield comparable to that expected " these experiments, the oxidized enzyrsebstrate com-
for the turnover of both subunits of the dimeric enzyme. For PI€X (2) was mixed with reduced Fd to initiate catalysis by
comparison, rapid-mix reactions of the oxidized enzyme &N €lectron-transfer stefuf) within the catalytic loop that
substrate complex (Figure 4) with reduced Fd gave an also includes a part_|aIIy rate-limiting pr_oduct. release step
apparently linear product accumulation owv€t.5 turnovers (kis). Thus, the eﬁgctlve rate of the combined smg!e-turnover
per enzyme subunit Withosss ~ 3.4 S, possibly corre- cycle was approximately equal to the autoxidation rate of

sponding to an electron-transfer phase or other rate-limiting €duced Fd leading to a progressive time-dependent decrease
steps in a multiple-turnover reaction cycle. in reduced Fd concentration at the expense of further 18:1-

I . . ACP formation.
Kinetic Model for Desaturase ReactioAn equilibrium Studies with g18:0-ACP. Most kinetic isotope effect
binding model for conversion of the substrate-free, oxidized studies of fatty acid desaturation have focused on the integral

A9D dimer (Figure 6.1) to the singly and doubly bound e mrane superfamily of desaturases. From this previous
oxidized dimer (Figure &) has been previously investigated work, primary kinetic isotope effects in the range-e6—

(26). For catglysis, additional required steps include electron 22 have been identified46—51), which are considered to
transfer, @ binding and activation, €H bond cleavage, and,  pe gyjitaple evidence for an overall rate limitation of the

during multiple turnovers, product release and subs.tr_ateCat(,ﬂyﬁC reaction by €H(D) bond cleavages@). Because
binding. Previous studies showed that acyl-ACP amplifies o integral membrane enzymes anfD share the same

the O, reactivity of A9D by ~10°-fold, implying that 18:0-  ca¢aiytic requirements for iron,.Oand electron transfer and
ACP binding may precede JObinding in the catalytic  pacause each provides an overall identical outcome to

mechanism 14). Furthermore, hand-mixing experiments caiaysis, a detailed evaluation of the correspondence between
described in this work indicate that 18:0-ACP binding may these reaction mechanisms has been an important research
occur prior to electron transfer from reduced Fd. On the ba5|sgoa| in our laboratory.

of these considerations, the minimal kinetic modelA®D Figure 6 predicts thaVmax for A9D will be determined

reactivity shown in Figure 6 was developed and investigated. by the effective rate constant expression of eq 3. The forward
Numerical simulations of the reaction results based on the commitment factor foWmax [Cvt = kia/(kig + kig) &~ 25, with
kinetic model of Figure 6 support the assignment of the burst k;s negligible] indicates a relative insensitivity to deuterium
phase to an irreversible chemical step of the desaturationsubstitution in 18:0-ACP. Correspondingly, previous kinetic
reaction k; andkys), whereas the linear phase was assigned isotope effect studies af9D using either 9,%h-7-thia-18:
to a partially rate-limiting product release stdg &andk;s) 0-ACP or 10,10d,-7-thia-18:0-ACP found no significant
situated between successive rapid equilibribggA(k; ) and primary PVnax effect during steady-state 18:1-ACP formation
irreversible chemicalkgs) steps. Simulations derived from (53). This result is consistent with the presently identified
this model reproduced experimental variations including the dominating contributions of forward commitment, electron
protein concentration and the redox staté\@D at the start transfer, and product release to the effective rate of steady-
of the reaction with no adjustable parameters required otherstate catalysis.
than a proper assignment of the initial enzyme species Nature of the Burst Phasén the kinetic model of Figure
concentrations and the desired time regime for reaction. 6, k; andk;3 are assigned to irreversible steps of th@D
During multiple turnovers proceeding through the catalytic reaction. Due to experimental design, electron transfer and
loop of Figure 6, th&/max expression given by eq 3 includes substrate binding are unlikely to correspond to the reaction
significant contributions from electron transfer and product step observed during the burst phase of catalysis. For
release and a lesser contribution from the chemical reaction.reactions of prereduced9D, comparison of the results
Thus, all of these steps contribute to the rate limitation of obtained with 18:0-ACP and,-18:0-ACP revealed small
steady-state catalysis. decreases in the burst rate with thesubstrate. This result
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indicates a primary kinetic isotope effect d&fko)(An/Ap)
~ 1.5 on the burst phase of the reactidq, Similarly, a

Biochemistry, Vol. 42, No. 19, 2003865

activation may lead to the catalytically relevant near-attack
configuration 61). The present results suggest that several

modestky/kp ~ 1.4 was observed in subsequent turnover of of these steps may provide rate-limiting contributions to the

the second subunit of th®9D dimer,k;3. Thus, C-H bond
cleavage is unlikely to contribute a significant rate limitation
on either the burst reaction or the overAl®D reaction.
However, by assuming th&,; value indicated above, eq 4
(54

PVax = 1.4 = (intrinsic isotope effect- C,;)/(1 + C,)
(4)

suggests an intrinsic isotope effect-ef0 for the isotope-
sensitive stegk;s. This calculated intrinsic value corresponds
well with values anticipated a priori for a mechanism
involving C—H(D) breakage. Other reaction steps that may
contribute to the observed burst catalysis rate include enzyme
conformational changes and reactions with, @ith an
interesting, albeit not substantiated, correlation betvkegn

~ 95 s! and the rate for reaction of 4eA9D and Q to

give peroxoA9D, Kopsg~ 87 st (13).

Comparison with Other Soluble Diiron Enzym@&sble 2
compares reaction results for diiron enzymes. Primary
deuterium isotope effects have been reported for the steady-
state reaction of methane monooxygendsékt ~ 1.7) G5,

56) and the rapid reaction of methane monooxygenase
compound QHKq/kp ~ 80) (55) with d,-methane. Reactions
with ds-ethane andlg-propane did not exhibit comparable
isotope effects in the rapid reaction, presumably due to a

decrease in the rate of substrate binding and a decrease in

the activation barrier for €H bond cleavage (104 kcal/mol
for CHz;—H versus 95 kcal/mol for ¢;,—H) (57, 58).
Hydrogen abstraction from 18:0-ACP 8D was similarly
masked by reaction steps other thankC bond cleavage.
The absence of a kinetic isotope effect in the reaction of the
prereduced enzymesubstrate complex with Oand the
apparent requirement of 18:0-ACP binding prior ta@ O
activation indicate that steps leading te-B bond activation
limit Kpurst

A consideration of the physiological substrates and reac-
tions of R2, methane monooxygenase, A% emphasizes
important differences between these evolutionarily related
enzymes. Prior to oxidation, each enzyme must correctly
align the substrate for catalysis. In the case of R2, the
substrate is a tyrosine residue positiones-8 A from the
diiron center §$9) so that minimal positional adjustments are
required for oxidation. Methane, an achiral substrate, can
present four equivalent H atoms to compound Q, thus
eliminating the requirement for stereospecific binding of the
substrate in the active site. However, due to the ther-
modyamic stability of primary €H bonds, optimal orbital
alignment during the transition state is likely a key aspect
of catalysis 60). For desaturationA9D gives position-
specific insertion of a cis double bond into the 18-carbon
acyl chain. In part, the shape of the substrate charir@! (
must facilitate formation of the cis isomer and contribute to
the regiospecificity. In additionA9D exhibits high ster-
eospecificity for removal of thBRand10Rhydrogen atoms
(22), implying correct stereochemical positioning of the
substrate relative to the diiron center. Ultimately, the
coordination of protein conformational changes and diiron
ligand rearrangementd?) with electron transfer and O

2.

o o b~ W

9.
10.

11

12.

13.
14.

reaction mechanism.
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