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ABSTRACT. Stearoyl-ACPA®-desaturaseA9D) is a diiron enzyme that catalyzes 18:0-ACP desaturation.
Each subunit of homodimeric restifg®D contains a diferric cluster, while chemical reduction by 4e
produces a diferrous cluster in each subunit. Reaction offdducedA9D with 18:0-ACP and @yields

a blue chromophorelfax ~ 700 nm) that exhibits a vibrational spectrum indicative af-&,2-peroxo
complex; this species has been designated p&®Ko In contrast to other enzymic peroxodiiron
intermediates, peroxx®D is long-lived {12 ~ 30 min at 25°C) and decays via an oxidase reaction
without formation of either KO, or product (18:1-ACP). In this work, optical, transient kinetic, and
Mossbauer techniques have been used to further investigate the origin and nature of this unusual
peroxodiiron complex. Rapid mixing of 2eA9D with O,-equilibrated 18:0-ACP produced peraxaD

as revealed by a temperature-dependent, pseudo-first-order absorption increase at Re046s(t at

6 °C). The Mwssbauer spectrum of peraX8D, accounting for 96% of the total iron, consists of two
guadrupole doublets present in equal proportiofigt) = 0.68(1) mm/s, and\Eg(1) = 1.90(2) mm/s;

0(2) = 0.64(1) mm/s, and\Eg(2) = 1.06(2) mm/s. Decay of the 700 nm optical bakd=0.004 min!

at 6 °C) correlates with the complete conversion of pe®8D into a complex called peroxo-cycled

A9D, which exhibits two new doublets present in equal proportia¥(g) = 0.57(2) mm/s, andEg(1)

= 1.91(3) mm/s;0(2) = 0.52(2) mm/s, and\Eg(2) = 1.41(3) mm/s. Thus, peroX®D contains two
asymmetric diferric clusters and reacts to yield peroxo-cyal@D, also containing two asymmetric diferric
clusters that most probably represent a substrate complex state. The clusters of bothA@eraxal
peroxo-cycledA9D have a diamagnetic ground state. Because p&®Roand peroxo-cycled9D are
observed only in the presence of 18:0-ACP, substrate binding appears to have introduced asymmetry into
the A9D diiron clusters. In situ photolysis of perax6D at 4.2 K in the Ma@sbauer cryostat caused the
release of @and the reappearance of a diferrdd&D-18:0-ACP complex with slightly changed parameters,
suggesting a constrained cluster configuration was produced by the photolysis event. Annealing the
photolyzed sample for 30 min at 77 K quantitatively restored thesdauer spectrum of peraxéD,
showing that the released, Was effectively sequestered within the active site.

Enzymes containing diiron sites are a functionally and desaturasessy, ferritins (6), and rubrerythrins?) catalyze
structurally diverse groupl( 2). Among these, RNR R2 O, activation as part of their alternative catalytic cycles.
(3), bacterial hydrocarbon monooxygenaséfs acyl-ACP Studies of these enzymes have revealed a rich variety of
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cluster redox states, including diferrié-{10), diferrous 8, 30 min for the loss of the 700 nm optical band at %)
11-16), u-1,2-peroxo {7—24), ferric—ferryl (25—28), and and then decays by an oxidase reaction without release of
diferryl (22, 24, 29). Two important goals of these research H,0O, and without formation of desaturated produt8); In
efforts are to establish whether similar reactive intermediatesthe work presented here, optical, transient kinetic, and
are produced by all of these different enzymes and, if so, to Méssbauer techniques have been used to further investigate
determine how each enzyme modulates the respectivethe origin and nature of peroX®D. These studies reveal
intermediates to perform their unique catalytic tasks. that 18:0-ACP binding has substantial influence on both the
Stearoyl-ACPA°-desaturaseA9D) is the best character-  diferric and the diferrous clusters &f9D, that addition of
ized acyl-ACP desaturas&)( This soluble, homodimeric =~ O, to the complex of 18:0-ACP and 4eA9D leads to
enzyme M, ~ 84 kDa) catalyzes the NAD(P)H- and,O peroxad\9D, which contains diiron clusters with spectro-
dependent introduction of a cis double bond between carbonsscopically distinguishable iron sites, and that per®3D can
9 and 10 of stearoyl-ACP (18:0-ACPy9 kDa) to vyield be reversibly photodissociated to producgadd diferrous
oleoyl-ACP (18:1-ACP) with a turnover number of 6.3 clusters.
0.5 s'*. Optical, Mtssbauer, resonance Raman, and EXAFS
studies 80—32) have shown that resting9D contains two MATERIALS AND METHODS
oxo- or hydroxo-bridged diferric centers, while the X-ray
structure of the photoreduced enzyme (containing two X o 57
diferrous clusters) revealed that a diiron center is buried OVerexpressed iischerichia colBL21(DE3) 34). For>'Fe
within each subunit33). A prominent tunnel, proposed to eqn_chment, a 200 ml starting |no<_:ulum VSV?S grown in M3
be the substrate binding site, starts at the surface of eacHniNimal medium supplemented with/8V *FeSQ to an
subunit, bends at the diiron center, and then continues almosPPtical density at 600 nm of-0.7. This inoculum was
entirely through the enzyme. MCD studies showed that the transferred @ 5 L of M9 medium contained in a New
two diferrous clusters of 4eA9D contain two equivalent ~ Brunswick Bioflow 3000 fermenter. The fermenter medium
five-coordinate Fe sites with distorted square pyramidal Was supplemented with 10 g of Casamino acids (Difco,
geometries, consistent with the2.4 A X-ray structure, while ~ D€troit, MI), 35 g of glucose, and 6 mg &fFe metal (95%
the addition of 18:0-ACP changed one Fe site of each cluster!SCtoPic enrichment, Pennwood Chemicals) dissolved in 2
to a four-coordinate distorted tetrahedral geometry and caused*! HC!- During cell growth, the dissolved Qvas maintained
substantial changes in the ground and excited state electroni@ 30% of saturation by feedback control of the agitation
structure 13). The latter MCD studies provided the first (€ and the pH was maintained at (0.1 by controlled

structural evidence for a potential role of 18:0-ACP binding 2ddition d 4 M NH,OH. Cells were induced at an optical
in the O activation step(s) required fax9D catalysis. density at 600 nm of-9 by the rapid addition of 25 g of

Rapid-freeze Mesbauer studies of the peroxo intermedi- p-b-lactose. At induction, the culture was supplemented with

ates of MMOH, RNR R2, and ferritin have revealed a single, 23 M9 of*’Fe metal dissolvechi2 M HCI (final concentra-
quadrupole doublet]~ 0.62-0.66 mm/s and\Eq ~ 1.08— tion of 80 uM). The culture was harvested after 3.5 h by
1.58 mm/s 17, 19, 22, 23)], indicating that the two Fe atoms  centrifugation. Resting'{Fe]A9D was purified, concentrated,
in these diamagnetic complexes are in the ferric state andduantitated, and assayed as previously descriBéd3p);

have similar coordination environments. Moreover, optical 18:0-ACP was prepared as previously descrit).
and resonance Raman studies with intermediates obtained Stopped-Flow Spectroscop$topped-flow experiments
from the reaction of @with the W48F/D84E isoform of ~ were performed using an OLIS stopped-flow device and
RNR R2, ferritin, and the 18:0-ACP complex of 449D rapid-scanning monochromator (Bogart, GA). The ram
have revealed a blue chromophofg.d ~ 700 nm) with syringes, mixer, and optical cell were maintained at the
»(0—0) frequencies (853898 cnt?) and spectral patterns ~ desired temperature by using a refrigerated water bath and
in the16080 complex that are consistent withal ,2-peroxo a methanol/water mixture. Reactions were initiated by rapidly
coordination geometrylg, 20, 21). However, among these ~ Mixing equal volumes of 4eA9D (200:M holoprotein)
complexes, peroxt9D exhibits remarkable stabilityyfo ~ and 18:0-ACP (40Q:M). To maximize the formation of
peroxad\9D, the 18:0-ACP solution was equilibrated with 1

T This work was supported by the National Institutes of Health (Grant aFm of Q prior to mixing. Absorbance spectra were recorded
GM-50853 to B.G.F. and Grant GM-22701 to E.M.). B.G.F. is a Shaw €ither from 560 to 780 nm or from 310 to 440 nm at a
Scientist of the Milwaukee Foundation (1992999). J. A.B.is atrainee  sampling rate of 1000 scans/s. The absorbance intensity data

being supported by NIH Institutional Molecular Biophysics Pre-Doctoral ; i ; ; i initi
Training Grant T32 GM-08293. were best fit by a single exponential with correction for initial

*To whom correspondence should be addressed. B.G.F.: e-mail, absorbance backgroud@(t) = a()[1 — exp(—kt)]}.
fox@enzyme.wisc.edu; telephone, (608) 262-9708. E.M.: e-mail.  Samples for Spectroscopic Studis. A9D was prepared
e@gﬁ%’;ﬁgﬁf%ﬁgg%itne'ephone' (412) 268-5058. as previously described, 31); oxygenated 4e A9D was

s Carnegie Mellon Univer-sity. prepared by flushing the optical cuvette with, @fter

! Abbreviations: ACP, recombinant acyl carrier protein containing reduction. f’Fe]Perox@9D was prepared by adding 18:0-
a Cierminal His sequence: 18:0 ACP. Stea';%']é%cp? 18.1-ACP. ACP to oxygenated 4eA9D in a septum-sealed optical
oleoyl-ACP; A9D, 18:0- -desaturase; resti , as-isolate .
form of A9D containing two diferric clusters; 4eA9D, chemically cuvette (8). Decay of peroxa9D was monitored from 300
reduced form ofA9D containing two diferrous clusters; peraxaD, to 800 nm using a Hewlett-Packard 8452A diode array
form of A9D containing twq:-1,2-peroxo clusters; peroxo-cycladD, spectrophotometer. For the correlation of absorbance and
form of A9D obtained from decay of peroﬁ@D, MMOH, hydroxylase. Mdssbauer measurements, aﬂoaliquots of5’Fe-enriched
component of methane monooxygenase; compound P, peroxo inter- .
mediate of MMOH; RNR R2, iron-containing component of ribonucle- PEroxa\9D were transferred from the optical cuvette to a

otide diphosphate reductase. Md&ssbauer sample cup at appropriate time points during the

Enzyme PreparationA9D from Ricinus communisvas
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A 05 Table 1: Thermodynamic Parametefsr Various Peroxodiiron
Complexes
€ 04 M AH* AS
g complex (kJ mol)b (I molFtK-%c  ref
2 0.3k formation reactions
~ peroxa\9D 22 —134 this work
5 [Fex(u-1,2-0)(HMTMP)]  39-42 —65to—114 45
£ 0.2 [Fex(u-1,2-Q)(HPTP)] 16 -114 45
= [Fex(u-1,2-0)(Et-HPTB)] 15 —121 45
8 oxyhemerythrin 17 —46 46
g 0.1 MMOH compound P, gH, 92 88 24
) decay reactions
peroxaA9D 80 —-41 this work
0 A L \ | [Fex(u-1,2-Q)(HPTP)] 52 —47 45
0 01 02 03 04 05 [Fex(u-1,2-Q)(Et-HPTB)] 65 —46 38
. oxyhemerythrin 70 38 46
B Time (s) [Feu-1,2-0)(E-HPTB)] 81 74 45
+0.05, ] MMOH compound P, Cki 168 140 47
-0.05 1 ) . ) ) ] MMOH compound P 114 163 24
Residuals a Calculated from the Eyring equation, ki(ksT) = AS/R — AH¥/

FiGURE 1: Intensity changes for the 700 nm optical band of RT, wherek is the observed rate and the other variables and constants

peroxa\9D at 6°C. (A) Data (dotted line) were best fit by a pseudo- have the standard meanings. The rates of formation and decay of

first-order single-exponential withleof 46 s1. (B) Residual errors ~ PETOXa\ID were determined from 6 to 30C. For the formation
for the nonlinear least-squares fit. reaction, ther? value from least-squares fitting was 0.9954. For the

decay reaction, the? value was 0.9963 Slope of the Eyring plot.
¢ Intercept of the Eyring plot.

decay reaction and quickly frozen with liquichbNI'he time-
dependent changes in the intensity of the absorbance an
Mossbauer spectra were simulated using the Levenberg
Marquardt nonlinear least-squares fitting routines provided
in Mathematica 2.2 (Wolfram Research, Inc., Champaign,
IL). These data were best fit ba(t) = a(o) + a(0)
exp(—kt) for intensities that decreased over time &) =
a()[1 — exp(—kb)] for intensities that increased over time.
Mossbauer Spectroscofdypectra were obtained on constant-
acceleration instruments, and isomeric shifts are reported
relative to an Fe metal standard at room temperature. Spectral
simulations were generated using WMOSS [WEB Research,
Edina, MN Q)]. For photolysis experiments in the ldsbauer
dewar, A9D (1.1 mM) and 18:0-ACP (2.4 mM) were
prepared in 50% (v/v) glycerol prior to reduction to create a
glass upon freezing. After reduction, the sample cuvette was
filled with O, to form perox@d9D. Photolysis experiments
were performed using white light from a 300 W projection

lamp bulb. The light beam was focused by a water-filled . . i i
. . octahedral oxygennitrogen environments. Addition of 18:
round-bottom flask (10 cm diameter) and collimated by a 0-ACP to an anaerobic sample of 449D caused a slight

leucite cone into a leucite light pipe that guided t.he ]ight roadening of these doublets, but otherwise, no major
Zezarél ;%éhgxsiggéeioﬂ?ehﬂ?;sf d r?;”:g'&.gzigzlrnéi?aed aghanges were detected in the parameters of the zero-field
) P 9 P spectrum. No absorption bands were detected in the optical

f;gf;;'ig?é (f‘;;erltneaggt'glngfﬁgrc;lf g?%r;t;h\?vas:rgglllié'::ds spectrum of anaerobic 4e\9D, either in the absence or in
. the presence of 18:0-ACP (see Figure 1 of 18¥.

Following data collection, the sample was warmed to 77 K Figure 2B and Figure 3A (solid line) show the Mbauer

for 30 min to allow Q rebinding. and optical spectra of a sample frozen 1 min after the
RESULTS complex of%"Fe-enriched 4e A9D and a 2-fold excess of
18:0-ACP was mixed with © In the M@ssbauer spectrum,
Optical Detection of the Formation and Decay of 96% of the doublet of 4e A9D (Figure 2A) was replaced
Peroxa\9D. In a previous resonance Raman study, we by two new doublets (Table 2 and Figure 2B). The four
suggested that an optical band at 700 nm is associated withabsorption lines in Figure 2B can be grouped into two
au-1,2-peroxodiferric species called per&&@D (18). Rapid doublets in two different ways. Counting from the left, one
mixing of 4e= A9D with O,-equilibrated 18:0-ACP gave a can assign lines 1 and 4 and lines 2 and 3 as doublets, or
single-exponential increase in absorption with the same ratealternatively, lines 1 and 3 and lines 2 and 4 can be assigned
constant when monitored at either 700 nm (Figure 1) or 350 as doublets. The latter association would yield, in our view,
nm (data not shown). The pseudo-first-order formation rate to unreasonable isomer shifts for the two sit@d]) = 0.87
(k) for peroxad\9D was temperature-dependent, increasing mm/s ando(2) = 0.45 mm/s]. We therefore conclude that
from 46 st at 6°C to 87 st at 24°C. A single-exponential ~ peroxaA9D consists of two doublets representing 96% of

C%it of a quality comparable to that shown in Figure 1 was
obtained at each temperature that was examined. RC24
the formation reaction was complete within less than 200
ms, and because of subsequent slow decay (see below), less
than 3% spectral change was observed after 1 min. The decay
was also best fit as a temperature-dependent, single-
exponential process with a decrease in kdtem 0.06 mirr*
at 30°C to 0.004 min® at 6°C (a representative fit for the
Pecay at 20°C is shown in Figure 3B of ret8). The AH*
andAS* values derived from Eyring plots for the formation
and decay reactions are provided in Table 1.

Mossbauer Detection of the Formation and Decay of
PeroxaA9D. The Mssbauer spectrum of 4eA9D, shown
in Figure 2A, consists of a superposition of two (unresolved)
doublets: 6(1) ~ 1.27 mm/s, and\Eg(1) ~ 3.30 mm/s;5-
(2) = 1.28 mm/s, and\Eq(2) ~ 3.05 mm/s (Table 2). These
parameters are characteristic of high-spin ferrous sites in
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FiGURE 2: Mossbauer spectra of diiron species produced during
the formation and decay of peraX8D. (A) 4e- A9D (~250uM
homodimers, 3.8 mol of Fe per mole of homodimer). (B) PeA®®
obtained 1 min after mixing 4eA9D, 18:0-ACP, and @ (C)
Peroxo-cycled\9D obtained after decay of perox6D. Solid lines

are spectral simulations using the parameters listed in Table 2.
Brackets indicate the association of absorption lines.

Table 2: Mmsbauer Parameters Observed during the Reaction of
the Complex of 4e A9D and 18:0-ACP with @

sample 0 (mm/s) AEq(mm/s) percentage

restingA9D? 0.54 1.53 72
0.49 0.72 21
0.50 2.20 7

peroxaA9DP (S= 0) sitel  0.68(1) 1.90(2) 48

site2  0.64(1) 1.06(2) 48

peroxo-cycled\9Dc (S=0) sitel 0.57(2) 1.91(3) 48

site2  0.52(2) 1.41(3) 48
4e” A9D (diferrousy and site 1 ~1.27 ~3.30 50

substrate complex

site 2 ~1.28 ~3.05 50
diferrous after photolysis site 1~1.24 ~3.20 50
site 2 ~1.20 ~2.80 50

a Diferric enzyme obtained from the standard purification procedure
as characterized by Msbauer spectroscop$3). ® Peroxo-level in-
termediate obtained by reaction of 449D with 18:0-ACP and @
¢ Diferric state obtained by decay of perax@D. ¢ Diferrous state of
A9D obtained by methyl viologen-mediated4eduction with sodium
dithionite and the 18:0-ACP complex of 4&9D.

the total Fe with the following parameters(1) = 0.68(1)
mm/s, andAEg(1) = 1.90(2) mm/s;¥(2) = 0.64(1) mm/s,
and AEq(2) = 1.06(2) mm/s. Mesbauer spectra recorded
in applied fields up to 8.0 T (not shown) revealed that
peroxAA9D has a diamagnetic electronic ground state, and
thus, peroxa9D contains diiron clusters with two distinct
iron sites.

Examination of the optical and Msbauer spectra of
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FiGURE 3: (A) Optical spectra of the Mssbauer samples used to
produce the data depicted in Figure 2+-)(sample from Figure

2B (peroxd\9D), (--*) sample from Figure 2C (peroxo-cycled
A9D), and (- - -) sample described in footnote 4. (B) Disappearance
of the 700 nm optical bandl) and Méssbauer spectrun®) of
peroxa\9D and the appearance of peroxo-cyclefiD (O) in a
sample incubated at 24C. The solid lines are least-squares fits
based on single-exponential decreases in the intensities of the optical
and Massbauer spectra of perax6D, and a single-exponential
increase in the intensity of the Mebauer spectrum of peroxo-
cycled A9D.

peroxd\9D (96%). After the sample used to produce the
data depicted in Figure 2C was thawed and allowed to stand
for 15 h at 25°C, the M@ssbauer spectrum was found to be
unchanged. Thus, the doublets of Figure 2C represent clusters
with distinguishable iron sites in a stable state of the enzyme,
which we call peroxo-cycledh9D. A Mossbauer spectrum
taken in an 8.0 T applied magnetic field (not shown) revealed
that peroxo-cycled\9D is diamagnetic, while the optical
spectrum [Figure 3A (dotted line)] is consistent with the
presence of an oxo-bridged diferric cluster. The difference
in the Mossbauer parameters between peroxo-cycled and
restingA9D suggested that the spectrum of Figure 2C might
represent the complex of resting9D with 18:0-ACP.
Indeed, subsequent experiments showed that the addition of
excess 18:0-ACP to restind9D vyielded a Masbauer
spectrum (data not shown) consistent with a superposition
of the spectra of peroxo-cyclefi9D (~70%) and resting
A9D. This observation suggests that Figure 2C represents a
stoichiometrically formed complex of resting9D with 2

samples prepared 18, 44, and 94 min after the addition of mg| of 18:0-ACP?2

O, showed that the decrease in the intensity of the 700 nm

optical band is accompanied by a decrease in the intensity

of the Mitssbauer spectrum assigned to per®3D and the
appearance of a new pair of doublet)1) = 0.57(2) mm/

s, andAEg(1) = 1.91(3) mm/s;d(2) = 0.52(2) mm/s, and
AEq(2) = 1.41(3) mm/s. For a sample frozen 94 min after
the addition of Q [Figures 2C and 3A (dotted line)], the
new doublets represent all the iron initially contained in

2Resonance Raman studies with peroxo-cyd&D revealed~5
and~13 cnt?! shifts invgFe—0) andv,{Fe—0), respectively, relative
to those of restingA9D. Titration of 18:0-ACP into resting\9D
produced frequency shifts similar to those observed with peroxo-cycled
A9D, but the binding affinity for complex formation with restidgD
was considerably weaker than that for complex formation with 4e
A9D (K. S. Lyle, J. Ai, T. M. Loehr, J. Sanders-Loehr, and B. G. Fox,
unpublished results).
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Ficure 4: Conversion of peroxa9D into a diferrous cluster upon
photolysis. (A) PeroxA9D before illumination. (B) Perox®9D
after illumination fa 1 h at 4.2 K. Thesolid line above the data is

a spectral simulation for two ferrous quadrupole doublets with equal
intensity using the parameters listed in Table 2. (C) B minus A
difference spectrum. (D) C minus the simulated spectrum in B
difference spectrum. The solid line is a simulation for two
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the observed parameters are identical to those assigned to
peroxa\9D. The photolysis data thus establish that both
doublets of Figure 2B belong to a single cluster type in
peroxad\9D, and confirm that 96% of the diiron clusters in
the sample of Figure 2B are a peroxo complex formed in
the presence of 18:0-ACP.

We now comment briefly on the spectral simulations
presented in Figure 4. The positions of the three high-energy
lines of the two doublets shown in Figure 4D are well-defined
in the difference spectrum of Figure 4C. However, the
contributions of the low-energy lines of doublet 1 (see Figure
2B) and the diferrous cluster produced by photolysis cancel
in the difference spectrum. Comparison of Figure 2B and
Figure 4D shows that the positions of the three higher-energy
lines of peroxd9D are unchanged in samples prepared either
with or without glycerol. It is thus reasonable to assume that
the position of the fourth, lower-energy line is also inde-
pendent of the presence of glycerol. With this assumption,
the positions of the low-energy lines of the two doublets of
the diferrous cluster produced by photolysis are established.
The solid line drawn above the spectrum of Figure 4B is a
spectral simulation of the diferrous cluster; the spectrum is
best described by a superposition of two ferrous doublets:
0(1) ~ 1.24 mm/s, and\Eg(1) ~ 3.20 mm/s;6(2) ~ 1.20
mm/s, andAEq(2) ~ 2.80 mm/s (Table 2). Thus, photolysis
released @from peroxa\9D, and yielded a diferrous state
measurably different from the 4eé\9D-18:0 ACP complex

quadrupole doublets with equal intensity having the parameters used to produce peroX®D.

listed in Table 2 for perox&9D.

Due to partial spectral overlap of peraX®D and peroxo-
cycled A9D, it was initially not obvious whether the two

doublets shown in parts B and C of Figure 2 would represent

one cluster with distinct iron sites or two distinct clusters

with similar iron sites. However, we were able to resolve

this question with a low-temperature photolysis study.
Low-Temperature Photolysis Reactidtigure 4A shows

a 4.2 K Mtssbauer spectrum of peroxeD prepared in a

50:50 (v/v) buffer/glycerol solution. Notably, only a trace

amount &3%) of diferrous cluster is present. A detailed

analysis of the spectrum of Figure 4A (see below) shows

that 60% of the total iron belongs to perax@D, while the

remainder belongs to a doublet structure with an average

isomer shiftd of ~0.5 mm/s? Figure 4B shows a spectrum
recorded at 4.2 K after the sample was illuminated in situ
for 1 h at 4.2 K.Comparison of parts B and A of Figure 4
shows that illumination led to a substantial increase in the

For the photolyzed sample used to produce the data
depicted in Figure 4B, no measurable rebinding efwas
observed at 4.2 K over a period of 12 h. After the spectrum
depicted in Figure 4B had been collected, the sample was
warmed to 77 K in the Mssbauer dewar, kept at 77 K for
30 min, and then cooled to 4.2 K. The spectrum subsequently
collected at 4.2 K was essentially identical to that depicted
in Figure 4A, showing that ©had rebound to the diferrous
center to quantitatively reform pero&8D. To test the
wavelengths that were most efficient for photolysis, the
sample was illuminated fol h through a long-path filter
(cut-on wavelength of 645 nm); this produced the same result
that was obtained without the filter, suggesting that illumina-
tion in the 700 nm optical band is sufficient for photolysis.

Correlation of Optical and Mesbauer Result#\fter the
positions of all the lines of parts B and C of Figure 2 had
been established, the time dependence of the changes in the
optical and Masbauer spectra during the decay of pe/ASD

proportion of diferrous cluster and a substantial decrease int0 Peroxo-cycledA9D could be readily determined. Figure

the intensity of the perox®D absorption. Figure 4C shows
a difference spectrum obtained by subtracting the “dark”
spectrum (Figure 4A) from the spectrum of the illuminated

3B shows that the changes in intensity of both the optical
and the Masbauer spectra can be fit with a single-
exponential constank(= 0.031+ 0.002 min'') at 24°C.

obtained by subtracting the diferrous contribution (simulated

20 °C by optical spectroscopy alondg). By using the

from Figure 4C. Therefore, Figure 4D represents the spectralquantitative formation of peroxt®D and peroxo-cycled
components that disappear upon illumination. This spectrum 49D, and the protein and Fe concentrations determined by

consists of two doublets with equal intensity, and moreover,

colorimetric methods,e values per diiron cluster were

3 A fraction of material with @ of ~0.5 mm/s ¢40%) appears to
be restingA9D that was not reduced, possibly due to difficulties in
mixing and equilibrating the 50% (v/v) glycerol sample. Thus, the
sample contained 60% perax6D, 3% 4e A9D, and 37% resting
A9D.

4A small, reproducible rise in the absorption @850 nm was
observed upon mixing 4eA9D with O; in the absence of 18:0-ACP
(dashed line in Figure 3B). The identity of this species is not known,
and its spectral contribution was subtracted before the molar absorptivity
values were calculated.
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determined for peroxa9D at 700 nm ¢ = 11004+ 80 M1 (2) = 0.65 mm/s, and\Eg(2) = 1.7 mm/s; in this case, the

cm™1) and 350 nm{ = 11004+ 80 M cm™) and for inequivalence is likely caused by the coordination of one O
peroxo-cycledA9D at 340 nm ¢ = 4850+ 375 Mt cm™1).4 atom of the peroxo bridge trans to an imidazole ligand and

the coordination of the other O atom of the peroxo bridge
DISCUSSION trans to an amine ligand.

While four peroxodiiron complexes that have been studied
have yielded (average) isomer shifts that are larger than those

reaction between 4eA9D, 18:0-ACP, and @(~87 s*at ¢ farric non-peroxo complexe8, 37, 39), two complexes
24°C) is comparable to the rates for the analogous reaCt'O”Sprovide an exception. A compound synthesized bynitge

of diferrous MMOH, RNR R2, and ferritin, and would ;5 @0) exhibits one doubletd = 0.52 mm/s, and\Eq
apparently be cor‘?petent to initiate th€9D (_jesaturase = 0.72 mm/s; however, the-©0 stretching frequencies are
reaction (0.3-0.5 s at 25°C). Yet, peroxd9D is remark- — gimilar to those reported for the other peroxo complexes.
ably long-lived and does not progress to desaturation 1y gistinct quadrupole doublets with an averagef 0.55
catalysis. Table 1 shows that tieH* and ASF values for mm/s P(1) = 0.47 mm/s, anAEo(1) = 1.88 mm/sp(2) =
formation and decay of peroA®D and certain synthetic 5 63 mm/s anﬂkEQ(Z) ~ 1.20 r%m/s] were also observed

u-1,2-peroxodiferric model complexes are similar, but differ i, e peroxo complex derived from the tetracarboxylate and
substantially from the values for thg-peroxo complex of v \igine_ligated diferrous complex studied by LeCloux et
oxyhemerythrin AS® values) and for MMOH compound P al. (41).

(both AH¥ and AS values). For perox®9D and oxyhem-
erythrin, the difference in thAS values for formation and
decay may reflect a more ordered transition state that is
required for formation of au-1,2- versus ary’-peroxo
complex. The large differences in both thed* and AS
values of peroxda9D and MMOH compound P, which are
both proposed to form-1,2 complexes, are more difficult
to rationalize, but may arise from differences in the chemical
reactivities of these intermediates or from the complexity of

other protein-protein or proteir-substrate interactions that the flexible coordination environment present in diiron

are required for the enzyme reactions. enzymes. Interestingly, both perax@D and peroxo-cycled
Mbssbauer Properties of PeroA8D. The high-spin ferric  A9D are spectroscopically rather homogeneous, suggesting
sites of diiron clusters havé values ranging from 0.45 to  that the initial heterogeneous environment is transformed into
0.55 mm/s. Shifts above 0.60 mm/s, up to 0.66 mm/s, have 3 homogeneous coordination upon complexation with 18:0-
been reported for peroxoferric complexds,(19, 22, 23, ACP and reaction with ©
36—38). Recently, Bollinger et al.1(7) have characterized a Optical Properties of Peroxt9D. The peroxodiiron
peroxo complex of the D84E isoform &f coliRNR R2; in complexes observed in both enzymes and model complexes
the native enzyme, D84 coordinates in a bidentate fashion have similar 0ptica| Spectra’ with a broad band extending
to one Fe of the diiron clusteB). The peroxo complex of  from 500 to 1000 nm and an absorption maximum ranging
D84E RNR R2 exhibits a single quadrupole doublét= from 600 to 725 nm. Thee value for peroxa9D is
0.63 mm/s, andAEq = 1.58 mm/s. Likewise, MMOH  comparable to that reported for ferritia £ 1000 M~ cm2
compound P exhibits a single quadrupole doubdet= 0.66 (19)] but ~3.5-fold lower than that reported for Fe{©
mm/s, andAEg = 1.51 mm/s 22, 23). On average, thé(1) (OBZ),[HB(pZ')s]> [¢ ~ 3800 M cm™! (43)]. The large
value of 0.68 mm/s and th¥2) value of 0.64 mm/s observed  vyariability in thee values for these related peroxo complexes
for the inequivalent sites of peroA®D are the same as those  may arise from the sensitivity of the peroxe Fe*" charge-
of MMOH compound P and theufl,2-peroxo)bisg(-car- transfer transitions to differences in the environment of the
boxylato) diiron model complex synthesized by Kim and enzyme active site or various organic solver88)(The e
Lippard [0 = 0.66 mm/s 86)]; all of thesed values are  value determined here for peraX8D by quantitation of
slightly larger than thé value observed for DB4E RNR R2.  diiron cluster intermediates closely matches that determined
Low-temperature MCD/CD studies by Yang et al. suggest previously from the stoichiometry of 18:0-ACP titratiorsof
that both diferrous clusters of the complex of 18:0-ACP and = 1200+ 50 M~ cm™* (18)]. This close match corroborates
4e- A9D have one four- and one five-coordinate iron site the accuracy of the different quantitation methods as well
(13). Because the resonance Raman spectra of pA@Ro  as the binding stoichiometry of 1 mol of 18:0-ACP per
are consistent with a symmetypiel,2-peroxo structurelg), subunit of 46 A9D. Peroxo-cycled\9D was found to have
it is tempting to speculate that peroxide occupies one opena highere value at 340 nm per diiron cluster than resting
position at each iron site, giving rise to peroxodiferric clusters A9D [e3q0 = 4200 Mt cm™! (31)]. This difference may
having one five- and one six-coordinate site. This could originate from the variable amounts of oxo- and hydroxo-
explain the observation of inequivalent sites in thesbttauer ~ bridged clusters present in restidD as deduced from
spectrum of peroxA9D. However, it should be noted that EXAFS and M®sbauer studies®), while the oxo-bridged
the crystallographically characterized gid,2-peroxodiferric form may predominate in peroxo-cycléxbD.
complex of Ookubo et al.3() exhibits two similar six- Photolysis Experiment§he Massbauer-detected photoly-
coordinate high-spin ferric sites (with the samglligand sis of peroxad\9D at 4.2 K, leading to the appearance of a
set) and a Mssbauer spectrum consisting of two inequivalent diferrous cluster and the reformation of the peroxo complex
doublets: 6(1) = 0.58 mm/s, and\Eq(1) = 0.74 mm/s;5- upon warming to 77 K, constitutes the first demonstration

Kinetics and Temperature Dependendée rate of the

Finally, we comment on one other aspect of the pet®
Mossbauer spectra. Our'Mdsbauer studie82) have shown
that restingA9D has a heterogeneous distribution of (dia-
magnetic) diiron clusters as indicated by the observation of
guadrupole doublets belonging to three different species
(Table 2). This distribution likely involves a mixture of oxo-
and hydroxo-bridged clusters and perhaps clusters with other
changes in the ligand environment. Such a heterogeneity is
not restricted toA9D (42), and we suppose that it reflects
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