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Abstract: Ethylene is a plant hormone involved in all stages of growth and development, including regulation
of germination, responses to environmental stress, and fruit ripening. The final step in ethylene biosynthesis,
oxidation of 1-aminocyclopropane-1-carboxylic acid (ACC) to yield ethylene, is catalyzed by ACC oxidase
(ACCO). In a previous EPR and ENDOR study of the EPR-active Fe(ll)—nitrosyl, [FeNQO],” complex of
ACCO, we demonstrated that both the amino and the carboxyl moieties of the inhibitor p,L-alanine, and
the substrate ACC by analogy, coordinate to the Fe(ll) ion in the Fe(Il)-NO—ACC ternary complex. In this
report, we use 35 GHz pulsed and CW ENDOR spectroscopy to examine the coordination of Fe by ACCO
in more detail. ENDOR data for selectively °N-labeled derivatives of substrate-free ACCO—NO (E-NO)
and substrate/inhibitor-bound ACCO—NO (E-NO—S) have identified two histidines as protein-derived ligands
to Fe; 1?H and YO ENDOR of samples in D,O and H,’O solvent have confirmed the presence of water
in the substrate-free Fe(ll) coordination sphere (E-NO). Analysis of orientation-selective 14'°N and 17O
ENDOR data is interpreted in terms of a structural model of the ACCO active site, both in the presence
(E-NO-S) and in the absence (E-NO) of substrate. Evidence is also given that substrate binding dictates
the orientation of bound O..

Ethylene is a plant hormone involved in all stages of growth residues in this canonical sequence have been shown to bind
and development, including regulation of germination, responsesFe(ll) in a ligand arrangement referred to as a “2-His-1-
to environmental stress, and fruit ripenihdhe commercial carboxylate facial triad®?!
implications of these processes have made control of ethylene The cofactors necessary for ACCO catalysis (Fe(ll}, O
biosynthesis an attractive target for biochemical manipulation. ascorbate, and G{32-16 are similar to those employed by the
The final step in ethylene biosynthesis, thedupled oxidation o-keto-acid-dependent dioxygenases (Fe(ll)p, @-keto-
of 1-aminocyclopropane-1-carboxylic acid (ACC) to ethylene, glutarate), which first catalyze oxidative decarboxylation of
CO,, and HCN, is catalyzed by ACC oxidase (ACCO}. o-ketoglutarate and then couple this process to the oxidation

ACCO possesses significant sequence homology to a numbeiof substrate in the second part of the reactigkscorbate in
of structurally characterized non-heme Fe(ll)-dependent oxygen-the ACCO reaction fulfills one of the roles of-ketoglutarate
activating enzyme3Indeed, a conserved His-X-Aspe%-s7y in the dioxygenase reaction by supplying two of the electrons
His sequence is found among ACCOs that is equivalent to thoserequired for catalysis. However, ACCO appears to follow a
in isopenicillin N synthase (IPNS)! deacetoxycephalosporin
C synthase (DAOCS),and the large family of 2-oxoacid-
dependent dioxygenase¥ The conserved His and Asp (or Glu)
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catalytic cycle different from that of the dioxygenases, with ACC
oxidation and G-O bond cleavage preceding reduction by

dance) enzyme and enzyme grown B histidine. These
measurements have corroborated the bidentate binding of

ascorbate, which is proposed to come at the end of the reactionsubstrates/inhibitors, identified two histidines as protein-derived

cycle!®>17The result is the production of ethylene and Gd
the release of both atoms of oxygen from & water rather

ligands to Fe, and confirmed both the presence of at least one
water ligand inE-NO and the lack of coordinated solvent in

than incorporation into the products, as in the case of the E-NO—S. Analysis of orientation-selectivé*!IN and 17O

dioxygenases. Also, ACCO has a strict requirement fop @9

ENDOR data provides a more detailed structural model of the

an activator, while it appears to be simply a product in the case ACCO iron active site than previously available from other

of the dioxygenase%:16.1819 Taken together, these results
suggest that the Fe(ll) center of ACCO may interact with

substrates and effectors somewhat differently from the other
structurally characterized members of the 2-His-1-carboxylate

facial triad family.

techniques and suggests that the metal ligand site foisO
determined by the binding of substrate ACC.

Materials and Methods

All chemicals used were analytical grade or better (Sigma, Fisher,

In many cases, it has been shown that the 2-His-1-carboxylateand Pharmacia) and were used without further purificatio® (99.9%)

facial triad environment is utilized to allow as many as three
exogenous ligands to bind to Fe(ll) in adjacent positi#n?
Nitric oxide has proven to be an effective probe of non-heme
Fe(ll) enzymes, converting the EPR silent Fe(ll) cent&r=(
2) into the EPR activeS = 3%/, [FeNOT center?® The
supposition that the non-heme iron site in ACCO is structurally
similar to others containing the 2-His-1-carboxylate facial triad

and L-histidine-(ring**N,)-HCI-H,O (98%) were purchased from
Cambridge Isotope Laboratories, Inc.2'FD (39 and 52.8%) was
purchased from Isotec, Inc3NO (99%) was purchased from ICON;
15N-p,L-alanine (99%) was purchased from Sigi@-p,L-alanine was
prepared as described previouslyArgon gas, used for anaerobic
procedures, was passed over copper catalyst (BASF) at’C7®
remove trace @ The BL21(DE3) histidine auxotroph was a generous
gift from Dr. David A. Okar and Professor Alex J. Lange at the

suggests that as many as two coordination positions in the NOUniversity of Minnesota. All protein concentrations were determined

complex might be occupied by additional exogenous ligands.

In our initial EPR and ENDOR study of the FeHhitrosyl
complex of ACCOL” we demonstrated that both the amanad

the carboxyl moieties of the inhibitop,L-alanine, and the
substrate ACC by extension, coordinate to the Fe(ll) ion in the
Fe(Il)-NO—Ala ternary complex. These results led to the new

proposal for the mechanism of ethylene biosynthesis described

above, in which the reaction begins with ACC and r@ther
than ascorbate bound to the Fefil)This model received

using the Sigma bicinchoninic acid protein ag8ay estimated using
the calculated molar extinction coefficient at 280 nm (27 550'M
cmY).

Growth, Overexpression, and Purification of ACCO.ACCO was
expressed inEscherichia coli BL21(DE3)pLysS and purified as
described previously. The BL21(DE3) histidine auxotroph was
grown on the following minimal media, supplemented with either
natural abundanaehistidine or**N(ring)-L-histidine (25 mg/mL): 115
mM KzHPQ,, 7.5 mM (NH,),SO,, 3.4 mM sodium citrate, pH 7.4,
supplemented with 29.6M thiamine, 1% glucose, 0.2 mg/mL of

considerable support from our recent single turnover transient ampicillin, 504M chloramphenicol, and Hutner's mineral b&&d@he
kinetic and product yield studies which showed that ethylene enzyme used for these studies had a specific activity in the range of

can be formed in the absence of ascorBatecent CD/MCD

2.9-3.5 mol ethylene per mol ACCO per minute.

studies of the enzyme in the absence of NO also support this ENDOR Spectroscopy. Samples were prepared at °€ from

model, showing that binding of ACC converts the iron center
from six- to five-coordinate, leaving an open site fop O
binding2* Ascorbate and Cowere shown to strongly influence

the observed coordination number. Steady state kinetic studie

also indicated an ordered ACC ang 6inding reaction, but

deoxygenated stock solutions (repeated evacuation and replacement with
Ar) using gastight syringes. All samples were prepared in 200 mM
MOPS at pH 7.2, 10% glycerol, 50 mM NaHGOFe(lII)ACCO was

Sprepared by reconstitution of apo-ACCO with 0.8 molar equiv of ferrous

ammonium sulfate. Samples i, O were prepared by lyophilizing
the enzyme at low temperature and reconstituting with®! buffer.

left in doubt whether ascorbate binds before or after this processcontrol samples prepared in this fashion retained 98% of their original

in the reaction cycl&®
In this report, we use 35 GHz pulsed and CW ENDOR

activity and yielded EPR and ENDOR spectra identical to those of the
untreated enzyme. Samples containing either labeled or natural

spectroscopy to characterize the ACCO coordination sphere inabundance ACC or alanine were prepared as described previdusly.

detail, through the study of substrate-free ACERO (E-NO)
and substrate/inhibitor-bound ACCONO (E-NO—S/I) pre-
pared with various combinations 8f1NO, 141N-p,L-alanine,
170-p,L-alanine, and-?H,0,1617 using both'N (natural abun-

(17) Rocklin, A. M.; Tierney, D. L.; Kofman, V.; Brunhuber, N. M. W,;
Hoffman, B. M.; Christoffersen, R. E.; Reich, N. O.; Lipscomb, J. D.; Que,
L., Jr. Proc. Natl. Acad. Sci. U.S.A.999 96, 7905-7909.

(18) Fernandez-Maculet, J. C.; Dong, J. G.; Yang, Biechem. Biophys. Res.
Commun.1993 193 1168-1173.

(19) Smith, J. J.; John, P. Maximizing the Activity of the Ethylene-Forming
Enzyme. InCellular and Molecular Aspects of the Plant Hormone Ethyjene
Pech, J. C., Latche, A., Balague, C., Eds.; Kluwer Academic Publishers:
Dordrecht, The Netherlands, 1993; pp-338.

(20) Arciero, D. M.; Orville, A. M.; Lipscomb, J. DJ. Biol. Chem1985 260,
14035-14044.

(21) Arciero, D. M.; Lipscomb, J. DJ. Biol. Chem.1986 261, 2170-2178.

(22) Chen, V.; Orville, A. M.; Harpel, M. R.; Frolik, C. A.; Surerus, K. K;;
Minck, E.; Lipscomb, J. DJ. Biol. Chem.1989 264, 21677-21681.

(23) Arciero, D. M.; Lipscomb, J. D.; Huynh, B. H.; Kent, T. A.; Mok, E.J.
Biol. Chem.1983 258 14981-14991.

(24) Zhou, J.; Rocklin, A. M.; Lipscomb, J. D.; Que, L., Jr.; Solomon, B.I.
Am. Chem. SoQ002 124, 4602-46009.
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Samples in BO were prepared by dialyzing against 200 mM MOPS
at pD 6.8, 10% glycerol, 50 mM NaHGO

Q-band (35 GHz) ENDOR spectra were recorded with instruments
of local design in either C\ or pulsed® mode. The CW spectra, unless
otherwise noted, utilized the following conditions: 4 G field modulation
(100 kHz); T = 2 K; vmw = 35.0 GHz; MW power= 400 uW; time
constant= 32 ms; RF power= 25 W (100 kHz bandwidth broadened);
1 MHz s™* scan rate; receiver gain 1000; 50 scans. Pulsed ENDOR
spectra, unless otherwise noted, used the following conditidrs:2
K; vmw = 34.70 GHz; RF pulse length 60 us; (Davies) MW pulse

(25) Lowry, O. H.; Rosebrough, N. J.; Farr, A. L.; Randall, R1.JBiol. Chem.
1951, 193 265-275.
26) Okar, D. A;; Felicia, N. D.; Gui, L.; Lange, A. Protein Expression Purif.

)

)
1997, 11, 79-85.

@7
1957, 49, 25-68.

)

)

—

Cohen-Bazire, G.; Sistrom, W. R.; Stanier, RJYCell. Comput. Physiol.
(28) Werst, M. W.; Davoust, C. E.; Hoffman, B. M. Am. Chem. Sod.991,
113 1533-1538.
(29) Davoust, C. E.; Doan, P. E.; Hoffman, B. M.Magn. Res. A996 119,
38—44.
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lengths= 80, 40, and 80 ns; repetition rate 50 Hz; 200 transients
per point; (Re-Mims)r = 140 ns; MW pulse lengths 28, 28, 28,
and 60 ns; repetition rate 200 Hz; 500 transients per point.

For a single molecular orientation, the first-order ENDOR response
from a nucleus with =1/, (e.g.,'H, **N) is a doublet with frequencies
ve = |A2 £+ wy|, where A is the orientation-dependent hyperfine
coupling, andwy is the nuclear Larmor frequency; f6f, > vy, this
corresponds to a doublet centeredYatand split by 2y, whereas for
Al, < wy, it gives a doublet centered ay and split byA. For nuclei
with | > 1/, (e.g.,**N, | = 1;2H, | = 1; YO, | = %), each peak of the
doublet is further split into Rlines, each separated b 3with P being
the orientation-dependent quadrupole coupling. Analysis of the nitrogen
ENDOR data for ACCO was accomplished with the help of a series of
selectively'>N-labeled samples. In generalt®8l substitution introduces
a two-line pattern centered A(*>N)/2, separated by1#*N). This is
accompanied by the loss of a corresponding four-fifié pattern,
centered afA(**N)/2, separated by1Z'“N) and further split by B (see,
for example, Figure 1). ThE'™N patterns are further related By*°N)/
AMN) = v(*N)/v(*N) = gu(*N)/gn(*N) = 1.41.

At the low- and high-field edges (“single-crystal-like” positions) of
an EPR signal, an ENDOR experiment interrogates only a single
molecular orientation or subpopulation; at intermediate fields, a well-
defined subset of orientations is examined. Analysis of a 2D set of

Table 1. Single-Crystal-like Hyperfine and Quadrupole Couplings
(MHz) at g1 and gs for Ligand Atoms of E-NO and E-NO—S?@

Alb Pc Asd Py
E-NO
Hisa 14N (15N) 17) nd 8(12) 0.8
Hisg 14N (15N) (13) nd 8 (12) 0.8
o 14N (15N) 9 (12) 05 13(20) ~1

OH; 170 =20 nd ~12 ~0.4

2H 1 ~0.3

E-NO-S

Hisa 14N (15N) 8 (11) 0.7 8 (12) 0.4
Hisg 14N (15N) 7 (10) 0.4 10 (14) 0.6
NO 14N (15N) 10 (14) 0.7 12 (16) 0.3
ACC 1N 6 0.9 7 0.4
Ala (**N) (10) (10)

10 14 <04 12 0.2

8BCO, ¥ 0.2

aThe assignment of Hisand Hig for E-NO is not defined; the
assignments foE-NO—S come from simulation of the full field-dependent
datasets, as described in Figure 6 and Tab¥rinsic hyperfine coupling
atgi: A1 = AJ'(9401). © Quadrupole coupling in MHz#£0.1; “~" +0.2
MHz; nd = not determined)d Measured hyperfine coupling gt As =
As'. € The signal was not detected g& Value given isA, = Ay (9402).
fData not shown.

Table 2. Hyperfine and Quadrupole Tensors (MHz) for Nitrogen

“orientation-selective” spectra collected at numerous fields across the |igands of Fe-ACCO-NO + ACC?

EPR envelope often provides a complete determination of hyperfine
and quadrupole interaction tensé?s\s a first step in the analysis of
the 2D (field frequency)*'™N ENDOR patterns for the various ACCO
isotopologs*N and**N ENDOR spectra, taken at the extrengagnd
gs) of the S= %/, [FeNOT EPR signal, were compared and assigned
(Figures +-4). Simulations were then performed, with the initial goal
of matching the ENDOR frequenciesgtandgs, before finally being
compared to the entire 2D field-frequency pattern (Figures 5, 6, and
S5).

The observed EPR (and ENDOR) signals come frommtke= +%,
Kramers doublet of th& = ¥/, spin manifold of the [FeNG]adduct
but are discussed in terms of an effective spin, with= %,. As

measured, a hyperfine tensor is referenced to the fictitious spin and is

denotedA'; its components are modified from those of the intrinsic
tensor, denoted, in a well-defined way! For example, wheig and

A are coaxial A" = [Ar, Ay, Al = [(91/Ge)Ar, (G2/0e)A2, (95/0e)Ad];

the scaling bygondge is more complicated for noncoaxial tensors, and
this is included in simulation®. The quadrupole couplings are not scaled
in this way.

The>N simulations faithfully reproduce tHé€N ENDOR frequencies
over the entire range of fields (see, for example, Figure 5), giving
reliable™N hyperfine tensors and orientations with resped (@able
2). In most cases, the correspondifly patterns were not sufficiently
resolved to warrant the same level of analysis. For clarity, specific
isotopic substitutions are referred to (in parentheses) by the following
conventions: E-NO natural isotopic abundance, substrate-free
ACCO—NO; E(**N-His)-NO = substrate-free ACCONO, prepared
from 15N histidine-labeled enzym&-(**NO) = substrate-free, natural
abundance ACCO prepared witNO; E-NO—S = natural abundance,
ACC-bound ACCGO-NO; E(**N-His)-NO—S = 3N histidine-labeled,
ACC-bound ACCG-NO; E-(**NO)-S = natural abundance, ACC-
bound ACCO prepared withNO; E-NO—I (**N-Ala) = *>N-p,L-alanine
complex of natural abundance ACEQIO; E-NO—I1(*’0O-Ala) = Y'O-
p,L-alanine complex of natural abundance ACERO. E-NO—I| =
natural abundance,L-alanine-bound ACCENO.

(30) Hoffman, B. M.Acc. Chem. Red.99], 24, 164-170.

(31) Hoffman, B. M.; DeRose, V. J.; Doan, P. E.; Gurbiel, R. J.; Houseman, A.
L. P.; Telser, JEMR of Paramagnetic Molecule®lenum Press: New
York, 1993; pp 15%+218.

(32) Tierney, D. L.; Huang, H.; Martasek, P.; Roman, L. J.; Silverman, R. B.;
Hoffman, B. M.J. Am. Chem. So@00Q 122 7869-7875.

erg*?
Aiso T 01 |¢‘ P(MN)C
E-NO

Hiss  IN(4N) 15(11)  1.4(1.0) 90,20

Hiss  1N(N) 14(10)  1.4(1.0) 90,70

NO  I5N(4N) 16.5(11) 3.3(2.3) 250 -0.2,—0.6,0.8

E-NO-S

Hisn 15N 11 1.6 0,0

Hisg 15N 13 1.6 90, 90

NO  I5N(4N) 15(11)  2.0(1.4) 250 —0.4,-0.7,1.F
Ala 15N 11.5 1.6 90, 90

ACC N 8 1.0 90,90 —-0.4,11,-0.7

2 The hyperfine tensors were modeled as a sum of isotrépic(MHz))
and axial anisotropicT{ = [T, —T, +2T] (MHz)) contributions. The
orientation of the unique direction of the anisotropic coupling is denoted
ers. P Euler angles describing the orientationest (see footnote a)f =
angle betweens anders (£10°); |¢| = angle of rotation abougs (+30°).
¢ Quadrupole tensoR = [Py, P2, P3] (MHZ). 9 Angles between the principal
quadrupole and hyperfine axes, (3) = (25°, 0°).

Results

As previously reported, the addition of NO to FetACCO
leads to the formation of a8 = 3/, [FeNOJ adduct E-NO)
with a nearly axial EPR spectrunga(> s = [4.11, 3.94, 1.99];
E/D = 0.008; Figure S1¥7 Inclusion of substrate ACC or an
amino acid inhibitor, such as alanine, leads to the formation of
anE-NO—S/I complex whose EPR spectrum is more rhombic
(0123 = [4.23, 3.82, 1.99]E£/D = 0.035) than that oE-NO.
The resulting complex also requires 10-fold less microwave
power to effect half-saturatior(;;). Complexes with substrate
analogues that contain either a carboxyl or an amino function,
but not both, yield EPR spectra that are similar in appearance
to that of E-NO, although their power saturation behavior is
closer to that of the ACC compleX*™N and’0O ENDOR at
35 GHz were used previously to demonstrate that both the amino
and carboxy functions of ACC coordinate the active site Fe(ll)
simultaneously in the ternary ACCENO—ACC complex!’ In
the current study, we have isotopically labeled all of the nuclei
directly coordinated to the metal ion, save the putative protein-
derived carboxylate.

J. AM. CHEM. SOC. = VOL. 127, NO. 19, 2005 7007
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E-NO, g, = 1.99

T T I T T T T T ] T T T T T T T T T 1
10 20
v (MHz)

Figure 1. The 35 GHz CW ENDOR of ACCONO (E-NO) atgz = 1.99.
(A) E-NO in 42% H,'70O buffer. Inset: 35 GHz Re-Mim3 ENDOR of
a sample in RO buffer atg; = 4.11. (B) ®N-His. (C) >°NO. The
corresponding natural abundance spectrum is overlayed as a gray line in

each trace for comparison. The brackets are included to guide the eye, WhereAl

the inverted triangle represent$(®-N)/2.

The 35 GHz CW ENDOR spectra from this suite of samples
exhibit thev, but not thev_, branches for coordinatedO
and!*13N. Although this is a common phenomenon, its origin
is not understood. In contrast, the Davies-pulsed ENDOR spectr
contain both branches fol*1N. As will be seen, overlap
betweerv_ from one nitrogen with, from another can interfere

attributed to coordinatedN (discussed below). These same
features are present in spectra for a sample preparedi®OH
buffer, with the addition of a broad resonance fr&i@, located
atv(1’0) ~ 13 MHz (black line, Figure 1A). The relationship,
v+(Y’0) = A(Y"0)/2 + v(170), givesAs(*’0O) ~ 12 MHz. This
signal was difficult to observe at fields belayv~ 2.8, due in

part to increasing overlap with resonances from strongly coupled
1H (see Figure 2, inset), but also because of a monotonic increase
in the apparent width of the signal at increasingly lower fields
(Figure S2). The observation of &fO signal with a value of
A(*"0) this large requires the presence of at least one water
molecule in the coordination sphere of substrate-free A€ECO
NO. The width of thel”O resonance may include sizable
contributions from structural heterogeneity, such as the presence
of multiple discrete orientations for a single coordinated water,
or, alternatively, from two simultaneously coordinated water
molecules.

The presence of exchangeable protons associated with the
bound water was confirmed with 35 GHz refocused-Mims (Re-
Mims)33 pulsed®H ENDOR of a sample oE-NO in DO buffer
(g1 = 4.11, Figure 1, inset). The Re-Mims protocol allows the
use of shortr, independent of spectrometer deadtimes(the
delay between the first and second microwave pulses of Mims
pulsed ENDORY), which diminishes the ENDOR response of
weakly coupled and matri¥H and favors signals from more
strongly coupledH. The spectrum shows? doublet split by
'(H) ~ 2 MHz, corresponding to ¥ coupling of A’y ~ 13
MHz (gu/gp = 6.5), or an intrinsic valuedy ~ 6.5 MHz (Qobd
ge ~ 2). This coupling is compatible with that expected for the
protons of the bound solvent whose presence is indicated by
the 17O species identified in Figure 1A. ThéH ENDOR
response attenuates rapidly fgr < 3.8, precluding field-

adependent analysis. This example illustrates the importance of

using multiple ENDOR techniques. The signal from the
exchangeable water protons was not detected in thel@w

with the analysis of indivi.dual spectra. In general, pulsed ENDOR spectra oE-NO. At nearly all fields, théH ENDOR
ENDOR spectra were considerably sharper than CW spectra alis dominated by several moderately strongly coupled, non-

01 and at fields around, (see, for example, Figure 4, traces D
and E), but the signals were difficult to observe at intermediate
fields. At fields neargz = 1.99, pulsed ENDOR could not be

obtained because of the presence of an extraneous EPR signa

presumably from nonspecifically bound NO. However, reliable
data could be obtained g in CW mode (Figures 1 and 3) by
moving to fields sufficiently high that any contributions from
the minority species were eliminated. The greater sensitivity of
the CW technique also afforded spectra at fields intermediate
to g2 andgs, allowing the field-dependence of the'N patterns

to be determined. In short, the detailed analysis presented her
was made possible through combined application of CW and
pulsed techniques.

We begin with a presentation of “single-crystal-like” ENDOR
spectra taken aj; andgs for E-NO (one fewer nitrogen ligand,
below), followed by the equivalent ENDOR spectra EBNO—

S/l; we then discuss the analysis of 2D field-frequency data.

Single-Crystal-Like ENDOR of E-NO: Water Coordina-
tion. The presence of Fe-bound waterErNO is established
by the ENDOR results for a sample prepared without substrate
in Hx170. At the high-field edge of th&-NO EPR signal @3
= 1.99; Figure 1A), the natural abundance 35 GHz CW ENDOR
spectrum (K0, gray line) consists of sharp resonances at
and 9 MHz and a broad component atl0 MHz; all are
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exchangeable proton signal&’ (~ 8—18 MHz, intrinsicA ~
4—9 MHz), which likely arise from Fe-bound histidyl imidazoles
fdiscussed below).
’ E-NO Nitrogen Ligands: E(**1N-His)-NO. Comparison
of the spectra for natural abundaneéeNO and E(*>N-His)-
NO (Figure 1B; gray and black lines, respectively,= 1.99)
shows that the two shaidN features in the former spectrum
(at ~7 and 8 MHz) are lost upo#fN histidine incorporation,
while a single new peak appears al2 MHz. The broad
component near 10 MHz in the natural abundance spectrum is
Unaffected and, as shown presently, can be attributédhto
from coordinated NO. The correspondence between the frequen-
cies in the two spectra establishes that the two sharp lines in
the 14N spectrum are the; quadrupole doublet of a singtgpe
of histidyl imidazole.

The g1 = 4.11 CW spectrum of natural abundaneeNO
contains overlapping signals from strongly couptéd and*H
in the range of +40 MHz (Figure 2, inset). CW ENDOR
spectra fromE(*5N-His)-NO (black line in Figure 2A) show
two 15N peaks at~16 and~20 MHz that are absent without
the label (gray line in Figure 2A). As they are separated by

(33) Doan, P. E.; Hoffman, B. MChem. Phys. Lettl997 269, 208-214.
(34) Mims, W. B.Proc. Royal Soc. Londoh965 A283 452-457.
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E-NO, g, =4.11
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0 40
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(CW) - ‘

(Davies) ‘
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(B) "NO (Davies)

v (MHz)

Figure 2. The 35 GHz CW and Davies-pulsed ENDOR of substrate-free
ACCO—NO (E-NO) atg; = 4.11. (A) (top) CW spectra fdE(*41N-His)-

NO; (bottom) Davies spectrum f&(**N-His)-NO. (B) Davies spectra for
E-(*NO). Natural abundance spectra are overlayed in gray for comparison.
Inset: 35 GHz Davies-pulsed ENDOR of natural abundance AERBO

atg; = 4.11, showing strong overlapping signals fréfh andH.

less than 2(**N), they must be thev; features for two
magnetically distinc®>N-His coordinated to F& Thus, the
single type of'>N seen in theygs = 1.99 spectrum resolves into
two distinct®N-His, denoted A and B, af; = 4.11.

The E(**N-His)-NO CW spectrum also shows a pair of lines
at ~11 and 13 MHz that are not resolved in the natural
abundanceE-NO spectrum. Their appearance in tH&-His
spectrum suggests that they too i features. However, their
frequencies do not correspond with those expected-fE#N).
Comparison with the 35 GHz Davies-pulsed ENDOR spectrum
(Figure 2A) shows that the pair should be assigned tovthe
guadrupole pair o¥*NO. The Davies spectrum contains strong
v+ resonances for the twdN-His at~16 and~20 MHz, weak
features that correspond to the two(*N) resonances, and all
four resonances fro®"NO, as indicated by the brackets in

Figure 2. These assignments are supported by the Davies-pulseg, H,

ENDOR of E-(**1TNO) (discussed below), as summarized in
Table 1.

E-NO Nitrogen Ligands: E-(**1NO). The broad shoulder
from ~9.5—-12 MHz in theg; = 1.99 CW spectrum of natural
abundanceE-NO (Figure 1C) is eliminated in the ENDOR
spectrum ofE-(*>NO) (black line, Figure 1C), and its disap-
pearance is accompanied by the appearance of a Asw
resonance at15 MHz. The ENDOR frequencies, as indicated
by the brackets, match such that #4d shoulder at~10 MHz
in natural abundance enzyme (Figure 1A,B) and tRd
resonance at 15 MHz in Figure 1C indeed come fromithe
branches of4NO. The*NO quadrupole coupling a could
only be estimated from the breadth of tH&O feature; it is
included in Table 1, along with the hyperfine constants.

Comparison of theg; = 4.11 Davies ENDOR spectra of
E-(*>NO) and E-NO (Figure 2B, black line and gray line,

(35) Although there are strongly coupled proton signals in this frequency region,
they are poorly resolved and merely contribute a background signal.

E-NO-S§, g,=1.99

v (MHz)
Figure 3. The 35 GHz CW ENDOR of ACCONO + ACC/Ala (E-NO—
S/l) taken atgz = 1.99. (A) 13N Ala. (B) *N-His. (C) 1°NO. The natural
abundance spectrum is overlayed as a gray line for comparisonl4d (
— (*N) difference spectra are displayed below each dataset.

respectively) shows that tHéNO — 15NO substitution intro-
duces a new feature atl5 MHz and causes the loss of the
intensity from the corresponding-(**NO) doublet at~7—9
MHz. Comparison of Figure 2B to the Davies ENDOR of
E(*5N-His)-NO in Figure 2A indicates that the pair of lines at
~11 and 13 MHz in Figure 2A are indeed the quadrupole
doublet of “NO. This doublet is surprisingly sharp, possibly
reflecting the lack of underlying+ andv_ resonances from
1N-His. Resonances fromvi(*“N-His) dominate the CW
spectrum, effectively masking any intensity differences associ-
ated with the loss of.+(**NO).

Single-Crystal-Like ENDOR of E-NO—S/I: E-NO—S/I
Coordinated Oxygen.Spectra fronE-NO—S samples prepared
170 solvent did not show signals froiO, indicating an
absence of coordinated water. Likewise, no solvent exchangeable
IH ENDOR signals, either from coordinated water or from the
amine nitrogens of substrate/inhibitor, could be detected for
E-NO—S/I complexes!’O (I = %) incorporated in the carboxyl
oxygens ob,L-alanine used to form the-NO—I complex gives
an intensev; (1’0) ENDOR feature from a strongly coupled
170; atgz = 1.99, the signal is particularly well defined, with
As(*’0) ~ 0.12 MHz (Figure S3). This largé’O hyperfine
coupling requires that the carboxylate group of alanine be
coordinated to the iron centéf.

E-NO—S/I Coordinated Nitrogens: E-NO—S. The CW
spectra atgs 1.99 from the suite ofE-NO—S 141N
isotopologs exhibit thev,, but not thewv_, branches for
coordinated*1N (Figure 3). To best visualize the effects of
individual isotopic substitutions!qN) — (*°N) difference spectra
were calculated; these are shown directly below the experimental
data in Figure 3. The difference spectra were calculated to
minimize baseline deviations to low- and high-frequency of the
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gz (black line, Figure 3B) shows two intense(*°N) features
at~11 and 12 MHz, as highlighted in the difference spectrum.
The separation of these two peaks is much less th#tNp),
indicating that they arise from two magnetically distifeN-

His ligands. The appearance of the two new features if®e

His spectrum is accompanied by a reduction in intensity of the
14N peaks near 7 and 8 MHz, visualized as positive features in
the (*N) — (*N) difference spectrum; tentativéN assignments
are indicated by the brackets.

The g = 4.23 Davies ENDOR spectrum dE(*°N-His)-
NO—-S (Figure 4B) also shows(**N) features at-13 and 15
MHz from the two histidine ligands; corresponding(*>N)
features at~8 and 10 MHz are indicated by the brackets.
Although there is a clear loss #N-His intensity at~5, 8, and
12 MHz, quadrupole splittings are not clearly resolved; as

E-NO-S, g, =4.23
(Davies)

“N.Ala

His, + NO
‘ ARG indicated by the braces, we estima®,3~ 1.1 and P ~ 2.0
ACH e anc [ ) His, +NO MHz. An additional feature at(*N) = 3.5 MHz in the!N-
|

His,
| | NO His spectrum can be attributed to unresolvéd, of labeled
| Summary histidine.
(“N, Davies) . .
E-NO—S/I Coordinated Nitrogens: E-(*1NO)—S.Com-

(m (“N, CW) parison of thegs = 1.99 CW ENDOR spectra fdE-(1*NO)—S

TS FSIER RN FE Foc O] R e RG] e o and E-NO—S (Figure 3C) shows the loss of a broagd(**N)
3 v(MHz) ° 2 feature at~10 MHz and the gain of &(**N) feature at~13
Figure 4. The 35 GHz Davies-pulsed ENDOR of substrate-bound ACCO  MHz. These frequencies giVAs'(lSNO) ~ 16 MHz andAg'-
NO (E-NO—S/I) atg; = 4.23. In traces A C, the natural abundanééN 14 ~ . 14 PP
spectrum is shown as a gray line. (RN—Al. (B) SN—His. (C) 1NO. ( NQ) _ 12 MHz; the!4N quadrupole splitting is unresolved
Inset: CW detection of 4 (1NO). (D) Summary of assignments for natural @t this field, but the breadth of théN feature suggests that
abundance ACCONO + ACC atg, = 4.23. (E) The 35 GHz CW spectrum 3Pz &~ 0.9 MHz. We attribute the breadth of the!NO feature
of natural abundancE-NO—S showing the expected intensity pattern for g g distribution of geometries from rotation about the-Fe
1.

r+(N). N(NO) bond.

There is little difference between thggy = 4.23 Davies
signals of interest and are, therefore, purely qualitative. Such ENDOR spectra foE-(*3NO)—S and that fore-NO—S (black
(**N) — (*N) difference spectra will show a single negative and gray lines, respectively, in Figure 4C), except for the loss
feature for each®N and (in principle) two positive features for  of 14N intensity at~13 MHz. Examination of the!5N-His
the correspondingN. Theg, = 4.23, Davies-pulsed ENDOR  spectrum (black line in Figure 4B), in which resonances from

spectra from this suite show both andv_ 14N features and ~ 14NO are unaffected, suggested the quadrupole partner to this

are extraordinarily sharp and richly detailed (Figure 4). peak might be at-11 MHz. Assignment of thi$*N pair as the
E-NO—S/I Coordinated Nitrogens: E-NO—I(141N-Ala). quadrupole split(“NO) doublet predicts the pattern indicated
Thegs = 1.99 35 GHz CW ENDOR spectrum BENO—I (13N- by the 15N upper brackets in Figure 4C, with the resonance

Ala) (black line in Figure 3A) shows a subtle change from the of SNO at~17 MHz. This'*N feature is not detected in Davies
natural abundancE-NO—I spectrum (gray line, Figure 3A) ENDOR of E-(*>NO)—S, but it is detected in CW mode (inset
that is best visualized by examination of tAéN-Ala) — (*>N- to Figure 4C, labeled “CW?"). This observation confirms the
Ala) difference spectrum. This displays a pair of positive peaks assignment and again illustrates the importance of employing
from thev, quadrupole pair of coordinatédN-Ala (centered both CW and pulsed ENDOR in the confirmation of frequency
at A(*N-Ala)/2 + v(1*N)%¢ and split by = 1.2 MHz) and a assignments.

single negative feature froAdN-Ala (centered af(*>N-Ala)/2 E-NO—S,g; Summary. The resulting assignment of features
+ v(**N)). The associated hyperfine couplings are related by in the 9N Davies ENDOR spectrum of natural abundance
A(™N)/A(*N) = 1.4 as required. These couplings, along with E-NO—Satg,; = 4.23 is summarized in Figure 4D and accounts

those atgs, are summarized in Table 1. for all 16 resonances expected for fdéi ligands: eight lines
The 35 GHzg; = 4.23 Davies-pulsed ENDOR spectrum of from two distinct histidines, four from the amine nitrogen of

E-NO—I(**N-Ala)'’ (Figure 4A) clearly shows the gain &N substrate, and four from the nitrogen of NO. Examination of

features at~7 and 13 MHz (black line) and the loss &N Figure 4D shows some intensity anomalies in the Davies

signals at~3 and 10 MHz (gray line). The braces above the spectrum, particularly in the region aroune-20 MHz. Al-
spectra show the assignment of the 8 and 13 MHz features aghough the origin of the intensity differences is not clear, this
the v— and vy branches of®N from alanine; those below the s the area of greatest spectral congestion. The corresponding
spectra show the corresponding assignment of the 3 and 10 MHz35 GHz CW ENDOR spectrum (Figure 4E), which only includes
14N features. The values & andP are given in Table 1. contributions fromv,(**N) (above), shows no peaks below
E-NO—S/I Coordinated Nitrogens: E(4N-His)-NO—S. MHz, consistent with the assignments in Figure 4D. Interest-

Thegsz = 1.99 CW spectrum dE(5N-His)-NO—Scollected at  ingly, the CW spectrum displays an intensity pattern more
consistent with that predicted by the Davies ENDOR than does

(36) At this magnetic fieldA(**N) = 3.8 MHz andA(*5N) = 5.4 MHz. the Davies spectrum itself.
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Scheme 1 E(”N-His)-NO-S “N-His, ""N-His,

0 0 ;
/ / s AR
i) — e (O, — s Nt — e ) 413 N '-‘
[O(asp)] [Oasp)] 4.07 A
Orientation-Selective’>N ENDOR. The preceding sections 4.00 !.A
describe the nitrogen ENDOR g andgs and deduc@ andP 188 —
values at these single-crystal-like positions. This information ' PR a
is summarized in Scheme 1. To obtain more detailed structural 3.81(g) /I
information, CW ENDOR data were collected at fields across N -
the entire EPR envelope for all of the isotopologs, both with 3.65 AN h—'
and without substrate. Analysis of these 2D field-frequency plots - ' ' ~
to obtain hyperfine and quadrupole tensors is simplified because ' |\ et
only v+ resonances are observed in CW mode. Two representa- 2.0 -
tive 2D field-frequency plots, one fdg(**N-His)-NO (Figure 7
5) and one forlE(**N-His)-NO—S (Figure 6), are shown. The 2.61
remaining datasetsEf(!®NO), E-NO—I(**N-Ala), and E- { g
(*3NO)-9] are included as Supporting Information (Figures-S6 2.36 -
S8). The greater rhombicity of tHENO—S/I EPR signal E/D T
= 0.035) gives greater field dispersion to the ENDOR patterns 199 ) /
and results in sharper ENDOR lines, particularly near AT
(compare Figures 5 and 6). This affords increased precision in — T —
the geometric parameters derived from simulations, especially 10 v (MHz) 20

the anglep which corresponds to the rotation of the hyperfine  rigure 6. Field-depender#N 35 GHz CW ENDOR ofE(15N-His)-NO—

tensor frame about thgs axis. Resultant hyperfine tensors,
obtained as described below, are given in Table 2.

E-NO. The hyperfine tensor for ¥ of histidine coordi-
nated to Fe is essentially axial, wils > Ag andA; along the

S. Fields are as indicated on the plot. Representative simulations, sum-
marized in Table 2, are shown as: gray!®N-Hisa, black = 15N-Hisg.

to the plane defined by the Fe and the two-Re(His) bonds;

Fe—N bond. The data shown above (Figure 3B) demonstrate as a resultA; will lie in the g;—g; plane. This was used as the

that the A and B histidyl nitrogens are magnetically equivalent
in spectra taken ajs. We take the equivalence ofsNand Ns
at gs to indicate that\(gs) ~ Ap and thatgs is roughly normal

E("N-His)-NO  “N-His,  "N-His,
4.11(g) .
= _,/ \-"l/ .\'\__ _/\_
i}
2 = VO '
4,03 VAN T\ '-
& 7N A
N A

v (MHz) 20

Figure 5. Field-dependent®N 35 GHz CW ENDOR ofE(**N-His)-NO.
Fields are as indicated on the plot. Representative simulations, summarize
in Table 2, are shown as: gray 1>N-Hisa, black= 15N-Hisg, black, long
dash= “NO.

starting point to simulate the 2D patternsiof(**N) features
from histidine; Figure S5 highlights théN features by
overlaying theE(*>N-His)-NO with the natural abundan&NO
spectra. The best simulations are shown in Figure 5; the solid
lines drawn through the simulations represent the tensor
components that connegi to g, andg; to g; and are included

to guide the reader. The tensor componentsifng and15Ng

are essentially the same, with the best interpretation of the angles
being that the two FeN bonds £,) are at roughly right angles

to each other in thg;—g, plane, with one along, and the
other alongg:.

The remaining ENDOR intensity, below 20 MHz, f&(*°N-
His)-NO was attributed above te, (**N) from coordinated NO.
The N pattern fromE-(*>NO) is difficult to follow because
its signal is broad and has low-intensity at fields away frgm
or gz (Figure S6). However, th#NO signal could be followed
in spectra fromE(*>N-His)-NO, where signals from the
coordinated histidines are shifted to higher frequency. The best
NO simulation is also shown in Figure 5 (dotted lines).
Simulation of thel®>NO data, while incomplete, agrees satis-
factorily with the parameters derived from the fits'tlO listed
in Table 2. Theg andA(NO) tensors are noncoaxial, consistent
with bent coordination of NO; the tilt angle? = 25°, is
equivalent to the anticipated F&—O angle of 155. The
principal hyperfine direction for the NO nitrogen appears then
to correspond to the NO bond direction, rather than the +N

ond direction. Overlap and poor resolution precluded an
analogous approach to analysis of tH#&-His quadrupole
tensors (Figure S6).
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E-NO—S/I. Unlike substrate-fred-NO, the two histidine
nitrogens ofE(**N-His)-NO—S are magnetically distinct at both
01 andgs. The best simulation of the 2D pattern fop Kblack
line in Figure 6) requires tha; and thus the FeNg bond lie
alongg, (Table 2); the parameters foMiffer little from those
for one of the His ligands ie-NO (Figure 5). The!'>N pattern

for the substrate analogue alanine (Figure S7) is similar, which
suggests that the substrate amine nitrogen binds trans to the

protein-derived histidine ligand, g\

The value ofv+(**N,) (~13 MHz atg;, Figure 6) appears to
change little with field. However, this apparent invariance of
v+(*N) reflects a compensating decreasevif(*°N) and an
increase inA'(*®N). When expressed in terms of the intrinsic
hyperfine interaction, there is a small anisotropic term that can
be described by an axial contribution with a unique axis along
03 (see Figure S4A,B); the hyperfine parameters are listed in
Table 2, and the resulting simulation is illustrated by the gray
line in Figure 6. This indicates that the &5 bond lies along
03, placing it trans to the nitrogen of NO.

As is the case foE-NO, the field-dependence of théN
signal from E-(**NO)—S was difficult to follow at fields
betweeng; andgs, while detailed analysis of thENO pattern
(Figure S8) was prevented by overlap with the signal fdkh
of the substrate ACC. THENO ENDOR frequencies af; and
gs are well defined and require thAg andgs are not coaxial
(nonzerod).

Orientation-Selectivel’O ENDOR. Water and E-NO: With
decreasing magnetic field, theyHO resonance seen in Figure
1 shifts to higher frequency (Figure S2) and eventually
disappears under the ENDOR signals?bff (for g > 3.13),
which are moving to lower field as thgvalue of observation
increases (field decreases). This indicates that 20 MHz
(A" = (g1/ge)A1 > 40 MHz). The breadth of thé’O feature

g
gl
0 (0]
-4 N &
Nihis), N(his), (‘)
( 1‘3}\ I/OH2 A 2 /N
/F —_— | /Fe\\
N(his), | OH, N(his); N
g [O(asp)] & [O(asp)]

Figure 7. Cartoon depiction of the ACCONO Fe(ll) binding site, in the
absence (left) and presence (right) of substrate ACC, based on the ENDOR
results.

Discussion

The results presented here combine CW and pulsed ENDOR
techniques in elucidating the composition and structure of the
iron(ll) active site of ACCO. While well-resolved pulsed
ENDOR spectra were obtained in most cases for EHO
andE-NO—S at the low-field @;) edge of their respective EPR
signals, CW ENDOR was required to obtain reliable datgsat
Similarly, v+(*®NO) was not easily observed in Davies-pulsed
ENDOR of E-(*>NO)—S (Figure 1B), but this feature was
readily detected in CW ENDOR of the same sample. Perhaps
the most illustrative example of the need to use both techniques
is the absence of easily detected exchangeddl&ENDOR
signals inE-NO (Figure 1, inset); only when Re-Mims pulsed
ENDOR was applied were ttfel signals from coordinated water
detected. Analysis of these results provides a picture of the iron
active site more detailed than thus far available from other
techniques.

Structure of the Fe(ll) Active Site in the Presence and
Absence of Substrate.The ligand orientations derived from
the ENDOR analysis allow us to propose the spatial arrangement
of ligand nuclei at the Fe site in ACCENO, both with and
without bound substrate ACC, shown in Figure 7. The substrate-
free, E-NO form, on the left, shows a bent F&IO unit, with

also appears to increase at lower fields, which may reflect eitherthe Fe-N bond lying roughly alonggs. There are two
an increasing quadrupole coupling at these orientations or thecoordinated histidine nitrogens with +& bonds in the plane

presence of more than one distiféD species. Although it is
not possible to define the field at whig&{1’O) maximizes, the
observation thafma(*’0O) does not occur aiz indicates that

normal to the FeNO bond and cis to one another-{ife—N
angle~90°), as indicated by 2D data f&(>N-His)-NO (Figure
5); one has FeN along theg; axis, while the other has FeN

solvent must coordinate in the plane defined by Fe and the two @longgz. Thus, the ENDOR data (Table 2, Figure 7) strongly

histidine nitrogens, as described earlier.

Carboxylate 70O of | in E-NO—I: The gz = 1.99 10O
resonance frontE-NO—I(}’O-Ala), seen at+ = 12 MHz of
Figure 1A, increases in frequency o = 17 MHz at g,
demonstrating an increase A from A'(gs) ~ 12 MHz to A'-

(g2) ~ 26 MHz (Figure S3), which corresponds to intrin&i®-

Ala couplings ofA(gs) ~ 12 toA(gz) ~ 14 MHz. Thel’O signal
could not be detected at fields belay, which could reflect
increased line width due to a large quadrupole coupling or,
alternatively, to an even larger hyperfine couplinggatsuch
that the signal becomes undetectable due to overlap Akith
ENDOR signals. With the expectation that the maxidahlue

will be observed in the direction of the F© bond, the former
interpretation suggests that the carboxyl O of ACC lies near
the g, axis Amaxatgo), while the latter would place the O atom
on theg; axis. The earlier assessment of tg-Ala data, which
placed the alanine nitrogen alommg and trans to one of the
histidyl nitrogens, supports placement of the O atom from
substrate/inhibitor along;.
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support the inclusion of ACCO in the growing family of
enzymes that bind Fe(ll) with a “2-His-1-carboxylate facial
triad.” TheE-NO data show the presence of coordinated solvent.
While the number of coordinated solvents cannot be firmly
established from the ENDOR data, we favor the model in Figure
7, based on the similarity of the tensor angles derived from the
field-dependent data fdE-NO and E-NO—S/I.

In E-NO—S, the two histidines retain the cis conformation,
with a N—Fe—N angle of~90°, but simulations of the data for
E(*5N-His)-NO—S (Figure 6, Table 2) suggest that substrate
binding causes reorientation of the [FeN@Jtensor relative to
the protein-defined molecular frame.EANO, theg;—g, plane
appears to coincide with thefy—Fe—Ny;s plane, but ireE-NO—

S, the g, axis lies along one FeNyis bond whilegs lies along

the other. Since it is expected that theaensor is defined by
the Fe-NO unit in both forms (alongs), the placement oN-

Hisg alonggs places it trans to the NO (both His nitrogens were
cis to the Fe-NO bond inE-NO). This reorientation ofy and

A directions in the substrate-bound form then suggests that the
NO has physically changed position, as depicted in Figure 7.
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Scheme 2 guestion by our recent transient kinetic studies showing that

ethylene can be produced in a single turnover of the enzyme
ifo 3 o without ascorbate presett.Stoichiometric concentrations of

HQ? S ((;HZ? S ascorbate have been shown to accelerate the reaction signifi-

Fén' O 2},;/ cantly, albeit without increasing the yield of ethylene at short

oo, 2on, ACC o>k oZh>n times. Ascorbate may therefore serve two roles in the catalytic
\Fé" H H cycle, acting first as an effector and second as a reductant. The

D{QH R R effector rolg might invo.lve binding at a secopdary site far from
SH «KG o)\;o (0*}\?0 the active site, accounting for the gpparent discrepancy between

e 0, 0, §/o the CD/MCD results and our earlier EPR/ENDOR resullts.
/Fé"\ E—— /Fé\ The current results support a model in which ACC and O
D<f=H D<L7H bind simultaneously to the active site and initiate catalysis by

an iron-mediated electron-transfer event. Q@ay bind near

In the absence of substrate, the coordinated NO is free to occupy€ active site and influence the iron environment and reaction
any of three available coordination positions: two of these chemistry, but it is unlikely that it binds to the iron at the start

coordination sites are taken up by substrate, leaving a singIeOf the reacti_on b_e<_:ause all of the iron ligation sites are occupied.

“predetermined” location for the NO and, by analogy, O Once ACC is oxidized to release ethylene and the electrons from
Mechanistic Implications. A common mechanistic feature this process have been used to redugeaScorbate may bind

of a number of 2-His-1-carboxylate enzymes is their ability to &"d complete the reaction by supplying the second pair of

bind both substrate and,@ close proximity, forming aternary ~ €/éctrons needed to form the 2 equiv of water required by the

enzyme-substrate-O, complex in the committed step to reaction stoichiometry. Viewed in this way, the rolecoketo-

catalysi2137 This notion is strongly supported by both glutarate in the dioxygenase reaction is more directly related to
spectroscopic and crystallographic evidence on a number ofthe role of ACC in the ACCO reaction. In both cases, these

enzymes. The data presented here, showing the Simuhaneougmlecules bind. first to the enzyme, and their oxidation re_sults
coordination of two atoms from substrate and one from NO, N O—O reduction and possibly bond cleavage. In the dioxy-
demonstrate that ACCO follows this mechanistic paradigm, as 96nase case, the resulting activated oxygen species can attack
illustrated in Scheme 2. Furthermore, the data presented herdh€ Second substrate to yield hydroxylated product. In the case
suggest that the orientation of substrate binding is dictated by °f ACCO, reduction of the activated oxygen species by
the protein, which thus determines the orientation of boupd O ascorbate allows the enzyme to recycle without hydroxylation,

A longstanding question in the study of the mechanism of S required by the plant host.
ACCO has been the point in the reaction cycle where ascorbate Acknowledgment. The authors wish to acknowledge the
cpntrib utes glectrons. Initially, it was prppqsed that ascorpate instrumental talents of Mr. Clark Davoust, the intellectual input
binds early in the reaction cycle and initiates the reductive of Dr. Peter Doan and Dr. Charles Walsby, and the NIH for

activation of oxygert® However, our initial EPR/ENDOR funding (HL13531 (B.M.H.). GM 24689 (JD.L). and GM
studies showed that NO and ACC bind simultaneously, while 331629(L(Q ) (B-MH.), @-D.L),

ascorbate and NO appeared to be mutually exclusive in the

active site!’ This suggests that a complex of reductant aad O Supporting Information Available: Complete citation for ref
with the Fe(ll), as seen in the-ketoglutarate dioxygenases, is 8, a brief description of the simulation procedures and eight
an unlikely first step in the reaction. Nevertheless, MCD/CD figures, including 35 GHz EPR spectra (Figure S1), field-
spectroscopic studies showed that when the activator €0  dependent 35 GHz CW ENDOR f&-NO in H,70 and H%0
present, both ACC and ascorbate must bind to the enzyme inpuffers (Figure S2); field-dependent 35 GHz CW and pulsed
order to convert the Fe(ll) site from six- to five-coordinate, in  ENDOR forE-NO—I(170-Ala) (Figure S3); theoretical ENDOR
preparation for binding of € The current studies clearly show  spectra for a singl&N interacting with theE/D = 0.035 species
that NO and Ala (or ACC) bind simultaneously to the iron, of E-NO—S, showing the dependence of the spectra on the
generating a ternary ENO—S complex that includes a six-  parametersgndge), @ andg (Figure S4); a comparison of field-
coordinate Fe(ll). This makes it unlikely that ascorbate and/or dependent 35 GHz CW ENDOR fdE(41N-His)-NO and
CO; bind to the iron in the initial complex of the reaction cycle.  E(14.19\-His)-NO—S (Figure S5); field-dependent 35 GHz CW
Ascorbate may bind to the enzyme and transfer electrons viagNDOR for E-(1413NO) (Figure S6); field-dependent 35 GHz
an outer sphere mechanism. However, the essential role ofc\w ENDOR for E-NO—I (241N-Ala) (Figure S7); and field-
ascorbate as a reductant early in the reaction is brought intodependent 35 GHz CW ENDOR f&-(1413N0)—S (Figure S8)
are presented. This material is available free of charge via the
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