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ABSTRACT: The oxygen activating mononuclear non-heme ferrous enzymes catalyze a diverse range of chemis-
try yet typically maintain a common structural motif: two histidines and a carboxylate coordinating the iron
center in a facial triad. A new Fe'" coordinating triad has been observed in two enzymes, diketone-cleaving
dioxygenase, Dkel, and cysteine dioxygenase (CDO), and is composed of three histidine residues. The effect
of this three-His motif in Dkel on the geometric and electronic structure of the Fe'! center is explored via a
combination of absorption, CD, MCD, and VTVH MCD spectroscopies and DFT calculations. This geo-
metric and electronic structure of the three-His triad is compared to that of the classical (2-His-1-carboxylate)
facial triad in the a-ketoglutarate (0K G)-dependent dioxygenases clavaminate synthase 2 (CS2) and hydroxy-
phenylpyruvate dioxygenase (HPPD). Comparison of the ligand fields at the Fe' shows little difference
between the three-His and 2-His-1-carboxylate facial triad sites. Acetylacetone, the substrate for Dkel, will
also bind to HPPD and is identified as a strong donor, similar to aKG. The major difference between the
three-His and 2-His-1-carboxylate facial triad sites is in MLCT transitions observed for both types of triads
and reflects their difference in charge. These studies provide insight into the effects of perturbation of the facial
triad ligation of the non-heme ferrous enzymes on their geometric and electronic structure and their possible
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contributions to reactivity.

Mononuclear non-heme iron enzymes (MNHFe’s)' make up
animportant class of enzymes that are involved in a wide range of
medical, pharmaceutical, and environmental applications. They
catalyze a diverse range of chemical reactions, most commonly
hydroxylation, but also oxidative ring closure, desaturation,
carbon—carbon bond and aromatic ring cleavage, hydrogen
atom abstraction, and halogenation (/, 3). The oxygen activating
enzymes, including the extradiol dioxygenases, pterin-dependent
dioxygenases, Rieske dioxygenases, and a-keto acid-dependent
dioxygenases, use Fe'' to activate O, for attack on the sub-
strate (). They usually share a common structural motif for Fe''
coordination: a protein-derived facial triad composed of two
histidine residues and one carboxylate moiety (hereafter termed
the facial triad) (4, 5). Additionally, along with the substrate,
most of these enzymes require a cofactor to deliver the reducing
equivalents necessary for reactivity.

Recently, a few exceptions to this facial triad motif have been
observed. In the halogenases, the carboxylate is absent and a halogen
ion takes its place in the coordination sphere. Diketone-cleaving
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dioxygenase, Dkel (6), and cysteine dioxygenase, CDO (7—9),
contain a three-histidine triad, while carotenoid oxygenase con-
tains a four-histidine motif. These His-only active site enzymes
act directly on their substrates, without the need for a cofactor.
Recent work on the NO complex of Cys-bound CDO (10) found
an S = '/, site, while the facial triad enzyme ES—NO complexes
generally have high-spin, S = */, ground states (//—13). Thus,
there can be a ligand field (LF) difference between three-His and
facial triad sites, and of course, there are differences between
carboxylate and histidine as a ligand. The diketone-cleaving dioxy-
genase Dkel from Acinetobacter johnsonii cleaves acetylacetone
(acac) with incorporation of molecular oxygen to yield methyl
glyoxal and acetate (Scheme 1) (6). Dkel will turn over a variety
of diketone substrates, and their reaction rates correlate with the
energy of the HOMO. The substrate binds directly to the Fe''
site in Dkel which accelerates the rate of reaction with O, by
~10°fold. These results indicate the importance of the presence
of the Fe''—p-diketone complex in O, reactivity (14, 15).

This study elucidates the geometric and electronic structure
of the three-His triad in Dkel and the effects of the acac ligand
in binding to the Fe'' site. Additionally, the differences bet-
ween the canonical facial triad motif and the three-His triad
are evaluated with comparisons to two well-studied facial triad
enzymes, clavaminate synthase (CS2) (/6) and hydroxyphenyl-
pyruvate dioxygenase (HPPD) (17, 18). In particular, HPPD
was chosen for comparison as previous study has shown that it
binds f-diketones (19).

A combination of spectroscopic techniques and density func-
tional theory (DFT) calculations is used to quantitatively evalu-
ate differences between the three-His triad and the facial triad.
Near IR (NIR) circular dichroism (CD), magnetic circular dichroism
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Scheme 1: Breakdown of Acetylacetone via Dkel
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(MCD), and variable-temperature, variable field (VITVH) MCD
probe the coordination environment and LF at the Fe'' site as
explained in the first section of the results. UV—vis absorption,
CD, and MCD probe the metal-to-ligand charge transfer (MLCT)
transition (of Fe'' to acac) and provide insight into the Fe''—acac
bond. These studies provide an understanding of the geometric
and electronic structure of the three-His triad in Dkel and the
binding of acac to this Fe'" site. They also give insight into the
utility of the commonly observed facial triad motif in reactivity.

MATERIALS AND METHODS

Sample Preparation. Dkel and HPPD were purified accord-
ing to previously published procedures (6, 20, 21). Apo-dkel and
apo-HPPD were exchanged into deuterated buffer (100 mM
Tris-HCI and 100 mM HEPES, respectively) at pD 7.0 using an
Ultrafree-4 filter with a 10 kDa cutoff membrane (Millipore) to a
concentration of 2—4 mM. All reagents were used as received
without further purification. Buffer, acetylacetone, ferrous ammo-
nium sulfate, glycerol-d;, and sucrose were made anaerobic
by purging with Ar on a Schlenk line. Dkel and HPPD were
made anaerobic by alternating cycles of vacuum and purg-
ing with Ar at 273 K. All samples were prepared in an inert-
atmosphere, N>-purged “wet box” to maintain an O,-free environ-
ment. Ferrous ammonium sulfate was dissolved in buffer and
added to Dkel or HPPD in microliter quantities to a concentra-
tion that was 90% of the enzyme (monomer) concentration to
avoid free iron in the sample. Acetylacetone was added in micro-
liter quantities to a concentration that was in 10—25-fold excess
over the protein concentration. Glycerol-d; (~60%, v/v) or suc-
rose (175%, w/v) was added to the sample as a glassing agent
for MCD measurements, giving a final sample concentration
of 1-2 mM. Sucrose was partially deuterated by dissolving in
D,O (1:10, w/v) and incubated overnight, allowing proton—
deuteron exchange, and then lyophilized to remove excess water.
CD measurements were taken without and with the glassing
agent to determine if the glassing agent affects the iron site. For
Dkel, a small change in the NIR CD signal was observed with
glycerol but not with sucrose. However, MCD measurements on
Dkel with both glycerol and sucrose were identical, indicating
that this conformational change does not reflect a change at the
iron site. Furthermore, increasing the concentration of acetyl-
acetone in the sample prevented this change in CD without affec-
ting the MCD data. Data presented for Dkel are with glycerol as
the glassing agent because the resulting data have a better signal-
to-noise ratio than those of the partially deuterated sucrose.
HPPD was not affected by glycerol, and all HPPD MCD samples
were made with glycerol-ds.

Spectroscopic Studies. NIR (600—2000 nm) CD and MCD
spectra were recorded on either a Jasco J-200D or Jasco J-730
spectropolarimeter with a liquid N,-cooled InSb detector (Teledyne
Judson Technologies) and an Oxford Instruments SM-4000-7T
superconducting magnet. UV—vis (300—900 nm) CD and MCD
spectra were recorded on a Jasco J-810D spectropolarimeter equip-
ped with an extended S20 photomultiplier tube and an SM-4000-7T
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superconducting magnet. UV—vis absorption spectra were re-
corded on an Agilent 8453 diode array spectrometer. CD and
absorption spectra were recorded at 278 K in an anaerobic
cuvette and were corrected for buffer and protein baseline effects
by subtraction. Natural CD features and baseline effects were
excluded from the MCD spectra by taking the average of the
magnitudes of the positive and negative field data. For VTVH
MCD, a calibrated Cernox resistor (Lakeshore Cryogenics, cali-
brated at 1.5—300 K), inserted into the sample cell, was used for
accurate temperature measurement. The VTVH MCD data obta-
ined were normalized to the intensity maximum, and ground
state parameters were obtained using previously published pro-
cedures (22, 23).

Computational Methods. The Dkel active site was modeled
using the crystal structure [Protein Data Bank (PDB) entry 3bal]
as a starting point. The d-coordination of one of the histidine
residues observed in the crystal structure was preserved. The
HPPD active site was modeled using the HPPD—NTBC crystal
structure as a starting point (PDB entry 1t47). Histidine residues
were truncated to methyl imidazole, and aspartate was truncated
to propionate for the models. Constraints imposed by the protein
backbone were simulated in both cases by fixing the relative
positions of the S-carbons of the backbone. The coordination at
the active site was completed with either coordinated water or a
monoanionic, bidentate-coordinated acetylacetone ligand.

Density functional theory (DFT) calculations were performed
using Gaussian 03 (24, 25) with the spin-unrestricted functional
BP86 (26) with 10% Hartree—Fock exchange and under tight
convergence criteria. The triple-€ basis set, 6-311G*, was used
to describe the Fe and the conjugated O—C—C—C—0 moiety of
acetylacetone; the double- basis set, 6-31G*, was used to des-
cribe all other atoms. The structures were optimized and found to
be stable with no imaginary frequencies of >30 cm ™" (which are
associated with the constraints placed on the S-carbons). Effects
of the protein environment were included by applying the
polarized continuum model (PCM) (27) with a dielectric constant
(¢ = 4.0) for calculation of solvated energies for the complexes.
These solvated single-point calculations were conducted with the
6-3114+G(2d,p) basis set. The energies given include thermal and
zero-point corrections. Orbital compositions were determined
with QMForge (28), and molecular orbitals were visualized with
Molden version 4.1 (29). Time-dependent DFT (TD-DFT)
calculations were performed to compare to the Fe'—acac CT
spectra, and SWizard (30, 31) was used to parse the results.

RESULTS

NIR CD and MCD spectroscopy probe the energy splitting of
the five d orbitals by the ligand environment (/). In a symmetric
six-coordinate (6C) site, the d orbitals split into a ground ty,
set and excited e, set separated by ~10000 cm™' for non-heme
ligands. The e, set is further split in energy by the low-symmetry
protein environment. 6C Fe'' sites exhibit two transitions in the
10000 cm ™" region split by ~2000 cm ™. For a five-coordinate
(5C) site, the splitting is larger, leading to transitions in the
~10000 and 5000 cm ™" region. For four-coordinate (4C) sites,
the ligand field (LF) is weak, leading to transitions in the 5000—
7000 cm ™! region. For the high-spin d® center in 0, symmetry,
the extra electron in the t,, orbitals gives a > T,, ground state. This
is also energy split because of the low symmetry of the protein
environment leading to a non-Kramers doublet ground state
defined by its zero field splitting (ZFS) 6 and g values. These can
be obtained from VTVH MCD data and related to the splitting of
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FiGuRe 1: CD, MCD, and VIVH MCD of resting Fe'-bound
Dkel: (A) 278 and 5 K CD spectra, (B) 7 T, 5 K MCD spectra of
resting Fe'-bound Dkel (green) and CS2 (red), and (C) VIVH
MCD isotherms taken at 8850 cm ™.

the ty, set of d orbitals (A, the axial splitting, and ¥, the rhombic
splitting) as described in ref 23.

Resting Dkel. The 278 K CD spectrum of apoDkel is
featureless. Upon addition of 0.9 equiv of Fe', two transitions
are observed in the CD spectrum, a positive feature at 8000 cm ™"
and a negative feature at 10500 cm~'. When samples are cooled
to 5 K, these features sharpen and shift up in energy to ~9000 and
~11000 cm ™" (Figure 1A). The 7 T, 5 K MCD spectrum shows
two transitions (Figure 1B, green), centered at 10100 cm™ ", split
by 1600 cm ™. These can be resolved into transitions at 9100 and
10900 cm ™', consistent with the low-temperature CD and indi-
cative of a distorted 6C iron center. To characterize the ground
state of this 6C site, VTVH MCD data were taken at 8850 cm ™!
(arrow in Figure 1B and plotted in Figure 1C). The data fit to a
negative zero field splitting with a 0 of 4.6 + 0.2 cm™ ' and a g
of 9.1 4 0.3 which leads to a A of =300 + 100 cm™ " and a | V| of
140 £ 40 cm ™.

A comparison of the MCD spectrum of Dkel to the MCD
spectrum of a “typical” facial triad enzyme, clavaminate synthase
(CS2) (16), shows no significant spectral difference (Figure 1B,
red). The ground state of Fe-loaded Dkel also does not show
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significant differences from the ground state of CS2 (6 = 4.5 +
0.15cm™", and g, =92=£0.1, giving A = —400 £ 100 cm ' and
[V =190 £+ 50 cm_l). These similarities of the resting sites are
shown quantitatively in the experimentally derived ligand field
energy level diagram given in Scheme 2 (left).

acac-Bound Dkel and HPPD. (i) NIR Studies of acac-
Bound Dkel and HPPD. Addition of acetylacetone (acac) to
Fe'-bound Dkel leads to a large change in the NIR CD and
MCD spectra, most notably, the presence of a LF transition at
low energy. The 278 K NIR CD spectrum of acac-bound Dkel
(Figure 2A) shows transitions at <6000 and 13000 cm ™', with
the 13000 cm ™' peak exhibiting a tail to lower energy. In the
corresponding MCD spectrum (Figure 2B), three transitions are
clearly observed: a low-energy transition at <6000 cm ™" and two
transitions at 9300 and 11000 cm ™' with additional asymmetry at
the high-energy side of the 11000 cm ™' peak. From this asym-
metry and the presence of a strong peak in the CD spectrum on
the higher-energy side of this band, it can be inferred that there
are three transitions in this 8000—13000 cm™' energy region. As
a single Fe'" center can have no more than two transitions in the
NIR region, the presence of a total of four transitions indicates
that more than one species is present. From the low-energy band
and three transitions in the higher-energy region, a 5C and a 6C
site are present. The 6C component has two transitions in the
10000 cm ™" region, and the S5C component has one transition
in the ~10000 cm ™' region and one transition at <6000 cm™ .
VTVH MCD data taken at 9025 cm™' (arrow in Figure 2B and
plotted in Figure 2C) fit to a negative zero field split system
with the following ground state splitting parameters: 6 = 2.6 +
0.1cm™', and g, = 9.0 + 0.1, giving A = —850 + 100 cm ™" and
V] =400 + 58 cm™ ' (consistent with a 6C site but with a weak
axial water ligand).> VTVH MCD data taken at 11100 cm ™ fit to
the same parameters as obtained for the 9025 cm™' transition
(Figure S1 of the Supporting Information), indicating that these
are the two LF transitions of the 6C component. The difference in
the ground state splitting parameters between resting Dkel and
the 6C component of the Dkel—acac complex indicates that this
6C component results from having acac bound and does not
reflect the unligated resting enzyme. Furthermore, assignment of
the two middle transitions to a 6C site allows assignment of the
transitions at <6000 and ~13000 cm ™" to a 5C square pyramidal
site. Ground state splitting parameters could not be obtained
from VTVH MCD data for the 5C species because of noise in the
low-energy region and overlap with the 6C site for the higher-
energy transition.

To evaluate the effect of the three-His triad relative to the facial
triad, spectroscopic studies on an acac-bound facial triad Fe'
enzyme were also performed. Hydroxyphenylpyruvate dioxygen-
ase (HPPD) was chosen for these studies because the diketone
herbicide NTBC, an inhibitor of HPPD, has been shown to bind
toits Fe'l center (32, 33). The 278 K CD spectrum of acac-bound
HPPD (Figure 2D) is different from the spectrum of the resting
enzyme (Figure S2 of the Supporting Information) (/8) showing
one predominant, asymmetric transition at ~12000 cm™'. The
5K, 7T MCD spectrum shows three transitions (Figure 2E): two
positive features, at <5000 and ~9000 cm ™', and a negative
feature at ~12000 cm ™. Note that the positive intensity to higher
energy is an intense CT transition in the MCD spectrum further

>The observed splitting of the °E excited state indicates that the site is
6C. The ground state, however, shows a fairly large axial splitting
indicative of an elongation of the axial Fe'=H,0 bond (/).
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Scheme 2: Experimentally Derived Ligand Field Diagrams for Resting Dkel and CS2 (left) and acac-Bound Dkel and HPPD (right)?
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the text.]

described in the next section. Again, the presence of more than
two transitions indicates that a mixture of two different Fe'' sites
is present with the low-energy positive—high-energy negative
bands characteristic of a 5C square pyramidal site.” The middle
transition is assigned to a 6C, distorted octahedral component
where the second transition is likely masked by the large negative
feature from the 5C site. VTVH MCD data for the 6C site taken
at ~8600 cm ™' (arrow in Figure 2E and plotted in Figure 2F) are
best fit to a positive zero field split system (D = 14 £ 0.5 cm™ ",
and [E| =2.740.1cm ™", giving A = 300 + 100 cm ™" and | V| =
192 4 64 cm™"). These splittings are different from those obta-
ined for the 6C component of resting HPPD (/8), indicating
that the 6C component of acac-bound HPPD is an acac-bound
species and not an unreacted resting state. VIVH MCD satu-
ration magnetization curves could not be obtained for the
low-energy band; however, data taken on the negative band at
~12300 cm™ " (Figure S1 of the Supporting Information) are best
fit to a negative zero field split system characteristic of a 5C site
(0=234+02cm ', and g, = 8.9 £ 0.1, giving A = —1000 +
100 cm™" and |V/| = 540 4+ 60 cm™'). The experimental ligand
field energy splittings obtained from the analysis described above
for both Dkel—acac and HPPD—acac complexes are shown in
Scheme 2 (right side).

(it) UV—Vis Spectra of acac-Bound Dkel and HPPD.
The acac—Fe' complex of Dkel has a MLCT transition in the
UV—vis region. The UV—vis absorption, CD, and MCD spectra
(Figure 3) of Dkel —acac and HPPD—acac complexes were obta-
ined to probe this MLCT transition for both classes of NH Fe
enzymes with the same substrate. A single, broad transition
assigned to this MLCT is observed at ~24000 cm™ " in all three
spectra of the Dkel —acac complex. In the HPPD—acac complex,

3Although most of the ferrous proteins that have been studied show
only positively signed d—d transitions in MCD [due to ground state spin
orbit coupling (see ref 22)], in a few cases a negative higher-energy
transition is observed. The negative transition arises from spin orbit
coupling between the components of the split E excited state due to a
distortion of the LF which results in d ;/d, mixing and occurs in distorted
5C, square pyramidal sites (2).

this transition is shifted to lower energy by ~1000 cm™' and

is less intense than the transition in the Dkel—acac complex.
A second transition is observed at a higher energy (~28000 cm ™)
for the acac complexes of both enzymes which is assigned as an
intraligand transition (vide infra).

Nature of the acac—Fe" Bond. The HOMO of the acac
ligand is an out-of-plane 7 orbital with maximum density at the
central carbon. The LUMO is an out-of-plane % orbital with
significant carbonyl character (Figure S3 of the Supporting Infor-
mation). These orbitals are positioned for good overlap with
the Fe" center similar to the bonding defined for the o-keto acid
moiety in ref 33.

DFT studies of the three His—acac (Dkel model) and facial
triad—acac (HPPD model) complexes were performed to aid in
the assignment of the transitions and the description of bonding.
Molecular orbital energy level diagrams (Figure 4, spin-unrestricted,
a orbitals on the left, § orbitals on the right) of the three His—
and facial triad—acac complexes show that the acac HOMO and
LUMO orbitals are close in energy to the Fe d orbitals. The
contours in Figure 5 show that these are oriented to interact with
the Fe'' d orbitals. The amount of acceptor 7% LUMO character
in the donor d,. orbital reflects the amount of Fe"' backbonding
into the acac ligand, and this backbonding determines the strength
of the MCLT transition. From the calculations, the amount of
a* character in the donor d,. orbital is similar for both the three
His— and facial triad—acac complexes (~5—6%); however, the
experimentally observed MLCT transition of acac-bound Dkel
is more intense than that of acac-bound HPPD (Figure 3). This
intensity difference suggests that there is more Fe"' backbonding
with the three-His triad and that the calculations slightly under-
estimate the overlap in the three His—acac complex versus the
facial triad—acac complex.

Time-dependent DFT (TD-DFT) calculations were performed
to correlate to the MLCT transition in the UV—vis absorption
spectrum. As both the 5C and 6C sites will contribute to the
MLCT transition, spectra were calculated for both coordination
numbers in both the three His— and facial triad—acac models.
(All four predicted spectra and the Gaussian resolution of the
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FIGURE 2: CD, MCD, and VITVH MCD of acac-bound complexes. (A and D) The 278 K CD spectra of Fe'"—=Dkel—acac (A) and Fe''—
HPPD—acac (D) complexes. (B and E) the 7 T, 5 K MCD spectra of Fe'"'—Dkel—acac (B) and Fe'"=-HPPD—acac (E) complexes. (C and F)
VTVH MCD isotherms taken at 9025 and 8600 cm™' for Dkel (C) and HPPD (F), respectively.

major bands are in Figure S4 of the Supporting Information.)
The TD-DFT calculations predict the observed d — acac 7*
MLCT transition and an intraligand (7 to 7%, acac HOMO —
LUMO) transition for the acac-bound models. Additionally, the
TD-DFT calculations predict the energy shift observed experimen-
tally with the MLCT transition for the three His (Dkel)—acac
complex that is higher in energy than this transition in the facial
triad (HPPD)—acac complex by ~3000 cm ™.

DISCUSSION

The Three-His Ligand Field. Asimidazole is a stronger field
ligand than carboxylate, a change in the Fe"' coordinating ligand
set from a carboxylate oxygen to histidine nitrogen could suggest
that the ligand field would change as well. Additionally, the low
spin, S = '/, state that is observed in the cysteine-bound CDO—
NO (10) complex potentially also suggests that the ligand field
of the three His triad may be higher than in the facial triad.
However, this in fact is not observed for Dkel as the experimen-
tally derived ligand field splitting of the d orbitals in Scheme 2 is
very similar to that of the “typical” 6C facial triad/H,O coordi-
nation observed experimentally in CS2. This reflects the fact
that only one of six ligand positions is perturbed. Furthermore,
DFT calculations with a facial triad—NO complex with cysteine
bound in the orientation proposed previously for CDO (coordi-
nation through the thiolate and the amine) indicate that the facial

triad—cysteine—NO complex would also be a low-spin form.
This supports the previous assertion that it is the cysteine ligand
that drives the CDO—NO complex to a low-spin state (/0). Thus,
it is unlikely that the ligand field of the three-His triad would
significantly affect the spin state energetics along the reaction
coordinate relative to the facial triad.*

acac—Fe' Bond. Many of the resting facial triad sites are 6C.
On comparison of a three-His triad and a facial triad, a three-His
triad is a poorer donor. Thus, it is not surprising that the resting
site of Dkel is also found to be 6C (Figure 1). When acac binds,
the affinity for water is decreased due to the strong 7z donation
from the acac ligand. Indeed, from the calculated structures, the
energy required to remove a H,O ligand (water affinity) for acac-
bound Dkel is lower than for water bound to resting Dkel by
~2.8 kcal/mol (see Figure S5A,B of the Supporting Information).
Therefore, a 6C to 5C conversion occurs in Dkel upon acac sub-
strate binding and opens up a coordination position for reaction
with O,.

The parallel comparison can be made for the facial triad and
oK G. acac is a similar anionic 7 donor to aKG, and thus, it
might be expected that the water affinity in an aKG-bound facial
triad would be low. Indeed, calculations predict loss of H,O and

“The effect of & versus & coordination by the His ligand was also
examined. No significant geometric, electronic, or energetic effects
resulted from this change.



6950  Biochemistry, Vol. 49, No. 32, 2010

2.0
— Dke1-acac Abs

—— HPPD-acac

0.0
069 d.d bands CD

|

0.3

0.0

-0.3

Ae (M em™)

-0.6

2
60- N MCD

C

15000 20000 25000 30000
Energy (cm™)

F1GURE 3: UV—vis absorption, CD, and MCD spectra of acac-bound
complexes: (A) room-temperature absorption spectra, (B) room-
temperature CD spectra, and (C) 7 T, 5 K MCD spectra of Fe'"—
Dkel—acac (maroon) and Fe'—HPPD—acac (teal, x2) complexes.

2 —
Dke1-acac 14 Facial triad-acac
3 Aoy : —
X d,. 04 N
T —— m*acac LUMO | N
-4 4 acacLUMO e p— 4 aca& LUMO
=d!y, dyz -14  acacLumMo _dxy’ -
S -2 v
Qo Unoccupied |Unoccupied ____________________
|occupied T T T 1Occupied
& 617" -3- g
2 —
g R dxz 4 xz
w7 -4
acac HOMO 1
-84 -5 T—o
acac HOMO | @acacHoMO 326 HOMO
-9 -6+
o Spin B Spin 1 a.Spin B Spin

FIGURE 4: Molecular orbital energy level diagrams for 5C three
His—acac and facial triad—acac complexes.

the formation of a 5C site with K G bound [AG = —13 kcal/mol
(see Figure S5C of the Supporting Information)]. However, from
previous spectroscopic and crystallographic studies on oKG-
dependent enzymes, a 6C site is commonly found for the aKG-
bound site. However, in these enzymes, the coordinated water
hydrogen bonds to the noncoordinated oxygen of the carboxy-
late. The calculated water affinity for a hydrogen-bonded struc-
ture increases 8—9 kcal/mol [AG (Figure S5D of the Supporting
Information), in agreement with previously calculated values (34).
This is important for enzymes such as CS2 in which uncoupled
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FIGURE 5: Molecular orbital contours for the donor and acceptor
orbitals for MCLT.

reactivity would occur if a 5C site is formed with aKG bound
before substrate is present. Addition of substrate provides the
sterics for elimination of the coordinated water and allows the
reaction with O, in these substrate- plus cofactor-dependent
enzymes. It should be noted that HPPD is a special case because
in HPP the a-keto acid is covalently tethered to the substrate and
therefore binds as both the cofactor and substrate. Interestingly,
the resting site of HPPD is already partially 5C, and it was
suggested that the carboxylate of the facial triad in HPPD is
poorly oriented for hydrogen bonding with the coordinated water
due to interactions from a conserved phenylalanine residue (18).
Thus, in HPPD, the site is prearranged to disrupt hydrogen bond-
ing between the facial triad carboxylate and coordinated water
allowing HPP and, in our study, acac to drive the site to go 5C.

Charge. The dominant difference in the spectrum of the three-
His triad relative to that of the facial triad is in the energy of the
MLCT transition, which reflects the charge difference of these
two sites. The higher positive charge at the three-His center
decreases the energy of the d manifold, resulting in the shift to
higher energy of its Fe'-to-acac MLCT transition (Figure 3).
Consistent with a higher positive charge on the Fe'" of the three-
His triad, studies on the effect of pH on Dkel showed a depressed
pK, for bound water (~8.2) (35) relative to the facial triad which
does not show deprotonation in the accessible pH range.

Mechanistic implications can be posited from this difference in
charge. First, the differences in charge between the three-His and
facial triads could affect the nature of substrate binding, in parti-
cular for o-keto acid where both mono- and dianions are acces-
sible. The facial triad found in the a-keto acid enzymes binds this
cofactor as the monoanion. Studies on model complexes by Que
and co-workers (36) suggest that a dianionic, enolized o-keto acid
would react with O, to give cleavage products different from the
keto form. The proposed mechanism for this reaction would not
generate an Fe' V=0 intermediate. However, this intermediate is
observed and is required in the a-keto acid-dependent non-heme
Fe enzyme reactivity. The lower positive charge at the active site
with a facial triad likely helps stabilize the keto form of this
cofactor, leading to the required Fe'Y=0 intermediate and
subsequent H atom abstraction reactivity.

In summary, the facial triad, as a ligand set for Fe", is con-
served throughout most members of the oxygen activating class
of mononuclear non-heme iron enzymes. The three-His triad in
Dkel presents an opportunity not only to study the role of the
Fe"—three His active site in the cleavage of -diketones but also
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to make comparisons to the facial triad ligand set in a functional
environment. It has a ligand field similar to that of the facial triad.
While most of the facial triad enzymes require both cofactor and
substrate to bind for 6C to 5C conversion, acac binding to the
three-His site alone eliminates a coordinated water generating
a 5C site and opens a position for O, reactivity. Finally, the
difference in charge between the three-His and facial triad ligand
sets, which leads to the major spectral difference observed, could
play a key mechanistic role in promoting the proper form of aKG
binding and thus O, reactivity in the facial triad. Future studies
will explore the effects of this difference in charge on reactivity.

SUPPORTING INFORMATION AVAILABLE

Full citation for ref 24, VTVH MCD isotherms for the Dkel—
acac complex at 11100 cm ™' and the HPPD—acac complex at
12300 cm ™!, CD and MCD of the resting Fe'"=HPPD complex,
HOMO and LUMO of free acac, TD-DFT predicted spectra for
acac-bound complexes, and structures used to calculate water
affinity. This material is available free of charge via the Internet at
http://pubs.acs.org.
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