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Abstract

The extradiol, aromatic ring-cleaving enzyme homoprotocatechuate 2,3-dioxygenase (HPCD)
catalyzes a complex chain of reactions that involve second sphere residues of the active site. The
importance of the 2M-sphere residue His200 was demonstrated in studies of HPCD variants, such
as His200Cys (H200C), which revealed significant retardations of certain steps in the catalytic
process as a result of the substitution, allowing novel reaction cycle intermediates to be trapped for
spectroscopic characterization. As the H200C variant largely retains the wild-type active site
structure and produces the correct ring-cleaved product, this variant presents a valuable target for
mechanistic HPCD studies. Here the high-spin Fe!! states of resting H200C and the H200C—
homoprotocatechuate enzyme—substrate (ES) complex have been characterized with Méssbauer
spectroscopy to assess the electronic structures of the active site in these states. The analysis
reveals a high-spin Fe!! center in a low symmetry environment that is reflected in the values of the
zero-field splitting (ZFS) (D~ -8 cm™1, 1D~ 1/3 in ES) as well as the relative orientations of
the principal axes of the ®/Fe magnetic hyperfine (A) and electric field gradient (EFG) tensors
relative to the ZFS tensor axes. A spin Hamiltonian analysis of the spectra for the ES complex
indicates that the magnetization axis of the integer-spin S= 2 Fe!! system is nearly parallel to the
symmetry axis, z, of the doubly occupied dy ground orbital deduced from the EFG and A-values,
an observation which cannot be rationalized by DFT assisted crystal-field theory. In contrast,
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ORCA/CASSCEF calculations for the ZFS tensor in combination with DFT calculations for the
EFG- and A-tensors describe the experimental data remarkably well.

TOC image

The H200C variant of homoprotocatechuate-2,3-dioxygenase yields the correct ring-cleaved
product of the native substrate. Mdssbauer studies of the (S= 2) Fe!l enzyme-substrate complex
indicate a zero-field splitting (ZFS, D= -8 cm™1, £ D~ 1/3) with an easy axis of magnetization
along the z axis of dy ground orbital. Neither crystal-field theory nor DFT provide an explanation
for this observation. However, CASSCF calculations give a ZFS tensor in excellent agreement
with our experimental data.

Van &) CASSCF

Easy axis of
magnetization along z

INTRODUCTION

Mononuclear non-heme Fe!! centers are present in a myriad of enzyme and protein families
throughout biology.~ Oxygenase enzymes carrying these centers catalyze a range of
reactions which even exceeds that of heme-containing enzymes such as cytochrome
P450.::» One way in which the non-heme iron center differs from a heme center is in its
ability to simultaneously use up to three ligand sites to directly bind organic substrates and
O,.~ This ability serves to orient the substrates and to connect them electronically to enhance
reactivity and specificity..: ~ The study of the critical substrate binding and subsequent O,
activation reactions in the non-heme ferrous enzyme classes has been hampered by the lack
of visible chromophores and the presence of an inherently EPR silent (at X- and Q-band)
metal center. However, past studies by our laboratories and many others have successfully
employed advanced spectroscopic techniques including Mdssbauer spectroscopy, MCD,
XAS, parallel mode EPR, and EXAFS to characterize the properties of the resting enzymes
and their substrate complexes.: ~ Recent studies, using enzyme active site variants and
alternative substrates, have allowed reaction cycle intermediates to be trapped and
spectroscopically characterized. ' ~

Although considerable progress has been made in understanding substrate binding and O,
activation by ferrous non-heme oxygenases, the complex reactions catalyzed by these
enzymes pose ongoing challenges. Homoprotocatechuate 2,3 dioxygenase (HPCD) from
Brevibacterium fuscum is the most thoroughly studied enzyme in the class of Fe!! enzymes
that catalyze the extradiol ring cleavage of aromatic catecholic compounds.: + + In the past
decade, our laboratories have used a variety of techniques to study the wild-type (WT)
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enzyme as well as active site variants in which important 2"d-sphere residues were
mutated.™ ~ Biochemical studies have shown that His200 serves a variety of critical
functions in the activation of dioxygen, among them acid/base catalysis. To further probe the
importance of His200, we recently studied a variant, H200C, in which His200 was replaced
by cysteine. It was shown that H200C is catalytically active, yields the correct ring-cleaved
product, and supports a novel long-lived ferric intermediate that was assigned as a (substrate
radical)-Fe!!!-(distal hydroperoxo) species. Like the wild-type enzyme, the H200C variant
fails to react with O, to make any oxy intermediate without prior formation of the ES
complex.

Here we present a detailed Mdssbauer study of the resting H200C variant and its complex
with the natural substrate homoprotocatechuate (HPCA); a DFT structure of the ES complex
is depicted in Figure 1. The spectra of these high-spin Fe!! species exhibit highly resolved
paramagnetic hyperfine structure which allowed us to extract the principal values of the
zero-field splitting (ZFS), the 57Fe electric field gradient (EFG), and the 5’Fe magnetic
hyperfine (A) tensors, and to determine the relative orientations of these tensors’ principal
axes, which are not collinear due to the low symmetry (C;) of the ligand environment. These
studies, together with the 1.46 A resolution X-ray structure of H200C-HPCA (PDB 5BWH),
were combined with quantum chemical calculations to address the relative orientations of
the tensor axes.

In our studies of the active site variants Y257F and the present H200C variant, we observed
that resting enzyme as well as the ES complex show a nearly rhombic ZFS tensor oriented
such that it produced an ‘easy axis’ of magnetization along a direction, z, that is nearly
parallel to the symmetry axis of the doubly occupied ¢y orbital. A similar observation was
made for the Fe!! state of the unrelated Fe!!! intradiol catechol-cleaving protocatechuate 3,4-
dioxygenase. These observations were puzzling to us because crystal-field theory (CFT)
would predict an easy axis in a direction perpendicular to z. Following a suggestion by
Neese and coworkers, we present here the application of complete active space self
consistent field (CASSCF) calculations to address this problem.

METHODS AND MATERIALS

Sample Preparation

Biochemicals and chemicals were purchased from Sigma-Aldrich or Fisher Scientific
and ®"Fe metal (96.8% enriched) was obtained from Cambridge Isotopes (MA). The H200C
variant was produced and Mdssbauer samples prepared as previously described.

Spectroscopic Methods

Mdossbauer spectroscopy—Maossbauer spectra were recorded using Janis Research
Super-Varitemp dewars that allowed studies in parallel applied magnetic fieldsupto 8.0 T
and temperatures in the range of 4.2 K — 150 K. Mdéssbauer spectral simulations were
performed using the WMOSS software package (SEE Co). Isomer shifts are quoted relative
to Fe metal at 298 K.
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Quantum Chemical Calculations—The geometry optimization for a structural model
of the ES complex (Figure 1) was performed with Gaussian ’09, revision A.02, using
functional B3LYP and basis set 6-311G (www.gaussian.com). >’Fe hyperfine parameters
were calculated for the optimized structure, using the same functional/basis set combination,
with the PROP keyword. The EFG was also evaluated in a single point calculation for the
same structure and functional with basis set TZVP. The G’09 structure was subsequently
used for a complete active space self consistent field (CASSCF) calculation using the ORCA
program version 3.0 (https://orcaforum.cec.mpg.de/). To obtain an initial guess for the
CASSCEF, a single point BP86 calculation was performed with ORCA, using the triple zeta
valence polarized basis set TZVP and auxiliary basis TZVP/J. The ROTATE routine of
ORCA was then used to construct the active space orbitals for the 34 configurations,
CAS(6,5), of the high-spin Fe!! system described in the text but from which the non-
coordinating residues were removed for computational efficiency. The CASSCF calculations
used basis set TZVP and auxiliary basis TZVP/C. Calculation of the ZFS tensor, using the
Breit—Pauli operator, was activated with the DOSOC keyword and included contributions
from S=2 (5 roots), S=1 (18 roots), and S= 0 (13 roots).

RESULTS

Mdossbauer Studies and Spin Hamiltonian Analysis

Figure 2A shows a Mdssbauer spectrum of resting H200C recorded at 4.2 K in zero field (B
= 0). The spectrum displays a quadrupole doublet with AEq = 3.28(2) mm/s and & = 1.22(1)
mm/s, parameters typical of high-spin Fe!! and close to the values reported for the resting
states of the WT HPCD and the H200N and Y257F variants. ' Figure 2B shows the B=10,
4.2 K Méssbauer spectrum of the ES complex, H200C-HPCA.. The major species,
representing ~80% of total Fe, exhibits a quadrupole doublet with AEg = 3.53(2) mm/s and
§ = 1.14(1) mm/s. Figure 2B also reveals the presence of a second high-spin Fe!! species (~
6% of Fe) with § = 1.20 mm/s and a substantially smaller quadrupole splitting, A£Eq = 2.33
mm/s, reminiscent of species we have observed, at higher concentrations, in the past for
other native and variant HPCD-substrate complexes. Figures 3 and 4 show a series of
variable temperature/variable field (VTVB) Mdssbauer spectra of the H200C-HPCA
complex.

The absorption of the Fe!! minority species in the applied-field spectra is difficult to track,
and we have thus ignored its presence in the analysis of the applied field data at 20, 30, and
50 K, but have accounted for it in the 150 K spectrum. The sample also contains two high-
spin Fe!!l contaminants (total ~ 15% of Fe) presumably associated with adventitiously
bound iron frequently encountered in non-heme iron enzyme preparations. These
contaminants are quite apparent in the 4.2 K applied field spectra of Figure S1. Fortunately,
at 4.2 K roughly 60% of the absorption of these species falls outside the range where Fe!!
H200C-HPCA absorbs, and even a rough simulation of its outermost (clearly visible)
features constrains the features that overlap with H200C-HPCA sufficiently well so that one
can subtract the Fe!!l species from the 4.2 K spectra with only minor spectral distortion of
the spectrum of the species of interest. The black, hash-marked curves shown in Figure 3 are
spectra obtained after subtracting 15% of high-spin Fe!!! from the raw data, according to the
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simulations shown in Figure S1. In the 20 K, 30 K and 40 K spectra of Figure 4 the two Fe!!!
species disappear in the background noise, for the following reason: At temperatures below
50 K the electronic spin of each Fe!!! contaminant is nearly in the slow relaxation limit.
Under these conditions each of the six sublevels of the spin sextet is associated with a
distinct Mossbauer spectrum under the experimental conditions (7.5 T applied field). Thus,
for two Fe!!! species, the ~ 15% spectral area is distributed among twelve distinct spectra,
with the result being that each spectrum has a small signal amplitude. At 150 K, however,
the spin relaxation of the Fe!'! species is sufficiently fast so that two, poorly resolved,
quadrupole doublets are observed (shown in Figure 2C, red line). Figure S2 shows the 150 K
spectra of Figures 2C and 4D together with simulations for the contaminants. The critical
absorption bands (blue arrows in Figure 4D) of the 150 K/7.5 T spectrum, which serve to
determine the effective magnetic field at the 5’Fe nucleus, are well defined despite the
presence of the contaminants.

The VTVB spectra of the majority species were analyzed with the S= 2 spin Hamiltonian,

N ~2 E A2 A2 A .
H=D|S —2 N — S-g-B+#
- (p) (-S4 e meny

. A ~ eQV, ~2 15 A2 ~2 -
Hp=8-A- I+% [31 — (£ - Iy/)] — guBuB - I .

Dand E are the tetragonal and rhombic ZFS parameters, and (x,y,z) label the principal axes
of the ZFS tensor. The nuclear quadrupole interactions (eq 2) have been represented in the
principal axes frame (x',y’,2) of the EFG. For | V42| 2| Wy | 2| Vi, the order commonly
used by Mdsshauer spectroscopists, the asymmetry parameter n = (Vw = W)/ Vi
confined to 0 < 1 < 1. The Euler angles (a,B,v)erg rotate the (x',y’,z”) frame into (x,y,z); here
we use the conventions of the WMOSS software. The °’Fe magnetic hyperfine tensor, A, has
its own principal axis frame, (X',y’,2’); (a,B,y)a rotate this frame into (x,y,z). The A-tensor
has two sources of anisotropy, ASP and AL. The spin-dipolar contribution, ASP, is ideally
proportional to the valence part of the EFG tensor and reflects the anisotropy of the 3d'shell
of iron. The components of the orbital contribution, AL, are proportional to Ag; = g; — 2 with
i = x,y,z. Thus, the EFG- and A-tensors are expected to have different principal axes
systems. Although we are only dealing with one iron site, the spectra of H200C-HPCA are
exceedingly complex, primarily because of the low symmetry (C;) of the iron active site.
The spectra of Figures 3 and 4 depend on as many as 14 fine structure and hyperfine
parameters, not counting the unknown g-values (as argued below, the g-values are confined
to 2 < g; < 2.15).

In Supporting Information, we discuss a strategy for determining the unknowns of eqgs 1 and
2 by considering critical features of particular spectra. With this strategy, we were able to
narrow the range of most of the parameters, followed by refinement by simultaneously
fitting groups of spectra. From these considerations, the following information was obtained:

Inorg Chem. Author manuscript; available in PMC 2017 June 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Meier et al.

Page 6

(1) AEg > 0 and n is confined to 0 < n < 0.5; (ii) the A-tensor has one small and two large
components; (iii) the direction of the small component, A, ~ =7.5 T, is within 20° (polar
angle Ba) along z/, the major axis of the EFG tensor; (iv) the components of the A-tensor
perpendicular to A, average to (Axy + Ayry) gnBn ~ =23 T; (v) £ Dis near the rhombic
limit £/ D = 1/3; (vi) the two lowest spin levels of the S= 2 multiplet are split by A ~ 3
cm™1, precluding observation of a parallel mode EPR signal at X- or Q-band; (vii) using the
results of points (v) and (vi) the relationship A ~ 3|D|(£/D) implies that |2 ~ 9 cm™L,

The magnetic hyperfine splittings of the applied-field Mdssbauer spectra of Figure 3 are

determined by the internal magnetic fields at the >’Fe nucleus, B;,,,= — <S> - A /gy Bu
where < &> is the expectation value of the electronic spin vector operator. For small applied
fields, B< 0.5 T, and at 4.2 K the electronic system of H200C-HPCA was found to be
uniaxial, with the ‘unique’ axis, z, close to the direction of the smallest A-tensor component.
This situation occurs for D < 0 when the Mg= -2 ground level produces a spin expectation

value (Figure S3) for which |< g >| >> |< §X7y>|; see Supporting Information. (Note
regarding sign of D. the ZFS of H200C-HPCA is near the rhombic limit, £/D = 1/3, for
which D,, =-0y and Dy =0, where Dy, [, and D,, are the principal components of a
traceless symmetric tensor, 5, see also eq 4 below. By convention, the sign of D s taken as
the sign of the principal component of 7 with the largest magnitude. However, in the
rhombic limit the sign of Dis indefinite. In the present case D, is negative, with z being
approximately collinear to the axes for which the smallest component of the A-tensor and
the largest component of the EFG tensor are observed. By choosing D < 0 we retain a
coordinate frame that is convenient for describing the A- and EFG tensors.)

From the magnetic hyperfine splitting observed for B~ 1-2 T one can readily infer that the
smallest component of the A-tensor, A,~,», is nearly (Ba = 7°) along the “unique”
(magnetization) axis of the ZFS. The simulations were found to be quite sensitive to polar
angle Ba, preventing us from simply setting B = 0. Also, the simulations are quite sensitive
to Berg as this angle tilts Bj,; relative to the largest component of the EFG. In contrast, the
simulated spectra are less sensitive to aa, ya, agrg, and yerg, primarily because the two
lowest spin levels are magnetically uniaxial. Note that aa + ya ~ 180° in Table 1. Hence the
principal axes of the A- and ZFS tensors would be collinear if B were zero. As we
approached the final simulations, we set aa = agpg and ya = Yerg; allowing these angles to
differ improved the fits at best marginally. The splitting of the low energy feature in the 20 K

spectrum of Figure 4A depends essentially on Ay< 5 >t as Ayy< S‘y>th is much smaller in

magnitude (see Figure S4); the thermal average < §_>t, must be used as the electronic
relaxation is fast at 20 K. Simulations of the 20 K/7.5 T spectrum yielded the values Ayy ~
=19 T &~ Ayry (as Ba is small) from which it follows that Ay~ =27 T by using the
aforementioned condition (Ayry + Ayry)/2 ~ =23 T. It is noteworthy that the “unique” axis
of the electronic system is along the smallest component, A,/ ~ =7.5 T, of the A-tensor.
Since Ba ~ 0and (x,y,z) ~ (x”,y",z”), the A-values suggest that the doubly occupied %
orbital of iron has d, character, unless our arguments were severely distorted due to the
presence of large orbital contributions. The latter have been estimated as follows.
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Our data are insensitive to small variations in the electronic g-tensor. The value used for the
final simulation, g, = 2.1, can be justified as follows. The magnetic hyperfine tensor depends
on contributions from Fermi contact, spin-dipolar, and orbital interactions, A = AFC + ASD +
AL, Méssbauer studies of the [Fe!!(H,0)g]2* complex in ferrous fluorosilicate and the
mixed-valent Fe!!-Fe!!! state of methane monooxygenase suggest the value AFC/gnB, ~ —21
T. The DFT calculations described below yield for tensor ASP/g,B,, the eigenvalues (5.0,
-3.3, +8.3) T. The spin-dipolar contribution along z, ASP,,/gnB, ~ +8 T, then yields, using
the experimentally determined A,,/gnfn = —7.4 T, the value A-,,/gnBn = (g, - 2) P=+5.5T.
The latter value together with 2= g.gnppn</3> ~ 60 T suggest g, = 2.09. The data of Table
1 give Aiso/ gnBn = (Axrxr + Ay + Agrgn)l gnn = =18.0 T. As Aiso/ gnPn = AFCIgnBn -
Agy, P, we estimate that Agyy = (gx + 9y + ¢7)/3 — 2 ~ 0.05, and thus (gx + gy)/2 ~ 2.03. As
the latter value is only marginally different from 2, g and gy, have been set equal 2.00 in the
simulations. Finally, as |AFC — Aisol/gnBn =~ 3 T the orbital contributions to the A tensor are
moderate.

By combining spectral simulations (a few hundred) with group fittings of various sets of up
to four spectra (the limit in WMOSS), a parameter set (Table 1) was obtained that describes
all spectra quite well. The simulations included variations in the relative orientations of the
EFG-, A- and ZFS tensor axes (Table 1).

We have also recorded VTVB spectra of resting H200C (Figure S5 and S6) and analyzed the
data in the same spirit as those of H200C-HPCA.. The parameter set obtained for this
species is also listed in Table 1.

We mentioned above that the observed magnetic hyperfine interactions suggest a (doubly
occupied) ground state orbital with dy character. In standard crystal-field theory a 2"d_order

perturbation treatment of the effective spin-orbit coupling operator 77—\ & . £, within the
5 manifold gives for this ground state the value D,; > 0 (see below), in contrast to what is
experimentally observed. This puzzling observation prompted the computational analysis
described in the next section.

DFT Calculations for the H200C-HPCA Complex

DFT calculations were performed for a model that included the iron site and its coordinating
ligands, His155, His214, Glu267, axial water (Wat,y) and the bidentate substrate HPCA as
well as the 2"d-sphere residues H248 and Y257 and a non-coordinating water molecule
(WatC). As the Mdssbauer parameters are inherent to the iron-ligands moiety, a small
structural model was used that excludes C200 (S--Fe = 5.5 A) and some of the other second-
sphere residues in the vicinity of the metal center (e. g. W192 and N157) for these DFT
studies.

Starting from the X-ray structure of the H200C-HPCA complex (PDB: 5BWH) the C,
carbons of the coordinating amino acids were replaced by hydrogen atoms that were frozen
in space during geometry optimization. All atoms of the 2"d-sphere residues H248 and Y257
were kept fixed to the crystallographic positions in the optimizations. Constraints were
imposed on the distance between the iron and the oxygen atom of the axial water ligand
(Watg,y) and on the dihedral angles of the coordinating histidyl residues. The former
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condition prevents the axial water from dissociating during the geometry optimization and
remedies the lack of an axial-water-immobilizing hydrogen bonding network in our
computational models. Also included was the non-coordinating crystallographic water,
WatC, which occupies the void created by the H200C substitution. The oxygen atom of
WatC was fixed to its position in the X-ray structure but its hydrogens were left
unconstrained in the optimization. The 2"9-sphere residue H248 was included because it
forms an essential hydrogen bond to the distal carboxylate oxygen of E267, stabilizing its
position. H248 also limits the allowable motion of the substrate. HPCA binds to iron as a
dianion, with protons removed from the carboxylate group and O¢, the oxygen atom that
accepts a hydrogen bond from Y257, while O¢; remains protonated.: - The mobility of the
substrate has been further constrained by fixing the two carboxylate oxygen atoms to their
positions in the X-ray structure.

The optimized structure obtained within these constraints, is shown in Figures 1 and 5. As
expected, the remaining hydroxyl group of the substrate is hydrogen bonded to WatC,
positioning the proton approximately in the substrate plane. The A£Eg value obtained for the
optimized structure with the triple-C 6-311G basis, AEq = +4.24 mm/s, is 0.71 mm/s higher
than the experimental value. However, the agreement improves significantly, in accord with
our previous experience, when AEq is re-evaluated in a single point calculation using a
triple-C basis set extended with polarization functions (TZVP), AEq = +3.30 mm/s (n = 0.20,
& = 1.02 mm/s), reducing the discrepancy to only 0.23 mm/s. As the electronic state of a
high-spin Fe!! site can be considered as a half-filled 3¢/ shell (AEg = 0 in the absence of
anisotropic covalency) plus an additional 3delectron, the dominant valence contribution to
the quadrupole splitting of this state is essentially determined by the orbital occupied by the
added electron. The left panel of Figure 5 shows a contour plot of this orbital. The orbital
belongs to the & set {dy, d,, d;} as expected for octahedral coordination. For example, the
dy orbital gives rise to a large positive quadrupole splitting, such as the one observed for the
majority component, with the largest principal component of the EFG along z (z
approximately along Fe-Ogpg7). Orbital dy is singled out as the lowest & orbital by the ©
system of the substrate. The right panel of Figure 5 shows the HOMO of the substrate,
which is a 7 orbital with significant amplitudes at the coordinating oxygen atoms. The
antibonding  interactions of i, and dj, with the substrate HOMO raise the energies of
these two dorbitals above that of dy, which is less affected by these interactions. The
hydroxyl proton reduces the amplitude of the substrate HOMO at the hydroxyl oxygen by
lowering the energies of the oxygen-centered atomic orbitals. As a result, the amplitude of
the substrate HOMO at the protonated hydroxyl oxygen is smaller than at the deprotonated
oxygen such that the d; level (x || Fe-OH) is pushed up less than the d, level (y || Fe-O),
yielding the energy order £(dky) < £(d,) < E(d;). Removal of the axial water leads to only
minor changes in the results (the TZVP value for AEq drops from 3.30 mm/s to 3.11 mm/s);
moreover, the contour plot for this case (not shown) indicates that the d character of the
doubly occupied 3d orbital is retained.
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DISCUSSION

Analysis of the ZFS of the ES Complex

The A- and EFG-tensors of both the ES complex and resting H200C are indicative of an
orbital ground state with approximate dy character. Both the X-ray and DFT structures
show that the actual symmetry of the ES complex is C;; hence, the character of the ground
orbital may deviate from being strictly . The detailed Mdsshauer characterization of the
ZFS parameters, including Euler angles, for the ES complex makes this system a good
benchmark for testing quantum-chemical models that predict the ZFS tensor. It is instructive
to start by considering an idealized crystal-field (CF) model that produces orbital splittings
as indicated in Figure 6. The model is supported by the orbital contours in Figures S7 and S8
derived from TD-DFT calculations, which show the characteristic features of the standard
Cartesian &4 and &, orbitals. Figure 6 illustrates why such a model cannot explain our main
experimental result, namely that the “unique” axis associated with the lowest two spin sub
levels, z in eq 1, is essentially parallel (B = 7°) to direction z” and close (Berg & 22°) to
the symmetry axis, z/, of the EFG. The spin-orbit coupling (SOC) in high-spin Fe'!
complexes is commonly, but sometimes inappropriately, described with the effective
operator

H,o=AS-L (3)

where L= S=2and : &~ -80 cm™147 fr__has non-zero matrix elements between the ground
configuration (Figure 6, left) and the ok, — ¢ excitations of the spin-down electron with
energies A;j (Figure 6, middle).

In 2"d-order perturbation theory the effect of these spin—orbit couplings on the relative
energies of the sublevels of the S= 2 ground state are obtained by diagonalizing the effective
operator

A A~ oA A2 A2 A2
H.=8 - D - 8§=Du S+ Dy, Sy +DuS, (4

where 7 is a traceless symmetric tensor. The right panel of Figure 6 gives the contributions
to the 0 parameters (i = X, y, z) arising from the individual transitions. Each excitation
yields a contribution to 7 that is diagonal in the (x,y,z) frame in which the orbitals are
defined. The individual contributions are axial but with unique axes that may point along x,
y, or z (last column of Figure 6). As f is traceless, eq 4 is conventionally written as the first
term of eq 1 with D=3D,,/2 and E= (Dyx — Dyy)/2. The ratio £/Dis confined to 0 < £/D <
1/3 when the standard order |Dy| < |Dy| < |D;,| is adopted. The axiality of the individual
dyy—> @ contributions to 7 implies that the associated rhombicity parameters vanish, £4 = 0.
Moreover, since the eigenvalue with the largest magnitude is negative, it follows that all Dy
< 0. Hence, non-zero rhombicity (£/D > 0) and positive D-values can only arise from a
combination of two or more excitations.
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The ES complex has D~ -8 cm™ and £/D ~ 0.37 (Table 1), which yields £~ -3 cm™. The
D tensor in this case has the eigenvalues Dy, ~ =Ly < 0 and Dy ~ 0. Our DFT analysis
revealed a nearly axial EFG with A£q = +3.5 mm/s arising from a doubly occupied dy
orbital (Figure 5) and associated with the eigenvalue V4> of the EFG. Can a model based on
the orbital splittings of Figure 6 yield a ZFS with D,, =2D/3 =-5.3cm™ and £=-3 cm™
with z along the symmetry axis of the diy orbital? As the Fe!! site is hexacoordinate, the 3d
levels appear in two groups, i.e. the ey {dk2.y2, &2} and at lower energy the &g {dky, o,
&z} Inthe limiting case, Ay,.y» = oo only the excitations diy— dk, and dy— i, contribute
to the ZFS. As both these excitations contribute positive terms along z, one obtains 0,, > 0.
The only way to obtain D;, < 0 is by invoking the dk,— dk».y» excitation (Figure 6). The
viability of this mechanism has been analyzed in section S4 of the Supporting Information.
The analysis shows that the condition for D,;, < 0 is that Ay, < 2,327 cm™, which is
unrealistically small and well below the excitation energies predicted by TD-DFT (Ay.y2 ~
13,000 cm™), CASSCF (Ayxz-y2 ~ 9,000 cm™); see Table 3 to be discussed below, and
deduced from MCD. Furthermore, spin—orbit interactions with S= 1 states, which may also
potentially contribute to the ZFS, cannot provide an explanation either, since the lowest S=
1 state is predicted to be 10,000 cm™1 above the ground state and thus contributes too little to
the ZFS to explain the Méssbauer result D= -8 cm~1. (N.B. Generating ZFS through the
admixture of S= 1 excited states into the S= 2 ground state requires a more general SOC
operator, such as the effective operator given in eq S4 of the Supporting Information. The
lower bound of 10,000 cm™1 for the vertical excitation energies to the S= 1 states has been
estimated from the energy of a single-point DFT solution for the spin triplet at the optimized
geometry for S= 2 and from a CASSCF calculation, see below.) Hence, the large negative
ZFS along the z-axis in the ES complex remains unexplained within the context of the CF
model of Figure 6.

The first quantum-chemical method for calculating ZFS tested here was the SOC module of
ORCA/DFT and yielded the values D= -3.6 cm™ and £/ D= 0.11 for the ES complex, which
are both substantially smaller than the corresponding values deduced from the Mdssbauer
analysis. The Euler angles, listed in Table 2, reveal that the unique axis of the 7 tensor from
ORCAV/DFT is approximately aligned with the z” axis of the y- tensor, in agreement with
experiment. It is noteworthy that the ORCA/DFT D value originates predominantly from the
spin—orbit couplings of the S= 2 ground state with S= 1 excited states, O(S=1) =-2.5cm"~
(cf: Table S1 of the Supporting Information), while the contribution to O from SOC with
excited S= 2 states is remarkably small, (S=2) =-0.8 cm™ (¢f. Table S1). This result is
unexpected as the TD-DFT energy of the lowest S= 2 excitation is much smaller than the
lower bound for the energies of the S= 1 excitations and we suspect that the smallness of
D(S = 2) may be related to the use of (un-relaxed) orbital energy differences in the
denominators of the perturbation theory expression for the 7 tensor.

In the course of the present work, an article by Neese and coworkers caught our attention.
These authors showed for Fe!l-azurin that CASSCF calculations yielded D values in
remarkably good agreement with the experimental data while DFT-based calculations were
substantially off target. The Fe!'-azurin study prompted us to use the CASSCF approach
implemented in the program suite ORCA. The ORCA results for the multiconfigurational

Inorg Chem. Author manuscript; available in PMC 2017 June 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Meier et al.

Page 11

CASSCEF calculation of 7 are listed in Table 3. The last row of the table gives the final
results for D (-8.5 cm™) and £/ D (0.27), which are in excellent agreement with the
experimental values D= -8 cm™ and £/D = 0.37. Moreover, the eigenvector of 7 associated
with the negative eigenvalue (D, = 2DI3 =~ -5.7 cm”) is approximately collinear with the
molecular z-axis (close to the Ogpg7-Fe-WatA direction in Figure 5) and by inference with
the z”axis of the EFG as deduced from experiment. For a quantitative determination of the
relative orientation of the principal axes of the EFG (y7) and ZFS ( p) tensors, we
considered the possibility of using the CASSCF results for both tensors. However, since the
state-averaged potential, required for obtaining reliable solutions for the wide range of
CASSCEF states contributing to the ZFS, produces nearly vanishing EFG tensors, the {7
tensor from G’09/DFT has been used as a reference for the orientational analysis. The
relative orientations of the principal axes of y- and ) are presented in Table 2 by listing the
Euler angles required for transforming the diagonal y tensor into the principal axes frame of
D (Table 2). The calculated value for Berg = 29° is in remarkably good agreement with the
experimental Bgrg = 20°. The differences between theory and experiment for Euler angles
agrc and yegg are larger than for Bggrg, perhaps in part because the Méssbauer spectra are
less sensitive to the former parameters (see above). Table 3 also lists the contributions to p,
from the individual diy—d transitions (39, 41, and 5™ column). The CASSCF excitation
energies (2"d column) appear in the same sequence as those obtained with the TD-DFT
supported CF model (schematically shown in Figure 6) but are smaller in magnitude. The
largest ORCA/CASSCEF contribution to O comes from the lowest energy S = 2 transition,
Gey— Ohyz». Its value of =7.2 cm™ (Table 3) is about ten times larger than the S= 2
contribution to D obtained with ORCA/DFT; in contrast, the S= 1 contributions obtained
with the two methods are about equal (~—2 cm™). Like in the model of Figure 6, the Dy
value for each transition is negative (7" column) but, unlike the CF model of Figure 6, the
contributions of the individual transitions to 7 are not axial (8t column). The net
rhombicity (£/D ~ 1/3) is largely due to the combination of the first two excitations, each of
them being approximately axial but with orthogonal unique axes (6" column), as in the case
of the CF model of Figure 6. The contribution to D from the d.y— d;, excitation is small but
not zero as predicted by the CF model (71" column). Just as for the CF model, the

dy— Oxo-y2 EXCitation gives a negative component along z (5 column) which by itself is
too small to explain the Mdssbauer value for D (see above). A comparison of the last two
rows of Table 3 shows that the sum of the contributions to 7 from the four diy— of
transitions constitute the major part of Dand £/ D, leaving only a minor role for the spin-
orbit interactions with S= 1 states, as anticipated from their large excitation energies.
Finally and most importantly, the d,— d. transition yields a large negative component
along z (5t column) and not along x as predicted by the CF model of Figure 6. This
prediction of the ORCA/CASSCF approach agrees remarkably well with experiment.

The quantum-chemical 7 calculations reported here used the full Breit—Pauli operator.
However, it is shown in section S5 of the Supporting Information that nearly identical results
for f are obtained with an effective 1-electron SOC operator, using a reduced nuclear charge
for iron. The various approximations that were made to attain the wave function of the CF
model and which led to the differences in the f, tensors predicted by CFT and CASSCF are
discussed in section S6 of the Supporting Information.
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CONCLUSIONS

Analysis of the VTVB Madssbhauer spectra of the H200C—-HPCA complex has yielded a
complete set of fine- and hyperfine-structure parameters, including tensor rotations due to
the low symmetry environment. It should be noted that the low symmetry observed for
H200C-HPCA is not a particular property of this variant for which water C fills a void
created by the absence of H200. Thus, the Y257F-HPCA complex has nearly the same
parameters as the complex studied here (these include Euler angles fa ~ 7° and Bgrg ~ 27°;
Table 3 of ref. 29). Similar observations have been reported for the reduced Pseudomonas
putida protocatechuate 3,4 dioxygenase. From these analyses emerged the puzzling result
that the large negative component of the rhombic (£/D ~ 1/3) ZFS tensor was found to be
directed (roughly) along the axis z of the doubly occupied ¢, orbital. In order to explain this
observation we initially pursued ORCA/DFT calculations. However, since these DFT
calculations reproduced the experimental ZFS parameters rather poorly we chose to invoke
CASSCEF calculations similar to those previously reported by Neese et al. for the tetrahedral
Fe!l-azurin center. In spite of a “non-magnetic” orbital ground doublet of €y Symmetry,
CASSCF predicts for the Fell-azurin center a sizable D value. The calculations presented
here for the H200C-HPCA complex are in excellent agreement with our spectroscopic
analysis of this system, owing in part to the inherent nature of the CASSCF wave functions
for the ground and excited states.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
DFT structure of ES complex.
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Velocity (mm/s)

Figure 2.
(A) 4.2 K, zero field (B = 0) Mdssbauer spectra of resting H200C. The red line is a spectral

simulation for a quadrupole doublet with AEq = 3.28 mm/s and 8 = 1.22 mm/s (B) 4.2 K
spectrum of H200C-HPCA (enzyme substrate complex). The red line is a simulation for the
majority species (80 % of Fe). The blue line outlines the minority Fe!! species (6% of Fe)
with AEqg =2.33 mm/s and & = 1.20 mm/s (C) 150 K spectrum of H200C-HPCA. The blue
line indicates the doublet of the 6% Fe!! contaminant. The red line outlines the contribution
of the two quadrupole doublets belonging to Fe!'! contaminants (15% of Fe). The two Fe'!!
contaminants are difficult to discern in the 4.2 K spectrum of (B) as their absorption is
spread over a 16 mm/s velocity range.
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Figure 3.
4.2 K Massbauer spectra of the H200C-HPCA complex recorded in parallel applied fields

indicated. Simulated spectra of two unknown Fe!!' contaminants, shown in Figure S1 and
representing ~ 15% of the Fe, were subtracted from the raw data. The red lines, representing
85% of total Fe, are spectral simulations based on egs 1 and 2 using the parameters listed in
Table 1. Simulations were performed in the slow relaxation limit of the electronic spin.
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Figure 4.
Variable temperature Mdssbauer spectra of the H200C-HPCA complex recorded for B=7.5

T. The high-spin ferric contaminants (=~ 15 %) and the minor (6%) ferrous species have not
been removed from the data. At (A) 20 K, (B) 30 K, and (C) 40 K the spins of the Fe!!!
species are relaxing slowly and the Fe'!! contribution is spread (with small amplitude) over a
velocity range of 16 mm/s. At 7= 150 K the Fe!!! species approach the fast relaxation limit
(see Figure 2C; part of their contribution is evident in the central portion of the 150 K
spectrum. The red lines are simulations of H200C-HPCA using the parameters listed in
Table 1, assuming that the electronic spin is in the fast fluctuation limit. In (A-C) the Fe'!!
contaminants are part of the base line, so we scaled the sum of H200C-HPCA and Fe'!
minority species to 100% Fe. The H200C-HPCA simulation of the 150 K spectrum (D) has
been plotted to represent 85% of the total absorption. Despite the presence of the Fe!ll
contaminants and the minority Fe!! species the magnetic splittings of the Fe!'-H200C-HPCA
species (blue arrows) are quite well defined at 150 K.
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<

]

1

rWatC
Figure 5.

Left: DFT optimized structure showing a contour plot of the doubly occupied 3d orbital of
the high-spin Fe!l site in the model enzyme-substrate complex. The broken line indicates the
hydrogen bond formed by the hydroxyl proton of the substrate to WatC. Right: Contour plot
of the redox active HOMO of the substrate. This w orbital is the main source of electron
density donated by the substrate into the d, and d; orbitals (not shown) of the high-spin
Fe!l site. The structure shown here is that of Figure 1 but viewed from a different
perspective.
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Page 20

Schematic crystal-field-splitting diagram of high-spin Fe!l. Orbital mixing by low symmetry
components in the crystal field has been ignored. The dashed level does not interact with the

ground configuration.
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Table 2

Euler angles for rotating EFG tensor frame (diagonal in (x,y,z)) into ZFS tensor frame (diagonal in x’y’z’))

Vac Dbe C"EFGd BEFGd YEFG d
Exp® | Exp® 50° 200 | 130°
pFT’ | DFTY -8 | 8 33°
oFTf | cAsscr/ | —93° 29° -7

aEFG tensor, convention | V/x/| < |[W/y/| < |V7/7/|, 0sn<1

bZFS tensor, convention |Dxx| < |Dyy| < |Dzz|, 0 < £/D < 1/3, except for row labeled Exp where | Dyy| is marginally larger than | Dzz| such that £/D
=0.37. This deviation from standard convention was admitted to retain the z-axis.

CBoth properties were evaluated for identical (B3LYP/6-311G optimized) structures, using G "09.
dEuIer angles in zyz convention.

eFrom Méssbauer analysis.

fEFG from a single-point B3LYP/TZVP calculation, using G "09.

gZFS tensor from a single-point BP86 calculation, using ORCA.

hActive space: 306 configurations, including all S= 2, 1, 0 states, using ORCA.
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