1duosnuely Joyiny 1duosnuey Joyiny 1duosnuely Joyiny

1duosnuepy Joyiny

Author manuscript
Oy Can J Chem. Author manuscript; available in PMC 2017 September 21.

s HHS Public Access
L

Published in final edited form as:
Can J Chem. 2014 October ; 92(10): 975-978. doi:10.1139/cjc-2014-0067.

Modeling nuclear resonance vibrational spectroscopic data of
binuclear non-heme iron enzymes using density functional
theory

Kiyoung Park! and Edward I. Solomon1”
1Department of Chemistry, Stanford University, 333 Campus Drive, Stanford, CA 94305, USA

Abstract

Nuclear resonance vibrational spectroscopy (NRVS) is a powerful technique that can provide
geometric structural information on key reaction intermediates of Fe-containing systems when
utilized in combination with density functional theory (DFT). However, in the case of binuclear
non-heme iron enzymes, DFT-predicted NRVS spectra have been found to be sensitive to
truncation method used to model the active sites of the enzymes. Therefore, in this study various-
level truncation schemes have been tested to predict the NRVS spectrum of a binuclear non-heme
iron enzyme, and a reasonably sized DFT model that is suitable for employing the NRVS/DFT
combined methodology to characterize binuclear non-heme iron enzymes has been developed.
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Introduction

Nuclear resonance vibrational spectroscopy (NRVS) is a third-generation synchrotron-based
technique that probes vibrational side bands of a Méssbauer transition.> Using this
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technique, essentially all the vibrations that involve a displacement of the Mdssbauer-active
element are observable, and thus a complete set of vibrational information can be obtained.
This technique, in combination with density functional theory (DFT) computations, has
proven to be powerful in determining the geometric structures of 3’Fe-containing species
and especially useful in defining key transient intermediates of Fe enzymes.2=>

The goal of this study is to develop a computational methodology that models the NRVS
data of binuclear non-heme Fe enzymes properly and thus can be utilized for the
characterization of their reaction intermediates and subsequent reaction coordinate
calculations. To validate the DFT methodology, we focus here on a crystallographically-
characterized structure - the resting state of soluble methane monooxygenase (MMO) from
Methylosinus trichosporium OB3b.5 MMO converts methane to methanol, employing a
diiron cofactor that activates O,.” This O, activation process involves multiple intermediates
including the key high-valent Fe(IV), intermediate, Q, which we anticipate characterizing
by NRVS.”

Many spectroscopic properties of metalloenzymes, including their electronic absorption
spectra and their Méssbauer and electron paramagnetic resonance parameters, can be
predicted using quantum computations that are often performed on a truncated enzyme
model. This generally encompasses the active site and the ligating residues that are capped
with hydrogen atoms which are given position constraints reflecting their covalent linkage to
the protein polymer.8-13 However, the effects of this truncation on the prediction of NRVS
data of binuclear non-heme Fe enzymes have not been tested. The DFT-predicted NRVS
data of small synthetic Fe complexes and mononuclear Fe enzyme sites have shown great
consistency with experimental data. However, depending on the localization of the normal
modes of 2Fe active sites, a truncated enzyme active-site model may not be sufficient for
NRVS analysis. Therefore, in this study various levels of truncation schemes have been
tested to simulate the NRVS data of the resting state of MMO, and a reasonably sized DFT
model has been developed to predict its spectrum for comparison to future data and reaction
coordinate studies.

The initial geometry for the active site of MMO in the resting state was obtained from its X-
ray crystal structure from OB3b (PDB: 1IMHY).® Amino acids and water molecules
participating in the ligation of the Fe centers (including 114E, 144E, 147H, 209E, 243E, and
246H) and H bonding interactions with the ligands (including Q140 and Q 205) were
included in the DFT computations, while the protein backbone was truncated and
constrained during geometry optimization. Three different truncation schemes were used as
presented in Figure 1, and the atoms that mimic the constraints of the frozen protein
backbone are circled. In scheme #1, two backbone carbonyl groups adjacent to the alpha
carbon (Ca.) of the side chain were included and capped with hydrogen atoms. In scheme
#2, the Ca’s of the side chains were capped with hydrogen atoms, while in scheme #3 they
were replaced with hydrogen atoms. Note that using Ca atoms as constraints led to results
equivalent to those described for scheme #3. All capping hydrogen atoms were placed at a
distance of 1.1 A from the neighboring carbon atoms, and these C-H bond lengths were
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optimized to 1.11 + 0.01 A when their positions were fixed during geometry optimization
using the broken symmetry spin-unrestricted DFT formalism with the 90% BP/10% HF
hybrid functional and the 6-31G* basis set in the Gaussian 09 package.14-30 DFT frequency
calculations were performed using the same functional and basis set except for the largest
model prepared using truncation scheme #1. Its large size (157 atoms) limited the force field
calculation and thus carbon and hydrogen atoms that do not participate in bonding with the
Fe center were treated with the 3-21G basis set. The energies and Fe displacements of the
normal modes obtained were used to predict NRVS data using the GenNRVS program.3!

Results and analysis

1. Optimized geometries for the active site of MMO in the resting state

In the X-ray crystal structure of MMO in the resting state, two ferric centers are bridged by
the carboxylate side chain of glutamic acid 144 and two water-derived ligands, O1 and O2.
Based on Fe-O bond lengths and their inequivalency, O1 and O2 have been proposed to be
either bis(u-OH) or (u-OH)(u-OH,) bridges.b: 32. 33 Both cases were considered in these
computations, but when the (u-OH)(u-OH,) structure was optimized, the water bridge
became a terminal ligand and the Fe centers became mono-(u-OH) bridged with an Fe-Fe
separation of 3.5 A, which is an overestimate by 0.5 A (Figure S1). Therefore, only results
from the bis(u-OH)-bridged structures are presented here (Tables 1 S1 and Figure S2).

The structures optimized using the three different truncation schemes #1~#3 in Figure 1
(models #1~#3) display a similar geometry for the Fe,(u-OH), core (Table 1), while the
conformations of the terminal His and Glu ligands were variable (Figure S2). All three
bis(u-OH)-bridged structures reasonably reproduced the Fe-Fe distance and the trend that
the u OH bridges interact more strongly with the water-bound Fel center than with the Fe2
center that has an anionic carboxylate ligand in an axial position (Figure 2, E243).
Alternatively, the Fe-O2, 01-02, and Fel-O5(water) distances are underestimated in all
three structures.

2. DFT-predicted NRVS spectra of MMO in the resting state

Previously, we reported the NRVS data of a bis(u-OH)-bridged biferric complex [Feo(u-
OH),(6Mey-BPP),]2* (6Me,-BPP = N,N-bis(6-methyl-2-pyridylmethyl)-3-
aminopropionate),3* which can be used as a representative structural model for the active
site of MMO in the resting state. Its experimental NRVS spectrum (Figure 3a, gray dashed)
and DFT simulation (Figure 3a, solid black), obtained using the same functional and 6—
31G* basis set as described above for the MMO maodels, are presented. This overlay shows
that DFT can reproduce the pattern of the NRVS spectrum well, while the energies of the
major features in the energy range below 300 cm~ are underestimated by ~30 cm™1.

The DFT-calculated NRVS spectra obtained for the three MMO models #1~#3 are shown as
solid curves at Figure 3b~d. The calculated NRV'S spectrum of the largest structural MMO
model #1 (Figure 3b, solid black) displays major features in a similar energy region to the
NRVS spectrum of the [Fe,(1-OH)2(6Mey-BPP),]2* complex (Figure 3a, solid black).
Considering that, for the latter, the DFT calculation underestimated the energies of the major
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features by ~30 cm~1 compared to its experimental data (Figure 3a, dashed gray), the
experimental data on MMO will likely appear at ~30 cm™1 higher energy than the DFT-
predicted spectrum in Figure 3b, solid black. The NRVS features of this MMO model #1 can
be divided into three regions (Figure 3b). Region (i) is composed of core translational and
rotational motions (Figure 4i), which are consistent with the features at 183 and 213 cm™1 in
Figure 3a. Region (ii) contains normal modes associated with axial ligand-Fe-pO bends, the
combination of which result in the butterfly and Fe-Fe stretch motions of the core (Figure
4ii). In this region, while the [Fe,(u-OH),(6Mey-BPP),]2* model complex shows one band
at 241 cm~1 (Figure 3a, solid black), the MMO model #1 (Figure 3b, solid black) shows two
bands at 243 and 298 cm~L. This is due to the presence of two inequivalent Fe-axial bonds;
the band at 298 cm™1 involves the motion of the water ligand on Fel, while the band at 243
cm~L involves the motion of the carboxylate ligand on Fe2 (Figure 2). Region (iii) involves
the four Fe-pO stretches shown in Figure 4iii, which are consistent with the features at 346,
384, 463, and 522 cm™1 of the [Fe,(u-OH),(6Mey-BPP),]2* model complex (Figure 3a,
solid black).

Alternatively, the DFT-predicted NRVS spectrum of the smaller structural model #2 (Figure
3c, solid black) shows a less split peak pattern than the calculated NRV'S spectrum of model
#1 (Figure 3b, solid black). Specifically, the solid curve in Figure 3c displays one feature at
~270 cm™1 rather than two seen in region (ii) of Figure 3b. Corresponding normal modes of
this feature display significant contributions from the motions of the capping hydrogen
atoms, which certainly result from the truncation modeling. Therefore, these motions were
restrained by assigning artificial heavy masses to the capping atoms, and the resulting
calculated NRVS spectrum is presented as a dashed line in Figure 3c. This corrected NRVS
spectrum of model #2 now exhibits two bands in region (ii) at 241 and 288 cm™1 (Figure 3c,
dashed gray), which are consistent with the two bands at 243 and 298 cm™1 in the DFT-
calculated NRVS spectrum of model #1 (Figure 3b, solid black) that was obtained without
attempting to eliminate the motions of the capping atoms. This demonstrates the importance
of choosing a proper truncation scheme for the DFT prediction of NRVS data of binuclear
non-heme Fe enzymes, because the motions of capping atoms can significantly (but
artificially) contribute to the normal modes of 2Fe centers. Since model #1 also involved
capping hydrogen atoms, their possible contributions to the DFT-predicted NRV'S spectrum
were also tested; the assignment of heavy masses on the capping atoms of model #1
displayed negligible changes in the calculated NRVS spectra (Figure 3b, solid black vs.
dashed gray), confirming that model #1 that contains a part of protein backbone is large
enough to reproduce NRVS data without limiting the motion of the capping atoms by
assigning heavy masses. In the case of the smallest structural model of MMO, model #3, its
DFT-calculated NRVS spectrum, regardless of whether the capping atoms are restrained by
heavy masses or not, still shows a less split peak pattern than those of model #1 (Figure 3b).

3. Effects of assigning artificial heavy masses on the capping hydrogen atoms

In the truncated models, the capping atoms were used to replace the protein backbone,
which in reality should be more rigid thus effectively heavier than the capping hydrogen
atoms. Figures 3b and 3c show that, in the frequency calculations of the truncated models,
the motions of the capping hydrogen atoms, which do not exist in reality, can mix into the Fe
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motions, when they are not located far enough from the Fe centers. The extent of this
artificial mixing was estimated by assigning heavy masses to the capping hydrogen atoms;
Figure 3b shows that this artificial effect is minor in truncation scheme #1 (i.e., where a part
of protein backbone is included), while Figure 3c shows that for the scheme #2 restraining
the motions of the capping hydrogen atoms with increased effective masses limits their
mixing with Fe motion and gives good agreement with the larger structural model #1. This
improvement is reproduced in Figure 5, showing that, upon assigning heavy masses to the
capping atoms, two bands appear in region (ii) and the calculated spectrum of model #2
becomes more consistent with that of model #1 in Figure 3b. The band at 241 cm~1 in Figure
5b originated from the band at 274 cm1 in Figure 5a, which involves the Ca-C-C bend
motions that shift down in energy as the heavy capping hydrogen atoms restrain the motions
of the Ca.. The band at 288 cm™1 in Figure 5b corresponds to the feature in the lower energy
side of the band at 328 cm™1 in Figure 5a that is shifted down in energy with inclusion of
mass constraints on the Heap-Ca-C-C and Heap-Ca-C-H torsional vibrations. Alternatively,
Figure 3d shows that the corresponding artificial motions in model #3, the CB-C-C bend and
Ha-CB-C-C torsional vibrations, were not effectively restrained by the assignment of heavy
masses on Ha'’s in Figure 1, because each amino acid of model #3 has only one capping
atom while that of model #2 has two.

Discussion

The electronic structural and spectral properties of metalloenzymes have been successfully
analyzed with the aid of DFT calculations performed on small, truncated active-site
models.8-13 Indeed, for the active site of MMO in the resting state, the calculated geometry
of the Fey(u-OH), core was invariant upon changes in truncation scheme (Table 1),
confirming that a small active-site model is sufficient to reproduce the geometric structure
and electronic spectral®: 3% of binuclear non-heme Fe systems.

However, for the simulation of NRVS data, a proper truncation scheme is necessary, because
capping atoms used for truncation can have artificial motions that mix into the motions of
the 2Fe center, when these capping atoms are not far enough away from the 2Fe core.
Contributions from these artificial motions are especially prominent for the coupled motions
of the binuclear Fe core, i.e., the butterfly and Fe-Fe stretch modes in the energy region of
240~330 cm™1, where the bending and torsional vibrations of the capping atoms contribute.
These artificial motions can be effectively eliminated by including a significant part of the
protein backbone as seen in the largest model #1 (Figure 3b; where introduction of heavy
capping atoms had no effect) or by having two constraints on the backbone and assigning
heavy masses to these as in model #2. These DFT predicted NRVS spectra agree well with
preliminary NRVS data obtained on the resting state of MMO, which will be published
elsewhere.

This proper calibration of DFT methodology will be important in applying the NRVS
technique to determine the geometric structure of unknown binuclear non-heme Fe enzyme
intermediates. Moreover, once the appropriate DFT model that reproduces the NRVS data of
an intermediate is available, it can be further used to evaluate the reaction coordinate of
catalysis. Considering that the construction of a reaction coordinate is often
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multidimensional and requires numerous computations, a truncation scheme extended only
up to Ca’s but with heavy capping atoms will provide a reasonably sized model for the
determination of the active-site structure based on NRVS data that can then be applied for
insight into reactivity.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Truncation schemes used for modeling the active site of MMO resting state. The positions of

the circled atoms were constrained during geometry optimization.
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Figure 2.
Structure of MMO resting state (PDB: 1IMHY)
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Figure 3.
NRVS spectra of (a) [Feo(u-OH),(6Mey-BPP),]2* (structure depicted) obtained from

experiment (dashed gray) and DFT computation (solid black), and the MMO models #1 (b),
#2 (c) and #3 (d). Solid black and dashed gray spectra in (b)~(d) are simulated using
constraints with a mass of 1 and 100, respectively.
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Figure 4.
DFT-calculated normal modes of the Fe,(u-OH), core.
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Geometries of the Fe,(-OH), core obtained from X-ray crystal structure and DFT optimized structures

Table 1

1A Fel-O1 | Fel-O2 | Fe2-Ol1 | Fe2-O2 | Fel-O5 | Fel-Fe2 | O1-02 | O4-05
Xtal 1.712 2.154 2.036 2.166 2.234 2.988 2.640 2.664
model #1 1.965 1.988 2.011 1.996 2.102 3.037 2.508 2.596
model #2 1.968 2.006 2.039 1.980 2.122 3.057 2.481 2.642
model #3 1.975 1.996 2.014 1.981 2.116 3.051 2.477 2.605
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