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Abstract

Theoretical calculations of structural parameters, >’Fe, "*N and 7O electric field gradient (EFG) tensors for full size-hemin group have been carried
out using density functional theory. These calculations are intended to shed light on the difference between the geometry parameters, nuclear quadrupole
coupling constants (QCC), and asymmetry parameters (1) found in three spin states of hemin; doublet, quartet and sextet. The optimization results
reveal a significant change for propionic groups and porphyrin plane in different spin states. It is found that all principal components of EFG tensor at the
iron site are sensitive to electronic and geometry structures. A relationship between the EFG tensor at the '*N and 'O sites and the spin state of hemin

complex is also detected.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The heme group plays a vital role in biological systems. It is
encountered as an active site which determines the biological
activities of some proteins. The heme group present in oxygen
transport proteins, hemoglobin and myoglobin, metabolizing
enzymes such as peroxidase, and enzymes catalyzing important
redox reactions in cytochrome [1,2] is the main active site
which controls a wide variety of chemical reactions. Hence,
understanding properties of heme group, by probing chemical
environment of the heme active site, is of great importance for
studying catalytic and structural role of these proteins [3—10].

The electric field gradient (EFG) tensors arisen at the sites of
quadrupole nuclei are important physical parameters to gain
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insight to chemical environment and molecular structure. Those
nuclei with spin angular momentum greater than one-half (/> 1/2)
are quadrupole and have electric quadrupole moment, eQ, which
can interact with the EFG tensor [11]. Strength of this interaction
depends on the magnitude of eQ and the EFG eigenvalues that can
be measured experimentally by nuclear quadrupole resonance
(NQR) spectroscopy. As for the high sensitivity to the electrostatic
environment of nuclei, electronic structures and intermolecular
interactions, such as hydrogen bonding (HB), can produce a
significant influence on the EFG tensors. The high level quantum
mechanics calculations yield the EFG tensors in principal axis
system, PAS, which can be converted to NQR measurable para-
meters: nuclear quadrupole coupling constant (QCC), and
asymmetry parameter (#q).

In the present work, a full-size heme group, with one water as
the fifth ligand, Ferriprotoporphyrin IX, hemin, was studied
(Fig. 1). It is to be noted that we considered specific protonated
state, one propionic groups as protonated and one deprotonated.
Such hemin complex is derived from hemoglobin degradation in
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Fig. 1. (a) Chemical structure of the heme group, (b) optimized structure of hemin complex in //=2 and (c) optimized structure of hemin complex with one water
molecule M=4, 6 spin states.
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pathogenic blood stage of malaria parasite. The exact pKa values of
the two propionates are not definitively known, but for hemozoin
formation (non-toxic form of heme for parasite), it is necessary for
one to be protonated and one unprotonated. The pH dependence
hemozoin forming studies by Egan et al. indicate that only mono-
protonated hemin species is active [12—14]. Therefore, our model
differs from the most previously used in the literature by consi-
dering the full-size heme and one protonated state instead of both
protonated or deprotonated of propionic groups. Numerous ex-
perimental techniques, including X-ray crystallography, mdss-
bauer, EPR, and nuclear magnetic resonance, NMR, spectroscopies
have been applied to study the heme group and iron—porphyrin
systems in different spin states [15—18]. Furthermore, a number of
pioneering quantum mechanical calculations with the density fun-
ctional theory, DFT, approach has been reported for different spin
states of model iron—porphyrin systems [5,19,20]. With this know-
ledge, geometry of hemin group was optimized in order to investi-
gate the relation between the structure and relative spin state
energies in its doublet, quartet, and sextet spin states. Optimizations
were performed using density functional theory, DFT, approach.
For systematic study purposes, the firstly optimized hemin struc-
tures were used for natural bonding orbitals (NBO) analysis and
EFG tensors calculations at the *’Fe, 'O, and "N nuclei. As
computed EFG eigenvalues, gy, ¢y and g, were converted to
those experimentally measurable NQR parameters, nuclear quad-
rupole coupling constants, QCC and asymmetry parameters, #q.

2. Computational details

All calculations were performed using Gaussian 98 suite of
programs [21]. The heme structure in Human Carbonmonoxy—
Haemoglobin (PDB code: 1IRD) has been applied to initialize the
geometry optimization. Hydrogen atoms and water molecule were
added using the PYMOL package [22]. Optimizations with no
constraints were performed in doublet, quartet, and sextet spin
states at DFT level by using the B3LYP method. For geometry
optimization, the Lanl2dz and 3—21G* basis sets were used for Fe
and other atoms, respectively. This approach has been successfully
used to optimization of heme model complexes of cytochrome
[2,23]. Then, the EFG and NBO calculations were performed by
using DFT/B3LYP method on the geometry optimized structure at
different spin states. These calculations were used by using the
Lanl2dz basis set for Fe and 6—311+G* for other atoms.

Quantum chemical calculations yield principal components of
the EFG tensor, ¢;;, in atomic unit (1 au=9.717365x 10*' V.m™?).
The calculated ¢;; values were used to obtain the nuclear
quadrupole coupling tensors, QCC_ and asymmetry parameters,
Nq, from the equations:

QCC(MHz) = €’Qq,,/h (1)

Qyy — 4
ng = |=>——1, 0<nqo=l (2)
47z

where the standard values of eQ reprted by Pyykkd were
employed [24]:eQ(>’Fe)=160.0 mb, eQ('’0)=—25.58 mb, and
eQ("*N)=20.44 mb.

3. Results and discussion
3.1. Geometry optimizations

The DFT/B3LYP optimized structures of hemin complexes
in doublet, quartet, and sextet spin states are shown in Fig. 1.
Besides, the main features of optimized geometry parameters
and relative energies are presented in Table 1. State with M=4
multiplicity was found to have the minimum energy level
among others. The ground state quartet found here is in
accordance with a series studies of five coordinated inter-
mediated spin state Fe(Ill) porphyrinates [25—28] and theore-
tical prediction reported by Romanova and Krasnov for iron—
porphyrin model of heme [3]. The most significant differences
between the three spin states lie in the iron—axial ligand distance
and conformation of propionic groups. The four iron—nitrogen
distances are nearly equal, 7ayere ny=2.012, 1.991, 2.037 A for
doublet, quartet, and sextet spin state, respectively. The obtained
values are comparable to experimental data (2.00+0.05 A)
observed in high resolution X-ray heme structures in 1CXT and
IYTC [8]. The Fe—water distance is significantly modified in
different spin states. In sextet spin state, the Fe atom is situated out
of the porphyrin plane and Fe—OW distance has the smallest value
RFe-—ow)=2.025 A (compared to 2.275 A and 2.112 A in M=2 and
M=4, respectively). The CHy—Fe—CHc and CHg—Fe—CHp bond
angles were used to measure the Fe atom displacement from the
porphyrin plane. The Rg. ow)=2.112 A value, optimized for
intermediate spin state, is closest to 2.09 A value, reported
experimentally for ferric—porphyrin diaquo complexes [29].

Conformational changes in propionic groups is another unique
feature of geometry optimization in the three spin multiplicities.
In doublet spin state two propionic groups lie far from each other
while in quartet and sextet spin states, the two groups are much
closer and can generate O—H--O hydrogen bond (HB) interaction,
transferring a proton from OlA to O1D. The HB distances,
Ro1a 01Dy are 2.515 A and 2.518 A in quartet and sextet spin
states, respectively. Kumar et al. also reported a similar HB
formation, C—H--O HB type, in the heme moiety of cytochrome C
[2]. It must be mentioned that the energy of a moderate O—HO
interaction is 4—15 kcal/mol [30]. Therefore, the obtained energy
difference among the spin states is too large to be accounted for
simply by H-bonding interactions. All the facts mentioned above
suggest that electronic structure and structural parameters are
significantly dependent to spin state of hemin complex.

3.2. Electric field gradient tensors

Tables 2—4 indicate the calculated °’Fe, '*N, and 7O nuclear
quadrupole coupling tensors and Fe (3d) population for the
three spin states of hemin. In the following sections, STRe, N,
and 70 EFG results will be discussed separately.

3.2.1. 77 Fe electric gradient tensors

The calculated °Fe electric field gradient tensor, QCC, and no
values for M=2, 4, and 6 spin states of hemin are shown in
Table 2. As it is clear at the first glance, °"Fe electric field gradient
tensor is significantly dependent on the spine states. It must also
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Table 1
Some selected bond distances (A), bond angles (°), and total energies (eV)
values for optimized structures of hemin in different spin states

Parameters M=2 M=4 M=6
Rere_ow) 2275 2.112 2.025
Repe-Na) 2.005 1.995 2.029
Rpexm) 2.019 1.994 2.045
RFe-Ne) 2.019 1.995 2.048
Rere np) 2.006 1.980 2.026
RFeN, ) 2.012 1.991 2.037
RcGa-o1a) 1.391 1.330 1.330
Rica-02a) 1.223 1.238 1.239
Ricap-oip) 1277 1.338 1.339
RcGp-02p) 1.291 1.234 1.234
Ro1a-01D) 4.777 2.515 2.518
Roia-n1a) 0.998 1.438 1.441
/Fe—OW-HW1 95.065 111.723 119.143
/Fe-OW-HW1 94.718 109.402 127.069
+CHA-Fe—-CHC 176.113 176.233 168.067
«CHB-Fe—-CHD 177.675 172.749 165.411
/FE-OW-HW1 94.718 111.723 127.070
+<FE-OW-HW2 95.096 109.402 119.143
AE, eV 3.41 0.00 27.40

be noted that EFG calculations at the iron site of hemin reflect the
spatial distribution of electrons around the core which can be
divided mainly into two parts [4,31]. The largest may be attributed
to valence electrons, g, which results from unequal electron
population, particularly in Fe (3d) orbitals. This contribution is
proportional to the Fe (3d) orbital anisotropy defined as followed:

Ang =n(de_2) + n(dy) — n(d:) — ln(dxz) - %n(dyz).

2

The second term contributes to the external lattice, gu,
which is present when the iron nucleus is located in non-
spherical environment produced by the iron—ligand overlap. As

Table 2
Calculated ¥'Fe, and '*N electric field gradient tensors for different spin states of
hemin?®

Nuclei Spin state Gxx Gyy G2z QcCcC No
STFe M=2 -0367 —0.718 1.085 40.08  0.32
M=4 0.976 1.192 -2.168 —81.56  0.10
M=6 0.491 0.588  —1.080  —40.63  0.09
NA M=2 0.160 0318  —0478 -195 033
M=4 0.108 0311  —0.420 -1.72 048
M=6 0.180 0285  —0.464 -190 023
NB M=2 0.126 0345  —0.472 -1.93 046
M=4 0.132 0316  —0.448 -1.83 041
M=6 0.169 0317  —0.486 -1.99 030
NC M=2 0.160 0323  —0.484 -1.98 034
M=4 0.127 0318  —0.445 -1.82 043
M=6 0.190 0299  —0.490 -2.00 022
ND M=2 0.135 0336  —0.471 -1.92 043
M=4 0.102 0322 —0.424 -173 052
M=6 0.161 0298  —0.460 -1.88 030
Exp.® 0.219 0309  —0.528 -254 0.7

* Calculated ¢; components and QCC values in atomic unit and MHz,
respectively.
® Experimental values for nitrogen in three-coordinated imidazole [37].

Table 3

Fe (3d) population for the spin states of hemin

Population M=2 M=4 =6
n(d.y) 0.669 0.972 1.323
n(d,.) 1.726 1.140 1.192
n(d,.) 1.131 1.147 1.175
n(dy2—,2) 1.930 1.900 1.035
n(d.?) 1.191 1.171 1.209
ng 6.647 6.33 5.93
Any -0.02 0.18 -0.04

concluded from Table 3 data, there is negligible amount of
anisotropy resulting from Fe (3d) orbitals in doublet and sextet
spin states, Any,=—0.02 for M=2 and An,=-0.04 for M=6,
and hence, valence electrons have no significant effect on the
EFG. Thus, overlap with the porphyrin nitrogen and water
influences the field gradient at Fe site, resulting in lattice effects.
In contrast to M=2 and M=6 spin states, there is a noticeable

Table 4
Calculated relative orientation of EFG tensors at '*N sites in different spin states
of hemin

Nuclei qii Spin Angle of the principal axes
state system/°
X v z
NA Gxx M=2 86.62 81.58 9.11
M=4 50.17 39.97 87.26
M=6 83.63 84.93 8.15
Gyy M=2 45.38 45.84 81.61
M=4 88.35 85.05 5.20
M=6 13.90 78.33 82.71
Qzz M=2 44.82 45.40 86.48
M=4 39.88 50.47 85.57
M=6 77.70 12.84 86.38
NB Gxx M=2 86.45 81.86 8.89
M=4 37.22 53.46 83.87
M=6 81.66 89.58 8.35
dyy M=2 45.16 46.02 81.47
M=4 88.19 82.22 7.99
M=6 38.47 52.37 83.15
G2z M=2 35.06 45.13 86.75
M=4 52.84 37.63 84.89
M=6 25.18 37.74 85.25
NC Gxx M=2 87.16 84.66 6.07
M=4 52.60 37.46 88.30
M=6 88.02 89.53 1.98
Gyy M=2 45.96 44.09 88.13
M=4 89.99 87.85 2.14
M=6 52.79 37.23 89.18
qzz M=2 44.18 46.40 84.24
M=4 37.40 52.63 88.69
M=6 37.28 52.77 88.14
ND Gxx M=2 82.50 89.45 7.52
M=4 3591 54.18 87.74
M=6 85.78 85.47 6.17
Gyy M=2 45.95 44.61 84.35
M=4 88.73 87.90 2.43
M=6 36.48 54.18 83.92
G2z M=2 45.03 45.39 85.05
M=4 54.11 35.90 89.04
M=6 53.84 36.19 88.83
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valence contribution to the EFG in M=4 with An,=0.18.
Besides, the lattice contribution from the Fe—ligand overlap is
more in M=4 due to the shorter Fe—N distances in quartet spin
state. Consequently, the two mentioned above contributions
have found to effect the nuclear quadrupole coupling by
|[AQCC|=40 MHz for M=4 spin state. Furthermore, the
calculated EFG components, gj;, and asymmetry parameters
reproduce experimental values reported for heme proteins and
model systems [19,32—34].

Finally, it is worth noting that in addition to the principal
eigenvalues of the EFG tensor, the theoretical calculations also
give the orientation of the EFG eigenvectors in the molecular
axes. From calculation based on the B3LYP/6—-311+G*, it was
found that for M=2 spin state, ¢,, component approximately
lies in the porphyrin plane, whereas the g and gy, components
make 51.70° and 38.35° along Fe—-OW bond direction,
respectively (Fig. 2). For the M=4 and 6 spin states, the
orientation of EFG principal components is slightly different.
As depicted in Fig. 2, g,, has a tendency to orientate along the
Fe—OW bond while both g and g, align the porphyrin plane.

3.2.2. "N electric gradient tensors

The calculated "*N EFG tensors for four nitrogen atoms in
hemin structure; NA, NB, NC and ND are presented in Table 2.
It can be inferred that spin state of hemin protein follows a
regular pattern for the QCC('*N) and parameters. As mentioned
above, spin state has no significant influence on the Fe—N bond
distances. However, such little changes in inter-atomic Fe—N
interactions have potential to affect charge distribution around
the nitrogen sites so, the order of QCC('*N) is obtained to be
M=5/2>1/2>3/2, which is consistent with the bond distance.
Such kind of structural sensitivity is found for hydrogen bonded
systems, in which QCC('*N) decreases as N--O bond shortens
[35,36]. Moreover, based on EFG tensor calculations, asym-
metry parameter for the four nitrogen sites are in the 0.22—0.52
range. However, the calculated '*N EFG tensors are consistent
with experimental values reported for three-coordinated imida-
zole [37]. Table 4 shows the relative orientations of '*N EFG
principal components in hemin complexes. In each spin state,
almost similar orientation is detected for the four porphyrin
nitrogens. However, for M=2 and 6, ¢, component approximately

(b)

Fig. 2. EFG tensor orientations for °’Fe nucleus of hemin molecule in different spin states. (a) M=2 and (b) M=4 and M=6.
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Table 5

Calculated '"O EFG tensors for different spin states of hemin

Nuclei Spin state Gxx Qyy 92z Co No

01A M=2 0.336 1279  -1615 -971 058
M=4 0.153 1.087 —1240 -746  0.75
M=6 0.154 1.086 —1241 -746  0.75

Yo2A M=2 -0.722  -0.893 1.615 9.71 0.11
M=4 -0.756  —0.842 1.598 9.61  0.05
M=6 -0.755  —0.841 1.596 9.60  0.05

01D  M=2 0.407 0491  —0.898  —540  0.09
M=4 0.528 0861 —1380 -835 024
M=6 0.533 0857 —1.390 -836 023

02D M=2 0.091 0.858  —0.949  -5.71 0.81
M=4 -0.813  —0.853 1.665 10.01  0.02
M=6 -0.812  —0.847 1.658 997  0.02

ow M=2 -0.124  —1.575 1.700 1022 0.85
M=4 —-0.185  —1.553 1.738 1045  0.79
M=6 -0330  —1.600 1.930 11.61  0.66

Calculated ¢; components and QCC values in atomic unit and MHz,
respectively.

lies in the Fe—OW bond direction and gy, and ¢, are directed in
porphyrin plane, while in the M=4 the ¢, and ¢,, components
are approximately in the porphyrin plane and g, tends to lie in
Fe—OW direction.

3.2.3. 70 electric gradient tensors

In this section, we focus on the quantum chemical '’O EFG
tensor calculations for propionic and water oxygen in full-size
aqua hemin complex at different spin states. Wu et al. have
recently showed DFT calculations to be reliable for '”O EFG in
organic molecules [38—41]. In contrast to "*N, structural effects
on '’O EFG tensors may be more complicated (Table 5). As
stated earlier in geometry optimization section, conformation of
propionic groups is different in various spin states resulting
different values of 'O EFG tensors. It was also mentioned that
one of the propionic groups is not neutral. According to Table 5,
in doublet spin state the QCC('’01D) is close to the QCC
("702D) and far from the QCC('’01A) and QCC('’02A)
values. For example, the calculated QCC('’O1D) is smaller
than the QCC('’O1A) by 4.31 MHz. Both O1A and O2A
belong to protonated propionic group of hemin while O1D and
02D contribute to non-protonated one. While moving from
M=2 to M=4 spin state, HB formation makes AQCC('’0)=
2.25 and 2.95 MHz for O1A and O1D, respectively. As for
similar structures of propionic groups in quartet and sextet spin
states, computed QCC('”0) and values are consistent. There are
no experimental data available for '"O NQR parameters in
hemin propionic groups and our results need to be confirmed by
future experiments. However, comparison of the reported '"O
NQR parameters for O1A and O1D with those of experimental
NQR parameters for DL-glutamic acid (QCC=7.24, 7.33 MHz
and=0.72, 0.23) can enhance the validity of our work [42].

The EFG tensors of water oxygen also show sensitivity to
spin state. As the Fe—OW distance reduces from lower to higher
spin states, the QCC('’OW) value increases and the parameter
decreases.

4. Conclusions

The geometry and EFG tensors of hemin complex were
studied via density functional theory. According to the results
obtained in this investigation, spin state of hemin complex has a
remarkable influence on the geometry parameters and EFG
tensors at °'Fe, '*N and '’O sites. The comparison of different
spin states revealed that for the /=4 and 6 spin states, two
propionic groups form a O-H-+O intra-molecular hydrogen
bonding interaction. It is also concluded that EFG tensors of > Fe,
"N and 'O nuclei are appropriate parameters to characterize the
electronic structures and properties of hemin complex in various
spin states. The theoretically calculated °’Fe nuclear quadrupole
coupling constant for the M=2, 4 and 6 spin states, are predicted
to be experimentally distinguishable: [AQCC|=40 MHz. EFG
tensors at the nitrogen nuclei exhibit a proper pattern due to the
regularity of Fe—N bond distances. It was also shown that
hydrogen bonding interaction has a significant influence on QCC
("70) and no('70) values.
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