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Abstract
We investigate the dinuclear manganese, Mn(II)-Mn(II), active site of human cytosolic X-propyl
aminopeptidase (XPNPEP1) employing the QM/MM method. The optimized structure supports
two manganese atoms at the active site and excludes the possibility of a single Mn(II) atom or
other combination of divalent metal ions: Ca(II), Fe(II), Mg(II). A broken symmetry solution
verifies an antiferromagnetically coupled state between the Mn(II)-Mn(II) pair, which is the
ground state. From the energy difference between the high spin state (HS) and the broken
symmetry state (BS), we estimate the exchange coupling constant, J, to be 5.15 cm-1. Also, we
observe multiple bridges (p orbitals) from solvent and two carboxylate linking to the Mn(II)-
Mn(II), which leads to the weakly antiferromagnetic interaction of d5-d5 electrons through
superexchange coupling.
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Human cytosolic X-propyl aminopeptidase (XPNPEP1) degrades a blood pressure-
controlling peptide, bradykinin (a 9 amino acid chain)1. It’s action leads to lowering blood
pressure by cleaving an Arg-Pro bond2. Recently, the structure of 70-kDa cytosolic
XPNPEP1 with three distinct domains was crystallized3. The X-ray crystal structure reveals
that XPNPEP1 employs two divalent manganese atoms (Mn(II)-Mn(II)) in the active site. In
the crystallization process of XPNPEP1, the molar ratio between manganese and protein in
manganese-rich LB (Luria-Bertani) media is 1.79:1, implying the XPNPEP1 employs two
manganese Mn(II)-Mn(II) for the catalytic activity3. However, in a different plain LB media,
the molar ratio between manganese and protein is 0.69:1. This indicates that the XPNPEP1
requires only a single manganese atom3. In addition, the data in plain LB media shows that
the molar ratio between Mg(II)/protein, Ca(II)/protein, and Fe(II)/protein is 0.49:1, 0.02:1,
and 0.73:1, respectively. This data suggests a possible combination of a single Mn(II) with
an other divalent metal ion. In this work, we report a computational study of the Mn(II)-
Mn(II) active site by employing QM/MM approach (Figure 1).
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We examine the possibility of the combination of Mn (II) with other divalent metal ions.
Several specific residues around the active site are prepared for the QM/MM calculation
using the X-ray crystal structure (PDB code : 3CTZ)3. D415, D426, E523, E537, H489,
H498, and six X-ray resolved water molecules (denoted as W1-W6 in Figure 1) and two
Mn(II) atoms are treated as the QM region. On the other hand, F381, V427, S416, T428,
T425, and R535 are treated as MM region. A charge embedding method was employed4. Cβ
and Cγ carbons for D415 and D426 are included in QM region. Likewise, Cδ and Cγ
carbons for E523 and E537 are included in the QM region. Finally, for H498 and H498, the
imidazole ring is included in the QM region. The link atom model is used for the atoms in
the QM and MM interface. The ligand, hexaethylene glycol in the X-ray crystal structure, is
included in our QM/MM simulation. For histidine, the δ nitrogen of the imidazole ring is
protonated to ensure neutral conditions. The model is energy optimized using ONIOM5,6

approach in the Gaussian09 package. The universal force field (UFF)7 was employed for the
molecular mechanics calculation and density functional theory8 with the B3LYP exchange-
correlation functional used in the QM region9. A mixed basis set was utilized with N and O
elements defined by a 6-311+G(d) basis set, metal ions using the 6-311G(d) basis set and C
and H elements using 6-31G(d) basis set. The Mn(II)-Mn(II) atoms generate multiple spin
states from high spin (HS) (S=5) to low spin (LS) (S=0). We find trigonal-bipyramidal
geometry for the coordination of Mn1: D415 (Oδ-1), D426 (Oδ-1), E537 (Oε-1), W1 (O),
and W2 (O) from the Mn13. Similarly, we find a distorted octahedral geometry for the
coordination of Mn2: D426 (Oδ-2), E523 (Oε-2), E537 (Oε-2), H489 (Nε-2), W1, and W33

(Table 1). An asymmetric coordination geometry for both manganese atom is also reported
in the liver arginase structure (PDB code : 1RLA)10. The distance between the Mn(II)-
Mn(II) atoms in the optimized structure for the HS state (S=5) is 3.47 Å, which shows quite
consistent with the Mn(II)-Mn(II) distance measured in the X-ray structure, 3.42 Å. In
addition, the other coordination values of two Mn(II)-Mn(II) atoms with neighboring key
residues for the HS state (S=5) show also quite consistent with the X-ray structure (Table 1).
On the other hand, the distance between the Mn(II)-Mn(II) atoms for the closed shell LS
state (S=0) is much shorter than the X-ray value (2.76 Å).

Other discrepancies are also observed: the distance for W1-Mn1 and W1-Mn2 are 1.88 Å
(2.23 Å in X-ray structure) and 1.95 Å (2.31 Å in X-ray structure). Likewise, the side chain
conformations of two residues, H498 and H489, are severely distorted in the closed shell LS
state (S=0). We investigated the coordination geometry when one of Mn(II) atoms, Mn1, is
substituted by the other divalent metal ions: Ca(II), Mg(II) and Fe(II). After the substitution,
we observe significant modification for the positions of the water molecule (W1) is shifted
toward the substituted metal ions (Ca, Fe, and Mg), leading to a distortion of the geometry
coordination with Mn2. The positions of the water molecules (W2 and W3) are well
conserved for the metal ion substitution at the site 1 while the water position of the water
molecule (W1) (Table 1). With an exception of Mg-Mn (S=1/2), the molecules (W1) are not
conserved and instead are repelled from the active site. (Figure 2)

Subsequently, we performed geometrically optimization for single Mn(II) at the site 2 (no
metal ion at the site 1). The geometrically optimized structure for the single Mn(II) is shown
(Figure 3). The water molecule (W2) occupies the vacant site of the metal ion at the site 1.

However, we observe a severe distortion residue E537. The energy calculation employing
ONIOM 5,6 model estimates that the HS state (S=5) is lower in energy than the closed-shell
LS state (S=0) by +146.89 kcal/mol. However, the broken symmetry (BS) state12 employing
the geometrically optimized structure is estimated to be lower than the HS state (S=5) by
−0.37 kcal/mol. The estimation suggests that the antiferromagetic BS/LS state (S=0) is a
ground state. This calculation is performed by the ORCA program14,15 with the hybrid of
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spin-unrestricted Hartree-Fock (UHF) with B3LYP DFT method9. The dinuclear manganese
atoms, Mn(II)-Mn(II), in the active site are described by the Heisenberg spin Hamiltonian,

(1)

In the spin Hamiltonian, S1 and S2 are spin vector operators of the Mn(II) atoms at the site 1
and site 2, respectively. J is exchange coupling constant between the two Mn(II) atoms,
indicating that J > 0 in the ferromagnetic state while J < 0 antiferromagnetic state. The
energy difference between the HS and BS provides a clue to estimate the exchange coupling
constant J from the relation of 16,17

(2)

where S is the total spin operator, S=S1+S2. And EHS and EBS are the energies for the HS
and BS state. The expectation value of the square of the total spin operator, < S2 > is given
as 18,19

(3)

where N, N are number of spin-up and spin-down electrons. Nα =152 and Nβ =152.  and

 are the spin-orbital occupation number (0 or 1). And Sαβii is a spatial orbital overlap
integral20. From the above relation, we estimate the exchange coupling constant as J=−5.15
cm−1, indicating that the Mn(II)-Mn(II) atoms in the active site are weakly
antiferromagnetically coupled. The energy differences for similar systems have been shown
to be not strongly dependent on which hybrid functional is used21,22.

The J value for the human cytosolic X-propyl aminopeptidase (XPNPEP1) has not been
reported so far, however, the electron paramagnetic resonance (EPR) experiment for the
aminopeptidase P (AMPP; EC 3.4.11.9; PepP protein) from E. coli reveals the exchange
coupling constant, J, is antiferromagnetic with |J| ≫ 2.0 cm−1 23. The schematic
superexchange interaction24 as shown in Figure 4 is mediated via orbital mixing from water
molecule (W1) with the bridges: (μ-H2O), bis (μ-carboxylato). Subsequently, the two
highest overlaps between two magnetic molecular orbitals among the d5 unpaired electrons
at the manganese atoms are shown. (Figure 5): two dominant superexchange pathways.

For the 148th electrons, the dz
2 spatial orbital overlaps with the dyz spatial orbital with

Sαβ=0.063 via μ-carboxylato and μ-H2O bridges. On the other hand, for the 149th electrons,
a spin in the dxz spatial orbital overlaps with the dxy spatial orbital with Saβ=0.031 via μ-
carboxylato and μ-H2O bridges. Experimental EPR values of exchange coupling constants
for the dinuclear manganese clusters with mixed (μ-H2O) bis(μ-carboxylato) bridges and
dinuclear manganese enzymes are listed (Table 2). Dinuclear manganese (II) clusters
belonging to this class exhibit weakly antiferromagnetic states.

Qualitatively, the addition of μ-carboxylato bridges increase the distance between the
Mn(II)-Mn(II) atoms27, which decreases J exponentially. The electron density of water
molecule (W1) is low as shown in Figure 5. The electron density of two carboxylates from
D426 and E537 is high, however, the relative angles of the oxygens is not effective for
superexchange pathways (angle Mn1- Oδ1(D426)-Mn2 ~ 70°). These lead to a relatively
smaller spatial overlaps and but still (apparently) facilitate weak antiferromagnetic coupling
between the manganese atoms at the active site. As the role of this antiferromagnetic effect
in catalysis is unknown, we shall look forward to future work that clarifies this phenomena
in a biological context.
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Figure 1.
A QM/MM model system for human cytosolic X-propyl aminopeptidase P. QM is shown in
a ball-stick representation and the MM region is shown as a line. Carbon atoms are shown in
gray, nitrogen atoms in blue, oxygen atoms in red, and hydrogens atoms in white. Two
manganese atoms (Mn1 and Mn2) are shown in violet.
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Figure 2.
Geometrically optimized structures for the different metal ions substituted at the site 1 (Top
view). The only oxygen of water molecules W1, W2 and W3 are shown: Ca(II) (Cyan),
Mg(II) (Magenta), Fe(II) (Green) and Mn (II) (Cyan). Side chains (represented as wire) and
metal ions: Ca(II) (Cyan), Mg(II) (Magenta), Fe(II) (Green) and Mn (II) (Yellow). The two
imaginary planes are shown; one for trigonal bypyramid geometry (site 1) and the other one
for octahedron geometry (site 2). For clarity, some of the residues in MM region are not
shown. Three water molecules (W1) are located on the same plane, but the positions of W1
are not conserved according to the metal ions substitution at the site 1. The plane at the site 1
is composed of Oδ-1 (D415), W1, and Oδ-1 (D426). On the other hand, the plane at the site
2 is composed of Oδ-2 (D426), Oε-2 (E523), Nε-2 (H489), and W1.
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Figure 3.
Geometrically optimized structure for single manganese atom in the structural position with
the vacancy of metal ion at the site 1. For clarity, some of the residues in the MM region are
not shown.
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Figure 4.
A schematic atomic orbitals participating in the antiferromagnetic superexchange interaction
between the two manganese atoms. The energy splitting of the local atomic orbitals of the
Mn(II)-Mn(II) according to the crystal field environment are schematically illustrated.
Relative energy splitting is arbitrary. One of the electrons from p orbitals provided by (W1
or CO2

-) (dyz, for instance) to make doubly occupied virtual state (“superexchange”). The
unpaired electron at the p orbital couples to the electron of the one of five d orbitals (dz

2) at
Mn2. The two electrons localized at the manganese atoms are coupled by superexchange
antiferromagnetically 11.
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Figure 5.
Two dominant antiferromagnetic superexchange pathways. Sαβ is defined as the overlap
between two magnetic MO at the center of dinuclear manganese atoms. After the
optimization, we performed QM single point calculation with all the MM region excluded at
ORCA package to obtain broken symmetry solution.
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Table 2

EPR Experimental Data for Dinuclear Manganese, Mn(II)-Mn(II), Cluster with (μ-H2O) and bis(μ-
carboxylato) and Dimanganese Enzymes

J(cm-1) distancea (Å)

[Mn2(H2O)(piv)2(Me2bpy)2]b -2.73 3.595

[Mn2(H2O)(CH3CO2)4(L)2]c -2.952 3.621

dimanganese catalyzed -5.6±0.1 3.59

arginasee -2.0±0.5 3.50

a
Mn(II)-Mn(II) distance

b
piv: pivalate, Me2bpy: 4,4’-dimethyl-2,2’-bipyridine25.

c
L:N,N,N’,N’-tetramethylethylenediamine 25.

d
Phosphate derivative of dimanganese catalyse from Thermus thermophilus26.

e
Arginase from rat liver with addition of borate26.
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