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Angiotensin II (Ang II, an octapeptide hormone: Aspl-
Arg2-Val3-Tyr4-1le5-His6-Pro7-Phe8) has been studied for
several decades in investigations of the structure-dependent
activity of the renin-angiotensin blood pressure regulation
system.'* Metal ion influences on the biological activity of
Ang II have also been investigated.>'* Blood pressure was
observed to increase as a result of the influence of Li, Na,
Mg, and Ca ions on the renin-angiotensin system. Thus, it
was proposed that the alkali (or alkaline-earth) metal ions
induced conformational changes in Ang II that led to a
conformational structure more suitable for the biological
activity of Ang II. However, the Cu ion was observed to
reduce blood pressure in a study performed by separate
research group.'”™ A few different positive ion complexes
[Cu-Ang I1]™* have been studied. The Cu binding sites of the
[Cu-Ang I1]"* complex were suggested to have a Cu-NNNN
geometry in the ATCUN (Amino Terminal Cu(Il) and Ni(II))
complex.'>'® However, the Cu binding sites in the [Cu-Ang
I1]*" complex were suggested to be the oxygen atoms of the
carbonyl functional groups.'®'” The structure of Ang II has
been reported to be S-shaped according to the results of
an NMR experiment.'® This S-shaped structure has two
potential metal ion binding pockets (Fig. 1).

Different patterns of interaction between metal ions (Mg,
Cu, and Ni) and Ang II have been reported as a result of the
different fragmentation patterns obtained in an electrospray
ionization mass spectrometry (ESI-MS) experiment.'” The
Mg ion was reported to choose the ‘B’ binding pocket (Ile5-
His6-Pro7-Phe8) in the [Mg-Ang II]** complex. However,
Cu and Ni ions were reported to choose the ‘A’ binding
pocket (Aspl-Arg2-Val3-Tyr4) in the [Cu (or Ni)-Ang 11>
complexes. The metal ion binding sites of Ang II were
reported to be the amide oxygen atoms instead of the
deprotonated peptide nitrogen atoms (N”). In the gas phase,
the ligand affinities of alkaline earth metal and transition
metal ions have been reported based on the results of a
collision-induced dissociation (CID) experiment using ESI-
MS measurement.?"

The present paper focuses on the interaction between a Cu
ion and the ‘A’ pocket of the Ang II molecule. The
interaction between a Cu ion and the carbonyl oxygen atoms
of Ang 11 is studied in terms of optimized structures obtained
from ab initio calculations. The ab initio calculations were
performed to determine both the optimized structures and
the SCF energies of the [Cu-Ang II]*" complex. These
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optimized structures and their SCF energies are reported.
Methods

Ab initio calculations were performed with LANL2DZ
basis sets to determine the optimized structures and SCF
energies. Density functional theory (DFT) at the B3LYP
level was carried out using the Gaussian03 series program.*
DFT was chosen because DFT is less computationally
demanding than other computational methods but has similar
accuracy in ground-state energy calculations.>* The energies
of the optimized gas-phase structures in water solution were
calculated using single-point energy calculations at the
B3LYP/LANL2DZ level with the UAKS cavities using
conductor-like polarizable continuum model (CPCM).”*® The
vibrational frequencies were also calculated at the B3LYP
level to confirm that the optimized geometries correspond to
true minima on the potential energy surface. Zero-point
energy corrections were not included in the energy calcu-
lations.

Results and Discussion

The two potential ‘A’ and ‘B’ binding pockets for a Cu ion
in the [Cu-Ang II]*" complex are shown in the schematic
diagram in Figure 1. The ‘A’ pocket was supposed to be a
favorable Cu ion binding site based on ESI-MS experi-
mental observations.!® The schematics of four possible [Cu-
Ang II]*" geometries (with the interactions between the Cu
ion and the four or five ligand atoms of the Ang II ‘A’
binding pocket) for the geometry optimization are shown in
Figure 2. Two four-coordination structures (complex 1 and
complex 2) and two five-coordination structures (complex 3
and complex 4) were considered in the attempt to optimize
the [Cu-Ang II]** complex structure. The deprotonated pep-
tide nitrogen atoms (N7) were excluded as the Cu ion
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Figure 1. Schematic structures of Ang IT and the [Cu-(Ang IT)]*
complex.
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Figure 2. Schematic structures of the four starting [Cu-(Ang I1)]*" complex geometries.

binding sites because of the positive 2+ charge state of the
[Cu-Ang IIJ*" complex. Metal ions have been proposed to
interact with peptide carbonyl oxygen atoms at pH values at
which the peptide bond is not deprotonated.'™” The geo-
metry optimization was performed while considering the
double hydrogen bonds between the carboxyl group of Aspl
and the guanidyl group of Arg2 in the structures of com-
plexes 1-3. However, complex 4 cannot have these double
hydrogen bonds between Aspl and Arg2, because the fifth
ligand oxygen atom (Oir) participates in the Cu-O1r010;040,
coordination geometry (Fig. 2(d)).

Among the four-coordination structures, a square-planar
geometry and a tetrahedral geometry were tested for the
geometry optimization. The trial square-planar geometry is
shown in Figure 2(a) as the complex 1 structure. In this
trial square-planar geometry, four amide oxygen atoms
(010,0304) are coordinated to a Cu ion in the same plane.
However, in the optimized square-planar geometry shown in
Figure 3(a), the five atoms (Cu ion, Oj, Oz, O3, and O4) of
complex 1 are not located in the same plane. While the four
atoms(Cu ion, Oy, O3, and O4) of complex 1 are located on
the same plane (the observed Cu-O;-O3-O4 dihedral angle,
—2.8°, was almost zero in Table 1), the carbonyl oxygen
atom of Arg2 (O,) deviates from the Cu-O;-03-O4 plane in
this optimized complex 1 structure. Bond distances, bond
angles, and dihedral angles of the optimized square-planar
geometry (complex 1) are listed in Table 1. The bond
distances, bond angles and dihedral angles fall in the 1.916
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Figure 3. Five optimized structures of the [Cu-(Ang I1)]** complex
from B3LYP/LANL2DZ calculations. The backbone atoms of ‘B’
binding pocket are shown in a paper plane. The N-terminal amine
group is shown for emphasis. (Top view)

A-2102 A, 85.1°-92.7° and —2.8°-(-24.1°) ranges,
respectively. Comparing these with the ideal square-planar
bond distance (equivalent bond distance), bond angle (90°),
and dihedral angle (0°) in the metal-ligand complex, it seems
that there is some geometric constraint in the optimized
complex 1 geometry. This geometric constraint of complex 1
results in its unstable SCF energy in Table 2.

The relative SCF energies for complexes 1-4 are listed in
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Table 1. Optimized geometric parameters of the [Cu-(Ang IT)]** complex from B3LYP/LANL2DZ calculations

Bond distance (A)
0;-Cu 0,-Cu 0;-Cu 04-Cu N1(O|R)-Cu
complex 1 1.916 2.102 1.985 2.003
complex 2 1.878 2.134 2.068 1.899
complex 3 3.122 2.063 1.961 2.001 2.018
complex 4 1.998 2252 1.983 1.941 2.064
Bond angle (°)
0;-Cu-0, 0,-Cu-03 03-Cu-04 0:-Cu-O4 0;-Cu-O1r N[(OIR)-Cu-Oz
complex 1 85.1 91.2 88.9 92.7
complex 2 95.5 83.5 97.2 155.4
complex 3 78.8 87.9 89.5 67.1 92.3
complex 4 83.0 81.1 94.3 164.5 88.3 95.1
Dihedral angle (°)
01-02-03-04 Cu-01-03-04 Ni-02-03-04 N-03-04-Cu 0Or-01-03-04
complex 1 —24.1 -2.8
complex 3 -32.6 -8.2
complex 4 -10.5 -12.6

Table 2 as the energy difference from the complex 1 and fall
in a —29.2 to 5.4 kcal/mol range based on the gas-phase
B3LYP/LANL2DZ calculations. The complex 4 geometry is
calculated to be the most unstable geometry in the gas-phase
[Cu-Ang TIJ*" complex because of the zero number of
hydrogen bonds between Aspl and Arg2. Among the three
complexes with identical numbers of hydrogen bonds (com-
plexes 1-3), the tetragonal-pyramidal complex 3 geometry
(Cu-N{O,03040) is supposed to be the most stable geo-
metry based on the gas-phase SCF energy calculations. It is
worth to note that the SCF energy of the tetrahedral complex 2
geometry is lower than that of the square-planar complex 1
geometry by 20.1 kcal/mol. The 20.1 kcal/mol stabilization
energy of the tetrahedral complex 2 geometry is thought to
originate from the relaxation of the geometric constraint
in the square-planar complex 1 geometry. As mentioned
before, the O, atom deviates from the Cu-O;-03-O4 plane in
the optimized complex 1 structure (Fig. 3(a)). This deviation
is thought to originate from the rigidity of the double
hydrogen bonds between the carboxyl group of Asp1 and the
guanidyl group of Arg2. It is supposed that the rigidity of
these double hydrogen bonds is relaxed by the long tail-
extension backbone structure of the ‘A’ pocket in Figure
3(b) and Figure 4(b). The rigidity of the double hydrogen
bonds between Aspl and Arg2 is a common characteristic of

the structures of complexes 1-3.

In the complex 3 geometry optimization process, a fifth
ligand (the N-terminal nitrogen atom, N;) was added to the
four-coordination (Cu-0,0,0304) geometry. The complex 3
structure (Cu-N;0,03040,) was optimized to a tetragonal-
pyramidal geometry, as shown in Figure 3(c). The carbonyl
oxygen atom of Aspl (O;) is located at the apex of the
optimized tetragonal-pyramidal geometry. The O;-Cu bond
is supposed to be a weak bond because of its long bond
distance (3.122 A). The other four ligand atoms (N{0,0304)
were optimized to a distorted square-planar geometry (the
observed N-0,-0;3-O4 dihedral angle was —32.6°). The bond
distances, bond angles, and dihedral angles of the tetragonal-
pyramidal (Cu-N{O,03040,) geometry are listed in Table 1.
The SCF energy of complex 3 is the lowest in the gas-phase
SCF calculations. However, the energy of complex 2 is the
lowest in the water solution SCF calculations (the CPCM-
UAKS method was applied). The observed SCF energy
difference between complex 2 and complex 3 was 2.4 kcal/
mol. The optimized complex 2 structure is supposed to be a
favorable structure in water solution because of the less
congested geometry in the Cu-0;0,0304 vicinity (Fig. 3(b)).
The congestion of the Cu-N(O>0;040; vicinity in the
optimized complex 3 structure results in a protrusion of the
Cu-Ni-0,-05-O4 square-planar plane from the peptide

Table 2. Calculated energies of the four optimized [Cu---Ang I1]** complexes in gas-phase and in aqueous solution

SCF Energy (gas-phase)

SCF Energy (water solution)

B3LYP/LANL2DZ A? CPCM-UAKS A
(hartree) (kcal/mol) (hartree) (kcal/mol)
complex 1 —3757.954632 0.0 —3758.206676 0.0
complex 2 —3757.986635 —-20.1 —3758.242699 -22.6
complex 3 —3758.001198 -29.2 —3758.238861 -20.2
complex 4 —3757.946021 5.4 —3758.215044 =53

“Energy difference = Energy (Complex n) — Energy (Complex 1)
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Figure 4. Five optimized structures of the [Cu-(Ang II)
complex from B3LYP/LANL2DZ calculations. The N-terminal

amine group is shown for emphasis. (Side view)

I

backbone axis (Fig. 4(c)). This protrusion of the square-
planar plane from the peptide backbone axis is also observed
in the optimized complex 1 structure (Fig. 4(a)).

The trigonal-bipyramidal complex 4 geometry was tested
as one of the five-coordination geometries in the geometry
optimization. Two oxygen atoms (O3 and Oir) are located at
the two apexes of the trigonal-bipyramidal starting geometry
of complex 4 (Fig. 2(d)). However, the trigonal-bipyramidal
complex 4 geometry was optimized to an almost tetragonal-
pyramidal geometry with O, at the apex and four oxygen
atoms (Or, O1, O3, and Oy) in the square-planar plane (Fig.
3(d)). The trial O;-Cu-O,4 angle (120°) in the trigonal-bi-
pyramidal complex 4 geometry was optimized to 164.5°
(Table 1). This expansion of the O;-Cu-O4 angle modified
the original trigonal-bipyramidal geometry to an almost
tetragonal-pyramidal geometry with an O;r-O;-03-O4 di-
hedral angle of —12.6°. The other bond angles fall in the
81.1°-95.1° range in the complex 4 structure. The SCF ener-
gies in water solution show that the complex 4 geometry,
which is the most unstable in the gas-phase, is no longer the
most unstable geometry in water solution. The SCF energy
difference between complex 4 and complex 1 was observed
to be —5.3 kcal/mol in water solution.

Conclusions

In the interaction between a Cu ion and the ‘A’ pocket
moiety of the Ang Il molecule, both the tetrahedral complex
2 geometry and the tetragonal-pyramidal complex 3 geo-
metry appear to be favorable from the SCF energy view-
point. The complex 3 structure is calculated to be the most
stable structure in the gas-phase [Cu-Ang II]** complex.
This five-coordination complex 3 structure results in a
protrusion of the Cu-Ni-O,-03-O4 square-planar plane from
the peptide backbone axis. The four-coordination complex 2
structure is calculated to be the most favorable structure
among the complex 1-4 geometries in water solution because
of the less congested geometry of the long tail-extension
backbone structure of the ‘A’ pocket.

Notes
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