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Angiotensinogen is a 66 kDa globular protein circulating in
human blood with a concentration of ca. 1µg mL-1 (15 nM).1

The kidney protease renin cleaves the N-terminal decapeptide
angiotensin I from angiotensinogen as an essential part of the
blood pressure regulatory system. The remaining protein, des-
angiotensin 1-angiotensinogen (des-angiotensinogen),2 has the
N-terminal sequence Val-Ile-His-Asn-Glu-Ser-Thr- (VIH-
NEST).3 Peptides with an N-terminal amino group and His in
position 3 often have a very strong affinity for square-planar
metal ions such as Cu(II) and Ni(II),4 forming two five-
membered and one six-membered chelate rings via coordination
to the terminal NH2, deprotonated amide Ns of residues 2 and
3 and His Nδ.5 Such a high affinity allows square-planar metal
ions to play a role in the biological activity of this class of
peptides. An example of this is Ni-albumin6,7 (N-terminal
sequence Asp-Ala-His-Lys), which is known to be the allergenic
determinant in Ni-induced allergy.8 We report here that the
Ni(II) complex of the des-angiotensinogen tetrapeptide VIHN
has the highest stability of known Ni(II) complexes in this class,
attributable in part to the erection of an axial hydrophobic fence.
This work suggests that metal-induced sequence-specific con-
formational ordering of amino acid side chains9 can be a
powerful feature for incorporation into the design of bioactive
peptides.

The formation constant of Ni-VIHN was first determined.
It was not possible to do this by the usual potentiometric
method10 since the rate of reaction was very slow. Instead
complexation was followed by CD spectroscopic changes in
the region 300-700 nm. Complex formation (peptide:Ni 1.2:
1, 4 mM, I ) 0.1 KNO3, 298 K) was monitored over the pH
range 5-9 using solutions which had equilibrated overnight.
Complete formation of yellow [NiH-2L]- was observed at pH
8.23,11 and measurements in the pH range 5.3-5.9, where the
degree of complex formation was between 0.05 and 0.8, were
used in the stability constant calculations.12 It can be seen from
Table 1 that [NiH-2L]- is an extremely stable complex, more
than 2 orders of magnitude more stable than other reported
complexes in this class.13 To investigate the reasons for the
high stability, we determined the structure of the complex in
solution by NMR methods.

1H NMR spectra14 of D2O solutions containing VIHN and
Ni(II) in a mole ratio 2:1 (8 mM) were studied over the pH*
range 8-10, and assignments for free VIHN and diamagnetic
[NiH-2L]- (in slow exchange) were made by a combination of
DQF-COSY15 and TOCSY experiments. These data are listed
in Table S1 of the supporting information. 2D transverse
ROESY16 experiments on this sample were carried out with six
mixing times in the range 50-350 ms. These spectra did not
contain any interchain cross peaks due to insufficient accumula-
tion times (<8 h per spectrum) but were used to determine the
cross-relaxation buildup rates for pairs of protons with known
geometry such as methylene protons, to judge the accuracy of
cross-peak volumes in distance measurements, and to determine
the optimum mixing time to achieve the best signal-to-noise
ratio. Subsequently, a 57 h acquisition on a sample containing
a 1:1 mole ratio of VIHN:Ni(II) (5 mM, pH* 10) with a 300
ms mixing time provided enough interresidue cross peaks
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(illustrated in Figures S1 and S2 of the supporting information)
to allow a structure determination.
ROE volumes were converted to upper distance limits as

follows. Two sets of calibration distances were used: the
interproton distance for the methylene protons of His3, Asn4,
and Ile2 and the methyl to methylene or methine distances for
Val1 and Ile2. Volumes for each group were averaged giving
a two point calibration of all other ROE volumes. The
calculated interproton distances are listed in Table S2 of the
supporting information. A total of 300 structures, based on 18
intraresidue, 5 interresidue, and 2 dihedral angle constraints,
were generated using the metric matrix distance geometry and
simulated annealing functions of X-PLOR.17 The root-mean-
square differences (rmsds) between all 300 structures were 0.029
Å for the backbone atoms, 0.23 Å for the non-hydrogen atoms,
and 0.54 Å for all atoms (structures aligned on the backbone
atoms, and rmsds calculated for residues 1-3 only). All
structures satisfied all the NOE conditions. An average structure
was computed, and the 10 structures with the lowest total energy
are shown in Figure 1A. The structure with the lowest overall
energy is shown as a space-filling model in Figure 1B.18

The most striking feature of the structure is the ordering of
the side chains of Val1 and Ile2 with formation of a hydrophobic
fence, shielding one side of the coordination plane from the
bulk of the solution. The Asn side chain does not appear to
interact with the metal nor with the rest of the peptide. The
stabilities of Ni(II) peptide complexes depend on the rate of
dissociation, and, in the case of XXH complexes, dissociation
of Ni(II) from the ligand requires attack of water or H+ on one
of the Ni-amide nitrogens.4.19 The structure reveals that the
approach to both coordinated amide nitrogens by water mol-
ecules is hindered from above the plane of the complex due to
the hydrophobic shielding from Val and Ile side chains. This
could account for the decrease in dissociation rate and the
increase in stability by over 2 orders of magnitude. It has been
noted previously that hydrophobic shells around hydrophilic
ligands appear to enhance metal binding to proteins.20,21

The ability of metal ions to promote organization of the side
chains of peptides may be important in their biological activity,
for example in the assembly of specific receptor binding sites,

the production of antigenic sites, folding processes, and catalysis
at the metal site. An intriguing possibility arising from this
work is that Ni(II) or Cu(II) could play a role in the metabolism
of des-angiotensinogen and/orViceVersa. The affinities of these
metal ions for des-angiotensinogen itself may be even higher
than for its terminal tetrapeptide, since Asn4 is a glycosylation
site and the carbohydrate chain may increase the shielding of
the metal square plane and further decrease the dissociation rate
of the complex.
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Table 1. Protonation and Complex Stability Constants in Aqueous
Solution at 298 K,I ) 0.1 M (KNO3)

species logâ pK log *Ka

H3L 16.87(3) 2.51(3)b

H2L 14.36(1) 6.57(1)c

HL 7.79(1) 7.79(1)d

[NiH-2L] -5.39(9) -19.75
[Ni(H-2GGH)]- e -6.93 -21.83
aStability constant corrected for protonation, where *K is the binding

constant for the reaction Ni(II)+ H2L ) Ni(II)H -2L + 4H+ and is
numerically equal to log *K ) log â1-21 - log â021. bC-terminal
carboxyl.cHis imidazole ring.dN-terminal amino group.eFrom ref
4.

Figure 1. (A, top) Stereoview of the 10 structures of Ni(II)-VIHN
with the lowest total energy, as determined from NMR data, showing
all atoms but omitting residue 4 since it has no interresidue constraints.
(B, bottom) Space-filling model of the structure with the lowest overall
energy showing the amino acid side chains which hinder axial approach
to Ni(II). Color code: C, light blue; H, white; N, dark blue; O, red;
Ni(II), green.18
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