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ABSTRACT: The angiogenin protein (hAng) is a potent angiogenic factor and its
cellular activities may be affected by copper ions even if it is yet unknown how this
metal jon is able to produce this effect. Among the different regions of hAng
potentially able to bind copper ions, the N-terminal domain appears to be an ideal
candidate. Copper(II) complexes of the peptide fragments encompassing the amino
acid residues 4—17 of hAng protein were characterized by potentiometric, UV—vis,
CD, and EPR spectroscopic methods. The results show that these fragments have an
unusual copper(Il) binding ability. At physiological pH, the prevailing complex
species formed by the peptide encompassing the protein sequence 4—17 is [CuHL],
in which the metal ion is bound to two imidazole and two deprotonated amide
nitrogen atoms disposed in a planar equatorial arrangement. Preliminary
spectroscopic (UV—vis, CD, and EPR) data obtained on the copper(II) complexes
formed by the whole recombinant hAng protein, show a great similarity with those
obtained for the N-terminal peptide fragments. These findings indicate that within
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the N-terminal domain there is one of the preferred copper(Il) ions anchoring site of the whole recombinant hAng protein.

B INTRODUCTION

Human angiogenin (hAng), a 14-kDa member of the
ribonuclease (RNase) superfamily, is a single-chain blood
plasma protein present in physiological conditions.' ™ hAng is
one of the most potent angiogenic factors in vivo, being active
on the chicken chorioallantoic membrane up to fractions of
nanogram.' High serum levels of hAng characterize patients
affected by different types of cancers, suggesting a strictly
correlation with tumor growth, progression and even severity."*
The presence of hAng is required for cell proliferation induced
by other angiogenic agents such as basic fibroblast growth
factor (bFGF) and vascular endothelial growth factor (VEGF).?
However, angiogenesis is a complex multistep process in which
new blood capillaries grow from pre-existing vessels® and the
precise molecular mechanism by which hAng affects these
processes is not yet clear.” It is known that hAng binds to
membrane proteins and undergoes nuclear translocation,
inducing a wide range of cellular responses in endothelial and
smooth muscle cells.”~® Three distinct regions of the protein
seem to be necessary for the angiogenic activity: the catalytic
site for RNase activity involving residues His-13, Lys-40 and
His-114, the putative cell binding region encompassing residues
60—68 (KNGNPHREN) and the nuclear translocation
sequence 31—35 (RRRGL).*’
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Interestingly, the binding affinity between hAng and
endothelial cells is largely increased in the presence of copper
ions.' Tt is well-known that copper(II) ions perform a strong
angiogenic signal in vivo, but the specific molecular mechanism
by which it works and the targets of its activity remain
unclear."" It is also well-known that serum Cu** levels are raised
in a wide variety of human cancers, including breast, prostate,
colon, lung and brain cancers, and they are related to the tumor
severity.'”'® Recently, it has been demonstrated that
extracellular translocation of the cytosolic copper occurs during
angiogenesis processes in vitro, therefore suggesting that the
metal coordination by an extracellular protein involved in
angiogenesis, such as hAng and/or VEGF, could play an
important role.'*

It has been shown that hAng tightly binds about 2.4 copper
ions per molecule at physiological pH, by means of atomic
absorption spectroscopic and immobilized metal ion affinity
chromatographic techniques."> The copper(II) ions binding to
the protein increased its interaction with endothelial cells and
then its angiogenic activity.15 On the contrary, it has been
hypothesized that copper(Il) and hAng are both angiogenic
factors, but that they act through different biological pathways.
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Chart 1. Schematic View of the Primary Sequence of hAng(4—17), hAng(4—9), and hAng(10—17)
hAng(4-17) = Ac-SRYTHFLTQHYDAK-NH,

hAng(4-9)
hAng(10-17) =

HN:<

hAng(4-17)

= Ac-SRYTHF-NH,
Ac-LTQHYDAK-NH,

%%M{ﬁjxﬁ@%mﬁﬁ

As far as we know, there are no detailed molecular studies on

copper(Il) ions interaction with hAng.16

To elucidate the binding sites within the hAng, we are
currently studying the interaction of Cu** with different peptide
fragments belonging to the protein. Copper(1I) complexes with
the peptide encompassing the putative endothelial cell binding
domain of hAng, AccKNGNPHREN-NH,, have been charac-
terized; [Cu(Ac-KNGNPHREN-NH,)H_,] is the main species
in the physiological pH range, showing a 3N1O equatorial
coordination mode in a square based pyramidal stereo-
chemistry."” Within the different regions of hAng potentially
able to bind copper ions, the N-terminal domain which includes
the first & helix domain (a-HI residues S—13) appears to be an
ideal candidate. As a matter of fact, this region is solvent
exposed and contains two histidine residues (His-8 and His-
13),"*7*° which are generally elective anchoring sites for
copper(Il) ions.

In this work, we report the synthesis of the peptide fragment
hAng(4—17) (Ac-SRYTHFLTQHYDAK-NH,) encompassing
the hAng N-terminal domain, blocked at the N- and C-termini
by acetylation and amidation, respectively (Chart 1); the
copper(Il) complex species were characterized by means of a
combined potentiometric and spectroscopic (EPR, CD, UV—
vis) study. The peptide fragments hAng(4—9) (Ac-SRYTHF-
NH,) and hAng(10—17) (Ac-LTQHYDAK-NH,) (see Chart
1) were also studied to determine the involvement of the single
histidine residues, His-8 and His-13, in copper(II) complex
species. Furthermore, the copper(Il) binding features with the
hAng peptide fragments here studied results to be useful to
probe the coordination features of the whole recombinant
hAng protein. For this purpose, the recombinant hAng protein
was expressed and a preliminary characterization of its
copper(II) complexes was performed by means of EPR, CD
and UV—vis measurements.

B EXPERIMENTAL SECTION

Materials. All N-fluorenylmethoxycarbonyl (Fmoc)-protected
amino-acids, and 2-(1-H-benzotriazole-1-yl)-1,1,3,3-tetramethyluro-
nium tetrafluoroborate (TBTU), were obtained from Novabiochem
(Switzerland); Fmoc-PAL-PEG resin, N,N-diisopropyl-ethylamine
(DIEA), N,N-dimethylformamide (DMF, peptide synthesis grade)
and 20% piperidine-DMF solution were from Applied Biosystems; N-
hydroxybenzotriazole (HOBT), triisopropylsilane (TIS), trifluoro-
acetic acid (TFA), 3-morpholinopropane-1-sulfonicacid (MOPS) were
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purchased from Sigma/Aldrich. All the other chemicals were of the
highest available grade and were used without further purification.

Peptide Synthesis and Purification. The peptides Ac-
SRYTHFLTQHYDAK-NH, hAng(4—17), Ac-SRYTHF-NH,
hAng(4—9) and Ac-LTQHYDAK-NH, hAng(10—17) were synthe-
sized in the N-acetylated and C-amidated form to avoid end-group
effects and to mimic more properly their character of a protein internal
fragment. They were assembled using the solid phase peptide synthesis
strategy on a Pioneer Peptide Synthesizer. All amino acid residues
were added according to the TBTU/HOBT/DIEA activation method
for Fmoc chemistry on Fmoc-PAL-PEG resin (loading 0.22 mmol/g,
0.33 mmol scale synthesis, 1 5 g of resin). Other experimental details
have already been reported.”*

The peptides were purified by means of a preparative reversed-
phase high-performance liquid chromatography (rp-HPLC). Purifica-
tion was performed on a Varian PrepStar 200 model SD-1
chromatography system equipped with a Prostar photodiode array
detector with detection at 222 nm. The peptide was eluted with
solvent A (0.1% TFA in water) and B (0.1% TFA in acetonitrile) on a
Vydac Cyg 250 X 22 mm (300 A pore size, 10—15 um particle size)
column, at a flow rate of 10 mL/min. Analytical rp-HPLC analyses
were performed using a Waters 1525 instrument, equipped with a
Waters 2996 photodiode array detector with detection at 222 nm.

The peptide samples were analyzed using gradient elution with
solvent A and B on a Vydac Cyg 250 X 4.6 mm (300 A pore size, S ym
particle size) column, at a flow rate of 1 mL/min.

The peptides hAng(4—9) and hAng(10—17) were eluted according
to the following protocol: from 0 to S min isocratic gradient in 0% B,
then linear gradient from 0 to 25% B over 15 min, finally isocratic
gradient in 25%B from 20 to 30 min.

The peptide hAng(4—17) was eluted according to the following
protocol: from 0 to S min isocratic gradient in 0% B, then linear
gradient from 0 to 25% B over 20 min, finally isocratic gradient in 25%
B from 25 to 35 min.

The peptides were characterized by means of electron spray
ionization mass spectrometry (ESI-MS).

Ac-SRYTHF-NH, (hAng(4-9)). [R, = 21.30 min]. Calculated
mass for C3,H,N;,09 M = 850.93, ESI-MS [Obsd m/z: (M + H)*
851.8; (M + 2H)** 426.5].

Ac-LTQHYDAK-NH, (hAng(10-17)). [R, = 22.40 min]. Calcu-
lated mass for C4sHgoN;3014 M = 1016.12, ESI-MS [Obsd m/z: (M +
H)* 1017.2; (M + 2H)* 509.1].

Ac-SRYTHFLTQHYDAK-NH, (hAng(4—17)). [R, = 26.50 min].
Calculated mass for Cg,H;15N,,0,5 M = 1807.98, ESI-MS [Obsd m/z:
(M + H)* 1809.1; (M + 2H)** 906.2; (M + 3H)>" 603.9].

Protein Expression and Purification. A codon-optimized gene
for hAng inserted into the pET22b expression vector was purchased
from Sloning BioTechnology and successfully transformed into the E.
coli expression host BL21. Expression of recombinant hAng was
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carried out following a previously reported method.”” The protein was
refolded from inclusion bodies according to the procedure developed
by Jang et al.>® The BCA method (Pierce) was used to determine the
total protein content when setting up the optimum refolding
conditions. The purification of recombinant hAng was performed
using an automated chromatographic workstation (Akta prime, GE
Healthcare). The procedure consisted of two chromatographic steps. A
cation-exchange purification was carried out by using a 15 X 1.6 cm
column packed with SP Sepharose Fast Flow (GE Healthcare). After a
washing step with 25 mM Tris-HCl and 0.2 M NaCl (pH 8.0), the
recombinant protein was eluted with 25 mM Tris-HCI and 0.8 M
NaCl (pH 8.0). The fractions containing hAng were pooled,
concentrated and further purified by gel-filtration chromatography. A
prepacked Hiprep 26/60 Sephacryl S100 column equilibrated with 25
mM Tris and 150 mM NaCl (pH 8.0) was used to maintain a good
separation at a flow rate of 1 mL/min. The purity of the protein was
evaluated by means of SDS-PAGE (Criterion XT 10% bis-Tris) and
the ribonucleolytic activity was determined as previously described.”*
The cgncentration of hAng was determined using &,g9 = 12 500 M~
cm™

Ribonucleolytic Activity. The ribonucleolytic activity of the
protein toward tRNA has been determined by measuring the
formation of perchloric acid-soluble fragments as reported in
literature,”>** with few modifications. Briefly, the recombinant protein
(0.5 uM) and tRNA (2 mg/mL) were incubated with different
equivalents of Cu(NO;), (0—50 yM) at pH 7.4 (33 mM MOPS, 33
mM NaCl). After 2 h at 37 °C, the solution (300 L) was diluted with
ice-cold HCIO, 3.4% (700 uL) and kept on ice for 10 min. Finally, the
sample was centrifuged (10 000 X g) for 10 min and the absorbance of
perchloric acid soluble fragments was measured at 260 nm.

Potentiometric Titrations. Potentiometric titrations were per-
formed with two home-assembled fully automated apparatus sets
(Metrohm E654 pH-meter, combined micro pH glass electrode, Orion
9103SC, Hamilton digital dispenser, Model 665) controlled by the
appropriate software set up in our laboratory. The titration cell (2.5
mL) was thermostatted at 298.0 + 0.2 K, and all solutions were kept
under an atmosphere of argon, which was bubbled through a solution
having the same ionic strength and temperature as the measuring cell.
KOH solutions (0.1 M) were added through a Hamilton buret
equipped with 1 cm® syringes. The ionic strength of all solutions was
adjusted to 0.10 M (KNOj;). To determine the stability constants,
solutions of the ligands (protonation constants) or the ligands with
Cu®* (copper complex constants) were titrated by using 0.1 M sodium
hydroxide. The ligand concentration ranged from 2.4 to 4.0 X 107
and from 3.4 to 4.2 X 107> M for the protonation and complexation
experiments, respectively. A minimum of three independent runs were
performed to determine the protonation constants, while four
independent experiments were run for the copper(Il) complexation
constants.

Metal to ligand ratios between 2:1 and 1:1, were employed. The
initial pH was always adjusted to 2.4. To avoid systematic errors and
verify reproducibility, the EMF values of each experiment were taken
at different time intervals. Other details were as previously reported.*®
To obtain protonation and complexation constants, the potentiometric
data were refined using Hyperquad,®® which minimizes the error
square sum of the measured electrode potentials through a nonlinear
iterative refinement of the sum of the squared residuals, U, and also
allows for the simultaneous refinement of data from different
titrations:

U = X(Eexp

2
— Ecalc)
where E,, and E_ are the experimental and calculated
electrode potentials, respectively. Errors in stability constant
values are reported as three times standard deviations.
The formation reaction equilibria of ligands with protons and

copper(II) ions are given in eq 1:

pCu + gH + rL = CupH,L, (1)
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in which L are the peptides under study. The stability constant f,,, is
defined in eq 2:
= [CupHyL, )/ [Cu)?. [HM. [LT

Bogr ()

The species distribution as a function of the pH was obtained by using
the computer program Hyss.””

Spectroscoscopic Studies. UV-vis Measurements. UV—vis
spectra were recorded at 25 °C, by using an Agilent 8453 or a Varian
Cary 500 spectrophotometer. The concentrations of the peptides and
copper(II) used to record absorption spectra were the same as those
for the potentiometric titrations. Combined spectroscopic and
potentiometric metal-complex titrations were performed into a 3 mL
quartz cuvette with a 1 cm path length to get the spectrum in the
visible region at each pH value simultaneously. These experiments
were replicated at least three times for each copper-peptide system.
Spectroscopic data were processed by using the HYPERQUAD
program.*

CD Measurements. CD spectra were obtained at 25 °C under a
constant flow of nitrogen on a Jasco model 810 spectropolarimeter at a
scan rate of 50 nm min~" and a resolution of 0.1 nm. The path lengths
were 1 or 0.1 cm, in the 190—800 nm range. The spectra were
recorded as an average of 10 or 20 scans. Calibration of the instrument
was performed with a 0.06% solution of ammonium camphorsulfonate
in water. The CD spectra of the copper(II) complexes on varying the
solution pH were obtained in both the 200—400 and 300—800 nm
wavelength regions. All the solutions were freshly prepared using
double distilled water. The copper(II) ion and peptide concentrations
used for the acquisition of the CD spectra in the visible region were
identical to those used in the potentiometric titrations. Far UV CD
spectra were acquired by using copper(II) ion and peptide
concentrations ranging from 5.0 X 107 to 1.0 X 10> M. The results
are reported as & (molar adsorption coefficient) and Ae (molar
dichroic coefficient) in M~ cm™.

hAng protein samples were diluted to a final concentration of 10
#M in 10 mM MOPS (pH = 7.4) in the presence or absence of 1 mol
equiv of Cu*".

EPR Measurements. A Bruker Elexsys ES0O0 CW-EPR spectrom-
eter driven by a PC running XEpr program under Linux and equipped
with a Super-X microwave bridge, operating at 9.3—9.5 GHz, and a
SHQE cavity was used throughout this work. All EPR spectra of frozen
solutions of copper(II) complexes were recorded at 150 K by means of
a ER4131VT variable temperature apparatus. EPR magnetic
parameters were obtained directly from the experimental EPR spectra,
always calculating them from the second and the third line to get rid of
second-order effects. Instrumental settings of EPR spectra recordings
of the copper(II)-peptide complexes were as follow: number of scans
1-S; microwave frequency 9.344—9.376 GHz; modulation frequency
100 kHz; modulation amplitude 0.2—0.6 mT; time constant 164—327
ms; sweep time 2.8 min; microwave power 20—40 mW; receiver gain 1
x 10*-2 X 10°. Copper(II) complexes were prepared by addition of the
appropriate amount of isotopically pure copper, taken from a **Cu-
(NOsy), 0.05 M solution, to the peptide solution. The preparation of
the complex solutions involved metal-to-ligand ratios which were 1:1
and 2:1. Copper(II) complexes solutions were prepared in 10%
methanol—water mixture. EPR spectra of the recombinant hAng
protein were acquired at a protein concentration of 0.5 mM in 25 mM
MOPS and 150 mM NaCl (pH 7.4) and in the presence of 1 mol
equiv of Cu®*. The experimental parameters were: microwave
frequency, 9,434 GHz; microwave power, 20 mW; modulation
amplitude, 0.2 mT. hAng protein samples were diluted to a final
concentration of 10 #uM in 10 mM MOPS (pH = 7.4) in the presence
of 1 mol equiv of Cu**.

Simulations of EPR spectra were performed with Matlab (Math-
Works) using the EasySpin toolbox (version 3.1.0).38

B RESULTS AND DISCUSSION

Proton and Copper(ll) Complexes with hAng(4—17),
hAng(4-9), and hAng(10—17) Affect the Conformation
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Features of the hAng Peptide Fragments. Protonation
constants of the three peptides (Chart 1) were determined by
potentiometric titrations (Table 1); as expected in the

Table 1. Protonation Constants (log f8,,,) and pK Values for
hAng(4—9), hAng(10—17), and hAng(4—17) (T =298 K, I =
0.1 M KNO,)“

species hAng(4-9) hAng(10-17) hAng(4—17)
HL 9.97 (2) 10.72 (1) 10.82 (1)
HL 16.42 (3) 21.08 (1) 20.42 (1)
H,L 27.76 (1) 29.17 (1)
HL 31.90 (2) 35.94 (2)
H{L 41.96 (2)
HgL 4570 (2)
pK COO™ 4.14 3.74
pK His 6.45 6.02
pK His 6.67 6.77
pK Tyr 9.97 8.75
pK Tyr 10.36 9.60
pK Lys 10.72 10.82

“Standard deviations (30 values) are given in parentheses.

investigated pH range, hAng(4—9) and hAng(10—17) has
two and four protonation sites, respectively. In hAng(4—9), the
Tyr-6 group shows the highest pK value, while the other
protonation constant is referred to the imidazole nitrogen of
the His-8 residue. The carboxylate and the imidazole groups of
hAng(10—17) show pK values similar to those reported in the
literature;**>° the overlap of the pK values pertinent to the
dissociation of Tyr-14 and protonation of Lys-17 does not

allow to unambiguously assign single pK values, though the
literature data indicate that the e-amino group of lysine shows
generally a higher pK value than the tyrosine hydroxyl group.*!
The fragment hAng(4—17) contains six protonation sites.
The lowest pK value belongs to the protonation equilibrium of
the carboxylate group, in agreement with that reported for
other peptides containing an aspartic residue.””*° The
protonation of the two histidyl residues takes place in an
overlapping process. The average value for the protonation of
the imidazole nitrogens (pK = 6.39) is very close to that of
other histidine containing peptides but lower than that
obtained for hAng(10—17).*"*> The protonation processes of
Tyr-6, Tyr-14, and Lys-17 also take place in an overlapping
equilibrium, thus each protonation constant value should be
considered as a macroconstant. The presence of different
networks of side-chain interactions could be the origin of some
differences in the pK values among the investigated peptides.
Far-UV CD spectra of hAng(4—17), hAng(4—9), and
hAng(10—17) were obtained in the pH range 4—10 (Figure
1S). The presence of a band with a minimum at 196 nm and a
band with a maximum at 228 nm suggest a prevalent random
coil conformation of the three peptides, in the pH range 4—6.
Increasing the pH value, the peptide hAng(4—17) displays a
slight decrease of the intensity of the bands centered at 196 nm
and at 228 nm, in a similar way to that reported for other
peptide systems.>®> Above pH 7, the histidine residues are
deprotonated and the spectra show an increase of the band at
196 nm, and the appearance of two new bands displaying a
maximum at 213 and a minimum at 224 nm. These effects are
more evident at pH 10, and a broad band centered at 245 nm is
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Figure 1. Far-UV CD spectra recorded in H,0 ([L] = 1 X 107> M) at different pH values: (A) Cu-hAng(4—17) 1:1 metal to ligand molar ratio; (B)
Cu-hAng(4—17) 2:1 metal to ligand molar ratio; (C) Cu-hAng(4—9) 1:1 metal to ligand molar ratio; (D) Cu-hAng(10—17) 1:1 metal to ligand

molar ratio.
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Figure 2. Far-UV CD difference spectra of copper(II) complexes after subtraction of the apo-peptides for Cu- hAng(4—17) at different pH values:
(A) Cu-hAng(4—17) (1:1 metal to ligand molar ratio); (B) Cu-hAng(4—17) (2:1 metal to ligand molar ratio); (C) Cu-hAng(4—9) (1:1 metal to
ligand molar ratio); (D) Cu-hAng(10—17) (1:1 metal to ligand molar ratio).

also observed at this pH value. The latter band can be assigned
to the deprotonated phenolate group of tyrosine residues.”

CD spectra of shorter peptide fragments are less influenced
by pH variations, especially as regard hAng(10—17). The
increase of pH induces a slight decrease of the band intensity at
196—198 nm and at 228 nm. At basic pH the CD spectra of
hAng(4—9) show similar features to that of hAng(4—17) with
the appearance of a band centered at 245 nm.

Far-UV CD spectra of these copper(Il)-peptide systems are
reported in Figure 1. The Cu-hAng(4—17) was investigated up
to the addition of two equivalent of Cu®; precipitation
phenomena were observed at higher metal concentrations,
implying a 2:1 metal to ligand stoichiometry. The Cu-hAng(4—
9) and Cu-hAng(10—17) systems were investigated up to one
equivalent of metal ion.

The secondary structure of these peptides indisputably
changes upon Cu’* addition. The addition of one equivalent of
copper(I) to hAng(4—17) induces a decrease of the bands at
196 and 228 nm, up to pH 6 (Figure 1A). The CD difference
spectrum, obtained by the subtraction of the parent ligand
spectrum, suggests an increase of a turn structure up to pH 6
(Figure 2), determined by copper(1I) binding as reported for
other linear peptides.’® Increasing the pH values, a strong
increase of the band intensity centered at 196 nm, with a
slightly blue-shift at 198 nm, is recorded. Moreover, two bands
characterized by a strong maximum at 213 nm and a minimum
at 224 nm, together with a weak maximum at 234 nm, are
observed. The conformational changes induced by copper
addition are similar in the features but more intense than those
observed for the parent peptides at basic pH. The spectral
features observed, apart from the band at 234 nm, have been
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assigned to a type II -turn conformation for linear peptides.®
Difference spectra give a better perception of the changes
induced by the interaction with Cu®" (Figure 2). The increase
of pH induces an enhancement of the turn conformation of the
peptide resulting from the involvement of backbone amide
nitrogen atoms in Cu®** coordination (see next section). The
Far-UV CD spectra of Cu(II)-peptide systems are governed by
the amide chromophore, but may contain a contribution of
aromatic side chains, in particular the band at 234 nm.>**” This
contribution may change with the induction of a more
structured conformation of the peptide. In agreement with
the hypothesis of the involvement of aromatic side chains in the
CD signals, this band is red-shifted and more broadened at pH
10, as a potential consequence of the phenol deprotonation.*

The addition of two equivalents of Cu® induces more
evident secondary structure changes because of metal ion
binding (Figure 1B). The difference spectra suggest an increase
of the turn structure up to pH 6 as observed after the addition
of 1 equivalent of metal ion. In comparison to that observed in
the 1:1 system (Figure 2A), a strong increase in the intensity of
both the bands at 196 nm and at 211 nm appears upon raising
the pH (Figure 2B). Noteworthy, the intensity of the band at
224 nm is reduced and a strong dichroic signal centered at 234
nm appears just at pH 7. In particular, the difference spectra
show a strong increase of the band centered at 234 nm, due to
the increase of an aromatic contribution to the CD spectra.*®’

The addition of one Cu** equivalent induces different
secondary structure changes in the two shorter peptide
fragments hAng(4—9) and hAng(10—17) (Figures 1C and
ID). The CD spectra recorded for Cu-hAng(10—17) show
strong analogies with spectra obtained for Cu-hAng(4—17) at
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1:1 metal to ligand molar ratio. The difference spectra at pH 6
show a strong increase of a turn structure (Figure 2D), while
increasing the pH a pattern indicative of type II f-turn
conformation, together with a maximum at 234 nm, is
observed. Conversely, the CD spectra of Cu-hAng(4—9)
show analogies with Cu-hAng(4—17) system at 2:1 metal to
ligand molar ratio. In particular, a strong positive band centered
at 234 nm starting from pH 7 is observed (Figures 1C and 1D).

The data concerning the copper(I) ions interaction with
shorter peptide fragments suggest that the His-13 is more likely
the first anchoring site of metal ion for the hAng(4—17)
peptide. The strong increase of a positive band at 234 nm
observed at 2:1 molar ratio for Cu-hAng(4—17) system
indicates a strong structuring effect of the backbone region
encompassing His-8, involving a contribution of the Tyr-6 and
Phe-9 aromatic side chains.

Speciation, Stability Constants, and Coordination
Modes of Cu** Complexes with hAng(4—-17), hAng(4—
9), and hAng(10—17). Different ligand to metal molar ratios
were used to obtain the stability constants of the metal
complexes. The data obtained for mononuclear copper(II)
complexes with the short peptides are reported in Table 2 and

Table 2. Stability Constants (log ﬂpq,) and pK Values of Cu
(II) Complexes with hAng(4-9) and hAng(10-17) (T = 298
K, I = 0.1 M KNO,)“

log S,

species hAng(4-9) hAng(10-17)
CuH,L 25.86 (3)
CuHL 14.10 (2)
CuL 7.99 (2) 14.54 (2)
CuH_,L 241 (1) 5.98 (3)
CuH_L, —4.93 (1) —3.83 (3)
CuH_,L —14.68 (1) —14.30 (3)
pK(1/0) 6.11
pK(0/-1) 5.57
pK(-1/-2) 7.34 8.56
pK(-2/-3) 9.75 9.80
PKiy, 10.47

“Standard deviations (30 values) are given in parentheses pK(n/m)
values reflect the pK value of copper(II) complexes.

the distribution diagrams are in Figure 3. The first species
formed by hAng(4—9) is [CuHL]*" in which the tyrosine
group is still protonated. The stability constant value calculated
for this complex species (log K = log 5, — log fo;; = 4.13) is
higher than that generally reported for the coordination of only
one imidazole nitrogen, suggesting the presence of a backbone
carbonyl group in the metal coordination environment in
addition to water oxygen atoms as previously found for
analogous species.*** This copper(II) complex species forms
in a minor amount and its formation is overlapped with that of
two other complex species [CuL]* and [CuH_,L], con-
sequently, it was not possible to determine the spectral
parameters for the single species. Moreover, up to pH 6, free
copper(Il) ions are still present as pointed out by the species
distribution diagram (Figure 3A) and the EPR spectrum at pH
6 (Figure 4A). The [CuH_,L] species is the prevailing one in

pH=7

pH=10

A) B)
2600 2800 36%8;] 3000 3400

2600 2800 36?&'] 3200 3400

Figure 4. Frozen solution EPR spectra at 150 K at different pH values:
(A) Cu-hAng(4—9) system and (B) Cu-hAng(10—17) system.
([Ligand] = [Cu*] = 1.5 X 107> M).
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Figure 3. Species distribution diagram for copper(Il) complexes with (A) hAng(4—9) and (B) hAng(10—17) ligands. [Ligand] = [Cu**] = 1.0 X

107> M.

133

dx.doi.org/10.1021/ic201300e | Inorg. Chem. 2012, 51, 128—141



Inorganic Chemistry

Table 3. Spectroscopic Parameters of the Copper(II) Complexes with hAng(4—9) and hAng(10—17)

UV—vis CD EPR

ligand pH species A (nm) (¢ (M~ em™)) A (nm) (Ae (M~ em™)) 8 A (107" cm™)
hAng(4-9) 65 CuH_L 580(80) 320(0.230); 360(—0.065); 520(0.182); 578(—0.103)  2.230(2) 174(3)
85  CuH_,L 523(124) 300(—0.318); 320(0.462); 498(—1.660); 643(1.240)  2.190(1) 193(2)
105  CuH_;L 523(130) 299(—0.763); 319(0.269); 499(—1.780); 642(1.264)  2.190(1) 192(2)

hAng(10-17) 5 Cu, CuH,L 702(50)

6—8 Cul 580(91) 297(—0.568); 329(0.650); 490(0.070); 604(—0.600)  2.216(1) 192(2)
92 CuH_L 555(102) 301(0.680); 360(—0.017); 484(0.202); 552(—0.520)  2.208(2) 198(3)
105 CuH_,L, CuH_,L 555(102) 297(1.180); 352(—0.050); 484(0.200); 552(0.550) 2.208(2) 198(3)
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Figure 5. UV—vis CD spectra, at different pH values, of copper(II) complexes with (A) hAng(4—17) 1:1 metal to ligand molar ratio; (B) hAng(4—
17) 2:1 metal to ligand molar ratio; (C) hAng(4—9) 1:1 metal to ligand molar ratio; (D) hAng(10—17) 1:1 metal to ligand molar ratio.

the pH range 6—7 and it coexists with [CuH_,L]™ in the
physiological pH range. The A, value (Table 3) indicates that
[CuH_,L] contains coordinated amide nitrogen atoms. The
calculated pK values (Table 2), assigned to amide nitrogen
deprotonations from [CuHL]* to [CuL]* and from [CuL]* to
[CuH_ L], are 6.11 and 5.57, respectively. This unusual trend
reveals that the deprotonation of the first two amide functions
is cooperative.”” Taking into account that the phenolic group is
still not dissociated in this pH range, the real stochiometry of
this species is [CuH_,L(H)]. The CD spectra confirm the
simultaneous presence of the imidazole and the amide nitrogen
atoms in the metal coordination environment (Figure SC) in
agreement with EPR parameters that are indicative of a
N;.,2N~ coordination mode. The [CuH_,L]™' is the
predominant species increasing the pH value. A marked blue
shift of the A, is observed in agreement with the
deprotonation of a third amide nitrogen and the formation of
a [CuH_,L]™ species containing a Ny, 3N~ coordination
mode, thus the real stoichiometry is [CuH_sL(H)]™. The low
g) value and the high parallel hyperfine coupling constant value
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(4)) indicate that the metal is coordinated by one imidazole
and three nitrogen atoms in an equatorial plane (Table 3). The
[CuH_,L]” undergoes further deprotonation to form the
[CuH_,L]>" complex species; this species show the same
spectroscopic parameters of the previous [CuH_,L]™ indicating
that the deprotonation step is related to the tyrosine hydroxyl
group not involved in the Cu®" binding.

The first species formed by hAng(10—17) is [CuH,L]*, a
metal complex in which the lysine and tyrosine groups are still
protonated. The stability constant value calculated for this
complex species (log K = log 151 — log fy,, = 4.78) is higher
than that reported for the analogous [CuHL]*" species formed
by the hAng(4—9) peptide. This is due to the involvement of
the imidazole nitrogen and the aspartic carboxylate oxygen
atoms in the metal coordination environment, with the
formation of a macrochelate ring (Scheme 1).%7* The UV-
vis absorption data obtained for this copper(Il) complex
species are similar to those reported for the analogous species
with the same coordination environment (Table 3).**~*
[Cul] starts to form at pH S and is the prevailing metal
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Scheme 1. Schematic View of the Copper(II) Complex,
[CuH,L], with hAng(10—17)

complex species up to pH 8. The spectroscopic parameters
show significant changes, due to the involvement of further
nitrogen donor atoms in the metal ion coordination environ-
ment. The value of A, at 580 nm and the simultaneous
presence of the ligand to metal charge transfer (CT) bands
related to amide (297 nm) and imidazole nitrogens (329 nm),
indicate the involvement of deprotonated amide and imidazole
nitrogen in copper(Il) ion binding. At acidic pH, the lysyl &-
amino group is still protonated and the phenolic group is not
dissociated so that the real stoichiometry of the species is
[CuH_,L(H,)], with the copper(Il) ion bound to one
imidazole and two amide nitrogens (Ny,, 2N").

The absence of the intermediate species [CuHL]* is in
agreement with that observed for other copper(Il)—peptide
systems in which the carboxylate is directly involved in metal
binding: the macrochelate formation in [CuH,L]*" delays the
formation of the [CuHL]" species, and the formation of [CuL]
takes place in one step, in a cooperative mode.**~** A direct
contribution by carboxylate in the formation of the [CulL]
complex species cannot be ruled out by the potentiometric
data. EPR parameters are different from those reported for the
analogous complex species [CuL] formed by hAng(4—9) and
similar complexes characterized by a Ny, 2N~ coordination
mode.*>**™* The gy and A values (Table 3 and Figure 4)
indicate the presence of a CuN;O, chromophore in which the
nitrogen atoms and the carboxylate oxygen occupy the four
equatorial coordination sites, resulting in a higher hyperfine
coupling constant value (Table 3 and Figure 4). The UV—vis
parameters (Table 3) confirm this planar disposition of the
donor atoms bound to the metal ion. It is interesting to note
that the high stability constant of [Cul] species formed by
hAng(10—17) explains the absence of free copper(Il) ions at
pH 6.

The [CuH_,L]™ formation is characterized by a blue-shift of
UV—vis A, and an increase of the N~ — Cu(II) CT band in
the CD spectrum, strongly suggesting the deprotonation of a
third amide nitrogen, with a Ny, 3N” coordination mode
experienced by Cu®" in the equatorial plane. Also for this
complex species, the lysyl e-amino group is still protonated and
the phenolic group is not dissociated, so that the real
stoichiometry of the species is [CuH_;L(H,)]”. The EPR
parameters (g, = 2.208 and A = 198 X 107* cm™") confirm this
coordination mode in which the four nitrogen donor atoms are
in a planar arrangement.***’ The ¢ value increases with respect
to the previous species suggesting a distorted coordination
geometry. Further increase of pH does not affect the
spectroscopic parameters, indicating that in the [CuH_,L]*
and [CuH_;L]* the metal ion has the same coordination
environment (Np,, 3N7). Indeed, the pK values (Table 4)
indicate that this deprotonation processes are associated with
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Table 4. Stability Constants (log ) and pK Values of
Copper(II) Complexes with hAng(4—17) at 298 K, I=0.1 M
(KNO,)*

species log f3,,- Cu (I1)-hAng(4—17)
CuH,L 40.24(2)
CuH,;L 35.30(1)
CuH,L 29.10(2)
CuHL 22.74(1)
CuL 14.45(2)
Cu,HL 27.07(1)
Cu,H_,L 15.14(1)
Cu,H_,L 7.91(2)
Cu,H_,L —0.56(2)
Cu,H_,L -9.90(2)
Cu,H_(L -19.92(2)
Cu,H_(L -30.13(2)
pK pK,y Cu (11)-hAng(4—17)
pK(4/3) 4.94
pK(3/2) 6.19
pK(2/1) 6.36
pK(1/0) 827
pK(-1/-2) 7.23
pK(-2/-3) 8.47
pK(-3/-4) 9.34
pK(—4/-5) 10.02
pK(-=5/-6) 10.21

“36 in parentheses pK(n/m) values reflect the pK value of copper(II)
complexes.

the phenolic group of tyrosine and amino group of lysine side
chains (Tables 1 and 2), taking place at the same pH range
values of those pertinent to the free ligand. The absence of
spectral changes, also in the visble CD spectra (Figure SD),
indicates that both phenolic and amino group are not directly
involved in the copper(II) coordination.

The distribution diagram of the copper(II)-hAng(4—17)
system at metal-to-ligand ratio 1:1 is reported in Figure 6A.
The metal coordination starts at pH 4 and the first complex
species formed, [CuH,L]*, involves the binding of the
imidazole nitrogen of one histidine and the carboxyl group of
the aspartate residue (Table 4). In fact, the stability constant
value calculated for this complex species (log K = log 3,4, — log
Boss = 4.30) is higher than that reported for hAng(4—9); this
reinforces the indication of the involvement of the carboxylate
group, absent in the peptide hAng(4—9). The simple
comparison of the log K values may be affected by the
different protonation constant values of hAng(4—17), and by
the presence of different isomers in which the copper(Il) is
bound to the aspartic carboxylate oxygen and one imidazole
nitrogen atom belonging to His-8 or His-13. Clearly, the
formation of a 14-member macrochelate ring involving the
carboxylate group of Asp-15 together with the His-13 imidazole
side chain is more favored than the 29-member macrochelate
ring involving the coordination of the imidazole nitrogen
coming from His-8. The UV—vis parameters, determined by
spectroscopic titrations (see Experimental Section) for this
copper(Il) complex species (Table S) are similar to those
reported for the analogous [CuH,L]*" complex species formed
by hAng(10—17), confirming that the copper(Il) ion
coordination environment involves one imidazole nitrogen
atom and a carboxylate group.**™*
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Figure 6. Species distribution diagram of copper(II) complexes with
hAng(4—17). [L] =1 x 107 M, (A) 1:1 and (B) 2:1 metal to ligand

molar ratios).

It is interesting to note that at pH 6 there are no more free
copper(Il) ions analogously to that reported for the Cu-
hAng(10—17) system, a further evidence of the direct

involvement of the carboxylate group.

The stability constant value of [CuH;L]*" (log K = log 33,
— log fys1 = 6.13) indicates that the metal jon experiences a
macrochelate ring formation with a 2N;;,,COO™,, coordina-
tion environment as reported for other similar peptide
fragments.so UV—vis CD spectra carried out in the pH range
4—5 (Figure SA) show low intensity, confirming that the metal
ion is coordinated with donor atoms belonging to side chains.
The EPR parameters (g; = 2.296 and A = 176 X 107* em™),
obtained at pH S by subtraction of EPR spectrum recorded at
pH 4, and the UV—vis parameters determined by spectroscopic
titrations (4,,,, = 660 nm £ = 58 M~'cm™") are consistent with
the presence of a CuN,O, chromophore (2N, COO™ 5y
Oyater) With the donor atoms arranged in a distorted pseudo-
octahedral geometry. Furthermore, this coordination environ-
ment is confirmed by the presence of a five-lines superhyperfine
structure on the copper fourth line, superimposed to its
perpendicular features in the EPR spectrum, indicating the
presence of two nitrogen atoms bound to copper (Supporting
Information Figure 2S). The [CuH,L]" is a minor species and
its spectral parameters cannot be determined. The correspond-
ing pK value (Table 4) is consistent with the deprotonation of a
nitrogen amide atom, while the two tyrosine phenolic groups
and the lysine amino group are still protonated, thus the
[CuH,L]" real stoichiometry is [CuH_;L(H)]*.

The further deprotonation step is associated with a second
amide nitrogen atom, so the [CuHL] species corresponds to
[CuH_,L(H;)]. The increase of intensity of both the dichroic
bands around 360 and 320 nm clearly indicate the simultaneous
involvement of the imidazole and amide nitrogens in the
copper(II) coordination. It is possible that the copper(II) ion is
bound through two imidazole and two amide nitrogens in a
plane or one imidazole and two amide nitrogens in a plane with
the other imidazole out of the plane as observed for copper(Il)
complexes with similar peptides encompassing two or three
histidine residues.’'™>> The UV—vis parameters (1 = 565 nm
and € = 85 M™! ecm™) indicate the involvement of four
nitrogen atom, in an almost planar arrangement. Furthermore,
the EPR parameters (g = 2.209 and A = 198 x10™* cm™")
clearly show an increase of ligand field strength (Figure 7) and,
in particular, the high value of the hyperfine constant confirms

Table 5. Spectroscopic Parameters of the Copper(I1) Complexes with hAng (4—17) at 1.1 and 2:1 [Cu®*]/Ligand Molar Ratio,

Respectively
UV—vis CD EPR
[Cu**]/ A (nm) (e Ay (107
ligand pH species M~ em™)) A (nm) (Ae (M~! cm™)) g cm™!
1:1 45 CuH,L 705(43)
5.5 CuHsL 660(58) 612(0.080) 2.296(2) 176(3)
6.5 CuH,L, CuHL 300(—0.307); 327(0.693); 368(—0.080); 500(—0.400);
586(—0.200); 683(0.234)
7.5 CuHL 565(85) 322(0.810); 360 (—0.336); 500 (—0.886); 660 (0.640) 2.209(2) 198(3)
CuL 535(107) 314(0.856); 354(—0.511); S00(—0.953); 648(0.900) 2.202(1) 191(3)
2:1 5 Cu, CuH,L, CuH,L 309 sh(—0.040); 340 sh(0.017); 353 sh(0.070); 625 (0.060)
6 CuH,L, Cu,HL, 590(90) 302(—0.094); 331(0.150); 522(0.042); 604(—0.115)
Cu,H_,L
7 Cu,H_ L, Cu,H_,L 580(15S) 302(—0.120); 324(0.220); 359(—0.092); 493(—0.356);
562(0.130); 670(0.265)
8 Cu,H_,L 580(190) 321(0.234); 350(—0.232); 497(—0.483); 573 sh(0.114);
660(0.418)
9 Cw,H_;L 547(195) 306(0.180); 348(—0.360); 496(—0.450); 564 sh(0.128); 2.193(1) 185(2)
653(0.490)
10 CwH_,L, Cu,H_ L 547(205) 343(—0.418); 495(—0.451); 565 sh(0.093); 650(0.542) 2.193(1) 185(2)
11 Cu,H_¢L 537(230) 343(—0.408); 495(—0.456); 565 sh(0.083); 650(0.550) 2.193(1) 185(2)
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Figure 7. Frozen solution EPR spectra at 150 K at different pH values
of Cu-hAng(4—17) system at (A) 1:1 metal to ligand molar ratio and
(B) 2:1 metal to ligand molar ratio ([L] = 1.5 X 107> M).

the square planar coordination geometry with 2Ny 2N~
coordination mode, excluding the possibility of a weak
interaction of the carboxylate group in an apical position
(Scheme 2).

Scheme 2. Schematic View of the Copper(II) Complex,
[CuHL], with hAng(4—17)
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Further deprotonation of an amide nitrogen atom occurs in
the species [CuL]™; taking into account the pK values of
tyrosine and lysine residues, such a species corresponds to
[CuH_;L(H;)]", containing a 4N equatorial coordination
environment, in which one imidazole nitrogen atom is
substituted by an amide group (Ny,, 3N7). The blue-shift of
the A, and the increase in the molar absorptivity (4 = 535 nm
and £ = 107 M~ cm™) (Table 5) as well as its EPR parameters
strengthen this outcome. The slight decrease of the copper
hyperfine constant indicates the formation of a more distorted
copper coordination polyhedron with a stronger ligand field
due to the increased number of amide nitrogen atoms bound to
the metal ion in the equatorial plane.

It is interesting to note that the UV—vis CD spectra of the
Cu-hAng(4—17) system show some analogies with those
obtained for the complexes of the two shorter peptides (Figure
5): up to pH 6 the CD spectrum resembles that of Cu-
hAng(10—17); at pH 7 the spectrum appears to be the sum of
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spectra obtained for copper(II) complexes with hAng(4—9)
and hAng(10—17); at basic pH the CD spectra of copper(II)
complex species with hAng(4—17) are more similar to those
with hAng(4—9) in the d-d transition range, while the bands in
the far-UV are more similar to those with hAng(10—17).
However, the CD spectra of Cu-hAng(4—17) at 1:1 molar ratio
cannot be resolved as the weighted sum of those obtained for
Cu-hAng(4—9) and Cu-hAng(10—17) systems: hAng(4—17)
forms copper(Il) complex species in which both the histidine
imidazole side chains are involved in the metal coordination
environment; such copper(II) complex species cannot be
formed by the shorter peptides.

Differently from the peptides hAng(4—9) and hAng(10—17)
that can bind only one copper(II) ion, the peptide hAng(4—17)
is able to bind up to two metal ion equivalents (Table 4). The
potentiometric results indicate that the mononuclear copper-
() complexes are formed only as minor species at low pH
values (Figure 6B). Increasing the pH, only complex species in
which the peptide binds two metal ions are observed (Figure
6B and Table 4) and each histidine imidazole nitrogen atom
acts as an anchoring site for a single copper(Il) ion. The first
dinuclear complex species, [Cu,HL]*", forms around pH 6 and
its real stoichiometry is [Cu,H_,LH,]**, that contains two
deprotonated amide nitrogen atoms. The UV—vis spectra
recorded at pH 6 show a broad band centered at 590 nm
(Table S). These features are due to the contemporary
presence of different copper(Il) complex species and are also
indicative of the presence of two copper(Il) ions with slightly
different coordination environments. The scenario is: one
copper(Il) ion is bound to one imidazole and one amide
nitrogen atom (INj,, 1N7) while the second metal ion
interacts with one imidazole, one amide and the aspartate
carboxylate group. Clearly, in the chromophore CuN,0O, (1N,
INT, 1COO7,,,) the His-13 has to be involved in the
formation of a more stable macrochelate ring. It is interesting to
note that the A, values determined for the dinuclear
[Cu,H_,L] and [Cu,H_,L] complexes are very similar to that
observed for mononuclear [CuHL] complex, while their molar
absorptivities show a significant increase, as expected.

At pH 7 the main complex species is [Cu,H_ L] that
corresponds to [Cu,H_,L(H,)], the lysine and the two tyrosine
residues being protonated. Each copper(II) ion is coordinated
to an imidazole and two deprotonated amide nitrogens
(IN},,,2N7). The UV—vis bandwidth and the molar absorptiv-
ity, calculated by taking into account the metal concentration (&
=78 M~ cm™") are very similar to that of the previous species.
This indicates that the coordination environment of the
copper(Il) ion anchored to His-13 still involves the Asp-14
carboxylate group, so that the coordination environments of the
two copper(Il) ions are different also in this species. The
different coordination environments are the cause of the
absorption bandwidth. The CD spectra confirm the simulta-
neous presence of the imidazole and amide nitrogen atoms in
the metal coordination sphere, and they appear to be the sum
of CD spectra obtained for copper(Il) complexes with
hAng(4—9) and hAng(10—17) peptides (Figure 5).

The [Cu,H_,L]~ complex becomes the predominant species
at pH 8 and taking into account the pK values of the tyrosine
and lysine residues its real stoichiometry can be given as
[Cu,H_;L(H;)]". In this species a further amide deprotonation
is observed and the two copper(Il) ions experience different
coordination environments. One Cu®' is bound to one
imidazole and two amide (1Nj,,2N~), while the other metal
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Scheme 3. Schematic View of the Copper(Il) Complex, [Cu,H_;L]*", with hAng(4—17)
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ion is bound to one imidazole and three amide nitrogen atoms
(INy,, 3N7). These binding details are confirmed by UV—vis
band profiles (data not shown) that are the results of the
overlap between two distinct bands with maxima at 585 and
545 nm, the latter value associated with the 4N complex
species.

Starting from pH 7, the CD spectra show an increase of d-d
band intensity, coupled with a decrease of CT bands, in
particular of the amide nitrogen atom, in comparison with
spectra carried out at 1:1 molar ratio. This is in agreement with
the statement that CD spectra of Cu-hAng(4—17) at 2:1, are
the combination of the spectra related to the copper(Il)
complex species formed with the two fragments hAng(4—9)
and hAng(10—17) (Figure S).

The [Cu,H_;L]*” species forms with a total of six amide
donor functions, the real stoichiometry is [Cu,H_¢L(H;)]*".
The visible bandwidth is narrower than that of the previous
species, thus indicating that each copper center experiences the
same coordination environment (1Nj,, 3N~) (Scheme 3). The
complex species [Cu,H_,L]*~, [Cu,H_;L]*", and [Cu,H_(L]>~
display the same spectroscopic parameters of [Cu,H_;L]*7,
indicating that each metal ion experiences the same
coordination environment (N, 3N"). The further deproto-
nation steps involve tyrosine phenolic groups and lysine e&-
amino group, which clearly do not take place in copper(II) ion
coordination.

The frozen solution EPR spectra for Cu-hAng(4—17) (2:1
metal to ligand molar ratio) were recorded in the whole pH
range investigated. As no antiferromagnetic coupling between
the two metal centers was observed, each copper(Il) binding
site is not influenced by the other. At lower pH, it was not
possible to extract the Hamiltonian parameters to the single
species owing to the overlap of spectra due to different complex
species. Starting from pH 7, the magnetic parameters practically
do not change up to pH 10. It is clear that two very similar Cu
chromophores were formed and each metal ion is bound to one
imidazole and three amide atoms (1Nj,, 3N~) as indicated by
potentiometric and spectroscopic results. The parallel hyperfine
coupling constant value suggests a departure from the planarity
of the copper equatorial coordination plane.

It is relevant to point out that the addition of two equivalents
of copper ions results in the presence of a strong dichroic signal
at 234 nm starting from pH 7, as evidenced by the CD spectra
observed in the range 240—400 nm (Figure 3S). This band is
totally absent in the ligand to metal molar ratio 1:1 system and
it is present starting from pH 7 in the Cu-hAng(4—9) system
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but not in the Cu-hAng(10—17). At pH 7 the [CuH_,L]
complex species is present in Cu-hAng(4—9) system, in which
the copper(Il) ion experiences a (Nj,,3N”) coordination
mode. The His-8 is the anchoring site while the deprotonation
of the amide nitrogens occurs toward the N-terminus involving
the Tyr-6 residue. The CD band at 234 nm can be assigned to
this tyrosine side chain group, which changes its position as a
consequence of the peptide backbone bending, due to the
chelate formation. Also the other His-13 has one closely
situated tyrosine residue (Tyr-14), but it is not directly involved
in the amide nitrogen deprotonation which occur toward the
N-terminus due to the formation of more stable chelate rings.

Copper Complexes with Human Angiogenin Pro-
tein. The recombinant hAng was expressed and purified as
reported in the Experimental Section. The lack of copper(Il)
ion bound to the recombinant protein was checked by means of
UV—vis spectra (data not shown). The far-UV CD spectra
show that the protein secondary structure is S-strands rich. The
addition of the copper(1) ion induces a slight decrease of the
CD signal (Figure 8).

Ag (M1 em)

400

190 200 220 230

wavelength (nm)

240 250 260

Figure 8. Far-UV CD spectra of hAng protein (10 #M) in MOPS
buffer, pH 7.4, continuous line (—) and after the addition of 1 mol
equiv of Cu**, dashed line (--).

The addition of one equivalent of copper(Il) to the whole
protein at pH 7.4 induces the formation of a band in the visible
region, centered at 560 nm, with a molar absorptivity
coefficient of 120 M™! cm™.

dx.doi.org/10.1021/ic201300e | Inorg. Chem. 2012, 51, 128—141



Inorganic Chemistry

The CD spectrum shows the presence of a maximum at 314
nm (Ae = +0.270) and a minimum at 364 nm (Ae = —0.034)
(Figure 9), and this clearly indicate the contemporary

" 500 " 600 " 700

Wavelength (nm)

300 " 400

Figure 9. UV—vis CD spectrum at pH 7.4 of Cu-hAng system. [hAng]
= [Cu®] = § X 107* M, in 10 mM MOPS, at pH 7.4.

involvement of imidazole and deprotonated amide nitrogens
in the copper(1I) binding of the protein. These spectroscopic
data strongly suggest the involvement of four nitrogens in the
copper(Il) coordination environment.

The EPR spectra obtained under the same experimental
conditions indicate the presence of a single copper(II) complex
species with the following parameters: g = 2.202, A = 205 X
107* em™' (Figure 10). These Hamiltonian values clearly

Experimental

Simulated

300
Magnetic field {mT)

1
260 340

Figure 10. Experimental and simulated EPR spectra of Cu-hAng
system. [hAng] = [Cu**] =5 X 10™* M, in 10 mM MOPS, at pH 7.4.

indicate the formation of a copper(Il) complex species in which
the metal ion coordination environment involves four nitrogen
atoms. On the basis of Peisach and Blumberg diagrams,54 the
copper(Il) ion coordination environment may display 0 or —1
charge, in agreement with the involvement of deprotonated
amide nitrogens that neutralize the positive charge of Cu*".
The human angiogenin encompasses six histidine residues in
its sequence and each may represent a potential copper(Il) ion
anchoring site. The catalytic site for the ribonucleolytic activity
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of hAng includes the residue His-13, Lys-40, and His-114.°
Taking into account that the spectroscopic data clearly indicate
the involvement of at least one imidazole nitrogen in the Cu*
binding, the RNase catalytic activity of hAng was investigated in
the presence of this metal ion to bring into light the
involvement of His-13 or His-114 (Figure 11).

0.7

o
o

o
o

o
~

o
w

Absorbance (260 nm)
[=]
N

o
i
I

0.0 L B L B
20 30

L L B L B L BN
40 50 60 70 80 90 100
Cu (ll) equivalents

Figure 11. Ribonucleolytic activity of hAng (0.5 uM) after the
addition of increasing amount of Cu**equivalents.

The enzymatic assay was carried out by a modification of
Shapiro et al. procedure.”* In particular, the HEPES buffer,>
able to bind copper(II) ions,*® was substituted with MOPS, and
the human serum albumin (HSA) was not added to exclude it
as a potential copper(Il)-binding source. Moreover, all the
chemicals were treated with Chelex to minimize the amount of
metal ions.

Holloway et al.>* reported an enzymatic activity of AAyg &
0.8 at pH 7.0, similar to that we found (~0.6 at pH 7.4). This is
in agreement with the bell-shaped pH dependence of the hAng
activity previously reported by Lee and Vallee.>> The maximum
activity at pH 6.8 is expected to drop to a value in the range of
65—75% at pH 7.4. A strong decrease of the ribonucleolytic
activity was observed at high copper(Il)-protein molar ratios
(30:1, 100:1). However, a decrease of RNase enzymatic activity
was observed just after the addition of one equivalent of Cu®**
(Figure 11), suggesting that His-13 and/or His-114 are
somehow involved in the metal coordination of hAng.

Preliminary NMR titrations experiments of the "N labeled
hAng with copper(II) ions reveal that the signals of different
histidine residues are affected by the metal addition and in
particular those related to His-13 and His-65 just adding one
copper(II) ion equivalent (data not shown). Thus, Cu®* can
“visit” different histidine residues and this should account for
the partial decrease of the nuclease activity, lower than that
expected in the case of only His-13 or His-114 were involved in
the copper(Il) ions coordination.

B CONCLUSIONS

The hAng protein is a potent angiogenic factor and its cellular
activities may be affected by copper(Il) ions though it is yet
unknown how this metal ion is able to produce this effect.
Taking into account that copper(Il) ion is also an angiogenic
factor, a possible metal ion interaction with angiogenin may be
part of the mechanisms by which protein functions are
regulated in vivo. In this context, the characterization of
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copper(Il) complex species with the protein is a valuable mean
to understand the potential mutual biological influences. Few
studies have been carried out on the interaction between
copper and angiogenin, and the identification of the domains
involved in metal coordination remains to be determined. It has
only been reported that hAng tightly binds about 2.4
copper(II) ions per molecule at physiological pH."

Our preliminary NMR results show that the interaction of
Cu** with °N labeled hAng, at 1:1 metal to protein molar ratio,
affects more than one of the six histidine residues of the
recombinant protein. In particular, the NMR signal alteration
also involves His-65 and His-13, which are the histidine
residues present in the protein domains responsible of protein
cell interaction and enzymatic activities, respectively. The
ribonucleolytic assay of hAng in the presence of Cu*" again
indicates the significant role of His-13 as anchoring site of
copper(Il) ion.

The comparison of the binding affinity of copper(Il)
complexes with the peptide fragments encompassing the His-
65, previously reported,17 His-8 and His13 indicates that the
peptide containing the His-13 forms the most stable metal
complex among the mononuclear species in the physiological
pH range.

The peptide hAng(4—17) coordination features show that
the two histidine residues act as independent anchoring sites for
Cu?*, forming binuclear species in addition to the mononuclear
metal complexes. The spectroscopic parameters of the main
copper(II) complex with hAng(4—17), [CuHL], are different
from those found for the metal ion complex with the
recombinant protein, in agreement with the different
coordination environment assigned in this work. In particular,
our results indicate the involvement of His-8 in the copper(1l)
binding of hAng(4—17), whereas this does not occur in the
whole hAng protein. The UV—vis band features of Cu-hAng
system are similar to those obtained for the Cu-hAng(10—17)
peptide fragment at pH 7. These data strongly suggest that the
His-13 represents one of the preferred copper(II) anchoring
site in the whole recombinant protein. His-8 and His-13 are not
simultaneously involved in the copper(II) coordination
environment, as observed in the [CuHL] species of Cu-
hAng(4—17) system. This finding is further confirmed by the
differences of the UV—vis CD spectra between Cu-hAng(4—
17) and Cu-hAng systems, and by the slight modification of the
protein secondary structure recorded upon copper addition. As
a matter of fact, the His-13 is located at the end while the His-8
is within the first a-helical region (a-Hl, residues S—13) and
the presence of a (2Np, 2N~) binding mode with the
involvement of His-8 and His-13 should produce a larger
change in the protein secondary structure. The EPR parameters
obtained for Cu-hAng system are indicative of the presence of
four nitrogens in a planar disposition in the copper(Il) ions
coordination environment with a stronger equatorial field than
that observed for [CuHL] species of Cu-hAng(4—17). We can
speculate that the differences with the magnetic parameters of
the hAng(10—17) can be attributed to the hydrogen bond
network around the Hisl3 in the protein that can favor the
deprotonation of amide nitrogen giving rise to a Ny, 3N~
coordination mode that is partly present in the peptide
fragment at physiological pH value.

It is interesting to highlight that the presence of
deprotonated amide nitrogen atoms in the copper(Il) ions
coordination within a protein is only observed for such proteins
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as prsi’]on (PrP€) which display a high affinity for the copper
ions.

The high affinity for copper ions showed by the hAng protein
may explain their potential interactions in vivo, and then of a
possible direct correlation between copper and angiogenin. In
this context, further studies by means of NMR and ESI-MS are
currently in progress to better elucidate the metal—protein
loading ability, the related binding site/sites of the protein and
the possible competition with other copper(II) binding
molecules in vivo.
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