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Abstract

Spectroscopy (UV-Vis, 'H NMR, ESR) and electrochemistry revealed details of the structure of the Cu(II)-TRH (pyroglutamyl—
histidyl-prolyl amide) complex. The "H NMR spectrum of TRH has been assigned. NMR spectra of TRH in the presence of Cu(Il)
showed that Cu(Il) initially binds TRH through the imidazole. TRH analogs, pGlu-His-Pro-OH, pGlu-(1-Me)His-Pro-amide,
pGlu-His-(3,4-dehydro)Pro-amide, pGlu-His-OH, pGlu-Glu-Pro-amide, and pGlu-Phe-Pro-amide provided comparison data.
The stoichiometry of the major Cu(Il)-TRH complex at pH 7.45 and greater is 1:1. The conditional formation constant (in pH
9.84 borate with 12.0 mM tartrate) for the formation of the complex is above 10° M~'. The coordination starts from the 1-N of
the histidyl imidazole, and then proceeds along the backbone involving the deprotonated pGlu-His amide and the lactam nitrogen
of the pGlu residue. The fourth equatorial donor is an oxygen donor from water. Hydroxide begins to replace the water before the
pH reaches 11. Minority species with stoichiometry of Cu—(TRH), (x = 2-4) probably exist at pH lower than 8.0. In non-buffered
aqueous solutions, TRH acts as a monodentate ligand and forms a Cu(Il)-(TRH)4 complex through imidazole nitrogens. All the
His-containing analogs behave like TRH in terms of the above properties.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ulating body temperature [4] and stimulating hepatic

blood flow [5] have been reported recently.

Thyrotropin-releasing hormone (also called thyrotro-
pin-releasing factor), pyroglutamyl-histidyl-prolina-
mide, is a tripeptide in the central nervous system that
improves functional recovery after neurologic dysfunc-
tions, such as brain trauma and epilepsy [1]. Produced
in the hypothalamus, TRH has been found to exist in
significant quantities in other brain regions in rats
[2,3], which implies other bioactivities. The effects of reg-
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TRH exerts its effects through interactions with a
membrane-bound receptor which has been found to be
a member of the G-protein coupled receptor family [6].
Perlman et al. [7] modeled TRH binding to its receptor.
They claim that the carbonyl and NH of the pyrogluta-
myl moiety, the imidazole and the C-terminal amide are
all involved in the interaction with receptor. At the same
time, these sites are potential electron donors for metal
ions in that C=0, -NH-, and imidazole nitrogen atoms
are known to be electron-rich. Ogawa et al. [8] found
that synaptic membranes carrying TRH receptors lose
their function after pretreatment with metal ions in the
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absence of TRH, indicating irreversible changes. More-
over, of the divalent ions they studied, Ni(IT) was found
to decrease TRH-receptor binding, while Cu(Il) and
Zn(II) were found to increase the binding at physiolog-
ical serum concentrations (20 pM). The authors sug-
gested that metal ions are important modulators of
TRH activity.

A few studies have been carried out on the coordina-
tion of TRH and analogs with biologically active metal
ions, e.g. Cu(Il) and Ni(Il), using techniques including
potentiometric titration and spectroscopic methods such
as UV-Vis, CD and ESR [9,10]. In the case of coordina-
tion with Cu(Il) at pH 9.5-10, there was a major dis-
agreement on the number of coordinated nitrogens
(two nitrogens in [9], three nitrogens in [10]). While both
works reported 1:1 stoichiometry of the complex, in [14]
the authors also claimed a major 1:2 metal-ligand bind-
ing stoichiometry when ligand was in fivefold excess.

TRH-metal binding is important in another context.
The sensitive and selective HPLC-based method for pep-
tides is well established, based on the reversible electro-
chemistry of the Cu(III)/Cu(Il) couple in polydentate
peptide complexes, or biuret complexes [11]. The con-
centration of the neuropeptide TRH can be determined
by the above mentioned means [12]. In both cases, the
interaction of TRH with its receptor and the determina-
tion of TRH concentration, it is important to under-
stand the metal complex structure. In this aspect, the
role of pH should draw significant attention.

We also briefly studied the Cu(Il) complexes of five
TRH analogs in order to relate the nature of the coordi-
nation to the functional groups in the peptide side chain.
These analogs are (abbreviations listed in parentheses):

pGlu-His-OH

pGlu-His-Pro-OH
pGlu-(1-Me-His)-Pro-amide
pGlu-His-(3,4-dehydro-Pro)-amide
pGlu-Glu-Pro-amide
pGlu-Phe-Pro-amide

(pEH)
(TRH-OH)
(MeHis2-TRH)
(deHPro3-TRH)
(Glu2-TRH)
(Phe2-TRH)

The data support the view that the most prevalent
complex in neutral and basic solutions has 1:1 stoichi-
ometry. The four equatorial donor atoms are the imid-
azole 1-N, and the amide nitrogens resulting from the
deprotonation of the amide bonds between pGlu and
His and the lactam of pGlu as well as a water oxygen.

2. Experimental
2.1. Chemicals

TRH and all its analogs studied (all from Bachem,
USA) were used without further purification, but puri-

ties were taken into account in preparation of solutions.
All solutions were made in purified water using a Milli-
Q A10 Synthesis water purification system (Millipore,
USA) except for those used in NMR experiments in
which D,O (Cambridge Isotope Lab, USA) was used.
The carbonate buffer is a mixture of equi-molar sodium
carbonate and bicarbonate (both from EM Science,
USA), each at half of the concentration specified, i.e., gi-
ven concentrations are for total carbonate. Borate buf-
fers were all prepared with Na,B,0; - 10H,O (Sigma,
USA) in 0.25 M KNOj; (J.T. Baker, USA). The borate
concentration was 0.050 M except for the pH effect
experiments, in which case the concentration was 0.10
M. The pH values were adjusted with 0.60 M boric acid
or 4 M NaOH (both from EM Science, USA), and mea-
sured with an Accumet® pH meter (Fisher Science,
USA), standardized before each use. In ESR experi-
ments, pH values were measured with pH test strips
(Fisher Science, USA) of the pH 5.5 and 9.0 solutions.
These two pH values thus have one fewer significant fig-
ure. Na,HPO, (0.126 M)—citric acid (0.037 M) was used
as a weakly acidic buffer. Copper-peptide solutions were
prepared by adding the desired amount of stock solu-
tions to buffer in the order of peptide then copper sul-
fate. Molar ratios were 1:1 (Cu(Il):peptide) unless
otherwise specified.

2.2. Instruments and procedures

Room temperature was 20+2 °C during all
experiments.

UV-Vis spectroscopic instruments consisted of an
HP 8453 spectrophotometer with HP 8453E operating
software. Spectra of copper—peptide complexes in
1 cm quartz cuvettes were measured over 400-1000
nm with a 0.5 s integration time, using deionized water
as a solvent blank in all cases. The wavelengths of
maximum absorption (1y,.x) were identified by taking
the first derivative with PeakFit (Version 4 for Win32
by Jandel Software, USA). The complex -called
“Cu(H,0),**” was CuSO, in aqueous solution; the
Cu(OH),*~ complex was prepared by adding dropwise
4 M NaOH to CuSO4 aqueous solution until the light
blue Cu(OH), precipitate cleared up and a deep blue
solution was obtained; the Cu(Il)-tartrate complex
was a mixture of 1.0 mM CuSO, and 6.0 mM sodium
tartrate in buffer; and the Cu(I)-peptide complexes
were mixtures of 1.0 mM corresponding peptide and
1.0 mM CuSOy in buffer.

TRH spectra of "H-'H 2-D and 'H-"3C 2-D NMR
were recorded on an AVANCE 500 NMR spectrometer
from Bruker (Billerica, MA, USA). TRH spectra of 'H,
3C, DEPT (Distortionless Enhancement by Polariza-
tion Transfer) NMR and 'H spectra of Cu(II) titration
experiments were carried out on an AVANCE 300
NMR spectrometer from Bruker. The temperature was
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controlled at 0 °C. In copper titration experiments, the
concentration of TRH was 4.0 mM in 0.20 M carbonate
prepared in D,0, with different concentrations of
CuSO,.

Electron spin resonance spectroscopy experiments
were done with a Bruker Elexsys-E580 FT/CW spec-
trometer equipped with a Bruker ER 4118X-MS3 split
ring resonator. Continuous wave ESR spectra were re-
corded with a quality factor Q of about 1600, a field-
sweep of 600 G, microwave power of 6.3 mW and
modulation amplitude of 5-7 G. All Cu(Il)>TRH
sample solutions were in 20%/80% glycerol/water (the
glycerol was added as a cryoprotectant). The pH of
each solution was adjusted with 2 M NaOH aqueous
solution. All ESR experiments were carried out in the
X-band (9.75 GHz) at a controlled temperature of
80 K.

Electrochemical instruments consisted of a DT-29
glassy carbon/glassy carbon ring-disk electrode, an
ASR-2 analytical rotator, an RDE-3 potentiostat (all
from Pine Instrument Co., Grove City, PA, USA),
and a WaveTek 852 filter (WaveTek, San Diego, CA,
USA) set for low pass with 5 Hz cutoff frequency. A
DT2802 chromatography board (Data Translation,
Inc., USA) digitized the filtered analog signal to a per-
sonal computer. RRDE data were collected using Ez-
Chrom chromatography software (Scientific Software,
Inc., San Raman, CA, USA). A platinum grid counter
electrode and a BAS Ag/AgCl reference electrode (3 M
NaCl) completed the electrochemical cell.

Complex concentrations as a function of total metal
and ligand concentrations were calculated using Math-
cad 2001 professional (Mathsoft, USA). Molecular sim-
ulation was carried out with the software CAChe
(Fujitsu, Ltd., Japan) version 6.1.1. Structures were first
checked for correct valences and hybridizations, then
optimized using Allinger’s standard MM3 force field
model [13]. The following factors were taken into
account when optimizing: bond stretch, bond angle,
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dihedral angle, improper torsion, van der Waals interac-
tion, electrostatics interaction, hydrogen bond, torsion
stretch, and bend-bend interactions.

3. Results and discussion

In basic Cu(Il) solutions, for example pH 9.83 car-
bonate with tartrate in excess of Cu(Il) ion, addition
of TRH generates a bluish purple color with maximum
absorption wavelength (4,,.x) about 590 nm (Table 1).
This wavelength is substantially lower than that of
CuSO, aqueous solution (Cu(H,0)>") or Cu(Il)-tar-
trate complex, which are at 810 and 725 nm, respec-
tively. Among the peptides studied, the characteristic
bands are at similar wavelengths, except for Phe2-
TRH and Glu2-TRH. The half wave potential is also
a robust indicator for the formation of the biuret com-
plex. By coordination with peptides, the redox couple
Cu(IIT)/Cu(Il) has its oxidation potential significantly
lowered to typically 0.5-0.8 V. Based on the distinguish-
able behavior of the two non-histidyl TRH analogs, we
can conclude that for these N- and C-termini blocked
peptides, His is necessary for the formation of electro-
chemically active biuret complexes with Cu(Il) ion.
DeHPro3-TRH, TRH-OH and pGlu-His all behave like
TRH, suggesting that the N-teriminal Pro-NH, does not
play an important role in the binding.

3.1. The binding stoichiometry

Tripeptides typically bind Cu(II) ion with 1:1 stoichi-
ometry [14,15]. The tertiary histidyl-prolinamide is, how-
ever, a weak donor [16], thus TRH may act as a dipeptide.
The molecular binding stoichiometry was determined
using “the method of continuous variation”, or Job’s plot
(Fig. 1). The total concentrations of Cu(Il) and TRH
were held constant, while the relative ratios varied for
each sample, from 0:1 (all TRH) to 1:0 (all Cu(Il)). For

Table 1
Summary of spectroscopic and electrochemical properties of Cu(Il) complexes of TRH and analogs
Ligands Jmax (nM) Eapp (em™'M™ Ep (mV)

Carbonate Borate Carbonate Borate Carbonate Borate
H,O" 810 17 n/t
OH® 637 n/t n/t
Tartrate 729 701 51 36 N/A N/A
pGlu-His 595 585 64 65.7 n/t 780
TRH 595 588 58.7 59.6 780 785
TRH-OH 596 588 55.1 65.9 778 n/t
MeHis2-TRH 590 587 58.9 66.8 802 n/t
deHPro3-TRH 590 588 55.5 61.4 787 n/t
Glu2-TRH 730 ppt 54.4 N/A N/A n/t
Phe2-TRH 730 ppt 51.6 N/A N/A n/t

N/A, no detectable signal available; n/t, not tested; ppt, precipitation.

& Obtained by dividing the absorbance at 4,,,x by Cu(II) concentration.

® Not in buffer.
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Fig. 1. Job’s plots of Cu(II)>TRH (1:1) complex at different pH, all
2 mM total concentration. (a) Recorded in borate buffer containing
12.0 mM KNaTartrate. (b) In borate buffer, except for * which is non-
buffered aqueous solution.

pH higher than 8.0, a sixfold excess of tartrate over
Cu(Il) was included at the same concentration in each
sample to prevent excess Cu(Il) ion from precipitating.
Cu(II) not bound to peptide absorbs light, so measured
absorbances need to be corrected to give a measure of
the concentrations of Cu(II)-peptide complex. Assuming
that the molar absorptivity of unbound Cu(Il) is con-
stant, we have Ccyctotaly = Ccu-tRH T Ccu-other- At a cer-
tain wavelength

Alotal/l = CCu-other * ECu-other + CCu-TRH * ECu-TRH
= CCu(tolal) * &Cu-other
+ CCu-TRH : (SCu—TRH - 8Cu-other)~

The first term on the right side is just the absorbance of
a sample with no peptide (“blank’). Thus, by subtract-
ing a blank absorbance from the observed absorbance, a
quantity Anet(: Atotal - CCu(total) ’ SCu—other) is produced
that is directly proportional to Ccu.try * Anee Values
are then plotted against Cu(Il) fraction in the total.
The left half of each plot represents excess TRH, and
the right half of the plot represents excess Cu(II). The

extrapolations of both sides intersect at a Cu(Il):peptide
ratio indicating the complex stoichiometry.

The Job’s plots revealed 1:1 stoichiometry from pH
8.15 to 11.90, as shown in Fig. 1(a). The Z,.x and
absorbance at this wavelength are also very similar
from pH 8.15 to pH 9.91. Fig. 1(b) shows Job’s plots
at lower pH values. A 1:4 stoichiometry predominates
in non-buffered aqueous system (pH ranged between
5.2 and 5.7). The Anax Was 592 nm. No other reports
about this stoichiometry have been found in the litera-
ture. At both pH 7.45 and 7.10 the apex is not well de-
fined. Also, in both cases the apparent binding
stoichiometry involves non-integral TRH per Cu(II)
ion: 1.5 (3:2) at pH 7.10 and 1.1 (11:9) at pH 7.45.
The deduction from these results at pH lower than 8§
is that: (1) another component co-exists with the 1:1
complex; (2) binding is probably incomplete. The sec-
ond component is a multi-peptide binding mode. A
Cu—~(TRH), complex has been reported to account
for ~70% of all Cu(II) between pH 7.5 and 10.0 when
ligand was at fivefold excess [10]. Our spectroscopic
data cannot determine the actual order of TRH in
the multi-peptide binding mode. It could be 1:2, 1:3
or 1:4. Also, according to Fig. 1(b), at pH 7.45 the
fraction of the second component is not as much as
in the reference cited. It decreases with increasing
pH, from a substantial fraction of the entire complex
at pH 7.10, to a negligible amount at pH 8.15. At
pH 7.45 it only represents a small fraction. Considering
the pH dependence of the total apparent stoichiometry,
deprotonation is involved in the formation of the 1:1
complex.

It draws interest that the binding of Cu(Il) to TRH
through amide groups can occur at physiological pH.
Metal ions affect TRH-receptor interaction and TRH
bioactivity. These observations were related to the ter-
tiary conformation of TRH upon chelation [§8,17]. The
biuret complex of Cu(IT) and TRH should play a signif-
icant role if the observed 1:1 binding exists at the much
lower concentrations of both TRH and Cu(II) in biolog-
ical environment. The molar absorptivity of the d-d
transition investigated is too low at physiological con-
centrations to make measurements. Knowledge of the
formation constant is required to predict the extent of
coordination. In principle, our Job’s plots contain infor-
mation on the formation constants. However, in prac-
tice this method only works at a concentration range
where binding is not complete. At the sub-milimolar
concentrations adopted in typical visible spectroscopic
measurements, the binding of Cu(Il) and TRH is com-
pleted to a great extent, shown by the well-defined sharp
apexes in Job’s plots of pH 8.15-11.90. The observed
formation constant Ky,

[complex]
([Cutoral] — [complex]) - ([TRH o] — [complex])’

Kops =
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is estimated as no lower than 10> M ™!, but more accu-
rate determination is not possible from these data.

Yamada et al. [10] reported the formation constants
of 1:1 and 1:2 Cu(I)-TRH complexes which agreed
with a few other values [18,19]. The average values are
logfy = =770 for MH_,L and logf,=—-542 for
MH_,L, (M — metal, L - ligand, H_, — two deprotona-
tions). These numbers were obtained from pH titration
experiment at tens of mM concentrations and fivefold
excess ligand. Under these conditions, the authors saw
more than 70% of Cu(Il) as a 1:2 complex in the pH
range of 7.5-10. Based on their formation constant val-
ues, the corresponding conditional formation constants
at pH 7.45 were calculated (by multiplying each f by
[H*]72) and used in a calculation of Job’s experiment.
In the calculation it was assumed that the 1:1 and 1:2
stoichiometry are the only forms of coordination. The
result showed the fraction of 1:2 stoichiometry de-
creased dramatically with decreasing concentration
and peptide:Cu(Il) ratio. At the concentrations used in
our Job’s experiments, MH_,L. (1:1) predominates.
When TRH is in excess, no more than 10% of Cu(II) ex-
ists as MH_,L,. When Cu(II) is in excess, there is virtu-
ally no MH_,L,. Physiologically, Cu(Il) is in large
excess of TRH. TRH exists in rat brain at nM concen-
trations [2], while Cu(II) has been determined with val-
ues ranging from approximately 40-150 pM [20]. At
this excess, TRH forms predominantly a 1:1 complex
with Cu(II). As calculated for 5 nM TRH and 50 uM
Cu(I), 99.9% of TRH is bound with Cu(II) at 1:1 ratio.
In the brain, the Cu(Il) activity is certainly less than 50
uM, however, the complex is still predominantly 1:1.
For example, with 5 nM TRH and 50 nM Cu(II), about
40% of TRH is bound with Cu(II) at 1:1 ratio. The con-
centration of the 1:2 species is 107¢ times lower.

For the computations above we used literature values
for the binding constants. Our estimate of the formation
constant of the 1:1 species is somewhat lower than the
one used. The discrepancy is likely due to the difference
in Cu(Il) activity coefficients. Our measurements in-
volved coordinating ions, nitrate and tartrate, and as
such, the conditional constants derived from the data
have little meaning in general. Nonetheless, the 1:1 coor-
dination of Cu(Il) and TRH cannot be ruled out as an
important process occurring biologically.

3.2. The equatorial donors

Billo [21] developed a correlation between the absorp-
tion maxima for Cu(Il) complexes and the number and
type of equatorial donors. With slight modification of
the factors, the correlation worked well on multidentate
ligands such as peptides [22]. According to this equation,
the experimental A, data (pH 9.84) from the four his-
tidyl-containing peptide complexes in Table 1 are consis-
tent with the NNNO binding mode, in which each

Cu(Il) ion has three nitrogen atoms and one oxygen
atom as equatorial donors. In fact, from pH 7.45 to
9.91, Cu(II)-TRH coordination fell in the NNNO bind-
ing region.

Electron spin resonance (ESR) can also give evidence
of the number of nitrogen donors in Cu(Il) complexes,
often of peptides and proteins [23-25]. For Cu(Il), the
four features due to the parallel component of the
hyperfine interaction (4), with the nucleus of spin 3/2)
can often be resolved near the g (the parallel component
of the axially symmetric g-tensor) region of the spec-
trum. The magnitude of 4 and g| are dependent on,
among many factors, the ligand environment of Cu(II).
Peisach and Blumberg [25] showed the dependence of 4
and g values and total charge of Cu(II) complexes on
the ligand environment. Generally, as the number of
nitrogen donors increases, all the four peaks shift to
higher field. The A value also increases, from 120 to
220 G when all four oxygen donors are replaced with
nitrogen. At the same time, g value decreases from 2.4
to 2.1. Millhauser and co-workers [24] reported the
binding modes of a Cu(Il) complex and the prion pro-
tein octarepeats change from OOOO to NNNN in the
pH range of 4.10-11.6. Their correlation between A4
and g values and the binding mode agreed with
Peisach’s.

ESR spectra were obtained for Cu(II) ion in presence
of TRH at pH 5.5, 7.45, 9.0 and 10.76. 4| and g| values
were extracted. As shown in Fig. 2 and Table 2, the main
binding mode at pH 5.5 is OOOO. There is a minor
component other than OOOO at slightly higher field.
Due to the ambiguity of the second peak, it is difficult
to assign any binding mode to this component. Based
on the position of the first peak, one nitrogen binding
is estimated. From 7.45 to 10.76, the Cu(Il) ion hyper-
fine structure did not change significantly, suggesting

pH 10.76 180 G
pH9.0 178 G
pH 7.45 178
121G
pH S.BM
(126 G)
2500 2700 2900 3100 3300
field (gauss)

Fig. 2. The g region of the Cu(II) ESR spectra in the presence of TRH
(1.0 mM each). The 4| value at pH 10.76 was obtained by simulating
the spectrum with Bruker WINEPR simulation package because the
peaks are very broad making direct reading difficult. The 4 value of
the “shoulder” component at pH 5.5 was roughly estimated because
the second peak was not well defined.
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Table 2

ESR and UV-Vis parameters for Cu(Il) signals in presence of TRH at various values of pH

pH A(G) gl Jmax. (nm) Equatorial binding
5.5 121 £2 241 %+0.01 743 0000
7.45 178 £ 2 2.26 £ 0.01 589 NNNO
9.0 178 £ 2 2.26 £0.01 590 NNNO

10.76 1755 2.27%0.01 586 NNNO

% pH 6.24, 7.01, 8.97 and 11.01, respectively.

the same equatorial binding. Shown in Table 2, the 4
and g| values for all these pH values very well fit the
NNNO binding mode. These results also are in good
agreement with the visible spectroscopic data.

Potential nitrogen donors in the TRH molecule in-
clude one lactam nitrogen from the pyroglutamyl resi-
due, 1-N (pyridine) and 3-N (pyrrole) of the imidazole
ring, two amide nitrogens from the two peptide bonds,
and one amide nitrogen at the blocked C-terminus.
The oxygen donor could be any one of the carbonyls,
a water or a hydroxide. As mentioned above, the Pro
residue does not seem to take part in the coordination.
The tertiary amide is a weak donor. Furthermore, the
nitrogen lone pair and the carbonyl group should be
in the same plane [14]. This is extremely difficult for a
prolinyl amide. As for the C-terminal amide, formation
of a five- or six-membered fused ring structure does not
seem possible. At the same time, the spectroscopic prop-
erties of TRH, deHPro3-TRH and TRH-OH are very
close to each other. All the above argue against the par-
ticipation of Pro in the binding. Despite all this, TRH
does not act as a di-peptide. It forms a 1:1 complex with
Cu(II) ion with three nitrogen donors, as do tripeptides.
The His residue is known to have an electron-rich side-
chain that can act as metal ligand [19,26]. If we do not
consider Pro as having a donor, the three nitrogen do-
nors are possibly the 1-N of imidazole, the lactam nitro-
gen of pGlu, and the amide nitrogen between the pGlu
and His residues.

In general, biuret coordination starts at the N-termi-
nal amine nitrogen of the peptide. The peptide amide
bonds undergo deprotonation following that to form
stable fused ring structures [14,15]. In a TRH molecule,
there is no amine group. The C-terminus, known to play
a role when the N-terminus is blocked [27], is also
blocked. It is of interest to find out how the coordina-
tion starts in a peptide with both termini blocked.

Selective broadening of proton and carbon reso-
nances of ligands in NMR spectroscopy by a paramag-
netic metal ion, such as Cu(Il), can help locate the
binding sites. Such ions increase fluctuations in the local
magnetic field and reduce the both the longitudinal (77)
and transverse (75) relaxation times of other nuclei near-
by [28], thus altering their NMR signals. As line width is
proportional to T,', an affected signal could be broad-
ened and shortened, or even eliminated depending on
the magnetic ion concentration [29]. By comparing the

NMR spectra of ligands in the presence and absence
of metal ion, one can deduce the most-affected protons
or carbons in the ligand molecules. In a selective broad-
ening experiment, the metal ion is usually held at 1/1000
or less of the ligand concentration. In the case of peptide
complexes in basic solutions, however, the binding at
this molar ratio is very often not the same as at stoichi-
ometric conditions. The main reason is that the rela-
tively rare Cu(Il) ions associate with and dissociate
from the peptides rapidly before any peptide amide
deprotonation or ring closure occurs [30]. In other
words, the peptide acts as a monodentate ligand. The
NMR signal changes under this condition will only indi-
cate where the coordination begins, as the N-termini of
glycyl di- or tri- peptides [31].

Fig. 3 shows the "H NMR spectra of intact TRH and
Cu(II)-titrated TRH solutions. Assignments of the
peaks in both spectra required the TRH spectra of
'"H-'H 2-D, 'H-"3C 2-D NMR and DEPT (distortion-
less enhancement by polarization transfer, which re-
cords '’C spectra that are edited with respect to the
number of protons directly bonded to the carbons). As
shown in Fig. 3(b), the imidazole protons respond most
sensitively, showing signs of broadening and lowering
when Cu(Il) is present at only 1/4000 equivalents of
TRH. This result suggests that the imidazole acts as
the initiating site during the binding, analogous to the
primary —NH; group in most peptides. The two nitrogen
atoms are both good donors, while the 1-N does have
the advantage to form six-membered ring structure.
Therefore, 1-N is thermodynamically favored.

To sum up, the NNNO binding is a reasonable
structure and consistent with experimental data. Amide
deprotonation propagates along the peptide backbone
toward pGlu residue once the 1-N of imidazole coordi-
nates with Cu(Il). As for the fourth donor, the oxygen,
Billo’s equation is not able to distinguish a carbonyl,
water or hydroxide. The computational software
CAChe helped to verify the feasibility of some possible
structures and to exclude some. The structure with a
carbonyl oxygen either from the His-Pro peptide bond
or from the C-terminal amide yielded structures with
no reasonable prolyl C-terminal carbonyl bond length
or reasonable tetragonal complex structure. The fourth
donor has to be a water or a hydroxide from this point
of view. Fig. 4 is an optimized structure by CAChe.
The four donors are the deprotonated pGlu lactam



R. Meng et al. | Inorganica Chimica Acta 358 (2005) 2933-2942 2939
HN 10
9
g
hS
s o 7 R
N A 6f Nogsh
S w7~ 18
e et ) I | _NH.
A B
= O
2 0
acetate
solvent
10 9
2 3
13
14
15 4
12 12 14
K ) J L\\
~ d [t T T i Ve i T L T
ppm 7 6 S 4 3 2 1

‘l TRH:Cu(ll) =
JL J\\k 4000:1

400:1
AL 40:1
5:1

ppn 7 6 '

Fig. 3. "H NMR spectra of TRH in the absence and presence of Cu(II) ion.

nitrogen, the deprotonated pGlu-His peptide amide
nitrogen, the His I-N and H,O. Cu(Il)-peptide biuret
complexes are square planar [32]. The two axial water
ligands are placed 3 A from Cu(Il). Atoms at this dis-
tance hardly affect the spectra. The simulation also sug-
gested that there may be a hydrogen bond between the
C-terminal amide carbonyl oxygen and the equatorial
water proton.

3.3. The effect of pH

As deprotonation is a crucial step in Cu(Il) and
peptide binding, the pH of the solution is expected

to affect significantly the complex formation. Fig. 5
shows the band shift with increasing pH of Cu(Il)-
TRH in borate buffers. From the Job’s plots and
ESR results at various values of pH, we acquired the
knowledge that in buffered systems, TRH starts to
bind Cu(Il) ion in an NNNO mode at pH slightly over
7.0. At least through pH 10.8 the equatorial binding
mode is always NNNO. There is no evidence for
NNOO binding. The pH range for existence of an
NNOO binding mode, if there should be one, is ex-
pected to be very narrow, within pH 6-7. This likely
results from the cooperativity in the serial binding of
the three nitrogen donors.
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Pro-amide

Fig. 4. CAChe simulation of Cu(I)-TRH complex in the NNNO
binding mode. The structure was optimized by the “beautify”” function
on valence, hybridization and geometry. The 1.763 A labels the O-H
distance of a possible hydrogen bond.

600
5001 « * ¢+ o A
580 ———— T ]
570
560 -+
550 ~
2.1 o [ |

530 - 6

520 +——————————

Amax (NM)

pH

Fig. 5. Band shift of Cu(II)-TRH with increasing pH in borate buffer.
Regions between dashed lines define the following wavelength ranges:
A — NNNO (one imidazole, two deprotonated amides, one water or
hydroxide); B - NNNN (two imidazoles, two deprotonated amides); C
— NNNN (one imidazole, three deprotonated amides).

There are signs of multiple TRH binding at lower
pH. The histidine is a basic residue. The pK, of proton-
ated imidazole has reported values ranging from 6.0 to
7.1 [33,34]. In about neutral solutions with Cu(II) pres-
ent, one of the two imidazole nitrogens undergoes
deprotonation and binds Cu(Il). In this way the TRH
acts as a monodentate ligand. This possibly accounts
for the donor in non-buffered solutions, in which one
Cu(Il) ion binds four TRH molecules. From a steric
aspect, this seems easier for the 3-N (pyrrole). The
non-buffered Job’s experiment of one of the analogs,
MeHis2-TRH, should differentiate the two imidazole
nitrogens. The MeHis2-TRH molecule bears a methyl
group at the 3-N. As a monodentate ligand, the only
available nitrogen donor is the imidazole 1-N. If the
His 1-N sees substantial steric hindrance, this analog
would not bind Cu(II). The Job’s experiment with Me-
His2-TRH yielded a similar plot as the one with TRH
(see Fig. 6). The Apax wWas 590 nm. The apparent stoi-
chiometry was about 1:4, too. Obviously, the 1-N of
His imidazole is capable of binding Cu(II). The apex
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Fig. 6. Job’s plots of Cu(Il)-TRH and Cu(II)-MeHis2TRH in non-
buffered solutions. The perpendicular line indicates Cu(Il) fraction
0.20, which corresponds to Cu(Il):peptide = 1:4.

of MeHis2-TRH plot was lower than that of TRH.
The apparent binding constant for MeHis2-TRH in
this case is smaller than that of the native peptide. At
this point, we are not able to identify the nitrogen do-
nor when TRH acts as a monodentate ligand. It could
be either the 1-N or the 3-N of the imidazole. Fig. 7
shows the CAChe simulation of Cu(Il)-(TRH),; (via
imidazole 3-N) and Cu(I)-(MeHis2-TRH),4 (via imid-
azole 1-N). The relative stabilities of the two divalent
complex ions are indicated by their “current energy”
calculated by CAChe of the optimized structures. The
two numbers are only a few percent different. They
show relatively equal stability.

The pH 7.10 Job’s plot reveals a mixture of 1:1 stoi-
chiometry and complexes with higher peptide:Cu(II)
ratios. At pH 7.45 the 1:1 complex predominates. This
means that in the presence of Cu(Il) the pK, of the
two amides is not much higher than that of the imidaz-
ole. The 1:1 and 1:4 binding modes give very close Anyax
values: 588 nm for the 1:1 binding and 592 nm for the
1:4 binding. One would deduce that for any transitional
binding mode between these two the absorption band is
within the range of 588-590 nm. This is why the Cu(II)—
TRH d-d band does not shift significantly with increas-
ing pH from 7.01 to 11.01 (<10 nm when Cu(Il) and
TRH were at 1:1 molar ratio, Fig. 5).

As pH further increases to over 12.0 the band shifts
to 564 nm. This sharp shift of absorption band indicates
deprotonation. There are two possible deprotonations
that could cause band shifting: (1) deprotonation of an
amide, which binds Cu(Il) as the fourth donor; (2)
deprotonation of the 3-N (pyrrole) of the imidazole,
which may or may not bind Cu(Il). Hypothesis 1 was
invalidated by CAChe simulation. The only available
amide, the C-terminal amide is not able to reach the
equatorial position while keeping reasonable bond an-
gles and lengths. For hypothesis 2, Cu(II)-binding-facil-
itated proton loss from an imidazole pyrrole nitrogen
has been reported widely. It has been reported to occur
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Cu(l)-(TRH)4
241.5280 Kcal/mol

Cu(ll)-(MeHis-TRH)4
255.35 Kcalimol

Fig. 7. CAChe simulation of Cu(I)-TRH, (binding at imidazole 3-N)
and Cu(Il)-(MeHis2TRH), (binding at imidazole 1-N). The listed
energy values are “‘current energy” of geometry- and hybridization-
beautified structures.

at various pH values depending on the actual ligand
structure, as low as pH 9.6 in some cases with TRH
[35,36]. The deprotonated pyrrole nitrogen of imidazole
may or may not coordinate with Cu(Il) ion [34,37].
However, shown by Fig. 8, all the five His-containing
TRH-like peptides including MeHis2-TRH which is
not capable of pyrrole deprotonation display very simi-
lar pH-dependent band-shifting. This is a strong evi-
dence against hypothesis 2. For TRH the pyrrole
nitrogen deprotonation is still possible and consequently
may lead to polymerization of Cu(II)-TRH [35] (but the
stoichiometry will still be 1:1). However, this deprotona-
tion is not the main cause of the bandshifting at high
pH.

Another possible deprotonation is the deprotonation
of the equatorial water, or replacement of the water by a
hydroxide. Billo [21] did not distinguish the contribu-
tions of carbonyl, water or hydroxide oxygen in his
equation. In a later regression by Sigel and Martin
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© TRH-CH
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Fig. 8. Band shift of Cu(II) complexes of TRH analogs with increasing
pH in borate buffer. Only His-containing analogs are included.

[22], the three types of oxygen donors also had the same
contribution to Cu(Il) complex absorption. While the
above two set of factors agree closely and work rela-
tively well on general Cu(Il) complexes of nitrogen-
containing ligands, attention should be drawn to the
generally different donating abilities of the three oxygen
donors, especially the water which is a known weak
donor compared to the other two. Prenesti et al. [38]
studied over 100 Cu(IT) complexes and came up with re-
fined factors. Important to their discussion, they found a
bigger contribution from carbonyl and hydroxide (0.39),
while their factor for water is in agreement with Billo
and Sigel and Martin (0.296). Our absorption data of
[Cu(OH)4*~ (see Table 1) gives a factor of 0.391 for
OH™ in this complex in agreement with Prenesti et al.
The increased contribution factor of hydroxide shifts
the calculated Cu(II)-TRH band (NNN(OH™)) to 553
nm. This deprotonation of water ligand does not depend
on the actual peptide structure, which is consistent with
Fig. 8.

4. Conclusion

TRH and its analogs lack a primary amine group
which is generally the initiating site of coordination with
Cu(Il) ion. In TRH, the imidazole nitrogen initiates
complexation. Coordination of Cu(Il) ion and TRH
starts from 1-N of the imidazole and proceeds along
the peptide backbone toward the N-terminus, involving
the deprotonated amide between pGlu and His, and the
deprotonated lactam amide in the pGlu residue. A water
molecule completes the ligand set. Binding in this way
occurs at pH as low as 7.10 in buffered systems. There
should be considerable Cu(II)-TRH interaction under
physiological conditions (pH 7.4), which may affect
TRH-receptor interaction. The 1:1 stoichiometry is
expected to predominate at physiological concentrations
of Cu(Il) and TRH.
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