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Functions of the luteinizing hormone releasing hormone (LHRH) and its induced release by divalent metal ions
have received great attention because this neurotransmitter subsequently regulates the secretion of luteinizing
hormone (LH). Metal-LHRH complexes were synthesized by addition of various Cu(II),Ni(II),Zn(II) ions into
LHRH in order to understand how the induced release of LHRH is possible. The degree of complexation was
monitored by 'H, *C-NMR chemical shifts, and final products were identified by Mass spectrometry. Solution-
state structure determination of Zn(II)-LHRH out of metal-complexes was accomplished by using NMR and
NMR-based distance geometry (DG). Interproton distance information from nuclear Overhauser effect
spectroscopy was utilized for structure determination. Structure obtained in this study has a cyclic
conformation exhibiting a specific a-helical turn with residue numbers His[2]-Leu[7] out of 10 amino acids.
Comparison of chemical shifts and EPR studies of Ni(II),Cu(Il)-LHRH complexes exhibit that these metal

complexes have 4-coordination geometry.
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Introduction

Luteinizing hormone-releasing hormone (LHRH, or
GnRH = gonadotropin-releasing hormone, MW=1,182) is a
decapeptide endocrine biomolecule which regulates the
secretion of gonadotrophins, luteinizing hormone (LH) and
the follicle stimulating hormone (FSH). The LHRH, best
known as a main neurotransmitter, consists of the following
10 amino acid sequences pGlu[l]-His[2]-Trp[3]-Ser[4]-
Tyr[5]-Gly[6]-Leu[7]-Arg[8]-Pro[9]-Gly[10]-NH.. The syn-
thesis and release of this peptide is regulated by the central
nervous system and subject to environmental influences
such as age, light, olfactory stimuli, and sexual stimulation.'

Although numerous LHRH analogs have been synthesized
and structurally characterized, relatively little is known
about the processes where the LHRH receptor is activated
during the hormone action.*'* For agonist and antagonist
synthesis, the substitution with L-amino acids on the position
of Gly[6] decreases activities, whereas the substitution with
D-amino acids (D-Ala, D-Val) increases the activity much
more than that of native LHRH.'*'® The properties of
dimeric analogs (D-Gly10-[D-Lys6]GnRH-NHEt) indicate
that the LHRH receptor is more readily activated by a
bivalent ligands.!” Several antagonists were synthesized by
using solid phase peptide synthetic method to test receptor
binding on the basis of some cyclic peptide analogs of
LHRH. The most potent cyclic peptide antagonist analog is
known as Ac-D-Phe(p-Cl)-D-Trp-Ser-Glu-D-Arg-Leu-Lys-
Pro-D-ala-NH,. Energy minimization methods and mole-
cular dynamic studies show that this cyclic antagonist
analog has a modified B-bend between residue position [5]
and [8].1%%

Since Burrows reported that the chelated copper is a
highly potent and possibly endogenous agent which includes

the release of LHRH from its neurosecretary cells in the
hypothalamus, the metal-binding effect of LHRH has been
reevaluated in physiological pathway because of their struc-
tural unique function.’! The copper ion, complexed to
putative circulating small peptide chelators, is known to
markedly stimulate LHRH release. Focusing on the stimuli
of metal chelators and on the release of LHRH from the
hypothalamus into the portal blood, there have been many
papers published to discuss various aspects of confor-
mational dynamics and metal binding effects of LHRH.
Although lot of LHRH analogs have been synthesized and
theoretically studied, detailed mechanistic roles and func-
tions are not known for the free LHRH and metal-binding
complexes of LHRH.

Although dose-response physiological experiments pro-
vide information on the efficiency of LHRH analogs, it does
not give any detailed structural features, including a mech-
anism of LHRH releasing and the coordination chemistry of
metal-binding LHRH which may provide important features
of therapeutic agents. The purpose of this paper is to under-
stand the transition metal-dependent regulation of LHRH
releasing from hyperthalamus as well as the coordination
chemistry of metal-binding LHRH (or affinities of metal
chelators to LHRH) in stimulated LHRH releasing process.
In order to understand the induced release of LHRH by
divalent metal ions, metal binding LHRH complexes were
made by introducing micro aliquot of Ni,Cu,Zn metal ions
into LHRH ligand. Complexations were traced by chemical
shift changes and NMR signal assignments of complexes
were accomplished by homonuclear 2D NMR techniques.
Further structural characterization by using NMR and NMR-
based Distance Geometry (DG) were also carried out to
obtain further insights of the stimulated LHRH releasing
process.
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Methods

Sample Preparation. A neurohormone LHRH with purity
99% and atomic absorption standard solution of metal ions
including NiCl,, CuCl, and ZnCl, were purchased from
Sigma-Aldrich. LHRH was dissolved in demineralized
HPLC grade pure water (pH 5.3), and subsequently standard
metal ion were added for complexation by micro titration.
During the complexation, the pH of each sample adjusted to
pH 6.5-6.8 by titration of 0.001 M NaOH and HCI
pertinently. The degree of complexation was monitored by
the change of NMR chemical shift, and the final mass of
each complex was identified with ESI-Mass and MALDI-
TOF. After drying this solution by freeze dryer, water
insoluble metal binding LHRH complex samples ca 10 mM
were prepared by dissolving synthetic peptide into 500 mL
in DMSO-ds containing ca 5% of D>O solvent for NMR
experiments.

Experiments. All NMR data were collected on Varian
500 MHz and 300 MHz system at 25 °C by using homo-
nuclear and heteronuclear correlation experiments including
correlation spectroscopy (COSY), total correlation spec-
troscopy (TOCSY), nuclear Overhauser effect spectro-
scopy (NOESY), HMQC, and HMBC techniques. COSY:
2x256x1024 raw data matrix size; 16 scans per t1 increment;
1.5 s repetition delay; 6 Hz Gaussian and 90° shifted squared
sine bell filtering in the t2 and t1 domains, respectively.
TOCSY : 2x256x1024 raw data matrix size; 32 scans per t1
increment; 1.5 s repetition delay; 65 ms MLEV-16 con-
tinuous wave spin lock period; 6.25 kHz spin lock field
strength, corresponding to 42 us 90° pulse width; 6 Hz
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Gaussian and 900 shifted squared sine bell filtering in the t2
and t1 domains, respectively. NOESY: 2x256x1024 raw data
matrix size; 64 scans per tl increment; 2.8 s repetition delay
period; 10, 50, 100, 300, 500 ms mixing period for nuclear
Overhauser effect (NOE) buildup profile; 6 Hz Gaussian and
900 shifted squared sine bell filtering in the t2 and tl
domains, respectively. X-band EPR spectrum of Ni(Il),
Cu(Il)-LHRH complexes were trcorded at room and 77 K
temperature for the comparison of coordination geometry of
metal complexes by utilizing Bruker EMX 300 spectrometer
with 100 kHz field modulation. Magnet of 13 kW power
carrying signal channel of 6-100 kHz with a resolution of
0.01 kHz and 0.05 G step was used.

Since the chelated copper is a highly potent and possibly
endogenous agent and putative circulating small copper
peptide chelators remarkably stimulate LHRH release, the
systametic complexometric titiration was accomplished.
Cu(Il)-LHRH complex formation was achieved by pH
titration curves obtained at 25 °C with a Titronic universal
(SCHOTT) automatic titration system and a CONSORT
C831 pH meter. The ligand LHRH concentration was
2 x 10~ mol-dm™ and the metal ion to ligand ratio was 1:1.
The ionic strength was adjusted to 0.1 mol-dm~ with KNO;
in each case. The titrations were performed over the range
pH 2.5-11.0 with NaOH solution. Species distribution
curves of metal complexes were calculated with the aid of a
BEST program.”

Result and Discussion

'H-NMR signal assignments of metal free LHRH and
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Figure 1. The spectral region of alpha protons of peptide bonds and aromatic protons are shown for LHRH and Ni(II),Zn(II)-binding

LHRH.
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metal binding LHRH complexes were accomplished by 2D
COSY, TOCSY, NOESY experiments.”*** The metal binding
LHRH complex was made by micro titration and monitored
by spectral comparisons for the spectral region of alpha
proton and NH proton. Although 'H-NMR signal of Cu(II)-
LHRH complex was so broad due to paramagnetic proper-
ties, 'H-NMR signal of Ni(Il),Zn(II)-LHRH complex was
narrow enough to accomplish spectral assignment. The
changes of chemical shift provide the possible metal binding
site and structural information. As shown in Figure 1, the
spectral region of alpha protons of peptide bonds associated
with His[2], and Tyr[S], were clearly changed in Ni(Il),
Zn(IT)-LHRH complex. Spectral comparisons between metal
free LHRH and Ni(II),Zn(II)-LHRH complex are also de-
picted for the spectral region of NH protons of peptide bonds
and aromatic protons. Noticeable NH peak changes were
appeared in pGlu[1], His[2], Trp[3], Gly[6] and Arg[7]
residues by addition of Ni(Il) and Zn(Il) ions into ligand
LHRH. As suggested in previous paper,”>2 the formation of
Cu(Il)-LHRH complex may form a coordination bond with
three nitrogen donors (a N atom of the imidazole side chain
and two amide-N atoms of the pyroglutamyl and histidinyl
unit) in the physiological pH range (pH 5-9). The species
distribution curves of Cu(Il)-LHRH at pH range indicate
that two possible protons are ionized during the bond
formation with copper ion. However, a deprotonated Cu(Il)-
H..LHRH complex is major species at physiological pH
condition as shown in Figure 2. It is believed that this
structural modification induced by stimulus of metal ions is
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Figure 2. Species distribution curves as a function of pH
calculated for the Cu(Il)-LHRH complex under condition of
Co? =12 x 10 mol-dm™>, Crury = 1.2 x 107 mol dm™. H, and
L refers to the number of hydrogen to be deprotonated and free
ligand LHRH, respectively, in CuH,L complex formation.

very important in efficient release of LHRH. Except for
paramagnetic Cu(I)-LHRH complex, "H-NMR signal assign-
ments of Ni(I),Zn(II)-LHRH complexes were made by
determining scalar connectivities within amino acid residues
from COSY and TOCSY spectra, and then correlating the
signals of adjacent residues on the basis of dipolar con-
nectivities from 2D NOESY data are summarized in Table 1.

Molecular geometry associated with electronic structures
of Ni(Il),Cu(Il)-LHRH complexes exhibiting paramagnetic

Table 1. "H-NMR signal assignments of LHRH and Ni,Zn-binding LHRH

Resid NH-proton o-proton B-proton others
esidue
LHRH Ni-L Zn-L LHRH Ni-L Zn-L LHRH Ni-L Zn-L LHRH Ni-LHRH  Zn-LHRH
pGlu[l] 7.80 7.77 7.67 398 398 398 1.732.14 1.73,2.14 1.72,2.13 N/A N/A N/A
. H,7.46 H>7.50 HN/A
His[2] 811 8.00 810 439 441 444 275280 277,285 2.80,3.05 H.6.77 H, 6.78 H:6.77
Wy 7.11 W>7.10 W,7.13
W, 7.55 W4 7.56 W47.56
W;56.92 W;56.92 W;56.91
Trp[3] 821 814 808 453 453 456 297314 2973.14 3.063.14 We 7.01 We 7.03 We 7.03
W;7.30 W77.30 W;7.30
NHging 10.84 NHRging 10.81 NHgjng 10.79
Ser[4] 842 839 832 428 429 430 3493.60 3.493.60 3.50,3.58 You 5.48 You 5.11 you 5.11
Y356.61 Y35 6.62 Y356.62
Tyr[5] 806 799 800 436 440 440 273295 275295 274293 Y2, 6.99 Y26 7.01 Y26 7.01
You 8.99 Yon 9.22 You 9.27
Gly[6] 823 822 820 370 3.70 3.70 - - - - - -
Leu[7] 793 791 789 432 434 433 142,156 142,156 1.42,1.55 Ln0.82,0.86 L,c0.83,0.86 Lnm:0.82,0.86
y1.49,1.67 y1.51,1.73  y1.51,1.70
Arg|[8] 823 819 8.19 444 446 445 1.50,1.67 1.52,1.74 1.51,1.70 83.02 83.09 83.06
E(NH) 8.53 E(NH) 7.64 E(NH) 8.02
vy 1.80,1.94 y1.80,1.94 y1.80,1.94
Pro[9] - - - 423 424 424 1.802.04 1.80,2.03 1.80,2.04 §3.563.65 ©53.553.66 8355367
Gly[10] 832 828 827 3.58 3.58 3.58 - - - - - -
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Figure 3. X-band EPR spectrum of Ni(Il),Cu(Il)-LHRH complexes
with g| =2.207, g1 =2.067, a| = 192.383 values were recorded at
77 °K whereas no noticeable peaks were not observed for Cu(IT)-
LHRH at room temperature.

properties gave rise to signal broadening and change of
chemical shifts near binding sites. Although no clear EPR
signals was observed at room temperature, the X-band EPR
spectra of Ni(Il),Cu(Il)-LHRH complexes at 77 °K exhibit
that metal complexes may have similar coordination geo-
metry as shown in Figure 3. As described in previous reports
for various Cu(II),Ni(Il)-peptide complexes,””*® the EPR
spectra of Ni(Il),Cu(Il)-LHRH with similar values of g|=
2.207, g, = 2.067 and aj=192.383 indicates that these
complexes may have 4-coordination geometry.

Structure determinations of Zn(II)-LHRH complex were
carried out by using HYGEOM™, HYNMR™, In structural
interpretations with distance geometry the experimental
NOE constraints are best interpreted as a range of equally
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Figure 4. A portion of NOESY spectrum of Zn(II)-LHRH
complex showing NOEs between amide NH protons and protons
in up-field region. The sample was dissolved in DMSO-ds
containing 5% of D-O and measured with mixing time of 300 ms
at 25 °C.

probable values for the distances in question. A portion of
NOESY spectrum of Zn(II)-LHRH complex showing NOEs
between amide NH protons and protons in up-field region is
shown in Figure 4. Important NOEs used in NMR based
structure determinations are summarized in Table 2. NOE
restraints were divided into cross peaks classified as strong,

Table 2. Important NOE connectivities used for the structure determination of Zn-binding LHRH

'H-NMR Signals Chemical Shift (PPM) NOE Connectivities
Trp[3](NH) 8.32 W (s), W (VW)

Gly[10](NH) 8.28 Py (s), G104 ()

Gly[6](NH) 8.22 G6. (s), Yp (W)

Arg[8](NH) 8.18 Ro (5), Ry (m), Ly (m), Lo (5)

His[2](NH) 8.09 Wa (W), Ho (5), Eo (W), Wp (W), Hp (W)

Tyr[5](NH) 8.02 W, (m)

Ser[4](NH) 8.02 W (W), Yo (M), S (5), G6 (W), Wps (), T (m)
Leu[7](NH) 7.90 Lo (m), G6q (s), LBr(s), Lg(m), ENH)(w), G6(NH)(m)
Glu[1](NH) 7.77 Eo (m)

Trp[3]s 7.57 Wo (W), Wg (W)

Trp[3]7 7.57 Wo (W), Wg (W)

Trp[3]s 7.14 Wo (W), Wg (W)

Tyr[5]2 7.03 Yo (W), Y (m), Y3(s)

Tyr[5]s 7.03 Yo (W), Y (m), Y5(s)

His[2]4 6.83 Ha (w), Hp (vw)

Leu[7]« 4.35 Lm(m)

Tyr[5]26 7.02 W2,5(m), Y3.5(s), W(NH,ring)(m)

Trp[3]2s 6.91 W(NH,ring)(w), W4,7(s)

His[2](NH,ring) 10.8 W(NH,ring)(m), G10(NHz)(m), W6(s), WINH)(vw), G6(NH)(vw), E(NH)(vw)

“Important NOEs are classified as strong(s), medium(m), weak(w), respectively, for NOE restraints in structure determination.
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Figure 5. A NMR based solution state structure of Zn(II)-LHRH
complex exhibiting a helical form with residue numbers His[2]-
Leu[7].

medium, weak and very weak. The ranges of NOE restraints
were assigned with 2.0-2.9 (strong peaks), 2.0-3.5 (medium
peaks), 3.5-4.5 (weak peaks), 3.5-5.0 (very weak peaks).
Standard pseudo atom corrections were applied to the NOE
restraints. Distance geometry (DG) structures were gene-
rated and refined by using primary restraints. Trial distances
generated by selecting random distances between the upper
and lower bounds of each element were embedded. These
DG structures were then subjected to conjugate gradient
minimization (CGM), affording new structures with penalties
in the range of ca. 0.8-2.0A%. When additional CGM was
unable to further reduce the penalty for a particular structure,
2D NOESY back calculations were also performed, and new
distance restraints dictated by discrepancies between the
experimental and back-calculated spectra were added to the
experimental restraint list. Freshly embedded DG structures
minimized with the modified restraints list generally ex-
hibited penalty values lower than those of the previously
refined structures and the new DG structures generally gave
back-calculated NOESY spectra that were more consistent
with experimental data. This cycle of (1) random embedd-
ing, (2) minimal simulated annealing and CGM, (3) back
calculation and (4) restraints modification was repeated
iteratively until structures consistent with the experimental
data could be obtained. The structure was calculated using
the DG algorithm HYGEOM™, and 30 separate structures
were generated using all constrains and random input. No
further refinement by energy minimization was carried out
on the output of the DG calculations. RMSD (root-mean-
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square distances) deviations between the NMR structures
were 0.65 A for the backbone. Back-calculation was made
by using GNOE calculation in order to generate the
theoretical NOEs. A consecutive serial files, obtained from
GNOE calculation were incorporated into HYNMR™ to
generate  NOE back-calculation spectra which can be
directly compared with experimental NOESY spectra.”” One
of the resultant solution state 30 structures of zinc-binding
LHRH exhibiting 1.32 A of root mean square deviation was
shown in Figure 5.

Conclusion

The 'H-NMR studies of Zn-LHRH complex represents
that the coordination of Zn-imidazole ring is in changes of
the chemical shift of the C2-H proton. The stability constant
studies with potentiometric technique as well as NMR for
Zn(I1)-LHRH complex show that zinc binds to the imidazole
nitrogen and the peptide oxygen of the His-Trp bond, and no
deprotonation of amide nitrogens occurs. Imidazole ring of
histidine residue seems to be primary target for metals ions,
but the identities of rest of N donor are still unknown.

Recent spectroscopic and potentiometric experiments
demonstrated that Cu(II) (or Ni, Zn) forms a stable complex
with LHRH.>>* These experiments indicated that an re-
leased LHRH may interact with Cu(II) ions in the vicinity of
LHRH releasing sites. This peptide exhibits a metal-binding
pattern that is stabilized both by coordination of a histidine
and couple of deprotonated nitrogens to metal. Spectro-
scopic (UV/vis, CD) results provided that Cu-H_;-LHRH
has 3N donors from LHRH (two amide nitrogens and
histidine residue) in the pH range (pH 6-9), whereas Ni-H_;-
LHRH has 3 N/4 N from residues (pGlu, His, and deproton-
ated Nitrogens) and Zn-LHRH has a nitrogen and an oxygen
donor from imidazole nitrogen and peptide oxygen of His-
Trp bond, respectively. The results of our experiments
including microtitration and EPR and NMR measurements
are consistent with previous reports in metal binding LHRH
studies. Although signal assignments of Cu(II)-LHRH com-
plex could not be made because of paramagnetic signal
broadening, the 4-coordination geometry in complex formation
was observed by comparing the low temperature EPR
experiments of Ni(II)-LHRH.?"-*

Complete '"H-NMR signal assignments for Ni(II),Zn(II)-
LHRH complexes were accomplished by utilizing 2D NMR
techniques. NMR-based DG computation enabled us to
determine the solution state structure of zinc binding LHRH.
The final 30 structures of LHRH having 0.19-0.28 A% of
penalty value, and 0.2-0.3 A of root mean square deviations
were obtained. Zinc binding sites of LHRH were observed
to be imidazole nitrogen of His[2], oxygen in peptide bond
between His[2] and Trp[3], and terminal NH, of Arg[8].
Refined structure of Zn(II)-LHRH having 0.18-0.30 A? of
penalty value were obtained. The backbone shape of metal
complex resemble free LHRH's, like cyclic form. So far
metal-LHRH studies were focused on understanding the
nature of metal-LHRH (Ni,Cu,Zn-LHRH) which may pro-
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vide insight into the specific biological meanings of these
transition metals. The neurotransmitter LHRH targeting the
release of luteinizing hormone can form metal complexes
with transition metal elements so that the structural modifi-
cation by specific 4-coordination geometry may facilitate the
release of LHRH in the vicinity of hyperthalamus. Metal
chelator, for example specifically designed Cu(Il)-ligand,
can be used in regulating the secretion of gonadotrophins,
luteinizing hormone (LH), and the follicle stimulating
hormone (FSH), and further biological studies are necessary.
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