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Proton and Metal lon Interactions with Glycylglycylhistamine, a Serum Albumin
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The macro- and microprotonations of glycylglycylhistamine (GGHA) have been determined by combined
potentiometric andH-NMR methods. The complexation of GGHA with Co(ll), Ni(ll), and Cu(ll) has been
studied by potentiometric, EPR, afrH-NMR methods. In the pH range-31.2, more or less deprotonated
monomeric complexes (MLH, ML, MLH;, MLH —,, MLH _3) formed in all systems. In the case of Ni(ll) and
Cu(ll) at physiological pH, the MLH, species is predominant with four nitrogen coordination sites (one amino,
two peptide, and one imidazole?Nitrogens) in square planar arrangement. In Co(ll) containing systems however,
Col is the predominant complex near pH 7 with a macrochelate coordination of terminal amino and imidazole
nitrogens, while CoLH, species forms at much higher pH. In accordance with NMR measurements, the formation
of MLH _3 species can be assigned to the further deprotonation of ¥#pg/iolic nitrogen in the imidazole ring
without metal coordination. The formation constants determined were compared with those of the analogous

histidine derivatives.
coordination in the equatorial plane of Cu(ll).

Introduction

Serum albumin (SA) has been considered to operate the

transport of trace metals between tissues and Bidda: copper-

() transport site of human serum albumin (HSA) involves the
a-NH> nitrogen, the two peptide nitrogens, and the imidazole
nitrogen of the N-terminal Asp-Ala-His residée! Additionnal
coordination by the carboxyl side chain of the aspartyl residue
seems to be still controversial (see refs 5 and 6). Copper(ll)
complexes of simple tripeptides mimicking this binding site,
Gly-Gly-His,”12 Gly-Gly-His-N-methylamidé®14(gghma), and
the native sequence Asp-Ala-Hiémethylamidé® (aahma),

Single-crystal X-ray analysis of CulzFH,O verified the expected four nitrogen

concerning the other species formed, even for the same
equilibrium system. Generally, the formation of bis-complexes
and some minor species is disputed. For example, in the Cu-
(I) —Gly-Gly-His system, Farkast al.ll reported the single
CuLH _, species at pH= 3, while Lau and Sark&isuggest the
formation of 10 complexes. The equilibrium study of Cull)
Gly-Gly-His (and Ni(ll)—-Gly-Gly-His) complexes is further
complicated by an oxidative decarboxylation of the ligdhd.
The X-ray structure investigation of the Cu(Hyghma com-
plext4 showed a distorted square-planar structure involving four
nitrogens from one ligand molecutén the same manner as

have been extensively studied in both a thermodynamic andhas been proposed for the Cu(ll)-binding site of serum

structural® point of view. The CulLH, species (coordinated
by the above mentioned four nitrogens) is an important complex

albumin—with a weak axial water coordination.
Although Ni(ll) and Co(ll) are known to be able to compete

in all the systems reported; however, the results are contradictorywith Cu(ll) for this specific binding site of HSA} little
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attention was paid to the Ni(fi§18 or Co(Il)*® complexes of
serum albumin mimicking peptides.

In previous publicatior?§~22 on the coordination properties
of histamine-containing pseudodipeptides, we obtained results
completing our knowledge on the aeilase properties, on the
structure of complexes formed with this type of peptides and
on the role of the carboxylate group in coordination. This paper
describes solution equilibrium and spectroscopic {wWis, EPR,
and NMR) behaviors of proton, Co(ll), Ni(ll) and Cu(ll)
complexes of glycylglycylhistamine (GGHA). Possible struc-
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tures of species formed in solution are also discussed togethefTable 1. Details of Data Collection and Structure Refinement

with X-ray structural studies of the [CUGGHAHK*3H,0
complex.

Experimental Section

Materials. GGHA-2HCI was prepared from BOC-glycyl-
glycine and histamine, according to the procedure described
earlier?* The purity of GGHA2HCI was checked by NMR
measurements, elemental analysis, and-aoibe titrationstH-
NMR data for GGHA2HCI (in DMSO): N-Himig (14.48 ppm),
C8—H (9.05), N2-H (8.78), N3-H (8.28), N1-H3 (~8.25),
C9—H (7.45), C6-H, (2.83), C5-H» (3.38), C3-H, (3.75) and
C1—H; (3.61). No other signal was observed.

Stock solutions of metal perchlorates (Alpha Ventron prod-
ucts) were standardized complexometrically.

The red, crystalline [CuGGHAH]-3H,O complex was
crystallized from water containing copper(ll) and GGHA in a
1:50 ratio, at pH= 8.0 standing at room temperature for about
1 week.

pH-Metric Measurements. The coordination equilibria were
investigated by potentiometric titrations at 2984%9.1 K under
nitrogen atmosphere at constant ionic strength (0.1 mol3dm
NaClQy). Changes in pH were followed by using an Orion
(Catalog No. 9%03) combined glass electrode and an Orion

compound
formula

CuGGHAH,:3H,O
CUQH13N502'3H20

molecular weight 340.83

crystal system orthorhombic
a(h) 18.808

b (A) 14.227

c(A) 10.142

vol of unit cell (A 2714

no. of molecules in unit cell 8

calcd density (g crr® 1.67

space group Pbcn

radiation Cuky (1 =1.54178A)
tot. no. of reflcns 1993

no. of significant reflcnsI>3a(1)] 1406

refined params 183

R, Ry, GOF 0.032,0.033, 1.59
max residual density (e &) 0.6

complexes . The calculation of microconstants and other
technical details of NMR measurements have been described
earlier?2

Crystal Structure Determination. Intensities were col-
lected, at room temperature, on a CAD4 diffractometer in the
w—26 scan modef < 70°). Lorentz and polarization correc-
tions were applied. The structure was solved by the direct
methods using the SHELX 76 software pack&g&efined

710 pH-meter (precision 0.1 mV). For the quantitative evalu- parameters were calculated by using anisotropic thermal pa-
ation of the data, eq 1 was used between the experimentaligmeters for non hydrogen atoms and isotropic factors for all

RT, . . _
E=E+EHT+juH T +iodHTK, (@)

electromotive force values€E}j and the equilibrium hydrogen
ion concentrations [H], wherejy andjon are fitting parameters
in acidic and alkaline media for the correction of experimental
errors, mainly due to the liquid-junction potential and to the
possible alkaline and acidic errors of the glass elect?®ded

Kw (= 1071379 is the autoprotolysis constant of wafér.

The complex formation constants were calculated as the
averages of 10 independent titrations. The metal ion to ligand
ratios R = [M]/[L]) were varied from 1:2 (from 1:1 in case of
copper(ll)) to 1:4, with metal ion concentrations betweer 2
102 and 1.2x 1072 mol dnT3,

The species formed in the investigated systems can be
characterized by the general equilibrium process (2) (charge

(2)

omitted). The formation constan{g) for this generalized
reaction were evaluated from the pH-metric titration data with
the PSEQUAD computer prografh.

Spectroscopic Measurement.The visible absorption spectra
were recorded on a Varian DMS 100 UVis spectrophotom-
eter. The EPR spectra were obtained on a Bruker ER-200 D
spectrometer at room temperature and at 9.45 GHz. Proton,
13C-, and*N-NMR spectra were recorded on a Bruker AM-
400 spectrometer with dioxane (3.7 ppm ot and 67.4 ppm
for 13C) and KNQ (0 ppm for“N) as internal standard. The
study of microprotonation was performed in® (I = 0.1 mol
dm=3 NaClQ,), while DO was used in the case of metal

pPM +qL +rH < ML H,
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Inorganic Ligands;Pergamon: New York, 1982; p 32.

(27) Zeany, L.; Nagypd L. PSEQUAD. InComputational Methods for
the Determination of Stability Constantsegget, D., Ed.; Plenum:
New York, 1985.

hydrogen atoms. Cell dimensions together with other experi-
mental conditions and residual factors are listed in Table 1.
Positions of atoms and equivalent thermal parameters are given
in Table 2. Main bond distances and angles are given in Table
3. All the crystallographic materials (atomic coordinates, bond
lengths, bond angles, and equivalent thermal factors) have been
deposited at the Cambridge Crystallographic Data Center.

Results and Discussion

Equilibrium Studies. Protonation. The pH-metrically de-
termined macroscopic protonation constadisand K, of the
free ligand are listed in Table 4 as the formation constésits
and P12 They can be approximatively assigned to the
protonation of the amino group and imidazole ring, respectively.
As generally obtained for peptides, th€ pf the terminal amino

ggroup is decreased compared to that of amino acids, due to the

lack of hydrogen bonding with the carboxylate group. In this
way, as the two protonation steps overlap significantly, an
alternative microprotonation can also océurThe microscopic
protonation equilibria of amino (N and imidazole (ImH)
groups are shown in Scheme 1. The corresponding protonation
microconstants (represented also in Scheme 1) are related to
macroconstantk; andK; as follows?°

K, =K+ K (3)

(4)

Additional information is required to evaluate all the constants
in eq 3 and 4; this may be conveniently brought'si*NMR
spectroscopy: the chemical shifts of neighboring protons reflect
the protonation states of both relevant proton-binding sites,
independently because they are well separated by nine con-
necting atoms. In this work, the group-specific pH-profiles of
the imidazole (H-C? and H-C?) and the N-terminal methylenic

KK, = KK, = KI&

(28) Sheldrick, G. M.SHELX 76. Program for Crystal Structure Deter-
minationn University of Cambridge: Cambridge, England, 1976.

(29) Noszal, B. Acid-base properties of bioligands. Biocoordination
Chemistry;Burger, K., Ed.; Ellis Horwood: New York, London, 1990.
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Table 2. Fractional Atomic Coordinates and Equivalent Thermal Parameters in the Cu(GGHBH,O Complex (Standard Deviations Given
in Parentheses)

X y z B(A2 X y z
Cu 0.21653(3) 0.12196(4) 0.12870(6) 2.15(1) HN11 0.097(2) 0.197(3) 0.117(4)
N1 0.1089(2) 0.1289(2) 0.1443(3) 2.75(7) HN12 0.079(2) 0.084(3) 0.086(4)
c1 0.087 (2) 0.1051(3) 0.2804(4) 2.66(9) HN5 0.180(2) 0.108(2) -0.358(4)
c2 0.1504(2) 0.0992(2) 0.3735(4) 2.19(8) HO3 0.460(2) 0.193(2) 0.279(4)
o1 0.1390(1) 0.0820(2) 0.4938(3) 2.65(6) HO41 0.068(2) 0.644(2) 0.491(4)
N2 0.2108(2) 0.1124(2) 0.3149(3) 2.11(7) HO42 0.035(2) 0.625(3) 0.633(4)
c3 0.2778(2) 0.1098(3) 0.3858(4) 2.23(8) HO5 0.539(2) 1.009(2) 0.218(4)
c4 0.3379(2) 0.1051(2) 0.2858(4) 2.21(9) HO61 0.501(2) 0.343(3) 0.360(4)
02 0.4009(1) 0.1009(2) 0.3303(3) 2.85(6) HO62 0.547(2) 0.413(3) 0.460(4)
N3 0.3189(2) 0.1061(2) 0.1615(3) 2.23(7) H11 0.064(2) 0.046(3) 0.279(3)
c5 0.3740(2) 0.1001(3) 0.0593(4) 2.52(9) H12 0.056(2) 0.150(3) 0.310(4)
c6 0.3580(2) 0.1676(3) -0.0526(4) 2.74(9) H31 0.281(2) 0.055(3) 0.440(4)
c7 0.2909(2) 0.1473(3) -0.1256(4) 2.41(8) H32 0.286(2) 0.169(3) 0.439(4)
N4 0.2259(2) 0.1377(2) -0.0613(3) 2.34(7) H51 0.376(2) 0.034(2) 0.023(3)
cs 0.1779(2) 0.1235(3) -0.1564(4) 2.71(9) H52 0.421(2) 0.115(3) 0.103(4)
N5 0.2081(2) 0.1249(2) -0.2747(3) 2.92(8) H61 0.354(2) 0.224(3) -0.023(4)
c9 0.2795(2) 0.1390(3) -0.2558(4) 2.76(9) H62 0.394(2) 0.167(3) -0.111(4)
03 0.500 0.2401(3) 0.250 3.9(1) H81 0.129(2) 0.112(2) -0.144(3)
04 0.0655(2) 0.6733(2) 0.5841(3) 4.47(8) Ho1 0.316(2) 0.140(3) -0.322(4)
05 0.500 0.9654(3) 0.250 3.5(1)
06 0.4979(2) 0.4042(2) 0.4150(3) 4.37(7)
Table 3. Bond Lengths (A) and Angles (deg) in the Table 4. Stability Constants and Derived Data for Co(ll), Ni(ll),
Cu(GGHAH-,)-3H,O Complex (Standard Deviations Given in and Cu(ll) Complexes of GGHA (as Their Logarithrhs)
Parentheses) 5 5 Boar cu(lly Ni(ll) Co(ll)
Cu—N1 2.034(3 Cu-N2 1.897(3
Cu-N3 1.968(3) Cu-N4 1.948(3) o free ligand {174'%523((11))
N1-C1 1.480(5) CtC2 1.523(5) 111 12.02(3) 10.48(2) 9.96(3)
c2-01 1.263(5) CZN2 1.295 110 6.61(4) 4.15(4) 3.15(1)
N2—-C3 1.452(5) C3C4 1.521(5) a : o Tt
11-1 1.65(9) 2.87(12) 5.97(2)
C4-02 1.268(4) C4N3 1.311(5) 11> 2477 B B
ATT(4) 7.992(4) 14.98(1)
N3—C5 1.467(5) C5C6 1.517(6) 11-3 —14.34(2) _19.56(2) _27.38(8)
C6—C7 1.492(5) C*+N4 1.393(5) KMLH 5'41 6. 33 6 81
Cc7-C9 1.343(6) N4-C8 1.335(5) PRwi : : :
C8-N5 1.328(5) N5-C9 1.371(5) PKWLH 4.96 7.02 9.12
MLH 7
N1-Cu—N2 82.5(1) 02-C4-N3 126.6(3) meq 4.13 512 9.01
N1—Cu—N3 165.3(1) Cu-N3—-C4 115.5(3) PR 2 11.86 11.57 12.4
Na_cuNe ggigg QTSR ﬁgf% @ Bogr = [CULgHJ/CUPIL] THI", | = 0.1 mol dnT? (NaCIQy), T =
N2— Gu—N4 176. 9(1) N3-C5-C6 110‘ 6(3) 298 K, with estimated errors between parentheses (last digit) (calculation
: : ; . MLH oML .
N3—Cu—N4 95.3(1) C5-C6-C7 114.6(3) of derived data: Ky~ = Au1~ fuo PKuy , = Buo — fu-y; etc)
Cu—-N1-C1 109.7(3) C6C7—-N4 122.0(3)
(N:i_g;_gi ﬂég% l(\l:z(é;—gg igg:gg; Scheme 1. Protonation Pathways in Glycylglycylhistamine
C1-C2—N2 113.2(4) Cu-N4—C7 123.6(2) ImH
01-C2-N2 128.3(3) Cu-N4—C8 129.5(3)
Cu-N2—-C2 121.1(3) C7#N4—C8 105.6(3) W 2
Cu—-N2—-C3 116.4(2) N4-C8-N5 111.2(3) i / +\ .
C2—-N2—-C3 122.1(3) C8N5—C9 107.1(3) L NH,
N2—-C3-C4 108.5(3) C7#C9-N5 107.8(3)
C3-C4—N3 116.0(3)
Cu—N3—C4 115.5(3) NH; ImH} NH,
N1-C1-C2-N2 —2.5(4) C4N3-C5-C6 —138.2(3) ¥ K
C1-C2-N2-C3 179.9(3) N3-C5-C6-C7  —63.3(4)
C2-N2-C3-C4 167.0(3) C5C6-C7-N4 53.5(5) NH
N2—C3—-C4—N3 1.2(4) C5C6-C7-C9 —129.5(4) 2
C3-C4-N3-C5 —179.0(3)
signals (Figure 1) were used to elucidaffthe four protonation HoL S| o K2 - L
microconstants, which are as follows: lkty= 7.77(02), logk 28T HL =

= 7.04(02), logk® = 7.62(02) and log, = 6.89(02). The pH-

independent concentration ratio of the two monoprotonated the protonation state of a given group on the basicity of the
micro-species HLK/k?) is 0.186, which corresponds to relative  Other protonation site. For histaminewas found® to be 1.02
amounts of the minor protonation isomer (IafHNH,) of reflecting the strong hydrogen-bond between amino and imid-
15.7%. This result is particularly interesting concerning the azole group in monoprotonated species. In a previous paper,
metal binding site in MLH complexes (charges omitted), in line we reportedA = 0.32 for glycylhistaminé? and here we
with the view that, besides the usually proposed imidazole determined\ = 0.15. These data show a dramatic decrease of
coordination , the alternative amino-coordinated structure can the force of hydrogen-bond with an increasing number of
also form (see later). The interactivity paramet&r=t log k?
- log K = log k' — log k) is characteristic for the influence of ~ (30) Noszal, B.; Rabenstein, D. U. Phys. Chem1991, 95, 4761.
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Figure 1. NMR—pH profiles of the imidazole HC? and H-C® (upper
and lower curves) and the N-terminal methylenic (middle curve) 100 1
protons. 30 -

connecting atoms (3, 6 and 9, respectively) between the two _ 601
protonation siteg! &

Metal(ll) Coordination. The pH-metric titration curve of “
an equimolar solution of Cu(ll) and GGHA shows a sharp break- 20 1
point (pH = 6—10) after consumption of 4 equiv of base per 0
metal ion, suggesting the deprotonation and coordination of the
two peptide nitrogens besides the terminal amino and imidazole 2 4 6 8 10 12
groups (in MLH-, species). At lower metal-to-ligand rati® ( pH

=[MJ/[L] = 1:2), the titration curve is consistent with the single
excess of ligand besides the complexes formed above ®When
= 1:1; consequently, the formation of bis-complexes can be 100

neglected. The visible absorption spectra taken at variable pH 100 1-2 ¢
show the gradual formation of a dominant species in the pH 80 110

range 5-10, havingl$ % = 525 nm. In the case of Ni(ll), the 60

complex formation starts at higher pH than for Cu(ll), but the

titration curves become identical above pH 7, suggesting the 40

formation of the same complexes in both systems. The color 2 11

of Ni(ll)-containing solutions changes from light green to yellow 11-3
between pH 6 and pH 7, indicating the formation of diamagnetic, )

square-planar complexeisﬁ(;i = 425 nm). As expected from 2 4 6 8 10 12
the Irving—Williams series, the Co(ll) ion forms less stable pH

complexes with GGHA than Cu(ll) or Ni(ll): the consumption Figure 2. Species distribution curves in CUMBGHA, Ni(ll)—

of 4 equiv of base per cobali(ll) ion was detected only at pH GG, and Co(lly- GGHA systems (curves a, b, and ¢ respectively)
10. In all the systems examined, further deprotonation takes 4t 25°C. [M] = 0.006 mol dm? and [L] = 0.012 mol dm?3, (Each
place after pH 10; this can be also followed by the change of species ML4H:; is indicated by the set of subscrigisg, andr).

visible spectra.

Considering all the facts mentioned above, the pH-metric known about the structure of the species formed, with the
curves in all systems were best fitted by taking into account exception of MLH.,. Considering the significantly overlapping
six species in the pH range-311.2, differing from each other  deprotonations of the imidazole and amino groups in the free
only in their protonation states: M, MLH, ML, MLH;, MLH _», ligand, the first metal promoted deprotonation can also occur
and MLH-3. This set of complexes shows some similarities at either nitrogen, forming two binding isomers (MLH; see Chart
with other findings in closely related systems, without being 1). In the 2N coordinated ML complexes, all nitrogens in
however identical to any one of those previously reported. The GGHA can be candidates as binding sites. However, in the
formation constants determined and the deriv&tsdor the case olN-acetylhistamine, even copper(ll) is not able to promote
deprotonation of the successive complexes (d@,‘[ﬁ for the amide deprotonatiof? thus a{ N~,imidazole-N} 6-membered
deprotonation of MLH into ML) are listed in Table 4. In all chelate formation can be neglected. Among the remaining
cases, the MtH ) values are greater than thda(m*; ones possibilities, a 5--membered chelate formatjdtH,, N~} (Chart

; ; ; oMl 1, ML(b)) seems to be more probable on thermodynamic ground
(especially in the case of Ni(ll) or CU(NAPK = PRy, , compared with an amino and imidazole coordinated macroche-

pKyi = 1.91 and 0.83, respectively), demonstrating impor- ;
tant cocz)perativity in these two deprotonation steps. The speciesIalte (Chart 1, ML(a)). However, in the case of Cottlyhere

distribution curves as a function of pH are shown in Figure 2. the ML complex is the major species at pH 8—there is a

The MLH._» species is indeed the maior complex between bH strong argument for such a macrochelate formation: the two
-2 SP€ - I P PP further deprotonations of the CoL complex can be assigned
5 and pH 11 (in addition to ML and MLH, in the case of

cobalt(Il)) higher K values than those of the free ligand, therefore they
In spite of the great efforts made to study the complex can only be attributed to the cobalt(ll) promoted deprotonation

formation of such serum albumin mimicking peptides, little is of the two peptide nitrogens, which are therefore protonated in
9 pep ’ the CoL species. For the 3N coordinated MljHspecies we

(31) This influence has to act through space (i.e. by hydrogen-bond), since
the inductive effect (1, influence through bond) is negligible after  (32) Sovago, |.; Hartman, B.; Gergely, A&. Chem. Soc., Dalton Trans
3—4 nonconjugated connecting atoms. 1986 235.
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Chart 1. Structures Proposed for GGHA Complexes

MLH ML (2)

MN\/N ~
ML (b) MLH, (a)
g ! "
e~ N ' ' ' ) ' ' '
{ ''''' i \/@ L 3000 3100 3200 3300 3400 3500 3600
' e _/ Magnetic field (G)
4
° Figure 3. EPR spectra of the Cu(f)GGHA system T = 298 K,
[Cu(l)] = 0.008 mol dm?, [Cu] = [L] = 1) at pH 8 (a) and 12.5 (b).
MLH _(v) MLH, MLH,,
w HH " ) .
.7./\@ o\c}au(\.@ %/@"f\é] complex formation and confirm the presence of only one
o=g M k o |\ Ry species, CuLH,, between pH 510.
N M N\ M G>"\c_/"“* With increasing pH above 10 a further base consumption was
o7 J d detected by pH-metry. The visible spectra showed noticeable

change in intensity without shift ofi_% while the EPR
propose also two structures; however, in the case of cobalt(ll), spectrum of the Cu(ll)-GGHA system at pH 12d; & 2.095-
the formation of MLH;(a) structure can be neglected on a (1), A, = 78.7(4) G, andAno = 12.7(2) G) (Figure 3b) has a
similar ground as stated above. One can easily explain thesimilar pattern as the one at pH 8 (Figure 3a). These facts
mentioned cooperativity in the deprotonation of ML and ML3H suggest the same equatorial 4N-coordination in Mg Bpecies
species, since the simultaneous deprotonation and coordinatioras that already stated for MLH.
of the fourth nitrogen in both structures I\/!LIIIa and b (s_ee NMR Spectroscopy. The Cu(ll)-GGHA System H-
Chart 1) are extremely favorable. The hightepK value in NMR spectroscopy, however, shows some noteworthy features
the case of nickel(ll) results from the additional ligand-field ¢ seem to be accounted for by the existence of traces of labile
stabilization, due.to the formation of spin-paired planar nick_el- bis-complexes. The paramagnetic complex CupEannot be
(Il) complexes with four nitrogen donor atoms. The Species etected because of a lack of sensitivity arising from both low

dIStI’IblutIOfI’1 cur\t/_es ?how”trtlre; predtorln!nant r_(I)_I;]a_ of!)\/lL;J—Inr concentration and extreme line-broadening. In this respect, no
compiex formation for all the metal 1ons. IS observation signal from the ligand is observed in solutions with a metal-

agrees well with most earlier studies concerning serum album'nto-ligand ratio R equal to unity, between pH-610 where

anLT:_(; k'r;gng?\ﬁﬁﬂes‘ re-l;hi;g\r/r;atlgreZ‘;nf}iﬁnltswd;t;r;nrmﬁgs;or CuLH_»is the highly predominant species. Indirect information
—2 -2, fesp Y, gntly upon CulLH. can however be obtained by observing the

?()frﬂzfu((:ﬁ)rrigolg(;;;g?Ii['(ﬂgégge%\iaﬂl\i/g 3 (ﬂs%ge_zla_te: inliﬁe diamqgnetic freg ligand L* added in large excess, provided that
conclusions) there is a chemical exchange between free (L*) and bound (in
) ) CulLH-,) ligand molecules? In the present case, the formation/
The observed base consumptlon above pH 10 can bedissociation process of the complex, which seems necessary for
attributed to a further deprotonation of GGHA rathe.r t.haf‘ to ligand exchange, is presumably immeasurably slow on the NMR
the tigydm%z's tOfI colr?plzxesé Am(zjng tl‘r;e SdA ;nltmrucl;:ng time scale, because it requires breaking all four nitrogen to metal
?Oerp tthlCu(IIa)e;éll .-gl Eiaig ph%a?esveer StL:]Ce ?e sﬁ[ec()jovgluoe bonds simultaneousRf.However, as suggested first by Pearson
MLH , _ . y-5ly ’ P and Lanier® multidentate ligands can substitute to each other
pK.MLH.-s =10691s too low and seems to be perturbed by the without the metal ion being fully dissociated at any time. In
oxidative decarboxylation of _GIy-GIy-HPsl. this case, ligand exchange involves the fast reversible release
EPR Spectroscopy. To verify the proposed structures and  of one end of a molecule in the complex, followed from time
compositions of complexes formed in ;olutlon, spectrqscopm to time by the attachment of a second ligand molecule L* from
measurements have .been performeq in the case of nickel(ihe pylk solution to the temporarily vacant coordination site.
and (.:opper(ll).. The f|r.st spectrosqoplcally determinable com- his amounts to a fast preequilibrium in which intermediate
plex is the major SPecies MLb.;}. Figure 3 presents the EPR bis-complexes are formed by addition of a second ligand
spectra of the equimolar solution of the Cu(ll)-GGHA system. molecule L* monodentately bound to the metal. The two ligand
The nine sharp and well resolved superhyperfine patterns ON olecules (L and L*) around the metal ion may then rapidly
the high-field hyperfine line and the EPR parameters determined compete for the four coordination sites, the whole process ends
at pH 8 @o = 2.097(1),A, = 83.3(4) G, andino = 13.3(2) G) with the release of either the initial (L) or incoming (L*)
fully support the coordination of four nitrogens in the equatorial molecule. These two events correspond, or not, respectively
plane of copper(ll). At higher ligand excess ([Cu]/[E] 1:50 ’ ’ ’ ’

at pH 8) the spectrum (not shown) practically does not change

— — — (33) Delpuech, J. J. IBynamics of Solutions and Fluid Mixtures by NMR
(g.o . 2.095(1), Ao 83.8(4) G, andANO. . 13.4(2) G). Delpuech, J. J., Ed.: John Wiley: New York, 1995; pp 4149.
Similarly, no change was observed on visible spectra upon (34) Henry, B.: Boubel, J. C.: Delpuech, JIdorg. Chem 1986 25, 623.

addition of ligand. These facts suggest negligible (if any) bis- (35) Pearson, R. G.; Lanier, R. B. Am. Chem. S0d.964 86, 765.
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Figure 4. Line-broadeningsAvi,) in the Cu(ll)l-GGHA system as a
function of pH at 25°C ([L] = 50[Cu] = 0.2 mol dn13) for H
singlets: C—H (M) and C—H (#) (imidazole ring) ; @—H, (O) and
CY—H, (O) (central and terminal glycyl residues, respectively).

<
to an overall NMR site exchange, written in the present case as I I

CuLH_,+ L* « CuL*H_,+ L

S

:

Experimental evidence for such a fast preequilibrium was
brought in the case dD; tris-complexes of diphosphorylated
symmetrical bidentate ligands by DNMR measurements of d
intramolecular optical inversion between theand A enanti-
omers accompanying the intermolecular ligand exchahge. , : :

The!H-NMR spectra of the Cu(ll)-GGHA system with a high 5 10 65 25 20
excess of free ligand}= 1:50) shows a severe line-broadening PeM PPM
on elevation of the pH fronca. 4 to 8, and then a progressive  Figure 5. *H NMR spectra of GGHA in the presence (b and d) and
line resharpening at higher pH (Figure 4). Similar observations the absence (a and c) of Ni(ll), at pH 10 (a and b) and pH 12.5 (c and
have been made on the copperdtlycylglycylhistidine sys- - T =298 K and [Ni]= [L] = 0.02 mol dm?*. (The signal at 3.7
tem37 This behavior is reminiscent of the coalescence pattern ppm is the dioxane reference.)

generally obtained in the special case of one predominaf#line about the reversible protonation of any of the four nitrogen sites

(that from the free Iigand .L*).exchanging with the. small in CuLH-5; this amounts to considering the reversible formation
undetected corresponding line in CuLiH The predominant of CuLH_4

line is sharp either in the slow-exchange or the fast-exchange

regions, which should correspond to the two observed pH CulLH_, + H+<=>CuLH,1

ranges: pH< 8 and pH> 8 (or vice versa) A maximum
max

line-broadeningAAv;,;” is obtained in between when the
NMR exchange rate #j (from the paramagnetic to the

&

]

(see also the speciation curves, Figure 2a). The deprotonation
of CuLH-; then follows, for a very small fraction, an unusual

diamagnetic site) is of the order offAvy. The paramagnetic p_ath_way, in which an incoming molecule L* binds to the vacant
shift Avy is the frequency shift induced on the observed nucleus S'€ 1N QIJL'_tl (see the formulas MLH} a and b,*Chart 1) so
of the ligand upon coordination to the copper(ll) ion. With S t0 Yield the intermediate bis-complex CuLL*H A wide

AAY™ on the order of 19Hz in the present case, paramag- '219€ of maximum line broadeningsAv})y* is observed for
netic shifts and exchange rates are approximatively ~ 5

different protons of GGHA (Figure 4) from about 16200 s*
kHz and 1ty ~ 3 x 10* sL. These values are of an expected

for the imidazole ring and the terminal glycyl residue, to-10
order of magnitude when compared to those obtained for the 20 S* for the central glycyl residue. These differences

Cu(ll)—L —histidine systeni4where 1ty = 7.5x 1 s L. The presumably show that the two ends of GGHA are involved in
problem of assigning the slow- and fast-exchange regions on@ fast exchange qf the monodentately bound incoming molecule
the pH scale was solved by measuriig T; relaxation times " between the bis-complex CuLL* and the bulk solution.

at pH 9.8 in 0.5 molar solutions of GGHA added with increasing 1 he Ni(ll) ~GGHA System. The diamagnetic nature of the
amounts of copper(ll) (from 0 to 0.022 mol d#). The specific NiLH -2 complex affords an excellent opportunity to study its
relaxation rates Tk, ~ 10—40 s! thus obtained are easily structure by NMR spectroscopy, even without .Ilganc.izixcess.
shown to be approximatively equal to exchange rates in the 11€ gradual increase of the metal-to-ligand rdie= [Ni="]:
present conditions; hencezd/~ 10t - 1 s at pH 9.8. This [L] in the GGHA solution (pH= 10) causes important changes

shows that the slow-exchange region should be assigned to then the proton spectrum : the_lntensny of the free ligand peaks
higher pH range (pH- 8). qlecreasgs S|multar!eously with the. appearance of new (bonded

If we come back to the mechanism for ligand exchange !19and) signals, until a rati& = 1:1 is reached, in which case
proposed above, this means that elevation of the pH should resulllt_he free ligand signals have disappeared. S'T‘F’e the two sets of
in decreasing amounts of the labile bis-complexes acting as'"eS can be observed separately upon addition of metal ion,
intermediates in the overall process. This is easily understood

the NiLH-, complex is in the slow exchange limit. THel-
if one considers that increasing the acidity of the solution brings NMR spectra of GGHA in the presence (curves b and d) and

absence (a and c) of Ni(ll) are shown at pH 10 and 12,

(36) Rubini, P.; Rodetger, L.; Delpuech, J. Inorg. Chem1979 18, 2962. respectively, in Figure 5, while the relevant chemical shifts are
(37) Kuroda, Y.; Aiba, HJ. Am. Chem. S0d.979 101, 6837. collected in Table 5. At pH 10, all the proton peaks of the
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Table 5. *H-NMR Chemical Shifts of Free and Ni-Complexed GGHA in@(Ni** = 0.025 mol dn1) at Different pH

C8—H C9—-H C6—H:> C5—H: C3—H: Cl—H;
ligand pH=10.0 7.61 6.85 2.73 3.40 3.84 3.3%
pH=12.5 7.60 6.84 2.72 3.29 3.81 3.30
complex pH=10.0 7.26 6.81 2.59 or 2.70 3.36 3.12
pH=12.5 6.82 6.66 259 0r2.71 3.35 3.09

2 The numbering of carbon atoms corresponds to the X-ray study of GG@GHA)-3H,O complex; see Figure 6).

© undergoing an oxidative decarboxylatiehowever there are
some notable differences: (i) in €gghma there is an axial
water coordination, and therefore the copper(ll) ion is out of
the plane determined by the four coordinated nitrogens, while
in Cu-GGHA the copper(ll) is strictly four coordinated and is
exactly in the least-squares plane of the four coordinated
nitrogens; (ii) the M(II>N distances are close to each other in
the three copper(ll) complexes, but much shorter bonds were
determined in Ni(ll)-gghh as a consequence of spin-paired
planar structure; (iii) there are many hydrogen bonds in the
crystal structure of Cu(llyGGHA, and all proton acceptor and
donor atoms are involved at least in one hydrogen bond. A
very strong intermolecular hydrogen bond was detected between
the proton (HN5 in Table 4) of the imidazole pyrrolic nitrogen
and the carbonyl oxygen O1 of another molecule: the®l
distance is 1.72 A, while the analogous distance in Cu-gghma
is 2.12 A

Conclusion

In order to get further information about the structure of and
the role of the carboxylate group in the metal complexes of SA
mimicking peptides, we studied the proton and metal ion
Figure 6. ORTEP drawmg of CUGGHAH:3H,O with hydrogen mte_ractlons of G.GHA' The wo prOtonat.lon step:we_r the
bonds. amino (NH) and imidazole (Im H) groupsin the free ligand
overlap significantly, producing an alternative unexpected

bonded ligand are significantly shifted upfield, this is the microprotonation pathway. This results into the presence of a
consequence of an expected 4N coordination. microspecies, monoprotonated on the imidazole ring (h H
Comparing théH-NMR spectra of the Ni(Il-GGHA (R = — NH,) at the extent ota. 16%, suggesting the possibility

1:1) system recorded at pH 10 and 12.5 (Figure 5b,d) allowed for additional amino coordination even at low pH (Chart 1).
us to assign the further consumption of 1 equiv of base above DU€ 10 the multidentate nature of GGHA (and of all SA
pH 10 to the deprotonation of the imidazolé-hitrogen: the mimicking peptides), .monomerlc complexes more or less
methylenic protons have practically the same chemical shifts, deprotonateq, fo_rmed in al! systgms. Al phyS|oIog|caI pH, the
while the imidazole protons are well shifted upfield. The MLH 2 SPECIES IS predo”?'r_‘am in the case O.f Ni(l1) and C_u-
deprotonation of the pyrrolic nitrogen to give the ML¥species (1), while, in Co(!l)—contalnlng systems, CC.’L IS the predoml-
is due to the change of the electronic structure in the imidazole "Nt complex with a macrochelate coordination of terminal

ring upon metal coordination at3Nitrogen, with the net effect amino ar_1d 'm'daZOIe nitrogens. Above pH 10, in all the_ SyStemS
of lowering the relevant pK to about 12. studied in this paper, we observed a new deprotonation which

Crystal Structure of Cu(GGHAH _)-3H,0 Complex. The was assigngd tq thelNhitrogen. Qf the imidazole ring,. without
structure and atom-labeling of complex is shown in Figure . metal coordination. The stability constants determined by us,

The crystallographic data are collected in Tables 2 and 3. The showed a somewhat lower coordlnatlon ability of GGHA n _all
nature of coordination of GGHA in the CuLk complex species, compared to Fhe analogous ligands having additional
elucidated above in solution is confirmed by X-ray studies: the CH’;;’?Q? grhorgggszi n(grggﬁma;;dxgeﬁgr?ﬁ é(yg?)tseg’rvzg'sggiﬁly'
copper(ll) is tetracoordinated by four nitrogens : amine, two ' 99 : y

. S . . constants are : log11-2: ~ —1.8,—0.48, and—0.55 (against
peptide and N4 (or imidazoleNising the IUPAC convention), : o .
forming a mildly distorted square planar arrangement. The 2.48 for GGHA). This deviation could be attributed to a weak

donor atoms are coplanar to within 0.05 A. The copper(il)- axial coordination of the O-donor group. However, under these

nitrogen distances are between 1.897 and 2.034 A. The Iongesf:n?n:jlt'?hn;t :E: igft\)/c?x Sli?gegr?g 8: Sé?bgtly E?QSE)?:(;Z slgggld
distance is the copper()N1 while the shortest is the copper- strgr): v than the amldeycarbon | ox er)1/of Y- hma (or aahma),
(I)—N2 bond. Only the latter (N2) nitrogen is included in two rongly th 'yl Oxyg 99 ;

. . - . this is unlikely on electrostatic grounds. Another piece of
5-membered chelate rings, this may explain the relatively short evidence against an additional coordination of O-donor grou
bond length. ‘The NCu-N (and Cu-N~C) angles also comes fromgthe observation of the same stability se uencg:]e (Iop
depend on the size of the chelate ring (see Table 4). Most Y S€q 9

8
structural parameters presently determined are similar to theﬁ11 2= 7599 —6.93, and—5.94 for GGHA, Gly-Gly-His
analogous Cu(Il-gghmat Ni(ll) —Gly-Gly-a-hydroxyn,.- and aahma?® respectively) in the case of nickel(ll) complexes,

histaminé® (Ni(I1) —gghh) and Cu(Ih-o.5-didehydro-Gly-Gly- (38) Bal, W.; Djuran, M. J.; Margerum, D. W.; Gray, E. T.; Mazid, M. A.;

histaminé® (Cu(ll)—dggh) complexesthe latter two com- Tom, R. T.; Nieboer, E.; Sadler, P.2l.Chem. Soc., Chem. Commun.
pounds formed from the appropriate Gly-Gly-His complexes 1994 1889.
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where, however, the NiLH species are generally reported to observed directly byH NMR due to its diamagnetic nature
have a 4N coordinated square planar structure and whereand to slow ligand exchange. NMR measurements upon further
additionnal axial coordination is not probable. Considering the additions of base to a NiLH solution produced direct evidence
above facts, the effect of the free carboxylate or of the amide for the deprotonation of the pyrrolic nitrogen to give the MlsH
side chain seems to arise from an increased acidity of the nearbyspecies.

peptide nitrogen, rather than from a direct coordination.
(an??r:clc:Itt?/vivIgggggefogéztrﬁ%cgggg;\m b&{%u[znggoegcﬁgsa}gms tional d_e la Recherche Scientif_ique and the Hungarian Research
brought both by the superhyperfine EPR pattern and the X-ray Fundation (OTKA F 014954) is gratefully acknowledged.
structure of the copper (II) complex. Bis-complexes in our Supporting Information Available: Lists positional and anisotropic
systems were present only at very low concentration, even with thermal parameters, hydrogen atom parameters, bond distances, bond
high ligand excess. Their presence, in undetectable amounts@ngdles, torsion angles and least-squares planes of the CUGGHAH
was required to account for unusual DNMR patterns in the complex (36 pages). Ordering information is given on any current
copper(ll->GGHA system between pH 4 and pH 10 with a masthead page-.

metal-to-ligand ratio of 1:50. The complex NiLK could be IC950373E
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