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ABSTRACT 

13 C and water proton nuclear magnetic resonance methods were applied 

to elucidate the structure and dynamics of the complex of poly(D

glutamic acid) (PGA) and paramagnetic ions (Cu(II), Mn(II), Co(II), and 

Ni(II». Chemical shift, spin-lattice relaxation time (T
l
), spin-spin 

relaxation time (T
2
), and the nuclear Overhauser enhancement (NOE) of 

ligand of the complex were measured as functions of pH and temperature. 

Molecular motion and the conformation of PGA in the absence of a 

paramagnetic ion were first investigated by measuring chemical shift, T
l

, 

and NOE of l3C nuclei. The correlation time of tumbling motion of C ex 
obtained from Tl and NOE decreases from 2.8 nsec to 0.65 nsec with the 

helix-to-coil transition, as a result of the onset of rapid segmental 

motion. There is a progressive increase in Tl and NOE of the side chain 

carbons as going away from the backbone. The correlation time deduced 

from Tl indicates that the end of the side chain undergoes more rapid 

internal reorientation than others in all pH region studied. 

Relaxation rates of Cy and Co of PGA and water proton are enhanced 

by the addition of Cu(II) in the pH region of 4.5 to 8, indicating that 

carboxyl groups of side chain and water molecules bind to Cu(II). On 

the other hand, above pH 9 the paramagnetic effects on l3C and water 

proton NMR were not observed, indicating that the carboxyl group of PGA 

and water molecules are excluded from Cu(II), and that Cu(II) probably 

binds to nitrogen atoms of the backbone. 

Addition of Mn(II) also caused the enhancement of relaxation rates 

for Cy and Co carbons and water proton at neutral pH, indicating that 

carboxyl groups and water proton bind to Mn(II). The number of water 

molecules in the first coordination sphere of Mn(II) bound to PGA, 

hyperfine coupling constant of Mn(II)_lH, the correlation time, and the 

activation energies of tumbling motion and exchange for water molecules 

of the complex were evaluated and compared with those for the hexaaquo 

Mn(II) . With decreasing pH, Mn(II) is released from the carboxyl groups 

and PGA changes its conformation from coil to helix. 

Water proton relaxation enhancement reflects the conformational 

change (the helix-coil transition) of PGA in the case of Mn(II), while 

it does not in the case of Cu(II). In both complexes of Cu(II) and 

Mn(II) the spin-lattice relaxation of l3C nuclei caused by the unpaired 
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electron spin is due to the dipolar interaction, the paramagnetic 

contribution to l3C spin-spin relaxation is primarily the scalar 

interaction. The distance between the metal ion and each carbon atom 

in the ligand was evaluated from the dipolar relaxation term. 

In the cases of Co(II) and Ni(II) complexes significant paramagnetic 

shift and broadening were observed for Co' C
Y

' and Cs carbons, indicating 

that metal ions bind to carboxyl groups. Paramagnetic shifts of both 

complexes show the temperature dependence opposite to Curie's law. 

This result can be explained in terms of the chemical equilibrium 

shifting to the direction of formation of the complex. 
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Symbols and Abbreviation 

The following symbols may appear without explanation in certain parts. 

Roman Symbols 

A 

g ," gJ,. 

1r 

I 

J(w) 

K 

Kd 
k 

m 

n 

r 
o 

r 

S 

T 

Tl 

T2 
T
lo

,T20 
T1M,T2M 
T
lp

,T
2p 

hyperfine coupling constant 

half lengths of major and minor axes of ellipsoid 

rotational diffusion constants of major and minor axes of ellipsoid 

activation energy of rotation 

activation energy of chemical exchange 

concentration ratio of paramagnetic ion to ligand 

electronic g factor 

components of g along the z axis and the xy-plane 

Planck's constant divided by 2n 

I nuclear spin or spin quantum number 

spectral density at frequency w 

1024 (referring to computer memory) or temperature in Kelvin 

dissociation constant 

Boltzmann constant 

unit length of peptide 

degree of polymerization or number of binding sites per residue 

radius of an equivalent rigid sphere 

distance 

spin quantum number 

absolute temperature 

spin-lattice relaxation time 

spin-spin relaxation time 

relaxation times of the unbound site 

relaxation times of the bound site 

paramagnetic contributions to the relaxation times 

Greek Symbols 

n 

Bohr magneton 

gyromagnetic ratios of nucleus I, l3C, and proton 

chemical shift 

water-proton relaxation enhancement factor 

viscosity of solvent 
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e 
6'J 

6'J 

TC 

p 

Tcl 
T 

e 

Teff 

Tint 

TM 

T 
s 

TA,TB,T C 
¢ 

1jJ 

w 

angle 

line width 

line width contribution due to presence of paramagnetic ion 

axial ratio 

chemical shift due to presence of paramagnetic ion 

correlation time 

dipolar correlation time 

see Chapter III, eq 3.10 

scalar correlation time 

effective correlation time 

correlation time of internal reorientaion 

chemical exchange lifetime 

electron-spin relaxation time 

correlation time (see Chapter III, eq 3.9) 

angle 

angle 

Larmor frequency 

13 
Larmor frequencies of C, proton, nucleus I, and electron. 

6w observed paramagnetic shift 

6W
M 

chemical shift in bound site 

Abbreviation 

IR Inversion recovery 

NOE Nuclear Overhauser enhancement 

PGA Poly(D-glutamic acid) 

SR Saturation recovery 

TMS Tetramethylsilane 
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CHAPTER I 

Introduction 

Metal ions participate as essential constituents in many faces of 

biological structure and functions. l Metal ions are frequently involved 

in production of the highly organized structures. The coordinative 

properties of metal ions are commonly utilized to bring together two or 

more reacting components for purpose of biochemical catalysis. 

Transition metal ions are characterized by having partially filled 

d-orbitals. The characteristic electronic configurations of transition 

metals impart to them chemical properties favoring their biological 

functions. First, transition elements generally have more than one 

relatively stable valence state. Thus these metal ions may function in 

oxidation-reduction processes by undergoing reversible valency changes. 

Second, metal ions generally form strong complexes only with anions or 

with the negative end of dipolar molecules, but many transition metal 

ions, particularly in their lower valencies, can bind O
2

, which is an 

electrically neutral and symmetric molecule. This becomes possible 

because of the peculiar electronic structure of these ions as well as of 

O
2

, Finally, the complex forming properties of metal ions are profoundly 

influenced by the chemical nature and spatial arrangement of the ligands, 

so that a given metal may show a surprising versatility in function. 

Polypeptides have been investigated as protein models suitable for exam-

ining characteristics of the secondary structure without the 

complications arising from tertiary structure. Their structures and 

properties have been studied extensively by many physico-chemical 

techniques. 
2 

Structural features (e.g., a-helix, S-form, random-coil, 

etc.,) first recognized in synthetic polypeptides were later found to be 

important elements of protein structure. 

The interaction of metal ions with polypeptides has been studied by 

many physico-chemical techniques.
3 

Such complexes can be considered as 

useful models in order to understand the way of action of metalloproteins. 

Metal ion-polypeptide interaction necessarily differs from those of metal 

ions with amino acids and small peptides to the extent that the a-NH 
2 

and a-COOH of polypeptide chains are separated covalently by a number of 

intervening residues. These interactions also differ because of the 
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influence of peptide chain conformation which may block reaction at 

potential metal-binding sites or which may place amino acid side-chains 

which are distant in sequence in suitable position to form a complex. 

Nuclear magnetic resonance (NMR) spectroscopy has been developed 

during the last 30 years. NMR spectroscopy is unique and a direct 

observation technique among spectroscopic methods, sharing with X-ray crys-

tallography the ability to yield experimental parameters concerning 

individual atoms within a molecule. Information relevant to electronic 

as well as molecular structure, to molecular motion, and to intermolecular 

interactions can be provided by analyzing NMR parameters such as chemical 

shift, spin-lattice relaxation time (T
l
), spin-spin relaxation time (T

2
), 

and the nuclear Overhauser enhancement (NOE).4 Nuclei with non-zero 

spin that are present in molecules are suitable for this purpose in 
- i 1 at least-. lH 2D 13 14 15 17 23 31 prlnc p e , , C, N, N, 0, Na, P, etc. 

In cases where the metal ion involved in a system is paramagnetic, 

the presence of the metal ion would be expected to affect the character

istics of NMR of solvent and ligand molecules in the neighborhood of 

paramagnetic probes. Principle manifestations would be the reduction 

of nuclear relaxation times and NOE and the introduction of chemical 

shift displacement. When a ligand (e.g., water or substrate) bound to 

the paramagnetic ion ( or near the ion) is the macromolecule, the relaxa-

tion times of nuclei in the ligand will decrease. The magnitude of the 

decrease depends on the distance of the nucleus from the paramagnetic 

center, the stoichiometry of the binding, the motional freedom of the 

ligand, and the time of the ligand's residence in the sphere influence 

of the paramagnetic center. In some cases kinetic data (ligand exchange 

rate) and structural information (coordination schemes, number of water 

ligands, interatomic distance) may be deduced from the magnitude of 

observed NMR parameters. 

The possibilities of obtaining structural and kinetic information 

in biological system from nuclear relaxation effects caused by paramagnetic 

ions were first realized for water proton with some metal complexes of 
5 

DNA by Eisinger, et al ; the binding of several transition metal ions to 

DNA gave a large enhancement in water relaxation rates in the solvent 

water. A similar enhancement phenomenon was observed in binary and 

ternary complexes of proteins with manganese ion and substrates by Cohn 

and Leigh. 6 It has been possible to obtain binding parameters and even 
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, h f h' 7 to propose varl0US sc emes 0 enzyme mec anlsms. Many subsequent 

applications of paramagnetic ions in biological system have been presented 
7-11 

in several reviews and monographs. Little NMR study has been made 
, 12 13 

of the interaction of homopolypeptides with the metal lons, ' although 

it would be expected that the results obtained give unequivocal answer 

compared with the enzyme. 

High-resolution ln NMR in paramagnetic system encounters certain 

inherent limitations. First, the relatively narrow range of chemical 

shifts of protons may combine with the broad lines often found in para-

magnetic species to give seriously overlapping proton lines. This 

situation may prevent one from extracting the separate relaxation para

meters for individual proton transition especially when large molecules 

are studied. Second, protons generally are strongly spin coupled to 

other magnetic nuclei in the molecules, especially other protons, through 

the hyperfine interaction and this may unduly complicate the extraction 

of parameters. Third, protons are often at the periphery in most 

complexes leading to proton metal distances which are relatively long 

compared with the corresponding distances between the metal ion and the 

heavier atoms of the ligand such as C, N, or O. This tends to decrease 

the contribution of the paramagnetic ion to the relaxation and amplifies 

the inaccuracies arising from paramagnetic ions in neighboring molecules, 

particularly when dealing with small ligand molecules and high concentra-

tions of the paramagnetic ions. Finally, in most cases only upper 

limits of the nuclei-metal distances have been estimated because 

information on the effect of chemical exchange on the relaxation process 

is often lacking. As far as water protons are concerned, these 

difficulties have reduced since water proton having large sensitivity is 

readily observable. 

If l3C nuclei are used, these disadvantages can be eliminated or 
13 

significantly reduced. The greater chemical shift range for C tends 

to eliminate overlapping lines. Furthermore, proton decoupling usually 

collapses spin-spin multiplets to singlets leaving the relaxation of the 

l3C nuclei. l3C nuclei are generally closer to the paramagnetic center 

than protons and therefore affected greatly. 

I h ' h ,13 d l' n t lS t eS1S C an water proton nuc ear magnetlc resonance 

studies for the interaction of several paramagnetic transition ions with 

poly(D-glutamic acid) (PGA) in aqueous solution were made in order to obtain 
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fundamental information concerning the relationship between the structure 

and the dynamics of the complex. Chemical shift, T
1

, T2 , and NOE of 

ligand and solvent molecules for the complex were investigated as 

functions of pH and temperature. Since PGA undergoes the coi1-to-he1ix 

transition in aqueous solution when pH is lowered,14 PGA is suitable for 

studying the relation of the conformational change and metal ions. 

Paramagnetic ions used in this study are Cu(II), Mn(II), Co(II), and 

Ni(II). Cu(II) and Mn(II) whose electron-spin relaxation time is 

relatively long are used as relaxation probes, and Co(II) and Ni(II) whose 
8-11 

electron-spin relaxation time is short are used as shift probes. 

Before presenting and discussing experimental results, it will be 

useful to present briefly the basic concepts of NMR parameters in para-

magnetic system which is pertinent to this study. These are described 

in Chapter II. Chapter III deals with the relationship between 

molecular motion and conformations of PGA in the absence of paramagnetic 

ions. Chapter IV is concerned with the Cu(II)-PGA interaction and 

Chapter V with the Mn(II)-PGA interaction. In Chapter VI the interaction 

of Co(II) and Ni(II) with PGA is described. Conclusions are summarized 

in Chapter VII. 

4 



• 

REFERENCES 

1. G. L. Eichhorn, Ed., "Inorganic Biochemistry", Vo1.l and 2, Elsevier, 

Amsterdam, 1973. 

2. G. D. Fasman, Ed., "Poly-Clr-amino acids", Marcel Dekker, New York, 

N.Y., 1967. 

3. M. Hatano and T. Nozawa, "Metal-Ions in Biological Systems", Vol. 5, 

H. Sigel, Ed., Marcel Dekker, 1976, p245, and references therein 

quoted. 

4. A. Abragam, "The Principles of Nuclear Magnetism", Clarendon Press, 

Oxford, 1961. 

5. J. Eisinger, R. G. Shulman, and B. M. Szymansky, J. Chem. Phys., ~, 

1721(1962). 

6. M. Cohn and J. R. Leigh, Nature, 193, 1037(1962). 

7. A. S. Mildvan and M. Cohn, Adv. Enzymol., 11, 1(1970). 

8. R. A. Dwek, "Nuclear Magnetic Resonance in Biochemistry", Clarendon 

Press, Oxford, 1973, chapters 9-11. 

9. W. D. Phillips, "NMR of Paramagnetic Molecules", G. N. La Mar, 

W. D. Horrocks, Jr., and R. H. Holm, Eds., Academic Press, New York, 

N.Y., 1973, chapter 11. 

10. T. J. James, "Nuclear Magnetic Resonance in Biochemistry", Academic 

Press, New York, N.Y., 1976, chapter 6. 

11. K. Wuthrich, "NMR in Biological Research", North-Holland, Amsterdam, 

1976, chapter 6. 

12. o. Iwaki, K. Hikichi, M. Kaneko, S. Shimizu, and T. Maruyama, 

Polymer J., i, 623(1973). 

13. R. E. Wasylishen and J. S. Cohen, J. Amer. Chem. Soc., ~, 2480(1977). 

14. P. Doty, A. Wada, J. T. Yang, and E. R. Blout, J. Polymer Sci., 12, 
851(1957) . 

5 



CHAPTER II 

Basic Concepts of NMR parameters 

When a resonance has been resolved and assigned, it may be possible 

to derive from it the desired structural and dynamic information. In 

this chapter we define the observable parameters such as chemical shift, 

spin-lattice relaxation time, spin-spin relaxation time, and the nuclear 

Overhauser enhancement, which are pertinent to this study in the NMR 

measurements. 

Chemical Shift 

The resonance condition for a given nucleus depends not only on the 

nature of the nucleus but also on its electronic environment. For nuclei 

of the same isotope, the difference in the resonance condition with 

chemical environments leads to the concept of a chemical shift. 

The chemical shift has its origin in the magnetic shielding or screening 

of the nucleus produced by electrons around it: (1) local diamagnetic 

effects, (2) diamagnetic and paramagnetic effects from neighboring atoms 

or ions, (3) effects from interatomic currents. Solvent as well as such 

specific interactions as molecular association, complex formation, and 

hydrogen bonding, will also affect chemical shifts. 

Chemical shifts in paramagnetic system often largely shift from their 

corresponding resonance positions in diamagnetic complexes. These shifts 

arise from the presence of unpaired electrons and can be expressed as the 

sum of two parts, the contact shift and the pseudo-contact shift. 

effects are caused by the interactions of nuclei with the unpaired 

electron spin. 

These 

The contact shift results from the direct interaction of delocalized 

unpaired electron with nucleus. The delocalization of the unpaired 

electron spin density provides overlap with the s-orbital of the 

resonating atom. This electron spin density is usually transmitted 

through chemical bonds to the nucleus. 

. byl glven 

The shift of nucleus I, ~WM' is 
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g(3S(S+l) 
(2.1) 

where wI is the nuclear Larmor angular frequency, A the hyperfine coupling 

constant between the paramagnetic electron and the observed nuclei, 1r 

Planck's constant divided by 2n, g the electronic g factor, (3 the Bohr 

magneton, S the electron spin quantum number, Y
I 

the gyromagnetic ratio 

of nucleus I, k the Boltzmann constant, and T the absolute temperature. 

This shift will be proportional to the unpaired electron spin density. 

The pseudo-contact (dipolar) shift results from the dipolar interac

tion between nucleus and electron spin. On the assumption that the g 

tensor of electron spin is axially symmetric, this shift is given by2 

2 2 
(3 S(S+l) (3cos 8-1) 

27kTr3 (g,,- g~)(g'l + 2g~) , (2.2) 

where r is the distance between the metal ion and the nucleus, and 8 is 

the angle between r and the principle axis of symmetry of the complex. 

The pseudo-contact shift will be determined by the geometry of the complex 

and the principle values of the g tensor. It is therefore apparent that 

the pseudo-contact shift can provide valuable information about the 

orientation and the distance if (3cos
2

8 -1) term is separated from r3 

term in eq 2.2. On the other hand the contact shift provides information 

about the electronic structure of the complex. 

Spin-Lattice Relaxation Time and Spin-Spin Relaxation Time 

Nuclei in the applied static magnetic field are distributed among the 

energy levels according to the Boltzmann distribution in equilibrium. 

If this distribution is disturbed by some means, the nuclear spin system 

tends to return to its equilibrium with its surrounding ("lattice") by 

a first-order relaxation process characterized by a time constant T
l

, the 

spin-lattice relaxation time. There is also another process that causes 

the nuclear spins to come to equilibrium with each other, having a 

characteristic time constant T
2

, the spin-spin relaxation time. 

The origin of the spin relaxation process is the interaction of the 

nuclear spin system with fluctuating local fields. These fluctuating 
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fields are made by neighboring nuclei and the fluctuation is governed by 

motions of molecules. If the fluctuating magnetic fields have components 

of the Larmor frequency, they can induce the transition between energy 

levels and therefore cause spin relaxation. Since the range of relevant 

frequencies is in the MHz region, fast motions 

such as electronic motions and molecular vibrations are going to be 

insufficient and of little important. Brownian motion (rotational 

and diffusional) is important here, as well as certain molecular torsional 

and rotational motions. The Brownian tumbling motion of the molecule is 

mainly determined by the random molecular collisions in solution, which 

cause the direction and rate of the rotational and translational motions 

to vary in a random fashion with time. Molecular collisions during a 

certain period of time cause the molecules to loose the memory their 

foregoing motional history. 

A number of different physical interactions have been found to be 

important in coupling the nuclei to the lattice and hence providing a link 

through which energy between these two systems can be exchanged. These 

processes are: (1) magnetic dipole-dipole interaction, (2) scalar coupling 

interaction, (3) electric quadrupole interaction, (4) chemical shift 

anisotropy, and (5) spin-rotation interaction. In general, any mechanism 

which gives rise to fluctuating magnetic fields at a nucleus is a possible 

relaxation mechanism. For any given system, the observed relaxation 

times will result from contributions by various different relaxation 

mechanisms. To relate the observed relaxation times with the molecular 

properties, one will therefore have to devise means by which the relative 

importance of the different mechanism can be established. All mechanisms 

leading to Tl relaxation also lead to T2 relaxation. More detailed 

and quantitative discussions of all relaxation mechanisms are referred 
3 

to the text by Abragam. 

Since a magnetic moment of an electron spin is about 2600 (or 650) 
13 1 times greater than that of C (or H), the randomly fluctuating magnetic 

field due to a paramagnetic ion usually dominates the spin relaxations of 

nuclei in its neighborhood. As described above, there are two types of 

electron-nucleus interactions that contribute to the relaxation times of 

nuclei bound near a paramagnetic sites: the first is the electron-nucleus 

dipolar interaction which depends on the moleuclar geometry, the second 

is the nucleus-electron scalar coupling via the Fermi contact interaction 

8 



which depends on the electron spin density at the nucleus. Solomon 

derived equations for the dipolar interaction,4 and Bloembergen added the 

terms entailing scalar interaction for nuclei in solutions containing 
.. 1 paramagnetlc lons. 

The contribution of the electron spin to relaxation times of nuclei 

located near a paramagnetic center is given by 

1 1 
--= 

2 
15 

+ 

T2M 15 

222 
YI g B S(S+l) 
-=-----,6=----( 

r 

3T 
C 

2S(S+1) A 2 Te 
(-) (---=-2-2-) 

3 -n 1 + Ws Te 

S(S+l) 

2 + 
T 1 

c 

A 2 Te 
+ ---(-) (T + ---=-2 --:::-2) 

3 11 e 1 + Ws Te 

7T 
c 

2 ) 
T 

C 

(2.3) 

(2.4) 

where Ws and wI are electronic and nuclear angular Larmor frequencies, 

and other symbols are described before. The first term in both equations 

arises from the dipolar interaction between the electron spin S and the 

nuclear spin 1. This interaction is characterized by a correlation time 

T. The second term arises from modulation of the scalar interaction 
c 

which is characterized by a correlation time T. Scalar interaction 
e 

requires a finite electron spin density at the nucleus. 

The correlation times in the Solomon-Bloembergen equations (eq 2.3 

and 2.4) are defined by 

-1 
T 

c 

-1 
T 

e 

(2.5) 

(2.6) 
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where LR is the rotational correlation time of the complex, L is the 
s 

electron-spin relaxation time, and LM is the mean life 

in the bound site. A value of L is thus determined 
c 

time of a nucleus 

by the fastest rate 

process, i.e., the shortest L value. The temperature dependences of LR 

and LM are given by the Arrhenius expression, 

(2.7) 

(2.8) 

where ER and EM are the activation energy of rotational motion and the 

chemical exchange. The temperature dependence of L was given by 
5 s 

Bloembergen and Morgan. 

For the aquo complexes of paramagnetic 

L is sufficiently long (10-
8

_10-9 sec) and 
e 6 2 2 2 2 

ions such as Mn(II) and Cu(II), 
-11 

LM' LS> LR~lO sec at room 

temperature, so that Ws Le» 1, WI Lc«l at the magnetic field used in 

this work (1.4 and 2.1 Tesla). Then eq 2.3 and 2.4 reduce to 

2 2 S2 S(S+l) 3L 1 2 YI g c --= 
TIM 15 6 

1 
2 2 

r + wI L 
c 

(2.9) 

2 2 S2 S(S+l) 3L 
1 1 YI 

g 
( 4L + c ) --= 

6 2 2 T2M 15 c 
r 1 + wI L c 

S(S+l) 
(~)2L + 

3 
1'r e (2.10) 

Here, it will be convenient to tabulate the Larmor frequencies of proton, 

l3C, and electron in the field used in this work. These are shown in 

Table II-I. 
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Table II-I. Larmor angular frequencies of proton, 
l3e, and electron in rad/sec 

field wH we Ws 
(Tesla) 

1.4 3.77 x 10
8 

9.48 x 107 2.48 x lOll 

2.1 5.66 x 10
8 

1.42 x 10
8 

3.71 x lOll 

11 



Nuclear Overhauser Enhancement 

The nuclear Overhauser enhancement (NOE) is a more subtle double 

irradiation effect and intimately linked to the spin-lattice relaxation. 

Nuclei B at resonance is irradiated with a strong rf field while another 

A is monitored with a non-saturating rf field. To have continuous 

resonance absorption the nuclei must give up this energy to the lattice. 

The lattice provides a fluctuating component at the Larmor frequency which 

causes the nuclei to relax back to the equilibrium. When dipolar 

interaction is the dominant mechanism for transfer of energy from nuclei A 

to the lattice, it is possible by irradiation of nuclei B to increase the 

intensity of A. This effect is called as the NOE. 

If the dipolar interaction with lH is the dominant relaxation mecha-

. h . h f 13C . .. b b d· nlsm, a tree tlmes en ancement 0 lntensltles may e 0 serve ln 
13 

proton decoupled C NMR spectra (see Chapter III, Figure 111-9). When 

paramagnetic ion is present, NOE is efficiently quenched. This arises 
13 1 

from the fact that not only the C- H dipolar interaction but also the 
13 

C-electron interaction contribute to the relaxation mechanism in the 

paramagnetic complex. 
7 

Chemical Exchange 

In order to observe the signal from the nuclei in the ligand, it 

becomes necessary, in most instances, to observe the resonance signal of 

a solution with a low concentration of the paramagnetic ion relative to 

the ligand to avoid inordinate line broadening. In addition, a tempera-

ture must be selected to give a ligand exchange rate between the 

coordination sphere and the bulk solution which is sufficiently fast on 

the NMR time scale to average the spectral features of the complex with 

those of the unbound ligand. Under these conditions, the observed 

paramagnetic shift ~w is given by6 

(2.11) 

where f is the concentration ratio of paramagnetic ion to ligand in 

solution and q is the number of ligands in the first coordination sphere 

of a paramagnetic ion. The value of ~wM has its origin in either the 

contact or the pseudo-contact interactions, or possibly both. 
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The temperature dependence of6w arises from that of TM and 6w
M

; the 

former is proportional to the reciprocal of temperature (eq 2.1 and 2.2) 

and the latter is given by the Arrhenius relationship (eq 2.8). 

If the observed relaxation times in the presence of chemical 

exchange are Tl and T2 , the contribution of the paramagnetic ion to these 

times TIp and T
2p 

may be expressed as 6 ,8 

1 1 1 fq = --- --= 
TIp Tl Tlo TIM + TM 

(2.12) 

_1_(_1_ + _1_) 2 
fq + 6w

M 1 1 1 T2M T2M TM 
= ---

T
2p T2 T

20 TM (_1_ + _1_)2 6 2 + w
M T2M TM 

(2.13) 

where T. (i=1,2) is the relaxation time in the unbound site or in the 
10 

absence of paramagnetic ions. Since in the case of Cu(II) and Mn(II) 
2 -1 

complexes the conditions of 6w
M
« (T

2M 
TM) almost hold at room temperature, 

eq 2.13 reduces to 

1 ---= 
T2p 

fq 
(2.14) 

In such a case) eq 2.12 and 2.14 have the same form. 

In order to interpret the structure and dynamic properties of the 

complex one would like to be able to determine the values, or at least 

range, of q, r, T , L., and T from the observed relaxation times. The 
R M s 

observed values of relaxation times are functions of the following 

variables, f, q, TIM' T2M, r, TR, \1' and Ts· To disentangle the values 

of the different parameters from TIp and T2p ' these are two variables at 

our disposal: namely, temperature and frequency. A few simplifications 

of eq 2.12 and 2.13 (or 2.14) may be formulated under some conditions. 6 ,9,lO 

13 



Water Proton Relaxation Enhancement 

The relaxation rates of the solvent water protons in the presence of 

the paramagnetic ion may increase when the metal ion such as Mn(II) and 

Cu(II) is bound to a macromolecule of which tumbling motions are slow 

compared with those of the aquo complex of the paramagnetic ion. The 

main reason for the enhancement of relaxation rate relative to the aquo 

complex is the change in the correlation time L. For paramagnetic 
c 

ions whose L is relatively long, L of the aquo complex is determined by 
s c 

L
R

• On the other hand LC of the complex of macromolecule may be L
R

, 

or if the tumbling motion is too slow, LS or LM may become the relevant 

L. In any case the new L is longer than that of the aquo complex. 
c c 

The enhancement of the water proton relaxation rate, which is the 

ratio of the paramagnetic contributions to the relaxation rate in the 

and the absence of macromolecules, is defined by, 
11 

presence 

* 
€* = 

l/T
lp (2.15) 

l/T
lp , 

where the asterisk indicates the presence of macromolecule. 

14 
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CHAPTER III 

l3 C Nuclear Magnetic Resonance of 

Poly(D-glutamic acid) 

The conformational transition of a polypeptide in solution has been 

extensively studied both experimentally and theoretically, 
1 

including 

nuclear magnetic resonance (NMR) spectroscopy2 which can monitor 

individual atoms in a molecule. So far, the approach to the conforma-

tional study of polypeptide by NMR was to observe the change in chemi-

cal shift caused by the conformational transition. The observed change 

in the chemical shift was interpreted empirically by reference to the 

results of other measurements, i.e., optical rotatory dispersion, circular 

dichroism, intrinsic viscosity, etc. 

In addition to chemical shift, nuclear magnetic relaxation times 

provide useful information about the conformational transition of a 

molecule. Spin-lattice relaxation time (T
l
), spin-spin relaxation time 

(T2), and the nuclear Overhauser enhancement (NOE) are sensitive functions 
3-6 

of the correlation time of reorientational motion of internuclear vector. 

Thus, these NMR parameters are useful to estimate the correlation time of 

molecular motion. 

There are a few l3C nuclear magnetic relaxation studies on homopoly

peptides; poly(y-benzyl L-glutamate),7,8 poly(L-lysine),9 poly(L-proline),lO 

polY(L-hydroxyproline).lO It is well known that poly(D-glutamic acid) 

undergoes the coil-to-helix transition in an aqueous solution when the pH 

is lowered. In this chapter we will present the results of l3C NMR 

studies on poly(D-glutamic acid) in aqueous solution carried out to obtain 

information the relationship between molecular motions and the conformation. 

The chemical shift, T
l

, T
2

, and NOE of the backbone and side chain carbons 

were measured as functions of pH. 

16 



EXPERIMENTAL 

Sodium salt of poly(D-glutamic acid) (PGA) used in this work was 

prepared by alkaline hydrolysis of poly(y-methyl D-glutamate) provided by 

Ajinomoto Co. After exhaustive dialysis against distilled water and 

passing through a Chelex-IOO (Bio-Rad) column to remove paramagnetic 

impurities, PGA was lyophillized to a powder. The degree of polymeriza-

tion was determined to be 260 from the intrinsic viscosity measured 

in 0.2 M NaCl solution at pH 7.1 and at 298 K, using an Ubbelohde type 
. 11 

V1scometer. 

PGA solutions were prepared at a residual concentration of 0.67 M 

in 99.8% D
2

0 obtained from Commissariat a l'Energie Atomique (CEA) and in 

distilled and deionized H
2

0. Adjustments of pH were made with 1 N NaOD 

and DCl obtained from Merck. The pH was measured on a Hitachi-Horiba 

M-7 pH meter equipped with a combination micro-electrode (3 mm ¢). The 

pH values reported here are direct meter readings without correction for 

any deuterium isotope effect. PGA solutions were pipetted into 10-mm 

micro-sample tubes obtained from Sigemi Standard Co. Ltd. and in some 

cases Teflon plugs were used to prevent solution vortexing due to sample 

spinning. In all instances the sample volume was restricted to 0.6-0.8 ml, 

insuring that the entire sample lies within the volume of the 

transmitter-receiver coil. Although higher sensitivity resulted when 

larger volumes were employed, the HI homogeneity over the sample was 

degrated. Since measured values of Tl of all the carbons were less than 

about 2 sec, no attempt was made to remove oxygen gas dissolved in the 

solution. 
13 

Natural-abundance proton-decoupled C NMR spectra were obtained at 

15.04 MHz using a JEOL FX-60Q Fourier transform spectrometer with a digital 

quadrature phase detector and with a JEC-980B computer. The deuterium 

resonance of the solvent D
2

0 was used as the field-frequency lock signal. 

All measurements were done at a temperature of 300 K. The chemical 

shift reported in this work were measured relative to the resonance of 

internal dioxane and corrected to tetramethylsilane (TMS) by the relation 
12 

of 6 = 6 . + 67.86 ppm. Spectral widths of 3002 Hz with 8 K 
TMS d10xane 

data points and 1500 Hz with 4 K data points were used. 

Spin-lattice relaxation times (T
l

) of protonated carbons were 

d b h ·· (IR) method,13,14. 1 measure y t e 1nverS10n recovery uS1ng a pu se 

17 



sequence of l80 0-T-900-T- where T is a variable delay time and T is at 

least five times longer than the longest Tl to be measured. Tl of 

nonprotonated carbons was measured by the saturation recovery (SR) 

method,15,16 using a pulse sequence of 90 0-HS,T-900-T,HS- where HS is a 

homogeneity spoiling pulse. The Tl values were calculated for the IR 

method from In(M -M )=ln2M -(T/T
l
), and for the SR method from 

o T 0 

In(M -M )=lnM -(T/T
l
), where M and M are the line intensities of delay o To· 0 T 

times CD and T, respectively. In practice M was determined by the 
o 

condition of T~5Tl' Since In(M -M ) is a linear function of T, least
o T 

squares analysis of 12-17 data yields T
l

. 

Spin-spin relaxation time (T
2

) was estimated from the measured line 

width 6v at half height assuming aLorentzian line shape and the relation 

The line width was obtained from expanded spectra of each 

resonance and corrected for digital broadening. 

The NOE was determined for protonated carbons by the comparison with 

the intensities of fully decoupled and gated decoupled spectra obtained 

by gating the decoupling power on only for the time during which the free 

induction decay was accumulated. In the gated decoupling measurements the 

90° pulse repetition time and the off-time of decoupling were at least 

twenty and ten times, respectively, of the measured Tl for the carbon 

d 'd' 17,18 un er conSl eratlon. 
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RESULTS AND DISCUSSION 

Chemical Shift 
13 The proton-decoupled C NMR spectra of PGA at pH 4.9 and 7.5 are 

shown in Figure III-I. The assignment of all peaks follows from that 
19 

of Lyerla, et al. It is apparent that the line widths of all 

resonances are broader at pH 4.9 than at pH 7.5. 

Figure 111-2 shows the effect of pH on the chemical shifts of PGA in 

the pH range of 4.8 to 10.1. Since PGA strongly aggregates in the lower 

H ° ° dO d h 20 d 1 p reglon at concentratlons stu le ere, measurements were rna e on y 

above pH 4,8, at which pH PGA will be a partial helix in consideration 
21 

of deuterium effect on pH measurements. Below pH 4.8 where white 

precipitates came out in the solution, it was very difficult to observe 

resonances. 

When pH increases, the a-carbon (C ) and the peptide carbonyl (C') a 
resonances move upfield by about 2 ppm, while the S-carbon (C

S
), the 

y-carbon (C
y
)' and ~he side chain carboxyl carbon (Co) resonances move 

downfield by comparable amounts. Keirn, et al., have shown that all 

13 fl ° d d C resonances 0 g utamlC aci incorporate as central residue of a 

linear pentapeptide Gly-Gly-Glu-Gly-Gly, not forming a helix, move 

downfield by 1-3 ppm with increasing PH.
22 

l3C NMR studies on some homo

polypeptides in aqueous and non-aqueous solutions indicate that upfield 

shifts of C and C' resonances are accompanied by the transition from 
a 

helix to coil. 7 ,9,19,23,24 Our results therefore indicate that the 

shifts of C and C' resonances are due mainly to the opening of the 
a 

hydrogen bond of PGA, and that the behavior of C
S

' Cy ' and Co resonances 

reflect primarily the ionization of the carboxyl group of the side chain. 
19 

These results are in good agreement with those of Lyerla, et al., 

except for the difference between D and L enantiomers. 

T
l

, T
2

, and NOE 

Figure 111-3 shows proton-decoupled partially relaxed Fourier trans-
25 form spectra of protonated carbons. Figure 111-4 shows proton-decoupled 

saturation recovery spectra of Co and C' carbons. The pH dependence of 

Tl for each carbon is shown in Figure 111-5. For Ca ' CS' and Cy carbons 

NTI values are plotted, where N is the number of protons directly bound 

to the carbon atom, and for Co and C' carbons simply Tl values are plotted. 

19 
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In the region above pH 6, Tl values of all carbons do not vary with pH, 

while with decreasing pH below 6 T1 values decrease sharply. The pH 

dependence of Tl values is very similar to that of the chemical shift as 

shown in Figure 111-2. NOE and the line width are plotted against pH 

in Figure 111-6 and 111-7, respectively. These results suggest that the 

correlation time of tumbling motion becomes longer in conjunction with the 

coil-to-helix transition. 

When analyzing the values of relaxation times for a diamagnetic 

system studied in this work, one must consider three possible relaxation 

mechanisms as described in Chapter II: namely, chemical shift anisotropy, 
. . d l3C 1 d· 1 d· 1· . 1·· . spln-rotatlon, an - H lpO e- lpO e lnteractlons. Re axatlon arlslng 

from chemical shift anisotropy is important only at very high field 
26 

strengths. The spin-rotation relaxation mechanism can contribute 

significantly to l3C relaxation in very small molecules, but can be 

confidently ignored when dealing with large molecules.
26 

The dominant 

mechanism for protonated carbons is the l3C_lH dipole-dipole interaction 

which is modulated by reorientational motions of macromolecules.
5

,6 

The effectiveness of this relaxation mechanism is inversely propor

tional to the sixth power of r which is the distance between l3C and lH 

nuclei. The value of r-
6 

is about sixty times greater for directly 

bonded C-H group (r=1.08 A) than for the closest nonbonded C-H interaction 

(r=2.l6 A). As a result, one must consider only the l3C_lH dipolar 

relaxation mechanism for protonated carbons. If the details of reorien

tation of 13C_lH internuclear vector are known, it is possible to present 

expressions of T
l

, T
2

, and NOE in terms of correlation times of reorien-

tational motions. Here, we assume that a simplified model of isotropic 

motion with a single effective correlation time (T
eff

) can describe the 

main feature of the nuclear relaxation. 

given by3,5, 

1i
2 

Then, T
l

, T
2

, and NOE are 

N 
20 

2 2 
YC YH ---:;6'---~(J(WH- Wc) + 3J(Wc ) + 6J(wc + wH)}, (3.1) 

r 
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1r2 2 2 
1 N Y

e YH 
T2 40 6 {J(wH - We) + 3J(we ) + 6J(w

e 
+ w

H
) 

r 

+ 4J(0) + 6J(~)}, (3.2) 

and 

NOE 1 
YH 6J(wH + We) - J(WH - We) 

(3.3) +--
Ye J(wH - we) + 3J(we ) + 6J(~ + we) , 

and the spectral density is given by 

J(W) (3.4) 

where Y
e 

and Y
H 

are the gyromagnetic ratios of 13e and lH, respectively, 
13 1 

r is the distance between e and H nuclei, and we and w
H 

are the 

angular resonance frequencies of 13e and lH nuclei, respectively. 

In Figure 111-8 are shown the theoretical 13e NTl and NT2 values 

(at 1.4 Tesla) against eq 3.1 and 3.2. From the measured T1 and T2 

values one can, in principle, extract rotational correlation times. In 

practice, T2 values are difficult to measure. Moreover, even though 

accurate Tl can be obtained, the interpretation can be clouded by the fact 

that T1 is not a monotonous function as shown in Figure 111-8. In 

Figure 111-9 is shown the theoretical NOE value as a function of L eff ' 

using eq 3.3. It is noted that the NOE is independent of the number of 

directly attached protons and of the distance r.
7 

Figure 111-9 predicts 

the maximum NOE of 2.998 when 13e relaxation is purely dipolar and when 

the rotational reorientation is sufficiently fast to satisfy the 

"extreme narrowing" conditions 

(3.5) 

Even if the relaxation is purely dipolar, less than the full NOE is 

expected when eq 3.5 is not satisfied. 

defined by 

28 

In the limit of very slow rotation, 
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(3.6) 

7 the NOE will be only 1.153. In practice, it is desirable to obtain 

first the two solutions for Teff from Tl measurements, and then to choose 

between the two values on the basis of the NOE values since NOE is a 

monotonous function. 

C carbon a 
At pH 7.5 a measured NOE of 2.7+0.2 is maximal as shown in Figure 

111-6, and is in the region where NOE is no longer a sensitive function 

of the correlation time. This leads to two important consequences that 

the nuclear relaxation of Ca is determined only by l3C_lH dipolar inter

action, and that extreme narrowing conditions (eq 3.5) are fulfilled. 

Using eq 

measured 

distance 

3.1 under ~xtreme narrowing conditions, Tl value of 73 msec 
~I~ 13 1 

at pH 7.5 A Teff::;O.65 nsec with an assumption of the C- H 

r=1.08 A. 
If we assume the polypeptide in the coil state as an equivalent rigid 

sphere, the correlation time of overall tumbling motion (T .1) is given 
. COl 

by3 

T .1 COl 

3 
4'ITnr /3kT 

o 
(3.7) 

where n is the viscosity of the solvent and r is the radius of the sphere. 
o 

The value of r may be approximated by the radius of gyration of a freely 
o 

jointed chain of n units of length m, i.e., mVnT6. Using the degree of 
o 27 

polymerization of 260 as n, m of 3.8 A, and n of 10.5 mP for D20 at 

300 K,28 we obtain a correlation time of 17 nsec from eq 3.7. It should 

be noted that this calculated value is a lower limit, since the excluded 

volume effect is not taken into account for r and polymer chains are 
o 

subject to entanglements. The actual value of the correlation time for 

oVerall tumbling motion would be therefore greater than the calculated 

value of 17 nsec. The effective correlation time measured at pH 7.5 

where the polypeptide is in the coil state is significantly smaller than 

the calculated value for overall tumbling motion. This suggests that the 

correlation time of Ca is determined by local segmental motions of the 

backbone rather than by overall motion of the molecule. It is found 

31 



that the effective correlation time obtained here is in good agreement 

with those of po1y(y-benzy1 L-g1utamate)8 and of po1y(L-1ysine)9 in the 

coil state at room temperature. 

Using the Teff obtained from T1 , we calculated NOE and T2 from eq 

3.2 and 3.3. The results are shown in Table III-I. The calculated NOE 

is consitent with the measured one. On the other hand, the calculated 

T2 is two times greater than the one estimated from the line width. 

At pH 4.9 the observed value of T1 is 38 msec and the NOE is 

1.8+0.2. The combination of T1 and NOE values yields T
eff

=2.8 nsec. 

It turns out that under these conditions the approximation of the extreme 

narrowing is not valid for C . 
ex 

This pH region is the helix region for 

PGA. Thus, it is quite probable that the longer effective correlation 

time at pH 4.9 than at pH 7.5 is the consequence of slower segmental 

motions of the molecules in the helix region. 

It has been supposed that a helical PGA molecule in solution behaves 

like a rigid prolate ellipsoid 29 undergoing rotational diffusion 

characterized by two rotational diffusion constants. These are 

designated as Da and Db for rotation about the major axis and rotation 

about an axis perpendicular to the major axis, respectively. The 

dimensions of the ellipsoid, a (the major semi-axis) and b (the minor 

semi-axis), were each assumed to be 

have an average radius of gyration 

the diameter of the solvated helix 

half the length of the helix and to 
-the heliJ' 

of~PGAAin solution. Here, we assume 
'I 29 to be 15 A, and the length of a 

peptide residue to be 1.5 A. For a highly prolate ellipsoid with an 

axial ratio (p=b/a) much less than unity, Da and Db are shown by30 

and the spectral 

J(w) 

D 
a 

Db 

3kT 
2 

167Tnab 

3kT 

167Tna 
3 

2 {2In(-) 
p 

density is given by4 

2ATA 2BTB 

2 2 + 2 2 
1 + w TA 1 + w TB 

32 

(3.8) 

-l} , (3.9) 

+ 
2CT

C 
2 2 

1 + w TC , 
(3.9) 



Table III-lo Comparison of measured NOE and T2 values of ca 
carbon in the helix and the coil states with the 

values calculated using Teff estimated from 

measured Tl 

pH 

4.9 7.5 

measured Tl (msec) 38 73 

* measured Teff (nsec) 2.8 0.65 

measured NOE 1.8 2.7 

calculated NOE 2.1 2.9 

measured T2 (msec) 16 37 

calculated T
2

(msec) 13 72 

* This value was obtained from the combination of 

Tl and NOE values. 
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2 2 -1 . 2 2 
where A=(3cos 8-1) /4, TA =6D

b
, B=3s1n 8cos 8, 

-1 
T-l=D + sD

b
, C=3sin48/4, 

B a 
and TC =4Da + 2Db , where 8 is the angle 

vector and the major axis of ellipsoid. 

between the C -H internuclear 
a. 

o 
For the PGA helix used here, a value of a is estimated to be 195 A 

from the degree of polymerization and b to be 7.5 A from a radius of the 

solvated helix.
29 

The angle 8 is calculated to be 65 0 from the coordi

nates of the a.-helix. 31 Using these parameters we obtained T
A

=766 nsec, 

T
B

=44.3 nsec, and T
C
=11.6 nsec. Equations 3.1, 3.3, and 3.9 with these 

correlation times yield a value of Tl of 33 nsec and a value of NOE of 

1.2. It is inferred from the combination of Tl and NOE that the effective 

correlation time of the C -H vector fixed to the ellipsoid is 23 nsec, 
a. 

which is greater than the correlation time of Tl minimum. 

The correlation times of overall motion of the molecule calculated 

on the assumption of a rigid ellipsoid are apparently longer than the 

measured correlation time. This suggests that the tumbling motion of 

the C -H vector is not only overall tumbling motion but also involves 
a 

appreciable local segmental motion of the backbone. This is clear from 

the fact that at pH 4.9 PGA is a partial helix as mentioned above. 

Using the effective correlation time of 2.8 nsee estimated from Tl and 

NOE we can calculate the values of NOE and T2 , which are in reasonable 

agreement with measured values as shown in Table III-I. 

When going from helix to coil with increasing pH, Tl and NOE increase, 

and the line width decreases. All these observations are consistent with 

a decrease in T
eff

, which is caused by the onset of the fast segmental 

motion of the polymer backbone. 

Co. and Cs carbons 

In all pH region studied, as one goes away from Co. of the backbone 

to C
y 

of the side chain, there is a progressive increase in NTI values and 

also in NOE as shown in Figure 111-5 and 111-6. This increase in NTI and 

NOE is due to the decrease in the correlation time of motion in the 

sequence of Co.' CS' and Cy' These results indicate that C
s 

and Cy 
carbons of the side chain undergo internal reorientation. Such internal 

reorientation will be possible even in the helix state, since the side 

chains of PGA are located at the surface of the helix. Internal reorien-

tat ion of the side chain has been reported for esters of poly(glutamic 

) 1 . 7,8,32 
acid in non-aqueous so utlon. 
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Under the extreme narrowing conditions, the spin-lattice relaxation 

time of a protonated carbon, undergoing internal reorientation as well as 

isotropic overall reorientation, is given by4 

CT. { BTint 
Tcl A + T. + T 

1nt cl 

+ 1nt} 
T. + 4T 1 1nt c 

with 
2 2 .22 . 4 

A=(3cos ~-l) /4, B=3s1n ~cos ~, C=3S1n ~/4 , (3.10) 

where T. is the correlation time of internal reorientation, T is 
1nt cl 

the correlation time for reorientation of the axis of internal reorien-

tation, and ~ is the angle between the C-H internuclear vector and the 

axis of internal reorientation. For Cs carbon, the internal rotation 

about the CaCs bond is allowed, and ~ is a tetrahedral angle. If the 

correlation time of the axis is assumed to be equal to the effective 

correlation time for C , 
a 

The correlation time for 

T. for CQ can be calculated 
lnt ~ 

internal reorientation for C 
y 

from eq 3.10. 

was calculated by 

assuming that Tc1 for C
y 

is the effective correlation time for Cs which 

is estimated from eq 3.1 under extreme narrowing limit. The results are 

summarized in Table 111-2 at pH 5.1 and 7.5. It is found that the 

effective correlation time progressively decreases in the order of 

C , CQ' and C . 
a ~ y 

a similar trend. 

The correlation time of internal reorientation also shows 

It is seen that the internal motion of C carbon is 
y 

about three times faster than that of Cs carbon. These results suggest 

that the end of the side chain undergoes more rapid motions than others 

even in the helix state. This added degree of motional freedom is also 

convinced from the fact of the larger NOE observed for C carbon as y 
compared with C carbon. 

a 
It is also seen that the internal motion of Cs 

and C carbons are about two times slower at pH 5.1 than at 7.5, 
y 

suggesting that the internal motions of the side chain carbons in the 

helix state are more hindered than they are in the coil state. 
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W 
0'\ 

Table III-2. 

pH 

5.1 

7.5 

Effective correlation time (T
eff

) and correlation 

time of internal reorientation (L. ) in nsec 
l.nt 

C a 

Leff 

0.96 

0.65 

Cs 
Leff 

0.53 

0.35 

Lint Leff 

2.7 0.26 

1.5 0.16 

C 
Y 

Lint 

0.94 

0.55 



C' carbon 

Figure 111-4 indicates that the Tl value of the peptide C' carbon 

is an order of magnitude greater than that of C carbon. This is due to 
a 

the fact that there is no proton directly bonded to C' carbon. The same 

situation is found for Co carbon. 

We measured the spin-lattice relaxation time of C' carbon in both 

D
2

0 and H
2

0 at neutral pH to identify neighboring nuclei which greatly 

contribute to the relaxation of C' carbon. It was found that C' carbon 

relaxes more rapidly in H
2

0 than in D
2
0. Results are shown in Table 

111-3. The measured Tl value is longer in D
2

0 than in H
2

0 by 50%. It 

is reasonable to assume that the main contribution to the Tlvalue of C' 

is the dipolar interaction with directly bonded nitrogen (14N), a-proton 

which is two bonds removed, and an amide proton, also two bonds removed. 

The amide proton is readily exchanged with deuteron in a D
2

0 solution. 

Therefore, the longer relaxation time in D
2

0 is due to the exchange of a 

proton for deuteron of the amide 

of deuteron (y ) is smaller than 
D 

group. Because the gyromagnetic ratio 

of proton (YR)' the l3C_2D dipolar 
13 1 . relaxation is less effective compared to the C- H dlpolar relaxation. 

In order to confirm this consideration we calculated the distance 

between C' carbon and the amide proton. Under the extreme narrowing 

limit Ceq 3.5), the distance r will be given by 

(_1_) 

Tl D ° 2 

(3.11) 

, 

where T is the correlation time of C' carbon, ID and IH are the spin 

quantum numbers of deuteron and proton, respectively. Assuming that 

T of C' carbon is identical to the correlation time of Ca carbon and 

using the measured Tl values in H
2

0 and D
2
0, the resulting distance is 

o 
1.98 A. This value is in good agreement with the value of 2.04 A 

33 
calculated from bond distance and angle in spite of rough assumption. 
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Table 111-3. Comparison of Tl value of C' carbon in 

H
2
0 and D

2
0 in the coil state at 300 K 

T 
1 (sec) 

0.88 1.28 

* Direct meter reading in D20 solution. 
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CHAPTER IV 

Cu(II)-Poly(D-glutamic acid) Complex 

Copper carries out its various physiological functions in association 

with specific proteins, like most metals that playa role in living 

cells. l ,2 It is well known that Cu(II) forms the strongest complex with 

most ligands among all divalent ions as shown in the Irving-Williams 

series. 3 Since Cu(II) has one less electron than can be accommodated in 

the five d-orbitals, it has one unpaired electron in all mono-nuclear 

complexes. The complexes are therefore paramagnetic and characterized 

by a spin of 1/2 (S=1/2). The Cu(II) ion often has a coordination 

number of four with the ligands arranged at the corners of a planar-

square. In some cases there are two additional ligands bound more 

weakly and with their valence bonds directly perpendicular to the plane 

of the square. 

Copper complexes of polypeptides have been investigated in detail 

from the point of views of the structural properties and the catalytic 

activities.
4

-
l2 

Poly(glutamic acid) (PGA) forms a complex with Cu(II), 

the nature of which has been examined by a variety of physico-chemical 
. 10-12 techn1ques. It has been suggested for Cu(II)-PGA complex that 

ligands which are coordinated to Cu(II) are the carboxyl groups as well 

as the peptide nitrogens in acid solution and the nitrogen atoms in 

alkaline solution.
lO

- 12 There are a few NMR studies on the interaction 
. 13 14 of the paramagnetic metal ion with homopolypept1des.' In the 

Cu(II)-poly(L-histidine) complex at acid pH, NMR relaxations of protons 

of the imidazole ring become much more faster, showing that Cu(II) binds 

imidazole nitrogen atoms. 

As well as ligand nuclei, the relaxation rate of water proton of 

aqueous solution of the paramagnetic complex also provides useful 

information about structure and dynamics in the proximity of the metal 

ion. 

In this chapter we will describe the results of l3C nuclear magnetic 

relaxation times of Cu(II)-PGA complex in aqueous solution measured as 

functions of temperature and pH in order to obtain further information 

concerning the relationship between the structure and the dynamics of 
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the complex. Water proton relaxation times were also measured. 

EXPERIMENTAL 

PGA was prepared as described in the previous chapter. Analytical 

grade anhydrous copper(II) chloride from Nakarai Chemicals was used 

without further purification. Solutions for l3C and lH NMR measurements 

were prepared with D20 (99.8%) obtained from CEA and with redistilled and 

deionized H
2
0, respectively. Aliquots of CuC1

2 
solution were added to 

PGA solution to prepare the complex, and the resulting solution was 

stirred for a sufficiently long period. Adjustments of pH were made 

with NaOH and HCl solutions. The pH was measured on a Hitachi-Horiba 

M-7 pH meter equipped with a combination micro-electrode (3 mm ¢) 

(Nisshin Rika Co.). 

reading. 

The pH values reported here are direct meter 

13 Natural-abundance proton-decoupled C NMR spectra were obtained 

at 15.04 MHz using a JEOL FX-60Q spectrometer. All measurements were 

carried out at controlled temperatures using a JEOL temperature control 

unit. Temperature was calibrated with a thermometer before and after 

each measurement. Dioxane used as an internal standard because of the 

unlikelihood of its competition with PGA residues and solvent molecules 

in entering the first coordination sphere of the metal ion.
15 

Chemical 

shifts reported here were corrected to TMS. Spin-lattice relaxation time 

(T
l

) was measured by two methods. The IR method16 ,17 was adopted for 

protonated carbons in metal-free solution and all carbons in complex 
18 19 . 

solution. The SR method ' was applled to non-protonated carbons in 

metal-free solutions. Spin-spin relaxation time (T
2

) was estimated from 

measured line width ~v using the relation of 1/T2=TI~V. Tl of water 

proton was measured on the JEOL FX-60Q spectrometer at 60 MHz by the IR 

method. 17 ,18 The 90° pulse was 10 ~sec for l3C and 35 ~sec for lH. 

Details of measurements are referred to the previous chapter. 
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RESULTS AND DISCUSSION 

Effects of Cu(II) 
13 The effects of adding Cu(II) on C NMR spectra of PGA are shown in 

Figure IV-l at pH 7.4 and at 300 K. This figure illustrates the selective 
13 broadening of C resonances. On progressive addition of Cu(II), C and 

Y 
Co resonances of side chain particularly show broadening, while Ca ' C

S
' 

and C' resonances were not affected at Cu(II) concentration studied. 

Paramagnetic broadenings 6Vp for Cy and Co resonances shown in Figure IV-2 

are proportional to f. These observations indicate that Cu(II) 

specifically interacts with the carboxyl group of the side chain of PGA. 

TIp and T2p of C
y 

and Co carbons 

It was found that values of l/T
lp 

and 1/T
2p 

increase with increasing Cu(II) concentration. 

for C
y 

and Co carbons 

On the other hand, Tl 

and T2 values of other carbons except for C
y 

and Co do not vary with the 

addition of Cu(II). 

Figure IV-3 shows l/fTlp and 1/fT2p for Cy and Co carbons as a 

function of the reciprocal of temperature at pH 7.4. It is apparent 

that both of relaxation rates decrease with increasing temperature. 

These results indicate that TIp and T2p are controlled by TIM and T2M, 

respectively, rather than TM, that is, TIM' T2M»TM in eq 2.12 and 2.14 

(fast exchange). Therefore, it follows 

2 2 S2 S(S+l) 3T 
1 f9. 2fq Yr g c (4.1) 
TIp TIM 6 2 2 

15 r 1 + wI T 
c 

fq fq 
2 2 

8
2 

S(S+l) 3 YI g T 
1 ( 4T + C 

) 
T2p T2M 15 

6 c 1 
2 2 

r + wI T c 

+ 
fqS(S+l) (-L)2 T (4.2) 

3 '1'i e 

The relation of T
lp

/T
2p

»1 holds in all temperature range studied, 

indicating that the scalar relaxation is dominant in T2M, while TIM is 

dominated by the dipolar relaxation. The paramagnetic broadening in the 
-6 

present case does not therefore show the dependence of r in eq 4.2. 
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190 170 60 40 20 ppm 

Figure IV-I. 13 Effects of Cu(II) on C NMR spectra of PGA 

(0.93 M in monomer unit) at pH 7.4 and at 300 K: 

(a) f=[Cu(II)]/[PGA]=O, 3,072 scans; (b) f=4.39 x 10-5, 

3,072 scans; (c) f=9.25 x 10-5 , 6,000 scans; 
-4 (d) f=2.41 x 10 , 13,000 scans. Repetition time 

of 90° pulses is 1.5 sec . 



• 

200~------------------------------~ 

100 

-N 
I 
- 50 

10 

Figure IV-2. Paramagnetic broadening ~v vs. f at 300 K. 
P 

[PGA]=0.90-0.93 M. 
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Because q and T are not known in eq 4.2, it is not possible to 
e 

estimate the value of the hyperfine coupling constant A. However, the 

ratio of A for each carbon can be evaluated from the following equation. 
2 2 

Under the conditions of fast exchange ( wI Tc«l) the combination of eq 

4.1 and 4.2 yields 

1 
-- = _7 __ 1_ + --.!..L (~)2 T 

6 TIp 4 if e 
(4.3) 

We obtained tA(Cy)/A(Co)/=1.7 and /A(CS)/A(Co)I=O at pH 7.4 and at 300 K. 

These results suggest that there is a significant amount of electron 

spin density which is transferred from Cu(II) to the C carbon, and that 
y 

larger spin density is induced in Cy than in Co' The presence of such 

larger scalar interaction demonstrates that CU(II) is bound directly to 

carboxyl groups. 
2 2 

Under the conditions of fast exchange (w I T c« 1), TIp can be 

rewritten as 

2 2 2 
3fq YI g S 

10r6 
T 

c 
(4.4) 

In this system the g tensor does not seem to be axially symmetric and 

could not be determined accurately. Moreover, the spatial arrangement 

of the ligand nuclei with respect to the direction of the g tensor is 

not known. As the first approximation we use an average g value which 

was obtained by Takesada, et al.
lO 

If T and q are known, the distance between carbon and copper can 
c 

be obtained from eq 4.4. It has been reported that T is the order of 
s 

10- 8 d <. 1 . 20 sec an Ts~Te TM ln aqueous so utlon at room temperature. It 
-6 

was found to be TM<<' T2M ~ 10 sec from Figure IV-3. If we assume that 

the rotational correlation time of the metal-carbon vector TR is the 

same order of magnitude 

bond 

This 

in metal-free PGA, 
-1 9 

yields T =5 x 10 
c 

as the 
-1 

TR is 
-1 

sec 

rotational correlation time of the C-H 

5 x 109 sec-lfor the C carbon from eq 3.1. y 
Furthermore, we assume that all Cu(II) 

ions added are bound b 1 d q __ 2.2l h . to car oxy groups an On t ese assumptl0ns 

the distance between C and copper is estimated to be 3.0+1.0 A from eq 
y 

4.4 at pH 7.4 and at 300 K. Since the rotational correlation time 
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of Co carbon is not known, we postulate that a possible upper limit of 

Tc for Co is the same order as Tc for Cy. The same calculation as for 

Cy carbon yields the distance between Co carbon and copper to be 

2.5±1.0 A, which should be noted to be the maximum distance. 

On the assumptions of T =T ~10-8 sec 20 and q=22l the absolute 
e s 
from eq 4.3. The values of IAC

13
C)/hl value of A can be estimated 

8 
obtained are 2 x 10 Hz and 1 x 10

8 
Hz for CdC b t" 1 Y an 0 car ons, respec lve y. 

Temperature dependence of l/T
lp 

reflects that of the correlation 

time of the tumbling motion, if the following conditions are fulfilled; 

the exchange is fast, the structure of the complex remains the same in 

the whole temperature range studied, and motions are isotropic. The 

activation energy ER for the rotational motion was estimated from the 

slope of l/T
lp 

vs. liT using eq 2.7 and 4.4 to be E
R

=5 kcal/mol for Cy 
and Co carbons. It is noteworthy that the ER value for the complex is 

very close to that for metal-free PGA. This seems to indicate that 

although the motional freedom of PGA in the vicinity of the CuCII) binding 

sites may be restricted by the binding of CuCII), the presence of the 

rapid exchange of ligands reduces the rotational barrier to the same as 

that of metal-free PGA. 

13 pH Dependence of C Relaxation Rate 
13 

Figure IV-4 shows the pH dependence of C spectra in the presence 

of CuCII) at 300 K. In the lower pH region, all resonances of metal-free 

PGA broaden due to increasing correlation time as going from coil to 

helix. 22 The addition of CuCII) results in further broadening of only 

C
y 

and Co resonances. This fact suggests that carboxyl groups are 

bound to CuCII) even in the helix region. CuCII) is known to induce 

h "I h I" "" 10-12,21 H h "f t e COl -to- e lX transltlon. owever, t e concentratlons 0 

CuCII) used in this work are too low to observe this effect. 

Electron paramagnetic resonance CEPR) studies of the complex at 

about pH 5 have shown that CuCII) is bound to nitrogen atoms of the 
10 21 backbone.' If nitrogens are bound to CuCII), the relaxation times 

of C
a 

and C' carbons of the backbone would be influenced. However, the 

present study shows that the relaxation times of the two carbons are same 

as those of metal-free PGA at CuCII) concentrations studied here, 

indicating that CuCII) is not bound to nitrogen atoms. This inconsist-

ency between EPR studies and our results may be responsible for the 
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Figure IV-4. 
13 

pH dependence of C spectra of Cu(II)-PGA complex at 300 K: 
-S (a) pH 4.9, f=6.9 x 10 , 30,000 scans; 

-S 
(b) pH S.l, f=S.4 x 10 , 

40,000 scans; -S (c) pH S.4, f=S.l x 10 , 20,000 scans; (d) pH 7.4, 
-S 9.3 x 10 , 6,000 scans; -S (e) pH 8.6, f=6.9 x 10 , 6,000 scans; 

-S (f) pH 11.1, f=6.9 x 10 , 3,000 scans. Repetition time of 90° 

pulses is 1.S sec. 
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difference of experimental conditions; the value of f in the EPR 

measurements at 77 K is about 103 times greater than that in our NMR 

measurements at room temperature. 

As shown in Figure IV-4, which increasing pH the peak intensities 

of Cy and Co carbons increase. At pH 11.1 the spectrum obtained is 

apparently the same that of metal-free PGA in Figure IV-l Ca). 

and 

and 

Figure IV-5 shows the pH dependence of 1/fT
2P 

of the complex for C
y 

Co carbons at 300 K. With increasing pH, values of 1/fT
2p 

for C
y 

Co carbons begin to decrease in the vicinity of pH 8 from invariable 

values in the lower pH region and vanish above pH 9. Values of 1/fT
2p 

for other carbons except for C
y 

and Co were zero at all pH's region 

studied. These results indicate that carboxyl groups are released from 

CuCII) at pH 7-8, and that the binding of CuCII) to carboxyl groups does 

not occur in the alkaline pH region. 

Tl of Water Proton 

To obtain further information on properties of the complex, we 

measured the spin-lattice relaxation time of water proton of the complex 

in 0.2 M NaCl solution. Table IV-I shows the results at pH 6.8 and at 

296 K. Tl value of water proton in CuCII) aqueous solution is five 

times shorter than in PGA aqueous solution. When PGA added to CuCII) 

aqueous solution, Tl value of water proton becomes further two times 

shorter than that of CuCII) aqueous solution. This is due to the fact 

that the correlation time of tumbling motion of water molecules bound to 

CuCII) becomes longer in the presence of PGA than that in the absence of 

PGA because of the binding of CuCII) to PGA. These results indicate 

that CuCII) bound to PGA still holds water molecules in the first 

coordination sphere at this pH. 

From the measurements of Tl for aqueous solution of CuCII), the 

correlation time of tumbling motion of the aquo CuCII) complex was 

estimated to be 5 x 10-11 sec using eq 4.4, on the assumptions that the 

number of water molecules coordinated to CuCII) is four at corners of 

planar square, the distance between copper and water proton is 2.77 A, 
23 10-11 and T M <<. TIM' If the complex is octahedral, a value of 3 x sec 

is obtained. The correlation time in the PGA-CuCII)-H20 system was also 

estimated in a similar way as above except for the assumption of coordi-

nation number. In the presence of PGA the number of water molecules 

50 



2 

-"l-I 
U 

X II 
$ 

0-
1 

~ -....... 
to 

0 -
o 

4 6 8 10 12 14 
pH 

Figure IV-S. pH dependence of 1/fT2p at 300 K. 
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Table IV-I. Spin-lattice relaxation times and correlation times of 

* water proton in sec 

H
2

0 + PGA 

H
2

0 + Cu(II) 

H
2

0 + Cu(II) + PGA 

2.88 

0.54 

0.23 

1" ** c 

5.3 x 10-11 

2 1 10
-10 

• x 

1" *** c 

3.4 x 10-11 

1.0 x 10-10 

* 0.2 M NaC1; [Cu(II)]=2.1 mM, [PGA]=69 mM; pH 6.9, 296 K. 

** Assuming a tetragonal complex. 

*** Assuming an octahedral complex. 
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coordinated to Cu(II) was assumed to be 2, because two of four coordina

tion sites of Cu(II) are occupied by carboxyl groups of PGA in the case 
21 -10 

of tetrahedral complex. The estimation yields a value of 2 x 10 sec, 

assuming that the distance between copper and water proton is unchanged 

from that in the pure aqueous solution. In the case of octahedral 

Cu(II), as the coordination number of water molecules is assumed to be 

four, a value of 1 x 10-
10 

sec was obtained. These values obtained are 

summarized in Table IV-I. In the two cases the correlation times of 

tumbling motion are larger in the presence of PGA than in the absence of 

PGA. It is of interest to note that the correlation time thus obtained 

is approximated to be the correlation time of the tumbling motion of Cy 

carbon of PGA because water molecules are bound to Cu(II) which is bound 

to PGA. The correlation time of tumbling motion of the complex estimated 

from water proton relaxation is in good agreement with the results obtained 
13 from C nuclear relaxation of PGA 

Figure IV-6 shows the pH dependence of the water proton relaxation 

enhancement €* for 2.1 mM Cu(II) aqueous solution at 296 K. The change 

of pH through the helix-coil transition region does not any effect on €* 

in the presence of PGA. This indicates that Cu(II) remains to bind to 

PGA even in the helix region, in agreement with the results of l3C NMR 

described above. Independence of €~ on pH means that the product of q 

and T in eq 4.4 remains unchanged with pH. On the other hand, with 
c 

increasing pH from neutral to alkaline, the value of €~ begins to decrease 

in the pH region of 7-8 and vanishes in the alkaline pH region. This 

decrease in €* arises from the onset of releasing water molecules from 

the first coordination sphere of Cu(II). 

Structure of Complex 

In Figure IV-7 we depict schematic representations of the Cu(II)-PGA 

complex under the conditions of very small Cu(II) concentrations. In the 

neutral pH region (pH 6-8) where PGA is in the coil state, two carboxyl 

groups and two or four water molecules are coordinated to Cu(II) (b). 

In the acid region (pH 4.5-5.5) where PGA is in the helix region, 

carboxyl groups and water molecules remain in the first coordination 

sphere of Cu(II). The complex may be formed within a molecule, 

with coil parts of the moleucle, or between molecules (a). 

Hojo and coworkers showed from measurements of pH titration, visible 
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spectra, and viscosity for Cu(II) complexes with PGA, po1y(L-a1anine), 

po1y(DL-a1anine) that in the alkaline pH region four nitrogen atoms of the 
24 25 

backbone are bound to Cu(II).' Levitzki, et a1., have suggested that 

for the Cu(II)-po1y(L-histidine) complex four consecutive amide nitrogens 
7 

occupy a distorted coordination square of Cu(II). The present study 

showed that water molecules and carboxyl groups are not bound to Cu(II) 

in the alkaline pH region (pH~9). Figure IV-7 (c) shows a speculative 

structure of the complex at alkaline pH; only four nitrogen atoms are 

bound to Cu(II), and water molecules and carboxyl groups are not in the 

first coordination sphere of the metal ion. If nitrogen atoms are bound 
13 

to Cu(II), the effect of paramagnetism should appear on C spectrum of 

PGA, especially Ca and C' carbons of the backbone. However, it was not 

possible to observe any effect upon 13C spectra. The reason for this 

fact is possibly as follows. The chemical exchange between the comp1exed 

and uncomp1exed states is very slow, and spectra in the comp1exed state 
13 

are too broad to be observed. Therefore, C spectra at alkaline pH 

essentially consist of only the sharp resonances of umcomp1exed PGA 

residues. 
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CHAPTER V 

Mn(II)-Poly(D-glutamic acid) Complex 

Manganese ion was the first of metal ions used to probe the metal 

° b O dO ° ° 1 ° °d 1 d 2 b 10n 1n 1ng s1tes 1n nuc e1 aC1 s an enzymes. Many su sequent 

applications of paramagnetic probes in the study of enzymatic mechanisms 
3-5 have been presented in several reviews and monographs. There are 

several reasons why Mn(II) has been widely applied to nuclear spin 

relaxation studies of biological systems: 

(1) Mn(II) is capable of activating most enzymes that normally require 

Mg(II) as the natural activator. Mn(II) (ionic radius 0.80 A) and 

Mg(H) 
o 

(0.65 A) form similar complexes with many ligands. 
-8 hydration sphere (T

M
=2.7 x 10 sec for aquo (2) Mn(II) has a labile 

6 
Mn(II) at 300 K). These rapid exchange conditions permit access to 

structural information concerning the complexes. 

(3) Mn(II) has a large electron spin quantum number (5=5/2). Because 

the relaxation rate varies as 5(5+1), Mn(II) will be a more efficient 

"relaxer" than low-spin ions, and lower concentrations of Mn(II) may 

be used to effect observable relaxation. 
-9 

(4) Mn(II) has a long electron-spin relaxation time, T =-10 sec for 
6-10 s 

aquo Mn(II) complex at room temperature. 
11 

(5) Mn(II) is known to exhibit a nearly isotropic g tensor. Mn(H) 

possessing half-filled electron shells has little ligand field 

stabilization energy and consequently will be little affected by 

changes in the orientation or the nature of the ligands in the complex, 

so that the g factor for Mn(II) may exhibit a small degree of 

anisotropy. 

These features simplify the interpretation of the relaxation data 

and thereby improve the possibility of obtaining structural information. 

As T of Mn(II) is relatively long, EPR spectrum of the Mn(II) complex in 
s 

solution is usually not difficult to observe at room temperature, so 

that one may obtain information on electronic structure of Mn(II) itself. 

We carried out following experiments in order to obtain the detailed 

information concerning the interaction of Mn(II) with PGA in aqueous 

solution: (1) EPR measurements were made to estimate binding parameters; 
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(2) l3C relaxation times were measured as a function of temperature at 

neutral pH; (3) water proton relaxation times were measured as functions 

of pH and temperature; (4) effect of Mn(II) upon the conformational 

change of PGA was studied by CD measurements. Effects of Mn(II) upon 

PGA was compared with those of Cu(II). This chapter is concerned with 

these investigations. 
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EXPERIMENTAL 

Materials 

PGA was prepared as described in the previous chapter. Analytical 

grade manganese(II) chloride (MnC124H
2
0) was purchased from Nakarai 

Chemicals and employed without further purification. Aliquots of MnC1
2 

solution were added to PGA solution to prepare the complex. Adjustments 

of pH were made with 1 N NaOH and HCl. The pH was measured on a 

Hitachi-Horiba M-7 pH meter equipped with a combination micro-electrode 

(8 mm ¢). The pH values of D
2

0 solution used in l3C NMR measurements 

are direct meter readings. 

l3C Nuclear Magnetic Resonance 
13 All samples used for C NMR measurements were prepared at a residual 

concentration of 0.83 M in 99.8% D
2

0 obtained from Merck. Natural

abundance proton-decoupled l3C NMR spectra were obtained at 22.63 MHz 

using a Bruker SXP 4/100 Fourier transform spectrometer equipped with a 

B-NC-12 computer. A band width of 6024 Hz was used with 8 K data points. 

The deuterium resonance of the solvent D
2

0 was used for the field-frequency 

lock signal. The 90 0 pulse was 10 ~sec. All measurements were carried 

out at controlled temperatures using a Bruker B-ST-IOO/700 temperature 

control unit. Spin-lattice relaxation time (T
l

) of protonated carbons 

of PGA was measured by the IR method. 12 ,13 Spin-spin relaxation time 

(T
2

) was estimated from the measured line width ~v by the relation of 

1/T2=TI~V. Dioxane was used as an internal standard for the reason 

described in the previous chapter. Chemical shift was corrected to TMS. 

lH Nuclear Magnetic Resonance 

Samples used for measuring the isotropic contact shift of the water 

proton contain 91% (v/v) D
2
0, 7% H20, and 2% dioxane. PGA residual 

concentration was 0.135 M. lH spectra were obtained at 90 MHz using a 

Bruker SXP 4/100 spectrometer with internal deuterium lock. A band 

width of 1000 Hz was employed with 8 K data points, using a B-NC-12 

computer. The paramagnetic isotropic contact shift of the water proton 
14 

was measured by the method of Led and Grant. 

It is difficult to measure directly the frequency shift of water 

proton signal induced by Mn(II) because of the broad signal induced also 
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by Mn(II). Instead it was obtained as the negative value of the frequency 

shift of the sharp, well-defined proton signal from the internal dioxane 

standard, which was observed when the signal from the internal D
2

0 was 

used as a lock signal. Under this lock system the addition of the 

paramagnetic ion changes the magnetic field by the an amount corresponding 

to sum of the bulk susceptibility shift and the isotropic contact shift 

of the D
2

0 signal. This leaves the chemical shift of the H
2
0 signal 

unchanged relative to the lock when comparing samples and without para

magnetic ions, while the proton signal from the internal dioxane, which 

is only affected by the change in bulk susceptibility, will be shifted by 

an amount corresponding to the isotropic contact shift of the H
2

0 signal 

but in the opposite direction. Contrary to the H
2

0 signal the D
2

0 line 

is sufficiently narrow at the paramagnetic ion concentration used here to 

constitute a well-defined lock signal. 

Samples for water proton relaxation times were prepared with 

redistilled and deionized H
2

0 in 0.2 M NaCl solution. The samples were 

purged with water-saturated N2 gas for 20 min and sealed off. Measure-

ments of water proton relaxation times were carried out at 90 MHz using 

a Bruker SXP 4/100 spectrometer equipped with a Bruker external stabilizer 

B-SN-15 by water proton lock. The 90° pulse was 8 ~sec. Tl of water 
15 

proton was obtained using the Carr-Purcell l80 o-T-90o-T- pulse sequence 

generated by a Bruker pulse gated integrater. T2 was determined using 

the Meiboom-Gill modification
16 

of a Carr-Purcell pulse sequence, 

90 o-T-1800-[-T -(echo)-T-1800-T-(echo)-]-. 

Circular Dichroism 

Circular dichroism measurements were made with a JASCO J-20 spectro-

polarimeter at 300 K, using path length of 1 mm. Solutions measured were 

the same ones used in the water proton relaxation measurements. 

Electron Paramagnetic Resonance 

All samples for electron paramagnetic resonance (EPR) measurements 

were prepared at PGA residual concentration of 85 mM for metal ion titra

tion experiments (M-titration) and 170 mM for pH titration experiments. 

All solutions contain 0.2 M NaCl. A series of reference samples at the 

same Mn(II) ion concentration but containing no PGA were prepared. The 

solution was placed in a 0.75 mm i.d. quartz capillary tube. 
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EPR measurements were carried out on a JEOL JEX-X/K at 9.2 GHz eX-band) 

at room temperature. 

The total amplitude of each spectrum was measured by adding peak 

heights of the six-peak EPR signal (see Figure V-1). The free Mn(II) 

concentration for each sample was calculated from the relative signal 
17 amplitude with respect to the reference sample. 

The binding parameters for the Mn(II)-PGA complex were determined 

using EPR technique by titrating the PGA solution with Mn(II) (M-titra

tion).2,17,18 The dissociation constant Kd and the number of binding 

sites per PGA residue n are determined by the following equation. 19 

Kd 1 1 
= --------- +---- (5.1) 

n [Mn]f n ) 

where [Mn]f and [Mn]b are the concentrations of free and bound metal ions, 

respectively, [PGA] is the total PGA residual concentration. A plot of 
t 

[PGA] /[Mn] vs. l/[Mn] yields values of nand Kd which can be obtained 
t b f 

graphically. 
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RESULTS AND DISCUSSION 

Estimation of nand Kd 

The EPR spectra of Mn(II) in the absence and presence of PGA are 

displayed in Figure V-I. The spectrum of aquo Mn(II) complex consists 

of six lines of slightly different intensities and line width due to the 

hyperfine interaction of the electron spin with the nuclear spin (S=5/2). 

For hexaaquo Mn(II) complex the cation is in a perfectly symmetric and 

isotropically averaged environment, and each of the six lines is a super

position of the five electron-electron fine transitions that occurs 

between the six electronic energy levels. Mn(II) bound to macromolecule 

is always difficult to observe when free Mn(II) is present. This 

phenomenon has been attributed to the inability of the slow molecular 

motion of macromolecule to isotropically average out static distortions 

prevalent in macromolecule complexes resulting in an extremely asymmetric 

1 . . 20 e ectronlC enVlronment. 

When PGA is added to Mn(II) solution, the intensity of signal 

drastically decreases as shown in Figure V-I (b). suggesting that Mn(II) 

binds to PGA. The unchanged line-shape spectrum for the Mn(II)-PGA 

system also suggests that the electronic environment of the metal ion is 

still quite isotropic, showing the absence of displaced fine structure 

transition due to zero field splitting. 

The number of metal ion binding sites n and their dissociation con

stant Kd were determined by the method of M-titration at pH 7.8 and at 

room temperature. A solution containing 85 mM PGA was titrated with 

variable amount of Mn(II) solution (4-16 mM). The results are shown in 

Figure V-2, using eq 5.1. The plot gives a straight line, indicating 

that the presence of only one type of binding sites with equivalent 

binding constant. The average values of nand Kd obtained are 0.3 and 

2 x 10-3 M, respectively. The value of n means that about three 

residues of ten residues of PGA are able to bind to one metal ion. 

Estimation of q(H
2

0) and A(H20) 
-2 -2 -2 

If LM » T2M and ~WM ' eq 2.11 can be reduced to 

(5.2) 
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Figure V-I. EPR spectra of Mn(II) (8.3 mM) at room temperature 

and at pH 7.0: (a) [PGA]=O mM; (b) [PGA]=170 mM. All 

samples were prepared in 0.2 M NaCI solution. DPPH 

(2,2-diphenyl-I-picrylhydrazyl) was used as an external 
reference. 
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Figure V-2. Hughes and Klotz plot of the data obtained from 

an EPR titration experiment: [PGA]=85 mM, [Mn(II)]=4-16 mM. 
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which has the Curie law temperature dependence according to eq 2.1. 

The simple Curie law exhibited by the isotropic contact shift of water 

protons is only compatible with eq 2.11. The electron-water proton 

hyperfine coupling constant A(H
2
0) was obtained from the contact shift 

data for the protons in the absence of PGA presented in the upper curve 

of Figure V-3. 
-4 

S A value of A/h was estimated to be 6.S x 10 Hz for 

f=2.0 x 10 and q(H
2
0)=6. The contact shift of water proton decreased 

by the addition of PGA as shown in lower curve of Figure V-3. This 

indicates that the first coordination sphere of Mn(II) is partly occupied 

by PGA molecules. Using the value of A(H20)/h obtained above and 

f=2.l x 10-4 , the number of coordinated water molecules to Mn(II) , 

q(H20), was found to decrease from 6 to 3.7±0.2 upon the addition of PGA. 

Thus PGA residues of 2.3±0.2 are bound to Mn(II). In view of the charge 

compensation it appears reasonable to assume that each Mn(II) on an 

average binds two PGA residues and four water molecules. 

l3C Nuclear Magnetic Resonance 
13 

Figure V-4 shows C NMR spectra of PGA in the absence and presence 

of Mn(II) at pH 7.1 and at 304 K. This figure illustrates the selective 

broadening of l3C resonances, particularly,the carboxyl carbon Co' 

It is found that upon the addition of a trace of Mn(II) Co' Cy ' and Cs 
resonances of the side chain show broadenings, and that C and C' a 
resonances are not affected at Mn(II) concentrations studied. These 

observations indicate that there is a specific interaction of Mn(II) 

with the carboxyl group of the side chain of PGA. Paramagnetic induced 

shifts were not able to be observed beyond broadening for any resonances. 

Figure V-S shows the temperature dependence of 1/fT2pfor Co' Cy ' and 

that each Cs carbons and that of l/fT
lp 

for C
y 

carbon. It is apparent 

relaxation rate decreases with increasing temperature. This result 

indicates that TIp and T2p are controlled by TIM' T2M, respectively, 

rather than t
M

, i.e., TIM' T2M)tM in eq 2.12 and 2.14 (fast exchange). 

For Cl carbon the relation of Tlp/T2p~ 1 holds in all temperature range 

studied, indicating that the scalar relaxation is dominant in T2M , while 

TIM is dominated by the dipolar relaxation. In this case the paramagnetic 
-6 

broadening no longer shows the dependence of r in eq 4.2. 
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Figure V-3. Temperature variation of the isotropic contact 

shift of water proton at pH 7.0: (a) [Mn(II)]=ll mM; 

(b) [Mn(II)]=ll mM, [PGA]=136 mM. 
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Under the conditions of fast exchange (T1M 5) 'TM and w~ 'T~ <.<. 1) 

eq 4.1 can be reduced to 

7fq 

2 

222 
YI g S 

6 
r 

'T 
c 

(5.3) 

The distance between carbon atom and manganese ion can be evaluated from 

eq S.3_~f 'Tc is known. It was found from Figure V-S to be 'TM« T2M~ 

6 x 10 sec at 304 K. For complexes of Mn(II) 'T is nearly equal to the 
-9 6-10 e 

electron spin relaxation; 'T = 'T C:: 10 sec. If the rotational 
e s 

correlation time of the metal-carbon vector is roughly approximated to be 

the same order of magnitude as the rotational correlation time of the C-H bond 

in metal-free PGA, then 'TR at 304 K is evaluated to be 1.6 x 10-10 sec 
-1 -1 

for Cy carbon from eq 3.1. 
9 -1 

This value therefore yields 'Tc = 'TR = 

6.3 x 10 sec Furtheremore we assume q(PGA)=2. On these assumptions 

the distance between Cy carbon and manganese was estimated to be 3.3+1.5 A 
from eq 5.3 at pH 7.1 and at 304 K. The same calculation yields a value 

of :>3.S.±l.S A as the distance between Cs and Mn(II). 
2 -1 

Under the conditions of T1M, T2M~ 'TM and ~WM~(T2M 'TM) , the combi-

nation of eq 4.1 and 4.2 yields 

_7 __ 1_ + 
6 Tlp 

3Sfq (~)2'T 
12 "1r e 

(5.4) 

Only the ratio of A for each carbon can be evaluated from this equation, 

since the accurate value of 'T is not known. Using the observed values 
e 

of T2p ' Tlp ' f, and q=2, 

at pH 7.1 and at 304 K. 

we obtain /A(Ca)/A(C )/ =0.3 and IA(C )/A(C ~ =0 
iJ yay 

These results suggest that there is small amount 

of electron spin density which is transferred to Cs from Mn(II). If we 
-9 6-10 I 5 / 4 assume very roughly 'Te~lO sec, fA(Cy)/h =10 Hz and JA(CS)/h =10 

Hz are obtained. It is of interest to note that unpaired spin density 

induced on Cy carbon is much smaller for Mn(II) than for Cu(II) as shown 

in Chapter IV. 

Water Proton Relaxation Rate 

Figure V-6 shows the temperature dependence of l/Tlp and 1/T2p of 
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Figure V-6. Temperature variation of l/T
lp 

and I/T
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of water 

proton: [Mn(II)]=0.52 mM, [PGA]=10.2 mM. The dotted line 

represents the variation of aquo Mn(II). All samples were 

prepared in 0.2 M NaCI solution. 
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water proton of the Mn(II)-PGA-H
2

0 system at several pH's. The values 

of l/T
lp 

for aquo Mn(II) are plotted together in Figure V-6. 

A comparison of the data indicates that in both cases of the presence and 

absence of PGA relaxation rates behave in quite same way: these values 

vary linearly with temperature. The value of l/T
lp 

of the Mn(II)-PGA 

complex is larger than that of aquo Mn(II) complex. These results imply 

that the correlation time of tumbling motion of water molecules bound to 

Mn(II) is larger in the presence of PGA than in the absence of PGA because 

of the binding of Mn(II) to PGA, and that Mn(II) bound to PGA possesses 

water molecules in the first coordination sphere. 

In all pH region studied, both relaxation rates monotonously decrease 

with increasing temperature. This fact tells us that the system is in 

the fast exchange limit, that is, TIM' T2M~TM in eq 2.12 and 2.14. 

The value of T
lp

/T
2p 

is larger than unity and is about 2.4 in all 

temperature range studied. In the fast exchange limit, the fifty-fifty 

contribution to T2M from dipolar and scalar interactions yields 

T
IP

/T
2p

=2.33. Thus, the observed ratio greater than 2.33 indicates that 

the dipolar term is not the dominant contribution to T2M , but the scalar 

relaxation is dominant. 

Comparisons of the Mn(II)-PGA complex with the hexaaquo Mn(II) are 

now made in Table V-I at pH 7.8 and at 300 K. There are six water 

molecules in the first coordination sphere of the metal ion in the case 

of aquo Mn(II), while for the Mn(II)-PGA complex the number of hydration 

decrease to four. Here, an average value of 2.87 A was assumed for the 

Mn(II)-water proton distance in computing the parameters in Table V_I.
22 

The distance between the water proton and the Mn(II) has been reported 

to be 2.815-2.923 K.2l Under the conditions of fast exchange, the 

correlation time of water proton for the Mn(II)-PGA complex was calculated 
-10 to be 1.1 x 10 sec from eq 5.3 using q(H20)=4 and r=2.87 A. This 

-10 value of 1.1 x 10 sec is larger than that in the absence of PGA. 

The best-fit activation energy ER was 3.7 kcal/mol using eq 2.7, assuming 

that the value of q does not change in the temperature range studied. 

Using values of A(H
2

0) and q obtained above, a value 
-9 

estimated to be 4.2 x 10 sec at 300 K from eq 5.4. As 

the correlation time of tumbling motion of the complex TR 

of Twas 
-1 e_l 

T «T , T is equal to e c c 
in all temperature 

range studied. Assuming that Ts in the Mn(II)-PGA complex is the same 
-9 

as in the aquo Mn(II) complex, the value of TM of 5 x 10 sec at 300 K 
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Table V-I. Comparison with parameters for water molecules 

in PGA-Mn(II} and hexaaquo Mn(II) complexes at 

300 K and at pH 7.8 

LR(sec) 

ER(kcal/mol) 

LM(sec) 

~(kcal/mol) 

q(H2O) 

A(H2O)/h (Hz) 

* Reference 23. 

** Reference 9. 

*** See the text. 

PGA-Mn(II)-H2O 

1.1 x 10-10 

3.7 

5 x 10 -9*** 

6 

4 

6.5 x 105 

74 

Mn(II) (H20)6 

3 x 10 
-11* 

* 4.5 

2.5 x 10 -8* 

7.5 * 

6 

x 105 ** 6.3 



can be obtained from eq 2.6. The temperature dependence of TM gave 

E
M

=6 kcal/mol. The value of EM obtained is close to the value for the 

aquo MneII). This suggests that water molecules can readily exchange 

between the first coordination sphere of Mn(II) bound to PCA and the bulk 

solvent. 

As the coordination number of q is not known at each pH, we can not 

estimate the thermodynamic and kinetic parameters about the Mn(II)-PCA 

complex in the present study. However, as will be described below, since 

Mn(II) is released from PCA with decreasing pH, the values of these para

meters will approach to those of the aquo Mn(II) complex. 

pH Dependence of Complex 

In Figure V-7 the water-proton relaxation enhancement factor £* is 

plotted against pH at 300 K. The value of £¥ is a constant of 2.2 above 

pH 6. With decreasing pH, £ * sharply decreases and approaches to unity. 

This fact suggests that the coordination number of water molecules per 

Mn(II) changes from four to six, that is, PCA does not bind to Mn(II) at 

all, and that the correlation time of water molecule for Mn(II)-PCA 

complex decreases to that of the aquo Mn(II) complex. 

CD measurements at 222 nm were carried out at 300 K. The experi

mental conditions are same as the measurements of £*. The results are 

shown in Figure V-8 against pH. With decreasing pH, [8]222 increases 

indicating that the conformation of PCA in aqueous solution containing 

Mn(II) changes from coil to helix. The helix-coil transition region 

was not affected by the presence of Mn(II) at least at concentrations 

studied here. 

The fraction of free Mn(II) existing in the Mn(II)-PCA-H
2

0 system 

is plotted against pH in Figure V-9. The concentration of free Mn(II) 

was measured by EPR method. There is little free Mn(II) in the system 

above pH 6. With decreasing pH, the fraction of free Mn(II) increases. 

This fact indicates that Mn(II) is released from PCA at acid pH. 

These results obtained lead to the following conclusions. Mn(II) 

is bound to the carboxyl groups of PCA in neutral pH region. When pH 

decreases, Mn(II) is released from the carboxyl groups and consequently 

the concentration of free Mn(II) increases. This fact is in contrast 

with that in the Cu(II)-PCA complex. In Mn(II)-PCA complex, PCA changes 

its conformation from coil to helix with decreasing pH as in the absence 

of Mn(II). 
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Figure V-7. pH dependence of E~ at 300 K: [Mn(II)]=0.52 mM, 

[PGA]=10.2 mM. All samples were prepared in 0.2 M 

NaCI solution. 
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Figure V-8. pH dependence of [8]222 at 300 K: 

(0) poly(D-glutamic acid) + Mn(II); 

(e) poly(D-glutamic aicd) only. 

All samples were same as shown in Figure V-7. 
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pH dependence of the free manganese ion for Mn(II)-PGA complex 

at room temperature: [Mn(II)]=8.3 mM, [PGA]=l70 mM. 
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CHAPTER VI 

Co(II)- and Ni(II)-Poly(D-glutamic acid) Complexes 

Differing from Mn(II) and Cu(II), some paramagnetic ions such as 

Co(II), Ni(II), Fe(II), low spin Fe(III), and lanthanide ions except for 

Gd(III) have 
1 

perature. 

-12 -13 
short l (10 -10 sec) in aqueous solution at room tem-

s 
EPR signals of these ions are very broad, and these ions 

have little effect on the NMR line width and cause large paramagnetic 

shift of ligand nuclei. In the system containing these ions the 

correlation time lC is no longer determined by lR. Instead, l is 
c 

determined by l • 
s 

So far, paramagnetic shift observed for the complexes 

of Co(II) and Ni(II) have provided information concerning the electronic 
2 structure of ligand, rather than the dynamic properties of the complex. 

McDonald and Phillips have used Co(II) as a paramagnetic probe to 
1 improve the resolution in the higher field region of the H NMR spectrum 

3 of lysozyme. It has been observed that some resonances are shifted to 

higher field, some to lower field. The magnitude of the shifts are 

quite different for different resonances, and the Co(II)-induced shifts 

increase with increasing Co(II) concentration. They have shown that 

the binding sites of Co(II) and the structure of the metal environment. 

Iwaki, et al., have suggested the binding sites of Co(II) and Ni(II) for 

PGA in the neutral pH region from the results of lH NMR.4 

Of particular interest is transfer mechanism of unpaired electron 

spin density. Taking account of the large contribution of the carbon 

orbitals to the electron-spin containing molecular orbitals of the para

magnetic complex and in view of the difference between the gyromagnetic 
. 13 1 13 ratlos of C and H, it would be expected that C NMR measurements 

provide unique information about electron-spin delocalization in the 
2 

paramagnetic system. 

In this chapter we will focus on l3C chemical shift and line width 

of the Co(II)-PGA and Ni(II)-PGA complexes in aqueous solution which were 

measured as functions of metal concentration, temperature, and pH in order 

to compare with the results of lH NMR measurements. 
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EXPERIMENTAL 

PGA was prepared as described in Chapter III. Analytical grade 

CoCli6H20 and NiCli6H20 purchased from Nakarai Chemicals were used without 

further purification. Aliquots of the metal solution were added to PGA 

solution to prepare the complex. Adjustments of pH were made with DCl 

obtained from Merck. The pH was measured on a Hitachi-Horiba M-7 pH 

meter equipped with a combination micro-electrode (8 rom ¢). The pH 

value is direct meter reading. 
13 

Natural-abundance proton-decoupled C NMR spectra were obtained at 

22.63 MHz using a Bruker SXP 4/100 spectrometer equipped with a B-NC-12 

computer. A band width of 6024 Hz was used with 8 K data points. 

Solvent D
2

0 was served as the internal lock. All measurements were 

carried out at controlled temperatures using a Bruker B-ST-IOO/700 

temperature control unit. Dioxane was used as an internal standard. 

Chemical shift was corrected to TMS. Spin-spin relaxation time (T2) 

was estimated from the line width ~v by the relation of 1/T2=TI~V. 

A 90 0 pulse used was 9.5 ~sec. 
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RESULTS AND DISCUSSION 

13 C NMR spectra of PGA are shown in Figure VI-l against Co(II) 

concentartion at pH 7.1 and at 304 K. The bottom spectrum is the one 

of PGA in the absence of Co(II). It is apparent that the addition of 
13 Co(II) causes shift and broadening of C resonances, especially of Co 

and Cy resonances, and that shift and broadening markedly depend on the 

metal ion concentration. The effect of addition of Ni(II) is shown in 

Figure VI-2. It is obvious that for the Ni(II)-PGA system Co and Cy 

resonances broaden at smaller f as compared with the Co(II)-PGA system. 

These results obtained are apparently caused by unpaired electron spin of 

Co(II) and Ni(II). It is reasonable to assume that these metal ions 

form complexes with PGA. The carboxyl groups of the side chain are 

participated to form the complex at metal concentrations studied. 

Figure VI-3 shows the metal ion concentration dependence of para

magnetic shift of the Co(II)-PGA system. With increasing f ([Co(II)/[PGA]), 

all the resonances shift downfield in the order of Cy)Co)CS)Ca,C'. 

These paramagnetic shifts vary linearly with f. Paramagnetic shifts 

are also found to be more effective at pH 7.1 than at pH 4.7-4.8. This 

result is due to the difference in conformation and/or the degree of 

ionization of the carboxyl group. It is clear that even in the helix 

state Co(II) interacts with the carboxyl groups of PGA. In Figure VI-4 

is shown the paramagnetic broadening ~Vp for Cy and Co resonances, showing 

the linear variation of f. It is difficult to observe the broadening 

for Ca and C' at Co(II) concentration studied. 

In Figure VI-S is shown the paramagnetic shift against f for CS' Cy ' 

and Co resonances. Since Cy resonance markedly broadened and further 

addition of Ni(II) made the observation of the paramagnetic shift of Cy 
difficult due to the severe broadening, only one point of f was shown in 

the figure. For Ca and C' any paramagnetic shift could not be observed 

at Ni(II) concentration used. Cs and Co resonances shift downfield, 

while Co shifts upfield. Observed paramagnetic shift is also a linear 

function of f. 
3 1 Iwaki, et al., have shown from H NMR measurements that Co(II) 

interacts the carboxyl group of the side chain as well as the amide group 

of the backbone. Although the metal concentration used in this study 
1 13 

is lower than in H NMR study, results of C NMR obtained here do not 
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13 
Figure VI-I. Effect of Co(II) on C NMR spectra of PGA (0.83 M 

in monomer unit) at 304 K and at pH 7.1: (a) f=[Co(II)]/[PGA]=O; 
-3 -3 -2 

(b) f=3 x 10 ; (c) f=8 x 10 ; (d) f=I.5 x 10 • 
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C& c' Cot Cl ~ 

J~w~a 
190 170 60 40 20 ppm 

13 Figure VI-2. Effect of Ni(II) on C NMR spectra of PGA (0.83 M 

in monomer unit) at 304 K and at pH 7.1: (a) PGA only; 

(b) f=[Ni(II)]/[PGA]=8.1 x 10-4 . 
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Figure VI-3. Concentration variation of paramagnetic shift 60p 
for Co(II)-PGA complex at 304 K. f=[Co(II)]/[PGA]. 

The positive value of 60p means lower field shift. 
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Figure VI-4. 

Cr 

Concentration variation of paramagnetic broadening ~v 
p 

for C
y 

and Co carbons at 304 K and at pH 7.1. 
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Figure VI-5. Concentration variation of paramagnetic shift ~a for p 
Ni(II)-PGA complex at pH 7.1 and at 304 K. f=[Ni(II)]/[PGA]. 

The positive value of ~a means lower field shift and the 
p 

negative value upper field shift. 
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show the evidence that the metal ion binds to the amide nitrogen atom of 

the backbone. 

As paramagnetic shifts vary with f and two separate resonances from 

the complexed and uncomplexed states are not able to simultaneously 

observed, the chemical exchange between the two sites occurs and the 

exchange rate is so fast as compared with an NMR time scale. 

Figure VI-6 and VI-7 show the temperature dependences of the observed 

paramagnetic shift for Co(II) and Ni(II), respectively. Figures show 

that the observed shifts for both complexes increase with increasing 

temperature. These results are in good agreement with those of lH NMR. 3 

As only a single peak is observed for all the resonances and 1/T
2p 

values 

decrease with increasing temperature, one may obtain that flWMLM<l and 

T2M ) LM• These conditions reduce eq 2.11 to its simplest form 

fqfl~ • (4.1) 

The temperature dependence of observed shift flw therefore arises from 

that of fI~. 

As shown in Chapter II, the paramagnetic shift consists of the contact 

and pseudo-contact shifts. Both shifts are proportional to the recipro-

cal of temperature (Curie's law). Results obtained here are in contrast 

to the temperature dependence of Curie's law. This fact suggests that 

the chemical equilibrium between the complexed and uncomplexed states 

shifts to direction of formation of the complex with increasing 
4 temperature. The paramagnetic shifts observed for the Ni(II)-PGA 

system may be contact shift, for pseudo-contact interaction should be 

negligible for octahedral Ni(II) complexes which have the orbitally 
5-7 nondegenerate ground state. The downfield shifts of Cy and Co carbons 

suggest that unpaired electron spin is delocalized on the ligand via 

a-orbitals of PGA residue, since spin polarization effects are expected 

to attenuate rapidly with increasing distance from the metal ion.
8 

The upfield shift of Co carbon suggests that the position of Co acquires 

a net negative electron spin density via a spin polarization mechanism
9 

which overwhelms the effect of the direct delocalization of positive 

electron spin from Ni(II).lO 

For the octahedral Co(II) complex, in general, observed paramagnetic 

shift is mainly due to the pseudo-contact interaction rather than the 
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Figure VI-6. Temperature variation of paramagnetic shift for 
-3 

Co(II)-PGA complex at pH 7.1. f=S.2 x 10 . 
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Figure VI-7. Temperature variation of paramagnetic shift for 
-4 Ni(II)-PGA complex at pH 7.1. f=8.1 x 10 • 
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contact interaction. In some cases it is possible to separate these two 

contributions from observed shift.
ll 

Since the geometric factor 

(3cos
2
e-l)/r

3 
and the anisotropy of g factor cannot be evaluated for the 

Co(II)-PGA system, it is not possible to separate the two. It is, 

however, of interest to note that observed shift is larger for C than 
y 

for Co. This fact may imply that more positive spin density is localized 

in C
y 

carbon rather than in Co carbon. 
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CHAPTER VII 

Conclusion 

The pH and temperature dependences of chemical shift, T
l

, T
2

, and 

NOE were measured for poly(D-glutamic acid) (PGA) complexes with para

magnetic metal ions such as Cu(II), Mn(II) , Co(II), and Ni(II) in 

aqueous solution. 

As described in Chapter III, the l3C chemical shift, relaxation 

times, and NOE demonstrated a reasonable detailed picture of the 

conformation and motion of PGA in the absence of a paramagnetic ion. 
I Ca and C resonances shift upfield in conjunction with the helix-to-coil 

transition, while Cs' Cy, and Co resonances move downfield with the 

ionization of the carboxyl group. Tl and NOE of protonated carbons 

increase in company with the helix-to-coil transition. This is inter-

preted in terms of a decrease in correlation time of tumbling motion 

caused by the onset of fast segmental motion. As going away from the 

backbone, correlation times of the side chain carbons progressively 

decrease, showing the presence of fast internal reorientation. 
13 It was found in Chapter IV that C and water proton relaxation 

times provided information about the structure and dynamics of the Cu(II)

PGA complex. In the pH region of 4.9 to 8 relaxation times of cy and Co 

are reduced upon the addition of Cu(II), while those of Ca ' Cs' and CI 

are not influenced. Paramagnetic relaxation rates of cy and Co decrease 

with increasing temperature, indicating the fast exchange. The scalar 

relaxation is dominant to line broadening, suggesting that a significant 

amount of electron spin density is transferred from Cu(II) to cy. 
Ab 9 . ff f 13 1· b d ove pH paramagnetlc e ect or C nuc el was not 0 serve • The 

water proton relaxation rate is markedly enhanced by the addition of 

Cu(II) at acid pH, but diminished at alkaline pH. These results indicate 

that carboxyl groups and water molecules are bound to Cu(II) at pH~8, 

while these two are excluded from Cu(II) at pH~9. 

In Chapter V, the structure and dynamics of the Mn(II)-PGA complex 

were described on the basis of l3C and water proton relaxation times, 

EPR, and CD measurements. In the neutral pH region the carboxyl groups 

and water moleucles are bound to Mn(II) , but the chemical exchange 
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between complexed and uncomplexed states is fast. An electron spin was 

found to spread over to Cs from Mn(II). Parameters for ligand 

water molecules of the complex were compared with those for the aquo 

Mn(II). With decreasing pH Mn(II) is released from the carboxyl groups, 

and PGA changes its conformation from coil to helix. Water-proton 

relaxation enhancement reflects the conformational change of PGA in the 

case of Mn(II), while it does not in the case of Cu(II). 

It was demonstrated in Chapter VI that l3C paramagnetic shifts 

provided qualitative information of the structure of the Co(II)- and 

Ni(II)-PGA complexes. The addition of the metal ions caused remarkable 

paramagnetic shift and broadening of Cy and Co, leading to a conclusion 

that the carboxyl groups participate to form the complex at neutral and 

acid pH's. Paramagnetic shifts of both complexes show the temperature 

dependence opposite to Curie's law, suggesting that chemical equilibrium 

shifts to the direction of formation of the complex. 

The present study demonstrates the feasibility of using NMR of l3C 

and water proton nuclei in the paramagnetic complexes of macromolecules 

to achieve information on the structure and dynamics in solution. 
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