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Cu e applicazioni in biologia

The relaxation mechanisms governing the ESR linewidth for Cu(ll) in solution were first
described by McConnell (McConnell, 1956), based on the early experimental work of McGarvey
(McGarvey, 1956) on Cu(ll) acetylacetonate.

o The McConnell theory related the broadening of the hyperfine lines to the tumbling of a microcrystalline
species (with an anisotropic g factor and anisotropic hypertine coupling A).

The linewidth could then be attributed to the incomplete averaging of the spin hamiltonian
parameters by the tumbling motion. Kivelson (Kivelson, 1960; 1972) refined the theory of the
motionally narrowed limit. The central point of Kivelson'’s theory is his famous linewidth equation:

2h

BE)= N
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where o’ is the residual width including inhomogeneous contributions, o” is the spin rotational
contribution, and «, B, y and & are coefficients strongly dependent on the correlation time for
Brownian rotational diffusion tensor (tr.) and on the anisotropies of the g tensor and the nuclear
hyperfine interaction.

Dipartimento di Chimica
Universita degli Studi di Siena -14 -




C POPEUESNES NN /J: PRSP hnunmnmnn{-:nl\n
aratte -

For square planar copper complex Ay — A4, <0, g, g, .- A notable
feature of Equations S5 and 6 is that th

they predict a cancelling of
line-broadening mechanisms for Af; = +3/2, + 1/2 lines at the magnetic
fields given by
= AM, AA
By = A Az - 8.

Closer experimental testing of the McConnell equations revealed,
however, that the theory was not yet adequate for a detailed understand-
ing of linewidth effects of copper complexes. In a series of papers (3638,
74) Kivelson refined the theory to a level that in our experience is
sufficient 1o describe linewidths of copper complex in solution in satisfac-
tory detail. This thecory has been discussed in more detail by Kivelson
(39). The relaxation time 7. can be divided into four seis of terms,
labeled secular, pscudo-secular, nonsecular, and cross-terms. T hese vari-

ous terms can be collected in a convenient manner by expressing the
linewidth as a polynomial. We have

A B(gauss) = %‘—;—(a'-ﬁ—ﬂnﬁ + y M7 + SM7) 9.
where )
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where

AA=(A,— A, . )zads '), Ag=g,—z2..Ay=(Az2 @)/ A,

wg=2mry,a=(1/30(24, + 4,), u=1/(1+wj73). and f = wj7ou.

The experimental data showed that in order to get good agrecment
with theory an additional M, independent term needed to be added to
Equation 10. Atkins & Kivelson (7) showed that this residual linewidth
could be atiribuled to the “spin-rotational™ intcraction. They calculated
this contribution, following Hubbard’s theory of spin-rotational relaxa-

tion (28).
L i)
a”’= gfgl(Agu )z —2(Ag, )2]
where

Ag, gy =84 y—2.0023. 14.
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Il Programma Kivelson

Simulazioni nella regione di moto veloce

Caratteristiche Architetturali
Q Algoritmo di calcolo scritto in linguaggio Fortran 77;

Caratteristiche Funzionali e Algoritmo di calcolo

o La procedura implementata usa la teoria del Kivelson per simulare solo gli spettri di moto veloce. La
forma di riga dipende dal valore m, ed ha un’andamento di tipo lorentziano.

0 La struttura del sottoprogramma € la seguente.
calcolia, o, a”, B, v;
Si definisce a e si calcola la larghezza di riga;
Si calcola la posizione della linea;
Si calcola la forma di riga.
Q Il programma include ulteriormente un insieme di sei protoni

o Il programma é applicabile soltanto per la simulazione di spettri di moto veloce

ho m?—I(I 4 1)a®

AB(m;) = 8{ S
1 o f T f
- FBO(A ) +%(AA) I(I+1)— . 2h
0 wo IB(G) = TaB, (a+a +a + Bmy + ym3 + om3)
2 f 1 o f Vg,
- ﬁm[BQAA,AAw —%TIL[(AA) U)—O]}
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Cu(II) bis-(dimethyldithiocarbamato)

Experimental and simulated room

temperature spectra for %Cu(dtc), in o-
toluidine using the same set of input

parameters (g,A,Ag,AA,1.) at five different

frequencies
CHs, S S _CHj
2 N=C\ Cu\ =N
CH3 s” s “CH3

R.BASOSI, W.E.ANTHOLINE, W.FRONCISZ e J.S.HYDE "Spin
Hamiltonian input parameters in the EPR analysis of liquid
prase, copper complexes”. J.Chem.Phys., 81(11), 4849 (1984).
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Caratterizzazione di specie paramagnetiche
Cu e applicazioni in biologia

For most square planar copper complexes dissolved in an isotropic solvent, when the
probe fulfils the fast motion conditions, A® 1, << 1 where the rotational correlation
time, 1., has to be less than 2 x 10° s, but for viscous solvents like paraffin oil even at
45° C r is already slower than 2 x 10 S g

As far as the dynamic conditions are concerned, even at room temperature with an
isotropic solvent of membrane-like viscosity, copper ESR spectra must be analyzed
by the SLE (Stochastic Liouville Equation) based theory (Freed et al., 1971; Freed
1976; Meirovitch et al.,, 1982) because of a large anisotropy of the hyperfine
interaction of Cu(ll) in these complexes.

Furthermore in an anisotropic solvents (membranes or liquid crystals) the Cu(ll)
spectrum should be analyzed by the SLE theory at any temperatures (Rao et al.,
1977; Korstanje et al. 1989).

The SLE theory for an ESR spectrum was applied to paramagnetic metal ions in
solution only in a limited number of cases.

The first metal complex tested by this theory was a vanadyl complex in
isotropic solvents (Bruno et al. 1977).

Dipartimento di Chimica

Universita degli Studi di Siena -19-




Caratterizzazione di specie paramagnetiche
Il problema della larghezza di riga: I'inclusione dei termini superiperfini

La forma di riga di uno spettro EPR dipende dai seguenti fattori:

o differenza di popolazione dei livelli energetici tra i quali avviene la transizione;
o fenomeni di rilassamento;

o dinamica molecolare (moto lento e moto veloce).

In particolare nella regione di moto lento la forma della riga dello spettro EPR e fortemente

influenzata dalla dinamica molecolare e le interazioni anisotrope diventano

particolarmente evidenti e gli spettri non possono piu essere descritti come semplici

lorentziane (come nel caso di spettri ESR di moto veloce), in tal caso € necessario considerare

I termini di interazione superiperfine.

o Gli studi di Freed et al., sui nitrossidi in liquidi, hanno permesso di ottenere informazioni sulla dinamica di
rotazione.

o La loro analisi si basa su programmi destinati all'elaboratore per simulazione degli spettri di ESR basati
sull'equazione stocastica di Liouville (SLE).

Tuttavia, l'applicazione del metodo di Freed a complessi di metalli di transizione di
interesse biologico € stata a lungo preclusa per la mancanza di un programma completo
in grado di simulare gli spettri ESR che contengono piu di un'interazione iperfine.

L’algoritmo di calcolo sviluppato, per includere i termini della interazione superiperfine in
un programma di simulazione, si basa sul formalismo della Equazione Stocastica di
Liouville (SLE) la quale € una equazione del moto per I'operatore magnetizzazione per un
insieme di molecole paramagnetiche non interagenti che subiscono delle riorentazioni
casuali descritte da un processo stocastico
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Stochastic Liouville Equation

| ()= Re <<v‘ [i(wl —L)+ r]—l‘ v>>

7T

Solution of SLE requires numerically stable and computationally efficient algorithms
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Il problema della larghezza di riga: I'inclusione dei termini superiperfini

Usando il formalismo SLE, l'assorbimento dell'energia del
campo a microonde da parte di uno spin puo essere scritto
come

(0-a0)=2Re [l -ty +ito-onn )

Dove T" e loperatore di diffusione, L l'operatore di
Liouville associato con I’Hamiltoniano, ® € la frequenza
del campo a microonde e |v)) e lo “starting vector” che
comprende sia gli operatori per le transizioni ESR permesse
che Ia distribuzione di probabilita all’equilibrio per
I'orientazione della molecola
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Il problema della larghezza di riga: I'inclusione dei termini superiperfini

= Assumendo il seguente Hamiltoniano

H

INTERAZIONE DI
ZEEMAN INTERAZIONE

IPERFINE

INTERAZIONE
SUPERIPERFINE
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Il problema della larghezza di riga: I'inclusione dei termini superiperfini

Per risolvere la SLE si puo ricorrere all’algoritmo di Lanczos per le matrici complesse e simmetriche
Quindi gli elementi di matrice dell’operatore di Liouville sono

(aloy)= Y d.. (V) (@)L, + DL, +1)

Lm' " m™ Termini di Interazione Zeeman

@D @D @ .

x{ Fg(lmmm) §pfp§ §qu<p1>% Axum‘?z:%:

+ £ Hff(ﬁx NP4l 457 P as . P s )

+ FGD 8, (o0l [ e | 457 |2 ) H\pz,qz a

Termini derivant dall'Interazione Iperfine
Termini derivanti dall’Interazione Superiperfine

il vettore di base e )=l s P76 x b, p;,q;,r[(pn“,qn“)i>x{ LM, K )+ 55 ()7L, M, K, }
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Il problema della larghezza di riga: I'inclusione dei termini superiperfini

E conveniente scrivere I'hamiltoniano nella notazione tensoriale sferica (ISTO) quindi
I'operatore L associato all’hamiltoniano puo essere scritto come

L= D" A (¥) Dy (o (@) F L AL

I ’M’ml,mll’mlll

Dove

o uspecifica il tipo di interazione (Zeeman, iperfine, Superiperfine),

Q ijLm) sono proporzionali alle componenti dei tensori sferici irriducibili (ISTO) del tensore di tipo

M,

(1.m) : : o
Au L rappresentano le componenti sferiche irriducibili del tensore che nasce
dall'accoppiamento dello spin con l'operatore campo magnetico.
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The main problems of solution ESR spectra can be summarized as follows:

o lack of resolution and baseline drift;

o as computer simulation becomes so crucial as a method of extracting magnetic parameters
from a solution EPR spectra, a further problem arises because it is difficult to minimize a
function in a multidimensional space when the parameter space is very large. More
difficult without an automatic optimization program because in these circumstances the
possibility of finding secondary minima is very high;

o slow motion EPR spectra typical of biological molecules (high molecular weight) cannot be
described as a superposition of Lorentzian lines and are affected in a complicated way by
both the molecular motion and magnetic spin interaction;

o when nitrogens coordinate the paramagnetic metal ion, direct inclusion of superhyperfine
interaction terms is not easy due to a substantial increase in the size of the matrix
associated with the operator, with negative consequences for numerical stability and
processing speed.
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Motivations ot

VA )\

’ MoLipratinns X
LSl spectid dt TaRn 1ennetane
» Crucial for the biological significance of the model as the
sample conditions match the physiological reaction

conditions

 Avoids undesirable effects due to changes in physical state
at low temperature:

changes in coordination of ligand to metal

changes in local pH

Induction of artificial aggregation

changes in temperature dependent equilibria

Dipartimento di Chimica

UD2  Universita degli Studi di Siena " 27




Caratterizzazione di specie paramagnetiche

| AQUISITION I

I SIMULATION I
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I BEST FIT OPTIMIZATION I
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Cu e applicazioni in biologia

Copper containing enzymes and proteins are widely
distributed in both animals and plants.

o In the blood Copper (ID-Albumin is the major transport form of Cu(ll).
However, only 5-10% of serum copper is bound to albumin; most of the rest is
bound to ceruloplasmin, with the remainder being bound to peptides and
aminoacids like histidine.

o Knowledge on the metal binding site in proteins like albumins, has prompted in
the design of metal binding site and their sequence specific incorporation into
proteins and peptides becoming a topic of considerable interest

o Copper complexes can interact with DNA promoting its cleavage
(Shullenberger, et al 1993; Hegg and Burstyn, 1996; Harford and Sarkar, 1997).
Recently the identification of the Cu2+ binding sites in the N-terminal domain
of the Prion Protein (Aronoff-Spencer at al., 2000) or the copper role in the
Alzheimer disease (Multhaup et al. 1998) represent examples of the prominent
physiological role of copper.
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2z czgpes in bio\oY\ s\ S \assss.

Copper is an essential trace element although nearly all organisms have
access only to minute amounts.

Copper containing enzymes and proteins are widely distributed

In both animals and plants

b7 7277 TN NS S

1x Cu(ll) type I:
Lx Absorption spectrum in the 600 nm region EPR: g|>g,>2.
1xBlue proteins.
TxGeometry: distorted four coordinate tetrahedron-like.
xCu(ll) type II:
TxVisible absorption and EPR spectral properties compatible with those of the simple Cu(ll)
aminoacid and peptides chelates.

TxGeometry: square-planar.

LxCu(ll) type IHlI:
1xAbsorption at 330 nm. EPR inactive. Pairs of Cu(ll) which are strongly antiferromagnetically
coupled.

Dipartimento di Chimica

Universita degli Studi di Siena -30-




Caratterizzazione di specie paramagnetiche

:[:LM/I %a,Q L&CC@

(Rowans & b 4 ,M.“.\( Rau)«u&"tc)a_z)

?T(-)'l'el:en .‘
M LU";\

Hods \eofa
cou ' &\'wu:ra
di Foworn.

Q\-UM-GJ-LL, CQEQE‘C
Conetd s it
ZF 3 {224

D°lf° agyiade d

H,0,

VANGARD T. in Biological Applications of Electron Spin

Resonance, Wiley-Interscence, NY, p. 411 (1972).
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2 2 :.
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MICROWAVE FREQUENCY (GHz)

R.BASOSI, W. E. ANTHOLINE e J. S. HYDE "Multifrequency ESR of Copper: Biophysical Applications in EMR of Paramagnetic Molecules"
Biological Magnetic Resonanc, vol. 13, 103-150 (1993)
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X and S band spectra of monocupric transferrin. It is apparent that one Nitrogen ligation is
best resolved at low frequency in the M=-1/2 component.
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KGAUSS FRONCISZ W. and AISEN P. Biochim. Biophys. Acta 700, 55 (1982)
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S-Band EPR spectra of Cu-BSA at T = -150 °C
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RAKHIT G., ANTHOLINE et al. J. Inorg. Biochem. 25, 217 (1985)
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J.S.HYDE, W.E.ANTHOLINE, W.FRONCISZ e
R.BASOSI "EPR determination of the number of
nitrogens coordinated to Cu in square-planar
complexes". Advanced Magn. Res. Tech. in Systems
of High Mol. Complexity,2, 363 (1986).
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