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MONTE CARLO SIMULATION OF THE ELECTRON FARAMAGNETIC RESONANCE

SPECTRUM DISPLAYED EY COFFER CERULOFLASMIN AT 77 K

G.GIUGLIARELLI and S.CANMISTRARD

Gruppo di Piofisica Molecelare, Dipartimento di Fisica

dell’” Universita', Perug:ia, Italy

Abstract:

Human ceruleplasmin contains several intrinsic caopper
ions, some of them being paramagnetic. The presence of two
classes of paramagnetic Cu2+ ions (Type I and Type II) has
been suggested; the two types having significantly different
spectroscopic features. However, there are conflicting
reports both on the ratio of the number of Type 1 to Type 11l
Cu2+ and on their EPR spectroscopic parameters.

By using & Monte Carlo method we obtained the best fit
of the experimental spectrum with a synthesized compesite
spectrum generated by two Type 1 Cu2+ (Type la and Type 1b,
passessing slightly different spin Hamiltonian parameters)
and by one Type II CuZ+. Correspondingly, the EFR spectrosco-
pic parameters (vjz. the g-tensors, hyperfine ceouplings, line-—
widths and molar fractions) together with their accuracies,

-

were determined.

EALCS NUMBERS: 76.30 —-v; B7.15. -v
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Introduction

Ceruloplasmin (CP) is a copper—~containing protein
showing many interesting features when studied from dif--
ferent points of view. It has been ascertained (1) that it
is involved in several pathological stresses even though
its enzymatic role is much debated (2,3). Moreover a very
interesting electron tunneling procegs has been postulated
ta occur during the very complicated and almost unknown path-
way leading to its axidase activity (3,4). In addition a

»
high-temperature “excitaonic" superconductive catastrophe
seems to occur when the protein is stored in fhe frozen,
state (5,8), Finally, well—defined intermolecular correla-
tions, eccurring at a range of about 110 z,have been obser-
ved when aqueous soluticns of CP molecules are studied by
Emall angle neutron scattering (7},

Indeed the spectroscopic features of CP are guite upu-
sual among the biomolecules. From the optical point o<
view the protein is cha}acterized by a very intense blue
colour and the overall absorption spectrum sesms to be a
composite of several bands arising from distinct absorb-
ing units, involving the immediate envirosnment of the Cu2+
ians chelated to the protein.

As regards these ions, the extensive literature exi-
sting in the field reports a great variation in the number
of Cu2+ ions present per molecule of CF. The main source of
scattering around this value is attributable to':LE uncertai-

inty about the molecular weight of the protein. However, a

S

resonable consensus between the mpst recent data would
suggest a molecular weight of about 134,000 with seven
copper atoms per protein molecule (3,8). Sopme af these
ions are in a paramagnetic state, while the rest are
diamagnetic, probably consisting of Cu2+ ion pairs with
extensive antiferromagnetic coupling (3.

Essentially, two classes of paramagnetic copper ions
are observed in copper metallo—proteins (4. Type I CuZ+
ions are characterized by a strong optical abgorption near
610 nm (E!.*,,EIO‘ M‘:m"), which endows the protein with blue
colour, and an anpmalously small hyperfine splitting constant
(Ay =70+100 Gauss). The secand class, designated as Type 11
Cu2+ , has the usual physical characteristic of a simple

cupric salt (g

o ¥200 M'cm'and A, *150£200 Gauss). For CF,

there are conflicting reports in the literature on the ra-
tio of the number of Type I te Type II‘Cu2+. Andreasson and
Vanngard (9) analyzed the 9 GHz EFR spectrum of CP in terms
of two ions each af Type I Cu2+ and Type 11 Cu2+. For simu-—
lated spectra, the two Type II CuZ+ Nzre'givan slightly dif-—
ferent parameters. Veldsema and Van Gelder (10}, on the
basis of their Nernst plots of titration data, suggested
that CF contains one Type I CuZ2+ and Fhree Type II Cul+
atoms. In the same year, Deinum and Vanmngard (11) repor-
ted a more detajiled analysis of the CFP EFR spectra, pro-
viding evidence for only one Typg 11 Cul2+ ion and for two
Type 1 Cu2+. Finally, Bunnarson et al. (12) indicated,
after an extensive EFR analysis, the presence d:.onE'Type

II Cu24 and of two Type ] paramagnetic copper ions per
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protein molecule. In addition, they found that the two

Type I copper ions exhibit di%ferent hyperfine splittings

which turn out top be pH-dependent.

As can be seen, the data available in the literature are

quite scattered; moreover, the accuracies of the EFR spe-
ctroscopic parameters, sither from direct measurements or
from computer simulation, have never been reported (in
most cases “visual" best fits of spestra are shown). In
this respect, to get a reliable determination of both the
number o#;&he ;a;amégnetic Cu2+ ions and of the related
EFR parameters ( g-values, hyperfine toupling congtant,
linewidths,relative absorption intensities?), we have

used a Monte Carlo calculation method to get the best

fit of the experimental spectrum of CFP at 77 K. The pro-
cedure used allowed us to obtain a meaningful evaluation
of the spin Hamiltonian parameters which could not be mea-

sured directly. Furthermore, Chi—square statistical analy-

sis permitted us to evaluate the accuracy of each parameter

involved.

Experimental methods

Human ceruloplasmin was purchased from the Sigma Chem.
Co. [Lot:IIF-93902). The total copper content of CF, as
determined by atomic absorption, was of 106 pg er g of
solution.The weight of 1 ml of CP solution was 1.037 g.

Agueous samhles of CP were placed in 4.7 mm i.d. pre-

®

cision glass tubes open at both ends, frozen in liquid
nitrogen and stored. To record the EFR spectrum, the

sample was removed from the glass tube by warming the

"surface just sufficiently to allow the cylindrical sampleé

to be pushed out of the tube. It was then placed in the
E-246 Varian dewar filled with liquid nitrogen. Finally,
the dewar tail was inserted in the resonant cavity of the
spectrometer. All samples were large enocugh to fill comp-—
letely the EFR sensitive volume of the TE,,; resonant ca-
vity uwsed.;r

EFR spectra were recorded by an X-band Varian E-10%
spectrometer equipped with a variable temperature acces-
sory. A 10¢ kHz modulation freguency was used for phase~
sensitive detection, and the peak-to-peak modulation amp-
litude never exceeded a value of 5 Gauss to avoid apparent
b?oadening due to over-modulation.

To calculate the experimeﬁtally observed g factors, a
magnetic field calibration was performed with the Magnion
Precision NMR Gaussmeter, Model G-S502Z; the microwave fre-
quency was then determined by the relationship:

v =g°”“ﬁH/h, where g =2.0036.

An aqueous sglution of CuZ+ 1mM, in the presence of

NaClO, 0.2 M and HCl 0.02 M, was used to check the sensi-

tivity of the spectrometer from sample to sample and to

provide a standardization of the sample EFR intensity.

.

EFR data acquisition was performed on an HP B&A "personal™

-
computer, through a home-made interface connected to-an

IEE-4B8 bus. To run simulation and best fit programs,
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the sa: - microcomputer was switched to an intelligent
terminal of the mainframe computer through an R5-2I2-C
serial interface and an HF terminal emulator.

HMolar concentration of CF was determined spectraophoto-~
metrically by using a Mod. 3I&0 Shimadzu spectrometer. By
measuring the optical density, 0D, at*§1o nm and assuming
& molar extinction coefficient £ , at the same wavelength,

-4 -
of 10,900 M cm (3) the Beer—Lambert 1aw:

c=..°_b_i£
E‘md- [11

where d is the optical cell path, provided the concen-
tration of the CF molecules in our samples. The concen-
tration of the CF in the lot used throughout all the

experiments was determined tao be 2.06-16‘ M.

Data analysis and resulte

The EFR spectrum of an aquegus solution (pH=4.4) of human
CP recorded at 77 K is shown in Fig.1, where the derijva-
tive of the paramagnetic resonant susceptibility,)cz
versus the magnetic field is reported. Since the number of

paramagnetic centers contained by the sample is related to

the area underlying the EFR absorption spectrum, this number
can then be calculated from the second integraIIZf the curve

L - - .
d)UdH of Fig, 1. By comparing this area to that obtained from

4 paramagnetic CuZ+ standard of known molar concentration,

we calculated a paramagnetic center concentration of

+ M for the sample of Fig.1l. The total copper content

7.0:10
haramaqnetic plus diamagnetic) in CF was calculated to be
1.6-163 M. Then the ratio between these two values indicates
that 44% of the total amount of copper contained intrinsi-
cally by CP is in a paramagnetic state. This finding is

in good agreement with most  of the reports dealing with

EPR and magnetic susceptibility studies of CP (3). The
spectrum of Fig.! agrees in its essential features with

*

those reported previously (3), which have been interpre-

ted as indicating the presence of two readly distinguighable
spectral .componants, one with a narrow hyperfine splitting
(Type I CuZ+} and one with & broader hyperfine splitting
(Type II Cu2+). In the two situations the Cu2+ ions experi-
ence a different symmetry and strength of the crystal field
set up by the protein ligands.

In general, most of EFR spectra of copper containing

molecules in rigid glass solution can be interpreted in

terms of the following spin Hamiltonian (13,14):
)"(, =ﬁ [H; 3;51 + ngn.gx + H!S‘S‘}] + S, AZIK *&Ax I»+%A3I; 21

whereJB is the Bohr magneton, g and A are the

j "y Y2

g-values and hyperfine splitting components respect to
the molecular axes, 8 is the electron spin (5=1/2) and

1 is the nuclear spin (I=3/2}). Very often an axial sym-

metry is displayed by the copper complexes and in this

tasa: q.'=g‘*=q‘; g. =q. nnq analogously A-=A$-‘1| A'=A-.
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Ipter;tion of the unpaired copper electrons with ligand
nitrogen nuclei (from the proteic milieu) can give extra
hyperfine structure (superhyperfine coupling) and this

adds ancther term to the Hamiltonian:

ASLT+A ST A'I £33

‘4‘

-

where A are the superhyperfine splittings and IN is

“51@

the nitrogen nuclear spin. In the present tase no such inte-
k)

raction has been resolved even though it may contribute to
the observed linewidths.

To simulate the EFR patterns of CP we have used the
following general apprcach. By solving the orthorhombic
spin Hamiltonian (2] to the second order {(14,15) the follo-
wing magnetic field values for the allowed EFR transition

are obtained:

He - EE'L sﬁﬂ[_#+ A.sh;J;{ ) (“)’IJ

For g L o ke

[41

where:

He = hy [S3

P

g 9% (5 7)) =
%.s_ 3;*(&:»' 1;)"(2’ | | t73
Cpe A g+ 8 s"'(“‘“f)j |

h=coef 1= e 6 101

{ being the angle between the projection of the magnetic
field in the xy plane and the x axis, while B is tha angle
between the magnetic field airaction and the z-axis.

For random orientation of the CuZ+ ion~bearing molecules
(powders or frozen glasswes) the absorption A(H) of each

hyperfine line is given by:

-t . 494%¢
A(H]: (21'+1) 3:M6 l i £113

£=§‘2 - 9:%[@%&.)14. ] - 121

takes into account the variation of the transition pro-

bability with the direction of the applied field with
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r?spect the molecular axis (1&).

Expressien [111 should be summed over the values ni-f
and 9 for a given H to yleld the correct intensity, Then,
if the single crystal resonance has the shape S(H), whose
first derivative is S* (H) {experimental EFR spectra are
commonly displayed as the derivative of the absorption),

o

the derivative of the absorption at a field Ha will bes

. :.—1 t’,_ 'K. .
'I‘(H§)=js_.'(ﬂ:-u_)ﬁ‘m1,u=(QIH)j LS(H;—H)QIMOLGA;{‘

(133

the total derivative of the absorption being obtained Py
a summation over all the hyperfine lines (with different Myd.
We have used Gaussian line-shapes for whichs
b’
S(H}z ?,TE".?K-S H-& U’I‘H\ X: 2-%’AH £i41
éblbaing the separation between points of maximum and mini-
mum slope.

;Thp expression used were programmed in Fortran 77 for a
Prime 550/1 computer. Programs were run in double precision,
and integration in ® was carried out with the Simpson method
on 80 points, while integration in-f was performed for 10
points. Under these condition no "computer noise" was observed

The computer-synthesized EPR spectra were used to fit the
experimental spectrum obtained at 77 K from the CP aqueocus
solution of Fig.1. j S -

According to the method of least-squares, the best fit is

obtained by minimiiinq the function:

F(P) = i IMP(H:) . ItL(H:l P)] 153

el

*f is the derivative

with respect to set of parameters p. I
of the total absorption sampled at N=250 discrete points

of the field. I*k(H,p) is the model function which is non-—
Iinear (transcendental) in ita paramgters p. The parameters
taken into account were the g-values (q».g¥,g'), the hype-
rflna‘tbeplinqs (Qb,ﬂy,ﬂi)and the line widths (AH~.AH},6H.)

of sach type of Cu2+ paramagnetic center. To fit the composite

experimental spectrum of Fig.!, the thecretical lineshape

was considered as & sum of the types

_It‘n(Haj P) = % oLy Iﬂ‘-l_,?;) | 143
Y

. . . +h
where the !ib are the molar fractions, the !; are the

normalized theoretical spectra of the n different Cul2+
paramagnetic sites present in the CP molecule and the R
are now the subsets of parameters each related to these
theoretical spectra.

In order to be efficient, the least—squares method re-
quires that the starting parameters p° approach the values
p' of the minimum of F{p) and in this case the values of
the o[ can be determined. Wrong Quesses normally either do
not lead to convergence or may give rise to local minima.
When more then one Cu2+ complex {(with di{flrlntikPR'chara“
cteristic) is bresents, the EPR spectra are too complicated

to make & reliable estimate of all the parameters, Very

often, the only rescnable assumption which can be made is



one atut their possible rangé of variation. Im this re- dral geometry has been indicated for Type I Cu2+ ions (3,4}.

spect, the Monte Carle method allows Hs to deal with the Smail conformational changes induced by pH variations could

probiem of minimizing the function [iSJ in a realistic modulate the symmetry and/or the strength of the crystal”

way, ep that meaningful evaluation of the p parameters can field sensed by these ions. In addition, the two blue cen-—

be obtained, On the other hand, a careful analysis of the ters have been shown to possess different redox potentials

experimental spectra and certain experjmental results taken (3. Indeed, we observed such a variati?n in the CFP EFR

from the literature can give us a determination of the number * spectrum when the pH was varied (not shown).

{n) of different paramagnetic centers appearing in [1&3 to- In conlusion, the abave considerations allow us to break

ggfher uigﬁ determination of some of the EFR parameters. I+ down equﬁésion [t1&] into the sum of three terms (n=3) each

we look at Fig.1, the EPR line situated at about 2640 Bauss referring to the normalized theoretical spectrum characteri

is the low field hyperfine component (MI=~3/21 in the paral- zed by a different set of spin Hamiltonian parameters:

lel region of the spectrum, arising from Type II Cu2+ ions th th th IH' W
coordinated to the protein in a tetragonal symmetry {(4,17), I -(u’r);o(‘l'”.n (HJP‘ .*OCZIT‘”CI“-(H)?Z -“!3 -T““IL 'P‘ o

Since this component is relatively isolated, itvis-possibla to

measure the EPR linewidth AH“ relative to this type of copper. To run Monte Carle simulation, we allowed each EFR para-

_Inﬁall the sample at pH=4.4 we founc[b“uz 6742 Gauss. More- meter to vary aver a wide range, consistent both with that

aver, the total EPR intensity due to Type Il Cu2+ centers estimated from the experimental spectra and with that repor—

can be calculated by measuring the area under this hyperfine ted in literature for each CuZ+ type (3,4,9,11,12,17).

Iine in the derivative spectrum (1B8,19). By uging this pro- Best fit of I“' was obtained after running more than

tedure on different samples from the same lot of CP and 100,000 histories. The results are summarized in Fig.2 and

comparing the results with our Cu2+ standard we calculated Table I. The theoretical spectrum arising from the best fit

a8 Type 11 Cu2+ concentration of 2.9-16+ M. This value is shown in Fig.2b where it is compared with the experimental

means that about 41% of the total content of paramagnetic spectrum (Fig.Za). The theoretical spectrum consists of the

copper is of Type I1. sum of three different spectra due two Type Il (Fig. 2c),

As regards the Type I Cu2+ ions, a careful snalysis of . Type Ib (d) and Type Ia (e} Cul+ ions.

the EPR spectrum of CP at low temperature as a fﬁnctién of In Table I the EPR parameters p‘ pbtained for each type

pH reveals the ﬁresence of two different type (Type Ia and of pnramagnetft copper, their standard deviations and their

Type Ib) of such paramagnetic centers (12). A near tetraha- molar fractions are listed. Standard deviations of the pa-
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rameters ware calculated by the Chi~-square method. The nu-

merical value obtained for the expression:

{181

: 3 1“'(#\-.)-1“(91.9')
X [

(4

was 582, and the GE_were calcul ated afier repeated runs of
the same experimental spe:tﬁum through the on line data

acquisition system.

»*
W

Y
Discussion

The Monte Carlo procedure has never, to the best.oi our
knowl edge, been used to fit experimental EFR spectra of metal-
lo proteins. The method has the great advantage of dealing
realistically with a minimization problem when the simulta-
neous variation, over a wide range, of several non-linear para-
meters has to be taken into account. Furthermore the method
allows us to scan the local minima and thus avoid wrong gues-
ses about the starting parameters.

In our case, the method permitted us, after more than 35
days of calculation time, to obtain & good fit of the expe-
rimental data.

As can be seen from Table I, the g, of each copper type
was calculated with the highest ﬁccura:yes. In Epis respect,
it should be noted that slight varistions arnuﬁd théée 9
-value; :nntrlgﬁted gsignificantly to expression [1B]l.even though

the highest §{ values were obtained exactly in this region

7%)

of the spectrum. The lowest atcuracy was obtained for the
Ay of Type la Cu2+, o@ing to the smooth variation of expres-
sion (181 as a function of this parameter.

The molar fractions obtained as coefficients of the norma-
lized spectra of the best fit are very close to those calcula-
ted from the experimental spectrum. Type Il copper accounts
for about 41% of the total paramagnegic.copperi the quantities
of Type la and Type Ib Cu2+ ions per molecule of CP are egual
one to tnﬁ-other. This méans that each molecule of CF contains
1 Type I;, 1 Type Ib and 1.4 Type II Cu2+ ions. The non-inte—
gral value obtained for Type Il copper is consistent with the
hypothesis that the CP molecule, depending on its preparation,
can randomly pick up a Type II Cu2+ ion which 1s not part of
the native enzyme (B). Effectively we observed that, when the
spectrum of CP is recorded at pH=? a small shoulder of the 2640
Gauss EPR line appears at low fields (not shown).

In conclusion, we reported a calculation method which, more
generally, may provide a reliable determination of the spin
Hamiltonian parameters relative to different paramagnetic
entities in a diamagnetic matrix and whose EFR spectra display
an extensive overlap. In particular, selectively-induced
changes in the different paramagnetic center microenvi-
ronments, with subsequent partial variations in the overall

EFR pattern, can be reasonably attributed.
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Legends aof figures

Fig.1

Fig.2

EPR spectrum of CP recorded at 77 K. d}}dH is repor.
ted on the vertical axis. Low field part of spe-
ctrum is shown at a ten-fold higher gain. Microwave
power level: 20 mW. Magnetic iiela"sweap ratet

2000 Gauss in B min. Time constant: C.5 s. Modula-

tion amplitude: % Gauss

P

Experimental {(a) and computer synthesized (b} EPR
spectra of human CP. Experimental spectrum was
recorded as in Fig.1. Computer simulated spectrum
was the result of the Monte Carlo best fit. It was
the sum of three components: a Type II (c), a

Type Ib (d) and a Type Ia {(e). Their EFR parameters

are reported in Table I.
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Tavle 1. EPR parameters and molar fractions
deviation)

different CF Cu+ ions.

<

(% standard

related to the three spectroscopically

as rcalculated by the hest

fit of the experimental data.

Farameter Type II Type Ia Type Ib
;.=gl 2.2468:0.6014 2.2227+0.0013 2.2159t0.0011
9&291=QL‘? 2. 0594£0. 0007 2.043220.0005 2.048920. 0002
ﬂ=ﬁ. 177,821,535 F&121.3 70.1:0,7
A‘-Aizﬁ* 23.4%1.5 F.56L5.0 10.8%0.9

4x.821.2 35.30.6

AH =8h, =8H, =8H

Malar fraction

&5.7%2.0

u'.1= 0.3920.01

d.‘ 0.2710.05

o= 0.2920.01
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SMALL ANGLE NEUTRON SCATTERING AN SPIN LABE LING OF HUMAN CERULOPLASMILN

Salvatore CANNISTRARO and Francesco SACCHETTI
Gruppo di Rivtivea Molecolare, Dipartimento di Fisice dell'Unecorsid, 100100 Perugia, fraly

Recetved 16 Januury 1984

Small angle neuvron suattering evidence of intermoleculur hrrelations between cende plasmin units in anaqueous medivm
is provided. By the same technique, the radius of gyration of the globular biomaelecule has been caleulated (o be 33 2 3 A,
This value was found to agree very well with that measured by the suthors with 2 apin labeling approach.

Ceroloplismin (€F) is 2 paramagnetic copper pro-
1ein which shows many interesting spectioscopic and
bivphysical aspects [ 1] and perhaps a superconducting
behavivur at high temperaivre [2].

The detailed struciure of crystallized CP fas not
been determined cven if some partial results have ap-
peared in the literature [3]. Accordingly, a mokecular
weight, M, of 132.000 daltons and a partial specific
volume, 5, of 0.7149 cm3 2= have been obtained
for the globular protein. Then, assuming a spherical
molecular shape of radius &£, the radius of gyration,

Rg, can be calculated as follows:

R R
Rg=fr1(r2d.r)(f rzdr)
[ 0

= (35P2R = (305 P an) 1P = 26 K, (1)

where N is Avogadre’s number.

To get an independent ¢stimate of this parameter
and in order to check some spin labeling results con-
cerning the melecular dynamics of CP [4], we have
performed some small angle neutron scattering (SANS)
measurements on the protein,

In the course of such a study we surprisingly found
some well-defined intensity peaks in the small momen.
tum region (0.01 A—1). These peaks have been inter-
preted in terms of intermolecular correlations existing
in the aqueous solutions of CP units.

SANS measurements were performed at 20°C on
the two crystal diffractometer {5] at the 1| MW TRIGA

-1

0375-9601/84/% 03.0C ® Elsevier Science Publishers BV.

(North-Helland Physics Publishing Division)

reactor, Casaccia. Two almost perlect germanium erys-
tals with the (220) reflection in symmetrical transmis-
sion were employed, with an angular resolution of §
X 103 degrees. The sampte chamber was glass, wall
thickness 0.2 mm, and the specimen was 2 mm thick
CP (purchased from Sigma Chem.) was dissolved in an
aqueons solution at a concentration of 0.1 mM. SANS
measurements were made by scanning the scatiering
zngle, 20, in steps of 0.5% A typical scan contained
50 steps and required 3 b running time. The back-
ground was routinely subtracted from the scattered
intensity.

The SANS intensity was plotted as a function of
the exchanged momentum and the pattern vbtained is
shown in fig. 1. The plot exhibits a number of maxima
and minima implying that there must be some order
present in the aqueous solution of CP. Apart frar an
obvious scale factor, the general trend closely resem-
bles the X-ray scattering from a simple liquid [6]. Ac-
cordingly, two regions can be considered in the plot.
In the low momenturn region {{ < 0.02 A= 1} the
rather sharp peaks can be attributed to short range
intermolecular correfations, while the smooth behav-
iout observed at higher momenta (¢ > 0.04 A~ 1) is
connected to the single CP unit. In other words, the
present data can be interpreted in terms of both a
single scattering factor, S4((?), and a structure fac-
tor, ${(2), describing the intermolecular corcelation,
The total scattered intensity is then proportional to:

K@) & Sy (S} @
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Fig. 1. SANS intensity versus exchanged momentum (dotted
line). The daghed line it solely guide to the eyes. The full tine
curve is the ftted Sp}((2) (set tex1).

A two unit correlation function can be derived from

Sy
gy =1+ eyt [ [SQ) - 1] sin(or) 030 . (3)
]

n being the number density of the CP units. As is well
known, 4imrlg(r)dr is the probability of having ohe
unit at a distance 7, another unit being at the origin.
By assuming a spherical shape for the CP units,
we fitted Sy (), in a form appropriate to spherical
uniform scattering units, to the experimental data
in the range 0.05 A~! < @ < 0.1 A~ obtaining a
gyrution radius Ry =33 2 3 Aand henceR =426 3 A
By using the obtained self scattering term, we de-
duced (@) and hence g{r). Looking at the full line
curve of fig. 2, we observe that g(r) shows a well-
defined maximum at r = 110 A, ac other appreciable
peaks being present. It should be remarked that the
average distance between the CP units, at the den-
sity used in the present study, was estimated to be
sbout 290 A; a valuz which is about 7 times larger
than the radius estimated for the CP molecules.
Because of the very low density at which our sys-
tem is dissolved in the aqueous medium (7R3
= 0.0047), the corzelation function is reasonably ap-
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Fig. 2. Two body correlation function versus distance (full
curve) and two body potential (dotted curve).

proximated by the following expression {7):
£r) = exp[-¥)AT) , “

where F(r) is the two unit potential. The plot of F{r)
is also shown in fig. 2 (dotted curve). As can be seen,
an attractive potential appears 10 be cperating between
the CP units. This petential shows a minimum of about
0.3 keal per mote around 110 A,

As concerns the radivs of gyration, the value ob-
tained by us seems somewhat higher than that deduced
by €q. (1). We thus tried 1o check this value by an
independent physical method. By a spin labeling &p-
proach we determined the rotation correlation time,
7¢, of a nitroxide radica! covalently bound to CP,
without rotation motion telative 1o the tertiary struc-
ture of the protein [4]. The method {8] assumes jso-
tropic brownian diffusion of molecules and allows
one, after solution of the Bloch equations coupled
with a diffusion term, to determine r, from the shifts
which lines $; and 8§ of fig. 3 undergo upon a change
of the viscosity, The correlation time is connected,
through Einstein and Debye relations, with the radius
of the melecule, the viscosity, 5, of the medium and
the temperature, as follows (9}

7 = 4mR3 KT . (5)

By this method, we have calculated a correlation time
of 16~ 7 5,21 263 K. Then, uging a value of 5 = 0.0128
poise (measured for the CP solution by an Ostwald
viscosimeter), relation (5) gives R =395 + 2 A,

This value is in good agreement with that ab{ained
by SANS measurement, under the same assumption

Volume HITA. number 3
. D
! on 1N
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L %3
. e
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e Vv
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Fig.}. Electron spin resonance spectrum of CP, 3pin labeled with
the 3 MAL freeradical {chemical farmula in the ngert). The
overall spectrthm isa composite of two triples of which 5,, 5,
and W, . W, are the respective outer components. Triplet hyper-
fine structure arises from the interaction of the unpaired elec-
tron with 74N nucleus. W, W are referred ta b triplet spec-
trum due to bound spin labels, weakly immobilized with respect
to the protein. On the other hand §; and 5; belong to a triptet
structure arising from bound labels with no residual rotational
motion with respect to the protein (i.e. strongly immobilized),

of & spherical shape for CP.

The present results may lead to many speculative
discussion about the possible biotogical role played
by the correlation existing between the CP molecules
and about the intermolecular forces governing the at-
tractive interaction which seems 1o be operating within
the biomolecuies. A1 present however, we¢ are not able
w estimate the biophysical implications of such a cor-
relation. In this connection, it is worth noting that a
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similar correlation, but at much larger range. has been
observed in aqueous solutions of another biomulecule,
bovine serurn albumin [10]. In these papers. the
authors supgest thal the biomolecule's aggregate, under,
an attractive interaction, giving rise to regions (clusiers})
where the local concentration is higher than the
average value,

This study was carried out under an ENEA-CNR
agreement and was partly supporied by CNR and MPL

Grants,
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MOLECULAR DYNAMICS AND INTERACTIONS OF HUMAN CERULOPLASMIN: A SPIN
LABELING STUDY
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Gruppe di Biofisica Molecolare, Dipartmento di Fisica del)'Universita,
Perugia, ltaly

and

Laboratorin di Fisica. Istituto Superiore di Sanita, Roma, Italy

Abstract:

Ceruloplasmin, a paramagnetic copper containing protein, has been
spin labeled with different nitroxide spin Tabels in order to study its
molecular dynamics and to gain further information about its interaction
with other biosystems. Spin Tabeling with a maleimide derivative resulted
in an Electron Spin Rescnance speetrum which was a superposition of two
different absorptions due to paramagretic species in different microenvi-
ron@ents. The first one, a three line isotropic spectrum, is due to a fast
moving spin label (with a rotationa} correlation time T ¥ 1079 5); the
second one is an arisotropic, asymmetrical signal arising from an immobi-
1ized spin in a slow motion domain (1 = 10-7 $). The assumption of a sphe-
rical shape for the molecule provided, through the Stokes-Einstein relation,
an estimate of the molecular radius value consistent with small angie neu-
tron scattering measurements. The interaction with other biosystems, as
deduced from the protein molecule dynamics, is discussed.

PACS NUMBERS: 76.30 -v; 87.15 -v.
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Introduction

Ceruloplasmin (CP) is a copper containing protein which shows many

interesting spectroscopic and biophysical aspect(]-s) and probably a su
perconducting behaviour at high temperature (4). 5 CP motecule weighs a-
bout 132.000 daltons and bears about seven intrinsic Cu2+ jons. A care-
ful reinvestigation by computer simu]atton,(s) has shown that 44% of the
total copper content is in a paramagnetic state,the overall Electron Spin
Rescnance (ESR) spectrum at tow temperature (77k) being interpreted in
terms of 3.superpo;iti0n of three different spectra arising by the so-cal
led Type I,, Type Iy and Type II Cu2+ ions. Owing to the different crystal
field symmetries and/or stréﬁgths provided by the protein ligards, the o
types shows distinct spectroscopic features (optical absorption: intensities,
g-and hyperfine tensors and so on). The rest of the copper jons are in a
diamagnetic state (ESR-silent) and probably consist of Cuz+ ion pairs with
extensive antiferromagnetic coupling (1). At the very beginning of the pre-
sent work we thought that the introduction of another paramagnetic species,
such as a nitroxide radical of spin S=% at a suitable site in the molecule,
could have resulted in a dipolar perturbation of this antiferromagnetic cou-
pling thus providing information about these Cu2+ ESR silent ion pairs.
Even though such a perturbation is not observed, at least with the nitroxide
spin labels used throughout this work, the spin labeling approach allowed us
to obtain interesting structural — dynamic information on CP, which can also
be connected with its interaction with some biological substrates.

Among other results, calcutation of the macromolecule rotational corre-
lation time allowed us to estimate, through the Stokes Einstein relatiomship,
a value of 39.5%2% for its radius. This value was found to be consistent with

(3)

that obtained by small angle neutron scattering measuremanats



€2)

Experimental methods

Human CP was purchased from Sigma (Lot: 33F-93302}, as a 5% solﬁtion
in 0.25M NaCl and 0.05M sodium acetate, its concentration being determined

spectrometrically to be 2.06:107%

M. Nitroxide spin labels were purchased
from Syva, Pale Alto. Covalent binding of spin labels to CP was achieved

by incubatien {10 hours at 5 °C) of 1 ml of protein solution with 1 ml

of nitroxide dissolved at 50-fold molar excess in the same buffer as CP.
Unbound spin label molecules were removed by exhaustive dialysis against
buffer. A1l the experiments were performed at pH=7. To run ESR spectra at
controlled room temperature the aqueous samples were introduced into capil-
lary tubéé {1 mm i.d.). This choice obeyed the conflicting requirements of
highest fi1ling factor and lowest dielectric loss due to aqueous samples
(the TE 02
field in the center of its filling hole). The capillary sample was then

rectangular resonant cavity used shows a minimum in the electric

placed in & standard ESR tube, which was in turn placed in the ESR varia-

ble temperature dewar insert filling the central hele of the resonant Cavity.
5)
d( .

ESR spectra were recorded by an X-band Varian E-109 spectrometer equip

ESR experiments at low temperature were conducted as previously describe

ped with a variable temperature accessory. A 100 kHz modulation frequency
was used for phase-sensitive detection. Instrumental settings wich gave op
timum sensitivity with least distortion of line shape were 1.25 Gauss (G)
modulation amplitude, 10 mk incident microwave power, 100 G scanning in
8 min and 0.250 s time constant, Quantitative,determinations of paramagne-
tic species were performed by doubleintegration of the dX'/dH curve displa
yed by the ESR récorder and by comparison with calibrated paramagnetic stan
dards. ESR data acquisition was performed on an HP BSA microcomputer, thro-
ugh an home-made fnterface connected to an IEf 488 bus. To calculate the
experimentally observed g-factors and the hyperfine splittings, a magnetic
field calibration was performed with the Magnion Preciston NMR Gaussmeter,
_Model G-502, the microwave frequency was then determined by the relation-

@

ship: v = 90ppH BH/h, where gDPPé'z'DO36' Sample viscosity measurements
were performed with an Otswald-type viscosimeter. Optical absorption mea

surements were made by a Med. 360 Shimadzu spectrophotometer,

Results and discussion

The ESR spectra at 20 °C of the maleimide spin label (3MAL) in a di-c
luted agueous solution and of the same spin label but covalent bound to
CP are shown in Fig.1, patterns a and b rgspectively. The chemical formu-
la of the nitroxide radical is also shown., The spectra are disp1aved'as
the f1rst:ﬁerivat1%e of the resonant paramagnetic susceptibility dX"/dH.

In general the spin Hamiltonian of a nitroxide radical of spin S=1/2

is given by: <
»> -

X.pHis+TAs (n

The first term describes the Zeeman interaction of the spin with the exter-

-nally applied magnetic field H and the second term gives the hyperfine in-

teraction of the unpaired electron with the 14ﬁ nucleus (I=1), The success

and importance of the spin label%ng method of studying the structure and
dynamics of macromolecules is based on the fact that the & and A tensors
are anisotropic, making the ESR spectra critically dependent on the orien-
tation of the spin Tabel,

When the spin labels are allowed to tumble rapidly in an isotropic
way, the spin Hamiltonian (1) becomes time-dependent and one can write(s):

K« o+ H, ¢ @
where
.- B Po+ A LS (3)

and

-

}_Lﬁﬁﬁ‘(a'ﬁ;u)'g*f'(a'A‘“)'g - (4)

The isotropic values, 950 and A ,of the tensor § and A, are given by:

iso
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Aire = "E(Ahf Anm\ Az,) (6)

If the molecular motion if fast enough, so that ]}[ (t)l‘h,&‘i :H: ( )

can be treated as a time-dependent perturbation and gives rise to li-
ne broadening through the induction of transitions between electronic and
nuclear spin s;ates and modulation of energy levels,

The 1;ne positions can be calculated from Eqn. (3) which yields a
three line spectrum whose splitting is Ais and which is centered at
%ico (7’8). If the motion i very fast (rc < 10i‘]s), the spectrum will
consist: of three sharp lines of equal height. This is the case in Fig.la

where the spectrum of a diluted aqueous solution of 3MAL is shown,

As the motion becomes progressively slower (i.€. by increasing the vi-

scosity of the medium or by branching the spin label to a bigger molecule),

there is a differential broadening of the lines while the Yine positions

remain constant (provided that the label still tumbles in the fast motional

region: T, g 5-10-95). For values of 1. 5'10_95 {slow motional region) a

distortion of the iine positions and lineshape is observed and a break-down

of the time-dependent perturbation approach occurs (7).

It 1s clear that paramagnetic spin IabeIs tumbling in both motional re-
gionicontribute to the ESR spectrum of Fig. lb Spectra of this type are a
composite of two types (9 )‘ one, a three line isotropic spectrum, is due to
a fast moving or weakly immobilized (1abe1ed W) spin label, while the other

is an anisotropic signal arising from strongly immobilized spin labels (la-

beled S) in 2 slow motional domain,

Going back to the fast motional situation, since the.sp1n label is tum-

bling randomly, }{;(t) is a random function of time and the autocorre]ation

function of :H:‘(t) :
Glz) - HL () 3, (e+2) m

measures the persistence of the fluctuations in the system. This corre-
lation function depends on the particular model adopted for molecular
reorientation, Brownian diffusion is generally a good description for
the motional behaviour of macromolecules such as.proteins in 2 solu-
(7,10)

tion In this case an exponential decay of the autocorrelation

function (7) is observed:
o) ) £ ®
1f the sE;n label }s approximated to by a rigid sphere of radius R ro-
tating in a medium of viscosity n, then a rotational Stokes Einstein re
lationship (6,10) - . ’
RS S (9)
3 KT ) }(i(q

The relaxation processes induced by the random function
are determined by the spectral density J {w) which is the Fourfer trans-
ko -

yields:

form of G{t} and according‘Eqn 8 takes the form:

Tuye fo) ¢ dn _ﬁ- |+, (t)i (10)

Avwy
Redfield an has given an exact derivation of the spin-spin relaxation

time, T2, which governs the line width of the ESR absorptions in terms
of J{w) obtaining the expression:

2 J ()
2(“1;) i=a+bM +CM _

whare HI denotes the nitrogen nuclear spin quantum numbers.
For pratical reason is is more convenient to work in terms of line-
widths in magnetic field units; Eqn.11 can then be rewritten:

2 (12)
&H (“l) = A+BM]+CMl

where AH is the peak-to-peak linewidth. For a Lorentziam 11n€ shape the
peak~to-peak height h varies with the inverse square of AH so that:

B-—AH )[J_:‘:({i) LIOR ] (1.3)

(-1}
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Finaliy, taking into account the explicit expression given for the B
and C terms (12) the following useful relations can be obtafned:

T, = 122107 ()
T, = 1:19007% _ (16)

Eqns. 13-16 allow two independent determinations of the rotational cor-
reTation time for isotropic fast motion from the experimental spectra.
Then, from the isotropic component (W) of the 3MAL-CP spectrum we measy-
red & 1_.6F 1.96-10™ %5 by using Eqn.15 while Eqn.16 gave 1_ = 2.10-10%s.
These values indicate that the spin labels are bound to the CP molecules
at sites which allow the Iagfls to retain a large degree of rotational
freedom witggrespect to the‘tertiary structure of the protein. It should
be noted that 3MAL nitroxide show a specific chemical reactivity towards
the free SH groups of the protein. Moreover, since the g and A values mea
sured from the isotropic component of the 3MAL-CP spectrum are consisten:

" with a spin label situated in a polar medium (7’10). it can be inferedd=that

these SH groops are located at the surface of the molecule and are freely
exposed to the solvent. The difference between the two correlation times
calculated from Egns.15 and 16 may arise from a slight anisotropy in the
motton of the bound labels (7). It turns out that these kinds of bﬁﬁnd spin
Tabels are very sensftive reporters of the microenvironment around their
binding sites, In other words, even a slight Ehange in their degree of ro-
tational freedom, as induced for example by a conformational variation of
the macromolecule or subsequent to a molecular interaction with another i,
biosystem, would immediately be registered as a change in the ESR line
widths and heights and hence in the correlation time. In this conrection,
we have performed some experiments that will be reported later,

The calculation of the correlation time of the bou;& spin labels which

give rise'to'the‘asymmetrica] anisotropic signal (powder-like spectrum)

Tabeled 5 in Fig.1b, is not as simple as the previous one. Since FL,(t)
does not fluctuate rapidly enough, the perturbation theory of Redfield
is no longer valid. In this case no direct theoretical expression can be
found;¥; and it is necessary to simulate ‘the spectra, both position and
1ine width depending on T - Two approaches have been developed to cal-
culate the line shape of the ESR spectra (10']3).The simpler one (13) ta-
kes into account the solution of the Bloch equations, describing the time
derivative of the macroscopic magnetization M, coupled to a diffusion term.
Assuming an isotropic Brownfan diffusion model, a numerical solution of the
Egn: + -

A3 G £ (kDvD)- & ()R 4 DVER an
- ]

al?g;ed the authors (3) toBxpress quantitatively a dependence of the re-
sonance positions of the outer hyperfine extrema‘(S‘ and 53 in our case) on

rotational motion. In practice, the correlation time of the strongly immobi
THzed spin labels can be determined by measuring the high field hyperfine
component (53) position as a function of viscosity n and extrapolating to
infinite v1scbsfty. The difference §H between its position for a solution
b%‘infinite viscosity and that for the agueous solution at 20 °C 1s used to
determine the rotational correlation time. The addition of sucrose to the
spin Tabeled CP solutfon was used to vary the viscosity. Theoreticaily. '
3‘H (Tc) is proporticnal to T, -2/3; we have therefore, fn Fig.2, plotted
dH as a function of (%) 2/3 for the 3MAL labezed CP. From a least squares
fit of data, we have found that the extrapolated shift dH is 1.2 G. Accor-
ding to the plot shown by McCalley et gl.(]s). this value corresponds to a
correlation time of 10"75. Now, since these bound spin labels have no resi-
dual rotational motion with respect to the protein tertiary structure (13)
(its spectrum at 20 °C being very similar to that obtained at-195 °C where
.the matrijﬁgery rigid; see also Fig.3) this correlation time contains infor-
mation about the tumbling of the whole biomolecule. Then, under the assum-

" ption of a'spherical shape for the CP molecule, Eqn.9 could provide a reliable



estimate of its radius. This relationship is temperature and viscosity depe

ndent,~50.carewas taken to keep the temperature constant (20 °C) throu-
ghout all the experiments, The v15c051t}”measurements were doné with an
Ostwald viscosimeter under exactly the same temperature conditions, -

. sample concentration and composition as in the ESR experiments. By this
way, a radius of 39,5%2 R was obtained for, the globular CP molecule. This
- value agrees quite well with the one previously measured by small angle
neutron sc?ttering (3).

It should be noted that repeated standard biochemical tests perfor-.
med on the spin labeled protein indicated that fts enzymatic activity was
not fmpafred. This indicates’that neither steric’hindrance nor chemical
modification §s introduced at the protein active site by spin labeling, The
low temperature ESR spectrum of the spin labeled CP compared with that of
CP alone is shown in Fig.3 (a and b respectively). The ESR spectrum of CP
arise from its intrinsic paramagnetic Cu2+ ions whose spin Hamiltonian pa-
rameters have been widely discussed ("5}. Spin labeled CP shows exactly

_the same ESR pattern as that arising from the Cu2+ fons, but addittonally
displays the spectral features of bound spin labels which are, of course,
a1l strongly inmobilized 1n the frozen matrix.

Suﬁh a low temperature experiment was also done in the attempt to de-
tect a dipolar interaction between the Cuz+ tons and the nitroxide spins,
as previously ment{oned. However we failed to observe such an interaction
even in the half field region (not shown) where AM = 12 forbidden tran-
sftions may be seen for a triplet state (5,1)(5) In order to determine the
number of spin label molecules bound to one CP molecule, we simulated the

(14) using a calibrated

shectrum of Fig.1b as reported by Jost and Griffith
concentration of MAL. In this way, we found that 3 molesules of 3MAL are
bound to each CP molecule: two of them turn out to be weakly immobilized

and the third strongly immobil{zed. This result is consistent with the

previous report indicating that 3 free sulphydryl (SH) groups are pre-
sent in the protein (1).

On the other band, it has been observed that the low temperature
EPR spectrum of Cu2+—CP undergoes'slighf'changes as a function of the
solution pH value. In this respect it has been postulated that small
conformational changes, induced by pH variations, could modulate the
symmetry and/or the strength of the crystal field sensed by the para
magnetic fons (5) . To test this hypothesis®we investigated the depen-
dence on the pH of the correlation time T of the rapidly tumbling
spectral Lbmponent -and the separation, ZAzz' of the outer components S]
and 53 of the strongly 1nnmbilized label. The results shown in Fig.4
exhibit a marked increase in the correlation time and in the 28, va-
lue when the pH is brought down to 5. This is just the value at which
the low temperature spectroscopic change is observed (5). Results in
Fig. 4 could be interpreted in terms of a pH-dependent conformational
change which the protein undergoes, this change affecting the mobility
of both the weakly immobilized labels and of the biomolecule in its
entirety. '

Several biosystems have been indicated as interacting with CP in
order for an enzymatic on a physiclogical activity te be perfsrmed.

zgieds and transfeerin molecules

A close molecular interaction with Fe
has been recently postulated (15). Moreover selective interaction of CP
with ferritin, en iron storage protein, has been suggested (]6). The spin
labeling approach could be used to detect such an interaction if the la-
beled sites are involved in the bimolecular process. In this case the
height ratio 51/HI may alsp be affected (9).th1s fact indicating that
some weakly immobilized labels become strongly immobilized after the in-
teraction of CP with the substrate,thus contributing to the intensity of
the S components. We have performed some ESR experiment§~lo study the ef-

fect of all the three above mentioned substrates. In partucular we have
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taken into account the variation of L 2Azz and of the ratio si/leOf
spin labeled CP on addition of these substrates.We found that oy
the presence of ferritin led to an effect on the rotational dynamics
of CP as registered by a 30% increase in Si[ﬂAratio. This confirmed
the ‘occumrence of a close molecular interaction between the two proteins.

Conclusions . -

The use of the spin labeling approach to study the molecular dyna-
mics of sgru1oplasm1n has provided us with a number of interesting pie-
ces of fnformation. The most significant new finding concerns the moTlecu
lar radius of the globular protein. By assuming a spherical shape for the
CP and calculating the rotational correlation time for the strongly immo-
bilized spin labels we found 2 molecular radius of 39.5%2R. However some
criticism could be made of the calculation method. In the first place, ex-
pression (9) fs derived for a rigid sphere model for the protein; actually,
proteins in solution may undergo_an extensive interaction with the solvent
and in some cases a hydrated layer should be considered. Consequently, the
microviscosity at the protein surface may fluctuate significantly and differ
from the bulk viscosity; this fact may affect the value of R obtained trough
Eqn.% quite apprectably.Secondly, the very assumption of a spherical shape,
instead of an ellipsoidal one, may be misleading, Neverthelgs, the present
value of R was found to be in good agreement ;ith that obtained by small an
gle neutron scattering (R = 42.6 ¥ 3k) (3, This may suggest that deviations
from the assumed model might induce a variability in the R value ranging
within the experimental errors.Another important finding concerns the CP
conformational change observed at low pH which is detected as a change in
the rotational dynamics of the bound labels. This resulg_can be related to

the already observed change in the ESR hyperfine pattefn due to the Cu2+

fons intrinsically contained by the protein (1’5).

Finally changes in the spin labeTed protein rotational dynamics
have provided unambigous evidence for the occurrence of a molecular

interaction with ferritin, an interaction which probably has some

quite significant biochemical importance (]6).
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Leg. :d to Figures

Fig.} Reom temperature (20°C) ESR spectrum of a) 3MAL
: spin label dissolved in water at 2-10- concen-
tration; b) 3MAL-spin labeled human CP in aqueous

solution (10'4)

Fig.2 Plot of dH (see’text) as a function of (741)2/3
for 104 spin labeled CP.

et

Fig.3 ' Low temperature (77K) ESR spectrum of: a) an aqu~
eous solution (10-4 M} of human CP; b) an aqueous
solution of 3MAL-spin labeled human CP.

Fig.4 Plot of the 1. related to the weakly immobilized
spin labels and of the separation ZA of the outer
components of the strong)y 1mmobiT1ze5 labels vs.
the pH value of the CP solution (104 M}
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Riassunto

La ceruloplasmina, una proteine umana contenente ioni Cu++ paramagnetici,
& stata marcata con differenti spin labels per studiarne la dinamica moleco-
lare e 13 sua interazione con altri biosistemi. 11 marcaggio mediamte spin
labels di tipo maleimidico ha portato ad uno spettro di Risonanza Elettronica’
df Spin composto da due differenti gruppi di righe dovuti a specie paramagne-
tiche in differenti microambienti. I1 primo segnale & costituito da un tri-
pletto isotropico dovuto ad uno spin label in rapida rotazione (r¢ ¥ 10-9s3,
mentre i1 secondo & alquanto asimmetrico (anisotropico) e deriva_da uno spin
Tabel ruotante in un dominio temporale piuttosto lento {to = 107'). L'assunzione
di una forma sferica per 1a proteina in soluzione ha portato, attraverso la
relazione di Stokes Einstein, ad una determinazione del raggio molecolare in
in buon accorde con 1} risultato di misure di diffrazione a basso angolo di
neutroni. Yiene inoltre discussa 1'interazione con altri biosistemi come
desunta daila dinamica molecolare della proteina.
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ELECTRON PARAMAGNETIC RESONANCE STUDY OF STORAGE
EFFECTS ON CERULOPLASMIN IN HUMAN SERUM COMPARED
WITH PURIFIED CERULOPLASMIN IN AQUEOUS SOLUTION

S ONORL, A ROSATI, and S, CANNISTRARD®

Laburatorip delle Radiszioni, Istituro Superiore di Sanitk, Viale R. Elena, 299, Rome; and *Gruppo ¢i
Binfisica Molecolare, Istituto di Fisica, Universita di Perugia, Perugia; fialy

* The EPR signol amplitude of human serum cervioplasmin shows significant changes gs o
Sunction of time and temperature during storage. The same behavior occurs with agueons
solutions of purified ceruloplasmin, From the pbservation that the speciral lines of the EPR
sigral of ceruloplasmin from unmanipulated serum are identical {0 those coming from puri.
fied ceruloplasmin, we conclude that only type I Cu™ of ceruloplesmin are involved in the
signef changes. A temperature-dependent electron shift toward type I Cu™ pararmagnetic
renlers, occurring via the type If and iype Il Cu™ species of the protein, is believed
responsible for th- process, The possible origin of the reducing electrons is discussed, A
procedure to ohtwn reproducibility of recording of EFR spectre of ceruloplasmin in

physiviogical fluids is propesed.

INTRODUCTION

Ceruloplasmin (CP), a serum protein con-
taining copper, is reported to increase during
pregnancy'-* and during several pathological
states,!+-1°

Its paramagnetism, deriving from the
presence of two spectroscogically distin.
guishable Cu™ species, type I Cu™ and type
11 Cu™," allows the protein to be studied by
eicciron paramagnetic resonance (EPR).
Quantitetive determinations of the CP level
in human serum have been performed
almost routinely by this spectroscopic tech-
nique.™* "' However, in the course of an
EFR study on the paramagnetic species
present in human sera from various patho-
logical states, we surprisingly found signifi-
cant fluctuacions in the CP signal size from
the same sample, dependent upon the stor-
age temperature range, while the other para-
magnetic species remained unaltered under
the same conditions.

The growing importance currently attrib-
uiec to quantitative determinations of CP in

pathology on the one hand, and the little
information available on the molecular
aspects of this protein on the other, Jed us to
investigate in more detail the conditions, the
dynamics, and the origins of such signal
variation.

Working along those lines, we extended
the EPR analysis to aqueous solutions of
purified human CP, thus ascertaining that:

(1} The spectroscopic constituents of the
CP EPR signal from unmanipulated human
serum are identical to those from purified
human CP,

(2} A significant fluctuation fs registered
tlso in the peak-to-peak signal height of
purified human CP when submitied to the
same conditions,

{3) Only type I (blue) copper ions are in-
volved in the observed signal variation.

(4) Adding fluoride to the solutions pre-
vents EPR signal Auctyation due 1o the CP.

It was concluded from the experiments
that a temperature-dependent electron shift
is probably responsible for the fluctuation of
the CF signal.

-
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MATERIALS AND METHODS

Blood was withdrawn from patients by
venous puncture and centrifuged immedi-
ately to prepare serum samples.

Aqueous solfutions of purified human CP
were prepared by dissolving commercial
human CP (Sigma or Seva) in 0.2  sodium
acetate buffer, pH 5.5. Concenirations of
CP were determined by optical absorption
USiﬂg €m0 = 10,900,

The samples were placed in 4.8 mm i.¢.
precision glass tubes open at both ends and
rapidly frozen in liguid nitrogen. Each
sample was then removed from its tube by
warming the glass surface just sufficienily to
allew the cylindrical content to be pushed
_‘(‘flt. Finally the samples were stored at dif-
ferent temperatures as described below.

To record the EPR spectrum, a sample
was placed in an E-246 Varian dewar tilled
with liquid nitrogen; the dewar then inserted
v the resonant cavity, In this way, the sig-
1al-to-poise ratio was considerably im-
roved, as previously reported. " Alj samples
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were large enough to fill the EPR-sensitive
volume of the resonant cavity. EPR spectra
were recorded by an X-band Varian spec-
trometer, model E-4, equipped with 100
kHz frequency modulation. Quantitative
determinations of the paramagnetic species
were performed both by measuring the peak-
to-peak height of the EPR signal and by
double integration of the absorption
spectrum. An zqueous solution of Cu*.
EDTA (1.6 mu) was used as the standard.
To calculate the experimentalty observed g
factors, a calibration of the magnetic field
*was performed with & Magnion Precision
NMR gaussmeter, model G-502. A sample
of DPPH (g = 2.0036) was used 10 deter-
mine the operating microwave frequency.

RESULTS

Serurm CP. When the EPR spectrum of
normal human serum is recorded at 77°K,
two main muliiplets are encountered: one at
§ = 2.05, dueto ceruloplasmin and the other

Y 9'4;3
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FIGURE 1. EPR spectrum of normal serum recorded au TT°K. Mucrawave power level: 20 mW,
Magnetic field sweep rae: 0.4 tesh in 16 min, Time constant: 3 sec. Medulation amplitude: $ x 10~ T.
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FIGURE 2. EPR signal amplitude of CP and iron transferric 8. time at different storage temperatures.

at g = 4.3 due to iron transferrin®™* (Fig,
1.

Figure 2 shows the behavior of the peak-
to-peak amplitudes of these two EPR signals
for one particular serum sample when sub-
mitted to different storage temperatures, A
qualitatively similar behavior was encoun-
tered in all the sera investigated, both
normal and pathological. In particular, the
following may be noted:

(1) Keeping the samples at —196°C or at
=80°C for long times (even months) did not
result in any change in the signal size,

(2) Storage at —20°C resulted in a prog-
ressive decrease of the CP signal height. For
all the samples investigated, the minimum
value for the signal amplitude, which varied
considerably from sample to sample (de-
pending on history of the serum, freezing
conditions, etc.), was reached after about 48
h but was never found 10 be lower than 35%
of the initial valus.

(3) Successive exposures to air at room
temperature resiored quickly (within 30 min)
the initial amplitude of the CP signal. But if

thawing was performed under an atmos-
phere of nitrogen, no restoration was ob-
served. Moreover, if the sample had under-
gone several cycles of freezing and thawing
at different temperatures before exposure to
air at RT, the original amplitude of the CP
signal wes not completely restored.

(4} No variation whatever was observed in
the iron-transferrin EPR signal.

The same behavior was seen when the
experiments were performed with plasma or
whole blood. The decrease of the CP signal
upon storage of the serum samples at
~20°C follows pseudo-first order kinetics,
the rate constant of the process being ¥ =
1.2 x 107 sec,

To investigate the molecular aspects of the
phenomenon more clearly, in particular the
nature of the paramagnetic centers involved,
we were led to study the behavior of the EPR
of purified human CP aqueous solutions
under the same conditions.

In order, however, to interpret the results
unambiguously, one should be sure that the
spectroscopic features of CP in serum are

®

identical to those of purified CP in solution,
In this respect there is a discrepancy among
some authors''* and moreover, the sera
studied were manipulated (i.e., concentrated
by ultrafiltration). In our case we were able
to record, for unmanipulated sera with high
CP content ¢coming mainly from pregnant
WwOmen or tumor bearing patients, a well-
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resolved CF EPR spectrum allowing reliable
comparison with the specirum of purified
CP in solution.

The two spectra, with their theoretical
hyperfine patiernin g“-ﬂ 'rcgion. are shown
in Fig. 3. Type 1l copper, Whose presence in
serum CP has been controversial, ' can be
easily identified in Fig. 3a, by its bow-field

(
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i i ipulaied serum from pregnant
FIGURE 3. EPR specirum at 77'K in the g = 2.05 region of (a} unmanipu 1
woman, and {b) agueous soiution of purified human CP (107 w}. In;grl.' rcpe_ned scanning of :?enrum
a Microwave power level: 20 mW, Magnetic sweep rate: 0.2 T in 3 min. Time consiant: } sec.

Modulation ampiitude: § x 107 T.
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FIGURE 4, EPR specirum, at 77°K,, i the g = 2.05 region of (a) aqueous solution purified human CP
(107 w) measured immedisiely after freezing at 77*K and (b) the sample aficr having been kept ar -20°C

for 15 min. Recording conditions as in Fig. 3.

hyperfine line situated at abour 0.268 tesla.
A repeated scanning of this spectrum is
shown in the insert of the same figure. Since
type I1 copper was definitively confirmed to
be present in serum CP, we also performed 2

_ comparison between the relative amount of
paramagnetic centers of this type present in
serum CP and the relative amount present in
purified CP.

Using the method developed by Vana.
gard'* based on measurement of the area
underlying the low-field hyperfine line of
Cu™(Il), we found that in purified CP the
amount of Cu®(Il) corresponds to about
35% of total EPR-detectable copper (i.e.,
type T plus type I1), whereas in our serum
samples the amount of Cu(I) corresponds
to about 2% of toral paramagnetic copper.
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Purified CP. Experiments we performed
with purified commercial CP in buffer solu-
tions have shown again that the CP signal
amplitude undergoes a significant decrease if
the samples are stored at —20°C before
recording the EPR spectrum.

The situation is seen in Fig. 4. A careful
examination of the hyperfine pattern in the
g.m region of the spectrum shows that only
type 1 (blue) copper lines {those with the
smaller hyperfine splitting, Ayo@) are re-
duced upon storage at —20°C. In particular
we ascertained that the process occurs for
storage temperature values ranging from
=15°Cto —-65°C.

In this case, the diminution of the signal
prplitude lay between 15% and 40% of the
initial value, depending on the sample his-
tory (type of commercial CP used, freezing
procedure, ctc.). However, the process
occarred much more rapidly than for serum
CP. The decrease of the signal of purified
CP, at different concentrations, followed
pseudo-first order kinetics with a rate con-
stant k = 8 x 10 sec™. Also in this case,
restoration of the initial amplitude of the
signal was achicved by exposure of the
sample 1o air as RT, .

DISCUSSION

An artificial fluctuation of the EPR signal
in the serum, plasma or whole biood samples
may, of course, considerably reduce the reli-
ability of EPR data in the study of patho-
logical staes.

Horn ¢ al.' have reported that the EPR
signal of blood CP increases dramatically
during the first 90 min following withdrawal
from donors, after which a piatcau is
reached. This observation led the authors to
draw attention t6 the correct procedure to
foliow when blood samples are to be an-
alyzed by EPR.

Our data demonsirate quite clearly that &
CP EPR signal fluctuation is induced by the
storage conditions to which samples of

5. ONORI et al.

-whole Blood,  plasma or setum are sub-

mitted. The exténsion of our experiments to
purified CP aqueous solutions has allowed
us to show, first of all, thar'the spectroscopic
features of CP in serum are identical to those
of purified CP. However, the higher content
of Cu*(II) found in serum CP as compared
with that of purified CP may be due to the
presence of both the Cu™albumin complex
and nonspecifically bound Cu®(if).*-*
Probably this copper is the 1ype involved in
the transport process performed by CP."*

Further, our results indicate that fluctua-
tion of the CP EPR signal grises from a
reversible temperature-dependent reduction
of the type ! copper centers of CP, Spec-
troscopic evidence of this fact is provided by
the spectra of Fig. 4, where bleaching of only
the type I copper lines is seen upon storage at
—20*C, Moreaver, this is in agreement with
the fact that the maximum diminution of the
CP signal amplitude attained in our experi-
ments was about 65% of the initial value. (It
should be remembered that type 1 copper
accounts for 67% of total EPR-detectable
copper.'}.

Since diminution of the CP signal takes
place at sub-zerc storage temperatures down
to —65°C, the aggregated state seems neces-
sary for the reduction of blue copper, even if
this alone is not & sufficient condition for the
process to oocur.,

A diminution of the blue copper optical
density at 610 nm was observed by Carrico et
al.* when the 1emperature of partially re-

. duced CP was decreased below —3°C. To

explain this phenomenon, the authors sug-
gested & temperature-dependent electron
shift toward blue copper involving the other
two types of copper (type II and type IIE)
present in CP, Effectively, they provided
evidence that fluoride, which strongly
affects type LI spectroscopic characteristics,
prevents bleaching of the blue (type I)
copper absorbance. In analogy, in our EPR
experiments- wafound that adding NaF to
the solution before freézing completely pre-
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vented diminution of CP EPR signal amphi-
tude

The testoration of the original signa) ob-
served afier exposure to air is clearly due 1o
the reoxidation of the Feduced blue copper
by molecutar oxygen.

The reduction of blue copper in CP raises,
®f course, the question of the source of the
#lecrions. The kinetie date rule out inter-
Meoiccular electron transfer, but there remain
M least two candidate electron-donors;
Mamely, water and the carbohydrate moiety
#f the protein.» *

However, electron transfer from the car.

hydrase moiety would probabiy have e
o0 it 2 radical species susceptible to EPR
detection.™ We failed 10 detect any such
radical (even at very low microwave poOwers).
On the other hand, the oxidation of water
by lactase appears thermodynamically feas-
ible. "% Bur since bilye copper is not

We thank Prof. P. I Indovina for many heipful
discussions.
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Spin Exchenge in Nitroxide-Charged Membrane Models:
an ESR Method for Detecting Photodynamic Effects.
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(ricevuto il 26 Gennaio 1983)

Summary. — An electron spin resopance (ESR) method for detecting
the photodynamie effects induced in memnbrane models i3 deackribed.
The method ie based on the study of the epin exchange live brosdening
ocourring in nitroxide-charged liporomes before and after vigible irradia-
tion in the presence of various phot. itizing molecul

PACS, 87.20. - Membrane biophysics.

1. - Introduction. "

The absorption of photons in the vizible region of the electromagnetic
spectrum by snitable dye imolecules present in biological media triggers
serieg of photophysical, photochemical and photobiclogical chain events leading
to the so-called phoiodynamic aetion. Thiz action may be eventually visualized
88 an oxygen-dependent sensitized photo-oridation of the biological target.
In particular, in ordinary conditions of temperature, the photosensitizing
molecules are in the ground electronic state {!D,} and the absorption of &
Photon brings the dye molecule to the first excited singlet state (‘D,}. Theh;
besides other depletion processes, intersystem crossing to the triplet state (*Dh)
can occur. Binee the transition D, — D), is forbidden, the triplet state of
the chromophore molecules i relatively long-lived and it is generaliy a.eceptd
that it promotes the subsequent phrsico-chemieal reactions.

Two major classes of reactions can stem from the excited dye triplets (1.
Type-I reactions involve a direet interaction of the triplet dye with the suly-

{) K. GoLuNick: Adv. Photochem., 6, 1 (1948).
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strate, regulting in ar induction of free radicals which are susceptible of further
interaction with molecular oxygen to give the oxidated substrate. Type-II
reactions, on the contrary, involve the transfer of the excitation energy from
the triplet sensitizer to molecular oxygen with the formation of singlef oxygen
(*04). This short-lived excited species is highly reactive and, upen diffusion,
may come into oxidative reaction with the substrate.

Msany practical and immediate applications may stem from the knowledge
of the primery steps underlying the photophysical pathway leading to phote-
sensitization. Moreover, since moat of the excited species which are involved
in such processes bear s met spin {or they may react with Buitable trapping
molecules giving paramagnetic specieg), EBR spectroscopy has been widely
used to study in detail the overall photoreaction (94),

In the present paper, we describe an ESE method of detecting the photo-
dynamic effects ocenrring at the level of the lipid¢ phase of a biological-membrane
model, '

Biological-membrane models, liposomes, have been charged, in the inside
squeous phase, with unpaired electron-bearing molecules (nitroxide spin labels)
st an elevated concentration (above B0 mM). The exchange interaction
arising from the celliding spins in the restricted ares brings to broader ESR
lines a8 compared with those arising from dilute solutions of the same nitrox-
ides. Photodynamic attack promoted by the sensitizer molecules dispersed
in the bulk aqueous phase leads to oxidative damage of the phespbolipid
bilayers charged with the conecentrated spins. Then leakage of spin labels
serogs the membrane can ocour, resulting in a lowering of the inside concentra-

‘tion and hence in a decrease of the exchange interaction. After all, the

overall effect of illumination is that the amplitude of the ESR lines displayed
by the spin charged liposemes increasea remarkably, while the exchange broad-
ening disappears. The present method allows an immediate measure of changes
in liposomal-membrane integrity s induced by photosensitizers.

2. - Experimental methods.

2°1. Preparation of ke witrozide-charged liposomes. — The phospholipid
bilayers containing the spin labely were prepared trom phosphatidylcholine-

*} 8, Caviatraro and A. Van Dz VorsT: Biochim. Biophys. Acta, 476, 166 (1977),
{*) 8. Can¥I8TRARO and A. VAN DE VoBaT: Biochem. Biophys. Res. Commun., T4, 1177
(1977},

() B. CANNISTRARO, A. VAN D& VomaT and G. Jom: Photochem. Pholodiol., 28, 257
(£978).

") 8. CaxwisTRano, G. Jor1 and A. Vax DE Vonrst: Photobischen. Photobiaphys.,
3, 353 {19892).

("} €. EMiLiaxt, M. DRLMELLE, 8. CannisTRARO and A, Vay px Vomer: Med. Biol.
Environm., 10, 351 (1982),
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dipslmitoyl (DPPC, purchased from Sigma Co.) dissolved in CHCI, (1 mg/ml).
The lipid solution was evaporated to dryness with a rolary evaporator and
dried under vacuum overnight. The dried lipids were then added up with Tris
buffer (NaCl 0.15 M, pH 7) containing the 4-amino-2,2,6,6,tetramethylpiptri-
dinooxy(Tempamine, Ega-Chemie product} spin label at various concentra-
tions. Fmmediately after mixing, the solutich was sonicated for five minutes
by keeping the temperature above the lipid phase transition of DPPC (T, =41 °C}.
Fifteen hours later, the charged liposomes, obtained in this way, were separated
fram the free spin labels present in the aqueous medium by rapid fitratien on
s short chromatographie eolumn loaded with Sephadex G-25M (Pharmacia
product) and equilibrated with buffer. Minor details are described in (7). The
final system is constituted by bilayer veeicles, sugpended in the aqueous bulk
medium and containing in the inmer agneouns phase the concentrated spin
Iabels (fig. 1).

.
+

- insidle aqueous phase

Lpid mitieu

Fig. 1. - 3pin label charged liposome.

22, Irradiation procedwres. — Liposome suspemsions were dilnted (1:5) and
added up with different dyes at a final concentration ranging from 0.01 to
0.1 mM. Bolution aliquote were introduced in 100 gl calibrated capillaries
(@ =1 mm), piaced in an ESR quartz tube (@ = 4 mm) and then inserted in
the Varian E-231 quartz dewar. The dewar tail was placed in the TE,,, resonant
cavity of the EBR spectrometer and irradiation of the samples was performed
directly into the cavity, through the built-in grid, by a high-pressure xenon
diacharge lamp {Osram, 150 W), properly focused. The light passed through &
eut-off (4 > 3580 nm) and a water filter to eliminate mltraviolet and infra-red
radiations, Tnder these conditions and a fixed geometry the irradiation light
fluence, at the level of the samples, was 6.8 mW/cm?, a8 measured by an EG&G
Instr. Photometer.

(") L. 8portELLI, G. MARTING and 8. CansiaTRARO: Bioslectrochem, Bioenerg., 9, 197
(1982),
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25, Electron spin resonghce upec!rosrbpy. — ESE measurements wgre made
at {2040.2)°C, by an X-band Varian E-109 gpectrometer equipped with a
variable temperature aceesrory. A 100 kHz modulation frequency was used for
phase-sensitive deteetion and the peak-to-peak modulation smplitude never
exceaded the value of 14, to avoid apparent broadening due to evermoedualation,
The microwave power level was chosen in order to avoid saturation of the ab-
sorption, i.¢. the ESE line width is mainly determined by the transverse relax-
stion time (7,). Calibration of the magnetic field was performed with s Magnion
Precision NME gausameter, by using the proton magnetic resonance of water
&5 a standard; the microwave frequency wae then determined by the relation-
ship » = ¢ A H/b, where g ... = 2.0036.

3. ~ Results and discnssion.

The nitrogen 2pa-orbital carries the unpaired electron of the nitroxide
molecule NO bond. Then an anigotropic hyperfine interaction with the nitrogen
nuelear spin (I = 1) should be expected. However, if the gpin Jabel molecules
are dissolved in s low-vigcosity solvent, then the very fast molecular reorien-
tation due to thermal motions averages out the anisotropic term of the spin
Hamiltonian (*). The energy levels of the systemn can be obtained in terms of
the isotropic Hamiltonian

m # =g H-S+ aS-I.

By treating the hyperfine term as & perturbation on the eigenstates of
the Zeeman term, by taking into account the ESH selection rules, the electron
and nitrogen nuclear spin quantum numbers, three EBR lines of equal intensity
and centred at the fields

kv am,

98, 98,

(2} Ha =

are to be expected.

Actually, the ESR spectrum related to a diluted sgueous solution {0.005 mM}
of Temupamine nitroxide showa three lines of equal heights and equally spa-
eed (fig. 2a)). The isptropic g-value, the isotropie hyperfine splitting constant,
a, and the line width, H_, have been determined ‘to be 2.0069 G, 16.75G
and 1.75 G, respectively.

Figure 2b) shows the ESR spectrum of Tempainine-charged liposomes
suspended in the buffer and coutaining in the inside aqueous phase a nitroxide

[ 1

{*} P.L. Norpio: 8pin Labeling: Theory and Applications, sdited by L. J. BRRLINER
(New York, N. Y., 1078), p. 5. -
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Fig. 2. - 8pin exchange effects on the ESR line width in nitroxide-charged liposomes;
4} EBR spectrum of aqueous solutions of Tempamine alone {0.005 mM), recorded
st 20°C. The chemical structure of the spin label ie shown in the upper rigth-hand
side of the figure. Microwave power level 2 mW, Magnotic-field sweep rate 100 G
in 8min. Time constant 0.58. Modulation amplitede 1G. b) ESR spectrum of
Tempamine-charged DPPC liposomes sugpended in Trie buffer (spin label concen-
tration 0.1M; pH 7). ESR gets as in a). ¢} ESR gpectrum of Tempamine re.
leascd from liposomes {same as in b)) by freeze-rupturing, The spectruin has been
recorded at & gain 100 times higher than tlat in a}, while all the other conditions re-
mained identical.

€. EMILIANT and 8 CANNISTRAR(

concentration of 0.1 M. Ar can be seen, thr three ESE lines are rignifieantly
and equally broadened, the peak-te-peak width measuring abont 6 G.

Since it hus heen ascertained, by testing deareated solutions, that the broad-
ening ix not due to a dipolar interaction with paramagnetic molecular oxygen,
there remain two possible sources of such & line broadening. As the concentra-
tien of the free radicalr rises, their unpaired electrons get aufficiently close to
one another 80 they become susceptible to interact via one or both of the two
mechanisms. The dipolar interaction between twe unpaired electrons {each bear-
ing a spin # = }), after averaging over the electron co-ordinates, is currently
expressed (') by

€3} X=5D8, where $= 8§, | §,,

The interaction between dipole moments is relatively long range and is
determined by their relstive orientations and mutual separation. If the two
&pins reorient, in a magnetic field, at & rate comparable to the frequency cor-
responding to the energy difference between the electron-electron energy states,
line broadening will be observed. If both reorient rapidly in the applied mag-
netic fleld, this interaction is averaged to zero regardless of concentration (™).
This occurs in the present case, since in aqueous sooutions the correlation
time, T, of the nitroxide molecules is lower than 1.2-107"& (1),

On the other hand, increasing the nitroxide concentration leads to more
frequent radical-radical collision getting consequently more chance that the
electronic wave funetion overlap. An isotropic coupling between the spins &,
and &,, originating from elecirostatic interactions which tend to couple the
sping into & singlet and & triplet state, must be introduced (). Following
the Heitler-London description of the bonding, this interaction is termed ex-
change interaction and has the form

{4) H, = J8,-85, = §J(8*— }), where 81= (S, + 8.

Phenomenoclogically, this electrostatic coupling energy may interchange the
spins of the two radicals so that af becomes fx. The overall effect can be gen-
erally discussed in terms of s variation of the transverse relaxation time T,
a8 due to an additions] random magnetic field sensed by the apin system under

(" A, CarriNGTON and A. D. McLacueaN: Introduclion to Magnelic Resonance (New
York, N. ¥, 1960}, p. 30.

¢ L C. P. Surrst and K. W. Burrks: 8pin Labeling: Theory and Applications, edited
by L. J. Brruver {New York, N.Y., 1976), p. 423.

(*) J. H. FRERD: Spin Labeling: Theory and Applications, edited by L. J. BERLINER
{(New York, N. Y., 1876), p. 53.

(*) & E. Werre and J. R, Borron: Elestron Spin Beronance, Elementury Theory aud
Practival Applications (New York, N. Y., 1872), p. 201.
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H, {*). More dirertly, line broadening has been correlated to the apin exchange
frequency, y,,,,. by the following relationship (41%):

2h
(5) AR, — g_ﬁ"nseh ]

where »,,, has been reasonably assmmed to be equal to the collision frequency,
which depends on the spin label diffusion coefficient, B, and on the concen-
tration of the spin labels, C, in sgreement with the expression

{6) Yo = D, C.

The analytical treatment of the phenomenon is somewhat invelved and
is beyond the aim of the present work. The disoussion here prescnted was
just taking sim at supporting the attibution of the line broadening shown
in fig. 25) to & concentration-dependent spin exchange interaction. Actually
a linear relationship was obtained by plotting the ESR line width vs. tho nitrox-
ide concentration (in the range (50500} mM) inside the liposomes (plot not
shown). .

This eoncentration-dependent line broadening can be used to measure the
rate of gpin label diffurion across the lipid milien. At first, the spectrum of
fig. 2¢) shows a manifold inerease of the ESK signal intensity and a concomitant
line narrowing, when nitroxides are abruptly released wpon liquid-N, freeze-
rupturing of liposomes. These drastic changes ocourring o the ESR spectrum
clearly indieate that the membrane models were eharged at & high concentra-
tion of exchanging spins.

As salready mentiongd, several dyes are able to promote photodynamic
damage on biological targets. The most important targete are, of course, DNA,
proteins and cell membranes, In particular, photodynamic effects occurring
at the level of the membrane are of utmost importance for the survival of the
living system, since the membrane permeability can be severely affected with
subsequent lysis of the oell. Becides other detrimental effects, peroxidation
of the lipid constituents of the membrane has been ghown to be induced by
photodynamic sensitizers (). Moreover, it has been postulsted that this lipid
impairment is responsible for the creation of pores in the lipid bilayer and for
the consequent osmotic breskdown. Fn thie respect, the apin label charged
liposomes would constitute s very smitable model system to follow s possible

() A.°G. Reprrzip: Adv. Mogn. Reson., 1, 1 {1068),

() C. B. Jomneon: Mol. Phys., 12, 25 (1987).

(") W. PracEY and D. Kmx«pou; J. Chem. Phys., 47, 3312 (1987).

() E. 8acEMANN and H, TRAUELE: J. Am. Chem. Soc., 94, 4482 (1872).

(') 8. M. AxpEnsox saod N. 1. Exinaxy: Photookem. Pholobiol., 18, 403 (1073),

&)
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photodynamic induction of euch pores. That is, if such pores are formed, leak-
age of ingide apin labels should occur; consequently a lowering of their con-
centration in the inside aqueous phase would result in s decreased spin ezehange
line broadening and, as a result, an increase of the ESR signal will be detect-
ed, Actually, this result was obtained by using three different photbdynamic
agents, {.e. psoralen, hematoporphyrin and chloropromazine (all of commereial
origin), The dyes investigated are not able to penetrate into the lipid phase,
within at least the range of temperature st which experiments were carried (*#).
Moreover, they are photodynamically very active (two of them are eurrently
used in the phototherapy of human diseases) and follow different photoreaction
pathways, which have been studied in detail (#9), In particular, hermato-
porphyrin and pseralen act by both mechanisms {type I and 11), while chlore-
promazine follows only the type-I mechanism,

When ene of these dyes was mixed with the charged lyposomes and the
ESR signal amplitude was plotted as a function of the irradistion time, the
regults ghown in fig. 3 (upper curve) were obtained. After exposure fo visible

fieid set
2362 G

signat height {a.u.)

] i i 1 1 Il L

Ll
0

& L)
ireadiation time (min}

Fig. 3. ~ Dye-plus-light-sensitized leaksge of apin labels from liposomes. ERR signal
amplitude was plotted as & function of the irradistion time (the kight fluence at the
sample was 6.8 mW/em?). The magnetio field was preajusted to the maximum of the high-
field nitroxide line {see the inset in the same figure) and the ESR signal arining st this
fleld setting was direetly recorded ve. the irradistion time. No dark releass was obsorved
after mixing of the dyes used with the charged liposomes. Spectrometer gain was held
constant during experiment. Other conditions were ae in fig. 2, except that the magnetic
941d was not ewept,
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light was initiated, spitt Iabel release continued at the same rate for about
two minutes and then slightly increased.

Qualitatively, the variation of the ERR sighal, upon irradiation, was similar
for all the dyer studied, even if the rate of release was slightly different {high-
est for chloropromazine and lowest for hematoporphyrin), :

When the experiments were carried with deoxygenated suspensions of
charged liposomes in the Presence of dyes, no spin label release was observed
(fig. 3, lower curve). This is s clear evidence of the fact that an oxygen-de-
pendent photodamage oceurring at the level of the membrane lipid phase
is monitored in the experiment represented in the upper curve of fig. 3. Keep-
ing into aceount the possibility for the dyes wsed to photoreact by the two
different pathways, the results of the experiment could be summarized by
the scheme *

'+ '0.\
1D, 4, 1p, ey 3, f lipid peroxidation —
N,/

10,+ I
— 5pin label leskage — ESR signdl increase .

L’ indicates the free radicals induced in the lipid moiety, which lead to
peroxidation by further reaction with molecular oxygen {0y} via & type-I
mechanism (?).

4. — Conclusions.

The results presented herewith permit to conclude that the Photodynamic
damage, oceurring st the membrane level, can be easily and conveniently
detected by monitoring the effect of spin exchange on the ESR lines ariging
from spin label charged systems.

The method counld also be used to follow the effects of nltraviolet light
alone, since these more energetic photons are able to induce similar detrimental
changes in the lipid bilayer structures. Moreover, the ESE method is suacep-
tible to be applied to naturally occurring membranes, which can be properly
regealed after having been charged by the same procedure (erythrocyte ghosts,
for example).

Finally, examination of expressions (5) and (6) suggests that further ap-
plications of the method could be worked out; for instance, to estimate, within
8 suitable range, the microviseosity of the inside phase of & cell and/or its vol-
ume (s study of this kind is jn progress in our laboratory).
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® RIASBUNTO

81 duscrive un metodo per la rivelszione degli effetti fotodinamici indetti i.n m?delh
di wmombrane, utilizsuote ls apettroscopia di riscnanze elettronmica di spin _(I',SR)_.
Il metode & busuto suliv studio dell'allurgemente di riga dovute all‘intfzrnmnnu di
scuiubio di apin che si ha in liposomi earicati con molecole di_nit_mssidt_:, priina e dopo
Pirrugginmento con luce visibile in presensa di vari fotosensibiligsanti.

Cnumosnlii obmen B Gp 41X c MAMEA JAKMCH R30TA: METOM
:men‘rpbmm CHHHOBOTO PEIOHANCA /UM ObuAPYweuns $OTOTHRAMHTCCKHY WhPEKTOR,

Peawome (*). — O0UCLIBAETCA METON MEKTPOHHOTO CNHROBOTO Pe’OHAHCA NS ofnapy-
wenis GOTOAMHAMAMCUKNK MPPEKTOB, MHAYLIMPOBAHARYX B MEMODAHHIMX MOACTAX. Meron
OCHOBAH bd MYYYCHHM ¥ A NHKHY, 0By IO CNHHOBLIM OOMEHOM, B KO-
COMIX C MOCKYNAMI J4KHCK 43072 neped ¥ noche obnyueHns B BRAMMON YacTH crexTpa
B IPHCYTCTBHM Pasnuusik GOTOYYBCTBHTENGHAIX MONCKYI,

(") Hepesedeno pedaxyueii.






