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Room temperature electron spin resonance of superoxide
dismutase-loaded liposomes and erythrocytes. A direct approach
to the interaction of O, with cells
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Introduction

SOD is considered to be an important enzyme work-
ing in the cellular defence against uncontrolled oxida-
tive p by ging O, ding to the reac-
tion

205 +2H* » 0, +H,0,

Cell systems with higher levels of SOD with respect to

ge values rep an 1 model that
gives a better und ding of the biol 1 role of the
enzyme and the mvolvemenl of oxygen radicals in
physiological and pathological T of
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cells with SOD-containing liposomes has been an obvi-
ous approach to this problem. Several papers have deait
with luposomes entrapment of SOD, as well as lipo-
ion of the SOD content in
cells {1-2]. However, no direct spectroscopic studies on
liposome-incapsulated protein have been reported in the
literature so far; the protein entrapment capacity of the
vesicles, or the liposome-mediated increase of cellular
SOD, has been quantified either by enzyme acuvny
assays [1}, by of ly labell
SOD or by liposome fusion kinetics [3].

Being metalloproteins, SODs offer many possibilities
for spectroscopic characterization. With the increasing
clinical interest in this enzyme, the possibility to analyze
SOD inside intact cells with a non-perturbative
technique might be an important tool to investigate the
formation and the effects of O; in situ. We have used
liquid sol room temp ESR sp py to
characterize two kinds of vesicle comammg Cu,Zn-SOD.
By direct observation of the enzyme-active site, the
following parameters were characterized: protein en-
trapment capacity of the vesicles, influence of the pre-

SOD, ide dit (EC 1.15.1.1); ESR, elec-
tron spin 5-D§, 5 16-DS, 16
C G. Rotilio, D of Biology, I1 University of
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procedure on the SOD-Cu?* site geometry,
and quantification of the liposome-mediated increase in
human erythrocyte SOD content. Furthermore, from
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the decrease of the enzyme ESR signal upon reaction
with O;, we have obtamed evtdence that SOD loaded

ten scans were lated. The
in the sample was determined by callbrauon with stan-

into erythrocytes is lly active in the dard sol of the A baseline cor-
intact cells. This appears to be the first direct observa- recuons were made before the calculations. For the
tion of the activity of SOD in an intact cell system. the absol ions of
lhe enzyme ranged from 20 to 200 pM.
Materials and Methods ion of the enzyme with the li mem-
branes was ined by d ini the d i
L-a-Dipalmitoylphosphatidylcholi stearyl perties of the b with or

and cholsteml wete ohlamed from Sigma and used
without further purification. The spin labels 5-DS and
16-DS were from Molecular Probes (Junction City, OR).

without the protein. 5-DS or 16-DS dlssolved in ethanol
was deposited as a film at the bottom of a small
test-tube by evaporating a few ymctolmﬁ under a stream
of ni A

Cu,Zn-SOD wese purified from bovine erythrocytes as
dcscnbed by McCord and Fndovxch [4].

s Tulehali

/ stearyl-
anune/cholesleml 7:7: 1) were prepared by two dxtfer-
ent p by or by
e ion [5]. Li i SOD acuvuy was
determined bya polatograph:c method [6] in the pres-
ence ot' Triton X-100 (0.2% final concentration). Phos-
lipi were d by the method
of Banletl [7}. Human ery ytes were isolated from

of |

was added to give a final concentratlon of the spm label
in the membranes of less than 0.4 mol%; after vigorous
mixing, the suspension was left to equilibrate for 10 min
at room temperature. The sample was drawa into a
thin-walled glass capillary, sealed with plasticine and
placed inside a 3 mm quartz ESR tube m a standard
TEg;-mode cavity equipped with a

ture dewar insert. 80 G scans were recorded with 2 ce

freshly drawn blood and washed three times in an
isotonic NaCl solution, then diluted 1:6 with phos-
phate-buffered saline (7 mM K,HPO, (pH = 7.4)/140
mM NaCl). Aliquots of the suspension were incubated
for 2 h at 37°C with liposomes containing 30-90-fold
excess of SOD with respect to the endogenous cell
content. At the end of the incubation the blood cells
were extensively washed with phosphate-buffered saline.
The liposome-mediated increase in the cellular con-
centration of SOD was determined by the polarographic
assay of the activity of eryth lysate and
by ESR measurements on intact cells.

Exposure of lhe enzyme \o controlled fluxes of O;
was by i g1 mM hine with 1
pM xanthine oxidase at pH 7. 4 in the presence of 0.1
pM catalase. The rate of oxygen consumption, as de-
tected by polarographic assays, was 29 pM-min~}, a
rate which assured oxygen availability throughout the
time of the ESR measurements. Incubations were car-

ried out under vig in large vol , from
which aliquots were rapldly transferred to the E.SR flat
cell for g as a function of time. The

sample contained suﬂ‘iclent oxygen to maintain a con-
stant flux of O, during the ESR measurements (ap-
prox. 3 min); in control experiments the ESR signal was
found to remain stable even after 15 min.

ESR measurements of Cu,Zn-SOD in suspensions of
liposomes or red blood cells in standard quartz flat cells
were made with a Bruker ESP 300 spectrometer, operat-
ing at X-band using a TM,,-mode cavity. To obtain
maximum sensitivity, spectra were recorded using 200
mW microwave power with a modulation of 16 G at a
low frequency, 1.56 kHz, to avoid heating of the sample.
A 1000 G scan was completed in 42 s, normally four or

intervals using 20 mW microwave power
and 1 .0 G modulation at a frequency of 100 kHz. Due
to the drastic ch in the sp istics
occurring around the ph: it it
was not possible to delermme either order parameters
or rotational correlation times over the entire tempera-
ture range studied. Therefore the outer hyperfine split-
ting tensot. A“, ‘was used as an arbitrary parameter of
the prop or “fluidity’.

Results

Fig, 1 shows the ESR spectra of SOD entrapped in

pared by or reverse-phase

evapomuon The g values and the hyperfine splitting
tensors, A, of lhe three spectra m‘e ndenucal to those of

the free that in
either dure the intains the
integrity of the copper site.
3
b
5
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Fig. 1. ESR spectrum of CuZa-SOD in liposomes prepared by
ion (a) or ion (b). For it

spectrum of free enzyme m solution is included. SOD wmenlrauon

was 0.1-0.2 mM with the instrument gaiu setting varied accordingly.
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Fig. 2. ESR spectra of Cu,Zn-SOD-containing liposomes before (a) and after addition of 8 mM ascorbate (b--d). Spectrum (b) was recorded
immediately after addition (90% signal left), (c) after 2 h of incubation (64% signal left), (d) immediately after (c), in the presence of Triton X-100
(16% signal left), (f) (16% signal left) is free SOD (e) immediately after addition of ascorbate.

The two liposome preparations have protein entrap-
ment capacities of 30-60 ug SOD per pmol phospholi-
pid, as determined by either ESR measurements of
intact liposomes or polarogxapluc activity assays after

disruption of the L wuh Triton X-100. On

the seem to be
more efficient for protem mmpsulauon than liposomes
P d by (data not shown).

ph

To evaluate the protein dlstnbuuon in the vesicles, a
large excess of ascorbate was added to the liposomes
and the ESR spectrum was recorded after various time
intervals, Immediately after addition of ascorbate only
little reduction of the 30D is seen (Fig. 2a, b), in
contrast to the results obtained with free SOD (Fig. 2e,
f). After 2 h incubation the ESR signal has partially
disappeared (Fig. 2c), as would be expected from the
time-course of P ion into | 8}
M , the signal di upon ad-

'PP

dition of 0.2% Triton X-100, which breaks down the
structural integrity of the lipid bilayers, making the
protein accessible to the external reductant (Fig. 2d).
Similar results were obtained for either lype of lipo-
some, d g that li d SOD is
contained inside the - \'CSIClCS

That only a small amount of the enzyme is bound to
the membrane was shown by the spin-label experiments.
Fig. 3 shows that the presence of SOD in the liposomes
had only minor effects on the dynamic properties of the
membranes. In particular, the sharp phase transition
around 46° C was not blurred, as would have been the
case if strong protein-lipid interactive forces existed.
The shifts between the two pairs of curves are more
probably caused by the inevitable variations in sonica-
tion procedure of the lipid suspensions with or without
protein. In fact, when probing the membrane close to
the surface using the 5-DS label, a smaller difference
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was found than for the 16-DS label, although the
proximity of the proteins should be expected to have
more pronounced effects on the hyperfine splitting
parameter of 5-DS label [9].

The SOD-containing liposomes were used to enrich
human red blood cells with this enzyme by a simple

dure. In agr with previous stud-

ies [3], both types of liposome were able to load the cells
with SOD quite efficiently (up 1o 25-times the physio-
logical content), without producing any significant ex-
tent of hemolysis. The degree of SOD ensichment was
dose-dependent and could be regulated by varying the
amount of liposome-incapsulated SOD (data not
shown).
Fig. 4 shows ESR spectra from intact human
eryth after lip diated SOD enrick
The Cu?* signal characteristic of the native SOD is
observed, whereas no signal is seen in cells not pre-
treated with liposome-SOD. By activity measurements
the concentration of SOD in untreated cells was found
to be 2 pM, just below the sensitivity limit of our ESR
equipment (data not shown). In the enriched cells,
concentrations of 10-50 gM could be ob

W

b
006
Fig. 4. ESR spectra of intact human erythrocytes after liposome-medi-
ated SOD enrichment (a) and of normal cells (b). The cells were
incubated as described in Materials and Methods with reverse-phase
evaporation-prepared liposomes. -

molecule of O; to give an ESR-invisible Cu* inter-
mediate, which is then re-oxidized by another O; back
to the Cu?* state. The reaction rates of the two steps are
equal under steady-state conditions, the enzyme will
thus appear as 50% reduced [10-11]. From the results
reponed in Table I it appears that in liposomes the

range, the ESR-determined concentration values were

d. In this toa ﬂLx of extemally gencrated
0{ N which is ahle toi di h and
dy i for the free in sol

comparable wnh the values found hy activity

ments, g that no i of the en-
zyme occurred within the cell.

The catalytic dismutation of O; by SOD is a two-step

h where the enzyme is first reduced by one

Exposure of cnnched red h]ood cc]ls to externally pro-
duced O, lted in ion of the SOD
ESR signal, although the signal did not reach the 50%

El
l...\

Membrane fluidity A, (G)

O bty
-
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Fig. 3. of the outer splitting tensor

A, of the spin labels 5 DS (0. ®) and 16-DS (. a) was measured in

liposomes prepared by sonication with SOD (open symbols) or without

{closed symbols).

d level. This may happen either because the
passage of the O; across the erythrocyte membrane is
too slow, or b a fraction of the lip used for

ick have d hed to the cells without
actually fusing. In any case, the result provides unequiv-
ocal evidence that the internal SOD is able to intercept
O; of external origin.

Discussion

With the instrumental improvements in the ESR
technique obtained within the last couple of years, the
sensitivity range has been extended to allow direct
observation of the signal from Cu,Zn-SOD inside lipo-
some-enriched red blood cells at room temperalure
There are several ad of using
determinations of Cu,Zn-SOD with respect to olher
types of assay, such as activity or radioactive labelling
measurements. From the spectral characteristics it is
possible to determine whether the Cu site of the SOD is

lly intact or whether protein d or

other damage has occurred during the enrichment pro-
cedure, which may raull m undesxred effects when the
protein is admi i activity
assays may not be fully satisfactory in this respect.
First, traditional activity assays cannot be used for
studies of SOD localized inside intact. cells or liposomes.
Secondly, in some cases, metal complexes may interfere




with the standard assays. For instance, although iron-
EDTA does not catalyze the dismutation of O; at any
significant rate [12-13], it causes unreliable resuhs in
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cells, it is able to react with O;. On the basis of
experiments with haemoglobin-free ghosts it has already
been established that O; can cross the red blood cell

assays usmg ytoch ¢ or nitl

of direct reduction by Fe(II) {14-16}.
Here the spectra in Fig. 1 and 4 clearly show that the
enzyme has preserved its structural integrity during the
preparation of the liposomes used in this study and the
interaction with cells Tlus is not always the case when
the is 10

organic solvems 17).
Although the use of liposomes as SOD carriers has
been exlcnswely lreated in previous reports {18-21], it
ledge of the prop and be-
hav:our of the liposome system under igation {22].

p -]

t {26.27]. However, direct evidence that SOD
integrated within an intact erythrocyte structure is able
to scavenge O; has never been obtained and may
actually be very difficult to get from activity assay
methods. This result is of particular relevance to the
possible use of SOD-enriched erythrocytes as physio-
logical scavengers of O, produced in blood.

In conclusion, ESR studies can be used to measure
directly the SOD content in intact cells; the type of
information obtainable makes the method complemen-
tary to the lradmonal techniques. In the case of celi-su-

h . ESR of i Hul

The results prasented hese provide direct evidence for
prev:ous suggestions on Cu,Zn-SOD localization in
The t d experiments (Fig. 2)
demonstrate that, in view of the slow diffusion kinetics
of ascorbate th h lip b at low tem-
(8], the is i) pped inside
the vesicles. The spm-label results (Flg, 3) clearly dem-
onstrate that SOD is only loosely associated with the
membrane and is not inserted or strongly attached like
normal surface-bound proteins [9). Similar results have
been reponed for another water-soluble protein, bovine
serum in, when d in li [23).

A particular advantage of ESR in studles on SOD is
the possibility of using the ESR signal of the enzyme as
a probe for functional interactions. As shown by the
spin-label results (Fig. 3), thc llposomes used in this

SOD may well be a unique tool for further studies.
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