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Enhancement of transhilayer mobility of a membrane lipid probe
accompames formation of membrane leaks during photodynamic
treatment of erythrocytes
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In order to further charactenze membrane alterations in hwman erythrocytes subjected to photodynamic treatment the
passive transhilayer mobility of a phospholipid analogue was studied 1n cells illuminated for vanous lengths of time in
the presence of the photosensitizer, aluminum chlorotetrasulfophthalocyanine These measurements were combined with
the characterization of the membrane leaks for polar solutes cecurring under the same conditions with respect to their
apparent size, number and 10n selectivity The time-dependent photodynamic enhancement of leaks for K* as well as
choline or erythntol was paralicled by a marked increase of the transhilayer reorientation rate of the amphphilic lipid
probe, palmitoyllysophosphatidylcholine from 0.05% min~' i native cells to 0.32% min~' after 60 mn illumination.
The asymmetric orientation of native phospholipids was not affected by this treatment The leak permeability praved to
be due to the formation of pores with apparent radii of about 8.45 nm after 60 min illummation, and of 0.75 nm after 90
min. The number of pores per cell was calculated to be < 1, the pores are slightly cation-selective (Py/Pq=3:1)
Since photodynamic freatment did not induce lipid peroxidation under the prevalling experimental couditions, protein
modification must be the primary cause of both, leak permeability and flip enhancement. Since it 1s also likely that the
leak permealnlity arises from oxidation of intrinsic membrane proteins, the results raise the interesting possibility that

oxidative alteration of intrinsic membrane proteins may lead to enhanced transbilayer mohility of Lipids.

Introduction

Membrane aspects of photodynamic cell damage,
which have been analysed 1n numerous tissues [1), are
partcularly well studied in the erythrocyte membrane
It has been shown that lumnation of nauve cells or
resealed ghosts 1n the presence of vanous photosenst-
tizers produces cell lysis [23] Thes lysis 1s of the
colloid-osmotic type, 1¢, resulung from the uplake of
salt and water dnven by the osmoue drag of impermea-
ble mntracellular constituents [3-5] Lysis onginates fromm
the oxadatively mduced formation of membrane leaks
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permeable to sinell s, but also 10 nonelectrolytes and
to macromolecules up 10 a homting size [6,7] The exient
of induced leakiness seems to depend on the expensnen-
tal conditions. 1n particular on the duration of the Iight
exposure Evwdenie has been provided that the Forma-
tion of ieaks 15 not pnmanly related to lipud peroxida-
tion but results from protein damage [6,8] There 1s also
evidence that oxadation of minnsic membrane proteins
per s¢ and no crosshnking of membrane skeletal pro-
temns or of band 3 protemn produces the leaks responsi-
ble for cell swellng and lysis [9]

Formation of aqueous membrane leaks and collowd-
osmotic lysis also occur as a consequence of red cell
membrane damage resuling from exposure to SH-
oxidizing [10,11] and radical-forming [12-15] agents
and from exposure to short pulses of high voltage
(electroporation [16) For these types of membrane
damage the molecular basis of the leaks 1s not yet
completely defined

Besides the occurrence of leaks these types of damage
share as a common property a local perturbaton of the
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membrane hpid domam indicated by a marked en-
hancement of the rates of transhilayer reomentation
(flip-flop) of membrane-intercalated long-chain phos-
pholipid analogs, such as lysophospholipids or
palmitoylcarmine [17-20] The passive, non-mediated
fup-flop of these probes, which are not transported
[21,22] by the recently ciscovered (23] ATP-dependent
amunophospholipid flippase, can easily be followed by a
procedure that takes advantage of thewr selective extrac-
tability from the outer leaf of the Lpid mlayer by
alburmun [24,25] The femporal relationship between leak
formation and enhancement of the transhilayer mobiliey
of amphiphiles as well as some common features of
both phenomena suggest the involvement of the same or
related membrane alterations {10]

Whether thes parallelism between leak formation and
enhancement of fhp-flop also holds for photodynamic
membrane damage 15 vet unknown We have therefore
addressed this problem n a siudy also compnising the
analysis of the photodynamically induced sed cell mem-
brane leaks by the sirategies applied earher in our
laboratory to other types of leak-forming membrane
damage

Materials and Methods

Materials

Human blood from healthy donors was from the
local blood bank. Photofrn 11 (a hematoporphyrn de-
nvative) was ootaned from Photofrin Medical Inc,
Rarvitan, NJ, U S A Aluminum chlerotetrasulfopiithal
ocvamune (AICISPe) was a gift from Ciba-Geigy, Basel
Dextran 1 (FD 1, M, 800-1200), Dextran 4 (M, 4000~
6000) and Dextran 8 (M, 8000-12000) were from Ser-
va, Hedelberg Palmitoyllysophosphatidylcholine, car-
bonyleyamde m-chlorophenyl hydrazone (CCCP), cyto-
chalasin B, protoporphyrin IX (disodium salt), glatathu.
one peroxidase (bovine erythrocytes), glutathione re-
ductase (bakers yeast) and NADPH were from Sigma,
Mumch DIDS (4,4'-dusothiocyanosuthene-2,2’-disul-
fonate) from Calbiochemm Bovine serum albumun, frac-
uon V, fatty acd free, and phospholipase A, (bee
venom) were from Bochninger, Mannheim [ C)Erythr.
tol, " CJcholine chlonde and [**C]palmitoylivsophos-
phauidylcholine were from Amersham-Buchler, Braun-
schweig

Methods

Freshly drawn human blood, anucoagulated with
citrate, was stored at 4°C n a conventional slorage
medwm contaimng glucose (20 mM) and adenine (25
£M) and used for experiments withun 5 days Erythro-
cytes were 1solated by centnfugation (5 mun, 6000 X g),
plasma and buffy coat were removed and the cells
washed three times with 1sotonic sahne at ;oom temper-
ature

Photadynamc treatment

Washed erythrocytes were suspended 1n 10 vols of
the fellowming medium (concentrations in mM) KCl
(90, NaCl (40), NaH,PQ,/Na,HPO, (12 5), Dextran
4 (26) (= medum A) After addition of photosensitizer
{(usually AICISPc) the suspensions (usually 70 ml) were
illuminated at room temperature under continuous shir-
nng m a 200 ml beaker {6 5 cm diameter) with whate
hight from below and above, using shide projectors
Light intensities as measured by a radiometer (Optome-
ter 40a, Unuted Detector Technology) were 46 mW /cm®
from below and 4 mW cm® from above at the suspen-
ston surfaces Unless stated otherwise, the final con-
centration of AICISPc was 300 pg/ml Illumimation
trmes were varted between 10 and 90 mun m order to
obtain a vanable extent of damage, After 1llununatton
the celly were usually washed twice in medium A and
mmmediately used for the further procedures

Fihip rates

Transbilayer movements of exogenously inserted
probes were measured as described m detal elsewhere
[25} Brefly, [* Cipalmutoyllysophosphaudylcholine was
mserted mnto the outer membrane layer of erythrocytes
(0 7 pC1 (=15 nmol) per m] packed cells) by incubation
of # cell suspension in medinvm A {(hematocnt 50%) for
¢ mn at 22° C with the probe spread by evaporation on
the wall of the incubation tube Followmng centnfuga-
uion, the cells were washed twice with medmm A (4°C)
and resuspended m medium A (hematocnt 10%). Re-
orentation of the hpid probe to the immner membrane
layer, at 37° C, was quantified by following the decrease
of 1ts extractabiity by alburmun, Inihal rates of reonen-
taton were denved from the 1mtial linear part of a plot
of the mextractable fraction versus ume

Phospholiprd asymmetry

The asymmetry of phospholipid distnbution between
the two leaflets of the membrane was characterized
using the accessibility of outer layer phospholipids to
cleavage by phospholipase A, from bee venom, using
established procedures [26] and avording hemolysis ex-
ceeding 4%

Leak permeabtlities

Onadatively induced leak permeabilities were quanit-
fied by evaluating rates of K* release into K*-free
media, of colloid-osmotic kemolysis and of iracer fluxes
of appropnate hydraophihic test solutes.

{a) K *-leakage Photodynamcally treated cells (03
ml) were injected into 5 ml 1sotomic cholme chlonde
adjusted to pH 7 4 by tetraethylammonivum hydrexide
K*-release, at 37°C, was conunuously followed by a
K *-selective glass electrode (Tacussel X 110, Solea-Vil-
leurbanne, France)), combmed with a double compart-
ment reference electrode (K 701, Radiometer) In thus



electrode, the reference electrolyte compariment con-
taing saturated KCl 1s coupled to the solutton to ke
analyzed by a hrdge compartment contawmng Tos-
sulfate At the low cell density of the suspension the
extracellnlar K* concentration after attainment of equi-
librium was assumed 1o be equal to the total K™ content
of the suspension, which was obtained by hinally lysing
the cells with a small amount of Triton X-100 The
reciprocal of the half-time of K* release served as a
relative measure of the K* leak permeabihity

(b) Hemeolysis Photodynamcally treated cells were
suspended at a hematoent of 5% mn phosphate-buffered
(5 mM) otome NaCl and incubated at 37°C Frac-
tional hemolyses were determined after suitable ume
mtervals by measunng hemoglobin contents 1n the su-
pernatant and in the total suspension [11]

{e) Tracer fluxes Photodynamically ireated cells were
suspended 1n 2-4 vols of medium A, contaimng Dex-
trar 8 mnstead of Dextran 4 and m addion eryu -iof (2
mM) ar choline chlonde (05 mM) Cells were then
loaded with " C-labelled erythritol or choline and efflux
rates measured as descnibed earber [10,11]

{d) Size of mduced leaks Estimation of leak sizes was
based on an equihbnum approach described earher [13]
Briefly, photodynamically treated erythrocytes were 1n-
cubated for 24 h in 1s0-osmotic NaC. solutions contam-
ing 40 mosmol - 17! uf nonelectrolytes of varying molec-
ular sizes as potential protectanis agamst coltord-osmotic
Iysis Dunng thus prolonged penod of imcubaton all
external nonefectrolytes that can enter the ceils via the
mduced defect at a measurable rate wall do so and
therefore not act as protectants The radws of the
smallest nonelectrolyte providing full protection against
lysis after this long incubanon pened shouvid be a
reliable indicator of the “pore radius”

(e) Ton selecnvnty of photody ¢ leaks In order to
charactenze the 1on selectivity of the leaks induced by
photodynamic treatment, membrane potentials created
by an outward-directed salt gradient were determned
usmg an mdirect approach ongmally developed by
Macey et al [27] The approach 1s based on measure-
ments of the membrane potential-dependent distribu-
uon of H* in suspensions of erythrocytes made H"
permeable by the protonophore CCCP When the in-
tracellalar compartment 1s well-buffered, and the ex-
tracellular one unbuffered, changes 1n H* distnbuiton
will be fully reflected by changes of the extracellular pH
prowided that band 3-mediated Cl=/OH" exchange,
which mught counterbalance the potential-induced
changes of wmtracellular pH, 1s blocked by DIDS [28]
The extracellular pH changes can easily be momtored
by a glass electrode In our study photodynamucally
treated cells (150 1) were washed, treated with DIDS
(0 33 pmol /mi cells) for 30 mun at 37°C i medium A,
and then suspended in 6 ml of unbuffered muxtures of
1sotomc sucrose and 1sotomc K1 solutions, muxed to
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obtamn various concentrancns of KC1 In addiuon the
medum contained 80 pM CCCP and 10 pM DIDS
The intracellular pH value 15 obtained by final lysis of
the cells since the tugh buffer capacity of the cellular
contents will then deternune the pH of the whole sys-
term Absolute values for the membrane potental E can
be obtained from the equaticn

RT
E=(pH.—pH,) —%~

() 4nalysis of hpd peroxidation The absence or
presence of lpid peroxdation i photodynarmcally
treated cells was investigaied by two procedures

(i) Formanon of fatly acyl hydroperoxides was
checked following the analytical procedure of Thomas
and Grrottr [29] In ths procedure hydroperoxides oc-
curnng 1n phosphalipids are quanufied, after the libera-
uon of the fatty acyl chamn from the native phospholipid
by bee venom phosphohipase A, [30], by a coupled
assay usmg glutathione peroudase to reduce lipwd hy-
dioperoxides by GSH, and a GSH reductase/ NADPH
system to quantify the amount of GSSG formed. The
assay was vahdated using r-butythydroperowde as a
standard Ghost membranes from the photodynamically
treated erythrocytes were 1solated and fusther processed
in the presence of 40 pM desfernovarmine to prevent
wron-catalyzed peroxide decompositior: 129]

(2) Formation of thicharbitunc acid-reactive matenal
(malondiallehyde etc ) upon photodynamic treatment
of the cells was checked oy subjecting the cell suspen-
sien 1o the assay of Stocks and Dormandy [31] mm-
medately after lumsnatton. Absorbances at 532 nm
were obtamed from the spectra of the colour complexes
formed, using appropnaic blanks. in order to ensure
that the absorbance observed could in fact be assigned
to the products of pid peroxidation. Absorbances wece
converted into pmol malondialdehyde /ml packed cells
using standards of freshly prepared malondialdehyde
{13] wiuch were subjected to the same assay, and the
hematocnt value of the suspension Formation of

malondialdchyde 1n ghost suspensions was deterruned
accordingiy

Results and Discussion

In order 1o charactenze the extent of photodynamic
membrane damage mduced under our expenumental
conditions, membrane leakiness was deternmned after
fllummation of <ells under condiions under which
nexther net movements of alkal cauons nor cell swelhng
and colloid-osmotic lysis can oceur (see Methods) Smce
leak formation does not proceed after the illuminauon,
and the leaks already formed are imeversible 19], this
procedure allows to determme defined leak permeabih-
ties for any given extent of photodynamic damage
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Fig 1 TIncrease of the rate of K+ release fram human ervihrocytes as
a function of the tme of illuminauon in the presence of the photo-
sensiizer, AICISBe Cells were 1lluminated as descrtbed 0 Methods
and washed After resuspension in K*-free medmm (see Methods),
K* release was followed by a K *-sclective glass electrode at 379C
(Het 5%, pH 74) The resiprocal of the half-time serves as &
of the rate consiant

Fig 1 demonstrates the tune-dependent increase of
the rates of K* loss of cells illuminated i the presence
of 300 pg/ml AICISPc for ime penods up to 90 mm
After 60 pun illummnation, for instance, cellular K* 15
lost, during a subsequent dark period, with a half-ume
of 10 mun After these 60 mun illumenation erytheitol
permeabihity, at 0°C, has reached 2 value of 13 1078
cm s ' (as compared to <3 107% cm s™' 1 con-
trols), that of choline a value of 14 10"*cm s™' (as
compared to <107%cm 5! in controls) and the cells
undergo colloid-osmotic lysis with a half-tume of about
90 mun (see Fig 2) The extent of damage increases
rapidly and overproportionally with the ume of il-
lurmnation (see Figs 1 and 2B)

Properties of the induced leaks

(1) Size

Since the 1nduced leaks pernut the passage of very
polar compounds, they can be envisaged as aqueous
pores to wiich apparent radn may be assigned In the
present study such radn were denved from the Stokes
radu of nonelectrolytes just protecting all celis from
colloid-osmotic lysis for “infimate’ time As becomes
evident from Fig 3, after 50 mun 1llununation sucrose
(rsg = 0 46 mm) 1s almost fully protective, while manni-
tol (rgg = 0 36 nm) protects only about 5% of the cells
After 30 mun illumunation Dextran 1 (s =075 nm) 15
required to achueve full protection, but nonelectrolytes
of smaller size still protect a part of the cell population
From these observations 1t follows, that (a) the size of
the leaks mncreases with increasing time of ilununation
{rp =046 nm after 60 ymun, 075 nm after 90 nun), and

(b) leak sizes seem to be disinibuted heterogeneously
over the cell population

Using these leak radn one can also eshmate ap-
proximate apparent numbers of leaks (pores) per cell on
the basis of assumptions on the diffusion coefficient
mside the pore (D) and its length (1) [13] Using
=35 nm and D, =D, the total area available for
leak diffusion (4, ) follows from

Agk = Pregic Apry 15/ 0p

where P, = measured leak permeability, A, =
surface area of the eryihrocyte (14 107% em®) For 60
mun dlumunation and wsing a Py, (to erythntol) of
13 107 %cm s 'one arnves at Ay, =018 107 cm?,
1e, a fracton of about 1072 of the cell surface aren
After 90 mun lumnation (P, =56 1078 cm s71)
A, amounts 10 08 107 cm? If we assume that A,
=n, A, where 4,=w r,, we can denve values for
n,, the apparent number of pores

After 60 mun we obtan 02, after 90 mmn 05
pores/cell Thus, 1 cells subjected to photodynamic
treatment as in cells subjected to other types of leak-for-
mng damage [10,13,14,16] the apparent number of de-
fects per cell 15 smaller than 1, mdicating either gross
errors in the assumptions underlying the estimates or
the mvolvement of short-hved defects fluctuating n
time (and space) As discussed previously {13] the possi-
ble errors in our assumptions will only introduce small
changes i »n, Formation of short-hved fluctuating
barrier defects seems to be responsible for the mem-
brane damage after photodynamuc treatment

(2} fon selectinty

In a first atternpt to charactenze the 1on selectivity of
the photodynanuc leak we deternuned s amon,/ cation
discrimination on the basis of bi-1omic membrane poten-
tials developing when the leaky cells are suspended 1n
sucrose media contamang increasing concentrations of
KCl The membrane potentials were denved from the
intraceflular pH and the pH of the erythrocyte suspen-
ston media as described 1mn Refs 27, 28 and m the
Method

Potenuals obtamed at different extracellular KCl
concentrations provide a linear relationship when
plotted semiloganthmucally (Fig 4) From the slope one
can calculate the ratio Py /P, for the leaks on the bass
of the Goldman equation, assurmng that only these two
1ons contnbute to the membrane potential The vahdity
of this approach can be tested by adding valinomycin to
native erythrocytes suspended m the medium deseribed
above The slope of 57 mV per 10-fold increase of
extracellular KCl indicates that the valinomycin-treated
erythrocytes behave as a K*-selective electrode as ex-
pected In the case of photodynamucally treated
eryihrocytes, the mean slope from eight expenments
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was 28 + 6 mV per 10-fold change of KCl This corre-
sponds to a ratio P /Py of only 25 1 Ths selecumwity
was the same for brief and for extended pemods of
photodynamic treatment and 1s thus not related to the
leak size The ratio obtained can be compared with the
ratio Py /Pq of 4 1 reported for membrane leaks pro-
duced by chemucal membrane modification with di-
amide [11] Prelimnary results for other types of oxida-
tively mduced leaks (Heller, KB and Deuticke, B,
unpubhshed results) indicate simtlar setectivities

Enhancement of transinlayer mobility of liprds
Labelled palmutoyllysophosphatidylchohne inserted
iato the outer hpid leaflet of the erythrocyle membrane
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Fig. 3 Deter of app sizes of photody

teaks from molesular radn (rge) of nonelecirolyles protestng, the cells
aganst collosd-osmouc lysis After sHummation for the ume penods
given at each curve the cells were washed and mcubated 1n saline
media 40 1/1af the | lytes for 26 hat0°C
Subseguently, the extenl aof collord-osmoue lysis was determned.
100% lyss = 0% pratecuon M = manmtol, rgg = £ 36 am, 5 = sucrose
rge = 046 nm, R = raffinose, rge = 057 nm, D) = Dextran 1, mean
reg = 075 nm Radu adopted from Ref 51
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Fig 4 Membrine porenuals determined for different extraceliular
K* concentranony as dusinbed i the Methods and Ref 27 Mem-
hrane potentials ware derived from of the steady-stat

pH 1 unbuffered suspensions of cells subjecied to photodynamic
treatment 1n the presence of AICISPc (pH 74 23°C) Suspension
media contained the KCl concentrations given on the absassa, 1soton-
ciry was mmntuned by sucrose For further detals ses Methods
Ratws P, /P~ were denved from the slopes obtained Data for
membranc putentials  nauve cells traated with valinomyan (1
amol /1) are given to demonstrate the valudity of the Method © 30
min 4. 60 mn dlumunanon Vilinomyon ® KC/NaCl medium &

K Cl,/sucrose mediom

reorteats slowly to the inner leafiet with a kaif-ume of
11 h [17,25] Thus slow flip m the native membrane 1s
considerably enhanced after pholodynamic membrane
damage (Fig 5) The first increase becomes already
detectable after 10 mun dlumination Cells exposed to
the photosensitizer (n the dark do not show flip ¢n-
hancement The imual rates of transbilayer reonen-
tation merease vverproportionally with the ume of 1l-
lumunauon (Fig 6) When cells are lumnated with
Photofrin 11 as sensitizer (20 pg/mil cell suspenston,
15-40 rmun lununation) an even more pronounced in-
crease of the fhip rate becomes evident (data not shown)
These findings clearly mdicate that the membrane (1ptd
phase 15 somehow perturbed by the photodynamic
membrane damage

Role of hipid peroxidation

In previous studies, we have demonstraied [14,18,20]
that vanous types of oudative membrane damage pro-
duce an enhancement of the transhilayer reorientaion
of amphaphilic hpid probes In these earhier studied
cases of oxidative damage, membrane phospholipids
were oxidauvely cleaved giving nse 1o typical degrada-
tion produets such as aldehydes It could therefore not
be excluded that the enhancement of fhip rates was due
10 the chemical alteration of the hipid doman In the
case of photodynamuc treatment of erythrocyte ghosts
previous studies have demonstrated formation of lipid
hydroperoxides [8,29,32,33), but only htile oxidative
cleavage of alkyl chamns

In order to investigate the role of hpid peroxidatson
under our experimentat conditions, the cells or cell
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Fig. 5 Transhilayer reonentation of palmetoyllysophosphatidylcholine
from the outer to the nner membrane layer of human erythrocytes
afler varous hime penods of photodynamic damage After illomna-
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followed by the albumn extracuon procedure descnibed m Methods
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Fig t Overproporional increase of the flip rates of palmsloyl-
lysophosphalidylcholine in photodynamically damaged buman
erythrocytes Flip rates were obtaned from the mutial part of uptake
curves ay gven in Fig 5 Mean valves 1S D from three expenments

suspensions, resp , were assayed for fatty acyl hydroper-
omdes and thiobarbitunic acid reactive matenal after
photodynamtc treatment with AICISPc Levels of thuo-
barbitune acid-reactive matenial (quantified as
‘malondhatdehyde’ (see Methods)) did not exceed 4
nmol,/ml erythrocyte after illuminauon tumes up to 90
mun, 10 he compared with 10- or 20-fold higher values
in cells subjected to treatment with r-butylhydroper-
oxide under conditions producing comparable leakiness
[29]

Even more revealing, no fatty acyl hydroperoxides
could be detected mn the llununated cells above the
ground levels of <5 nmol/mg protein Similar resulls
were obtained for erythrocytes illurnated in the pres-
ence of protoporphynn IX (10 pmol 177} as described
m the Methods, for periods up to 60 nmun Thus treat-
ment induces loss of K* (during a subsequent dark
peniod) with a half time of about 3 mun indicating
extensive leak formation

As a safeguard agamst artifacts hemoglobin-free
ghosts were subjected to the conditions of photody-
namic treatment alse apphed Lo the mtact cells In the
presence of 10 pmol 1~! protoporphynn IX, a 60 mm
dlumination went along wath the formation of up to 250
nmol fatty acyl hydroperoxide /mg protemn and 20 nmol
malondialdehyde/ml packed ghosts (7 =3) Ths lind-
mg, which 15 qualitatively m lme with recent observa-
uons of others [33], clearly mdicates that photodyname
damage 15 greatly attenuated m erythrocyle suspensions
as compared to ghost suspensions This difference most
Iikely results from the different optical properuies of the
1wo suspensions

Numination of ghosts mn the presence of AICISPc,
under the conditions used for modifying the native cells,
induced considerably less bpad hydroperoxide forma-
tion (44 nmel/mg protemn after 60 run illumination,
n = 3) than protoporphynn IX and produced levels of
malondaldehyde not exceeding 2-3 nmol/ml packed
ghosts. The reasons for these different capacities of the
two photosensitizers in promoting ipid peroxadation m
ghosts, as opposed to a comparable extent of leak
production 1n intact cells, are not yet clear In any case,
the lipid analyses of the photodynamucally treated whole
cells clearly indicate that a comtnbution of himd per-
oxidation to the leakiness and the flip enhancement
occurnng under our conditions 15 highly unhkely

On the other hand, protemn damage of all kinds 1s
well estabhished in cells subjected to photodynamue
trealment [6,34-40] The enhancement of the transbi-
layer mobility shown m Figs 5 and 6 1s therefore hikely
to result from the alteranon of membrane protemns
leading to a secondary perturbation of the ipid domain

Phospholipid  asymmetry i photodynarmcally treated
erythrocytes
Oxidalzve and other membrane modifications of the



erythrocyte which lead to a flp enhancement have
someumes :19,41-44), although not generally [22 25,
42,45,46] fcind to be accompamed by a partial koss of
the well-established [47] preferential onentation of the
amnophospholipids, phosphatidylethanolamine and
phosphatidvisenine, to the iner half of the membrane
bilayer

Iununation of erythrocytes i the presence of Al-
CiSPc (300 pg/ml) does not enhance the extent of
cleavage of phosphatidylcholine by phosphalipase A
over the fraction of 75% present m the outer membranzs
layer of native erythrocytes {47] While m controls.
however, this fractional cleavage cannot be completely
obiained withun the short exposure time to the phos-
pholipase, cleavage ocours more rapidly after the photo-
dynamuc treatment (Fig 7B) * On the other hand,
photodynamic treatment enhances not only the rate but
also the extent of cleavage of phosphatidylethanolamine
and phosphatidylsenine te. values exceading the fractions
of these phospholipids normally present in the outer
layer (20% and 0%, respectively [47]) This becomes
particulary clear after a 75 mun dlumunanion of the cells
(Fig. 7C) Subsequent treatment with phosphohipase for
5 men cleaves about 20% of the phosphatdylethanola-
min¢ and no phosphatidylsenne Enzyme treatment for
10 or 15 oun, however, increases phosphaudyl-
ethanolamune and phosphatidylserine cleavage beyond
these values wathout ewvidence for saturation with ume
Since bee venom phospholipase A, cleaves the three
zlycerophospholipids at comparable rates (Ref 19 and
Haest, C % M, unpublished results), we interpret these
results by 2 combined effect, on the transhiluyer disin-
bution of the aminophosphohpids, of photodynamic
damage and phospholipase treatment, none of the two
modificauons by 1self bemng capable of perturbing
armnophospholipid asymmetry Photodynamc damage
thus belongs to the type of membrane damage in wiuch
phospholipid asymmetry is preserved although the en-
hanced fhp rates of our hpud probe ndizate an in-
creased passive transbilayer mobility of hipids

Conclwding remarks

In thus study we have mvesugated whether photody-
namic erythrocyte membrane damage affects the simple,
passive transhilayer mobihity (the “fhp-flop’) of mem-
brane-ntercalated amphuphibic hpids This transhilayer
mobtuty provides, 1n our view, a measure of the extent

* It might be tempung to assign this apparent enhancement of the
rate of cleavage of phosphat:dykcholine after photodynamuc treat-
ment to a lormation of phospholipid hydroperoxides which are
more sensiive to phospholipase A, than nauve phosphobpid [30]
In view of the lack of hydroperoxide formation this explanation has
to be discarded.
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Fig 7 Cleavabality of erythrocyte membrane phospholipids by wxoge-
nous phosphohpase A, (bee venom) after photedynamec treatment of
the cells Erythrocyles were il n the p of AICISPe
{300 ulymi} for 0, 60, 75 or 90 mun, washed and exposed to the
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dylcholine, ©, phosphaudylethanolamme, a, phosphaudylsenne
Cleavage 1n percent of zach indivadual phospholipid class Numbers 1n
italies lysis (%) afzer enzyme treatment

of local perturbations of the hpid domain According o
our results photodynamic membrane damage enhances
the passive transbhilayer reonentation of membrane-in-
tercalated amphiphilic compounds m parallel to the
formation of membrane leaks In order to facihtate a
companson of the data with those for other types of
membrane damage we have also charactenzed the leaks
mnduced by photodynamuc treatments in terms of thetr
apparent number and size

We have further shown here, that phetodynanuc leak
formation 1n native erythrocytes does not mvolve a
significant extent of hpid peroxadatuon Advanced stages
of photo-generated leakiness (to glucose 6-phesphate) m
resealed ghosts have been assigned to hpid peroudabion
(6], which 1n fact occuws i ghosts after photodyname
treatment [29.32,33,34,37] as also confirmed by our
results These findings 1n ghosts can obwviously not be
generalized Photodynamic perturbation of the
erythrocyte membrang function, as indicated by leaks-
ness and flip enhancement, does not require covalent
modfication of membrane lipeds
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Photodynamic treatment produces well-estabhished
alterations of erythrocyte membrane protens Most
proaunently, skeletal proteins (spectrin, actin, band 4 1)
are cross-lmked {6,34-36] This gos along with a loss of
cell deformabihity [36] Intnnsic membrane proteins such
as band 3 or the glycophorms are cross-binked to a
lesser extent [34,35,37.40] but photodynamic alierations
of their side chains [38] as well as intubition of transport
processes [37,39] and uther functonal properties [39,40]
have been demonstrated

According to our fesulis membrane leakiness can be
assigned to protein damage (see also Refs 6 and 9)
There 15 earher evidence that it may not be the cross-lin-
king of skeletal preteins but oxidation of wninnsic pro-
tems that causes Jeak formation {9.48,49]

In former stuches on vanous types of membrane
damage induced by selecuve modifications of mem-
brane protemn SH-groups {10,11,17,50] or less selective
oxdative damage by O,-denved radicals [13,14] we have
advoeated the concepi that dynarmuc fluctuatng barner
defects rather than defined pores are the sites acting as
membranes lcaks Moreover, a very consistent paralle-
lism between the forration of leaks and of *fhp sites’
seems 1o ndicate that an induced ‘musmatch” at hpid /
protewn mterfaces may be the important event i chem-
ically and physically mduced losses of membrane bar-
ner properies The processes leading to such a mis-
match reman to be elucidated In some instances
crass-hinking of membrane skeletal proteins may be
causally mvolved [10,11,17,4549] In other cases the
1ssue 15 less clear {13,14,20] Since photodynamuc leak
formation seems to mvolve the oxidation of intrnnsic
rather than the cross-lking, of extninsic, skeletal mem-
brane proteuns {9], the parallelism between leak forma-
tron and fhp enhancement now estabhshed for thus type
of damage rauses the question whether the flip enhance-
ment might also be the consequence of oxidauve alter-
ation of mirmsic membrane protems Studies to clanfy
this 1ssue are under way

Using protectants aganst colloid-osmouc lysts we
have also assigned sizes to the leaks According to cur
results complete hemolysis withun about 160 mun anses
from less than 1 *hole’ per cell not exceeding 10 1s
apparent rads 0 75 nm, the mean radwes of Deatran 1
Lesser extents of photodynamuc damage seem to pro-
duce even smaller leaks Our radu are smaller than
those reported by Dezel and Gurottt (7] who char-
actenized (m ghosts) the leaks that allow 1o~ the efflux
(f,, about 150 mun) of glucese &-phosphate They
claimed pores with radu of 11 <r <42 nm

The apparent number of mduced leaks per cell (< 1)
proved 10 be surpnsingly low This findimg as well as
the stmultaneous oeeurrence of an enhanced iranshi-
layer mobility of phosphohpid analopues are mn line
with the coneept of randomly occurnng, fluctuating
defects Interestingly, the photody-amically enhanced

wranshilayer mobility 1s not accompamed by a detecta-
ble toss of phospholipid asymmetry In this respect
photodynamic damage may be compared with mem-
brane alterations by periodate [45), grarmaidin D [26] or
heat treatment [22,46], but differs from treatment with
diammude [18] and noncovaleni perturbations, eg, by
bactenal toxins or amphotencit B {42), which induce a
loss of phosphohpid asymmetry
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