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In order to further characterize membrane alterations in human erythrtmytes subjeeled to 12~otodynami¢ tlx~lment the 
pass|re trmmblhyer mebility of a phosph~ipkl analogue was studied m cells illuminated for vano~ lengths of time in 
the presence of the photosemituter, aluminum e l t lo ro le t r a su l f@pl t th~oeyan ine  ~ measurements were combined with 
the ehara~rizafion of the membrane leaks for polar solutes occm'rinll under the same conditions with respect to their 
aEpareat size, number and ion selectivity The time-dependen! phetedynamie eulumcement of leaks for K + as web as 

or orylkl'tlQi was paralleled by a marked mcres~e of the transtfilayer r~dematton rate oi the Mtplnphaic l ipid 
palm|toyllysophosl~mtidyleholilm from 0.05% rain- i  m native cells to 0.32% mi l l - t  alter 60  mm iIImtna/iollk 

The asymmet~ oriealatien ef native ~ i p t d 5  was not affected by this ~eatment 'l"ne leak p e ~ ' l | t y  la'oved to 
be due to the formatima of pores with apparent radii of almut 0.45 um after 60 min illummatlon, and ~ 0.75 tam after 
rain. The number of pores per ceil was eak, ulated to be < I, the pores are slightly eatioa-sele~ve ( P x / P o  = 3:1). 
Since l ~ m t ~ m m k  treatment did not induce lipid pemxitlat~n under the prevailing experimental conditions, protein 
moddkMie~ mint be the la'lmary cause of both, leak permeabBity and flip enhancement. Sim'e it is also l ikely that the 
leak pm'meabdily arises |rum oxidation off iatnnsic membrane pt'ote~ns, the results raise the imermttng posmbllity that 
ox~ttive alteration of intrinsic membrane i~'ote|na may lead to enhanced t r t m s b n a y e r  mobdily of hpids .  

Introdm't'ion 

Membrane aspects of photodynamac cell damage, 
which have been analysed m numerous msues [1], are 
part|cularly well studied m the ¢t~throcyt¢ membrane 
It has been shov,~ t h a t  d b t m m a t t o n  of nauve cells or 
resealed ghosts m the presence of various photosenst- 
ttzers producc~ cell l/ms [2.3] This lysis ~s of the 
eollotd-osmotm type. i e ,  resulting from the uptake of 
salt and water dnven by the osmou¢ drag of impermea- 
ble mtraccllular consutuents [3-5] LysLs originates from 
the omdattvely mduced formauon of membrane leaks 

Abbrcmuho~ls A~CISPc, aluminum ¢hlorolctta~ulfophthal,.~yamne 
CCCP, carbonylcyamd~ m-chlorophenylhydra2one DIDS, 4,4'-dttso- 
thtocyanoshlbcne-2,2'.dtsuif0na~e, rs~, St0ke.~Famlem radms 

Correspond<race B Deuticke, lnsttiut far Phy~tolcgse, Medmmsch* 
Fakult~lt, RWTH ,t.achen, Piuwelstras~, D-5100 Aachen, F R O  

portoeablc to smz!l tvns, but also to none|ectrolytes and 
to macromolecules up to a Imutmg size [6,7] The extent 
of reduced leal~ness seems to depend on the experm~n- 
tal conditions, m partmular on the duratmn of the hght 
exposure P~,~denLe has been provided that the forma- 
tion of ]¢ak~ ts not primarily related to hptd perorada- 
Iron but results from protein damage [6,8] There t~ Mso 
o~dcnce that ox~dauon of intrinsic membrane proteins 
per se and no crosshnkmg of membrane skaletal pro- 
terns or of band 3 protein produces the leaks responsi- 
ble for cell sw¢lhn$ and |ysts [9] 

Formation of aqueous membrane lea~s and colloid- 
o~moue tyros also occur as a consequence of red cell 
membrane damage resulting from exposure to SH- 
oxtdmng [10,11] dnd rad,e.al-formm$ [12-15] a~¢nm 
and from exposure to .short pulses of high voltage 
(electroporauon [161) For these types of membrane 
damage the molecular ha.~s of the leaks is not yet 
completely defined 

Besides the occurrence of leaks these types of damage 
share as a corral,on property a local perturbation of the 
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membrane hptd dommn m&cated by a marked en- 
hancement of the rates of transbflayer reonentauon 
(flip-flop) of membrane-intercalated long-chain phos- 
phohptd analogs, such as lysophosphohpxds or 
paltmtoylearmtme [17-20] The passive, non-medmted 
flip-flop of these probes, wlueh are not transported 
[21,22] by the recently discovered [23] ATP-dependent 
e.tranophosphohptd fhppase, can easily be followed by a 
procedure that takes advantage of thetr sele.ettve extrac- 
tabthty from the outer leaf of the hpld bflayer by 
atbumm 124,25] The temporal relatmnship between leak 
formauon and enhancement of the transbllayer mobthty 
of arnpluplules as well as some common features of 
both phenomena suggest the involvement of the same or 
relatt.d membrane alterattons [10] 

Whether this parallelism between leak formatmn and 
enhancement of fhp-flop also holds for photodynamlc 
membrane damage Is yet unknown We have therefore 
addressed ttus problem m a study also comprising the 
analysts of the photodynamaeally mducad red cell mem- 
brane leaks by the strategies apphed rather m our 
laboralory to other types of leak-fart ing membrane 
damage 

Materials and Methods 

MaterJala 
Human blood from healthy donors was from the 

local blood bank. Photofrm I1 (a hematoporphyr*n de- 
nvahve) was ootamed from Photofrm Medtcal I~c, 
Rzrvatan, N J, U S A Aluminum ehlorotetrasulfoplohal 
ocyamne (AICISPe) was a gtft from Ctba-Gelgy, Basal 
Dextran 1 (FD 1, M~ 800-1200). Dextran 4 (Mr 4000- 
6000) and Dextran 8 (Mr 8000-12000) were from Set. 
va, Hetdelberg Palrmtoyllysophosphattdylchohn¢, car- 
bonylcyamde m-ctdorophenyl hydrazone (CCCP), cyto- 
chalasm B, protopnrphyrm IX (dlsodntm salt), glutatht~ 
one peroxJdase (bowne erythrocytes), glutathtone re- 
duetase (bakers yeast) and NADPH were from Sigma, 
Mumch DIDS (4,4'-dusothtocyam)stalhene-2,2'-disul- 
fonate) from Calbaochem Bowne s~-um albumin, frae- 
uon V, fatty acid free, and phosphohpase A 2 (bee 
venom) were from Boehnnger, Mannhelm [14ClErythrt. 
tel, [14C]chohne chlonde and [14C]palnutoyllysophos- 
phattdylehohne were from Amersham-Buclder, Braun- 
schwelg 

Methods 
Freshly drawn human blood, anttcoagulated with 

ettrate, was stored at 4"C an a conventmnal storage 
medmm containing glucose (20 mM) and adenine (25 
pM) and used for expenmems wlthm 5 days Erythro- 
eytes were lso|ated by centnfugatlon (5 ram, 6000 × g), 
plasma and buffy coat were removed and the cells 
washed three times wdh tsotomc sahne at loom temper- 
ature 

Photodynamtc treatment 
Washed erythrocytes were suspended In 10 vols of 

the following medmm (concentrations m raM) KCI 
(90), NaCl (40), NaH2PO4/Na2HPO 4 (12 5), Dextran 
4 (26) ( = medmm A) After additton of photosensltlzer 
(usually AICISPc) the suspenstons (usually 70 ml) were 
lllnmlnatlxt at room tta'nperature under continuous Slft- 
nng  m a 200 ml beaker (6 5 cm daameter) with whtte 
hght from below and above, using shde projectors 
Ltght mtenslties as measured by a radmmeter (Optome- 
ter 40a, Umted Detector Technology) were 46 roW/era 2 
from below and 4. m W / ¢ m  2 from above at the suspen- 
start surfaces Unless stated otherwise, the fmal con- 
cantratlon of AIClSPc was 300 v.g/ml lllurmnatton 
tames were vaned between 10 and 90 mitt m order to 
obtain a variable extent of damage, After lllutmnatton 
the cells were usually washed tvac~ in medtum A and 
tmmedtately used for the further procedures 

Fhp rates 
Traashdayer movements of exogenously inserted 

probes were measured ~ described m detail elsewhere 
[25] Briefly, [ t4 C]palnutoyllysophosphattdylettohne was 
inserted into the outer membrane layer of  erythroeytes 
(0 7 pC1 ( =  15 ritual) per ml packed cells) by incubation 
of ~ cell suslmnston tn medmm A (hematocrtt 50~) for 

mm at 22 ° C with the probe spread by evaporation on 
the wall of the meubataon tube Follovong centrffuga- 
tmn, the calls were washed twice with medmm A (4°C)  
and resuspended m medmm A (hematocnt 10ff~). Re. 
onentauon of the hpld probe to the tuner membrane 
layer, at 37°C, was quantthed by following the decrease 
of its extractabthty by albtmam, Imtml rates of reonen- 
tauon were derived from the mtUal linear part of a plot 
of the mextraetable fraetton versus time 

Pho~phohprd asymmetry 
The asymmetry of phosphohpld thstnbutaon betwe~m 

the two leaflets of the membrane was characterized 
using the aeeesztblhty of outer layer phosphohplds to 
cleavage by phosphnhpase A 2 from bee venom, usmg 
estabhshed procedures [26] and avmdmg hemolysts ex- 
ceeding 4~ 

Leak permeabthue~ 
O~datavely reduced leak permeablhUes were quantt- 

fled by evaluaung rates of K + release into K+-free 
media, of collmd-osmotm hemolysis and of tracer fluxes 
of appropnatc hydrophthe test solutes. 

(a) K +.leakage Photodynanneally treated cells (0 3 
ml) were rejected rote 6 ml tsotome choline chloride 
adjusted to pH 7 4 by tetrasthylammomum hydroxade 
K+-retease, at 37°C,  was continuously followed by a 
K+-seleetwe glass electrode (Tacusse[ X 110, Solea-Vd. 
leurbanne, France)), combined with a double compart- 
ment reference electrode (K 71)1, Radtometer) In flus 
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electrode, the reference electrolyte compartment eon- 
tatrung saturated KCI is coupled to the solution to be 
analyzed by a budge compartment eontatmng Tns- 
sulfate At the low cell density of the suspension the 
extraeellular K + concentration after attmnment of eqm- 
hbnum was assumed to be equal to the total K* content 
of the snsl~nSlOn, which was obtained by finally lysmg 
the cells with a small amount of Triton X-100 The 
recaprocal of the half-time of K * release served as a 
relative measure of the K + leak permeabihty 

(b) HemoO, sts Photodynatmcally treated cells were 
suspended at a hematoent of 5% m phosphate-buffered 
(5 mN 0 l,otonic NaC1 and incubated at 37°C Frac- 
tional hemolyses were deterrmned after suitable ume 
intervals by measuring hemoglobin contents in lhe sn- 
pernatant and in the total suspension [11] 

(c) Traeerfluxes Photodynmmcally treated cells were 
suspended m 2-a  vols of methum A, contmmng Dex- 
trat~ g instead of Dextran 4 and in addmon ,ryt~ 'atol (2 
raM) or choline chdonde (0 5 raM) Cells were then 
loaded with ~4C-lab¢lled erythrtto] or choline and efflux 
rates measured as described earlier [10,ll] 

(d) 8~ze of  reduced leaks Estimation of leak sizes was 
based, on an exlmhbnum approach described earlier [13] 
Briefly, photodynamically treated erythrocytes were in- 
cubated for 24 h in lso-osmotm NaC, solutions contam- 
mg 40 mosmol • t -  ' of nonelectrolytes of var3ang molec- 
ular sizes as potenttat protoctants against coltoid-osmoUc 
lysts During this p r o l o n #  pound of incubation all 
external nonefectrotytes that can enter the ceils via the 
induced defect at a measurable rate will do ~o and 
therefore not act as protectants The ra&us of the 
smallest nonel~trolyle providing full proteetaon against 
tysis after this long incubation period should be a 
rehable indicator of the "pore radius" 

(e) Ion selectwrty of  photo@namw leaks In order to 
charactmz¢ the ion s¢l¢ctt~ty of the leaks induced by 
photodynan~c treatment, membrane potentials created 
by an outward-directed salt gradient were deterrmncd 
using an re&feet approach ongmaUy developed b~ 
Mace' et al [27] The approach ts based on measure- 
ments of the membrane potenUal-depeodent dlstrtbh- 
uon of H + m suspensions of erythrocytes made H ~ 
permeable by the protonophor~ CCCP When the m- 
traeellular compartment ts welt-buffered, and the ex- 
tracellular one unbuffered, changes m H ~" distribution 
will be fully reflected by changes of the extraeellular pH 
provided that band 3-mediated C l - / O H -  exchange, 
winch nnght counterbalance the potentml-mduced 
changes of mtracellular pH, ts blocked by DIDS [28] 
The extraeellular pH changes can easdy be momtored 
by a glass electrode In our study photodynanucaUy 
treated cells (150 ~al) were washed, treated with DIDS 
(0 33 f~mol/ml cells) for 30 nun at 37°C m medmm A, 
and then suspended m 6 ml of unbuffcred nuxtures of 
tsotomc sucrose and isotomc KCI solutions, muted to 

obtain vanous concentrations of KC] In addition the 
raedmm contained g0 /xM CCCP and 10 ltM D|DS 
The mtracellolar pH value ts obtained by hnal lyons of 
the cells since the lush buffer capacity of the cellular 
conlenls will then deternune the pH of the whole sys- 
tem Absolute values for the membrane potential E ca~ 
be obtained from the equation 

R T  E~ (pH~-pH,) - -~  

(f? 4natvslv oJ hp~d peroxrdatton The absence or 
presence of hptd peroxtdatz0n in photodynarmeally 
treated cells was investigated by two procedures 

(1) Formation of fatty aeyl hydropero,¢ades was 
checked following the analytical pro~.edurc of ThomaS 
and Gwottl [29] In thug procedure hydroperovddes oc- 
cumng m phosphohptds are quantdied, after the hbera. 
tlon of the fatty acyt ~.ham from the natsve phosphohpid 
by bee venom phosphohpase ~.2 [30], by a coupled 
assay usmg $1utatluone pcroxadase to reduce hptd hy- 
dioperoxtdes by GSH, and a GSH reduetase/NADPH 
system to quat, td'y the amount of GSSG formed. The 
assay was vahdated using t-butythydroperoxld¢ as a 
standard Ghost membranes from the photodynamtcally 
treated erythrocytes were l~olated and further processed 
m the presence of 40 /tM de.~femoxarmne to prevent 
n'on-catalyzed peroxide decomposition |29] 

(2) Formation of tIuobarMtunc actd-reacuve material 
(malo0dmldehyde etc) upon pbotodynanuc treatment 
of the eeUs was checked oy sub lectmg the cell suspen- 
stun to the assay of Stocks and Dormandy [31] im- 
mediately after dlurmnation. Absorbances at 532 nm 
were obunned from the spectra of the colour complexes 
formed, using appropnate blanks, m order to ensure 
that the absorbance observed could in fact be asmgned 
to the products of bptd peroxtdatton. Absorbanees were 
converted into pmol mMondialdehyde/ml packed cells 
using standards of freshly prepared toulon&aldehyde 
[13] wlmeh were subjected to the same assay, and the 
hmnatocnt value of the suspen~,mn FormaUon of 
malondmld~hyde m ghost suspensions was detertmned 
accordingly 

Results and Discussion 

In order to eharactenze the extent of ph0todynanuc 
membrane damage reduced under our experimental 
conthtions, membrane lcakanegs was deterrmued after 
tllumanatlon of cells under conchltonS under which 
nc~ther net movements of alkah cations nor cell ~-~ve]hng 
arid colloid-osmotic l~si¢~ can Occur (see Methods) Since 
leak formataon does not proceed after the dlurmnauon, 
and the leaks already formed are Irreversible [9], tics 
procedure allows to dctcrnune defined leak permeablh- 
t,es for any 81ven extent of photodynannc damage 
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F~8 1 [acr~se of the rate of K + relea~ from humatt et'ylhroe~cs as 
a functton of the ttme of dhrmtiataon in Ihe presence of the photo- 
sensmzer, AICISP¢ Cells were tllemmatcd as de*cubed m Methods 
and washed After rc~spetts,on m K+-free medmm ts~ Methods), 
K + release was followed by a K%sclcchve gl~s el~lrode at :]7°C 
(Hot Sgb~ pH 7<1) The re¢xprocal of the half-trine ser~es as ~. me.a~ure 

of the rMe c.onslam 

Fig 1 demonstrates the t ime-dependent  increase of 
the rates of  K + loss of cells fllumanated in the presence 
of 300 # g / m l  AICISPc for ttme penods  up to 90 tmn 
After 60 mm diummatmn,  for instance, e.cllular K ~" is 
lost, dunng  a subs~lucnt  da rk  period, with a half-trine 
of 10 rmn After these 60 mm fllurmnanon erytluatol 
permeabihty,  at  0 ° C ,  has reached a value of 1 3 10 -8  
cm s t (as compared to <~¢ 10 -9 em s - I  in eon- 
trois), that  of chohne a value of 1 4 10 - s  cm s - t  (as 
compared to < 10 -9 cm s -1 m controls) and  the ceils 
undergo collold-osreotm tysts with a half-ttme of about  
90 nan  (see Fig 2) The extent of damage mcreases 
rapidly and overproporUonally with the t ,me of ll- 
lummatmn (see Figs 1 and  2B) 

Properttes of the reduced leaks 

(1) Stze 
Since the induced leaks pernut  the passage of very 

polar  compounds, they can be enmsagcd as aqueous 
pores to winch apparent  radn :may he  asmgned In the 
present study such radu were derived from the Stokes 
ra&l of noneleetrolytes 3ugt protecting all cells from 
collo, d-osmot,c lyres for 'mf imte '  t ime As becomes 
evident from Fig 3, after ~0 man ll lurmnation sucrose 
(rse = 0 46 mm) Is almost  fully protecttve, wlule manta-  
tel  (rss = 0 36 nm) protects only about  5% of the cells 
After 90 nun dlununatton Dextran 1 (rs~ = 0 75 am)  Is 
reqmred to achmve full prntectton, bu t  noneleclrolytes 
of  smaller stze still protect a par t  of the cell populat ton 
From these observations it follows, that (a) the stz¢ of 
the leaks increases wtth increasing tmae of dlmranat ton 
(rp -~ 0 46 nm after 60 rmo, 0 75 um after 90 nun), and 

(b) leak stzes seem to be distr ibuted heterogeneously 
over the cell t~oculatton 

Using these leak radu one can also est imate ap- 
pro,umat¢ apparent  numbers  of leaks (pores) per ¢¢11 on 
the basts of assumptions on the dtffuston cvedflclent 
reside the pore (Dp) and tts length (/p) []~] Using 
lp = 5 nm and D v = Db.t~, the total area avadable for 
leak diffusion (A]~.k) follows from 

/ltm = rl~,k A ~  Ip/Dp 

where Pl~k = measured leak permeabil i ty,  A ~ - -  
surface area of the ea'ythrocyte (1 4 10 -4 cm z) For  60 
nun dlumanation and using a Pt~t  (to erythntol)  of 
1 3 10 -Scm s ' o n e  arnves at  Alca~ = 0 18 1 0 - ' 4 c m  2, 
1 e ,  a fractton of about  10 - s  of the cell surface area 
After 90 man lllun'anaUon (P,,,~,= 5 6  10 - s  cm s -1)  
A ~ k  amounts  to 0 8 10 -1~ cmz If we assume that At~ ,  
~ n p  Ap, where 4 p ~ r  rp~, we can  dertve values for 
no, the apparent  number  of pores 

After 60 man we obtmn 0 2 ,  after 90 nun  0 5  
pores /ce l l  Thus, m cells subjected to photodynamle  
treatment as in cells subjected to other  types of  leak-for- 
ming damage  [10,13A4,16] the apparent  number  of  de- 
fects per  cell is smaller than 1, m0acatmg ei ther  gross 
errors m the assumpttons tmderlyio$ the est tmates or 
rite involvement of short-hoed defects f luctuating m 
Ume (and space) As discussed prevtously |13] the posst- 
ble errors in our  assumpttons  wdl  only introduce small  
changes m n~ Format ion  of short-hoed f luctuating 
barner  defects seems to  be  responsible for the mem- 
brane damage after photodynarme treatment  

(2) Ion ~electwtty 
In a ftrst a t tempt  to charaetertze the ton selecUvtty of 

the photodynanuc  leak we deternuned i ts  a m e n / c a t i o n  
thscrtmmatton on the basis of b~-tomc membrane  poten-  
tials developing when the Leaky ceils are suspended m 
sucrose medm conta lmng increasing concentrat ions of 
KC! The membrane  potenuals  were derived from the 
mtracellular  pH and the p H  o[ the erythrocyte suspen- 
ston me,ha as descrtbed m Reds 27, 28 and m the 
Method 

Potentials  obtmned at different extracellular KCI 
coucentratmns provMe a l inear  relat tonshlp when 
plot ted sermloganthnucally (Fig 4) F rom the slope one 
can calculate the ratto P K / P o  for the leaks on  the basis  
of the Goldman equation, assurmng that  only these two 
lens contr ibute to the membrane  po tenha l  The  vahdt ty  
of tlus approaoh can be tested by adding vahnomycm to 
naUve erythrocytes suspended m the medium described 
above The slope of 57 mV per 10-[old increase of 
extracellular KCI mdtcates that  the vahnomycm-trea ted  
erythrocytes behave as a K+-sclecttve electrode as ex- 
pected In the case of photodynanucal ly  treated 
erythroeytes, the mean slope from mght experiments  
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F:g~ 2 (A) Tmae course of t.h¢ collo~d-osmohc lys=s following photc<ly- 
namtc damage Erythrocyt~ wcrc dlununat~d m the 9res~u¢¢ of 
AICISPc fox the ume pen0ds gwen at ~aeh toxic walked and 
xe.~usgcnded lit a s4d~e meg]ram (BI Reciprocal halr-tnme~ o[ lyst> 
( f rom panel A) sef'.a~lg a~ rates, p |ott  ,,.4 asmnst  umc o[ d]oxranahon :n 

the presence or  AICISPc 

was  28 4- 6 mV per  10-fold change  of KC1 Thus corre- 
sponds  to a rune  PK//P~=I of  only 2 5 I This selecu,aty 
was  the same for brief  and for  extended periods o f  
pho todyna tmc  t reatment  and  ts thus not  related to the 
leak szze The rat io obta ined can  be  compared  ',~,tth the 
raUo PK/Pcl of 4 1 reported for  membrane  leakb pro- 
duced  by  ¢hemmal membrane  modfftcatzon wtth dt- 
armde [11l P rehmmary  results for  o ther  types of oyada- 
twely reduced leaks (Hellex, K B and  DeattekE, B ,  
unpubl i shed  resu]ts) indicate snmdar selecnvmes 

Enhancement of tran~bdayer mobthry of hp,ds 
Labelled palrmtoyl lysophosphat tdy[chohne inserted 

m t o  the outer  hptd le.aflct o f  the erythrocyte membrane  

~ m  

0 2  0¢o 1'0 
M, ~gD) 

Fig. 3 DetemunaUon of appgtcnt :iges of photodynamtc membrane 
leaks from m o d u l a r  radn (t$~) of  rmnelcctrolytcs prOt~¢tLqg the celk 
against collold-osarsouc tysl= After  ~Uunnnalmn for the nine ponods 
~.vcn at e~,¢h ¢~nv¢ the cells were washed and incubated nn sahne 
medm contatrnn~ 40 m0smol/I el" the n~nelecuolytes fo~ 26 h at 0 ° C 
Su'esegueally. the ~xteml of co]log[-osm~tzc lysls was detertmrmd. 
1 0 0 ~  lysus = 0 g  p m l e ~ U o n  M = manmtol, rsE = 0 36 am,  S ~ sucrose 
rSE= 046 ~ ,  R =  raffmos=, rs~=O57 am. Dt =Dexttan I, moan 

rs~ = O 75 nm Radu adopted ~rom Ref  51 

ul 

~ 5"~ rnv 

30 ~ 

"G 1oo 
<CI, (mM) 

FIg a Membrane ~*et31lalg dclen'oltled fC¢ airier:eat exn'ae.ellttlar 
K *  concentralt~n~ d~ dLs~rtbed m the Method~ and R~f ~7 Mem- 
hrane potenttals v,~rt, d c r t ~ d  f ro~  measure'meats of the stead,~=stare 
pH tit unbuffcred smpen~mn~ of cells ~ub3cct~t to photodyn~rm¢ 
treatment m the presence of AICISPc (pH 7 4  23~C) Su~pcnsa~n 
Illt~lza ¢.oatall~ed the KCI concentrauons gt~en on  the abscissa, isoton- 
Icu~ was malntu~cd b2/ hu~xo~ Fclr fu(thtr  dermis s~e Melhods 
Rat~u~ PK/P~ were derived from the slopes obtained I ~ t a  for 
membram. I~tenhMs zn natt~e ce l ls  treated ~ t h  vahnemycm ( l  

p m o l / I )  are given to clemenstrat~ the vahdtty of  the Method O q0 
m m  A. 6¢ mm dluwznahun Vahnomycm • KC1/NaCI m~Mtum J~ 

KCt/~ucrox¢ modmm 

reortents slowl) to the mner  leaflet w~th a ha l f -ume of 
11 h [17,25] Ttus slow fltp m the n,LUve membrane  is 
constderably enhanced after  pho todynamm membrane  
damage  (Ftg 5) The first increase becomes alrEad.~/ 
detectable after  l 0  m m  dlun'unatlon Cells exposed to 
the photosensRtzer in the dark  do  nut  show fl~p en- 
hancement  The mmal  rates of t ransbdayer  reonen- 
lateen =Rg~i'edlbC overproport tonal ty wRh the ttme of  d- 
l ununauou  (F=g 6) When cells are  dlurmnated wtth 
Photofrm i] as  sensmzEr (20 F g / m l  cell suspension, 
15 -40  finn il lununatton) a n  even more pronounced m- 
crease of  the fltp rate becomes ¢wdent  (da ta  not shown) 
These findings clearly mdmat¢ that  the membrane  hptd 
phase  Is somehow perturbed by the pho todynanuc  
membrane  damage  

Role of hprd perogMaUon 
In p r o t e u s  studies, we have demonstra ted [14,18,20] 

that  various types of oxadaUve membrane  damage pro-  
duce an enhancement  of the t ransb]layer rconentatton 
of ampbzpbJh¢ hpld probes In  these earher  studied 
cases 0f oxManve damage,  membrane  phosphol ,p lds  
were ox]danvely cleaved g~'nng ns¢ to typmai degrada-  
tion products  such as aldehydes It could therefore not  
b¢ excluded that  the enhancement  of f l i p  r a t e s  was due 
to the chermeal alteration of  the hpid  domain  In the 
ease of pho todynarmc treatment o f  erythrocyte  ghosts 
prewous studies have demonst ra ted  format.ton of hp td  
hydroperoxtdes [8,2%32,33], but  only hu le  oxidattve 
cleavage of alkyl chums 

In order  to mvesttgat¢ the role of hp ld  peroxddatson 
under  our  experimental  condtUons, the cells or  cell 
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Fig 5 Transbdayer reoneatatlonof palmt/oyllysophosphattdylchohne 
from Ihc outer to lh© trme~ membrane layer of human erythrocylcs 
afler v n r t g s  time IM~r:odg Of photodyrmma¢ damage After illumina- 
tion m the presem,c of AICISPc (300 pg/ral) the e¢l/s were washed 
ILiad the rcol~eoI&l~oB o r  the plebe ln~rle4:l ]ftto the ottler layer 
followed by the albumin ~xtracuon proee~ttre described m Merhods 
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Fig O Overproporttonal me~'ca..sc o f  the flip rgt~s o[ pahmloyl- 
l~sophosphalndyteho|me m photod~,namleally damaged human 
erv~ocy~es Flip rates were obtam*d from the tmml part of uptake 
curves a~ g~en m Fig 5 Me.an valu~±$ D from throe cxpcrtmcra~ 

suspenstons, reap, were assayed for fatty aeyl hydroper- 
exudes and tluobarbtturte acid reactive matertal after 
photodynanae treatment vath AIClSPe Levels of tbao- 
barbtturm acid-reactive material (quanttfted as 
'matondla|dehyde" (see Methods)) did not exceed 4 
nmol/nfl erythrocyte after dlununatton tunes up to 90 
nun, to be compared wtth 10- or 20-fold lugher values 
in edit subjected to treatment with t.butylhydroper- 
exude under con&trent producing comparable leakiness 

[201 
Even more reveahng, no fall 3 acyl hydroperorades 

could be detected in the fllumanated cells above the 
ground levels of < 5 mnol/mg protein Stmllar results 
were obtained for erythroeytes tUurmnated frt the pres- 
ence of protoporphyrm IX (10 ~mol 1-1) as described 
in the Methods, for periods up to 60 nan Ttas treat- 
meat mduce~ loss of K -  (during a subsequent dark 
period) wtth a half lame of about 3 man re&eating 
extenswe leak ~ormahon 

As a safeguard agmnst artifacts hemogloMn.free 
ghosts were subjected to the condtuons of photody- 
narmc treatment also apphed to the intact cells In the 
presence of 10/tmol 1-1 protopurphynn IX, a 60 nun 
dlunana~ton went along with the formation of up to 250 
nine1 fatty aeyl hydroperoxade/mg protein and 20 r e e l  
malondlaldehyde/ml packed ghosts (n = 3) Tius l'md- 
ms, wluch ]s quahtatzvely m line wtLh recent observa- 
trent of others [33], clearly re&cares that photodynan'ne 
damage is greatly attenuated m -rythrocyte suspensions 
as compared to ghost suspensaons Tlus difference most 
lLkety results from the different optteal properUes of the 
two suspenstons 

I]lumanat~on of ghosts m the presence of AICISP¢, 
under the conchuons used for modMymg the native calls, 
induced considerably less hpad hydroperorade forma- 
uon (44 nmol/mg protein after 60 man tllummattoa, 
n = 3) than protoporphynn IX and produced levels of 
malondtaldehyde not exeee~ng 2-3 nmol/ml packed 
ghosts. The reasons for these different capaelttcs of the 
two photosenslttzer~ tn promoting hpxd peromdatton m 
ghosts, as opposed to a comparable extent of leak 
productmn m intact cells, are not yet c1¢~ In any case, 
the hptd analyses of the photodynamteally treated whole 
cells clearly indicate that a contribution of hpzd per- 
oradatton to tke leakiness and the fhp enhancement 
occurnng under our e0ndlttons ts htghly unhkely 

On the other hand, protean damage of all kmds ts 
welt ¢stabhshcd m cells subjected to photodynanuc 
treatment [6,34-40] The enhancement of the transbt- 
layer mobthty shown m Ftgs 5 and 6 is therefore hkely 
to result from the aheratlon of membrane proteins 
leading to a secondary perturbation of the hp~d domain 

Phosphohpld asymmetry m photodynamlcally treated 
erythrocytes 

OxldaUve and other membrane modlf~cattons of the 



erythrocytc wbach lead to a flap enhancement have 
someUmes d9,41-44], although not generally [2225, 
42,45,46] fc md to be accompamed by a parttal loss of 
the welbes~abhshed [47] preferen*ml enema|ion of the 
anunopho~phohptds, phosphattdylethanolamme an~ 
phosphat~dylserme, to the t une r  half of the membrane 
bnlayer 

Illurmnatmn of erythrocytes m the presence of AI- 
Ci$P¢ (300 pg/ml)  does not enhance the extent of 
cleavage of phosphaudylchohne by phosphohpase A z 
over the fractmn of 75~ present m the outer membrane. 
la~er of natwe orythrocytes |47] Whde m controls. 
however, |Moo fractional cleavage cannot be completely 
obtamed wnhm the short exposure time to the phos- 
phohpas¢, cleavage occurs more raptdty a{tex the photo- 
dynamac treatment (Fig 713) * On the other hand, 
photodymmtc t~eatment enhances not only the rate but 
also the extent of cleavage of phosphattdylethanolanune 
and phosphatadylserme tc values exeecdmg the frachons 
of the~ phosphnhp~ds normatly present tn the outer 
layer (20*g and 0%, respeauvely [47]) Thts becomes 
parttcular|y char after a 75 man dlurmnauon of the cells 
(Ftg. 7C) Subsequent treatment wtth phosphohpase for 

nan cleaves about 205 of the phosphatldylethanola- 
mme and no phosphattdylsenne Enzyme treatment for 
10 or 15 tmn, however, tncreases phosphattdyl- 
¢thanolanune and phosplmtadylsenne cleavage beyond 
these values w~thout e,,adence for saturatmn w~th ttme 
Smce bee venom phosphohpas¢ A,  cleaves the three 
#ycerophosphohpids at comparabl~ rates (Rot 19 and 
Ha=st, C W M,  unpubhshed results), we mt~rprct these 
results by a o0mbmed effect, on the transbtLyer dasln- 
butaon of the ammophosphohplds, of photodynarmc 
damage a nd  phosphohpase treatment, none of the two 
mo&fw~aUons by ||self bemg capable of perturbmg 
ammophosphohptd asymanetry Photodynatmc damage 
thus belongs to the type of membrane damage m whmh 
phosphohpld asymmetry ts preserved although the en- 
hanced fhp tales of our hptd probe mdtmte an m- 
creased passive transbdayer mobthty of hp~ds 

Condtalnng remarks 

In this study we have rarest|gated whether photody- 
narme erythroeyte membrane damage affects the smaple, 
passwe transbdayer mob~hty (the 'fl)p.flop') of mem- 
brane-mterealated ampluphlh¢ hp~ds Tlus transbdayer 
mob~hty provtdes, m our yaw, a measure of the e~tgnt 

* It nughl be leap|mS to ass|go thts apparent enhan~ment of the 
ate  or el¢.avagt of phmphatt~ylcholm¢ after photodynatme treat- 
ment to a format|on of #tomhohpgt hythoperoxades wl~¢h ate 
more seasmv¢ to ph0sphohea~ A= th~ nat|re phosph0hp|d [~0] 
In ~¢w o¢ th¢ l~k or hydroi~romd© rormauon tlas e.xplanatma has 
to I~ dn~ardecL 

59 

• ,~ C le¢IV ~'d L~ $1S s#. 

L o 0 A 0 , t ~ I  e /  Contro~ 

N?L ,'3 2 

° °  

"°! o.i~_11---~ 

aoL ? 
t .3/. o 

oo.,o 

o 5 10 20 
r,,1 i n 

Ft B 7 Cleavabahty of eoythro,:yt© n~mbrane pho~phohptds by ~,oge- 
nou~ pho~phohpase A 2 (bee venom) after pholodyn0rmc treatment of  
the ceJIs Erythroc.~|~ w¢~¢ dIurmnate~ m tl~ pr¢c.enc¢ at r AIClgP¢ 
(300 /Ll/ml) ror 0, 6o, ~s or 9O man, wJmh~l and e,~posed m the 
enzyme for tk¢ lime petxods glve.rl Oa the abc~'lg.c,a. 0 ,  pho~phatl- 
dylchohrm, o, phosphattdyleth=nolarame, z~, phosphat~yls=nme 
Cleavage m per|err| of *ach individual phosphohpld class Numbers In 

ntal~ i~'~nq (%) after eaxqm~ tlY:allllettl 

of local perturbattons of the hpid dommn According to 
our results photodyl~amJc m~mnbran= darnag= enhances 
the pa..~stve transbtlayer reonemtatton of membrane-m- 
tercalated ampbapluhc compounds m parallel to the 
format|on of membrane leaks In order to facilitate a 
companson of the data ruth thos= for o~er  typ¢s of 
membrane damage we have also characterized the teaks 
reduced by photodynmmc treatments m t e r n  of |hear 
apparent number and stze 

We have further shown hexe, that photodynamm leak 
formation m native exythrocytes does not revolve a 
slgmftcant extent of hptd peromdauon Advanced stages 
of photo-generated leakmes~ (to glucose 6-phosphate) m 
resealed ghosts have been assagned to ltpld peroYJdaUon 
{6], which m fact occu,'s m ghosts after photodyuamm 
treatment [29,32,33,34,37] as also confirmed by our 
results These hndmgs m g.~hosts can obviously not be 
generahzed Photodynamm perturbauon of the 
erythrocyt¢ membraue tune|ton, as rod|cared by leaki- 
ness and flip enhancement, does not reqmre covalent 
modffteatton of membrane hptds 
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Photodvnamac treatment produces well-estabhshed 
al teranons of erythroc)te membrane proleans Most 
prominently, skeletal proteins (spectnn, actm, band 4 1) 
ate cross-hnked [6,34-36] Tins gm.s along vath a loss of 
cell deformabthty [36] ln tnnste  membrane proteins such 
as band 3 or the glycophonns are cross-hnked to a 
lesser extent [34,35,37,40] but photodynanuc alterations 
of thetr stde chains [38] as well as mhtbmon of transport  
processes [37,39] and other functional properties [39,40] 
have been demonstrated 

gceordang to our  ~esults membrane leakaness can be 
assigned to protem damage  (see also Refs 6 and 9) 
There ts earher ewdence that  tt may  not be the cross-ha- 
king of skeletal proteins but oxtdal~on of mmns tc  pro- 
teins that causes leak formation [9.48,49] 

In former studies on various types of memb[ane 
damage reduced by selecttve modthcatton.~ of mem- 
brane protein SH-groups [10,11,17,50] or less selective 
omdatwe damage by O~-denved radicals [13,14] we have 
advocated the concept that dynamic fluctuating ba rnc r  
defects rather than defined pores are the sttes acnng as 
m e m b r a n ~  leaks Moreover, a very cons:stunt paralle- 
hsm between the formatton of leaks and of ' fhp  sttes' 
seems lo  mdtcate that  an mduced ' rmsmateh '  at  h p t d /  
protein anterfaces may be the tmpo~tant event m chem- 
ically and  physically reduced losses of membrane bar- 
rter properttes The processes [ ea~ng  to such a n-as- 
match remain to be due tda ted  In some instances 
eross-hnkmg o[ membrane skeletal proteins may be 
causally revolved [10,11,17,45,49] In other cases the 
tssue is less clear [13,14,20] Since photodynamac leak 
formatton seems to involve the oxadatton of mtnnsm 
rather than the cross-hnkmg of e~ttnnsac, skeletal mem- 
brane proteins [9], the paral lehsm between leak forma- 
tion and fhp enhancement now estabhshed for tlxts type 
of damage ra,ses the quesuon whether the lhp  enhance- 
ment rmght also be the consequence of oxtdattve alter- 
ation of Intrinsic memhrane proteins Studtes to clarify 
thas tssue are under way 

Using protectants against  coIlo[d-osmottc lysts we 
have also asstgned stzes to the leaks According to our  
results complete hemolysis w]tlun about  160 man arises 
from less than 1 "hole" per cell a c t  exceeding m tts 
apparent  radms 0 75 nm, the mean radtus of Dc^1ran 1 
Lesser extents of photodynamtc damage ~eem to pro- 
duce even smaller leaks Our radu are smaller than 
those reported by Deztel and Gtrottt  ~7] who char- 
aetenzed (m ghosts) the teaks that al low to- the efflux 
(t~,~ about 150 nun) of glucose (>-phosphate They 
clatmed pores wtth radu of 1 1 < r < 4 2 nm 

The apparent  number  of reduced leaks per  cell ( <  1) 
proved to be surprtgmgty low Tins finding as well as 
the stmultaneous occurrence of an enhanced transbl- 
layer mob~hty of phosphohpld analogues are m line 
with 1he concept  of randomly oecomng,  fluctuatmg 
defects Interesting|y, the photod3"~anaca,'ly enhanced 

transbtlayer mobthty ~s not accompamed by  a detecta- 
ble [oss of phosphohptd asymmelry  In this respect 
photodynamae damage  may be  compared wtth mem- 
brane ahera~tons by per~odate [45], gra lmctdm D [26] or 
heat treatment [22,46], but  differs from treatment  wRh 
&arrade [18] and  noneovalent  perturbattons,  e g ,  by 
bac|eaaal tomns or ampho tencm B [42], wtuch reduce a 
loss of phosphohptd asymmetry 
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