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Photodynamic treatment of murine L929 fibroblasts with h in derivati uusedmluh!mnollhez-lminm-
sobutyric acid transport system. This was reflected by an i in the app: K, wn.ha Vo
impairment of the carrier function rather than a d of the number of port sites. | thermi of

these cells ited in 2 modk d

of the activity of the 2-aminoisobutyric acid

port system. Overall

. hesis was ly inhibited both by photod and by b Hyp ia sul
quent to photod: i dted in an additive inhibition of 2-aminoisobutyric acid and of protein

hesis. Afiter photody i both 2-ami yric acid port and protein synthesis were repaired. The
repair of 2-aminoisobutyric acid transport depended on protein synthesis, as shown by the virtually complete blockage of
repair by ani: in. After hyperth ‘(emleraloneor b to ph ), no recovery of
2-aminoi ic acid P mobserved, ithough protein thesis was d to the initial level. Apparently,
hyperthermia sub: to ph Hocksdterepmrofphotodynmiullyindmddamagedﬂus

lnnspon system. 'l'he expennenul results further indicate that protein
ahhnuglntlsnecmary mthlsprocess.Cellsunw‘dmdecreasedboth

the repair of 2-ami acid
by ph i and by hyperth The

is is not the rate-d ining step for

efiects of these two treatmenis were additive. It is

ﬁscussedlhatthsemltsmdmdulphoﬁodynmwmhhuonof’ inoisot ic acid p
suggestions.

related to loss of clonogenicity, contrary to earlier

Introduction

Activation of photosensitizers by light results in pho-
tooxidation of proteins, lipids and nucleic acids both in
model systems and in intact cells [1-5]. The introd

is not y

namic Lreatmem [8 9], whereas several other parameters,

for of cy ial and
lysosomal enzymes, are far less sensmve (101

Despne these and many other studies, a causal rela-

hip betw a particular type of photodynamic

tion of photodynamic therapy of tumors with HPD as
sensmz/:r tnggered an mcreasmg mterest m photody-

lly induced cellular d: 1| ly leading
to loss of clonogenicity (for reviews, see, for example,
Refs. 6, 7). In previous papers it was shown tha! mem-
brane transport systems and DNA repau- systems of

murine L929 fibrobl are very tor

£ i HPD, hyri DPBS, Dulbecco’s
phosphate-buttered saline.
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damage and loss of clonogenicity has not yet been
blished. If a particular type of pho-
todynamic damage is directly involved in loss of cell
viability, some predictions can be made. First, it should
be expected that, under varying experimental condi-
tions, the type of d pected to be responsibl
for cell death varies in the same manner 2s the loss of
M , it can be anti d that the
damage responsible for the loss of clonogenicity is not
repaired readily during incubation subsequent to the
damaging treatment [10,11].
It has been suggesled ly that photody
d of may be caus-
ally xelated to cell death [8, 12] ‘These suggestions were
based on the observation that these transport systems

4
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are 1 to photody i but
not on the ab: d id Therefor-,
the photod ically induced inhibition of 2-auunoi-

butyric aicd of L929 fibrobl: was rein-

vestigated in this context.
Materials and Methods

NCTC mouse fibroblasts, clone 1.929 and ATCC
number CCL1 were obtained from Flow Laboratories.
Tissue culture products and newbom bovme serum
were ined from Gibco. } P

with 3% Giemsa in 10 mM phosphate buffer (pH 7.0).
At least three culture dishes were counted in each
peri For all d in this
paper values were within the range of 18% with two to
four independent experiments for each datum point.

Results

In control experi; it app d that il
of cells without HPD or treatment with HPD in the
dark did not have any effect on the parameters (includ-

was purchased frcm Photofrin dical, Cheek
NY. 2-Amino{1-"Clisobutyric acid, L-[U-"C]Jl

L{U-"Clserine, L{U-"CJlysine, L-{U-"*Cltyrosine, L-
{U-"“Clphenylalanine and 1-{U-"Claspartic acid were
obtained from Amersham International. Pico-Fluor 30
was from Packard Instruments. Anisomycin was
purchased from Sigma. All other chemicals were ana-
lytical grade and were used without further purification.
Cell culture conditions, incubation with 10 pg
HPD/ml followed by illumination of the cell layers and
ion of the porphyrin content of the cells,

have been described p ly [8,10]. Hlumination was

ing the h k ia effects) described in this study.
Incubation during 1 h with 10 pg of HPD/ml DPES
lted in an i Hular porphyrin concentration of
1.1 pg/mg protem [10] The mﬂuence of washing with
DEBS, il perthermic and hyper-
it to washing or illumina-

tion on the porphyrin content of cells is shown in Fig. 1.
Washing for 30 min with DPBS in the dark at room
temperature, or dlummauon, did not result in a change
of the i lul The cells
rapidly lost 30% of “the accumulated porphyrins, how-
ever, during the first 10 min of hyperthermic treatment,

performed under fully lled conditions, so that
the observed damage was caused by irradiation only
and not by other effects, like heat. Hyperthermic treat-
ment was performed by placing a culture dish contain-
ing a monolayer of cells covered wnh 2 ml DPBS in a

p bath (440+0.1°C). To

1} repair of 2- isobutyric acid port, cells
were incubated in culture medium at 37°C in a COy-in-
cubator for periods up to 26 h following the damaging
treatment. Amino-acid uptake was determined by in-
cubating the cell layer with 2.5 pM substrate in DPBS
for 5 min at rocm temperature on a shaker in total
darkn=ss 2], Uptake of all amino acids studied was
linear with time up to at least 30 min.

To measure the rate of protein synthesis, the cells
were incubated in a cuiture medium comprising 0.5 pCi
1-[U-"*Cifeucine and unlabeled 1-leucine 1o a final con-
centration of 0.02 mM (2 h, 37°C, 5% CO,). At the end
of the incubaiion period, Ilular leucine was re-
moved by washing the cell layer three times with 4 ml of
ice-cold DPBS. The cells were scraped off in water and
NaOH was added to a final concentration of 1 M. To
dctermine the amount of L-leucine incorporated into
proteins, the method of Grollmann was used [13].

The protein was d
to Lowry et al. [14]. I_|p1d peroxldallon was assayed by
measuring thiobarbi prod at 532
nm [15). Cl icity was d by i it

treated cells in culture dishes with a diameter of 60 mm
10 a density of 20 cells/cm®, After 7-8 days in a CO,
incubator the colonies were fixed in hanol/ acetic

h longer times at 44°C resulted in a more grad-
ual further loss (Fig. 1). Hypenhenmc treatment subse-

quent to g or illumi ited in similar
curves to those ob'.amed after hyperthermia alone (not
shown).

Tlumination of HPD- g cells for penods up

to 30 min did not cause d bl lipid p
Exposure of the cells to 30 mM H,0, dunng 10 min, on
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Fig. 1. Influence of washing with DPBS, illumination and hyperther-
mla on the intracellular porphyrin content of L929 fibroblasts, after

acid (3:1, v/v). Colonies were stained by incubation

with HPD. o, washing with DPBS at room temperature;
@, illumination; @, hyperthermia.
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Fig. 3. Photodynamic (A) and hyperthermic (B) effects on the trans-
port velocity of several amino acids. @, L-tyrosine; O, L-phenyl-
alanine; &, L-serine; [, L-lysine; 4, L-aspartic acid.
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the other band, lted in p d lation of
hiobarbi id ive products (0.315 A3, units/
mg protein).

2-Aminoisobutyric acid influx was linear with time
up to 40 min and the substrate was accumulated in
L1929 fibroblasts, mdlcatmg energy- dependem acnve
port [8]. The i of illumi
mia and the of these two on the
transport velocity into HPD-containing cells is shown in
Fig. 2. Photodynamic treatment of the cells resulted in a
strong inhibition of hyper
causod a 25—30% d e of the !
before ill caused an
mluomon that was clearly less than additive (Fig. 2A).
When hyperthemna was applied during or after il-
an additive effect was observed

h

(Figs. 2B and 2C).
The effect of photodynamic treatment and hyper-
thermia on several other ami id t vel

is depicted in Fig. 3. Transmembrane uanspon of serine
appeared to be most susceptible to photodynamm treat-

ment (Fig. 3A), the other ami t
were iderably less A30m.mhy-
perthermi Ited in inhibition of amino-

acid transport velocities by 0-30% for the different

amino acids (Fig. 3B).
Uplake of 2~amm0|sobutync acid always showed
di that passive diffusion was

100

transport velocity (% of control)

2 4 6 8 1 12 % 16
post-incubation time (h}

Fig. 6. Repair of 2-aminoisobutyric acid transport in the presence
(closed symbols) or absence (open symbols) of 1.25 M anisomycin,
to ©, @, 10 min of illumination;

0, B, 20 min of illumination.
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Fig. 1. qurofz—ammmbuync anduansporlaim' hypmhmml
alone, and after
®, 10 min

o, 10 mm 10 10
min of ill @.10min h h 10 20 min
of illumination.

ligible. Kinetic lysis further led that the
inhibition of 2-aminoisot ic acid port by pho-

todynamic treatment was caused by an mcrease of the
apparent K, value, wh Vw

at 14 nmol/mg protein per min (Fig. 4). The K, value
increased gradually during 10 min of illumination from
1.6 t0 4.2 mM.

Overall protein thesis was d d by
ing leucine i ion. This incorp was in-
hibited after ill and after hyperthermic treat-

ment of the cells (Fig. 5). Illumination periods of 10 and
20 min resuited in an inhibition by 60 and 80%, respec-
tively, whereas hyperthermia during 10 min caused a
decrease by about 50%. Hyperthermia subsequent to

lted in an additive effect

(an. 5).
Incub bseq to photod, i

(with illumination times up to 20 min) resulted in

complete recovery of the 2-aminoisobutyric acid trans-

port syslem (Fig. 6). The velocity of recovery appeared

tobei dent of the illumination time. A

(1.25 y.M) completely blocked repair of the transport

system (Fig. 6). 0verall protein synthesis was inhibited

95% at this In the
of ani in, only ly short i ion periods
could be used, as caused detach of the

cells from the bottom of the dishes after about 6-8 h.
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Fig. 8. Influence of photod; i h hermia and hy-
i to i on the survival of
1929 cells, o, i o, ia; <, 8 min of
i followed by i

After hyperthermia (either alone, or subsequent to pho-
todynamic tmtment) no, or only a very limited, repair
of 2-aminoi acid d (Fig. 7).

Undcr all experimental oondluons the overall pro-
tein d after d as
shown in Fig. 5. The vclocuy of recovery after photody-
namic PP to be independent of the
illumination time.

Cell survival after various treatments of 1929 cclis is
shown in Fig. 8. Hluminati ofHPD ining cells

h - Teod

during 8 min with sut in
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2+ ges the inhibition of . . g

lranspon was always much less that the inhibition of
protein synthesis (Figs. 3 and S5).

Transport of 2-amil ic acid p ds via the
Na*-dependent active ‘A’ transport system [16]. This
transport system is much more sensitive to photody-
namic treatment with HPD as sensitizer than the other

id p (Figs. 2B and 3), which
were chosen b they the most abund:
transport systems in eukaryotic cells [17]. Although
Na*-depend t sy and the b

Na*/K*-ATPase are i dependent [18], the inacti

tion of the amino-acid transport system cannot be at-
tributed to inhibition of the ATPase. This is indicated
by the observation that preincubation with ouabain (1

mM), which completely abohshed the ATPase acuvny,

did not affect 2-ami butyric acid t in L929
fibroblasts [19].

Photod ically induced inhibition of 2
sobutyric acid port is ch d by ani d

apparent K and a constant apparent ¥, (Fig. 4).
The increased apparent K, cannot simply be interpre-
ted as a decrease of affinity of the carrier for (he
L as the app K, of
a ini besndes the afﬂm\y
constant for the substrate, several other terms [20-22].
The unchanged apparent V., suggests that photody-
namic does not 1! carrier

P
1ol

a survival curve para]lel to the survival curve after
hyperthermia alone (Fig. 8).

D .

In the photodynanuc action of HPD on L929
fibrobl hibition of active b t
systems [8], DNA repair systems [9} and protem synthe-
sis (this paper) appeared to be early events in contrast
to, for of i
which d only after ly longer illumina-
tion periods [10]. A detailed study of the mechanism of
inactivation of these highly susceptible parameters and
of their possible repair seemed appropriate in trying to
elucidate the contribution of these early events to loss
of clonogenicity.

as this would most probably have been re-
ﬂected by a decrease of the apparent V,,, [20).

ivation of port sy by oxidative stress
may be caused by p idation of phospholipids, essen-
tial for enzyme integrity [23}. Such a mechanism is
highly unlikely in the case of photodynamic inhibition
of the 2-aminoisobutyric acid trans; Jl’l system in L929
cells as no of thiobart
products was found. The lack of accumulation of such
products cannot be attnbu(ed to fast scoondary reac-
tions of these prod ap d genera-
tion of thiot rbi ic acid i was ob-
served during exposure of the cells to Hzo,. Therefore,
the inactivation of the transport system is most likely
caused by direct photooxidation of susceptible amino-
acid residues in the carrier molecule. The resuits shown
m Flg, 6 are in d with such a h of

lthasbeensuggutedthat,' d: ic inhibiti ibiti
of t might be re- d;
sponsible for loss of clonogemclty {8 12]. This seems a
priori i as p are
ly ive to photod ic d. and their
inhibition might hamper, by sut depleiion, de port. Anoth

: the repaxr of transport activity after the

ded on de novo protein
synthesis, as demonstraled by the effect of anisomycin.
On the other hand, protein synthesis was not the rate-
determining step for repair of 2-aminoisobutyric acid

novo protein synthesis and thus repair of photodynami-
cally 1nduced damage. The results presented in this
paper indis , that inhibition of ami id
transport cannot be responsible for the strong inhibition
of protein synthesis in 1929 cclls. Under the present

step, which is inhibited to a greater
extent than protein synthesis, is necessary. This is indi-
cated by the following observations. The repair rate was
always about 3% per h (Fig. 6), irrespective of the
illumination time, despite the fact that the primary
inhibition of protein synthesis increased strongly with



220

increasing illumination periods. Further, the repair rate
was rather constant over the entire incubation period
(up to 16 h, Fig. 6), although the rate of protein
synthesis uwreased strongly durmg that period (Fig. 5).

As pared to ph hyperther-
mia had similar effects on 2-aminoisobutyric acid trans-
port, protein synthesis and cell survival, with one im-
portant difference: the inhibition of 2-aminoisot
acid transport was not repaired. (Fig. 7). This lack of
repair cannot be ascribed to inhibition of protein
symhecls, as protein synthesis was always only partly

and, , was repaired. Thus, the inabil-
ity of 2 acid port to recover after
hyperthermia is apparently caused by malfunctioning of
a step beyond protein synthesis and this step must have
been irreversibly damaged during heat treatment.

‘When hyperthermia was performed during or after
photodynamic treatment, an additive effect was ob-
served (Figs. 2, 5, 7 and 8). With hyperthermia prior to
photodynamic treatment the effect of the two treat-
ments taken together was less than additive (Fig. 2).
This can presumably be explained by the rapid loss of
porphyrins dnnng hyperthermia (Fig. l)

The bined effect of photod with
subsequent hyperthermia on cell survival was additive
(Fig. 8), contrary to the results with NHIK 3025 cells
[24] and CHO-K1 cells (Boegheim, unpublished data),
in which these two modalities of treatment were clearly
synergistic. This indicates that the ultimate cause of
reproductive cell death after photodynamic treatment,
hyperthermia, or a combination of these two, may be

different in different cell types.
Further, the rm]ls descnbed strongly suggest that,
ithough the 2 port system

and protem synthesis are very sensmve to photody-
namic treatment, their inhibition does not play a crucial
role in loss of cl of 1929 fibrobl First, it
seems highly unlikely that loss of clonogenicity would
be causally re]ated to damage that is 1ully repaired, hke
butyric acid t and protein b
(Figs. 5 and 6). Further, in the case of 2-aminoisobu-
tyric acid transport, with hyperthermia subsequent to
photodynamic treatment, the primary effects on the
transport system are additive (Fig. 7). However, the
damage caused by photodynamic treatment alone was
h the damage caused by photodynamic
treatment with subsequent hyperthermia was not re-
pa.lred. Therefore, if photodynamic inhibition of the
L ic acid port system were crucial

for cell death, it should be expected that the combined
effects of photodynamic treatment and hyperthermia
would be synergistic with respect to loss of clonogenic-
ity, which is clearly not the case.
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