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Potentiation of thermal inactivation of glyceraldehyde-3-phosphate
dehydrogenase by photodynamic treatment
A possible model for the synergistic interaction between photodynamic therapy and hyperthermia
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Thermal inactivation of glyceraldehyde-3-phosphate dehydrogenase appeared to be caused by a conformational
mechanism, without involvement of covalent reactions. On the other hand, photodynamic inactivation of the enzyme

(induced by illumination in the presence of Photofrin II) was caused by photo-oxidation of the essential thiol group in
the active centre. A short photodynamic treatment of the enzyme, leading to only a limited inactivation, caused a

pronounced potentiation of subsequent thermal inactivation, as measured over the temperature range 40-50 'C. Analysis
of the experimental results according to the Arrhenius equation revealed that both the activation energy of thermal
inactivation and the frequency factor (the proportionality constant) were significantly decreased by the preceding
photodynamic treatment. The experimental results indicate a mechanism in which limited photodynamic treatment
induced a conformational change of the protein molecule. This conformational change did not contribute to
photodynamic enzyme inhibition, but was responsible for the decreased frequency factor and activation energy of
subsequent thermal inactivation of the enzyme. The opposing effects of decreased activation energy and decreased
frequency factor resulted in potentiation of thermal inactivation of the enzyme over the temperature range 40-50 'C. With
other proteins, different results were obtained. With amylase the combined photodynamic and thermal effects were not
synergistic, but additive, and photodynamic treatment had no effect on the frequency factor and the activation energy of
thermal inactivation. With respect to myoglobin denaturation, the photodynamic and thermal effects were antagonistic
over the whole practically applicable temperature range. Limited photodynamic treatment protected the protein against
heat-induced precipitation, concomitantly increasing both the frequency factor and the activation energy of the process.

These results offer a model for one of the possible mechanisms of synergistic interaction between photodynamic therapy
and hyperthermia in cancer treatment.

INTRODUCTION

Photodynamic therapy (PDT) is the treatment of malignant
lesions with visible light after systematic administration of a

tumour-localizing photosensitizer. The drug currently used in
clinical PDT is Photofrin II. The sensitizer interacts with visible
light by both type I and type II photochemical pathways [1].
Most PDT-induced damage is caused by singlet oxygen,

generated via the type II mechanism, but the type I, radical-
mediated, mechanism will presumably contribute to the ultimate
effect [2-4]. Photodynamic cytotoxicity is caused by photo-
oxidation of proteins, lipids and nucleic acids [5-9].

Hyperthermia is another modality in cancer therapy, fre-
quently used in combination with other treatments [10,11].
Although the actual mechanism of heat-induced cell death is
unknown, the high activation energy of hyperthermic cell killing
suggests the involvement of structural or enzymic proteins rather
than of, e.g., DNA molecules [12-14]. Recently a synergistic
interaction between PDT and hyperthermia has been described
both in an experimental mouse tumour system [15,16] and in cells
in culture [17], but the background of this synergism is quite
unknown.
Many different mechanisms may result in synergism at the

cellular level. For instance, the synergistic interaction of PDT
and hyperthermia might be the result of a concerted action of
both treatments on the same cellular component [13], or one

treatment might reduce the cellular ability to repair the damage

inflicted by the other [17]. Despite this complexity, elucidation of
the various mechanisms of synergism is crucial to optimize
therapeutic protocols. The present investigations were designed
to study one ofthe possible mechanisms of synergistic interaction
between PDT and hyperthermia, namely the concerted action on
the same cellular target. As proteins are potential targets of both
PDT and hyperthermia, the combined effects of photodynamic
treatment and of heat on some enzymes were studied in detail.
Three structurally unrelated proteins (namely GAPDH, amylase
and myoglobin) were utilized in an attempt to elucidate general
mechanisms of interaction between the two treatments. More-
over, the mechanism of either photodynamic or heat-induced
inactivation of the utilized proteins has been studied previously,
facilitating interpretation of the experimental results. The results
obtained were consistent with a model in which photodynamic
treatment affects the conformational characteristics of a protein
molecule, thus changing the susceptibility of the protein to
subsequent hyperthermia. Under appropriate conditions this can
lead to a synergistic interaction between PDT and hyperthermia
on protein structure and function.

MATERIALS AND METHODS

GAPDH isolated from human erythrocytes and from Bacillus
stearothermophilus and a-amylase (type II-A) were obtained
from Sigma, and GAPDH isolated from rabbit muscle from
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Boehringer Mannheim. Myoglobin, isolated from equine muscle,
was purchased from Serva. N.C.T.C. mouse fibroblasts, clone
L929, A.T.C.C. number CCL 1, were obtained from Flow
Laboratories. Tissue-culture products and newborn-calf serum
were purchased from Gibco. Photofrin II was from Photofrin
Medical, Raritan, NJ, U.S.A. All other chemicals were of
analytical grade and used without further purification.
To study erythrocyte-membrane-bound GAPDH, unsealed

ghosts were prepared as described by Dodge et al. [18] with the
modification described by McDaniel et al. [19]. Briefly, freshly
drawn heparinized human blood was centrifuged and washed
three times in buffered iso-osmotic NaCl and subsequently
haemolysed with 9 vol. of 5 mM-sodium phosphate/ 1 mM-
EDTA/1 mM-dithiothreitol, pH 7.5. The ghosts were pelleted by
centrifugation at 37000 g for 20 min and washed four times in
the same buffer. All operations were carried out at 4 'C. Ghosts
were stored at -20 'C and used within 1 week of their prep-
aration. As GAPDH is eluted from the membrane at high ionic
strength, the ghosts were suspended in 5 mM-triethanolamine/
HCl/ 1 mM-EDTA, pH 7.6, immediately before use, at a final
concentration of 1 mg of protein/ml. The other GAPDH
preparations were dissolved in a solution containing 0.1 M-
triethanolamine/HCI/1.5 mM-EDTA/3 mM-MgSO4, pH 7.6, at
a final concentration of 50 ug/ml. Amylase was dissolved in
10 mM-sodium phosphate/l mM-CaCl2, pH 6.9, at a final con-
centration of 0.1 mg/ml, myoglobin in 10 mM-sodium
phosphate/ 1 mM-CaC12, pH 8, at a final concentration of
4 mg/ml. The solutions were incubated for 5 min with Photofrin
II at room temperature in the dark. The final Photofrin II
concentration was 2.5 ,ug/ml for all GAPDH preparations,
25 ,ug/ml for amylase and 50 ,ug/ml for myoglobin.

Illumination of the solutions was performed with a standard
Rollei slide projector, equipped with a 150 W quartz/halogen
light bulb and a heat filter, at 300 W m-2 (white light). The
temperature in the reaction vessel remained constant (22 °C)
during illumination. Heat treatment was done in a temperature-
controlled waterbath (accuracy better than 0.1 °C). The samples
reached the desired temperature within 3 min.

Incubation of GAPDH with H202 was performed in the same
buffer supplemented with 5 ,uM-H202.
L929 cells were cultured, incubated with Photofrin 11 (5 ,ug/ml)

and illuminated as described previously [20]. Hyperthermic
treatment of the cells was performed by placing a culture dish,
containing a confluent cell layer covered with 2 ml of Dulbecco's
phosphate-buffered saline (DPBS), in a temperature-controlled
waterbath. For determination of the GAPDH activity in L929
cells, the cells were scraped off with a rubber policeman in DPBS
and disrupted by sonification at room temperature with a
Branson sonifier (50 kHz) for 15 s.
GAPDH activity was assayed as described by Wu & Racker

[21], and amylase activity was measured by the method of Rick
& Stegbauer [22]. Thermal denaturation of myoglobin leads to
precipitation of this protein. Therefore the fraction of myoglobin
remaining in solution after heat treatment was taken as a measure
of the native protein. Protein was determined by the Lowry
method [23], thiol groups as described by Sedlak & Lindsay [24]
and deamidation of asparagine and/or glutamine residues by the
method of Kun & Kearney [25]. SDS/PAGE was performed by
the method of Studier [26], with slight modifications [27].

RESULTS

In control experiments it appeared that illumination of the
protein solutions in the absence of Photofrin II or incubation
with Photofrin II in the dark had no effect on enzyme activity
and did not affect the kinetics of thermal inactivation.

Photodynamically and heat-induced inactivation of GAPDH
The inactivation of rabbit GAPDH by photodynamic treat-

ment and by hyperthermia is shown in Fig. 1. The combined
effects of photodynamic treatment and hyperthermia depended
on the sequence of the two treatments. With exposure to heat
followed by photodynamic treatment, the effects were additive
(Fig. 2a). In the reverse sequence, namely photodynamic treat-
ment followed by hyperthermia, the effects were clearly syn-
ergistic (Fig. 2b). After an illumination time of4 min, for instance,
the enzyme activity was decreased to 84% of the control value.
During subsequent heat treatment this residual enzyme activity
(normalized to 100% activity in Fig. 2) decreased to 52 % after
a heat treatment of 6 min, whereas the activity of the native
enzyme decreased much less, namely to 85% after the same
period ofhyperthermia. Similar results were obtained with human
GAPDH (membrane-bound or solubilized), GAPDH from
B. stearothermophilus and GAPDH in intact L929 fibroblasts
(results not shown).
GAPDH is protected against photodynamic inactivation by its

substrate, glyceraldehyde 3-phosphate [28]. A similar protection
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Fig. 1. Photodynamicaiy and thermaly induced inactivation of rabbit

GAPDH

(a) Photodynamic treatment, as described in the Materials and
methods section. (b) Heat treatment at: 0, 20 °C (control); *,
43 °C; aJ 46 °C; *, 48 'C.
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Fig. 2. Effect of photodynamic treatment, hyperthermia and a combination
of these treatments on the activity of rabbit GAPDH.

(a): 0, Photodynamic treatment of the native enzyme; 0, enzyme
exposed to 43 °C for 5 min (residual enzyme activity 80% of
control, normalized to 100% in the Figure), followed by photo-
dynamic treatment. (b): El, exposure of native enzyme to 43 °C;
*, 4 min of photodynamic treatment (residual enzyme activity 84%
of control, normalized to 100% in the Figure), followed by exposure
to 43 'C.
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Fig. 3. Heat-induced inactivation of rabbit GAPDH in the presence of
2 mM-ATP, 12 mM-glycerate 3-phosphate and phosphoglycerate
kinase (30 units/ml), with and without preceding photodynamic
treatment

0, Exposure of native enzyme to 58 °C; El, 30 min ofphotodynamic
treatment (yielding no measurable enzyme inhibition), followed by
exposure to 58 °C; *, 60 min of photodynamic treatment (residual
enzyme activity 76% ofcontrol, normalized to 100% in the Figure),
followed by exposure to 58 'C.
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Fig. 4. Influence of photodynamic pretreatment on the Arrhenius
parameters of thermal inactivation of GAPDH

Photodynamic treatment was performed with various illumination
periods, leading to enzyme inactivations of 0-30 %, as indicated on
the ordinate. (a) Activation energy; (b) frequency factor (expressed
as A). *, Rabbit GAPDH; 0, solubilized human GAPDH; E,
membrane-bound human GAPDH; V, GAPDH from B. stearo-
thermophilis; EO, GAPDH in intact L929 fibroblasts.

against heat-induced inactivation of the enzyme was observed in
the present studies. Figs. 1(b) and 3 demonstrate that the velocity
of inactivation at 58 °C in the presence of substate is about equal
to the velocity of inactivation at 43 °C in its absence. Also in the
presence of substrate photodynamic treatment strongly
potentiated subsequent heat inactivation of the enzyme, as shown
in Fig. 3.

Photodynamic effect on the activation energy and frequency
factor of thermal inactivation

Analysis of the potentiation of thermal inactivation of
GAPDH by photodynamic pre-treatment revealed that the
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Fig. 5. Thermally induced changes of intrinsic fluorescence of rabbit
GAPDH (excitation 280 nm, emission 340 nm)

0, 50 °C; *, 46 -C.
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Fig. 6. Thermal inactivation of rabbit GAPDH at 48 IC in the absence (0)
and in the presence (-) of 25% glycerol

magnitude of the effect depended on the temperature during heat
exposure. For instance, with a photodynamic treatment resulting
in 16% inhibition of the enzyme activity, the velocity of
subsequent heat inactivation of the residual enzyme activity at
40 °C was about 2.2 times the velocity of inactivation of the
native enzyme. At 45 °C this factor was decreased to 1.4, and at
50 °C the potentiating effect had virtually disappeared. At higher
temperatures the velocity of inactivation was too high to allow
accurate measurements. Considering these observations, both
the activation energy and the frequency factor of thermal
inactivation were calculated under various experimental
conditions, utilizing the Arrhenius equation:

ln k =ln A-E/RT,

in which k is the reaction constant, A is the frequency factor, E
is the activation energy, R is the gas constant and T is the
temperature. The activation energy of thermal inactivation of
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Fig. 7. Effect of pre-incubation of rabbit GAPDH for 60 min with 5 ,CM-
H202 (residual enzyme activity 71% of control, normalized to
100% in the Figure) on subsequent thermal inactivation at 43 °C
and (b) Arrhenius plot of thermal inactivation of native GAPDH
(0) and of GAPDH, preincubated for 60 min with 5 4uM-H202 (0)

was found, on the basis of SDS/PAGE subsequent to heat-
treatment (results not shown), excluding appreciable hydrolysis
of peptide bonds. Heat treatment ofGAPDH caused a change of
the intrinsic fluorescence of the protein, as shown in Fig. 5.
Finally, thermal inactivation ofGAPDH was strongly suppressed
by the presence of 25% glycerol (Fig. 6).

Potentiation of thermal inactivation of GAPDH by H202
The pronounced potentiation of thermal inactivation of

GAPDH by photodynamic treatment is apparently not a specific
photodynamic effect. Fig. 7(a) illustrates a similar potentiation
by pretreatment with low concentrations of H202' Kinetic
analysis of the results obtained at different temperatures indicated
that, after exposure to H202, the activation energy of thermal
inactivation remained constant within the experimental errors,
whereas the frequency factor was increased (Fig. 7b). Inactivation
of GAPDH by H202 alone is strictly related to modification of
thiol groups [29], leading to the generation of disulphides and
sulphenic acid residues [29,30].
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Fig. 8. Influence of photodynamic pre-treatment on heat-induced precipi-
tation of myoglobin

(a) Protein precipitation during exposure to 78 'C. 0, Native
myoglobin; 0, myoglobin, illuminated during 30 min in the presence
of 50,g of photofrin II/ml before heat treatment. (b) The effect of
photodynamic treatment on the activation energy (0) and the
frequency factor (0) of subsequent thermal denaturation.

Combined photodynamic and heat effects on other proteins
The potentiation of thermal inactivation by preceding

photodynamic treatment is not a general phenomenon, as
demonstrated by the following experiments. Amylase was
inactivated both by photodynamic and by heat treatment. In
contrast with the results obtained with GAPDH, however,
preceding photodynamic treatment did not potentiate subsequent
heat inactivation. Instead the two effects were additive. More
detailed analysis revealed that preceding photodynamic treat-
ment (up to an enzyme inactivation of 30 %), did not affect the
activation energy of thermal inactivation (266 kJ/mol), nor the
frequency factor (exp 104.5; results not shown).
Heat treatment leads to aggregation and precipitation of

myoglobin (Fig. 8), whereas the solubility of myoglobin is not
affected by photodynamic treatment. Surprisingly, photodynamic
treatment protected the protein from subsequent heat-induced
precipitation (Fig. 8a), with a concomitant increase of both the
activation energy and the frequency factor of heat-induced
precipitation, in an illumination-time-dependent fashion (Fig.
8b). These effects were not observed after illumination in the
absence of Photofrin II or after incubation with Photofrin II in
the dark.

rabbit GAPDH decreased significantly with preceding
photodynamic treatment, with a concomitant decrease of the
frequency factor (Fig. 4). Also, with solubilized GAPDH from
several other sources, erythrocyte-membrane-bound GAPDH
and GAPDH in intact L929 fibroblasts, a decrease of both the
activation energy and the frequency factor was found, but the
shifts differed markedly with the different enzyme preparations
(Fig. 4).

Effects of hyperthermia on GAPDH at the molecular level

As thermal inactivation of enzymes may be caused by several
different mechanisms, additional studies were performed.
Measurements on native GAPDH and on the enzyme after
complete inactivation by exposure to 46 °C during 20 min
revealed no change of the number of thiol groups and no NH4'
generation after heat treatment, indicating that no deamidation
had occurred. Further, no fragmentation of the enzyme molecule

DISCUSSION

Thermoinactivation of enzymes may be caused by a

conformational process (with formation of incorrect, scrambled
structures on cooling), modification of thiol groups, deamidation
of asparagine and/or glutamine residues, hydrolysis of peptide
bonds, or any combination of these processes [31-33]. In the case

of thermal inactivation of GAPDH the results described rule out
the possibility that thiol modification, deamidation and peptide
hydrolysis would play a significant role in thermal inactivation,
and thus it is highly likely that the inactivation is a conformational
process. A conformational rather then a covalent mechanism of
thermal inactivation of GAPDH is sustained by: (1) the rapid
inactivation at near-neutral pH at temperatures well below 70 °C
(Fig. lb) [33]; (2) the high activation energy of the process (about
360 kJ/mol) [12-14;31-33]; (3) the protection against thermal
inactivation by the substrate of the enzyme (Figs. lb and 3)
[32,33]; (4) the protection afforded by glycerol (Fig. 6) [14,34,35];
and (5) the changed intrinsic fluorescence of the enzyme during
heat treatment (Fig. 5), which is a very sensitive indicator of
conformational changes [33,36-38].

In a previous paper it was demonstrated that even very limited
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photodynamically or OH (hydroxyl radical)-induced protein
damage caused pronounced conformational changes [39].
Photodynamic inactivation ofGAPDH was strictly related to the
photo-oxidation of the essential thiol group in the active centre,
however, without appreciable contribution ofthe conformational
changes to inactivation [28,39]. It is also unlikely that such
conformational changes would affect thermally induced covalent
reactions, as the rates of these reactions are similar in structurally
different proteins [32,33]. However, as these photodynamically
induced lesions clearly influence the structural stability of the
protein [39], they might easily affect the susceptibility of the
protein to thermally induced conformational deterioration. In
this context it should be realized that photodynamic treatment of
proteins does not only lead to photo-oxidation of susceptible
amino acid residues, but also to intramolecular cross-links [40,41].
It was shown previously that intramolecular crosslinks, generated
via quite different mechanisms, may either increase or decrease
the susceptibility of different enzymes to thermal inactivation
[42,43]. It seems highly probable that photodynamically
generated intramolecular cross-links will, in a similar way, affect
the susceptibility ofproteins to thermally induced conformational
changes. The magnitude and direction of these effects cannot be
predicted, however, as shown by the present results. With
GAPDH, photodynamic treatment potentiated subsequent ther-
mal inactivation over the temperature range 40-50 °C (Figs. 2b
and 7). With amylase, on the other hand, the photodynamic and
heat effects were additive, and with myoglobin an antagonistic
effect was found (Fig. 8).

In all cases the potentiating, additive or antagonistic effect of
photodynamic pretreatment on subsequent thermal denaturation
could be described in terms of the Arrhenius equation. For
instance, photodynamic treatment of GAPDH caused a decrease
of the activation energy of thermal inactivation, tending to
potentiate this process. The concomitant decrease of the fre-
quency factor, however, opposed this effect. Together this
resulted in a potentiation at temperatures below 50 'C.
The effect of conformational changes on the activation energy

of thermoinactivation is well-known [44]. Further, according to
the transition-state theory, the frequency factor in the Arrhenius
equation in complex reactions is equal to RT/Nh - exp (AS/R)
[45], in which N is Avogadro's number, h is Planck's constant, S
is the standard entropy of formation of the transition state and
R and T have their usual meanings. As denaturation of proteins
is a complicated and continuous multi-step process [46], the
frequency factor will be even more complex and only constant
over a limited temperature range. It is likely that both photo-
oxidation of susceptible amino acid residues and photo-
dynamically induced intramolecular crosslinks will affect AS
and thus the frequency factor of thermoinactivation. Considering
the unpredictable effect of photodynamic treatment on the
activation energy and the frequency factor of subsequent thermal
inactivation, it is clear from the Arrhenius equation that the
combined effects of the two treatments may be additive, syn-
ergistic or antagonistic, depending on the experimental
conditions. In fact it is even feasible that synergism can be
observed at a particular temperature and antagonism at another.
As mentioned in the Introduction, a synergistic interaction

between photodynamic therapy and hyperthermia has been
described on a cellular and at an 'in vivo' level [15-17]. A
concerted action of two treatments on the same cellular target is
only one of several mechanisms that may result in synergism
[13,17]. The results presented here describe a possible mechanism
for this particular type of synergism, in which photodynamic
treatment causes conformational changes in a protein molecule,
thus affecting the susceptibility to subsequent thermal deterio-
ration.
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Foundation (grant IKW 89-01).
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