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Mechanism of action of psoralens: isobologram analysis
reveals that ultraviolet light potentiation
of psoralen action is not additive but synergistic*
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Summary. The combination of psoralens and ultraviolet
light (UVA, 320-400 nm), referred to as PUVA, inhibits
proliferation of a variety of cell types. In the present stud-
ies, we used S-180 cells to investigate the mechanism
underlying the antiproliferative actions of PUVA. We
found that inhibition of growth of S-180 cells by PUVA
was dependent on the concentration of psoralen as well as
the dose of UVA light. Neither the psoralens nor UVA
light by themselves inhibited cell growth. Several clini-
cally important psoralen analogs inhibited cell growth. The
potent phototoxin 4,5’,8-trimethylpsoralen was the most
active psoralen analog tested, followed by 5-methoxy-
psoralen and 8-methoxypsoralen. The angular furocou-
marin, 5-methylangelicin, was the least active inhibitor of
growth. Multivariate (isobologram) analysis of the growth-
inhibition curves revealed that combinations of psoralens
and UVA light were not simply additive but synergistic.
Similar results were observed when inhibition of DNA
synthesis was used as an endpoint for the biological effects
of PUVA. These studies are the first to demonstrate that
psoralens and UVA light act synergistically. Our results
suggest that the synergism between the psoralens and UVA
light may be an important property of PUVA that con-
tributes to its therapeutic efficacy in proliferative diseases.

* These studies were supported by NIH grant ES-03 647, awarded to
J. D. Laskin by the National Institute of Environmental Health Sciences

Abbreviations: 8-MOP, 8-methoxypsoralen; 5-MOP, 5-methoxy-
psoralen; TMP, 4.5’ 8-trimethylpsoralen; 5-MA, 5-methylangelicin,
UVA, ultraviolet light of 320—400 nm wavelength; PUVA, psoralens
used in combination with UVA light; DMEM, Dulbecco’s Modified
Eagle’s Medium; PBS, phosphate-buffered saline; HEPES, N-2-hydro-
xyethylpiperazine-N’'-2-ethane-sulfonic acid; ICso, level of PUVA treat-
ment that inhibits measurable cellular parameters by 50%; [*H]-TdR,
[methyl-3H]-thymidine; TCA, trichloroacetic acid; HGPRT, hypoxan-
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EDTA, ethylenediaminetetraacetic acid; EGF, epidermal growth factor
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Introduction

Psoralens are clinically important drugs used in the treat-
ment of a number of epidermal proliferative disorders in-
cluding psoriasis, vitiligo, eczema, and mycosis fungoides
[14, 16, 18, 19]. The therapeutic effectiveness of these
compounds is dependent on their activation by ultraviolet
light in the 320—400 nm (UVA) range [22]. Several natu-
rally occurring psoralen analogs and synthetic derivatives
have been used in photochemotherapy (see Fig. 1 for rep-
resentative structures).

Following absorption of UVA light energy, the
psoralen molecule is converted to an electronically excited
state that can react directly with cellular macromolecules
[20]. Photoactivated psoralens can also transfer energy to
molecular oxygen, generating reactive oxygen species
such as superoxide anion and singlet oxygen [9]. The for-
mation of reactive oxygen in cells as well as psoralen-pro-
tein and psoralen-nucleic acid adducts have been impli-
cated in the biological and therapeutic effects of psoralens
and UVA light [21]. For example, treatment of cells with
psoralens followed by UVA light results in the formation
of both mono- and bifunctional DNA adducts [20]. It is
thought that DNA damage resulting from psoralen binding
can lead to mutations [1] and decreased cell survival [26].

In the present studies, we analyzed the growth-inhibi-
tory properties of several clinically useful psoralens and
UVA light on mouse S-180 sarcoma cells. The biological
properties of these psoralen analogs were compared with
those of 5-methylangelicin (5-MA, Fig. 1), an angular
furocoumarin that cannot cross-link DNA and has little or
no activity in cutaneous photosensitization assays [23, 29].
We report that for each of the compounds tested, growth
inhibition was dependent on the dose of UV A light as well
as the concentration of psoralen. Isobologram analysis re-
vealed that with increasing concentrations of the psoralens,
less UVA light was required to inhibit cell growth than
would be expected from an additive relationship. Simi-
larly, with increasing UVA light doses, less psoralen was
required to inhibit cell growth than expected.
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Fig. 1. Structures of psoralens

These data demonstrate that at biologically active con-
centrations, psoralens and UVA light act synergistically to
inhibit cell growth. Our data suggest that the doses of UVA
light and the concentration of psoralen used are important
in determining the optimal therapeutic efficacy of this drug
regimen.

Materials and methods

Chemicals. 8-Methoxypsoralen (8-MOP), 5-methoxypsoralen (5-MOP),
and 4,5 8-trimethylpsoralen (TMP) were obtained from Elder Phar-
maceuticals (Bryant, Ohio); 5-MA was provided by Dr. M. A. Pathak,
Harvard Medical School (Boston, Mass). [methyl-3H]-thymidine ([*H]-
TdR, 2 Ci/mol) was purchased from New England Nuclear (Boston,
Mass.).

Cells and culture conditions. The murine sarcoma (S-180) cell line was
obtained from Dr. M. T. Hakala, Roswell Park Memorial Institute (Buf-
falo, N.Y.) and maintained as previously described [11]. Cells were
grown in monolayer culture in medium consisting of Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal calf serum,
0.09% sodium bicarbonate, 100 IU/m! penicillin and 100 pLg/ml strepto-
mycin at 37°C in an atmosphere containing 5% COa2. Cells were
routinely detached from the culture plates for passaging with 0.2% ethy-
lenediaminetetraacetic acid (EDTA) in phosphate-buffered saline (PBS).

Growth-inhibition assays. For growth-inhibition assays, S-180 cells
were inoculated into 3.5-cm plastic cell-culture plates at a density of
5 x 103 cells/cm?2. After incubation for 24 h at 37° C, the growth medium
was removed from the plates and the cells were incubated for 30 min at
37°Cin 1 ml incubation buffer (25 mm HEPES in PBS, pH 7.4) contain-
ing increasing concentrations of the appropriate psoralen analog. Cells
were then exposed to UVA light emitted from a bank of four fluorescent
light tubes (F40 BL, Sylvania) placed approximately 10 cm above the
culture plates. The incident light on the culture plates was 1.6 mW/cm? as
measured using a model IL 442A International Light UV-radiometer
(International Light Inc., Newburyport, Mass.). Control cultures were
exposed to drug-free incubation buffer with and without UVA light
exposure. Following PUVA treatment, the incubation buffer was remov-
ed and the cells were refed with fresh growth medium and incubated at
37°C. After 5 days, the cells were detached from the culture plates and
then quantified using a Coulter counter.

[®H]-TdR uptake studies. DNA precursor uptake into exponentially
growing S-180 cells was monitored as previously described [11]. Briefly,

Table 1. Effect of 8-MOP and UVA light on cell growth and [PH]-TdR
incorporation into DNA in S-180 cells?

Cell growth [*H]-TdR incorporation
(cells/dish) (cpm/106 cells)
Control (untreated) 5.6 x 105 (100)® 4138 (100)
8-MOP (330 nm) 5.5% 105 ( 99) 4091 ( 99)
UVA light (0.69 J/cm2) 5.4 x105( 97) 3998 ( 97)
8-MOP+UVA light 0.7%x 104 ( 12)* 231 ( o)*

2 Cell growth and [3H]-TdR uptake experiments were performed as
described in Materials and methods. Each point represents the average of
triplicate plates (SEM, <0.05)

b Growth as a percentage of control values

* Statistically significant (P <0.01) differences between control and
treated samples

5x 105 S-180 cells were inoculated into 6-cm culture dishes. After 48 h,
the cells were treated with PUVA as described for the growth-inhibition
assays. Immediately following PUVA treatment, the incubation medium
was removed and the cells were refed with serum-free DMEM supple-
mented with [PH]-TdR (0.2 pCi/ml). After incubation for 1 h at 37° C, the
labeling medium was decanted and the cells were washed five times with
ice-cold PBS, following which 5 ml ice-cold 5% trichloroacetic acid
(TCA) was added to each dish. After 10 min on ice, the TCA was
removed from the cells and the monolayer was washed with 5% TCA
(5% 5 ml) and solubilized with 2 ml 0.2 N NaOH for scintillation count-
ing. Protein content was assayed by the method of Bradford [4] using
bovine serum albumin as the standard.

Isobologram analysis. Isobologram analysis of the growth-inhibition
data was performed as described by Grindey et al. [7] and Elion et al. [5].
In this type of analysis, the dose-response of PUVA is presented graphi-
cally with two independent variables (x = psoralen concentration,
z = UVA light dose) and one dependent variable (y = cell growth or
DNA synthesis). (For review, application, and interpretation of isobolo-
grams, see Roos et al. [24], Steel and Peckham [28] and Berenbaum [2].
For simplicity, the data for S-180 cells are presented as ICso values for
cell growth or DNA synthesis inhibition.

Results

In initial studies, we analyzed the effects of various con-
centrations of psoralen analogs and doses of UV A light on
cell growth. Monolayers of S-180 cells (5 x 103 cells/cm3)
were pretreated for 30 min with increasing concentrations
of psoralens and then exposed to a measured dose of UVA
light. Cell growth was quantified 5 days later.

Table 1 shows that neither UV A light (0.69 J/cm?) nor
the psoralen analog 8-MOP (330 nM) alone were growth
inhibitory for S-180 cells. Increasing the dose of UVA
light to 2.6 J/cm? or the concentration of 8-MOP to 4.4 um
also had no effect on cell growth (not shown). In contrast,
when cells were pretreated with 330 nM 8-MOP and then
exposed to UVA light, cell growth was inhibited by >85%
(Table 1). Similar results were obtained using TMP,
5-MOP, and 5-MA (Fig. 2). For each of the psoralens
tested, growth inhibition was dependent on the concentra-
tion of psoralen used and the presence of UVA light. TMP
was the most effective inhibitor of cell growth (ICso,
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Fig. 2. Inhibition of $-180 cell growth by various psoralen analogs and
UVA light. S-180 cells were treated with increasing concentrations of the
different psoralen analogs and then exposed to a measured dose of UVA
light (0.69 J/cm?) as described in Materials and methods. Growth inhibi-
tion was quantified 5 days later. Data represent a percentage of control
values; each point represents the mean of three plates (SE, <0.06%).
The psoralens used were: TMP (@ ®), 5-MOP (H——H),

8-MOP (A A), and 5-MA (O——O)
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Fig. 3. Effect of UVA light on psoralen-induced growth inhibition. S-180
cells were treated with TMP and 0.69 J/cm? (A A), 0.28 Jfem?
(® @), or 0.14 J/em? (A W) UVA light. Cell growth was
measured 5 days later. Each point represents the mean of triplicate plates
(SE, <0.06%). Note that the ability of psoralen to inhibit cell growth is
dependent on both the psoralen concentration and the UVA light dose. In
the absence of UVA light, TMP did not inhibit cell growth (not shown)

2.5 nMm), followed by 5-MOP (ICso, 80 nm) and §8-MOP
(ICso, 150 nm). The angular furocoumarin, 5-MA, was the
least effective inhibitor of cell growth (ICs0, 950 nM).

‘We also found that the-ability of the psoralens to inhibit
cell growth was dependent on the dose of UVA light.
Figure 3 shows the effect of TMP on the growth of S-180
cells in the presence of increasing doses of UVA light. We
found that as UVA light exposure was increased, lower
concentrations of TMP were required to inhibit cell
growth. Unexpectedly, the relationship between the dose
of UVA light used and the concentration of TMP required
to inhibit cell growth did not appear to be entirely additive.
For example, decreasing the UVA light dose from 0.69 to
0.28 J/cm?2, which represents a 2.5-fold reduction, resulted
in a 10-fold increase in the concentration of TMP required
to inhibit cell growth, Thus, the ICs0 of TMP was 0.9 nm at
0.69 J/cm2 UVA light but amounted to 10 nM at 0.28 J/cm?2
UVA light. When the UV A light was further decreased to
0.14 J/cm?2, the ICso of TMP increased only by approxi-
mately 2-fold to 22 nM.

To further characterize this response, we analyzed
PUVA-induced growth inhibition in S-180 cells using
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Fig. 4. Isobologram analysis of growth inhibition of S-180 cells by
PUVA treatment. From the dose-response curves for the combination of
psoralens and UVA light, the ICsos for growth inhibition were deter-
mined and an isobologram was constructed {5]. An additive relationship
between psoralen and UVA light would produce a straight line as indi-
cated by the dotted line in the upper left panel. Curves to the right of the
line indicate an antagonistic relationship, whereas curves to the left of the
line indicate a synergistic relationship. Note that all of the psoralens
tested interacted synergistically with UVA light

isobolograms. In these studies, the concentrations of
psoralen and doses of UVA light that produced 50% inhi-
bition of cell growth were plotted against one another.
These values are shown in Fig. 4 for each of the psoralen
analogs. The dashed line in Fig. 4 (upper left panel) repre-
sents the theoretical curve of ICs¢s, assuming a completely
additive relationship between psoralen and UVA light.

It is apparent from the isobologram that the interaction
of 8-MOP and UVA light is not additive but synergistic
(Fig. 4). With increasing doses of UVA light, lower con-
centrations of 8-MOP were required to inhibit growth than
would be predicted for an additive relationship. Similarly,
with increasing concentrations of §-MOP, lower doses of
UVA light were required for growth inhibition than would
be predicted by additivity. Similar results were observed
using 5-MOP, 5-MA, and TMP. Thus, the observed syner-
gism was independent of the potency of the psoralen ana-
log and of its relative lipophilicity. Furthermore, the fact
that 5-MA interacted synergistically with UVA light to
inhibit cell growth indicates that DNA cross-link formation
is not required for this biological effect.

To determine whether the synergism also occurred at
the level of DNA synthesis, we next examined the ability
of the psoralens and UVA light to inhibit [3H]-TdR incor-
poration into S-180 cells. As observed for growth inhibi-
tion, neither 8-MOP nor UVA light alone inhibited DNA
synthesis in the cells (Table 1). In contrast, the combina-
tion of 8-MOP and UVA light produced a 95% inhibition
of DNA synthesis. Inhibition of DNA synthesis was also
found to be dependent on the concentration of 8-MOP and
the dose of UVA light used (not shown). An isobologram
of the inhibition of DNA synthesis in S-180 cells by
8-MOP and UVA light is shown in Fig. 5. As with growth
inhibition, 8-MOP and UVA light were found to inhibit
DNA synthesis in the cells in a synergistic manner.
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Fig. 5. Isobologram analysis of inhibition of DNA synthesis in S-180
cells following PUVA treatment. Inhibition of DNA synthesis by PUVA
was measured as described in Materials and methods. ICses from dose-
response curves for combinations of TMP and UVA light were quantified
and used to construct the isobologram. Note that the curve shows upward
concavity, a finding consistent with synergism between the psoralens and
UVA light

Since we found that the action of psoralens and UVA
light was synergistic, it was of interest to determine
whether there was a similar relationship with PUVA for
other properties known to be associated with psoralen pho-
totoxicity, including the induction of mutations and cyto-
toxicity. For these studies, we used the data reported by
Schenley and Hsie [26]. These investigators analyzed the
ability of 8-MOP and UVA light to inhibit the survival of
Chinese hamster ovary (CHO) cells as determined in colo-
ny-formation assays and to induce somatic mutations as
measured using the hypoxanthine-guanine phosphori-
bosyltransferase (HGPRT) marker. In this system, inacti-
vation of the HGPRT gene by mutation enables the cells to
survive in the presence of 6-thioguanine [17].

Schenley and Hsie [26] demonstrated that cell survival
and mutation frequency were dependent on the concentra-
tion of 8-MOP and the dose of UVA light. To generate
isobolograms from their curves, we arbitrarily chose 10%
or 509% relative survival and 100, 200, or 300 muta-
tions/106 cells following PUVA treatment as the endpoints
for cell survival and mutation frequency, respectively.
Data from both experiments show that, as with inhibition
of growth and DNA synthesis in S-180 cells, the interac-
tion between the psoralens and UVA light in eliciting
biological activity in CHO cells is synergistic (Fig. 6).

Discussion

Our results demonstrate that combinations of psoralens
and UVA light inhibit the growth of S-180 sarcoma cells in
culture. Growth inhibition was dependent on the dose of
UVA light and the concentration of psoralens used.
A number of different psoralen analogs were tested and
each was found to inhibit S-180 cell growth. TMP, a highly
active lipophilic psoralen analog, was the most effective
inhibitor, followed by 5-MOP and 8-MOP, two analogs
that are frequently used in PUVA photochemotherapy.
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Fig. 6. Synergistic interaction between 8-MOP and UVA light on cell
survival and mutation induction in CHO cells. Data on cell survival and
mutation induction in CHO cells used to construct these isobolograms
were extrapolated from 8-MOP and UVA light dose-response curves
reported by Schenley and Hsie [26]. From the dose-response curves for
cell survival presented by these authors, the concentrations of 8-MOP
and doses of UVA light resulting in either 10% (squares) or 50% (circles)
relative survival of the CHO cells were determined and used to construct
the isobologram (left panel). The isobologram for mutation induction
(right panel) was constructed from the dose-response curves of 8-MOP
or UVA light generating either 100 (triangles), 200 (circles), or 300
(squares) mutants/109 clonable cells. Note that the interaction of 8-MOP
and UVA light was synergistic with respect to both cell survival and
mutation induction

5-MA was also found to be growth inhibitory for S-180
cells, but only at concentrations 3- to 4-fold higher than
those of the other psoralen analogs. The lower activity of
5-MA in this and other bioassays for psoralens, including
cutaneous photosensitization [23, 29], may have been due
to the angular nature of this furocoumarin derivative
(Fig. 1). In the absence of UV A light, linear furocoumarins
such as TMP, 8-MOP, and 5-MOP readily intercalate into
cellular DNA, a well-characterized target for the psoralens
[20]. Steric considerations limit the ability of 5-MA to
associate with DNA and form DNA cross-links [29], and
this may decrease its growth-inhibitory potency.

It is well known that the biological activity of the
psoralens is dependent on exposure to UV light. However,
the resulting effects of PUV A at different doses of psoralen
or UV light have not previously been analyzed using
isobolograms. Our results show that within the range of
biologically active combinations, the psoralens and UVA
light interact in a synergistic manner. This was observed in
growth inhibition as well as DNA-synthesis inhibition as-
says. The observation of this synergism in growth-inhibi-
tion assays for different psoralens demonstrates that this
effect is independent of the relative potency of each analog.
Furthermore, our findings with 5-MA and UVA light indi-
cate that this interaction is also independent of the ability of
the psoralens to cross-link DNA.

At this time, the mechanism underlying the synergism
between the psoralens and UVA light is not known. Al-
though it may reflect physicochemical properties of the
drugs during irradiation with UV A light, it may also be due
to biological effects on the target cells. Several models
based on the inhibition of multiple metabolic targets have



been suggested to explain the interaction of two or more
chemotherapeutic agents used in combination [3, 6, 8, 25].
These agents are distinct from PUVA in that each has
biological activity of its own. However, the application of
these models to PUVA dose-response data suggests that
there are multiple sites of action for the photoactivated
psoralens.

Consistent with this model is our recent characteriza-
tion of a site of psoralen action distinct from DNA. In
particular, we have identified specific saturable receptor
sites for psoralens on sensitive cell types, including S-180
cells [12]. This receptor has been identified as a 22,000 Da
protein that is present in membrane and cytoplasmic frac-
tions of cells {30]. We have hypothesized that psoralen
receptor binding and UV A light activation initiates some
of the biological actions of the psoralens, including growth
inhibition [10, 30]. One specific membrane target that may
be linked to psoralen receptor activation is the epidermal
growth factor (EGF) receptor. PUVA is a potent inhibitor
of EGF receptor binding [13, 15]. EGF is a growth-regula-
tory peptide [27], and cell-growth inhibition following
PUVA treatment may, at least in part, be the result of
alterations in the response of cells to growth factors. Thus,
the biological activity of PUVA may be due to the ability
of the photoactivated psoralens to interact with the
psoralen receptor as well as DNA. The concentrations of
psoralen and the doses of UVA light used may dictate the
sites of action of PUV A, and appropriate inhibition of each
site could lead to the observed synergism.

The synergism betwen psoralen and UV A light was not
limited to growth- and DNA-synthesis inhibition, but was
also observed in mutation induction and cell survival.
These data indicate that this response is potentially impor-
tant in toxic as well as therapeutic actions of the psoralens.
Since toxic responses limit the use of PUVA, it is impor-
tant that the interaction of the psoralens and UVA light be
examined in these as well as in therapeutic responses to
enable a better definition of the role of this synergism in the
action of PUVA.

References

1. Babudri N, Pani B, Venturini S, Tamaro M, Montibragadin C, Bor-
din F (1981) Mutation induction and killing of V79 Chinese hamster
cells by 8-methoxypsoralen plus near-ultraviolet light: relative ef-
fects of monoadducts and cross-links. Mutat Res 91: 391-394

2. Berenbaum MC (1989) What is synergy? Pharmacol Rev 41:
93-140

3. Black ML (1963) Sequential blockage as a theoretical basis for drug
synergism. J Med Chem 6: 145-153

4. Bradford MM (1976) A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principal of
protein-dye binding. Anal Biochem 72: 248 —254

5. Elion GB, Singer S, Hitchings GH (1954) Antagonists of nucleic
acid derivatives: VIIL Synergism in combinations of biochemically
related antimetabolites. J Biol Chem 208: 477 —488

6. Grindey GB, Nichol CA (1972) Interaction of drugs inhibiting differ-
ent steps in the synthesis of DNA. Cancer Res 32: 527-531

7. Grindey GB, Mihich E, Nichol CA (1972) Evaluation of combina-
tion chemotherapy in vivo and in culture with 1-B-p-arabinofura-
nosyleytosine and 1-formylisoquinoline thiosemicarbazone. Cancer
Res 32: 522-526

10.

11

12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

319

. Handschumacher RE (1965) Formal discussion: some enzymatic con-

siderations in combination chemotherapy. Cancer Res 25: 15411543

. Joshi PC, Pathak MA (1983) Production of singlet oxygen and super-

oxide radicals by psoralens and their biological significance. Bio-
chem Biophys Res Commun 111: 638-646

Laskin JD, Laskin DL (1988) Role of psoralen receptors in cell
growth regulation. In: Gasparro F (ed) Psoralen DNA photobiology,
vol II. CRC Press, Boca Raton, Florida, pp 139148

. Laskin JD, Evans RM, Solcum HK, Burke D, Hakala MT (1979)

Basis for natural variation in sensitivity to 5-fluorouracil in mouse
and human cells in culture. Cancer Res 39: 383-390

Laskin JD, Lee E, Yurkow EJ, Laskin DL, Gallo MA (1985) A
possible mechanism of psoralen phototoxicity not involving direct
interaction with DNA. Proc Natl Acad Sci USA 82: 61586162
Laskin JD, Lee E, Laskin DL, Gallo MA (1986) Psoralens potentiate
ultraviolet light-induced inhibition of epidermal growth factor bind-
ing. Proc Natl Acad Sci USA 83: 82118215

Lowe NJ, Cripps DV, Warin AP (1979) Photochemotherapy for
mycosis fungoides. Arch Dermatol 115: 50-53

Memmelstein FH, Laskin JD (1989) Inhibition of epidermal growth
factor receptor kinase activity in A431 human epidermoid cells follow-
ing psoralen/ultraviolet light treatment. Mol Pharmacol 36: 848-855
Morison WL, Parrish JA, Fitzpatrick TB (1987) Oral psoralen photo-
chemotherapy of atopic eczema. Br J Dermatol 98: 25-30

O’Niell JP, Brimer PA, Machanoff R, Hirsch GP, Hsie AW (1977) A
quantitative assay of mutation induction at the hypoxanthine-guanine
phosphoribosyl transferase locus in Chinese hamster ovary cells
(CHO/HGPRT system): development and definition of the system.
Mutat Res 45: 91-102

Parrish JA, Fitzpatrick TB, Tannenbaum L, Pathak MA (1974) Pho-
tochemotherapy of psoriasis with oral methoxsalen and long wave
ultraviolet light. N Engl J Med 291: 12071222

Parrish JA, Fitzpatrick TB, Shea C, Pathak MA (1976) Photo-
chemotherapy of vitiligo. Arch Dermatol 112: 1531-1535

Pathak MA, Joshi PC (1984) Production of active oxygen species
103 and O—2) by psoralens and ultraviolet radiation (320400 nm).
Biochim Biophys Acta 798: 115-126

Pathak MA, Kramer DM, Fitzpatrick TB (1974) Photobiology and
photochemistry of furocoumarins (psoralens). In: Fitzpatrick TB (ed)
Sunlight and man, vol 22. Tokyo: University of Tokyo Press, Tokyo,
pp 335-368

Rodighiero G, Dall’ Acqua F (1982) In vitro photoreactions of se-
lected psoralens and methylangelicins with DNA, RNA, and pro-
teins. In: Greenwald P (ed) Photobiologic, toxicologic, and pharma-
cologic aspects of psoralens. (National Cancer Institute Monograph
66) U.S. Government Printing Office, Washington, D.C., pp 31-40
Rodighiero G, Dall’Acqua F, Pathak MA (1985) Photobiological
properties of monofunctional furocoumarin derivatives. In: Smith
KC (ed) Topics in photomedicine. Plenum Press, New York,
pp 319-398

Roos DS, Schimke RT (1987) Toxicity of folic acid analogs in
cultured human cells: a microtiter assay for the analysis of drug
competition. Proc Natl Acad Sci USA 84: 48604864

Rubin RJ, Reynard A, Handschumacher RE (1964) An analysis of
the lack of drug synergism during sequential blockade of de novo
pyrimidine biosynthesis. Cancer Res 24: 1002-1007

Schenley RL, Hsie AW (1981) Interaction of 8-methoxypsoralen and
near-UV light causes mutation and cytotoxicity in mammalian cells,
Photochem Photobiol 33: 179185

Schlessinger J (1988) The epidermal growth factor receptor as a
multifunctional allosteric protein. Biochemistry 27: 3119—-3123
Steel GG, Peckham MJ (1979) Exploitable mechanisms in combined
radiotherapy-chemotherapy: the concept of additivity. Int J Radiat
Oncol Biol Phys 5: 85-91

Wolff K, Honigsmann H (1971) Safety and therapeutic effectiveness
of selected psoralens in psoriasis. In: Greenwald P (ed) Photobio-
logic, toxicologic, and pharmacologic aspects of psoralens. (National
Cancer Institute Monograph 66) U.S. Government Printing Office,
Washington, D.C., pp 159-164

Yurkow EJ, Laskin JD (1987) Characterization of a photoalkylated
psoralen receptor in HeLa cells. J Biol Chem 262: 84398442



