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Summary

The title compound is a photoaffinity labeling reagent for thymidylate
synthetase, a key enzyme for the de novo biosynthesis of DNA. This compound
is also a light-dependent inhibitor of murine (L-1210) and human (Namalva,
Raji) tumor cell growth, and vaccinia virus replication.

INTRODUCTION

One contemporary approach to the design of chemotherapeutic agents em—
ploys the concept of affinity labeling reagents to achieve a high degree of
selective pathogen toxicity with minimal effects on the host organism (1).
Photoaffinity labeling utilizes a light induced reaction to provide a highly
reactive functional group which then interacts with the (bound) enzyme to
give enzyme inactivation (2). Our observation that the title compound is a
light-dependent inhibitor of viral replication and tumor cell growth opens
an unexplored area in the development of novel chemotherapeutic agents, that
of providing a selective basis for the treatment of dermatological diseases
through activation of a specific enzyme-inhibitor on the light-exposed skin

surface.

MATERIALS AND METHODS

5(E)-(3-azidostyryl)-2'-deoxyuridine 5'-phosphate (l) was designed as a pho-
toaffinity labeling reagent for thymidylate synthetase 3.

Thymidylate synthetase was purified from amethopterin-resistant Lactobacillus
casei. The crystalline enzyme had a specific activity of 3.1 umole of product
formed per minute per mg protein. It was purified according to Galivan et al.

(4). In the enzyme inactivation studies it was used at a concentration of
0.05 uM. Enzyme activity was measured as described by Brouillette et al. 5.

Antiviral activity was based upon the inhibition of virus-induced cytopatho-
genicity in primary rabbit kidney (PRK) cell cultures infected with vesicular
stomatitis virus, herpes simplex virus type | (KOS) or vaccinia virus (6). As
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criterion of antitumor cell activity served the inhibition of grotth of a
murine leukemic (L-1210) cell line and three human lymphoblastoid (Namalva,
Raji, TK (thymidine kinase deficient) Raji) cell lines (7).

The enzyme inactivation studies were done by photolysis in glass cuvettes in a
Rayonet Model RPR 100 Photochemical Reactor using 7 lamps of 350 nm wave-
length. In the antiviral and tumor cell studies, the cell cultures were ir-
radiated with a Sylvania lamp of 366 nm at a rated intensity of 16 lux.

RESULTS AND DISCUSSION

Inhibition of thymidylate synthetase

Compound | was found to be a potent reversible inhibitor of Lactobacil-
lus casei thymidylate synthetase. A double reciprocal plot of the velocity
of product formation vs the concentration of substrate at two inhibitor con-
centrations showed the inhibition to be competitive with substrate. The cal-
culated inhibitory constant (Ki) was 0.23 puM. Comparing the Ki/Km ratio
(0.04), 1 had substantially greater affinity for the enzyme than did the
substrate 2'-deoxyuridine 5'-phosphate.

Arylazides such as compound 1 are decomposed by light to form nitrenes,
chemically reactive groups that are useful for active site-labeling of en-
zymes (2). Photolysis (254, 310, or 350 nm) of an aqueous solution of & was
accompanied by a light-dependent decrease in the ultraviolet spectra at 325
and 256 nm. The change in the latter absorption band was rapid and could be
attributed to a photodecomposition of the azido group.

The enzyme was stable to light of 350 nm wavelength. When 2 uM of com-—
pound { (10 times the Ki) was added to the buffered enzyme solution and the
mixture exposed to light, a rapid, time-dependent inactivation of the enzyme
was observed (Fig. lA). Under the conditions of the experiment the half-life
for enzyme inactivation was 3 minutes.

The mechanism of affinity labeling reactions dictates that the addition
of substrate to the enzyme inhibitor solution prior to light exposure should
afford protection if the photoactivated inhibitor is acting at the active
site of the enzyme. Photolysis of a buffered solution of enzyme, 2 uM of in-
hibitor 1, and 20 uM of 2'-deoxyuridine ‘5-phosphate, substantially reduced
the rate of inactivation from a half-life of 3 minutes in the absence of
substrate to about 15 minutes in the presence of substrate; protection also
was observed when a solution of 20 uM of substrate and 0.25 uM of & was pho-
tolyzed. This protective effect could not be attributed to a decrease of
light intensity in the reaction mixture since the substrate did not absorb
light of 340 nm wavelength.

To exclude any possibility that enzyme inactivation was the consequence
of an indirect or non-specific interaction of the photolysis products of b}

with the enzyme, the inhibitor (1 uM) was photolyzed for 90 minutes prior to

1069



Vol. 97, No. 3, 1980 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

100 = 100
G\.\
——
" o:::::”\“-\\~A
801\ \_ TTT——— 80
o o
I\ \o
»
sol \.\ ® 60
® o 13
E o b
& . w
v g
2 5
S 40 a < 40
< o
® \u\ & o
|

{ i | 1 | ! | !
20 3 3 9 12 2o 6 s 1z 15

Time (min) Time (min)

o
o

Figure 1. Semi-log plot of the percentage of remaining thymidylate synthe-

tase activity vs time in the presence of varying amounts of 5(E)-(3-azido-

styryl)-2'-deoxyuridine 5'-phosphate (i) with and without added substrate

2'-deoxyuridine 5'-phosphate (dUMP).

A. Lactobacillus casei enzyme : 0.25 uM & (0); 0.25 uM 1 plus 20 uM dUMP (®);
2 uM 1 (B); 2 uM A plus 20 uM dUMP (m®); control, no inhibitor (4).

B. L-1210 enzyme : 1 1M 1 (0); 1 uM | plus 10 uM dUMP (); 10 uM | (O); 10
M | plus 10 uM dUMP Tu)y.

addition of the enzyme. After the enzyme was added photolysis was continued;
only minimal enzyme inactivation was observed (86 7 activity recovered after
9 minutes of light exposure). Finally, as a control experiment 5(E)-(3-nitro-
styryl)~2'-deoxyuridine 5'~phosphate did not inactivate thymidylate synthe-
tase when 10 yM of this analog, buffer, and enzyme were exposed to 350 nm
light for periods up to 12 minutes. Thus, under the experimental conditions
applied for the azido compound, the corresponding nitro analog was not a
photoaffinity label.

Compound | was also found to be relatively potent inhibitor of the thy-
midylate synthetase isolated from L-1210 cells (Ki = 1.90 uM; Km = 1,29 uM).
The inhibition was competitive with respect to the natural substrate (2'-
deoxyuridine 5'-phosphate). Exposure of the inhibitor-enzyme solution to
light at 366 nm wavelength gave rapid inactivation of the enzyme. After
three minutes at a concentration of 1 uM of & 26 7 inactivation was observed;
10 yM of inhibitor gave 58 % inactivatiom (Fig. 1B). At both concentrations
the addition of substrate afforded protection. Thus, L-1210 thymidylate syn-—
thetase also showed inactivation by photo-activated 1 (Fig. 1B), which was
comparable to that noted for the Lactobacillus caseli thymidylate synthetase

(Fig. 14).
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Scheme I, Proposed mechanism of inactivation of thymidylate synthetase
by the photoaffinity label 5(E)-(3-azidostyryl)-2'~-deoxyuridine 5'-phos-
phate (&) (DRP = 2'-deoxyuridine 5'-phosphate).

Scheme I illustrates the mechanism by which compound } may interact

with thymidylate synthetase upon exposure to light.

Antiviral and antitumor cell activity

Compound | was not active against vesicular stomatitis virus or herpes
simplex virus, and did not become active against these viruses after expo-

sure to light (Table 1). However, compound b} proved to be an effective inhi-

Table 1
Effect of irradiation (A = 366 nm) on antiviral activity of 5(E)~(3-azido-

styryl)-2'-deoxyuridine 5'-phosphate in PRK cell cultures

b
Time of irradiation? IDSO (ug/ml)

(min.) Vesicular Vaccinia Herpes simplex virus
stomatitis virus type 1 (KOS)
virus
0 > 200 20, 20, 20 > 200
5 > 200 10, 20, 20 > 200
10 > 200 4, 4, 7 > 200
20 > 200 1, 2, 2 > 200
30 > 200 1, 2, 2 > 200

#Irradiation of the exposed cultures was started immediately after virus ad-
sorption and after the compound (at various doses) had been added to the
cell cultures.

Inhibitory dose-50 or dose of compound required to reduce virus-induced cy-
topathogenicity by 50 7. The minimal toxic dose, or dose causing a micros-
copically visible alteration of cell morphology was 2 200 pg/ml, irrespec—
tive of the time of irradiation. Virus input : 100 CCIDgy (cell culture in-
fecting dose-50) per microtiter well. Viral cytopathogenicity was recorded
as soon as it reached completion in the control (infected, untreated) cell
cultures (usually at 2~ 3 days after virus inoculation). Irradiation itself
did not cause an inhibition of viral cytopathogenicity.
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bitor of vaccinia virus replication with an ID (or dose required to reduce

virus-induced cytopathogenicity by 50 Z) of 2058g/m1. Irradiation of the cell
cultures with light of 366 nm wavelength resulted in a tenfold increase in
the potency of compound i : 1.e. the ID50 decreased from 20 ug/ml to 1-2 ug/
ml after 20 minutes of light exposure.

A similar light-dependence was observed for the inhibitory effects of
compound { on the growth of murine L-1210 tumor cells (Table 2) and human
lymphoblastoid (Namalva, Raji) cells (Table 3). For the L-1210 cells the ID50
of i decreased from 80 ~90 ug/ml to 10~-20 ug/ml if the cell cultures were
exposed to light following addition of the compound (Table 2). Likewise, ir-
radiation caused a 2- to 4.5-fold decrease in the ID., of | for Namalva, Raji

- 50
and TK (thymidine-kinase deficient) Raji cells (Table 3).

Irradiation (A = 366 nm) did not markedly affect the antitumor proper-
ties of compounds that do not contain the same photoaffinity label as . For

example, the ID_, of 5-iodo-2'-deoxyuridine and 5(E)=-(2-bromovinyl)-2'-deoxy-

50
uridine for L-1210 cell growth were 250 and 30 pg/ml, respectively. Upon 10

min. irradiation, these ID_, values became 220 and 29 ug/ml, respectively.

50
Thus, the photo-activating effect cannot be attributed to a non-specific kil-
ling of the tumor cells, since it is only observed with compound 1 and not

with other nucleoside analogues.

According to the enzyme inactivation studies the mechanism of the anti-
viral and antitumor effect of i could be related to an inhibition of thymidy-
late synthetase. To evaluate the possibility that the antitumor activity of &
was due to an inhibition of thymidylate synthetase within the cell, we deter-
mined (i) the ability of dThd (deoxythymidine), relative to dUrd (deoxyuri-
dine), to reverse the inhibitory effect of { on L-1210 cell growth, and (ii)
the capacity of & to inhibit the incorporation of (6-3H)dUrd, relative to
|methzl-3H)dThd, into L-1210 cell DNA. Both parameters can be considered as
valuable indexes of thymidylate synthetase inhibition in cell culture (7). As
shown in Table 4, the antitumor activity of &, whether irradiated or not, was
not reversed by either dUrd or dThd. Neither did irradiated or non-irradiated
1 inhibit the incorporation of (6—3H)dUrd into DNA to a greater extent than
1methzl-3H]dThd incorporation. Thus, the cytotoxic action of photo-activated
} cannot simply be equated to an inhibition of thymidylate synthetase. With-
in the cell it may act by inactivating proteins other than, or in addition

to, thymidylate synthetase.

Photoaffinity labeling reagents such as that described herein should be
further pursued as potential chemotherapeutic agents in the treatment of

those cutaneous disorders that are accompanied by excessive DNA synthesis.
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Table 2
Effect of irradiation (A = 366 nm) on inhibitory activity of S5(E)-(3-azido-
styryl)-2'-deoxyuridine 5'-phosphate towards L-1210 cell growth

Time of irradiation® ID50 (pg/ml)b
(min) Exp. # | Exp. # 2 Exp. # 3

0 : 86 73 92
1 e 54

3 25

5 18 .

10 13 28 21

20 16

30 14

#Irradiation of the exposed cultures was started immediately after the cells
had been seeded (in the presence of various doses of the compound).
Inhibitory dose-50 or dose of compound required to reduce the number of 1li-
ving L-1210 cells (after a 48 hour proliferation period) by 50 Z, as compa-
red to the control irradiated cell cultures. Cell input : 40,000 cells per
cup; cell out-put (not irradiated and not treated) : approximately 400,000
cells per cup. Irradiation itself caused some inhibition of tumor cell
growth which amounted up to 4 7 after | min. irradiation, 8 7 after 3 min.

irradiation, 13 Z after 10 min. irradiation and 67 7 after 30 min. irradia-
tion.

It should be pointed out that our photoaffinity approach is fundamental-
ly different from at first glance similar photochemotherapeutic approaches
that have been previously advocated for the treatment of psoriasis (8-metho-
xypsoralen and longwave ultraviolet (365 nm) irradiation (8,9)] and herpes
simplex skin infections (proflavine or other "photodynamically" active dyes

and irradiation with longwave blue light (450 nm) (]0)). Indeed, the target

Table 3
Effect of irradiation (X = 366 nm) on inhibitory activity of 5(E)-(3-azido-
styryl)~2'-deoxyuridine 5'~phosphate towards growth of human lymphoblas-

toid cell lines

b
Time of irradiation® IDgy (ug/ml)
(min.) . =
Namalva Raji TK Raji
34 60 58
10 17 19 13

a,b .
*“For further details see footnotes to Table 2.
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Table 4
Inhibitory effects of photo (A = 366 nm)-activated 5(E)-(3~azidostyryl)-2'-
deoxyuridine 5'-phosphate on (A) L-1210 cell growth in the presence of dThd
or dUrd; (B) incorporation of (methzl—3H)dThd or (6-3H)dUrd into L-1210

cell DNA
Time of irradiation® ID (ug/ml)
. 50
(min.)
A. L-1210 cell growth in the presence of : dThd dUrd Control
(5 wg/ml)P (125 yg/ml)b
0 76 85 92
10 23 23 21
B. Incorporation into L-1210 cell DNA of : (methyl->H)dThd® (6-3H) durd®
0 19 26
10 21 32

83ee footnote to Table 2.

Maximum concentrations of dThd and dUrd which were themselves not inhibito-
Ly to L-1210 cell growth.

Incorporation measured according to previously described procedures (7).

for our photoinactivation procedure is not DNA itself, as is the case for 8-
methoxypsoralen and proflavine, but an enzyme (thymidylate synthetase) that

is involved in its biosynthesis. Additional targets could be considered,
however. It is unclear whether the photochemotherapeutic approach described
herein would be complicated by those risks (mutagenicity, carcinogenicity)
that psoralen photochemotherapy and photodynamically active dyes are confron-
ted with (11,12).

Another example of photoactivation is the increased sensitivity to short-
and long-wave ultraviolet light that results from the incorporation of 5-
bromo-2'-deoxyuridine into viral or cellular DNA (13-15). However, this ap-
proach is not used therapeutically, probably because of the risks for muta-
genicity and carcinogenicity.
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