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Abstract

Photosensitized splitting of cis-syn 1, 3-dimethyluracil dimer by tryptophan (Trp) and its peptides { Trp-Tyr and Trp-

Phe) is studied by fluorescence quenching experiments and irradiation experiments. It reveals that 1, 3-dimethyluracil dimer is mainly split

by e, resulting from two-photon ionization of Trp and its peptides under irradiation with light (A >290 nm). Moreover, the excited sin-

glet state of Trp and its peptides can transfer an electron to the dimer, which splits and gives two pyrimidines. In addition, because of its
lower oxidative potential, the excited triplet state of Trp-Tyr can also split the dimer via transfering an electron to the dimer.

Keywords:

Ultraviolet (UV) light is harmful to the biologi-
cal function of DNA. The major lesion in DNA by
this irradiation is the formation of cyclobutane pyrim-
idine dimer (CPD) which results from [2 + 2] photo-
cycloaddition between 5,6 C—C double bonds of
two adjacent pyrimidine bases in the same strand of
the DNA double helix (Scheme 1). The CPD would
induce cell death by blocking replication” and tran-
scription and result in mutation and even skin cancer.
Although the reverse photochemical reaction is sym-
metry-allowed by orbital symmetry consideration, the

CPD does not absorb UV-B light (280~315nm) sig-
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tryptophan, cyciobutane dimethyluracil dimer, DNA photoreactivation.

nificantly as it does not possess the conjugate & system
as the original pyrimidine, and thus the CPD accumu-
lates in DNA. Cells protect themselves against these
effects by eliminating these photoproducts from their
genome either by excision or by photoreactivation un-
der near UV and visible light, and the latter is cat-
alyzed by photolyase. In recent years due to concerns
about the depletion of atmosphere ozone, which is ex-
pected to increase the flux of UV irradiation at the
earth surface over the next decade, DNA repair, es-
pecially DNA photoreactivation has received height-
ened attention of chemists and biologists“’”.

Near UV-Visible
DAN photolyase

Scheme 1.

Formation of thymine dimer between two adjacent thymine bases in the same strand of DNA double helix irradiated by UV-B

light (280~ 315 nm). Reverse reaction is photoreactivation catalyzed by photolyase under UV-Vis light (300~ 500 nm).

In photoreactivation, DNA photolyase can spe-
cially recognize the damaged DNA and bind to it at
the site where the CPD is located. Under the irradia-
tion of near UV and visible light the second cofactor

of DNA photolyase as a light-harvesting antenna ab-
sorbs a photon and, by dipole-dipole interaction trans-
fers the excitation energy to the catalytic cofactor
FADH,(FADH " is the active form) which, in turn,
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transfers an electron to the CPD in DNA, the CPD
splits and back electron transfer restores the dipyrimi-
dine and the functional form of FADH, ready for a
new cycle of catalysism. In addition to energy and
electron transfer during the process of repairing, two
other photoinduced electron transfer processes have
been observed'*). First, during purification, the
catalytic cofactor FADH ™ is easily oxidized to the
catalytically inert neutral radical form, FADH . Un-
der the irradiation of white light this form can be re-
activated by electron transfer from Trp to the excited
quartet state of FADH'. Second, in the presence of
near UV light, the CPD can be split by the direct
electron transfer from a Trp in apoenzyme with high
efficiency (@ = 0. 56°). Both of these electron
transfers which play an impertant role in DNA pho-
toreactivation!®! concern Trp residues of polypeptide.
The former was called photoactivation whose in-
traprotein electron transfer has been observed direct-
ly[7'8]. In contrast, relatively little knowledge is ob-
tained for the latter. The present work is aimed at in-
vestigating the splitting mechanism of the CPD by
protein enzyme based on the photosensitized splitting
of cis-syn 1, 3-dimethyluracil dimer by Trp and its
peptides (Trp-Tyr and Trp-Phe).

1 Material and methods
1.1 Material

Trp, Trp-Tyr and Trp-Phe were purchased from
Sigma Chemical Co. and used without further purifi-
cation. Uracil was obtained from Shanghai Chemical
Co. (China) and used as received. Other reagents
were commercially available and were used after re-
crystallized or redistilled twice.

1.2 Equipment

UV-Vis spectra were measured on a Lambda
Bio20 UV/VIS spectrometer using a 10 mm path
length quartz cell. Fluoresence emission spectra were
measured on a 970R fluoresence
(Shanghai Analysis Instrument Co.). Cyclic voltam-
mography was performed by a BAS CV-27 Voltam-
mograph using a Hg/Hg,Cl, electrode (SCE) as a ref-
erence with tatraethylammonium perchlorate as sup-
porting electrolyte.

spectrometer

1.3 Preparation of 1, 3-dimethyluracil (DMU)

Methyl sulfate was dipped into the alkaline aque-
ous solution containing uracil at 0 T, then heated to

boiling, extracted with chloroform. After removing
the solvent by rotary evaporation, the product was
purified through recrystallizing in ethanol.

1. 4 Preparation of 1, 3-dimethyluracil dimer
(DMUD)

The solution containing DMU and acetone was
placed in a Pyrex reactor ( >290 nm), bubbled with
high purity nitrogen (99.99% ), and irradiated with
a 300 W high pressure Hg lamp until DMU was de-
pleted. Then the solvent was removed by rotary evap-
oration, and the residue was isolated by elution using
6:1 EtOAc/ petroleum ether with a silica gel column,
which produced four DMT dimers (Scheme 2), cis-
syn, cis-anti, trans-syn and trans-anti, whose per-
centages were 48%, 26%, 16% and 10% respec-
tively.
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Scheme 2.

Structures of the isomeric 1, 3-dimethyluracil dimers.

1.5 Fluorescence quenching experiment and irradia-
tion experiment

All samples were prepared in triply distilled wa-
ter and buffered with phosphate buffer ( Na,HPO,-
KH,PO,) at pH 7.0, and deaerated by high purity
nitrogen (99.99% ), oxygen (99.99%) or nitrous
oxide (99.99% ), bubbling for 15 min before experi-
ment. All experiments were performed at room tem-
perature.

As the molar extinction of DMU at 266 nm (e =
11500 dm®*mol "*-em™!) is much stronger than that
of DMUD (& =750 dm®*mol " '+cm™!) (Fig. 1), the
absorbance at 266 nm will increase when DMUD
splits to give DMU. Hence, the splitting extent of
DMUD can be evaluated by the absorbance change at
266 nm, and the absorbance change can be trans-
formed to a concentration of DMU in solution. For
example, if 4 X 1073 mol*dm > DMUD totally splits
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to give 8 X 10 ™ mol* dm 3 DMU, the change of ab-
sorbance at 266 nm will be AA ;4 = 11500 X 0. 08 X
107°X1-750%0.04x1073X1=0.89. According
to this, the splitting extent of DMUD can be calculat-
ed. In Fig. 2 the splitting percentage of DMUD is
42 % after irradiating for 2 h.
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Fig. 1. UV absorption spectra of 1 X 10 ™% mol*dm ~? dimethylu-
racil (DMU) and dimethyluracil dimer (DMUD) in water.
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Fig. 2. UV absorption spectra of 4 X 10”° mol*dm~? DMUD in

the presence of 1 X 10~ * mol*dm ™3 Trp deaerated aqueous solution
(pH 7.0) before and after irradiation for 2 h.

2 Results and discussion
2.1 Fluorescence quenching experiment

Upon the excitation of 295 nm fluorescence
quenching of the sensitizers, 1 X 107> mol * dm ™3
Trp, Trp-Tyr and Trp-Phe, by DMUD at different
concentration, no absorption at wavelength above
290 nm was detected. The K., values were obtained
from the slopes of Stern-Volmer plots (Fig. 3) and
listed in Table 1. The quenching effect of Trp and its
peptides by DMUD shows an order of Trp-Phe> Trp
> Trp-Tyr. Furthermore, the result showed that
compared to nitrogen, there is only a little decrease
(1% ) in fluorescence intensity as saturated by oxygen
and no difference in the presence of air. The fluores-

cence quenching extent can also be obtained from
Ref.[9]. In aqueous solution the value of quenching
rate constant &k, of Trp by oxygen is 5.9 X 10° mol !+
dm®+s ™! and that of fluorescence lifetime z,is 2.5 ns.
And at 25 C the values of oxygen concentration in
water at 1 atm and 0. 21 atm partial pressure are
1.27%1073 mol*dm™ and 2.7 X 10 "% mol-dm™*
respectively. According to Stern-Volmer equation in
the presence of oxygen, (Fo— F)/F=k,tq[Q]=
0.019, while in the presence of air, (Fy— F)/F =
0.004. This result is in agreement with that of ex-
periment.
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Fig. 3. Stern-Volmer analysis for fluorescence of Trp(0), Trp-
Tyr({J) and Trp-Phe (A) in water {(pH 7. 0) quenching by
DMUD.

UV absorption spectrum indicated that the sin-
glet excited energy of DMUD (~420kJ*mol ') was
more than that of Trp (399 kJ*mol!). On the basis
of energetic ground, energy transfer (singlet, triplet)
mechanisms can be excluded in the splitting reac-
tions. Therefore, DMUD quenched the fluorescence
of Trp through electron transfer mechanism and it
was split at the same timel'®). The reaction can be
presented by

"Trp* + DMUD —>!(Trp—DMUD) *
—(Trp’'"—  'DMUD)
—(Trp'"— " 'DMU-DMU)
—>Trp+ DMU + DMU

2.2 Irradiation experiment

The solution containing 2 X 10~* mol * dm ™3
DMUD and 5 X 10™* mol * dm™* Trp, Trp-Tyr or
TrpPhe (pH 7.0) was placed in the Pyrex tube
(=290 nm), each was bubbled with nitrogen, oxy-
gen and nitrous oxide respectively, then irradiated
with a 300 W high pressure Hg lamp. The absorbance
at wavelength 266 nm was measured at regular inter-
vals.
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Ditferent gases exert different effects on the pho-
toreactivation. Nitrogen is an inert gas that will not
react with the reactive intermediates of the photoreac-
tivation. At 0.21 atm pressure the concentration of
oxygen in the aqueous solution is 2. 7 X 10 ™% mo] *
dm 3"V which will quench the excited triplet effec-
tively and give reactive singlet oxygen. Moreover, it
can react with hydrated electron (e, ) at high con-
stant rate (£=1.9 X 10 dm®-mol 1.5~ 1]y Nj-
trous oxide, an electron scavenger, can change an €.
to a hydroxyl radical ‘OH. In the nitrous oxide satu-
rated solution (2.5 %X 102 mol + dm™?), more than
98% of hydrated electrons are converted into "OH by
nitrous oxide (& (e,, + N;O)=9.1x10° dm®*mol !
s™!). In the presence of t-BuOH, ‘OH reacts with t-
BuOH and then converted into the nonreactive radical
"CH;(CH;),COH. The reaction can be presented by

€y T N;O+H,0—>N, + 'OH+OH~ (1)
"OH + t-BuOH —>H,0 + "CH,C(OH) (CHj;),
(2)

Under the irradiation at wavelength above
290 nm no photoreaction occurs for Trp and its pep-
tides. In experiment, after irradiation for 2 h the UV
spectrum of the solution containing Trp which was
placed in the Pyrex tube and saturated with nitrogen
gave no difference, while Trp-Tyr and Trp-Phe only
had a little change.

2.2.1 Photosensitized splitting of DMUD by Trp
and Trp-Phe Fig. 4 is the change of splitting per-
centage of the solution containing DMUD and Trp
with irradiating time in three systems: nitrogen, air
and nitrous oxide. It indicates that the splitting per-
centage of the system saturated with nitrogen is much
higher than that of the other two systems. While the
splitting percentage of the system saturated with air is
similar to that of nitrous oxide. This result is in a-
greement with that of the solution containing DMUD
and Trp-Phe (Fig. 5). Based on the above result we
conclude that DMUD could be split by e,, efficiently.

In Egs. (3) and (4) DMU-DMU" ~ is a DMU molec-
ule and a DMU radical anion linked with C6-C’6
bond. The splitting reaction of DMUD and €, i5 a
very fast process whose rate constant is diffusion con-
trolled ( ~ 10 dm®+mol ! -5~z
ea; + DMUD —DMUD ~——DMU - DMU "~
(3)

1) All data in this section were obtained at 25 T .

DMU-DMU" ™ + DMUD

—>2DMU+ DMU -DMU" - (4)
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Fig. 4. The change of splitting percentage of 2X 10 * mol*dm ™3
DMUD in water (pH 7.0) in the presence of 5 X 10 ¢ mol * dm ™3
Trp with irradiation time.

50
[ —o—Trp-Phe/N,

—4— Trp-Phe / Air
40 —— Trp-Phe / NZO/o

301

Splitting percentage of DMUD

Irradiation time (min)

Fig. 5. The change of splitting percentage of 2 X 10 ™ mol+dm~?
DMUD in water {pH 7.0) in the presence of 5X 10 " mol - dm "3
Trp-Phe with irradiation time.

However, because the energy of a photon at
wavelengh above 290 nm (<{4.3 eV) is not high e-
nough to make Trp (Ein =4.5eVIPBy and its pep-
tide ionize, there is only two-photon ionization left.
According to the fluorescence lifetime of Trp
(2.5 ns), it is impossible to lead to two-photo ioniza-
tion through excited singlet pathway. Moreover, if
singlet pathway exists, the splitting percentage of ni-
trous oxide saturated system will be higher than that
of air in which oxygen will quench "Trp*. But the
result of experiment showed that the splitting per-
centage is higher than or near to the air’s. So ea_q is
the resulting product of two-photon  ionization
through excited triplet pathway. In air saturated sys-
tem oxygen can quench >Trp* efficiently as soon as it
is created. Therefore, in air and nitrous oxide satu-
rated systems it is excited singlet state of Trp and its
peptide (S) that transfer an electron to DMUD and
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make it split.

hv(>290 nm I1SC
) g™ »3g* (5)
. hv(>290 nm) _
’S >S+e, (6)
’$* +0, —>S+'0, (7)

Under the irradiation of a low intensity light the
same experiment was performed. It indicated that the
splitting percentages of three systems were similar to
each other (Figs. 4 and 5). This result further con-
firmed that ea; results from two-photon ionization
through excited triplet pathway and only excited sin-
glet state of Trp and its peptide could split DMUD by
transfering an electron to DMUD because two-photon
ionization hardly occurs under a low intensity of
light.

2.2.2 Photosensitized splitting of DMUD by Trp-
Tyr The splitting percentage of DMUD by Trp-
Tyr saturated with nitrous oxide was between that of
nitrogen and air saturated systems (Fig.6). This re-
sult is different from that of Trp and Trp-Phe.
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Fig. 6. The change of splitting percentage of 2 X 10 ~# mol+dm ™3
DMUD in water (pH 7.0) in the presence of 5% 10~ * mol* dm ™2
Trp-Tyr with irradiation time.

Moreover, the free energy changes (AGsg,
AGrt) of these supposed electron transfer reactions
from excited singlet and triplet of sensitizers Trp,
Trp-Phe and Trp-Tyr to DMUD were calculated ac-
cording to Rehm-Weller equation (Eq. 8). The re-
ductive potential for DMUD (E,4) is —2.3V (ws.
SCE) and the lowest energy level of excited singlet
and triplet Trp are 399 kJ *mol ™!, 298 kJ* mol ! re-
spectively. Calculated AG values are listed in Table
1. It shows that both the excited singlet state of Trp
and its peptides can transfer an electron to the dimer
and make it split. In addition, only the triplet state
of Trp residue (*Trp-*) of Trp-Tyr can split the
dimer via transfering an electron to DMUD. Based on

the above result, we conclude that in the system satu-
rated with nitrous oxide and due to the photosensi-
tized splitting by >Trp” -Tyr, the splitting percentage
is between that of nitrogen and air.

AG = 96.5(E — E.4) — AEq (8)

Table 1.
electron transfer reaction from excited Trp, Trp-Phe and Trp-Tyr to
DMUD

Calculated free energy change and the rate constant for the

Kgy E.® AGSY AGY
Compounds 21 1 1
m™hH (V) (kJ*mol™")  (kJ:mol™!)
Trp 72 0.78 -102 ~0
Trp-Phe 93 0.82 -98 +3
Trp-Tyr 59 0.67 -112 -11

a) From Ref.[14].
b) The excited singlet and triplet energy of Trp (AE, () were used
in all AGsand AGr calculation.

3 Conclusion

From above results and discussion we could con-
clude the photosensitized splitting pathway of DMUD
by Trp and its peptides (Scheme 3) as the following:

(i) Under the irradiation of a high intensity light
DMUD is mainly split by ea_q resulting from two-pho-
ton ionization of Trp and its peptides. Besides this,
the excited singlet state of Trp and its peptides can
transfer an electron to the dimer and make it split.
Under the irradiation of a low intensity light only the
latter exists.

(ii) Owing to the lowest oxidative potential the
excited triplet state of Trp-Tyr can also split DMUD
via transfering an electron to the dimer.

S
lhv( > 290 nm)

IS* —» S+DMU+DMU

1 ISC DMUD +DMU+DMU
DMUD’------ 3§* - -- - S+DMU+DMU
lhv ( > 290 nm)
DMUD
s+
N

¢4 —» DMUD"— DMU-DMUD-

Scheme 3. Reaction pathway of photosensitized splitting of
DMUD by Trp, Trp-Phe and Trp-Tyr. — only for Trp-Tyr.

In DNA photolyase the residue Trp?” is proxi-
mate to the proposed substrate binding site, which
makes the distance become shorter between donor and

acceptorm, the excited singlet state of Trp®’’ splits
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the dimer by electron transfer with a high efficiency
under the irradiation of UV light. In contrast, anoth-
er DNA repair mechanism, excision repair existing in
humans is light-independent. Endonuclease V which
functions in the removal of the UV-induced pyrimi-
dine dimer photoproducts has a binding site involving
a Trp—Tyr—Lys—Tyr-Tyr“sJ sequence. So we infer
that endonuclease V would possess light-repair func-
tion for the pyrimidine dimer under UV light, besides
its excision repair function.
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