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We lhave previously shown by emission spectroscopy that energy transfer 
may occur in dinucfeotides (HEENE, KOUZOU and MICHKLSCN 1965,1.966). We 

wish to .report results on the phosphorescence at 77’K of frozen aqueous 

mixtures of nucleosides or derivatives which show that : 

I) aggregates are formed in the freezing of aqueous solutions, 

2) triplet-triplet energy transfer may occur in mixed aggregates but 

proton transfer is not implied as shown by studies of methylated derivati- 

ves, 

3) hydrogen bond formation between two derivatives leads to emission 

quenching. 

These results strongly suggest that the U.V.-induced triplet state in 

DNA (RAHN, SHULMAN and LONGMORTH, 1965) is that of thymine reached by triplet- 

triplet energy transfer. 

M@EIALSANDMETHODS. 

The nucleosides were purchased frau either SIGMA or CALBIOCHEM. j-methyl- 

thymidine (MT) and I-methyl-N4-acetyl-cytosine (Ace) were synthesized by Drs 

A.M. MICHELSON and F.PCtlHON who are gratefully acknowledged. I,3 dimethyl- 

uracil (DE) and I,3 dimethylthymine (DMT) were prepared by action of dime- 

thylsulfate on uracil and thymine respectively, according to DAVIDSON and 

BAUMSH (1926). They were recrystallized frcxn acetone + petroleum ether. 

Eission measurements were carried out with an AMINCO-KKIRS spectrophospho- 
rimeter. Phosphorescence decay-times were measured with a TEKTHONIK oscillos- 

copeequtppeduith a polaroSd cemera. 

RESULTS. 
I*)1 Aggregate formation in frozen aqueous solutions at 7'7.K. 

In the freezing of an aqueous solution , it has been supposed that 

solute molecules are excluded from the ice crystal and form aggregates. 
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This has been proposed to explain some ionic reactions (BRBICE and BUTLER 1965), 

dipolar broadening of electron-spin resonance spectra (ROSS 1965) as well as 

photodimerization (WANG 1961, 1965) in frozen aqueous solutions. Molecular in- 

teractions generally quench the phosphorescence in aggregates ( STERNIICHT, 

RIBRAN and ROBINSON 1963). In agreement with this, the phosphorescence of fro- 

zen aqueous solutions of purine, adenosine and guanosine is very weak compared 

to nonaqueous solutions (at the same concentration). Aggregates may be destroyed 

by addition of salts (BRUICE and BUTLER 1965) or organic solvents like ethanol 

or glycerol (WANG 1965) before freezing of aqueous solutions. 

Addition of 1% ethanol to an aqueous solution of purine before cooling 

leads to a twenty-fold increase of the phosphorescence intensity at 77’K, com- 
pared to the pure aqueous solution. At the ssme time, a blue-shift of both 

excitation and phosphorescence spectra is observed whereas the triplet-state 

lifetime slightly increases (fram 1,6s to 1,8s). Further addition of ethanol 

(up to 75%) only leads to very slight modifications of the phosphorescence 

characteristics. 

Similar results are obtained with frozen aqueous solutions of purine nucle- 

osides although the phosphorescence enhancement by ethanol is lowertkanuithpurti 

(three times and four times for adenosine and guanosine respectively). Addition 

of NaCl (O,!jM) to aqueous solutions beforefreezing leads to similar results. The 

phosphorescence enhancewent is higher than with ethanol (six and ten times for 

adenosine and guanosine, respectively). 

All these results suggest that aggregates are formed in the freezing of 

aqueous solutions. When ethanol or NaCl is added, it is likely that ethanol mole- 

cules or solvated cations would be excluded from the water crystal together with 

solute molecules and lead to destNction of aggregates and hydrogen-bond forma- 

tion. The consequences would be both a phosphorescence enhancement and spectral 

shifts as has been indeed observed. Hydrogen-bond formation has been already 

proposed to explain the enhancement of benzophenone phosphorescence in hydrocar- 

bon glass at 77'K by addition of ethanol (RICBTOL and KLAPPM&R 1964). 

2.) RnerKY-transfer in frozen aaueous solutions of nucleic acids derivatives 
when an equimolecular aqueous mixture of adenosine and thy&dine is cooled 

down to 77'K, the phosphorescence characteristics ( 1 I 470 mr ;t=O,Zls) 

are completely different fran those of adenosine ( AZ= 435mv; c= ~,3~). 

The ph~s~~~=mms of the equimolecular mixtures A + T, G + T, ACC + T, c + T 

me near4 identical (table I). These results clearly show that t-dine is 

the phosphorescent site. A very weak phosphorescence (1~ = f+7ch1+4 ) may be 

detected in concentrated (10-Z M) aqueous solutions of thymidine at 77~. in 

enhancement of the phosphorescence intensity and a shift of the phosphores- 
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TAIxLeI : (Characteristic data (lifetimecand x max.) of the phosphores- 
lcence at 77.K of nucleic acids derivatifes and of frozen 
<aqueous mixtures. 

Adenosine (A) 
(H20) 

z Xmax. T; Lax. 
5) bnr: (s) (mr) 

2,3 435 A+ T (l'l) (5.10-3 M) 0,21 470 

Guanosine (G) 
0-V) 

Uridine (U) (A.H.)(a) 

Thymidine (T) 
(A.H.)@) 

T (1:l) 
II .,.10-4 M) 0,21 475 

$5 415 k +MT 4 1:l) 0,26 465 
(5.10- M) 

0,4 445 Ac- (l:l) (5.10-4 M) o,u, 465 

3-methylthymidine (MT) 
(A.H.)(~) 

1,3-dimethylthymine (IMT) 

0,6 450 * +IBn (lzl) 
(5.10-3 H) o,3 470 

(A.H. or water + 10% ethanol) 
o,5 455 AcC+DMT (1:l) 

(5.10-4 M) OS3 465 

(i) the phosphorescence of 
"St 

idine may be obtained with concentrated 
aqueous solutions (5.10- M). 

(2) A.H. is smmonium hydroxide 1N. 

cence spectrum are observed in alkaline solutions (Amax = 445 my ; 2 = 0,4s; 
at pH~11,6 measured at room temperature). In these conditions, thymidine has 

lost its N3 proton (pK=9,6). However, 3-methylthymidine (MT) and 1,3-dimethyl- 

thymine (KJMT) which cannot loose a proton have a similar behaviour. Moreover, 

the very weak phosphorescence of the thymine derivatives (T,MT and IBE!) in 

frozen aqueous solutions is also enhanced by addition of either 10% ethanol 

or 0,5 M NaCl (table l).On the other hand, the absorption maximum of T is not 

modified by loosing the 3 proton. Only a decrease of the molar extinction 

coefficient (i.e. the singlet-singlet transition probability) is observed. Thus, 

the loss of the N3 proton may increase the singlet-triplet intersystem crossing 

probability without modification of the triplet-state characteristics. 

In every one of the following equimolecular mixtures : A + T, A + MT, 

A + UMT, AcC + T, AcC -I- MT, AcC + EMT, the phosphorescence is similar to that 

of the thymine derivative (table 1). These results clearly show that neither 

hydrogen bonding nor proton transfer are a prerequisite for the observation of 

the thymine triplet-state. 
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FQureI: Uncorrected excitation (E) and phosphorescence (P) spectra of 

AcC (1) and mixtures of AcC and T in the concentration ratios 1O:l (2) and 

1:l (3). The concentration of AcC is the same (5.10'&) in the three cases. 

The relative intensity (I) units are in the ratios 10 : 2,5 : 1 for 1 : 2 : : 

respectively. Frozen aqueous solutions at n K . 

Moreover the excitation spectra of AcC and mixtures of AcC with the thy- 

mine derivatives are practically identical (figure 1). AcC may be selectively 

excited at 310 my, at which wavelength the thymine derivatives do not absorb 

light. Therefore, triplet-triplet energy transfer can only explain the appea- 

rance of the thymine phosphorescence. 

No energy transfer is to be detected in the mkture of 5-brcmocytidine 

(EkC) and thymidine (If) because the triplet state of &C has an energy lower 

than that of T (HELENE et al. 1965). The behaviour of uracil derivatives may 

be ccmpared to that of the thymine derivatives. The phosphorescence of G, AcC, 

A are quenched by addition of either uridine (U) or 1,3-dimethyluracil (DMU). 

Singlet-singlet energy transfer from G or AcC to U is ruled out by the fact tha 

the energy of the first excited singlet state of G or AcC is lower than that of 

U. Thus triplet-triplet energy transfer must occur.The triplet-state of the 

uracil derivatives may be detected in water + 1% ethanol or in slksline solu- 

tions ( aa for the thymiue derivatives) (table I). 

The energy of the lowest triplet-state of T is lower than that of the 

lowest triplet-state of U. That difference as well as the great spin-spin inter 

eation measured by electron-spin resonance (RAHN et al. 1965) (HELDIE and SANTU 
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unpublished results) strongly suggest that the triplet is localized in the neigh- 

bourhood of the 5-6 double bond. 

3') Hsogen-bonded complexes between two derivatives in frozen aqueous 

solutions. 

The phosphorescence and the fluorescence of AcC (5-10m4 M) at 77°K are 

rapidly quenched by small amounts of guanosine. No sensitized phosphorescence 

of G may be observed. Since the first excited singlet state of A& has an 

energy lower than that of G, singlet-singlet energy transfer from AcC to G is 

ruled out. The quenching may be explained by the formation of hydrogen-bonded 

pairs. 

The high quenching yield of AcC luminescence by G,uhen the concentration 

ratio G : AcC is less than O,l,is probably the result of energy delocalization 

in the aggregates in which the hydrogen-bonaed pairs act as energy-sinks. BrC 

and G seem to form hydrogen-bonded pairs too. Similar results have been already 

obtained with mixtures of carbazole and acridine (EL-BAYOUMI and K~s~A,1961) and 

the emission quenching of carbazole explained by exciton interaction in hydrogen- 

bonded complexes. 

UISCUSSION. 
The triplet-state energy of nucleic acids derivatives in frozen aqueous 

solutions (aggregates) may be deduced from the phosphorescence spectra and 

triplet-triplet energy transfer studies. It decreases in the order : 

C, AcC, G>A>U>T,BrC 

When aggregates are destroyed and hydrogen-bonds formed by addition of ethanol, 

the phosphorescence spectra shift towards shorter wavelengths. The smaller shift 

is that of cytidine. In these conditions, the triplet-state energy decreases as 

follows : 

AcC>G>A>C,U)T>EW 

Among the 4 nucleotides of DNA, T has the lowest triplet-state energy what- 

ever the conditions. The triplet-state of thymidine may be populated enough by 

triplet-triplet energy transfer as to record its phosphorescence. It is quite 

possible that the U.V.-induced triplet-state of both poly dAT and KNA would be 

that of thymidine reached by such a transfer rather than that of ionized thymi- 

dine as suggested by RAID et al. (1965). Furthermore the influence of parsmagne- 

tic metal ions on both photodimerization of thymine (BEREM& 1961) and U.V. 

induced radicals at 77.9 in thymine and L?NA (PERSAN et al. 1964) suggest that 
these two photochemical processes occur via the triplet-state of thymine. It has 

been shonn that the thymine triplet-state may be reached by triplet-triplet 

energy-transfer. It is likely, therefore, that thymine should be the preferred 
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site of U.V.-induced damages in D.N.A. . 

above hypothesis. 

BIOPHYSICAL RESEARCH COMMUNICATIONS 

Work is non in progress to test the 
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