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Abstract:
Guanine and several derivatives undergo photochemistry in glycol-water glasses, below -100°C. The
photochemistry can be sensitized with light of ?'s > 300 nm when acetone is added. The product is not
photoreversible, and the molar extinction coefficients are 19.4xl03, 3.7xl03, and 8.3x103 at 225 nm,
265 nm, and 305 nm maxima. The product fluorescence maximum is at 418 nm. The fluorescence yield
is 0.35 at -112°C in the 7:3 glycol-water glass. The photochemical quantum yield is 2% exciting at
GMP's absorption maximum, and increases to more than 4% when exciting at ?'s > 285 nm.
Wavelength dependent effects are seen for the luminescence yields of the derivatives studied. Cu2+,
Co2+, and Ni2+ show evidence for com-plexation with GMP in the absorption and severely reduce the
photochemical and luminescence yields.

The product reverts to the parent compound when warmed rapidly to room temperature. If the product
is warmed slowly in the -85°C to -74°C region, a conversion to a stable product with a 360 nm
fluorescence maximum results. At warmer temperatures, ~-70°C, only the stable product is produced.
The 360 nm fluorescent product can be photosensitized at room temperature via acetone, even in
t-RNA.

A photophysical, photochemical study of GMP containing dinucleotides was made. F, 3t, and rate
studies indicated that: singlet electronic transfer in CpG and dpGpT is efficient; GpA, GpU, and GpC
are partially in the form of exciplexes and the exciplexes intersystem cross as the nucleotide with the
lower energy singlet. Photochemical and luminescence yields in ApG and GpA are nearly that of GMP,
but are much less in CpG, GpC, UpG, and GpU. 
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ABSTRACT

Guanine and several derivatives undergo photochemis­
try in glycol-water glasses, below -100°C. The photochem­
istry can be sensitized with light of A's > 30.0 nm when 
acetone is added. The product is not photoreversible, and 
the molar extinction coefficients are 19.4xl03, 3.TxlO3, 
and 8.3x103 at 225 nm, 265 nm, and 305 nm maxima. The 
product fluorescence maximum is at 418 nm. The fluores­
cence yield is 0.35 at -112°C in the 7:3 glycol-water 
glass. The photochemical quantum yield is 2% exciting at 
GMP's absorption maximum, and increases to more than 4% 
when exciting at A's > 285 nm. Wavelength dependent ef­
fects are seen for the luminescenceyields of the deriva­
tives studied. Cu^+ , Co^+ , and Ni^ show evidence for com- 
plexation with GMP in the absorption and severely reduce the 
photochemical and luminescence yields.

The product reverts to the parent compound when 
warmed rapidly to room temperature. If the product is 
warmed slowly in the -85°C to -74°C region, a conversion 
to a stable product with a 360 nm fluorescence maximum re­
sults. At warmer temperatures, ~-70°C, only the stable 
product is produced. The 360 nm fluorescent product can 
be photosensitized at room temperature via acetone, even 
in t-RNA.

A photophysical, photochemical study of GMP contain­
ing dinucleotides was made. $, 3t , and rate studies indi­
cated that: singlet electronic transfer in CpG and dpGpT
is efficient; GpA, GpU, and GpC are partially in the form 
of exciplexes and the exciplexes intersystem cross as the 
nucleotide with the lower energy singlet. Photochemical 
and luminescence yields in ApG and GpA are nearly that of 
GMP, but are much less in CpG, GpC, UpG, and GpU.



INTRODUCTION

The Molecules

The chromophores responsible for photophysical and 

photochemical effects in GMP and GMP.containing dinucleo­

tides are the nucleic bases. What are thought tti be the 

principle tautomeric forms are shown below, along, with the 

numbering systems used for the bases, depending on whether 

they are purine or pyrimidine derivatives.

Purines.
Adenine Guanine

Pyrimidines.

Cytosine Thymine Uracil

C 'NI'
H

N "
HH



. . .-2 • '
In the form of a nucleoside, there is a substitution 

at the 9 position in the purines, and at the I position in 

the pyrmidines. The substituting group is ribose in the 

case of a ribonucleoside; or it is deoxyribose in the case 

of a deoxyribonucleoside. The substitution is by a glyco­

side linkage at the I' position of the sugar. Adenosine, 

guanosihe, cytidine, thymidine, and uridine are the terms 

applied to the ribonucleosides. Deoxyribonucleosides have 

the prefix deoxy added to the terms used for the ribo­
nucleosides.

Nucleotides are the sugar-O-phosphate esters of the 

nucleosides, with substitution at the 2', 3', 5' positions 

possible in ribosides, and substitution at the 3' and 5' 

positions in the deoxyribosides.; Adenosine monophosphate 

is abbreviated AMP, and similar abbreviations apply to the 

other nucleotides: GMP, CMP, TMP, and UMP. Since TMP ex­

ists only as the derivative of a deoxyribonucleoside, it is 

understood to be such. dAMP, dGMP, and dCMP designate the 

deoxynucleotides of adenosine, guanosine, and cytidine.

UMP does not exist in a deoxy form.

A short segment of a nucleic acid polymer may be 

made' by the formation of two sugar-O-phosphate ester, bonds 

with two nucleosides and one phosphate. A molecule of this



3

type, such as adenyl, 3', 5' guanylate', is abbreviated to 

ApG(3", 5'). The conformation in a dinucleotide is be­

lieved to be similar to that of the Watson-Crick geometry 

for a nucleic acid polymer. Crystal structures have been 

determined for two dinucleotides, ApU (I) and GpC (2).

Principles of Photophysics

The basic elements of the principles, which are be­

lieved to govern photbphysical processes, can be expressed 

in terms of a kinetic scheme portrayed on an energy level 

diagram. Such a diagram, commonly referred to as a 

Jablonski diagram, is shown in Figure I,

In the diagram, the vertical transitions of in­

creasing energy are representative of absorption events 

related to a change in vibrational-electronic energy states 

The absorption intensity is related to two considerations; 

I) the degree of interaction of the light wave with the 

molecule, and 2) the population differences between the 

initial and final states.

Experimentally, the transmitted intensity at a given 

energy of excitation is observed tO be governed by; the 

concentration of the molecules in the medium, the distance 

of penetration of the light wave into the absorbing medium,
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Figure I. Jablonski diagram for widely separated chroma- 
phores. Straight vertical lines depict radi­
ative processes. Wavy lines represent non- 
radiative processes. Dark horizontal lines 
represent electronic state energy minima. 
Lighter horizontal lines represent combined 
vibrational-electronic states.
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and a constant characteristic of the absorbing molecule. 

The expression relating these effects is

I(x) = I0K T ccx

where I(x) = the intensity of the light at distance x in 

the medium,

, Io = the intensity of the light just as it enters 

the medium,

c = concentration of the absorbing molecules in 

moles per liter,

, =  a constant related to the degree of inter­

action of the molecule, with the light wave 

being absorbed, and given the name molar ex­

tinction coefficient.

The intensity of the absorbed light, Iab, is the 

difference between the intensities of, the incident light 

In, and the light at distance x I ( x ) , so • that

■ '„l “ t :
. . = I1 (I - ICTs e x ). ■
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Iab is observed to vary as the energy of excitation 

is varied, when I0, c, and x are held constant. Therefore, 

<£. can only be considered a constant for a given excitation 
energy.

The variation of <£. with energy of excitation in the 

visible and UV regions of the spectrum is approximately a 

series of gaussian shaped curves, with varying degrees of 

overlap, beginning at the minimum excitation energy for ab­

sorption, and continuing to point where <£ becomes a con­

stant, indicating photodissociation. . Molecules in the 

vapor phase, and some molecules in condensed media, show 

additional fine structure in the electronic absorption 

bands, whose energy spacings are of the nature of vibra­

tional transitions. However, many complex molecules in 

solution, and at room temperature,.display smooth unstruc­

tured bands with band.widths of from 3,000 cm-"*" to 10,000 

cm "*". These individual bands are considered to be the re­

sult of transitions between the spin-paired ground energy 

state 0S , and some higher spin-paired electronic state nS. 

The variation in intensity across a particular band is at­

tributed to a variation in."overlap" between the lowest 

vibronic state of the ground electronic state and the vi- 

bronic states of some higher energy electronic state. The
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value of <£, at its maximum. within an electronic band is 

found to vary by many orders of magnitude (10° to 10s).

This variation is thought to be the result of. certain se­

lection rules which apply to an electronic transition; for 

example, transitions between states of different spin are 

not "allowed", nor would the transition between two states 

with a zero value of the integral <ijj' | Zq . r . jijj > beI i X I. 2
allowed.

The time required for an electronic transition must

be near that of the oscillation period of the light wave
15inducing the transition, ~10~ seconds.,

Once a molecule reaches a higher electronic state, 

it does not remain there indefinitely but relaxes to the 

0S state, after a time interval dependent on the individual 

molecule and the degree of external perturbation.

Most often, the vibronic state reached on excitation 

is some higher vibrational level of the nS. As, with only 

a few known exceptions, the observed relaxation processes 

of the spin-paired nS states take place only from the low­

est vibrational level of 1S, the dissipation of energy in 

excess of 1S must be more rapid than a process such as the 

re-emission of the light. Rentzepis, by an elegant tech­

nique using laser excitation, was able to observe a
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vibration relaxation time of 20 picoseconds (10-^2 sec.) 

for an excited vibronic state of benzophenone (3). The 

rates of vibrational cascade, k , and (nS n~1S) of

other molecules may also be of the order of 1011 - Io13
-I ...sec . The invariance of observable relaxation processes 

■with excitation energy is commonly referred to as Kasha's 
rule. '

The depopulation of lowest vibrational.level. 1S 

state occurs via three pathways: I) emission to some vi­

brational level of 0S (fluorescence) at a rate. .kf (IO6 - 

IO9 sec ); 2) nonradiative isoenergetic transfer to a 

spin-unpaired triplet state, 1T, (intersystem crossing) at 

a rate, lkISC (10? - IO9 sec "*"); and 3) nonradiative iso­

energetic transfer to a highly excited vibrational level of 

0S with retention of paired spin-state (internal conversion) 

at a rate k (10? - 10? sec ^).

The idea of invariance, of the fluorescing state with 

excitation energy has its basis in three experimental ob­

servations: I) the highest energy fluorescence seen is

very close to the lowest possible absorption energy, 2) the 

shape of the fluorescence band is not dependent on excita­

tion energy, and 3) the intensity of fluorescence at any
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one point in the fluorescence band is directly proportional 

to the <£ values at varying excitation energies.

Additionally, from I) above, the energy of the tran­
sition of minimum energy absorption and maximum energy 

fluorescence should be located at the intersection of the 

absorption and fluorescence bands (0-0 energy). ■ From 2) 

above, since the shape of the fluorescence band for a par­

ticular species is not dependent on excitation energy, an . 

observed variance is evidence of more than one species, 

thus providing a test for fluorescent impurities. From 3) 

above, by monitoring the fluorescence intensity at any 

given point in the fluorescence band, and then varying the 

excitation wavelength across the absorption band, what 

should be observed is a fluorescence intensity variation 

exactly parallel to the varying ^  (^ex) , i.e.’, the absorp­

tion band shape should be reproduced.

While the. basic features ,of absorption and fluores­

cence of molecules can be understood by an extension of 

Einstein's treatment of transitions in atom's (see Birks 

(4)), nonradiative deactivation processes such as. internal 

conversion and intersystem crossing are the objects,of. in­

tensive . theoretical consideration. , Nonradiative internal 

conversion from 1S is often minor, and is thought to be so
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because of the relatively large energy separation (i-8 eV) 

between 0S and 1S. However, in some cases (such as for the 

molecules being examined for this work), it.is the dominant 

deactivation pathway even though the 0S - 1S energy sepa­

ration is quite large (>7 eV for the nucleic acids). Ih- 

tersystem crossing is formally forbidden by the selection 

rules, but is thought to be partially allowed by a quantum 

mechanical spin-orbit coupling of the 1S and 1T states.

The spin-unpaired triplet, state, 1T, once populated 

by nonradiative intersystem crossing (the radiative ISC is 

even more "forbidden") undergoes, relaxation processes simi­

lar to those of the 1S state, except due to the forbidden

nature of decay to the ground 0S state, the radiative proc-
— 2 —1ess (phosphorescence) has a rate, k ., (10 - 10 sec ) that

is much less than kp , so that is,observed only when the 

nonradiative deactivation rate, '3k^S(̂ , is reduced substan­

tially. Experimentally, this, is1 achieved by immersing the 

molecules in a low temperature matrix. As indicated in the 

diagram, phosphorescence ensues at a lower energy:than does 

fluorescence.

Two additional experimental parameters, related,to 

the competition between radiative and nonradiative deacti­

vation of the lowest lying excited states, are. used to gain

?
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information about excited state pathways. These are the 

relaxation times, and the efficiencies or quantum yields, 

of luminescence.

The relaxation time t , or lifetime as it is normally 

called, is defined as the time that is required for an ob­

served luminescence intensity to fall to 1/e of a given 

value on termination'of the excitation beam.

It t 1 t = o e — t/T I.t = T
t = 0
e

1T = lowest singlet state lifetime
3T =  lowest triplet state lifetime

1T0, 3T0 = natural radiative lifetimes
(only radiative deactivation is possible)

IT = yT— , where k. = any deactivation rate 
. i . 1 constant

The quantum: yield $ is defined as the fraction of 

molecules undergoing a certain .photophysical or photochem­

ical process out of the total number of molecules excited.

 ̂ _ Number of molecules undergoing process x
x Total number of molecules excited

In the steady state approximation, which usually ap­

plies in the absence of photochemistry, any sampling period
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after the establishment of the steady state will give the
same result for $ .x

The quantum yield can also be expressed in terms of 
rate constants

k
^x k + Zk.' x . I, i

where k^ is the rate constant for the process whose quantum 

yield is being measured, and k ± is the rate constant for 

any other process proceeding from the same excited state.

The previous discussion alluded to the situation 

where the molecules were dissolved in an inert, transparent 

medium at low concentration (<10-5 M), so that the inter­

action between solute chromophores was negligible. As the 

concentration is increased and the solute molecules are 

brought closer together, they interact more strongly, and 

a variety of effects may be evidenced as a result. Varying 

solvent conditions may also produce photophysical effects. 

Some of the more commonly observed effects are listed below.

1. Inner filter effect - A decrease in luminescence 

intensity due to reabsorption within the solution.

2. Nonlinear absorption dependence on concentration 

- Ground state dimer formation,
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3. Excimer fluorescence - An unstructured fluores­

cence band 5,000 cm ^ to the red (lower energy) of the mon­

omer fluorescence due to excited state dimer formation.

4. A variation in the 0-0 energy due interaction 

of the solute chromophores, in the excited state or ground, 

state, with solvent molecules or other solutes.

5. A shortened lifetime of some solute chromophores 

and a related luminescence yield increase of other solute 

chromophores, due to nonradiative electronic energy trans­

fer.

6. A variation in lifetimes and yields due to a 

change in the rates of internal conversion or collision 

deactivation.

Nucleic Acids and UV Light

Since the discovery of the nucleic acids as the ge-
I ‘netic material, scientists have attempted to gain exacting 

information .about these very important molecules by a vari­

ety of methods. The ideal method to:apply would be one 

where the investigational probe would have a perturbing ef­

fect that was transitory in time and minor in degree,•so 

that it would be possible to elicit information about the 

detailed functioning of the system, without serious
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disruption of the system. Nonionizing electromagnetic ra­

diation in the ultraviolet region would seem suited to

these purposes as the time of the perturbation is quite 
-  8small, ~10 seconds, and only a very small fraction of the 

molecules need be disturbed to quantitatively gauge the 
overall conditions.

Indeed, the absorption of UV light by the nucleic 

acids has served well as a detection method for the mole­

cules, both quantitatively and qualitatively. Even such 

subtle effects as the degree of helical conformation in a 

nucleic acid polymer may be obtained by means' of absorption 

spectroscopy, due to the variation of absorbance properties 

of the helical conformer as opposed to the. non-helical 

form. As convenient as the UV absorption method is, it Is

not without limitations.
—15While only 10 seconds is required to absorb the 

UV light, as much as one second may be required for an ex­

cited molecule to relax back to the ground state under cer­

tain conditions. It is known' that the nucleic acids under­

go photoalteration to a small degree within this relaxation 

period, so that the perturbing effect is not entirely tran­

sitory. Additionally, the individual nucleotide components 

of. the nucleic acids have very similar absorbance
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properties, so that it is nearly (if not totally) impos- 

sible to excite any one nucleotide independently of the 

others in a polymer.

Luminescence measurements allow one to detect ex­

cited molecules as they relax, via a radiative mechanism, 

to the ground state. If the efficiencies, lifetimes, 

and/or energies of the radiative processes are sufficiently 

different for molecules which have similar absorbance prop- 

ties, then these detection methods may be used in.place of 

absorption techniques to monitor a particular chromophore. 

It has been found that the individual nucleotide components 

do have luminescence properties (considering both fluores­

cence and phosphorescence) which do differ enough that lu­

minescence measurements are capable of distinguishing any 

one nucleotide.

What is unfortunate, as far as the technique is con­

cerned, is that it is necessary to have the nucleotides 

dissolved in a low temperature glass, in order to observe 

the fluorescence (this is always the case for phosphores­

cence) by conventional techniques. This is necessary be­

cause the nucleotides exhibit a high degree of nonradiative 

decay (internal conversion) at room temperature,.so that 

the efficiency for the fluorescence process is only about
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-410 . Even at liquid nitrogen temperature, the internal

conversion processes account for up to 90% of the deacti- - 

vation for the nucleotides. This is somewhat unusual in 

that most molecules which fluoresce, do so at room temper­

ature, internal conversion not being an efficient deacti­

vation pathway between the ground state and the first ex­

cited singlet level. The low quantum efficiencies of lu­

minescence (on the order of a few percent), even at 77°K , 

has been the cause of a rather slow development in this 

area of research. Only within the last fifteen years or so 

has the necessary instrumentation been devised which could 

give good results for such low luminescence, yields and 

which are so environmentally dependent. A group of .inves­

tigators at Bell Telphone Laboratories, Murray Hill, New 

Jersey has been most responsible for defining the proper­

ties of the excited states of the nucleotides. The bulk of 

their published work appeared in the years 1966-1970. 

Eisinger and Lamola have published a review of the. group's 

research results incorporated. in a general review of. the 

area (5). In Table I are listed some of their results for 

the nucleotides as given in the above mentioned review. ..

In 1971, Daniels and Hauswirth published lumines­

cence and excitation spectra for the nucleic bases.



17

dissolved in water at SOO0K (6). A specialized digital

signal accumulation technique was necessary at the low $p's
-4 'evidenced (~10 ). The major features of the spectra were

similar to those of the nucleotides observed at the lower 

temperature, alcohol-glass environment although the differ­

ences observed (changes in shape and energies of fluores­

cence, and a variation of $p with A ) could be pertinent 

for the nucleotides under similar conditions.

Table I. Excited state properties of the nucleotide as
observed when dissolved in a 1:1, V/V, ethylene
glycol-water 
XP for TMP
max zation.

(pH 7) 
and UMP

glass
were

at 77°K (5) 
obtained by

, . The 
sensiti-

l E 0-0 Xabmax XFmax % 0ISC Xpmax V -
( I O 3C m " 1 ) (nm)

AMP 35.2 . 258 313 0.01 0. 02 404 0.015
GMP 34.0 253,274 . 323 0.13 0.15 401 0,07
CMP 33.7 274 322 0. 05 0. 03 . 405 0. 01
TMP 34.1 268 323 0.16 ~ 0 . 432 ~ 0
UMP 34.9 265 316 0.01 — 423 - 0

If it is not enough that the nucleotides individu­

ally have luminescence properties which make them difficult 

to deal with experimentally, the situation becomes increas­

ingly complex when the nucleotides are brought together in
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the, form of a polymer. It is generally known (see the 

above mentioned review) that the fluorescence intensity of 

the polymer is considerably reduced and red-shifted as com­

pared to what would be expected from a summation of the in­

dividual nucleotide Components. The current interpretation 

is that the quenching results from some unknown deactiva­

tion process which effectively quenches guanine, and cyto- , 

sine fluorescence when they are hydrogen bonded, (7). The 

red-shift of the fluorescence band is. attributed to excimer 

(excited state dimer) formation, which has an unstable 

ground state and has a lower energy excited singlet state 

than the excited state monomer forms. The phosphorescence 

observed in the polymer case, as in DNA, has been reported 

to be that of thymine alone, so that energy transfer at the 

triplet level is indicated (8).

Due to the complexity of the excited state pathways 

in nucleic acid polymers, investigators (9,10,11,12) have 

made optical studies on the dinucleotide components of the 

polymers. A variety of results and interpretations have 

appeared as a consequence of the. studies. The most vari- . 

able result was the extent of excimer formation found for 

any particular dinucleotide., Differing environmental con-. 

ditions seem to be the cause of the disparity. Most
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investigators were in agreement on the nature of the emit­

ting triplet states for the dinucleotides. With few excep­

tions, the emitting triplet was found to be that of the 

nucleotide having the lower energy.1T state, in agreement 

with thymine triplet emission in DNA. . Theoretical pre'dic- . 

tions of energy transfer at the singlet level were pre- ■' 

sented in a paper by Gueron et al.; (13).

In order to circumvent the apparently unlikely suc­

cess of monitoring the individual components of the nucleic 

acids when they are in a polymer form by means of their op­

tical properties, investigators have turned to the use of 

fluorescent probes to induce luminescence in' the nucleic 

acid systems under biological conditions. The probes used■ 

have been; either some of the naturally occurring modified 

forms of the normal bases which fluoresce weakly at room 

temperature, or chemically altered forms of the base's, or 

even molecules which have no analog character, but which may 

be covalently or noncovalently attached "to the nucleic acid, 

polymers. Limited successes with some of thdse probes have 

been evidenced, but in general, the probes fluoresce only 

weakly when in a polymer,.or they are unstable, of their 

introduction into the system causes too large of a pertur­

bation. In spite of the limited success to date with such
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probes, the technique is very promising and. should there 

be found a.modified form for each of the normal bases, 

which is biologically active, as well as having distinctive 

optical properties when incorporated in a polymer, impor­

tant information could be gained. A review on the topic 

of fluorescent probes for the nucleic acids has been pub­

lished by Cantor and Tao (14).

Aside from the desire to use optical methods as an. 

analytical tool in nucleic acid research,, a knowledge of 

the excited state pathways is important in,terms of under­

standing the photochemical effects which result on UV ab­

sorption. It has been known for some time that the action 

spectrum of photoiiiactivation of many, small organisms is 

similar to the absorption spectrum of nucleic polymers. 

(15). The photodamage in cells is repairable to a greater 

or lesser extent depending on the organism affected. The 

repair mechanisms, although not completely understood, are 

seen to be a combination of photoreactivation and dark re­

versal.

Model studies with isolated DNA's, synthetic nucleic 

polymers, and the individual bases have shown that 

cyclobutane-type dimers of the pyrimidines (especially 

thymine), photohydrates of the pyrimidines, and.
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pyrimidine-pyrimidine photoadducts are largely responsible 

for the UV inactivation of certain transforming- DNA's at 

room temperature (e.g., haemophilus influenza transforming 

DNA)(16). The inactivation due to dimer formation is . 

severely reduced at temperatures of -IOO0C or colder (17).

Ultraviolet light rapidly inactivates both ribo­

nucleic and deoxyribonucleic acids. Merriam and Gordon 

could find no correlation of pyrimidine dimers with, any 

biologically defined lesion in TMV-RNA. In the absence of 

this correlation, they proposed that the photohydrates 

might be responsible for all inactivation (18).

Until quite recently, the purine base components of 

the nucleic polymers had been considered immune to photo­

alteration by non-ionizing UV irradiation: It was not

until recently (1969) that there was a report of the for­

mation of an alcohol (2-propanol) adduct at the C-8 posi­

tion of either adenosine or guanosine, when they were dis­

solved in the alcohol and irradiated (19): The efficiency

of the reaction was reportedly improved when sensitized 

with acetone ($'s of .-0.1% unsensitized, with no $ value 

given for the sensitized case, although a product yield of 

45% was listed). They also report that the reactions may 

be photoreversed with.an efficiency of 1%,in. the presence
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of photosensitizefs such as hydroquinone (20). Success at 

producing these photoproducts in DNA in the presence of. 

2-propanol and with or without acetone was published in
1973 (21). A severe reduction in thymine dimer formation

■

was seen simultaneously. . . . .



■ STATEMENT OF THE PROBLEM.

The research originated from the discovery by 

Dr. P. R. Callis that the dinucleotides ApG (3^ -> 5') and 

ApA (3  ̂ ■> 5 ^). showed evidence for photochemical alteration 

when irradiated in a low temperature (-IlO0C) glycol-water 

glass (22). The evidence was an irradiation-time dependent 

formation of a new fluorescence band,coupled with a de­

crease in. the parent fluorescence. This was a novel, find­

ing, as no other purine nucleic acid photochemistry had. 

been reported in the literature at that time.

The research that developed as a consequence of this 

initial finding had two objectives.

1. To learn as much as possible about the purine 

photochemistry itself, because of the biological implica- : 

tions present, .

2. The use of the spectral evidence, of photoproduct 

formation as ah additional probe into the complex photo­

physical pathways of the nucleic acid.polymers.



EXPERIMENTAL

Instrumentation

I. Luminescence apparatus. A block diagram of the 

essential components is given in Figure 2. An individual 

listing of the modules is as follows:

a. Universal power supply - Required to main­

tain the proper amperage, voltage, needed to produce a 

stable light flux from the light source.

Oriel-Model No. C-72-20 
Oriel Optics Corporation 
Stanford, Connecticut

b. Light source - A stable, high intensity 

source, with a near continum in the accessible UV, was 

needed to satisfy the requirements relevant to both photo­

chemistry and photophysics. A high pressure Xenon lamp was 

most suited to these restrictions. The operating voltage 

was 18 volts, while drawing 7.7 amps of current.

OSRAM XBO 150 W/l 
High Pressure Xenon

c . Excitation monochromator - A 500 mm focal 

length grating monochromator blazed at 300 nm, and having

a reciprocal linear dispersion of 3.3 mp/mm was used to se­

lect narrow bandwidth excitation from the light source.

The exit and entrance slits were opened to 3.0 mm during 

photochemical production, and wpre set to 1.0 mm fof’



Figure 2 . Block diagram (not to scale) of the luminescence apparatus.



quantum yield determinations, or for luminescence excita­
tion spectra. , .

Bausch & Lomb Model 33-86-45 
Rochester, New York

d. Chopper - A motor with an attached blade, 

having equal areas of light passage and blockage around the 

circumference, was used.to study the light intensity de- 

pendency of the photochemistry and also'provided an. AC sig­

nal to the lock-in amplifier, when it was in. .use. ■

e. Condensing lens - Quartz, 11 cm focal length.

f. Cell platform - Attached to an optical rail 

extending from the analyzing monochromator and provided a 

stable platform for any cell or cell holder required.

g. Cell holder - As most work was done at re­

duced temperatures, it was necessary to have a holder which 

would also function as a dewar. A rectangular double- 1 

walled steel dewar.having these dimensions: o. d. = 3.8%

3.8x54 cm, i. d. = 2.3x2.3x52-cm',, was used. Silica windows 

in three faces of the dewar allowed both absorption and 

luminescence measurements to be made.

Sulfriah Cryogenics 
Rahway, New Jersey
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h. Cell - A rectangular high purity.fused 

silica cell. Dimensions: ;b. d. = 12x12x23 mm, i. d. = 6x 
6x20 mm.

Optical Cell Company 
10792 Tucker St: 
Beltsville, Maryland

T. Condensing lenses - Quartz,, two 6 cm focal

length lenses set 11 cm apart.

j . Analyzing monochromator - Identical to c,

except that the entrance and exit slits were.set at 2.0 mm
for all work. ,

' k . Photo tube - EMI 9558QB .
Whittaker Corporation. 
Plainview, Long.Island, N.Y.

l . Photometer - Laboratory Photometer-Model 11
Pacific Photomer Instruments 
Berkeley, California

m. X-Y Recorder - Mosly 7030 A .
Hewlet Packard 
Pasadena, California

n. Lock-in amplifier - Model 122
/ Princeton Applied

Research
Princeton, New Jersey

o. Storage oscilloscope and camera - Used 

record phosphorescence decay curves..

Type 564
Tektronics., Inc. 
Beaverton, Oregon

to
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2. Absorption monitored photochemical generator

a. Absorption spectrophotometer, double beam

Cary Model 14 
VARIAN

b . Steel dewar - Same as g above, except that 

an aluminum collar and plate were attached, so that the 

steel dewar with the enclosed sample cell could be placed 

in the sample compartment of the Cary 14.

c . Light source - Used to produce photo­

chemistry. Operated at 50 volts, and 4 amps.of current. .

OSRAM HBO 200 W/2 
Super Pressure Hg

d. Power supply - Gates, Model P215D
George W. Gates Co.
Long Island, N.Y.

e. Condensing lens - Quartz, 6 cm focal length. 

Positioned so that the area of the exciting beam was 

slightly larger than the entrance window area of the steel 
dewar.

f. 2 cm cylindrical cell - Quartz, used to hold 

the chemical filter solution, of "Cation X (2.7-dimethyl- 

diaza-(3,6)-cyclopentadiene-perchlorate)". Placed between 

the exciting light and the condensing lens.

g. Holder - A homemade apparatus designed to 

keep the steel dewar and cell positioned in the beam of



the exciting light. Illustrated in Figure 3.from a side 
view.

3. Associated instrumental materials . .

a. Mineralight UV Lamp - Used to detect spots
on TLC's .

Ultra-violet Products, Inc.
San Gabriel, California .

b. Cell - Used for quantum counting experiments

and also for chemical actinometry. Composed of silica and 

having rectangular dimensions of: o . d. = 12x12x48 mm,

I. d. = 10x10x46 mm.

Optical Cell Co.
Beltsville, Maryland

c. Low temperature apparatus - In order to 

maintain the low temperatures necessary to do luminescence 

experiments on the nucleic acids, cooled N2 gas was blown 

on the sample cell. The N2 gas was cooled by passing the 

dry gas through N2 liquid which was contained in a dewar of 

approximately 7 pounds capacity. The adjusted flow rate 

determined the degree of cooling. The.temperature was, mon­

itored by means of a copper-constantan thermocouple posi­

tioned directly above the sample cell. An ice water mix­

ture in a small dewar provided a temperature reference;
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Figure 3

a 3 7 ?.f
H — I-----1-------- 1

y  / / / /  / /  Z- Tt /  /  /  / I

Absorption monitored photochemical generator, side view. 
Dimensions in cm.
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The potential difference was read and compared to a cali­
bration curve.

d. Absorption spectrometer, single beam - Used 

to measure the optical density of chemical actinometry sol 

utions.

Beckman-Model B

e. Photochemical immersion device - Used for 

preparative scale photochemistry.

(1) 450-W medium pressure Hg lamp

(2) 800 ml immersion well, Pyrex

(3) power supply with Mercoid Pressure 
Control

Hanovia

Chemicals

I. Purity - All solid chemicals that were to be 

used as chromophores were the highest purity commercially 

available. Their optical properties, both absorbance and 

luminescence, were checked prior to any determination. 

Solvents with the exception of the glycols were distilled 

in a glass apparatus, and the optical properties checked 

prior to use. Ethylene glycol was purified by introducing 

activated carbon into the liquid, allowed to sit for a few 

days, and then passed through a sintered glass filter to
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remove the carbon. All solvents tested optically free of. 

contaminating materials as compared with distilled water 

subjected to the same tests, i.e., no absorbance or fluor­

escence in the spectral region where the pure solvents 

were known not to absorb or fluoresce.

2. Identity and origin

Name Company Lot No.
Purine Aldrich 083017
Guanine Cal Biochem .801853
Guanosine Cal Biochem 300435
I Me-Guanosine Sigma . 100C-0050
N2 , Me-Guanosine S i gma 13C-3130
7 Me-Guanosine Sigma 37B-5060
GMP Sigma 87B-2350
GMP Cal Biochem 300712
GpG Sigma
ApG Sigma 46B-1030
GpA Sigma 98B-2340
CpG . Sigma
GpC Sigma
UpG . Sigma 88B-0150
GpU Sigma
GpT Collaborative 421-40B

Research
Cal Biochem 100275
Sigma 1.17B-2968
Sigma

AMP
CMP
UMP 5IB-701
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TMP Cal Biochem 110012
GpG P-L Biochem . 023161
DNA Sigma 586-2080
Sol; RNA
Xanthine . Nutritional 

Biochem , .
4092

Theobromine Sigma 106B-1270
Tryptophan 
Tyrosine 
Salicylic Acid Mallinckrodt
Rhodamine B J . T . Baker . 

Chem
1-1379

DMANS Eastman
Quinine bisulfate Eastman
Cation X Cal Biochem 620322
1-10 phenanthroline
Fe(NH4)2(SO4)2-GH2O Mallinckrodt
Fez(GzO4),. . Merck
K = G ^ BTA .
Activated carbon Nuchar
Ethylene glycol Eastman ■ 

Matheson, 
Coleman, 
Bell

■ Fluka AG, 
Buchs SG

Methanol J. T. Baker
2-propanol Mathesoh, Coleman ..

Bell : . "• .
propylene glycol 
glycerol

'J. T .• Baker

Acetone Fisher
NaNO3
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Mg(NO3)2
CaCNO,),
ZnCNO,),
Mn(NO3)2
Cu(NO3)2
Co(NO3)2
Ni(NO3)2

3. Glasses - Alcohol-water mixtures were the. sol­

vents for low temperature work. These mixtures form trans­

parent glasses on cooling, making them an excellent medium 

for. conducting optical measurement at reduced.temperatures. 

The mixture most often used was of. the composition; ethy­

lene glycol:water, 7:3, Volume:volume. This solvent mix­

ture will be referred to as G-70. The aqueous phase con- 
-2tained IxlO M phosphate to maintain a pH near 7.

Calibrations and Standards

In order to quantify the results, e.g., photochemi­

cal quantum yields, and to ensure that experimental condi­

tions remained constant for repeated experiments over an 

extended period of time, it was necessary to perform a 

series of. experiments designed to calibrate the.instru­

ments; and to select a set of standards which could be used 

routinely to check the operational status of the. instruments.
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I . Temperature measurements.

a. A temperature - potential difference cali­
bration curve, previously constructed by Dr. P. R. Callis 

for the copper-constantan thermocouple, based on the known 

melting temperatures of a series of materials (plus liquid 

N2), against the observed potential differences produced 

when the referencing material was a O0C ice water mixture, 

is represented in Figure 4.

b . By carefully monitoring the flow rate of. 

cooled N0 gas over the sample, it was found that the ob- 

served potential difference could be maintained with 

±0.05 mV of the desired reading. This corresponds to tem­

perature variation of ±1.S0Q. -

c. A periodic check Cf the temperature monitor 

was made by plunging the bimetallic end of the thermo­

couple into liquid N2 and observing a potential difference 

reading of 5.50 mV.

.2. Absolute incident light,intensities, I0V. The 

chemical actinometry method of Hatchard and Parker (23), 

employing potassium ferrioxalate, was used to determine . 

the incident intensities emanating;.from the Xenon lamp and 

striking a sample cell, when positioned at the cell



Isopentane

Me-Cycloh exane 
N d EtOH

Figure 4 . Calibration curve for copper-constantan thermocouple.



position of the luminescence apparatus. The method, as ab­

breviated from the.original paper, and with the particular 

conditions of our experimental set-up, are described below. 

The method is based on the observation that the ferric ion; 

Fe*3 , is photoreduced to the ferrous ion, Fe*2 , with a con­

stant quantum efficiency over an extended spectral region

of excitation, when in the solution used. The amount of 
+2• Fe produced is detected by. complexation with 1:10 phenan- 

throline, resulting in a species which, absorbs strongly at 
510 nm.

37

a. Preparation of calibration graph for. ferrous
iron.

(I) A series of 25 ml volumetric flasks had 

0-5.0 ml of freshly prepared 0.4xl0~3 M FeS°4 in 0.1 N 

H 2SO4 added.

(2) Sufficient 0.1 N H 2SO4 to make a total 
of 10 ml of 0.1 N H 2SO4, 5 ml of buffer.(6:3.6,V:V,I N 

NaAc:I N H 2SO4), and 2 ml of 0.1% of I ;10 phenanthroline 

monohydratic in H O, were added ,to each flask.

(3) Distilled water was added to make a 

total of 25 ml, the solution was mixed, allowed to stand 

for 40 mins., and the optical density was measured in a I cm
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cell at 510 nm. The Beckman Model B spectrometer being 
the instrument used.

(4) The calibration graph formed as a re­
sult of these experiments is shown in Figure 5.

b . Preparation of 0.006 M of actinometry solu­
tion. ,

' ' i
(1) Potassium ferrioxalate was prepared by-

mixing 3 volumes of 1.5 M A. R. potassium oxalate with
' .

I volume of 1.5 M ferric chloride. The precipitate was 

recrystallized from warm water and air dried.

(2) 2.947 g of. the K 3Fe(C2O4)3 3 H 2O was 
diluted to I liter with with 0.1 N H SO and stored in the

. —  2 4
dark. All preparation steps, as well as subsequent hand­

ling of the actinometry solution, were made with a red 

photographic safe-light as the only illumination.source,

c. Determination of I (X), Xenon lamp ■

(I) Photolize 3 ml of the acinometry solu­

tion which is contained in a I cm quartz cell positioned 

at the cell position of the luminescence apparatus. Xenon 

lamp as the excitation source. Excitation monochromator 

slit widths of 3 mm and 3 mm. Irradiation time of 60 min­

utes .



+2 +2Figure 5. Ferrous ion, Fe , calibration curve. Fe concentration in 
mole/ml. Q  , literature value.
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(2) Pipette 2 ml of the irradiated solution 

into a 25 ml volumetric flask. Add 2 ml of phenanthroline 

solution, 2 ml of buffer, water to make up to 25 ml. ■

(3) Mix, allow to stand for 0.5 hour, and

take the optical density at 510 nm in a I cm cuvette.
+2(4) From the moles/ml of Fe produced (as 

determined from the calibration graph), the $ of 1.24, and 

the time of excitation, determine I0 in units of Einsteins/ 

min for each wavelength of excitation used.

I0(Aex) = moles Fe+ .̂ x $ ^ x t-"*-

(5) The results for. a series of determina­

tions at different excitation wavelengths are given in 

Table 2.

d. Determination of I0, Hg lamp - As the Hg 

lamp excitation device was located in an area which could 

not be darkened sufficiently to allow use of the ferrioxa- . 

late method, an alternate technique was used.

(I) Purine in methanol undergoes photo­

chemistry, with a considerable change in extinction coef­

ficients, Linschitz and Connolly (24). See Figure 6.
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Table 2. Iflj Xenon lamp, as determined by ferrioxalate 
actinometry. Irradiation time 60 minutes. 
Monochromator, silts., 3 mm and 3 mm.

X (nm) ex.
a (Jl =Icm)
51P nm ... Fe+2 BO]exl0+8 I0,-I-XlO+8itiin

230 0.035 . 0.35 • 0.162
240 0.050 0. 50 0.232
250. 0.125 ' 1.15 0. 532
260 0.135 1.25 0.578
270 0.185 1.70 . 0.785
280 0.320 2.92 1.35
290 0.380 3.45 1.60
300 0.410 3. 75 1.69
310 0.440 4.00 1.85

(2) By monitoring the change in absorbance 

at 260 nm as. a function of. time of excitation with the Hg 

lamp in the device used to photolize. the nucleic compounds 

for absorbance measurements, as compared to the absorbance 

change resulting when the same purine-methanol solution 

was irradiated with the Xenon lamp in the luminescence ap­

paratus (excitation slits at 3 mm, A = 260 nm), it was 

determined that I0, Hg lamp for broad band excitation 

(225-285 nm), is approximately 50 times that of the Xenon 

(half band width excitation,of 10 nm at.260 nm average .
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OFigure 6 . Spectral changes during photolysis (2537 A) 
of purine in degassed methanol



(3) A 5 minute excitation of. a stock solu­

tion of purine in methanol was also used as a I0 standard 

for the Hg excitation apparatus before use in any photo­

chemical result to be measured by means, of absorption spec­

troscopy. The AA2 60 taken to be a measure of the I0 of the,. 
Hg lamp at that time.

3. I0(X), (relative) for Xenon lamp. While it is

necessary to have a method such as chemical actinome.try to 

determine I0(absolute) for the measurement of photochemical 

quantum yields, it is also necessary to. have a very precise 

knowledge of the relative variation of intensity, of the . 

exciting light as a function of wavelength. This was re­

quired to evaluate possible wavelength dependent phenomena 

which might be manifested in. luminescence excitation spec­

tra, or in photochemical action spectra. In principle, 

ferrioxalate actinometry could serve this purpose; but in 

practice, variations of .up to 15% I0 for a given X are 

observed, probably a result of having .to perform analytical 

procedures in a darkened room. . A precision, of ±15% can be 

easily tolerated for photochemical quantum yields at a - 

single excitation wavelength, but not where more subtle 

wavelength dependent effects may be involved. The



, ; '4 i  - ,  ; ;  . 

rhodamine B quantum counting technique of Melhuish (25)

was found to be a simple and very effective method. A con­

centrated (3 g/liter) solution of rhodamine B in ethylene 

glycol is viewed at 90° to the exciting light, and near the 

frontal surface. The emission monochromator was set to 

620 nm, the wavelength of the fluorescence maximum; and 

excitation wavelength was varied from 2.20—320 nm, excita-. 

tion slitwidths of 1.0 mm and I.0 mm. .Due to the high dye 

concentration, and therefore, high optical density, any 

absorbed photon would, be captured in a very short distance 

into the cell, and any variation in phototube response

would be the result of a variation of the intensity of the
*exciting light.

a. The results are shown in Table 3, with the 

relative response normalized at 280 nm. (The cell used 

was.the 6 mm i.d. supracil cell used in low temperature 

work, . and placed in the steel dewar, to miniic experimental 

conditions used for work with the nucleic acid components)..

T  ■ '■Note: Since the variation observed is that for.ex­
citing light incident on the sample cell, it includes var­
iation in the excitation monochromator efficiency.with 
wavelength and any other wavelength dependencies’of the op­
tical components in the optical train which intercede, as 
well as the I0 variation due to the Xenon' lamp.



Table 3. Xenon lamp intensity measurements'taken using Rodamine B 
in ethylene glycol.'

Xex Reading ^ ■ Reading^2 ̂ Normalized Reading^2 ) Reading*'4 ̂ Normalized

220 0.4 1.1 0. 025 (0.023) . .3 .1.0 . ' 0.023
225 ' 0.6 ' 1.9 0.037 (0.039) -5 1.6 . 0.037
230 i.o . 3.4 0.062 (0.070) 1.0 .2.8 0.064
235 .1.9. 5.7 0.12 (0.12) ' 1.6 5.0 0.11 .
240 2.8 . 8.5 0.17 (0.17) 2.5 7.7 .0.17
245 3.9 12.3 0.24 (0.25) 3.5 10.8 0.25
250 5.2 16.0 0.32 (0.33) 4.6 . 14.0 0.32
255 6.5 19.9 . 0.40 (0.41) 5.9 17.8 0.41
260 8.0 24.4 0.49 (0.50) 7.3 22.0 ' 0.50
265 9.6 . 29.3 0.59 (0.60) 8.7 26.5 0:61
270 11.2 34.3 0.69 (0.70) 10.7 32.3 0.74
275. 13.5 40:9 0.83 (0.84) 12.7. 38.2 0.87 &
280 16.2 ' 1.00 14.6 1.00 .
285 18.6 1.15 17:4 1.19
290 21.7 1 .34 20.3 1.39
295 • 24.6 1.52 23.4 1.60
30.0 27.9 ' I .  72 26.4 1.80
305 31.3 1.93 "'■29.5 2.02
310 . 34.2 2.11 32.9 2.25
315 37.6 2.32 36.5 2.50
320 39.9 2.46 40.2 2.75

(I) Measurement taken in .1 cm fluorescence cell S '= 0 . 3

(2) Tl I! ., Tl TT i r H  s  = 0.1 •
CS) ' Tl Il H g mm Tl " S = 0.3 .
(4) Ii " • "  6 mm- Tl "  '.S = 0.1
Measurements taken.at.front edge (maximum signal) of a solution of concen­

trated Rodamihe B with slits of I mm. Fluorescence viewed at 620 nm.
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b . A stoppered,/I cm path length cell was 

filled with the quantum counting solution and used as a ■. 

fluorescence standard prior to any luminescence determi­

nation. These results are also shown in Table 3.

c. A concentrated solution of fluorescein was 
found to give similar results. Quine bisulphate was found 

to be inappropriate due to a deep minimum near 270 nm in 

its absorption spectrum, making quantum counting measure­

ments in this spectral region inexact.

As a check on the quality of the I0(X) results obtained by 

the quantum counting technique, it was decided that the 

uncorrected fluorescence excitation spectra of a number of 

compounds which have absorption maxima in. this spectral 

region, and those for which it is known that the corrected 

excitation spectra are coincident with their absorption 

spectra, would be corrected using the I0(X) results.

a. The corrected fluorescence excitation spec­

tra, as compared with absorption spectra,. are shown in 

Figure 7 for tryptophan, tyrosine, salicylic acid, and 

quinine bisulphate.

b. Equally good results were obtained with ■ 

salicylic acid in G-70 at reduced temperatures, thus prov­

ing the effectiveness of the method for the nucleic acid
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Figure 7 . Absorption —  , vs. corrected fluorescence 
excitation spectra - - - for; quinine 
bisulphate, tyrosine, tryptophan, and 
salicylic acid.
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components when excitation spectra are done under these 

conditions.

Phototube■Response Curve

Luminescence quantum.yields can only be obtained 

when the true luminescence spectra are recorded. This re­

quires that the observed response of the detector be cor­

rected for wavelength dependent variations of the photo­

tube, emission monochromator, and associated components. 

The method of Parker (26), slightly modified, was used to 

obtain a total emission response correction curvei The 

phototube response curve is obtained from the relation 

PR(Ai) = R(Ai) SZ-I0(A1) where

PR(Ai) = Emission detector response at Ai ,

R(Ai) = The photometer reading at Ai ,

S = Sensitivity setting, of the detector,

I0(Ai) = The relative intensity of. the exciting/ 
emitted light at Ai-

The key to the method is having the exciting light 

and the light viewed by the emission detector maintain the 

same relative intensities as a function of wavelength.

This is accomplished by reflecting the exciting light, into 

the emission detector by means of a metal plate coated.
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with magnesium oxide. The reflectivity of the MgO is,con­

stant to within a few percent over1 the spectral region, of ' 

interest, so that the intensity distribution of the excit­

ing light, which can be determined by. the quantum counting 

technique, is the same viewed by the emission detector.

Once the correction for I0(Ai) has been,made, then any var­

iation in the emission detector response as a function of 

wavelength is due to a variable response of the detector 

components, phototube, monochromator, etc., with respect to 

wavelength.: This variable Response vs. wavelength ,is' here
' i ■ .

termed the "phototube" response curve. This curve can

then.be used as a correction curve for any observed lumi­

nescence spectra.

1. I0(Aex)(relative) were extended to 600 nm by 

use of the rhodamine B quantum counting technique slits.at 

0.1 mm and 0.1 mm.

2. An aluminum plate was coated with.MgO by burning 

magnesium ribbon under the plate.

3. The MgO coated plate was placed in the cell 

position of the luminescence apparatus and at an angle of 

near 45° to the exciting light.
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4. The exciting light (A.) was varied from 250-600 

nm and the observed response R(Ai), and the sensitivity 

setting, S , were recorded at 5 nm intervals.

5. Values for PR(Ai) were calculated, recorded as 

in Table 4, and plotted as in Figure 8.

Monochromatic Wavelength Adjustment

To ensure that the excitation and emission mono­

chromators were recording the true wavelengths of excita­

tion and emission, the following adjustment was made:

1. The emission monochromator was allowed to scan 

the spectral distribution of a low pressure Hg lamp. From 

the known wavelengths of the Hg resonance lines, the read­

ing of the wavelength drum of the monochromator was ad­

justed to coincide at the position of the resonance peaks.

2. Light from the excitation monochromator was then 

reflected into the emission monochromator, both monochro­

mators set to the same wavelength. If a maximum response 

was obtained, the excitation monochromator was considered 

calibrated. If a maximum response was not obtained, the 

exciting wavelength was varied until a maximum response 

was obtained and the wavelength reading of the excitation



Table 4. Phototube response data

^(nm) R S I0(Relative). P.R.

250 6.92 .01 0.10 . 692
255 9.25 . 01 0.144 .642
260 4.10 . 03 0.160 .769
265 5.32 . 03 0.195 .818
270 6.40 .03 0.235 .817
275 7. 95 .03 0.280 .852
280 9.65 . 03 0.320 .905
285 3.35 . .1 0. 392 .855
290 3. 92 . I 0.460 .852
295 4.68 .1 . 0.525 . 891
300 5.32 .1 0.592 .899
305 6.88 .1 0.665 1.03
310 . 7.10 .1 0.741 .958
315 8. 90 .1 0.810 1.04
320 9. 38 .1 0.870 1.08
325 3. 35 .3 0.935 1.07
330 3.62 .3 - 0.990 1.10
335 3.90 .3 1.07 1.09
340 4.15 . 3 1.128 1.10
345 4.32 .3 1.20 1.08
350 4.62 .3 1.268 1.09
355 4.82 .3 . 1.32 I. 10
360 5.08 .3 1.365 1.12
365 5.30 .3 1.380 1.15
370 5.42 .3 1.395 1.16
375 5. 35 .3 1.385 . I. 15
380 5.40 . 3 .1.440 1.13
385 5.28 . 3 1.440 1.10
390 5.35 . 3 1.515 1.06
395 5.45 . 3 1.680 .970
400 5.48 . 3 1.620 1.08
405 5.30 . 3 1.590 .981
410 5.15 .3 1.635 .942
415 4.90 . 3 1.605 .913
420 . 5.20 . 3 1.71 . 912
425 4.35 . 3 1.520 .821
430 4.08 .3 1.575 . 775
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Table 4 (continued)

^(nm) . R S I0(Relative) P . R .
435 4.15 .3 1.545 . 803
440 3.90 . 3 1.500 .780
445 3.85 . 3 1.380 . 837
450 6.52 .3 1.620 1.21 .
455 3.80 . 3 1.500 . 760
460 4.00 .3 1.725 .694
465 4.00 .3 2.10 . 571
470 4.40 .3 2.70 .489
475 3.00 . 3 2.20 .409
480 3.55 . 3 1.80 . 592
485 2.88 .3 I. 97 .441
490 7. 08 . I 1.66 .426
495 6.80 . I 1.89 . 360
500 6.10 .1 1.62 . 377
505 5.72 -I . . 1.63 .351
510 5.62 .1 1.63 . 345
515 5.62 .1. 1.68 . 335
520 5.38 . I 1.71 .315
525 4.50 . I 1.70 .265
530 3.85 . I I . 59 . 242
535 3.52 .1 1.53 .230
540 3.18 .1 1.48 .215
545 . 9.52 .03 1.41 .203
550 8.25 . 03 1.38 . 179
555 8.40 . 03 1.35 .187
560 7.72 . 03 1.31 . 177
565 7. 10 . 03 1.29 . 165
570 6.45 . 03 1.32 .146
575 5.60 . 03 1.35 . 125
580 5.55 .03 1.36 . 122
585 4.65 .03 1.41 .099
590 4.80 . 03 I. 37 . 105
595 4.20 . 03 . 1.35 . 093
600 3.70 .03 1.35 . 083



Figure 8. Phototube response curve.
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monochromator was changed to correspond to that of the 
emission monochromator.

Experimental Techniques

I. Absorption spectroscopy. All absorption meas­

urements, with the exception of chemical actinometry de- . 

terminations, were made with the Cary 14 double beam ab­
sorption spectrophotometer.

a. The steel dewar and supracil cell were used 

throughout; the aluminum collar and plate attached to the 

steel dewar allowed the apparatus to be lowered into the 

sample compartment of the spectrophotometer.

b. All solutions were made up to have an init­

ial optical density at the absorption maximum of from 0.5 

to 0.8 O.D. units at room temperature.

c . A baseline of cell plus solvent was deter­

mined prior to any absorption measurement.

d. All spectral scans were made at a scan rate
O ■ 'of 10 A/sec.

e. . Freshly prepared solutions were allowed to 

stand for a period of time and the O.D. at the maximum 

checked periodically until no further change in absorption 

was evident, insuring complete dissolution had occurred.



f. A Beer's law determination was made for 

those solutes, e.g., guanine, which are known to aggregate 
at higher concentrations

g. Spectral scans were made at room temperature 

and at reduced temperatures to observe the effects on the 

spectra due to solvent contraction, variation in the 

Boltzmann distribution, and hypochromism due to increased 

interaction in the dinucleotide cases. The low temperature 

spectra were used to compare with fluorescence excitation 

spectra taken at the same temperature-viscosity conditions.

h. Spectra taken at room temperature were com­

pared with published spectra, when available, as a check 

on the purity of the solutes.

i. Spectra used for quantitative measurements 

were scanned only for 5 nm intervals, and stop-scan absorp­

tion measurements were taken at the beginning and end of . 

these intervals throughout absorption envelope.

j . For low temperature measurements, the solu-• 

tion was allowed 15 minutes (to equilibrate), after the 

desired temperature was indicated on the potentiometer.

Dry air was blown on the outer surfaces of the dewar win­

dows to prevent fogging.
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k. After periods of photochemical production, 

achieved by placing the dewar with enclosed cell and solu­

tion in the photolysis apparatus previously described and
. ■

subjecting the cooled solution to high intensity UV exci-i 

tation by the high pressure Hg lamp, the dewar was re­

placed in the Cary 14 sample compartment, and the spectral 1 

scan remade over the original scan.to elicit changes re­

sulting from the photochemistry.

l . Air in the reference compartment provided 
a referencing medium

2. Luminescence spectroscopy. The luminescence I 

apparatus as previously described was used for all lumi­

nescence determinations..

a. The Xenon lamp source was ignited and al­

lowed 0.5-1.0 hr warm-up prior to use.

b. The rhodamine B quantum counting solution 

contained in the stoppered I cm silica cell.was placed in 

the sample cell holder and the,optical block translated in 

an X-Y manner until a maximum response was obtained on the 

fluorimeter. The emission monochromator being set to 620 

nm, and the excitation monochromator set to 320 nm with 

slitwidths of 1.0 mm and 1.0 mm or 3.0 mm and 3.0 mm
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depending on the subsequent experiments to be performed. 

Phototube voltage set to 1040 volts. An observed response 

of 3.50 for a Y gradient setting of I mV/in. and a sensi­

tivity of 3 and 0.3 for the respective slitwidths was taken 

to be the standard response. The excitation monochromator 

was then varied from 220 nm to 320 nm and the scan recorded 

to give a measure of the I0 in this spectral region.

c. Solutions, whose luminescence properties 

were to be studied, were made by diluting the stock solu­

tions used in absorbance work, so that the optical density 

for a 6 mm pathlength, at the absorbance maximum was 0.20
I

O.D. units. Then by viewing only the front half of the 

sample cell, an effective O.D. of 0.10 was obtained. Inner 

filter effects were thus minimized and the expression for
_ P 0absorbed intensity I = I0(I - 10  ̂ ) could be simplified

to I^ = I02.3 CS, without introducing an error of greater 

than 10%.

d. The quantum counting cell was. replaced with 

the steel dewar and enclosed sample cell, the orientation 

such that 90° luminescence could be observed. The exit 

slit to the excitation monochromator was closed to prevent 

photochemistry production during the preliminary cooling 

period.

I
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e. The cooling mechanism was set in place and 
activated; the N2(g) flow rate being reduced as the de­

sired temperature was approached. Care was taken not to 

cool below the desired temperature as the glass formed was 

subjected to cracking on warming. On reaching the desired 

temperature, a period of 15 minutes was allowed for the 

solution to stabilize, prior to any luminescence measure­

ment. Dry air was blown on the exterior dewar windows to 

prevent moisture condensation. A visual observation of 

the sample solution through the dewar windows prevented 

experiments being done with cracked glasses.

f. Luminescence spectra to be used for quantum 

yield determinations were obtained by exciting at the 

wavelength of the absorbtion maximum, through 1.0 mm slits, 

and allowing the emission monochromator to scan the emitted 

light. A scan from 250 nm to 500 nm at 25.nm/in. on the

X axis of the recorder was sufficient for most molecules 

studied.

g. The exciting light wavelength was' then 

changed at 10 nm intervals through the absorption envelope, 

the fluorescence maximum was made to be the normalization 

point by varying the sensitivity, and luminescence scans 

were made at each excitation wavelength. An invariance in
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the shape of the luminescence curve was taken to mean the 

absence of emitting impurities. This was found to be the 
case for all monomers having a good signal to noise ratio. 

For some dinucleotides, a variation in shape is to be at­

tributed to a variable ratio of excimer to monomer concen­

tration which is wavelength dependent.



RESULTS AND DISCUSSION

While the original evidence showed photochemical 

production in both ApG and ApA, it was established early 

in the research that the photochemistry occurring in ApG 

was due to photoalteration of the GMP moiety alone. GMP , 

alone would give the characteristic evidence for the photo­

chemistry, whereas AMP alone exhibited no spectral change 
when irradiated.

ApA showed only minoi* alteration in its absorbance 

properties on photolysis, making analysis by this tech­

nique difficult. For this reason, the ApA photochemical 

phenomenon was set aside rather early in the research, and 

has not been investigated further. However, it remains an 

intriguing problem, especially since, as found, AMP does 

not show similar effects.

As a consequence, this writing is concerned princi­

pally with the photophysics and photochemistry of mole­

cules containing, or are the derivatives of, guanines.

I. Absorption monitored photochemistry.

a. Guanine Base, Nucleoside, Nucleotide.

Guanine, guanosine, and suanosine monophosphate (GMP) all 

gave the same evidence for photochemistry, qualitatively 

and quantitatively, when subjected to intense UV excitation
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by the high pressure Hg light source. The photolysis ap­

paratus was the Absorption Monitored Photochemical Gener­

ator described in the experimental section. The solvent 

used was a G-60 or G-70, buffered to pH 7; and the temper­
ature, -IlO0C.

A typical set of absorption spectra taken after per-̂ - 

iods of photolysis is shown in Figure 9. The molecule 

undergoing the photochemical change in this case was 

guanosine.

-.,The clearly defined isobestic points at 287 nm and 

235 nm give evidence for two interconverting species.

The absorption scan taken after 90 minutes irradi­

ation is representative of the absorption spectrum of the 

low temperature photoproduct, assuming complete photo­

conversion has occurred. The fact that a doubling of ex­

citation dosage by increasing the photolysis period to 

180 minutes results in no significant absorbance changes 

is in favor of this. Fluorescence excitation spectra and 

fluorescence polarization studies (to be discussed later) . 

support the correctness of this viewpoint. The molar ex­

tinction coefficients then, for the low temperature 

photoproduct, as measured by comparison to the known value 

for guanosine of ^ 252 = 13.7.x 102 would be 8. SxlO3,



PHOTOCHEMISTRY OF 
GUANOSME

MIN.

2 4

cell-solvent

Figure 9. Absorbance changes in guanosine after periods of UV photolysis.
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3. 7x103, and 19.4xl03 at 305, 265, and 225 nm, respec­
tively.

An extended period of photolysis of ApG (photolysis 
period of >60 minutes) and examination of the absorbance 

spectrum after this time, showed that subtracting away the 

absorbance of the photoproduct based on the <S 's obtained 

in the GMP complete conversion, resulted in an absorbance 

spectrum equivalent to that expected for initial AMP con­

tent. The absorbance at 305 nm provided the relative 

measure of the absorbances for the photoproduct in. the 

230 nm to 290 nm region.

It is of particular significance that the photo­

product has a strong transition at a lower energy than the 

first excited singlet of guanine, or, for that matter, any 

of the normal nucleic acid components. This means that 

the photoproduct once produced, can be excited indepen­

dently of the parent guanine, or any other portion of a 

nucleic acid polymer, by exciting at wavelengths longer 

than 300 nm.

The low temperature product is thermally unstable 

as the spectral features revert to those of the parent 

molecule on allowing the solution to warm to room temper­

ature. Occasionally, this reversion did not appear to go
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to completion, which indicated some residual low tempera­

ture product, or perhaps another product formed from the 

low temperature species.

Photolysis of the solution at room temperature for 

periods of up to 30 minutes elicited no absorbance changes.

Photochemical quantum yields were not attempted in 

the absorption monitored mode as accurate intensity values 

were not available for the Hg lamp, and the. irradiation 

was not nearly monochromatic. Hence, photochemical yields 

were measured relative to the GMP monomer case, as de­

scribed below.

b. Other purines, GMP containing dinucleotides. 

Relative photochemical quantum yields by means of absorp­

tion spectroscopy were determined by observing the increase 

in the absorption due to the photoproduct at 305 nm after 

a period of 15 minutes excitation by the high pressure Hg 

source. Solvent and temperature conditions were the same 

as in A above, and the initial optical density, 0.50-0.60, 

at the parent maximum.
The expression describing the increase in photo­

product concentration with time of irradiation is,

d[ Product] _ T • *
dt ab PC"
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The relation used to determine the apparent rela­

tive yields based on the fraction of light absorbed by the 
GMP present was:

Rel
0 (1)

PC

S iC a
x H

(I

10 I Cj +
10" ^GcGjl) AA3 0 5 (GMP)

x AA 30 5

where:

" absorbance of any absorbing species other 

than GMP at the absorption maximum,

C iCiJl = absorbance of GMP at the absorbing maximum,

1 - 1 0   ̂^ + ^ G ^ G ^  = fraction of the incident light

absorbed at the parent absorption maximum 

(252 nm),

AA305 = change in absorbance at 305 nm for the 

period of excitation.

In reduced form, the relation is the absorbance 

change at 305 nm, normalized by the fraction of incident 

light absorbed by the GMP moiety at 252 nm.

Rel
0 (1 )

PC
30 5

Ga + SL
.Tot

305
,GMP

G ■ ^  i
Normalized to the GMP value
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Also calculated was the relative photochemical 

yields based on the fraction of the incident light ab­

sorbed at 252 nm and normalized to the GMP value.

Rel
# ( 2 ) = 

PC

AA 30 5
f T o t  
ab

The pertinent experimental data and the calculated 
values for (I) and (2) are collected in Table 5. The 

molecules in this compilation are GMP and a number of GMP 

containing dinucleotides. The column headings in the 

table have the following meanings:

A ^ t = the absorbance of the solution, prior 

to photolysis, at 252 nm,

ST^Si fraction of absorbance due to GMP at 

252 nm, when in a dinucleotide, (For 

the dinucleotides, the concentrations 

are necessarily equal; and the nucleo­

tides are assumed to be independently 

absorbing.)
rp  n  4"f = the fraction of the incident light ab­

sorbed at 252 nm (I - IG  ̂ + ^ V C )̂ ,



AA305 = the O.D. change observed at 305 nm as: the

result of photolysis,

Rel
<Ml) = as defined above 

PC

Rel
0(2) = as defined above

PC

Table 5. $ PC of dinucleotides via absorption mode

A 1T o t
■^252

€ g ,.Tot
ab ^ 3 0 5

Rel
$(1)
PC

Rel 
$ (2) 
PCC g+ SL1

GMP 0. 535 1.00 0. 708 0.185 OOr4 1.00
ApG 0.590 .48 0.743 0. 185 1.99 0.95
GpA 0.630 .48 0. 765 0.210 2.19 I. 05
CpG 0.515 .70 0.694 0. 055 0.43 0. 30
GpC 0. 530 . 70 0. 704 0.070 0. 54 0. 38
GpU 0. 565 . 58 0.727 0.094 0.85 0.49
dGpT 0.525 . 58 0.701 0.195 1.83 . 1.06
GpG 0. 580 1.00 0. 737 0.195 1.01 1.01

A repetition.of the experiments did not show a var­

iation of more than 15% for any determination, indicating 

the precision of the measurements.

Examination of the relative yields shows some i

rather striking results.
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1. The dinucleotides ApG and GpA have a nearly , 

two-fold increase in photochemical yield based on the frac­

tion of light absorbed by the GMP portion of the molecule. 

In terms of $ based on light absorption by the molecule 

as a whole, the indication is that the light absorbed by 

the AMP is as effective in producing GMP photochemistry as 

that light absorbed by the GMP portion.

2. GpT shows a yield enhancement almost equal to 

that of ApG or GpA.

3. The CMP and UMP containing dinucleotides, on 

the other hand, exhibit an opposite effect. The relative 

photochemical yields are substantially reduced in these 

cases.

It should be noted that the use of the 252 absorb­

ance maximum of GMP was used for the calculations of I ,ab
because there is a bright line of the high pressure Hg lamp 

in this wavelength region (-248 nm); however, there are I, 

additional intense lines in the region of 270-290 nm, 

which were present, and for those dinucleotides having a 

significantly different C  's in this region, an analysis 

of based in I , (252 nm) would not be accurate.

Experiments conducted with other purine molecules; 

AMP, xanthine, hypoxanthine, and caffeine under the same
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condition as the guanine molecules were subjected to, 

showed little or no evidence of photoalteration.

c. pH dependence. To determine the effect of 
pH on the relative photochemical yields of ApG, the sol­

vent mixture of G-70 had added to it, dropwise amounts of 

either concentrated NaOH or concentrated H 2SO4 until the 
desired pH was obtained. The initial volume of solvent 

used for a determination was 10 ml, so that the addition 

of up to 10 drops of concentrated acid or base would not 

substantially alter the alcoholrwater composition of the 

solvent. The pH was read to the nearest pH unit with 

Hydronium Ion Paper. The ApG was added to a portion of 

the pH adjusted solvent and the concentration was adjusted 

by dilution until the O.D. at 252 nm was near 0.5. The 

photolysis was conducted in the same manner as was pre­

viously done for ApG dissolved in G-70 and buffered to

pH 7.

The results show that the.photochemical yield as 

evidenced by the AA305, remains nearly the same down to 

pH 5; while at pH £ 3, the photochemical yield drops to 

one-third that at the higher pH's.

d. Alcohol dependence. To determine the neces­

sity of the glycol component in the solvent, in addition to



its role in the formation of an aqueous glass at reduced 

temperatures, various alcohols were substituted for the 

ethylene glycol in the solvent mixture. Alcohols used 

were; methanol, glycerol, 1,2 propanediol, and 1,3 pro­

panediol. The diols and glycerol were mixed in the same 

7:3 alcohol:water, V/V portions as had been used pre­

viously for G-70. Methanol-water mixtures were made in a 

12:1, V/V proportion because of the reduced viscosity of 

methanol as compared with glycols.

Both diols and glycerol solvent mixtures provided 

an environment conducive to GMP photochemistry as evi­

denced by the characteristic spectral changes produced 

when GMP was subjected to irradiation in the solvent mix­

tures described (at reduced temperatures).

The methanol-water solvent mixture did not promote 

GMP photochemistry even when the temperature was reduced 

to successively colder temperatures to mimic the viscosity 

conditions present when G-70 was the solvent mixture. Only 

when ethylene glycol was added to the solvent mixture in 

amounts of. 20% of the total volume did the GMP photochem­

istry resume on irradiation.

70
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It would appear then that a diol component is a re­

quirement for the guanine photochemistry at reduced tem­
peratures .

e. Temperature-viscosity dependence. A vari­
ation of the temperature of the GMP solution where G-70 

was the solvent, and the measurement of the relative photo­

chemical yields under these conditions, provided the re­

sults shown in Figure 10. The data points for this set of 

experiments are circled . Also shown in this same

figure are results obtained when glycerol was substituted 

for ethylene glycol in the solvent mixture and GMP photo­

lysis conducted at the indicated temperature. Data points 

for this experimental set are enclosed in boxes HHi

A comparison of the two data sets indicate a vis­

cosity dependence for the yield, as the glycerol-water 

solvent mixture is much more viscous than the ethylene 

glycol-water solvent mixture at any temperature above the 

temperatures where both solvents are rigid glasses. (Quan­

titative viscosity measurements were not made; but the 

macroscope differences in viscosity can be readily observed 

on a qualitative, and semi-quantitative, basis by ,the re­

sistance to intrusion into the particular solvent mixture 

of a stiff wire). As the glycerol-water mixture forms a



(-125) T C O

Figure 10. Temperature-viscosity dependence of GMP photochemistry. 
Q __g) , G-70 solvent. Q - Q  > glycerol-water solvent.
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rigid glass at considerably higher temperatures than the 

G-70,, it was not deemed advisable to cool this mixture be­

low about -TO0C for fear of fracturing the supracil quartz 
cell.

The curve generated by the data points for the case 

where the G-70 solvent is the medium for the GMP photo­

chemistry appears somewhat irregular, and a discussion of 

its shape will be deferred to a later section when lumi­

nescence data can be added for clarification.

f. Metal ion dependence. The addition of metal

ions to the solution in nearly equimolar amounts with the
-4disssolved GMP, IxlO M , caused a severe reduction of the 

photochemical yield in some cases. Evidence for complex 

formation was also seen in some cases in the low tempera­

ture absorption spectra previous to photolysis. The rela­

tive photochemical quantum yields, and the ratios of the 

observed absorbances at 250 and 280 nm, 250 and 270 nm, 

prior to irradiation, .are listed in Table 6. The metals 

were obtained as the nitrate salts and were used without 

additional purification. Photolysis time was 10 minutes, 

temperature of -112°C.

Complex formation, then, between the GMP chromo-
2+ 2+ 2+phore and paramagnetic ions such as Cu ,Ni , and Co
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causes a substantial reduction in photochemical yield. ' 
2+Zn , although showing an indication of complexation, has

2 +no effect on the photolysis yield. Zn is a diamagnetic
2+ion. A repeat of the Mg case gave a value of 1.00 for 

the photochemical yield.

n +Table 6. Effect of M on GMP 3>PC

Mn+ Na+ Mg2 + Ca2+ Zn2+ Mn2"1" Cu2+ Ni2+ Co2+

$aelPC 1.00 0.87 0.97 1.06 1.00 0.06 0.14 0.24

2̂.70 /A25 0 0.68 0.70 0.68 0.66
?
0.63

0.70 0.61 0.63 0.65

A2 8 0 /A 250 0.59 0.59 0.60 0.61 0.63 0.65 0.65

The literature values for A 270/A250 and A280/A250 are 
0.685 and 0.595, respectively (27).

Similar experiments conducted using ApG as the ab­

sorbing chromophore and the introduction of the metal ions

Na+ , Ca2+, Zn2+, Co2+, Ni2+, and Cu2+ into the solutions
2+showed that only Cu was effective in reducing the photo­

chemical yield. 0 ^ }  = 0.34.

A review of metal-nucleic acid interactions has 

been published (28); and a more recent discussion of the 

possible causative or preventative roles of metal ions in 

cancer formation is also available (29). Previous
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information as indicated in these reviews* pointed to an

2 +interaction of the Cu ion with both the phosphate and

base portions of the GMP molecule. Ni2+ and Co2+ have

been thought to bind only at the phosphate and with a kp
0 +of an order of magnitude less than that of Cu .. The re­

sults of the experiments performed in this investigation .
2 +tend to favor the larger with Cu , but what may be of

more significance is the apparent requirement that all
2+ 2+ 24-three of the ions Cu , Ni and Co be situated in the 

vicinity of the base portion of the molecule to demon­

strate the large effects on the photochemical yields. 

Luminescence yield values for these complexes, to be dis­

cussed in a later section, are complimentary to the photo­

chemical yield results.

2. Luminescence monitored photochemistry and 

spectroscopy studies.

a. GMP photochemistry. Equally dramatic ef­

fects occur in the luminescence when GMP undergoes photo­

lysis at reduced temperatures. ' An example of this is shown 

in Figure 11 which shows the fluorescence from a solution

*Pertaining to aqueous solution and room tempera­
ture .



GMP FLUORESCENCEMIN.
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Figure 11. Fluorescence changes of GMP with time of UV photolysis.
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of GMP in G-70 at -IlO0C , while being irradiated with 248 

nm light. It is seen that as the time of irradiation in­

creases, the fluorescence due to the GMP, which has a max­

imum at 328 nm, decreases, while a new fluorescence with
Fa ^max a-t 418 nm increases. The presence of the isotylbic 

point indicates that only two species may be involved in 

the transformation.

After irradiation at 248 nm, excitation at wave­

lengths between 305 and 350 nm yields the 418 nm fluores­

cence, whereas only the very weak fluorescence from the 

solvent was observed before irradiation. This is illus­

trated in Figure 12 and is the result of the low tempera­

ture photoproduct having its first transition in this re­

gion.

Drobnik and Augenstein (30) have reported observing 

a fluorescence characteristic of that of the photoproduct 

from solutions of deoxyguanosine in ethylene glycol-water 

at approximately -IOO0C , and have attributed it to aggre­

gation of the deoxyguanosine molecules, not to photochem­

istry. The process reported here does not occur in the 

dark,so that it is likely that these workers inadvertently 

left their excitation monochromator slits open while cool­

ing the solution.■



T = A 
S ' x 1/3

T= 9  6

Figure 12. Changes in the fluorescence spectrum of GMP on 
photolysis. T = time of photolysis.
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The advantage of examining the photochemical evi­

dence in the luminescence mode is that an order of magni­

tude less concentrated solutions may be used, and a signal 

may be produced which is characteristic only of the photo- 

product, i.e ., excitation at A's > 300 nm results in the 

exclusive fluorescence response of the photoproduct, once 
formed in small amounts. .

b . Intensity dependence, acetone sensitization, 

and photochemical quantum yield, or GMP.

(I) Intensity dependence. Certain types 

of photochemical and photophysical processes are known to 

have other than a first-order dependence on the intensity 

of the exciting light, I0, e .g., alkylbenzene-sensitized 

decomposition of hydrocarbon solvents as the results of 

triplet-triplet absorption following singlet-singlet ab­

sorption and intersystem crossing (31). An experiment was 

performed to determine if a similar non-linear dependence 

of Iq was operative for the GMP photochemistry.

A 10 minute 250 nm excitation of a 0.2 0.D . solu­

tion of GMP in G-70 was made in the luminescence apparatus 

at -IlO0C. The decrease in the parent fluorescence and 

the increase in the 418 nm fluorescent maximum peak (exci­

tation A = 313 nm) were noted.
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The method was repeated, except that a light chopper 

was placed in the excitation beam. The chopper blade was 

of a construction that provided equal periods of light 

passage and light blockage, thus causing I0 to be reduced 
by a factor of 0.5 for the excitation period.

The results showed that the photochemical yield, as 

evidenced by both the reduction in parent fluorescence and 

the product fluorescence growth, was halved by a halving of 

I0. Two repetitions of the experiment gave a precision of 

10%, with the signal to noise ratio of the fluorescence 

being 20:1. The I0 dependence for the photochemistry 

proved to be first order for the excitation intensities
i *used.

(2) Acetone sensitization. Energy transfer 

experiments designed to determine the photofeactive spin 

state of GMP, using acetone as the donor molecule, are 

termed photosensitization, to differentiate from the en­

ergy transfer experiments conducted for the intramolecular 

case, i.e., dinucleotides.

The principle behind the method is illustrated in 

Figure 13. Acetone has a lower energy transition for its

This analysis is correct only if the 3T is > 10 
sec., the chopping frequency.
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Figure 13. Acetone sensitization.
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first excited singlet state than does GMP. Consequently, 

irradiation with 313 nm light will populate 1S of ace­

tone exclusive of 1S of GMP. The intersystem crossing
.

yield of acetone is near unity (0.95) so that the excita- . 

tion is transferred with high efficiency to 1T of acetone. 

While acetone has the lower energy singlet, GMP has the 

lower energy triplet state. Thus, there exists the possi­

bility of triplet energy transfer from acetone to GMP, if 

the molecules are in close proximity. The experiment per­

formed to detect photochemical production by GMP under 

these conditions is described below.

The solvent was made to be H 2Oi(CH3)2CO: EG, 3.5:

I.0:7.5, V:V:V, with GMP as solute.

An optically dense (O.D. > 2 . 0  at 250 nm) solution 

of GMP + CMP.was used as a chemical filter to additionally 

insure that there was negligible probability of population 

of 1S of GMP.

The excitation monochromator was set to provide a 

mean excitation wavelength of 313 nm with slit widths of 

3 mm and 3 mm. With the reciprocal linear dispersion of • 

3.3 nm/mm for the monochromator,. the half-band width of 

excitation was then near 10 nm. The luminescence monochro­

mator was set to 418 nm, the Fmax of the photoproduct.
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After cooling to -IlO0C and opening the shutter of 

the excitation monochromator, the characteristic, fluores­

cence response of the GMP photoproduct was seen to grow in 

with time of excitation. Exclusive of any other, effects 

such as hydrogen abstraction of the solvent by acetone, 

the. indication is that the photoreactive spin state of 

GMP, for the observed photochemistry, is that of the trip­

let estate.

(3) $ of GMP. A 0.20 O.D. (A = 265 nm,

£ = 6 mm) solution of GMP (EG:H20, 7:3, V:V, pH 7, T =  

IlO0C) was irradiated at the absorption maximum with ex­

citation monochromator slit widths of 3.0 mm and 3.0 mm 

for a period of 5 minutes. The decrease in the fluores­

cence maximum was taken to be the measure of the photo­

chemical production.

The relation used to calculate the quantum yield

was

' a, = moles pp 
PC T  .

a

where:

moles pp = moles of photoproduct produced for the 

period of excitation, taken to be equal
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to the number of moles of GMP destroyed 
as measured by the decrease in the 

fluorescence signal at 330 nm.

I = the average number of Einsteins (moles 

of photons,.) absorbed by the parent com­

pound for the excitation period, .
10 2. 3 UJl.

For an initial [GMP] of 2.22xl0-5, a reduction of

7.3% in the parent fluorescence, an irradiated volume of
-80.09 cm , I0 = 3.40^10 Einsteins for the 5 minute exci­

tation time and beam size as taken from the actihometry . 

results, and CJl of 0.09 viewing the front half of cell, 

the yield value becomes:

-10* , moles pp = 2.1(±0-5)%
6.6x10 Einsteins

c . Photochemical kinetics and dinucleotide 

photochemistry. To augment the photochemical quantum yield 

determination, as described above for GMP for a single ex­

citation period, additional experiments were performed in 

the luminescence mode wherein measurements of the decrease 

in parent fluorescence, and the increase in photoproduct
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fluorescence were taken at repeated intervals for an ex­

citation period of up to 60 minutes. Not only GMP was in 

vestigated, but a set of GMP containing nucleotides were 

also investigated in similar fashion. The relative rates 

were determined by plotting:

(1) log vs- t(min)

= the fluorescence response in arbitrary 

intensity units, when viewing the emitted 

light at 325 nm while the exciting light 

is set at 265 nm,

= the period of excitation time elapsed 

previous to reading

(2) log[F” 3 (co) _ F ^ 53 Ct)] vs. t(min)

where:

F 333 (<») = the estimated fluorescence response when 

viewing the emitted light at 425 nm and 

exciting at 313 nm, after complete photo­

conversion of GMP moiety present. The re 

sponse observed in the simple GMP

where:
,265 
32 5

t(min)
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nucleotide base, for a given percentage 

conversion, was the standard used,

F425 (t) = the observed response viewing at 425 nm, 
exciting at 313 nm, after a photolysis 

period at 265 nm.

The results are graphed in Figure 14 and Figure 15 

and tabulated in Table 7. Each determination was performed 

two times. In Figure 14, data points are plotted for 

single determination. In Figure 15, the slope is the aver­

age obtained from the two runs. The absolute rates for 

GMP have an experimental variation of about 15%. Only a .

single kinetics experiment was made on dGpT. k *Re1  ̂ and
P

k(Rel) refer to the relative rate constants for the de- 
P P
crease in parent fluorescence and increase in photoproduct 

fluorescence, respectively, as determined from the plots 

of (I) and (2). Also included is a listing of relative 

photochemical quantum yields, 0^^" (I), obtained from ab­

sorption monitored data, Table 5.

The values of k and k for GMP agree to within P PP
10%, so that it is established that photoproduct formation 

is occurring at the same rate as the loss of the parent 

GMP in the simple nucleotide case. A discussion of some
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Figure 14. Decay of parent fluorescence with time of photolysis.
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Figure 15. Photoproduct increase with time of photolysis, as an 
average of two determinations.
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of the other apparent discrepancies for the dihucleotide .

cases will be deferred to a ,later section after amplifying

photophysical data has been presented and discussed: It

is seen from the data to this point that the rate of parent

.decay is not simply related to the growth of photoproduct

in all dinucleotides, and there are severe discrepancies 
" Rel ' /; ‘ . '

between k and 0.(I) in a few cases, notably. GpU',and dGpT. 
p p  PC

Table 7. Photochemical relative rates via luminescence

k (Rel) P : V . ; .  V i e i v ; . ; ;

Re I.
. 0 (1). 
' PC ■

GMP ■ i. ob .' I.OCI; . / . . 1.00
ApG . 1.30 ±0.13 to to O I+

. O • GO oo 1:99 -
GpA . 1.80 ±0.06 2.00 ±0.16■ : •" . i 2.19
CpG 0.30 ±0.06 . . 0.22 ±0.05 0.43
GpU 0,30 ±0.12 - 0.16 ±0.03 0.85
dGpT 1.00 , ■" 0. 95 . , . T  , 1.83 "

. d. Photochemical action spectra and,lumines­

cence excitation spectra. / It ijs a recognized rule that, 

photochemical and.phptophysical1 quantum.yields should be 
independent of the wavelength of excitation.. Thie is true 

because of the rapid rates of internal conversion for most 

molecules studied (32). The depopulation of the higher ■
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electronic states to the ground state thus occurs only 

from the lowest vibrational levels of. the 1S and 1T elec­

tronic levels. Photodissociation is recognized as being 

an exception. It had been reported, however, that certain 

of the nucleic bases, notably uracil, had a wavelength de­

pendence in the rate of intersystem crossing and subse­

quently in the formation of photodimers (33). For this 

reason, a photochemical action spectrum was determined for 

GMP, using the I0 values as obtained from the actinometry 
studies to correct for the variation of Xenon lamp inten­

sity with wavelength of excitation. The photolysis was 

conducted at 10 nm intervals in the absorption band, with 
time of photolysis of 10 minutes at each ^ex- A separate 

sample was used for each determination. The measured re­

sponse, F^l , was taken to be the measure of photoproduc­

tion. The action spectrum generated as the result of 

these experiments did not coincide with the absorption 

spectrum as would be expected in the relation.

d(Prod)
dt Io2.36(A.)CA

with taken to be a constant. Rather, $pc was indi­

cated to be wavelength dependent, being substantially
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larger in the long X region of the absorption band. Since 

it was recognized that the actinometry values might not be 

accurate enough for this type of a determination, the 

I0(rel) results for the Xenon lamp as generated by the 
Rhodamine B technique were used to correct Ig for the ac­

tion spectrum. The recalculated spectrum was nearer that 

of the absorption spectrum but the effect remained.

It was then decided that photochemical action spec­

tra should be generated for the GMP containing dinucleo-. 

tides as well. It was also thought necessary to produce 

luminescence excitation spectra for all of the molecules 

involved since a variation of 0 . with wavelength would

likely have an underlying variation of one or more photo- 

physical 0 's as the cause.
The spectra for the molecules of interest are shown 

in Figures 16 to 30. Fluorescence excitation spectra were . 

recorded by.setting the emission monochromator to the 

fluorescence maximum of the molecule and varying the wave­

length setting of. the excitation monochromator. Excitation, 

monochromator slit widths were.1.0 mm and, 1.0 mm. It was 

determined the photochemical alteration was not a factor 

for the duration of any determination. Phosphorescence 

excitation spectra were obtained in similar fashion and as
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Figure 16. AMP spectra; ------
escence excitation.

absorption, fIuor-
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Figure 17. CMP spectra; -----
escence excitation.

absorption, fIuor-
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Figure 18. TMP spectra; -----
escence excitation.

absorption, fIuor-
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Figure 19. Purine spectra; -----  absorption or phos­
phorescence excitation, ----- fluorescence
excitation.
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Figure 20. Guanine spectra; -----  absorption, ----- fluor­
escence excitation, ----  phosphorescence
excitation.
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Figure 21. GMP spectra; -----  absorption, ----- fluor­
escence or phosphorescence excitation,
X  Xphotochemical action.
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Figure 22. GMP spectra (pH 2); -----  absorption,
----- fluorescence excitation.
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Figure 23. 7-Methylguanosine spectra; -----  absorption,

----- fluorescence or phosphorescence
excitation.
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Figure 24. I-Methylguanosine spectra; -----  absorption,
----- fluorescence or phosphorescence
excitation.
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42 40 38 36 34

Figure 25. N2-Dimethylguanosine spectra; -----  absorption,
----- fluorescence or phosphorescence
excitation.
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Figure 26. ApG spectra; -----  absorption, ----- fluores­
cence or phosphorescence excitation,

^[photochemical action.
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Figure 27. GpA spectra; -----  absorption or phosphor­
escence excitation, ----- fluorescence
excitation, [[![photochemical action.
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X f N M )
Figure 28. CpG spectra; -----  absorption, ----- fluores­

cence and phosphorescence excitation, 
^EXphotochemical action.
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> ( N M )
Figure 29. GpU spectra; -----  absorption, ----- fluores­

cence excitation, ^^photochemical action.
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Figure 30. GpT spectra; -----  absorption, ----- fluores­
cence or phosphorescence excitation.
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indicated in the figures agree with the.fluorescence exci­

tation spectra in most cases. Where not indicated, the 

phosphorescence quantum yields were too small to obtain 

good results for the excitation spectra. The excitation 

spectrum for AMP must be considered as only roughly cor­

rect due to the low fluorescence quantum yield. The ab­

sence of UMP excitation spectrum is due to its having a 

very low fluorescent quantum yield. Absorption spectra 

shown are those taken at low temperature (-IlO0C). Nor­

malization of spectra is at 265 nm.

The results of the luminescence excitation spectra 

indicate that there is a variation in luminescent yield 

with wavelength of excitation for all chromophores inves­

tigated. The purine and GpA phosphorescence excitation 

spectra are the exceptions which help to prove the rule.

A proposed explanation for these effects is that 

the quantum yield variation in the monomer cases is due, 

at least in part, to a variable internal conversion rate 

from the various vibronic excited states directly to vi- 

bronic levels of the ground state. This, of course, is 

contrary to accepted theory wherein the internal conver­

sion must take place only from the lowest vibronic level 

of the first excited states. A variation of with Xex
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such as exhibited has been attributed to the presence of

tautomeric forms (34); but since the methylated guanosines..

show a similar effect, this explanation would seem to be

precluded for GMP. Molepules such as GpA, GpU, GpC, and

GpT which show a variation in their fluorescence spectrum

shapes depending on X might be.expected to have such
ex

$F(Aex) dependencies. The variation in shape of the fluor­

escence spectra seen was that when exciting at. different 

A's and normalizing the spectra on the monomer maximum, 

the fluorescence response in the region of excimer fluor­

escence (-400 mm) was some 25% greater when exciting at 

260 nm than when excitation was at 280 rim.

The photochemical action spectra are more difficult 

to analytically evaluate because of the precision error 

evident, but the following qualitative observations are 

made: 1
(1) The action spectra follow the lumines­

cence excitation spectra in the GMP, ApG,. and GpU cases., 

indicating thrit the variation in.action as a function of

A reflects the variation in internal conversion rate at ex
the singlet level.

(2) The photochemical action spectra follow 

the absorption and phosphorescence excitation spectra for



GpA at A's longer than 260 nm, indicating an invariance in. 

intersystem crossing yield in this spectral region. Addi­

tional comment will be offered on these matters in later 
sections.

e. Luminescence quantum yields. While exci­

tation spectra provide evidence for variable luminescence 

quantum yields, it is also of importance to know what the 

yields are quantitatively. To this end, fluorescence and 

phosphorescence yield determinations were conducted.

All quantum yield values were determined as relative 

to that of quinine bisulfate in 0.1 N H 2SO4. The litera­

ture value is reported to be = 0.55 (35). The relation 

used to obtain the relative yields was:

* i  ,  ( G C O g B S  ( W X ) d i ) .
Vs- ~ M X aP i  X (GC)Oi X (/F(XWA)bbs

where:

0 = luminescence quantum yield,
I0(A) = relative intensity of the exciting light 

at the wavelength of excitation, 

dLCS, = optical density of the solution at the 

wavelength of excitation,
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/F(X)dX = the area under the corrected luminescence 

curve.

(1) The I0(A) values were taken from the 
rhodamine B quantum counting experiment.

(2) The optical densities, CJl, were made 

to be equal to 0.20 O.D. in all cases.

(3) The observed luminescence curves were 

corrected by use of the phototube response curve, and the 

value of the integral /F(A)dA obtained by a computer cal­

culation which made a summation of 5 nm intervals of the . 

corrected luminescence curve.

(4) To test the method., three relative 

fluorescence quantum yields were determined for molecule 

which fluoresce in the same region as the nucleic acids.

The results obtained as compared with the literature values 

are :

cE)̂ (Determined) ^(Literature)

Tyrosine (in H 2O) 0.15 0.14^.^

Tryptophan (in H 2O) 0.15 0.15^®}

Salicylic Acid (in H 2O) 0.29 . 0,28(37).-
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The values obtained for the molecules of interest

in this study are listed in Table 8 . The A. . was 265 nmex
in all cases. The phosphorescence spectra were extracted 

from the total luminescence spectra obtained at -137°C by 

subtracting out the fluorescence curves in relation to the 

shape obtained at the warmer temperature, -112°C . The, 

phosphorescence comes at long enough wavelengths that no ■ 

overlap of fluorescence and phosphorescence occurred in 

the region of the fluorescence maxima.

Table 8 . Luminescence quantum yields

. • V -
Guan ine 0.051 — —
IMe-Guanosine, 0.020 0.015
N2-Guanosine 0.067 0.053
TMe-Guanosine 0.48
GMP 0.029 0.022
ApG 0.033 0.043
GpA 0.023 0.18
CpG O.Oll 0. 009
GpU 0. 013 0.010
GpT 0.024 0.012
AMP -0.002 -O
CMP 0.013 , 0
UMP -0.001 0
TMP 0.036 . 0
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Repeats of these experiments showed a variability 
of 15-20% in the yields.

Since ApG and GpA show a fluorescence quantum yield 

nearly equal to that of GMP, as well as having similar 

photochemical yields, an energy transfer effect at the 

singlet level is suggested, from A to G. GpT is also seen 

to have similar results. The acknowledged singlet energy 

levels for the nucleotides are AMP > UMP > TMP > GMP > CMP. 

For CpG, the Op is quite near that of CMP, so that it would 

be permissible to attribute a singlet level transfer from 

GMP to CMP as the cause. GpU might be considered as if 

the GMP and UMP portions of the molecule were acting in­

dependently, as the and $ could be derived from light 

absorption of the GMP part of the molecule alone. The 

0^'s of ApG and GpA offer little that would aid the analy­

sis. The luminescence yields of the methylated guanosines 

are not particularly clarifying in terms of the GMP photo­

chemistry either, unless the 0 's of the IMe and N2 casesP
are indicative of a difference in k for the two mole-ISC
cules. Certainly then, while energy-transfer might be im­

plicated by some of the luminescence and photochemical 

yields, more information is needed to this point.
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Luminescence yields were also attempted for some of 

the situations where metal ions were.added in equimolar 

amounts to GMP. The results are shown in Table 9 as lumi­

nescence yields relative to GMP without added Mn+. The 

relative photochemical yields, as previously given from 

the absorption monitored mode, are listed for comparison.

n  +Table 9. GMP $ .with M added.

GMP +Mg2"1" +Ca2+ - +Cu2+ +Co2+ ■ +Ni2+

1.00 0.87 0.97 0.06 0.24 ■ 0.14

1.00 0.65 0. 72 0.08 0.14 0,11

The absorbance of the GMP solutions used was 0.1 at
250 nm for the 6 mm path length.

Considering the precision of the 0^ measurements to 

be ±20%, the qualitative agreement between the relative 0' s 
indicates quenching at the singlet level and/or para­

magnetic intersystem crossing enhancement in terms of.re­

ducing the photochemical yield. The phosphorescence sig­

nals produced on further cooling were too weak to be ana­

lyzed with any confidence.

f. Triplet lifetimes, 3t . To.establish the 

nature of the lowest occupied triplet state in
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dinucleotides containing'GMP, triplet lifetime studies were 

made on all of the nucleotides, XMP, and on all dinu.cleo— 

tides , XpG,. GpX.

(1) A solution of the molecule whose 3t was

to be determined was cooled to a temperature low enough to 

promote phosphorescence, -137°C. '

(2) Excitation was made at the absorption

maximum.

(3) After determining the shape of.the total 

luminescence curve with the fluorimeter and observing the 

wavelength of maximum phosphorescence, response, the emit­

ting monochromator was set to this wavelength and the out­

put of the photometer connected to the Y axis input of a 

storage oscilloscope.

(4) The sensitivity of the oscilloscope and 

the slit widths of the excitation monochromator were ad­

justed to obtain the maximum observable response on the 

display scope scale.

(5) The scope sweep period was adjusted to 

a time scale which would allow the recording of at least 

one triplet decay period of the molecule in question. .



(6 ) The exciting light was blocked with a 
mechanical shutter and the luminescence decay recorded on 

the storage scope.

(7) A photograph of the stored trace was 
taken with the Polaroid camera attachment.

(8) Plots were made of log phosphorescence 
vs. time, and 3T determined by finding the time required 
for the phosphorescence signal to be reduced to 1/e of the 
initial phosphorescence signal.

A semilog plot of the results is shown in Figure 31 

and the 3T values are given in Table 10. The nucleotides 

CMP, UMP, and TMP have no detectable phosphorescence under 

these conditions.

It is evident that all of the molecules having a 

phosphorescence signal show a single exponential decay from 

their triplet states, with the exception of GpT. The de­

cay curve of GpT can be resolved into two components; a 

longer lived component which has a decay constant equal to 

that of GMP, and a component which has a decay constant 

representative of TMP. The observed lifetimes are also 

consistent with what other investigators have indicated, 

that the phosphorescence originates solely from the nu­

cleotide component having the lowest energy triplet; again
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Semilog plot of phosphorescence decay.Figure 31.
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GpT is an exception. The reported order of triplet energy 

levels for the nucleotides is CMP > UMP > GMP > AMP > TMP 

(38). Much has been made of the observation that TMP has 

the lowest triplet and, as a consequence, is a low energy 

trap for triplet excitation, causing much of the known 

photoalteration of nucleic acid polymers to result from 

TMP photochemistry (39). Either the GpT dinucleotide is 

not stacked sufficiently under the present conditions.to 

allow triplet transfer or perhaps the triplet energies of 

TMP and GMP are sufficiently close.in the experimental 

situation so that there is no preferential low energy . 

state. Of course, in the ApG and GpA cases, it must be 

that the rate of photochemistry of GMP is competitive with 

the triplet transfer to AMP.

Table 10. Triplet lifetimes.

3x(sec) . 3T(Sec)
AMP 1.4 GpT(£ ) OC-O

ApG 1.4 ' GpT(s) ' . 0.14 ■
GpA 1.4
GMP 0. 72
CpG 0.62
GpC 0.65
UpG 0.69
GpU 0.70
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g. Dinucleotides vs. nucleotide mixtures. The 

results with the dinucleotides at low concentration have 

indicated that the presence of a second nucleotide in the 

same molecule causes major changes in photochemical and 

photophysical quantum yields from what would be expected 

if the two nucleotides acted independently. The previously 

discussed experiments made comparison between the dinucleo­

tides and individual nucleotides. Here is presented the 

results of experiments designed to show directly the dif­

ference between dinucleotides and equimolar mixtures of 

the appropriate nucleotides. There is an advantage here 

in that higher concentrations may be used resulting in a 

larger luminescence signal. This is possible since one is 

only interested in comparisons and both solutions have 

nearly the same absorbance properties. Transmittance ef­

fects were taken into account for the excitation spectra.

The dinucleotides were made up to have an O.D. of 

0.80 at 255 nm in the buffered G-70, the cell pathlength 

being 6 mm. The equimolar mixtures of nucleotides were 

made to have the same 0.80 O.D. at 255 nm. The proper 

portion of each nucleotide required was determined from 

the relation A255 = <f 255 CZ + (F255 CZ. Knowing the values

for Atq5L > , <££55 , and Z it was possible to solve for
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C; and then equal volumes of solutions having O.D.'s of 

2 C q55 Cil and 2 Cl were mixed to give the equimolar

mixture of the GMP and XMP nucleotides. :

' The following experiments were performed at -IlO0C 

in the luminescence mode for the dihucleotides and equi­

molar nucleotide mixtures:

(1) The fluorescence signal at 325 nm when 

exciting at 255 nm, 5 , was recorded as a measure of the

V s -
(2) Photolysis was conducted for 10 minutes 

at A = 255 nm, and the F13^  recorded as a. measure of theex 425

*Pc'S' .- ' ' ' .
(3) Fluorescence excitation spectra were

recorded uncorrected, and the difference spectra deter­

mined and corrected for lamp intensity and transmittance 

factors, to measure the differences in $ ■as a function of

A for the two systems, ex
The data and comparisons for (I) and (2) are given 

in Table 11. The results from (3) are illustrated in Fig­

ures 32 to 38. All recorded information is for the same 

instrumental settings and Iq iS.

The results shown in Table .11 indicate a good rela­

tionship between the increase, or decrease in 0^ when a
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Figure 32. AMP + GMP vs. ApG;   fluorescence exci­
tation ApG, fluorescence excitation
AMP + GMP, -----  corrected difference spectrum.
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Figure 33. AMP + GMP vs. GpA; ----- fluorescence excita­

tion GpA, ...... fluorescence excitation
AMP + GMP, -----  corrected difference spectrum.
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Figure 34. CMP + GMP vs. CpG; ----- fluorescence excita­
tion CpG, ......  fluorescence excitation
CMP + GMP, -----  corrected difference spectrum.
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Figure 35. CMP + GMP vs. GpC; ----- fluorescence excita­
tion GpC, * fluorescence excitation
CMP + GMP, -----  corrected difference spectrum.
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Figure 36. UMP + GMP vs. UpG; ----- fluorescence excita­
tion UpG, * * fluorescence excitation
UMP + GMP, -----  corrected difference spectrum.



125
C lVfx IO"3

42 40 38 36 34

I--L-I-I-J
^  INMI

Figure 37. UMP + GMP vs. GpU, ----- fluorescence excita­
tion GpU, ......  fluorescence excitation
UMP + GMP, -----  corrected difference spectrum.



126
CM x IO

I 1 I 1 I

X (M M )

Figure 38. TMP + GMP vs. GpT; ----- fluorescence excita­
tion GpT, • • • • • fluorescence excitation
TMP + GMP, -----  corrected difference spectrum.



Table 11. Dinucleotide vs. monomer mixtures data.

%A255 F::: Fm(xpG)/F::%(x+G) F%= F ^ 35 (XpG)ZF^35 (X+G)

48 GMP + AMP 1.75 — 16 —

48 ApG 4.20 2.5 35 2.2

48 GpA 1.60 0.95 34 2.1

70 GMP + CMP 3. 0 — 31 —

70 CpG 0. 83 0.25 4.5 0.15

70 GpC 0.41 0.15 5. 0 0.16

58 GMP + UMP 2.60 — 21

58 UpG 1.80 0.70 7 . 0.33

58 GpU 1.25 0.48 10. 5 0.50

58 GMP + TMP 3.60 — 22 —

58 GpT. 2.10 0.61 15 0.68
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dinucleotide is present as opposed to a nucleotide mixture, 

and the corresponding changes in $pc. GpA might not seem 

to have such good agreement, but a reference to the $ , as 

determined by the proper integration of the fluorescence 

(Table 8) shows that the value is not much less than that 

of ApG. The apparent discrepancy is likely due to GpA 

having a considerable excimer fluorescence at wavelengths 

greater, than 350 nm so that the is not a proper meas­

ure of its - The UpG results cannot be explained away 

in a similar fashion.

The intensity corrected difference spectra of the 

fluorescent excitation spectra of the dinucleotides and 

equimolar nucleotide mixtures show specifically the vari­

ation of S> with X that results on bringing the nucleo- F ex .
tides in close proximity, as they are in a dinucleotide. 

Examination of the difference spectra provides the fol­

lowing observations.

(I) For CpG, GpC, UpG, and GpU, the spectra 

are similar to the absorption or fluorescence excitation 

spectrum of GMP. The values of A290 /A250 are 0.63, 6.80,

0.40, and 0.40 for the molecules difference spectra as 

listed, compared to values of 0.60 and 0.70 for the
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absorption and fluorescence excitation spectra of GMP.

This is indicative of singlet-singlet energy transfer from 
GMP. -

(2) For GpT, the spectrum is strikingly like 

that of the absorption spectrum of TMP, indicating energy 
transfer from TMP. to GMP„.

(3) The ApG case is unique for the cases 

shown as it is the only situation for which the <£>f is 

greater at all ^ex's for the dinucleotide than for the 

equimolar mixture of nucleotides. The corrected differ­

ence spectrum is similar to an AMP absorption spectrum, 

representative of energy transfer from AMP to GMP.

(4) The GpA spectrum is certainly the most 

unusual in its shape, showing no relation to the absorp­

tion spectrum of either GMP or AMP. However, excimer

emission has been indicated to be X dependent for thisex
molecule, which could account for the nature of the curve.

It has been implied here that some degree of 

singlet-singlet energy transfer is responsible for the 

various 0's obtained for the dinucleotides. Certainly the 

results are suggestive of this mechanism in a number of 

cases. A theoretical evaluation of the possible rates of 

transfer for the GMP containing dinucleotides will be
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presented in the next section, along with a discussion of 

the combined experimental results for each dinucleotide.

h. Optical properties of the low temperature 

product. The absorption and fluorescence excitation spec­

tra of the low temperature photoproduct, normalized at 

280 nm, are shown in Figure 39. Also indicated in the 

figure are the results of a fluorescence polarization 

study of the product made by the method of photoselection 

(40). The polarization study was conducted as follows:

(1) A sample of GMP in G-70 at -IlO0C was 

irradiated at 255 nm until no evidence of the parent com­

pound was detectable by fluorescence measurement.

(2) Polarizers were attached to both the 

excitation and emission monochromators.

(3) The emission monochromator was set to 

the wavelength of the fluorescence maximum of the photo­

product .

(4) With the polarizer on the excitation 

monochromator oriented to pass light polarized in the ver­

tical sense, the fluorescence response, Igg , was measured 

with the polarizer on the analyzing monochromator oriented 

to pass light polarized parallel to the exciting light.

The analyzing polarizer was then rotated to pass light



Figure 39. Low temperature photoproduct; -----  absorption, —
escence excitation, x x x  polarization ratio I|/ / .

fIuor-
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polarized perpendicular to the exciting light and the 

fluorescence response, , taken. This process was begun

with exciting light of the wavelength of the lowest energy 

in the absorption envelope of the product, 360 nm, and 

repeated at 10 nm intervals down to 250 nm.

(5) A plot was made of the polarization 

ratio Ifj /Ij, vs. wavelength of exciting light.

The drop in the polarization ratio from 2.25 at 

310 nm to a value of 0.98 at 260 rim indicates the existence 

of two transition moments approximately 60° to one another. 

This substantiates what was suggested in the absorption, 

and fluorescence excitation measurements, that there was a 

second transition located in the vicinity of 260 nm.

The $ for the product at -112°C as determined rel- F
ative to QBS is 0.35. The O.D. for the measurement when 

exciting at 313 nm was estimated from the percentage de­

crease in the parent GMP fluorescence and the relative 

s of the GMP and product as estimated previously from, 

the complete conversion via the absorption monitored mode. 

This value of is then an order of magnitude greater than 

the $ of the parent GMP, 0.029. On cooling to -137°C, the 

product showed, no detectable phosphorescence.
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The overlap of the absorption and fluorescence 

bands places the. 0-0 band at 28.OxlO3 cm-1, which is
, _i

6.0x10 cm lower in energy than GMP. The Stokes shift, 
as estimated from the energy difference between the 

and the absorption maximum of the low energy absorption 

moment, is 8 .OxlO3 cm as compared to a Stokes shift of 
6 .OxlO3 cm-1 for GMP.

A literature search revealed two compounds with 

similar optical properties, both purine derivatives; the 

so-called Y base (41) found in some t-RNA's, and the fluor­

escent derivative of adenosine, I ,N6-ethenoadenosine (42). 

Both of these compounds have a structure which is the re­

sult of the formation of a third nitrogen heterocyclic 

ring system in guanine and adenine through the connection 

of the N 1 purine.nitrogen and the exocyclic amine nitrogen 
by two carbon atoms. The reported structures are:
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The optical properties, as compared to the low tem­

perature. GMP product., are. given in Table 12.

The optical properties are similar enough, to sug­

gest a tricyclic structural form for the low temperature 

GMP product.

Table 12. Product, "Y", and optical properties

Cmpd Absorption Fluorescence

W m 0 xio 3 F (nm)max. .

258 5. 0 415 0.44
(pH 7 at 265 6.0
300°K) 275 6.0

294 3.1

"Y" 236 . 23.5 409 0.5
(G-50 at 264 4.4
80°K) 303 4.4

GMP "P" 225 19.4 418 0. 35
(G-70 at 265 3.7
160°K) 305 8. 3

i. Temperature dependence and stable product 

formation. While the low .temperature product of GMP was 

seen to be thermally unstable, as characterized by the dis- 

. appearance of its identifying absorbance and fluorescence
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properties when the photolized solution was allowed to warm 

to room temperature, there were on occasion optical ef­

fects which, were suggestive of a minor amount of remaining 

product. As a consequence, a study was made of the tem­

perature dependence of both the rate of product formation 

and the rate of product decay. The results of the vari­

ation of product formation rate as determined in the lumi­

nescence mode is shown in Figure 40. The varying GMP $ 

is also given, along with the results previously obtained 

for product formation in the absorption monitored mode 

(Figure 10).

Good agreement is seen between the luminescence and 

absorption results for the temperature range -91°C to 

-137°C. The decrease in photochemical yield at temper­

atures below -120° could well, be the result of decreased 
solvent mobility as emission from the triplet state be­

comes increasingly more efficient for GMP under these con­

ditions. The product gave no indication of thermal decay 

under these temperature-viscosity ranges (-91°C to -137°C) 

as the product fluorescence remained constant with time, 

in the absence of irradiation of the parent.

The situation was changed significantly by altering 

the experimental temperature to -80°C. At this
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temperature-viscosity, photolysis produced, in addition to 

the usual 418 nm fluorescence band, a second less intense 

band in the vicinity of 350 nm. Ctessation of photolysis 

of the parent and observation of the product fluorescence 

produced a surprising effect; the .418 nm band was parti­

ally transformed with time into the 355 nm band. A very 

slow warming to room temperature had the result that the 

355 nm band remained, although diminished in intensity and 

rted shifted to 365 nm. Recooling to -80°C re-established 

the shape and intensity of the 355 nm band. The 418 nm 

band was absent at room temperature and when the solution 

was recooled at -80°.C.

At slightly warmer photolysis temperatures, -57°C 

to -74°C, only the 355 nm band is produced, with decreas­

ing efficiency and increased.red shifting to near 360 nm. 

At room temperature, the efficiency of producing the 365 

nm band is only 5% that at -80°C.

Preliminary results with the GMP d!nucleotides and 

with soluble RNA indicate that all of these compounds show 

the characteristic GMP photoproduct fluorescence, when 

photosensitized with acetone in the presence of glycol at 

room temperature. The use of the product as a fluorescent 

probe in biological polymers is thus established.



Figure 40. Relative $' s of GMP vs. temperature; S  3>pC in 70% glycerol 
via absorption, Q  <$>PC in G-70 via absorption, x**x $pC in 
G-70 via fluorescence A^^=255, ^  $F as measured by F 32I in G-70.
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3. Energy transfer, theoretical and experimental 

results.. ■ ,

a. Theoretical results. .. Gueron, Eisinger, and 

Shulman (13) have published the results of calculations 

designed to show the probability of singlet-singlet energy 

transfer, assuming dipole-dipole coupling for the nucleo­

tides, based on the optical properties of the nucleotides 

at 77°K. Only ApA was correlated experimentally with the 

proposed theoretical results.

Here are presented the results of similar calcula­

tions for GMP containing dinucleotides under the condi­

tions at which the photophysical and photochemical proper­

ties of these molecules was determined for this work.

There is an advantage now for these calculations in that 

there has been published recently an X-ray structure of a 

GMP containing dinucleotide GpC (2), and the experimen­

tally determined transition moment directions for the 

nucleic bases are now all available. Also rather than 

making certain approximation in the calculations, it was 

attempted to make reasonably complete integrations, etc.

This expectedly improved analysis, however, does 

not necessarily mean that this approach is totally accu­

rate for the dinucleotides. Excimer formation is not .
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taken into account, nor is hypochromism, the reduction in 

absorptivity which results when two nucleotides are joined 

to form a dinucleotide. The possibility of excitation

transfer by electron exchange is another factor which
' ' ■ .■ . ■ ' . . . . .  ■ .could be significant at the small distances which separate

the nucleotides.

The relation used to predict the rates and effici­

encies of singlet energy transfer is that derived by. 

Forster for the very weak coupling interaction case of 

dipole-dipole coupling (43). This is a convenient expres­

sion of the phenomenon as the parameters are given in 

terms of experimental observables. The relation for the 

transfer rate is:

. k . = 90OOK2 ftn 10 I Fd ^ .  Pv .
D^A T28it5Ji4N T0R 6 /  v 4

where:

k_ = rate constant for transfer, d-*a . • ■
K = dipolar orientation factor,

= cos0 - 3 cos IO1 Cosgo2 , where 0 is the angle 

between the transition moment vectors of 

both molecules, while Co1 and co2 are the
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angles between the respective vectors and 

the direction of R,

R =  distance between donor and acceptor, 

n. = index of refraction of the intervening 

medium,

N = Avogadro1s number,

1T0 = the natural radiative lifetime of the 
donor,.

C ft(V) = molar extinction coefficient of the accep­

tor,

Fd (v ) = the spectral distribution of fluorescence 

normalized such that /Fp(v)dv.= I.

A modification of this formula gives an expression 

which relates to the efficiency of the transfer. This is 

done by assuming a distance R0 wherein the rate of energy 
transfer is equal to the rate of all other depopulation 

pathways of the donor singlet state, i.e.,

kD^ft = Eki , when R = R0. 
i

Also since Ek_ = !/1T, and 1T = ^p 1T0;
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9000K2 $ . &n 10 ( FXv). € A(v)dv,^6 _ ________ _______  I _D___  A_____; .
0 ■ 128Tr.5n4N ' /  v '

where $' is the fluorescence quantum yield of the donor 

molecule. -
The integral term is.referred to as the "overlap 

integral" between the donor fluorescence and the acceptor 

absorption and shall be termed J. It has units of mole 

cm3.
In order to obtain the , values for the GMP con- 

taining dinucleotides from the spectral and.crytallo- 

graphic data, it was first necessary to calculate 1T0 val­
ues for the nucleotides. This was done from the.Strickler 

and Befg relation (44) which is a modification of 

Einstein's, relation for the natural radiative lifetimes 

for atoms. The Strickler and Berg relation for iT0 of 

molecules is

2.88 x 10 d £nv,

where:
n = the index of refraction of the medium 

(1.4 for G-70),
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<v ~ 3> 1F AV

C

the reciprocal of the mean value of v ~ 

in the fluorescence spectrum, 

the ratio of the degeneracies in the 

upper and lower states (assumed here to 

be unity),

the molar extinction coefficient at v 

in the region of the lowest transition. 

for the molecule..

The results for the nucleotides as determined by 

the above relation.are given in Table 13.

Table 13. Calculated 1T0 values for the nucleotides by 
the Strlckler-Berg relation.

<v ~3> 1F AV
■

/ G d  i-nv" 1T 0(Sec)
Xio-13 XicT3 XlO9

GMP 2.97 1.218 4.8
AMP ' ■ 3.25 1.886 2.8
CMP 2.97 1.030 5.7
UMP 3.17 0.943 . 5.8
TMP 2.97 . 0.902 6.5

The values of vF were estimated from the literature

values of V^ax at 77°K. The €. values were taken from the

low temperature (-IlO0C) values obtained for this work.
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Where there was large overlap from a higher energy transi­

tion in the absorption spectrum, an attempt was made to 

make the lowest absorption band gaussian in shape on a 

wave number scale. The fluorescence polarization study 

on guanine by Callis (45) was particularly helpful in re­

solving the low energy band for GMP.

The 1T0 values listed here agree reasonably well 

with those calculated, by Gueron, Eisinger, and Shulman 

(13), except for GMP. Their values based on oscillator 

strengths and suitable averages of Ap(Cm) and A^(cm) were 

given as 3, 12, 5.5, 4.5, and 4.5 nsec for the 1T01S of 

AMP, GMP, CMP, TMP, and UMP, respectively. The discrep­

ancy in the GMP case is likely due to their having under­

estimated the oscillator strength for the low energy band.

The dipolar orientation factor K for the dinucleo­

tides was determined by, I) considering that the confor­

mations of the GMP containing dinucleotides were.the same 

as that obtained by Day, Seeman, Rosenberg, and Rich (2) 
in their X-ray structural analysis of the GpC molecule;

2) the use of current reports of the experimentally deter­

mined transition moment directions in the nucleic bases: 

Cytosine, Callis, and Simpson (46), Lewis and Eaton (47); 

9-methyladenine, Stewart and Davidson (48); 9-ethylguanine,
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Callis and Simpson (49); 1-methyluracil, Eaton and Lewis 

(50); lmethyl thymine, Stewart and Davidson (51); 3) the 

dipoles were placed in the center of the six membered 

ring in all cases.

The values obtained for the 0, W 1, W 2 angles in the
+2K = cos6 - Sc o s w 1Co s w 2 expression and the resultant K 

values for the low energy moments are listed in Table 14. 

There exists an ambiguity for the directions of the low 

energy moments in guanine. For that reason, two data sets 

are listed for each molecule, the first listed is that 

considering the direction of the guanine moment to be +44° 

and the second set for the guanine transition direction of 

-14°. The W 1 and W 2 values are the angles that the GMP 
and XMP moments, respectively, make with R vector.

The final factor needed to calculate the rate con-
!stant for transfer kQ^A was J'? the overlap integral. The

integration was accomplished by a computer method where an

area approximation was made at 5 nm intervals, the Fq (V)

was phototube response corrected.

The k values obtained are listed in Table 15 d->a
“ Ialong with the necessary parameters K2., 1T0 , and J. The 

value of n is taken to be unity since no solvent inter-
O

venes stacked bases. R is 4A.
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Table 14. Postrelaxation orientation factors.

XpG 6 w i w2 K2

ApG . 22° 89° 82° 0.844
Tl ■ 36° ■ 75° 82° 0.491.

CpG 11° 89° 82° 0.964
Tl 46° 49° 82° 0.177

UpG 3° 89° 86° . 0. 863
Tl 60° 49° 86° 0.132

GpA 80° 77° 74° 0.0001
Tl 22° 89° 74° 0.832

GpC 63° 72° 68° 0.011
Tl 9° 78° 68°  . I. 51

GpU 67° 72° 72° 0 .  0 1 1
Tl 10° 78° 72° 0.627

GpT 34° 72° 76° 0.365
Tl 23° 78° 76° 0.591

For the calculation of the R0 distances, the <I> ' s F
used were those accumulated for this work at -IlO0C. The

K2 and J values used were those previously listed. The

I and 2 subscripts for the R0 values in Table 16 refer to

the.+44° and -14° directional cases for the low energy

GMP moment.

All of the results listed below for the very weak

coupling: analysis have as an implicit assumption that the

energy transfer occurs after vibrational relaxation to



Table 15. Postrelaxation energy transfer rates.

XpG K?

XMP = Donor 
xlO"8
1V 1

, GMP = 
xlO16 

J

Acceptor
xlO’12

I1= W sec' ^

xlO 12

ZkW sec"1)

ApG 0.844 0.491 3.50 4.12 26.2 15.2
GpA 0.0001 0. 832 3.50 4.12 . 0.003 25.8
CpG 0. 964 0.177 1.75 0.46 . 1:67 .0.30
GpC 0.011 1.54 1.75 0.46 0. 017 2.67
UpG . O'. 863 0.132 1.72 3.47 11.1 I. 68
GpU 0.011 0.627 1.72 3.47 0.14 8.04
GpT 0. 365 0.591 1.55 1.25 1.53 2.45

ApG 0. 844 0.491

GMP = Donor, XMP = 

2.1 0

Acceptor

0 0
GpA 0.0001 0.832 2.1 0 0 0
CpG 0. 964 0.177 2.1 0.73 3.18 0.58
GpC 0. 011 1.54 2.1 0.73 0. 036 5.07
UpG 0.863 0.132 2.1 0.20 0. 77 0.12
GpU 0. 011 0.627 2.1 0.20 0. 010 0.56
GpT 0. 365 0. 591 2.1 0.54 0.88 1.44

K i > ^2’ IkD-̂ A ’ and 2kD->A refer to the cases where the transition moment
for the GMP is at I(+44 0) and 2(-14°).

146
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the lowest vibrational level of the first excited singlet.
1 ■ " " - . ' ' ' - 1of the donor.molecule. Considering the magnitude of the

rate constants for transfer (e. g. , TO13 sec for ApG) ;, 

and R0 distances obtained as compared to the R distance of 

4.0 A which should apply to the stacked nucleotides, the 

possibility that transfer could happen prior to vibra­

tional relaxation was not discounted.

Table 16. Calculated R distances in XpG dinucleotides.
' ’ 0 OUnits of R 0 are A . .

XpG

XMP
XlO2

= Donor 

.B -1 ■ \

GMP
XlO2 
■ . 4 D-

= Donor

R0■ i ,• 2

ApG 0.2 6.3 .5.7, 2.9 0 0
GpA 0.2 1.4 5.0 2.9 0 0
CpG 1.3 6.1 4.6 2.9 7.5 5.7
GpC 1.3 2.9 6.6 2.9 3.6 .8.1 .
UpG 0.1 5.5 4.0 2.9 5.9 4.4
GpU ■ 0.1 2.6 5.2 2.9 2.9 5.6
GpT 3.6 7.3 7.9 2,9 6.1 6.6

In order to evaluate the pre-relaxation transfer 

rates, the following calculations were made: the J over­

lap integral was recomputed, where the donor fluorescence 

spectrum was blue-shifted by the amount v - v v' v
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being the wave number of excitation and also the wave num­

ber of the minimum energy of fluorescence assumed to oc­

cur, v0_0 represents the wave number of 0-0 band as deter­

mined from experimentally observed post relaxation fluor­

escence. The K orientation factors were refigured for the 

transition moments of the donor and acceptor molecules at 

the energy of the excitation.

Rather than attempt to assess the pre-relaxation 

rates at all excitation energies, the situation where ex­

citation was at 250 nm was taken to be a representative 

case. At. this wavelength of excitation, the second band 

of guanine is almost completely, dominant. The transition 

moment direction for this moment is nearly, perpendicular 

to the moment in the low energy band, with a direction of 

either +95° or 115 relative to the N , C axis (47). In 

the other bases, either the low energy band remains 

clearly dominant at this wavelength, or if the second band 

makes a significant contribution the transition moment di­

rection is little changed from that of the low energy mo­

ment, e.g., cytosine. Therefore, it was considered neces­

sary to only redetermine W 1, the angle that the GMP moment 

makes with the R vector, and 6, the angle between the
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moments, co2 was not redetermined for the pre-relaxation 

K 2",

The pertinent, angles and the K 2" values are listed 
in Table 17 for transfer between the GMP containing di­

nucleotides occurring prior to vibrational relaxation and 

with a X of 250 nm. Also included is J" the overlap.in- 

tegral for the pre-relaxation transfer.

As in the post-relaxation case, the two fold am­

biguity in the GMP transition moment direction requires 

two sets of data for each dinucleotide, in Table 17 the 

first data set listed for a dinucleotide refers to the 

situation where the GMP moment is at +115° relative to the 

N , C axis and the second set is where the GMP moment is3 6
at +95°.

To assess the change in rate of transfer resulting 

from pre-relaxation, as opposed to post-relaxation, trans­

fer, the factors obtained by the changed K" and J terms 

in the two cases are listed separately, arid as a product, 

in Table 18.

The calculated pre-relaxation energy transfer rate
*constants k" , as determined by the.product f are

given in Table 19. The values for the ApG cases

where GMP was the donor.were calculated directly from the
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Forster relation using the Kz' and J' values in the place 

of K2 and J.

Table 17. Pre-relaxation orientation and overlap factors,
A = 250 rnn., ex

J' ( xlO16 )
XpG e W 1 U2 K2- XMP=Donor GMP=Donor

ApG 85° 70° 82° 0.003 23.6 7. 90
TI 73° 71° 82° 0. 024 23.6 7. 90

CpG 83° 50° 82° 0.021 25.6 12.3
11 63° 58° 82° 0.054 25.6 12.3

UpG 69° 48° 86° 0.047 18.1 7.50
11 48° 58° 86° 0.31 18.1 7.50

GpA 30° , 74° 74° 0.41 23.6 7.90
11 53° 72° 74° 0.12 23.6 7.90

GpC 40° 88° 68° 0.53 25.6 12.3
11 63° 83° 68° 0.17 25.6 12.3

GpU ' . 42° 86° . 72° 0.46 18.1 7.50
11 65° 83° 72° 0.10 18.1 7.50

GpT 75° 90°' 76° 0.07 19.2 11.6
11 85° 83° 76° ~0 19.2 11.6
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Table 18. Pre--relaxation correction factors..

XMP=Donor- GMP=Donor XMP=Donor GMP=Donor
XpG

CM\O
J J"/J J V J f*- f*

ApG 3.5x10 3 5. 7 OO 2.OxlO"2 CO

I ! 4.9xl0~2 5. 7 0 0 0.28 OO

CpG 2.2xl0“2 56 17 1.1 0. 37
H 0. 30 56 17 17 5.1

UpG 5.4xl0“2 5.2 38 0.28 2.0
H  . 2.3 5.2 38 12 87

GpA 4.1x10 5.7 0 0 2.3 IO"2 . CO

M 0. 14 5.7 0 0 0.80 0 0

GpC 4.8x10 56 17 27. 8.2
I t 0.11 56 17 6.2 1.9

GpU 4.2x10 5.2 38 2.2 16
M 0.16 5.2 38 0. 83 6.1

GpT 0. 20 15 21 3.0 4.2
I ! 0 15 21 0 0

f* = (K2V K 2)-(JVJ)
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Table 19. Rate constants for pre-relaxation transfer.
XMP = D o n o r ' GtoP = Donor

XpG
xTO"12
k D->A f* k ^ A  '

xlO-12
kD»». f* kD+A

ApG 26.2 2.OxlO"2 5x1011 • 0 \ IxlO11
ft 15.2 2.SxlO"1 4xl012 \0 8X1011

CpG 1.67 1.1 2xl012 3.18 3. 7X10"1 IxlO12
11 0.30 1.7xl0+1 5xl012 0. 58 5.1 3xl012

UpG 11.1 2.SxlO"1 3xl012 0.77 2.0 2x1012
M 1.68 I.2xl0+1 2xl013 0.12 87 IxlO13

GpA 3xl0"3 2.3xl0"2 7xl07 0 1.4xl013
I! 25. 8 0. 8 2xl013 0 4x1012

GpC l:7xl0"2 2.7xl0+1 5x1011 CO CS
) H O I to 8.2 3 xlO12

Tt .2.67 6.2 2xl012 5.07 1.9 IxlO13

GpU 0.14 2.2 SxlO11 0.01 1.6 2xlOn
M 8. 04 0. 8 6xl012 0.56 6.1 3xl012

GpT 1.53 3.0 2xl0i3 0.88 4.2 4x1012
Tl 2. 54 ~0 ? 1.44 ~0 ?

Discussion of Results for the Dinucleotides

A compilation of the experimental data and theoret­

ical energy transfer calculations pertinent to the GMP con­

taining dinucleotides is given in Table 20. Figure 41 

shows, the energy order of XMP's at the singlet and triplet 

levels. A discussion of this information with regard to



Table 20. Combined results.

Pel
0(1)
PC

,Relk
P

. Rel k
PP .

F 255FXpG
f 25 5 
X+G

p313
XpG

F 31 3 
X+G

FX P.X P.C.A.
F.X

[XpG - (X+G) I f G 2 55- 
ab *F

GMP 1.0 1.0 . 1.0 — — *Ab =F.X ~F.X — 1.0 0.029
AMP 0 0 0 — — 4= Ab _-- -- — — 0.002
CMP 0 0 ■ 0 — — *Ab — — — 0.013
UMP 0 0 • 0 — — 4=Ab — — — — 0.001
TMP 0 0 0 — — *Ab — — — — 0.036
ApG 1.99 1.30 2.2 2.5 2.2 *Ab =F.X • ~F .X "AMP , or ab

GMP , ab

0.48 .0.033

GpA 2.19 1.80 2.0 0.95 2.1 *Ab =Ab ~-Ab ? 0.48 0.023
CpG 0.43 0.30 0.22 0.25 0.15 *Ab ~F.X ~Ab —GMP ab - 0.70 0.011
GpC 0.54 — — 0.15 0.16 — — — ~ GMP , ab 0.70 —
UpG 0.70 0.33 — — --- ~GMP ab 0.58 —

GpU 0.85 0.30 0.16 0.48 0.50 *Ab — ~F.X -GMP ab 0.50 0.013
dpGpT 1.83 1.0 0.95 0.61 0.68 *Ab ~F.X .-- -TMPF.X 0.50 0.024.
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Table 20 (continued)

Ii
>8.

Post Relaxation, Energy Transfer
Pre-relaxation 
Energy Transfer

G = Donor .X=Acceptor X = Donor G=Acceptor G =  Donor -X = ■ Donor

lkD*A
XlO12

1R0
O
A

2k D^A:
XlO12

2R o
O

. A
Ik DtA
xio12

1R0
O
A

Zk DtA
-XlO12

2V .O
A

k 'I D»A
xio12

Zk^ A
XlO12

t -  k '1 DtA 2 DtA 
xio12 XlO12

..GMP ■ 0.022 G
AMP 0.0O1 A - '
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Figure 41.. Lowest-lying'singlet and triplet energies of 
the nucleotides (5).
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the possible photophysical pathways responsible for the 

effects seen is given below.

ApG. At the conditions.under which data were col­

lected, the shapes of the absorption and fluorescence 

curves of ApG are what would be expected based on the Ŝ>' s 

and $F 's of the monomer components. As the AMP is less 

than 0.1 that of GMP, the shape of the fluorescence curve 

and the energy of the fluorescence maximum should be near 

that of GMP, which it is. The shape of the fluorescence

curve is independent of X and there is little evidenceex
of an excimer band. These features all indicate that the

interaction between the AMP and GMP chromophores is quite

small (very weak in the Forster terminology) in both the

ground and excited states.

However, the magnitude of the $F and the nature of

the emitting triplet definitely give evidence that the two

molecules perturb each other to some degree. The $ of

ApG (0.033) is near to that of GMP (0.029), Xgx = 265 nm.

This is an indication that either there is an efficient

transfer of excitation energy at the singlet level from

AMP to GMP, or the near presence of AMP somehow causes the

0 of GMP to be double what it is in an isolated situation. F
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The emitting triplet is that of AMP alone.* This indi­

cates energy transfer at the triplet level from GMP to 
AMP.

The $ due to photoalteration of the GMP present is... pC •
the same for both GMP and ApG, when monitored either in. 

the fluorescence or absorption modes (X. photolysis = 265 nm 

in the fluorescence mode). The measured rate of photo­

product formation for ApG is twice that of. GMP at -IlO0C.

Of course, if the GMP photochemistry occurs from the trip­

let state of GMP, then its rate of formation must be near

that of the triplet transfer rate to AMP or it could not
*occur at all in this situation.

For the situation where excitation is in the region 

of the absorption maximum of ApG, a case can be made for

a scheme which has as its principle feature, efficient en-
' - ■ ■

ergy transfer at the singlet level from AMP to GMP. The 

calculated rate and efficiency of transfer, by the Forster 

relation (very weak coupling, post-relaxation) is in agree­

ment with this viewpoint. The estimated rates of

Some investigators have felt they could detect a . . 
small amount of GMP triplet emission (.52).,

However, the <i>pG of ApG is only 0.25x#pq of: GMP at 
-137°C where only A phosphorescence is seen. ' ' .
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pre-relaxation transfer from AMP to GMP or vice versa 

(transfer from GMP to.AMP now becomes possible'due to a 

nonzero J) are large enough that they might be effective. .

The scheme based on the results would be the follow­

ing: I) excitation in the absorption maximum region of

ApG results in the excitation of either A. or G, 2) if G 

is excited, it undergoes its normal photophysical processes 

until it reaches 1T where it undergoes photochemistry at 

the same rate that it would as.a monomer, 3) if A is ex­

cited, it efficiently transfers its excitation energy to 

G at the singlet level causing.a proportionate increase in 

excited state population of G.

As nicely.as this scheme fits the results for exci­

tation near the absorption maximum, it does not prove con­

sistent with the results at all X 's within the absorp- 
• • . ex

tion band. Consider first the shapes of the fluorescence
' . ■ ,■■■■■ ' . ' 

excitation phosphorescence excitation, and photochemical

action spectra as compared with the absorption spectrum.

All three spectra have the same shape, featuring.a

shoulder at 280 nm. This in itself is not inconsistent

with the previous scheme. In fact, it is a requirement of

it.. Fluorescence yield and results due to inter system
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crossing should have the qualities of GMP, if it is the
chromophore responsible for the effects.

What is inconsistent, is the magnitude of the 280 nm

shoulder, and most important, the spectral heights in the

entire 270 nm-300 nm region, as compared to the height of

the spectral maximum (at -255 nm). If the yields are

equal at 265 nm (where the spectra are normalized) to what

is considered to be 100% efficient transfer from AMP to

GMP, then the increase in yields for X > 265 'nm shouldex
be proportionate to the increased GMP yields at these

X 's . At 280 nm, the $'s of GMP are 15% greater than at ex
265 nm. The $'s of ApG at 280 nm would also be 15% larger 

than at 265 nm if efficient transfer occurred from A to G. 

However, the $'s at 280 nm for ApG are more than double 

the 0's at 265 nm. At X^^'s > 280 nm, the disparity be­

tween predicted 0's, based on efficient transfer, and the 

observed 0's becomes even larger.

A similar effect is demonstrated from the results 

obtained when examining the equimolar mixtures of AMP and 

GMP, and ApG. Excitation at 255 nm shows a two fold in­

crease in both 0p and 0pc when exciting ApG as compared to 

AMP plus GMP. But the corrected difference spectrum be­

tween the two cases is not exactly the absorption (or
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fluorescence excitation) spectrum of AMP. Rather, the 

correlation is fair near the absorption maximum but be­

comes negative at A's > 275 nm.

While both the fluorescence excitation spectrum of 
ApG and the corrected difference spectrum previously de­

scribed are not in agreement with a singlet energy trans­

fer scheme at all X 's, the two Spectra are not in corn-ex
plete agreement with each other. The fluorescence exci­

tation spectrum of ApG is nearly super-imposable with the 

absorption spectrum of GMP, while the corrected differ­

ence spectrum does not have the intensity in the 280 nm 

region to■ make the shape equivalent to GMP absorption.

Since the two do not agree, a choice must be made on rela­

tive reliabilities of the two data sets. The corrected 

difference spectrum must suffer in the comparison as an 

additional spectral correction factor, the transmittance 

factor, was required, because of the higher absorbance 

used.

Two possibilities are presented, in order of prefer­

ence, which could account for the experimental results.

I. The increase in yields seen for ApG is the result

of a decrease in nonradiative internal conversion of GMP,

i .e., singlet energy transfer is not required. Singlet
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transfer from A to G might not be effective (as predicted 

by the Forster relation) because the dinucleotide might 

not exist in the stacked conformation in solution. Hypo- 

chromism and ORD studies give this indication (53).

2. Singlet energy transfer from AMP to GMP is ef­

fective in ApG, only in the region of the absorption maxi­

mum. The largely increased quantum yields in the low en­

ergy region of the absorption band are the result of the 

same effect that increases the <i>F of the nucleotides in 

this region, (relative to that obtained at the absorption 

maximum), but the effect is even greater for the dinucleo­

tide.

GpA . The absorption spectrum of GpA is similar.to

an absorption spectrum of an equimolar solution of AMP and

GMPy although some evidence of hypochromism is present.

The shape, of the fluorescence curve presents more evidence

for interaction. The curve shape is representative of GMP

monomer fluorescence with an added excimer component at

X's > 350 nm. The relative heights of the two bands change
with x ", the excimer band is present to the largest ex



extent (~25% the intensity of the monomer) when exciting 
near the absorption.maximum.

So, uniike ApG, GpA has spectral evidence for inter­

action in the. excited singlet state. The $ , exciting at 

265 nm, is slightly less (0.023 vs. 0.029) than that of 

GMP. This integrated value includes both monomer and ex- 

cimer contributions. Excitation at 255 nm and a monitor4. 

ing of the monomer fluorescence at 325 nm indicates that 

the GMP monomer contribution in GpA is hear what would be 

expected based on the relative absorption of GMP in GpA 

(see ■ .

Once again, the emitting triplet is AMP,, as it was 

in ApG. However, the phosphorescence excitation spectrum 

and photochemical, action-spectrum are not coincident with 

the fluorescence excitation spectrum, as they were in the 

ApG case. For GpA, the phosphorescence excitation spec­

trum and photochemical action spectra are more like the 

absorption.spectrum.

The photochemical yields as monitored .by the photo­

product formation are, as in.the case of ApG, the same as 

for GMP monomer.. The rate of product formation when moni­

tored in the fluorescence mode lis, like the ApG case, 

twice that of GMP monomer.

162
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The photochemical results are much the same in the 

ApG and GpA cases, indicating that the steady state popu­

lation of GMP triplet is the same in both cases. The 

photophysical features are much different in the two cases, 

however, so that a different explanation must be provided 

to account for.the effects in GpA than was advanced for 
ApG.

The major feature distinguishing GpA from ApG is the 

excimer band; this added species could account for the 

differences seen. The presence of the excimer also gives 

evidence that the nucleotides are more stacked in GpA than 

they are in ApG. Charge resonance contribution is re­

quired for excimer formation, which means an overlap of 

space for the two. molecules involved. ORD data indicate a 

stacked conformation for GpA (53).

The following scheme is presented to co-ordinate the 

results due to photochemistry with the spectral features 

evidenced.

Excitation at any position in the absorption band

produces a combination of excited state GMP monomer and

excimer species. The proportion of the species depends on

the'A . The excimer formed intersystem crosses in a state ex
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such that the triplet excitation resides on the nucleotide 

which had the lowest energy singlet state (GMP).

The fluorescence excitation spectrum was taken by 

monitoring 325 nm, the GMP monomer fluorescence maximum.

An excitation spectrum taken by monitoring at the fluores­

cence maximum of the excimer gives a spectrum which more 

closely resembles the absorption spectrum. It is proposed

that excimer $ is independent of X and GMP monomer F . ■ ex
is Xqx. dependent. The corrected difference spectrum of 

FX - FX (monitoring at 325 nm) qualitatively showsA + G  G p A
the same manner of Xgx dependence as does the fluorescence

excitation spectrum of GpA taken at low absorbance and

monitoring at the GMP monomer fluorescence maximum. .

In more detail, a photophysical mechanism which could

explain the shape of the fluorescence excitation spectrum

for GpA is provided in the following paragraph.

Excitation at X 's > 275 nm produces either, ex- ■ ex
cimers for those molecules having the proper conformation, 

or for the remaining fraction of molecules there is effi­

cient energy transfer from AMP to GMP. Excitation at 

X ^ t s .< 275 nm is as effective in promoting excimer for­

mation for those molecules having the proper conformation

as it was for X 's > 275 nm. However, singlet transfer ex
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from AMP to GMP is not as efficient as these energies of

excitation. This means that kIC for AMP is large at these

Xex • The 2kD->.A values rather than, the jkD .̂A values must
*be the correct ones.

The shapes of the phosphorescence and photochemical 

action spectra, and the magnitude of the photochemical 

yields can only be rationalized if the fraction of excimer 

forming molecules is greater than the fraction of mole­

cules not of a conformation for excimer, formation. The 

$ of the excimer form must also be less than for the 

monomer.

CpG. The absorption spectrum of CpG is representa­

tive of an equimolar sum of CMP + GMP. The shape of the 

fluorescence is independent of X ^  and there is little 

evidence of excimer formation. The position of the fluor­

escence maximum is the same for CMP, GMP, or CpG. Thus, a 

very weak interaction case applies here.

Unlike the AMP-GMP situations, here the XMP monomer 

has a significant as compared to GMP (0.013 vs. 0.029).

------- ; ----- :-----Dr. Leigh Clark has just resolved this ambiguity in 
favor of the G moment direction used for ak (54).

i ' D~*“A
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The $ (A = 265 nm) of CpG is near that of CMP (0.011 vs. F v ex.
■ ' - ■ ■ . , 11 . ' " " 1 ■0.013). This is representative of singlet energy transfer

from GMP to CMP. The value F255 /F255. of 0.25 is also con­

sistent with this [i. e. , + $^MP) = 0.30] .

•All of the experimental information points to effi­

cient energy transfer from GMP to CMP at the singlet level, 

ISC as CMP, followed by triplet energy transfer to GMP.

The values of k and R n as calculated from the ForsterD-)-A 0
relation are consistent with this mechanism.

GpC. Less experimental data were taken for this mole­

cule than were taken for the three previously discussed 

cases. The data taken exhibit features similar to the 

GpA situation. Hypochromism is present in the absorption, 

and a considerable excimer band is present in the fluores­

cence [Ip(excimer) may equal Ip(monomer) depending on the 

age of the solution], with the ratio of monomer to excimer 

intensity being Agx dependent (note Fcpg/Fc+G vs'
■c'25 5/fii255'v 
^GpC'^C+G ' *

The crystal structure of GpC indicates considerably 

more intramolecular interaction is possible in GpC (3  ̂ -+ 

5') than in CpG (3^ -* 5'), between the G and C portions of 

the molecules. (The CpG conformation is approximated by.
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exchanging the C and G positions while retaining the ori­

entation of the sugar-phosphate backbone.)

The photochemical quantum yields are very similar in 

CpG and GpC, so considering the information available, the 

scheme for GpC is like that proposed for GpA. A combina­

tion of monomer and excimer species are present, and the 

excimer intersystem crosses with the triplet excitation 

residing on the base having the lowest singlet state (CMP). 

CMP does not undergo photochemistry in the triplet state, 

but transfers its triplet excitation to GMP (the emitting 

triplet for GpC is GMP). The reduced $pc results from ISC 

by CMP only, rather than by both CMP and GMP.

UpG. The only experimental data for this molecule 

are the result of experiments conducted with the dinucleo­

tide vs. equimolar monomer mixtures, and the determination 

of the emitting triplet in.the dinucleotide.

Both fluorescence and photochemical yields are re­

duced in the dinucleotide case, as compared with the equi­

molar mixture. The reduction in photochemical yield is 

twice the reduction in the fluorescence yield. No attempt 

will be made to rationalize these differences. The cor­

rected difference spectrum is roughly equivalent to a GMP
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absorption band in shape, which is consistent with a de­

crease in fluorescence and photochemical yields.

GpU. GpU shows properties similar to the other GpX 
molecules discussed. .There is evidence of an excimer band 

in the fluorescence, and the monomer fluorescence is less 

when exciting near the absorbance maximum; as compared to 

the XpG case (notice. F255 /F255 = 0. 70, vs. F255 /F25 5 = 

0.48). The $pc is greater for GpU than UpG (note the

values) presumably due to the excimer which in-upX X+U
tersystem crosses with the triplet excitation oh the nu- . 

cleotide with the lower energy singlet (GMP).

The magnitude of the when monitoring in the.ab-• PC
sorption mode as compared with that in the.fluorescence

mode is attributed to a much.larger at X = 280 nmp c  . ex
than at X . = 265 nm. This is clearly evident in the ex
photochemical action spectrum. The intense Hg lines in 

the region of 270 nm-300 nm were not taken into account 

when calculating the relative photochemical yields in the 

absorption monitored; mode.

dpGpT. . TMP is the only nucleotide having a greater 

(A0x = 265 nm) than does GMP (0.036 vs. 0.029). Like

I
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CpG, a very good case can be. made for singlet energy trans 

fer, in this situation from TMP to GMP.

The (X . ='265 nm) GpT is near to that of GMP 

(0.024 vs. 0.029), and the corrected difference spectrum 

of FXt+G — FXq^t is very similar to the absorption spec­

trum of TMP.. The. fluorescence maximum of GMP + TMP (325 

nm) is between the fluorescence maxima of TMP (323 nm) arid 

GMP (327 nm), while the fluorescence maximum of dpGpT 

(327 nm) is the same as that of GMP.
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Part A

Room temperature photochemistry of GMP in G-70.

The finding that the low temperature photoproduct of 

GMP in G-70 could be thermally converted to a room temper­

ature stable product under suitable conditions led to at­

tempts to produce the stable product in quantity at room 

temperature. While there was some success at producing 

the product, separation and identification procedures were 

not successful. A description of the methods used is in­

cluded here as reference material for future.work.

Photolysis for over 100 hours with the high pressure 

Hg lamp of a preparative scale solution of GMP in G-70 

resulted in only minor amounts.of product formation as in­

dicated by the intensity of the characteristic 360 nm 

fluorescence. However, the addition of acetone to the 

reaction mixture dramatically increased the product yield. 

That is, the 360 nm fluorescence rose to a maximum within 

a few hours photolysis time.

The methods used and the results obtained were as 

follows:
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1. The reaction mixture consisted of 2.0 g of GMP, 

75 ml of ethylene glycol, and 75 ml of H 2O for the unsen­

sitized reaction. Twenty ml of acetone was added to the 

mixture for the sensitized reaction.

2. The square quartz dewar contained the reaction 

mixture. The high pressure Hg lamp was the excitation 

source. Ethanol contained in a 2.0 cm pathlength quartz 

cell was used as a chemical filter to exclude ionizing 

radiation. The solution was stirred with a flow of the 

N2 gas emitted from a glass tube extending into the solu­

tion and releasing the gas flow just below the point of 

entry of the excitation beam.

3. Aliquots were removed from the reaction mixture 

during photolysis and the photoproduct fluorescence in­

tensity determined, to monitor the extent of the reaction.

4. After 4 hours photolysis time, no further photo­

product fluorescence increase was seen (in the acetone 

sensitized mode). .

5. . The more volatile solvent components ,were re­

moved at reduced pressure and temperatures < 50°C.. A fur­

ther reduction in pressure was only effective in producing 

severe bumping of the solution. A return to atmospheric 

pressure and the addition of various solvents; ether, DMF,



and methanol resulted in the recovery of < 0.1 g of so­

lutes. Distillation of the solution in an all glass appa­

ratus provided a quantitative separation of solvents and 

solutes. However, temperatures of up to 190°C were re­

quired at the atmospheric pressure prevailing.

6. The residue when redissolved showed a new fluor­

escence maximum at 385 nm, indicating that the product had 

undergone a thermal reaction as a result of the separation 

method.

7. Thin layer chromatography of the residue using . 

concentrated LiCl as the moving phase produced two spots, 

one fluorescent and one non-fluorescent and both having 

an Rf value different than GMP.

8. NMR spectra of both parent and product residue 

produced no resonance peaks when dissolved in D2O.

The present status of the room temperature stable 

glycol-GMP product is. that while it is possible to produce 

the product with high yield by means of acetone sensitiza­

tion , a separation scheme is needed that will not alter .... 

the product structurally.
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Part B

2-Propanol, guanoslne photoadduct.

Other investigators have reported the existence of a 

photoproduct of guanoslne which results when guanoslne is 

dissolved in 2-propanol and irradiated (19). The product 

is reported to have a structure which is the result of 

photoaddition of 2-propanol at the 8 position of guanoslne. 

While the photoproduct is reported to have the same opti­

cal properties as the parent molecule, unlike the room 

temperature stable product of glycol-GMP described in 

Part A, it was felt that an attempt should be made to re­

produce their results.

The procedures described below are similar to those 

reportedly used.in the cited work. The results are those 

experienced by this investigator.

1. The reaction mixture consisted of 0.3 g of guan- 

osine, 200 ml of 2-propanol, 150 ml of acetoneand 300 ml 

of H O.

2. The pyrex immersion cell, previously described, 

held the reaction mixture. A medium pressure Hg lamp was 

the excitation source. The solution was stirred during 

photolysis by means of a flow of N2 gas released at the 

bottom of the reaction vessel..
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3. Aliquots were removed from the reaction mixture 

during photolysis and checked for fluorescence properties. 

A 365 nm fluorescence band was observed to grow in with 

time of photolysis. Photolysis was conducted for periods 

of 30, 40, and 50 hours for different samples. .

4. Solvents were removed under reduced pressure to 

the point where precipitation began, and the remaining 

solution was chromatographed (ascending) on 9-inch strips 

of Whatman No. 2 paper in a mixture of 1-butanol-water- 

concentrated ammonia (86:9:5, V/V).

5. The paper chromatography did not resolve the 

parent material from the product. Mineralight UV excita­

tion of the dried paper showed that the highly fluorescent 

product had the same Rf value as guanosine, as the fluor­

escing product zone was situated in the middle of the 

light absorbing guanosine zone.

6. An NMR spectrum of the parent guanosine gave the 

characteristic resonance peaks for the compound., The sol­

vent was DMSO and the instrument, a Varian HA-100 NMR. The 

DMSO provided the signal lock.

7. The 2-propanol-guano,sine photoresidue gave only, 

a. single NMR resonance peak under the same conditions im­

posed for guanosine. The peak was located in what had
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been the.region of ribose ring hydrogen resonance. This 

is contrary to the original report on the photoproduct, 

which stated that only the C-8 proton resonance of guano- 

sine disappears, along with the introduction of a signal 

at T = 8.26 (D2O) attributed to the two methyls of the 
C(CH3)2OH group.

Guanosine, when irradiated in 2-propanol, then does 

undergo photochemistry which results in a product which 

has optical properties different from the parent molecule 

The fact that the 2-propanol-guanosine and room tempera­

ture stable glycol-GMP products have similar fluorescing 

properties is suggestive of a similar chemical structure. 

Whether the products are the result of photoaddition at 

the C-8 position remains questionable in this author's

opinion.
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