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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 19.4x103, 3.7x103, and 8.3x103 at 225 nm,
265 nm, and 305 nm maxima. The product fluorescence maximum is at 418 nm. The fluorescence yield
15 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
1s 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 > 300 nm when
acetone is added. The product is not photoreversible, and -
the molar extinction coefficients are 19.4x10%, '3.7x103,
and 8.3x10% 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 lgminescenc§+yields of the deriva-
tives studied. cCu2t, 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. &, 37, 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 respsnsible fdr'photqphysisal‘and_
photochemical effects in GMP and GMP containing dinﬁcleo;
" tides -are the nucleic bases. -What are thought. to be the
Aprinciple tautomeric forms are shown below,'along.With the
numbering systems used for thé-bases, dépending on.whether

they are purine or pyrimidine derivatives.

Purines

Adenine " Guanine
a
Pyrimidines
Cytosine ,7Thymine‘ . Uracil

"C:Fi3.ﬁ4l
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In the form of a nucleoside,lthere ié a substitutidh
at the 9 position in the purines, and at the 1 pbsition in
the pyrmidines. The subsfitufing gfoup is.ribose in fhe A
case of a ribonucleoside; or it is_deoxyfibése.in-the case
of a deoXyribonucleoéide. Tﬁe sﬁbsfifufion is by a glyco-
side linkage at the 1~ posifibn of thelsugar. Adenosine,
guanosine, cytidine, thymidine, and uridine are the terms
applied to tﬁe ribpnucleosidés. Deoxyribdnucleosides'haﬁe
the prefix deoxy added to the terms uéed for the ribo-
nucleosides..

Nucleotides are the sugar—0~phosphate esters of the
nucleosides, with substitution at the 2°, 3°, 5~ positiéns
possible in ribosides, and substitution at the 83° and 5~
positions in fhe deoxyribosides.;_Adehosiné monophosphafé
. is abbreviated AMP, and similar abbreviafions'apply to the
other nucleotides: GMP, CMP,_TMP, and UMP. Since ™P ex-
ists only as the derivative of a dedxyribonucleoside; it is
understood to be such. dAMP, dGMP, and dCMP designate the
'deoxynuCleotides of adéﬁosine,'éuanosine, ahé éytidine;

UMP does not exist in a déoxy form.

A short segment of a nucleic_acid polymer.may be

made by the formation of twb.sugar—04phbsphate ester,bonds.

with two nucleosides:and one phosphate. A molebulé of this .
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type, such as adehyl, 3°, 5” guanylate, is abbreviated to
ApG(3”, 57). The conforﬁation_in a dinucleotide is be-
lieved to be similar to that of the Watson%Crick geometry
for a nﬁcleic acid polymer. Crystal étructures have beén

determined for two dinucleotides, ApU (1).and GpC‘(Z).

" Principles of Photophysics

The basic elements of tHe principles, which are bé—
1ieved to govern photbphysicallprocésses, can‘be expressed
in terms of a kinetic scheme portrayed on an energy lével
diagram. Such a diagram, commonly referred to as é
Jablonski diagram, is shown in Figure 1, |

" In the diagram, the vertical transitions of in-

creasing energy are representative of absorption events

related to a change in vibrational-electronic energyétates.

The absorption intensity is related to two coﬂsiderations;

1).the-degree_of interaction of the light wave with the
molecule, and 2) the population differenées between the -
initial ahd final states.

| Experiméntally, the transmitted intenéity at agiven
energy of excitation is observed to be go#erhéd by; fhe

concentration of the molecules in the medium, the distance

of penetration of the light wave into the abéorbing médium,_
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Figure 1.

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 donstant characteristic of thé absorbing molecﬁle.

The expression relating these effects is

I(x) = I,10° €cx

where I(x) = the intensity of'the Jighf.at'diétance X in

the medium, | | |

I = the intensity of the light juéﬁ as it ‘enters
the medium, | B l

c = concentration of the @bsorbing molecﬁles in
moles per 1iter,. | |

& =.a constant relaféd to the'degreé of inter-
action of the moleéule.with the light wave
being abSorbed; andléiven the hame molar ex-
tinction coefficient. |

is the

The intensity of the absorbed light, I,»

difference between the intensities of,_thefincidént light,

I

,» and the light atidistanceixﬁ.l(x),'éo-that1

'Iab' I0 - I(X)U;

T,(1 - 107 €%y .
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Iab‘is observed to vary as the energy of ekcit&tion

is varied, when Io, 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

.visiblé and UV regions of the spectfum is approximately é
series of gaussian shaped curﬁes,'with varying degreeshof
overlaﬁ, beginning at the minimum excitatibn.ehergy for ab-
sorption, and confinuing to point where € becomes a con-’
stént, indicating photodissociation. . Molecules in thé
vapor phase, and some molecules in condensed media, show
additional fine structure in the electronic absorption
bands, whose ehgrgy spacings are of the nature of vibra-
tional transitions. ' However, many compléx‘m01ecu1és.in
solutiop, and at room tempe;ature,.dispia& smooth unétruc;

tured bands with band widths of from 3,000 cm *

to 10,000
cm Y. These individual bands are considered to be the re-
sult of transitions between the spin-paired gfound energy

3.

state °S, and some higher spin—ﬁaired electronic state
' The variation in intensity acrosé a'partiéular bapd'is.at—
tributed to a vafiation in."overlap" betﬁeen the lowest

vibfohic state of the gréund electronic sfate4and-the_vi—

bronic'states of some higher energy electronic state. The
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value of € at its maximum.ﬁithin éﬂ electronic band.is
found to vary by many orders of magnitude (10° to 10°%).
This variation is thought to be the result of certaiﬁ ée—
lectiqn.rulés which apply to‘an eleqtronic‘transitioﬁ;.for
éxamplé;,transitions between states 6f different spinlére
.not ”allowéd”, nor would the transition between two statéé
with a zero value of the iﬁteg;él <¢if;qifi]w2> be
allowed. | o

The time required for an electronic transition must
be near fhat of tﬁe oscillation befiod pf the light wave
inducing the transition, ~10-?5 éeconds.‘

Once a molecule reaghes'a higher electronic state,

it does not remain there indefinitely but relaxes tdlthe

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

molecule and the degree of eXternal perturbétion.

Most often, the vibronic staté reached on excitation
is some higher'vibrational-level of the "s. As; with only
a féw known exceptions, the obserVed'relagation processes
. of the spin-paired "8 sfates take ﬁléce'only_from fhe low-
'est vibrational level of s, the'dissibation of eﬁergy iﬁ
excess of 18 ﬁust be more rapia than a process such as the
're—emiséion of the light. Rentzgpis, by an elegant;tech—

nique using laser excitation, was able to observe a
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Vibration relaxation time of 20 picoseconds (10_12 sec.)
for an excited vibronic state of benzophenone (3). The

rates of vibrational cascade, kvc; and k_. ( S > M lgy of

other molecules may also be of the order of 1011 T

-1 . . ' : .
sec ~. The invariance of observable relaxation processes

“with excitation energy is commonly referred to as Kasha's

-~

rule.

The depopulation of lowest v1bratrona1 1eve1 's
state occurs via three pathways 1) emission to some ni—
brational level of °S (fluorescence) at a rate,'.kf"(l'O6 -
10° secgl); 2) nonradiative isoenergetic transfer'tova
spin-unpaired triplet state, !T, (intersystem erbssing) at'
a rate, 1kISC (10° - 10° sec—l); and 35 nonradiative iso-
energetic transfer to a hlghly excited Vlbratlonal level of :
S with retentlon of paired spln—state (1nterna1 conversion) a
at a rate k__ (10° - 10° sec—l).

The idea of 1nvar1ance of ‘the fluores01ng state w1th
‘ex01tat10n energy has its bas1s 1n three experlmental ob-
servations: 1) the hlghest energy fluorescence seen is
.very close to the lowest poss1b1e absorptlon energy, 2) the
shape of the fluorescence band is not dependent on exc1ta—

tion energy, and 3) the intensity Qf fluqrescence at any
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hgh.
one point in the'fluorescence band is directly pronortional
"to the & values at: Varying"ex_cit'ation energies. |

Additionally, from l)'ahove the energy of the tran-
sition of minimum energy absorption and max1mum energy
fluorescence should be located at the 1ntersection of the
absorption and fluorescence bands.(O—O energy). From 2)
-abore, since the shape of the fluorescence band for a par-
ticular species is not dependent on excitation energy, an .
observed variance is eyi@ence of more than.one species;
thus providing a test for-fluorescent impuritiesf lFrom-B)
above, by monitoring-the fluorescence intensity:at‘any.
given point in the f1udrescence‘handﬁ:and then varying the
excitation wavelength across the‘absorption band; what -
should ‘be observed is a fluorescence intensity Variation
exactly parallel to the varYing éE(lex), i.e,} the absorp—
tion band shape should be reproduced.

While the. ba81c features of absorption and fluores—
cence of molecules can be understood by an extens1on of
Einstein's treatment of trans1t1ons in atoms (see-Birks
(4)), nonradiative_deactivation nroceSSes such as.internal
conversion and intersystem crossing are the objects.of~in—
:tensive,theoretical consideration., Nonradlative 1nternal

conversion from !S is often minor, and 1s thought to be so
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becanse of the relatively latge.enefgy separation (1;8 er
between °S and !S. However, in some cases (such -as for the
molecules being examined for.this work), it. is the dominant
deactivation pathway even though the °S - s energy sepa—
'ratlon is quite large (>7 eV for the nuclelc ac1ds) ‘In—
tersystem crossing is formally forbldden by the. selectlon
rules, but is thought to be partlally allowed by a quantuw
mechanical spin—ofbit coupling of ‘the !S and !T states.

The spin-unpaired triplet state' 1T once populated
by nonradiative 1ntersystem cross1ng (the radiative ISC is,
even more 'forbidden') undergoes,relaxatlon prooesseshs1m1—

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

~nature of decay to the ground °S.state; the radiative proc—'

ess (phosphorescence) has a rate, kp’ (16_2-10 secfl)‘that
is much less than kF, so that is. observed only when the‘

nonradiative deactivation rate, 3k , 1s_reduoed substan—
tially. " Experiﬁentally, this‘iS'achieved.by‘immefsinéwthe

molecules in a low temperature matrix. As indicated ih the

diagram, phosphorescence ensues at a lower energy:than does

. fluorescence.
Two additional expefimental parameterS' related to

the competltlon between radlatlve and nonrad1at1ve deactl—

vatlon of the lowest lylng ex01ted states are used.to galnﬁ
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information about excited sfate pathwﬁ&s. Thése.afe fhé
relaxation times,. and the efficiencies or quantum yields,

of luminescence.

The relaxation timefr,'or-lifetime as it is nofmally

called, is defined as the time that is required for an ob-
served luminescence intensity to fall to 1/é of a given-

value on termination of the excitation beam.

lowest singlet state lifetime

1. =
31 =‘lowest triplet state lifetime
't,, ®r, = natural radiative lifetimes o
. (only radiative deactivation is possible) .
T o= 1 , where k., = any deactivation rate
Ik, i : .
;L constant

The quantum: yield ¢ is defined.hs thé fraction of -
molecules undérgoing a certaiﬁ,photophysical orAphotoqhem—

ical process out 6f the total,number of molecules excited.

o = Number of molecules undergoing process x
x Total number of molecules excited

In the steady state approximation, whiéh-usually ap-

plies in the absence of photochemistry,'ahy sampiing period
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after the establishment of the steady state will give the
séme result for @x.
The quantum yield can also be expressed in terms of

rate constants

k
X

x k + k.’
. X ., 1
. 1
where kx'is the rate constant for the process whose quantum
yield is being measured, and ki 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 tﬁe
concentration is increased and the solute molecules are
brought closer together, they iﬁteract more strbngly, and
a variety of effects maylbe_evidehbed as a result. Vafying
solvent conditions may aiso produce photophysical effecfé#
Some of the more commonly obserfed effects are listedbelbw.
1. Inner filter effect - A aecrease in luminescence
intehsity due to reabsorption within the solutioh.

2. Nonlinear absorption dependence on concentration

—~ Ground state dimer formation,
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3. Exdiﬁer fluorescence - An unstruétu?ed fluores-
cence band 5,000 cm—i to the fed-(lower énergy).of thé mon-
"~ omer fluorescence due to excited state dimer formation.

4. A variation in the 0-O energy due interaction
' of the solute chromophores, in the excited state or grduﬁd,
Istate,'with solvent moleculeé or dther solufeé._,

5. A shortened lifetime of some solute chromoﬁhqres
and a related.luminescenée'yield increasé of other séluté
chromophores, due to nonradiative elect}onicrehergy tréns—
fer. |

6. A variation in lifetimes and yieldé'dhe to a
change in the rates of internal conversion or coliision

deactivation.

Nucleic Acids and UV Light

Since the discovery of the'ﬁucleic acidslas.the ge-
netic matérial, scientists have‘attempted to_gain éxécting
information about these very imporfaht:molecules by'a.vari—
ety of methods. The ideal methbd;toiappiy would be one
where the investiggtioﬁal pfobe-wduid ha&e'é perturbing-éf-
fect that was transitory in time.and minor in degree;-éd'
that it would be possible to elicit infdrMaﬁioﬁ-ébout the

detailed functioning of the system, without serious
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-disruption of the system. Nonionizihg éledtromagnetic ra-
diation in the ultraviolet région would seem Suitéd to
these pufposes as the time of the perturbation is qﬁite
small, ~.10"8 seconds, and onl& a very Smali fraction.of the'
molecules need be disturbed to quantitatively gauge the
overall conditions.

Indeed, the absorpfion of UV light'by the nucleic
acids has served well as a defection'methqd for the mole-
cules, both quantitatively and qualitatively. Even such :
subtle effects as the degree of:helical conformafion in'a‘
nucleic acid polymer may bé'obtained by means'of.absorption_
spectroscopy, due to the variation of absorbance préperties
of the helical conformer as. opposed to the noh—hélicai:
form. As convenient as the UV absorption ﬁethod is, it is
not without limitations. |

While oniy 10-15 seconds is required to absorb the
UV light, as much as one second may be requiréd for an ex-
cited molecule to relax back to the ground state under dérj
tain conditioné. It is known "that the nucieic acids under-
go photoalteration to a Small'degrée within this felaxatioh
period, so that'the pertﬁrbing effect is'ﬁot eﬁtirely-tran—
sitory. Additiqnally, the ipdividﬁal nuéleotide compoﬁents

of. the nucleic acids have very similar absorbance
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properties, so that it is nearly (1f not totally) impos-
sible to excite ‘any one nucleotlde 1ndependently of the
others in a polymer.

Luminescence measurements allow one to_detect ek—
cited molecules as they relax, via a radiative mechanism,
to.the.ground state. If,tﬁe 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 iﬁ_plabe of
absorption techniques to monitor a particular chromophore;
It has been found that the individual nugleofide components
do have luminescence properties .(considering both.fluores—f
cence and phosphorescence) which do differ enough that lu—‘
minescence measurements are capable of distinguishiﬁg ény
one nucleotide.

What is unfortunate, as far as the technique is con-
cerned, is that it is necessary .to have theVnucleotides'
dissolved in a low temperature glass, iﬁ order to dbserve
the fluorescence (this is alwa&s the casé for'bhoépﬁores;"
cence) b&.conventional techniqueé. This is necessafy be-
cause the nucleotides exhibit a hlgh degree of nonradlatlve
decay (1nterna1 conversion) at room temperature,.so that

the efficiency for the fluorescence process is-only about
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10—4. Even at liquid nitroéen temperature, the-lnternal
conversion processes account for up to 90% of the deactl—'.
vation for the nucleotldes Th1s is somewhat unusual ‘in
that most molecules which fluoresce,.do so at room temper-
‘ature, internal conversion not‘beingnan efficient deacti-
-_vation'pathwayAbetween'the ground state and:thelfirst ex-—
cited'slnglet level The low quantum efflclen01es of lu— ”
minescence (on the order of a few percent), even at 77°K
has been the cause of-a rather slow development in th1s
area of research. Only w1th1n the last flfteen years or so" '
has the necessary 1nstrumentat10n been dev1sed Wthh could.
give good results for such low lumlnescencepylelds and
which are so env1ronmentally dependent A group of,invesf
tigators at Bell" Telphone Laboratorles Murray;Hill,.New
Jersey has been most responsible-for defining the proper—
'ties of the excited states of the'nucleotides The bulk of
their publlshed work appeared in the years 1966 1970
Eisinger and Lamola have publlshed a rev1ew of the group s
" research results incorporated  in a general rev1ew of the
area (5). .In Table 1 are'l1sted some of thelr results for”n,
the nucleotides.as giﬁen inrthe aboue nentioned reVlew.

In 1971, Daniels and Hauswirth puhllshed lumines—

cence and excitation spectra for the nucleic bases .
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dissolved in water at 300°K (6). A specialized digital
sigﬁal accumulation technique was necessary at the low o 's .
evidenced (~10_4). The major features of;thé spectfa weré
similar to those of the nucleotides obseived at the 1ow¢r
temperature, alcohol-glass envirqnmént although the'diffef—
ences obsérved (changes in shape and energies -of. fluores-
cence, and a variation of @F wifh Aex) could Béfpertinent'
for the nucleotides under similar conditiqhs; |
Table 1. Excited state properfies of the nucleotide as

‘observed when dissolved in a 1:1, V/V, ethylene

glycol-water (pH 7) glass at -77°K (5). .The

Aﬁax for TMP and UMP were obtained by sensiti-

zation.
1 : ab F 1g p
EO-—O Xmax Amax _QF QISC Amax 'QP
(10%cm™ 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
™P  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.nﬁcleotides individu-
ally have luminescence properties which make them difficult
to deal with experiméﬁtally, the situation becomes increas-

ingly complex when the nucleotides are brought togethér in  -'
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‘jthe.form of a polymer ‘ It'is generally hnomn (see.thex
above mentioned review) that the fluorescence 1nten51ty of
the polymer is cons1derably 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 theytare hydrogen bonded;(7). The
red;shift‘of the fluorescencepband is attributed to ercimer
(excited state dimer) formation; which has an unstable
ground state and has a lower energy excited Singlet state.
than the'excited state monomer forms.. Thehphosphorescence ‘
" 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 1ndicated (8) . _

~Due to the;complexity of the excited state .pathways
in nucleic acid polymers' investigators (9, lO ll 12) have
made optical studies on the dinucleotide components of the
polymers. A variety of results and 1nterpretations ‘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 enyironmental‘conf.

ditions seem to be the cause of the‘disparity, .M0st
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investigators were in agreement:on the nature of 'the emit—
ting triplet states for the dinucleotidesf' With.feWbexcep— -
‘tions, the emitting triplet Was'found"to be that of the

nucleotide having the lower energy Ip state in_agreement‘

with thymine triplet emission in DNA Theoretical predic—.:‘

.tions of energy transfer at the s1ng1et level were pre—-
sented in a paper by Gueron et al (13), |

In order to 01rcumvent‘the apparently"unlikely suc--
cess of monitoring,thefindivi@ual components Of.the nncleic
acids when they are in a polymerlform by'means of their'op-i
'tical properties, investigators have turned.to the‘uSe off
fluorescent probes to induce 1uminescence in[the nucieic
acid.systems under biological conditions.‘ The probes nsed-
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 bases or‘

even molecules which have no analog character but wh1ch may

be covalently or noncovalently attached to the nucleic a01d}”

polymers. Limited successes w1th some of these probes have
been ev1denced but in general the probes fluoresce only |
~ weakly when 1n.a polymer, or they are unstable or.their

introdnction_into the system causes.too large of a pertnrf

bation. In spite of ‘the limited success to'date‘with'Such
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probes, the technique is very prémising and should there.
be found a modified form for .each of the normal bases,
which is blologlcally actlve as well as hav1ng distinctive
optical properties when incorporated in a polyﬁer, i@por—'
tant information could be gaihed, _A review on ﬁhe topic
" of fluorescent probes for the‘nucieiq acids has been pﬁb—
lished by Cantor and Tao (14)

Aside from the desire to use optlcal methods as an.
analytical tool in nucleic acid researchL a knowledgé of
the excited state pathways is important in,ter@s of uﬁder-
sfanding the photochemical effects Which resulf on UV.ab~-
sorption. It has been known for some time that the action
spectrum of. photoiidactivation of many. small orgahisms ié
similar to the'absbrption spectrum of.nucleic polymérs_
(15). The photodamage in cells is repairable to.é greater
or lesser extent depending on the organism affected. The
fepair mechanisms, although not'completely.understood,_are
seen to be a combinﬁtion of photoreactivation and dark re-
versal. '

Model studies with isolated DNA(S; synthetic nucleic
polymers, and the individual bases have shown that
cyclobufane—type dimers of the pyfimidines (especialiy

thymine), photohydrates of the pyrimidihés, and
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-pyfimidine—pyrimidine photoadduets are lafgely responsible'
.for the UV inactivation of'certain transfofmiﬁg~DNA's-at
room temperature (e.g., haeéophilus influenza-transforming
DNA)(165.' The inactivation due to dimer formation is:
sevetely reduced at temperatures of -100°C or coider (17).

U1trav1olet light rapldly 1nact1vates both rlbo—
nucleic and deoxyrlbonuclelc aclds. Merrlam and Gordon
could find no correlation of pyrimidlne d1mers.w1th_any
biologically defined 1esion in TMV-RNA. 'In the absence of
this correlation, they proposed that the photohydrates
mlght be responsible for all inactivation (18)

Until qulte recently, the purine base compoﬁents of
the nucleic polymers had been considered immune to photo;
alteration by non-ionizing UV irradiationI".It was not
until recehtly (1969) that there was' a feport of the for-
mation of an alcohol (2-propanol) adouct at the_C—S posi-
tion of either adenosine or guanosine, when they'were dis-
solved in the alcohol and‘irradiateq (195;” The efficiency
of the‘reactionlwae fepoftediy iﬁproVed when sensitized
with acetone (%'s of ~0.1% unsensitized, with no.® value
given for the seneitized'case, although'a product &ield-oj
45%.was listed). They also feport that .the reactions may

be photoreﬁersed with an efficiency of 1%"in.thevpresence
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of photosensitizers such‘asxhydroquinone'(ZO).:'Succesé af

"produ01ng these photoproducts in DNA in the presence of
2—propanol and with or W1thout acetone was publlshed in
1973 (21). A severe reductlon in thymlne dlmer formatlon

"was seen simultaneously.




'STATEMENT OF THE PROBLEM.

: The research or1g1nated from the d1scovery by.
Dr. P R. Callis that the d1nucleot1des ApG (3 i 57 ) and
" -ApA. (3 - 57). showed ev1dence for photochemlcal alterat1on'
when - 1rrad1ated in a low temperature (- 110°C) glycol water'
glass (22). The ev1dence was an 1rrad1at10n time dependent-
formation of a new fluorescence band coupled w1th a de—
'crease in the parent fluorescence Th1s was a novel flnd—
ing, as no other purlne nucle1c a01d photochem1stry had
been reported in the l1terature at that time. “

The research that developed as a consequence oi this .

initial finding had two objectives. | - |
1. To learn as much as poss1ble about the purlne
'photochemlstry 1tself because of the blologlcal 1mpllca—:
tions present, |

. 2. The use of‘the spectralheVidence of photoproduct:
formation as.an,additional probe,into.the complex photo--

physical pathwaysfof the anieib'QQid-pOiYm§T$;~.
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EXPERIMENTAL

Instrumentation

1. Luminescence apparatus. A block diagram of the

essential components is given in Figure 2. IAn~indi§idual
listing of the modules is as folloWs:
a. Universal power supply - Reqﬁired 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/1
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 were set to 1.0 mm fow




Figure
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Block diagram (not to scale) of the luminescence apparatus.
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quantum yield determinations, or for lumineScence,excita~'
tion spectra. : : e

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

dLA‘Chonper - A motor w1th an attaohed blede,
having equal areas .of light.paSSage and blockage‘around'the
circumference, Was used to study the 11ght 1ntens1ty de-
pendency of the photochemlstry and also: prov1ded an AC sig-

nal to the lock-in ampllfler when it was in use

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

f. Cell platform - Attached to an optical rall
extending from the analyzing monoohromator and prov1ded a
stable platform for any cell or cell holder requ1red

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-

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

3.8x54 cm, i. d. = 2. 3xz 3x52. cm, was used. Silica w1ndows,

in three faces of the dewar allowed both absorptlon and
luminescence measurements to be made.

Sulfrian Cryogenlcs
Rahway, New Jersey
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~h. Cell - A rectangular hlgh purlty fused
silica cell. Dimensions:” ‘o. d,,s 12x12x23 mm; i.d. = 6x
6x20 mm. | .

Optlcal Cell Company
10792 Tucker St.
Beltsville, Maryland

i. .Condeﬁsihg lenses = Qﬁarfz,‘two 6 cm cha1
length lenses set 11 cm_spaftk | | |

j. Analyzing monochromator - Identidai_to c,
except that the entrance"andqexit:slits Were.set at 2.0.mm
for all work. | | |

k. -Photo tube - EMI 9558QB .
Whittaker Corporation,
_ P1a1nv1ew Long Island, N.Y.

1. DPhotometer - Laboratory ‘Photometer-Model 11
‘Pacific Photomer Instruments
Berkeley, California

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

n. Lock-in ampllfler - Model 122
. Prlnceton Applled
Research »
Prlnceton, New Jersey

o.’ Stof@ge osciiloScope'and camera - Used
‘to record phosphorescence deCéy eurves.d;‘
.Type*564

" Tektronics, Inc;
 Beaverton, Oregon
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2. Absorption monitored photbchemical generator

a. Absorption spectrophotometer, double beam.

Cary Model 14
VARIAN -

b. Steel dewarA— Same as g above, excépt that
an aluﬁinum.qollar and plate were attached, so thaf the
steel dewar with the enclosed sample cell céuld be placed
in the sample compartment of the Cary 14. |

c. Light source - Used to produce'phpto—'
chemistry. Operated at 50 volts, and 4 amps of current.

OSRAM HBO. 200 W/2
Super Pressure Hg

d. Power supply —-Gates,‘Model P215b
George W. Gates Co.
Long Island, N.Y.
e. Cohdensing lens - Quartz, 6 cm focal length.
Positioned so that the area of'fhe exciting beam was -
slightly larger than the entrance window area of the steel’
dewar.
f. 2 cm cyllndrlcal cell - Quartz, used to hold
the chemical filter solution of "“Cation X (2.7- dlmethyl—
4d1aza—(3,6)—cyclopentadlene-perchlorate)”. Placed between
the exciting light and the Qondensing lens. |
g.. Holder — A homemédé apparatué deéigned to

keep the steel dewar and cell positioned in the beam of




. 2 9 '
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 éxperiméﬁfs
and also for chemical actinometry. Composed of silica and
" having rectangular dimensions of: 0. 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 1uminescénceH
experiments on the nucleic acids, cooled N, gas.wasfblown
on the sample cell.' The N2 gas was coolea by passing the
dry gas through N2 liguid which was”contained in a dewar of
approximately 7 pounds capacity. The adjuéted.flow rate
determined.the degree of cooling. The:temperanre Was‘mon—_
itored by means of a copperéconstanfan thermdqouple ﬁosi—
tioned directly above the sample cell. An ice &ater mix-

ture in a small dewar provided a temperature reference.
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Thé pétential difference was read and compafed to a cali-
bration curve. o
d. Absorption spectrometer, single beam - Used
to measure the optical density of chemical éctinometry soi—
utions. |
Beckmaﬁ—Mbdel B
e. Photochemical imﬁersion deﬁice - Used for
preparative scale photochemistry.
(1) 450-W medium pressure Hg lamp
(2) 800 ml immersibn well,:Pyrex

(3) power supply with Mercoid Pressure
Control

Hanovia

Chemicals )

1. Purity - All solid chemicals that were to be
used as chromophores were the highest pufity commercialiy
available. Their optical propefties bofh absorbance and
luminescence, were checked prlor to any determlnatlon
Solvents with the exceptlon of the glycols Were dlstllled
in a glass apparatus, and the optlcal properties -checked
prior to use. Ethylene glycol Qas purified by:intrbducing

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'solvehts tested optically free of .~
contaminating materials as compared With distilled water
subjected to the same tests,'i.é.,_no absorbance or fludrf
escence in the spéctral région whgre the pure solvents

were known not to absorb or fluoresce.

2. Identity and origin

Name Company Lot No.
Purine Aldrich N 083017
Guanine Cal Biochem 1801853
Guanosine Cal.Biochem 300435 |
1 Me-Guanosine . Sigma . 100C-0050
N,, Me-Guanosine Sigma © . 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 o ' Sigma - ‘
GpT : Collaborative  421-40B
" Research
AMP Cal Biochem 100275
CMP Sigma ' 117B-2968

UMP Sigma . - - 51B-701
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TMP
GpG
DNA .
Sol: RNA
Xanthine

Theobromine
Tryptophan '
Tyrosine .
Salicylic Acid
Rhodamine B

DMANS _
Quinine bisulfate
Cation X

1-10 phenanthroline
Fe(NHq)z(Sou)z-GHZO
Fe, (C,0,),.

KZCZOu

Activated carbon
Ethylene glycdl

Methanol
. 2—-propanol

propylene glycol .
glycerol '

" Acetone

NaNO,

Cal Biochem’

- P-L Biochem .
Sigma =

Nutritional
" Biochem

Sigma -

Mallincqudt
J. T. Baker
Chem -

- Eastman

Eastman .

Cal Biochem

Mallinckrodt'

Merck

BTA

Nuchar

Eastman .

Matheson,
Coleman,. -
Bell

Fluka AG,
Buqhs SG

. J. T. Baker
- Matheson, Coleiman -
~ Bell .. o
"J. T. Baker

Fishef‘

110012
023161

58B-2080"

4092

106B-1270
1-1379

620322 - -
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Mg (NO,),

Ca(NO,),

Zn(NO,),

Mn(NO,),

Cu(N'Oa)2

Co(NOs)z

Ni(N03)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 eptical measurement at reduced,temperatures.
The mixture most often used was of,the composition; ethy- - -
lene glycelzwater, 7:3, Volume:volume. - This solvent mix-
ture will be referred to as G-70. The agueous phase con-

tained 1x1072 M phosphate to maintain a pH near 7.

Calibrations and Standards -

In order to quantify the .results, e;g:, phbtochemi—
cal quantum yields, and to ensure that'experimentai‘eopdi—
tions remained constant for fepeated experiments over an
extended ‘period of time, 1t was necessary to perform a
serles of experlments des1gned to callbrate the. 1nstru—
ments,.and -to select a set of standards Wthh could be used

. routinely to check the operational statuscxfthe.lnstruments.
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1. Temperature measurements

'a._ A temperature - potentlal d1fference call—l
bration curve, prev1ously constructed by-Dr 'P R, CallLSA'
for the copper—constantan thermocouple, based on the known'

- melting temperatures of a’ ser1es of materlals (plus l1qu1d T

N ), agalnst the observed potent1al d1fferences produced

when the referenclng materlal was a 0°C 1ce water mlxture
is represented in Figure 4. ‘ .

” b. By'carefullv*monitoringﬂthe flowhrate:otf
cooled N, gas over the sample, it was found that.the'ob%;
served potent1al d1fference could be ma1nta1ned w1th
ro,os mV of the des1red read;ng Th1s corresponds to tem—_d

perature variation of i1.5°C.

.c. A perlodlc check of ‘the temperature mon1tor~;ﬁ C

was made by plung1ng the b1meta111c end of the thermo—'
: couple into 11qu1d N, and observ1ng a potent1al dlfference_.

reading of 5.50 mV.

nzﬂ' Absolute 1nc1dent llght 1ntens1t1es I

;- The -

chemlcal actlnometry method of Hatchard and Parker (23),_
employ1ng potass1um ferr1oxalate was used to determ1ne,
the 1nc1dent 1ntens1t1es emanatlng from the Xenon lamp and'ﬁ

str1k1ng 4 sample cellpwhen pos1t1onedﬂat.the cell‘
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Figure 4 . Calibration curve for copper-constantan thermocouple.
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p081t1on of the 1um1nescence apparatus The metﬁdd as'ab:'F‘
brev1ated from the orlglnal paper and W1th the partlcular
condltlons of our exper1menta1 set- up, are descrlbed below
The method is based on the observatlon that the ferrlc 1on
'Fe+3, 1s photoreduced to the ferrous ion, Fe-z, with a con-
stant quantum eff101ency over an- extended spectral reglon
~of ex01tat10n When in the solut1on used The amount of”
.Fe+2,produqed is detected by complexation wlth iflqphehanf‘
throline, resulting in a specdes which absorbs &trongly at’ -
510 nm.. | | - | |

a. lPreparatioh Qf’calibratidn-graph fer.terrous
iron. | |
(1) A series of 25 ml volumetrlc flasks had
0-5.0 ml of freshly prepared O 4X10 3 M Feso“ in 0.1-31
H,80, added. - | |
' (2) Suff1c1ent 0 1 N H, SO to make a total
-of 10 ml of 0.1 N H,80, 5*m1 of buffer (6 3. 6 V: V 1N

NaAc 1 N H,SO, ), and 2 ml of 0. 1% of 1:10° phenanthrollne

' ‘ monohydratlc in H O were added to each flask

(3) D1st111ed water was added to make a
total of 25 ml the solutlon was mlxed allowed to stand

for 40 mins., ‘and the optlcal dens1ty was measured 1n 2, l.cm
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cell at 510 nm. .The Beckﬁan Model B spectrometér being
the instrument used. |
(45 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.

(L Potassipm.fépfioxalate was p}ebaréd by’
mixing 3 volumes of 1.5 M A. R. pdtassium.éxalaté with
1 volume of i.S M ferric chloride. The precipitate was
recrystalliied from warm watér and air driéd;

(2) 2.947 g of the KSFe(Czoh)é-B H O was

diluted to 1 liter with with 0.1 N H SO, and stored ii the

dark. All preparation steps, aS'Well'as'subsequéntlhand;
ling of the actinometry soiution,.werelmade with a red'
photographic safe¥1ight as fhé:only'illumination_Soufce.
c. Deferminatidn of I (A), Xenon lamp -
(1) Photolize 3 ml of the acinometry solu-

)

tion which‘ié contained in a 1 cm quartz cell positiohed

at the cell position of the lumineséence apparatus. .Xenon

‘lamp as the excitation source. Excitation monochromator

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

utes.
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(2) Pipette.z ml of the irradiated solution
‘into a 25 ml volumetric‘flask. Add'é ml of“phénanthroline
sélution, 2 ml of buffer,‘water.to make up to 25 ml. |
(3) Mix, allow to stand for 0.5 hdur, and
take the optical density ét 510 nm in atl.om cu&ette.
o (4) From.the moleé/ﬁl of Fe+2 produéed‘(as,
determined ffom'the calibration grébh), the @ of.1.24, and
.the time of excitatidn, determine I, in units of Eiﬁstéins/

min for each wavelength of excitation used.

Io(A, ) = moles Fe*? x ¢71 x p—l.

(5) The reéultslfor.a seriesldf dgtermina;
tions af different_excitation wavelengths are given.iﬁ
Table 2. .

d. Deterﬁination‘qf I,, Hg lamp - As the ﬁg

lamp excitation device was located in an area which could
nbt'be darkened sufficiently’to allow uéetof'the ferrioxa- .
late method,:an alternate febhniqﬁe was ﬁsed; |

(1) Purine in méthaﬁol‘undefgoes photo-
chemistry, with a considerable change in.extiﬁction coef-

ficiénts, Linschitz and Connolly'(24). 'See Eigure 6.
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Table 2. I,, Xenon lamp, as determined by férrloxalate
‘ actinometry. Irradiation time 60 mlnutes
Monochromator. slits, 3 mm and 3 mm.

() Ay, LTI pet® B0t 1o a0
230 0.035 0,35 10.162
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"
1280 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 S 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 deﬁice used to photolize the nucleic compouﬁds

for absorbance measurements, as compared to the absorbance.

change resulting when the same purlne methanol solutlon

was irradiated w1th the Xenon lamp in the luminescence ap—‘

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

determined that I Hg lamp for broad band excitation

0 H

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

(half béndiwidth excitation:of lo.nm at 260 nm avefage

,Aex)'
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Figure 6. Spectral changes during photolysis (2537 3)
of purine in degassed methanol
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(3) A5 m1nute excitation of a stock solu—
' t1on of purlne in methanol was also used as a I standard

for the Hg excitation apparatus before use, 1n any photo— .'

chemlcal result to be measured by means of absorpt1on spec—::’

troscopy . The AA taken to be a measure of the I of.the\f

‘Hg lamp at that t1me

3. I (0, (relative) for Xenon lamp. While it is

necessary to have a method such as chemlcal act1nometry to
determine I (absolute) for the measurement of photochemlcal
quantum y1e1ds ‘1t is also- necessary to have a very preclse-
knowledge of the'relat1ve\var1at10n of 1ntens1ty of the . |
exciting light as a'functionjof’wavelength;"This was re-
quired toievaluate possible wavelenéth dependent phenomena
which might be manlfested in lumlnescence ex01tat10n spec--
tra, or in photochemlcal actlon spectra In pr1n01ple,
‘ferrloxalate actlnometry_could“serve this purpose; but‘in
practice, variations of_up_to 15%‘l0 for a given”léx are‘5
observed,'probably a result of having to perform'analytical
procedures in a darkened rOOm L A prec1s1on of +15% can be'
eas1ly tolerated “for photochemlcal quantum y1elds at a’
s1ng1e exc1tat1on wavelength but not Where more . subtle“"

‘wavelength dependent effects may be 1nvolved TThe
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rhodamlne B quantum countlng technlque of Melhulsh (25)

was found to be a s1mple and very effectlve method A con~-

oentrated (3 g/llter) solut1on of rhodamlne B 1n ethylene'
glycol is viewed at 90° to the ex01t1ng llght and near the
'frontal surface. The emission monochromator was set to

620 nm, the wavelength of the fluorescenoe max1mum and

ex01tat10n wavelength was varled from 220 320 nm, excitae.'

tion slitwidths of 1.0 mm and_l.O.mmu _Due'to the high dye

conoentration, and therefore, high optical density,'any

absorbed photon would, be captured in a‘very.shoftvdiStance-

into the cell, and any variation in phototuhe response

would be the result of a varlatlon of the 1ntens1ty of "the

ex01t1ng light.

a.. The results are shown Ain Table- 3, with the
relatlve response normallzed at 280 nm. _(The-cell¢used
-was . the 6 mm 1. d. supracil.cell*used in'low‘temperature‘.

work, and placed in the steel dewar,'toﬁmiMio experimental

conditions used for .work with the hucleicIaCld~oomponents)L.

* ' L
Note: Slnce the var1at10n observed 1s that forex—-

01t1ng llght incident on the sample cell, it includes’ var<.
iation in the excitation monochromator efflclency with

wavelength and any other wavelength dependenc1es of the op—,_

tical components. in the optical train' which- 1nteroede as;
'well as the I, varlatlon due to: the Xenon lamp ’




Table 3.

145 4

-(4) ’
“Measurements taken at.front edge (max1mum 51gna1)
trated Rodamine B with slits of.1 mm.

Xenon lamp 1nten51ty measurements taken using Rodamlne B
in ethylene glycol .
Aex Reading(l) -Reading(2) Normalized Reading(s)' Reading(4) Normalized
2207 0.4 1.1 0.025 (0.023) .3 1.0 " 0.023
225 0.6 1.9 0.037 (0.039) .0 1.6 0.087
230 1.0 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 S 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 T 1.00 14.6 1.00 .
285 18.6 1.15 :1714 1.19
. 290 21.7 1.34 20.3. 1.39
295 24.6 1.52 23.4 1.60°
300 27.9 1.72. 26.4 1.80
305 - 31.3- 1.93 TT29.5 2.02
- 316G 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.
(1) Measurement taken in 1 cm fluorescence cell-S = 0.3.
(2) 1 .. " " o o " 'S = 0.1
(3) . o o "8 mm _ " " S = 0.3.
(3] o "5 mm- 3] "noo S = 0.1"

of a solutlon of concen—

Eluoreseence viewed at 620 nm.
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b. A stoppered, 1 cm péth length cell waé
filled with the quantum countiﬂg_solutionhand used as a - .
fluorescence standard priorifo'any luminescence determi—l
nation. These results are also shéwn in Tablels.. |

c. A concentrated solution of fluorescein was

found to give similar resultsf Quine bisulphate was found

to be inappropriate due to a deep minimum near 270 nm in
its absorption spectrum, making quantum céunting measure-

" ments in'this spectrai region inexact. ‘ |
As a check on the quality of the I, (}) fgsults obtainéd by
the quantum coﬁnting technique, it was degided that the
uncorrected fluoreécence excitation spectra'of a humﬁer of
éompounds which ﬁave absorption maximg in. this spéctrai
region, and those for which it is known that thé corrected
excitafion spectra areicoincident with their absorpfibn
.spectra, wouldlbe cbrrected using the ;O(K) reéults.

a. The corrected fluorescence.exéitation spec;
tra, as compared with absorpﬁion spéctfa, are shown in
Figure 7 for tryptophan, fyrosiﬂe,*salicilip acid, and
quinine bisulphate.

b.' Equally good pesﬁlts'wefehdbtained with -
salicylic acid in G-70 at redtcéd 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,

salicylic acid.

tryptophan, and
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components when excitation spectra are done under these

conditions.

Phototube ‘Response Curve

| Luminescende quantum.yields can 6n1y be 6bﬁained
when the true luminescence spectra are recorded Thie re—;
quires that the observed response ‘of the detector be cor-
rected for wavelength dependent varietions of the photo—
tube, emission monochromator, and aeseciated components.
The method of Parker (26), slightly modified: was used to
obtain a totai emission responselcorrection‘curve; The
phototube response curve is obtained from the relation

PR(};) ='R(Ai) S/I,(};) where

PR(Ai) = Emission deteétor'response at Ai’
R(Ai) = The photometer reading at Xi’
8 = Sensitiﬁityfsetting_of'fhe defecter
IO(Ai) =.The relative 1nten31ty of. the exc1t1ng/

emitted light at A

The key torthe method is having the exciting light
and the light rieWed by the ehission'detector maintain the
same relative infensities.as-a function of wevelengfh.
This is eeéomplished by refleétiﬁg the exciting:lighfgipto

the emiesion detector by means of a metal plate coated
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with magnesium oxide. The reflect1V1ty of the MgO 1s con-
stant to w1th1n a few percent over the spectral reglon of‘
interest, so that the 1nten81ty distribution of the excit- _'
ing light, which can be determined by the quantum_couhting‘
technique, ie the same viewed by .the eﬁission.detector.
Once the correctien'for IO(Ai) has been made, then any var-
iation in the emission deteptor responee as a function.of
wavelength is  due to a vafiable response of the detector‘

components, phototube, monochrohator, etc., with respectto

'wavelength; This variable response vs. wavelength is here

. termed the ”phototube“ respoﬁse curve. ‘This_curve,can‘

thenfbe used as a correction cutve-fof.ahy observed lumi-
nescence spectra.
1. Io( )(relatlve) were extended to 600 nm by

use of the rhodamlne B quantum countlng technlque slits .at

0.1 mm 4and 0.1 mm.

f2. An aluminum plate was coated with MgO by burnlng |
magne81um r1bbon under ‘the plate | .

3. 'The MgO coated plate Was.placed.ih'the cell
posttlon of the lumlnescence apparatus and at an angle of

near 45° to the exciting 11ght
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4. Thevexciting light (Ai) was varied from 250-600
nm and the observed response R(Ai), and the sensitiyity
setting, S, were recorded at 5 nm intervals.
5. Values for PR(ki) were calculated; recérded és

in Table 4, and plotted as in Figure 8.

Monochromatic Wavelength Adjustment

To ensure that the excitation and emission mono-
chromators were reédrding the true wavelengths of excita-
tion and emission, the following adjustment was made:

1. The eﬁissioﬁ monoéhromator was allowed to scan
- the spectral distribution of a low pressure Hg‘lampl From
the known wavelengths of the.Hg resonance. Iines, the réad—_
ing of the wavelength drum of thg monochromator was ad-
justed to coincide at the position of the resoﬂancé peaks.

2. Light from the excitation mqnochromator was then
reflected into the emission monochromator, both mopqchro—
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 unfi% a maximum response

was obtained and the wavelength reading of the ékcitation
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Tible 4. Phototube response data

f'A

430

4 (nm). 'R S I,(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 .1 - 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 1.10
360 5.08 .3 1.365 S 112
365 5.30 .3 1.380 - 1.15
370 5.42 .3 1.395 1.16
375 5.35 .3 1.385 1.15
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 -
4.08 .3 1.575 .775
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Ai(nm) R. S I,(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 1.97 .441
490 7.08 .1 1.66 .426
495 6. 80 .1 1.89 . 360
500 6.10 .1 1.62 377
505 . 5.72 . 1.63 .351
510 5.62 .1 1.63 . 345
515 5.62 1 1.68 .335
520 5.38 .1 1.71 .315
525 4,50 1 1.70 . 265
530 3.85 1 1.59 . 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 1.37 .105
595 4.20 .03 1.35 . 093
600 3.70 .03 1.35 . 083
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Figure 8. Phototube response curve.
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moqochromator"was changed to correspond to that of the

, emission monochromator.

Expériméntal Technidues

1. Absorption spectroscopy. All absorption meas-

urements, with the exception of -chemical actinométfy déﬁ~rt
terminations, were made with:thé Cary 14 double beam ab;
sorption specfréphotometer. |
a. The.steel dewar énd Supracillceli were uséd
tﬁroughout; the aluminum cdilaf and plétéiattachéd to the
steel dewar alloWed the apparatué to be lbwefed'iﬁtd the
sample compartment of the spectrophotometer.
b. All solutions were made up to have antinit—
ial optical density at tHe abéofptibn maiimum of from 0.5
to 0.8 0.D. unitg at room tempe}afure., -
| c. A baseline of cell plus solyent was-deter;;
‘mined prior to any absorption measuremént. 
d. All spectral scan$ were made at a:écén‘rafe
of 10 A/sec. |
| e. Freshly prepared solutions Wefé allowed to
stand for a period of time aﬁd the O.D;fat:fhé max imum
checked periodically untiljnq“fﬁfther change in absorption

was evident, insuring complete dissolution had Qccurfed.
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£, A Beer}s laQ‘detérminatién-wés made for
thoée solutes, e.g., guanine,‘Which aré khoﬁh'to aggregate
at higher conceﬁtrafions |
g. Specfral scané were méde at room tempéréture:
and at reduced temperatures‘to observe the'effects on the'

spectra due to solvent contraction, variation in the

Boltzmann distribution; and hypochrom;sm due to increased

interaction in the dinucleotide cases. The low température :

spectra were uséd to compare with fluorescence excitation
épectra taken'at’the same téﬁberatufe—viscdsity c§nditions..
h. Spéctra takén,at roon temperature w¢re qom—
pared with'published spectré{ Wheh available,‘as a'check:
on the purity'of the Sbluteé, |
i. Spectra used fof'quanfitative méaSurement§'
wefe,scanned-only.for 5 nm intervgis? and stop;sqan aﬁsorpw
tion measurements were taken at the béginniﬁg‘énd end of

these intervals throughout absorbtion-envelopé.

j. TFor low temperature'measurements,-thé soiu—:

tion was allowed 15 minutes (to equilibfate), after the,.
'desired'temperafure was indiéated on the pbtentipmeter.
Dry ai? was blown on the outer surfaces of the dewar win-

dows to prevént,fogging.
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k. After periods of photochemlcal productlon

achleved by placing the dewar with enclosed cell and solu-

tion in the photoly31s apparatus previously described,and

subjecting the cooled solution to"high intensity UV exci-|

tation by the high pressure Hg lamp, the dewar Was reé-
placed in the Cary 14 sample compartment and the spectral
scan remade over ‘the or1g1nal scan:to ellclt changes~re—
sulting from the photochemistry. |

1. Air in the reference compartmenf provided l

a referencing medium

2. Luminescence spectroscopy. The  luminescence"

apparatus as previously.described was.used'for'all lumiF
nescence'determinafions.. |

a. The Xenon 1amp.source was ignifed and alf
lowed 0.5-1.0 hr warm-up prior to use.

b. The rhodamine B quantum count1ng solut10n

!

contalned in the stoppered 1 cm 81110a cell was placed in

the -sample cell holder and the optlcal block translated 1n‘

an X—Y manner untll a maximum response Was obtalned on ‘the
fluorlmeter ‘ The emission- monochromator belng set to 620
nm, and the ex01tat10n monochromator set to 320 nm Wlth

slitW1dths of'l.O mm - and 1.0 mm or 3.0 mm and 3;0 mim
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depending.én the subsequent:experiments to be pérformed.
Phototube voltage set to 1040 volts. An observed response .
of 3.50 for a Y gradient setting of 1 mV/in. and a éensi—
tivity of 3 and 6.3 for the respective slitwidths was taken
to be the standard response. The excitation monochromator
was ﬁhen‘varied from 220 nm to 320 nm and the.scan‘recordéd-
to give a measure of the I, in ‘this spectral regioﬁ.

c. ,Solutions, whose 1uminescence‘propefties
were to be studied, were made by diluting the stock solu-
tions used in absorbance work, so that the obtical’denSity
for a 6 mm pathlength, at the absorbance maximuh was 0.20
0.D. units. Then by viewing only the front_half of the
sample cell, an effective 0.D. of 0.10 was obtained. ‘Inner
filter effects were thus minimized and the expression fbr
absorbed intensity I_ = I;(l - 1Qf CjL) pould be simplified‘
to Ia =1,2.3 ‘CL without introducing an erfor of greater
than 10%.

d. The quantum:counting cell was. replaced with.
the steel aewar and encloséd sample cell, the.orientation
such that 90° 1uminescence_cou1d be obsgrvea.‘-The exit
slit to the excitation monochromator was éiosed to-prevént

photochemistry production'during the preliminary cooling

period.
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e. The cooling mecﬁanism was set in ﬁlace and
activated; the N,(g) flow rate being reduced as'the-de—
sired temperature was approached. Care was takénVth to
cool below‘the desired temperature as the glass formeq was
subjected to cracking on warming.“ On reaching the desired
témperature, 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
prévent moisture condensation. A visual observétion.of'
the sample solution through the dewar windows prevented
eéperiments being done with cracked glasses.

" f. Luminescence spectra to be used fbr quantum
yield determinations were obtained by exciting at- the
wavelength of the absorbtion maximum, throughvl.o mm slits,
and allowing thé emission monochromator td séan the emitted
light. A épan from 250 nm to 500 nm at 25 nm/in. on the
X axis of the recorder was sufficient for'most m;1ecuIes
studied. |

g. The exciting light wavelength Wés!then
changed at 10 nm intervals through the absorption envelope,
the fluorescence makimum was made to be thé normalization
point by varying the sensitivity; and lumineséence 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 atfl
tributed to a variable ratio of excimer fo monomer concen-

tration which is wavelength dependent.
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RESULTS AND DISCUSSION-

While the original evidenée showed photochemical
productidn in both ApG and ApA,’it was established early
in the reseérch thét the photochemistry occurring in ApG,
was due to photoalteration of the GMP moiety alone. 'GMP\“
alone Qould give the characteristic evidence for the photo-
chemistry, whereas AMP alone exﬁibited no spectrai change
when irradiated.

ApA showed only minor alteration in ité‘abSOrbaﬁce
properties on photolysis, making analysis by this fech—
nique difficult. TFor this reason, the ApA bhotochemical
phenomenon was set aside rather»early in the research, and
has not been investigated further. However, it remains an
intriguing problem, especially since, as foupd, AMP does
not show similar effects.

As a coﬁsequence, this writing is éoncerned-princi—
pally with the photophysics and'photochémiétry of mole-
cules containing, or are the derivatives of, guanines.

1. Absorption monitored photochemistry.

a. Guanine Base, Nuéleoside, Nucleotide.
Guanine, guanosine, and suanosine monophpsphéte (GMP) all
gave the same evidence for photochemistry, qualitatively

and quantitatively, when subjected to intense UV excitation




61

by the high pressure Hg iight source. The photélysis ap-
paratus Was the -Absorption Moﬁitofed Photochemical Gener-
ator ﬁescribed in the experimental sectioﬁ. The solvent
used was a G-60 or G-70, buffered to-pH 7;-aﬁd the temper-
ature, -110°C.

A typical sep 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_QO minutes irradi- -
ation is representative of the absorﬁtion spectrum of thé
low temperature photopréduct, assuming complete photo-
conversion has occurred. The fact that a doubling of ex-
citation dq§age by increasing the photolysis period to
180 miﬁutes results in no significant absdfbance éhanges
is in'favor of this. Fluorescence excitation spectra aﬁd
fluorescence polarization studieé (to be discussed léter).
support the correctness of this viewpoint; The molar ex-
tinction coéfficients ﬁhen; for the low temperatuye
'photoproduct; as measured by compafison té the khown value

for guanosine of I£252==13.7X102 would be S.BXI03,
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Absorbance changes in guanosine after periods of UV photolysis.
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3.7x10°, and 19.4x10% at 305, 265, and 225 nm, respec-

tively.

An extended period of photdlysis of ApG (photolysis

period of >66 minutes) and examination of fhe absorbance
spectrum affer this time, showed that subtracting away the
absorbance of the photoproduct based on the 6 's obtained
in the GMP complete conversion, resulted in an absorbance
Spectrum equivalent to that expected for initiai AMP con-
tent. The abéorbance at 305 nm pfovided the relative~
measure of the absorbances for the photqproduct in the
230 nm to 290 nm region. |

It is of particular significénce'that the photo-
product has a strong transition at a lower energy than the
first ekcited singlet of guanine, br, for that matter, any
of the normal nucleic acid componentsf 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 wavelengfhs 1onéev
than 300 nm.

The low temperature product is thermally ﬁnstable
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 appeaf to go
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to completion, which indicated some residual low tempera-
ture product, or perhaps another product forméd from fhe
low température species. |

Photolysis of the solution at robm témperatufe for
periods of up to BO'minutes elicited no absorbance chaﬁges.

Photochemical quantum yields were not.atte@pted in-
the absorption monitored mode as accurate infensity Values
Were not available for the Hg lamp, and the irradiation
was not nearly monochromatic. Hence, photochemicaljyieldé
were measured relative to the GMP monomer case, as de- |
scribed below.

b.. Other purines, GMP containing dinucieotides.

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 témperature cénditions were the same
as in A above, and the initial'optical density, 0.50-0.60,
“at the'parént maximum. |

The expression describing the increase in photo-
product concentration Witﬁ time of irradiation is,

d[ Product] _ .
dt ab pC”

X6 Y N .
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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:

-1
(DI(“;} {1+ @icik o I[1 - 107¢ <€iCi * GGCG)R] % AA

pC & .C.2 _E€c 2)—1 . 305

' (1 = 10 G G AA, s (GMP)

where:
@jﬁkz = absorbance of any absorbing species other
than GMP at the absorption maximum, -
é&ciz = absorbance of GMP at the absorbing maximum,

1-10"¢ €,c; + GGCG)SL = fraction of the incident light
absorbed at the parent absorption-maximum
(252 nm),
305

AA = 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 AA s AA30'5
e(1) = & T LGMP
PC G .gTot fab.
6(_; + @i ab ' .

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.

@T‘;i - AA s
B Tot
PC fab

The . pertinent experimenfal data and the calculéted
values for (1) 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 thé
table have the following meanings:

Tot

A
252

= the absorbance of the solution, prior

to photolysis, at 252 nam,

&
G
— = fraction of absorbance due to GMP at
é(s * Gii

252 nm, when in a dinucleotide, (For

the dinucleotides, the concentrations

tides are assumed to be independently
absorbing.)

Tot
ab

+ Ei)Cﬁl

sorbed at 252 nm (1_10_(6(; ),

are necessarily equal; and the nucleo-

= the fraction of the incident light ab- -
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AA305 = the 0.D. change observed at 305 nm as' the

result of photolysis,

Rel
(1) = as defined above
PC
| Rel
®(2) = as defined above
PC
Table 5. @iig of dinucleotides via absorption mode
ATOf —————-eﬁf’é ot BA,,, @?i% . '@1(22}
‘ G =i a PC . PC
GMP 0.535 1.00 0.708 0.185 1.00 1.00
ApG 0.590 .48 0.743 0.185 1.99 0.95
GpA 0.630 .48 0.765 0.210 2.19 1.05
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 Qar-
iation of more than 15% for any determination,.indicating
the precision of the measurements.

Examination of the relative yieldsvshows‘sdme

rather striking results.
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1. The dinucleotides ApG and GpA have a ﬁearly o
two-fold increase in photochemical yield based on the frac-
tion of light absorbed by the GMP portion of the molecﬁle.
In terms of éPC based on light absorption by the molecule
as a whole, the indication is that the light absorbed by
the AMP- is as effective in produéing 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 opposité effect. The reiative
photochemical yieids are substantially reduced in these
cases.

It should be noted that the use of the 252 absorb-
ance maximum of GMP was used for thglcalpulations of Iab
because there is a bright line of the high pressure Hg Lamp
in this wavelength region (~248 nm); however, there are !
additional intense lines in the region of 270-290 nm,
which were present, and for those dinucleotides having a

significantly different é»'s in this regioh, an analysis

of @ii} 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 wefe subjectéd-%o,.
showed- 1little or no evidenbe of photoaltefation._

c. pH dependence. To determine the effect of
pH on the relative photochemical yields of ApG,’the soi—
vent mixture of G-70 had added to it, dropwise amounts of
either concentrated NaOH or concentrated H,S0, until the
desired pH was obtained. The initial volume of solvent
used for a Qetermination was 10 ml, so that the addition
of up to 10 drops of concentrated acid or base Would~nof
substantiall& alter the alcohol:&ater composifion of the
solvent. The pﬂ was read to the nearest pH unit with
Hydronium Ion Paper. The ApG was. added to a portion of
the pﬁ 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 bufféfed to
PH 7. | |

The results show that the photochemical yield as
evidénced by the AA,,., remains nearly the same down to
pPH 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
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ité role in the.formation of an aqueous glass ét reduced
temperatureé, various alcohols were substituted fof the
ethylene glycol in the solvent mixture.' Alcohols used
were; methanol, glycerol, 1,2.propanediql; and 1,3 pro-
panedibl. The diols énd glycerol were mixed in the same
7:3 aléohol:wafer, V/V portions.as had been used bré—
'viously for G-70. Methanoi—Water ﬁixtures were'made in a
12:1, Vv/V proportion because of the~reduced'visc6éity'of
methanol as compared with glycols.

Both diols and glycerol solvent mixtures provided
an environmént conducive to GMP-phonchemistry as evi-
denced by the characteristic spectral changes.produced
wheﬁ'GMP was subjected to irradiatidn in ‘the solvent mix;
tures described fat reduced temperatures).

The methanol-water séivent ﬁixture did not promote
GMP photochemistry even when the température was reduced'
to successively colder temperatures to mimic the.Viécbsiff
condifidns present when G-70 waé the soivent mixtﬁreg’ On1y ‘
when‘ethYIené glycol was added to thé solvent mixtufe'ip
amounts of 20% of the total volume did the GMP photochem—.

istry resume on irradiation.
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It would appear then.that a diél component is a re-
.quirement for the guanine phofochemistry at réduced tem-
peratures.

el Temperature-viscosity dependence. A vari—

ation of the temperature of the GMP solution Whefe G-70

was the solvent, and the measurement of the relative photo—'

" chemical yields under these conditioné, provided the re-
sults shown in Figure 10. The data points fér this set of
_ekpériments 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 poihts
for this experimental set are enclosed in boxes [:1

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 abové the
temperatures where both solvents are rigid glasses. (Quan-
titative viscosity measurements were not made; but the |
macroscope différences in viscosity can be readily observed
on a qualitative, and semi—quantitative,‘bQSis by . the re-
sistance to intrusion into the particular solvent mixture

of a stiff wire). As the glycerol-water mixture.forms a
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Temperature-viscosity dependence of GMP photochemistry.

Figure 10.
: , G=70 solvent.Eg—fﬂ , glycerol-water solvent.
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: rigid glass at considerablj higher temperatures than the
G—70,,it’ﬁas not deemed advisable to cool this mixture be-
low about -70°C for fear of fracturing thé supracil quartz
cell. |

‘ The curve generated.by the data ﬁoints for the case
where the G-70 solvent is the medium for the GMP photo-
chemistry appears somewhat irregular, and a discussién of
its shape will be deferred to a later section when lumi- |
nesceﬁce data can be added for clarification.

f. Metal ion dependence. The addition of metal
ions.to the solution in nearly equimolar amounts with tﬁe-
disssolved GMP, IXIO_4 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 abéorption spectra previous to photolysis. The rela-
five photochemical quantum yields, and the ratios .of: the
observed absorbances at 250 and 280 nm, 250 and 270 nm,
prior to irradiation;ware listed in Table 6. The metalé
were obtained as the nitrate salts and wére used without
additional purification. Photolysis time was 10 minutes,
temperature of -112°C.

Complek formation, then, between the GMP chromo-

. +
phore and paramagnetic ions such as\Cu2+,lN12+, and Coz
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causes a subsféntial reduction in photochémical yield.
Zn2+, although showing an iﬁdication of complexation, has
no effect on the photolysis yield. Zn2+ is a diamagnetic .

ion. A repeat of the Mng case gave a value of 1.00 for

the photochemical yield.

Table 6. Effect of M on GMP -

Mn+ .Na+ Mg2+' Ca2+ Zn2+ an+ Cu2+ N12+ C02+

Ry 1.00 0.87 0.97 1.06 1.00 0.06 0.14 0.24

A, /A, 0.68 0.70 0.68 0.66 0.70 0.61 0.63 0.65
; .

vos/B,q 0.59 0.59 0.60 0.63 0.61 0.63 0.65 Q.és

The literature values for A, /A5, and A

are
0.685 and 0.595, respectively (27). '

280 /Azso

Similar experiments conducted using ApG as the ab-
sorbing chromophore and the introdﬁction.of the metal ions
Na*, ca?t, za?", 02", ni?Y, and cu?’ into the solutions
showed that only Cu2+ was effective in reducing the photo—
chemical yield. @ﬁi} = 0. 34. |

A review of metal-nucleic acid interactions has
been published (28); and a mdre reéent diécussion 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 revieﬁs* poinfed to an
intéraction of the Cu2+ ion with both the phosphate and
base portions of the GMP molecule. Niz+ and 062+'ha6e
been thought to bind only at the'phosphate and with a kF
of an order of magnitude less than that of Cuzf; .The re-
sults of the experiments performed in this investigation
tend to favor the larger kF with Cu2+, but what may be of
more significance is the apparent reQuiremént'that all

2+, N12+, and 002+ be situated in the

three of the ions Cu
vicinity of the base portion of the molecule to demon-
strate the large effects on the photochemical yields.

Luminescence yield values for these qomplexes, fo be dis-

cussed in a later section, are complimentary to the photo—

chemical yield results.

2. Luminescence monitored phofochemistry and

spectroscopy studies.

a. GMP photochemistry. Equally dramatic ef-

fects occur in the luminescence when GMP undergoes photo-

lysis at reduced temperatureé.‘ An example of this is shown.

in Figure 11 which shows the fluorescence from a solution

* . : . :
Pertaining to aqueous solution and room tempera-—
ture. : :
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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 -110°C, while being irradiated with 248
nm light. It is seen that as the time pf.irfadiatién in-
creases, the fluorescence due to the GMP, which has a @ax—
imum at 328 nm, decreases, While.a new fluorescence with
F

a A

max at 418 nm increases. The presence of the isotylbic

point iﬁdicates 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 flﬁorescence 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 reporfed‘observing
a fluorescence characteristic -of that of the photoproduct
from solutions of deoxyguanosine in ethyieﬁe glycol-water
at approximately -100°C, and have attribﬂted it to aggre-
gation of the deoxyguaﬁosiné 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.
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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
éxclusive fluorescence response df.the photoproduct,'once
formed in small amounts.

‘b. Intensity dependence,. acetone seﬁsitiiatibn,
and photochemical quantum yield, or GMP.

(1) Intensit& dependeﬁce. Certain types
of photochemical and photophysical'pfocesses‘ére known fo
have other than a first-order dependence on the inténsity
of the exciting 1light, I,, e:ig., alkylbenzene—sensitized.
decomposition of hydrocarbon solvents as the results of
triplet-triplet absorption following singlet-singlet ab-~
sorption and intersystem croséing (31)¥ An experiment was
performed tbAdetermine if a similar non-linear dependence
of I0 was operative for the GMP photochemistry.

A 10 minute 250 nm excitation of‘é 0.2 0.D. solu-
tion of GMP in G-70 was made in the lumiﬁéécence apparafus
- at -110°C. The decrease in the parent fluorescence and
the increase in the 418 nm fluorescént-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 peridds of light
passage and light blockage, thué causing I, to be reducéd
by a faetor of 0.5 for the excitatién period. |

The results showed that the phofoqhémicél yiéld, as
evidenced 5y both the reduction in pafent fluorescence and
the product fluorescence growth, was:halved by a halvingof
I;. Two repetitions of the experiment géve a'pfecision of
10%, with the signal to noise ratio of-the,fluorescenCe
being 20:1. The I, dependence for the photochemistry
proved to be first order for the excitation intensities

sk
used.

(2) Acetone sensitization. 'Enérgy transfer
experiments designéd to determine the photoreactivé'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 iﬁ

Figure 13. Acetone has a lower energy transition for its

ThlS analysis is correct only if the 31 is > 10—3
sec. , the chopping frequency. . ‘ S
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first excited singlet state than does GMP. - Conseqqently;
irradiation with 313 nm light will populate !S of éce;‘
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 efficiénéy to 1T-of.a-cetone.
‘While acetone has the lower enérgy singlet, GMP has the
lower energy triplét state. Thus, there exiSts'the poési—
bility of triplet energy tfansfer from acétone to GMP, if‘
the molecules are in close proximity. The-exberiment per-
formed to detect photochemical production by‘GMP under
these conditions is described below. ‘ _

The solveqt was made to be HZO:(CHa)ZCG:.EG,‘S.S:
1.0:7.5, V:V:V, with GMP as solute.

An opticaily dense (0.D. > 2.0 at 250 nm) solution
of GMP + CMP.was used as a chemical filter to additionally
insure that therg was negligible probability of population
of 'S of GMP.

The excitation monochromator was seﬁ to provide a
mean excitation wavelength of 313 nm with slif widths of 
3‘mm and 3 mm. With the reciprocal linear'dispersion of .
3.3 nm/mm for the monochromator,. the halffband‘widfh of .
excitation was then near 10 nm. The 1uﬁinescence'mqnochré-

mator was set to 418 nm, the Fpyx of the phqtoproduéf.
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Affer cooling té —110°é'and 6pening the shutter éf
the excitation monochrométor,‘the‘bhafacteristic,flubres—
cence response of the GMP photoprodﬁct waé seen to grow in
with time of excitation. Exclusive of‘any other effects
such as hydrogen abstraction of the solvent By adetone, |
the indication is that the photoreactivé spin state 6f
GMP, for fhe observed photochemistry, is<thaf bf the trip;
let dtate. ._ |

| ' (3) &, of GWP. A 0.20 0.D. (A = 265 nm,”

£ = 6 mm) solution'of GMP (EG:H,0, 7:3, ViV, pH 7, T =
110°C) 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-
cencé maximum-was taken to be the measure of the photo-
chemical production. | N

The relation used to calculate thezquantum yield

was

' ® - moles pp
I

a
where:

moles pp = moles of photoprpduct 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.

of photons) absorbed by the~parent400m—_

pound for the'excitation‘period,< -

. 1,2.3 TL.

For an initial [GMP] of 2.22x10 °, a reduction of
7.3% in the bareht fluorescence, an irradiated volume of
0.09 em , I, = 3.40x10"° Einsteins for the 5 minute exci-

tation time and beam size as taken from the actinometry .

results, and Cr of 0.09 viewing the front half of cell, -

the yield value becomes:

o . 1.2x107"% moles pp

- = 2.1(20.5)%
BC 6.6x10.9 Einsteins

c. Photochemical kinetics and dinucleotide

photochemistiy. To augment the photochemicai qﬁantum yiéid.

determination, as described above for GMP for a single ex-
citation period, additional experiméntslwefe performed in
the luminescence mode Wherein.méasureménts of the decrease

in parent fluorescénce, and the increaSe in phqtoproduct‘

T = the average number of Einsteins'(moles'_,'
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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_coqtaining ﬁuéleotides were
also_invéstigated.in similar fashion. The relative rates

were determined by plotting:

(1) log Fi5% vs. t(min)
where:

F2°> = the fluorescence response in arbitrary
intensity units, when viewing the emitted
light at 323 nm while the exciting light
is set at 265 nm,

t(min) = the period of excitation time elapsed
previous to reading Fggi
313 /o0y _ 313 : i)
(2) log[Fuzs( ) Fuzs(t)] vs. t(min)
where’:

Pfgg(m) = 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
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nucleotide Qasé, for a given percentage
conversion, was thé sténdard used,
Fféj(t) = the observed response viewing at 425 nm,

exciting at 313 hm,~after a photolysis

period at 265 nm.

The results are graphed in Figure 14 and Figure 15 -
and tabulated in Table 7. Each determinﬁtidn was performed .
two times. In Figure 14; data points are piotted for
single determination. In Figuré 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 kinétics experiment was made on dGpT. kéRe;) and
kéiel) refer to the relative raté cbnstants for the de-

crease in parent fluorescence and increase in photoproduct
fluorescence, respectively, as determined -from the plots

of (1) and (2). Also included is a listing of relative

Rel

photochemical quantum yields, @PC

(1), obtained from ab-
sorption monitored data, Table 5. .

The values of kp and kPp for GMP agree to within
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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4of the other apparent dlscrepan01es for the dlnucleotlde ,f
cases w1ll be deferred to a later sect1on after ampllfylngi:
photophy81cal data has been presented and d1scussed It n
'1s seen from the data to thls p01nt that the rate ofparent.‘”
'::decay is not s1mply related to the growth of photoproduct |
e1n all d1nucleot1des ‘and - there are severe d1screpanc1es
Rel ' :

between kPP and (1) in a few cases, notably GpU and deT
. pC .

‘Tablé 7. Photochemical relatﬁve'rates‘wia ldmineSCenoe“:;lf

ST o Rels
HplRel) o EpplRel) e
aup - 1.60. S1.00 1.00 " °
ApG 1.30 $0.13 2.20 £0.38 . .. 1:99 .
" GpA '1.80.+0.06 .2.00 :0.16. | 2.19-
CpG 0.30 +0.06 10.22%0.05 L 0,43
GoU . 0.30 %0.12 . 0.16 %0.03 0.85
dGpT . ‘1.00 0.95 . . 108307

1
i

.»,dlf'Photochemioal aotion'sneétra and lﬁmlﬁés—".t; .

,déhcé excitation-spectra It 1s a’ recognlzed rule that

photochemlcal and photophy81cal quantum ylelds should be

¥1ndependent of the wavelength of ex01tat10n ThlS is truexAJ

"because of the rapld rates of 1nterna1 convers1on for most

5

olecules studled (32) The depopulatlon of the hlgher:-
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~electronic states to the ground state thus occurs only,‘
from the lowest vibrational leﬁels of the 'S and !T elec-
tronic levels. Photodissociation is recognized as being
an exception. It had been reporfed, however,'that-cerfain
of the nucleic bases, notably uraéil, had é waveléngth de-
pendence in the rate of intersystem‘crosSing énd subsé—

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

reason, a photochemical action spectrum was determined for '

GMP, using the I, values as obtained from the actihométry
studies to correct for the variation of Xehon_lamp inten--
sity with wavelength of excitation. The photolysis was
conducted at 10 nm intervals in the absérption band, With
time of photolysis of 10 minute; at each xex. A separate
sample was ‘used fbr edch determination. The measured re-
sponse, F31¥, was taken to be the measure of photoproduc-
tion. The~actioﬁ spectrum generated. as the result‘of
these experiments did not coincide with the absorption
spectrum as would be expected in the relation. |

d(Prod) _ 4 c 102.365(Ai)02

T dt PC

with @PC taken to be a constant. Rather, & was indi-

PC
cated to be wavelength dependent, being substantially
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larger'in the long A region .0of the absorption band. Since-

it was-recognized_that the actinometry values might not he
accurate.enough for this type.ofda determination, the
Io(rel) results for the Xenon lamp as generatedrby.thei
Rhodamine B technique'were used to'COrrect'I; forgthe'ac— ;
tion spectrum The recalculated spectrum was nearer that
of the absorptlon spectrum but the effect remalned |

It was then de01ded that photochemlcal act1on spec;
tra should be generated for the GMP conta1n1ng d1nucleo—‘
tides as well. It was also thought ‘necessary to produce
luminescence excitation spectra for-all of the molecules
involved since,afvariation ofi@PC.with wavelength'Would
1ikely have an underlying Variation.of one or more photo-
physical ¢'s as the cause.

The spectra for the molecules of interest are shown

in Figures 16 to 30. Fluorescence-excitation spectra were |

recorded by. settlng the emlss1on monochromator to the

fluorescence max1mum of the molecule and varying the wave—

length setting of the exc1tat10n monochromator. Excltat10ni

monochromator slit widths were,er mm andrl,O'mm.‘ Itfwasu
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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AMP spectra; absorption, —-——-- fluor-

escence excitation.
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Figure 17. CMP spectra; ——— absorption, ----- fluor-
escence excitation.




94

cMx 107>

P BT o 0 BB UL

el kel g plaiing: |

240 260 280 300

Figure 18. TMP spectra;
escence excitation.

absorption, —--—-- fluor-




95

42 40 38 36 34

bethSareds. Lokianli g | et
240 260 280 300

A (NM)

Figure 19. Purine spectra; absorption or phos-
phorescence excitation, ---—-—- fluorescence
excitation.
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Figure 20. Guanine spectra; absorption, —-—-—--—- fluor-
escence excitation, eseec. phosphorescence

excitation.
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Figure 21.

GMP spectra;
escence or phosphorescence excitation,
L Iprhotochemical action.

absorption, ----- fluor-
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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. 1-Methylguanosine spectra; absorption,
————— fluorescence or phosphorescence
excitation.
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Figure 25. N,-Dimethylguanosine spectra; absorption,
————— fluorescence or phosphorescence
excitation.
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Figure 26. ApG spectra; absorption, ----- fluores-
cence or phosphorescence excitation,
I Iphotochemi cali*action,
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Figure 27. GpA spectra;

absorption or phosphor-
escence excitation, —----- fluorescence
excitation, 7 Iphotochemical action.
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Figure 28. CpG spectra; absorption, —--—--- fluores-
cence and phosphorescence excitation,
T Iphotochemical action.
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Figure 29. GpU spectra; absorption, -—---- fluores-
cence excitation, TIphotochemical action.




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 smail to obtain
good results for the excitation specfra. 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 quantuﬁ yield. Absorption spectra
shown are those taken at low temperature (-110°C). Nor-
malization of spectra is af 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‘phosphoréscence excitatién
spectra are the  exceptions which help to prove the rule.

A proposed explanation for these effééts 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 1evéls of the ground stéte. ~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 wvariation of @ﬁ with Aex
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such as exhibited has been aftributéd to the presence bf:
tautomeric,forms (34);rbut since the,methyléfed guahosinesh
show a similar effect, this explanafion would séem to be
precluded for GMP. Molecules such aé‘GpA, GpU, GpC, and
GpT which shéw a variation in iheir‘fluorescénce speptruﬁ
shapés depéndiné on Aex mighﬁ'be_expected tp'have éuch'
@F(Aexj dependencies. The_vari;tion in shape of the fluéf—.
eécence spectra seen was that when exciting at_differeﬁt
A's ana normalizing the spectra‘on the monomer'haximum,-
the fluoreécence response in the region of.excimef fluor%‘
‘escence (~400-mm) was some 25% greater wheh exciting at
260 nm fhan When excitation was at 280 nm; |
The photochemical_action spectra érefmore difficult

"to analytically evaluate.becauée of the pfecision error :
evident, but the following qualitative observafions:aré
made : - o | - |

. (1) The action spectré follow ﬁhelluﬁines—
cence excitation spectra in-the_GMP? ApG, and GpU caSes,
indicating thét'the variation in.action as-a function of
Aex reflects the wvariation in internal conversion réte at
the singlet level.

(2) The photochemical action spectra foilow'

the absdrptioﬁ and‘phosphorescehce excitation spectra for -
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GpA at A's longer than 260-hm, indicafing én ihvariénée in .
intersystem créssing yvield in this spectralkregibn. -Addi~-
tional comment will be offered on these matters in 1éter ‘
sections. | : |

| e. Luminescence quantum yields.' While exci-
tation spectra provide évidencé for wvariable lumineécence
quantum yields, if is also of importance to know what the
yields are quaqtitatively. To this end, fluoreécence and
phosphorescence yield determinatibns wére condﬁcted.

All quantum yield values were determined as ?elative
to that of quinine bisulfate in 0.1 N H,S0,. The litera-
ture value is repofted to be @F = 0.55'(35). ~The relation
used to obtain the relative yields was: -

o,  I,(022%) (ECR)pe  (JEOAM)

‘= X

T,0,0;  (€cy; " UFa) g

where:
® = luminescence quantum yield,

= relative intensity of the exciting light‘

o
o
~
>
~
1

at the wavelength of excitation,
€Cy = optical density of the solution‘at]fhe

wavelength of excitation,
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IF(X)dA = the area under the dofrécted luminescence

‘curve.

(1) The I (X) valﬁés were taken.from the
'rhoaamine B quantum cdqnting expériménﬁ.'

‘ (2) The optical densities, &CR, wefe made
fo be équallto'O.ZO'O.D. in all casés.

(3) The observed 1umineséence curves were
qorrected by use of the photétubé response‘curve, and'the
value of the integral JF(A)d)\ obtained by a computef cal-
culation which made a.summation of'5 nm iﬁtervals of thej,.
corrected luminescence cufﬁe.

(4) To test the method, thfee rélati&e
fluorescence quantﬁm yields were determined_for ﬁd1equ1e

which fluoresce in the same region as the nucleic acids.

The results obtained as compared with the literature values’

?,re .

®F(Determined)l @F(Literéture)
Tyrosine (in H,0) 015 - 0.14039)
Tryptophan (in H,0) 0.15 0.15(36)

‘Salicylic Acid (in H,O) " 0.29 0.28037)

| R DR A S—




bl =

111

~The values obtained for thé.molecules of ihterésf
in this study are 1istea in Taple 8. The X Was.26$ nm
in all cases. The phosphorescence spectr;‘Weré extracted
from thé total luminescence spectra obtained at 713750 byﬂ'
subfracting out the-flﬁorescence curves ip-relafion tQ'the. 
shapé obtained at the warmer temperature, —i12°C; _Tﬁe,:'
phosphbrescence comes at loﬁg Qnough aneléngths thgt-né'
overlap of fluorescence and phosphorescence occurred in

the region of the fluorescence maxima.

Table 8. Luminescence quantum yields

5. - o

F o P

Guanine 0.051 - . -
1Me-Guanosine 0.020 . 0.015
N2-Guanosine 0.087 ‘ .- 0.053 -
~7TMe-Guanosine 0.48 ",v' R—
GMP 0.029 - 0.022
ApG 0.033 0.043
GpA - 0.023 0.18
CpG ' 0.011 0.009
GpU - 0.013 0.010
GpT 0.024 0.012
AMP ~0.002° . - ~0
CMP 0.013. - )
UMP ~0.001 - 0.
TMP 0.036 . , 0
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Repeats of these exberiments showed a variability
of 15-20% in the yields. '

Since ApG and GpA show a fluorescence quantuﬁ yieid
nearly equal to that of GMP, as well as having'similar
photochemical yields, an energy traﬁsfer effect at the .
singlet level is suggested, from A to G. GpT ié also seen_“
to have similar results. The acknowledged singlet enérgy_
levels for the nucleotides are AMP > UMP > TMP > GMP.> CMP.
For CpG, the ®_ is quite near that ofVCMP, éo that itwquld
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 @F and @p could be derived from light
absorption of the GMP part of the molecule alpne. The
o 's of ApG and GpA offer little that would aid the. analy-
sis. The luminescence yields of the methylated guanosine$~
are not pérticularly clarifying‘in terms of ﬁhe GMP photo-
chemistry either, unless the @p!s of the 1Me and N2 cases
are indicative of a difference in k .. for the two mole-
cules. <Certainly then, while energy-transfer might be im-

plicated by some of the luminescence and photoéhemical_

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 equlmolar

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

nescence yields relatlve to GMP without added M™ J The
'relative photochemical yields, as previously giVen from

the absorption monitored mode,. are listed for comparison.

Table 9. GMP ¢ with M"" added..

2+ o+ o4 20+ 24+

GMP +Mg +Ca” . +Cu +Co . +N1°
o, - 1.00 0.87 0.97 0.06 . 0.24 . 0.14
o, 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-@FimeaSurements to

be *+20%, the qualitative'agreement'between the relatire ®'s
indicates quenching at the s1nglet level and/or para- . |
magnetic 1ntersystem cross1ng enhancement 1n terms of re—'
ducing the photochemlcal yleld. The phosphorescence s1g—
nals produced on iurther'coollng were too wesk to be ana-
lyzed with any'ccufidence. |

f. Triplet lifetimes, ’T. To establish the

nature of the lowest occupied triplet state in
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dinucleotides confaining'GMP, triplet 1ifetime studieswere

made' on 2ll of the nucleotides, XMP, and on all dinucleo- -

tides, XpG,. GpX.

(1) A solution of the moiecule whose 371 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 cnrve With the fluorimefer and observing the .
wavelength of maximum phosphorescence response the emit-=
ting monochromator was set to th1s wavelength and the cut-
put of the photometer connected to the Y axis input of &
storaée oscilloscope. .

(4) The sens1t1v1ty of the os01lloscone and
the slit w1dths of the ex01tat10n monochromator were ad—

t

Jjusted to obtaln the maximum observable response on the~

dlsplay scope.scale.

(5) The scope sweep period was adjusted to
a time scale which would allow.the‘fecording of atnleast'

one triplet ‘decay period of the molecule in question.
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(6) The exciting light was blocked with a
mechanical shutter and the 1umiﬁescehce decay recorded on
thé storage écope.

(7) A photograph of the stored trace was
téken 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 reduéed to 1/e of the
initial phosphorescence signal.

A semilog plot of the results:is shown in Figﬁre 31
and the °t values are given in Table 10. The nucleotides
CMP, UMP, and TMP have no detectable phosphorescence under
these conditions.

It is evident that éll 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 indicﬁted,
that the. phosphorescence ofiginates soleiy from the nu-

cleotide component having the lowest energy triplet; again
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Figure 31. Semilog plot of phosphorescence decay.
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. GpT is an exoeption. The repoyted 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, caueing much:of the-known
photoalteration of nucleic acid poiy@ers to reeuit from -
TM? photochemistry (39). -Either.the GpT dinucieotide is
not stacked sufficiently'under'the present‘conditions:to
allow triplet transfer or perhaps the triﬁlet energiee‘of_
TMP and'GMP‘are suffioientiy closelin the experimeotél
situation so that there is no preferential low energy‘.

" state. Oi course, in the ApG and GpA oases, it hﬁét.be '
that the rate of-photochemistr& of GMP is competitiVe‘With.'

the triplet transfer to AMP.

‘Table 10. Triplet lifetimes.

$1(sec) . , ‘ . 31(sec)
AMP 1.4 . epTs) . . . 0.70
ApG 1.4 . C o 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 photochemicai and
photophysical quantum yields from what would be expected
if the two nucleotides acted independently. The previeusly
discuesed 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‘mixturee‘of
the apbropriate 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 propértiese Transmittance ef-
fects were taken into account for the excitation spectra.

The dinucleotides were made up to have an O.D;.ef
0.80 at 255 nm in the buffered G—70,‘the cell pathlength
being 6 mm. The'equimolar miﬁtnres‘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 AZ®° = E*°°CL + éf5;C£. KnoWing the values

Tot
for A%3%., &€4&°°, &3%°°, and % it was possible to solve for
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C'eand theﬁ‘eqﬁal volumes of solutions having 0.D." :ef
23625502 and 21€ZSSCQ were mlxed to give the- equlmolar
mixture of the GMP and XMP nucleotldes
: The following experlments were performed at —i10°C
in the lumlnescence mode for- the dlnucleotldes and equ1—>
molar nucleotide mixtures:

(1) The fluorescence signal at 325 nm when

exciting at 255 nm, F2°°  was recorded ‘as a measure of the
1
@F s | | ‘
(2) Photolysis was conducted for 10 minutes
at A__ = 255 nm, and the Fi;g recdrded as a.measure of the
QPC s

(3) Fluorescence eﬁcitafion-speqfrd were .
recorded uncorrected and the difference spectré aeter—
mined and corrected for 1amp 1nten81ty and transmlttance
factors, to measure the dlfferences 1q @ .as a functlon of
A for the’tWo,systems.

ex . . )

The data and comparisons fer (L) ana (2)'are givenl.
in Table 11. The results from (3)'are illusfrated,in Fig-
:ures 32 to 38. All recorded infofmation is for the sa@e |
instrumentél settings and io; ’

The results shown in Table 11 indicate a good re1a4

tionship between the increase. or decrease in @F‘when a
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Figure 32. AMP + GMP vs. ApG; ---——- fluorescence exci-

tation ApG, +-~e+—+— fluorescence excitation
AMP + GMP, corrected difference spectrum
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Figure 34. CMP + GMP vs. CpG; ——--- fluorescence excita-
tion - CpG, . e e » se fluorescence excitation
corrected difference spectrum.

CMP + GMP,
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Figure 35. CMP + GMP vs. GpC; —-———- fluorescence excita-
TION: GPO; iejels wity fluorescence excitation
CMP + GMP, corrected difference spectrum.
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Figure 36. UMP + GMP vs. UpG; —-——-—- fluorescence excita-
tion UpG, o' e ¢ e fluorescence excitation
UMP + GMP, corrected difference spectrum.
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Figure 38. TMP + GMP vs. GpT; —-=---- fluorescence excita-
tion GpT, e« ¢+ + « ¢« fluorescence excitation
TMP + GMP, corrected difference spectrum.




Table 11. Dinucleotide vs. monomer mixtures data.

F31 3

%A255 Fi3t  F325 (XpG)/FI35(X+G)° Fi2 FI1(Xp@)/FiL1(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. .10 15

GpT.

0.61

L2T
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dinucleotide is present as oppqsed to a nucleotide mixture,
and the.correqunding changés in @PCL _GpA might not Seem
to héve sﬁch good agreement, but a rgference to the 0., -as
determined by the pfoper infegration of fhe fluorescence
(Table 8) shows that the value is nbt much less than that
of ApG. The apparent discrepancy ié likely due to GpA

having a considerable excimer fluorescence at wavelengths

F255

825 is not a proper meas-

greater than 350 nm so'fhat the
ure of its @F. The UpG resulté'cannot be explained away
in a similar fashion. |

The intensity corrected difference spectra of the
fluorescent exéitation‘spectra of the dinucleotides and
equimolar nuc;eotide mixtures show specifically the vari-
ation of @F with Aex that resﬁlts on bringing the nucleo-
tides in close proxiﬁity, as they are in a diﬁucleotide.
‘Examination of the differencé épectra provides the fol-
lowing dbséfvatiéns. |

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

are similar to the ébsorption or fluorescence excitation
spectrum of GMP. The values of A,, /A,;, are 0.63, 0.80,

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 flucrescence excitatien spectra of GMP.
This is indicative_of singletQSinglet energy transfer‘frcm
GMP. | '_ | | | -

(2)_For GpT,ethe»spectrum‘is strikingly like
.that of the absorption,spectrum of ‘TMP, indicating energy.
transfer froh TMP. to -GMP.. | A
| (3) The-ApG case is unique for the cases
" shown as it is thé only situation for which .the o, is
greater at all A- 's for the dinucleotide than for the
equimolar mlxture of nucleotldes The corrected differ-
ence spectrum is s1m11ar to an AMP absorptlon spectrum
representatlve of energy transfer from AMP to GMP

(4) The GpA spectrum is certalnly the most
unusual in its shape, show1ng no relation to the absorp-
tion spectrnm of either GMP or AMP. However, excimer
emission has:- been indicated to be Aex dependent for this
molecuie;,which could account for the nature of the curve.

It has been 1mp11ed here that some degree of .- '

singlet- 81ng1et energy transfer is respons1b1e for the
various ¢'s.obtained for the dinucleotides. Certalnly-the'
results are suggestive‘of this mechanism in a number of
cases; A theoreticel evaluation of the possible rates of

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

"hthe combined experimental results for each dlnucleotide

“h. Optical properties of the 1ow 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 polariaation
study of the product‘made hy-the method of photoselection
(40). The polarization study was conducted as follows:.
| (1) A sample of GNP in G-70lat.—110°C 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
ex01tat10n and emission monochromators |
) (3) The emission monochromator was set to
the wavelength,of.the fluorescence max imum of the photof'
‘product. ' |
(4) With the polarizer on the excitation
monochromator oriented to pass light polarized in the ver-
tical sensep the'fluorescence response, Igp , was measured_
with the polarizer on the analyzing monochromator oriented
to pass light p01arizéd parallel to the ekciting light.

 The analyzing polarizer was-then rotated to pass light
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Figure 39. Low temperature photoproduct; absorption, —----- fluor-
escence excitation, X xx polarizationratio I" /I.L :
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polarized'perpendicular to the exciting light and the

fluorescence response, Lﬁ, taken _This process was begun

‘with exc1t1ng 11ght of the wavelength of the - lowest energy -

in the absorptlon ‘envelope of the product 360_nm, and
>repeated at 10 nm 1nterva1s down to 250 nm.

(5) A plot was made of the polarlzat1on
: ratio Iy /1g 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 nm 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-
ative to QBS is 0. 35 .'The 0.D. for the measurement when
exc1t1ng at 313 nm was estlmated from the percentage de-
crease in the parent GMP fluorescence and the relative
é”s of the GMP and product as -estimated previously from.

the complete conversion via the absorption‘monitored'mode.

This value of @é is then annorder of magnitude greaterthan '

the @ of the parent GMP, .O 029 On cool1ng to —137°C the

product showed: no detectable phosphorescence .
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The overlap of the absorption and fluorescence
bands places the 0-O band at 28.0x10° cm™%, which is
6.0x10° cm™ ! lower in energy than GMP. The Stokes shift,
aé estimatéd from the energy difference between the Fﬁax
and the absorption maximum of the low enéfgy absérpfion
moment, is 8.0><1(')-3 em 1 as compared to a Stokes shift of

1 for Gup.

6.0x10° cm
A literature search revealéd-two compounds with

similar 6ptica1 broperties, both purine derivativeé; theée
so-called Y base (41) found in some t-RNA's, and the fluor-
escent derivative of adenosine, l,Ns—etheﬁoadénosine (42);
Both of thése compounds haye 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 Ni purine. nitrogen and the exocyclic amine nitrogen

by two carbon atoms. The reported structures are:

"y "@'" Adenosine

N
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The optical properties,'as compared to the low tem-
peratﬁre.GMP p;oduct, arefgiyen-in:Table_lz.'
Theléptiééi:bfééerties éfe'similar‘enouéh to sug-

gest a tricyclic strﬁétural form for the. low fémperature

. GMP producf.

- Table 12. Product, "Y", and "

Cmpd _ Absorption Fluorescence
‘. "3
Kpax () €107 0 E L m) e
ng" - 258" 5.0 . 415 -~ 0.44
(pH 7 at 265 6.0
300°K) - 275 6.0
294 3.1
ryn . 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 depéndence and stable product
formation.  While the low temperature product of GMP was -
‘'seen to be thermally unstabie, as charagterized by the dis-

. appearance of its identifyiﬁg absorbahce and fluoreScéncé




135
propérties whép the photolized solutidﬁ was allowedzmawarm
td_rbom tempgréture, there'were on occasion optical ef-
fécté which_wefe éuggéstive of a minof émoﬁnf of remaining
product. As a consequence{'a étudy was made of the tem-
perature dependehcé of both the rate,of;product fdrmation
and the rafe of product'decaf.. The'results of the vari-
ation of product formation rate as determined in the lumi-
nescéﬁce mode is shown in Figufe 40. The varying GMP o
is also given, along with the results pfeviousiy obtained
- for prédpct:forMatién-in fhe.absorption.ﬁonitored mode
(Figure 10).

‘ Good agreement is seen between the luminesdence and
~absorption fesults for the temperature range —919C to
-137°C. The decreasé in photophemical yield at temper-
atures bgiow ~120° could well be the'result of decreased
solvenf mobilify'as'emission from the triplet state Be—

. comes incréasingly more efficient for GMP under these con-
ditions. The product gave no indication of thermal ‘decay
under these femperature—viscosity ranges (—915C to -137°C)
as the.product fiudrescence remained constant with time;~'
in thé abseﬁce‘of irrédiation of the parent. |

The situation was-phanged significanfl& by aitering

the experimental temperatufe to Q80°Cz At this
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temperature-viscosity, photolysis produced, in addition to
the ﬁsual 418 nm fluoreséenceibapd, a secdhd‘igsé intense. - h
band in the‘viciniﬁyléf 350 ‘nm. 'Cesséfioﬁ‘éifbh8£bi§Sié‘ R
of the parent and observation of the product flubresgence :
produced a surprising effect; thei418 nm band waslparti-
ally trahsfbrmed with tiﬁe into the 355 nm band. A very
slow warming to room temperature had the result. that the
355 nm band femained, dlthough'diminished.in.inteﬂsity and
red shifted to 365 nm. Reéooling to -80°C re—eStabiished
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_wafmer photolysis temperatures, —5750
to —74°C; oniy'the 355 nm band is prbduced, with decreas-
ing éfficiency aﬁd increased. red shiftiﬁg to'near SGQ‘nmL
At'roqm temperéture, the efficiency of'producing.the 365
nm.band is oniy 5% that at -80°C.

Preliminary ieéults with'fhe GMP dinucléotides and
with soluble RNA indicate that all 'of these compounds show
_the characteristic GMP photoproduct fluorescence, when
photosénéitized with acetone in the presence Qf glycol at
room tempérgture. The use of the product as é'fluoréscent

probe'in biological polymers is thus estgblished.
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3. Energy transfer, theoretical and experimental

results. . -

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

Shulman (13) have'published the reésults 6f.calculations
dedgigned to show the pfobability of singlet-singlet éﬁergy
transfer; assuming'dipble—dipole coupling for the nucleo-

tides, based on the opticaljproperties of the nucleotides

at 77°K. Only-ApA was corfelated.eXperimentally‘with the

proposed theoretical results.
Here are presented the results of similar calcula-

tions for.GMP'containing dinucleotides under the condi-

- tions af which the phbtophysidal and photochemical propér—

ties of these molecules was detérmined for this work.
There'is-an advantage now for these éalculafidns ih tﬁat
thefe has-been published fecently an X-ray structure of &
GMP containiﬁg dinucleotidé GpC (2), and the experimen-
tally determined'transition moment directions for the
nilcleic bases ‘are now all available.  Also rather -than
making certain apbfokimation in the'calculations, it was
attempted to make reésonably qpmplete integrations; etc;.
- This‘expectedly improved analysis, however7 does
not necessarily mean that this approach ié'totdlly'accﬁf

rate for the dinucleotides. - Excimer formation is not '’




§ Y R

L

‘139
taken into account ~nor is hypochromlsm the reductlon in
absorpt1v1ty wh1ch results when two nucleotldes are 301ned
lto form a. d1nuc1eot1de._ The poss1b111ty of exc1tat1on- |

'transfer by electron exchange 1s another factor wh1ch

.could be s1gn1f1cant at the - small dlstances wh1ch separate‘c

'nthe nucleotldes
The relatlon used to pred1ct the rates and eff1c1—
enc1es of s1nglet energy transfer is that derlved by

'Forster for the very weak coupllng 1nteract1on case of

, d1pole—d1pole coupllng (43) This is a conven1ent expres—.

S1on of the phenomenon as the parameters are g1ven 1n ,

terms,of_exper1mental observablesf The relatlon for the, '

transfer rate is:

e - 9000k2n 10 [ Fp™), €, (v
DA 1281r5n'*N'r R® L

where:
kD+A.=2rate constant for:transfer,L_
- K = dipolar oriertation factor,

‘-=-cose -3 cos w 'coswz,'where ] is.theanglef

between the trans1t10n moment Vectors of

' both molecules wh11e m1 and w, are the
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angles between the respective vectors and
the_direction df R,

R.= diétance_betweqn donér and‘écceptor,

n.=~index of refraction.of the‘interﬁening
medium, |

N = Avogadro's number,

T, = the natural radiative lifetime of the

' donor,. |

<€;(U)'= molar extinction coefficieﬁt of fhe‘acc,:’ep-—,~

tor,
F (t) = the sﬁectral distribution of. fluorescence

normalized such that IFD(G)dU.i 1.

A modification of this formula gives .an ekpression

which felates to the efficiency of the transfer. This is

done by assuming a distance Ré wherein the rate‘of energy

transfer is equal to the rate bf all other depopulation

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

kD--*A

Ik,, when R = R;.
1

il
Yy
~
P
~
‘»
b.
[o )
.
~
|
o
—
=3
o

.- Also éincé Zki‘
. . i
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. . 2 ‘ ) . I— ~ '—- _
9000K?. ¢, %n 10 Ib(v)_@A(v)dvs

128nSnt*N ¢ 4 vt

:whéré.@ﬁ‘is'thé-f;udfescénéé;gﬁahfﬁm yield of the donor .
molecule. | | L -

.The‘integral‘tefm is.referted to as the ”oVeflep‘“
-integralﬁ betWeen tﬁe donof_fluoreseence.asd theAaccepteff
ebsorptien'asd-shell be ter@ed j.' It has units of'mole—;.
em®. | | S

‘In order to obtain the k_  values for the GMP con- -

_taining dinﬁcleotides froh the”spectral and cr&tallo—
.graphic data, it was flrst necessary to. calculate IT; vaI;
ues for the nucleotldes ' ThlS was done from the Strlckler |
Av and Berg. relatlon (44) Whlch is a modlflcatlon of
'Einstein“s;relation for the.natural radiative lifetimes

1

for atoms. The Stricklef end~Berg relation for Tg‘ef"
molecules is
. —— = 2,88 x 10 n2<v > @(d znv,
1,[_-0‘ Fo ‘AV gu

‘where:
N n = the index dﬁ refraction of the medium

(1.4 for G-70),
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<§F73§;i;¥ the re01procal of the mean value of v -3
| :, in- the fluorescence spectrum
g;/g e,the ratlo of the degenera01es 1n the
' ‘upper and 1ower states-(assumed here to
“be uhity);_ |
éi = "the molar eXtinctien:coefficient at 5‘

ih.the regieh of the lowest‘tranSition.
for the molecule..

The results for the nucleotldes as determlned by

the above relatlon ‘are glven in Table 13

-Table.13. ACalculatedllro values for the nucleotldes by
) the. Strlckler Berg relation..

._<5}—3>Ai - | fgciﬂhv " lt,(sec)
x10718 o x1078 x10°
GMP 2.97 -.1.218 ' 4.8
AMP 3,25 1.886 - " 2.8
. CMP 2.97 1.030 5.7
UMP 3,17 10.943 5.8
TMD 2.97 0.902 6.5

.The values of GF were estimated from the literature
‘values of G§a¥ at 77°K. The € valiues were taken ffbm the

"1ow.tempefatuie,(4116°0) valueSfobtained for_thie work.
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Where there was large overlab from a higher energy transi—_
tipn in the absorption spectrum, an attgmpt was made to
make the lbwést aﬂsofpfion 5aﬁdugaussian in shape on a
wave numbér scalé( The fluoreécence polarization‘sﬁudy"
6n guanine by Callis (45) was pérticuiarly helpfu1 in re;'
-solving the low energy bgnd for GMP.

The 1'rol'.values iisted here agree reasonably well
with those'calculated.by Gueroh, Eisinger, and Shulman
(13),. exceﬁt for GMP. Their VQIués based on oséillator
strengths and suitable -averages of AF(cm) and XA(ém) were
giveﬁ as 3, 12, 5.5, 4.5, and 4.5 nsec for thellTO‘é of
AMP, GMP, CMP, TMP, and UMP,-respectiveiy. The diécrep—
.ancy in the GMP'case is likely due to their having under-
estimatéd'the oscillatoristrength for the low energy. band.

The dipdlar orientation factor K for thé dinucleo-
tides was determiﬁed by; 1) considering that the confor-
ﬁations of the GMP confaining dinucleotides were. the same
as that obtained by Day, Seeman, Rosenberg, and Bich (2)
in their Xéray étructural analysis of the GpC molecule;

2) the. use of current reports of the experimentally deter-
mined ﬁransition moment directions in the nucleic bases:
Cytosiheg'Callis, and Siﬁpson.(46),_Lewis and Eaton (47);

9—methy1adenine{ Stewart and Davidson (48); 9-ethylguanine,
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Callis and Simpson (49); 1—methyluracil Eaton and Lewis
.(50);_1methy1 thymlne Stewart and Dav1dson (51); 3) the
.zdlpoles were placed 1n the center of the six membered
ring in all cases.

The values obtained for the 6, w w,_ angles in the

1 2
K = coso —:Scosm cosw, expression and the resultant K +2
'valhes for the low energy moments are 11sted in Table 14,
-There exists an.ambiguity for the directions of the low
energ& moments - in guaninef For that reason, two data sets
are listed for each molecule,‘the first listed is'that
consideriné the direction of the gaanine momeht to be +44°.
.and the second set for the guanlne trans1t10n d1rect10n of
-14°. The W, and w, values are the angles that the GMP |
and XMP moments, respectively, make with R veetor.

The final factor needea to calculate the rate con-

1

stant for transfer kD+A was Ja the overiap integral. The
integration was accomplished by a computer method where an
area approximation was made at 5 nm intervals, the FD(G)
was phototube response corrected.

The kD+A-Va1ues obtained are listed in Table 15
along with the necessary parameters qu'szl, 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. -

,Kz

XpQ' 6 ' w, ' w,
' ApG o 22° 89° = 82° © 0.844

neo 369 . 75 82° 0.491
CpG ' 11° . . 89° S 82° 0.964

" . 46° 49° 82° 0.177
UpG 30 89° . 86° 0.863

" 60° 49° 86° 0.132
GpA 80° 77° -74° 0.0001 -
o . 22° 89° 74° 0.832 -
GpC - 63° - 72° 68° 0.011

" 9° 78 68° . 1.51"
GpU 87° 720 | 72° ' 0.011

" - 10° 78° 72° 0.627
GpT - 34° o720 76° 0.365
o 23° 78° 76° 0.591

For the calculation of the B, distances, the ®_'s
used were those accumulated for this work at ~110°C. The
K2 and J_valﬁes-used were those previously listed. The
1 and 2 sﬁbScripts for the R, values in Table 16 refer to
" the +44° and —14°'directidna1 cases for the low enefgy
_GMP-moment. ﬁ

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. DPostrelaxation energy transfer rates.

for the GMP is at 1(+44°) and 2(f14°).

XMP = Donor, GMP = Acceptor
x1078 x1016 x10~ 12 x10"12
: ‘ ' -1 . -1 R |
2 2 1 .
' XpG K1 K2 T, J 1kD_TA(sec ) sz+A(sec )
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 0. 863 0.132 1.72 3.47 11.1 1.68
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
GMP = Donor, XMP = Acceptor
ApG 0.844 0.491 2.1 0 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
2 g2 - ; : JRPE
- K7, K3, 1kD+A’ and 2kD+A refer to the cases Where.the transition moment

OFT
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the lowest vibrationai level of the first excited singlet:
of the donor molecule ’ Cons1der1ng the magnltude of the

rate constants for transfer (e g 1013-sé 1 for ApG),

: and R, d1stances obtalned as compared to the R dlstance of '
4.0 A whlch should apply to the stacked nucleotldes the -

- poss1b111ty that transfer could happen prlor to v1bra—

t10na1 relaxatlon was not dlscounted

Table 16. Calculated R, distances in XpG dinucleotides.
 Ta . R, dis .
Units of R, are A . '

XMP = Donor ~ ' "~ GMP = Dono?r

x102 x102 _
XpG ? R, - R e R, . ‘R
°D 0 o, D Loy . __0.2
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 ST
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
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—relaﬁation transfer

rates, the follow1ng calculatlons were made the~J over-

lap 1ntegra1 was recomputed where the donor fluorescence_

'spectrum was blue- shlfted by the amount v ._;;oio"vek"
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being the wave number of excitation and also the wave num-
ber of'thé minimum energy,pf fluoresceﬂéeAaSsuhed:to,oé—
cur,'vofo n

mined from experimentally observed post rélakation fluor-

escence. The K orientation factors Were refigured for the

transition moments of the donor and acceptor molécules at
the.energy of the excitation.

Réther than attempt to assess thé preQrelaxation
rates at all excitation energies, the situation where ex-
citation was at 250 nm was taken to be a repfesentative
cése. At. this wavelength of excitétion, the second band
of guaﬂine is élmost completély.dominant. The transition
moment direction for this momént is'nearly.perpendicular
to the moment in thé low energy band, with a direction Qf
either +95° or 115 relative’to the N , C axis (47). 1In
the other bases, eithér the iow energy band remainé
plearly dominapt at this Wavelength, or if the second band
makes a,significapt'contribﬁtion thertransition moment di-
rection is 1itt1e.changed from that of thejlow enefgy mof

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

sary to onlyﬂredéﬁermine w,, the angle that the GMP moment‘

makes with the R vector, and 0, ‘the angle between the

.represenfé the wave number of O-O band as deter-
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moments, w, was not redetermined for the pre-relaxation

K2~

The pertinent angles and the K2~ vaiues are listed .

in Table 17 for transfer between the GMP containing di-

nucleotides occurring prior to vibrational relaxation and

with a Aex of 250 nm. Also included is J° the overlap .in-.

fegral for the pre—reléxation transfer.

As in the bost—relaxation'case, the two fold_amf:
biguity in the GMP transition momeﬁt direcfion requires
two sets of d#ta'for each dinucieotide; 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

Na, C6 axis and thé second set is where the.GMP moment is

at +95°.

| To .assess the change in rate of transfer resulting
from pre-relaxation, as opposed to'poét—relaxétion, trans-
fer, the factors obtained by the changed_KQ ahd J. terms

in the two cases are'IiSted'séparately;'and as a product,
in Table 18.

The calcﬁlated pre—relakation energy transfer rate

constants.kg re

kD+A a

sk
+A as determined by the product f

given in Table 19. The k5+A values for the ApG cases

where- GMP Wés_the donor were calculated directly from the.
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Forster relation using the‘Kz’ and J” values in the place

of K? and J.

Table 17. Pre-relaxation orientatiqh and overiap factors,
Aex = 250 nm.

. o J7(x10% )
XpG ) W, w, K?’ . XMP=Donor GMP=Donor
ApG  85° 70° 82° 0.003 23.6 7.90
o730 . 710 82° 0.024 23.6 7.90
CpG:  83° . 50°  82° - 0.021  25.6 12.3
w 63" 58" 82"  0.054 25.6 12.3
UpG  69°. 48°°  86° 0.047 -  18.1 7.50
o 48° 58" 86"  0.31 '18.1 7.50
‘GpA  30° . 74°  74°  0.41 = 23.6 7.90.
v 53° - 72° 74° 0.12 23.6 7.90
GpC  40°  88° -68° - 0.53  25.6°  '12.3
" 63° 83" 68"  0.17 - 25.6 12.3
GpU ~ . 42°  86° . 72°  0.46 18.1 7.50
o .
o 65° 83" 72 0.10 18.1 . - 7.50
GpT ~ 75°  90%  76°  0.07 19.2 11.6
° ° S0 19.2 11.6

mo . 85 83° . 76°
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vTable 18. Pre—relaxation-correction'factors,

. XMP=Donor- GMP=Donor XMPﬁDohbr GMP=Donor

. : : . ] . E3
XpG  K2”/K? J°)3 3°)3 £* £
. -3 o -2 '
ApG 3.5x10 5.7 o 2.0%10 .
n o 4.9x10 2 5.7 o .  0.28 w
CpG 2.2¢x1072 56 Y 1.1 - 0.37
" 0.30 56 17 17 5.1
UpG 5.4x10°% 5.2 38 0.28 . 2.0
", 2.3 5.2 38 12 87
GpA 4.1x10 5.7 o 2.31072. =
7 0.14 5.7 o 0.80- = w
GpC 4.8x10 56 17 27. 8.2
. 0.11 56 \ 17 6.2 1.9
GpU 4.2x10 5.2 38 2.2 16
i 0.16 5.2 ' 38 0.83 6.1
GpT  0.20 15 21 3.0 4.2
" o . 15 21 0 0

£ = (K?7/K*)+(J7/J)
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Table 19. Rate constants for pre-relaxation fransfer.
XMP = Donor GMP = Donor
><130—12 » x10—12 . _ |
XpG Kpsa o Kpsa Kpsa f Kpsa
ApG  26.2  2.0x1072 5x10%!. o 1x1012
" 15.2  2.8x107% 4x1012 0 8x101
CpG 1.67 1.1 2x10®2 3.18  3.7x10 T © 1x10%2
" 0.30 1.7x107% 5x10%2 0.58 5.1 3x1012
UpG ~ 11.1  2.8x10°1 3x10%2 0.77 2.0 2x1012
" 1.68 1.2x1071 2x101® 0.12 87 1x1013
GpA 3x107%  2.3x1072 7x107 0 1.4x1013
" 25.8 0.8 2x1013 0 4x%1012
GpC 1:7X1Q“2 2.7x10%1 sx1011 6 1072 8.2 3x1012
" .2.67 6.2  2x10%? 5.07 1.9 1x1013
GpU 0.14 2.2 . 3x10% 0.01 1.6 ox1011
" 8.04. 0.8  6x10%2 0.56 6.1 3x1012
GpT 1.53 3.0 241013 0.88 4.2 451012
" 2.54 ? 1.44 ~0 ?

~0

Discussion of Results for the Dinucleotides

A compilatioh 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‘triblet

levels. A discussion of this information with regard to -




Table 20. Combined results.

@fi% gRel g Rel F;;Z §;2 FX P.X P.C.A. [Xp§:?(X+G)] £ 255
rC B ThT =
: X+G  X+G
GMP 1.0 1.0 . 1.0 - -- ¥ab =F.x ~F.X - - 1.0
AMP 0 0 0 — — F#b - - —_— -
cMP 0 0 0 - -~  ¥ab - - - -
uMP 0 o -0 R — — -
™P 0 o o T - —- -
ApG 1.99 1.30 2.2 2.5 2.2 #mb =F.X ' “F.X ' “AMP_ or  0.48
GMP_,
GpA 2.19 1.80 2.0 0.95 2.1 #ab =ab  ~&b 2 . 0.48
CpG ~.0.43 0.30 0.22 0.25 0.15 #Ab ~F.X ~BAb uGMpab _ 0.70
Gpe 0.54 =-- -- 0.15 0.16 --  =-- - ~GMP_ 0.70
UpG - -=  —=. 0.70 0.33 -~  -- - ~eMP_ 0.58.
- GpU 0.85 0.30 0.16 0.48 0.50 *Aab --  ~F.X aMp 0.50
_ qupT ‘1.83 1.0 0.95. 0.61 0.68 ¥ab ~F.X - ~TMP., 0.50

€CT
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. Table 20 (continued)

16

o 5

e
Emitt
rip

Pre-relaxatiénf.

Post Relaxation, Energy Transfer

G =

G =

Energy Transfer

Kpop 1R

kD_)AzzR0
: . [+] . 12 Qo
x10¥?" a x102 a

0 2

1

Dono¥ . X=Acceptor X = Donor G=Acceptor .

k R k R

.]j+A1 0

: o o
C ox10% A .x102 3

27D 270 17DsA 27D 1

Donor X = Donor

k- s
ooy 2

» -

kD--.>A

k

x1012 x1012. x1012: 1012

o
o 1
o
N
N
@

ARG.w:

CpG
UpG. - =

GpU . .0:0%0

He QO a PP

3.2 7.5 0.6
.04\3.6 5.1 8.1
.8°5.9 0.1 4.4

.01.2.9 .6 5.6
.9 6.1 1.4 6.6

2 6.3 15

1.5

5.7
5.0
4.6
6.6
4.0
5.2

.003 1.4 26 .
1.7 6.1 03
L02°2.9 2.7
,11_f 5.5 1.7
.14 2.6 8.0
7.3 2:5

7.9
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Figure 41..

deest—lying'singlét 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 shaﬁes of the abeorption and fluorescence
curves of ApG are what woﬁld be eXpecfed based on the &g
and @ 's of the monomer compohents. As.the AMP is less
than 0.1 that of GMP, the shape of the fluorescence curve
and the energy of the fluorescence max1mum should be near
that of GMP, which it is. The shape of the fluorescence‘
curve is independent of Aex and there is littie'evidence
of an excimer band.. These features aii indicate that the
interacfion between the.AMP aﬁd GMP chromophores is quite
small (very weak in the fﬁrster terminology)ﬂih,both the
ground and excited states. | |

| However, the magﬁitude of the @F and the nafure of
the emitting triplet definitely;giye evidence'thet the two
molecules perturb each other'to.scme degfee. The @F of
ApG (0.033) is near to that of GMP (0.029), Aex = 265 nm.
This is an indication that either there is an.efficient
transfer of exéitation energy at the singlet level from
AMP to GMP, or the near presence of AMP somehow causes the

@F of GMP to be double what it is in an isoiafed situation.
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The emitting triplef is that of AMP elone.*“This'indie"
'cates-energy'transferlet.the tripleteleveipfrom GMP{to
AMP, | | | | |

The ?bc due fo photoalteration of’the.QMP»pfesent ié;
the same for botthMP,and ApG, when monitored either in- -
the fluorescence or absorptionAmodes (X~photolySis = 265nm'
in the fluoréSoence mode). The meesnred refe of photo-
ﬁprodnct formation for ApG is twice that of GMPcaf:jiiOéC.
of course,; if fhe GMP photochemisfry occurs from.ﬁhe frip—
let state of GMP, then its rate of formafion'must be near
that of the friplet transfer rate to AMP or it coﬁid not. |
_oocur et all in.fhis situation.* | | | |

For the situation where excitation .is in phe fegidn
of ‘the absorption maximum of ApG, a case can be made for_
‘a scheme which has es its principle feafure, effieient en-
ergy transfer at the‘singlef level from AMP-toiGMP. The
‘calcuieted rete'end efficienep.of transfer- by the Forster_
relatlon (very weak coupllng post relaxatlon) 1sfinegnee;‘

ment w1th thls v1ewp01nt. The estlmated rates of“

‘ Some investigators have felt they could detect a - .
small amount of -GMP trlplet em1ss1on (52) c

However the @P “of ApG is only 0. 25XQPC'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 pos31b1e due to a-

nonzero J) are large enough that they mlght be effectlve

The scheme based -on- the results would be the follow—"

ing: 1) exc1tat10n in the absorptlon max1mum reglon of

ApG results 1n the excltatlon of e1ther A or G 2) 1f G

is exc1ted it undergoes 1ts normal photophys1ca1processes,

unt11 it reaches lp where 1t undergoes photochemlstry at
the same rate that it’ would asna monomer, 3) if A 1s»ex~'

cited, it effidiently transfers its excitation energy to

G at the~sing1et.leve1 causing.a'proportionate%increase‘in'ﬁ

excited state populatlon of G.

“As nlcely as this scheme flts the results for exci-

'tat1on near the absorptlon maximum, it does not prove con-—

sistent w1th the results at all A ex 's within the absorp—-:
tion band. Cons1der f1rst the shapes of the fluorescence
excitation phosphorescence exc1tat1on and photochem1ca1
action spectra as compared w1th the absorptlon spectrum |
All three spectra have the same shape featur;ng“a
shoulder at 280 nm. ThlS'ln 1tse1f is not inconsistent
with the previous scheme. In fact, it is a requarement of

it. Fluorescence y1eld and results due to 1ntersystem




Ll bd,

159
crossing should have the qualities of GMP,\if it is the
chromophore respons1b1e for the effects

What is 1ncons1stent is the magnltude of the 280 nm
shoulder, and most important, the spectral helghts in the:
entire 270'nme300 nm region, as compared to the height of
the spectrsl‘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 Aex > 265 hm.should
. be proportionate to the increased GMP yields at these
.Aex's. At 280 nm, the ¢'s of GMP are 15% greater than at
265 nm. - The &'s of ApG at 280 nm would also be 15% 1arger
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 ®'s at 265 nm. At Aé 's > 280 nm, the d1spar1ty be-
'tueen predicted é's, based on eff1c1ent transfer and the
observed ¢'s becomes even larger.

A similar effect is demonstrated from the results
cbtained when ekamining the equimolar mixtures of AMP and
GMP, and ApG. Excitation at 255 nm shows a two fold in-
crease ineboth @F and @P when ex01t1ng ‘ApG as compared to
AMP plus GMP But the corrected dlfference spectrum bef

tween the two cases is not- exactly the absorptlon (or
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fluorescence excitation) spectrum of AMP. R;ther, the
correiation is fair nedr the absbrption ﬁaximumlbut be-
comes negatiVe7ét-A'§ > 275,nm.‘ ”

While both.the'fluorescence excitation.spectrum of
ApG and the corrected difference'spectrum préviously de-
scribed are ﬁot in agreement with a singlet energy trans-
fér sqhemeAat,all A;x's, thg twoASpectra.are not in- com-
plete agreémentnwith each other. The fluorescence exci-
tation spectrum of ApG is nearly sﬁper—impbsablé.with the
absbrption spectfum of GMP, while the co}rected differ;
encé spectrum does.not have the intensity in the 280 nm
region to make the shape equivalent’to GMP absorption.
Since the,two'do‘not agreé, 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 féctor, the transmiftance
factor;'was requiréd;'becﬁuse of the higher;absorbance
used.

Two possibilifies are presented, in_ordef of prefer-

ence, which could account for the experiméhtai results.

1. 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 requiredf._Singlet
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transfer-from A to G might not be effective (as predicted
by the Forster relatlon) because the dlnucleotlde mlght
' not exist in the stacked conformatlon in solutlon Hypo~
'chremism and OBD studieS'give this indication‘(53).

2. Singlet energy transfer from AMP to GMP is ef-
fective in Apd only in the region of the ebsofption maxi-
mum. The largely 1ncreased quantum ylelds in the low en-
'ergy region of the absorptlon band are the result of the
same effect that increases the @ of the nucleotldes in
this.region, (relatlve to that obtalned at the absorptlon
max1mum), but the effect is even greater for the dinucleo-

tide.

ggé;' The absorption spectfum of GpA is similar to
en absorption spectrum of an equimolar spiution of-AMP and
" GMP, although some.evidence of hypochromism is present.
The shape of the fluorescence curve preeents more ‘evidence
for interaction. The curve shape islrepresenfative of GMP
- monomer jluorescéﬁbe with an added excimer coﬁpoﬁeﬁt.at |
A's > 350 nm. The reiative heights df.the‘two'bandsehange

with A ; the excimer band is presenf-to‘theﬂlargeSt
ex : x o '
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extent ( 25% the 1nten51ty of the monomer) when exciting

- hear the absorptlon max1mum

So, unlrke ApG, GpA has'spectral evidence for inter-

action‘in thefexcited singlet.state; The ¢F,'exciting'at

265 nm, is slightly less (0.023 vs. O. 029) thanfthat of'

GMP. ThlS 1ntegrated value 1ncludes both monomer and ‘eX~
c1mer contrlbutlons Excitation at 235 nm “and a.mon;torﬁ,
ing of-the monomer fluorescence at’325.nm indicates'that

the GMP monomer contrlbutlon 1n GpA is near what would be

”expected based on the relatlve absorptlon of GMP 1n GpA -

255 ;1255
(see F /FA+G)

_ Once agaln, the emlttlng tr1p1et 1s AMP as it'was

in ApG.’,However" the phosphorescence ex01tatlon spectrum

and photochemlcal actlon spectrum are not c01n01dent with'

.the fluorescence excltatlon spectrum as’ they were in the
ApG . case . For GpA the phosphorescence excltatlon spec~ -

ftrum and photochemlcal action spectra are more llke the

absorptlon spectrum

The photochemlcal y1e1ds as monltored by the photo~7
' product.formatlon are, as in.the case-of'ApG the same as

. for GMPrmonomer'. The rate of product formatlon When monl—"
.tored in. the fluorescence mode is, llke the ApG case,

. tw1ce that of GMP monomer
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The photochemical resultsare ‘much the same in the
ApG and GpA cases indicating that the steady state popu~-
lation of GMP trlplet is the same 1n both .cases. The
photophysical'features are much different in the two'cases,
however so that a dlfferent explanatlon must be prov1ded
to account for. the effects in GpA than was advanced for
ApG. ‘

The major feature distinguishing GpA from Apé is the
exciﬁer band; this added species-cculdvacccunt 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 contfibution is re-
quired for excimer formation, wh1ch means an overlap of
space for the two ‘molecules 1nvolved. ORD data 1nd1cate a'
stacked conformation for GpA (53).

The follow1ng scheme is presented to co- onlnate the
results due to photochemistry with' the spectral features f
evidenced. ) |

ExCitation at any position in the absorption‘band
prcduces a combination of excited state GMP monomer and
excimer species. The proportlon of the species depends on

the’Ae#. The 'excimer formed 1ntersystem ‘crosses in a state
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~ such that the triplet exc1tat10n resides on the nucleotide
wh1ch had the lowest energy s1ng1et state (GMP)

The fluorescence excltatlon spectrum was taken by
'monitorlng 325 nm, the GMP monomer'fluorescence maximum.
An excitaticn spectrum taken by monitoring at the fluores-
cence maximum of the excimer gives a‘spectrum which more
closely resembles the absorptlon spectrum. 'It is. proposed
that'exclmer @F is 1ndependent of A ox and GMP monomer -‘
is Aex dependent The corrected dlfference spectrum of
FXA+G'— FXGPA (monltorlng at 325 nm) qualltatlvely shows
the same manner of A' dependence as does the fluorescence
.excltatlon spectrum of GpA taken at low absorbance and
' monitoring at the GMP.monomer fluorescence maximum.

. In more detail, a ﬁhotophysical mechanism whichcould
explain the shape of the fluorescence excitstion spectrum
- for GpA is provided in the following paraéraph.

| Encitation atlxexfs-> 275 nmfnroduces.either 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
Xex's < 275 nm is as effeective in nromoting excimer for-
mation_fcr those molecules having. the proper .conformation

‘as it wes_for Aexfs > 275 nm. However,4singlet transfer
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from'AMP to GMP is not as efficient as these energies of
excitation. Tﬁis means that kIé for'AMP.is iarge at fhese
Agy+ The sz+A'valueS'ratherIthan;the ;kD+A‘values must
be the correct Qnes.*

Thg shapes:of the phosphofesdence and photocﬁemical
action spectra, and the magnitude of the photochemical
yields can only be rationalized if the-fraction df excimer
forming molecules is greatef than the fraction of mble—
cules not of. a conformation for excimer,formatiqn. The

@F of the excimer form must also be less than for‘the

monomer.

,QEQE The absorption specfrum of CpG is-reprgsenta—
tive of an equimolar sum of CMP + GMP. The shépe of: the
f;udrescence is independent of Aéx and there is little
évidence of excimer formation. The positidn of the fluor-
escence maximum is the same for CMP, GMP, or CpG; Thﬁs, a
very Weak interaction case applies here.

Unlike the AMP-GMP situations, here the XMP monomer

has a significant o, as compared to GMP (0.013 vs. 0.029).

* ' - | . e
Dr. Leigh Clark has just resolved- this.ambiguity in

favor of the G moment direction used for k. (54).
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The @é (Aex = 265 nm) of CpG is near that of CMP (0.011 vs.

0. 013)' ThlS is representatlve of s1ng1et energy transfer

from GMP to CMP. The yalue F255/F255,of 0.25 is .also con-

;MP/(@CMP + CISGMP) = 0.30]_.

sistent with this [i.e., o o .

‘A1l of the experimental information points to effi-

cient energy transfer from GMP to CMPAat the singlet level,

ISC as CMP, followed by triplet energy transfer to GMP.
The values of k A and R0 as calculated from the Férster

relation are consistent with this mechanism.

gﬁg. Less experlmental data,were'taken for this mole-
cule than\mnmataken for the three prev1ous1y dlscussed
cases. The deta taken exhibit features similar. to the
GpA situatien; Hypochromism is present in tne.ansorption,
and a,censiderableAeXGimer band is present in the'fluores—:
cence [I (excimer) may equal I (monomer) depending on the

age of the solution], with the ratio of monomer to exc1mer

.1ntens1ty being A__ dependent (note F255/F255 vs.

C+G
Fepc/Fore): o |
The crystal structure of GpC indicates considerably
more intramolecular interaction is poss1b1e in GpC (37 -
5 ) than in CpG (3 + 57 ), between the G and C portlons of

the molecules. (The CpG conformatlon is approx1mated by




167

exchanging the C and G positions while retaining the ori-
entation of the édgar—phosphate_backbone.)ﬁ

| The.photochemical quaﬁtﬁm\yields are very éimilar in
CpG and GpC, so consideriﬁg the information available, the
scheﬁe for GpC is like that proposed for GpA.  A combina—
tion of monomer and excimer species are present, and the
excimer-intérsystem crosses with the triﬁlet excitation
résiding on the base having the lowest singlet state (CMP).
CMP does not undergo'photochemistry in fhe-triplét staté{
but transfers'its triplet excifation to GMP (fhe emitting
triﬁlet:for'GpC.is GMP). The reduced 9, Tesults from IS¢

by CMP only, rather than by both CMP and GMP.

UpG. The only experimental dafa for this molecule
are the result of experiments conducted with the-dinﬁcleo—
tide vs. equimolar monomer mixtures, and fhe'determination
of the émitting tripléf in. the dinucleotide.

Both fluorescence and photochemical yields are re-

. duced iﬁ the dinuclebtide case, as comparéd with the equi-
molaf mixture. The reduction in photochémicgl yieid.is.
twice the redﬁctioh in the fluorescence yield. No attempt
will be'made to rationalize these différenceéL The cor-

rected difference spectrum is rqughly equivalent to a GMP
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absorption band in shape, which is consistent_with'a de-

,creasewin,jiuorescence and*photohhemical;yieldsi -

E‘QQE; ,G?U shoms properties?simiiarrto the>other GpX
molecules'discuSSedl‘ There is ev1dence of an excimer band
hin the'fluorescence, and the monomer fluorescence is 1ess
" when exciting near.the absorbance maximum ; as.compared‘to
the XpG casé (notlce F255/Féiz = 0. 70, vs. .Féi%/ éig =
0.48). The @PC is greater. for GpU than UpG (note the
Fé;;/r§$g uaiues):presumably due to the_excimeriwhich'in—
'tersystem crosses.With the triplet excitation‘on‘the nu; f
: c1eot1de w1th the lower energy s1ng1et (GMP). .

The magnltude of the @ | when monltorlng in'the ab-
‘sorptlon mode as’ compared w1th that 1n the fluorescence
mode 1s attrlbuted to a much .larger @ at Ae;-ﬁ 280 nm
than at A x.= 265 nm. ThlS is clearly ev1dent in the
photochem1ca1 actlon spectrum The 1ntense Hg lines in
the reglon of 270 nm-300 nm were not taken 1nto account
,when calculatlng the relatlve.photochemacal.ylelds_ln,the

absorptionimonitoredjmode.

dpGpT. . TMP 1s the only nucleotlde hav1ng a greater

Ce, (A, = 265 nm) than does: GMP (o 036 vs: 0. 020).- Like
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- CpG, a very good éase can be made fqr:singlef energy'trans—

fer, in this situation from TMP to GMP.

_THe‘éF (Xexf='265 nm) GpT. is near‘to that of GMP
(05024 #sf 0.0ZQ),land the corrected differencé spectrﬁm
of FXQ;G-— FXGPT is very.similaf~fo the absorptioh,épec—
trum of,TMPh The fluorescehée maximum‘df GMPA+ TMP . (325
nm) is between thé flﬁorespénce m@kima'of TMP (323 nm) and -
GMP (327 nm), while the fluorescence maximum of dpGpT

(327 nm) is the same as that of GMP,
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Pgrt A

Room temperature photochemiétry of GMP in G-70.

-The findiﬁg that the low temperature'bﬁotoproduct of
GMP ih G—70 could be thermally.coﬂverted to a.room_temper;
atufe stable product uﬁdernsuitablé conditioné led to at-
tempts fQAproduce the stéble‘prodUCt in quantity at room

Atempérature. "While there was some success at producing

the product, éeparation and identification procedures Were

not successful. A description of the methods,used is in-
cluded here_és reference material for future.work;

Photolysis for over 1@0 hours with the high pressure
Hg lamp of.a preparative scale solution of GM? in G—70
resﬁlted in only minor amounts . of product formation as in-
dicated,by thé intensity of the charaéferistic 360 nm
'fluorescenée. However,'the addition of acetone to the -
reactién mixture dramatically increased thé product yield.
That is, the 360 nm fluorescencé rose to a ﬁaximum 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 ml1 of ethylene glycol, and 75 ml of H,O0 for the unsen-
sitized reaction. Twenty ml of acetone was added to'the
mixture for the sensitized reaction.

2. The square quartz.dewar'containéd the reaction
mixture. The high pressure Hg lamp waé-the excitation
source. uEthanol contained in a 2.0 cm pathlength quaffz
cell was used as a chemical filter fo exclude iohizing
radiation. The solution was stirred with a flow of the
N, 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 determinéd, to monitor the extent of the reaction.

4. Aftér 4 hours photqusis time, no further photo-
product fluorescence increase-was seen (in the acetone.
sensitized mode). . |

5. . The.more volatile solvent compqﬁents:were re-
‘moved at feduced pressuré and teﬁperétures ; 56°C, ‘Alfur—.
ther reduction'ig pressure was 6h1yleffective'in‘produéihg'7
severe buﬁping of thé solution. “A ret@rn té atmosphefic

pressure and the addition of various solvents; ether, DMF,
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and methanol resulted in the recovery of < 0.1 g of so-
lutes. Dlstlllatlon of thé solution in an all glass appa-—
ratus provided a quantitative separatlon of solvents and
solutes. However, temperatures of up to 190 C were re-
quifed 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;‘ Thiﬁ‘layer chrcmatogfaphy ofAfhe residue using‘
concenfrated LiCl.as the moving phase produced t&o spots,
one fluorescent and one non;fluorescent aqd‘both having
‘an R_ value different than GMP.

8. NMR spectra of Bcth parent and product residue
produced no resonance peaks ‘when dissolved in D,O.

The present status of the room temperature‘stablev
glycol-GMP product is. that- whlle it is poss1b1e to produce
the product ‘'with hlgh yleld by means of acetone sen81tlza4
tlon a separatlon scheme 1s needed that Wlll not alter

the product structurally
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Part B

2-Propanol, guanosine photoadduct.

Other investigators have reported the existence of a
photoproeduct of guanosine which results when guanosine is
dissolved in 2-propanol and irf@diated (19). The product
is reported to have a structure which is the result of
photoaddition of 2-propanol at thé 8 position of guanosine.
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 cifed work. The results are those
 experienced by this ihvestigdtor.

‘1. The reaction mixture consisted of 0.3 g of guan-
osine, 200 ml of 2-propanol, 150 ml of acefoneL ahd.300 ml -
of H,0. | o | : L

2. The pyrex immérsion cell,-previously deséfibed,
held the reaction mixture¥  A mediﬁm preSéure:Hg_lam§'Wés :
'the excitation.source. The solution Was.stifreq duriﬁg |
_photolysis by means of a fléw 6f‘N2 éas réleaéed at the

bottom of the reaction vessel. .
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3. Aliquots were removed from the reactiown mixture
during photolysis and checked for fluorescence'properties;
A 365 nm fluorescence bandhﬂas observed to grow in with
time of photolysis. Photolysis was conducted for periods
of 30, 46, 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—waterf‘
concentratedlammonia (86:9:5, V/V). | .

5. The paper chromatography did not'resolve the
parent material from the product. Mineralight‘ﬁV 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 absorhing.guanosine zone.

6. An NMR spectrum of the parent guanosine'gave the

characteristic resonance peaks for .the compound Thefsoif_i

vent was DMSO and the 1nstrument a Varian HA 100 NMR ‘The&ne

-DMSO prov1ded the s1gna1 lock
7. The 2 propanol guanos1ne photores1due gave only
’ha 51ng1e NMR resonance peak under the same conditions 1m-

-'posed for guanos1ne The peak was located 1n what had
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Been the. region of ribose ring hydrogen resonance. This
is éontrary to the original report on the photoproduct,
which stafed that only the C—8'proton resonance of guano-
sine disappears, along'with the  introduction of a signal
at T = 8.26 (DZO) attributed to the two methyls_of the
C(CH,),0H group.

Guanosine, when irradiated iﬁ 2-propanol, theh does
undergo photochemistry which results in a product which
has opticai properties different ffom the parent molecule.
The fact that the 2-propanol-guanosine and roon tempefa—'
ture sfable glycol-GMP products have similar fluorescing
properties is suggestive of a similar chemical structure.
Whether the products are the result of photqaddition at
the C-8 position.remains gquestionable - in this author's

. opinion.
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