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Abstract:

Fluroescence excitation spectra are presented for 26 nucleic acid components in room temperature
aqueous solution. The fluorescence excitation spectra and absorption spectra coincided for all the
pyrimidines studied. Many of the purines, however, exhibited considerable deviations between the
fluorescence excitation and absorption spectra. Discussion leads to the conclusion that discrepancies
between the two spectra are not due to competition between internal conversion and vibrational
relaxation, but can be attributed to the presence of a highly fluorescent minor tautomer. Fluorescence
excitation spectra of methylated adenine derivations have contributed to the recognition of the
tautomers responsible for the fluorescence observed for adenine, in both neutral and acid solutions. The
fluorescence properties observed for adenine in neutral solution are consistent with the previously
reported 7(H) tautomer model. The protonated adenines studied indicate that the fluorescence is
probably dominated by a tautomeric species, which has protons residing on both the 7 and 9 positions.

Fluorescence lifetimes are predicted from radiative fluorescence lifetimes and quantum yield
measurements for 10 pyrimidines (8 neutrals and 2 cations) and 12 purines (8 neutral and 4 cationic
species). Reorientational times (TcSB)derived from the predicted fluroescence lifetimes (TfSB) and
fluorescence anisotropy measurements are compared to those calculated using classical Stokes-Einstein
hydrodynamic formulas (Tc stick). For the 13 nucleic acid components in which the quantum yield and
polarization were independent of wavelength the ratio of Tc SB/TC stick ranged from .1 to .7. The
average ratio was .27 for the neutral species and .5 for the cations.

Predicted rotational correlation times. (TcSB) were found to be on the order of 10 to 20 picoseconds
for the neutral free bases. Of the 13 nucleic acid components in which there was no wavelength
dependence of the quantum yield and polarization ratio 10 had predicted fluorescence lifetimes (TcSB)
which were less than 2 picoseconds.
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ABSTRACT

Fluroescence excitation spectra are presented for 26 nucleic
acid components in room temperature aqueous solution. The fluo-
rescence excitation spectra and absorption spectra coincided for all
the pyrimidines studied. Many of the purines, however, exhibited
~considerable deviations between the fluorescence excitation and
‘absorption spectra. Discussion Teads.to the conclusion that dis-
crepancies between the two spectra are not due to competition between
internal conversion and vibrational relaxation, but can be attributed
to the presence of a highly fluorescent minor tautomer. Fluorescence
excitation spectra of methylated adenine derivations have contributed
to the recognition of the tautomers responsible for the fluorescence
observed for adenine, in both neutral and acid solutions. The fluo-
rescence properties observed for adenine in neutral solution are
consistent with the previously reported 7(H) tautomer model. The
protonated adenines studied indicate that the fluorescence is probably
dominated by a tautomeric species, which has protons residing on both
the 7 and 9 positions. ,

Fluorescence lifetimes are predicted from radiative fluorescence.
Tifetimes and quantum yield measurements for 10 pyrimidines (8
neutrals and 2 cations) and 12 pur1nes (8 neutral and 4 cationic
species). Reorientational times (Z.5B8) derived from the predicted
fluroescence lifetimes (T#°B) and fluorescence anisotropy measurements
are compared to those ca]c%laﬁed using classical Stokes-Einstein
hydrodynam1c formulas 7} For the 13 nucleic acid components
in which the quantum yge]d and olarization were independent of wave- -
length the ratio on’ ranged from .1 to .7. The average
ratio was .27 for the neutra] species and 5 for the cations.

Predicted rotational correlation times. (7.5B) were found to be on the
-order of 10 to 20 p1coseconds for the neu%ra1 free bases. Of the 13
nucleic acid components in which there was no wavelength dependence of
the quantum. y1e1d and polarization ratio 10 had predicted f1uorescence
lifetimes (7¢ SB) wh1ch were less than 2 picoseconds.




INTRODUCTION

Interaction of molecules, with radiation in the visible or
ultraviolet region of the spectrum, usually results in an electronic
transition. ?igure 1 shows a schematic of the possible-electronic
-deac%ivation procesées after absorption. The approximate rate con-

stants for each process are also shown. The nonradiative processes
include vibrational relaxation, internal conversion and‘intersystém
crossing. The radiative processes are fluorescence and phosphores-
cence. Vibrational relaxation involves the transfer of excess mol-
ecﬁ]ar vibrational energy to the solvent. Internal conversion is thé
radiationiess process, Whereby mo]etuTes go from an excited singlet
electronic state.to the ground state, converting excitation énergy to
heat. Intersystem crossing is internal conversion invo1ving a change
in mu]tip]icity.' The fadiative processes involve emissionyof a photon
from the Towest vibrational level bf the excited state to some vibra-

tional state of the electronic ground state. If the emission is from

" the excited singlet state, it is referred to as fluorescence; whereas,

emission from. the lowest trip1et.stafe is phosphorescence.

The excited state 1ifetime of a molecule is the inQerse of the
sum of all the rate constants involved in fhe electronic deactivation
process. The excited state Tlifetime, in terms of these raté constants

is
T 0
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Electronic state diagram for a typical molecule
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where 7{rad is the radiative lifetime and $¢is the quantum efficiency (7).

Several research groups have reported the fluorescence of the nucleic
acid components to be very weak at room temperature, having quantum
yields on the order of 104 (2-4). Morgan and Daniels (5) have esti-
mated tﬁe radiative Tifetimes, using the method-déscribed by Strickler
and Berg, to be ca. 10-8 for the nucleic acid components. This infers
excited singlet lifetimes on the order of a picosecond. Daniels and
Hauswirth (2) have suggested that if the excited state lifetimes are
indeed this short, then the molecule would be able to undergo little
reorientation in the excited state and should exhibit highly polarized
emission. Two authors have found the nucleic acid components to exhibit
considerable fluorescence anisotropy in room temperature agueous soiu-
tion (5, 6). o |

The results of photoselection theory are utilized hgavi]y in any
study involving fluorescence anisotropy measurements. Albrecht (7) has
published an excellent  comprehensive rgyiew of photoselection methods,
so a brief version will suffice here.

ITTumination of an {éotropic solution, with either polarized or
unpolarized 1ight,‘1eads to photose]ection of an ensemble of molecules
whése absorption dipoles are properly oriented. Figure 2 shows the ty-
pical instrumental configurationﬂemp1oyed for measuring polarized emis-
sion. Excitation is directed along the x axis, with viewing along the

y axis. The probability that a molecule will undergo photose]ecﬁion is




i 11,
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Figure 2

Instrument geometry for measuring polarized emission
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given as,cosze where 6 is the angle betwéen the absorption dipole and
the direction‘of the electric vector of the Tight.- The degree of polar-
ization measured IV/IH is dependent on the angle subtehded by the emis-

sion dipole, with respect to the absorpfion dipo]e. If only one elec-

tronic transition is involved, the emission will be from the same state -

as the absorption, with the theoretical maximum Of.lv/IH being 2.0 for
the case when only one polarizer is used. The thedretica] minimum is
enVisaged when there are two absorption dipo]es‘whiéh are perpghdicu]ar
to each other. Then IV/IH is .75. The latter represents a case where
absoprtion is into one state and the emission emanates from the other.
The Timits of the polarization ratio'Iv/IH =N range from .75 fo 2.0,
when only one polarizer is used. Unfortunately, even under ideal con-
ditions these theoretical limits are never observed. The major causes

for deviation from ideality are energy transfer to neighboring molecules

and rotational Brownian motion. It would be expected that, if the polar-

ization was measured using dilute solutions in a rigid media, then the

above mechanisms would be inoperative. Even under these conditions some

intrinsic depolarization is observed with N = 1.81 bejng the highest
polarization ratio observed in photoselection studies (8). Albrecht (7)
has instituted the use of a randomization parameter to correct for these
deviations from ideality. |

In a non-rigid medium the emitted radiation can become depolarized:

by rotational Brownian motion of the molecule while in the excited state.
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The polarization measured for molecules in a non-rigid environment is
proportional to the ratio of CT}/TQ)-]'where’f} is the fluorescence life-
time and’TE is the rotational cqrre]ation time associated with the decay
of the fluorescence po]arizétion (9). -In 1933, Perrin (10) formulated
a ée1ationship between f]uorescencé depolarization and rotational Brown-
ian motion for the case of a hydrodynamica11y special mb]ecu]e

1/p + 1/3 = (1/pot 1/3) (1 +To/7,)
where P is the measured polarization and Po is the Timiting value in the
absence of rotational motion. The.po1arization P can be related to the

polarization ratio N by the expression:

N-1
N+1

P =
Chuang and Eisenthal (9) héve formulated a general theory for fluo-
rescence depolarization due fo rotational Brownian notion for an asym-
metric rotor. It is shown that the time dependent fluorescence po]aﬁfa
zation decays with a maximum of five exponential components. Unfortu-
nately, utilization of the generality of this theory is severly limited,
due to the difficu]ty in determining the magnitude and ofientatidn of
the diffusion tensor. Thefr expressions can be redﬁced to a more use-
able form, if the nuc}eic acid‘componénts are considered:to be repre-
sented as symmetric tops. This seems justifiable due to the planarity
and quasi-cylindrical shape of these molecules. Under thése conditions’

only three relaxation times are involved, due to-the degeneracy.of fhe

eigenvalues of the angular momentum components directed aTong the sym-
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metry axis. The three relaxation times are as follows:

T -l Teg o T

1. D, 5D+D . 3 &+,

where the Dk's are the pfincipa] diffusion coefficients for rqtation
about the k™ axis.- Dk = %%-where? i is the frictional coefficient
for rotation about the corresponding axis. . The z axis is assigned such
that it is normal to the moleuclar plane yie]d‘ing'DX = Dy # Dz’ Using
Tao's-(lT) equation 50, the rotatfoné] qorre]ation time can be expressed
as the weighted averége of the three relaxation times |

'T’C (3/2 cos 241 )131 + (3cos es1nze)7; + 3/4sin4eT; - (2)
where 6 is the angle the transition dipole subtends with the symmetry
axis. Polarized reflectance studies,iof the nucleic acid components,
found that the major absofbance in the 260 nm Eange is in plane polar-

jzed (12). Therefore, 6 is 90°. The rotational correlation time is

further simplified by substituting & = 90° into the above equation.

T, -+ 94T,

Callis (6) has determined the fractiona]rcoefficients for the major

bases, assuming both sticking and slipping boundary conditions and re-
ported the corresponding rotational relaxation times. Sticking boundary
conditions are known to over-estimate friétiona] coefficients for
systems where solute size approaches that of the so]vent'(13). Thare

is 1ittle reason tb believe that frictional coefficients determined
using slipping boundary conditions (no interaction between solute and

solvent) are reasonable for hydrogen bonding molecules in aqueous
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solution. It is the belief of this author that.sticking boundary con-
ditions are a better approximation of the hydrodynamic‘conditions util-
ized in this study, and that, although the magnitude of the frictional
coefficients is too large, the ratio of the coefficients is repfesentar
tive. From Callis' (6) results it is seen that’T3'= .857; when sticking

boundary conditions are assumed. Since these two relaxation times are

so similar that, within experimental.error, -the molecules can be assumed -

to isotropically rotate it then appears Jjustifiable to use the Perrin
relation. In this study, the Perfin relation will be expressed in terms
of the fluorescence anisotropy R, instead of the traditional form util-
izing the polarization P. In terms of the anisotropy, -the ﬁerrin re-
Tation becomes

R, = R(+TYT)) - (4)
with R0 and R being the anisotropies corresponding to P0 and P.‘ The
anisotropy R can be determined from the polarization ratio N from the

following expression

=

-1
+

R =

=

at

The Perrin relation gives a measure of‘T;/qZ but no indication of |
the magnitude of either quantity. Obviously, direct measurement of
either’T} or'T; would enable direct determination of the other. As di-
" rect determination of either quantity is not possible, predicitive
methods must be utilized. Reliable determination oF’T; hinges on the a-

bility to calculate the principal frictional coefficients, whereas'ff
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requires measurement of the radiative Tifetime and tﬁe quantum yield.
As previous]y mentioned, there are presently no hydrodynamfc formulas
which adequately predict rotational behavior of small molecules in aque-
ous solution. Fluorescence lifetimes will be calcuiated using the radi-
ative lifetimes detérmined from .Stricklér-Berg forh@]as and will be re-
ferred to as Strickler-Berg fluorescence 1ifetimesﬁf%SB(]).

The adequacy by which‘I}SB represents: the actua]’f} is based
critically upon two criteria: the emitting state carries the entire
oscillator strength contained withih the first apparent absorptionlband

and the major absorbing species is the major emitting species. The va-

idity of these assumptions has been cha11enged'in just about every paper

dealing with the excited state lifetimes of nucleic acid components.

The fact that the nucleic acid compohents are hitrogen— containing heter-

ocycles which contain at Teast one pair of non-bonding electrons, leads’
to the possibility 6f tautomerization or degenerate w-n* and n-m*
transitioné. Several sets of results have caused considerable skepti-
cism with regard to the va]idiky of these assumptions. |

The ‘greatest source of skepticism is the slightly red shifted
‘co}rected fluroescence excitation spectrum, with respect to the absorp-
tion spectrum observed for the major bases (2,3). This is distressfng,
as the constancy of the quantum yield across the absorption-band is so

common as to be called Vavilov's law (14). However, these bases are

found to obey Kasha's rule, which states that only one fluorescence
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should be observed becaﬁse the nonradiative'processes, 1éading to the -
lowest vibrational level of the excited state, are much faster than the
nonradiative and radiative processes leading to the grourd state (15).
These deviations from Vavilov's law may just be manifestations of the

4. However, ét.]ow

difficulty jn measuring quantum yields as Tow as 10"
temperatures even greater red shifts are observed, where quantum ef— :
ficiencies are much higher, hence, difficquies in experimental measure-
ments can not be atfributed to the deviations observed (2; 16, 17).
These results have led to speculation of the origin of this anomoTous
behavior (6, 12, 16). |

Daniels (12) has postu]ated that the prescence of a highly fluo-
rescent minor tautomeric species is responsible for the red ;hifted
corrected fluorescence exéitation spectrum; with respect to the
absorption spectrum. This argument appears plausible for the purine :
system, as there is considerab]e evidehce supporting the prescence of -
tautomers in the case of adenine (17; 18)1 Pfleiderer (19) has proposed
that a similar tautomeric system is also present in guanine, based on

jts room temperature-absorption spectrum. Although the argument has

been applied to- the pyrimidines, there are results contridictory to the

" prescence of a highly fluroescent minor tautomer. Temperature jump

- kinetic studies have shown that cytosine only tautomerizes to the extent

of .25% (20). If a minor tautomer is respon;ib]e for the fluorescence

of cytoéine, it must have a quantum yield of .01 or greater. This infers
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a fairly 1ong'excited state lifetime, hence,. the ffuorescence should be
considerably depo]arized. However, several authors hdve reported room
temperature poiarizations for cytosine and thymine to be nearly thét
found in a rigid glass at Tow temperatures (5, 6). ~Recent1y Vigney et
al. (21) found that.thymine did not violate Vavi]éﬁ's Taw. "

Wilson et al. (16) have proposed that the origin of the wave-
Tength dependence of the quantum yields is based on a competition between
the internal conversion and vibrational relaxation deactivation processes.
Their argument is based on the results found for isolated molecules in
'the gas phase. In Tow pressure gas phase experiments, the rate of
internal conversion was found to increase with'increasing excitation
energy above the 0 - d band (22). These results are exp]ained in terms
of the coupling between the ground and the excited Born-Oppenheimer
states with the nuclear kinetic energy operator (23, 24).

Another result which affects the validity of”T}SB, is the prescence
of weakly allowed transitions. These weak]y allowed transitions are ¢
often obécured by the much.more intense allowed transitions. Photo-
selection results are often very he1pfu1 in identifying fluorsecence
emanating from a s]ightly'forbidden state. The polarization ratio of
AMP has been found to change markedly across the first apparent
absorption band (8). .

-Although all of the-;bove discussions question the validity of

’T;SB'S representation of the actua]?{%, it should be noted that’T}SB
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‘represents a lower 1limit of the actual fluorescence Tifetime. That is,
that all of the latter arguments lead to the possibility of longer 1ife;
times, but never shorter. The radiative lifetime, as determined by the
Strickler-Berg formalism is 1nvérse1y proportional ﬁo the area under the
first absorption ban&. In the case of a tautomer or fluorescence from
a slightly forbidden transition, the emitting state carries less oscil-
lator strength than that determined by the integration of the first
apparent absorption band. This leads to a predicted ?adiative Tifetime
which is too short. If the violations of Vavilov's Taw are due to
competition between internal conversion and Wibrational relaxation then -
the quantum yield measured for the 0 - O transition shou]d be used,'in-
stead of that measured using excited Tight corresponding to the absorp-
tion max%mum. In the-absence of mixed polarization and ‘deviations of
Vavilov's 1aw,ﬁ(}SB should be an adequate rebresentation of the actual
’[;. When these conditions prevail the rotational ;orrelation‘time'
predicted,ﬁf;SB fromCT%SB and the polarization ratio, should represent
the rea}?T;. o '

In. this study, the excited state lifetimes for 26 nucleic acid
components in room temperature aqueous solution are tabu]ated; Their
corresponsing reorientational times are also compiled and subsequently
comparea to reorientational times. calculated from the Stokes—Einstein
: hydrodyﬁémfc formulas. The validity of these excited state lifetimes

are discussed in 1ight of the results of their corrected fluorescence




13
excitation spéétra and photoselection studiés. It'w111 be shown that

the pyrimidines have corrected fluorescence excitation speétra which

coincide with their absorption spectra. Many of the purines, however, -

are shown to exhibit considerable deviation between the two sbectra.
'Discrepancies.betweén the corrected fluroescence excitation spectra
and the absorption spectra are shown to be attributed to the presence
of a highly fluorescent minor tautomer and are not due to competition
between internal conversion and vibrational relaxation. Tautomeric
structures are predicted for adenine, on the basis of corrected fluo-

rescence excitation spectra, which explain the fluroescent properties

observed in both neutral and acid solutions.




EXPERIMENTAL

The nucleic acid components utilized in this study wefe obtained
frbm commercial sources as follows: 7-methyladenine from Cyclo Chemical
Corporation, 5-hydroxythymine from Pacific Chemical Company, 3-methylade-
nine from Vegé Chemical Corporation, adenosine and N6, N6-d1methy1adénine
from Calbiochem, with the remainder being purchased from Sigma Chemical
-Corporéﬁion.' A11 compounds were used without further pufification, as
their.fluorescenqe specpra] band shape was virtually independént of excit-
ation wavé]ength, with the exéeption of 2-methyladenine and 5-hydroxythy-
mine. In both of the latter, gpectral'bandshapes remained constant when
exciting from 250 to 280 nm. However, excitation beyond 280 nm led to a
large red shift in the fluorescence maximum. Neither.compound was re-
purified, so data.reported within corresponds to excitation up to 280 nm.
Water, once distilled, proved to be adequate as its background emission
was roughly 20'tiﬁes less than the prominent 0-H stretch Raman line.

A1l measurements reported here were for aqueous solution (ca.

4-.1 nu@ in nucleic acid components. The instrumentation was housed in

a constant temperature laboratory at 20 t 20, in which solution temper-
atures were assumed to be that of the ambient rocm temperature. Neutral
solutions buffered to pH 6.7 were .01 molar in phosphate. Acidic so]ut}ons

pH 1.5 were .15N in H3PO4.
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The Tuminescence appartus used in. this study was a collection
of components which were arrangéd such that viewing was 90° to thé pro- _
pagation of the exciting light. An Osram XBO 150 W/1 high pressuré
Xxenon Iahp was employed as an excitation source. This excitation radi-
ation was then passed through a 500 mm Bausch and‘meb grating ﬁonochro-
mator. The.f]udrescénce cell was mounted in the center of a stage which
had\movement capabi?ities a1oﬁg the excitation axis. The emitted 1ight
then passed throughia second monochromator identical to the first. De-
tection was performed by an EMI9558QC photomultiplier tube, in which the
photocurrent produced was measured by a Pacific Laboratory Model II photo-
meter. Spectra were recorded on a Hewlett Packard Model 7030A x-y record-
er. |

Absorbance measurements were performed using either a Cary 14 re-
cording spectrometer or a Varian Tektron §er1es 634 spectrometer with a
A25 model strip chart recorder.

The pH of the solution used were measured on a Corning model 12
pH meter. A fluorescence spectfum of the blank was recorded each time
to determine the extent of any fluorescing impurities. A few crystals
of ;he nucleic acid component were then immediately added to the fluores-

cence cell, except for those with low solubilities. Compounds with Tow

solubilities were preconcentrated in 25ml1 glass stoppered Erlenmeyer
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flasks. Quantum,yfe1d and excitation spectrum measurements were then
done immediately, without the use of the polarizer. For the quantum
yield determination, the excitation wavelength corresponded to that of -
the absorption maximum. The excitation spectrum was recorded by setting
the viewing monochromator-to the approximate wavelength of the f]uoresf‘
cent‘maximum_and‘varying the excitation wave]engfh from 250 nm to- the
onset of absorption. The pé]arization ratio was measured by using the
same excitation wavelength as the quantum yield determination and then
setting the‘viewing monochromator'to the fluorescence maximum. With the
1nstrumént in this configuration, the x-y recorder was operated in a

‘time scan mode of .5in/min. This allowed the vertical and horizontal
components of the emission to be measured by rotating the polarizing film.
The background current could also be monitored by manually operating the
shutter of the excitation monochromator. An entire'po]arized‘f1uqrescence
spectrum wés also recorded for use in determining any background correct-
jons.

Spectral variations.in the intensity of the excitation source
were determined by using.a Rhodamine B quantum counter. This entailed
taking a 640 nm fluorescence excitation spectrum of a 3g/1 solution of
Rhodamine B in ‘ethylene glycol (25). At high solute concentrations, the
fluorescence intensity becomes independent of concentration and the sig-

nal becomes a function of the quantum yield and the Tlamp intensity. The
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quantum yield of Rhodamine B is constant across the absorption band,
therefore, the fluorescence intensity is proportional to the intensity
of the exciting Tight. Phototube response was determined by placing a
freshly prepared Mg0 screen in the fluorescence cell holder and measuring
the intensity of the scattered Fight, when both the excitation and view-
ing monochromatofs were set on the same wavelength (26).

Corrections due to solvent emission were not usually needed at
the concentrations employed. Minor corrections were made when needed,
however, the solvent emission had to be adjusted before it could be sub-
tracted from the overall spectrum. These adjustments were made Ey using
the relative intensity of the Raman water 1ine in both the blank and
sample spectra. It is found that as the intensity of the water.Raman
Tine changes, the background changes proportionally. Scaling the solvent
emission to the relative attenuation of the Raman 1ine of the blank, to
that of the sample spectrum, yields a background spectfum that can be
subtracted directly from the ovéra]] fluorescence spectrum (6).-

The nucleic acid components, for which fiuorescence quantum yields
were quite Tow, required using solutions in which concentrations were not
negligible. When solutions of this nature were employed, the intensity
of the exciting 1light was not constant through the cell. Correction for
beam absorption along the excitation axis must be made, as a quantum count-
er only assures 'constant' intensity at the face of the sample cuvette.

The detector does not view the entire face of the fluorescence cell, so
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a.geometry factor, deﬁending on the effective solid angle viewed by
the detector, must also be included (27). The total fluorescence
SIgna1 detected by the photomu1t1p11er tube is given as follows:

F = -4 IW(x)dI(x) | (5)
where de is the quantum eff1c1ency, W(x) is a we1ght1ng factor wh1ch
accounts for the geometry of the detection system, and dI(x) is given
by Beer's law as follows: :

Oe_z.soseéqu (6)

Integration is carried out form 0 to a where a is the effective path-

- -dI(x) = 2.303ecI

Tength of the cell.
Translation of the sample stage allows the detector to fucus
on any portion of the cell along the ekcitation axis. Iﬁ this study,
concentrated samples weré used exclusively, hence, the sample stage was
adjusted such that the detecfor viewed the front of the cell better. than
the center. The profile seen.by the detector is probably gaussian in
shape. However, under the above conditions, the p%ofiTe is adequately
represented by a triangle, with fits apex ét the front wall of tﬁe
cuvette. It was found that the geohetry of the detection system could
be accounted for by the following weighting factor: | |
' | W(x) = 1-x/a | (7)
Substitution of equations (6) and (7) into equation (5) énd inte-

grating from O to a gives the total fluorescence signal detected by the
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photomultiplier:
F = 9106 | (8)
where
’ -I - e-2-303€Ca
6= T-prea ) : (9)

which is the correction factor that accounts for the geometry of the
detection system and absorption properties of the solution.

| The effective pathlength a was found to be .21 cm. This effective
. pathlength was determined by measuring the 350 nm fluorescence intensity
of tryptophan at different absorbances. The a value was determined by
taking the ratio of the fluorescence intensities of the two tryptophan
samples and finding a effective pathlength, which makes the ratios of
their respective G values equal to the ratio of their f]uorescence ins
tensities.

Tryptophan has been shown by several authors to have an excitation
spectrum which coincides with its absoprtion spectrum (4, 16). This
work has utilized tryptophan as a standard to check that when the G
factor is employed the corrected fluorescence excitation spectrum of
tryptophan is superimposable on its absorption speétrum.‘ The corrected
fluorescence excitation spectrum (FES) at any given wavelength is the
product of the abéorbance and the quantum yield measurement at that wave-
length. The quantum yield was determined relative to that of Rhodamine

B as follows:
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Fnac:¢¢rp-Cra

SFNAC T Fre- CNAc : (10)
oo = 1 |

RB
where FNAC and FRB are the fluorescent intensities at the wavelength of

interest for the nucleic acid component and Rhodamine B,.respéctive1y.
The quantum yield of Rhodamine B was taken to:be.1 (28). Figure 3
shows that the corrected fluorescence exc1tat1on spectrum of tryptophan,
using the G factor, coincides with: 1ts absorption spectrum.

Quantum yields were determined‘by comparing the relative areas
under the fluorescence curves of the nucleic acid components to that of
tryptophan, for which the quantum yield was taken to be .15 (29).

' The.quantum'yield determined from the following expression

. ARy nc MAXNAC NAC
fNAC ~ _ ARtryp MAXtryp

SNT Gtryp fryp ¢ftryp

SNTtryp nac nac - an

Whefe ARris the area undef the corrected fluorescence curve éfter the
fluorescence maximum has been normalized to one, Fuax is the height of
the fluorescence curve gt the fluorescence maximum, SNT is the photo-
current required for full scale deflection and I is the relative
intensity of the radiatibn field, as found by the 640 nm excitation

"spectrum of Rhodamine B.
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RESULTS

Table 1 is a summary of all the pertinent experimental or derived
parameters for the hydrodynamic study of the nucleic acid components.
A11 the values in Table 1 were determined by this author, except fOr those
indicated by an asterisk or dagger. The values for_cytosine and guanine |
were taken from Callis (6) and all the 5-methylcytosine data from Ander-
son and Callis (30). The Tow temperature po]afizations reported were
taken from other sources, as indicated. It should be noted that low
temperature pp]arization rafios were not available for all the-nué1eic
acid components studied. Values for the components, on which no ex-
periménta] work‘ha§ been done, were taken to be the same as the parent
fluorophore under similar conditions. |

The anisotropy is quite pronounced in all of the nucleic acid
components, indicating fluorescence 1ifetimes much shorter than their
rotational correlation times (with the exception of the 5-methylcytosine
anion and the 7-methylguanosine cation). In general, the pyrimidines
exhibit much hjgher polarization ratios than-the purines. The protonated
adenines, which were substitued at the 2, 7 and 9 positions, were not .
included in Table 1 because they exhibited totally depolarized fluorescence
spectra. Table 3 lists the quantum yields for these compounds; which are
seen to be smaller than those of the anion of 5-methylcytosine and the
cation of 7—methy1guandsine. This is interesting since the latter exhib-

ited some fluorescence anisotropy. The ambient temperature polarization




TABLE 1
Polarizations, fluorescence yield (¢f), fluorsecence lifetimes (’[‘f) and rotational
correlation time (1;) parameters for the nucleic acid components in room temperature
aqueous solution. To38 is the radiative ertime;TfSB =’['oSB ¢f;TCSB =T'fSB
( %9—1)'1; T;StiCk is from Stokes-Enstein formula

Nucleic

e + R e sB sB stick
Component N No R Ro fx10 T ns Tf ps Tc ps Tc ps
Ade 1.46+.01 1.76 238 ,336 1 3.38%.35 4.2 1.38 3.2 36
3-MeAde 1.56+.04 1.76 272 .336 1.17+.03 4.5 D3 2.8 46
7-MeAde 1.51:.02 - 1.76 .254 - .336  8.2%.24 4.8 3.9 12.1 43
6-MeAde 1.59+.04 1.76 AR LB he 4.0 .28 1.5 43
6—MeAde+ 1.49+.04 1.76 .246 .336 1.2+.04 4.9 .59 1.6 43
6-Me2Ade 1.44+.04 1.76 £27 336 .99+.14 4.6 .45 .93 52
6—Me2Ade+ 1.55¢.04 1.76 -208 .336 .471.09 4.7 B2 .87 52
Ado 1.47+.08 1.53 .239 .261(3) .49+.02 2l 2D 2.1 89
6-MeAdo 1.51+.04 1.53 .254 .261 .91+.06 5.0 .45 15:5 99
6-Me,Ado  1.46+.02 1.53 235 - 28Y .1.:81.01 4.1 .62 5.6 109

2

€¢ -




TABLE 1 (continued)

Nuc]eic

Cgr(r:ulgnent N Nl R Rot  *ex10? ToSBns TeSBps  TeSBps TcSticky
Cyt* 1.65¢.03 1.70  .302 .318 .76 27 .59 1 26
3-MeCyt® 1.77+.02 1.79  .339 .345  .61£.02 6.2 .38 21 36
5-MeCyt* 1.40+.01 1.75  .211 .333 541 1041 5 8.7 40
5-MeCyt™™ 1.69+.01 1.79  .315 .345 345 74.7 2.1 22.2 40
5-MeCyt™™ 1.04+.01 1.70  .026 .318 140+10 - 1141 154 13.8 40
5-HmCyt  1.47+.03 1.75  .239 .333 2.15+.08 13.4  2.87 7.3 41
5-HmCyt”  1.70+.02 1.79  .318 .345 1.88+.05 7.6  1.41 16.3 41
Cyd 1.74+.02 1.80  .330 .350  .68406 7.4 51 8.4 69
cyd" 1.78+.03 1.80 .342 .350 .9+.05 5.0 45 19.6 69
cHP 1.73.03 1.80 .327 .350(®) .ga+.03 7.4 .62 8.9 o4
Gua* 1.50+.02 1.72  .250 .324 2.8 7.8 2.18 7.4 35.5
7-MeGua  1.47+.03 1.72 .239 .324 5.28+.6 9.7  5.14 14.4 48
7-MeGuo®  1.13:.02 1.65 .08 .308(2)139 17.1 238 78 108

5-MeUra 1.77¢.02 1.81 <339 .351(b)1.01f.21 8.2 .83 i 5 36

ve




TABLE 1 (continued)

Nucleic

Cgrcr:l;agnents N NoJr Ro+ ¢fx104 roSan TfSBps TcSBps TcStiCkps
5-HmUra 1.71+.04 1.81 221 3510 1:06%:2] 8.6 .91 9.7 40
5-MeUrd 1.78+.03 1.81 .42 - .35} - .1.02+.08 6.5 .66 25.4 83
TMP 1.78+.03 1.81 .342 ;361 ':1.14%.08 6.3 aF2 21.7 111

a Wilson and Callis (8)
b Callis (6)

*A11 values were taken from other sources; cytosine and guanine, Callis (6), 5-methyl-
cytosine, Anderson and Callis (30).

TAIT Tow temperature values were taken from references a and b. Values which were
not referenced were taken to be the same as the parent fluorophore.

G¢
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ratios of the,pyrfmidines, in many cases, approachesvfhe.va1ue of the
Tow temperature po?ari;ation,'indicating that there is little, if any,
reorientation ip the excited state.

The quantum yields reported in Table 1 were determined relative
to tryptophan, so the uncertainty of these values ig in the precision
of the.measurements. The accuracy of the values is dependent on the value

of:the gquantum efficiency_takeh for tryptophan. The quantum yields report-

. ed here are compatable with those reported by other authors utilizing

different standards. The quantum yield reported: for thyhine is in good
agreement with that reported by Hauswifth and Danie]é (3). and the values
for adenosine, cytidine 5'-monophosphate, and thymidine 5'-monophosphate:
aré within experimental error of those reported by Vfgney and Duquesne
(4).

| Also shown in Table 1 are Strick]er—Berg radiative Tifetimes, which
were determinéd by integration of the spectral curves. Thé(%ss (theoret—_
ical fluorescence 1ifét1mes) tabQ]ated are the product of the ﬁuantum
yield and the radiative 1ifetime. There are two rotational correfation

tick
’(CF from

times,ffcfs shown; WfC§B is found using-equation 4 and
Stokes-Einstein formulas (see Appendix). As noted, none of these.derived
quantities have errér Timitations associated with their reported values.

This 1is not to 1nsihuate that the values are exactly known, but reflect |

the fact that the uncertainties of these values are not directly measur-
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able. These derived quantities have uncertainties of, probably, ten
percent (10%). Deviations of greatertthan twenty percent (20%) would:
require a corre]atien of the errors What should be stressed is that
these results represent the most probab]e values and any conclusions
reported in this study are based on the most probab1e results
Figures 4 and 5 show plots of —R--l Vs ’ffSB/T;StiCk for select-

ed..neutral and cation nucleic acid components,'respectively. Based on
the assumption that*f%SB is equal to the actual Ty, the slope yields the
coefficient for how much greater’katiCk is than the actual rotational
correlation time. The solid 1ine in each figure represents the'averege
behavior of the points plotted. The neutrals appearing in figure 4 have
7(c's which range from 10 times faster for CMP to 1.5 times faster for thy-
mine than their correspondjng’chtick. The mean behavior shown by the
solid Tine in figure 4 indicates T 's which are apbfoximete]y four times
smaller than the correlation time predicted from sticking boundary con-
ditions for the neutrals. The cations shown on figure 5 vary from 4 times
faster for cytidine to 1.4 for 7-methy1guanosfne than the’katiék, wifh
an average behavior of roughly one-half that predicted by the Stokes-
Einstein formulas. Overall, the cations apeear to rotate 2 times s]ower
than the neutrals. Table 2 shows the ratios of'T’SB/qf stick for a]] the
nucleic acid components in a monatonically decreasing order The ratio

quSB/q’Cst1ck is the inverse of the slope of figures 4 and 5. As has
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Figure 4

) )
Plot of Ro/R -1 versus’f'fS /7;5t1Ck for the neutral

nucleic acid component in room temperature aqueous

)afeave - _27TEstick

solution;
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Figure 5
Plot of Ro/R—l'versusﬂffSB/1;5tiCk for the protonated

nucleic acid components in room temperature aqueous

) Téave - 'sfrEst1ck'

solution;(
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TABLE 2

RATIOS OFZSB/ T Stick FOR THE NUCLEIC ACID COMPONENTS

IN A MONOTONICALLY DECREASING ORDER

MIIE 40 a7 A e
COMPONENTS COMPONENTS
7-MeGuo™ .72 Gua .21
5-MeUra .66 5-HmCyt .18
3-MeCyt* .59 6-MeAdo .16
5-MeCyt* .55 Cyd .12
Cyt .43 CMP .095
5-HmCyt* .4 Ade .09
5-MeCyt- .34 3-MeAde® .05
5-MeUrd .31 6-Me Ado .05
7-MeGua .3 6-MeAde™ .04
cytt .28 6-MeAde .035
7-MeAde .28 Ado .03
TMP oD 6-MeoAde .018
5-HnUra .24 6-MeAde .017
.22

5-MeCyt
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been predicted, none of the molecules have’f;SB's whiéh ére longer than
their corresponding‘TLStiCk's. With the exception of 7-methyladenine,
none of the other adenines were inciuded in figures 4 and 5. These
molecules were excluded on the bési§ of their apparent anomolous excit-
-ation spectra or the results of‘photoselection‘studies.

| Figures 6 - 31 show the absorbance spectra solid 1ine, corrected
f]ﬁorescencé excitation speétra filled circles, and the corrected fluores-
cence-Spfectra broken Tine for the the nucleic acid cohponents‘studied

by this author; There is very good agreement between the absorbance and
f]uores;ence excitation spectra for all the non-adenine nucleic acid
cémﬁonents.‘ .

| Table 3 shows a summary of the experimental data for all the ade-

nine derivatives studied. Within the table are given the quantum yields,
approximate excitation spectrum maximum and whether their excitation spec-
trum coincides with their absorbance spectrum. - Only one of the cations,
N6,N6‘-dimethy]adenosine, showed any agreemént between its f]uokescence
excitation and absorption‘spectra. There is a 1érge'disparity amongst

the quantum yields of the cationic forms, with the‘N6 methylated deriva-
tives and 3 -methyladenine being very Tow (ca. 10'4). Whereas, the other
catipns are very high (ca. 10‘2). In contrast, most of the neutrals showed
good agreement between their excitation and absofbaqce spectra, except

adenine and'N6 -methy]adenine. Also, the quantum yields do not show the
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Figure 6

Absorption (——), fluorescence (----- ), and corrected
fluorescence excitation (filled circles) spectra for

adenine in pH 6.7 aqueous solution.
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Figure 7

), fluorescence (----- ), and corrected

Absorption (
fluorescence excitation (filled circles) spectra for

adenine in pH 1.5 aqueous solution.
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Figure 8 ‘

), fluorescence (-----), and corrected

Absorption (
fluorescence excitatioh (filled circles) spectra for

2 - methyladenine in pH 1.5 aqueous solution.
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Figure 9

Absorption ( ), fluorescence (-----), and corrected

fluorescence excitation (filled circles) spectra for

3 - methyladenine in pH 1.5 aqueous solution.

N .
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Figure 10

Absorption (——), fluorescence (-----), and corrected
fluorescence excitation (filled circles) spectra for

6

N - methyladenine in pH 6.7 aqueous solution.
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Absorpfion (

Figure 11

), fluorescence (----- ), and corrected

fluorescence excitation (filled circles) spectra for

6
N - methyladenine in pH 1.5 aqueous solution.
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Figure 12

Absorption ( ), fluorescence (----- ), and corrected
fluorescence excitation (filled circles) sbectra for
. 6 6 '

N ,N - dimethyladenine in pH 6.7 aquequs.so]ution.
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Figure 13

Absorption ( ), fluorescence (----- )}, and corrected
fluorescence excitation (filled circles) spectra for

6 6 .

N ,N - dimethyladenine in pH 1.5 aqueous solution.
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Figure 14

Absorption ( ), fluorescence (-=---- ), and corrected
fluorescence excitation (filled circles) spectra for

7 - methyladenine in pH 6.7 aqueous solution.
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Figure 15

- Absorption (——), fluorescence (----- ), and corrected

fluorescence excitation (filled circles) spectra for

7 - methyladenine in pH 1.5 aqueous solution.
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Figure 16

Absorption ( ), fluorescence (----- ), and corrected
fluorescence excitation (filled circles) spectra for

adenosine in pH 6.7 aqueous solution.
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Figure 17

), fluorescence (~---- ), and corrected

Absorption
fluorescence excitation (filled circles) spectra for

adenosine in pH 1.0 aqueous solution.
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Figure 18

Absorption (——), fluorescence (~---- ), and corrected

fluorescence excitation {filled circles) spectra for
6 . :
N - methyladenosine in pH 6.7 aqueous solution.
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Figure‘lg

Absorption ( -), fluorescence (----- }, and corrected

fluorescence excitation (filled circles) spectra for
6 6
N ,N - dimethyladenosine in pH 6.7 aqueous solution.
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Figure 20

Absorption ( ), fluorescence (----- ), and corrected

fluorescence excitation (filled circles) spectra for
6 6 :
N ,N - dimethyladenosine in pH 1.5 aqueous solution. .
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Figﬁke 21

), fluorescence (------ ), and corrected

Absorption (
fluorescence excitation (fiTled circles) spectra for

3 - methylcytosine in pH 4.4 aqueous solution.
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Figure 22

), fluorescence (~----), and corrected

Absorption (
fluorescence excitation (filled circles) spectra for

5 - hydroxymethylcytosine in pH 6.7 aqueous solution.
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Figure 23

Absorption ( ), fluorescence (----- ), and corrected
fluorescence excitation (filled circles) spectra for

5 - hydrokymethylcytosine in pH 1.5 aqueous solution.
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Figure 24

. -

), fluorescence (----- ), and corrected

Absorption (

fluorescence excitation (fi]]ed circles) spectra for

. cytidine in pH 6.7 aqueous solution.
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Figure 25

Absorption ( ), fluorescence (-==--- ), and corrected
fluorescence excitation (filled circles) spectra for

cytidine in pH 1.5 aqueous solution.
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Figure 26

), fluorescence (----- ), and corrected

Absorption (
fluorescence excitation (filled circles) spectra for

cytidine 5'- monophosphate in pH 6.7 aqueous solution.
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FigUre 27

Absorption (——), fluorescence (----- )» and corrected
fluorescence excitation (filled circles) spectra for

7 - methylguanine in pH 6.7 aqueous solution.
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Figure 28

"Absorption (- ), fluorescence (----- ), and corrected
fluorescence excitation (filled circles) spectra for

7 -.methyTguanosine in pH 1.5 aqueous solution. .




79

”/
—~—
-
~
~—

l

450

!
¥

350 nm. 400

300

o

@ @ <
W I<{-H>W HZ—W

A
Z N>




80




Figure 29

Absorption ( ), f]uorescencé (===-- ), and corrected

fluorescence excitation (filled circles) spectra'for

thymine in pH 6.7 aqueous solution.
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Figure 30

Absorption ( ~), fluorescence (----- ), and corrected
fluorescence excitation (filled circles) spectra for

thymidine in pH 6.7 aqueous solution.

&
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Figure 31 .

), fluorescence (=---- ), and corrected

Absorption (
fluorescence éxcitatjon (filled circles) spectra for

thymidine 5' - monophosphate in .pH 6.7 aqueous solution.
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Table 3
Nucliec 1 Coincidence of Excitation Approximate
Acid "’fx.IO Spectrum with Excitation
Component Absorbance Spectrum Spectrum
Maximum
Ade 38% .35 No 265 nm
7-MeAde Bid  + .29 Yes 270 nm
6-MeAde W JHE e 7 No 270 nm
G-MezAde 9% .14 Yes 274 nm
Ado 89 9% 0g Yes 260 nm
6-MeAdo 9 %06 Yes 266 nm
6-Me2Ado Tsbtuk. 0l Yes 275 nm
Ade” 20.7 + .4 No 265 nm
2-MeAde™ 9.9 + .1 No 265 nm
3-MeAde” 1.17 + .03 No 275 nm
7-MeAde™ 1.9 + .1 No 268 nm
6-MeAde " 1.2 + .04 No 275 nm
6-Me,Ade’” 47 + .09 No 280 nm
Ado” Fiar g No 270 nm
6-Me,Ado" A 4,02 Yes 270 nm
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greaf variation obseryed among the cations. Although no data appears

for adenines substituted at one position, a cursory check was'performed

on these éompounds.‘ The cations of both 1-me£hy1adeniné and 1-methyla-
denosine were found to be very weakly fluorescent, having quantum yields

much lower than ca. 10'4. Borresen (31), however, has reported the cation o
of 1-methyladenosine to be-ﬁigh]y fluorescent. He was not able to docu-
ment the authenticity of the f]uorescence‘of this compound. This s the
only explanation for this non-systematic dis;repancy, as the quahtum yields
reported within for the other protonated adenines are cdns{stent with those

reported here.




DISCUSSION

Analysis of the exc1ted state behav1or of the nucleic acid com-
ponents relies on the ability of Strickler and Berg's method to adequate-
ly predict the actual f]uorescence 11fet1mes Assuming this method is |
valid, f]uorescence lifetimes determ1ned using the Strickler- -Berg method
are taken to be adequate representations of the actua] fluorescence 1ife-

“times of the nucleic acid components when these molecules adhere to the
'fd]1owing criteria:
(1) The quantuﬁ‘yie1d is independent of excitation wave1eﬁg#h;
(2) The emitting state carries the entire oscillator strength
represented by the area contained within the first apparent
. absorpt1on band.
The adherence of the nucleic acid components to the above criteria can
be assessed on the basis of their corrected fluorescence excitation spec-

tra and the results of photoselection studies.

Fluorescence excitation spectra. The corrected f]uorescence ex-
citation spectra coincided with the absorpfion spectra of 17 of the 26
nucleic acid components studied. ‘Previous1y, thymine was the only nucleic
acid component which had been.reported to obey Vavilov's law (4). The
9 nucleic écid'components which exhibited deviations between their cor-
rected fluorescence and absorption spectra all were adenines.. Present

theories lead to the conclusion that the deviations from Vavilov's law
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are due to one of the f0110Q1ng o

(1) The wavelength dependence of the quantum y1e1d is due to
competition between internal conversion and v1brat1ona1
relaxation; or

(2) The fluorescence observed is not from the major absorbing
sﬁecies, but. due to thé presence of a high]y fluorescent
minor tautomer. |

Al

Adherence of any of the nucleic acid components to Vavilov's law

discredits the possibility that the discrepancies observed can be attrib-,

uted to competition between internal conversion and vibrational re]axa-
tion. Other evidence.agaihst_this mechanism is the result of.tﬁe cation
of 7-methyladenine, in which the corrected fluorescence excitation spec-
trum is blue shifted, relative to the absorption spectrum. This would

indicate that the quantum yield increases with increasing éxcitation

energy above the 0 - 0 band, which is direct contradiction to this theory.

The above evidence indicates that deviations from Vavilov's law, by the
nucTeic acid components in room temperature aqueous solution, are not
due to competition between nonradiative deactivation processes;
Deviations between the corrected fluorescence excitation and ab-
sorpt1on spectra are- attributed to the presence of a highly f]uorescent
minor tautomer. This explanation has been cited many times to explain
the violation of Vavilov's law and sometimes indiscrimindte]y (2, 3, 12,

17, 31). Caution must be used in invoking this argument, that the dis- '
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crepancies observed are real and not due to improper interpretafion of
the data. The tautomer model appears very general; however, it is‘rather
étringent. If the fluorescence-is due to a mfnor tautomer, it must ad-
here to the following critefia:

(1) The minor tautomer must have pK values similar to the main
tautomer; and

.(2)- Thé minor”mustlbe present in substantial quantity because
| of the extreme temperature dependence of-the quantum |
yield (16); and | .

(3). The polarization measured should be‘somewhat deb&]arized,
owing to the longer lived excited state of the minor tau-
tomer. ' |

The purines studied here,'which violate Vavilov's law, are consistent .
with.thiS<mode1. Protonated adenine, 7-methyladenine and adenosine ex-
hibited tota]Ty depolarized fluorescence spectra. The apparent quantum
yields for these compounds are not Targe enough to account for this de-
gree of depolarization. The remaining purines exhibited polarization
ratios which are lower than would be predicted on the basis of their ap-
parent quantum yields and radiative lifetimes. None of the pyrimidines
studied heré‘shOWed any deviations from Vavilov's law. This geﬁerates
specuiation concerning the validity of Daniels and.Hauswirth (2) result
that the f]uorescence~observed for cytésine was due to the presence of

a highly fluorescent minor tautomer. Kinetic studies show that cytosine
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only tautomerizes‘to an extent of .25% in room temperature aqueous so-
Tution. If the quantum yier reported for cytosine is only apparent,
then the quantum yield repdrted of the tautomer must‘beigreater than
.01. In the absence of some phenomenally Tong reorientational time, the
fluorescence should be significantly depofarized. iCa11is (6), howevér,
- has shown cytosine exhibited highly po]arfzea fluorescence. On this
-eyidence, and the behavior'observed for the other pyrimidines, cytosine
would be predicted to obey Vavi]ovfs law. Discussion here leads to the
conclusion that.the nucleic acid components usya]]y'adhere to Vavilov's
Taw-and deviatfons from this behavior can be attributed'to the presence
of a h1gh1y fluorescent minor tautomer. |

F1uorescent 11fet1mes predicted from the.Str1ck1er Berg formu]as
for the purines, which have deviations between their corrected fluores-
cence excitation and absorption spectra, are not representatfve of the
actual fluorescence lifetimes. The'(fSB's reported for these mo]ecu]es
are much too short as their behav1or is 1ncons1stent with the cr1ter1a
previously mentioned. The quantum yields not only changed across the ab-
sorption band, but the values reported represent the abparent quantum
yield. The actual quantum yields are much higher. This is obvious from
the fact that the minor tautomer only absorbs a small percentage of the
exciting light, yet is responsible for nearly all of the emission. . Theﬁ
radiative Tifetimes are not'}epresentative, because the oscillator strength

is calculated from the firsf apparent absorption band, which is the sum
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af the absorbances of all the tautoméric species. The excited state 1ife-
times reported for adenine,'N6-methy1adenine,-fhe cations of_3-hethy1ade-
nine, Nﬁ-hethyTadenine, and N6,N6-dimethy1adenine are anomo]ohé]y short
and have no physical sighificance.

" Photoselection. The validity of the predicted fluorescence 1ife-

times relies heavily on the results of photoselection studies. - The
Strickler-Berg method of determining the radiative Tifetimes only remains
valid if the first apparent absorption band contains one transition dipole.
Under these conditions ﬁo1ecu1es exhibit polarization ratios which are
independent of excitation wavelength. Mixed polarization (wavelength
depehdent polarization), however,.inaiéates absorption into two states,
where the lowest energy state is responsible for the emission. Radiative
lifetimes determined for molecules which exhibit mixed polarization will

be too short, as the total oscillator strength 1is represented.by the area
contained within the lowest energy transition. Wilson and Callis (8) have
shown that AMP exhibits considerable mixed polarization. This mixed polar-
jzation has been attributed to the presence of a weakly allowed transitionf
This transition is Tower in eﬁergy than the more'intense allowed trans-
ition, and is responsible for the fluorescence. Adenine, more proper]y

its fluorescent tautomer, does not exhibit any mixed polarizétion, SO sub-
stitution of the 9 position of édenine‘1eads to fluorescence from a weakly
allowed transition. The actual 11fef1mes for adenosine, N64methy1adeno- '

6,N6-dimethy1adenine are considerably
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' 6 .
larger than those reported here. N6,N -dimethyladenine is included be-
cause it is believed to have a hydrogen residing on the 9 nitrogen.

Hydrodynamic behavior. The remaining nucleic acid components,

all the pyrimidines, and the 3 seven substituted purines exhibited be-

havior consistant with the criteria established from. the Strickler-Berg

formalism.- Thg Strickler-Berg fluorescence lifetimes reported for these
molecules are considered to be’good representations of the actual fluores-
cence lifetimes. WhenT;SB is equal to the actualT’s, then the rotational
correlation time calculated from the fluorescent T1ifetime and f]uorescence
- anisotropy represents the actual rotational correlation time. Due to the
structural similarity of the nucleic acid components, these molecules
would be expected to exhibit similar hydrodynamic behavior. The validity
of the’ffSB's representation of the actua]’ff can be checked by the rea-
sonability of the reorientatidna]ltihes calculated from the Perrin rela-
tion. The’fESB's reported in Table 1, for these molecules, are roughly
equivalent, showing deviations of only about a factor of three. These
deviations may be due to minor structural difference, and possibly dif-
ferent degrees of solvent interaction between the neutral and protonated
species. These structural variations can be accounted for by comparing
the‘féSB's.to the rotational correlation times determined from the Stokes-
Einstein hydrodynamic formulas. The Stokes-Einstein formulas account
for the differences in the volume and shape of the molecules. Figures

4 and 5 show plots of —%9—-- 1 versus’T}SB/’T;St1Ck, The Perrin re-
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lation shows that Bg_rl is equal to the actual ratio of’ff/qf. These

. - - S stick
figures are, therefore, actually graphs of‘f}/qé versusnT}SB/chs TeK,

: Since'rfSB is taken to be the actualTe, then the slope of the Tine

yields how much 1arger'17c5tiCk is than’(é. Table 2 is a compilation

of the ratios of 4TCSB/1fC5tiCk for all the molecules studied. The

ﬂf SBis for the molecules, in which‘f'SB is taken to be the actual?,,
C f f

range from .11’C5tiCk to !7’Té5t1Ck. The nucleic acid components for
which the’T}SB's were all shown to be too short, yie]d’T;SB;s which are
not reasonable, being up to 50 times faster than‘T;StiCk. Table 2 shows
that, on the average, the cations exhibit longer reorientational times
than the neutrals. The cations, being a charged species, probably ex-
perience more solvent interaction. The hydrpdynamic behavior reported .

for these molecules appears reasonable and is in excellent agreement

to the hydrodynamic behavior reported by Bauer et al. (13) for the car-

boxylic acids in water. The evidence provided, either actual or conse-

quentﬁal, lends validity to the adequate representation of’T}SB for the
aqtua]?ff. 'That is, that some of the nucleic acid components may, in-
deed, have fluorescence lifetimes as short as one picosacond.

Significance of fluorescence lifetimes. Existence of fluores-

cence lifetimes, on the order of one picosecond, is of interest from a
chemical physical standpoint, as lifetimes this short confirm the presence '
of exceedingly fast nonradiative processes. A lifetime of 10'12 seconds

infers a rate of at 1éast 10125'1 for the rate of internal conversion.




_ 95
_As this work found Vaviloy's law to be obeyed in the absence of tau-
13 -1 ,
s ~ for

tomers, the rate of vibrational relaxation must be at least 10
vibrational relaxation (32). The results of fluorescence Tifetimes this
short are of considerable interest to photobiologists. If the behavior
of PNA is taken to be similar to that of the individual nucleic aéid

components, the possibi]ity3of singlet energy transfer in DNA is improb-
able (2). Under the most favorable conditions, the energy transfer rate
is estimated to be ca. 10*125-1 (33).

3

Fluorescent tautomers of adénine. Study of the nucleic acid

components is undertaken in attempt to better understand the behavior

of DNA itself. Much of this study has aluded to a high{y fluorescent
minor:tautomeric,species in the adenines. It is of great interest to
know what tautomeric species are  responsible for the fluorescence pro-
perties observed. These tautomers haye much longer fluorescent Tife-
times than the major nonfiuorescent component. So, if the structure of
these tautomers is compatib1e with the structural possibilities of the
.adenine moiety in DNA, the consequences could be profound. These longer
Tived excited species could contribute greatly to photochemical reactions.
Therefore, knowledge of the structure of the fluorescence taufomer‘is es-
_sentialf |

Spectroscopic studies often utilize methylated derivatives to

!
characterize systems. Substitution of a hydrogen by a methyl group, typ-
ically, has less than an order of magnitude effect on radiative and non-

radiative properties of planar conjugated molecules (14, 34). Generally
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speak1ng, one observes an approximate shift of 5 nanometers in absorp-
tion and fluorescence maxima, with the subst1tut1on of a hydrogen by a
.methy1. |
Table 3 show§ that adenine and Nﬁ-methy1adenine are the only

neutral adenines which exhibit deviations between their corrected fluores-
cence excitation and absorption spectra. Previous discussion concludes
these deviations are due to the presence.of a minor f]uorescent tautomer.
Témperature Jump k1net1c studles indicate that in neutra] aqueous solu-
tion the 9(H) and 7(H) tautomers are ‘the only tautomeric spec1es present
in significant -quantities (18). The fluorescent properties observed for
adenine and N6-methy1adenine should be .compared to adenosine and 7-ﬁe£hyr
Tadenine, which are the substituted derivatives which represent the 9(H)
and 7(H) tautomers, respectively. The apparent quantum yields of adenine,

'and.N6—methy1adenine are both greater than the quantum yields for adeno-

sine. The fluorescence excitation spectré of adenine and N6-methy]adenine'

~ coincide well with the fluorescence .excitation spectrum of 7-methylade-
ning, in both shape and position. The 5 nm shift between the fluorescence
excitation maxima for adenine and 7-methy1aden1ne'is due to the substitu-
tion of a hydrogen-by a methyl group. The results conclude that the 7(H)
tautomer is responsible for the fluorescent properties observed for ade-
nine and N6-methy]adehine. This conclusion is in harmony with other stud-
ies which propoéed the 7(H) taﬁtomer is the fluorescent species, as the.
9(H) tautomer is relatively nonfluorescent (12, 17, 35). Dimethylation

of the extranuclear nitrogen does not show the presence of any tautomer-
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ization. The fluorescence spectrum is seen to be very similar to its 9
substituted analog N6,N6-d1methy1adenosine; Apparently, the presence

of thg two methyls on the extranuclear nitrogen effect19e1y b1oc§‘sub-
stitution of the 7.position. This.exp]ains the similarity between
NS,Na-dimethyladenine and N6,N6-dimethy1adenosine. —

Characterization of the cationic adenine system is considerably
more difficult than fhe neutrals. Protonation leads to many more tauto-
meric po;sib11it1es, sinéelthe adenine moiety can have a hydrogen on either
the 7 or 9 position before protonation, and then can protonate'on any of
the othef four remaining nitrogens. Borresen (31) studied this system
some time ago and concluded that fluorescent species had three hydrogens
on the exocyclic nitrogen and one on the 7 position. Unfortunately,
Borresen's argument is baséd only on the results of adenine and 7-methy-
ladenine and does not account for the results observed for adenosine.

_Giskaas (36) has determined the fluorescent lifetime of proto-
nated adenosine, at room temperature, from Stern-Voimer quenching exper-
iments to be 1x10~9s. The fluorescence excitations spectra of protonated
adenosiné does not coincide with its aSsorption spectfum, so.this f]uoresj '
cence lifetime corresponds to the tautomer responsible for theAf1ﬂorescénce
observed. Assuming a radiative 1{fetimé of ca. 5x10‘9s, yields a quantum
yield of ca. .2 for this tautomer. This indicates that this tautomer
needs to be present in only small amounts to account for the apparent
quantum yields reported for the protonéted adenines.

J

Figure 32 shows all the possible tautomer species of proto-
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nated adenine. It is not feadi]y_apparent which tautomeric structures |
are represented by the various methylated dérivativeéq A1l the méthyl-'
ated derivatives assume two or more of the stru¢t&res shown. Since this
is not an exhaustive study, some of the tautomers do not have corre-
sponding substifuted derivatives{ Because of this; it is more uéefu]
to eliminate thoée structures which can not be responsible for the -
fluorescent properties observed. Both 1-methyladenine and 1-methyl-
adenosine were found to be nonfluorescent having quantum yields Tess

than 5x]0'5

. 1—Methy]adénosihe 1s represented by the structure labeled
(1,9) so this structure can be e]iminaféd as a possible fluorescent
tautomer. 1-Methyladenine has-the possibility of existing as the
structure labeled (1,3), (1,7) and (1,6) so these. structures can be

excluded as fluorescent tautomers. The exocyclic nitrogen can also

‘exist in the imino form, so the T-methyladenines could also exist as

the structures labeled (1,3,7), (1,3,9) and (1,7,9). 3-Methyladenine
is somewhat-moré f]ﬁorescent than the corresponding one substituted
adenine. The fluorescence yfe]d is st111'fair1y Tow so that substi-
tution of the 3 position leads to a less fluorescent species. This
eliminates the tautomers 1abe1éd (3,7), (3,9), (3,6) aﬁd (3,7,9).

The only structures which remain are substituted at both the 7 énd 9
positions; or invo]yed the exocyclic nitrogen. Substitution of the
exocyclic nitrogen deactivated the fluorescence, which indicatés this

nitrogen may be involved in the fluorescent tautomer. 'Dimethylation of




101
the exocyclic nitrogen fixes the nitrogen in the amino form. The low

fluorescence yields measured for these compounds appear to indicate
that the exocyclic nitrogen may assume the imino form in the fluo- ‘
rescent tautomer. If'the exocyclic .nitrogen is in the imino form,
then either the 1'or 3 position must be.substitutedl However,'both
1-methyladenine and‘3-methy1aden1ne had very Tow qﬁantum,yfelds. Methy1l-
'_ation of this exocyclic nitrogen increases the basicity of this group. :
'If may be that this inckease in'basicity causes_this nitrogen tolbecome
preferentially protonated over any of the other sites: This indicates
that the extranuclear nitrogen is not involved in the fluorescent tauto-
.mer. It appears that if only one tautomer is responsible for the fluo- .
reééence properties of protonated adenine, it must be substituted at
béth the-7 and 9 position to be consistent with the results of the
7-methyladenine and adenosine. Further justification for this structure
is borne out by the results reported for protonated 7-methylguanosine,
which is the guanine analog of the tautomer. As shown in Table 1, the
cation of 7-methylguanbsine has a fairly hfgh quantum efficiency,
although not as highias that predicted- for this tautomer. Although
most of the evidence is consequential, it is the belief of this author
that the.f]uoréscent tautomer responsible for the fluorescence
properties observed for protonated adenine . has a proton residing on

both the 7 and 9 position.




SUMMARY

The corrected fluorescence excitation spectra coiﬁeided with the
absorption spectra for 10 pyrimidines and 7 purines of the 26 pyrimidfnes
and purines studied. The 9 nucleic acid components which exhibited de-
viations between their corrected fluorescence excitation and absorptfon '
spectra were all adenines. These discrepancies, between the two sbectra
observed for the adenines, were attributed to the presence of a highly
fluorescent minor tautomer. Fluorescence excitation spectra of the methy-
lated.adénine derivatives were utilized to identify the fluorescent téu-
tomers of adenine, in both neutral and acid solutions. The fluorescent
properties observed for adgniﬁe in neutral solution were conéistent with
thé previously proposed 7(H) tautomer model. The protonated adenines
studied indicated the f]uorescence'was probably domihated by a tautomer
which has protons residing on both the 7 and 9 positions.

The combined resu]ts'of the corrected f]uoréscence excitation
spectra and previous photoselection studies, for the first time, gave
some physica{ basis to the‘validity of fluorescence lifetimes predicted
from the intrinsic fluorescence lifetimes and quantum yields for the
nucleic acid components. The predicted f]uoresceﬁce lifetimes of the
puriﬁes and pyrimidines were found to be very short, on the order of
10711 10‘125, except for the anion of 5-methylcytosine and the cation

of 7-methy]guanosihe. These predicted fluorescence lifetimes were taken
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to be good representations of the actual fluorescence Tifetimes of all

the pyfimidines and the 3 purines substitued at the 7 position. The

predicted 1ifetimes of these molecules, in conjunction with fiuoreécent
anisotropy heasurements, yielded reorientational times consistent

with the results of other small molecules in aqueous solution. The
neutral pyrimidines and purines abpeared, on the.average, to rétaté four
times faster than predicted from the Stokes-Einstein model. The cétionic
species appeared to experience more solvent interactidn, having rates

only twice as fast.




APPENDIX A

Determination of T _stick.

As previously shown, the rotational cor-
relation time for an oblate e11fpsoid, for which the absorption is in
plane polarized, is expressed as folTows:

T = HT 34T

where 77 = 1/6 D, ; ’1’3 = 1 s D =kT_
Wb R R

! . X

) wﬁere Dy is the principal diffusion coefficient for rotatioﬁ about the
kth axis and %k fs the frictional coefficient for rotation about the
corresponding akis. .

The frictional. coefficient for a hydrodynamically spherical mole-
“cule is ‘given as follows: |

A - | Q‘ostick = g

where ™ js the viscosity, was found -to be 1.0 centapoise at 293° K (37),
and V is the mo]ecuiar volume whicﬁ:was determined using Van der Waals

increments (3g). Perrin's(3g, 40).f0rmu1as.enab1er? stick

stick

to be found by
‘multiplying Eo by a factor which re]ates.an oblate ellipsoid to a
sphere of equal volume, and depends on the axia]rratios of the ellipsoid
(41). The .axial ratio in the xy plane was determined using the geometric'

mean bf an ellipsoid and the thickness in the z direction was taken as

3.4 °A. The geometric mean was determined as follows:




€ stick
k

bc

were determined using the axial ratio defined as

105

V = 4/3 mabc (volume of an ellipsoid)

bc = -%%F——

geometric mean

-a

bc
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