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TRIPLET ENERGY DELOCALIZATION IN POLYNUCLEOTIDE-ACRIDIMNE COMPLEXES

Abstract

Transfer of triplet electronic excitation energy from the purine
and/or pyrimidine moities of native DNA and adenine polynucleotides to
the acridine dye 9-aminosmcridine has been demonstrated at 77°K, The
occurrence of such transfers indicates that there is pi electron overlap
between the purine and/or pyrimidine bases and the dye bound to the
polymer.

The amcridine dye has then been used as a trap for the polymer
triplet excitation energy. The polymer to dye dependence of the base to
dye transfer efficiency indicates that triplet energy is delocalized in
native DNA and adenine polynucleotides. Kinetic studies provide evi-
dence that the pathlength for triplet energy transfer in native DNA is
determined by trapping within the polymer rather than by diffusion,

Delayed fluorescence from the dye bound to DNA has been observed
and its origin in the triplet state of the polymer has bsen confirmed at
high polymer to dye ratios, In addition it has been shown that delayed
fluorescence cen arise from triplet-triplet annihilation between dyes at

low polymer to dye ratios.
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1
INTRODUCTION

The mechanism of binding of the acridines with DNA is of inter=-
est in view of the behavior of molecules in this class as mutagens ( 1 )},
bacteriostatic agents ( 2 ) and antimalarial agents (3 ). Interest
lies noet enly in trying to relate the biologicnl activity of these mole-
cules with the mechanism of binding, but alsoc in determining the forces
that are involved in the interaction. In spite of the extensive study
that has been devoted to this field, the precise mechanism, or mechan-
isms of interaction between DNA and the acridine dyes has not yet been
elucidated. Ourrent interest in the nature of the dye binding is cen-
tered around the "intercalation® model in which the dyes are strongly
interacting with the nucleotides in DNA. No compelling experimental
evidence, however, has been presented indicating a close range base-
dye interaction.

This dissertation is concerned with the detection of such an
interaction in DNA in the form of a triplet nuecleotide to triplet dye
energy transfer. The results will be seen to provide evidence for some
degree of pi electron overlap between the electronic systems of the
nucleotides and of the scridine dyes.

The occurrence of triplet excitation transfer from the bases in
DHA and polynucleotides to dyes means that the acridine dyes are traps
for the triplet energy of the polymers. The observed variation of the
amount of triplet energy transfer from poiymer to dye with the polymer
to dye ratio then provides conclusive evidence that triplet energy is

delocalized in DNA and in a number of polynucleotides.
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The Interaction of Acridine Dyes with DNA

4 review of the literature on the binding of acridine dyes to
UNA is presented in this section and reveals the current state of our
knowledge in this area, It will be evident that considerable uncertain~
ty with rcgard to the mechanism of binding atill existo,

The acridines interact with DNA and polynucleotides under con-
ditions of pH where they are protonated to form cationic dyes. The
importance of eiectrostatic forces in the interaction between the
cationic dyes and the negatively charged phosphate groups of the poly-
mer is indicated by several lines of evidence, Acridine orange (4)
can interact with polyphosphate, heparin and other negatively charged
polymers in the absence of purine and pyrimidine moitiss, The strsnzth
of the binding to DNA is sensitive to the lonic strength of the medium,
as is expected if electrostatic forces contribute to the binding energy,
(5). In addition, with acridine orange in particular, dye-dye inter-
nctions as evidenced by shifte in the absorption gpectrum of the dye
have been interpreted as arising from stacking of dye bound electro-
statically on the outside of the polymer (6) (5)., Buch evidence has
also been seen with acridine yellow (4% and 9-aminoacridine (7) on
DNA, The binding of acridine orange (4) and proflavine (8} saturates
at a molar ratio of polymer phosphate to dye of one, which is expected

on the basis of binding to the phosphates.
On the other hand, there is evidence suggesting that nucleo-~
tide-dye interactions arse involved. Binding, at high polymer to dye

ratios, +to DNA and polynucleotides is accompanied by a small red shift
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in the absorption spectrum of the dye, while binding to polyphosphate

(9) and apurinic acid (8) does not result in a shift., The non-linear-
ity of Scatchard plots of binding data has bsen interpreted ms indica-
ting that molecular heterogensity of binding sites, arising from the
heterogeneous composition of DNA, exists in the case of acriflavine
(10). The same conclusion has been reached from variations in the life-
time and quantum efficiency of proflavine fluorescence on binding to

DA (11). Neither of these studies, however, included model compounds
such as poly (A + U, to test the hypothesis by removal of the binding
gite heterogensity. It has also been suggestsd that the non-linearity
of Scatchard plots arises from dye-dye interactions (8}; however, the
fact that the binding affinity varies with the type of DNA used indi-~
cates that base composition may be important (10}, While the binding

is in part salt dependent, a component of the binding which is relative-
1y independent of ionic strength has been noted (7). In addition,
strong binding to DNA at high lonic strength has been reported for the
structurally similar cationic dye ethidium bromide (12}, and binding

of neutral molecules such as actinomycin (13} and some carcinogsnic
hydrocarbons is known, although binding in the latter case is much
weaker (14),

It has been proposed that the data can be expleined on the as-
sumption that two types of complexes exist (8} (15); one type of complex
st low polymer to dye ratios where dye-dve intefactions occur and a
second type of complex at high polymer to dye ratios which might in-
volve dye-nucleotide interactions (8).

The suggestion has been made that at least in the region of
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high polymer to dye ratios, the cationic acridine dyes interact with

DNA by insertion or "

intercalation®™ between consecutive base pairs in
the double helix ( 16}, This requires a local untwisting and extending
of the DNA molecule to allow the dye to be intercalated, Several lines
of evidence favoring this model have been presented: 1) An increase in
the intrinsic viscosity of DNA in the presence.of the dye has been in-
terpreted as arising from the expected extention ( 16}, 2) Removael of
the planarity of 9-amincacridine by hydrogenation of one ring results in
a decrease in both binding ( 17) and bacteriostatic activity ( 18),

3) A decrease in susceptibility of bound dye to attack by nucleophilic
reagents has been interpreted as indicating steric hindrance arising as
a result of the dye being intercalated within the polymer ( 19). 4) Po-
larized fluorescence and absorption of dye bound to flow oriented DHA
indicates that the bound dyes are located with the plane of the acridine
ring system co~planer with that of the bases ( 20), The last conclusion
hes also recently been reached from the anisotropy of the nuclear hyper-
fine structure of chlorpromazine radical ion bound to flow oriented DNA
( 21),

The intercalation model holds promise in explaining the bio-
logical activity of the acridines (20 ); however, care must be exer-
cigsed in interpreting data in favor of such a detailed molecular model.
While intercalation of free bases between the pairs of bases of di-
nucleotides has recently been demonstrated by NMR (22 ), no such direct
evidence for a close range interaction between dye and nucleotides

exists in the case of the acridines., It is the purpose of this work to

present evidence for such an interaction in the form of an electronic
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excitation energy transfer from the bases in DNA and polynucleotides
tc bound aceridine dyes and, in eo doing, to simultaneocusly gain insgight

into the excited electronic states of the polymers.

Transfer of Electronic Excitation Ensergy

This section contains a brief review of some of the experimental
and theoretical investigations of electronip excitation energy transfer
that have been carried out. It indicates that the fundamental mechan-
ism of transfer of triplet excitation is different from the principal
mechanism of singlet energy delocalizatlon, the latter involving trans-
fer at a distance while the former occurs only via electron exchange
interactions at close range.

The interaction of molecules or atoms in excited electronic
states with molecules or atoms in their ground state resulting in
electronic excitation energy transfer was initially investigated from
iwoe lines of approach.

Electronic excitation in the solid state has been found to give
rise to¢ electronically excited states whose energies are characteristic
of the aggrégates and which were referred to as exciton states ( 23).
Experimental and iheoretical investigation of exciton states was ex-
tended to crystalline forms by comparison of the energies of allowed
electronic transitions in crystals with those of the monomers in the
gaseous state ( 24),

The second approach to the problem waes the direct demonstration
of singlet energy transfer by sensitized fluorescence experiments.

Work on impure crystals has shown, for example, that excitation energy
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absorbed only by the host can appear as fluorescence from the guest (25).
Experiments carried out much earlier both in the gas phase (26) and in
solution (27) have demonstrated singlet-singlet energy transfsr betwesen
unlike moleculea. More recently, concentration depolarization has been
used to demonstrate energy transfer between identical molecules (28) in
rigid media. BSinglet-singlet energy transfer has been shown to involve
an actual coupling between molecules and not an emission and reabsorp-
tion process by, 1) a decrease in the lifetime of the donor fluores-
cence, and, 2) a lack of dependence on the geometry of the sample that
is expected for radiative transfer (27). The transfer is seen to occur
over intermolecular distances of 50 X or more (29).

In the quantum mechanical treatment of the solid state exciton
problem and of singlet-asinglet energy transfer in solution, the coupling
which gives rise to the exciton splitting and the energy transfer rute
erises from a coulombic interaction between the electrons in an atom
or molecule in an electronically excited state, with the electrons in

neighboring atoms or molecules in the ground state. In the dipole

approximation, the interaction Hamiltonian

7= Mlavx (1)

RJ

where R is the interatomic or intermolecular distance, U, , and M, are
the transition dipoles of the atoms or molecules, and K is an orienta-
tion factor, results in an interaction energy V12, and a transition
frequency which is a linear function of Vy,, that is proportional
to R™7 (30). Where non-resonance transfer is important, the trans-

2
ition probability varies with (Vy,)” , and, therefore, the transfer

rate is proportional to R-6 (30). This gradual decrease in
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interaction energy with interatomic eand intermolecular distances indi-
catea the possibility of energy transfer in e single step over consider~
able distances. HNumerical calculations based on Forster's theory indi-
cate that single step transfer can occur over distances of 50 R or

more (27 ). The interaction energy in the dipole spproximation ia pro-
portional to the transition moments of the donor and acceptor, and,
therefore, vanishes for forbidden transitions such as in triplet states.

The thsoretical possibility of energy transfer by the above
mechanism from the triplet state of a donor to the singlet of an ac-
ceptor was pointed out by Foraster however (27). This triplet-singlet
energy transfer is possible in that the forbiddeness of the donor trans-
ition is compensated for by the long lifetime of the triplet state.
Triplet-singlet energy transfer has rccently been observed in thin
films by a decrease in the lifetime of the triplet state of the donor,
with the simultaneous appearance of delayed fluorescence in the ac-
ceptor (31 ). The appearance of delayed fluorescence in DNA-acridine
systems has been interpreted in terms of a triplet polymer to singlet
dye transfer (32 ). This result will be discussed in detail in a later
section.

Transfer of electronic excitation energy from the triplet state
of a donor molecule to the triplet state of an acceptor, or triplet-
triplet energy transfer, was first shown by Terenin eand Ermolaev to
occur from benzophenone to naphthalene in a rigid glass media {33 ),

It was demonstrated that close approach of the donor and ascceptor are
required and that the probability of transfer was independent of the

oscillator strength of the singlet-triplet transition of the acceptor



(34).

Observation of the fluorescence and phosphorescence of three—
component isotopic mixed crystals of benzene ( 35) and in impure
erystals (36 ) indicates that triplet-triplet transfer occurs in the
solid state. In the former case, at low +temperature, emission cccurred
only from the two guests., The fact that the preponderance of the phos-
phorescence but not the fluorescence arose from one of the two guests,
(traps), led to the conclusion that trap to trap triplet energy migre-
tion was occurring through the host. 1In the latter case, transfer was
seen to occur from hozt %o guest_in impure c¢rystals of naphthalene,
benzophenone and triphenylene. The iriplet energy transfer was more
extensive than singlet energy delocalization.

Transfer of triplet energy occurs readily in solution and the
diffusion control of the process again brings out the necessity for close
approach of the donor and acceptor molecules (37 ).

Interactions involving forbidden transitions, such as in tri-
plet energy transfer, have been investigated theoretically by Dexter
(38 ). With proper antisymmetrization of the system wavefunctions and
use of the complete interaction Hamiltonian, an interaction term arises
in the form of an electron exchange integral,

[ am(s)aln dr, (2)
where  Q'(v,) ?Sl”(vl) AR )
and Q(r) )’:( )P (x,)

ji and j% represent ths molecular wavefunctions for acceptor

4

i

and donor respectively. The prime superscript denotes the excited

triplet states of the molecules and rqy and r, represent the coordinates
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of electron 1 and 2. Contribution to the integral only comes from those
regions of space in which the electron can be found "simultaneously" on
molecule A and D. It is pointed out by Dexter that, since each function
@ dies off exponentially with distance from D to A, sach product ¢ will
be very small throughout all space, unless D and A hove a small separa-
tion. Inclusion of spin in the wavefunctions results in the condition
that the integral vanishes unless X:= X;and 'X..= Xswhere the X 's
represent the spin functions.

Exchange interaction terms of this type were considered to be
negligible even for nearest neighbors, in most molecular and ionic
crystals (39 ). However, Robinson (35 ) has pointed out that the
vanishingly smell overlep integral for 24T orbitals results from the
use of satomic orbitals calculated with an average effective nuclear
charge. This underestimates the amplitude of that part of the wave-
function that is important in the overlap, A more realistic value of
the exchaenge interaction and the long lifetime of the triplet state
combine to give a triplet energy nearsst neighbor transition frequency
of 1012 sec-1 as opposed to 106 sec  for strongly allowed singlets
( ko).

Exciton-exciton interactions for triplet states in organic
crystals have been demonstrated experimentally and treated theoreti-
cally ( 41). The interaction of triplet excitons results in annihila-
tion of the triplet states with the formation of excited singlet states
which can emit. Triplet-triplet annihilation was observed in form of
a delayed fluorescence from those states. The intensity of delayed

fluorescence under conditions where the annihilation is not efficient
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increases with the square of the exciting light intensity. The life~
time of the delayed fluorcscence dopends on how repidly the triplet
excitons migrate and annihilate., 1In isotopic mixed crystals of benzene
the lifetime was lengthened by leng range migration of triplet energy
between traps interacting through the host.

The possibility of long range triplet migration through virtual
excited states of an intervening host has been demonstrated in both the
delayed fluorescence and the phosphorescence studies of isotopic mixed
crystals. The one dimensional problem for electron exchange inter-
action through N intermediate hosts has been solved ( #2) and indicates
an exponential decrease in the interaction with the number of inter=-

vening hosts:

4, = Chel) (5Le) (o) B

where/SN is the trap to trap interaction energy
f;,sc 1s the nearest neighbor guest-host vibrational and electronic
interaction,
f;ﬁ; is the corresponding nearest neighbor host-host interaction
AE is roughly the difference between the excitation energy of

the free guest and that of the free host.

Energy Transfer and the Interaction of Acridine Dyes with DNA

Transfer of electronic‘excitation energy in the form of a
singlet-éinglet energy transfer from the bases of DNA to dyes bound to
the polymer has recently been demonstrated in several experiments. In
experimenta on the fluorescence of quinacrine hound to DNA, Lerman (20)

cbserved that the relative uncorrected fluorescence excitation spectrum
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in the region of DNA absorption was greater than could be accounted for,
on the basie of direct absorption inteo the dye. An inversien in the
fluorescence polarization was also observed in the DNA absorbing region.
leill and Calvin (43) have observed sensitized fluorescence of acridine
orange and proflavine bound to DNA. The energy transfer was demonstra-
ted as an increase in the relative quantum yield of bound dye, with ex-
citation in the region of DNA absorption. Their results indicate that
a large fraction of the energy absorbed by the DNA is transferred to
the dye. Similar observations have recently been made by Le Fecq ( 44)
with the dye ethidium bromide.

Isenberg and coworkers ( 32) nave observed delayed fluorescence
from acridine orange, proflavine and quinscrine bound to DNA when the
complex was excited in the rogion of UNA absoorption, but not when ex-
cited with visible light absorbed by the dye. The excitation spectrum
of the delayed fluorescence corresponds with that of DNA phesphores-
cence. They have interpreted the data es indicating triplet URA to
ginglet dye energy transfer of the type postulated by Forster. However,
it has been shown that acridine dyes by themselves, in rigid medis,
show delayed fluorescence only when excited to higher lying excited
states and the méchanism is believed to involve photoionization and
recombination \ 45). The delayed fluorescence in this case is of much
longer duration than that seen by Igenberg et al; however, the possi-
bility that the delayed fluorescenée in their experiments arises from
photo-ionization and rcecombinetion can not be entirely excluded.

It should be emphasized that both singlet-singlet and triplet-

o]
singlet energy can occur over large distances (50 A or more) between
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donor and acceptor with good efficiency by virtue of the dipole~dipole
nature of the interaction.* It has been shown thet sensitized fluor-
escence from acridine orange occurs in solutions of adenosine, inosine,
thymidine or uridine ( 46). The presence of such transfers, therefore,
should not be taken as evidence favoring Pintercalation” or other models
in which the dyes are closely associated ﬁith the bases.

On the other hand, it has been pointed out that, in the case of
triplet-triplet energy transfer, experimental and theoretical evidence
demonstrate that there is a requirement for close apprecach of donor and
acceptor moities. In aromatic molecules this corresponds to an over-
lapping of the pi electron clouds of the participating molecules, This
strong dependence on distance then makes triplet energy transfer a
gensitive criterion for the association of donor with acceptor. It is
for this resson that an investigation of triplet-triplet energy transfer
from the bases of DA and polynucleotides to acridine dyes bound to

the polymers was undertaken.

Energy Transfer in DNA, Poly- and Dinucleotides

It wes indicated esarlier that a quentitative study of triplet
polymer to triplet dye energy transfer with polymer to dye ratio is

utilized in this work to study the delocalization of triplet excitation

* Electron exchange can contribute to the singlet-singlet interaction,

but for allowed singlets is negligible in comparison with the dipole-
dipole interaction., In the case of the triplet-singlet interaction,
however, contrary to the assumptions of Isenberg et al, electron ex-
change cannot contribute to the interaction by virtue of the fact

thet an electron exchange interaction does not implicitly involve spin
orbit coupling and the total spin must be conserved.
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in the polymers, A knowledge of the nature of the excited electronic
states of nucleic acids is not only fundamental for an understanding
of the photochenistry of these polymers and for the use of optical data
in determining secondary and tertiary structures of the polymers, but
pelynucleotides could also be useful as one-dimensional models for the
excited states of molecular aggregates, In addition to their one~
.dimensional character, they possess possible advantages over crystals,
such as the formation of mixed polymers with non-random sequences. A
review of current knowledge concerning the nature of the excited states
and the question of excitation delocalization in these polymers is
therefore presented in this section.

The presence of singlet-singlet interaction between the bases
in DNA and polynucleotides has been assumed in the theoretical treat-
ments of the hypochromism (47) seen in these polymers on helix forma-
tion, A marked shift in the 2€0 mp absorption band, however, which
could be attiributed to resonance interactions is not seen in golng from
the denatured to the native state. It has been suggested that the fail-
ure to observe a shif't in the absorption can be explained on the as-
sunption that DNA‘f‘orms a weak coupling system according to the eriter-
ion of Simpson and Peterson, and, therefore, splitting only occurs in
the individual vibronic bands (48). The exciton states to which transi-
tionsare allowed, however, depends on the relative geometry of the
transition moments in the aggregate, (49}, and it may be that the
allowed exciton states in DNA on geometrical consideration are near-
ly degenerate with the monbmer states. Therefore, while singlet-

singlet interactions involving higher lying virtual states account
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for the hypochromism, there is no positive evidence for resonance inter-
actions in the form of an exciton splitting.

Evidence suggesting thatl sinzlet sxcitation transfer ogccurs in
DNA has recently been presented from a study of the sensitized fluor-
escence of acridine dyes bound to DNA (43). From the variation of the
quantum efficiency and the depolarization of the dye fluorescence with
increasing polymer to dye ratio, it was concluded that 20 or more base
pairs contribute energy to a dye, and that the energy is transferred
from base to base resulting in depolarization. 1In view of the dipole-
dipole nature of the transfer, however, the emiergy, at least in part,
could be transferred directly at a distance. At higher polymer to dye
ratiocs, direct transfer from a number of bases would result in devolari-
zation of the fluorescence.

Singlet energy migration within DNA or efficient energy trans-
fer to dye, in spite of a very low fluorescence efficiency in DNA, would
not be surprising in that the lowest excited singlet state could be an
exciton state with a long radiative lifstime,

More convincing evidence in the past several years has accumu-
lated, suggesting that delocalization of triplet excitation occurs in
DNA, poly- and diﬁucleotides.

Following from the initial observations of phosphorescence from
D¥A in glucose and water at 77° K by Steele and Szent-Gyorgyi (50}, Ber-
sohn and,Isénberg demonstrated phosphorescence from native DNA in glycer-
ol-water solutions st 77°K (51)(52). Based on both the phosphorescence
and ESR characteristics of DNA and the constituent nucleotides, Rahn,

Shulman and Longworth (53) concluded that the uv-induced state of
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native DNA was that of thymine in which a proton had been transferred
across the H-bond to adenine,

In the experiments of Bersohn and Isenberg, the binding of
Mn++ ion to native DNA resulted in quenching of the phosphorescence
but not the fluorescence of DNA, and,from the fact that a small quantity
of Mn++ effectively quenched the DA emlssion, they concluded that the
triplet excitation wes delocalized. The experiments have been repeated
with a number of paramagnetic ions (54 ). Rahn, Shulman and Longworth
(55 ) have shown that quenching occurs without a change in the lifetime
of the phosphorescence and, therefore, the diffusion model of Bersohn
and Isenberg for the excitation migration has been questioned, This
point will be discussed in detail in a later section,

The observations of selective quenching of the phosphorescencs
of polyadenylic acid by small quantities of Mn++ {( 51) (52 ) has been
confirmed with Mn++, Co++ and Ni++ and studied quantitatively by Eis-
jnger and Shulman (56 ). They found that approximately 100 residues
are quenched by a single bound paramagnetic ion, but that for poly 4,
which is only seven residues long, one ion per seven residues is re-
quired to quench the phosphorescence, thus supporting the idea of a
delocalized excifation. |

The experiments of Eisinger and Shulmen were extended to
heterogeneous polymers containing adenine. From a lack of quenching
of the adenine phosphorescence in poly ApoU and from the fact that ap-
proximately one Co++ ion for every residue is required in order to
quench the phosphorescence, it was concluded that triplet energy is

not transferred from A to U and that U scts as a barrier to the
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migration of the adenine triplet.

The lack of transfer from A to U was also seen in the dinucleo-
tide 3'-5' UpA. DNo triplet-triplet transfer was seen from A in the di-
nucleotides ApC and ApG by virtue of the fact that the adenosine phos-
phor;acenoe lifetime was not shortened. While a decrease in the life-
time of a potential donor is strong evidence that transfer is occurring,
failure to note a2 shortened lifetime in itself does not entirely ex-
clude the possibility of triplet energy transfer. Triplet execitation
transfer is known to be very sensitive to distance. If a fraction of
the dinucleotides are unstacked, then they could emit with close to
their normal lifetime, while the fraction of the dinucleotides which
are stacked transfer ensrgy at a sufficiently rapid rate to completely
quench the phosphorescence of' the donor in those dinucleotides,

Helene, Douzou end Michelson have concluded that triplet energy
transfer from A does occur in ApC in ethanoliwater and GplA in water:
propylene glycol. 1iHelene has shown that in frozen aqucous mixtures of
nucleic acid derivatives in which thymine or thymine derivatives are
included, the phosphorescence is characteristic of the thymine partner.
The possibility of singlet-singlet transfer was not excluded however.
The phosphorescence of G4ACC and A were found, in addition, to be
quenched by U, In this case quenching at the singlet state level was
excluded by energy considerations. It was shown that neither H-bonding
nor proton transfer are a prerequisite for the observation of the
thymine triplet state, and the possibility that the uv-induced triplet
state of both poly dAT and DNA is that of thymine populated by T-T

trensfer rather than ionized thymine, (57, 58).
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It is apparent from the previous investigations of the excited
electronic states of DNA and polynucleotides that there is evidence
suggesting delocalization of the excitation. However, the broad
absorption bands and the low levels of emission from both the singlet
and triplet states maskes this evidence not entirely convineing. 1In
the work described in this dissertation some of these difficulties are
eliminated with the use of acridine dyes with characteristic emission,

as traps for the polymer triplet excitation.

EXPERIMENTAL

THE PRINCIPLE OF THE METHODS

While the matrix elements involved in exciton formation cen be
measured directly from absorption and emission spectra, such an experi-
mentel approach is difficult in the case of triplet excitons in view of
the low T-8° transition proebability and the fact that the triplet inter-
action energy is only expected to be of the order of several wave-
numbers (ho }» In the absence then of very sharp emission or absorp-
ticn lines, interaction between triplet states must be detected by
energy transfer experiments.

A number of experimental observations have been used to prove
or suggest that triplet-triplet transfer is occurring. The method
chosen depends in part on the nature of the system under study., In
the DNA-, polynucleotide-dye systems studied in this work, a number of
methods are utilized to investigate triplet energy transfer in these
complexes,

1) Triplet-triplet energy transfer can be demonstrated from
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the cobservation of an enhanced phosphorescence intensity of the ac-
ceptor in the presence of a donor. The interpretation of the results,
however, can be complicated by the simultaneocus occurrence of singlet
energy transfer., If singlet energy transfer to the acceptor cannot be
ruled out by a failure to conserve energy, then it must be shown that
it does not completely account for the sensitized phosphorescence, The
problem is simplified if the acceptor has an mrea of absorption in a
part of the spectrum whers the acceptor does not absorb. The DNA-,
polynucleotide~acridine systems in which the first singlet-singlet ab-
sorption band of the dye lies far to the red of the abserption band of
the bases of the pelynucleotides and DNA, fall in this category,

A criterion for the occurrence of triplet~iriplet energy trans-
fer from polymer to dye can then be arrived at, with the aid of the
Jablonski diagram in Fig, 1 for the case of a hypothetical polymer-dye
complex. Excitation of the complex with visible light results in ab-
sorption by the dye, giving rise to the first excited singlet state of
the dye (sﬁ-*sg). A dye molecule in the first excited singlet state
can then release the excitation energy as fluorescence (sg-—»s;),
possibly return to the ground state by a radiationless transition,
(SD“f’S;), or undergo intersystem crossing to give rise to a triplet
state (S;’V*TD). From the triplet state the molecule can undergo
radiationless transitions to the ground state (TD’V"S;), or emit a
quanta of energy as phosphorescence (TD~—>SS). ‘The intensities of
fluorescence and phosphorescence are dependent on the amount of light
absorption by the dye, that is, on the exciting light intensity and the

extinction coefficient at the exciting wavelength; however, the ratio
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FIG, 1

Jablonski Diagram For a Hypothetical
Polymer - Dye Complex.
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of intensities of phosphorescence to fluorescence Pvis/fVis’ where p
and f represent phosphorescence and fluorescence intensities respective-

ly and the subacript denotes visible excitation, depends only on

vis
internal properties of the dye., Excitation of the complex with uv
light results in sbsorption by both the dye (85—>52) and the polymer
(S;“*’S;). In the absence of transfer from the polymer to dye, the
dye excited to a higher excited singlet state undergoes internal con-
version with high efficiency to return to the lowest excited singlet
state and, from there, the excitation can then take any of the paths
which were available to it on direct excitation to the lowest excited
ginglet state, with the same probabilities. Therefore, while the ab-
solute intensities of fluorescence and phosphorescence are different,
the ratio of phosphorescence to fluorescence remains constant with
exciting wavelength, Energy transfer from the polymer to the singlet
state of the dye by singlet-singlet (S;’bﬁ*sg) or triplet-singlet
(TPWSI“D) transfer yields the same result. Any process which in-
creases the population of the lowest excited singlet state of the dye
does not alter thep/f ratio by virtue of the fact that the triplet
state is being populated in proportion to the population of the singlet
state, With the occurrence of t:iplet polymer to triplet dye (TP\r9TD)
energy transfer on the other hand, the triplet state of the dye is
populated directly from the polymer, without going through the excited
singlet state of the dye and, therefore, fhis pathway alone selective-
ly enhances the phosphorescence of the dye and increases the p/f ratio

over its value with visible light excitation. Therefore, a criterion

for triplet-triplet energy transfer can be written in the form:
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Puv Pvis

. > Tois for T-T transfer
Puv Pyis

= for no detectable transfer
fun Tvis

It is evident that the method has the advantage of possessing
an internal standard. A comparison is made with all variables except
the wavelength of the exciting light remaining fixed. Thus perturba-
tions to the electronic structure of the dye which arise on binding are
present under both transfer conditions and control.

While the technique described above provides the principle evi-
dence for triplet-triplet energy transfer in this work, several other
approaches are used in support of the first method.

2) Quenching of the phosphorescence of the donor is expected in
the presence of triplet energy transfer to an acceptor. The observation
of ‘quenching of the donor emission in the presence of a donor does not
prove that triplet energy treansfer is occurring.

In the polymer-dye case, it must be shown in the form of a de-
crease in the p/f ratio of the polymer that the quenching is not occur-
ring at the excited singlet state but specifiically at the polymer trip-
let. This observation still does not unequivecally demonstrate triplet-
triplet energy transfer, in thatthe p/f ratio of the polymer must be
determined in the presence and absence of the dye, and perturbations by
the dye to the electronic structure of the polymer could lower the p/f
retio by enhancing 7-5° radistionlese transitions or decreasing inter-
system crossing,

3) If either an enhanced dye phosphorescence from triplet-
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triplet energy transfer from the polymer or a specific quenching of the
polymer phosphorescence occurs, then determination of the magnitude of
the enhancement or the quenching as s function of the number of polymer
residues per dye (ratio of hosts to traps) indicates the number of
residues which can interact indirectly with a dye (trap), and, therefore,
provides an indirect messurement of energy transfer in the polymer
(host).

L) A decrease in the lifetime of the triplet state of the donor
in the presence of the acceptor directly indicates an interaction at the
triplet level, The possibility, however, that the interaction shortens
the triplet lifetime by enhancing, for example, spin orbit dependent
T-5 transitions in the polymer, rather than by triplet-triplet transfer,
must be considered.

5) With pulsed excitation of the donor, the intensity of the
phosphorescence of the acceptor following the flash initially rises and
then decays normally. The transient rise comes from triplet excitation
being transferred from denor to acceptor after the pulse. This transient
rise in the acceptor phosphorescence is only observable when the trans-
fer time is long compared with the flash duration. If this is not the
case, all transfer occurs during the flash period and the emission de~
cays normally following the pulse. This technique has recently been
used in the study of triplet-triplet transfer between deutero-phenan-
threne and riaphthalene in a viscous medium (59 ).

6) Triplet-triplet transfer can be demonstrated by the observa-
tion of delayed fluorescence from the singlet states formed on annihila-

tion of triplets, It should be pointed out that it must be shown from
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the propsriies of the delayed fluorescence, such as a square dependence

on the exciting light intensity, that it arises from triplet-triplet

annihilation and not from other processes.

AFPARATUS AND EXPERIMENTAL FROCEDURES

Steady State Emission

Emission intensities with constant illumination were measured
with & spectrofiuorimetor,— phosphorimeter built in this laboratory.
The source of illumination was an Osram HBO-200 high pressure Hg arc,
which was operated on dc¢ current supplied by 120 v batteries. The
wavelength of the exciting light was selected by a Bausch and Lomb
50C mm focal length, 3.3 millimicrons per millimeter linear dispersion
grating monochromator, fitted with quartz optics and blazed in the uv,
The exciting light was focussed onto the sample with a 5¢ mm focal
length quartz lens and emission was observed at right angles to excita-
tion. The wavelength of the emitted light was selected by = second
Bausch and Lomb monochromator of the same type only blazed for 500 mp.
The variable slits on the monochromators were normally 2 mm. The ocut-
put of the emission monochromator was focussed onto the cathode of an
RCA IP-21 photomultiplier tube which was routinely cocled with dry ice
to reduce the photomultiplier dark current. The photocurrent was
measured as a voltage mcross a variable resistance (107 - 101251-) by a
Keithley electrometer and the unity voltage gain output was used to
drive the Y axis of a }oseley X-¥ recorder. The signal gain was

variable over a further range of lO4 with the Y-axis amplifiier of the

recorder, The X-axis of the recorder was connected to a potentiometer
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circuit in which the variable resistance was geared to the wavelength
drum of the emission monochromator. A variable voltage (0 - 4.5 volts)
was supplied to the X-axis with changes in wavelength., An emission
spectrum was then obtained by manuasl rotation of the wavelength drum of
the emission moncchromator, while recording the emission signal along
the Y-axisa,

The sample compartment which was connected to the emission mono-
chromator at the entrance slit was constructed around an Aminco Keirs
phosphoroscope. The rotating cup of the phosphoroscope which alter-
nately permits excitation and observation of delayed emission was easily
removed with its motor from the bottom of the sample compartment, with-
out altering the position of the sample, to allow fluorescence measure-
ments to be made. The speed of the rotating cup was variable with a
Variac transformer, but was normally operated under conditions with an
approximately 2 msec delay between excitation and observation of
emission.

The sample was held in a lmm inside diameter quartz micro sample
tube and the sample tube was held in the center of a small quartz devwar
flask which was placed in the sample compartment from above. Dry nitro-
gen was constantly circulated through the sample compartment to prevent
condensation of water vapor on the wall of the liquid nitrogen filled
dewar and, in addition, was circulated over the outer face of a quartz
window on.the photomultiplier housing for the same reason. The inabili-
ty to accurately center the sample tubes in the quartz dewar resulted in
large errors in the measured emission intensities. The samplec tubes

were centered as accurately as possible by eye and the dewar was rotated



25
in its holder until the maximum intensity was attained, This still re-
sults in considerable errors ¢/} in determining absolute intensities,
and the most reliable results are those which depend only on ratiocs of
emission intensities. Measurements of the dye emission in triplet
energy transfer experiments were then performed by determining the
phosphorescence intensity with excitation in the visible and the uv.
The rotating cup was removed and the fluorescence was measured with the
same two exciting wavelengths. In this way the four required components
of the emission could be measured on a single sample, without altering

the position of the sample holder.

Kinetic Experiments - Lifetimes

Lifetimss of delayed emission were deotcrmined with the phospho-
roscope rotating. The emission monochrometor wes set at a fixed wave-
length and the X - axis of the X - Y recorder was operated in the time
mode of operation. With the recorder scanning as a function of time,
the exciting beam was closed with a camera shutter and the decay of the
emission was recorded, The system was only useful for lifetimes greater

than 200 msec.

Flash Experiments

The steady state apparatus was modified to perform millisecond
flash experiments. A 15 msec., flash was achieved with a multileaf
camera shutter in the execiting beam. The electrometer and recorder
were eliminated because of their slow response time and the photocurrent

was measured directly across the 10611 input resistance of a Tektronie
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535 oscilloscope, A low leakage semi-conductor diode in parallel with
the input resistance prevented the signal during the flash period from
becoming greater than 0.4 v, This clipping increased the recovery rate
of the oscilloscope electronics following the large fluorescence signal
in the flash period. & 400 channel computer of average transients (GAT)
was connected in parallel with the main vertical amplifier of the oscil-
loscope at a point, one stage of amplification lower than the vertical
deflection plates, The CAT was triggered at the start of each sween
with the +20 volt gate of the oscilloscope, The CAT then sampled the
vertical signal at the 400 channels as a function of time, In this way,
the time history of the signal following each flash was displayed on the
oscilloscope and accumulated in the memory of the CAT. The accumulated
signa) was displayed on the CAT oscilloscope screen, and plotted on an
X - Y recorder through an analog output in the CAT. Accumulation of
flashes in this manner results in averaging of the noise, and, therefore,

enhancement of the signal to noise ratio.

Polarization Measurements

Polarization of the emission was determined with Glan-Thompson
prisms in the excitation and emission beams of the steady state apparatus.

The degree of polarization p is given by the general expressiont

p = Vv - Hv )
- Vg o+ Hy &)

where V and H represent the fluorescence intensities in the vertical and
horizontal components respectively and the subscript denotes the polari-

zation of the excitation; it was used in its corrected forms
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v 27 v
where the prime ' superscript indicates that the components are the
measured quantities end t2 is a factor which corrects for polarization
effects in the analysing monochromator.

The ratio of intensities of the vertical to horizontal ecomponents
of light transmitted by the excitation and by the emission monochromators,
referred to as ty and t2 reaspectively, were determined essentially by
the methods of Weill and Calvin ( 43) and Azumi and McGlynn (60 ).*

The t4 factor was determined at room temperature, using the
fluorescence from a dilute solution of 9-aminoacridine as a source of
depolarized light; the ratio of fluorescence intensity with the exciting
light polarized vertically to that, with the exciting light polarized

horizontally was taken equal to t,. The second method is based on the

fact that for unpolarized light
H -‘Hh

while with polarization effects present:
H, = t1Hh
Therefore ty can be determined under conditions of the experiment at
77°K by measuring the horizontal component of emission with the excita-
tion polarized vertically and horizontally.
The t, factor was similarly determined. At room temperature,
the fluorescence from dilute solutions of amcridine orange and rhodamine

B were also used to obtain t, at the wavelengths of 9-aminoacridine

* The notation of Weill and Calvin is used here,
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phosphorescence. In this case the ratio of intensities of vertically
and horizontally emitted light was determined with unpolarized light or

with light with a fixed polarization. At low temperature, i, was

determined from the ratio
t, =Vp

Yy

¥hile only the t, factor is used in obtaining polarization values,

values for both t, and t, are required for corrections due to polariza-

1 2

tion by the monochromators.

Corrections to Emission Intensities from Anisotropy of Emission and

Polarization by the Monochromators

Emission intensities observed at right angles to excitation with
unpolarized light must be corrected in general for the anisoiropy of the
emitted light, A correction factor for this anisotropy is derived in
Appendix I and is given by:*

g, =2 - é
S (€)

where p is the degree of polarization defined above.
Multiplication of the emission intensities observed at right angles to

excitation by C4 corrects all intensities to zero polarization,

>+p
#  The anisotropy correction factor ——?—- derived by Weber is used in-

correctly by Weill and Calvin, in that the p in this expression signi-
fies polarization measured with unpolarized exciting light. Weill and
Calvin measured the degree of polarization with polarized exciting light
and, therefore, the correct expression for the correction factor in this
case is the one given in the text. That the two expressions give the
same result when used in conjunction with the proper p value can be
readily seen by substituting the maximum and minimum values of p in the
two cases, 0.5, - 0.33 respectively for polarized exciting light, and
0.33, - 0.143 for unpolarized light, into the corresponding expressions.
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In addition to the above correction for unpolarized light an
additicnal correction must be made for partial polarization of' the ex-
citing and emitted light which occurs on transmission through the mono-

chromators. This factor is given by:

C, = ( ) (4 - 2p) T (7)
1 -p 1L+t + bty +

wheére tl, tz and p are given above, While this expression differs from

that derived by Weill and Calvin, an obvious error occurs in their
final expression and, therefore, the derivation will not be repeated
here, The above correction reduces to unity in the absence of polariza-
tion effects by the monochromators (tl = t2 =1},

With the determination of tl and t2 at the exciting and emission
wavelengths respectively and of the degree of polarization p, emission

intensities can be corrected by multiplication by QA and Cma
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Materials

S9-Aminoacridine was obtained as the hydrochloridec from Dr. R. L.

Petsrson in this laboratory, It was synthesized by the method of Albert
and Ritchie (80 ). The hydrochloride was obtained by passing dry HCl
into an ethanol solution of the base. The precipitated hydrochloride

was recrystalized three times from 75% aqueous ETOH,

Acridine Orange was a product of National Aniline Division of

Allied Chemical end Dye Corp, It was further purified in this laboratory
by T. Burke by recrystallization as the free base from agueous sthanol

solution (9:1) end chromographed on alumina with elution by 0H015.

DNA. Calf thymus DNA was obtained from Worthington Biochemicals
as the K* salt. It was dissclved by dropwise addition of buffer, and
in most eases was used without further purification. In one set of
experiments the DNA was sxtracted three times with buffer saturated
phenol, and the phenol removed with ether extraction and dialysis
against the final buffer,

Native DNA concentrations were measured by absorbance at 257 mp
using a molar extinction coefficient of 6257 = 6.5 x 105 1 mczle"l cm—1
where the DNA concentration is expressed in term of molar concentration
of phosphate,

The CT-DNA was denatured in 2 x 10™°F salt by heating to

€0°C for 10 min. and quenching in ice water,

Polyadenylic acid (poly A}, oligicadenylic acid (Ap)F__, and

polyuridylic acid (poly U), were obtained from the Miles Chemical Co.
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as the ammonium salts., They were dissolved in buffer and used without

further purificaticn. The concentrations were determined by absorbance

using 6257 (poly &) = 1.04 x 107 1 mole-lcm_l

4 -1

1 mole'lcm .

s €560 (poly U) =
0.96 x 10

Solutions.

Complexes between the acridine dyes and the DNA and polynucleo-
tides were formed, in general, in 2 x 10_5F cacodylate, buffer pH-7.0,
and 2 x IO'BF NaCl., The low salt was used to assure complex formation
between the polymer and dye. Polymer concentrations varied from
2 x 10’1+ M, in phosphate, to 2 x 10-5 M. Dye concentrations ranged

-6 _ 1.2 x 10'4 M., The final solutions were formed by the

from 3.0 x 1C
addition of an equal volume of ethyleans glycol or glycerol. The 1lil
glycerol-H,0 solutions were allowsd to stand for at least % hr. at c°c
prior to cooling to liquid nitrogen temperature. In the case of the
copolymers the solutions were allowed to stand for 48-72 hrs. at 4°C to
assure formation of the polynucleotide complexes prior to cooling %o
77°K, Dry nitrogen was bubbled through the solutions for 20 minutes.

The solutions were cooled to 77°K in microsample tubes into

rigid glasses. Cracked glasses were obtained in nearly all cases.,
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RESULTS AI'D DISCUSSION

Emission Characteristics

In order to provide background information for the later
sections, the emission characteristics of the DNA- and polynucleotide -
acridine dye complexes investigated in this wofk are briefly described
and illustrated in the following section.

Excitation of 9-aminoecridine in a 1:l glycerol-i,0 or 1:1
ethylene glycol-HZO glass st 770K and pH 7.0 with either visible or
ultraviolet light resulits in a characteristic fluorescence spectrum
which is a "mirror image" of the lowest solution singlet-singlet ab-
sorption band. The positions of the peaks of the low temperature
spectrum in the glycerol-HZO glass in fig. 2(a) are very close to those
in the room temperature spectrum in fig. 2(b); however the individual
bands are sharper at the low temperature. The wavelength mexima and
the shape of the fluorescence spectrum is somewhat dependent on concentra-
tion; +the most distinctive feature being a decrease in the intensity of
the high energy band with concentrations above lO-bM. Radiative trans-
fer cannot account for the magnitude of the decrease and it wust arise
from dye-dye interactions involving the 0-0C band. In addition to the
structured fluorescence spectrum at low temperatures, a much weaker
phosphorescence is seen in fig. 3 with wavelength maxima at 556 mp
(18,000 cm_1). It is attributed to a 7—5° trensition by virtue of its
position and  its 2.1 second lifetime. Phosphorescence is only observed
with the phosphoroscope and at high gain, and is much too weak to be
seen in the fluorescence spectrum. A second broad band with e wave-

length maximum around 450 mu sppearing in the delayed emission spectrum
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FIG. 5

VAVELENGTH (mgﬂ
Delayed Emission Spectra of 9-aminoacridine,

Dye concentration = 1.5 x 10'1' M.
1 - >‘ex = 405 my,

2 - J\ex = 280 mp rel, gain = x 10,
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Table 1

Fluorescence behavior of 9-aminoacridine on binding to native CT-CNA

(9~aminoacridine conc, = 4,8 x 107°M),

Sample

free dye

free dye

bound dye
(p/D = 19)

bound dye
(P/D = 19)

vis

Temp,
(°x)
7

room temp,

77

room temp.

vis

{arb,units)

1;’00
1,32

1,08

oSk
o 79

Qmé

Data from one experiment,

fuv/ fvi L]

0.027
0.025
0,020

0,087
0.085

0.075

f_._ and fuv represent the fluorescence intensity with visible (405 mp)

and uv (280 mp) excitation,

The fluorescence intensity was routinely

determined at the heicht of the eenter band to minimize interference

from scattered radiation with 405 mp excitation,

Small errors intro-

duced due to charges in the height to area ratio are cancelled in taking

ratios of intensities at two exciting wavelengths.
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with uv excitation is attributed to emission from the glass., Emission
in this region was somewhat lower in glycerol than ethylene-glycol. In
the glycerol-H20 glass peaks appear in the uv-induced spectrum in this
region at positions corresponding to the normal fluorescence of the dye.
Delayed fluorescence of the type observed by Lim et al. in acridine (45)
systems and attributed to photo-ionization and recombination could ac-
count for these peaks. Their contribution, however; is too small to be
seriously considered.

The emission properties of the dye on binding to DNA and poly-
nucleotides at high polymer to dye ratio are not markedly perturbed from
those of the free dye. As shown in Fig. 2(c), the shape of the spectrum
remains the same but is shifted to the red by 6 = 8 mp., This red shift
in the fluorescence spectrum of 9-sminoacridine on binding to DNA is
observed both in aqueous solution* and 1:1 glycerol-H,0 mixtures at
room temperature[iﬂg. 2(d71. The fluorescence intensity of the dye in-
duced with visible light remains essentially constant on formation of
the high polymer to dye complex, as shown in table 1. When the solutions
are warmed to room temperature, however, the intensity of the free dye
remains constant while the fluorescence from the bound dye is quenched
to sbout 7% of the low temperature intensity. Quenching of 9-amino-
scridine fluorescence on binding to DNA in aqueous solution at room
temperature has been previously observed ( 5 ). The fact that quenching

occurs in the bound dye at room temperature suggests that perhaps nuclear

* A small red shift in the asbsorption spectra of the acridines on
binding to DNA is frequently observed and occurs with 9-amincacridine
and DA in a 1:1 glycerol-i,0 solutien at room temperature.
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motions within the DVA enhance intersystem crossing in the dye. This
suggestion, however, is purely speculative. A study of the fluorescence
behavior of bound 9-sminoacridine at intermediate temperatures would in-
dicate the critical temperature range for the quenching and might prove
useful in determining the mechanism.

The ratio fuv/fvis of the dye is enhanced by a factor of three
on going from the free to the bound form, both at room temperature and
at 77°K. While, as stated earlier, this cannot be quantitatively inter-
preted in the absence of absorption data, in view of the relatively
small perturbations to the optical properties of the dye on binding the
magnitude of the increase can only be explained by singlet energy trans-
fer from the DNA, Crude calculations based on the assumption that the
absorption probabilities are not changed indicates that 3 - 4 bases can
transfer singlet energy completely to a dye. These data confirm the
earlier observations of singlet energy transfer in these systems.

The position of the wavelength maximum of the bound dye phosphor-~
escence shown in Fig. 4 is blue shifted by about 5 mp from the free dye
and the lifetime is still 2.1 sec. The intensity with visible excita~
tion remains within about 10% of that of the free dye at the same con-

centration. No careful gquantitative measures of the differences in

emission intensities between free and bound dye were made in view of the
expected shifts in the absorption spectrum of the dye on binding. A
smell amount of delayed emission not present in the free dye spectrum
appears at shorter wavelengths (450-550mpu) than the dye phosphorescence.
Its presence was seen to a varieble extent. Its probable origin will be

considered later and it was ignored in calculating the phosphorescence
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FIG. 4, Delayed Emission from 9-aminoacridine - Native DNA complex.

() 1= A = 405 m,
2- A

= 280 mp, rel, gain = x 1,

DA concentration = 9.0 x 10'1‘:«1.

ex

(8) 1- A, = l05m,
2 - )\ex = 247 mp, rel, gain = x 5

DA concentration = 2.3 x 10724,



WAVELENGTH (mp)

WAVELENGTH (my)
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intensities.

In the uv-induced delayed emission spectrum of the high P/D
complex of 9-aminocacridine with DNA seen in fig., 4, a broad emission
occurs between 400 and 550 mp. Emission from both the glycerol and the
DNA ocecur in this region and contribute to the intensity, and, in ad-
dition, there is delayed fluorescence from the dye, with the character-
istic fluorescence peaks of 9-sminocacridine in evidence. The observa-
tion of delayed fluorescence with uv but not with visible light is con-
sistent with the observations of Isenberg et al in complexes of DNA and
acridine orange, proflavine and quinacrine ( 32). The DNA phosphores—
cence is partially quenched at high P/D, btut thé degree of quenching is
difficult to estimate. "

The intensity snd nature of the emission in this region of
polymer emission depends on the polymer present in the complex., The
emission is most clearly defined in complexes with polyadenylic acid,
The phosphorescence and fluorescence from poly A at neutral pH are at
least an order of magnitude greater than in DNA and the phosphorescence
has a characteristic structured appearance. Under these conditions the
emission from glycerol can be ignored and the polymer emission reliably
measured. Emission from poly A at neutral pH in the absence of dye is
shown in Fig. 5.

In the presence of poly U the fluorescence maxima of 9-amino-
seridine shown in Fig. 6(a) appears to be red shifted by only 1 or 2 mp
at high P/D. This is consistent with the lack of a red shift observed
for the binding of dye +to apurinic acid (8 ). No emission from the

polymer is observed and the characteristic peaks in the spectrum cor-



42 FlG. 5

WAVELENGTH (mp)

Emission Spectra of Poly A (neutral pH)

1 « Total emission spectrum.,

2 ~ Emission with the phosphoroscope, rel. gain = x 10,
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FIG., 6, Emission From the 9-aminoacridine - Poly U.

Poly U concentration = 6.7 x IO'AM.

(a) Fluorescence (total emission)

1- A

ex

405 mp,

2 - kéx 280 mp, rel. gain = x 10,

(b) Delayed Emission
1 - A, = 405 mn

2 - kex = 280 mu, rel. gain = x 1.*

*  gain of (b1) relative to (a1) = 104
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responding to uv-induced delayed fluorescence of the dye are absent;
the emission in the delayed spectrum in the 450 mp range belng essential-
ly that of glycerol Kfig, 6(bi].

The normal and delayed emission spectra for acridine orange bound
to native DNA at high P/D are shown in Fig. 7(a) and Pig, 7(b). The
emission in genergl appears at higher wavelengths than 9-aminoacridine,
The fluorescence maximum appears at 520 mu and the phosphorescence at
610 mn. In the'delayed emission spectrum, in addition to the phosphor-
escence, delayed emission is observed with the same shape, and appearing
at the same wavelengith as the normal fluorescence. This emission only
appears on uv excitation, again confirming the observations of Isenberg
et al ( 32).

The low P/D spectrum of acridine orange whown in Fig. 8 is not
markedly altered from the high P/D emission, except that,in this case,
delayed fluorescence also appears with visible excitation. The probable
source of this emission which does not involve excitation of the DNA
will be considered in a later section.

As can be geen from Fig., 8 the fluorescence spectrum of 9-amino-
acridine at low P/D ratios is complicated. The fact that the spectra
are no longer identical with visible and uv excitation indicates that
more than one type of complex is present and that one or the other is
preferentially excited at the visible or uv exciting wavelengths., The
formation of a new complex at low F/D ratios could arise from occupation
of a second type of binding site on the polymer, from interactions be-
tween dyes on nearby binding sites, or a combination of both., In the

low P/D complex the emission in the 400-50C mp region appears to be due
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FIG. 7. Emission from the Acridine Orange - Native DNA complex.

(a)

(b)

DNA concentration = 9,0 x 1(')-4
Total Emission
1= Agyg = 436 mu
2 - Aex = 280 mp, rel. gain x 10

Delayed Emission

1= Agy = 436 mp

2 - Agg = 280 mp, rel. gain - x 1

The small peak in the delayed emission spectrum at the exciting
wavelength (436 mp) arises from exciting light which is scattered
outside of the phosphoroscope cup.

Rel. gain of (a) - 1 to (b) - 1 = 10%



b7

WAVELENGTH {mp)



X2, -2
X3

‘i gon = Y - T “n ggn = Toy - T

SUTPTIOROUTWE~4 WOJJ UCTSsTu padela@ (P) VNO - 93uBi) SUTPTIOY WOJLF UOTSSTUH pefereq (4)

X2

9

0L X = ured *Tea ‘uw ogg = "¢ -~ 2 O X = wred *fex ‘ruw gz

it

0
-~

'z = uTed *Tox ‘tw ogz = Y - g Of X = uged °1ea ‘rw ogg = *°¢ - 2

o = X T “w gen = MOy - T

W maOﬁ X G°f = UOT3BIQUIOUCD YNO H maoﬂ X Q%6 = UOTLBIGJUIOUOD T
S0USVSSJIONT SUTPTIOBROUTUE-S () 2durI( SUTPTJIOY WOJJ ©OUSVSdIOUT (B)

d/d #07 3e 'Igoedg UOTSSTWY  *g *OTF



(Mw) HIONITIAVM (Hw) HIONITIAVM
006 B 005 009




50

essentially to glycerol, the DNA phosphorescence being entirely quenched,
In viow of the complex nature of the fluorescence spectruw al low P/D,
the high P/D case will be primarily considered here, The low P/D dye
spectrum will be considered again in discussing dye-dye interactions.

The observation of delayed fluorescence from the dyes bound to
DNA will be dealt with and discussed in relation to the original observa-
tion of dslayed fluorescence in these systems by Isenberg et al (32) in
a latér-section, The important observetion with regard to the investi-
gation of triplet energy transfer is that emission from both the singlet
and triplet state of the dye can be detected and measured, and, there~
fore, the data can be analyzed in terms of triplet polymer to triplet

dye energy transfer,

TRIPLET-TRIPLET ENERGY TRANSFER IN THE 9-AMINOACRIDINE-NATIVE DNA COMPLEX

Phosphorescence to Fluorescence Ratios of Bound and Free 9-Aminocacridine

The phosphorescence and fluorescence intensities of 9-amino-
ecridine in a high P/D complex with native DNA and in the free form,
were determined from the phosphorescence and the fluorescence spectra,
The ratio of dye phosphorescence to fluorescence intensities with uv
excitation was normalized by the corresponding ratioc with visible exci-
tation, and the results from a number of experiments are given in table
II., The values given in table II represent the maximum value obtained
at high P/D. The R values shown in table II for 9-aminocacridine in the

native UNA complex indicate that the total uv-induced phosphorescence

in the dye is 7 - 11 times greater than that component of the phosphor-

escence which arises via intersystem crossing from the lowest singlet
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Table II

Relative Enhancement in 9-Aminoacridine Phosphorescence to Fluorescence

Ratio with UV Excitation.

Dye(§§n°- F/D Pv1s/Ti1s R Puv/fgv
Pyis/Tvig

9.4 x 1077 | ok 5.6 x 107 11

3.6 x 1077 25 5.3 x 10~ 7.5
5.0 x 107° 33 3.4 x 1077 8.2
4.8 x 1077 0 6,0 x 1077 1,46
4.8 x 1077 0 5.4 x 1070 1.74
2.8 x 1077 0 4,6 x 1077 1.55
5.0 x 1074 0 2.0 x 107 1.46

ot

(DNA) = 8.1 % 1.4 (mean of 10 samples)

2ot

(Free Dye) = 1.48 # .12 (mean of 7 samples)

*  The values given for the p/f ratios are approximately 60 X smaller
than the real valuss due to averaging of the phosphorescence intensity
by the rotating cup of the phosphoroscope and the decrease in photo-~
multiplier sensitivity at the wavelengths of phosphorescence relative

to fluorescence.
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state of the dye. On the other hand, the R values for free $-amino-

acridine are close to one, These uncorrected R values for free dye,
however, are significantly different from unity.

The reason for the rather wide variations (* 1.4) in the R
velues for O-aminoacridine - native DNA complexes from experiment to
experiment is unknown. Considerable error is undoubtedly made in de-
termining the intensities of dye phosphorescence with uv excitation in
view of the necessity of correcting for the emission from DNA and
glycerol. The correction is mede with use of the ratio of emission in-
tensity in the absence of dye at the wavelength of the dye phosphores-
cence, to a reference intensity at a wavelength outside of the dye
phosphorescence band, In spite of changes in the relative amount of
DNA and glycerol emission on complex formation with the dye, under the
conditions of the experiments given in table II, this error could not
amount to more than 15%. Reproducibility in a given experiment is
within * 5%. These errors,therefore, cannot totally account for the
lack of reproducibility from experiment to experiment., While phenol
extrection of the DNA increased the maximum R value over non-extracted
DNA in one experiment, higher values wers seen in other experiments with
non-extracted DNA, suggesting that the variation is not caused by the
presence of protein impurities in the DNA.

The absolute values of R given’in table II are in error due to
the anisotropy of each of the emission components which constitute a
single R value, and corrections for this anisotropy must be made to ob-
tain the correct R values, Polarization measurements were carried out

in the experiments described in the following section. The values of R
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determined here will be seen to essentially be unaltered by these

corrections.

Emission Corrections

Monochromator Correction Factors

The t1 and t2 factors for the excitation and emission mono-
chromators respectively, measured at the wavelengths of excitation and
emission, are giVen in table III. The t, and t2 values at given wave-
lengths are seen to depend on the method of determination. This varie-
tion has been observed and discussed by Azumi and McGlynn (60 ). In
measuring the degree of polarization the value of t2 determined under
the same conditions as for the polarization measurements, from the
relation t2 = Hg/Hh, should be used; however, this value undoubtedly
does not represent the true t, value for the emission monochromator in
view of the known errors resulting from the use of a Glan-Thompson prism
close to the monochrometor. The t, value obtained with the use of a
polaroid between the sample and emission monochromator was used in the
expression for the correction due to monochromator polarization effects.
It is more difficult to ascertain which value of t, should be used.
Measurements at low temperature account for the effects of the cylindri-
cal zeometry of the dewar and sample holder and the refractive index of
the liquid nitrogen; however, the displacement of the beam on rotation
of the Glan-Thompson prism undoubtedly introduces more error under these
conditions than when the large square cell sample holder was usecd in the

room temperature measurements,
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Table III

through Monochromators of One Polarized Component

Emission (mp)
455,
455,
455,
550.

Excitation (mpu)

ko3
ko3
ko3
247
247

Method -
G-T, prism, 77°K
G-T, prism, 298°%K
polaroid, 298°K
77°K
G-T, prism, 298°K

G-T, prism,

polaroid, 298°K

Method
G-T prism, 77°K
G-T prism, 298°K
polaroid, 298°K
G-T prism, 77°K

G-T prism, 298K

to

1+

0,72

"+

0.74

t+

1.00
0.77

0.75

0.95 I

t +

0.95

1,16 *

'+

1.05
Oc85 i

1.03 *

.01
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Polarization of Emission of Free and Bound 9-Aminoacridine

Measurements of the degree of polarization of the fluorescence
and phosphorescence of 9-aminoacridine excited with visible and uv light
were carried out on the free dye and the dye in the DNA complex and the
results are given in table IV for the wavelengths at whieh the emisajion
was routinely determined. The values for the degree of polarization
given in table IV were used along with the t4 and t, values in calcula-
ting the emission correction factors C, and C, (cf. p.28).

Polarization measurements were carried out in only a few experi-
ments, In addition to the technical difficulties involved in using
Glan-Thompson prisms, the phosphorescence intensity excited with uv
light wes too low to be reliably measured with polarizers. More reliable
determinations could be made by using FPoleroid type polarizers instead
of the Glan-Thompson prisms. This would eliminate the errors which
arise from displacement of the beam with rotation of the Glan-Thompson
prism and, in addition, the absorption type polarizers have a much
larger acceptance angle and would allow measurements of the degree of
polarization of lower emission intensities.

The polarization data on the free 9-smincecridine molecule is of
interest for its own sake. The degree of polarization of the dye fluor-
eascence with visible excitation is considerably lower than the theoreti-
cal value (+0.5) for parallel absorption and emission transition moments.
This probably arises, at least in part, from the fact that excitation
was not in tke0-0 band of the dye, In addition, as indicated in the
footnote to table IV, the highest absolute magnitudes of the dsgree of

polarization were observed from emission in the 0-0 band. The absolute
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Table IV

Polarization of 9-Amincacridine Emission in the Free and Bound Form

Free dye (1,5 x 10™0)

BExcitation Emisesion P
(mp) (mp)
403 fluor. 455 +0.18
247 | fluor. 455 -0.02
403 phosp, 553 -0.03
247 phosp. 553 -0.26

Bound dye (9.4 x 10™2M, P/D = 24)

403 fluor. 464 +0,09
247 fluor. 464 -0.01
4o3 phosp. 550 0.00
o247 phosp. 550 -0.08

The values reported here for the degree of polarization are for
emisgion at the wavelengths where it was routinely determined. Higher
absolute magnitudesfor the degree of polarization p were obtalned with

emission from the shortest wavelength (0-0O) emission band,
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magnitude of p for fluorescence decreased toward the long wavelength end
of the spectra. The degree of polarization of the phosphorcaccnce of
the free dye is séen to be negative with respect to both 405 and 247 mp
excitation, On the assumption that all singlet-singlet transition
moments are in the plene of the molecule, the fact that the phosphores-
cence is negatively polarized with excitation both at 405 mp and 247 mp
while the fluorescence excited with 247 mp is also negatively polarized,
suggests that the 7-8° transition moment is polarized out of the plane
of the molecule. However, substituting the values of p obtained from

emission in the O~0 band into the expression for the degree of polariza~

p = 43 cos®u -1 (8)
co8°X +3

where & is the angle between absorption and emission transition dipole

tion

moments, does not unambiguously lead to an out of plane T-8° transition
moment, An experiment carried out with excitation into the 0-C band of
the dye would probably lead to a firm assignment of the 7-8° transition

noment direction.

Calculation of Corrected R Punctions.

The phosphorescence and fluorescence intensities in the R
functione were corrected by multiplication by Cy and Cy (ef. p.28 ).
The total correction for the R function of the 9-aminoacridine - DNA
gonmplex was ¢calculated from the polarization data for each of the four
emission intensities, and was found to be 1.01. This lack of correction
arises not only as a result of cancellation among'the individual cor-

rection factors, but also as a result of the low degree of polarization.
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The R values given in table II for the S-aminoacridine-native DNA com-

plex are then essentially unaltered, and corrections were not made on

further measurements of R, The total correction factor for the R
function for free 9-aminocacridine was calculated using the two most
extreme values for t4. This gives u runge for the totul R correctilion

factor of 0.71 to 0.84 and a corrected R valus for free 9-aminocacridine

of 1,03-1,30. It should be pointed out that there was no way of pre-

dieting a priori that the corrections to the axperimental velues of R

would be small, Having made these corrections it is possible to con-

sider the interpretation of these data,

Anomalous p/f Ratios with UV Excitation.

According to the scheme outlined briefly in the experimental
section for the possible paths of excitation in the complex, R values
greater than unity indicate that triplet polymer to triplet dye energy
transfler is occurring. This can be placed on a quantitative basis with
a kinetic analysis which is presented in detail in Appendix II. The
analysis results in the following expression for the R function deter-

mined experimentally abave:

R = f)uv =14 ey (T5) (11.11)
(p/f)vis 43‘{ [ Ih + kg g (S;) + kt—s(Tp)]

where k¢_4 is the rate constant for triplet polymer to triplet dye trans-

fer, (Tp) represents the steady staste polymer triplet population”, and

®* A kinetic analysis gives a poor representation of the system in
characterizing the transfer with a single rate constant and in describ-
ing the population of excited states of polymer, This will become
clearer later in dealing with the excited states of the polymers. The
kinetic analysis has the advantage that it connects the theory with
experimentally measurable quantities in a simple way.,
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¢i the intersystem crossing efficiency in the dye, Iﬁ the rate of uv
absorption by the dye, ks—e the rate constant for singlet polymer -
singlet dye energy transfer, (S;) the population of excited singlet
state of the polymer, and kt-s the rate constant for triplet polymer - .

singlet dye energy transfer, The analysis again illustrates the point

that R values preater than unity indicate iriplet-iriplet energy trans-

fer. The magnitude of the additicnal term is given by the rate of
fopulating the dye triplet stste by triplet-triplet energy transfer
kt—t(Tp) relative to the rate of populating the dye triplet state by
all other pathways, i,e., the denomination is given by a sum of terms
I + ks_s(S;) + ktas(Tp) which represents the rate of populating the
lowest excited singlet state of the dye multiplied by the intersystem

crossing efficiency in the dye <¥i. On the basis of this analysis an

average value of (R=1) = 7 in the 9-aminoacridine - native DNA complex

indicates that the rate of populating the triplet state of the dye is

7 X greater by triplet-triplet energy transfer than by other pathways

which go through the lowest excited singlet state in the dye.

The fact that the corrscted R value for free 9-aminoscridine
still appears to be greater than one, indicates that with uv excitation
a smaell component of the phosphorescence does not arise by way of the
lovwest excited singlet state of the dye. According to the analysis
above, in the absence of triplet-triplet transfer there is no other
pathway for selectively populating the triplet state., The analysis,
however, is based on the assumption that internal conversion from the
higher excited singlet staté to the lowest excited singlet state occurs

with unit efficiency. This assumption is based largely on the observa-
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tion that fluorescence spectra and quantum yields, in general, are found
to be independent of the wavelength of excitation (61 ). Emission in
azulene, however, occurs from the second excited singlet state (62 ) and
anomalous p/f ratios with excitation to higher excited singlet states
huve been reported {67}, indicating thet rapid internel conversion
does not always occur, nor is it required theoretically (64), The
alternatives to internal conversion among excited singlet states are
emission from the higher excited singlet states or intersystem crossing
from the higher excited singlet state to the triplet manifold of states,
The latter process is obviously operating here and our results indicate
that ~ 15% of the excitation reaching the lowest triplet state of 9-
aminoacridine arrives by way of the triplet manifold following inter-
system crossing from a higher excited singlet state,

Having acknowledged the possibility of intersystem crossing
among higher excited states, the proposition can be made that the large
R values in the 9~aminoacridine - DNA complex arise by an enhancement
in the efficiency of this pathway on binding of the dye to DNA rather
than by triplet polymer to triplet dye energy transfer, While the
possibility of such an event cannot be completely ruled out on the
basis of the data presented up until this point, the results in a later

section do exclude the enhanced intersystem crossing hypothesis.,

DNA-ACRIDINE ORANGE COMPLEX
Having demonstrated triplet energy transfer from the bases of
native DNA to 9-sminoacridine, it was decided to investigate triplet

energy transfer in a sscond acridine dye - DNA complex.
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The phosphorescence and fluorsscence intensities from mscridine
orange bound to native DNA were determined. The intensity ratios were

calculated in the same manner as for 9-aminoacridine, and the results

are given in table V,

Table V

Triplet Energy Transfer in Native DNA-Acridine Orange

P/ Pyis/fyss R
9.1 2,0 x 1o‘4 1,06
19,0 2.2 x 107% 0.94

57 2.28 x 1072 0.98

4M

DNA conc.= 9.0 x 10~
It can be seen that there is no enhancement in the p/f ratio on uv
excitation, indicating that there is no detectable triplet DNA to
triplet acridine orange energy transfer.

The failure to detect triplet-triplet transfer in the acridine
orange complex is not altogether unexpected. It is evident from
equation (II.11) that the magnitude of R-1 is inversely proportional to
the intersystem crossing efficiency in the dye. The pvis/fvis ratio in
acridine orange is seen from table V to be almost a factor of 10 higher
than in 9-eminoacridine. On the assumption that the I0-fold difference

in the pvis/f ratio reflects a difference in intersystem crossing

vis
the R-1 value would be expected to be < 0.1 in the acridine orange

complex if the triplet transfer efficiency from DNA to dye were the

same as in 9-aminoacridine, The initial choice of 9-aminocacridine as
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the dye to be studied was based on its high fluorescence efficiency and,
therefore, low intersystem crossing efficiency.

Comperison of experimental date on triplet energy transfer for
a number of dyes by this technique, therefore, is not meaningful without
knowledge of thelr relative intersystem crossing efficlencies. Given
this information, it must be borne in mind that the efficiency of trip-
let transfer depends not only on the extent of overlap of the electron
clouds of the donor and acceptor, but also on their Franck-Condon
factors, An empirical measure of these factors can theoreticaelly be
obtained from the degree of overlapping of the polymer phosphorescence
spectrum and the §0—1T absorption spectrum of the dye, but the latter

in general is difficult to obtain,

NUCLEOTIDE-NUCLEOTIDE TRIPLET ENERGY TRANSFER IN NATIVE DNA
The data in the preceding section indicate that 9-aminoacridine
bound to native DNA is a trap for the nucleotide triplet excitation
energy, The amount of triplet energy being transferred to the dye was,
therefore, investigated as a function of the nucleotide to dye ratio to
determine the number of bases that can transfler triplet excitation to

a 9-aminoacridine molecule.

The Dependence of the Selective Enhancement of UV-Induced Phosphores-

cence on the P/D Ratio in the 9-Aminoacridine - Native DNA Complex.

The R values given in table II were the maximum limiting values

at high P/D. The magnitude of R, however, depends on the P/D ratio.
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The R values for a number of P/D ratios for the 9-aminoacridine ~ native

DNA complex are shown in table VI

Table VI

Values of R for the Native DNA-O-Aminoscridine Complex

P/D | R
5.0 1.86
9.0 3,90
15 4,54
18.7 7.20
25 7.50
4

DNA conc. = 9.0 x 107 M

Data are from one expexriment,

The selective enhancement in the uv-induced dye phosphorescence
is seen to increase with increasing P/D,

According to the kinetic analysis presented above, increases in
the R function given by equation (II,11) cen arise from: 4a) an in-
creased rate of triplet-triplet energy transfer fkt_t(Tp) » b) a de-
creased intersystem crossing in the dye ¢3, or ¢) a decreased rate of
populating the excited dye singlet, either by direct absorption Ié or by
energy transfer to the excited dye singlet state ks—s(s;) + kT_S(Tp) .

Some . of the ambiguity in interpretation of the results is eli-
minated with the use of sn sliernste criterion for itriplet-triplet
energy transfer., The data are calculated in terms of a difference be-

tween the ratio of dye phosphorescence intensities with uv to visible
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sxcitation and the corresponding ratio for the dye fluorescence, The
kinetic analysis in Appendix 1I gives the following expression for this
difference:

Puy - fur = A = Ik (T) (11.12)
Pvis £os i Ip

vls

This expression is again seen to be a msasure of iriplet polymer to
triplet dye energy transfer; A > 0 indicating the presence of triplet-
triplet energy transfer. The data calculated in this way no longer have
gignificance of a relative enhancement in the uv-induced phosphorescence
due to triplet-triplst energy transfer, Ths absoluts values of & are of
an arbitrary neture in that a comparison is now made between the rates of
triplet-triplet transfer ki . (Tp) and the rate of intsrsystem cros-
sing in the dye with visible excitation (‘ﬁi ID), and therefore depends
on the relative intensities of the exciting light at the uv and visible
wavelengtha., On the other hand, the I\ function has the advantage that

with the internal dye parameters Cbirand the extinction coefficient at

the wavelength of visible excitation remaining constant, an increase in

A with P/D can only be accounted for by an increase in the rate of

triplet excitation transfer per dye. With the use of & transfer of

energy to the singlet state of the dye does not appear explicitly in the
results, as is evident from the absence of the terms ks_g(S;), kt—a(Tp)
which appear in the denominator of the R-1 function. This does not mean
that singlet-singlet and triplet polymer to singlet dye energy transfer
do not affect the magnitude of 4, They do by affecting the population
of the triplet state of the polymer. Obviously if singlet energy trans-

fer is highly efficient, there can be no polymor triplets formed and,



65

therefore, (TP) and A will go to zero.
A kinetlc analysis glves a poor representation of the system in
that the term (Tp) does not in general represent the total pool of trip-
let excitation in the polymer, but only that fraction which contributes

to triplet-triplet energy transfer. Direct tranafer of itriplet energy

can almost certainly only occur between bases adjacent to a dye moleculse,
and the dye molecule, but not from baeses which are non-nearest neighbors
to a dye. In view of this, the term (Tp) can be regarded as the popula~
tion of triplet excitation occurring on purines or pyrimidines adjacent
to a dye without specifying where this excitation initially arcse, With
this interpretation, k,_; is the rate constant for transfer to a dye from
a nearsst neighbor base.

The ratio of dye phosphorescence intensitles at the itwo exciling
wavelengths, and the corresponding ratio of fluorescence intensities
were calculated and the individual ratios are plotted as a function of
P/D in Fig. 9 for one experiment, and the difference /\ ia plotted as a
function of P/D for a number of experiments in Fig. 10.

The ratio puv/pvis increases with increasing P/D to a limiting

value, while the ratio f remains essentially constant with P/D*,

uv/fvis

# While in the absence of absorption data, the constant fuv/fv'

ratio for P/D > 4 cannot be reliably interpreted as a contribu%ion

of only 4 or 5 bases in the DNA to singlei energy transfer to a dye,
this conclusion is consistent with the rough calculations made earlier.
This suggests that the contribution of singlet excitation from a larger
number of bases in DNA to acridine orange fluorescence may be due in
part to direct interactions between dye and distant bases as a result
of the higher oscillator strength in acridine orange then in 9-amino-
acridine, and not entirely as a result of singlet energy delocalization
within the polymer, as this should result in contribution from an equal
number of bases in both cases, A comparison of the change in the actual
quantum efficiency of 9-aminoacridine fluorescence as a function of P/D
with the data obtained for acridine orange by Weill and Calvin (43)
would be of interest.
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except for very low P/D values, The difference in these ratios given by

A is seen to increase with P/D and reach a limlting value at a P/D of

about 20-25. This observation is consistent with the hypothesis that

the rate of transfer of triplet excitation to & dye increases with an

inereasing number of bases available psr dye. It has not been proven,

however, that an increase in triplet energy transfer to a dye is occur-
ring. The increase in & with P/D could arise from: a) a variation in
intersystem crossing efficiency ‘#i in the dye with P/D,which results in
an increase in ék[bf. eq. (II.12)] or, b) an increase in the fraction
of the dye bound with increasing P/D. If the bound dye were to possess
a characteristic 4\ then, irrespective of whether it was the result
of triplet energy iransfer or due to intersystem crossing among higher
excited states, the increasing fraction of the dye bound would incresase

A

It can be shown that these two hypotheses cannot account for the
increase in & with P/D,

It was indicated earlier that the optical properties of 9-amino-
acridine do not remain constant with P/D. The fluorescence spectrum is
red shifted and in addition the dye phosphorescence to fluorescsnce
ratio with visible excitation is enhanced on going to low P/D., These
changes, however, are confined to P/D values below about 7. Both the
fluorescence spectrum and the pvis/fvis ratio remain fixed for P/D
values greater than 7, and the absorption spectrum of these solutions at
room temperature is unaltered over this range, indicating that a single
type of complex in terms of optical behavior is present, The A function,

on the other hand, increases by a factor of 3.5 - 4.0 X in going from
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P/D = 7 to its maximum value at high P/D.
With some reservations, one can; in addition, investigate the

low P/D region. The increase in the Pvis/f ratio that occurs at low

vis
P/D cannot unequivocally to be interpreted as an enhanced intersystem
crbssing in that, in view of the low phosphorescence linitensitly, all of
the excitation in the dye probably does not appear as emission, i.s.,
¢q=+-¢P % 1, However, enhanced intersystem crossing as a result of
dye-dye interactions is not unexpected (49 ). The change in the Pvis/

by ratio was assumed, therefore, to ocsur as a result of intersystem

vis

crogsing and the relative change in the Pvis/f ratio was taken as the

vis
relative change in 4>i. If the & values in Fig. 9 are divided by the
relative change in dbi at the corresponding P/D value, the shape of the
Acurve is essentially unaltered, This indicates that, even in the low
P/D region where enhanced intersystem crossing probably occurs, the in-
cremse in £\ cannot be accounted for by this effect.

The dye is totally bound to DNA at all P/D ratios. This is in-
dicated bys a) The position of the fluorescence maxima remain fixed for
P/D > 5, but are red shifted from the free dye spectrum. The magnitude
of the shift on binding, however, as indicated earlier, is small and this
argument in itself is not very convincing. b) The magnitude of R,which
depends on the P/D ratio, ie constant at a fixed P/D over at least a ten-

fold change in the DNA and 9-aminoacridine concentrations, as is evident

from table VII*. If the experiments were carried out in a range of

* The 2> values tend to decrease at high concentrations of polymer and
dye at high P/D. Due to the high 0.D. of the solutions, self absorption
of the uv light by the polymer is expected to be significant even in the
1 mm cells and is probably the cause. This effect is removed in calcula-
ting R values in that the decrease appears both in the uv-induced fluor-
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escence as well as phosphorescence., For this reason, measurements of
were made under conditions where the polymer concentration remained
constant and the dye concentration was waried.

Table VII
P/D DNA conc. (M) R
5.3 1.2 x 1070 2.20
543 2.0 x 1o‘4 2,09
12.8 1.2 x 1070 4,30
12.8 1.2 x 1074 4,25

concentrations where free dye was present, and the increasing R and
values with P/D were simply the result of an increased fraction of the
dye bound at high P/D, then a %ten-fold dilution at a fixed P/D would
certainly be expected to result in s marked reduction in R or &, At
roon temperature the fractional decrease in the dye fluorescence which
occurs on binding is also invarisnt to at least a six-fold dilution from
the concentrations used in these studies. This again illustrates that
the dye, at the concentration usecd here, is essentially all bound even
at room temperature,

The fact that the R and A wvalues increase with increasing P/D,

under conditions where the emission propertiea of the dye whiech is

totally bound remain constant, excludes the possibility that the large

R values in the S-sminocacridine -~ native DA complex arise as a result

of an enhancement in intersystemn crossing between higher excited states

in the dye on binding. In such an event the enhancement would not be

expected to increase further, simply by increasing the P/D ratio.

It is concluded, on the bagis of the above evidence, therefore,
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that the increase in A with P/D for the 9-aminoacridine - native DNA

complex results from an increasé in the population of polymer triplet

which can contribute to triplet DNA to triplet dye energy transfer,

The increase in the probability of triplet transfer to a dye
with increasing P/D undoubtedly arises as a result of nucleotide-nucleo-
tide triplet energy transfer within the DNA helix., With increasing P/D
a greater number of bases per dye become.available to transfer energy
to bases adjaceht to bound dye molecules, from which the excitation can
be trapped by trensfer to the triplet state of the dye. These data
support the conclusion of Bersohn and Isenberg ( 51) that triplet migra-
tion is occurring in DNA, based on the observation that the fraction of
the DNA phosphorescence quenched by Mn** was much greater than the
fraction of the binding sites occupied by the ion.

The observation that the amount of triplet excitation being trans-
ferred to a dye tends to a limiting value for P/D ~ 20 indicates that
there is a finite pathlength for energy migration within the native DNA
structure, It was anticipated in the original hypothesis that such a
saturation would occur as a result of the finite lifetime for triplet
excitation within the DNA (65 }. A diffusion model for migration of
triplet excitation in DNA based on this same premise has been derived by
Bersohn and Isenberg ( 51), Their equation (14) for the fraction of the
DNA phosphorescence in the presence of quenchers, which is represented
by ™Q", is rearranged in AppendixIIl to give !, a function which re-
presents the intensity of phosphorescence quenched per dye. The Q'
function was fitted to the experimental values of & with an adjustable

parameter Tc, the reciprocal of the nearest neighbor jumping frequency,
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on the assumption that transfer to a dye molecule from nearest neighbor
bases is 100% efficient, While the fit is not particularly good, the

Te value is in agreement with the values roughly calculated from the
data of Isenberg et al (54) and Shulman et al ( 55) on quenching of the
DNA phosphorescence by paramasgnetic ions. The comparison is shown in
table VIII,

Table VIII

Values of Tc for native DNA calculated on the Basis of the Diffusion

Model of Bersohn and Isenberg

Method Te (sec)
T-T transfer to 9-aminoacridine 4,2 x 1077
Quenching by Mn®™ (Isenberg et al) 7.7 x 1077
Quenching by Ma*® (Shulman et al) 3.9 x 1077
Quenching by Cu™™ (Isenberg et al) 2.0 x 10“5

Calculated using T (DNA triplet lifetime) = 0.3 sec.

The agreement in the data is seen in fig., 11 where the expres-
gion (1-Q)/r (r= the number of Mn™* bound per phosphate) was roughly
calculated from the data of Isenberg et al. and was normalized to coin-
cide with A at high P/D. The similar behavior for the amount of
"quenching" per guest atom or molecule indicates that, irrespective of
whether the diffusion model is correct or not, the efficiency of trap-
ping the.DNA triplet excitation is similar for 9-aminocacridine and para-
magnetic ions.

The values of Tc imply that triplet energy transfer in DNA is

very slow, A slow transfer rate in DNA is not unexpected. Following
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vibrational relaxation to the lowest triplet state, triplet migration,
as a consequence of the heterogenaity of the polymer, must occur by trans-
fer through intervening bases with higher triplet energies. This should
result in a considerable decremse in the rate of migration in comparison
with the situation in which the monomers are identical. This point has
been previously discussed by Bersohn and Isenberg in considering the
very low hopping frequencies which arise from the fit of the data to the
diffusion model { 66 ). An important feature of a random walk model in
which the pathlength for the excitation is limited by the lifetime of
the polymer triplet state is that it predicts that triplet energy trans-
ferred to a dye at high P/D will have an average lifetime approaching
that of the polymer in the absence of transfer. This is because a
fraction of the excitation transferred to a dye at high P/D must migrate
over a considerable distence in the polymer before being transferred to
a dye. Kinetic experiments in which the DNA triplet state was populated
by pulsed excitation were performed with a view to: a) measuring this
slow transfer process at high P/D, and, b) providing a lower limit for

the rate of excitation transfer to a dye at low P/D.

Decay of the Dye Fluorescence Following Pulsed UV Excitation.

The decay of the dye phosphorescence with a 17 msec. pulse of
excitation is shown in Fig. 12 with excitation at 280 mu. The flash
period i1s distinguished by an intense fluorescence, The decay in Fig,
12 is a result of accumulation of many pulses of excitation which were
spaced at 10 sec. intervals to allow the triplet dye population to decay

back to the ground state between subsequent flashes., Following the



FIG. 12

78

Decay of the uv-induced phosphorescence from 9-aminoacridine

following puised excitation in the native DNA - dye complex.

(2)

(b}

Experimental decay of emission at 550 mp (dye
phosphorescence) with a 17 msec., flash at 280

mu. The decay curve ie the result of 4C flashes
accumulated in a multichannel analyzer.

DNA concentration = 5.0 x IO_AM, P/D = 13
Theoretical decay curves for dye phosphorescence
calculated from equation ( 7 ) for various average
values of k, The intensity is expressed relative

to the intensity at the end of the flash period.



1.6

RELATIVE  INTENSITY
) »

©

0.8

( arb. units)

INTENSITY

79

WWWMM"W‘”M

10

° 40
TIME AFTER FLASH
( msec)
ke 10%sec™"
k= 103 sec!
k10" sec”
20 30

TIME AFTER FLASH (msec)



80

flash period the delayed esmission measured at the phosphorescence wave-
length maximum is seen to immediately decay with excitation at 280 mp.
This occurs in both the high and the low P/D complex., No transient rise
in the dye phosphorescence intensity is seen following pulsed uv excita-
tion in spite of the fact that the steady stale emission studies indi-
cate that 80% of uv~-induced dye phosphorescence arises from triplet-
triplet transfer in the high P/D complex.

Théoretical curves for the phosphorescence behavior following =
17 msec. flash with light absorbed by the polymer are shown in Fig. 1l2.
The curves in Fig. 12 are given by the following equation for the dye
triplet population Tp, following pulsed excitation in the polymer.

_ -kt

[ I, k1 1(1-e"%p%) & D

;- _—
ke kD(kp - ij

- “kpt- -kt
R k I, (l-e kptf) (e D" _e Py (9)

k (kp-kD)

P

where TD = population of the dye triplet state, Ip and ID are the rates
of intersystem crossing in the dye and the polymer respectively, kp is

i
the rate constant for dye triplet state decay, and k_ = kp + k the rate

P
constant for poelymer triplet decay, which is given by the rate constant
for polymer triplet decay in the absence of transfer, and the triplet

energy transfer *

rate constant® respectively, and tp is the duration of
the flash. The assumption has been made that the triplet energy trans-
fer from polymer to dye can be represented with a single rate constant

k*. The derivation of equation ( 7 ) for the triplet energy transfer

*  The "rate constant” k for triplet energy transfer from polymer to

dye is only equal to k¢_j, the jumping frequency from a nearest neigh-
bor base to a dye, when either, 1) a dye is located et every base, or
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2) base-base transfer is fast compared to base-dye transfer, so that the
latter process (trapping) is rate limiting. If neither of these con-
ditions are fulfilled, then k represents an "average rate constant™ for
transfer over a number of bases into a dye.

process is not presented here in that 2ssentielly the same equation has
been published by Smaller et al. (59).

From a comparison of the experimental decay curve following
pulsed 280 mu excitation with the corresponding theoretical decay curves,
the absence of a rising component in the dye phosphorescence following
the flash period indicates that the rate constant for polymer to dye
triplet energy transfer is greater than 102 sec.—1 both in the high
and low P/D complex. The failure to detect transfer in the low P/D case
is not surprising in view of the observation of a nearest-neighbor
triplet excitation jump frequency in benzene crystals of ihe order of
lO12 seca—1. On the other hand, the finding that the transfer rate at
high P/D is greater than 1O2 sec.,—1 indicates that a model for triplet
snergy migration in vhich the time available for diffusion of the exci-
tation is the lifetime of the polymer triplet state in the absence of
dye is not correct. A component of the transferred energy should have
# rate constant 20 times slower than the slowest possible rate observed
in thess experiments, The conclusion that this simple diffusion modsl
is incorrsct has also been resched by Shulman, Rahn and Longworth, who
found that on quenching with Mn'', the lifetime of the residual DNA
phosphorescence was not shortened (67).

Transfer rates are only measurable by flash spectroscopy when
the flash period is the same order of magnitude or smaller than the re-

ciprocal of the transfer rate, however for the flash period given by
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tp = 1/k the maximum intensity of the signal is roughly 1/k of its
steady state value, Shortening the flash pericd, therefore, must be
compensated for by an increase in sensitivity or detection or by an
increase in the excited light intensity.

The use of a flashlamp putting out for example 100 joules of
energy in 10 psec., on the assumption of equal efficiency of uv output
as the 200 watt steady state lamp, should give 25 X as much dye phosphor-
escence as in the above experiment in spite of the shortened flash time.
Such experiments could possibly be extended down te 10"8 sec with the
use of lasers and frequency doubling, The principle disadvantage in the
use of high intensity sources iz that triplet annihilation within the
polymer may drastically reduce the polymer triplet population from what
is expected from low intensity measurements.

The sensitivity of detection might be increased by following the
triplet ESR signal of the dye rather than the phosphorescence in view
of the fact that the radiative lifetime of 9-aminoacridine appears to
be longer than the radiationless lifetime resulting in a low phosphores-
cence efficiency. Another distinct advantage pointed out by Smaller et
al. in the use of ESR is the ability to detect a single signal free from
the interference which arises from overlapping emission bands. In ad-
dition, the problem of having to deal with a large signal during ths
flash period is eliminated.

A second alternative method of following the dye triplet state
population as a function of time would be by triplet-triplet absorption,
which would again have the possible advantage of yielding a unique sig-

nal free of interference. The technical problems of obtaining clear
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glasses with long pathlengths would have to be overcome however,

A Model Based on Trapping of Migrating Excitation

An alternate model for triplet migration in polymers is derived
in AppendixIII. The model is based on the assumption that there is
trapping of the excitation within the polymer and that, in the absence
of such trapping, the spread of excitation over the pathlengths of
interest, either by a random walk or a coherent proccsa, is rapid, Ac-
cording to the trapping model then, following absorption of a light
quenta into the DNA, the excitation once in the triplet state migrates
rapidly and is trapped within the polymer. Once in a trap the exeita-
tion may appear as phosphorescence or undergo a radiationless transition

to the ground state but does not migrate. In the presence of dye or

paramagnetic ion, quenching of the migrating polymer triplet reduces the
probability of excitation reaching the traps, but does not shorten the
lifetime of emission which does occur from the traps, as long as the
migration time is short compared with the emission lifetime.

On the assumption that transfer of triplet excitation to dye,
from bases adjacent to a dye, occurs efficiently, and that the probaebili-
ty of excitation being trapped at any one site is a constant, x, then
the number of triplets contributing to energy transfer to a dye is
given by equation (I1.5), Equation (Iil-$) wes adjusted to fit the experi-
mental curve & by computation with trial values of x, and is shown in

Fig. 13, The fit to the experimental data is not impressive*, but it is

*F T The cxperimental curve appears somewhat sigmoidal. If one arbitrari-
1y takes P/D = 3 as the origin, then the model gives a better fit to the
experimental data. The sigmoidal shape to the curve may arise from
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as a result of singlet-singlet energy transfer at low P/D., The inter-
relationships among the excited states of the polymer have been ignored,
but it is obvious that in the event that singlet-energy transfer is 100%
efficient from N bases, there will be zero triplet population in those N
bases, and the & function will only have a non-zero value for P/D>N,

at least as good as the random walk model,

The model included here is presented, not because it is expected
to be rigorous*, but simply to illustrate what is intuitively obvious,
that migration may occur rapidly and be limited by trapping rather than
by slow diffusion. The assumption that x, the probability of excitation
being trapped on any base, is independent of N, is valid when trapping
occurs with 100% efficiency at specific trapping sites. Then x is just
the fraction of the sites (bases) which are traps. The model is not
rigorous when trapping may occur at any site with an efficiency <1.0.
In that case, x must depend on the probability density distribution of
the polymer triplet excitation and, in general, is not constant; for
example, in a random walk process, allowing the excitation to hop back
results in a higher probability density near the point of absorption
and, theref'ore, a greater probability of being trapped on sites at that
point. In this second case, it is apparent that the spread of excita-

% {ransfer means a

tion and trapping are intimately connected; "slow
high probability density (at a given time, t); and, therefore, a high
probability of trapping, near the point of absorption.

Triplet energy migratioh and trapping in DNA probably fall in

this latter estegory, i.e., trapping can occur at a large number of

Because of the assumptions used in the model, averaging over a random
distribution of dyes was not undertaken,
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sites with a low probability of trapping at any one site, Evidence has
been presented indicating that the phosphorescence in DNA is emission
from thymine in which the N- proton has been transferred to adenine

(53 ). This proton transfer probably traps the excitation at that site,
The probability of trepping the migrating triplet excitation at any one
base (or base pair) may be just the probability of forming such a taut-
omeric structure,

Slow diffusion of the excitation in itself,; then, does not give
rise to the limit in the transfer pathlength, Due to heterogeneity in
the molecule triplet energy transfer in DNA over 10 or more base pairs
must involve tunneling and/or activation and, thersfore, must be slower
than trensfer between identical molecules (monomers). Slow transfer
probably plays an indirect role in increasing the probability of trapping.

We kmow that the "slow® transfer must be fast compared with the
triplet lifetime. The question then of how fast is "slow® is an interest-
ing one and is justification for extending the flash experiments to the
p sec region.

Transfer of excitation in DNA at temperatures above 0°K is ex~-

pected to involve sctivation as well as tunneling if the difference in

{
|

the excitation energies of the bases is of the order of kT. A tempera-
ture dependence then is expected for the pathlength of the migration.
Cooling the samples to 4°x should result in a shorter pathlength than

at 77°K,

TRIPLET ENERGY TRANSFER IN 9-AMINOACRIDINE-DENATURED DNA COMPLEXES

The phosphorescence and fluorescence intensities from 9-amino-
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acridine in the denatured DNA complex were messured, Ratios of intensi-

ties worc calculated and the results are shown in table IX.

Table IX

R Values for Denatured DNA

P/D R

6.7 1.08
13.3 1,16
20 1.57

Polarization corrections were not made in this case, In view
of the small corrsctions in the native case, however, the maximum R
values given in table IX are not expscted to be in error by more than
30% and clearly indicate that triplet excitation transfer from de-
natured DNA to G-aminoacridine is at least an order of magnitude lower
than in the native DNA complex, The fact that this decrease in R,
relative to the native complex, is observed, in spite of a known en-
hancement in the total phosphorescence of DNA on denaturation (55),
indicates that a structural change in the complex which makes triplet
energy transfer less probable occurs on denaturation,

Values of & are plotted in Fig. 14 as a function of F/D for
9-aminoacridine bound to denatured DNA along with the average values
of & for the native DNA-dye complex. As expected from the low maximum
R value, there is very little absolute change in A with P/D, There
appears to be a tendency for & to increase with P/D; however, the

conclusion that triplet energy transfer from base to base is occurring
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in denatured DNA is not warranted on the basis of the low uncorrected
R or A values.

The failure to observe iriplet-triplet energy transfer to the
dye could arise as a result of an unfavorable relationship between the
bound 9-sminoacridine and the purines and pyrimidines of denatured DNA,
or it could be due to the failure of a number of bases to contribute
triplet energy to a dye, which would be expected if triplet energy
transfer betwaeﬁ bases is not possible in denatured DNA., In the latter
case, the efficiency of energy transfer into the dye should be equal in
the native - and denatured DNA - dye complexes at very low P/D, At
P/D=5 the difference between the R values in the native and denatured
DNA complex appears to be significant, However, at lower P/D ratios
the errors become larger than the small difference which is being looked
for, and it is not possible to decide between the above alternatives,

While quenching of the phosphorescence of denatured DNA by M+
has been observed (55 ), it has not been reported whether the relation-
ship between the degrees of quenching and binding indicate delocalization
of the triplet excitation. If that experiment indicates delocalization
of the excitation, then the low R values seen here could only result
from a difference in the structural relationship of dye to bases in the
netive and denatured DNA complexes. Evidence suggesting that thehlatter
interpretation is correct will be presented in a later section which
deals with the P/D dependence of delayed fluorescence arising by transfer

from the triplet state of the polymer.
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TRIPLET DNA-TRIPLET DYE ENERGY TRANSFER AND DYE BINDING

Many of the difficulties encountered in determining quantum
efficiencles of emission as a method of demonstrating energy transfer
have been eliminated in this work by measuring only ratios of emission

intensities. ‘i/hile the large relative enhancement in uv-induced dye

nhosnhorescence elearlvy
phosphorescence clear Ly

energy transfer in native DNA the actual base-dye transfer efficiency
is not obtained., The quenching of the DNA phosphorescence is not in-
formative in this regard in that it does not specifically demonstrate

tranafer at the triplet level, The flash experiments, however, provide

. |
i

a lower limit for the energy transafsr rate constant, i,e., 71023ec .

On the bases of the evidence presented for transfer of triplet
energy from the purines and/or pyrimidines of native DNA to bound 9-
aminoacridine it can be concluded that there is some degree of overlap-
ping of the M -electron clouds {wavefunctions) of the acridine dye with
the bases of native DNA, In view of the orbital overlap rsquirement
for triplet~triplet energy transfer with ite strong intermolecular
distance dependence, the presence of base-dye triplet energy transfer
can be taken as evidence for association of the dye with the purines
and pyrimidines of native DNA as opposed to binding at the phosphate
groups on the outside of the helix.,

Binding of the dye.at the phosphate groups would involve a
separatidn of ~9 R vetween the peripheries of the dye and bases, In
view of the present uncertainties in the calculation of atomic orbitals
far from the nuclei (35),(68), it is not possible to obtain an estimate

of the interaction over such distances. While "active radii® of 12 %
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for triplet-iriplet energy transfer between hydrocarbons in rigid glasses
have been reported (69),(70), it has been pointed out that a model based
on the concept of an active radius breaks down for large concentrations
of planar molecules (70) as a result of the shape and relatively large
size (25) of the molecules, and the uncertuinty in wasigning u statisti-
cal distritution of intermolecular distances, The active radius repre-
gents a maximum value for the distancs between centers of the molecules,
and the actual distances are probably less. The independence of the
transfer radii on the nature of the solvent argues in favor of the
prenmise that the molecules involved in transfer are in essentially
Van der Waals contact (70), For a donor molecule at a distance from
an nacceptor equal to the transfer radius the probability of intra-
molecular decay is supposedly equal to the probability of transfer., In
the native DNA-O-aminocacridine complex the rate of transfer is > 30 x
the rate of radiationless decay in the absence of dye., Furthermore
this minimum for the itrensfer rate includes transfer through a numbexr
of non-identical bases,

In addition to the large distance between base and dye in an
external binding model, & phosphate and sugar group intervene, and
transfer would have to take place through these groups., It is con-
sidered highly improbable that an indirect interaction through the
virtuasl states of these groups can occur.

While transfer of triplet excitation through virtual states of
host molecules has been observed in Tl -electron systems (40), the
triplet energy levels of thé host and guest in such systems are separated

by only ~ 200 cm'T. In DMA the intervening states between the W-electron
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systems of the base and dye bound at.the phosphate group, would be ex-
cited triplet states pf a number of saturated bonds. The difference in
excitation energies AE of the dye (or base) and these sxcited states is
expected to be » 20,000 cm’1, and there would be a minimum of 6-7 bonds
between a base and a dye located at a phosphate group. In view of the
presence of the term ASE'N in equation { 3 ) for the energy of interaction
through N hosts, it is apparent that both these factors contribute to
trapping the excitation in the bases, It is impossible to make reliable
estimates of the base~dye interaction matrix element ISN from equation
(3 ) in this case as it is difficult to estimate the trap-host (f3nfo)
and host-host (/Béf;)interaction matrix elements, If they are as high

1

a8 200 cm"13 then for N=7, {3N=2 b4 10“120m_ . For resonance interactions,

the average time for trap to trap tranafer is given by:

Z‘N': h
Ry

and for By = 2 x 1072en”",

V=77l sec. However, as ths interaction
Ay is small in comparison with molecular vibrational-lattice coupling
(~1 cm'1) the base-dye transfer would occur irreversibly, and therefore
the transfer rate will be esven slower, varying with.‘8N2 rather thanf9N.
In addition it has been shown experimentally that triplet trans-
f'er between hydrocarbon molecules through host molecules for which
AE is greater than 1,200 en™] does not occur (70).
It must be pointed out that the quenching of the phosphorescence
of DNA by Mn** introduces an element of uncertainty in this regard. It
has been demonstrated by NMR that Mn™ binds primarily to the phoaphate

groups of DNA (81 ) and yet it is effective in quenching the phosphores-

cence, For the reasons given above the possibility that the quenching
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occurs by excitation transfer through a sugar and phosphate group seems
rather remote, but this piece of evidence cannot be ignored and requires
explanation..

Pinally the observation that denaturation of the DNA results in
a marked decrease in the base to dye itransfsr in spite of a 4 fold in-
crease in the polymer phosphorescence (55) argues in favor of a base-dye
association, It has been pointed out that on the basis of the svidence
prescnted aso far it is not possible to detormine whether en increoased
nucleotide-nucleotide or an increased nucleotide-dye separation is re-
sponsible for the decreased transfer efficiency in the denatured complex.
Howsver denaturation results in a maximum nucleotide-nucleotide separa-
tion of ~11 K. Therefore it is apparent that intermolecular distances
of these sizes are sufficient to markedly decregse the transfer effici-
ency. The argument is more convincing when it is realized that at 77°K
the denatured molecule is not expected to be fully extended and the
averaze distance between bases is less than 11 R, Evidence will be
presented in a later section suggesting that base-base triplet enerzy
transfer does occur in denatured DNA, By default, then, this means
that 9-aminoacridine bound to denatured DNA is not as clbsely agsoci-
ated with the purines and pyrimidines as with native DNA, Therefore it
is possible to have binding without triplet transfer.

‘While the data, then, indicate an association of the sacridine
dye with the bases of native DIA, it is not possible to determine the
extent of the association. The data are consistent with a model in
which the dyes are intercalated in the native structure, but a meodsl in

which only partial overlapping of the acridine rings with the bases



occurs (17) cannot be excluded.

96



o7

TRIPLET ENERGY TRANSFER IN POLYNUCLEOTIDES

Poly (A+U) and Poly (A+2U)

It was anticipated that in the native DNA molecule the extent of
delocalization of triplet excitation could be due in part to "slow"
energy transfer from base to base, which increases the probabillity of
the excitation being trapped close to the point of absorption. The slow
transfer is expected by virtue of the heterogeneity of the polymer. In
copolymers of the poly (A+U) type, this heterogeneity is removed at
least in the individual strands, and it is expected that the pathlength
for the excitation (number of bases transferring energy to a dye) should
be increased. Complexes of 9-aminoacridine with poly (A+U) and poly
(A+2U) were investigated, therefore,

Mixtures of equimolar smounts of poly rA and poly rU showed an
absorption at 260 mu which was 70-75% of that expected from the sum ol
the absorptions of the individual homopelymers in the 1:l glycerol-H20
solvent at ~ 0°C, indicating a high degree of complex formation. Ab-
sorption measurerients were not made in the presence of dye in view of the
strong absorption of the dye at 260 mpn. At 77°K the phosphorescence of
poly A was quenched on formastion of the hydrogen bonded complex, confirm-
ing the earlier observations of quenching of poly A emission on complex-
ing with poly U (71 ). The quenching was not complete in this case,
however, with about 5-10% of the poly A phosphorescence remaining.

The degree of quenching is estimated from experiments carried out at
different times and was not determined in a single critical experiment
and is, therefore, subject to considerable uncertainty. The residual

emission was completely quenched on formation of the low P/D complex
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with 9=-aminoacridine,

The phosphorescence and fluorescence intensities from 9-amino-
acridine in the poly (A+U) complex were determined and ratios of intensi-
ties calculated in the usual way. The behavior of A with P/D is shown
in Fig. 16 along with the maximunm R value. The relative "intensity" of
triplet polymer to triplet dye energy transfer, expressed as R, is seen
to be enhanced at least 4 times over itsvalue in the native DNA complex,
The R values at‘P/D { 20 are similar to those for DNA; the larger maxi-
mum R, therefore, arises as a result of the increased number of bases in
the poly (A+U) helix which can transfer energy to a dye. This is seen
from the increase in A which only saturates at a P/D = 80-100, rather
than at P/D = 25 as in native DNA,

It has been shown that in ethylene glycol H,0 and 10_2 F salt
the 2:1 complex poly (A+2U) is formed (72 }. It has been pointed out
that in 1:1 mixtures of poly A and poly U the 2:1 complex plus free poly
A may be present ( 73). The quenching of the poly A phosphorescence to

10% on complex formation with poly U rather than to 50% argues against
this possibility, but cannot be taken as proof that free poly A is not
present.

Solutions containing 2 parts poly U to 1 part poly A vere made.
In the absence of dye, the solutions showed about a 20% hypochromism at
257 mp at ~ 0°C. The degree of polymer emission at 77°K was variable,

and it should be pointed out that convincing evidence as to the degree

of complex formation and the nature of the complexes in both these cases
has not been presented.

Emission intensities from 9-amincacridine bound to the "poly
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{A+2U) complex" were determined and the resulting £ and maximum R values
are included iﬁ Fig, 16, The results are seen to be very similar to
those obtained in poly (A+U), On the basis of the 20% hypochromism
seen in these solutions in the absence of dye it appears unlikely that
free poly A is present in these solutions, and, therefore, indicates
that triplet ensrgy migration from base to base is occurring in either
the 2-stranded structure or the 3-stranded structure or both., In the
absence of reliable absorption data, indicating a sharp minimum in the
absorption at either 50% or 67% poly U in the solvent used, it is not
possible to decide between these alternatives or, even, whether com=~
plexing is complete (in view of failure to find complete quenching of
the emission). The uncertainty in the degree of complexing of poly A
to poly U arises because of the low salt (IO'EF) which is kmown to de-
crease the melting temperature of the complex ( 74). These uncertain-
ties in the data are still to be completely resolved.

The question of triplet energy transfer in poly (A+U) is im-
portant in understanding the photochemistry of the poly (A+U) complex
and is of theoretical interest. It is not as useful as a model compound
for understanding triplet energy transfer in DNA, as are the poly dAT
complexes. Comparison of the amoupt of triplet energy transfer to
Q-aminoacridine as a function of P/D for the alternating crab dAT, and
the synthetic non~alternating copolymer promises to be an interesting
experiment, Triplet energy transfer in the helix in the latter case,
where the monomers are identical in a single chein, should be more ef-
ficient than base-base transfer in the former case where tunneling of

the excitation through a barrier would have to occur.



100

*YNJ PATRBU
UT onjes WNWEXEW oY} 09 SATGETSI possaadxe sae 7 JO seufea 8yg
*(02 + V) £10od pue (4 + v) L1704 207 (/4 U0 (dUTPTIOBOUTWE™E)

0Ap Jod asgsueaq Algeus qerdrdl JO Junoure eyl Jo sduepusdep ouj,

9T “814



101

1'6

+

9

ovl

62 = ¥ NNANIXYN
(N2 +Vv) AT0d

GE s ¥ WNWIXVN
(n+v)A0d

09

el

09



102

Poly A-Acridine Dye Complex

Accurate determination of the uv-induced phosphorescence and
fluorescence intensities from 9-aminoascridine is made more difficult in
the poly A complex by the appearance of phosphorescence from the polymer.
This can be sesn from the spectra in Fig. 17. The phosphorescence ap-
pears not only in the delayed emission spectrum” (Fig.17) but the 416 mu
peek can also be seen in the uv-induced fluorescence spectrum. Cor-
raction for this emission, however, should be fairly reliable in that
one is more certain of the shape of the underlying emission. Emission

from the dye was measured and the R and A values were calculated and
are given in Fig. 18, The large maximum R value c¢learly indicates that
triplet energy transfer can occur from the bases in a homopolymer to
bound dye. The large enhancement in the uv-induced dye phosphorescence
arises in_part Prom the fact that energy transfer occurs from base to
base as evidenced by the fact that & saturates only at a P/D ~70, On
the other hand, at P/D < 20 the R valucs are > 2 times the corresponding
values in native DNA indicating a higher efficiency of transfer to dye
in poly A. This may result from the higher population of the triplet
state in poly A.

The observation of base-base triplet energy transfer in poly A
is in agreement with the original observations of Bersohn and Isenberg

( 52), The pathlength of energy transfer in these experiments appears

*— Delayed Ilucrescence from the dye contributes to the emission in

the 400-500 mp region. The dye fluorescence peaks at 437 end 460 mp
coincide with the poly A phosphorescence peaks at 438 and 464 mp. It is
evident from the width of the 437 mu band and the ratio of the height

of the 437 to 413 mp peaks in Fig. 17, in comparison with the spectra in
Fiz., 5 in the absence of dye, thut all of the emission in the 437 mn
band is not poly A phosphorescence.
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Fig. 17 Emission Spectra of the 9-Aminomcridine - Poly A Complex,

Poly A concentration = 5,2 x 1074,

(a} Delayed emission.

1 - Ay

2 - A

ex

405 mp

280 mp, rel, gain = x 0,1

Lower spectrum = - x 0.05

(b) Total emission.
1 = Agx = 405 mp

2 - Aex = 280 mp, rel. gein x 10

The gain of spectrum (a) -1 relative to (b) -1 is

The reader cun verify that there is a large seslective enhance-
ment in the uv-induced dye phosphorescence. The uv-induced
fluorescence intensity is seen to be about 4% that of the
fluorescence excited with visible light. On the other hand,
uv-induced phosphorescence is of the order of 1.5 x the
visibly excited phosphorescence intensity, a ratio 40 x the

fluorescence ratic. (Celculated R = 41)
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to be & that found in the quantitative work of Eisinger and Shulman
(55 ). This difference may arise as a result of a shorter polymer length
in the poly A, as Eisinger and Shulman have shown that polymer length
limits the pathlength below S=4.

The availability of oligo-A with a degrce of polymsrization of
7, (Ap)?, provides a critical test of the base-base energy transfer
model, in that, with increasing P/D,triplet energy cannot be transferred
to a dye from more than 7 bases. The & values for the 9-aminoacridine
(Ap)? complex are included in Fig, 18, and it is apperent that the ex-
pected limit occurs, The errors in determining the intensity of uv-
induced dye phosphorescence are very large in these samples because of
this limit, i.e., the uv-induced dye phosphorescence is not enhanced,
and interference from fhe polymer phosphorescence is more marked, above
a P/D = 5-10. One can reliably conclude, however, that, a) triplet
energy transfer to dye occurs, and, b) the amount of transfer per dye
doee not increase beyond P/D = 10,

It was indicated earlier that triplet energy transfer from native
DNA to acridine orange could not be detected and that this failure could
be due in part to a higher intersystem crossing efficiency in acridine
orange. On the basis of pViS/fvis ratio the R value wes expected to be
at least 1/10th of the value for 9-aminoacridine. In the presence of
poly A where the maximum R with 9-amincacridine is equal to 100, the
uv-induced phosphorescence in acridine orange should be selectively en-
hanced ~ 10 X, G&everal samples of poly A - acridine orange at high P/D
were observed. The R value ranged from 5-9, It is evident then that

triplet ensergy transfer to acridine dyes other than 9-aminoacridine can
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be observed, Without an accurate measure of the relative intersystem
crossging efficiencies in these two dye molecules, the possibility that
the lower R values are the result of a lower efficiency of triplet
energy transfer to acridine orange, rather than simply a decreased sensi-
tivity of detecting triplet-triplet transfer due to a higher intersystem

crossing efficiency, cannot be excluded.

Quenching of the Poly A Emission

The occurrence of significant intensities of phosphorescence and
fluorescence from poly A (neutral) mekes it possible to follow the re-
ciprocal events in the polymer in this case. While selective quenching
of the polymer phosphorescence does not prove that triplet energy irans-
fer is occurring, the presence of a significant amount of triplet energy

transfer must be accompanied by a decreasse in the ratio of polymer phos-

phorescence to flucrescence. That this is in fact occurring can be seen

from the specira of part of the total polymer emission seen in Fig. 19.
The poly A phosphorescence peaks at 390 and 413 mp are seen to decrease
relative to the poly A fluorescence centered at ~ 340 mp with decreas-
ing P/D. The emission goes off scale above 425 mp dye to the presence
of dye fluorescencé, Wo marked decrease in the poly A fluorescence
occurs for P/D > 10, however it is apparent from Figz. 19 that for P/D

< 5.0 a significant quenching of the poly A fluorescence occurs, pre-
sumably due to singlet energy transfer to the 9-aminoacridine. The
fluorescence intensities were determined from the total emission spectra

and the poly A phosphorescence intensities with the phosphoroscope*.

*  Poly A phosphorescence was measured as the height of the 413 uyp
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Fig. 19 Part of the Total Fmission from the 9=-amino-
acridine - Poly A Complex.

Poly A concentration = 5,2 x 107 1,
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peak where delayed fluorescence from the dye does not contribute to the
emission.

The resulting ratios are plotted in Fig. 20 as a function of P/D, and the
results are seen to be complimentary to the result on enhancement of
the dye phosphorescence. The p/f ratio is reduced to % its maximum
value at a P/D® 40-50, This, again, is considerably less than the
value of 1/r for half quenching observed by Eisinger and Shulman for
poly A (8=11). ' The observation that the p/f ratic is only reduced to
0.5 times its maximum value at a P/D=-4* is somevhat disturbing, This
may arise from cooperative binding (preference for nearest neighbors)
of the 9-aminoacridine to the poly A at low P/D. The emission that is
observed from DNA and poly (A+U), where nearest neighbor interactions
are less favorable (see later section), appears to be completely quenched
to the level of glycerol emission at low P/D. The results, due to the
low emission, however, are not conclusive. An alternate explanation of
the above result is that dyes which bind at low P/D are not as readily
available for iriplet energy transfer from the poly A. The emission of
poly A at P/D values lower than 4 has not been examined as yet.

The lifotime of the iaoly A phosphoregcence (2.1 sec.) is not
significantly affected by quenching to 10% of its maximum intensity,
This is in agreement with the observation made by Eisinger and Shulman
(56 ) on quenching with paramagnetic ions, and, as pointed out by them,
{llustrates thet the diffusion model for excitation migration cennot be

correct in poly A, They have stated that their data it a model dzrived

*  The poly A phosphorescence intensity is quenched to about 10% of its
meximum value at P/D=4, but this in part arises from quenching at the
singlet state,
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by R. Bersohn in which the pathlength of migration is limited by barriers,

Details of this model have not been published as yet,

Q-Aminoacridine - Poly U Complex

Phosphorescence and fluorescence from 9-aminoacridine in the
poly U - dye complex were determined and the intensity ratios are given

in table X,

Table X

Triplet Transfer Data in Poly U-9-Aumincacridine

P/D Pyis/Tyis R

5.4 3.5 x 1074 2,20
21 5.5 x 1077 1.14
84 9.3 x 10~ 1.26

In the poly U complex, R values at low P/D appear

somewhat lower then at high P/D. This is probably
a complication arising out of the fact that there

is not a single species of dye molecule present,

The low R vaelues indicate that essentially no triplet energy is trans-
ferred from poclymer to dye., From a comparison of the meximum R-1 values

in the poly A and poly U complexes triplet energy transfer to dye is at

%9%_ = 500 times lower in poly U than in poly A.

The failure to observe triplet energy transfer in poly U is not

least

unexpectéd. There are a number of observations which would lead to such
s prediction: 1) phosphorescence efficiency of poly U is very low, and
the failure to detect a triplet ESR signel from poly U ( 72) indicates

that the low efficiency arises as a result of a short non-radiative life-
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time, rather than a long radiative one. This in itself, however, does
not prove that energy transi'er from the triplet state of poly U cannot
occur, In view of rapid transfer times found in organiec crystals and
the fact that triplet energy can be transferred to dye or trapped in the
polymer, in DNA and poly A, in a time which is short compared to the
triplet lifetime indicates that transfer to dye cannot be ruled out, a
priori. 2) Poly U is known to exist in solution, at room temperature,
as a rendom coil (75 ) and absorption (76 ) and ORD data (77 ) indicate
that the bases are not stacked. Triplet energy transfer from base to
base, then, would undoubtedly be impossible. It is not known, however,
vhether the bases in poly U are stacked or not at 77°K in 50% glycerol,
3) The lack of a red shift in the dye fluorescence spectrum on binding
to poly U suggests that Van der Waals interactions between pyrimidine
and dye may be weaker than between purine and dye, and, therefore, the
dye is not as intimately associated with the pyrimidine., The failure to
observe triplet polymer to singlet dye energy transfer (uv-induced de-
layed fluorescence at high P/D) tends to support the first two mechanisms
over the third in that T-8 transfer should not require the close assoc-
iation of dye to base. The possibility exists that all three factors
may be cooperating to make triplet polymer to triplet dye transfer in-

efficient.

Triplet Transfer to Dye as a Probe for the Polymer Triplet State,

Following triplet energy transfer in DNA and polynucleotides by
the observation of triplet energy transfer to a dye (trap) compliments

the experiments on quenching of the polymer phosphorescence with para-
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magnetic ions, and conclusively establishes the presence of triplet
excitation migration in DNA and soms polynucleotides. The dye method
has the disadvantage that singlet energy transfer from the polymer and
dye-dye interactions can distort the shape of the experimental transfer
curves, On the other hand, the dye method has the advantaze that the
enerzy that is transferred to dye migrates, on the average, over an in-
creasing number of bases with increasing P/D, and, therefore, measure-
ments on the rate of appearance of phosphorescence in the dye by fast
kinetic expsriment should yield information on the rate of base-base
transf'er. The gquenching technique does not promise to be useful in this
regard, It is difficult to study the quenching of polymer emission when
the efficiency of polymer phosphorescence is very low. Initial observa-
tiona on the acid form of poly A in vhich the phosphorescence and fluor-
escence are markedly guenched indicate, however, that triplst energy
transfer to dye is almost & as efficient as in neutral poly A, and that
long range base~base transfer can be detected. Therefore it is apparent
that it is possible to study the delocalization of triplet excitation in
polymers in which emission is not observed. This is, of course, not
surprising to the photochemists, who know that molecules which do not
phosphoresce at room temperature due to their short radiationless lif'e-
times, can nevertheless transfer energy and carry out photochemistry
through the triplet state efficiently in the short triplet lifetime,

Following base-base transfer by monitoring the intensity of
delayed fluorescence (see following section) may prove more generally use-
ful than the observation of triplet-triplet transfer in that the experi-

ments are eassier to carry out, and the results do not depend on the
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availability of an acceptor with a low intersystem crossing efficiency.

TRIPLET DNA - SINGLET DYE ENERGY TRANSFER
It was indicated that the observation of uv-induced delayed
fluoresoence from aeoridine dyes bound to DNA (32 ) has been confirmed
in the case of acridine orange and has also been observed in 9-smino-
acridine, On the assumption that the delayed fluorescence does arise
as the result of a triplet DNA to singlet dye transfer, then the kinetiec
anelysis in Appendix I1 gives for the intensity of delayed fluorescence

relative to the normel dye fluorescence induced with visible light:

4

£q =k T
d t-8"p (11,15)

vis 14

f

where fg is the intensity of delayed fluorescence {the other symbols
are the same as defined earlier), If it is assumed that the population
of polymer triplet that contributes to the triplet-singlet transfer
process (Tp'), is the same as that which coniributes to triplet-triplset
transfer (Tp), then fd/f‘viB should have the same P/D dependence as ths
A function for triplet-triplet energy transfer. This provides a test
then of the interpretation of the uv-induced fluorescence as arising
from the triplet state of the DHA,

The intensity of delayed fluorescence from 9-aminoacridine
cannot be reliably meamsured because of the complexity of the spectrum
in the region in which it appears. Estimates of the intensity were
made, however,; from peak to saddle differences. The resulis are
probably good to 450%, The intensities were normalized by the cor-

responding intensities of normal fluorescence induced with visible
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light and the results (fd/fvis) are plotted as a function of P/D in
Fig.20{a).The f4/f,;, ratio is seen to increase with P/D and there
appears to be a tendency for the curve to saturate. In view of the
errors involved in determining f4 the same experiment was carried out
with acridine orange and native DNA., The fluorescence of ucridine
orange appears at a wavelength in which there is no interference from

glycercl and DNA emisesion, The fd/f values are included in Fig,20(a).

vis
The relative increase in f3/f 35 with P/D is the same as with Q-amino-
acridine but saturation appears to occur at a somewhat higher P/D, The
result clearly indicates that the delayed fluorescence is not arising
from photo-ionization and recombination due to excitation to the higher
excited singlet state of the dye. In that case fy/fyig would vary with
F/D as f,y/fyis; that is, it would remain constant. The results indi-
cate that the delayed fluorescence is arising from the triplet state of
the DNA, confirming the interpretation of Isenberg et al. ( 32),

The possibility that the transfer takes place, however, via
the radiative field, phosphorescence from the DNA being reabsorbed by
the dye, has not been excluded., With constant DNA concentration, in the
presence of triplet DNA-triplet dye transfer (quenching), the DWA phos-
phorescence should have ths same P/D dependence as &, i.e,, it should
become constant at high P/D. If the experiment were performed at con-
stant dye and increamsing DNA, with radistive transfer, the fd/fvis
should not saturate but continue to increase with P/D because the DNA
phosphorescence would continue to increase. That experiment has not been

perfiormed.

The ratio of delayed fluorescence to normal fluorescence was
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calculated from an experiment with 9-aminoacridine on denatured DNA

and the results also appear in Fig.zli{as;.The y/f ratio is seen to

vis
increase with P/D, suggesting that the tendency for A to increase with
P/D in the denatured DNA complex seen earlier is real, and that base
to base'triplet energy transfer occurs in denatured DNA, This implies
that the low efficiency of transferring triplet excitation to dye arises
as a result of poor T -elsctron overlap between the dye and the bases of
denatured DNA., The experiment on the quenching of the phosphorescence
of denatured DNA by Mn** becomes even more interesting in that if this
snelysis is correct, the phosphorescence of denatured DNA is expected to
be quenched by small quantities of Mn™*,

Hot only does the delayed fluorescence per dye (fy3/fyig) in-

crease with P/D, but the relative increase in fd/f

vis is the same as the

relative increase in A except at P/D > 20, This can be seen from
table II
Table XI
Ratio of UV-Induced Delayed Fluorescence to Triplet

Energy Transfer in DNA-9-Aminoacridine Complexes

P/D Pa/fyis/A

| netive denatured
5.0 11.0 x 10~ 2.5 x 1077
9.0 5.0 x 1077 3.1 x 1070
15 6.5 x 1077 1.3 x 1077
18,7 4ob x 1072 3.0 x 1070
25 6.6 x 1077 2.5 x 1077

Data are from 1 experiment
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where the ratio fd/fvis is divided by the corresponding & value. The
results are constant. On the assumption that TP and Tp' are equal, or

are related by a constant, K, then the kinetic analysis yields:

£
fyis = cbi kt.-g (10)
o Ky g

and the ratio is expected to be constant.

The flash experiments have indicated that triplet energy trans-
fer to dye occurs in a time ¢ 10 msec., that is to say the average
lifetime of the migrating DNA triplet was < 10 msec, Isenberg et al.
have observed, on the other hand, that the lifetime of the delayed
fluorescence from acridine orange on DNA was of the order of 100 msec,
indicating an average DNA triplet lifetime of 100 msec., This apparent
discrepancy implies that either triplet DNA to singlet dye transfer is
occurring by: a) reabsorption by the dye of phosphorescence from the
DNA, or, b) the T-S transfer occurs non-radiatively, at a distance,
from traps which happen to be close to dye molecules, and, therefore,
the delayed fluorescence lifetime is not expected to be limited to a
time < 10 msec. Non-radiative transfer to acridine orange is expected
to be more efficient than transfer to 9-aminocacridine and this would ex-
plain the saturation of the delayed fluorescence curve at higher P/D

with acridine orange.

DYE-DYE INTERACTIONS

Singlet State Interactions

It has been pointed out that the emission properties of G-amino-

acridine are altered on going from the high to the low P/D complex., In
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view of the nature and incompleteness of the data, in particular the
lack of absorption spectra, the interpretation of observations in this
region is highly spsculative, However, a number of new observations
have been made in this work and a discussion of the results is perhaps
not unwarranted.

A marked blue shift in the absorption-spectrum of acridine
orange bound to DNA and polynucleotides has previously been observed
on formetion of the low P/D complex and has been interpreted in terms
of stacking of the dye molecules in a card pack fashion on the polymers
( 4 )., Exciton theory for allowed singlet states has been partially
successful in explaining this absorption shift and the quenching of the
fluorescence which occurs concomitantly., With strong coupling and the
transition movementis of the monomers in a parallel stack, a blue shift
in the absorption spectrum and & quenching of fluorescence is predicted
on the basis of exciton theory. If fluorescence does occur from the
aggregates, it is predicted to be red shifted, While a red shift in
the fluorescence spectrum accompanied by quenching occurs in free
acridine orange with increasing concentration, quenching occurs without
a red shift on formation of the low P/D complex on DNA (78 ). The ex-
planation of the failure to observe a red shift in terms of a very low
fluorescence efficiency for stacked molecules is not entirely satisfy-
ing in that quenching saturates at P/D = 1 with 20% of the fluorescence
remaining (78 ).

The failure to observe similar shifts in the absorption spectrum
of 9-aminoacridine at low P/D ( 8 ) is probably due at least in part to

the much lower oscillator strength of the lowest singlet-singlet absorp-
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tion band in 9-aminocacridine than in acridine orange. The splittings
(spectral shifts) in exciton theory for allowed transitions are pro-
portional to the oscillator strength of the transition and, therefore,
much smaller shifts are expected. A small blue shift (~ 7 mu) relative
to the free dye has, in fact, been observed in the 9-aminocacridine ab-
sorption spectrum at room temperature, and the red shift in the fluores-~
cence spectrum seen here is of a similar magnitude,

While the efficiency of fluorescence was not determined, the
fluorescence intensity of 9-aminoacridine is not markedly quenched at
low P/D in comparison with acridine orange. This is understandable in
terms of excited singlet state interactions if the transition moments do
not lie parallel but form an angle between them, making the lower exciton
level at least partially allowed. In view of the low intersystem cros-
sing efficiency in 9-aminoacridine even a small relative decrease in the
fluorescence efficiency could explain the relatively large increase in
the pyis/fyig ratio at low P/D, The observation of an increased pyig/
fyig ratio is consistent with the predicted enhanced intersystem cros-
sing as a consequence of formation of a lower singlet exciton state with
a long radiative lifetime (149 ),

The magnitude of the red shift in the fluorescence spectrum of
9-sminoacridine on formation of the low P/D complex is dependent on the
polymer to which the dye is bound. In addition, the P/D at which both
the shifts in the fluorescence spectrum and the increases in the phos-
phorescence to fluorescence ratio (pvis/fvis) occur, depends on the
polymer involved, The pvis/fvis ratio in 9-aminoacridine bound to a

number of polymers is plotted as a function of P/D in Fig, 21. It is
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obvious from Fig., 21 that dye-dye interactions become apparent at
higher P/D in the less rigid polymers. These results are in agreement
with the observations of Bradley and co-workers who found that the
tendency for acridine orange to stack was dependent on the nature of the
polymer. They concluded that there is a greater preference for nearest
neighbor binding in polymers with less rigidly fixed binding sites (4).

It is not possible to analyze these pyy,/f curves in terms of stack-

vis
ing coefficients, however, without knowledge of the relative contribu-

tion of dimers, trimers, etc,, to the increase in pys./f. ..

Triplet Dye - Triplet Dye Interactions

In expériments.concerned with uv-induced delayed fluorescence
in amcridine orange bound to DNA, it was observed that, at low P/D, de-
layed fluorescence was also present with visible excitation. Ths low
P/D spectra in which visibly induced delayed fluorescence vas seen were
ignored at that time, The appearance of delayed fluorescence with ex;
citation into the lowest excited singlet state at low temperature cannot
be explained by mechenisms which involve excitation of the polymer,
photo-ionization and recombination, or thermal activation frox the dye
triplet to the excited singlet state. On the other hand, the delayed
fluorescence can be explained in terms of a triplet-triplet annihilation
mechanism,

Under conditions where triplet-triplet annihilation is not the
principle pathway for depopulating the triplet state of the dye, the in-

tensity of delayed fluorescence varies with the square of the exciting light
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intensity (79 ). The intensity of the exciting light was varied with
an aperture over the quartz lens in the exciting beam, The variation of
delayed fluorescence intensity from acridine orange bound to native DNA,
induced with visible light is plotted in Fig. 22 as a function of the
nermal dye fluorescence intensity which was determined simultaneously
and is used as a measure of the exciting light intensity. The intensity
of the uv-induced delayed acridine orange fluorescence at high P/D which
wae studied earlier was determined in the same manner and is included in
Fig., 22. It is apparent that while the acridine orange delayed fluor-
escence observed only with uv excitation at high P/D varies linearly
with exciting light intensity confirming the observation of Isenberg et
al., the delayed fluorescence intensity induced with visible light* is
not a linear function of the exciting light intensity. The dependence
is not exactly a square dependence but goes as the 1.8 power of the ex-
citing intensity.

As the probability of dye-dye interaction increases with de-
creasing P/D, the probability of observing delayed fluorescence from a
dye with visible excitation should increase with decreasing P/D. The
intensity of delayed fluorescence relative to that of normal fluores-
cence (fy4/f),;, is plotted as a funciion of D/P in Fig. 23, The intensi-
ty of delayed fluorescence relative to normal fluorescence increases al-
most linearly with D/P. This is in contrast to the delayed fluorescence

observed at high P/D which was predicted and cbserved to increase with

* Delayed fluorescence arising as a result of triplet-triplet annihila-

tion is expected to be also present with uv excitation, Reference to
that component of the delayed fluorescence which is excited with visible
light is made simply to differentiate from delayed fluorescence arising
from the triplet state of the polymer,
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P/D, These data indicate that delayed fluorescence observed in acridine
orange DNA complexes is the result of two mechanisms; one at high P/D
which involves the triplet state of the DNA, and triplet-triplet annihi-
lation between interacting dyes at low P/D,

Triplet-triplet annihilation 1nvoives the migration of triplet
excitation to a second molecule in a triplet state resulting in annihila-
tion. Triplet energy migration then must be able to occcur between dyes
to give rise to delayed fluorescence., On the assumptions that, &) trip-
let energy migration occurs efficiently in stacks of dye molecules, b)
the dye molecules are randomly oriented on the DNA and, ¢) annihilation
and delayed fluorescence occur in such stacks, the funciion (fd/f)vis
which is derived in Appendix IV, was computed for a number of D/P
values. The slope of the resulting curve is arbitrary to within =
constant, The fit of the resulting curve to the experimental points is
showm in Fig, 23,

The agreement is seen to be quite good mnd there is little doubt
that increasing the degree of interaction betwsen dyes in the D/P region
studied increases the probability of annihilation. On the other hand,
there are reasons for seriously questioning the assumptions involved.

If the emission arises from stacked dyes, then it would be
expected that the delayed fluorescence would have a spectrum which is
different from the monomer spectrum,

The second objection is the fact that the delayed emission is
observed at all., If the emission is in fact occurring from stacks of
dyes, then, with the nearest neighbor triplet migration frequency of

the order of 1012 sec.-1 observed in organic crystals, migration and
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annihilation in such stacks is expected to occur rapidly and the re-~
sulting fluorescence would decay with its normal lifetime, The fact
that the delayed fluorescence is observed with the phosphoroscope means
that it must have a lifetime in the millisecond range. As the lifetime
of the delayed fluorescence is determined primarily by the triplet
migration time, it must be concluded that the triplet migration is, in
fact, very inefficient.

The low efficiency of the dye to dye triplet energy migration
could arise in one of two ways:s 1) the direct interaction between
dyes on adjacent binding sites is small because the overlapping of
the electron clouds (wavefunctions) is reduced as a consequence of the
nature of the binding; 2) dyes which are not stacked directly over one
another interact indirectly through the virtual states of intervening
bases., This kind of interaction is quite conceivable in this case in
that the intervening states are pi-electron systems, and the difference
in the triplet excitation energies of the bases and dye is about
5000 cm-1. Interaction through one or more intervening bases, however,
would considerably decrease the transfer rate, This is consistent with
the fact that the emission appears in the form of the monomer spectrum,
On the basis of this the presence of stacks would be expected to de-

crease the efficiency of the delayed fluorescence that is observed as a

consequence of rapid annihilation. This predicts that the ratio of de-
layed to normal fluorescence should saturate and decrease with D/P as
more stacks are formed, and not increase indefinitely as predicted by
the model. No saturation is observed up to D/P = 0.4, It was found to

be impossible to investigate D/P values above 0.4 in that the complexes
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alweys precipitated on addition of the dye beyond this region,

Having detected triplet-triplet annihilation in the acridine
orange ~ DNA complex, the delayed emission spectra of the 9-aminoacri-
dine complexes were looked at with some care, The delayed emission
spectrum of the 9-aminoacridine-DNA complex show a small amount of
emission in the 450-540 mu region on visible excitation., This was
originally thought to originate from an impurity in the dye, and, as it
was smell in comparison with the phosphorescence, it was ignored. It
did, however, appear to incremse somewhat with low P/D., In the poly
U~-9~aminoacridine complex at low P/D, shown in Fig. 24, it is obviously
no longer possible to ignore this emission in that, in this case, it
is large in comparison with the phosphorescence. The presence of the
emission makes it impossible to accurately determine the phosphorescence
intensity,

In the poly U complex the normal fluorescence spectrum of
G~aminoacridine uﬂﬁergoes the most marked red shift and this red shift
occurs at higher P/D's than in the presence of the helical polymers.

It was hypothesized that the delayed emission observed was delayed
fluorescence from this aggregate state (exciton state). If this in
fact were true the normal fluorescence spectrum should appear identical
with the delayed emission at very low P/D where only stacked dyes are
pregsent. At the same time, if our assumption that the fluarescence
spectrum excited with uv and visible light differ at low P/D because
there is more than one complex present is correct, then in terms of a
stacking model the spectra should merge to a single spectrum again at

P/D=1. A comparison of uv and visible induced fluorescence spectrum of
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the dye at very low P/D in Fig., 24 indicates that this occurs. The
normal fluorescence spectrum at P/D=2 looks very much like the delayed
emission suggesting that the hypothesis is correct,

The intensity of the delayed emission does not have a quadratic
dependence on the excited light intensity but is distinctly non-linear
with a 1.3 power dependence. This is not surprising if the annihilation
process is significantly affecting the triplet population. The lifetime,
@yl the exciting light dependence of the phosphorescence, however, was
not determined in view of the interference from the delayed fluorescence.

It would appear that the same two mechanisms for delayed fluor-
escence as observed in the acridine orange-DNA complex are operating.,

In the 9-aminoacridine poly U complex, however, the delayed fluorescence
arising as a consequence of triplet-triplet annihilation and triplet-
singlet energy transfer corresponds to the normal stacked and monomer
fluorescence spectra respsectively. In this case, then, delayed fluor-
escence induced with visible‘light arises from dyes in which strong
singlet~singlet interactions are present.

The intensity of delayed fluorescence normalized by the normal
fluorescence intensity was determined as a function of D/P and the
results are plotted in Fig, 25, The fd/fvis ratio is seen to initially
increase with D/P,

Therefore, on one hand, while the evidence suggests that the
delayed fluorescence is arising from stacked dyes, it is anticipated
that the annihilation rate and, therefore, the resulting fluorescence
should be fast for pairs of triplets within a stack.

A model, however, in which triplet migration occurs between
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Delayed émission from the 9-aminoacridine =

poly U complex at "low" P/D.

1 - Delayed emission, :\ex = 405 mp
2 - Total emission (fluorescence), :\ex = 405 mp

2 - Total emission, Aex = 28C mp
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stacks of S-aminoacridine molecules through a small number of intervening
bases is probably not inconsistent with the data. Theretfore, while pairs
of triplets within a stack annihilate fast and are not observed, with one
member of a pair occurring in each of two stacks separated by a small
number of bases, migration can ccour slowly from onc stack te the othor
and give rise to delayed fluorescence, Emission is not observed from
monomer dyes then, becauss, 1) there is a statistical factor which
favors the probability of finding two triplets in adjacent stacks as

opposed to two isolated monomers, and, 2) the lower Pvis/f ratio in

vis
nonomer dye suggests that the triplet population is much lower and, as
the intensity of delayed fluorescence goes as the square of the triplet
population, the failure to observe emission from monomer dye is not
surprising. On the basig of this model it is expected that at very low
P/D, where the intervening sites between stacks become occupied, the
ratio of the "observed" delayed fluorescence reletive to normal fluor-
escence will in fact deccrease due te rapid annihilation,

It can be seen from Fig. 25 that the £4/f ;  ratio at D/P=0.9”
decreases from the maximum value., While the saturation seen at inter-
mediate N/P values would not be surprising in terms of a mechanism in
which slow direct transfer occurred between adjacent dyes, it is diffi-
cult to explain the decrease at high D/P, which is anticipated, however,
in a model in which intervening bases are required. This decrease is

shown by only one point on the graph and requires further confirmation,

Determination of the lifetime of the delayed fluorescence as a

*  High D/P solutions can be readily made without precipitation with
poly U, presumably because of the much lower molecular weight of the
polymer relative to DNA,
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Fig., 25 The variation of the visibly induced 9-amino-
acridine delayed fluorescence intensity in
the poly U complex with the number of dyes

per phosphate,
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function of P/D would yield the average triplet transfer time directly.
If triplet transfer and annihilation are occurring only within stacks,
then one would anticipate that the lifetime of delayed fluorescence
would remain essentially constant with increasing P/D or perhaps de-
crease a8 the stacks and, therefore, the migration distance, becomes
smaller, On the other hand, if the observed delayed fluorescence only
arises by transfer through intervening bases, then the lifetime of the
delayed fluorescence should increase with increasing P/D, because trans-
fer would have to occur through a greater number, on the average, of
intervening bases, It was pointed out by Professor G. W, Robinson, in
reference to the latter case, that with a random distribution of dyes
the lifetime of the delayed fluorescence could extend from the nano-
second region out to times of the order of seconds.

These data represent preliminary observations of triplet-triplet
annihilation in polymer-dye systems, FPFurther investigations of the
intensity and lifetime of delayed fluorescence as a function of the
polymer to dye ratio promises to be useful in understanding the naturs

of dye~dye interactions and transfer through intervening polymer states.
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APPENDIX I - EMISSION ANISOTROPY GORRECTION
Imagine a coordinate system whose origin is situated at the
center of an emitting sample. The sample is excited with light wvhose
direction of propagation is slong the x-axis, If the exciting light is
unpolarized then it can be resolved into two equal components polarized
along the ¥ and Z directions, The total emission at 0 is given by:
By =2, #+ 2, + X, + T+ X+ X (1.1)
where E; is the total emission intensity. The large symbols denote the
component of the emission, and the subscripts represent the polarization
of the excitation. For unpolarized exciting light:
i, = Yy s Zy =Y =X, = Xy
and therefors
Ey =22, + 4 X (1.2)
If emission is observed at right angles to observation, i.e., along the
y-axis, then the emission components polarized along ¥ are not observed,
and the total observed emission is given by!
1
Ey =2, +3 Xz (1.3)
or, the ratio of total to observed emission is
Ey 22, +4X
Et 2, +3 XZ

(I.4)

From the definition of the degree of polarization p in equation ( 4 )

it is found:

Z, = X 1+
Z 1 -
. E, = 2(1+p)+4

“Ey CIY)

-D
%1 + P; + 3
l - p]
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= (3 - p) (1.5)
2-7)

It is apparent thet when p = 0, 2/3 of the total intensity is observed

or

i

at right angles to excitation., To correct all observed emissions to

zero polarization, equation (I.5) is multiplied by 2/3 to give

¢, =2 (3 - (1.6)
A 552—1:%

If the degree of polarization is determined with unpolarized

exeiting light and is given by:

where 2 = 2, + Zy, and X = X + Xy

then Z, +X =2X (1 +p! (L.7)

Z 4 Zl—P’
substituting for Z, in equation (I.4) gives:

%% =3+ p' (1.8)

t 2
Multiplying again by the 2/3 factor to correct to zero polarization
gives the corresponding expression when polarizations are determined

with unpolarized exciling light,

G} =3+ p' (1.9)
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APPENDIX II - KINETIC ANALYSIS

a) Triplet — Triplet Transfer in the Polyvmer — Dve Complex

In a polymer-dye complex under conditions of constant illumina-
tion the steady state populations of the excited states of the dye with

visible excitation are given by:

(88) s = 14 (11.1)
k. + k: + k.
4
(Tadyig = d 14 (11.2)
kp + kr

where (8]) and (Td) represent the populations of the lowest excited
singlet state of the dye, and the triplet state respectively. 1,4 is

the rate of absorption of visible light by the dye, kf, ki apd ky re-
present the rate constanits for dye fluorsescence, intersystem crossing,

and Séﬂfvsg radistionless transitions *, kp and kr the rate constants for
phosphorescence and Tdﬂﬁ’Sg radiationless transitions respectively, The

corresponding populetions with uv excitation are given by:

(3 = T Ky (8)) * 1, (3,) (11.5)

kf + ki + kr

(T = by [T} + ke, (8D + k()]
ky + k,

(1) (I1.4)
kp + kr
where Ié_is the rate of uv absorption by the dye, k., ky_, and k,

represent the rate constants for singlet polymer-singlet dye, triplet

*  This pathway is usually considered to be negligible but is included

here for the sake of completeness,
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polymer-singlet dye, and triplet polymer-triplet dye energy transfer
respectively; (Sé) and (Tp) denote the populations ? of the lowest ex-
cited singlet and triplet state of the polymer respectively.

The steady state emission from the dye is given dy, in generalt

£ = ke (8}) (11.5)

p =k (Td) (11.6)
where £ and p are the dye fluorescence and phosphorescence intensities
respectively. Substitution of equations (II.1) and (II.3) in turn into
equation (II.5), and equations (II.2) and (II.4) into (II.6) results in
the following expressions for the steady state dye emission intensities:
vis ~ 4)f'Id (11.7)
Pyis = Pp PiY4 (11.8)
far = b1l . Kegls)) + k(1)) (11.9)
by by [ 1+ keglsp) + k(1)

£

Puv =
1
+ 4>p ky o (Tp) (II.10)

in which Po=___ Kr
kf o+ ki L kr

ig the fluorescence efficiency, and
#*
Ppe_to_

kp + kr

*  (81) and (T.) are in fact the populations of the excited polymer
states which ceh interamct directly with dye. The reason for this dis-
tinetion is appsrent in the text,

#% The prime superscript is used here to distinguish the quantity de~
fined here from the customary use of "phosphorescence efficiency”,
¢$ =k in the literature,

kf'i'ki *k
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Two useful criteria for triplet-triplet energy transfer can be

arrived at through combinations of equations (II.7) - (II,10):

RE pio/Pyis = 1 + , kt-t(Tp)
fuv7f‘"vis q:i[xa + ks‘s(sﬁ) + k_t._s('l‘p)] (11.11)
FAN (11.12)

Puv/pvis = fuv/fvis = ks 4(Tp)
P I

b) Triplet Polymer-S8inglet Dye Transfer:

Under conditions where triplet polymer-singlet dye energy trans-
fer can occur, when the exciting light is turned off, then for a period
of time which is short compared to the lifetime of the delayed fluor-
escence the population of the excited singlet state is essentially

constant and is given by!

(8P = kt__s(m};) (11.13)
IE% + ko+ kr)

These are the conditions under which the intensity of delayed fluores-

cence is determined with a phosphoroscope. The prime ' superscript in
the term (Ié) is used to indicate that the population of the triplet
state of the polymer that can interact directly with a dye may not be
identical for triplet polymer-singlet dye and triplet polymer-triplet
dye interactions., There is probably a greater number of bases which
can interact directly with a dye by T-8 interaction by virtue of the
dipole nature of the interaction. This distinction was ignored in
deriving equation (II.11).

Substituting equation (II.13) into (II.5) gives for the "steady
state" delayed fluorescence intensity:

£q = Ppkyg(D)) (II.14)
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Normalization of eq. (II.14) by eq. (II.7) then yields
fd/fvis a2 kt“:a(TE') (11015)
I
d

which is independent of the dye conceniration per se,
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APPENDIX III - MODEL3S FOR ENERGY MIGRATION IN POLYMERS

a)  Energy Transfer by Diffusion {(Random Yalk)

From the diffusion model of Bersohn and Isenberg ( 51) for
triplet energy migration in DNA the steady state intensity of DNA
phosphorescence in the presence of quenchers, (8), relative to the
phosphorescence in the absence of quenching (8y) is given by their
equation (14):

Q=8/5, = 1-«2[;-

1-1Y 0y 190+ 9

1
where & = 2f('r/‘tc)3, in which £ is the fraction of the polymer sites

pol—

occupied by quenching agents (f = D/P in our case). The polymer triplet
state lifetime is given by U, and 'Tc is the reciprocal of the nearsest
neighbor jumping frequency for the excitation,'gf is the derivative of
the logarithm of the gamma function r.

The amount of triplet excitation transferred to a dye is direct-
ly proportional to the change in the polymer phosphorescence intensity
per dye (8 - 80)/D. The latter expression can be expressed in terms of
the variables used by Bersohn and Isenbergs

8g=5 = (1-—Q)K2(T/Tc)% (I11.1)
D X

where X is the proportionality constant relating phosphorescence to
polymer concentration. Substituting their equation (14) into (III,1)

gives §°5_$ = K2(T/T )51 -a ) (111,2)

When o — 0 the amount of quenching per dye tends to a limiting value:

S8 = Ke(T/T)E
D max.

Normalizing eq.(III.2) by its maximum value then gives



A = SO-ASO—S) - l—ii" (111.3)

The £A\' function was fitted to the experimental A\ curve by variation
of (7Te)-

b) Triplet Energzy Migration Through a Polymer with Traps.

If the probability that excitation migrates over n monomer
sites to a site O is given by p,, then the number of excitations per
second arriving at O from n is:
Tn = pnkt
when k¢ is the rate of formation of triplet excitation on the site n and
is assumed to be constant for all n. The total excitation arriving at

0 per second from all the sites between O and I is given by:

Ne N
TN = U;ZTH = kt n=1 pn (III.,A)

Let the probability of excitation being trapped on any one site
n be given by x  and the probability of it not being trapped by (1-x).
The probability that excitation is not trapped in migrating over monomer
sites is given by:

(1=x)" = p,
Equation (III.4) then gives:
Ty = k& ni (1-x)" (I11.5)

With efficient transfer of excitation to a dye locat=d at the sit: O,
and with.N = P/D then Ty represents the rate of triplet energy transfer

to dyes separated by P/D monomer sites. Equaticn (II1.5) was calculated

#*  The agsumption that x is a constant, independent of n is discussed
in the text,



.,56
with trial values of x and normalized by the limiting value at high W,

The best fit to ithe normslized experimental <\ values for the 9-amino-

acridine-native DNA complex with x=,07 is shown in Fig., 13.
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APPENDIX IV - THE DEPENDENCE OF TRIPLET-TRIPLET ANNIHILATION OW P/D
Delayed fluoreséence is essumed to arise when 2 triplet excita-
tions come together as a result of dye-dye interactions between dyes
bound on adjacent polymer sites. If p is the probability that a dye
exists ms a triplet, then the probability that any dye in o stack of n
dyes exists as a triplet = np, The probability that there are two
triplets in a stack of n dyes is given by:
P, = n(n-1) p2 (1Iv.1)
The number of stacks of n dyes with two triplets is:
| M, = PN, (1v.2)
where N, = the number of n-mers. But the number of n-mers can be re-
presented by:
N, = £,C
—5
where C is the total number of dyes, and f,, is the fraction of the
dyes existing in n-mers and is given by:
£, = a2l )2
in which f is the probability that a dye has a nearest neighbor., For a
rendom distribution of dyes on polymer sites f£ = D/P,

The total number of stacks with two triplets is then given by:

Fan o« oom” L, aa)(O/F) (IV.3)
n=2 o n=

On the assumption that pairs of triplets in a stack migrate efficiently,
annihilate, and give rise to delayed fluorescence, the intensity of
delayed fluorescence is proportional to the steady state population of

stacks with pairs of tripletss o

Fp = P £E£2Nn
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o0

Fp = <}>fcp2 (1-D/P)2n,__§ n(n-:t)(D/P)n"1 (IV.4)

It is spparent that at constant dye concentration or when normalized by

or

the normal dye fluorescence, the intensity of delayed fluorescence varies
with the D/P ratioc., Equation {(IV.4) was computed for veluees of D/P up

to D/P = 0,4. For D/P = 0.4 the series converges with ~ 10 terms,
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PROPOSITIONS
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Proposition I
A Deuterium Effect on Radiationless Transitions Between

Excited Electronic States

Abstract: While substitution of deuterium for hydrogen has no pro-
nounced effect in generasl on radiationless transitions from the lowest
excited singlet state of aromatic hydrocarbons, an influence of deuter-
ation on internal conversion between higher excited singlet statss is
anticipated, It is proposed that a decresse in the rate of 3,8,
radiationless transitions should be accompanied by = diversion of exci-
tation to the triplet manifold. This effect is expected to appear ex-
perimentally as = decreased fluorescence efficiency from the lowsst
excited singlet state and an enhanced p/f ratio with excitation to the

higher excited singlet state relative to excitation to the lowest ex-~

cited singlet stiate.

It has been demonstrated that substitution of deuterium for
hydrogen in aromatic hydrocarbons results in an increase in the life-
time of the triplet state of these molecules (1,2,3). This phenome~
non has been interpreted by Rcbinson and Frosch in terme of an effect
on the Franck-Condon factors governing radiationless transitlions be-
tween the excited and ground states of the molecule (4). Deuterium
substitution increases the number of ground vibrational states in
the energy interval between the ground and excited electronic states
and therefore decreases the vibrational overlap factor between the O-

vibrational level of the excited electronic state and vibrational levels
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of the ground state in near resonance with it. For a small electronic
energy difference no deuterium effect is anticipated, This accounts for
the failure to observe a deuterium effect on $4A*T intersystem crossing
(5,6) where the energy difference is small,

The deuterlum effect on radiationless transitions 1is expected to
be independent of the multiplicity of the initial end final electronic
states of the moleculs,

Deuterium aubstitution, however, has been shown to have little
effect on the lifetime and efficiency of fluorescence of a number of
organic molecules (5,6), azulene being a notable exception (7).

An increase in fluorescence efficiency of a number of organic
molecules with exchangeable hydrogens in going from a Hx0 to a D2O media
has recently been observed (8). This effect however has been inter-
preted in terms of an isotope effect on the rate of proton transfer of
the excited molecules rather than an effect on radiationless transitions.
Clear cut evidence in the case of 2-naphthol supports this general con-
clusion in these molecules,

The fallure to detect a deuterium effect on fluorescence life-
time is anticipaﬁed on the basis of the theory of Robinson and Frosch.
The large S1—So electronic energy difference results in very small
Franck-Condon factors for the 5¢-8, radiationless transitions and these
small Franck-Condon factors make the $4V¥ 3 pathway highly improbable,

Even a large relative decrsase in the 81"“‘80 transition probability,

therefore, will go undetected,
Internal conversion from higher excited singlet states and the

lowsst excited singlet state, on the other hand, occurs in general with
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high efficiency. Emission, with the exception of azulene (9}, is only
abserved from the lowest excited singlet state and fluorescence ef-
ficiencles have been shown, in many cases, to be independent of exciting
wavelength, Efficient internal conversion is anticipated theoretically
in that the 52-51 energy difference, in general, is much smaller than
84-8,. Very little is known, however, about the absolute ratsee of thess
32—31 radiationless irensitions or their ratds relative to intersystem
crossing between higher excited states, or smission from the 8o electro-
nic state,

If the lifetime of the higher excited singlet state is increased
gignificantly through a decrease in internal conversion, then intsr-
system crossing to the triplet manifold would be expected, It is pro-
posed therefore that the effect of deuteration on the efficiencies of
these excited stats transitions be examined as a means of experimentally
investigating radiationless processes,

If the rate constant for internal conversion to the lowest ex-
cited singlet state does not exceed the rate constant for intersystem
crossing to the iriplet manifold by more than 2 orders of magnitude then
a decrease in the rate of internal conversion on deuteration should
result in a significant fraction of the excitation being diverted to
the triplet manifold., This diversion of excitation to the triplet
manofold would give rise to experimentally detectable effects: 1) a
decrease in the quantum efficiency of fluorescence and 2) enhanced phos-
phorescence to Tluorescence ratio with excitation to the higher excited
singlet state relative to excitation to the lowest excited singlet

state, 3) possibly emission from the higher excited singlet state.,
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Neglecting the 3rd possibility the first 2 effects can be expressed
mathematically in terms of efficiencies.
The p/f ratio with excitation to the lowest excited singlet

state is given by:

(0/6) = by (1)

S

whers <Pp represents the efficiency of emission from the triplet state,
dPi the intersystem crossing efficiency and ¢f the fluorescence ef-

ficiency. With excitation to a higher excited singlet .-.

(p/e)" = (Pi+ Py, Pi) Pr (2)
‘picq)f‘

1
where <. represents the efficliency of intersystem crossing from the
i P v y =)

1
higher excited singlet, and ¢, = (1- CP]_} is the efficiency of internal
conversion.

The ratio of equations (2) to (1) then gives:

i

« = (p/f) -1 = b, (3)
(p/f) Fic 1

1
In the absence of deuteration, for most molecules CPi and therefore X
are equal to 0. The sensitivity of X as = method of detecting the
presence of P, — 1 depends on the megnitude of CPi. For very low &,,
3
& is sensitive to small values of ¢i. As phosphorescence can be de-
tected in molecules with 1% intersystem crossing, it should be possible
! . s . -3

to detect 431 efficiencies as low as 10 7,

If a significant fraction of the excitation is diverted to the

triplet manofcld of states, then <¢;, can be determined directly from

the relationship:

‘Pf = ‘qu)ic (4)
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where qD; represents the fluorescences efficiency with excitation to
higher excited singlet states,
It is apparent from relations (3) and (4) that the determination
of 43; and X leads to an indirect measure of intersystem crossing

S’-T in these molecules:
'

4):1 = <¥>f - be (5)
XSPr

The technique, thersefore, not only provides a tool for the study of
radistionless transitions among the higher excited states but suggests
a method of determining intersystem crossing efficiencies. The tech-
nique differs from previous methods of determining intersystem crossing
in thet it does not depend on intermolecular energy transfer with a
second molecule (10,11).

For the technique to be successful deuterium substitution must
meke, for example, the S,v»T, transition competitive with S2ﬂf*ﬁ1m
This is expected to depend primarily on the So-8, electronic energy
difference relative to the 32-T2 energy gap. If the 85-T, energy dif-
ference is close to 95-84 difference, then deuterium substitution would
be expected to decresase the rate of both pathways and no effect would be
observed. Investigations of the above itype could be compared with data
on the position of higher excited triplet states obtained by triplet-
triplet absorption.

It is proposed that experimenits of this type be first attempted
on molecules in which there has been previous evidence, in the absence
of deuterium, suggesting that intersystem crossing at higher excited

state levels can occur. This includes chrysene and hexahelicene (12)
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and dibromanthracene (13).
Complications in the interpretation of deuterium effects due to
proton transfer in the excited state could be eliminated by working in
media in which the protons cannot he transferred, or by working in HZO’

leaving only the nonexchangeable positions deuterated.
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Proposition II
The Use of Optical Polarization Data in the Determination of Crystal

Structures of Enzymes.

Abstract: Binding of chromophoric groups at the active site of enzymes
has been observed, and the recent demonstration of crystallization of one
such complex has made optical investigation of these systems in the

solid state possible* It is proposed that absorption and emission
polarization measurements on crystals of this type can be used to com-
plement x-ray diffraction data in the determination of the crystal

structures of enzymes,

A number of aromatic molecules have been shown to bind co-
valently and non-covalently to & ~chymotrypsin (1),(2). It has recently
been shown by Haugland and Stryer (3) that a highly fluorescent and
stable anthraniloyl group can be inserted at the active sife, Fluores-
cence polarization and emission kinetics in the nanosecond region indi-
cate that the chromophore has no rotational mobility independent of the
motion of the enzyme molecule {3). Furthermore it has been shown that
the anthraniloyl enzyme co-crystallizes with & -chymotrypsin (4).

It is proposed that studies of the polarization of absorption
and emission of the chromophore in single crystals of enzyme complexes
of this nature can be used in determining crystal structures of enzymes,

Perutz has used the dichroism of absorption of the haem group
in determining its orientation in a number of haemoglobins {5), and

predictions of crystal structures of small organic molecules have besn
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made on the basis of polarization data (6). However, the lack of cor-
respondence of the emission and absorption spectra in the ges phase
and solution with the solid state spectra, and the failure to observe
polarization ratios predicted on the basis of a model in which the
molecules do not interact ("oriented gas model™) (7), makes it diffi-
cult, in general, to use optical polarizetion data in predicting crystal
structures,

In the'enzyme—chrcmophore crystals considered here interactions
between chromophores are expected to be negligible, particularly in
"dilute™ crystals in which only a small fraction of the enzyme molecules
carry a chromophoric group. The use of "dilute" crystals also simpli-
fies spectroscopic investigation., The difficulties encountered in pre-
paring crystals which are sufficiently thin for absorption measurements
(6) are avoided. It should be possible, therefore, to use crystals of
a convenient size and to work with more than one face on any one crystal.

Given an enzyme-chromophore crystal in which the crystal struc-
ture is unknown,; rotations which transform translationally inequivalent
enzyme molecules in the unit cell into one another (neglecting transla-
tions) must simultaneously transform the transition moment directions
in the chromophore, Fromr the determination of the transition moment
directions the rotational symmetry of the protein molecules in the unit
cell can be fixed.

The extent to which the rotational symmetry of the enzyme mole-
cules can be defined depends on the particular relations between the
transition moment directions and the observation directien. In crystal

polarization measurements the intensities of absorption or emission
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pelarized along the principal optical directions of the crystal are
measured. For a model of non-interacting molecules the intensity of
absorption is given by the sum of the squares of the projections of the
transition moments of the crystal along the principal directions (8). In
a simple case where the n moments 1n a unit cell lie in a plane formed
by the principal axes x and y, the intensities (absorption or fluores-
cence in this case) polarized along X and y are:

Ix = MQ% cos’ O(n
Iy = WL sin®&_
where M is proportional to the magnitude of the transition moment and
*,, is the angle that the transition moment makes with the x-axis., We
can define an angle © such that:
tan®6 = Iy = [nsin2 o

—- (3)
Ix chos o(n

It is apparent that © = T o« only when all the molecular moments in
the unit cell are translationally equivalent. With 2 molecular moment
directions per unit cell it follows that:

sin® Kq + sin® (, = 2 tan2 O (&)
1 + tano

and for a given O there is a range of possible values for X 4 and %5
which depends on the magnitude of O, For © =0 or ©, the transition
moment directions are uniquely determined and lie along the x and y
axis respectively. In this favourable case the only possible rotations
which will transform protein molecules are: 1) a 2-fold rotation about y
orx and all pzssible rotations about the transition moment direction.

an

For a value of , © equal to unity, on the other hand, it is not possible

to decide either the number of transition moments in the xy plane or
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their directions relative to the principal axes.

An increased amount of information can be obtained if a second
transition in the chromophore can be excited whose transition moment
dirsction relative to the first is known from measurements of the degree
of polarization of emission in solution (rigid media), It is not antici-
pated that a second higher energy singlet-singlet transition in the
chromophore can be used due to the absorption of the aromatic amino
scids in the protein. Determination of the degree of polarization of
phosphorescence from the chromophore would give the orientation of the
T - S, moment relative to the first 84 - 5, moment, and the T - 8°
moment could be used as a second vector, Folarization of the T - S
moment is known in some mixed crystals to be influenced by host -~ guest
interactions (). In the enzyme-chromophore systems the degree of
polarization of the phosphorescence would be determined with the chromo-
phore on the protein, i.e., in the presence of the host. Further per-
turbations on crystallization of the complexes are not expected.

To illustrate the use of a second vector, consider again the
case where the absorption moments are confined to the xy plane and
assume O =1T£ (y-polarized). Rotation about the y-axis was not defined.
If the relative intensities of phosphorescence polarized along the x
and Z axes are determined, it is possible to define the T-SO moment
directions to the extent of eq.(3).

For polarization ratios close to unity (tanze’vl) it is not
possible to decide by absorption whether there is one moment along the
© direction or whether a number of molecular moments exist such that

the total projections on the x-axis equal those on the y-axis, This
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quéestion can be decided by measuring ths polarized fluorescence on ex-
citation with polarized light. Ve again dispense with a formal analysis
and illustrate with the simple case above in which tan269 =1, If only
one molecular moment is present, then excitation polarized along x ex-
cites the moment along & and fluorescence appears along x and y with
equal intensity and the result is independent of dilution of the chromo-~
phore in the crystal, On the other hand if there are for example two

molecular moments lying close to x and y, then in a "dilute" crystal in

which energy transfer does not occur, the emission remains polarized

along x and it only becomes equally polarized along y in crystals in
which the chromophoric groups are sufficiently close so that energy trans-
fer occurs. Photoselection of this type has not been previously ob-
served in crystals; however it should be possible in these systems.,

It should be emphasized that the method is expected to be useful
in determining the non-crystallographic symmetry involved in the asym-
metric unit rather than the crystallographic symmetry which is readily

established by x-ray analysis.
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Proposition III
An Autoradiographic Study of the Distribution of

(A-T) - Rich Regions in A -DNA

Abstract: It is proposed that autoradiography of A -DNA labelled with
radioactive methyl mercury (Hg—0335) will reveal the regions of the
molecule which are rich in A-T., The experiment can be used to deternine

whether the eariy melting regions in )\ -DNA are A~T rich,

It haes recently been shown by Inman (1) that A -DFA initially
melts in selected regions of the molecule (1) It was suggested that
the early melting regions in A correspond to (A-T)-rich locations,

The partial denaturation, however, was carried out in the presence of
formaldehyde, and the denaturation was not allowed to come to equili-
brium. Formaldehyde is known to decrease the melting temperature of
DNA (2), and it has been pointed out that as formaldehyde binds to
guanine, cytosine and adenine but not to thymine, the decrease in the
melting temperature of G-C regions may be greater than A-T regions so
that it is not obvious that the A-T regions in the molecule sre the
first to denature (3). An independent method for locating (A-T)-rich
regions in the molecule would indicate whether the early melting regions
arise because of their high A-T content.

It is proposed that the binding of methyl mercury labelled with
tritium in the methyl group can be used to locate (A-T)-rich regions
in the molecule. &Selective binding would be indicated by location of

the methyl mercury by autoradiography.
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At low concentrations methyl mercury binds to denatured but not
native DNA, At higher concentrations an interaction occurs with native
DNA resulting in denaturation by virtue of a replacement of the protons
involved in H-bonding (4). The binding occurs cooperatively; binding of
a small amount of methyl wercury increases the probability of further
binding, presumably due to local denaturation close to the initial site,
Furthermore methyl mercury binds preferentially to (A-T)-rich DiA's,

The addition of methyl mercury to native DNA at a concentration which
results in only partial denaturation must be accompanied then by binding
preferentially at (A-T)-rich regions of the molecule. The local denatur-
ation in this case is not induced by heating per se but results rather
from a shift in the equilibrium between native and denatured DNA due

to preferential binding to the denatured molecule,

The detection of binding at selective regions of the molecule
could be accomplished through a combination of autoradiography and
clectron microscopy or even by autoradiography alone,

Methyl mercury heavily labelled with tritium in the methyl
group would be added to native DNA in varying concentrations in the con-
centration range where denesturation is known to occur. The complex
could then be prepared for electron microscopy either by the Kleinsmidt
technique (5) or by simply streaking the DNA on grids end positive
staining with uranyl acetate. ‘In the former case the methyl mercury
would be held et a fixed concentration in both the concentrated and
dilute ITH4304 solutions. The use of cytochrome ¢ in forming a film
would give rise to binding of the Hg-CH3 to sulfhydryl groups of the

protein with & resulting high background radiation. This could be
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eliminated by initial blocking of the -SH groups with iodocacetate. The
excess Hg~CH3 would be removed by complexing with NaCl,

The grids would be prepared for autoradiography after shadow
cesting or staining with uranyl acetate. OCairns {6) has described a
technique for sutoradiography of DNA. The resclution hnwaver was only
about 1 p. Adaptation of autoradiography to electron microscopy (7},
however, has resulted in considerable improvement in resoclution, and
with the use of nuclear emulsions with a grain size of the order of
400 R it is possible to achieve a resolution of around 0.1 mu(8).
Following the coating of the grid with a monolayer of photographic
emulsion the samples would be stored for several months to allow for
the tritium decay.

A sufficient number of disintegrations are expected during a
2-3 month period to allow detection of selective binding regions,
Tritium decays about 1% in 2-3 months (t% = 12 yr.), If we require on
the average of one disintegration per binding region per molecule then
it is possible to locate sites with 200 tritium atoms taking into ac-
count the fact that only one~half the disintegrations ars recorded as a
result of the geometry. With 100% specific activity this means it is
possible to locate 60 Hg-—C5H5 molscules., If we assume that all of the
bases bind Hg—C§H5, due to cooperative binding, in an (A-T)-rich region,
then one expects to be able to detect denatured regions of this type
with 200 bases or 350 R, It is apparent then that the ability to
locate the site of disintegration by autoradiography, rather thean the
sensitivety of the method, limits the ability to resolve selective

binding, and therefore denatured, regions.
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It would not be possible to resolve "single site" regions ob-
served by Inman, however, it should be easy to resolve the three major
"multiple site® early denaturing regions which are separated by 2-4 p,
if those locations do represent regions of th:s molecule which have a
high A-T content.

The polarity of the molecule could bte determined in these ex-
periments dy labelling one half {or less) of the A -moleculs with
thymine-JH in some oxperiments. The information, with respect to
methyl mercury binding, would be lost in that half of the molecule, but
would allow the assignment of the early denaturing regions to one half
or the other.

The use of a half labelled molecule would make it possible to
carry out the above experiments in the absence of electron microscopy.
The labelled half of the molecule could be used toc locate the position
of the molecules, and one would then look for the distribution of
"spots" in the unlabelled half,

A A -DNA nolecule could be radicactively labelled in one half
or the other by: 1) shearing thymine- H-DNA into half molecules, 2)
separation of the halves by the technique of Wang et al, (S), 3) de-
naturation and renaturation of the sheared halves in the presence of
whole unlabelled molecules to give "hot half-cold whole" hybrids,

4) repair of the missing quarter with unlabelled nucleotide triphos-

phates and DNA polymerase plus alkaline phosphatase,
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Proposition IV
The Kinetics of Ground State Recovery Following Electronic

Excitetion with Nanosecond Pulses

Abstract: It is proposed that the rate of recovery of the ground elec-
tronic state population of organic molecules following nanosecond exci-
tation can be measured to determine the relative contributions of the

excited singlet and triplet state pathways to the relaxation process.

In the majority of molecules in which emission from both the
excited singlet and triplet state has been determined ths number of
quante which appear as emission does not account for the number of quanta
absorbed, indicating the importance of the S4V»3, and TAfS, radiation-
less transitions. In hydrocarbons with large 8¢-S, electronic senergy
gaps, internal conversion (84 VWB,) is regarded as being unimportent
(1). Experimental evidence on this point, however, is conflicting (2).
Absolute intersystem crossing efficiencies have only recently been de-
termined by a photochemical method (3). A spectroscopic method which
would independently measure intersystem crossing rates in the solid or
liquid state would be valuable., In many casss where both the fluores-
cence and phosphorescence efficiency are low even a semi~quantitative
measure of the partitioning of the excitation energy between the singlet
and triplet states would be informative.

It is proposed that the relative contributions of the singlet
and triplet state pathways can be determined from the rate of relaxation

of the ground state population following excitation of a measurable
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fraction of the molecules out of the ground state.
If a steady state excitation source is shuttered, the initial
(steady state) populations of the excited singlet Sq, and triplet state

T, are given by:

8y =_1 (1)
kS
and T = ky. I (2)

o &
whore I is tho rate of absorption S, — §;, kg the oum of rate constants
for decay from the singlet state, ki the rate constant for intersystem
crossing and kp the sum of rate constant for decay from the triplet
state, The steady state triplet population is greater than the excited
singlet by a factor of ki/kT, which can be of ths order of 109 or larger.
The ground state population, then, recovers exponentially with essential-
ly the triplet stats lifetime,

If a nanosecond pulse of excitation is used, however, which we
assume here to be a square wave with a duration equal to the singlet

state lifetime 1/kg (tf = 1/kg), then the populations of the excited

states immediately following the flash are given by:

8, = 631 (3)
ks
and T = .37 ¢ 1 (4)
8

when the flash time tp is assumed to be small in comparison with 1/kT'

In this case the triplet state has nct been pumped up, and the relative
populations are of a comparable magnitude. Without further calculations
it is epparent that the ground state recovery rate will not, in general,

be dominated by decay from the triplet state, but the excitation will be
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partitioned between the pathways.
In the above approximation (ty = 1/k;) the time dependence of

the exeited state populatione subsequent to flashing is calculated to be:

54(t) = .63 'ﬁ-"-kst (5)
3

T(t) = by I (7T 63 e FsY) (o)
k
8

The increase (recovery) of the ground state population following the
flash S, is given by:

d8; = kgSq + kpT (7)
at

where kp = ke + k, is the rate constant for decay of ihe excited singlet
to the ground state, and is given by the fluorescence plus the radiation-
less rate constants respectively,

Substitution of eq(5) and (6) into eq(7) gives:

a8, = kg 631 eKstadkpdy T (KT .63 e X8ty (8)
dt kg Xg

Integration of eq (8) and rearrangement after taking the limits gives:

S50 = .63(1 -P1) (1 - e7Kst)
83 -5, 63(1 - P1) %

+ ] (1 - e k1) (9)
G3(1 -Pi) +Pi

where Sg and S:’ represent the ground state population at + =0 and *
respectively, The numerical factorrenters into eq (9) because of the
particular flash condition chosen in this case. Eq (9) then represents
the relaxation of the ground state population. It is apparent from

eq (9) that one should be able to resolve the relaxation curve into 2
time dependent exponentials yielding kg and kg, and the pre-exponential

factors provide a measure of the fraction of the excitetion which
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undergoes intersystem crossing to the triplet state. Independent de-
termination of the fluorescence and phosphorescencs efficiency then pro-~
vides a complete description of the rate constants for all major processes
which result in dissipation of electronic excitation energy.

Exporiments of this type should be possible, An excitation
source which is capable of lifting a detectable fraction of the mole-
cules out of the ground electronic state in manosecond times is required.
The ground state population would be simultaneously monitored by ab-
sorption from a second source,

For a molecule with an extinction coefficient at the exciting
wavelength of 104 1 mole'1cm—1, and an 0.D,(1 cm) of 0.3 there are
1.8 x 1016 molecules cm™-, Lifting 10% of these out of the ground state
giving rise to ~ 10% increase in transmittance of the spectrcscopic
light, requires that 3,6 x 1015 quanta (for which € = 104) be incident
on 1 ml of solution., This is beyond the capabilities of the relatively
weelk nanoseccond flash lamps currently available (4)., With some sacrifice
in time resolution it is possible to increase the intensity of these
flash lamps (5). Proper design of the cell could reduce the volume re-
quired to 0,1 ml, and with time averaging of the signal a 1% change in
0.D, could probably be used. One could probably get by with as little
as 1012 quanta, which then makes such an experiment feasible.

Pulsed lasers have recently been described which have pulse
duretion times in the nanosecond region. DeMaria (6) has described a
neodymium { -spoiled laser with a flash time of < 1 nsec, and Ernest et
al (7) has produced a Kerr cell Q-switched ruby laser of 100 mJ per

pulse and a pulse time of 2 nsec., In the latter case this corresponds
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tc ~3 x 1017 photons per pulse at 6935 R. The usge of second harmenic
generation would produce more than an adequate number of photens at
vwavelengths which are useful in organic molecules to attain a measurable
decrease in the population of the ground state, The pulse intensity
would probably have to be reduced to aveid too large o fraction of the
molecules being excited giving rise to multiple quantum effects.

The change in the ground state population would be followed by

absorption of light at a wavelength different from the exciting light.
The source would have to be of sufficiently high intensity to allcw:
1) careful filtering out of the exciting flash, and 2) maximum signal to
noise. A CW laser with second harmonic generation could be useful as a
spectroscopic source, in that use can be made of the parallel nature and
polarization of the luser light in excluding scattered light,

The principle drawback in the use of lasers is in the lack of
- versatility in the wavelengths of the exciting light.

Experiments of the above type should be possible in solution as

well as in rigid glasses,
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Proposition V¥

Cn the Hydrolysis of Oligosaccharides by Lysozyme

Apstract: It is proposed that the time dependence of the optical acti-
vity of substiretes of lysozyme be determined during the course of hydro-
lysis as a method of studying the configurational change about carbon-1

on cleavage of the {3 (1-4) linkages.

The complete 3-dimensional structure of the lysozyme molecule
has been determined (1). The solution of crystal structures of the
enzyme in the presence of substrates has led Phillips to propose an
sctive site for the enzyme and a mechanism of hydrolysis. In order to
achieve a satisfactory £it of the substrate (tri-N-acetylglucosamine) to
the enzyme it was necessary to postulate that the sugar ring on which
carbon-1 of the glycosidic bond to be cleaved is located is distorted,
This distortion with a concerted protonation of the glycosidic oxygen
from a gluteamic acid residue favore the formaticn of a carbonium ion at
carbon-l. It is then postulated that hydroxyl ion addition to the
carbonium ion complete the hydrolysis,

As well as can be judged from 2-dimensional representations of
the enzyme substrate complex (1), an CH™ ion could approach the carbon-

" of the sugar, This im-

ium ion from either above or below the "plane
plies that hydrolysis by the enzyme will give rise to either o or
terminal hydroexyl groups, or in other words, the onzyme will catalyze

mutarotation.

It is proposed therefore that the optical activity of substrates
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for lysozyme be followed during the course of hydrolysis,

Ths reaction could be carried out either with chitotriose I (2},
or with tetra-N-acetyl-glucosamine (NAG). With the latter substrate it
has been shown that hydrolysis of the firast residue occurs rapidly
( <15 min,) while cleavage beyond the trimer proceeds much more slowly
(3).

The (1-4) glycosidic linkages in these oligosaccharides are (3 ,
and the tetramer of NAG, for example, shows a characteristic specific
rotation [%131 (3). Hydrolysis by a mechanism involving a sterically
unhindered carboniua ion would proceed with racenization® about carbon-
1 to generate equal numbers of « and B ends, It is apparent then that
the mixture would remain in equilibrium with respect te &« and [ forms,
If the reaction is stopped, for example by precipitetion of the enzyne
with trichloracetic acid, the opticsl rotation will remain constant in
time, It chould be pointed out that the chanze in optical activity
would not be due smolely to changes in the «, /3 form but also as a re-
sult of the generation of new species.

Cn the other hand if the mechanism of hydrolysis does not in-
volve formation of a carbonium ion but occurs rather by an Sn2 mechenism
with either inversion or retention of configuration about carbon-1,
then the produects of hydrolysis at any time during the reaction will
not be in equilibrium. If the enzymatic reaction is stopped as before,
the optical rotation will continue to slowly change as a result of mutaro-

tation in H,0. It would not bs necessary to wait for equilibrium to be

* The of and 4 forms are not mirror images in that the glucose moisty

retains the D-configuration. Mixtures of equal amounts of o, and 3
gtill show optical zmectivity,
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attained. One would simply add acid or base to catalyze the reaction
and determine the sxtent of the changs,

In this latter case, the above argument only holds when the rate
of enzymatic hydrolysis is fast compared to the mutarotation rate in
Ho0. With an enzyme excess this should not present a problem with tetra-
NAG as long ams hydrolysis beyond the trimer is not attempted.

Monomeric NAG is known to inhibit the action of lysozyme. It
would be intereéting to determine whether binding per se to the enzyme
would result in mutarotation. NAG in either the & or @ form would be
required. These could probably be obtained by erystallization. Cata-
lyzed mutarotation of this type, which does not involve opening of the
ring, would result in 18 uptake from H2180 in contrast to mutarotation

by acid or base (for glucose) which does not involve significant oxygen

exchange (4),
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