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Abstract. The fluorescence behavior of adenosine in
neutral solution has been studied by time-resolved
spectroscopy using synchrotron excitation and time-
correlated single photon counting, and by decay time
measurements. Three emissions have been identified
and correlated with three excitation spectra. The as-
signment of these transitions has been made by com-
parison with similar measurements on °N,®N-di-
methyladenosine (6 DMA), and on adenosine in acid
solution (ADOH™). It is proposed that two of the
transitions of adenosine which correlate with 6 DMA
originate from coplanar and orthogonal rotational
conformers of the amino group. The other transition,
correlating with ADO H* may originate either from
the *H-imino tautomer, or from a differently solvated
rotational conformer.

Key words: Adenosine, time-resolved fluorescence
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fluorescence, dual fluorescence

Introduction

The fluorescence from adenosine (ADO) and adeno-
sine-5’-monophosphate (AMP) in neutral aqueous
solution at room temperature has been little studied
despite its obvious importance for understanding ex-
cited state behavior and photochemistry of many
polymeric nucleic acid species. In contrast, there have
been many studies on adenine (Ade) and AMP in acid
solution and at low temperature. The origin for such
disparate treatment lies not in the intrinsic interest of
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acidic or low temperature media but is found simply in
the fact that the fluorescence quantum efficiency of
ADO and AMP at room temperature is so low
(~4x1077) as to make detection difficult with con-
ventional apparatus, while in acidic solution ¢, is
around twenty times greater and at 77 K the increase
is by three orders of magnitude.

The advent of brilliant light sources such as the UV
laser or the synchrotron has completely changed this
situation and now makes possible the extended in-
vestigation of very weak emitters such as adenosine.
The work reported here has been carried out on the
fluorescence lifetime facility which is coupled to the
UV/visible port of the ACO synchrotron at LURE,
Orsay (France). While it might appear that use of a
psec. UV laser would have been to advantage, in retro-
spect an entire class of measurements which we term
‘time-resolved excitation spectra’, requiring repeated
scanning over a range of 16,000 cm™! of excitation
frequency in the UV (from 230 to 357 nm), would be so
tedious and unreliable as to be impracticable for an
extended piece of research such as this.

The starting point for the present work was our
observation (Ballini et al. 1982) of an unexpected ‘tail’
during the measurement of the decay profile of the
fluorescence from adenosine (Fig.2). The significance
of this arises from the fact that from the quantum
efficiency and intrinsic lifetime (calculated from the
spectra) a fluorescence lifetime of a1 ps would be an-
ticipated. With the 1.76 ns exciting pulse of the LURE
synchrotron, the fluorescence profile should then be
that of the exciting pulse. Our observation suggested
the presence of some long-lived species and aroused
our interest because of a much earlier brief report
(Blumberg et al. 1968) of an anomalously long ~ 4.3 ns
lifetime at 77 K. Accordingly we have carried out the
extensive series of measurements reported here utiliz-
ing variable-wavelength time-correlated single photon
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counting detection in conjunction with variable wave- .

length 1.76 ns pulsed excitation at 13.6 MHz. This
technique is particularly suitable for carrying out time-
delayed measurements and as well as the conventional
time-delayed emission spectra we have relied heavily
on the corresponding time-delayed excitation spectra,
a much less common procedure, to elucidate the be-
havior of adenosine at room temperature. With the
aim of aiding the interpretation of neutral adenosine
we have carried out similar measurements on
®N,°N-dimethyladenosine (6 DMA), °N-methylade-
nosine (6 MA), i-methyladenosine (1 MA), and on
protonated-adenosine (ADO H™).

Experimental

All experiments have been carried out using the pulsed
synchrotron excitation source together with gated
time-correlated photon counting. The general syn-
chrotron facility at LURE has been completely de-
scribed earlier (Guyon et al. 1976). The radiation con-
sists of almost gaussian pulses, FWHM =1.76 ns, at a
repetition rate of 13.6 MHz (73 ns between pulses) for
single bunch operation. For the time-resolved fluores-
cence and lifetime work the beam is brought out via a
sapphire window, transported to and focused into an
SLM 2800 spectrofluorimeter. This set-up has been
outlined earlier (Ballini et al. 1982, 1983), and it is only
necessary to emphasize the use of a double excitation
monochromator with holographic gratings in record-
ing the excitation and emission spectra, and the decay
profiles. A measure of the overall sensitivity of the
facility may be gained by noting that while most work
in fluorescence decays is with systems for which the

product of emission quantum yield (¢, ~ 0.1) and ab-
sorbance (4 ~ 0.1) is ~ 1072, the work we report here
and in (Ballini et al. 1982, 1983) is for systems for which
¢ A~107*. This is only made possible by the high
brightness of the synchrotron source (approximately
two orders of magnitude higher than a 150 W xenon
arc) combined with the low stray light of the optics.

Time-resolved spectroscopy

The arrangements for signal handling which allow us
to determine time-resolved spectra is illustrated in
Fig.1a and b. Figure 1a shows the more usual
(lifetime-mode) operation of the time-amplitude con-
verter (TAC)/pulse-height analyser (PHA) combina-
tion. The TAC generates a pulse whose magnitude is
linearly related to the time between the start and the
stop pulses. The TAC output pulses are then sorted in
the PHA and stored in an address which corresponds
to the time after excitation at which a photon is de-
tected. For the time-delayed spectra mode (Fig. 1 b) the
TAC output is sorted by a two level discriminator
(single channel analyser, SCA) which only gives an
output when the input falls between its levels. In this
way the lower level discriminator (LLD) determines
the time delay 4t, and the upper level discriminator
(ULD) determines the acceptance time window ot.
Output pulses from the SCA are then counted in the
analyser now operating in its multi-channel scaling
(MCS) mode. Channel advance, and hence counting
time/A interval, is determined by the monochromator
digital scan control. Obviously many counts can be
lost in this mode, but the selection of the time window
is very precise and sharp (0.078 ns/channel) and jitter-
free in contrast to most other methods of gating.
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Channel resolution over 128 ch. is 2 nm for a scan
range from 280 to 536 nm in emission, or over 64 ch.
from 220 to 347 nm in excitation. Optical resolution
has been either 16 nm or 8 nm, for either excitation or
emission spectra, depending on the compound. The
dwell times are &1 s/ch./scan and the times required
to collect these spectra typically are 21 min for six
scans. No smoothing has been carried out on the re-
sults presented here. Correction for the decay of the
synchrotron beam is unnecessary during the recording
of one spectrum because of the up-down-up-down,
scanning sequence and the long lifetime of the beam,
while it is taken into account between recordings of
sample and buffer. The geometry of the beams within
the 1 cm cuvette has been verified in order to correct
the emission and the excitation spectra for the absorb-
ance of the solution, using the procedure of Vigny and
Dugquesne (1974) (OD has always been kept <1). Exci-
tation spectra are corrected for the wavelength varia-
tion of exciting beam intensity using solid sodium sa-
licylate as a quantum counter. All other conditions
and materials have been described previously (Ballini
et al. 1982).

The time-delays and windows used in this work are
illustrated in Fig.2 for the fluorescence from ade-
nosine. The following time-windows have been com-
monly used.

a) early time-window, 0 - 235ns
b) intermediate time-window, 2.35— 4.70ns
¢) late time-window, 4.70 - < 36.0 ns.

Most of the time, the intermediate time-window has
been used qualitatively to help us assign the species in
going from early to late time-window.

Decay kinetics

Protocol for decay-time recording; decays have been
measured at excitation and emission wavelengths sug-
gested by the time-delayed spectra. Recording of one
decay is always carried out using a sequence of four
measurements. (i) an exciting pulse profile (preflash)
taken from the buffer as scattering solution, at the
emitting wavelength of our sample, with a constant
geometry of the beams within the cuvette and onto the
photomultiplier, and with the same counting rate of
events as for the decay profile (obtained by aperturing
the exciting beam before the double monochromator).
The count rate per excitation flash is very low (x10~#
to 107°), so that no pile-up correction has to be con-
sidered. (ii) decay profile of our sample. (iii) decay pro-
file of the buffer under the same conditions. (iv} an-
other exciting pulse profile (postfiash) identical with (i)
in order to verify the stability of the experiment.
Decay-time analysis; we use the same treatment
concerning the absorbance of the solution and the de-
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cay of the synchrotron beam as for spectra. Then anal-
ysis has been carried out on a Vax 780 by re-con-
volution from the excitation pulse profile assuming a
multi-exponential model. Fitting is by non-linear least
squares minimisation using the Marquardt algorithm,
the goodness of fit being judged graphically by ran-
domness of the plot of the weighted residuals and of
the autocorrelation function of the weighted residuals,
and by the value of y*. Each decay determination al-
ways consists of at least two data sets because of pre-
and post-flashes, and the computation is carried out a
number of times (5 to 10), varying the starting values,
in order to cheek the stability of the analysis. Despite
all these precautions, because of the extremely low
quantum yields of our compounds, some instabilities
remain in our analysis. For sets of multicomponent
decays for which the same decay constants are antici-
pated, only the proportion of each varying, global
analysis of all the sets leads to a considerable reduction
in number of independent parameters (Knutson et al.
1983; Frye et al. 1984). Thus for a two component
decay, measured at three wavelengths, global analysis
reduces 12 parameters to 8. In our protocol, using pre-
and post-flash recording, 24 parameters are reduced to
14. Such global analyses have always been carried out
with a range of starting values.

Absorption spectra have been measured with a
Cary 118 CX spectrophotometer.

To be sure of the purity of adenosine, liquid chro-
matography separation has been carried out on a
Beckman model 344 HPLC system, using an Altex
Ultrasphere-ODS column (25 x 0.46 cm; mean parti-
cle size 5 pm) at 35°C, eluting with a gradient of 2.5%
to 12.5% methanol/water at a flow rate of 1.5 ml/min,
monitoring by absorbance at 254 nm on a Shimadzu
detector. No evidence of more than one peak has been
found.

Adenosine (ADO) was obtained from Calbiochem
and from Boehringer, °N,N-dimethyladenosine
(6 DMA) from Sigma, *N-methyladenosine (6 MA)
and 1-methyladenosine (1 MA) from P-L Biochemi-
cals. Solutions were usually prepared in neutral buffer
with phosphate 1072 M, pH 7.2. The pH of acidic
solutions has been adjusted using sulfuric acid and the
pH of alkaline buffer was adjusted with sodium car-
bonate.

Results

A. Adenosine

i) Time-delayed emission spectra. As noted in the In-
troduction, our first decay profiles such as Fig.2 in-
dicated that, excited at 275 nm and monitored at
390 nm, most of the emission is much faster than nano-
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second, as expected, together with a much smaller pro-
portion of longer-lived component with 7 in the nano-
second range. To determine the emission spectrum of
the fast component with the minimum of interference
from slower-decaying component(s) the emission spec-
trum has been determined using the early time-
window with the results shown in Fig. 3. With an onset
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Fig. 2. a Cross: Decay profile for neutral adenosine fluorescence
excited at 275 nm and monitored at 390 nm. Log (counts) versus
0—511 channel number (time scale: 0—40 ns). Black dot: Excit-
ing pulse profile. Continuous line is the fitting by two exponen-
tials. Early time window within the leading edge of the excita-
tion. Late time window after the excitation. b Weighted residuals.
¢ Autocorrelation function of the weighted residuals

~ 290 nm, A, & 320 0m and 2;,, ~ 360 nm, this re-
sult is closely similar to that observed for ADO at 77K
in glycol/water (Longworth et al. 1966). No other spe-
cies is obviously present and we shall refer to this
spectrum as originating from the ‘320’ species.

To discriminate against the 320’ species and to fa-
vor the slower-decaying species responsible for the
‘tail’ of Fig. 2 is the reason for using the intermediate
and late time-windows. In the intermediate time-
window the spectrum has strengthened on the long-
wavelength side, although the “320° emission is still
significant and the maximum remains =~ 320 to
330 nm. In the late time window (Fig. 3) there is con-
siderable gain of intensity at 360 nm, and beyond to
500 nm while little of the ‘320’ remains. It is important
to note that the intensity at 390 nm is very close to that
at 360 nm and a slight change in window can lead to
a reversed intensity ratio. This suggests that the emis-
sions at 360 nm and 390 nm may originate from differ-
ent species. To help clarify the number of emitting
species and their relationships, excitation spectra have
been determined, as well as decay profiles at different
wavelengths.

ii) Time-delayed excitation spectra. These are shown
in Fig. 3. The ‘320’ species has been monitored not at
its maximum but at 340 nm to avoid interference by
Raman scattering. For the early time-window an exci-
tation spectrum is obtained which superimposes very
nicely with the absorption spectrum of adenosine,
peaking at 258 nm. For the intermediate time-window,
monitoring the slow emission at 400 nm gives a quite
different excitation profile which peaks ~ 267 nm and
extends to wavelengths above 300 nm.

Fig. 3. Time-delayed emission and
excitation spectra for neutral aden-
osine. Black square: Barly time-
window emission (4., = 250 nm),
J excitation monitored at A, =
340 nm. Black dot: Late time-
window emission (4. = 270 nm),
excitation monitored at A, =
400 nm. Circle: Late time-window
excitation monitored at A4, =
360 nm. Corresponding emission
and excitation spectra are indi-

. cated by double-headed arrows.
T _| Absorption spectrum is confin-
IS T SR R TR S uous line
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Abs early & late

Fig. 4. Time-delayed emission and
excitation spectra for acidic aden-
osine. Black dot: Early and
late time-window emission (4., =
260 nm), excitation monitored
at A, =390 nm. Corresponding
emission and excitation spectra are
indicated by double-headed arrows.
Absorption spectrum is continu-
ous line

250 300 350 400

The late time-window profile monitored at 400 nm
peaks x 269 nm (Fig. 3) while monitored at 360 nm
the peak is broader and extends to & 281 nm with a
mean of the values around 276 nm. In interpreting
data such as this it must be noted that such time-
delayed spectra do not represent single species but are
the result of the overlapping in wavelength and time of
several emitting species which have been partially re-
solved by appropriate selection of 1., 4.,,, At and ét.

It should be noted that an additional small excita-
tion peak is observed around 330-340 nm. Its wave-
length position and the time-window used in its
recording exclude the possibility that it is Raman scat-
tering. No definite interpretation can be given at the
present time.

The behavior in the intermediate and late time win-
dows may be interpreted as indicating the existence of
two species having lifetimes in the nanosecond range,
the first emitting most strongly around 360 nm and
having an excitation peak & 276 nm, the second emit-
ting primarily at longer wavelengths =~ 390 nm and
having an excitation peak =269 nm. Our under-
standing of this system at this stage may be summa-
rized as follows

Aex (MAX) Ao (Max) T
Species 1 258 nm 320nm <100 ps
Species 11 ~269nm =390 nm ~4ns
Species 111 ~276 nm = 360 nm ~4 ns

Further evidence has come from investigating the de-
cay profiles corresponding to this classification.

iii) Wavelength-resolved decay profiles. Typical decay
profile is shown in Fig. 2. Excitation at 260 nm and
monitoring at 320 nm gives mostly (84%) a very fast
emission which can only be characterized as having
7 < 100 ps. This is expected for adenosine based on the
quantum yield and intrinsic lifetime calculated from
the entire first absorption band. However there is also
a small amount (16%) of a longer-lived component
with a lifetime of 3.4 ns and this is probably due to a
small spectral overlap from another species which
emits maximally at another wavelength. Exciting at
250 nm and monitoring at 330 nm gives essentially the
same results (16.5% of a 3.9 ns component), however
changing the excitation to 275 nm while still monitor-
ing at 330 nm changes the proportion of longer-lived
component to 56% without significantly changing the
lifetime (3.7 ns). These results are consistent with the
idea that there are two emitting species in this region,
a very fast one with an excitation maximum at
~ 260 nm and another with a much longer 3.7 ns life-
time preferentially excited between 270 nm and
280 nm. Exciting at 275 nm and monitoring at 390 nm
or 350 nm gives 58% or 55% of a nanosecond compo-
nent with a lifetime of 4.1 ns (global value) and this is
also consistent with time-delayed spectra suggesting
there are two species resulting from 275 nm excitation.

While the emission from neutral adenosine peaking
at 320 nm and decaying much faster than the exciting
pulse can be immediately assigned as the ‘normal’ or
anticipated fluorescence from adenosine on the basis
of the agreement of its excitation spectrum with the
absorption spectrum of adenosine, the nature of the
species responsible for the longer lived emissions in the
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range 350400 nm is not obvious. From the similarity
of this emission with the fluorescence from adenosine
in acidic solution (4,,,, ~ 390 nm) it occurred to us that
we may be observing emission from protonated ade-
nosine even in neutral solution. To provide a better
basis for such an assignment we have investigated in
detail the fluorescence behavior of adenosine in acid
solution in the same manner as reported above for
neutral solution.

B. Adenosine in acidic solution

i) Time-delayed emission spectra. For all time-
windows the spectra are remarkably similar all having
a peak = 390 nm, the major difference between the
carly and late windows being a small red shift of the
slopes of the curves. Figure 4 is a typical spectrum.

ii) Time-delayed excitation spectra. In view of the simi-
larity of the emission spectra it is not surprising that
the excitation spectra are almost identical for all time
windows. An example is in Fig. 4. The outstanding
feature is the excitation maximum at 269 nm, com-
pared with the absorption maximum at 256 nm. To
examine the possibility that a weak fast emission simi-
lar to species I might be hidden under the high energy
slope of the major emission the excitation spectrum in
the early time-window was repeated, monitoring at
340 nm. No change in excitation peak was observed.
Consequently from time resolved spectra protonated
adenosine is well described as a single component in
emission. However the excitation spectrum is clearly
different from the absorption spectrum (Fig. 4), imply-
ing the existence of at least two absorbing species.

iii) Decay profile. Measured at 350 nm or at 390 nm
the decay profile (Fig. 5a) cannot be analysed satisfac-
tory as a single component. Excited at 270 nm, two
component analysis at 350 nm gives 95% of a 4.5 ns
and 98.6% at 390 nm. The proportion of the fast com-
ponent is so low that a considerable uncertainty at-
taches to its lifetime which can only be given as <0.5 ns.

The difference between the excitation spectrum and
the absorption spectrum of adenosine in acid solution
recalled the extensive early work of Bérresen (1967) on
tautomerism and suggested this might be involved in
the behavior of adenosine in neutral solution. To pro-
vide information which might aid us in evaluating this
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Fig. 5. Decay profiles of a) acidic adenosine. A, =270 nm,
Aem = 390 nm, b) 6DMA 4,, =270 nm, A, = 360 nm, c) 6 DMA
Aex =315 nm, A, =400 nm. log(counts) versus 0—511 channel
number (time scale: 0—40 ns). Solid line: Weighted residuals and
auto-correlation function of the weighted residuals are calcu-
lated for two-components analysis



possibility we have examined the fluorescence behav-
ior in neutral solution of methylated derivatives, for
which tautomerism (Fig. 6) is not possible or is consid-
erably restricted.

C. ®N,°N-dimethyladenosine (6 DMA)

Excited at 260 nm the early time-window gives a
broad emission spectrum A, =~ 355 nm (Fig. 7). At
first sight this seems considerably red-shifted from
adenosine but the absorption spectrum is also red-
shifted (A,.,~275nm) so that the Stoke’s shift,
8,100cm~! is similar to that for adenosine,
7,700 cm ™! (see also Table 1). The excitation spectrum
corresponding to this emission superimposes on the
absorption spectrum (Fig. 7). Although 6 DMA can
only exist in one tautomeric form, the late-time win-
dow emission spectrum excited at 315 nm is quite dif-
ferent from the early window. A similarity exists with
the late time-window of adenosine but the spectrum is
more than an order of magnitude weaker and has a

NH
Ha 1l . N
g P N,Q
N I PIJ )
R H R
amino 1H-imino 3H-imino

Fig. 6. Tautomeric structures of adenosine
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half-width of 6,000 cm~* compared with 8,000 cm ™!
for adenosine. Consequently, although adenosine
shows two emission components in this time-window,
6 DMA shows only one. The excitation spectrum cor-
responding to this late emission is completely resolved
from the absorption spectrum and peaks at 315 nm
with a half width of 4,700 cm ~!. Consistent with the
behavior of this system as two independent excitation/
emission components, the decay kinetics are bi-
exponential when excited at 270 nm and monitored at
360 nm, with >90% of fast component (<100 ps)
(Fig. 5b), and with ~90% of slow component when
excited at 315 nm and monitored at 400 nm (Fig. 5c).

D. ®N-methyladenosine, (6 MA)

The differences between the spectral positions for
6 DMA and ADO could be due to methyl shifts, and
to investigate this possibility we have examined 6 MA.
Despite the fact that it is not a fixed tautomer its be-
havior is directly analogous to 6 DMA, showing one
emission spectrum each in the early and late time-
window, at A,,, ~ 331 nm and A,,, & 366 nm respec-
tively. Corresponding excitation maxima are 267 nm
and 293 nm, the former correlating with the absorp-
tion maximum at 265 nm. The decay kinetics are two
component with 30% of a 4.1 ns decay at 350—400 nm
when excited at 270 nm. All these parameters are inter-
mediate between 6 DMA and ADO, consistent with
6 MA being in the amino form and the spectra show-
ing usual methyl shifts.

Fig. 7. Time-delayed emission
and excitation spectra for
6DMA. Black square: Early
time-window emission (4, =
260 nm), excitation monitored
at A,, = 350 nm. Black dot: Late
time-window emission (4., =
315 nm), excitation monitored
at ., =400nm. Correspond-
ing emission and excitation
spectra are indicated by double-
headed arrows. Absorption

spectrum is continuous line
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Table 1. Stokes’ shift from time-resolved spectra. Position of the maxima of emission and excitation bands. Wavelengths in nm.
Wavenumbers values in cm ™! have been taken from replotted corrected spectra in wavenumbers

Absorption Early exc. Early em. Early Stoke Late exc. Late em. Late Stoke
nm cm™! nm cm™?! nm cm™! cm™! nm cm™?} nm cm™! cm™!
ADO 258 38,700 257 38900 320 31,200 7,700 269 37,200 390 25,600 11,600
276 36,200 360 27,800 8,400
6 DMA 275 36400 277 36,000 350 27,900 8,100 313 31900 395 24,300 7,600
ADO H* 256 39,000 269 37,100 391 25300 11,800

Summary of assignment correlations

Excitation  Spectra Emission Spectra

Absorption

* 'lvll

ADO 258 269 2786 320 350 390

e

313 350 395

very fast Slow Em. =4ns

6DMA 275

|

ADO H+ 256 269 391

|
l
Fig. 8. Summary. Assignment of transitions in ADO, 6 DMA,

ADO H™. Double arrows refer to correlated excitation/emission
spectra. Wavelengths in nm

E. I-methyladenosine, (1 MA)

Another molecule with a fixed tautomeric structure in
the unprotonated state is 1 MA, which we anticipated
could be a model for a 'H-imino structure. However
there are several problems with this molecule and with
results reported to date. First, 1 MA has a pKa ~ 7, so
that in neutral solution it exists =~ 50% in the proto-
nated form (of uncertain tautomeric structure). Sec-
ond, the uncharged form is thermally unstable, under-
going the Dimroth re-arrangement to 6 MA (Lister
1971). These features may be responsible for discrep-
ancies in reported excited state behavior.

Thus Borresen (1967) reported a broad emission at
393 nm (corrected) from 1 MA in acid solution, and an
excitation spectrum at 270 nm compared with an ab-
sorption maximum at 257 nm. This emission, with
¢, =1.4 x107 7 is stronger than protonated adenosine
(¢, =8 x10™%). More recently Knighton et al. (1982)
reported a much weaker emission (¢, =2x107%),
peaking at 320 nm, and with coincident excitation and
absorption spectra peaking at 258 nm. Surprisingly,
this emission is weakly polarized (» = 0.06 +0.03) com-
pared with 1-methyladenine which has the same
quantum yield and emission maximum and is quite
polarized (r = 0.21 +0.04). Dreyfus et al. (1977) pub-
lished an absorption spectrum peaking ~~ 260 nm with

a tail extending up to 330—350 nm, depending on the
solvent. In these circumstances we have limited our-
selves to searching for evidence for a nanosecond emis-
sion from 1 MA at pH ~ 10 by measurement of decay
profile at 390 nm. The result superimposes on the ex-
citing flash profile and hence the decay must be very
fast. We do not find any slow decay time.

F. Correlations of species by Stoke’s shift and lifetimes

All the preceding work has provided evidence for mul-
tiple excitation and emission spectra which are corre-
lated with each other on a one-to-one basis. These
excitation/emission pairs in different molecules may be
related by their Stoke’s shifts and lifetimes. Pertinent
results are in Table 1.

For ADO, the fast early-time species shows a shift
of 7,700 cm~*. This is close to the same early-time
window species from 6 DMA (8,100 cm ™ 1), despite the
2,300 cm ~ ! red-shift in absorption due to methylation.
For the nanosecond late time-window species the
shifts for ADO (‘360") and 6 DMA are 8,400 cm ™!
and 7,600 cm ~!. The magnitude of these values con-
trast with the late-window species for ADOH™
(11,800 cm ~ ') and the other late window species (390%)
for ADO (11,600 cm ~1). In these latter cases the maxi-
ma of excitation and emission almost coincide. Conse-
quently it appears that two of the pairs of ADO
(257/320 and 276/360) correlate with 6 DMA (277/350
and 313/390), while the other pair of ADO (269/390)
correlates with ADO H* (269/391), as diagrammed in
Fig. 8.

Discussion

Reviewing the entire available data on neutral ade-
nosine allows us to state the problems we face in un-
derstanding this system as follows:

1) From time-delayed emission spectra there are three
emitting states (‘320°, ‘3507, ©390°). The ‘320’ is a fast
decaying state with lifetime <100 ps. Kinetic studies
of the 350’ and 390’ states show only one lifetime
around 4 ns, so that either they have the same lifetime,



or they cannot be resolved under our condition of low
counts (low S/N ratio).

2) From time-delayed excitation spectra there are
three absorbing species present, 258’, 269’ and ‘276’,
one of which (258’) coincides with the absorption
spectrum, the 269 being correlated with the ‘390
emission and the 276’ with the 350",

For 6 DMA, a fixed tautomer system, we observe two
states from time-delayed emission spectra, together
with two corresponding absorbing states from excita-
tion spectra.

The problem then is to identify the absorbing spe-
cies in each case, to relate them to the emitting states,
and to relate 6 DMA to ADO.

A. Origins of multicomponent spectra

Several different processes which may account for the
difference between absorption and excitation spectra
have been considered.

a) Monomers <> aggregate equilibrium. From work we
have done earlier on ApA and Poly A (Ballini et al.
1982, 1983; Morgan and Daniels 1980), we know that
their total emission spectra are quite different from
adenosine and they contain components usually con-
sidered excimeric in nature, which are very similar to
the longer lived emissions we are reporting here. The
possibility that we are observing excimeric-type emis-
sions from aggregates of adenosine has to be carefully
evaluated. To make a correlation with excitation spec-
tra requires that the stacked aggregates have an ab-
sorption spectrum different from monomeric ade-
nosine.

Evidence against this proposition is as follows (i)
numerous experiments have been carried out attempt-
ing to remove the long-wavelength long-lifetime emis-
sion. These have included measuring the total emis-
sion spectrum over the temperature range 4°-90°C;
no change in shape was observed. (ii) The spectra are
usually observed at 1 x 10™* M concentration and are
unchanged at 2 x 10~ ° M ; this implies that we are not
observing a concentration-dependent aggregation.
(iii) To avoid the possibility that we may be observing
emission from ,suspended microcrystals, solutions
have been prepared by first dissolving in acid and then
bringing to neutral (buffered) pH. No change in behav-
ior was observed. (iv) The concentration at which we
observe these effects (1 x 10~ * M) is incompatible with
the magnitude of the known aggregation (associa-
tion) effect as observed by non-spectroscopic methods.
Considering for simplicity only the first stage of an

association representable by M + M ﬁM 2, then [M,]
>~ K,[MyF. K, is known to be ~4 (Ts’o 1974), thus
giving an associated concentration ~4 x 10~ 8 M. The
application of this value to the present work requires
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that either the absorption coefficient of the aggregate
or the fluorescence quantum efficiency be very high.
This can be seen as follows. It is apparent from our
measurements that the integrated intensity of fluores-
cence from the aggregate is, within an order of magni-
tude, comparable to that from the monomers and we
can approximate this relation by

& ¢1 [MZ]; Em ¢m [M]a

where 1 signifies the long wavelength, long decay-
line emission. Known values (Vigny 1973) of
¢ (~5%x107%) and &, (=15,500), [M]=1x10"* and
[M,]=4x10"%lead to &, #; =2 x 10, Such a value is
incompatible with reasonable expectation for either &,
or ¢,. If &, ~10* (order of magnitude of monomer)
then ¢, &~ 0.2 which is four orders of magnitude greater
than monomer emission; even low temperature mea-
surements give no indication of such a strong emis-
sion. A maximum value for ¢, of 1.0 gives a lower limit
to ¢; of 2000. On the other hand, any value of ¢, <
10~ ! gives unreasonably high values for &, (= 20,000).
For example if ¢; ~10~* (i.e. somewhat greater than
the monomers and compatible with previous steady
state excitation) then &, ~107. Thus the product
&, ¢, = 2x10% which is based on K,=40M", is
incompatible with any reasonable values of either &
or ¢,.

(») In an effort to observe the concentration-
dependent effects which this model requires, the ab-
sorption spectrum of adenosine has been measured
from a concentration of 2 x 10~ ¢ M in a 100 mm path-
length cell, to a concentration of 6 x1073M in a
0.1 mm pathlength cell calibrated by He—Ne laser in-
terference fringes. No change in absorption spectrum
could be observed; this is of course consistent with an
association K, constant of 4.0. We conclude that the
aggregation/association model cannot account for our
observation.

b) Solvated ground-state < desolvated ground-state.
Recently Frechet et al. (1979) have demonstrated the
dependence of the absorption spectra of nucleotides
on temperature and have interpreted it in terms of a
progressive desolvation with increasing temperature.
The difference spectrum recorded by Frechet et al. for
AMP is clearly different to our excitation spectra, and
this possibility is discarded.

¢) Excited-state protonation reaction of adenosine. The
shape of one of the longer-lived emissions which we
observe is similar to the fluorescence from adenosine
in acid solution and this raises the possibility that the
excited state reaction

Ado* + H,0 5 (Ado H*)* + OH ™

might be occurring, despite lack of evidence for this at
77K (Longworth et al. 1966). Such an excited state
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process cannot be considered as a completely satis-
factory explanation of our room temperature observa-
tions for two reasons. First we find no evidence of
consecutive reaction kinetics, which this process re-
quires. Secondly the excited state behavior of proto-
nated adenosine is in itself complex and not complete-
ly understood. The striking feature is that the
difference between the absorption and excitation spec-
tra of adenosine in neutral solution is maintained in
acidic solution and so the fundamental problem is to
understand the excitation spectra. Borresen (1967) di-
rected attention to interpreting this behavior in terms
of tautomers of adenosine and we follow this lead.

d) Differential fluorescence of adenosine tautomers. A
conceptual framework for understanding our results
would be provided if adenosine exists in three tauto-
meric forms, which have distinct fluorescence spectra.
Tautomerisation in adenosine is due to the two ‘mo-
bile’ H atoms of the extra cyclic amino group (Fig. 6),
and to eliminate the problem due to tautomerism is
the reason for investigating 6 DMA. If the phenomena
of multiple excitation/emission spectra are due to the
existence of tautomers, then 6 DMA should show just
one emission spectrum and an excitation spectrum
superimposing on the absorption spectrum. This is not
the case. 6 DMA shows two emission and excitation
spectra which correlate with two of the adenosine
excitation/emission pairs. Consequently tautomerism
cannot be the source of the multiple spectra of ade-
nosine.

B. Dual excitation and emissions from 6 DM A

It appears that the behavior of ADO can be under-
stood as a combination of the behavior of 6 DMA and
of ADO H™. Tautomerisation as the origin of the dual
excitation/emission of 6 DMA can be ruled out a pri-
ori. Protonation of 6 DMA has no effect on its emis-
sion spectrum (A, ~ 358 nm) or quantum yield
(which is as low as adenosine in neutral solution) and
the excitation and absorption spectra essentially coin-
cide (Knighton et al. 1982). Consequently protonation
of 6 DMA must also be ruled out. In view of this we
suggest that the two excitation spectra originate in
two rotational conformers of the exocyclic — N(CH;),
group, which may be coplanar with or orthogonal to
the plane of the heterocyclic ring. Such a situation has
been shown to be responsible for the well-known dual
fluorescence of p-(dimethylamino)benzonitrile in which
excitation gives rise to a twisted internal charge trans-
fer state (Grabowski et al. 1979; Huppert et al. 1982;
Wang et al. 1981) with large excited state dipole, with
nanosecond lifetime and strong solvation. Such an ef-
fect can account for the anomalously long lifetime
which we observe at room temperature for neutral
adenosine and pronatal adenosine.

To be effective, this proposal concerning rotational
conformers implies a considerable role of the amino
group in the electronic transitions which is supported
by the strong effects of amino group methylation or
N3 methylation on the absorption spectra. Similar
effects are known in the spectroscopy of anilines
{Murrell 1963) and have been discussed by Kasha and
Rawls (1968) in term of partial charge transfer to the
ring, described as af « 1.

C. ADO

If the —NH, group of ADO has the same conforma-
tional behavior as the —N(CHj,), group of 6 DMA,
then two of the three excitation/emission pairs can be
accounted for. This seems to be the case. However
there remains another excitation/emission pair (269/
390) to be accounted for. This pair has almost identical
characteristics with the excitation/emission pair of
protonated adenosine, which we now consider.

D. Processes in acidic solution

Although the investigation of protonated adenosine
was not the intent of this work, any satisfactory ac-
count must be consistent with the behavior of both
neutral and acidic solution. There has been much dis-
cussion over the years on ‘the’ site of protonation of
adenine and adenosine; these are not necessarily the
same, nor in fact has it been shown that only one
unique site is protonated in either molecule. A priori
even the investigation of di-substituted adenosines
would seem to be very difficult to resolve. For example
6 DMA structure has four potential protonation sites
(*N,>N, "N, N). However working empirically from
the fluorescence results assignments can be suggested
to account for the behavior of both neutral and acid
solutions. In overview the outstanding features about
the fluorescence of adenosine in acid solution are (i)
the positions of, and shift between the excitation and
absorption spectra are unchanged from the 269/390
excitation/emission couple in neutral solution (ii) the
emission is almost entirely long-wavelength with a
much bigger Stoke’s shift (~ 11,800 cm ~!) than for the
other excitation/emission couples of neutral solution
(~ 8,000 cm ™), and (iii) has an overall efficiency an
order of magnitude greater, but still only ~ 8 x10™%,
Items (i) and (iii) tell us that the behavior of the 269/390
excitation/emission of neutral adenosine is unchanged
in nature and is simply enhanced on protonation. As
this effect does not exist in acidic 6 DMA (Knighton
etal. 1982), it cannot be due to any protonated
6-dimethylamino tautomer. Our decay-time measure-
ment on the fixed 'H-imino tautomer, 1MA in an al-
kaline buffer at pH ~ 10 gives no slow decay time,
which signifies that this 1-imino form cannot account



for the 269/390 excitation/emission process. This is
also supported by the fact that the absorption maxi-
mum is at 257 nm. On the other hand, the 3H-imino
tautomer could possibly be the basis for an explana-
tion, based on the 274 nm absorption maximum of
3-methyladenine at pH 1.5 (Knighton et al. 1982).
Against this possibility is the reported weak emission
at 320 nm which must be fast because of its high an-
isotropy (Knighton et al. 1982). Unambiguous conclu-
sions on the role of the uncharged *H-imino tautomer
must await the synthesis of 3-methyladenosine.

To keep the same tautomeric structures after proto-
nation is only possible if protonation takes place at
N 7; this is in agreement with the experimental conclu-
sions of Knighton et al. (1982). The role of N7 is sup-
ported by the strong and completely depolarized fluo-
rescence very similar to protonated adenosine which
has been reported to occur from 7-ethyladenosine in
neutral solution (Knighton et al. 1982). This sub-
stitution is likely to favor the out of plane rotamer of
the amino group (Smagowicz et al. 1974; Cazeau-
Dubroca et al. 1983). We suggest that the 269/390 may
originate from a perpendicular — NH, conformer, due
to interaction in the ground state with the solvent, this
interaction being enhanced when protonation occurs
(probably at N7).

The differences in the behavior of 6 DMA and ADO
may be traced to the non-polar nature of the methyl
groups of 6 DMA which cannot be involved in
hydrogen-bonded solvent interactions. In contrast to
this, the amino group of ADO is strongly involved in
H-bonding with the solvent; its conformational be-
havior can thus be influenced by solvation at N7 and
changes in that solvation due to protonation. The
strong role of protic solvent in stabilizing twisted in-
ternal charge transfer transitions to which our model
is closely analogous is well known (Cazeau-Dubroca
et al. 1983; Wang and Eisenthal 1982; Hicks et al.
1985; Anthon and Clark 1987).

E. Nature of emission spectra

Excitation of neutral adenosine gives rise to three in-
dependent emissions. The ‘320° species, from its very
short lifetime, comparison with low temperature spec-
tra, excitation maximum at 258 nm and approximate
mirror symmetry with the absorption spectrum can be
assigned as the normal adenosine fluorescence with
almost no solvent rearrangement before emission.
This lack of rearrangement is a consequence of either
its very short lifetime or lack of change of dipole mo-
ment on excitation or both. We suggest this emission
comes from the co-planar conformation of the amino
group.

The ‘320’ and ‘350’ species having a similar Stoke’s
shift ~ 8,000 cm~! and having corresponding excita-
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tion/emission couples in 6 DMA, are assigned as
rotamers and we suggest the ‘350 species corresponds
to the orthogonal conformation of the amino group
relative to the purine plane. As such the dipole mo-
ment change on excitation and the Stoke’s shift will be
similar to the ‘320 species, but due to the orthogonal
arrangement of the orbitals the radiative rate constant
can be much smaller and this may account for the
nanosecond lifetime which is observed.

The nature of the “390° emission is interesting. Al-
though it has a nanosecond lifetime very close to that
of the ‘350’ species, it has a much larger Stoke’s shift
(~11,600 cm ™), a different excitation spectrum, and
is virtually identical to the strongly solvent-shifted
room temperature emission from acidic solution. This
Stoke’s shift involves a solvation change in the excited
state as manifest by an energy gap ~ 3,000 cm~! be-
tween the onsets of excitation and emission curves of
ADO H7. These features suggest the existence of the
orthogonal conformer in two states having different
solvation, enhanced by protonation at N7, although
the existence of some 3-imino tautomer cannot be ex-
cluded.

The essential conclusions concerning the excitation
and emission spectra of ADO, 6 DMA, and ADO H*
are summarized in Fig. 8.
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