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The flunrescence quantum yield and the fluorescence decay of agueous solutions of derivatives containing a single tyro-
sine residue have been measured at different pH. In these derivatives tyrosine was substiiuted on its amino end (series I)
or/and, on its carboxyl end (series ), by acy!, amino or amino acyl groups. The fluorescence decay's of series I derivatives
are monoexponential regardiess io the ionization state of their amino group. Upon deprotonation of the a-amino group. the
quanium yields and the lifetimes increase in the case of dipeptides, and slightly decrease, for the tripeptides. The quantum
yield and the lifetime increase with the side chain length of the aliphatic residue adjacent to the tyrosine residue, (the fluo-
rescence of Val Tyr anion being identical to that of {ree Tyrosine). Quite different is the behavior of series I1 derivatives:
their decays at pH 5.5 must be describad by iwo exponential terms, ore of them decaying with a short time constant (about
0.5 ns) and litile side cnain #ffect is observed. The fluorescence intensity increases upon deprotonation of the e-amino group
(though to a lesser eatent than for series I derivatives); a nearly monoexponential decay is observed at basic pH for dipep-
tides, but not for tyrosine amide, amide of dipeptides, or tripeptides. The following interpretation of our recults is proposed:
fluorescence quenching occurs in molecular conformations in which a peptide carponyl can comne in contact with the phenol-
ic chromophore. This condition depends mainly on the value of the angle x; which determines the conformation of the
tyrosyl residue around its Co—Cg bond. It appears that the rotamer i~ which quenching occurs are not the same for series [
ang series I derivatives, which can explain the different behavior of these two kinds of compounds. The interpretation of
the fluorescence properties is developed taking into account on one side the relative population of the rotamers in the ground
state. which is given by studies of crystals and of solutions, and on the other side the possibility of an exchange between
these rotamers during the excited state time. In this scheme the protonated a-amino groups would act to reinforce the
quenching efficiency of the carbonvl. At last it is found that the radiative lifetime of the phenolic chromophere is the same

for all the compounds studies.

1. Introduction

White [1] was the first to report that the fluores-
cence guanium yield in aqueous solution of the tyrosyl
residue in small peptide molecules was lower than that
of the free aminoacid, and that its value depended on
the pH of the solution. These studies were resumed and
extended by a number of authors [2].

A quenching by the ca.bonyl group of the peptide
bond was found to take place, especially when this
bond was on the C-terminal end of the tyrosyl residue
[3—6]. Cowsgill {7] suggested that this quenching might
be due to a direct intramolecular interaction between
the carbony! group and the aromatic ring; the quench-
ing efficiency would depend on the spatial relationship
between the two groups, on the polarizability of the
carbonyl group, and on the possibility of the solvent

to form a hydrogen bond with the latter [6].

The free @ amino-group could also modify the tluo-
rescence of the phenol chromophore. However its in-
fluence differed from cne compound to another [7].
For example, the amino group deprotonation had no
effect on the fluorescence of free tyrosine [1.9] where-
as it induced a raise of the fluorescence intensity in the
derivatives of the type H3N-Ty1-(Gly), COO~ for
n > 1; this effect remained fors = 1 in the series
PIN(Gly),-Tyr COO™, but it disappeared forn > 1 [5].
On the other hand the deprotonated a-amino group
seemed to have a quenching effect in the case of the
peptide Gly Leu Tyr [8].

Also the presence of neighbouring side chains was
found in certain cases to modify the fluorescence of
the tyrosyl residue [2}. A few measurements suggested
that the ~hromophore fluorescence was enhanced when
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the glycyl residue of the dipeptide Gly Tyr was re-
placed by an alanyl or leucy! residue.

Most of the previous studies were made using a con-
tinuous excitation (fluorescence guantum yield meas-
urements). Several workers reported the resulis of de-
cay time measurements of free tyrosine or related com-
pounds in aqueous solutions [9—121, but very few
works concerned by tyrosine pepiides [11].

The study of the transient fluorescence of these
compounds is expecied to bring additional information
on the quenching of the fluorescence of the phenol
chromophore, especially by the peptide and a-amino
groups. Furthermore this kind of study can provide in-
dications on the conformations of complex molecules
in solution {12—15]} and on their rates of exchange.
This was illustrated in a recent study of the fluores-
cence of tryptophan diketopiperazines {i15].

In the present work, fluorescence quantum yield
and transient fluorescence measurements were carried
out on aqueous solutions of several derivatives contain-
ing a single tyrosyl residue, substituted either on iis
amino end (series I) or on its carboxyl end (series 1),
by the acetyl, amino or aminoacyl groups. The pH of
the solution was adjusted so that the carboxy! group,
if it was {ree, was on its ionized staie, and the depen-
dence of the fluorescence parameters on the ionic state
of the amino group was investigated. To carry out this
study, it was necessary to resolve the technical prob-
lems raised by the rather low fluorescence quantum
vield and lifetime of the tyrosyl derivatives, and by
the short wavelcngth of the maximum of their fluores-
cence spectra. In addition to the present work, this
permitted the study of more complex oligopeptides
{16} and should allow the study of polypeptide and
protein containing tyrosyl residues.

2. Experimental section
2.1, Materials

Samples of L-tyrosine obtained from two different
sources {Merck and Fluka, puriss) gave the same results.
Tyramine (Fluka) was purified by sublimation and p-
cresol (Fluka) was recrystallized. AcTysNHEt was a
git of R. Mayer (C.B.M. Orléans). TyrGly and TyrGlyNH,
was obtained from Bachem, AcTyr and the peptides
TyrAla, AlaTyr, AlaAlaTyr from Sigma Chemical Co,

LeuTyr from Fluka, and all other peptides from Cyclo
Chemical Co. All the pzptides except TyrNH, and
TyrGlyNH, appeared 1o be homogeneous by thin layer
chromatography using Merck’s silicagel F 254 plates in
three solvent systems (n-butyl alcohol/acetic acid/water
(9:1:2.5), ethy! acetzte/pyridine /water (30:15:16.5),
methanol/chioroform/ammonivm hydroxidefwater
{22:27:5:5) when th:y were revealed with ninhydrin.
t-buty! hypochlorite and Pauly reagent. In the case of
TyrNH, and Ty:GlyiNH, it appeared very difficult to
eliminaie traces of impurities; however the amount of
these impurities was zstimated to be less than one per-
cent.

imidazole (Fluka) was treated with charcoal and re-
crystallized from petroleum aether, and did not show
any detectable fluorescence.

p-terphenyl was obtained from Koch-Light labora-
tories.

2.2, Methods

The samples were dissolved in a 2 X 10—3 M acetate
buffer, or in solutionr f imidazole 2 X 10-3 M, all
prepared with twice distilled water. At these concen-
trations acetate and iinidazole do not affect the fluo-
rescence of tyrosine, as was checked preliminary.

The pH of irmidazole solutions was adjusted with
HC1 or NaOH, and resletermined after dissolution of
the peptides. In all cases, the value of the pH was de-
termined before and zfter each flucrescence measure-
ment. The Tacussel pH meter was standardized using
standard buffer soluiions obiained from Merck. The
accuracy of the measured pH is estimated as £ 0.05 pH
unit. Sclutions with a concentration of 3 X 1045 M
were used, both for sieady-state and transient fluores-
cence measurements.

Absorption spectra and optical densities were
measured with a Beckrian Acta il specirophotometer.
S:eady-state fluorescence measurements were made
using a Jobin Yvon spe:trofluorometer modified in
our Izboratory. Thermustated 5 X 5 mm quariz cells
were used.

Beside the phenol hydroxyle group, the molecules
under study showed either a carboxyl group, an amino
group, or both groups at the same time. Solutions of
the anionic, cationic or ~witterionic forms of these
molecules, respectively, were obtained by adjusting the
pH to 5.5. This choice was supported by pubished pK
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data [17] and fluorimetric titration results (ref. [5]
and this work).

In the basic pH range, ionization of the phenol
hydroxy! to give a non fluorescent species, introduces
some uncertainty in the determination of fluorescence
quantum yield. Hence the values given in the table of
results were measured at pH 9, for which the phenolate
concentration is low. Since for some compounds the
ionization of the amino group is not completed at this
pH, transient fluorescence measurements were carried
out at slightly higher pH.

Fluorimetric titration curves were obtained by
comparing the fluorescence intensity of the solutions
at various pH to that of a solution ai pH 5.5, the opti-
cal densities beirg identical. Excitation was at 278 nm.

Relative fluorescence quantum yields at pH 5.5
were measured using a solution of tyrosine at the same
pH, as the reference.

Since all the samples except p-cresol have absorp-
tion and emission spacira very close to that of tyrosine,
the fluorescence intensities of the samples (£) and of
the reference (Fqy;) measured at 305 nm, near the
emission maximum were compared [18]. The respec-
tive optical densities at the excitation wavelength
(270 nm) OD and ODyy, were chosen as close to each
other as possible; the relative fluorescence quantum
yield O, was given by:

0, = FL 10(0D—ODTy/2 9(?_1;31 1)
Tyr

The inner filter correction included in this formula is

based on the faci that the PM of the fluorimeter views

a small area in the center of the sample cell.

In the case of p-cresol, the quanium yield was de-
termined from the ratio of the areas under the corrected
emission spectra curves measured by planimetry [18].

The quantum yields of solutions at pH 9 were de-
termined by comparing their fluorescence intensities
to that of solutions of the same samples at pH 5.5, as
well as to that of a solution of tyrosine, pH 5.5. At
pH 9, there exists a fraction f of nolecuies in the non
fluorescent phenolate form. If we estimate the value of
ffrom the value of the optical density at 298 nim, the
measured quastum yield O, is related to the quantum
yield Q; of the fluorescent species by the relation

0:=(1-Ng;. )

At pH 9, the difference between O, and Q} was less than
455,

For the study of the variation of the quantum
yield with temperature, the fluorescence .niensity of
the sample at a given temperature was coinpared to
that of tyrosine at the same temperature. Temperatus
was determined with an accuracy of + 0.2°C using =
calibrated thermistance. For temperatures below 2G°C,
dry nitrogen was blown on the outer surfa:es of the
cell to avoid water condensation.

Transient fluorescence neasurements at 20°C were
performed in thermostated 1 X 1 cm quart.: cells.
Transient fluorescence curvzs were measured with the
single photen counting method [19, 20}, w th an ap-
paratus supplied with a peak stabilizer [21] The ex-
citing light was provided by a high pressure leuterium
or deuterium-neon [22] flash lamp, with a f-equency
of 10 kHz. Its wavelength wzs selected at 27) nin
through a 250 nm Bausch and Lomb monochironator.
with the band-width set beineen 13.2 and 1¢.5 nm.
The emission wavelength, selected through a 500 mm
Bausch and Lomb rionochromator, was chos:n at
315 nm, to allow the use of p-terphenyl as a 1eference
compound for the determination of the appaiatus re-
sporse function (ses below). With the band-w dth used
(4 to 6.4 nm) the amount of stray light was ne gligible
(less than 0.59%). The intensity of the fluoresce nce
beam collected on a Radiotechnique XP 2020 choto-
multiplier was. if necessary. reduced with a net tral
MTO filter situated at the output of the excitaiion
monochromator, so as to cbtain counting rates ranging
from 0.5% to 2% of the flash frequency. Data collec-
tion was stopped when the total count in the fluores-
cence curve was about one million. which was g:neral-
ly reached in less than two hours.

For the transient fluorescent measurements at other
temperatures than 20°C, we usec the same method
than that described for steady-stcte fluorescence meas-
urements.

Transient fluorescence analysis. Experimental transient
fluorescence curve i(¢) is a convolution product c f the

type
I
i(0) = fG'(t)I(t — T)dT. )
0

which is conventicnally written
i(D=G)y=1(). (3a)

G (7) represents the apparatus response function 1o he
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excitation light and /(r) the decay corresponding to an
infinitely short excitation function. G(2) depends on
the range of wavelength used for absorption and emis-
sion. This curve cannot be directly measured. However,
it can be obtained from the transient fluorescence i'(2)
of a reference compound which has a monoexponen-
tial decay of known time constani 7’ [21]. Further-
more, it can be shown that as long as the decays of the
fluorescences under study are monosxponential or are
described with a sum of exponential terms, it is not
necessary to calculate G(7) from i’ (z).

Thus for instance, if we assume that the decay is
monoexponential, with a time consiant 7, we have:

My
Bl(')
where g and Mg are the zero order moments of i (f)
and i’ (1) respzctively.

More generally, I(¢) can be written as a sum of ex-
ponential functions of the form:

(0= 5

[" —T i'(¢) = exp(—1/7) +.:T_ i'(t)j] @

P
I(z)=_2=—J: Aj; exp(—i/7;) (5)

where 7; are the decays times and 4; ihe amplitudes of
the exponential terms. Eq. (4) then becomes:

o M g .
I(I)_ﬂfb Zq“" {‘ I(f)
P ’
+ E C; (i - i—) INOGE exp(—t/.’,-)} , (6)
=1 )

where the C; are the relative amplitudes given by
G =A;/Z4;, ZCG=1.

Contrary to the A4;, the C; are independent from the
arbitrary number of counts of i(z), and will be em-
ployed in the following.

In the present work, p-terphenyl in deaerated cyclo-
hexane was used as reference compound. The value of
its time constant [21] is 0.96 ns at 20°C. ;'(¢) was de-
termined before and after each measurement of i (7) in
similar exci*ation and emission conditions.

It must be emphasized that the modulating function
analysis of transient fluorescence [23] can easily be
modified in order to use directly i’(¢) instead of the cal-
culated G(z). This is also true for the calculation of the

amplitudes of the exponential terms by the cut-off
momenis methods [23].

Computer programs based on these methods were
used to determine the values of C; and 7; which gave
the best fit between the experimental curve /{¢) and
the convolution function i, (¢} calculated from eq. (6).

This fit can be appreciated from the value of the
weighted mean residue R {24, 25] defined by

"2 lic(k) —i(k)]?

PEA R @

R =

[

where 71 is the total number of channels of the analyzer
used for the curve record. (k) and /i (k) the number
of counts in the kth channel of the exper:mental and
calculated curves, respectively.

By drawing of the deviation function [26] defined
as

DV (k) = [i (k) — i(k)]/i(k)1/2 (8)

it is also possible to point out the time intervals. if zny.
where i (r) diverge systematically from i (7).

Photocounting obeys the Poisson statistics [24].
Then the best fit between i.(#) and /(r) should be ob-
tained when R becomes equal to one: in addition the
deviation function should fluctuate randomly around
zero. with an average amplitude equal to one. In fact,
this ideal behaviour was never observed. for a ncmber
of reasons which have already been partly discussed in
a preceding paper [27], and which we recall here in a
somewhat different manner:

a) first it is to be noted that relations (7) and (8) do
not take into account siatistical errors in the determi-
nation of the apparatus response G(t), or, in one par-
ticular case, of the transient fluorescence of the refer-
ence compound i (). This error was found to be im-
portant especially when the time constants of the sam-
ple were smaller than the time constant of the reference,
and when the half-height widih of G(¢) was too great.

b) it has been observed that the minimal value of R
increases with the duration of the experiment. This
can be attributed to systematic errors such as:

— fluctuations of the shape of the exciting flash

— disturbance by electrical signals

— incomplete correction of the wavelength effect in

the photomultiplication response, due to the shift
between the fluorescence spectra of the sample
and of the reference compound.
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These considerations led us to introduce a new
parameter P defined by the following expression:

P=[(R - 1Al 2, ©)

which gives an estimation of the whole systematic er-
ror, independent on data collecting time. It must be
noted that Pis still dependent to some extent on the
value of the time constanis of the sample (see a).

Since it appears difficult to find an absolute criteri-
on of the fit between i (¢} and i(¢), the following
method was developed to reduce the uncertainties on
the decay characteristics determination.

For all iransient fluorescence curves i(7), we searched
the monoexponential function that gave the best value
of P. For this purpose, a first estimaticn of the single
time constant was achieved by using the modulation
functions method and then the value obtained was va-
ried rysternatically, the amplitude being calculated by
the cut-off moments method.

For a number of substances this analysis gave rela-
tively low values of P. Furthermore. the fluctuation of
the deviation function approach very closely to a
random one. Thus the monoexporentiality of these de-
cays was quijte probable. This indeed was expected for
some of them, since they were decays of rather simple
compounds. A reinforcement of this inference was ob-
tained by analyzing the two transient fluorescence
curves i'(z) of the p-terphenyl, measured be fore and
afier each /(r), with regard to one another, the time
constant of 0.96 ns being assigned. The so-obtained
values 7’ of the parameter 2 were very ciose to the best
values provided by the monoexponential analysis of the
i(1) curves: so was it for the fluctuation of the devia-
tion function.

For anoiher class of decays, the values of P obtained
from the monoexponential analysis were much higher.
In those cases. the deviation functions diverged sysie-
matically from zero. Thus a biexponential analysis was
tried, using a similar method than for the monoexpo-
neantial analysis. Two dimensional tables of the values
of P were set by varying the two time constants 7) ad
75. In these tables, identical values of P are arranged on
concentric elliptical-shaped curves, as is expecied fo: a
determination of parameters by residue minimizatio.
[251.

Theoretically, the true values of 7; and 7,, and of
the amplitudes of the exponential terms should corre-
spond to the minimal value of P. Nevertheless, this value

in a number of cases, was lower than thz value of P’
and than the vaiue of P obtained from the analysis of
a transient fluorescence having a monoexponential de-
cay with a close time constant and measured under
identical experimental conditions. Owing to the in-
creased number of parameters, this is probably due to
the erasing of the systematical divergences between
i(?) and i’ (z), which is allowed by small shifts in the
values of the decay parameters.

Therefore we admitted among the possible solutions
every couple of time constants which gave a value of
Pclose to that obtained for the monoexponential de-
cay. In the tables of results, the values of the decay
parameters 7y, 75, €| corresponding to the minimal
value of P are given. together with the diffzrences
A7y, A7y, AC; between the average of the accepiable
values (which is in most cases distinct from the value
corresponding to the minimum of P) and the utmost
acceptable values. The lowest and highest acceptable
values of the average time constant (7) defined as

(T)=C|Tl +C272 (IO)

are also given. and provide another kind of estimate of
the reliability of the analysis.

It must be emphasized tl.at the possibility to resolve
the exponential terms of a complex decay is greatly
dependent on the relative values of their time con-
stants and amplitudes. Especially, if the time constants
of a biexponential decay become close to each other.
the two exponential terms become very difficult to re-
solve, and the monosxponential analysis will give a
satisfactory result. The same will hold if the amplitude
of one of the exponential become very small. This has
been mathematically discussed by Isenberg [23] in the
case of the analysis by the method of moments.

3. Results
3.1. Fluorescence quantum vields

The values of the relative fluorescence quantum
vields of the tyrosyl derivatives of series I and If at
pH 5.5 and pH 9, are given in table 1. together with
that of tyramine and p-cresol. Our values at pH 5.5 are
in good agreement with that given in the literature [2].
except for TyrAla which gave a value lower thar ‘he
value cited by Cowgill [2].
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Table 1

Fiuorascence of tyrosine derivatives: relative quantum yields and mionoexponential analysis of the transient fluorescence. A —~
Data for tyrosine, tyramine, p-cresol and tyrosine derivatives of serics 1. B — Data for tyrosine derivatives of series Il, AcTyrIWNHEt

and GlyTyrNH,. (Excitation: 270 nm, emission: 315 nm.)

Protonated amino group

Unprotonated amino group

O (=) pH Tas®)  P(X107%) zfrp(c) pH  rans PX1073) sjrpi0)
Tyrosine 1 5.2 3.38 1.2 1 10.5 33 1.0 0.98
Tyramine 0.94 44-6.3 3.2 1.3 0.95
p-cresol 1.05 5.77 3 1.2 0.89
4
N-acetyl-tyrosine 0.96 (~) 6.88 3.2 0.95
GlyTyr 0.38 (0.69) 5.5 1.3 1.2 0385 102 2.7 14 0.8
AlaTyr 0.46 (0.83) 5.5 1.51 1.5 045 10.6 3 1.4 0.89
LeuTyr 0.485 (=) 5.5 1.6 1.4 0.475
ValTyr 0.63 (0.84) 5.5 2.16 1.2 0.64 10.5 3.37 1.4 1
GlyGly Tyr 0.56 (0.53) 5.5 1.9 1 0.56 1.1 1.7 1 0.5
AlaAlaTyr 0.75 (0.72) 5.5 256 1.2 0.76 10.1 237 1.1 0.7
B
TyrNH, 0.25 ¢0.3) 5.5 1.05 2.4 0.31 9.9 1.15 3.3 0.34
TyrGly 0.335(0.63) 5.5 1.35 3.4 04 9.9 213 1.5 0.63
TyrAla 0.38 (~) 5.5 1.57 3 0.465
Tyrileu 0.4 () 5.5 1.7 4.1 0.5
TyrVal 0.33 (0.66) 5.5 1.64 4 0.485 99 226 1.5 0.67
TyrGlvNH; 0.23 (0.33) 5.5 1.1 5 0.29 9.8 1.25 2.3 0.37
TyrLeuNH, 0.25 (~) 5.5 1.37 6 0.4 10.7 1.3 2.6 0.385
TyrGlyGly 0.22 (0.315) 5.5 1.14 5 0.34 105 1.15 2.4 0.34
AcTyrNHE1 0.69 () 5.5 2.36 1.3 0.7
Gly TyrNH; 0.20 (0.3) 5.5 0.66 2.3 0.195

(a) Estimated error = 0.01; numbers in brackets refer to the values of O, measured at pH = 9. (b) Estimated error = 0.05 ns. (c) rris

the filnorescence lifetime of tviosine (3.38 = 0.05 ns).

Our measuremznis of the variation of the quantum
vields with pH, rorroborate the results of Edelhoch
and coworkers [5]; we have extended the study to a
number of additional compounds, and examples of the
titration ciuves obtained are given in fig. 1. In the case
of GlyGlyTyr and AlaAlaTyr a slicht decrease of the
quantum yield is observed, beside the formation of non
fluorescent tyrosinate. As will be shown, this decrease
is not an artefact due to the imprecision of the measure-
ment, since it affects the decay time constant itself.
s behaviour is to be comparad with that found for
the peptide GlyLeuTyr {8].

Temperature dependence of the quanium yields of
AcTyrNHEL, TyrAla, TyrLeu and TyrVal is depicted
in fig. 2. It appears that the variation is faster in the
case of the dipeptides.

Qr
)’_'\‘\_
03} ‘_/
b
02t
oy )
!
i
5 (3 7 3 ] 0 £t
pH

Fig. 1. Fluorimetric titration of GlyTyiNH; (e) and TvrGlyNH,
(©), 2t 26°; in 2 X 16— M imidazole to stabilize pH. Excita-
tion was at 278 nm, emission at 305 nm.
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Fig. 2. Influence of temperature on the fluorescence quantum
yield relative to tyrosine, of AcTyrNHE! (2), TyrAla (¢) and
TyrVal (+), measured in 2 X 103 M acetate butfer, pH 5.5.
Excitation at 270 nm, emission at 305 nm.

b A 3 X

BT (s )

Fig. 3. Transient fluorescence of tyrosine a1 20°,in 2 X 1073 M
acetate buffer pH 5.2. Reconstitution of the experimental curve
{+) with a convolution product assuming a monoexponential
decay {z = 3.38 ns) (—). G@?): apparatus response function.
The trace of the deviation function DV#) is represented below
the decay curves. Excitation at 270 nm, emission at 315 nm.

3.2. Transient fluorescences

Fluorescence decays of all compounds at pH 5.5
and for several of them at basic pH, werc measure- at
20°C. The resulis of the analysis of the transient fiu-
orescence curves with a single exponential functiorn are
given in table 1;clearly, these fluorescences are distri-
buted amongst two classes: those for which the mono-
exponential analysis gives 1 value of P between 10-3
and 1.5 X 10~3_ and those for which Pis higher.

The lowest values of P are obtained not only for
the fluorescences of tyrosine, tyramine and p-cresol,
but also for the fluorescence of the derivatives series
1 and of AcTyrNHEt Furthermore, for all these com-
pounds the deviation function fluctuates randomly
around zero, with an amplitude lower than 4. This be-
haviour is illustrated for tyrosine in fig. 3 and for the
dipeptide GlyTyr at pH 5.5 in fig. 4A.

Similar vatues of P, together with similar deviation
functions are obtained for the analysis of two transient
fluorescence curves of p-terphenyl with vegard to one
another (see sect. 2.2).

As we developead in the experimental section, the
decay kinetics of these compounds can reasonably be
described by a monoexponential function. The error
on the values of the time constants is estimated to
% 0.05 ns.

The monoexponential analysis of the transient fluo-
rescence of GlyTyrNH, at pH 5.5 gives a slightly dif-
ferent result: the deviation function still shows a
random oscillation, but its amgplitude and the value of
P are relatively high. A similar behaviour has been ob-
served when the time constant of NADPH was measured
[27]. It does not mean that the decay is complex, but
probably originates in the amplification of the count-
ing statistical errors which occurs when the sample has
a decay time smaller than the reference solution (see
sect. 2).

On the contrary, the fluorescence decays of the
compounds of series 1l can not be fitted to single expo-
nential functions (table 1) #: the values of P are high.
and the deviation function diverges markedly from
the .ime axis. This is illustrated in fig. 4B in the case
of the transient fluorescence of TyrGly, pH 5.5
measured in the same conditions than that of GlyTyr
(fig. 4A). The aspect of the deviation function suggests

¥ Except for TyrGly and TyrVal at basic pH.
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Fig. 4. A) Transient fluorescence of GlyTyr at 207 in 2 X 1073 M aceiate buffaer pH 5.5. Reconstitution of the experimental curve
(+) with a convelution product assuming 2 monoexponential decay (7 = 1.3 ns) (—), and trace of the corresponding deviation
function DV (). Excitation at 270 nm, emission at 315 nm. B) Transient fluorescence of TyrGly, at 207, in 2 X 107> M acetate
buffer pH 5.5. Reconstitution of the experimental curve (+) with convolution products assuming: 1. a monoexponential decay
(——=), 7 = 1.35 ns; 2. a biexponential decay (—), 1 = 0.5 ns, 72 = 1.6 ns, ) = 0.46; and trace of the corresponding deviations

functions. Excitation at 270 nm, emission at 315 nm.

that at least one add:tional exponential term with a
shorter time constant is present in the decay.

We thus try to analyze these decays with sums of
two exponentials. The new values of P, together with
that of the time constants and relative amplitude of
the exponential terms, are given in table 2.

The fit between the calculated curves and the ex-
perimental curves is good, and for a number of case,
the values of P are even lower than those obtained for
the monoexponential analysis of transient fluorescence
with simple decay kinetics. This has been discussed in
the experimental section, and can be connected to the
finding that the biexponential analysis of simple de-
cays also improv:s, but in a much smaller extent, the
values of P and of the amplituzdes of the deviation
function. In addition, this latter result illustrates the
fact that whenever a good fit is obtained with a single
exponeniial function, it is also possible to obtain a
good fit with a sum of two eXponential terms or more.
However, in these cases, we found that either the val-

ues of the two time constants are close to each other
and to the value of the single time constant 7, or one
of the exponential terms has a relative amplitude
greater than C.95 and a time constant with a well de-
fined value close to that of + (see also sect. 2). The lat-
ter case is illustrated in table 2 for GlyTyr pH 5.5.

The vncertainty on the values of 7, 75 and €y de-
picted by A7y, A74; AC) in table 2, is of the same or-
der for the decays for which the biexponential analysis
led to a great improvement of the values of P.

It is generally greater for the short time constant
(A7; =2 0.15 to = 0.2 ns) than for the long one (A7,
=+ 0.05 to = 0.1 ns), ACy being close to = 0.05.

The parameters of the decays at basic pH of
TyrGlyNH,, TyrLeuNH, have much poorly defined
values. This could have been forecasted, since the val-
ues of P and of the amplitude of the deviation functicn
corresponding to the best single exponenti.l corve
(table 1) drew nearer to that obtained for a true mono-
exponential decay. It seems that this kind of behaviour



P. Gauduchon, Ph. WahlfPuisefluorimetry of tyrosyl peptides 95

Table 2
Biexponential analysis of the transient fluorescence of tyrosine derivatives of series II, and of GlyTyr, pH 5.5. For the explanation

of the various parameters, see text. (Excitation: 270 nm, emission: 315 nm).

PH 73 ns Ary mns Ar; € AC P(¥107°) P (X107%) <(mins(a) ()t ()
SlyTyvr 55 1.25 0.05 21 1.5 0595 0.02 1.12 1.3 0.8 —-0.9  0.24-0.27
TyrNH- 55 04 0.1751.2 0.05 041 0.075 1.4 1.5 09 —-1.10 0.26-0.32
99 04 0.2 1.4 0.075 044 0.075 1.6 1.5 1.0 -1.15 0.3 -0.34
TyrGly 5. 0.50 0.15 1.6 O.1 0.46 0.055 1.25 1.3 1.0 -1.15 0.3 -0.34
TyrAla 55 0.6 0.2 :i.8 0.05 0.38 0.06 1.1 1.3 1.3 -1.4  0.32-0.41
TyvrLeu 55 0.5 0.15 2 0.05 045 0.05 1 1.1 1.25-1.40 0.37-0.42
Tyrval 55 0.6 0.15 2 005 049 0.04 09 1 1.10-1.3  0.33-0.39
TyrGIyNH, 55 040 0.1 1.50 01 ©.60 0.07 1 1.25 0.70-0.90 0.21-0.26
99 0.65 0.35 1.5 0.15 042 0.22 09 1.2 1.05-1.20 0.31-0.36
TyrLeuNH, 55 03 0.4 1.8 01 064 0.06 09 1.2 08 -1 0.24-0.29
107 0.6 03 1.6 02 046 0.19 06 1.1 1.04-1.20 0.3 -0.36
Ty:GlyGly 55 0.34 0.1 14 0.05 0.55 0.05 1.3 1.1 0.77-0.87 0.23-0.26
10.5 0.7 025 14 020 0.50 0.23 1.4 1.2 1 =11  0.29-0.32

(3) Utmost values.

Table 3
Temperature dependence of the transient fluorescence of tyrosine, AcTyrNHEt, TyrAla and TyrVal, pH 5.5. Data of the monoex-

ponential and biexponential analysis. (Excitation: 270 nm, emission: 315 nm.)

T°C Monoeaponential  Biexponential analysis
analysis
71 ns P(X]0—3) 71 NS ATy 72 NS Ars Cy AC, P(x 10_3) (7) (a) (T)/TT (a) Or
1 Tyrosine 3.75 1.1 A monoexponential
AcTyrNHEt 2.8 1.3 monoexponential 0.75 0.73
TyrAla 24 46 0.7 0.1 27 0.05 04 0.04 0.9 1.81-2.00 0.48-0.55 0.49
Tyrval 245 5 1 0.35 29 0.15 047 0.05 1! 1.8 -22 0.48-0.58 0.5
10 Tyrosine 3.55 1 monoexponential
AcTyrNHEt 2.55 1.4 monoeXxponential 0.72 0.71
TyrAla 2.06 4.7 06 0.2 24 0.05 044 0.035 0.95 1.4 -1.7 0.39-0.48 0.44
Tyrvat 212 5 0.6 0.2 2.5 0.1 0.46 0.05 0.7 1.5 -1.7 0.43-0.48 044
35 Tyrosine 295 1.2 monoaxponential
AcTyrNHEt 2.05 1.2 monoexponential 0.69 0.67
TyrAla 1.22 29 04 0.2 1.4 0.05 0.40 0.07 1 0.90-1.1 0.31-0.37 0.32
Tvrval 1.2 3.5 G4 0.2 1.5 0.05 043 006 1.2 0.90-1.1 0.3 -0.35 0.33
54 Tyrosine 255 14 monoexponential
AcTyrNHE: 1.7 1.3 monoexponential 0.67 0.65
Tyrala 0.77 4 0.5 0.15 1.05 0.15 062 0.18 2 0.65-0.75 0.25-0.29 0.27
Tyrval 0.84 3.1 04 0.2 1.05 0.25 0.58 029 1.5 0.71-0.80 0.28-0.31 0.28
63 Tyrosine 224 1 monoexponential
AcTyrNHEt 145 1 monocxponential 0.65 0.65
TyrVal 0.62 238 047 0.1 090 0.15 0.80 0.15 23 0.55-0.6 0.25-0.27 0.26

(a) Utmost values.
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is relevant to the decrease of the relative amplitude of
one of ihe exponential terms.

The transient fluorescences of tyrosine, AcTyrNHE¢,
TyrAla and TyrVal were measured at various tempera-
ture. The result of their analysis is given in table 3.

The fluorescence decays of tyrosine and AcTyrNHEt
femain monoexponential in the whole rang: of tem-
peratures studied. The variation of the fluorescence
lifetime of tyrosine is consistent with the variation of
the quanium yield measured by Turoverov [29].

The examination of the values of P given in table 3
shows that the decays of TyrAla and TyrVal can be
fitted to sums of two exponential at all temperatures
studied. As the temperature is raised from 1° to 35°,
the time constants 7} and 7, decrease, whereas the
amplitude of the exponential terms remain constant.
Further increase of the temperature induces an increase
of amplitude C;, while the corresponding time con-
stant 7, remains unchanged. Though the uncertainty
on these values increases, the effect is clearcut, since
C, reaches 0.80 for TyrVal at 68° (instead of 0.43 at
35°). It must be noted that the value of P given by the
monoexponeniial analysis of the latter decay is only
slightly higher than that obtained for GlyTyrNH, (sce
table 1). However the deviation function shows a sys-
tematic divergence from the time axis in the short times
range, that vanishes with the insertion of the second
cxponential term of low amplitude.

3.3. Relation between the quannum yield and the decay

In this section, we will compare the results of steady
state and transicnt fluorescence measurements, and
draw out the vanous characteristics of the fluorescent
behavior of the compounds under study.

In the general expression of a fluorescence decay
(relation 5) the awplitude A4; is related to the absorption
intensity and to the radiative lifetime 7o; of the ith
chromophore. Assuming that all chromophores have
identical extinction coefficient and radiative lifetime 7q,
the decay can be written

Iy = (Nol7g) 23C; expl—1l7;) (11)

where NV represents the total concentration of excited
chromophores at r = 0. The absolute quantum yield Q
is related to J(r) by expression (12):

Q= (1)) / Ny - 12)
(f 7o)/ %

Substituting 7(#) by expression (11) yields:

Q=(Z) c,.,—,.)/,—o. (13)

We have found, in agreement with a number of authors
that tyrosine and its derivatives have similar absorption
and similar fluorescence spectra. Since the value of the
radiative lifetime 7 is directly related to these specira
[30], it must be nearly identical for all these com-
pounds. In this work. the relative quantum yield we
measured, O,. is the ratio of the absolute quantum
yield O of the sample to that of tyrosine taken as a
standard, Ot

0. =0/0y . (14)

Let us call 71 the lifetime of tyrosine:since 7g is the
same for tyrosine and its derivatives, eq. (13) yields

Ot =71l7g

and eq. (14) becomes

o, =(E C,-.~,-)/,—T.

In the case of monoexponential decays relation (15)
yields:

Qr=7/TT (16)

The values of 7/7 are given in table 1, and can be
compared with the expcerimental value of Q.

1t appears that relation (16} is verified for most
derivatives the decay of which can be fiited to a mono-
exponential fur.ction: indeed, for these decays. the dif-
ference between 7/71 and O, ..iever exceeds the esti-
mated error on Q,. This is the case for the derivatives
ir which the tyrosyl residue is substituted on its &
amino group (series I). Thus N-acetyl-L-tyrosine has a
quantum yield and a lifetime very close to those of
tyrosine, suggesting that an N-terminal peptide bond
has little effect on the fluorescence of the phenol
chromophore. Addition of a protonated amino group
on the methyl group of N-acetyl-L-tyrosine to yield
the zwitierion of GlyTyr causes a simultaneous decrease
of the guantum yield and of the lifetime. This drop is
less important when the a carbon of the glycyl residue
is substituted by aliphatic groups, as can be seen for the

(15)
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zwitterions of AlaTyr, LeuTyr, ValTyr. Furtheriaore
it appears that the more hydrophobic is the side chain,
the less important is the quenching.

Though the decay of these dipeptides is monoex-
ponential at basic pH, the values of their quantum
yield and of their lifetime given in table 1 do not veri-
fy eq. (16). However it must be reminded that they
were recorded at two different pHs. The values of the
pK available in the literature [17] (8.45 for GlyTyr.
8.36 for LeuTyr) suggest that at pH 9, at which the
quantum yields are measured, the amino group is not
completely deprotonated. On the contrary the tran-
sient fluorescences are measured at higher pH, so that
all the molecules have their amino group in the un-
protonated form. At this pH. the phenol hydroxyl
group of a certain ratio of molecules is dissociated.
Since the phenolate ion is not fluorescent, the
n.easured lifetime (which we call. 7¥H2) is character-
istic of the peptide molecules with their amino and
phenol groups both in the unionized forms. Let us call
oNH2 the quantum yield of these molecules, and
0&“’3 and 73 the quantum yield and lifetime of
the peptide in its zwitterionic form (namely the values
measured at pH 5.5). Assuming that the deprotonation
of the amino group do not appreciably affect the val-
ue of the radiative lifetime 7 one can write

L EY +
ONH2 = ;NHz2 (QNHS [ NH3y (17)

Thuz QP’HZ can be calculated from experimental re-
sults. The quantum yield of the peptide measured at
pH 9, must be written:

0, = QN3 + (1_2) M2, (18)

where ais the molar fraction of the peptide in the
zwitterionic form. The value of « calculated from eq.
(18) vields a value of pK of 8.51 in the case of GlyTyr,
which is in good agreemcnt with the above cited value.
For AlaTyr and ValTyr, we find neighbouring values
(8.2 and 8.3 respectively) which seem reasonable.

For GlyTyr, AlaTyr and ValTyr, the values of ONH"
calculated from eq. (17) are given in table 1. These val-
ues, as weil as the experimental values of V12 are close
to that of tyrosine and N-acetyl-L-tyrosine; the de-
protonation of the amino group greatly diminishes the
quenching of the fluorescence. However some depen-
dence of the quantum yield on the nature of the side
chain is still observed.

At pH 5.5 the quantum yield and lifetime of
GlyGlyTyr and AlaAlaTyr are increased with regard
to that of the corresponding dipeptides. An important
feature is that g slight decrease of the fluorescence is
abserved when the a-amino group is deprotonated.

A similar result has already been obtained by Russel
et al. [8] in the case of the GlyLeuTyr. Quenching of
the phenol fluorescence by unionized amino groups
has also been observed in copolymers of lysine and
tyrosine {31] and in olisopeptides containing one
tyrosyl residue surrounded by alanvl and lysyl residues
[16].

This dynamic quenching could be due to an inter-
zction in the excited state between the aminc groups
and the phenol hydroxyl [3]. Observation of molec-
ular models of tripeptides indeed show that foluing of
the peptide backbone can bring the amino group in
the immediate neighbouring of the hvdroxyl.

Replarcing the free carboxyl group of N-acetyl tyro-
sine by an amide group to yield AcTyrNHEt and
GlyTyrNH; lowers the time constant and the quantum
yield. The radiative lifetime must remain identical since
relation (17) is siill verified: furthermore table 3 shows
that this is true at all temperature studied. for
AcTyrNHE:®.

For TyrGly and TyrVal ar basic pH, the value of

T is in good agreement with that of Q. This is not
surpnsm since the pK of the amino group is about
one pH unit lower in these compounds, than in serics
I dipeptides {17]. This tend to confirm that the de ay
is truly monoexponential: hence the behavior of
TyrGly and TyrVal at basic pH is close to that of
AcTyrNHEt.

It must be noted that the discrepancy between the
values of @, and 7 in the case of p-cresol is consistent
with the fact that the absorption and fluorescence
spectra of this compound are shifted with iegard to
that of L-tyrosine. This can be related to the different
inductive effects of the methyl and substituted ethyl
groups on the 7 electron shell of the aromatic ring.

For all the compounds we have just surveyed (ex-
cept p-cresol), the monoexponential behaviour of the
decay is confirmed by the constancy of the ratio of
the time constant to the relative guanium yicld. On
the contrary (see table 1) when the decay cannot be
fitted to a monoexponential function, the difference
between 7/7p and @, clearly exceeds the estimated er-
ror on ;. This is also illustrated in fig. 5: for TyrGly
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Fig. 5. Variation of the weighted mean residue R with the val-
ue of the time constant r, in the monozxponential analysi: of
the transient fluorescence of TyrGly, pH 5.5 ( ) and
GlyTyr, pH 5.5 (— ——). Since the two eaperimental transient
fluorescence curves have similar Afg, a2 given value of R yic'ds
the same value of P for both of them. Estimating the experi-
mental error on Qr and 5 (3.38 ns) to = €.01 and = 0.05~s re-
spectively, eq. (16) (see text) is verified when » takes a value
of 1.13 + 0.05, for TyrGly (area between the solid vertical
lines) anu of 1.29 = 0.05 for GlyTyr (area between the dotted
ertical lines).

1 contrast with GlyTyr, the plot of the weighted mean
residue R (see relation (7)) as a function of the single
time constant 7, takes its minimum clearly outside the
area defined by the utmost tolerable values of 7 calcu-
lated from relation (16} taking into account experimen-
tal errors un the values of @, and 7 (= 0.01 and + 0.05
respectively).

For a biexponential decay. relation (15) becomes

Qr =(C17| +C272)/TT=(T)l7T. (19)

Relation (19) is verified, within experimental error,
for TyrNH, and the dipeptides of series I at pH 5.5
and basic pH, T= 20°C, and at other temperatures, for
TyrAla and TyrVal, as can be seen in tables 2 and 3;
tnis is also illustrated in fig. 6, for the zwitterion of
TyrGly: in the set of the values of R (related io P by
eq. (9)) as a function of 7; and 75, each value of R
corresponds to a given value of {7); taking into account

experimental error on Q, and 7, it is possible to point
out the values of R for which (7) verifies eq. (19)
(shadowed area): it appears that R (and thus P) takes
its minimum amongst these values.

In the case of TyrGlyNH, and TyrLeuNH, at pH
5.5 and basic pH, as well as for TyrGlyGly at basic pH,
the values of (7)/7 is still in a rather good agreement
with the values of Q..

For TyrGlyGly at pH 5.5, the lowest acceptable
value of {+)/7 is slightly higher than the value of O,.
However the difference beiween these values is close
to the estimated error on @, (0.01, for @, = 0.22), and
the question remains, whether the discrepancy can be
attributed to experimental error, or not. In the latter
case, since the decay can be fitted to a sum of only
two exponential terms, this would suggest that a small
ratio of the tripeptide molecules are non-iluorescent.

4. Discussion

The fluorescence decay kinetics of the phenol

chromophore of the tyrosine derivatives containing
one or two amide or peptice groups is different accord-
ing as the tyrosyl residue is substituted on its a-amino
group (series [) or on iis a-carboxyl group (series ).
In the latter case, the fluorescence decay deviates
markedly fro.n the monoexponential function. which
is characteristic of the decay of the derivatives of series
I, and can be fitted to a sum of two exponential terms.
For derivatives of close chemical structures, such a
different behaviour is rather surprising. This cannot be
due to impuyities in samples of series 11, since most of
the compounds studied were chromatographically pure
(see sect. 2.1), and since biexponential decay was a
general feature for compounds of series H. The possi-
bility of a mixture of ionic species may be discarded,
because transient fluorescences were always measured
in pH ranges where only a single fluorescent ionic spe-
cies was present: this was verified by steady-state fluo-
rimetric titrations, and from the pK values avzilable in
the literature. Occurence of intermolecular associations
cannot be definitely elirninated. However it seems most
unlikely at the concentration used (3 X 104 M). Fur-
thermore we verified that the quanium yield of TyrGly
is the same for peptide concentrations ranging from
3X104M106 X 10-6 M.

It is expected that the fluorescence emission kinetics
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Fig. 6. Variation of the weighted mean residue R (or of parameter £) with the value of 7; and 7. in the biexponential analysis of
the transient fluorescence of TvrGly, pH 5.5. Eq. (19) (see text and legend of fig. 5) is verified when the average iime constant
(Y= C, 7y + C5 72 takes a value of 1.13 = 0.05 (shadowed area); the values of (7) for a number of pairs (73, 72) appear in the figure.

of complex compounds depends on the chemical
groups which are in the neighbouring of the chromo-
phore and can modify its fluorescence, in the various
conformaticns of their molecules, and on the rates of
exchange between these conformations [12—15} in
ihe excited state (which may differ from the rates of
exchange in the ground state). Three cases can be dis-
tinguished according to the relative values of these
rates of exchange and of the rates of deactivation of
the excited state. If the rates of exchange between the
conformations are small by comparison with the deac-
tivation rates, the decay is a sum of exponential func-
tions; the time constants characterize the conforma-
tions and the associated amplitudes are proportional
to their relative population. Inversely. if the rates of
exchange are much greater than the deactivation rates,
the decay is monoexponential and its time constant
takes an intermediate value between the values of the
time constants characteristic of the chromophore in the

various conformations. At last. if the raies of exchange
and the rates of deactivation are comparatle. the de-
cay is multiexponential. The time constanis and the
amplitudes o1 the exponential tu: .is are function of
all the rate constants of the system. The amplitudes
(but not the time constants) also depend on the rela-
tive populations of the various conformations.

In other respect. it was emphasizad in the expzri-
mental section (and this appeared in the analysis of
‘he transient fluorescences) that the possibility to re-
colve the exponential terms o a complex decay de-
pends greatly on the relative values of the time con-
stants and of the amplitudes.

In a preceding paper. we reported that the fluores-
cence decays of tryptophan diketopiperazines were
complex, and could be fitted to sums of two decreasing
exponentials. We attributed this behaviour to the
existence of folded and unfolded conformations of
these molecules. which was supported by theoretical
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conformational calculations and nuclear magnetic
resonance measurements. Quantitative analysis showed
that the rates of exchange between these conforma-
tions were of the same order of magnitude as the rates
of deactivation of the excited siate.

These considerations will be taken into account to
explain the decay kinetics of the tyrosine derivatives.
The explanation will be set up primarily in the case of
dipepiides zwitterions, 2nd then extended to other
compounds.

4. 1. Emission of GIyTyr and TyrGly zwitterions in
relation to their conformation

The work of Cowgill [6] strongly suggesis that the
carbonyl of peptide or amide groups is directly re-
sponsible of the quenching of the phenol fluorescence,
by means of an intramoleculur interaction with the
chromophore.

Tournon et al. [32] gave evidences that in aromatic
carboxylic acids fluorescence quenching occurs through
a charge transfer complex between the aromatic ring
and the carbonyl of the protonated carboxylic group.
If we adopt this explanaiion for the quenching by pep-
tide or amide carbonyl, we expect that in the com-
pounds studied here the molecuies in which quenching
occurs must have their carbonyl groups in close con-
tact with the aromatic ring. Furthermore, the nature
of the adjacent chemical group can modify the eleciron
acceptor properties of the peptide carbonyl! group, and
consequently its quenching power. Specially, the fluo-
rescence quenching by ammonium groups in tyrosine
oligopeptides has been attributed by Cowgill to an in-
direct effect of these groups on the quenching ability
of the carbonyl: this point will be discussed later.

In the compounds under study, the position of the
carbonyl of the amide or peptide groups borne by the
C<= of the tyrosyl residue itself, primarily depends on
the torsional angle X, , characterizing the rotation
about the C,—Cg bond of this residue. Three rotamers
can be defined (fig- 7) in which the values of x; differ
by 120°. The torsional angle X, about the Cz—C.,, must
take its value near 90° [33, 34].

Data on the relative populations of rotamers A, B,
C are lacking in the case of tyrosine derivatives. How-
ever. Kainosho et al. [35] showed that rotamer A is
favored in free tyrosine, as well as in phenylalanine.
Nuclear magnetic resonance studies suggested that this

PHOH
R-HN CO-R
H H
H MR
B C

Fig. 7. Newman projections aboui the C,—Cgbond for the
thice roiamers of the tyrosyl residue. PhOH represents the
phenol group: the values of R’ and R are, for instance for di-
peptides containing a glycyl residue, in series I: R' =
-COCll:liz NH3, R = —0 7 ;in series 1I: R= _NHCH.COO™,

R =<H+.

is also the case for the derivatives of this latter amino
acid. Newmark et al. [38] stated that B is unfavored
buz did not provide definite evidence on the relative
populations of rotamers A and C. More accurate re-
sitlts [36, 37] sugees: that rotamer A is favored. with
a relative population greater than 50%. It seems not
unreasonable to assume that this is also the case for
tyrosine peptides, since free tyrosine and phenylalanine
show the same behaviour. Especially, in the case of di-
peptides of series 1 the existence of a strong electro-
static repulsion between the negative charge of the
carboaylate and the 7 electron shell of the aromatic
ring must indeed decrease the relative populations of
rotamers B and C.

In the zwitterions of the dipeptides containing a
glycyi residue, the conformation of the peptide back-
bone which brings the oxygen atom of the peptide car-
bonyl (bearing a partial negative charge) close to the
positively charged ammonium group, should be favored
[361- As a consequence, for dipeptides of series 1, the
carbonyl could come in close contact with the phenol
group only in the preferential rotamer A (fig. 7). In
contrast, for series 11, only in the unfavored rotamer B
is the carbonyl in the right pocition for quenching. It
must be emphasized that in this rotamer the carbonyl
group must remain in cicse contact with the fluoro-
phorz, since rotation abou the C2—C’ bond (angle )
of the tyrosyl residue is sterically hindered (fig. 7). In
contrast, in rotamer A of series 1, the two groups can
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assume rather remote positions, by rotation about the
Co—N bond (angle ¢). The intramolecular collisional
quenching by the carbonyl will thus certainly be weaker
for rotamer A of series 1 than for rotamer B of series

1. This entail that the differences between the deacti-
vation rate of the excited state of the chromophore in
the various rotamers will be smaller in series I than in
series 1.

From all that precedes, a bizxponential decay of
TyrGly indicates that the rate ol exciiange between
the various rotamers A, B and C and thus the rotation
rate abouti the Camcﬁ bond is smaller than or of the
szme magnitude order as the deactivation rates of the
excited state of the chromophore. In the first case, the
short time constant would characterize the rotamer in
which the fluorescence is quenched (namely rotamer
B). and the long time constant, the other rotamer
(namely A and C). Furthermore, the amplitudes of the
exponential terms would be proportional to the rela-
tive concentrations of the rotamers: since we atiributed
the short time constant to the non preferential rotamer
B, the corresponding preexponential term should be
appreciably smaller than 0.5, which is not the case.
Then we conclude that the roiation rate about the
C,—Cg bond has a magnitude comparable to that of
the deactivation rate ¥. In contrast, the monoexponen-
tial decay of GlyTyr could be explair ed assuming that
the raie of exchange between the corn.formers is much
greater than the deactivation rate. Since the average
rate of deactivation of both peptides are similar, this
would imply that the rotation rates »bout C,—C; dif-
fer in these compounds. However another explanation
could also be found in order to explein the occurrence
.of a monoexponentizal decay in the case of GlyTyr. As
discussed above, the difference between the deactiva-
tion rates of the fluorophore in the various rotamers is
relatively smaller for GlyTyr (see above). Then the val-
ues of the time constants characteristic of the various
environments of the chromophore would be too close
to each other to allow the resolution of the exponen-
tial terms with the method used here. In contrast,
since the quenching is assumed to be much larger in
rotamer B of TyrGly, the resulting time constants

would be different enongh to give a biexponential decay.

* Furthermore, this result suggests that rotamer B should be
more populated in the excited state than in the ground state,
though the new equilibrium shouid not b2 reached before
deactivation of the excited state.

This interpretation could seem inconsistent with the
finding that the quantum yield of GlyTyr is also slight-
Iy higher than that of TyrGly; however. this must be re-
lated to the assumption that the quenching occurs in the
favored conformer for GlyTyr, but not for the TyrGly.
Indeed, whereas the time constant of the exporential
terms are independent from the relative population of
the conformers, this is not the case for the amiplitudes,
and thus for the quantum yield [15].

4.2. Emission of series iI dipeptides zwitterions

The fluorescence of these zwitterions present char-
acteristics similar to that of TyrGly fluorescence: in
particular little side chain effect is observed. So the
above interpretation can reasonably be applied to
these peptides (see also next section). The study of the
variation of fluorescence decays with temperature per-
mitted to show that in the decay kinetics of TyrAla
and TyrVal, the amplitude of the faster exponential
term increases above 33°, to take a value of 0.80 for
TyrVal at 68°. In agreement with our general scheme,
this can be interpreted assuming that at this iempera-
ture the rates of exchange between the rotamers are
irc reased with respect to the deactivation rates 2aough
to vield a nearly monoexponential decay.

4.3. hufluence of amino groups on the emission of
dipeprides

For tyrosyl derivatives of series 11 as well as for the
dipeptides of series I, deprotonation of the & amino
group induces an increase of the fluorescence quantum
yield, and some changes in the fluorescence decay
kinetics. Cowgill {2] suggesied thar the protonated
amino group has no proper quenching activity, but en-
hances the quenching by the carbonyl group. Itis not
tikely that this is due to a modulation of the popula-
tion of rotamers A, B, C:indeed in the case of tyrosine.
phenylalanine and phenylalanylglycine, nuclear mag-
netic resonance studies show that deprotoration of
the a-amino group does not lead to a great variation of
these populations {36-38]. Our results can be inter-
preted in a coherent manner if one assumes that the
quenching ability of the carbonyl is greatly reinforced
by its direct interaction with the charged ammonium
group, due to electrostatic or electronic effect. Thus
deprotonation (or substitution, see below) of the adja-



102 P. Gauduchon, Ph. Wahi{Pulse fluorimetry of tyrosyl pepiides

cent & amino group should decrease the quenching
ability of the carbonyl; as a consequence, the differ-
ence between the deactivation rates of the chromo-
phore in the various conformers should be less in the
anion of the dipeptides than in their zwitterions. This
could explain, in particular, that the divergence of the
decay kinetics from the monoexponential behaviour
disappears for the anions of TyrGly and TyrVal. It
must be noticed that, in contrast with what was as-
sumed for the zwitterions, some quenching might oc-
cur in rotamer C of the anions: here indeed, the car-
bonyl can approach the aromatic ring in rotamer C,
since the interaction with the charged ammonium
group has disappeared.

In the same way, the monoexponential decay of
AcTyrNHEt would originate in the substitution of the
amino group by the acetyl. The fact that the quantum
vields of AcTyrNHEt and TyrGly (or TyrVal) at basic
pll are rather close 10 each other suggest that the N-
terminal peptide bond in AcTyrNHEt has nearly no
effect on the fluorescence of the chromophore. This
is confirmed by the high value of the quantum yield
of N-acetyl-L-tyrosine.

4.4. Emission of series I zwittcrions

Substitution of the C¢ of the glycyl residue by ali-
phatic side chains of increasing hydrophobic character
induces a progressive raise of the quantum yield and
of the time constant of the dipeptides of series I, where-
as as already seen, almost no effect is observed in series
I1. The occurrence of an hydrophobic interaction be-
tween the aromatic ring and the aliphatic groups could
provide an explanation to these findings. Inspection of
CPK moclecular models show that in conformer A of
series 1, setting the side chain in close contaci with the
aromatic ring removes the ammonium group awayv from
the carbonyl which, in agreement with our previous
hypothesis. would then partially lose its quenching
ability. The fact that the value of the quantum yield
does not reach that of, for instance, N-acetyltyrosine
suggests that there is still a given probability that the
ammonium remains in the neighbouring of the carbonyl.
This could be related to the low directional effect of
hydrophobic interactions. At the opposite, it appears
that, for dipeptides of series 11, the interaction between
the carbonyl and the ammonium groups is not kindered
by the building of the hydrophobic interaction.

4.5. Emicsion of the other compounds

The carbonyl ol the non-substituted amide bond
of TyrNH, appears to be a sironger quencher than
that of the peptide bond, or of the alkyl substituted
amide bonds {see also Edelhoch et al. [5]). In addition,
the influence of the deproionation of the amino group
on the quenching power of the amide c=rbonyl is
smaller than with peptide carbonyl, as shown by the
small enhancement of the quantum yield and the per-
sistence of a biexponential decay at basic pH.

Quite surprising is the behaviour of GlyTyrNH, the
fluorescence of which, though it shows the lowest
quantum yield among all compounds studied, decays
as a monoexponential function. In fact this can be
rather easily explained as long as one notice that
quenching should occur not only in the conformer A
(in which the quencher is the carbonyl) of the N-
terminal peptide bond, interacting with the NH3 of
the glycy! residue) but also in conformer B and C
(quenching by the carbonyl of the amide bond). The
rates of deactivation of the excited state would thus
be high and the resulting time constants too low and
too close to each other to allow the resolution of the
decay in its exponential terms.

In tripeptides of series I and 1I and amides of series
II dipeptides, the positions of the amide or of the sec-
ond peptide group relative to the aromatic ring are de-
termined by rotations about several bonds. Thus the
probability that the carbonyl is in a favourable posi-
tion for quenching, for each conformation of the side
chain of the tyrosyl residue, 1s less than for the car-
bonyl of the first peptide bond. Furthermore. rota-
tions about N—C® and C®—C' bonds of the aminoacyl
residue adjacent to tyrosine are most likely little
hindered, so that the exchange between the various
position of the carbonyl can occur during the lifetime
of the excited state of the chromophore.

GlyGlyTyr and AlaAlaTyr have quantum yields and
lifetimes higher than that of GlyTyr and AlaTyr. This
would be due to the cancelling of the quenching by the
first peptide group (owing to the substitution of the
adjacent amino group) and the appearance of the less
efficient quenching by the carbony! of the second pe-
tide group.

In the case of TyrGlyMNH, and TyrLeuNH,, the
quenching by the peptide carbonyl should persisi.
which is in agreement with the low value of the quantum
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yield. Furthermore the amide bond can approach the
aromatic ring not only in conformer B, but also in con-
former C: with regard to the dipeptides, this could ex-
plain the decrease of the quantum yield, and the fact
that the decay remains clearly biexponential even when
the quenching by the peptide carbonyl is weakened by
the deprotonation of the amino group.

The quantum yield of the zwitterion of TyrGlyGly
is slightly smaller than that of TyrGlyNH,. though for
other compounds, the peptide carbony! appeared as a
weaker quencher than the amide carbonyl. In this case
part of the decrease of the fluorescence might occur
through the quenching by the carboxylate ion. This
group was found to quench the fluorescence of tyrc sine
in its copolymers with glutamic acid {31}, by dissoc ia-
tion of the phenol hydroxyl. Building a molecular n od-
el of the tripeptide show that the carboxylate could n-
deed come in the .aeighbouring of the hydroxyle, by
folding of the pentide backbone.

5. Conclesion

Advances in the techniques of transient fluorescence
measurements by the photoelectron counting method
enables the detection of fast components in fluores-
cence decays. The present study shows that the fluores-
cence decays of agueous solutions of several amide or
peptide derivatives of tyrosine (namely those in which
this amino acid is substituted on its carboxyl! group)
are sums of two exponential terms. and that one of
this terms decays with a time constant ranging from
0.3 ns to 0.7 ns. In contrast, the fluorescence decays of
other derivatives (namely those in which tyrosine is
substituted on its a amino group) can te fitted to mono-
exponential functions. It is shown that the radiative
lifetime of the phenol chromophore takes close values
in all compounds studied. Assuming hat the changes in
the fluorescence properties of these compounds is
mainly due to the intramolecular action of the carbonyl
of amide or peptide groups, a tentative interpretation
of the resulis, based on the conformational character-
istics and dynamics of the molecules, is proposed. This
interpretation requires further confirmation and perfec-
tion, and complementary experiments are in progress.
It must be noted that the part played by solvent mole-
cules, though important, has not been considered in our
development, since very little is known in this domain.
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