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oxidation of chlorophyll5,6 and bacteriochlorophyll.44 

Considering MgTPP or MgOEP as model systems, we 
suggest that the oxidized chlorophylls are properly 
characterized as 7r-cation radicals. Indeed, electro-
oxidation1 of ethyl chlorophyllide a and chlorophyll a 
converts these molecules into bleached species whose 
optical and esr properties are consistent with this iden
tification. An additional feature of the magnesium 
porphyrins is that these molecules are easily oxidized, 
a fact which may account for the appearance of mag
nesium chlorins in the photosynthetic apparatus. In 

(44) J. D. McElroy, G. Feher, and D. C. Mauzerall, Biochim. Bio-
phys. Acta, 172, 180 (1969); J. R. Bolton, R. K. Clayton, and D. W. 
Reed, Photochem. Photobiol., 9, 209 (1969). 

Anumber of recent studies have dealt with deuter
ium isotope effects on the fluorescence of indole 

and tryptophan compounds.2-4 Stryer, for example, 
showed that for a variety of fluorophors with exchange
able protons the slower rates of deuteron transfer from 
the fluorophor to the solvent adequately explained the 
isotope effect.2 The possibility appears, however, that 
deuterium isotope effects can also be caused by the de
creased rate of proton transfer from a quencher to the 
fluorophor. This will be especially important for those 
systems in which the protonated form of the excited 
fluorophor has reduced fluorescence, as appears to be 
the case for indole compounds.5 In particular, intra
molecular proton transfer from the amino and carboxyl 

(1) Presented at the Symposium on Biological Molecules and their 
Excited States, Arden House, New York, N. Y„ Oct 1969. This work 
was supported by grants from the National Institute of Arthritis and 
Metabolic Diseases, National Institutes of Health (5-ROl AM 11677), 
and the Massachusetts Heart Association (#816). 

(2) L. Stryer, J. Amer. Chem. Soc, 88, 5708 (1966). 
(3) M. S. Walker, T. W. Bednar, and R. Lumry in "Molecular 

Luminescence," E. C. Lim, Ed., W. A. Benjamin, Inc., New York, 
N. Y., 1969, p 135. 

(4) J. Eisinger and G. Navon, / . Chem. Pkys., SO, 2069 (1969). 
(5) J. W. Bridges and R. T. Williams, Biochem. J., 107, 225 (1968). 

the instance of catalase and peroxidase function, the 
oxidation of the prosthetic heme group is usually formu
lated as metal oxidation4 to yield Fe(IV) and Fe(V). 
An alternative, tentatively supported by our results, 
suggests that ring oxidation as well as metal oxidation 
should be considered. 
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groups to the indole ring of L-trp6 and tryptophyl dipep-
tides has been suggested as a quenching mechanism.7 In 
view of the slower transfer rate of the deuteron, fluores
cence differences are to be expected in these systems. 
In proteins such effects may be observable if a proton 
donating group is located near an indole side chain. 
This study of tryptophyl fluorescence as a function of 
pH in H2O and D2O provides further evidence that a 
major contribution to the deuterium isotope effect ob
served in such compounds is due to proton transfer to 
the fluorophor. 

Experimental Section 
Highly purified samples of L-trp (Mann Research, N. Y.), L-trp-

L-tyr (Cyclo Chemical Corp., Los Angeles, Calif.), and N-
Cbz-L-trp-L-tyr (Cyclo) were used without further purification. 
Lysozyme was obtained from Worthington Biochemical Corp., 
Freehold, N. J., and triNAG was obtained through the courtesy of 
Dr. J. Rupley. Indole (Fisher Scientific, Boston) and skatole 

(6) The following abbreviations are used: L-trp = L-tryptophan; 
L-tyr = L-tyrosine; N-Cbz = N-carbobenzoxy; triNAG = tri-
N-acetyl-D-glucosamine. 

(7) G. Weber in "Light and Life," W. McElroy and B. Glass, Ed., 
Johns Hopkins University Press, Baltimore, Md., 1961, p 82. 

Deuterium Isotope Effects on the Fluorescence of Tryptophan 
in Peptides and in Lysozyme1 

Sherwin S. Lehrer 

Contribution from the Department of Muscle Research, Retina Foundation, 
Institute of Biological and Medical Sciences, and the Department of Neuropathology, 
Harvard Medical School, Boston, Massachusetts 02114. 
Received October 31, 1969 

Abstract: A study has been made of the variation of fluorescence with pH and pD for the tryptophan model com
pounds, skatole, L-trp, L-trp-L-tyr, and N-Cbz-L-trp-L-tyr, and for the tryptophyl fluorescence of lysozyme and 
of the lysozyme-triNAG complex. Shifts of the fluorescence transitions by 0.3-0.7 pH unit in D2O compared 
to H2O gave further evidence for the involvement of amino, carboxyl, and phenol groups in the quenching of 
tryptophyl fluorescence. The large isotope effects observed are consistent with the expected decreased rate of 
deuteron transfer when the protons of the amino and carboxyl groups are exchanged for deuterons in D2O. The 
value for the ratio of the rate constant for the intramolecular quenching by the NH3

+ group of L-trp in H2O and 
D2O was calculated to be 2.7 from the experimental data and a simple kinetic scheme. A large isotope effect 
was also observed for the intermolecular quenching of indole-3-acetamide by glycine at neutral pH. These data 
are consistent with a proton transfer quenching mechanism. The results of the study with lysozyme provide 
further evidence for the involvement of acid groups in the quenching of tryptophan fluorescence. 
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Figure 1. Fluorescence variation with pH and pD of skatole and 
L-trp: L-trp, in H2O ( - • - • - ) ; in D2O (-0-0-); skatole, in H2O 
( - • - • - ) ; in D2O (- • - • - ) . Crosses indicate the estimated pKa 
associated with the fluorescence transition; concentration 1.8 X 
10"5 M in 5 mM HEPES buffer, in H2O or 99.8% D2O, excitation at 
280 nm. 

(Mann) were recrystallized from hot water containing Norit A 
(Matheson Coleman and Bell, Rutherford, N. J.). 

Stock solutions of the model compounds were made by dissolving 
a few crystals in deionized distilled H2O or D2O (Merck, Rahway, 
N. J.) 99.8% pure which contained 5 mM N-2-hydroxyethylpiper-
azine-N'-2-ethanesulfonic acid (HEPES) buffer (Calbiochem, 
Los Angeles, Calif.) at neutral pH. The solutions were filtered 
through a Millipore filter (HAWP 0.45 n) and diluted so that ^280 
(1 cm) S= 0.1 (measured in 4-cm cuvets). Titrations were performed 
in two steps on different samples with 0.5 M HCl or DCl (Merck) 
for the neutral-acid pH range and with 0.5 M NaOH or NaOD 
(Merck) for the neutral-basic pH range. The titrant was added 
by means of a Digipet micropipet (Manostat Corp., N. Y.). Re
versal of fluorescence was checked in each case by the addition of 
sufficient acid or base to bring the pH back to neutral. Solutions 
of lysozyme were similarly treated except that titrations covering 
the entire pH range were run from pH 11 to 2. The amount of 
triNAG present was sufficient to saturate lysozyme over the entire 
pH region so that all measurements are for the fluorescence proper
ties of the complex.8 In order to correct for any fluctuations of the 
intensity of the exciting radiation, the fluorescence of a standard 
L-trp solution in H2O was measured with each sample. 

Fluorescence measurements were made with an Aminco-Bowman 
spectrofluorometer with a band width of approximately 12 m,u 
(a few measurements were made with an instrument that employed 
two Jarrell-Ash monochrometers, an EMI 9601B photomultipler, 
and an Osram HBO 200 high-pressure 200-W mercury lamp). 
Quantum yields were calculated by comparing the peak fluorescence 
intensity of the samples of known absorbance with the fluorescence 
of L-trp (quantum yield = 0.13).9 The maximum error in quan
tum yield is estimated to be about 10% due to the slight differences 
in spectral band width among the samples and slight changes in 
spectral band width associated with the ionization of certain groups. 
Self-absorption corrections were not made due to the small degree 
of spectral overlap between fluorescence and absorption for 
tryptophan in aqueous solutions. Corrections were made for the 
apparent loss of tryptophan fluorescence caused by tyrosine absorp
tion for the dipeptides. No tyrosine fluorescence was detected in 
the case of the dipeptides. No precautions were taken to remove 
dissolved oxygen from the solutions because when oxygen-free 
nitrogen was bubbled through a solution of skatole for a few min
utes no change in the fluorescence was measured. It is assumed 
that all the protons bound to oxygen or nitrogen will exchange 
readily with D2O when exposed to this solvent.10 In the case of 
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Figure 2. Fluorescence variation with pH and pD of L-trp-L-tyr 
and N-Cbz2-L-trp-L-tyr: L-trp-L-tyr, in H2O ( - • - • - ) ; in D2O 
(-0-0-); N-Cbz-L-trp-L-tyr, in H2O ( - • - • - ) ; in D2O (-G-D-). 
Smaller symbols indicate the estimated pK& associated with the fluo
rescence transition; concentration 1.8 X 1O-5 M in 5 mMHEPES 
buffer, in H2O or 99.8 % D2O; excitation at 280 nm. 

lysozyme, the titration was begun at pH 11 where most acid 
groups are dissociated. Recent nmr studies on lysozyme indicate 
that all the indole imino protons would also be readily exchange
able under the experimental conditions used here;11 i.e., most 
protons that affect tryptophan fluorescence are exchanged for 
deuterons over the entire pD range. Measurements of pH were 
made with a Radiometer PHM 4 instrument utilizing a Sargeant 
combination microelectrode over the entire pH range or an IL 
combination microelectrode for the acid range. The pD values 
were calculated by adding 0.4 to the apparent pH. n This cor
rection was verified by comparing the pH of an acetate buffer in 
H2O and D2O with the known dissociation constant of acetic acid 
in H2O and D20.12 AU measurements were made at 25 ± 1 °. 

Results 

The results of the fluorescence titrations in H2O and 
D2O for the tryptophyl model compounds are shown in 
Figures 1 and 2. In agreement with earlier studies in 
H 2 O, 1 3 the increase of fluorescence in the p H 8-11 
region for L-trp and in the p H 6-9 region for the dipep
tides is associated with the ionization of amino groups, 
and the region in fluorescence in the p H 2-5 region is 
associated with the ionization of carboxyl groups. 
Apparent pA"a's estimated as the value of p H or p D 
corresponding to the midpoint of the fluorescence transi
tion are indicated in the figures. 

The titrations in D2O indicated that shifts in p i ^ ' s of 
0.3-0.7 unit were caused by the exchange of deuterons 
for protons. Shifts in pA"a of this magnitude have been 
measured potentiometrically for various acid groups.1 4 

The observed quenching for skatole below p H 3 and 
above pH 10.5 is probably due to direct protonation of 
the indole ring and to imino proton transfer to O H - , re
spectively.7,13 These p H values are shifted for L-trp to 
below pH 2 and above p H l l , 6 probably because of 
electrostatic effects. The additional fluorescence loss 
between pH 9.0 and 12.0 in H2O and 9.5 and 12.5 in 
D2O observed for L-trp-L-tyr and N-Cbz-L-trp-L-tyr 
(Figure 2) parallels the ionization of tyrosine and may 
be attributed to the quenching of t ryptophan fluores-

(11) J. D. Glickson, C. C. McDonald, and W. D. Phillips, Biochem. 
Biophys. Res. Commun., 35, 492 (1969). 

(12) R. Lumry, E. L. Smith, and R. R. Glantz, J. Amer. Chem. Soc., 
73, 4334 (1951). 

(13) A. White, Biochem. J., 71, 217 (1959). 
(14) N. C. Li, P. Tang, and R. Mathur, J. Phys. Chem., 65, 1074 

(1961). 
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cence by energy transfer.15 The fluorescence of N-
Cbz-L-trp-L-tyr (Figure 2) shows the effect of ionization 
of only tyrosyl and carboxyl since the amino group is 
blocked and does not undergo ionization. 

There is a small pH range associated with the max
imum fluorescence of the indole fluorophor in L-trp. 
For L-trp this pH range is 10.6-11.2 in H2O and 11.4— 
12.0 in D2O. The similar quantum yields of the 
model compound, skatole, and L-trp in this pH range 
indicate that the fluorescence is characteristic of the un-
quenched substituted indole side chains. Good agree
ment is also obtained for the deuterium isotope effect 
on fluorescence for skatole and L-trp in the pH range 
of maximum fluorescence (QD/QH = 1.40 for skatole 
and 1.37 for L-trp), but the deuterium isotope effect 
for the zwitterion form of L-trp (plateau value) is 
greater (QD/QH = 1.92). This latter value can be com
pared with the previously determined values of 1.652 

and 2.154 for L-trp in water. The larger value observed 
at neutral pH is apparently due to the greater rate of 
quenching associated with proton transfer as compared 
to deuteron transfer from the amino group, as will be 
discussed in the next section. The smaller isotope 
effects observed for the fluorescence of the dipeptides re
sult from the lower initial quantum yields due to 
quenching effects of peptide groups. I6 'n 

The intermolecular quenching of indole-3-acetamide 
by glycine at pH 7.5 in H2O and D2O was also studied. 
The quenching by glycine in H2O followed a Stern-Vol-
mer dependence (eq 6) with KQ = fc3Tf = 0.6 Af-1. The 
quenching constant in D2O was 0.1-0.2 M~K This 
yields k3

H/k3
D = 4-8 using a value of 1.3 for the fluo

rescence lifetime ratio. 
The fluorescence dependence on pH of lysozyme and 

of the lysozyme-triNAG complex has been studied in 
H2O.18 Since the fluorescence of the lysozyme-
triNAG complex was shown to be markedly affected by 
the ionization of certain acid groups, a similar study in 
D2O was done. The results are shown in Figure 3. 
The shifts in pK^ of these quenching groups in D2O are 
further evidence for specific quenching rather than a 
generalized pH dependent conformational change. 
Small isotope effects were also obtained for other pro
teins.4 

The wavelength of maximum fluorescence in the case 
of L-trp was observed to be dependent upon the ioniza
tion of the amino acid in agreement with other 
workers5' ">w but not upon the solvent (H2O or D2O). 
The largest change was a shift from 354 to 348 nm for 
L-trp between the peak and plateau ranges of the fluo
rescence variation with pH. A somewhat smaller shift 
was also observed to be associated with the ionization of 
the carboxyl group. The wavelength of maximum 
fluorescence for skatole in H2O and D2O was 362 nm and 
did not vary with pH. 

Discussion 

From the results presented above it is clear that 
another quenching mechanism operates on the fluo
rescence of amino acids, peptides, and proteins in addi-

(15) R. W. Cowgill, Biochim. Biophys. Acta, 75, 272 (1963). 
(16) R. W. Cowgill, Arch. Biochem. Biophys., 100, 36 (1963). 
(17) I. Weinryb and R. F. Steiner, Biochemistry, 7, 2488 (1968). 
(18) S. S. Lehrer and G. D. Fasman,/. Biol. Chem., 242, 4644 (1967). 
(19) S. V. Konev, "Fluorescence and Phosphorescence of Proteins 

and Nucleic Acids," Plenum Press, New York, N. Y„ 1967, p 9. 
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Figure 3. Fluorescence variation of the peak fluorescence of lyso
zyme-triNAG with pH and pD: in H2O ( - • - • - ) ; in D2O (-O-O-). 
Smaller symbols indicate the estimated pK„ associated with the 
fluorescence transition; lysozyme concentration 0.05 mg/ml; tri-
NAG concentration 0.6 mg/ml, in 0.2 MNaCl, 5 mM HEPES buffer, 
in H2O or 99.8 % D2O; excitation at 280 nm. 

tion to that observed in indole- and methyl-substituted 
indoles. Although a larger isotope effect was observed 
for L-trp than for indole compounds by Stryer2 and 
Eisinger and Navon,4 the possibility of intramolecular 
quenching by proton transfer to the fluorophor was not 
considered. This additional quenching process must 
be included in the explanation of the temperature de
pendence of the fluorescence of L-trp obtained by Ei
singer and Navon.4 The process occurring between 175 
and 2250K, which causes a spectral shift to longer wave
length with little change in quantum yield and no iso
tope effect, has been explained as an excited state inter
action with solvent at temperatures where solvent re
orientation can occur.4 The quenching process which 
occurs between 2250K and room temperature with a 
large isotope effect and without spectral shift is postu
lated, as discussed below, to have a large contribution 
from activated quenching of the solvated excited state 
by proton transfer from the amino group. Another 
process which causes fluorescence quenching of simple 
indole compounds becomes important above room tem
perature.3'4 

Evidence for the involvement of proton transfer can 
be obtained by the consideration of a simple kinetic 
scheme for the case of L-trp. To calculate the isotope 
effect on the second-order rate constant, the following 
processes and rates can be associated with the deactiva
tion of an excited tryptophan molecule, T*. 

Process Rate 
T* —*• T + hv, A1(T*) (1) 

T* — > - T A2(T*) (2) 

(T* + X —>• T + X) k3(T*)ct (3) 

The first process leads to fluorescence at frequency v{ 

with an intrinsic rate constant fci. It can be assumed 
that deuteration does not affect this rate since measure
ments on indole compounds have shown that quantum 
yields in H2O and D2O are proportional to lifetimes2'3 

{i.e., QD/QH = Tf
D/Tf

H). The second process, which in
cludes radiationless deactivation by solvent interaction, 
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is isotope dependent since QD/QK = 1.3-1.4 for indole 
compounds and unquenched L-trp (Figure I).2'3'6 The 
third process involves intramolecular quenching by the 
acid form of the amino group of L-trp (NH3

+ = X), and 
the fraction of molecules carrying NH3

+ is a. The 
effect of isotope substitution on this quenching process 
can arise from differences in the transfer rate of D + and 
H + from -ND 3

+ and -NH 3
+ , respectively. In the ab

sence of quencher (un-ionized amino group) 

Qo = * i 

ki + k, 
= kiTt (4) 

where T, = \j{k\ + Zc2); 
(ionized amino group) 

Q = 

in the presence of quencher 

* i 

ki + k2 + k3a 
(5) 

(6) 

Combination of eq 4 and 5 results in 

^ 0 - 1 = ktTta 

The deuterium isotope effect can be expressed as an 
effect on the rate constant ratio fc3

H//c3
D, obtained from 

eq 6 for the two solvents, H2O and D2O. This leads 
to 

, H/fr D _ T f
D«D[(8,/8)H ~ 1] 

3 ' ' rf
HaH[(e„/0D - 1] 

(7) 

At neutral pH, oP = aH = 1. The lifetime ratio, Tf
D/ 

Tf
H = 1.37, is obtained from the data for L-trp (Figure 1) 

since quantum yields in these systems are proportional 
to lifetime.2'3 In good agreement with this value, a 
lifetime ratio of 1.39 was obtained from studies of I -

quenching of L-trp at pH 11 in H2O and D2O.20 From 
eq 7, fc3

H//c3
D = 2.7. This is in reasonable agreement 

with the value 3.0 calculated by Eisinger and Navon for 
L-trp at higher temperatures,4 and is characteristic of 
isotope effects for nonclassical proton transfer observed 
in other systems.2' In the case of L-trp-L-tyr, the slightly 
larger quantum yield ratio observed in the plateau region 
compared to the peak region also indicates a similar 

(20) S. S. Lehrer and G. Kerwar, unpublished results. 
(21) R. P. Bell, Discussions Faraday Soc, 39, 16 (1965). 

mechanism. The intramolecular quenching of indole-
3-acetamide by glycine and the large isotope effect ob
served also provide evidence for the proton transfer 
mechanism in these systems. 

A shift of the fluorescence spectrum to shorter wave
lengths is associated with the protonation of the amino 
and carboxyl groups of tryptophyl peptides. Shifts in 
nmr spectra22 and in absorption spectra23 caused by the 
same ionization changes for glycyl and tryptophyl pep
tides have been explained by inductive effects. In 
agreement with the absorption study, smaller shifts 
were observed for dipeptides when an additional peptide 
bond was situated between the ionizing group and the 
indole side chain. It is known that the fluorescence of 
indole in polar solvents at room temperature is shifted 
to longer wavelengths due to an excited state interaction 
with the solvent.4'24,25 Inductive effects which perturb 
the electronic transitions may alter the interaction of the 
fluorophor with the polar solvent during the excited 
state and cause a shift of fluorescence spectrum. 

Although the first observation that intramolecular 
viscosity-dependent processes are involved in the 
quenching of tryptophan was made by Weber,7 Weinryb 
and Steiner stressed the importance of proton transfer 
from amino groups in determining quantum yield.17 

It has recently also been shown that the quantum yield 
of tryptophyl-containing compounds is markedly vis
cosity dependent only if the compound has a free amino 
group.26 

The work reported here provides further evidence for 
the importance of quenching by proton transfer to a 
fluorophor and suggests that mechanisms of this type 
which may occur in proteins can be profitably studied 
in D2O. 
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Communications to the Editor 

a-Deuterium Isotope Effects on the Solvolyses of 
Norbomyl Brosylates and Synthesis of Labeled 
Norbornyl Derivatives1 

Sir: 

The nonclassical2 and classical3 ion theories of the 
behavior of norbornyl brosylates were not differentiated 

(1) Supported by the National Science Foundation. 
(2) (a) S. Winstein, E. Clippinger, R. Howe, and E. Vogelfanger, 

J. Amer. Chem. Soc, 87, 376 (1965); (b) S. Winstein, ibid., 87, 381 
(1965). 

(3) H. C. Brown, Chem. Brit., 2, 199 (1966); Chem. Eng. News, 45, 
87 (Feb 13, 1967). 

by earlier a-deuterium isotope effect studies. Lee and 
Wong suggested two interpretations of the lower 
a-isotope effect on acetolysis of exo-norbornyl-2-d 
brosylate (I-2-cO relative to enrfo-norbornyl-2-c/ brosy-
late (II-2-d).4 In the nonclassical ion interpretation 
the low isotope effect could result from anchimeric 
assistance, which confers SN2 character to C2 (III). 
SN2 reactions (IV) have nil a-isotope effects.5 Par-

(4) C. C. Lee and E. W. C. Wong, / . Amer. Chem. Soc, 86, 2753 
(1964); Can. J. Chem., 43, 2254 (1965). 

(5) V. J. Shiner, Jr., / . Amer. Chem. Soc, 74, 5285 (1952); A. Streit-
wieser, R. H. Jagow, R. C. Fahey, and S. Suzuki, ibid., 80, 2326 (1958). 
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