OXIDATIVE ASSIMILATION IN Sarcina lutea 251

REFERENCES

E. A. Dawes anp W. H. Horwms, J. Bacteriol., 75 (1958) 390.

E. A. Dawes anp W. H. Horwms, Biochim. Biophys. Acta, 29 (1958) 82.

E. A. Dawzes anp W. H. HoLwms, Brochim. Biophys. Acta, 30 {1958) 278.

C. E. CriFroX, in C. H. WERKMAN AND P. W. WiLsoN, Bacterial Physiology, Academic Press Inc.,

New York, 1951, p. 531.

5 J. M. WiamMe axp M. DOUDOROFF, J. Bacteriol., 62 (1951) 187.

§ M. DoupororFF AND R. Y. STANIER, Nature, 183 (1959) 1440.

7 D. FrasER AND B. ToLBERT, J. Bacteriol., 62 (1951) 195.

¢ R. M. MacCrRAE AND J. F. WILKINSON, J. Gen. Microbiol., 19 (1958) 210.

9 R. M. MacrAE AND J. F. WILkINsON, Proc. Roy. Phys. Soc. Edinburgh, 27 (1958) 73.

10 R. W. CowaILL AND A. B. PARDEE, Experiments in Biochemical Research Techwnigues, John
Wiley and Sons Inc., New York, 1957, p. 153.

11 N. NEeLsoN, J. Biol. Chem., 153 (1944) 375.

12 A, HEYROVSKY, Chem. Listy, 50 (1956) 1593.

13 W. D. TREVELYAN AND J. S. HaRRISON, Biochem. J., 50 (1952) 298.

1 S DacrLey aND E. A. Dawss, Biochem. J., 45 (1049) 331.

15 M. R. J. Sarton, in E. T. C. SPoONER AND B. A. D. STOCKER, Bacterial Anatomy, Cambridge
University Press, 1956, p. 81.

18 R. M. BurTox, in S. P. CoLowick axD N. O. Karrax, Methods in Enzymology, Vol. 3, Academic
Press, Inc., New York, 1957, p. 246.

17 D. H. WiLLiaMsoN AND J. F. WILKINSON, J. Gen. Microbiol., 19 (1958) 198.

18Y. J. TorrER axD A. B. Hastixgs, J. Biol. Chem., 179 (1949) 1253.

19 7. M. BucHaNAN, A. B. HastinGs aND F. B. NESBETT, J. Biol. Chem., 145 (1942) 715.

20 1. SmiTH, Chromatographic Technigues, Heinemann Ltd., London, 1958, p. 164.

21 R. B. RoBerTs, D. B. Cowig, P. H. AseLson, E. T. BoLton AND R. J. BRITTEN, Studies of
Biosynthesis in Escherichia coli, Carnegie Institution of Washington, 1955.

22 N. ENTNER AND M. DOUDOROFF, J. Biol. Chem., 196 (1952) 853.

22 E. A. Dawes axD W. H. HoLwms, Nature, 178 (1956) 318.

1
2
3
4

Biochim. Biophys. Acta, 40 (1960) 237-251

ON THE EMISSION OF TRYPTOPHAN
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Institute for Muscle Reseavch at the Mavine Biological Laboratory Woods Hole, Mass. (U.S.A4.)
(Received September 24th, 1959)

SUMMARY

Tryptophan possesses two sets of emissions, each one of which has one short-lived
emission and one long-lived emission. The excitation by m-z absorption at 280 mpu
gives u.v. fluorescence and blue phosphorescence under certain conditions, ¢.g. frozen
in an aqueous solution containing glucose or methanol. Both emissions are sensitive
to the presence of added substances: in a frozen solution without addition, the blue
phosphorescence disappears, while with the decrease in the fluorescence there is a
concomitant increase in the phosphorescence, resulting from energy transfer between
triplets, in the presence of acetone. The excitation by a near-u.v. absorption at 350 mu
produces blue short-lived emission and green long-lived emission, which are quenched
by the addition of strong acid or the formation of charge-transfer complex with
dinitrophenol, etc.
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INTRODUCTION

Studies of this laboratory have indicated that tryptophan plays a special role in
biological energy transmission. For this reason it seems desirable o have additional
details concerning the optical properties of this amino acid. Tryptophan and proteins
containing tryptophan are known to show two kinds of blue emission*-* One iz a
long-lived emission (phosphorescence) from a triplet state on excitation at about
280 my. This emission is accompanied by an u.v. fluorescence from an excited singlet
state. The other blue emission is a short-lived one from an unknown state of the
molecule when tryptophan is excited at about 350 mp.

The further attempt presented here to elucidate the nature of the short-lived
emission has revealed that tryptophan can also emit a green jong-lived emission
which seems to be related electronically to the blue short-lived emission, and that
the couple, the blue short-lived emission and the green long-lived emission
to changes different from the other couple, the u.v. fluorescence
phosphorescence, in the presence of foreign substances. This report will aiso present
evidence that nitro-compounds, such as 2,4-dinitrophenol and trinitrobenzene, which
can quench the tryptophan emission, complex with tryptophan.

is subject

PN

and the blue

EXPERIMENTAL
pL-tryptophan (Eastman Organic Chemicals) was recrystallized three times from hot
methanol-water (70:30].
Emission spectra at liquid-nitrogen temperatures were measured by means of
the Beckman DK-1 spectrophotometer with an unsilvered Dewar flask containing

liquid nitrogen in the lamp-housing compartment® The exciting hight was isolated

from a Hanovia high-pressure xenon arc (Mode] 10-C-1} using a Leiss fused-quartz
monochromator.

Absorption spectra, were studied with the Beckman DI-1 recording spectro-
photometer.

RESULTS

The results of tryptophan emission are summarised in Table T with those of indole
and protein emission for comparison.

In a frozen aqueous solution, tryptophan excited by 350 mp was found to emit
a weak green long-lived emission at liquid-nitrogen temperature, as well as the blue
short-lived emission at about 450 mp (Fig. 1). Since protein emitted more strongly,
the use of a narrow slit enabled two peaks to be shown at 440 mp and at about
500 mu (Fig. 2). This indicates that there are two different states excited by near-u.v.
light, which give rise to two kinds of emission: blue short-lived emission and green
long-lived emission.

The previous spectral study of a concentrated protein solution suggested the
possible existence of a long-wave-length shoulder on the 280 my peak? Investigation
of the action spectrum for the short-lived blue emission of tryptophan indicated
that the emission was excited in the vicinity of 360 mpu? In the present study,
absorption spectra in the near n.v. region were measured for both tryptophan and

Biochim. Biophys. Acia, 40 {1960) 251256
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TABLE 1

EMISSION OF TRYPTOPHAN, INDOLE AND PROTEIN AT 77° K

Exciting light 280 mu 350 mu
Emission Short-lived Long-lived Short-lived Long-lived
410
Tryptophan 325 mp 345 435 ~ 500 450 ~ 500
435
‘Water — + — + -+ +
Glucose + -+ — ++ — -+ +
Methanol ++ — ++ — + +
Acid + — + — —_— —
Acetone e — + + + 4
Cysteine — — — + + +
Histidine - — + — + +
Dinitrophenol
Riboflavin — — — — —
Folic acid
405
Indole 310 430 430 500
320 450
EPA + + + +
Acetone — + + +
410
Bovine serum albumin 335 435 440 ~ 500
455

indole in order to detect any absorption maximum in this range. Indole did give
a clear shoulder at about 360 my, but tryptophan did not show any such shoulder.
It is probable that a low absorption maximum of tryptophan in this range may be
covered by the high tail of the main absorption band around 280 mg.

On excitation at 280 my in a frozen aqueous solution at 77° K the z-7 wv.
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Fig. 1. ( ), emission spectra of tryptophan  Fig. 2. Emission spectra of bovine serum albu-
(102 M) in water; (—-—), with 10-* M dinitro- min (r09%). Excitation: 350 mu; T = 77° K.
phenol; (-——-), with 8 M HCl. Excitation: (a) Slit 1 mm; (b} Slit 0.5 mm.

350 mu; T = 77° K; Slit 2 mm.
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fluorescence was observed at 345 mp with a very weak greenish long-lived emission.
(Fig. 3). It should be mentioned that the blue long-lived emission was not ohserved
at this excitation?.
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), emission spectra of tryptophan (ro-2 M) in water; (-—-—1}, in 159 glucose;
(———-), in 809, acctone, Excitation: 280 mp; T = 77° K; §lit 1 mm.

Fig. 3. {

Glizcose

When tryptophan was excited at 2830 mp in a {rozen watery solution containing
0.5 ~ 109 glucose, not only the blue m—z phosphorescence® appeared at about
440 my, but also the u.v. fluorescence increased and shifted to 325 mp compared
with the fluorescence of a solution frozen without glucose (max. 345 mp) (Fig. 3).
The 325-mp emission corresponded to the fluorescence of indole i a rigid glass mediam
EPA. On the other hand, in the short-lived blue emission excited at 350 my there
was no shift in the presence of glucose, and the green long-lived emission was observed
at liquid-nitrogen tempcrature whether glucose was present or not. The green long-
lived emission had a shortcer lifctime than the blue one which also had some structure.
Methanol, added to water prior to {reezing, had the same cffect as glucose.

Acid

Tryptophan solutions were frozen immediately after the addition of 8 A7 hydro-
chloric acid. The u.v. fluorcscence and the blue phosphorescence excited at 2830 mu
remained unchanged. However, both the short-lived blue emission and the long-lived
green emission excited at 350 mpu disappeared, while a very faint greenish-yellow
fluorescence appeared due to a small amount of a sccondary product to be described
below (Fig. 1). This fluorescence increased when the solution with acid was allowed
to stand at room temperature. The effect of acid on the absorption spectra in the
near-u.v. region was also studied. On adding acid, the absorption initially decrcased
and then a new absorption gradually developed at 355 mgu in tryptophan (in con-
centrated hydrochloric acid) and at 337 mp in indole (in o.x A7 HCl in methanol).

Biochin. Biophys. Acta, 40 (1060) 23¢-256



EMISSION OF TRYPTOPHAN 255

This secondary change of absorption and fluorescence was due to an irreversible
reaction which occurs in an acidic medium.

Acetone

At the temperature of liquid nitrogen the short-lived blue emission excited by
350 mu was not greatly changed by acetone. When tryptophan was excited at 280 mu
in the presence of acetone, however, the u.v. fluorescence at 345 mu was considerably
quenched without any shift of the maximum, and both blue and green long-lived
emission were enhanced (Fig. 3). The same change was observed even in indole in a
rigid glass medium (EPA) containing a small amount of acetone at 77° K (Fig. 4).

The decrease of the tryptophan fluorescence by acetone can be explained by
n—g¢ absorption (singlet-singlet transition) of acetone at 280 myu, which is the wave-
length used to excite tryptophan. The energy transfer between n—x triplet state of
acetone formed from singlet excited state and triplet state of tryptophan may well
result in the increased tryptophan phosphorescence. Such an energy transfer between
triplet states was first shown by TERENIN AND ErMOLAEV in a benzaldehyde (benzo-
phenone)-naphthalene system.
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Fig. 4. (———), emission spectra of indole (102 M) in EPA; (-——), in EPA with 2 % acetone.
Excitation: 280 mu; T = 77° K; Slit 1 mm.

Other amino acids

Of the amino acids so far studied, histidine was particularly active in its ability
to enhance the blue phosphorescence in a 1072 M concentration. Cysteine effectively
quenched the u.v. fluorescence of tryptophan without any enhancement of blue
phosphorescence.

2,4-dinitrophenol

The absorption spectra of mixed solutions of tryptophan and dinitrophenol
indicated a complex formation. The absorption spectrum of dinitrophenol was found
to be shifted toward a longer wave-length in the presence of tryptophan in a neutral
buffer solution. Spectral changes in low concentrations of dinitrophenol in the presence
of high concentrations of tryptophan indicated an association constant of about
5 1/mole. Trinitrobenzene, which is known to be a good electron-acceptor, was also
found to complex with tryptophan, indole, and proteins containing tryptophan.

Biochim. Biophys. Acta, 40 (1960) 251-256
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The change of absorption spectrum in the trinitrobenzene complex was even more
marked. The measurcment of difference spectra showed the absorption maximum of
the trinitrobenzene-tryptophan (or indole) complex to be at about 380 mp, while
that of trinitrobenzene in itself was at 325 mp. In recent studies®¢, tryptophan has
been found to act as an electron-donor. The formation of this type of charge-transfer
complex of dinitrophenol with tryptophan in proteins may provide some insight
into the mechanism of the biological action of dinitrophenol.

In the emission spectra of frozen complexes of tryptophan with nitrocompounds,
all of the tryptophan emission was quenched. Instead, the complex exhibited a new
weak emission at 510 my in the dinitrophenol-complex (Fig. 1) and at 465 mp in
the trinitrobenzenc-complex at liquid-nitrogen temperatures. Dinitrophenol itself
was found to emit at 557 mp in the absence of glucose and at 510 my in the presence
of glucose. Trinitrobenzene had the same emission at 465 my in a frozen solution
with and without glucosc. Thus, the emission of the complexes can be seen to cor-
respond almost exactly to the Juminiscence of the electron-acceptor nitro-compound.
This indicates that the emission occurs from the mctastable state of the clectron-
acceptor components. It should be made clear that the luminiscence of nitro-com-
pounds was a delayed emission observable only at low temperature. The same
phenomenon was observed in frozen complexes of tryptophan with riboflavin® and
with folic acidf, where the very weak emission occurred at liquid-nitrogen temperatures
at 565 mp and at 500 mp, respectively, which corresponded to the luminiscence of
riboflavin and of folic acid in a frozen solution without glucose. These emissions in
the complexes did not change even in the presence of glucose, while riboflavin
fluoresced at 525 my with a red phosphorescence, and folic acid at 425 mp with a
green phosphorescence at 483 my in the presence of glucose.

In these complexes the electron-acceptors have a Jower excited level than trypto-
phan, and their Jowest metastable state is lower than the excited state of the com-
plexes”. This would explain the experimental results that the weak emission from the
metastable state of electron-acceptors is observed in the compiexes at low tem-
perature, accompanying the quenching of tryptophan emission.

ACKNOWLEDGEMENTS

The author would like to thank Dr. A. SZENT-GYORGYI and Dr. 1. ISENBERG for their
suggestions and encouragement during the course of this work.

This research was sponsored by a grant No. H-2042R, of the National Heart
Institute; a grant {from the Commonwealth Fund; The National Science Foundation
and the American Heart Association.

REFERENCES

3 R, H. SteELE AND A, SZENT-GYORGYI, Proc. Natl. Acad. Sci. U.S., 43 (1937) 477.
2 R. H. STEELE AND A, SzZEXT-GYORGY1, Proc. Nafl. 4cad. Sci. U.S., 44 (1958} 54¢.
3 1. ISENBERG AND A. SzENT-GYORGYI, LProc. Natl, Acad. Sci. U.S., 44 (1958} 519.

4 A. TERENIN AND V. ErMOLAEV, Trans. IFaraday Soc., 52 (1950) 1042.

5 I, ISENBERG AND A. SzENT-GYORGYI, Proc. Natl. Acad. Sci. U.S., 44 (1958} 857,

8 E. FuyiMorl, Proc. Natl. Acad. Sci. U7.8., 45 (1959) 133.

7 S. P. McGLy~N anp ], D. Bogeus, J. .4m. Chen. Soc., 8o {1958} 5096.

Biockiw. Riophys. 4cla, 40 (5000} 251-256



