New Excited State of Chlorophyll

In order to account for the high effi-
ciency of photosynthesis, it has been sug-
gested that chlorophyll has long-lived
excited states, in which absorbed light
energy can be stored for photochemical
action. Until now, the only known state
of this kind has been the metastable
triplet state. The existence of this state
has been experimentally verified only in
chlorophyll b, where, at low tempera-
tures, a fluorescence band presumably
originating in such a state was observed
at 860 mu by Becker and Kasha (7).

Livingston (2) and Linschitz (3) have
observed, in chlorophyll a and chloro-
phyll b solutions illuminated by a strong
flash of light, the appearance of very
broad absorption bands which they in-
terpreted as originating in the metasta-
ble triplet state.

We now find at low temperatures
(—193°C) a new sharp fluorescence
band at 720 mu in Chlorella and Por-
phyridium cruentum; a similar band
appeared at 715 mp in concentrated
ethanolic solutions of chlorophyll a. The
occurrence of this band suggests the ex-
istence of an excited state of chlorophyll
in the cell situated slightly below the
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Fig. 1. Fluorescence spectra of Chlorella
at room temperature (crosses) and

—193°C (open circles). The fluorescence
intensities indicated are the same for both
curves. The decrease in fluorescence yield
at 690 my is probably due to the increased
scattering of the exciting and fluorescent
light.
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well-known fluorescent singlet state. This
state seems to belong to an aggregated
form of chlorophyll. It could be of im-
portance for the mechanism of photosyn-
thesis.

The main fluorescence band of Chlo-
rella lies at 685 mu, with a relatively
weak vibrational sub-band at about 740
mu. Figure 1 shows the new fluorescence
band which appears when Chlorella is
cooled down to liquid-nitrogen tempera-
ture. The fluorescence spectra of Chlo-
rella cells at room temperatures pub-
lished by Vermeulen, Wassink, and
Reman (4) and by Duysens (5) suggest
the existence of a second fluorescence
band on the long-wave side of the main
one; perhaps these observations are re-
lated to ours. A very strong fluorescence
peak at 720 mu was observed at room
temperature in Porphyridium cruentum
by Duysens (6), who attributed this
peak to an “unknown pigment” (per-
haps chlorophyll d). However, Strain
(7) found no chlorophyll d in this spe-
cies of red algae. Again, this may
be the same band as the one we have
found at low temperatures. Identification
is supported by our observation that, when
Phorphyridium is cooled to —193°C,
the 720-mp fluorescence band increases
more than fivefold in intensity.

Light emission by chloroplast mate-
rial at low temperature in the region
700 to 900 mu was described by Tollin
and Calvin (8), whose observations in-
dicated a life time of several seconds. No
spectral analysis of the emitted light was
attempted.

Concentrated solutions (1073 to 102M)
of chlorophyll a (as well as those of
chlorophyll b) also show new fluores-
cence bands when cooled to liquid-ni-
trogen temperature. This phenomenon
could not be observed in dilute solutions
(10-6M); all that happened when such
solutions were frozen was that the fluo-
rescence maxima at 670 mu (chlorophyll
a) and 660 mu (chlorophyll b) were
slightly shifted toward longer wave-
lengths (680 and 670 mu, respectively).

Figure 2 shows the intense fluores-
cence band, with a maximum at 715 mu,
appearing in concentrated (3 x 10-2M)
ethanolic solutions of chlorophyll a. At
this concentration, at — 193°C, the* old”
band at 690 mu shows only as a shoulder
on the short-wave side of the “new”
band. At somewhat lower concentrations,
the two bands appear as separate peaks.

Concentrated solutions of chlorophyll
b show, at —193°C, a new fluorescence
band at 645 mu—that is, on the short-
wave side of the “old” band; another
new band may exist at 695 mu. Lavorel
(9) has described the absorption spec-
trum of a very concentrated chlorophyll
a solution in liquid paraffin; in his curve,
there is a shoulder, suggestive of a band
at 700 mu, perhaps related to the new
fluorescence band.

The importance of high concentration
for the appearance of the 715-mu fluo-
resence band in vitro suggests that this
band may be due to dimers or higher
aggregated chlorophyll molecules.

That molecular aggregates do exist in
highly concentrated chlorophyll solutions
was shown by Rodrigo (10). According
to his observations, at room temperature,
in a 10-3M acetone solution of chloro-
phyll a, the average molecular weight of
chlorophyll is almost three times the
normal one.

After cooling to — 193°C, concentrated
chlorophyll solutions could conceivably
have formed crystalline molecular aggre-
gates. However, when crystalline chlo-
rophyll @ and b (or the corresponding
chlorophyllides) prepared according to
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Fig. 2. Fluorescence spectra of concen-
trated and dilute ethanolic solutions of
chlorophyll a at room temperature and
—193°C: (crosses) spectrum of dilute
solution room temperature; (open trian-
gles) spectrum of concentrated solution at
room temperature; (open circles) spec-
trum of dilute solution at — 193°C; (solid
circles) spectrum of concentrated solution
at —193°C. The fluorescence spectra of
dilute solutions of chlorophyll ¢ do not
change radically at low temperature. How-
ever, concentrated solutions at — 193°C.
develop a large new fluorescence band at
715 mu. At slightly lower concentrations
the two fluorescence maxima can be
resolved.
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Holt and Jacobs (II) were examined,
no fluorescence bands were found, at
either room temperature or at liquid-ni-
trogen temperature, which could be con-
sidered to correspond to the 715 mp
band found for concentrated solutions.
(These crystals were described as “non-
fluorescent,” but we noted a weak fluo-
rescence band at 680 muw. It cannot be-
long to the crystals, whose absorption
band lies at > 720 mu; it may have been
due to the presence of a small amount of
colloidal material, with an absorption
band at 670 mu.)

In the cell, the fluorescence band at
720 mu could conceivably be due to a
new molecular species, such as chloro-
phyll d, having an absorption and a fluo-
resence band on the long-wavelength side
of those of chlorophyll a (as suggested
in the case of Porphyridium). However,
alcoholic extracts from Porphyridium
showed no fluorescence band at 720 mu,
at either +20°C or ~193°C. This sup-
ports the hypothesis that the 720-mp
band is due to an aggregated form of
chlorophyll a.

Kok (12) and Coleman et al. (13)
have observed a “difference” band at
705 mu in the absorption spectra of dark
and illuminated cells of Chlorella (and
some other algae). This may mean that
the 720-mp fluorescence band is corre-
lated with an absorption band close to
this position.

The great increase in intensity of the
715-mp fluorescence band in vitro (and
of the 720-mp fluorescence band in the
cell) at low temperature could be due
either to an increase in the relative con-
centration of the aggregates or to an in-
crease in their yield of fluorescence. The
latter is not impossible if the new fluo-
rescence band originates in a metastable
level, which at room temperature is too
rapidly used up by photochemical reac-
tions, collision deactivation, and internal
conversion, to emit fluorescence. At low
temperatures, all these deactivation
processes are slowed down. Lifetime de-
termination, and other quantitative stud-
ies, should permit a check of this hy-
pothesis.

The new energy level could correspond
to a triplet or nx level. The new level
would lie closer to the singlet nx ex-
cited state in the aggregate than in the
monomer.

In vivo, the chlorophyll fluorescence
yield increases (according to Franck,
French, and Puck, 14) and the absorp-
tion in the neighborhood of 705 mu de-
creases (according to Kok, 12) with in-
cident light intensity, until the saturation
of photosynthesis is reached. These
changes can be related to changes in the
concentration of aggregated chlorophyll
in light. When the intensity of the inci-
dent light increases, some aggregates may
break up into monomers. This would
cause a decrease in absorption at 705 mu
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and an increase in chlorophyll fluores-
cence at room temperature (if the mono-
meric form of chlorophyll is fluorescent
at all room temperatures, while the
aggregated form only becomes floures-
cent at low temperatures).

Possibly the drop in photosynthesis on
the long-wavelength side of the chloro-
phyll absorption band (15) may be due
to increased absorption of light energy
by the aggregated form of chlorophyll.
The absorption band leading to the new
level should be located at about 700 mu.
Because of the strong selective scattering
in this region (I6), it would not be easy
to identify. The most careful measure-
ments of absorption spectra of live cells
do not exclude the possibility that the
red absorption band contains more than
one component. To utilize the energy
stabilized in the new energy level (ag-
gregated chlorophyll), light of shorter
wavelengths may be required—perhaps,
to produce a doubly excited state, as sug-
gested by Franck (17) (18).
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Immunogenetic Dissection of the
T5 Bacteriophage Tail

Studies of the antigenic structure of
several bacterial viruses (I-4) have led
to the recognition of two non-cross-re-
acting surface antigens, which are desig-
nated the head and tail antigens, respec-
tively, according to their apparent
localization in the virus particle (3).

Since the ability to react with neutraliz-
ing antibody appears to be an exclusive
property of the phage tail (2, 3), which
contains also the sites of attachment to
host cells (9), specific neutralization and
host adsorption afford tools for studying
the structure and function of this virus
organelle, The relation between the host-
attachment sites and the antigenic sites
of the tail has not yet been fully settled,
but in some instances the sites show a
close genetic association (6).

Several lines of evidence (4, 7) have
suggested that the virus tail itself may
be antigenically heterogeneous; how-
ever, evidence is yet to be presented that
one and the same virus particle can re-
act through different critical sites with
two dissimilar neutralizing antibodies.
This report is a brief description of ex-
periments (8) which supply this kind of
evidence for phage T5.

The principal conclusion, that this
virus contains at least two distinct anti-
genic determinants in that portion of the
virus particle which is sensitive to neu-
tralizing antibody, rests on the following
facts, some of which have been reported
previously.

1) Phage T5 stocks form plaques with
equal efficiency on Escherichia coli
strains B and F (smooth derivative of
FCb) (9).

2) Either of these hosts can adsorb
the bulk (over 99 percent) of the plaque
formers for both. This fact is crucial to
the conclusion.

3) All T5 stocks contain readily iso-
lated host-range mutants, designated
BF-, which adsorb onto and infect strain
B but not F (9).

4) These mutants cross-react recipro-
cally with T5 in specific neutralization,
but both of the homologous reactions are
stronger than the cross reactions (10).

5) The cross-reacting antibody can be
removed readily from a T5 antiserum
(rabbit) by absorption with BF~, leaving
behind a large fraction of antibody
(about 50 percent as measured by neu-
tralization of T) for strain F) which has
a striking behavior against phage T5.
Like the original serum, it neutralizes
the infectivity for strain F in an almost
exponential fashion down to 1 percent
survivors and beyond; but the infectivity
of the same sample for B, instead of de-
creasing progressively, levels off and re-
mains at about 50 percent, while the
infectivity fer F vanishes. The leveling
off is not due to antibody depletion,
since a fresh input of T5 is neutralized
just as is the first input.

6) The stable survivors infective for
strain B no longer adsorb to F (the ad-
sorption rate constant is less than 0.3
percent of that for untreated T5). They
adsorb to B at about half the initial rate.
When allowed to grow on B, they pro-
duce progeny that are again capable of
infecting F. Hence, treatment of T5
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