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Communicated January 17, 1964

Light-induced electron paramagnetic resonance (EPR) signals have been ob-
served in photosynthetic systems for many years. These observations have been
discussed in several recent review papers.» 2 A positive identification of the signal
with a definite molecular species has proved difficult on the basis of EPR properties
alone. Thus, correlations of these properties with other physical measurements
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BLOCK DIAGRAM FOR
KINETIC . STUDIES

F1g. 1.—Block diagram for kinetic
measurements. Operation is described
in text. The appropriate spectrometer
(pp’:iical or EPR) was inserted as de-
sired.

have been sought. Independent studies of ab-
sorbance changes in photosynthetic bacteria® 47
have led to the tentative detection of bacte-
riochlorophyll positive ion, thereby leading to
the working hypothesis that the EPR signal
might be BChlt+.! This view was strengthened
by recent work showing that the bacterial spin
signal could be produced by chemical oxida-
tion.® This paper, by means of kinetic studies
of both spectroscopic systems, presents evi-
dence which is not consistent with the above
hypothesis.

Ezxperimental.—The kinetics studied in this paper are the EPR and absorbance transients in-
duced by a pulse of light. The experimental arrangement used in both experiments is shown in
Figure 1. The EPR and optical spectrometers used have been described in earlier publications.®. 7
An electronically modulated neon lamp was used to induce the photo signals. Its design was
kindly made available for our use by Dr. L. Piette of Varian Associates. Most of the details of its
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Fig. 2.—Time response of the electron paramagnetic resonance (EPR) signal to light. The
insert is the growth of the EPR signal on an expanded time scale. Also shown are exponential
curves fitting the data. S.is the normalized steady-state value of the signal.
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F1a. 3.—(A) Absorption spectrum of R. rubrum chromatophores suspended in 0.01 M phosphate
buffer, pH 7.13; 1-cm cuvette. (B) Light-induced absorption changes in R. rubrum chromato-
ghores, whose absorbance was 2.2 at 880 mu. Excitation wavelengths were 650-900 my for the

lue absorption changes, 400-500 mg for the infrared absorption changes. Note that the absorb-
ance scale below 650 my is expanded twofold. For further experimental details, see ref. 7.

circuitry are in the literature.® The spectral output was primarily in the wavelength region be-
tween 580 and 720 mu. Rise and decay times were of the order of 10 usec. The signal resulting
from a single flash was too noisy to allow the determination of the full time course of its growth
and decay. To improve the signal-to-noise ratio, the integration technique of Klein and Barton®
was used. We used the commercial integrator, the Computer of Average Transients Model 400
(Mnemotron Corp., Pearl River, New York). The over-all rise time with each spectrometer was
less than 1 msec.

The sequence of events was as follows: The repetition rate was determined by a pulse generator
which initiated a sweep of the integrator. The integrator triggered the lamp after a fixed delay
period. The second pulse generator determined the duration of the flash. The observation time
of the integrator could be set for any fraction of the repetition time. Typical flash durations were
2 sec, repetition times 16 sec, and integrator sweep time ranged from 1 to 16 sec. Suitable signal-to-
noise ratios were obtained after 50 to 500 events.

Chromatophores were prepared from Rhodospirillum rubrum (originally supplied by R. Y.
Stanier, #1.1.1.). The samples were harvested after 5 days of growth in modified Hutner’s
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Fi1g. 4.— yﬁical time response of light-induced
absorbance changes in R. rubrum chromato-
phores. For purposes of comparison, signal
heights are normalized, and all signals are shown
as positive 0.10~* M KuFe (CN)s present, E =
+0.35 volt; 0.01 M phosphate buffer, pH
7.4; O.D. at 880 my, 0.70. Further details are
given in ref. 7.
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medium, using malate as substrate. The
chromatophores were prepared as outlined in
the paper of Loach et al.5 The sample was buf-
fered at a pH of 7.5 with 0.1 N glycylglycine.

To minimize differences in the experimental
conditions, the same sample contained in a
Varian EPR aqueous sample cell was used in
both spectrometers. Typical optical densities
at 880 mu were 1.5.

The following factors were found to affect
rise and /or decay rates: redox potential, pH,
temperature, light intensity, and the physio-
logical state of the organisms and the prep-
aration and storage of the chromatophores.
These were held at the following values for
both the EPR and absorbance experiments:
—+0.30 volts, 7.5 pH units, 22 & 2°, 10 pho-
tons/cm?/sec, 5-day growth, and variable stor-
age. The light intensity was measured with
a photodiode which was calibrated against a
U.S. National Bureau of Standards lamp.

The EPR signal, S, was measured at the
point of maximum slope of the absorption curve, and is proportional to the number of observable
unpaired electrons. The responee of this signal to the light pulse is shown in Figure 2. Also shown
is an example of the growth of the signal when the light is turned on (when an expanded time scale
is used). The growth may be described by the expression

8, =8, (1 — € 1)
and the decay curve by the expression
S = Sse™ ¥ 4 Sy'e7*a"  with S, = Sq + S4'. 2)

S, is proportional to the steady-state of photoproduced spins, S, and S,’ are proportional to the
fraction of photoproduced spins decaying by parallel paths with unimolecular rate constants k,
and kq'. k. is approximately the unimolecular rate constant for spin production.

A typical absorption spectrum and a light-minus-dark difference spectrum for the chromato-
phores used are shown in Figure 3. We are here concerned with the major light-minus-dark bands
at 433 my, 792 mu, 810 myu, and 865 mu. The responses of these signals to light are shown in
Figure 4. The shapes of these curves can be expressed by equations of the form of (1) and (2)
above.” In both the EPR and the optical absorption measurements the decay rates were found to
be approximately independent of the light intensity. This, together with the simple exponential
behavior (Fig. 2 and ref. 7), indicates that these processes obey first-order kinetics.

To demonstrate the relation between the two spectroscopic observations, the time response
(course) of the signals from the same sample have been plotted together (Fig. 5). The steady-
state magnitude of each signal was normalized to unity.

Conclusions.—The following conclusions may be drawn from this evidence:
(1) The rise and decay kinetics of the spin signal are the same as the kinetics of the
433-mu absorbance changes, within experimental error. Of the major absorbance
changes, only the one at 433 mu shows this close agreement. We thus assign the
observed EPR signal to the molecular species which produces the 433 mu optical
change. (2) The molecules responsible for the absorbance change at 433 mg
are not the same as those molecules responsible for the absorbance change at 865
myu because of the much slower decay rate of the 433 mu band, as was earlier re-
ported.”
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F16. 5,—Comparison of EPR and AO.D. signals from the same sample of R. rubrum chromato-
phores. Experimental conditions are given in the text.

That a relationship between optical density changes and EPR signals existed
was apparent from the experiments of Clayton® and Loach ef al.® In these experi-
ments all the light-induced optical absorbance changes and the EPR signal were
removed upon oxidation and were replaced by a ‘‘dark” signal of the same magni-
tude. However, no choice among the optical signals could be made, to identify
the source of the EPR signal.

The spectral position of the 865 mu band with respect to the #n vivo absorption of
BChl and its interaction with redox reagents has been used to identify this change
with a one-electron photoinduced oxidation of BChl in the organized environ-
ment.>~® Based on this identification of the optical density change at 865 mu
and the above kinetic data, oxidized bacteriochlorophyll in the organized environ-
ment of the chromatophore is not the site of the unpaired electron producing the
observed electron paramagnetic resonance signal. Such a molecular species (BChl+)
in solution would be expected to show an EPR signal characteristic of a free radical.
That we do not see one could be explained by an interaction between this electron
and its environment which broadens the resonance line. Such an interaction may
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raise from delocali.ation, among several BChl molecules, of the charge associated
with the oxidized BChl. A delocalization of this sort can be used as the conduction
system for separation of charge in the primary quantum conversion act.

We would like to express our appreciation for the technical assistance given by Miss Ann
Maksim and invaluable discussion with Dr. M. P. Klein.

* The work described in this paper was sponsored in part by the U.S. Atomic Energy Com-
mission.
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ERYTHROCYTES IN BOVINE ALBUMIN SOLUTIONS
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Communicated by Norman Davidson, January 2, 1964

Several reports have appeared in the literature of the variation of ‘“density”
among different types of dispersed cells and of physical separations based upon
this property.!? Two general separation procedures have been used. Packed
cell methods: cells are centrifuged from a suspension to form a viscous mass of
packed cells, which is separated layerwise. Neutral density separations: cells are
centrifuged in a dense liquid medium and are segregated into two fractions, one
denser and one lighter than the suspending medium. With such methods the
order of density of certain types of blood cells has been established.?—5 It has also
been shown that erythrocytes are heterogeneous in density and that young erythro-
cytes are less dense than old.6—°

The above procedures are not suitable for the quantitative investigation of the
density distribution in cell populations. The packed cell mass is difficult to frac-
tionate. The neutral density procedure yields only two fractions in each experi-
ment. These restrictions may be overcome by centrifuging the cells in a buoyant
density gradient.?: 10 11

The present communication describes a method for the quantitative fractionation
of erythrocytes in a linear density gradient of bovine serum albumin. It is shown



