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FOREWORD 

Most of the work of the Chemical Biodynamics Group sterns 
from two primary concerns: First, the development of radioactive 
isotopes and their application principally to chemical and biological 
systems, and, second, the interaction of biological and chemical 
systems with radiation. In this annual report we are continuing our 
custom of selecting a few of our activities for description in order to 
indicate the scope of the Group's productivity. Many of the particular 
projects involve the interaction of radiation with both chemical and 
biological systems as well as the use of the tracer method to define the 
nature of those interactions. 

Our studies in photosynthesis and radiation chemistry have con­
tinued on an expanding frontier that includes the metabolic behavior, 
the physical-chemical structure, and the energy conversion process, 
a few aspects of which are described in this report. It is perhaps 
worth mentioning specifically that the radiation chemistry and the fun­
damental problems of information transfer in biology have led us into 
the problems of chemical evolution as well as into research on brain 
mechanisms and learning. 

As our penetration into the molecular bases for some of these 
biological phenomena has increased it has become more obvious that 
a critical feature of our understanding, and hence manipulation, of 
the phenomena is the intimate knowledge of the macromolecular geom­
etries and their changes in solution, i. e., in the biological environ­
ment. The development and use of new methods of defining these 
structures and their dynamics are now becoming major activities. 

Melvin Calvin, Director 
Chemical Biodynamics Group 

Lawrence Radiation Laboratory 
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1. PARAMAGNETIC HYPERFINE STRUCTURE AND RELAXATION EFFECTS 
. IN MOSSBAUER SPECTRA: 57 Fe IN FERRICHROME At .. 

H. H. Wickman, M. P. Klein, and D. A. Shirley 

The Mossbauer effect of 57 Fe in the 
metalloprotein ferrichrome A (FA) has been 
investigated at temperatures between 0.98 and 
300 o K; in some cases the absorber was placed 
in an external field of 18 kOe, oriented perpen­
dicular to the propagation direction. The poly­
crystalline paramagnetic sample exhibited 
temperature -, field-, and concentration­
dependent magnetic hyperfine structure. At 
O.08°K in zero field, a well-resolved six-line 
spectrum was observed. As the temperature 
was raised, the pattern coalesced until at 300-
K only a single broad non-Lorentzian line was 
visible. The effect of an applied field was, at 
all temperatures, to noticeably sharpen the 
hfs pattern; and at 77°K or below eight lines 
were easily resolved. Changes of the spectra 
with temperature and field are attributed to 
electronic relaxation, and a model·is used to 
calculate relaxation spectra. The model em­
ploys the modified Block equations as rate 
equations to describe fluctuations of an effec-

t Abstract of paper published in Phys. Rev. 
152, 345 (1966). 

tive hyperfine field. The iron-iron separa­
tion was increased by dilution of some of the 
samples in ethyl alcohol. As is well known 
from £SR work, spin-spin interactions 
decrease on dilution:. a sharpening of the 
spectrum resulted. The importance of using 
solutions .in studying Mossbauer spectra of 
biologically iriteresting Fe 3+ compounds is 
demonstrated. Some of the consequences of 
paramagnetic hyperfine interactions for 
Mossbauer spectroscopy are discussed. Dif­
ferences between the effective hyperfine Jield 
and the interactions AI· S are noted, as are. 
certain analogies between Mossbauer arid op­
tical spectroscopy, under the AI. S interac­
tion. From previous ESR work the elec­
tronic spin Hamilton~n for FA was f0!tnd to 
be of the form D[Sz - tS(S+1)]+E[Sz ~Sy2]. 
Rather compl~x hyperfine spectra are pre­
dicted for Fe:H with thif; spin Hamiltonian, 
and representative spectra are illustrated. 
It is shown that these !lpectra,expected in 
the absence of spin-spin interaCtion

7 
would be 

sufficient to determine the ratio E D of the 
spin-Hamiltonii3-n parameters; this illustrates 
the complementary nature of ESR and Moss~ 
bauer spectra of the same system. 
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2. CHEMICAL BONDING INFORMATION FROM PHOTOELECTRON SPECTROSCOPY t 

C. S. Fadley, S. B. M. Hagstrom, J. M. Hollander, M. P. Klein, and D. A. Shirley 

Introduction 

A major source of our information about 
atoms, molecules, and solids is the' study of 
spectra, whether they be of emitted or ab-' 
sorbed electromagnetic radiation or of parti­
cles such as electrons. After new spectro­
scopic techniques have been introduced they 
have generally been refined to the point of 
being sensitive to the chemical environment of 
a given atom. In this way a good deal of infor­
mation has been obtained about the nature of 
chemical bonding. 

In r~cent years, a new spectroscopic 
tool has been added to the repertoire, photo­
electron spectroscopy.1 This technique also 
has been shown to be .sensitive to chemical ef­
fects,. and considera·ble work has already been 
done on investigations pioneered by K. ,Sieg­
bahn and co-workers in Uppsala. 2 The prin­
ciple of the technique is ·to deduce the binding 
energies of the inner core electrons of an 
atom from very accurate me'asurements of x­
ray-produced photoelectron spectra. The pre­
cision ·of·these measurements. is sufficient to 
allow detection of shifts of the order of 1 eV 
in these binding energies. Since shifts due to 
changes in·the chemical environment have been 
found to be several eV in some. cases, 2 they 
are easily detected. The versatility of the 
method arises from the fact that the core 
levels of virtually all atoms can be investi­
gated. By contrast,most other spectroscopic 
methods a're restricted to particular types of 
quantum mechanical systems or are governed 
by more restrictive selection rules. For ex­
ample; nuclear magnetic resonance requires 
a rea.'Sonably abundant isotope with a nuclear 
magnetic moment, and for work at highest 
.resolution: a nuclear spin of 1/2 is requisite. 
The Mo'Ssbauer effect, although exquisitely 
sensitive,' is restricted to nuclei with an ap­
propriate y-ray transition. UIifortunately, no 
such nuclei are available for Z < 19 nor are 
they uniformly distributed over the periodic 
table. The photoelectron method has an addi­
tional advantage for the interpretation of re­
suIts. That is, the core level shifts can be 
related directly to the principal forces oper­
ating in atoms, molecules and solids --namely, 
those due to the Coulomb and exchange inter­
actions. 

In this paper we report some observa-
I tions on the chemical shifts of core electron 
binding energies in iodine and europium com-

t Science (in press). 

pounds and indicate that these shifts may be 
explained in terms of two approximate theoret­
ical models. Finally, we discuss briefly a 
few of the potential applications of this spec­
troscopic method to problems in coordination 
chemistry, biochemistry, and solid-state 
physics. 

Because previous chemical shift meas:­
urements have been made on the relatively 
light elements carbon, nitrogen, sulfur, and 
chlorine, 2 a study of the chemical shifts for 
heavier atoms is of interest. In addition, the 
transition elements and rare earths possess 
unfilled inner d and f shells respectively. 
Electrons in these inner shells can participate 
in chemical bonding, in contrast with other, 
elements in which it is predominantly outer 
valence shell electrons that serve this role. 
The selection of iodine (Z= 53) and europium 
(Z= 63) for investigation permits a comparison 
of these two classes of elements, as the neu­
tral atom valence electron configurations . are 
5s 2 5p 5 and 4f7 6s 2 , . respectively.' Chemical 
shifts were studied in iodine for nine core 
levels ( out of a possible 13). The four iodine 
compounds selected for study span a range of 
8 in oxidation number. Three core levels were 
studied in europium in both divalent and triva­
lent compounds. 

Experimental Procedure 

The. experimental technique involves ex­
pellingan electron from some inner level, i, 
with x radiation of energy well above the 
photoelectric threshold. Neglecting contact 
potential effects, the x-ray energy hv is di­
vided according to 

(1) 

where Eb(i,,X) is the binding energy of the ith 
level of an atom in compound X and Ekin IS 
the photoelectron kinetic energy. Since x-ray 
energies are known to high accuracy, only the 
kinetic energy need be measured to obtain a I 

binding energy. For this purpose a double­
focusing magnetic spectrometer was used. 3 
The energy resolution of this spectrometer was 
adjusted to be 0.06% full width at half maximum, 
thereby yielding instrumental line widths of 
0.6 to 4.8 eV over the kinetic energy range of 
interest (1 to 8 keY). As the natural line widths 
are also a few eV, it is easily possible to de­
tect shifts in binding energy of the order of 7 
eV with such a spectrometer. 

The apparatus used in this investigation 

\. 
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is shown schematically in Fig. 2-1. Radi­
ation from the x-ray tube, filtered slightlywith 
aluminum foil, impinges upon a thin rectangu­
lar (10X 13 mm) powdered sample of the com­
pound under study. Photoelectrons emitted 
from the sample pass through a narrow slit 
(0.5 X 10 mm) into the spectrometer. For a 
given current in the spectrometer coils, elec­
trons of a narrow energy range a;re brought to 
a focus at the entrance to the Geiger counter. 
The current is scanned in a stepwise fashion 
over the region of interest and the resulting 
pulses from the Geiger counter are stored in 
a multiscaler (multichannel analyzer). Mul­
tiple scans were made in order to average out 
variations in x-ray flux. Although the radi­
ation from an x-ray tube is not monochromatic, 
the characteristic x-ray lines interact with the 
core electron levels to give photoelectron 
peaks that are easily distingilishable above the 
background. 

Slit 

Fig. 2-1. Schematic illustration of the ex­
perimental apparatus. 

Results 

TypiCal photoelectron peaks are shown 
in Fig. 2-2. The notation I2P3/2 (CuKa1) KI 
indicates a peak due to photoelectrons ex­
pelled from the 2P3 11

level of iodine in KI by 
the Ka1 x-ray line 6: Cu. A chemical shift of 
about 6 eV is apparent between the peaks from 
KI and KI04. In iodine such shifts were meas­
ured for nine levels from 251/2 (Eb'" 5191 eV) 
to 4d5/2 (Eb '" 54 eV). The compounds studied 
were KI (-1 oxidation number), KI03 (+5), 
KI04 (+7), and the potassium salt of p-iodo­
benzoic acid--[KIBA] (?). The shifts are es­
sentially the same for all measured levels in 
spite of the hundredfold change in binding 
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energy. This observation agrees well with 
theory, as we discuss below. It is thus pos­
si ble to speak of an average core shift be­
tween compounds. These shifts, relative to 
KI, are: KIBA, 0.0 eV; KI03, 5.3 eV; and 
KI04, 6.3 eV. The shifts are all in the direc­
tion predicted by a simple shielding model-­
that is, electrons are bound more tightly in 
compounds of higher oxidation number. Thus 
the shift is approximately 0.8 eV per unit 
change in oxidation number. 

20 

'" 
0 

15 
)( 

(/) -C 
::l 
0 12 u 

II 

10 

9 

3500 3520 

E kin (eV) 

MU B 13960 

Fig. 2 - 2. Photoelectron peaks from KI and 
KI04 · 

Similar shifts were measured for the 
3d3/2 (Eb'" 1158 eV), 3d5/2 (Eb'" 1128 eV), 
and 4P3/2 (Eb '" 258 eV) levels in europium. 
The compounds studied were EuAl2 (+2), EuO 
(+2), and EU203 (+3). The shifts in this case 
were again very nearly the same for the three 
levels, and the binding energies for the two +2 
compounds agreed to within experimental error 
(± 0.5 e V). The average shift in Eu for this 
unit change in oxidation number is 9.6 eV, and 
it is again in the direction predicted by the 
simple shielding model. Note that this is 12 
times the corresponding figure for iodine. 
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Figure 2 -3 gives an illustration of the rather 
striking chemical shift which results from the 
oxidation of europium metal. Spectrum 3a 
was obtained from EuAlz., which apparently 
had oxidized slightly to the +3 state on the sur­
face. The peak arising from electrons in +2 
ions is still clearly visible, however. Spectra 
3b and 3c were obtained from a piece of euro­
pium metal which was initially polished in air 
to give a shiny surface. This surface oxidized 
immediately to a mixture of the +2 state (EuO) 
and the +3 state (Eu203)' as can be seen by 
comparing Spectra 3a and 3b. Upon prolonged 
exposure to air, the same sample oxidized 

30 

25 

70 

60 
rt) 
I 
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45 
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(/) 40 r-
z 
::) 

35 0 
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40 
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OXIDATION (8) 

Eu-LONG 
OXIDATION (e) 

t 1 Eu dS/2(CUKal)~~+2 
I Eu3dS/2(euKa I) Eu+3 

Eu 3dS/2(eu Ka2) Eu+2 

6900 6920 
Ekin(eV) 

XBL 672-632 

Fig. 2 -3. Photoelectron peaks from various 
europium compounds. 

-4- 2 

completely to the +3 state (Eu203)' as can be 
seen by comparing Spectra 3c and 3d. The 
spectral intensity does not decrease to back­
ground level on the left side of the peaks, 
principally because of the close proximity of 
the peak arising from the Ka2 x-ray line, 
which is 20 eV lower in energy than ka1 for 
copper. The interpretation in terms of chem­
ical reaction is nevertheless straightforward. 

Theory and Interpretation 

In order to extract useful information 
about chemical bonding from chemical shift 
data, some theoretical model must be con­
sidered. We present here two such models. 
Both are partly classical (and therefore ap­
proximate), but the first gives some essential 
insights into the nature of core electron chem­
ical shifts as well as semiquantitative esti­
mates of their magnitude, and the second 
should be able to predict such shifts with rea­
sonably good accuracy for solids with long­
range order. A detailed description of th~se 
models will soon be published elsewhere, so 
we indicate here only their salient features 
and the results of their applicaHon to our io­
dine and europium data. 

The first model is constructed by as­
suming that all electronic charge participating 
in chemical bonding is removed from the va­
lence shell (a quantum state) and subsequently 
becomes a spherical shell of charge of some 
radius r centered on the atom of interest 
(a classical state). The radius r will be 
larger than the average radius of the valence 
shell, as the sphere must somehow approx­
imate the molecular electron orbitals that 
exist between the central. atom and its nearest 
neighbors. The net energy shift of a core 
level upon forming a chemical bond can thus 
be calculated in two steps, the first represent­
ing the decrease in shielding when valence 
electrons are removed to infinity, the second 
representing the repulsive potential of the 
spherical shell of charge outside the core 
electrons. The first quantity can be calcu­
lated with existing free -ion (atom) computer 
programs, and for this calculation we have 
used such a program written by Roothaan and 
Bagus. 5 The second quantity is obtained from 
elementary electrostatics. This model was 
applied to our europium data as a qualitative 
check of its validity. We as s ume to a fir st 
approximation that only the 4f subshell of euro­
pium is altered in going from EuA12 to EU203' 
It is known that the 4f configurations in these 
compounds are 4f7 and 4f6 , respectively. 6,7 
From our calculations, the free -ion shift be­
tween Eu +2 (4f7) and Eu +3(4f~ is approximately 
20 eV. Thus a 10-eV repulsive correction is 
required to give the experimental value' we 
have observed. This corresponds to a 
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spherical shell radius of approxiITlately 1.3 A. 
which is approxiITlately half the Eu-O -inter­
atoITlic distance in EU203. The ITlodel thus 
correctly predicts that the bonding charge is 
located at a position interITlediate between the 
Eu and ° atOITls. 

-5-

The second ITlodel is a generalized and 
slightly ITlodified version of one used previously 
to predict valence electron binding energies in 
the alkali halides. 8 Suppose we are interested 
in the binding energy of the ith core level of 
atOITl A in the solid cOITlpound X (Eb(i,19. 
AtoITl A is assuITled to possess SOITle net charge 
Zx' and all other atOITlS in the cOITlpound are 
given net charges also, the only restriction 
being overall electroneutrality. For strictly 
ionic solids all charges are assuITled to be in­
tegral nUITlbers, but for solids with SOITle co­
valent character the charges can be used as 
variable paraITleters. The binding energy can 
now be calculated by ITleans of the following 
energy cycle; The first step is to reITlove A 
froITl the lattice to forITl the free ion A Zx. 
The energy required is denoted by E 1. Next 
an electron is reITloved froITl the ith eve I of 
this ion. The energy required isthe binding 
energy of an .i.th-Ievel electron in a free iOIf of 
charge Z [Eb(i, Zx)]. Then the ion AZx+ is 
inserted 6ack into the lattice. The energy is 
denoted E 2. Since the net result of this cycle 
is the saITle as that of a photoelectric process 
(subtracting any kinetic energy), the exper­
iITlental binding energy in the solid should be 
given by E1 + Eb(i, Zx) + E2. To obtain the 
cheITlical shift in binding energy between two 
cOITlpounds ~ and X, we siITlply take a differ­
ence and find 

b.Eb(i, ~-.!) = Eb(i,~) - Eb(i,.!) = Eb(i, Zx) 

- Eb(i, Zy> + (E 1+ E 2)x- (E1 + E 2)y. 

(2) 
The necessary free-ion binding energies can 
be calculated with the aforeITlentioned COITl­
puter prograITl. The SUITlS, E1+ E2, repre­
sent the classical CouloITlb interaction energy 
of an electron in the ion of interest with all 
the other ions in the lattice, which are treated 
as point charges. This is true provided we 
neglect lattice distortion and electron-cloud 
polarization during the photoelectric process. 
This classical CouloITlb energy is related to 
the Madelung constant of the solid, and for 
certain siITlple lattice structures can be de­
rived froITl this constant. For solids of ITlore 
cOITlplex structure this "Madelung energy" is 
ITlore cOITlplicated to evaluate, although by no 
ITleans iITlpossible. As a rough estiITlate of 
its ITlagnitude the Madelung energy for alkali 
halides ranges frOITl 5 to 10 eV. This is to be 
cOITlpared with free -ion core shifts upon re­
ITloving a valence electron, which are roughly 
10 eV for iodine and 20 eV for europiuITl. 
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We also note that because the photoelectrons 
of iriterest are expelled froITl a shallow region 
near the surface, the full Madelung energy 
ITlay not be required in Eq. 2. Further exper­
iITlental investigation is needed to evaluate this 
surface correction accurately, however. 

A consideration of Eq. 2 explains why 
all the core levels in iodine and those ITleas­
ured in europiuITl are shifted by very nearly 
the saITle aITlount. Note that the Madelung 
energies do not vary with i, so that any dif­
ferences in the shifts of various core levels 
ITlust be due solely to the free-ion terITlS in 
Eq. 2. Table 2-1 gives the results of our free­
ion calculations on iodine, and it is apparent 
that over a broad charge range all core levels 
shift by the saITle aITlount to within ± 2%. SiITl­
ilar calculations indicate the saITle pattern for 
europiuITl, but to a lesser degree, as the 4f 
shell penetrates ITluch ITlore deeply into the 
atOITl than the 5p shell. In fact, free -ion cal­
culations on europiuITl indicate up to a 50% 
variation in shifts between inner and outer 
core levels. This points out a potentiality of 
the photoelectron spectroscopic ITlethod, in 
that it ITlay be possible to deterITline which 
electrons enter into cheITlical bonding by ITleans 
of the relative shifts of various core electron 
binding energies. 

Calculations of the Madelung energywere 
ITlade for the three inorganic iodine cOITlpounds 
in such a way that the cheITlical shifts relative 
to KI were obtained as a function of the charge 
on the iodine atOITl in KI0 3 and KI04. By 
siITlply ITlatching the observed shifts to the ap­
propriate charge values, it is thus possible to 
estiITlate, for both cOITlpounds, the iodine 
charge and a corresponding fractional ionic 
character of the 1-0 bond. These are shown 
in Table 2-II, along with analogous results ob­
tained froITl M6ssbauer ITleasureITlents. 9 The 
use of 75% of the full Madelung values repre­
sents a surface correction corresponding to a 
photoelectron-producing layer approxiITlately 
as thick as the length required for conver­
gence of a Madelung SUITl over lattice sites. 

The agreeITlent between the two sets of 
values is satisfactory in the sense that Made­
lung corrections in the allowable range can 
bring our derived values into agreeITlent with 
the M6ssbauer results. With ITlore accurate 
calculations of the Madelung energy and ITlore 
sophisticated data treatITlent involving all the 
atOITlS in the cOITlpounds under consideration, 
it should be possible to obtain values of charge 
and ionic character with ITluch better accuracy. 
We also note that our results have been ob­
tained without any detailed assuITlptions as to 
the bonding orbitals involved in each COITl­
pound, whereas the M6ssbauer results rely 
heavily on such assuITlptions. There is thus a 
possibility in the photoelectron spectroscopic 
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Table 2-1.. Calculated binding energy shifts arising from removal of a 
5p electron from various free-ion configurations of iodine. Since 
the calculations were nonrelativistic, levels are not distinguished 
by the quantum number j, and the notation 2p, for example, rep­
resents both 2P1/2 and 2P3/2 . 

2 

1-
1 

5S2
5p61 10 5s 2

5p5 I 1+1 5s 2 5p 4 I 1+2 5s 2 5p3 I 1+3 5s 2 5p21 1+4 5s 2 5p1 I 
Level 

i 

28· 
2p 
3s 
3p 
3d 
4s 
4p 
4d 
5s 
5p 

L:.Eb(i,O-[ -1]) L:.Eb(i, 1-0) L:.E
b

(i,2-1) L:.E
b

(9,3-2) L:.E
b

(i,4-3) 

(eV) (eV) (eV) (eV) (eV) 

8.80 9.90 10.93 12.23 13.14 
8.79 9.87 10.93 12.19 13.16 
8.83 9.89 10.91 12.15 13.04 
8.79 9.87 10.89 12.12 13.01 
8.78 9.87 10.89 12.15 13.06 
8.85 9.87 10.82 11.97 12.78 
8.84 9.86 10.79 11.92 12.73 
8.84 9.85 10.78 11.92 12.72 
8.10 8.65 9.22 9.77 10.21 
8.39 9.37 10.73 9.44 9.90 

Table 2 -II. Comparison of our results for iodine charge 
and fractional ionic character in KI03 and KI04 , 
with those obtained from Mossbauer measurements 
(Ref. 9). Those denoted" 3/4 Madelung" represent 
a possible surface correction to our results. 

Compound 1-0 bond fractional Charge on 
ionic character iodine 

Photoelectron spectroscopy: 

Full Madelung 
KI0

3 0.67 2.99 

KI04 0.48 2.86 

3/4 Madelung-
KI0

3 0.35 1.10 

KI04 0.46 2.71 

Mossbauer: 

KI0
3 

0.31 0.83 

KI0
4 0.31 1.44 

0 

~ 
technique <;>f inferring the orbital makeup 
directly, instead of assuming it in order to 
calculate some other property. 

for a given change in charge is about twice. as 
large for europium. Also, the actual charge 
that is being moved into bording orb~tals is 
much greater between Eu + and Eu + than it 

The fact that the shift per unit change in 
oxidation number'is 12 times as large in euro­
pium as. in iodine can be qualitatively under­
stood. As has been stated, the free -ion shift 

is between, e. g., 1-.1 and 10. As we have 
mentioned, one 4f electron is tra~sferred be­
tween EuA12 and EU203 (4f7 to 4f). However, 
the results of Table 2 -II indicate that for a 
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similar unit change in the oxidation number of 
iodine less than 0.5 electron is transferred. 

Our experimental results for the potas­
sium salt of p-iodobenzoic acid are presented 
largely to indicate the feasibility of making 
measurements on heavy atoms as constituents 
in organic compounds. Since iodine is bonded 
only to carbon in this molecule and the two 
atoms have equal electronegativities, it is not 
surprising that the binding energies are close 
to those of KI rather than to those of KI0 3 or 
KI04' 

Further Applications of the Technique 

The theoretical interpretation of the 
chemical shifts reported here and the observa­
tions of the chemical shifts in car bon, nitro­
gen' sulfur, and chlorine reported by the 
Uppsala group provide a firm basis for anti­
cipating a wide range of applications of this 
spectroscopic method. We illustrate this po­
tential by describing three problems of current 
interest in this Laboratory. 

A number of investigators are focusing 
attention on a class of non-heme iron proteins, 
called Ferredoxins,10 which act as electron 
transport proteins in both photosynthesis and 
bacterial metabolism. The common charac­
teristic of these proteins is their content of 
from two to seven iron atoms together with 
four sulfur atoms per iron. The photoelectron 
spectra will be examined in order to measure 
the nature and diversity of the iron and sulfur 
atoms contained in these proteins both before 
and after reduction. 

It is also planned to study the coordina­
tion chemistry of metal porphyrins by exam­
ining the photoelectron spectra of the central 
metal ion and the nitrogen ligands. Compar­
ison and interpretation of the spectra in the 
presence of and absence of the metal ion 
should permit a determination of the fractional 
contribution to the bonds of each of the constit­
uents of the complex. In fact, the valence 
electronic levels have already been examlned 
by low energy photoelectron spectroscopy in a 
closely: related compound, copper phthalocy­
anine. 11 

The fractional charge or degree of ion­
ization of impurity atoms in elemental semi­
conductors, as well as the relative charges on 
the atoms in compound semiconductors of the 
III-V and II-VI types, could also be investi­
gated. 
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Summary 

The technique of photoelectron spectros­
copy has already been shown to be sensitive to 
changes in the chemical environment of a given 
atom. We have used this technique to measure 
shifts in the' core electron binding energies of 
iodine and eut"opium. We have found shifts of 
0.8 eV and 9.6 eV respectively for a unit change 
in oxidation nUlnber .. 

Two theoretical models are propo.sed for 
the interpretation of these shifts and are ap­
plied to the analysis of our experimental re­
suits. The first consists of a charged shell 
approximation for the molecular orbitals. The 
second. uses an energy cycle to divide the bind­
ing energy into a free -ion term and a lattice 
interaction (Madelung) term. All our obser­
vations can be understood in terms of one or 
the other of these models, and in particular, 
we can estimate the iodine charge in the com­
pounds KI0 3 and KI04 . The results agree 
reasonably well with those obtained from Moss­
bauer measurements. 

The application of photoelectron spec­
troscopy to a wide range of problems in phys­
ics' chemistry, and biology seems feasible. 
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3. FOURIER TRANSFORM NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 

Melvin P. Klein and Donald E. Phelps 

The application of the Fourier trans­
form technique to optical and infrared spec­
troscopy has been known for nearly fifty 
years,1 but has only recently been used for 
high-resolution nuclear magnetic resonance. 2 

The conventional method of producing a 
nuclear magnetic resonance spectrum em­
ploys a scan by either magnetic field or 
radio frequency through the region of interest. 
The rate of scanning is decided by the requi­
site resolution. Lines which are separated 
by 1 Hz must be scanned at only a fraction of 
1 Hz. 2 When this maximum scanning rate 
is exceeded, the spectrum is distorted. Also 
to be considered is that during a frequency 
or field scan only a single point is being ob­
served at any instant. Thus time is not being 
used with optimal efficiency, a factor which 
enters into the ultimate sensitivity of NMR 
spectroscopy. 

It has been shown that the free -induction 
decay following a short, irttense radio-frequen­
cy pulse is the Fourier transform of the con­
ventional spectrum. 3 The most compelling 
rea,son to resort to this technique is that the 
entire spectrum is generated for each radio­
frequency pulse, with a consequent increase 
in the efficiency of time usage. The pulses 
may be repeated at intervals of several sec­
onds. 

The accompanying figures dramatically 
illustrate the time which may be saved by 
employing the transform technique. Figure 
3-1 shows a field-swept spectrum of the 31p 
NMR of P(OCH3 )3 taken during the sweep 
times noted on the traces. It is apparent that 
at least 100 seconds must be spent to obtain a 
fully resolved undistorted spectrum. Figure 
3-2 illustrates the impulse response (above) 
and the spectrum derived therefrom by a 
Fourier transformation (below). The time 
scale for the impulse response was 1.25 sec, 
demonstrating that much less time--by about 
a factor of one hundred- -is required for this 
method. The Fourier transformation of the 
impulse response is performed either by a 
digital computer or by conventional specfrum 
analyzers. The former is more accurate, 
and capable of producing better spectra; the 

latter method is useful because it may be per­
formed in the NMR laboratory, giving results 
immediately. ' 

50 sec 

128 sec 

Fig. 3-1. Conventional field-swept NMR 
spectra of 31p inP(OCH3 )3. The time 
per sweep is indicated beside each spec­
trum. The degradation of the spectrum 
w~th decreasing sweep times is illustrated. 
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4. PRODUCT INVENTORY IN THE RADIOLYSIS OF CRYSTALLINE 
CHOLINE CHLORIDE 

Margaret Ackerman and Richard M. Lemmon 

Introduction 

The earliest report of the unique radi­
ation sensitivity of crystalline choline chlo­
ride indicated that the identified radiolysis 
products, trimethylamine and acetaldehyde, 
accounted for es sentially all the decomposed 
choline. 1 However, that indication was pro­
vided principally by paper chromatographic 
studies of nonvolatile products. The present 
study, which includes quantitative measure­
ments of all detectable products, was under­
taken in the hope that a full product inventory 
would shed further light on this unique radio­
lysis mechanism. 

Experimental Section 

Sample Preparation and Irradiation 

The unlabeled choline chloride used was 
the Eastman Or1~anic Chemicals "white label" 
product. The C -methyl-labeled compound 
was prepared by reacting 14CH3I with di­
methylaminoethanol; the resultant iodide was 
converted to chloride by treatment with Agp 
followed by HCl. The labeled chloride was 
recrystallized from ethanol-ether. 

Fourteen-mm o. d. Pyrex tubes fitted 
with a break seal were each charged with 133 
mg of choline chloride dis solved in 0.5 ml of 
methanol. After the bulk of the methanol was 
evaporated under a stream of dry nitrogen, 
the tubes were placed in an ice -salt bath and 
connected to a vacuum line. The samples 
were evacuated very slowly and pumping was 
continued for approximately Z4 hr while the 
cooling bath was allowed to warm to room 
temperature. The samples were then heated 
to 100° for 30 min, and the tubes sealed. 
By means of a 3000-curie 60Co source, the 
samples were given a total dose of from Z8 
to 19Z Mrads at a rate of 11.6X10 5 rads/hr. 
In order to look for a dose -rate effect, in one 
experi~ent the dose rate was increased to 
116X10 rads/hr. 

Determination of Hydrogen, Methane, and 
Acetaldehyde 

The irradiated samples were connected 
to a vacuum system of known volume fitted 
with a Zimmerli pressure gauge and two traps. 
The first trap served both as a collector of 
volatile products and as a reservoir for the 
ethanol used to dissolve the crystalline 
sample. The second trap was packed with a 

4A molecular sieve (Linde). Preliminary 
work with this sieve (ZOO to 500 mg) had 
shown that a 1-ml sample of methane injected 
into the system with a gas -tight syringe was 
totally absorbed at -196°, and was not re­
leased even after evacuation of the trap to a 
pressure of 10 fl. for ZO min. (Carbon monox­
ide is known to be even more strongly bonded 
to the molecular sieve.) However, subse­
quent heating to 150 ° for a few minutes gave 
100% recovery of the methane from the sieve. 

After Z50 fl.l of ethanol solvent was fro­
zen in the first trap, the entire system was 
thoroughly evacuated. The sieve trap and 
the Zimmerli gauge were closed and the sam­
ple tube opened after it had been cooled with 
liquid NZ (to prevent any sudden release of 
gaseous products that might carry some solid 
sample out of the tube), and then allowed to 
corne to room temperature. The volatile 
products were distilled into the first trap, 
which was held at -196 0. The sieve trap was 
cooled to -196°, opened, and ZO min allowed 
for the transfer of volatile compounds from 
the first trap to the sieve (only CH4 was sub­
sequently seen on the gas chromatograph). 
Following this transfer, the Zimmerli gauge 
was opened and the pressure of HZ read. The 
HZ was then pumped off, the sieve trap closed, 
and the contents of the first trap distilled into 
the sample tube in order to dissolve the crys­
talline sample. After the sample was in solu­
tion, all the volatile material was again dis­
tille'd into the first trap. The transfer of 
methane into the sieve trap and the determi­
nation of HZ pre s sure was repeated (no fur­
ther HZ was observed). 

The sieve trap was connected to the in­
jection port of a Varian Aerograph Model 
A-350 gas liquid chromatograph. After the 
trap was heated to Z·OO 0, the contents were 
injected onto a 4-ft, 0.Z5-in. 5A molecular 
sieve column maintained at 80°; He flow rate 
(F) 30 ml/min. (Only CH4' retention tIme 
[tR ] 16 min, was detected.) The first trap 
was packed in dry ice, transferred to a dry 
box, and opened. The contents were drawn 
into a syringe which had been cooled in dry 
ice, then qUlckly injected into the A-350 and 
chromatographed on a ZO-ft, 0.Z5-in. column 
of 30% "UCON Polar" on acid- and dimethyl­
chlorosilane -treated 45/60 mesh Chromosorb 
W(He F 30 ml/min, temp. 70°). This column 
showed, in addition to the expected acet -
aldehyde (tR 3Z min) and ethanol solvent 
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(tR 70 min), a trace of CH3CI (tR 20 min) and 
three unidentified compounds with retention 
times of 88, 110, and 140 min. No other 
peaks were detectable, even when the column 
temperature was rais ed to 170 0 and the chro­
matogram allowed to run for another hour. 
This eliminates, as detectable products, such 
possibilities as ethylene glycol, ethylene 
chlorohydrin, methylaminoethanol, and dim­
ethylaminoethanol. In order to identify the 
observed peaks, several O. S-g crystalline cho­
line chloride samples were irradiated (30 
M rads). The volatile products from the se 
samples were pumped into a trap suitable for 
injection and separated by chromatography on 
the same "UCON Polar" column, as above. 
Samples processed in this manner contained 
only two of the unknown compounds, and it was 
necessary to process a sample with ethanol as 
a solvent to obtain the third. Following puri­
fication by gas chromatography, the mass 
spectrum of each of the unknown compounds 
was determined on a Consolidated Electro­
dynamics Corporation Model 21-130 mass 
spectrometer. Comparison of these spectra 
with published spectra and spectra of known 
compounds obtained on our instrument enabled 
us to identify the first unknown compound 
(tR 88 min, appearing only when ethanol was 
used as a solvent) as the addition product of 
ethanol and'acetaldehyde, acetal. The other 
two unknown compounds were also products of 
acetaldehyde, crotonaldehyde (tR 110 min), 
and paraldehyde (tR 140 min). 

Since the pressure of H2 in a known vol­
ume was read, the quantity could be directly 
calculated. The quantityofthe other components 
was determined by comparison of their gas 
chromatographic peak areas with the peak 
areas obtained when known quantities were 
chromatographed. 

Methyl Chloride as a Radiolysis Product 

-12-

During the course of earlier work on the 
radiolysis of choline chloride, traces of methyl 
chloride had been observed (but not reported) 
on gas chromatograms used to purify deute­
rated acetaldehyde and trimethylamine pro­
ducts. 2 In the present study, at a total dose of 
30 Mrads, only barely detectable amounts of 
methyl chloride were formed. ' In the earlier 
VI.Ork, higher total doses at higher dose rates 
were usually employed. Suspecting that either 
or both of these factors could be responsible 
for the production of methyl chloride we pre­
pared four O.S-g samples of crystalline choline 
chloride Samflle 1 received 30 Mrads at 
11.6 X 10!; rads/hr (the same dose rate, and ap­
proximately the same total dose as given to all 
other samples in the present 'g'0rk). Sample 2 
received 30 Mrads at 116X10 rads/hr. 
Sample 3 received 192 Mrads at 116X10S 

4 

rads/hr (the dose rate and total dose used in 
the previous work 2). Sample 4 received 192 
Mrads at 11.6 X 10S rads/hr. The volatile pro­
ducts from all samples were chromatographed 
on "UCON Polar," as previously described. 
Only Samples 3 and 4, those receiving a total 
dose of 192 Mrads, contained a detectable 
amount (about 0.2% of the decomposed choline) 
of methyl chloride. 

Determination of Trimethylamine and 
Polymer 

Current and past work have shown that 
the trimethylamine produced in the radiolysis 
appear s as the hydrochloride salt. No detec­
table amounts of trimethylamine had ever been 
observed until base was added to an irradiated 
sample. Past work had also indicated that no 
other aminos were being formed in appreciable 
quantity, since radioautographs of paper chro­
matograms of irradiated methyl-14C-Iabeled 
choline chloride revealed only two active 
spots; one was undecomposed choline chloride 
and the other was trimethylamine hydrochlo­
ride. In order to confirm this observation by 
gas chromatography, a l-g sample of irradi­
ated choline chloride was transferred to a tube 
fitted with a side arm bearing a serum cap. 
The tube was connected to a vacuum line con­
taining a trap suitable for direct injection into 
the A-3S0 chromatograph. ,The system was 
thoroughly evacuated. Then, sufficient alco­
holic KOH to dissolve the sample was added 
by syringe through the serum cap. The 
evolved gas and a small amount of the methanol 
solvent were transferred to the trap and chro­
matographed on a 10-ft, 0.2S-in. column of 
1S% THEED S% TEP on 60/80 Chromosorb W 
(temp. 6So, He F 40 ml/min)--a column that 
will cleanly separate NH3, methylamine, di­
methylamine, and trimethylamine. Only tri­
methylamine (tR 2.7 min) was observed on 
this chromatogram. 

Paper (rather than gas) chromatography 
was chosen as the means of determining the 
amount of trimethylamine formed, because 
the amount of undecomposed choline chloride 
and the amount of polymer formed could be 
determined simultaneously. Conse1uently, 
two 100-mg samples of the methyl- 4C_ 
labeled compound, containing a total activity 
of 9.2 X 104 dpm, were prepared and irradiated 
(30 Mrads). The samples were stored 422 
days, then the tube was opened and the crystals 
dissolved in 1 ml of methanol. An aliquot (10 
fl.l) was withdrawn from each sample and chro­
matographed (one direction) on Whatman No.1 
paper with n-butanol:water:12 N HCI (4:1:1) 
used as a developing solvent. Raa.ioautographs 
of these chromatograms were used to locate 
the radioactive spots so that the amount of ac­
tivity could be measured by a Geiger tube. 
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Tri.m.ethylamine hydrochloride and undecom­
posed choline chloride were the only detec­
table radioactive spots. Polymeric material, 
which had been observed previously on the 
origin of chromatograms from samples given 
192 Mrads, was not produced in detectable 
amounts by the 30 Mrad dose given these 
samples (under conditions when as little as 
1% could have been observed). The percent­
ages of trimethylamine hydrochloride are es­
sentially equivalent to the percentages of cho­
line decomposed. 

Search for GI Z as a Possible Radiolysis 
Product 

The search for Gl2 was made by chro­
matographing all the volatile products from 
the irradiated crystals; the crystals were 
dissolved in absolute ethanol and the volatiles 
(including EtOH) vacuum-line transferred 
into a trap from which they could be directly 
injected into a gas chromatograph (Varian 
Aerograph Model A-350, 5-ft., 0.25-in. 
column of" Poropak Q", (temp. 50 0

, He flow 
rate 40 ml/min). Under these conditions the 
tR for Cl2 is 2.3 min. 

Results and Discus sion 

The quantitative data on the radiolysis 
products are presented in Table I and may 
be summarized as follows: 

(1) Experiment 1-3 show that H2 and 
GH4 are only very minor products at doses 
of about 30 Mrads and post-irradiation stor­
age times of 15 to 232 days. The average 
percent of decomposed choline appearing as 
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HZ is Z.70/0. This corresponds to a G(HZ) 
from choline chloride of 1.1. The corre­
sponding average figure for G(GH4) is 0.9. 
These are representative G values for the 
production of HZ and GH4 from, for example, 
saturated hydrocarbons.3 Since the radiolysis 
of crystalline choline chloride has been ob- 4 
served with G(-M) values as high as 55,000, 
it is reasonable to conclude that the H2 and 
CH4 come from ordinary, random, radiolytic 
processes that are unrelated t<;> the unique, 
chain-decomposition mechanism. 

(Z) Experiments 4 and 5 demonstrate that 
CH3GI is also a very minor product. We 
were unable to detect this compound in 30 
Mrad irradiations. At 19Z Mrads we did 
find detectable GH3GI--about O.Z percent of 
the total decomposition products, and inde­
pendent of the dose rate. The corresponding 
G(GH3CI) is 0.06. 

(3) Experiments 6 and 7 show that there is 
very little polYmer formed at 30 Mrads. We 
know from previous unpublished observations 
that extensive radiation decomposition leads 
to more polymer; here, however, at about 
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30% decomposition, the polymer formation is 
negligible. What this polymer may be is sug­
gested by the appearance of contronaldehyde 
and paraldehyde (see footnotes d, e, and j). 
It is well known that !ild.ehydes tend to polym­
erize on irradiation. 

(4) Experiment 7 relates the appearance of 
acetaldehyde (determined by gas chromato­
graphyto that of tri.m.ethylamine (determined 
by paper chromatography). An exact duplicate 
of this experiment was performed and led to 
almost identical re sults; that experiment, in 
the interests of space saving, is not recorded 
in the table. This work further indicates that 
acetaldehyde and trimethylamine account for 
nearly all the choline's radiation decomposi­
tion. The 96.5% value for acetaldehyde (last 
column) is a minimal figur.e; small mechan­
icallosses are expected during transfer 
operations. 

(5) Experiment 8 was a direct search for 
molecular chlorine as a possible radiolysis 
product. (Again, a separate experiment, with 
very similar results, was performed.) This 
search was made because of the possibility 
that CI atoms could be involved in theradiol­
"ysis mechanism. If so, one might expect a 
significant yield of their dimer, molecular 
chlorine. However, the results of this work 
indicate that if any GIZ is formed it is less 
than 1% of the decomposed choline (we are 
unable to set a smaller upper limit because 
water and GIZ have the same retention time 
on our "Poropak" columns). 

The present work clearly indicates that 
the decomposition mechanism is very clean. 
The chain mechanism leads very specifically 
to a scission of the choline cation between the 
nitrogen atom and the adjacent methylene car­
bon, leading to the. production of trimethyl­
amine and acetaldehyde. For doses up to 
about 3 X 107 rads, and approximately 30% 
choline decomposition, all other products 
comprise, at most; only 3% of the total radio 1-
ysis yield, 

Summary 

A quantitative study was made of all 
detectable products that appear when the ex­
traordinarily radiation-sensitive organic crys­
tal, choline chloride, was exposed to '{ radia­
tion~ Besides the known major products, 
trimethylamine and acetaldehyde, only trace 
amounts of other products (HZ, CH4, CH3GI, 
GIZ, crotonaldehyde, and paraldehyde) are 
detectable. The total yield of these trace 
products is not more than 3% of the decom­
posed crystal. These results emphasize the 
very specific nature of the radiolysis mech­
anism. 
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Table 4-I. Products appearing in the .y-radiblysis of crystalline choline chloride. 

Expt. Dose Time of Choline Product formation 
No. . (Mrads) stbra·ge at 25° decomposed '70 decomposed 

(at 11.6X105 rads;hr) _ (daysa) (mmoles) cpd. mmoles choline 

1 37.2 143 0.372
b H 0.014 3.8 

ci/4 0.008 2.1 
CH

3
CHO 0.351d 94.4 

2 34.9 232 0.358
c 

H2 0.008 2.2 

3 28.2 15 0.311 b H 0.007 2.3 
C~ 0.008 2.6 

CH3CHO 0.296e 95.2 

4 192 1 0.88g CH3CI 0.002h 0.2 

5 192f 1 1.79g CH3CI 0.004h 0.2 

6 32.6 422 0.284i (CH3)3N 0.288 100 
polymer <0.002 <1 

7 29.3 15 0.252i 
CHJCHO 0.242 j 96.5 
(C 3)3N 0.25.2 100 
polymer <0.002 <1 

28.2 181 0.311 Cl2 <0.003 <1 

a. Between irr~diationan·d analysis. Earlier work (Ref. 4) has shown that, for a given radiation 

b. 
c. 
d. 

e. 

dose, the percent decomposition is dependent upon this time. 
Sum of products found on gas -liquid chromatograms. 
Estimated from decompositions measured in similar samples. 
Sum of (in mmoles): CH3CHO (0.022), acetal (0.133), crotonaldehyde (0.023; equiv. to 0.046 

CH3 CHO),· paraldehyde (0.050; equiv. to 0.150 CH3CHO). 
Sum of (in mmoles): CH3 CHO (0.011), acetal (0.076), crotonaldehyde (0.004; equiv. to 0.008 

CH3CHO), paraldehyde (0.067; equiv. to 0.201 CH3CHO). 
Dose rate 116 X 10 5 .rads/hr. 

'<'"', 

f. 
g. 
h. 
i. 
j. 

Based on amt. CH3CHO observed from the irrad. of 500 rtlg (3.53 mmoles) of choline chloride. 
At lower total doses· there was no detectable CH3Cl. 
Determined by countingundecomposed choline-14Con paper chromatogram. 
Sum (in mmoles) of: CH3CHO (0.004), acetal (0.091), crotonaldehyde (0.003; equiv. to 0.006 

CH3CHO), paraldehyde 0.047 (equiv. to 0.141 CH3CHO). 
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5. IDENTIFICATION OF SOME NEW PRODUCTS FORMED BY THE IRRADIATION OF 
SOLID BENZENE WITH ACCELERATED 14C+ IONS 

Helmut Pohlet, Wallace Erwin, Tz -Hong Lin and Richard M. Lemmon 

We are continuing our studies of the 
chemical consequences of the interaction of 
accelerated carbon ions with benzene (previous 
discussions appeared in our preceding annual 
report: UCRL-16806, March 1966, pp. 54-49). 
Recent gas -liquid chromatography (GLC) 
tracings of the target material after such irra­
diations has shown that there are a number of 
major products formed that have longer reten­
tion times than the previously reported ben­
zene, toluene, and cycloheptatriene. Some 
evidence was given indicating that one of these 
products was diphenylmethane, and it was 
further predicted that another was phenylcyclo­
heptatriene. In this report data will be given 
showing that these two products are indeed 
formed, and also that phenylacetylene is an­
other of the major" post benzene" products --
i. e., compounds appearing after benzene, on 
GLC. We interpret other data to be compat­
ible with the presence of benzocyclopropene 
or perhaps another of the three possible iso- . 
me ric bicycloheptatriene s : 

0> 
benzocyclopropene 

bicyclo [2.2.1]­
heptatriene-1, 3, 5 

bicyclo [3.1.1] -
he ptatriene -1, 3, 5 

bicyclo [2.2.1]­
heptatriene -2, 5, 7 

The formation of such a C 7 compor.rd (excited) 
on the interaction of an energetic C+ ion 
(or atom) with benzene, followed byejection of 
a C 1 species, is a possible mechanism for the 
appearance of benzene _14C. 

Experimental Procedure 

The present target of the ion accelerator 
consists of a 1-cm-diam by 1/2-cm-long brass 

cylinder was silver soldered to the face of the 
cold finger. The 3/4-in. -diameter gold tar­
get disk was attached to this pedestal with 
silver paint, giving thermal and electrical 
contact. 

Liquid 
nitrogen 

cold 
finger 

~ Gold target 

The benzene was' deposited on the gold target 
from four nozzles arranged around the edge 
of the gold disk. It was hoped this arrange­
ment would give a more uniform deposit of 
benzene over the entire surface of the gold 
disk. However, the result was four hills of 
solid benzene reaching towards the nozzles 
with a thinly coated area in the center: 

Gold 
target 

Benzene nozzle 

Benzene hills 

Benzene nozzle 

In the irradiation, the ion beam (approx­
imately 1 flA) was focused near the center of 
the target. Approximately 200 fll of benzene 
was fed to the target before the irradiation 
started, and the input of benzene during the 
irradiation was 90 to 100 fl1/hr. The irradia­
tion lasted for 2.75 hr. The benzene recov­
e.red from the target in the sample collection 
vial was 250 to 300 fll. To this recovered 
benzene, several unlabeled carriers were 
added- -30· fll toluene, 30 fll cycloheptatriene, 
30 fll phenylacetylene, 30 mg diphenylmethane, 
30 mg 7 -phenylcycloheptatriene, and 30 mg 
biphenyl. All of these materials, with the ex­
ception of the 7 -phenylcycloheptatriene, were 
commercial products. 

We prepared the phenylcycloheptatriene 
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following the manner described by Doering and 
Knox: 1 When 25 g of cycloheptatriene was 
brominated, 73.7 g of dibromotroplidene 
(nn = 1.596825 ) was obtained. Heating this 
dioroma compound at 65 to 70° under t mm 
yielded 10 g (21.3% yield) of tropylium bromide, 
m. p. 205-210°. Tropylium bromide was fur­
ther reacted with phenyl-lithium to give 10 g 
of crudephenylcycloheptatriene (69% yield). 
Vacuum distillation of the crude product at 0.7 
mm gave the following fractions: 

1. below 25°, 
2. 65to86.5°, 
3. 86.5 to 87°, 
4. 87 to 100 0, 

0.9 g; 
2.9 g; 
4.1 g; 
1.5 g. 

Fraction 3 crystallized after standing at room 
temperature overnight. This crystal Was fil­
tered and gave amp 27-28°; on recrystalliza­
tion from methanol the purified white crystal 
(3 g) melted at 28-29°. Figure 5-1 shows the 
NMR spectrum of this compound. There are 
absorptions at [) = 6.75 to 6.55 (triplet), 6.33 to 
5.95 (complicated doublet), 5.50-5.17 (quartet), 
and a triplet around 2.65, with the peak ratio 
of 5:2:2:2:1. These are in agreement with the 
data reported by Ter Borg and Kloosteriziel2 

and Tezuka 3 for 7 -phenylcycloheptatriene. 

5,0 4,0 
PPM (8) 

3.0 2.0 1.0 

XllL 673-1013 

Fig. 5 -1. Lower line, NMR spectra of 7-
phenylcycloheptatriene in carbon tetrachlo­
ride; upper line, integrated hydrogen ab­
sorptions. 

Figure 5-2 shows the GLC radioactivity 
and mas s tracing from a 3 -fll aliquot of the tar­
get benzene containing the added carriers. It 
can be seen that not only do radioactivity and 
mass peaks agree for benzene, toluene, and 
cycloheptatriene, but also that there are radio­
activity peaks matching phenylacetylene, dip­
henylmethane, and phenylcycloheptatriene or 
biphenyl (these two have approximately the 
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same retention time). From two separate al­
iquots, which were taken from two separate 
ion accelerator irradiations, this biphenyl­
phenylcycloheptatriene peak was trapped. 
Then, to each of these samples 250 fJ.I of pen­
tane and approx 1 mg of Pt02 were added, and 
the sample was hydrogenated for 1 hr at room 
temperature and 30 lb H2 pressure. In all 
cases approx 90% of the radioactivity was con­
verted to a new material chromatographing 
with an identical retention time to phenylcyclo­
heptane, the hydrogenation product of the 
phenylcycJ.o_heptatriene carrier (see Fig. 5-3). 
A small peak of radioactivity always remained 
in the biphenyl region; however, we have not 
determined whether this actually is biphenyl 
or, what would be even more likely to be 
formed, methyl-biphenyl. The same treatment 
was given to the diphenylmethane peaks trapped 
from the chromatograph, but no changes 
occurred in these radioactivity peaks. In this 
case two chromatographic systems (Carbowax-
20M and SE-30) were used to show the agree­
ment between a radioactivity peak and the di­
phenylmethane mass peak. The phenylacetyl­
ene peak was trapped, hydrogenated, and re­
chromatographed, givin"g only mass and radio­
activity peaks with retention times identical to 
that of ethyl benzene. This latter material has 
been checked only on aliquots from one irradi­
ation because we did not know earlier what 
carriers to add. It should be mentioned also 
that there was no possibility of confusing this 
radioactive peak with that of pheriylethylene, 
because phenylethylene has a retention time 
which falls between those of phenylacetylene 
and ethyl benzene, and which is completely sep­
arated from both of these materials. 

CHT Phen,.laeetyl ene 

DIPhOnytthono ~ 

Biphenyl or 
Phenyl-CHT 

14 12 10 8 6 
TIME (Min.) 

Benzene 

TOluono! 

I 

4 o 

XBL 673-1015 

Fig. 5-2. GLC tracings for 30 fJ.I of bom­
barded benzene, and added carriers, on 
Carbowax 20M. Smooth curve: mass 
(thermal conductivity) detection. Jagged 
curve: radioactivity (proportional counter) 
detection. 
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Fig. 5-3. GLC tracings for hydrogenated ~ 
bOInbarded benzene, and added carriers, 
on Carbowax 20M. SInooth curve: Inass 
(therInal conductivity) detection. Jagged 
curve: radioactivity (proportional counter) 
detection. 

Figure 5-3 shows the radioactivity and 
Inass tracings obtained when a 25-f.LI aliquot of 
the irradiated benzene was first hydrogenated 
and then chroInatographed. Methylcyclohexane 
was an additional carrier added to this saInple. 
By cOInparing Figs. 5-2 and 5':'3, it can be 

Dlphenylmethan. I 
'\. ~ Ethylblnztnl 

\. Ph.nyleyelohep'an. ~ 

14 12 10 6 
.TIME (Min,) 

Toluene 

~' 

4 
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Cycloh.ptont 

h·'hYI­
eytl7·p,on. 
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o 
u . 
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o 
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hydrogenated. However, since we have no 
carrier to add, we have had several failures 
by apparently losing the COInpourtd. This 
Ineans we have not yet confirIned our sus­
pected forInation of Inethylcyclohexane, al­
though little doubt seeInS to exist concerning 
the forInation of toluene. 

Benzocyc1opropene (see first page of 
this report) was considered a good possibility 
for the identity of U -2. A saInple of this un-

seen that the radioactivity associated with the 
toluene Inass peak has increased for the hydro­
genated Inaterial, and also that a new radio­
activity peak, which Inay be Inethylcyclohexane, 
has appeared. This hydrogenated chroInato­
graIn supplies not only confirInation of the 
identity of the parent cOInpounds we have been 
discussing, but it Inay also give us inforInation 
concerning cOInpounds that Inight have been 
destroyed during the chroInatography of the un­
hydrogenated Inaterial. Several new peaks 
have appeared for which we seeIn to have no 
parents in the unhydrogenated Inaterial. 

, usual hydrocarbon was kindly' supplied to us 

We have trapped the area Inarked 'u -2 in 
Fig. 5 -2, hydrogenated the trapped saInple, 
and rechroInatographed the hydrogenate. In 
two separate trappings (froIn one irradiation) 
two new radioactive peaks appeared, one cor­
responding to toluene and the other perhaps 
being Inethylcyclohexane. (This was not co­
chroInatographed, but the retention tiInes were 
cOInpared.) We have atteInpted to repeat the 
trapping of U -2 so we could add Inethylcyclo­
hexane as well as toluene to the saInple to be 

by Professor E. Vogel, Organic CheInical 
Institute, University of Cologne, Cologne, 
GerInany. However, thiscoInpound proved to 
be not identical (by cochroInatography) with 
U -2. Neither did it coincide with any of the 
other radioactive peaks on our chroInatograrns. 
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6. OPTICAL PROPERTIES OF RIBONUCLEIC ACIDS 
PREDICTED FROM OLIGOMERSt 

C. R. Cantor, S. R. Jaskunas, and I. Tinoco, Jr. 

A chemical explanation of the biological 
mode of action of RNA is contingent upon an 
understanding of the molecula,r structure. The 
gerieral chemical structure of RNA is known. 
The complete details of the nucleotide sequence 
of four RNA's are now available, and the prob­
lem of determining the sequence of many other 
RNA's is being actively pursued. To under­
stand the structure of an RNA, one additional 
pro blem remains; This is the determination' 
of the molecular conformation unc~er a variety 
of conditions which, one hopes, approximate 
the in vivo state. The problem of RNA confor­
mation is complicated by the wide range of 
sizes and functions found for RNA's. If the 
dominant interactions which determine the con­
formation of an RNA in solution can be identi­
fied and characterized, the problem will be 
greatly simplified. At one time, the interac­
tion between the bases of an RNA strand to 
form hydrogen-bonded basEi pairs was con­
sidered to be the sine qua 'non of RNA strUc­
ture.' Many hypothetical RNA conformations 
have been constructed by' using a set of rules 
which attempts to maximize the number of A-
U and G-C pairs, consistent with the con,­
straints of'the geometry of the RNA strand. 
Recently, it has been recognized that base 
stacking between the neighboring bases on a 
polynucleotide strand contributes a major part 
of the stability of the secondary structure. 
Thus we were interested to see if experimental 
conditions c'ould be found whereby single-strand 
stacked confor'mations would predominate over 
base -:paired regions. ' 

A large number of possible conformations 
have been suggested for RNA's and polynucleo­
tides. These include multiple-strand helices, 
single-strand helices, random coils, and more 
complicated folded arrangements. In view of 
the complexity of the problem of RNA confor­
mation' what is needed is a set of simple model 
systems. These are the oligoribonucleotides. 
We expect that most of the properties of RNA 
should eventually be explainable .in terms of 
the properties of its smaller components. 
Towards this end we are studying the conforma­
tional properties of oligonucleotides. In this 
paper we shall use some of the results obtained 
with oligomers to analyze the properties of 
polymers. 

Many different experimental methods 
have been used as probes of RNA structure. 
They include chemical and enzymic reactivity, 
optical properties, hydrodynamic properties, 
small-angle x-ray scattering, hydrogen ex-

change, and nuclear magnetic resonance. Here 
we shall be mostly concerned with ultraviolet 
optical properties. The major advantage of 
ultraviolet spectra and optical rotatory dis per -
sion is that experiments can be performed with 
very small quantities of material. Thus there 
is available a wealth of experimental data. 
Unlike many of the properties mentioned above, 
optical properties are readily suited to attempts 
to generalize from oligomers to polymers. In 
this work we shall extend the nearest-neighbor 
methods developed to account for the optical 
properties of oligomers. 1 These simple em­
pirical calculations fairly well explain the op­
tical properties of single-strand polymers. 
In addition, it should be possible to extend 
these methods to take into account double­
strand and more complex conformations. 

The yeast alanine sRNA with its 77 nuc1eo­
tides and known sequence is a good molecule to 
illustrate our methods. We constructed a 
three ':dimensional model of the alanine sRNA 
which included both the stacking of bases on a 
single strand, and the possibility of base pair­
ing. Thus we used strong springs to connect 
bases which we believed were stacked, and 
interlocking rings to connect unstacked'bases. 
The latter permit relatively free rotation of 
linked residues; the former will tend to keep 
stacked sections rigid. The bases were con­
structed from metal blocks, which are larger 
for purines than pyrimidines. The result is 
an approximate scale model. 

We were able to construct conformations 
for the alanine sRNA which have considerably 
more hydrogen-bonded pairs than the models 
proposed previously. In addition, the model 
contains the additional constraints of base 
stacking. This conformation was selected by 
using the following rules. Uracil does not 
stack as strongly as the other three normal 
bases, arid thus all U's were connected by 
rings instead of springs. The stacking of 
bases similar to U (T, dihydro U, and ljJ) is 
also weak, but all purines stack strongly. 
Base pairs in which one base is I, T, dihydro 
U, or dimethyl G are allowed, although some 
of these interactions may be weaker than nor­
mal base pairs. 

We have at our disposal the measured 
ORD of the alanine sRNA (Vournakis and 
Scheraga, 1966, Abst. Tenth Ann. Meet. Bio­
phys. Soc., p. 54). We would like to compare 
this with the ORD calculated for the conforma­
tion proposed. In order to do this, we must 
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first compute the ORD of the single strand. 
The following approximations were made. We 1.6 YEAST ala-sRNA 
assume that the contribution to the ORD from 
unusual bases is the same as from the normal 
base they resemble. Thus we replaced I, Mel, 
MeG, and DiMeG by G; lj; and T by U. Since 
dihydro U does not contain a chromophore 
which absorbs in the 260 -mf.1 region, we as­
sumed it was a blank. Since the unusual bases 
are not present in large amounts, we expect 
that these approximations are not very severe, 
but to permit more accurate calculations it will 
be worth while to measure the ORD of dimers 
which contain unusual bases. The ORD calcu­
lated for single -strand alanine sRNA is com­
pared with the experimental results of Vourna­
kis and Scheraga at pH 6.83, 0.1 M phosphate, 
0.15 M KCl, in Fig. 6-1. In thiS-case, the 
experTmental results in salt are shifted far to 
the blue compared with calculated or single­
strand values. 

However, if the contribution to the opti­
cal rotatory dispersion of the double stranded 
regions is added, the calculated results are 
significantly altered. The agreement in the 
shapes of the experimental and calculated op­
tical rotatory dispersion for double strand is 
now excellent. By adding the contributions of 
double strands to the ORD, we are able to 
shift the single -strand calculations until they 
have almost the same peak, trough, and cross­
over as the experimental curve. The magni­
tude of the calculated curve is less satisfac­
tory, since it is larger than the observed ORD. 
It is possible that this may be due to the choice 
of extinction coefficients, but a much more 
likely explanation is that the methods we have 
used here are so roughly approximate. There 
are undoubtedly errors in our calculation of 
the ORD of the double strand, since he have 
used only two of the'ten' contributing interac-, 
tions. In addition, our model for the confor­
mation may be far from the truth. The as­
surnptions we made to count the contribution 
of unusual bases are also open to question. 
Thus we are pleased that the agreement be­
tween calculation and experiment is as good as 
it is. Whether or not it is fortuitous remains 
to be seen; however, it is clear that ORD is 
potentially a very powerful tool for studying 
the fine details of the conformation of RNA in 
solution. 
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Fig. 6-1. Optical rotatory dispersion of the 
yeast alanine sRNA. " ,Experimental 
results of Vournakis and Scheraga (1966, 
Abst. Tenth Ann. Meet. Biophys. Soc., p. 
54); ------, calculated ORD of single-strand 
RNA; ...•.. , calculated ORD of a partially 
double -strand RNA. 
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7. CHLOROPHYLL-CHLOROPHYLL INTERACTIONS t 

Edward A. Dratz, Alfred J. Schultz, and Kenneth Sauer 

Introduction 

Isolated chlorophyll molecules in solu­
tion are unable to carry out the energy-convert­
ing photoreactions characteristic of photosyn­
thetic organisms. These organisms provide 
lipoprotein matrices (chloroplast grana or 
lamell,ae; bacterial chromatophores) in which 
the chlorophylls, carotenoids, and some im­
portant oxidation-reduction cofactors are 
brought together in a highly specific relation­
ship to one another. Any attempt that the ex­
perimenter makes to alter this relationship 
almost invariably leads to complete loss of the 
photosynthetic activity. This applies to sol­
vent extraction, treatment with most deter­
gents, mild heating, etc. On the other hand, 
chloroplasts from leaves which have been 
fixed chemically with glutaraldehyde are found 
to retain a substantial fraction of their ability 
to carry out quantum conversion via the Hill 
reaction. 1 

The evidence at hand points to an impor­
tant role for the particular way in which the 
pigments and cofactors are arranged spatially. 
The pigment molecules, for example, cannot 
be considered to be ·isolated from one another 
even as a good first approximation. Typical 
lamellar fractions contain 6 to 8% chlorophyll 
by weight, and pigment concentrations run in 
excess of 0.1 mole/liter. 

Evidence from absorption spectra of 
chloroplasts from higher plants and algae as 
well as of photosynthetic bacteria suggests 
that in vivo the chlorphyll is at least partially 
aggregated. For example, low-temperature 
spectroscopy of plant material resolves sev­
eral absorption maxima in the long-wavelength 
region, but the extracted chlorophyll a has 
only a single peak. 2 Fluorescence excitation 
spectra of those samples suggest that a part of 
the chlorophyll a, absorbing on the short-wave­
length side of the main band, is unaggregated 
and highly fluorescent, while the chlorophyll 
a absorbing on the long-wavelength side of the 
main band is weakly fluorescent and is sup­
posed to be aggregated. 

Studies aimed at elucidating the nature of 
the pigment associations and their environ­
ments have met with only partial success. 
Oriented chloroplasts or fragments from them 
show little or no dichr9ism for most of the 
pigment absorption. 3-:' The fluorescence of 
the chlorophyll in these organelles is found to 
be almost completely depolarized. A long­
wavelength form of chlorophyll ~ which is 

dichroic and gives rise to polarized fluores­
cence involves only a small fraction of the 
total chlorophyll in chloroplasts. 4-6 This 
fraction may, however, be of utmost impor­
tance to the energy conversion process. 

Studies of nuclear magnetic resonance, 
infrared, and visible absorption spectra and 
of apparent molecular weights of purified chlo­
rophylls in solution show that dimers and 
higher aggregates form readily under some 
conditions. 7-10 These aggregates have great­
ly enhanced optical activity compared with the 
monomers, and have been studied by optical 
rotatory dispersion (ORD) in the case of chlo­
rophyll a. 11 The chlorophyll in chloroplast 
subunits-also shows optical activity which is 
large compared with that of the extracted chlo­
rophyll, 11, 12 and this has been used as addi­
tional evidence for the presence of aggregated 
chlorophyll in vivo. It has been recognized, 
however, that the large optical activity of the 
chloroplast lamellar fragments (quantasomes) 
could be due to chlorophyll-protein or chloro­
phyll-lipid interactions, as well·as to chloro­
phyll-chlorophyll inter~ctions. The circular 
dichroism (CD) measurements reported here 
are particularly useful, because they reflect 
a specific kind of chlorophyll-chlorophyll 
interaction, the degenerate exciton interaction, 
in a much more sensitive way than ORD or ab­
sorption measurements. The degenerate inter­
action causes a splitting of the monomer ab­
sorption band in the aggregate, and results in 
a double circular dichroism that crosses zero 
in the region of the absorption maximum. In 
the presence of a large amount of other non­
degenerate interactions the crossing point may 
be shifted, but it is still clearly seen. The 
degenerate interaction is important because it 
cannot be caused by chlorophyll-protein or 
chlorophyll-lipid interactions. It can only be 
due to chlorophyll-chlorophyll interactions. 
Furthermore, the degenerate interaction 
carries geometrical information about the ag­
gregate which one has some hope of interpret­
ing in a detailed way. Small exciton splittings 
that are not directly resolvable in the absorp­
tion spectra result in a double CD under most 
circumsta.nces. The CD spectra of the chlo­
rophylls in quantasomes and chromatophores 
contain large degenerate contributions which 
are strong evidence for chlorophyll-chloro­
phyll interactions in these systems. 

Experimental Procedure 

Materials 
The preparation of chlorophyll ::.. 
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chlorophyll b, and bacteriochlorophyll are 
described elsewhere. 10 Carbon tetrachloride 
was reagent grade and was used without puri­
fication. 

The suspension of microcrystalline chlo­
rophyll a was prepared by adding isooctane 
to a small sample of the solid chlorophyll. 
After vigorous stirring, the suspension was 
spun in a clinical centrifuge at top speed for 5 
min, and the supernatant suspension was used 
directly. No noticeable settling occurred 
during the half-hour period of measurement. 

Chromatophores from Rhodospirillum 
rubrum and Rhodopseudomonas speroides 
were obtained by washmg 5-day-old cultures 
free of growth medium, followed by sonication 
for 3 min at O·C with a Biosonik oscillator. 
Fragments sedimenting between 40000 g (30 
min) and 180000 g (50 min) were washed and 
resuspended in 0.05 M phosphate buffer, pH 
7.5. -

Barley was grown from seed in aphyto­
tron under controlled illumination and temper­
ature, and was harvested about 3 weeks after 
germination. The normal (Lyon) and the mu­
tant strain (Chlorina 2), which is missing chlo­
rophyll b,13 were grown under identical con­
ditions and harvested at the same time. 
Chloroplasts were isolated from the homog­
enized leaves e1~sentially by the procedure of 
Park and Pon. Sonication of the chloroplast 
suspension was followed by isolation of a frac­
tion sedimenting between 9000 g (10 mi~) and 
110000 g (30 min), resuspension in 10- M 
phosphate buffer, pH 7.5, and clarification at 
9000 g (10 min). 

Methods 

Absorption spectra were recorded by a 
Cary 14 spect~ophotometer. For scattering 
samples the Model 1462 Scattered-Transmis­
sion Accessory was used. Optical rotatory 
dispersion spectra were obtained by using a 
Cary 60 instrument modified with a special 
red-sensitive photomulFplier. 

The circular dichroism instrument is 
one of our own design. A detailed description 
of the apparatus appears elsewhere. 15 A few 
general features of the instrument are worth 
mentioning here. The apparatus employs a 
Cary 14 monochromator and a Pockels cell 
polarization modulator driven at 400 Hz. 16 
Energy variations are compensated by con­
trolling the PM voltage. Most measurements 
are made at a band width of about 1 mfJ-. The 
noise level of the, instrument varies with wave­
length at fixed resolution, but is approximately 
± 1 X 10- 5 od units at 1 mfJ- band width over 
much of the wavelength range of 0.21 to 1.2 fJ-. 
The sensitivity of the instrument is further 
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increased by averaging many scans of the spec­
trum, using a Nuclear Data ND800 Enhance­
tron. Under this mode of operation, the mono­
chromator scan is controlled by the Enhance­
tron time base. Multilfle scans reduce the 
noise level to ± 1 X 10- od units in a reason­
able period of time (about 2 hr). A Dumont 
6011 PM tube is used for near infrared work, 
and an EMI95580/ A is used from 210 mfJ- to 
about 800 mfJ-. 

Results and Discussion 

Circular Dichroism Spectra of Chlorophyll 
Dimers 

In vitro measurements of the CD of 
chlorophyll a, chlorophyll b, and bacterio­
chlorophyll In most solvents-show extremely 
small optical activity (nearly unmeasurable by 
CD methods). In carbon tetrachloride, how­
ever, increasing'concentration results in spec­
tral changes and enhanced circular dichroism. 
The circular dichroism and absorption spectra 
of chlorophyll a, chlorophyll b, and bacterio­
chlorophyll solutions containing about 850/0 
dimer are given in Figs. 7-1, 7-2, and 7-3. 
We can determine the molar circular dichro­
ism' of the dimers from measurements on 
these concentrated solutions, since the solu­
tions are stable and we know the extent of di­
merization from the equilibrium constants 
measured by using absorption spectra. 10 
Precise CD measurements on dilute solutions, 
free of aggregates, have not yet been possible 
in carbon tetrachloride because of decomposi­
tion of the chlorophyll during the prolonged 
time of measurement. Measurements on di­
lute solutions in the same solvent can be made 
rapidly, to avoid decomposition, but with a re­
sulting decrease in signal-to-noise ratio. The 
dilute solutions show essentially no dichroism, 
with an upper limit of 5 to 10% of the concen­
trated signals. 

The dimers give large circular dichro­
ism signals in the relatively isolated far red 
band as well as in the more complex Soret 
band, which is a composite of two nearbyelec­
tronic transitions, We shall concentrate, ini­
tially, on interpreting the CD of the far red 
bands of these compounds. All three chloro­
phyll dimers show very similar CD spectra. 
This is consistent with all the evidence f\~W 
NMR, IR, and absorption measurements, 
that the three dimers have very similar struc­
ture. All three chlorophylls, show a,doublecir­
cular dichroism spectrum that reverses sign 
close to the center of the absorption band. 
This behavior is due to the degenerate exciton 
interaction of the long-wavelength transition 
moments of the two monomers in the dimer. 17 

The same interaction leads to the observed 
splitting of the absorption band in the dimer. 
The degenerate exciton interaction observed 
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Fig. 7-1. Absorption and CD spectraof 
chlorophyll a ~jrI].ers in carbon tetrachloride 
(CD: 1.37X 10 M, O.1-mm cell). 
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Fig. 7-3. Absorption and CD spectra of bac­
tEiriochlorophyll dirriers in carbort Jetra­
chloride (C:D: 1.00X 10-5 M, 0.125-mm cell). 
The' CD spectturn shown at wavelengths 
longer than 700 mfl has been multiplied by 
0.5. . . 
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Fig. 7-2. Absorption and CD spectra of chlo­
rophyll b dim~rs in carbon tetrachloride 
(CD: 3.7U"X10- M, 0.06':mm cell). The CD 
spectrum. shown at wavelengths longer than' 
530 mfl has been multiplied by 4.0. 
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in the CD indicates that the monomer transition 
moments are not parallel nor are the chloro­
phyll rings coplanar in the dimer. Furthe'r­
more, the magnitude and sign of this degener­
ate CD component is related to the detailed 
geometry of the dimer in a relatively simple 
way: The CD spectrum is not symmetrical in 
amplitude above and below zero because of 
interactions of each chlorophyll with the elec­
trostatic field and polarizabilities (that result 
from higher energy transitions) presented by 
the other. 18 This is the same interaction that 
gives rise to the observed hyperchromism in 
the dimer. 10, 18,19 It is difficult to assign 
geometrical significance to the CD asymmetry, 
effect because it originates in the interactions 
of the transition of interest with very many 
higher -energy transitions as well as a compli­
cated static field interaction. 18 

The degenerate (double CD) contribution 
can be extracted from the experimental CD 
spectrum by a straightforward procedure. We 
fit the CD spectrum to a linear combination of 
a degenerate component (double CD, as in I 
in Fig. 7 -4) and a nondegenerate component 
(single CD curve, as in II in Fig. 7 -4) whose 
shape is assumed to be that of the monomer ab­
sorption. The degenerate component is recog­
nized in the CD by a change of sign near the 
absorption maximum, while in the ORD the de­
generate component merely gives an asymme­
try to the apparent single Cotton effect unless 
the degenerate component is larger in ampli­
tude than the nondegenerate part. The above 
degenerate contribution is extracted with a 
linear least-squares computer program. 20 
In the calculation vo' the mean frequency of 
the exciton components, is obtained from an 
analysis of the absorption spectra. 10 

Geometry of Dimers 

A double CD spectrum that is caused by 
dimorization demonstrate s that there is a de­
generate interaction between the monomers in 
the dimer. The most general theory tells us 
that the chromophores are not coplanar and 
that the monomer transition moments are not 
parallel or exactly perpendicular in the dimer. 
Furthermore, with the aid of a particular theo­
retical model we may relate the degenerate CD 
to the detailed geometry of the dimer in a rel­
atively simple way. The interaction may be 
treated as between point dipoles as a first ap­
proximation. 17. This approximation is not 
exact, but is useful as a start because it is 
simple and tractable, and may work satisfac­
torily. 

For the point dipole approximation the 
dimer dipole approximation the dimer dipole 
strengths (D±), rotational strengths (R±), and 
absorption frequencies (v± in cm -1) of the two 
exciton components resulting from monomer 
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Fig. 7-4. Typical CD and ORD curves result­
ing from degenerate (I) and non-degenerate 
(II) interactions. These curves are obtained 
by decomposing the corresponding lower, 
curves (1+ II)/2, which approximate those ob-
served for chlorophyll dirriers. " 

. 17 
transitions at vo are glven by 

(1) 

(2) 

(3) 

(4) 

where f.L1 is the electric d~ole transition mo­
ment of monomer one and R12 is a vector con­
necting the centers of the two monomers in the 
dimer. If the exciton splitting, V 12' is 
smaller than the band width, most of the rota­
tional strength cancels, owing to the strong 
overlap of components with opposite signs of 
rotation, as illustrated in Fig. 7 - 5. In order 
to get the theoretically useful quantity, the 
degenerate rotational strength (R±), from the 
experimental values, we must know the exci­
ton splitting of the transition. This is the 
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Fig. 7 - 5. Typical double CD component for an 
exciton split transition where the splitting is 
small compared with the band width. The 
cancellation of rotational strength in the 
center of the band is illustrated. Both R+ 
and R_ have Gaussian shapes with half­
width e, and they are separated by 6v. 

most difficult and uncertain part of the calcu­
lation, but fortunately, in the chlorophyll 
dimers, we can get experimental values for 
the exciton splitting from the absorption spec­
trum. The exciton splittings and the degene­
rate rotational strengths of the three chloro­
phylls are given in Table 7 -I. 10 The exciton 
splitting 

2V 12 
= """1lC 

is assumed to be positive for the purpose of 
Table 7-I. The quantities D+/D_ and R±/DOvO· 
depend only on the geometry of the dimers and 
not on the intensities or positions of the ab­
sorption bands. The similarities of these quan-
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tities for the three chlorophylls support the 
conclusi9.ZO that their dimer structures are 
similar. The absorption measurements im-
ply an angle of about 80 deg between the red 
transition moments of the two chlorophy,lls in 
the dimers for the point dipole model. 10 The 
angle between the transition moments derived 
from the CD spectra is about 12 deg if we as­
sume that the monomer planes are parallel in 
the dimer. Within the limitations of the point 
dipole model, the angle between the transition 
moments of 80 deg found from. the absorption 
spectra is not dependent on any as sumption 
about the parallelism of the monomer planes. 
The large discrepancy between the intertransi­
tion moment angle found from the absorption 
spectra (80 deg) and the angle found from the 
CD spectra assuming parallel planes (12 deg) 
seems much too large to ascribe completely 
to inadequacies in the point dipole model, since 
the exciton splitting is experimentally observed. 
We are forced to the conclusion that the chlo­
rophyll planes are not parallel in the dimer. 

If we attach a coordinate system to one 
monomer, two angles and a distance are 
needed to specify a vector from the center of 
the fixed monomer to the center of the other 
monomer. Three additional angles are suffi­
cient to specify the orientation of the second 
monomer in this coordinate system. Six 
parameters - -five angles and a distance - -are 
needed to specify the dimer geometry in the 
general case. The observable parameters 
available for each absorption band are the de­
generate rotational strength, R±, the ratio of 
the dipole strengths, D+/D_, and the exciton 
splitting, V. Thus, there are three interac­
tion parameters for each absorption band that 
exhibits ,exciton interaction. We can specify 
the geometry of the dimer from the interaction 
parameters for two independent transitions 
polarized along different directions in the mol­
ecule. 

Bacteriochlorophyll has a distinct 
electronic transition at 590 mf.L polarized in 
the molecular plane, but polarized perpen­
dicular to the ~reviously discussed 780-mf.L 
transition. 21, 2 The 590-mf.L transition is 
fairly strong (oscillator strength, f = 0.11) 
and shows a double CD component. The six 
interaction parameters for the two bands of 
bacteriochlorophyll are given in Table 7 -I, 
and the analysis of these data is in progress. 
The available evidence indicate s that chloro­
phyll a, chlorophyll b, and bacter~ol8Ioro­
phyll fOrm nearly identical dimers. - If a 
structure of the bacteriochlorophyll dimer 
can be determined, we can propose this struc­
ture for the other chlorophyll dimers with· 
some confidence and test it against the CD 
and absorption data. 
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Table 7-1. Spectral properties of the exciton split components of the 
dimers of three chlorophylls in ca~bon tetrachl~r.ide. ("0 and Vo 
refer to the average of the two exclton band posltrons. ) 

Molecule "0 Vo 
(mf.!.) (cm- 1 ) 

Chlorophyll a 674 14848 

Chlorophyll b 655 15259 

Bacteriochlorphyll t96
. 

12565 
590 16940 

Crystalline Chlorophyll ~ 

Figure 7 -6 shows the absorption and 
CD spectra for chlorphyll a microcrystals in 
suspension. The crystal structure is not yet 
known for any of the chlorophylls; however, 
the CD measurement has definite qualitative 
interest in relation to the observed quantasome 
chlorophyll CD. As chlorophyll a is slightly 
soluble in isooctane, the suspensTon medium, 
there is a small monomer peak at 666 mf.!.. In 
the crystal absorption spectrum this peak is 
shifted to 745mp.. This large red shift of the 
crystal over the monomer is probably due to 
the enormous polarizability of the crystalline 
environment compared with the s.olvent ·sur­
rounding the ?'l~nomer. It is a general obser-
vation that TT TT transitions of molecules in 
polarizable solvents are red-shifted relative 
to those in solvents of low polarizability. 23 
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Fig. 7 -6. Absorption and CD spectra of a 
suspension of chlorophyll a microcrystals 
in isooctane. Path length,-1.0 cm. 

D+/D_ R± 
40 R± 8 

Llv . 10 cgs --·10 cgs 
(cm- 1 ) DOvO 

363 1.48 :::: ± 20 ±0.74 

398 1.81 '" ± 18 ±0.79 

490· 1.32 ±44.5 ±0.95 
470 0.9 ± 6.9 

These red shifts are experirnmtally observed 
for the chlorophyll transitions. Increasing 
chlorophyll aggregation le~ds to increasing 
red shift of the absorption. A 10-to-15-mf.!. 
red shift for the dimer relative to the monomer 
is observed in carbon tetrachloride. At very 
high concentrations in carbon tetrachloride the 
bacteriochlorophyll absorption and CD show 
evidence of higher aggregates, red-shifted 30 
mf.!. relative to the monomer. The molecule 
in the crystal is essentially dissolved in chlo­
rophyll, a very polarizable medium, and the 
large red shift (80 mf.!. for chlorophyll a) re-
suIts. -

An analysis of the crystal CD shows that 
the degenerate component crosses zero within 
1 mf.!. of the observed absorption peak. Tl:lere­
fore, the weak short-wavelength shoulder ob­
served in the crystal absorption spectrum 
(:::: 720 mf.!.) is not an exciton split peak and 
must be vibrational in origin. The Gaussian 
half width is only about 25 cm- 1 1arger than 
for the monomer in CC14 , so the exciton split- . 
ting in the crystal must be quite small. 

Quantasomes from Barley Chloroplasts and 
from a Mutant Deficient In Chlorophyll b 

Analysis of the optical properties ofa 
preparation from higher plant chloroplasts is 
complicated by the presence of chlorophyll a, 
chiefly responsible for the absorption maxima 
at 678 and 436 mf.!., and chlorphyll b, which 
gives rise to the distinct shoulder near 650 mf.!. 
and another at about 470 mf.!.. The carotenoids 
present have absorption maxima at 485, 45.5, 
and 428 mf.!.. 24 Figure 7-7 shows the. ORD 
and absorption .spectra of suspensions of lamel­
lar fragments (quantasomes) of chloroplasts 
from normal barley as well as from a mutant 
that is completely missing chlorophyll b. 13 

In the visible regiori of the spectrum, the mu­
tant and normai quahtasomes have identical 
ORD and absorption spectra except for the 
chlorophyll.b regions near 650 and 470 mf.!., 
where there and large differences. Figure 7-8 
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Fig. 7-7. Absorption and ORD spectra of 
quantasomes from norrn.al barley (solid 
curves) and from a mutant lacking chloro­
phyll~ (dashed curves). 

shows the CD spectra of these same materials. 
The chlorophyll a part of the CD spectrum in 
the mutant appears to be identical to the chlo­
rophyll ::. region in the normal barley. 

The chlorophyll a in the quantasomes 
shows alarge double CD component, as we 
saw in the dimers and crystals. Presence of 
the double CD component in the chlorophyll a 
absorption region is good direct evidence for 
chlorophyll a-chlorophyll a interaction in 
quantasomes-:- Chlorophyll-=-protein or chloro­
phyll-lipid interactions would -lead only to 
single CD bands and, ifpresent, would only 
increase or decrease the asymmetry of the ob­
served double CD component. The presence 
of a double CD im.plies that the interacting 
chlorophylls are not coplanar, nor are the red 
chlorophyll a transition moments parallel or 
exactly perpendicular in the quantasomes. 
The double CD component crosses zero at 
about 685 mf.!.. This is the average frequency 
of the exCiton bands vo= (v + + v J72 that give 
rise to the double CD. Thus, the interacting 
chlorophyll a • molecules absorb on the long­
wavelength Side of the quantasome absorption 
peak at 678 mf.!.. The chlorophyll .that absorbs 
on the short-wavelength side of the main peak 
is thought to be unaggregated, because it has 
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relatively high fluorescence effiCiency. 2 
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The shape of the chlorophyll CD in quan­
tasomes is reminiscent of the shape of the 
crystalline chlorophyll CD, which suggests 
that the chlorophyll a molecules in quanta­
som.es and in the crYStal have similar geom.-
etries. However, the interacting chloro-
phyll a in quantasom.es is not aggregated 
exactly like a three -dim.ensional crystal be­
cause the absorption is not red-shifted as far 
as is the three-dim.entional crystal. 'Chloro­
phyll amonolayers have their absorption 
shiftedto 680 m.f.!.. 25 The red shift of the 
chlorophyll that gives rise to the double CD 
in the quantasomes is about the sam.e as the 
red shift in the m.onolayer. It m.ay be, there­
fore, that the aggregated chlorophyll in the 
quantasomes is only one m.olecule thick, cor­
responding to a geom.etry like a two-dim.en­
sional chlorphyll ::. crystal. 

The CD am.plitude is sm.all for quanta­
somes compared with that for a crystal sus­
pension with equal peak absorption. A de­
crease in CD am.plitude in a one - or two-' 
dimensional crystal is expected relative to a 
three -dim.ensional crystal of otherwise iden­
tical geom.etry. The exCiton forces giving 
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rise to tee CD effects are relatively long 
range,2 and therefore depend on the extent 
of the aggregate. 

The quantasomes chlorophyll a CD 
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quantasomes is at least a dimer, and is most 
probably a more extensive aggregate in one or 
two dimensions. 

Plants can be grown with altered amounts 
of the different chlorophyll components. From 
the CD of those materials we may be able to 
determine the absorption ofthe aggregated 
components, find out how much of the chloro­
phyll a is aggregated and, in principle, deter­
mine tlie geometry of the aggregate. 

The predominant interaction of chloro­
phyll a is with itself, since the CD in the 
chlorophyll a region is identical in the normal 
and chlorophyll b-free mutant. The chloro­
phyll b region also has a degenerate compo­
nent inthe quantasome CD that is seen in the 
difference between the normal and the b-free 
mutant CD curves. This double CD in The 
chlorophyll b region indicates that in the nor­
mal barley at least some of the chlorophyll b 
is interacting with other chlorophyll b mol--

(Fig. 7 -8) is of about the same amplitude as 
that of the chlorophyll a dimer CD (Fig. 7-1) 
for equivalent total redabsorption. It would be 
useful to subtract the absorption of the non­
aggregated chlorphyll in the quantasome to 
determine the aggregate CD amplitude per unit 
of aggregate absorption. However, we have no 
direct evidence on the fraction of the total 
chlorophyll a that is aggregated in the quanta­
some. The exciton splitting evidenced by the 
CD is not resolved in the crystal or quanta­
some absorption at normal temperatures. 
However, the liquid-nitrogen-temperature de­
rivative spectra of plant material resolves 2 
peaks at 673 mfJ., 683 mfJ., and about 695 mfJ.. 
The double CD component crosses zero at about 
685 mfJ., and the observed absorption peak in 
the 673 mfJ. region is too far away to contribute 
to the double CD of the aggregate. The 673-
mfJ. peak, estimated by Brown and French27 to 
be about 50% of the total chlorophyll a absorp­
tion, is a reasonable approximation to the 
amount of unaggregated chlorophyll a. It is 
consistent with the CD evidence to propose 

. ecules. -

that both the chlorophyll a 683 and 695 mfJ. are 
exciton peaks resulting from the same aggre­
gate. If this were true, about one half of the 
chlorophyll a is in the aggregate. Assuming 
that at most one half of the chlorophyll a in 
the quantasome is aggregated, the CD ampli­
tude of the aggregated chlorophyll a is at least 
twice that of the solution dimer. -

The chlorphyll a dimer CD has a shape 
similar to the quantasome chlorophyll a CD, 
although the dimer CD has opposite sign. The 
opposite sign is not an indication of any great 
difference in the two geometrical structures, 
for it could be given by a mirror -image rela­
tionship. We take the similarity in shape of 
the climer and quantasome CD to mean that the 
two geometrical structures are similar. A 
long-wavelength shoulder is clearly seen in 
the climer spectrum, while the spectrum of 
plant material does not show a shoulder except 
at low temperature. The plant material 
shoulder must be somewhat obscured by ab­
sorption from unaggregated chlorophyll. The 
large amplitude of the quantasome chlorophyll 
a CD suggests a more extensive aggregate 
Than a dimer. Helices, which are analogs of a 
one -dimensional crystal, are predicted to 
have a relatively large dependence of the ro­
tational strength on chain length. 28 Two­
dimensional systems might be expected to 
have an even strqnger dependence on aggregate 
size. It is possible that the quantasome aggre­
gates are dimers with a geometry that leads to 
larger rotational strength than the solution 
dimer. The aggregated chlorophyll ~ in the 

One must not ignore the possibility that 
the observed CD in quantasomes is not due to 
degenerate interaction between chlorophylls, 
but rather due to more than one type of inde­
pendent noninteracting chlorophyll. This ex­
planation would require two type s of chloro­
phyll environment, one absorbing at long 
wavelength with negative CD and the other at 
short wavelength with smaller positive CD. 
The close relation between the chlorophyll a 
dimer and the crystal CD, where only chloro­
phyll-chlorophyll interactions are present, 
and the quantasome chlorophyll a tends to 
favor the chlorophyll-chlorophylr interaction 
origin of the CD in quantasomes. Experimen­
tal investigation of plant material having al­
tered amounts of the different chlorphyll com-­
ponents should answer this question directly. 

Chromatophores from Photosynthetic 
Bacteria 

Figure 7-9 shows the CD spectrum and 
absorption spectrum of Rhodospirillum rubrum 
chromatophores, and Fig. 7-10 shows the ab­
sorption spectrum of chromatophores of Rho­
dopseudomonas spheroides, together with por­
tions of the ORD and CD spectra. The near 
infrared peaks of chromatophores from both 
species of bacteria show pronounced double 
CD components, indicating strong bacterio­
chlorophyll interactions. The double CD 
shows that the interacting bacteriochlorophylls 
are not coplanar and that their transition mo­
ments are not perpendicular to one another. 

R. rubrum chromatophores exhibit a 
double CD band (Fig. 7-9) that crosses zero 
very close to the main absorption peak at 880 
mfJ.. This indicates that at least some of the 
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Fig. 7 -9. Absorption and CD spectra of 
chrornatophores from Rhodospirillum 
rubrum. 
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bacteriochlorophyll with absorption centered 
'at the main peak is aggregated with an exciton 
splitting small compared with the band width. 
Little unaggregated bacteriochlorphyll se'ems 
to be present, as this peak in the chromato­
phore spectrum is sharp and not spread out, 
as it would have to be if isolated and aggre­
gated molecules were present together. The 
bacteriochlorophyll long -wavelength peak is 
slightly wider for the chromatophores than 
for the monomer absorption in carbon tetra­
chloride. If we assume a band shape like that 
in the monomer spectrum, the

1
exciton splitting 

is of the order of 30 to 60 -em - • 

In R. rubrum, the 590c..mfl bacteriochlo­
rophyll CD peak has no obvious double CD 
component. However, the CD peak is red­
shifted from the absorption peak. Since this 
is an allowed electronic transition, one would 
not expect vibrational effects to shift the CD 
maximum from the absorption maximum. 29 
A negative component of the bacteriochloro­
phyll CD on the short-wavelength side of the 
590-mfl peak may be obscured by the positive 
carotenoid CD. This could be the origin of 
the 2.5-mfl red shift of the positive bacterio­
chlorophyll CD peak. The CD curve at the 
bottom of Fig. 7-5 shows an example of the 
shift of a single CD peak centered at the ab­
sorption maximum by the addition of a double 
CD component. ~. rubrum can be grown 
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Fig. 7-10. Absorption, CD, and ORD 
spectra of chromatophores from 
Rhodopseudomonas spheroides. 
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carotenoidless under the proper conditions. 30 
Carotenoidless chromatophores would allow 
us to see the 590-mfl bacteriochlorophyll CD 
and absorption free of interference. 

R. spheroides chromatophores (Fig. 7-
10) show a parhcularly strong double CD in 
the longest-wavelength absorption band, in­
dicating aggregation of the bacteriochloro­
phyll •. The sharp peak on the short-wave~ 
length side at 799 mfl seems to have a com­
paratively weak double CD component, judged 
by the shift to 793 mfl in the CD spectrum, 
with a magnitude approximately equal to that 
of the solution dimer. The 799-mfl band ab­
sorbs about where the solution dimers do, but 
shows no obvious splitting in the chromato­
phore- absorption spectrum. The positions of 
the double CD and absorption indicate that the 
band may be due to dimers of bacteriochloro­
phyll. The small exciton splitting requires 
that the dimers have a different geometry 
from that of the solution dimers. 

The long -wavelength absorption band at 
852 mfl is red-shifted much farther than the 
solution dimer and, since the double CD in­
dicates an aggregate,the bacteriochlorophyll 
absorbing here is undoubtedly a higher aggre­
gate than a dimer. There is an obvious long­
wavelength shoulder (about 880 mfl) on the 
main absorption band (852 mfl). The double 
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CD component crosses zero slightly to the 
long-wavelength side of the main absorption 
peak. Similar behavior is observed in all the 
chlorophyll dimers in solution. The long­
wavelength shoulder may well be an exciton 
component split off from the main peak. Many 
photosynthetic bacteria show this long -wave­
length shoulder, sometimes to an extent that 
varies with growth conditions. 31 Under these 
various conditions, either the bacteriochloro­
phyll aggregate geometry is altered or tWo dif­
ferent aggregated forms are present in variable 
amounts. Low-temperature absorption and CD 
measurements may distinguish between these 
alternatives. 

Summary 

The circular dischroism (CD) and ab­
sorption spectra of dimers of chlorophylls a 
and b and bacteriochlorophyll in carbon tetra­
chloride solution and of suspended crystalline 
chlorophyll a are presented. The dimers of 
all three chlorophyllss eem to have a very sim­
ilar structure by the criterion of these meas­
urements. The Chlorophyll-chlorophyll inter­
actions in the dimer give rise to very large 
optical activity relative to the monomer. Our 
analysis of the dimer structure is not yet com­
plete, but we can conclude with some confidence 
that the molecular planes are not parallel or 
coplanar in the dimer, nor are the transition 
moments parallel. The CD and absorption 
spectra of photosynthetic particles - - barley 
quantasomes containing chlorophylls a and b, 
quantasomes prepared from a barley mutant -
that lacks chlorophyll b, and R. rubrum and 
R. spheroides chromatophores that contain 
hacteriochlorophyll- -are also presented. The 
CD measurements give strong evidence for 
chlorophyll-chlorophyll interaction in all of the 
photosynthetic particles examined. We con­
clude that some of the chlorophyll a absorbing 
on the long-wavelength side of the main quan­
tasome absorption band is aggregated. The ag­
gregate is at least a dimer and may be a one-
or two -dimensional analog to the chlorophyll a 
crystal. The chlorphyll a aggregate has the­
midpoint of exciton components at 685 mfJ.. 
We suggest that the chlorophyll a bands ob­
served at 683 and 695 mfJ. observed in low­
temperature derivative spectra may result 
from a single type of aggregate. The chloro­
phyll b shows evidence of interactions with 
other Chlorophyll b in the quantasome. We 
open the possibility of finding the geometrical 
relationship of the interacting chlorophylls in 
the quantasome from further experiments. 
Bacteriochlorophyll appears to be aggregated 
in the two species of photosynthetic bacteria 
that were examined; however, the detailed 
structure of the aggregates is apparently dif­
ferent in these two cases. 
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8. DIMERIZATION OF CHLOROPHYLL a, CHLOROPHYLL E., 
AND BACTERIOCHLOROPHYLL rn SOLUTION 

Kenneth Sauer, John R. Lindsay Srnith, and Alfred J. Schultz 

Analyses of the absorption spectra of 
three chlorophylls in carbon tetrachloride 
solution dernonstrate the existence of monorner­
dimer e~ilibrium in the concentration range 
from 10- to 10- 3 mole/liter. The dimerization 
constants, Kd = Cd/Cm , are 1.0±0.4)X 10 4 
liters/mole for chlorophyll ~ (0.8±0.3) X 104 

for chlorophyll b, and (2.2±0.7)X104 liters/ 
mole for bacteriOchlorophyll at 24± 2°C, cor­
responding to standard free energies of dimer 
formation of -5.4, -5.3, and -5.8 kcal/mole, 
respectively. 

The absorption spectra of pure monomer 
and pure dimer in carbon tetrachloride are 

t Abstract of paper published in J. Am. Chern. 
Soc. 88, 2681 (1966). 

calculated for each pigment. For each of the 
chlorophyll dimers the 10lig-wavelength ab­
sorption band consists of a principal peak 
centered at approximately the positionof the 
monomer absorption maximum, and a shoulder 
to long wavelengths. The relative oscillator 
strengths of the split components indicate that 
the corresponding transition moments for the 
two molecule s in each dimer are nearly per­
pendicular to one another. The proton magnet­
ic resonance spectrum of aggregated bac­
teriochiorophyll in DCC13 exhibits character­
istic features similar to those previously re­
ported for aggregated chloroph'ylls a and b. 
The evidence from these investigations to the 
conclusion that the structures of the dimers 
are nearly identical for the three chlorophyll 
molecules. 
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9. HILL REACTION OF CHLOROPLASTS ISOLAT.ED 
FROM GLUTARALDEHYDE-FIXED SPINACH LEAVESt 

Roderic B. Park, Jeffrey Kelly, Susan Drury, and Kenneth Sauer 

ExperiInents show that quantum conver­
sion leading-to 02 evolution in the Hill reac­
tion can occur in chloroplasts isolated from 
glutaraldehyde-fixed leaves with about 250/0 
the efficiency of unfixed chloroplasts. The 
Hill reaction seems normal in that it is DCMU­
inhibited, its rate is dependent on the presence 
of phosphorylation- acceptors or uncouplers, 
and it exhibits ared drop in efficiency. The 
fixed chloroplasts do not change morphology 
upon acetone extraction, and therefore offer 

t In Proceedings of Brookhaven Symposia on 
Biology, No. 19, Energy Conversion and the 

the possibility of performing lipid reconstitu­
tion experiments. Glutaraldehyde -fixed 
Chlorella cells are also active in the DCPIP 
Hill reaction. These results indiCate not only 
that quantum conversion and electron trans­
port in photosynthesis are explainable in terms 
of a rigid protein framework with lipid dis­
per sed through it, but also that conformational 
changes as such are not necessary for quan­
tum conversion leading to oxygen evolution 
and dye reduction. 

PhotosynthetiC Apparatus, June 6-9, 1966, 
303-318, 196. 



-33- UCRL-17520 

10. FREEZE-ETCHING OF CHLOROPLASTS 
FROM GLUTARALDEHYDE-FIXED LEAVESt 

Ro deric B. Park and Daniel Branton 

Freeze - e t ching as a preparative tech.­
nique for e l ectron 'microscopy has b een in use 
ahnost 12 years. 1 Its initial application was 
to studies of virus morphology, but improve­
ments in methodology have opened many new 
applications. 2, 3 The technique basically 
consists of rapidly freezing biological mate­
rial and then breaking the frozen specimens in 
a vacuum. The surface so exposed is repli­
cated, and the replica is observed by electron 
microscopy. The degree of etching is con­
trolled by the time elapsed between breakage 
and replication and by the temperature of the 
specimen. Studies on chloroplast morphology 
by this te chnique have been reporte,r by 
Miihlethaler, Moor~ and Sarkowski and by 
Branton and Park. These two studies, al­
though based on almost identical data, have 
produced very different interpretations. The 
major points of interpretive disagreement be­
tween the two studies are reviewed here, and 
some new data pertinent to the arguments are 
presented. 

The freeze - etch morphology of isolated 
chloroplasts seen in cross section is shown in 
Fig . 10-1 and 10-2. Such cross sections yield 
dimensions and thylakoid configurations very 
similar to those obtained in studies of chloro­
plast thin sections. The compressed chloro­
plast in Fig. 10 -1 was isolat~d in the pyro ­
phosphate medium of Jensen and is typical of 
chloroplast preparations with high C02 fixa­
tion capacity and high proportions of class I 
chloroplasts. 7 The chloropl ast in Fig. 1Q-2 
was isolated in sucrose phosphate medium8 
and is considerably swollen compared with 
that in Fig. 10-1. Such chloroplasts yield 
much lower CO 2 fixation rates than the type 
shown in Fig~ 10-1. Undoubtedly the dec reased · 
CO 2 fixation capacity is associated with the 
morphological changes. Variations among the 
r esults of different experiments on the fixation 
rates of chloroplasts isolated in the pyrophos­
phate medium are also correlated with such 
changes in structure, the more swollen chloro­
plasts yielding lower rates. 

The most inter esting data from freeze­
etching appear not in chloroplast cros s sec­
tions but in breaks parallel to the thylakoid 
surfaces. The membranes provide planes of 
natural weakne s s in the frozen chloroplasts, 
and breaks often proce e d along membrane 
faces. Such breaks are shown in Fig. 10-3, in 
which both cross sections and tangential breaks 
are evident. At least three typical faces are 
evident in both our4 and Muhlethaler' s pictures. 

We have labeled these A, B, and C, as shown 
in Fig. 10-2. Bisasmoothsurfacewith175-
A -diameter by 90-Aparticles on its surface, 
though often these particles are removed 
during the break, leaving depressions. Surface 
A is at the same height as the tops of the large 
175-Aparticles and apparently consists of the 
larg e particles surrounded by an embedding 
matrix. Surface C is a particulate surface 
made up of both the large 175-Aparticles and 
the smaller particles, and corresponds to the 
175 - Aparticles and their embedding matrix 
viewe d from the side opposite the A face. 

To what portion of the membrane do these 
faces correspond? Are they external surfaces 
repr esenti ng the interface between the mem­
brane and the external medium, or are they in­
ternal faces within the membrane? 

Before this question is answered, an 
even more important question must be con­
sidered. Are the particles on these surfaces 
real, or do they arise perhaps from the freez­
ing or contamination of the exposed surfaces 
during etching? The answer appears to be that 
the particles are r eal, and perhaps the best 
evidence for this is that they: are not present 
in all membranes. Branton9 has shown that 
myelin, the model for the unit membrane, is 
almost totally devoid of particles when viewed 
by freez ·e - etching. If contamination or freez­
ing gave rise to the particles, they might be 
expected to yield particles on these membranes 
a l so. It is b ecoming appar e nt that membranes 
vary greatly with respect to their particulate 
nature, myelin being the least and thylakoids 
the most particulate thus far. It is tempting 
to speculate that the more complex the function 
of a membrane, the more particulate or micel­
lar it is. A scale of membranes from the sim­
plest to the most complex might then be as fol­
lows : myelin, tonoplast, and thylakoid. 

Since the particles appear to be real, 
where are the y located? Miihlethaler et al. 4 
have placed them on the outside of a bimolecu­
lar leaflet of lipid (see Fig. 10-4), thus pre­
serving the essential features of a Danielli­
Davson10 or unit membrane. 11 This would 
suggest that the particles are polar in charac­
ter. We have argued that this interpretation 
is untenable for the following reasons. 

1. The assumption that freeze-etch faces 
repr esent the surface between the membrane 
and the surrounding a~ueous medium appears 
to be false. Branton 1 has clearly shown that 
most membranes do break down the center of 
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Fig. 10-1. Freeze - etch cross section of spin­
ach chloroplast isolated in a pyrophosphat e 
ITIediuITI (Ref. 6 ). 

Fig . 10-3. Spinach thylakoid faces seen in 
a freeze-etch preparation of a n isolated 
spinach chloropl ast. 

10 

Fig. 10-2. Freeze - e tch cross section of spin­
ach chl o roplast isolated in a sucrose 
ITIediuITI. 
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Fig. 10-4. Interpretation of thylakoid faces 
after M Uhlethaler e t al. (Ref. 4). 
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the membrane and not along the external faces. 
The exposed faces of m embranes seen in 
fr eeze - e tching actually a re, in fact, internal 
fac es which constitute planes of weakness in 
the frozen preparation. 
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2. The model proposed by Muhlethaler et al. 
would be highly birefringent as viewed in the 
light microscope, yet the observed intrinsic 
bireffjng e nce of chloroplast membranes is very 
low. This indicate s that the orientation of 
lipids cannot be as great a s that proposed by 
Muhlethaler. 4 

3. The MUhlethaler mode l fails to explain 
why shadowed preparations of thylakoids dem­
onstrate much less surface relie f than the 
freeze - e tch preparations. This diffe rence in 
surface r e lief is due to the fact that the par­
ticles are embedded in the membrane matrix 
and exposed by the splitting process of freeze­
etching m e ntioned above. This e mbedding of 
particles would also explain why undamaged 
thylakoids v iewed by negative staining ar e so 
much l e s s particulate than the freeze -etch 
preparations. 5 

4. As shown by data to be pr e s e nted below , 
the membrane faces obse r ved by freeze -e tching 
are dependent on the presence of lipid in the 
membrane. Once the lipid is r emove d, breaks 
no longer oc c ur along the membranes, the 
pla n e of weakness hav ing b een r emoved. Ap­
parently the membrane faces ar e nonpolar in 
cha r ac ter, which, again, dis agr ee with the 
Muhlethaler model, in which the faces seen by 
freeze - e t c hing are placed in contact with water. 
The model proposed by Branton and Park to 
explain the free z e - e tch data is presented i n 
Fig. 10-5. The model consists o f particles 
with two diameters, 175 A. and 100 A, em­
bedde d in the membrane matrix. Surface A 
(an external surface) is apparent only where 
membrane s are appressed and is n eve r seen 
where the thylakoids are bounded by an aqueous 
environment. The model is, in many ways, 
similar to that proposed by Park and Pon 4 
more than 6 years ago to explain the periodic 
structur es seen in shadowed preparations. 
The 175-A.-diameter particles co rr e spond to 
the quantasome s e en in shadowed preparation::f 5 

and occasionally exist in paracrystalline ar - . 
rays. 5 They differ in that the quantasome was 
described for a complete membrane with the 
embedding matrix still surrounding the particle, 
wher e as in freez e -etching the surrounding 
matrix is r emoved. 

Thus far, the 175- A. particle i s not only 
by far the largest particle s een on the surfaces 
of freeze - etch e d membranes, but it is also 
uniquely restricted to membranes containing 
chlo rophyll o r bacteriochlorophyll. Whether 
v iewed in a numb.er of higher plants or lowe r 
plants (Chlorella pyrenoidos a, Porphyridium 
cruentum, or Rhodospirillum rubrum) t he par­
t icle appears to be about the same size . 22 All 
other membrane particles have thus far fallen 
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Fig. 10-5. Interpretation of thylakoid faces 
after Branton and Park (Ref. 5). 
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into the 100 - A-diameter r ange . The fact that 
the 175 - A.particles exist not only in green 
plants but also in organisms with modified sys­
tem II reactions or no system II reactions at 
all indicates that, although the particle may 
be unique l y involved in quantum conversion, 
it is not uniquely associated with 02 evolution. 
Our initial thought 14 that the quantasome might 
be a r epresentation of the Emerson and Arnol d 
photosynthetic unit, though not excluded by the 
a bove observations, is made less like ly . Also, 
the experiments by Isawa and Good16 on DCMU 
inhibition of the Hill r eaction indicate that there 
is only one 02 -evolving site per seve ral quan­
tasomes. The existence of isolated quanta­
somes in R. rubrum membranes of low chloro­
phyll content indicates that particles may be 
competent for system I quantum conversion 
and that in higher plants several of these elec ­
tron transport chains may be assoc iated with 
one 02 - evo lving site. In such a model t he 
number of reducing sites would exceed the num­
ber of oxidizing sites, a hypothesis which is 
borne out by Kok's studies ~n the P 700 con­
ce ntration in chl o r oplasts . 7 

One approach to finding out more about the 
c h emical composition and function of struc­
tures seen in Fig. 10-3 has be e n to extract 
se l ectively or digest certain substances with­
in the thylakoids and to observe the modified 
membrane by sectioning or frrgze - etch tech­
niques. Bamberger and Park have de­
scribe d such experiments with the hydrolytic 
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enzyme pronase and with a preparation from 
runner beans containing galactosidase and 
galactolipase. These exper iments indicated 
that the smooth layer in surface B was galac­
tolipid in natur e and that the chl orophyll was 
associated with the large particles and their 
embe dding matrix. 

During the course of these experiments 
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it became useful to fix the chloroplasts chem­
ically with glutaraldehyde before enzyme 
treatment. Chloroplasts isolated from spinach 
leaves previously vacuum infiltrated with 6% 
glutaraldehyde for 1 hr appeared by freeze­
etching almost identical to the best prepara­
tions of unfixed chlo r oplasts . Thus, g l utaral ­
dehyde does not appear to modify the surfaces 
along which thylakoids break, an indication 
that these surfaces might be nonpolar in char­
acter. The se fixed chloroplasts also carry 
out an efficient indophenol Hill reaction, al­
though the saturation rates are low. 19 During 
these studies on chloroplas t s from glutaral­
dehyde -fixe d l eaves, we found that acetone ex­
traction of the thylakoids, while removing pig­
ment and presumably other lipids, did not alter 
the morphol ogy of the chl oroplasts as observed 
by light microscopy. This encouraged us to 
study c hloroplasts from glutaraldehyde - fix e d 
spinac h l eaves befor e and after lipid extrac­
tion' by both freeze -etching and conventional 
sectionin g techniques. The results are pr e ­
sented in Figs. 10-6 through 10-9. 

With respect to freez e -etching (Fig . 10-6), 
extraction of lipid completely removes the 
plane of weakness that exists in control mem­
branes. Breaks no longer occur along mem­
brane faces, but at random through the chloro­
plasts. The presence of lipid is essential to 
establis h the weak layers a l ong which breaks 
occur in freez e -etching. This result supports 
the view that the membrane faces seen ar e , 
for t h e most part, nonpolar surfaces which 
could result from liqid- lipid or lipid-protein 
interaction. This interpretation is consistent 
with the fact that these faces r e sult from b r eaks 
along the interior of the membrane . 12 

Figures 10-8 and 10-9 are a comparison 
of KMn04 - stained secti ons of glutaraldehyde­
fixed chl oroplasts before and after lipid ex­
traction. Differences in the properties o f the 
two fractions became evident during the fixa­
tion, when the control material reduced the 
KMn04 to a much greater extent than the ex­
tracted material. Thin sections of the control 
chloroplast s are v ery similar to chloroplasts 
seen in thin sections of KMn04-fixed leav es 
with respect to the thylakoid fine structur e , 
starch grains, and the outer membrane. In 
the extracted mater i a l , however, the outer 
membrane is no longer evident, and the thy­
lakoid staining is almost absent. The gene ral 
morphology of the chloroplast is, nevertheles s , 
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Fig. 10-6. Freeze-etch cross sec tion of 
chloroplast isolated from a glutar a ldehyde 
fixed spinach leaf. 

Fig. 10-7. Free ze -etch cross section of 
c hloroplasts is olated from a glutaralde­
hyde -fixed spinach leaf e xtracted with 
ac etone. 
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Fig. 10-8. Cross section of a spinach chlor o ­
plast isolate d f roITl glutaraldehyde -fixed 
leaves , KMn04 -sta ine d and thin-sectioned. 

unaffe cted. Apparently lipid acts as a ITlajor 
r e ductant of KMn04 during chloroplast fixation, 
and its reITloval froITl the ITleITlbrane greatly 
decreas es the staining intensity. It is t eITlpt­
ing to speculate that the dar k regions of the 
KMn04 -stained thy lakoid are priITlarily lipid 
in character, which would plac e the l i pid on 
the exterior of the ITleITlbrane. 20 

Both KMn04 s taining and free ze - etching of 
extracted ITleITlbranes suggest that thylakoid 
lipids playa ITlajor role in both k inds of saITlple 
preparation. The lipids appear to be not o n ly 
a ITlajor r e duc tant of KMn04 but als o necessary 
to produce the ITleITlbrane fac es obs e rve d in 
freeze -etching. Both 0 bservatio ns are con­
sistent with a ITleITlbr a n e in whic h the exte rnal 
surfac e in contact with the aqueous phase con­
sists priITlarily of the polar end s of lipi ds, 
which, in turn, are bound to n onpolar ITlice lles 
within the ITleITlbrane. 

In conclusion, freeze -etching support s 
the view that the thylakoid is a n exaITl~le of a 
ITlicellar ITle ITlbrane in which 175X90-A and 
100 X90 - A particles are e ITlbedded in the ITleITl­
brane ITlatrix. The 175-A particles are con­
fined to ITleITlbrane s which conta in c hlorphyll 
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Fig . 10-9. Cross section of a spinach chloro­
plast isolated froITl glutaraldehyde -fixed 
l eaves, extracted with acetone before 
KMn04 staining . 

or bacteriochlorophyll. They a ppear to rep­
r esent, with their eITlbe dding ITlatrix, a quan­
tUITl conversion and electron transport site, 
and correspond to the quantasoITle in shadowed 
preparations. The ITleITlbrane surfaces seen 
in freeze-etching a re dependent on the pres­
ence of lipid in the ITleITlbrane . ReITlovalof 
the lipid e liITlinates the weak face along which 
breaks occur, which suggests that the ITleITl­
brane faces seen in freez e -etching a re non­
polar in nature . 
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11. CHEMICAL TRAPPING OF A PRIMARY QUANTUM CONVERSION 
PRODUCT IN PHOTOSYNTHESIS t 

Gerald A. Corker, Melvin P. Klein, and Melvin Calvin 

Preliminary studies of a photochemical 
reaction between di-tertiary- butylnitroxide 
and chloroplasts isolated from spinach indi­
cate that the nitroxide is coupling with the 

t Abstract of paper published in Proc. Natl. 
Acad. Sci. U. S. 56, 1365 (196 6 ). 

photoinduced radicals produced in these pho­
tosynthesizing systems. The exact fate of 
the nitl"oxide has not yet been determined but 
is being pursued by the use of a carbon-14-
labeled nitroxide, with the object of deter­
mining the nature of the photoproduc ed radical, 
or radicals, with which it couples. 
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1Z. PHOTOSYNTHESIS BY ISOLATED CHLOROPLASTS. 1. 

R. G. Jensent and J. A. Bassham 

Photosynthesis in green plants requires 
not only photoelectron transport, oxygen 
evolution, and photophosphorylation, but also 
the synthetic reactions whereby carbon dioxide 
is assimilated and reduced to a number of or­
ganic compounds via the photosynthetic carbon 
reduction cycle 1 and secondary biosynthetic 
pathways. Z Complete photosynthesis with iso­
lated chloroplasts has for many years been a 
goal of biochemists. Photosynthetic reactions 
could then be isolated from reactions of the 
cytoplasm, and the cell wall could be elim­
inated as a barrier to the assimilation of 
v arious added metabolites and chemicals. 
This achievement would greatly facilitate the 
study of the mechanism of enzymic trans for -
mations and meta bolic control in the synthetic 
reactions of photos ynthe sis. 

The photo c hemical transfer of electrons 
from water to artificial electron acceptors by 
subcellular particles from green plant ce ll s 
was demonstrated many years ago by Hill and 
Scarisbrick. 3 Since that time, isolated chlo­
roplasts and chloroplast particles have been 
found to b4 'bapa ble of photoelectron trans port 
to NADP, - and of photophosphorylation. 7 

Although very high rates, exceeding 
those required for in v i vo photosynthesis, have 
been demonstrated for photoelectron transport 
to both natural and artificial electron accep­
tors and for photophosphorylation, rates of 
carbon r educ tion during photosynthesis by iso­
lated chloroplasts have been disappointingly 
low. Fixation of 14C -labe led carbon dioxide 
into intermediate compounds of the photosyn­
thetic carbon reduction cycle by isolated c hlo­
roplasts was reported by Allen et aL in 1955.8 

This ability to fix COZ was diminished with 
broken chlorplasts but could be restored by 
various cofactors, 9 and it was claimed that 
COZ fixation by chloroplasts could be accom­
plished in the dark if1bhe cofactors ATP and 
NADPH were added. A report from the 
same laboratory (in 1960) listed fix11ion rates 
of 4.5 to 6 f.lmoles COz/mg ChI/ hr. Others1Z 

found rates of about 4. It has long been as­
sumed and is verified by experiment in this 
report, that spinach l eaves should be capabl e 
of rates of COZ fixation exceeding ZOO flmoles 
COZ/mg ChI/nr . 

Fixation of COZ has been stimulated by 
the addition of some intermediates of the ca<f­
bon reduction cycle to ~roken chl9.~oplasts, 
or whole chloroplasts. 3 Walker found a 
rate of 1.1 f.lmoles COZ/mg Chl/hr to be in­
creased to Z4.3 (and later, 15 36.9) upon the 
addition of ribose-5-phosphate to isolated 

chloroplasts prepared according to his method. 
With the addition of 71.5 f.lmoles of ribose-5-
phosphate per mg chlorophyll to the reaction 
mixture, Walker's accelerated COZ fixation 
rate resulted in a total fixation of 6.0 flmoles 
COZ per mg chlorophyll during the ZO -min 
period of incubation. Thus, the stimulated 
COZ fixation rate could result from the opera­
tion of only part of the carbon reduction cycle 
utilizing ATP from the photochemical reactions 
to convert ribose-5-phosphate to ribulose-1, 
5 -diphosphate, the carboxylation reaction sub­
strate. It would appear that Walker's prepara­
tion had a limited capacit y for conversion of 
other sugar phosphates to pentose phosphates. 

Another type of stimulation of COZ fix­
ation by chloroplasls was achieve d by Heber 
and Tyszkiewicz, 1 who added a concentrated 
solution of soluble enzymes of the carbon re­
duction cycle to chloroplasts isolated in aque-
0us media and thereby obtained fixation rates of 
4f.lmoles COZ/mg Chl/hr, whi ch were further 
stimulated to 1Z flmoles COZ/mg Chl/hr upon 
the addition of ATP and NADPH. Using chloro­
plasts from the marine chrysomonad Hymeno­
monas sp, Jeffr ey et al. 17 measured a chloro­
pIast hxation rateof15.3f.lmole s COz/mgChl;hr, 
which was nearly 100/0 of the in vivo rate for that 
organism. Addition of chloroplast extract 
stimulate d these chloroplasts to a rate of 34, 
or approximately Z5% of the fixation rate of 
who le cells. 

In the studies done for this experiment, 
efforts were made to obtain a well-defined, 
homogeneous pr e paration of chlor oplasts with 
intact membranes, which would be capable o f 
high rates of complete photo6ynthesis without 
the addition of e ither cofactors (other than in­
organic ions) or enzymes. It was felt that 
such preparations would be more useful than 
reconstituted systems for studies of metabolic 
control and enzymic mechanisms. 

Results and Dis cussion 

Intact and freshly harvested and healthy 
spinach leaves gave a COZ fixation rate of Z45 
f.lmoles COZ/mg ChI/hr. Chloroplasts pre­
pared the same day from l eaves from the same 
plants gave a fixation rate of 155 f.lmoles 
COZ/mg ChI/hr. This rate with isolated ch l o­
roplasts was obtained over a period of 6 min 
following 3 min pre illumination. Thus the 
isolated chloroplasts, for a limited period of 
time, assimilated carbon dioxide at a rate that 
was 63 0/0 of the in v i vo photosynthetic rate. 

The total carbon dioxide fixation during 
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various periods of time is shown in Fig. 12-1. 
The rate of photosynthesis declines contin ­
uously with time of photosynthesis, and by 30 
min is 40 f-Lmole s CO/ mg Chl/hr . 

The fixation rate becomes maximal with 
a bicarbonate concentration of about 3 mM 
(Fig. 12-2). The bicar~onate level for 1/ 2 
maxim~ rate is 6X10- M, compared with 
1.1X10 M reported18 for isolated ribulose 
diphosphate carboxylase (E. C. 4.1.1.39) . 
Thus, the isolated chloroplasts used in our 
experiments resemble much more nearly in 
vivo photosynthesis in their capability for car­
bon dioxide fixation than does the isolated, 
purified enzyme which catalyzes the primary 
carboxylation reaction of photosynthesis. 
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The saturation of CO 2 fixation rate with 
light intensity is shown in Fig. 12-3 . 

The appearance of the chloroplasts in 
the light microscope with phase optics is 
shown in Fig. 12-4. It can be seen that ap ­
proximately 75% of the chloroplasts are of the 
class I type (highly refractive without c~ear 
grana) as defined by Spencer and Unto 1 It 
seems probable that the biochemically active 
chloroplasts in our experiments are the class 
I chloroplasts, which retain an intact mem­
brane and have not lost soluble protein. A 
large proportion of class I chloroplasts is not 
in itself sufficient to produce high rates of 
CO2 fixation, since Spencer and Unt reported 
a rate of 2.88 f-Lmoles CO 2/mgChl/hr. 
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Fig. 12-1. Time course of car­
bon dioxide fixation by is 0-

lated chloroplas ts. 

.r:. 
i:. 1251-
<.> 

tlOOr 
-... 
il 75 
:E 
~50 
<.> 

:: 25 
o 

a .. .. 

E 
~ O~--~3~--~6----~9--~12L---~15 

Mx 10-3 BICARBONATE 

IIUBillS6 

Fig . 12-2. Dependence of CO 2 
fixation rate on bicarbonate 
concentration. 

lIu811161 

Fig. 12 -3. Dependence of C02 
fixation rate on light inten­
sity. Light intensity given 
as incident intensity at sur­
face of r eaction flask. Light 
source was incandescent 
l amp varied by neutral den­
sity filters. 

Fig. 12-4. Isolated chloroplasts under phase contrast in the light microscope. Class I chloro­
plasts appear bright and highly refractive with an outer, limiting membrane. 
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E le ctron micrographs prepared by using 
the freeze -etching technique with chloroplasts 
isolated as described in this paper are shown 
in Figs. 12-5 and 12- 6. They both show the 
close stacking and unswollen confi guration of 
the thylakoids which are typical of chloro­
plasts in v i vo. 

The products o f CO 2 fi xation during 
10 min in whole spinach leave are shown 
in the radi oautograph in Fig. 12-7. The 
pool sizes of intermediates of the carbon re­
duction cycle are relatively small, and the 
radio carbon passes quickly on into larger 
pools of various secondary product s such as 
sucrose, alanine, aspartic acids, other 
amino acids . 
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In contrast, the patternoflabeling iniso ­
l ated chloroplast s, shown in Fig. 12-8, contains 
veryhi ghamounts of r adiocarbon in inte rme­
diates ofthe carbon reduction cycle, particularly 
PGA, dihydroxyacetone phosphate, fructose and 
sedoheptulose diphosphates , and ribose - 5-phos­
phate, as well as in g lycoli c acid. Work in prog.­
ress indicates that these compounds are t;rans ­
ported, or diffuse, rapidly from the isolated 
chloroplasts to the suspending medium. Hexose 
monophosphates and ribulos e -1, 5 -diphosphate 
are mostly r e tained in the chloroplast s. The 
labeling of secondary products of l ow mol ecul ar 
we ight is rather small. Nonetheless, there is 
a significant amount of synthesis of mac ro­
mol ecules, as indicated by the large quantity of 
radiocarbon found at the origin. 

Fig. 12-5 and 12 - 6. Electron micrographs of iso lated chl o roplasts obtained by the freeze-etch­
ing technique. 23 These e lectron micrographs were prepared by Prof. Daniel Branton of the 
Department of Botany, University of California, Berke l ey, and are reproduced by his cour­
tesy. Fig. 12-5 is repres e ntative of chloroplast preparations giving h i gh rates of CO 2 fixa­
tion. The chloroplasts (C ) with closely packed thylakoids are surrounded by an intact outer 
membrane (M) . In the upper right corner is another membrane surface left after the fracture 
process. Fig. 12- 6 is repr e sentative of chloro plast preparations giving lower rates of CO 2 
fixation. Although intact chloroplasts were found in this pr eparation, more p lastids we r e with­
out outer membranes. The thylakoids (T) are unswollen. 
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Fig. 12-7. Radioautograph of 14C02 photo­

synthetic products in whole spinach leaves . 
Det'f~hed spinach leaves were allowed to 
fix CO 2 for 10 min as described in text. 
Afte r killing, the leaf material was ana­
lyzed by two-dimensional paper chromatog ­
raphy and radioautography. 
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Fig. 12 -8. Radioautograph of 14C02 photo­
synthetic products in isolated spinach 
chloroplasts . Isolated chloroplasts were 
allowe d to fix 14C02 for 6 min as described 
in t e xt . After killing, the leaf material was 
analyzed by two -dimensional paper chroma­
tography and r adioautography. 

The numbers in Figs. 12-7 and 12-8 indicate the following compounds: 0, origin; 1,3-phos­
phoglyceric acid; 2, fructose-6-phosphate; 3, sedoheptulos e -7- phosphate and g lucose-6-phosphat e; 
4, ribulose-1,5-diphosphate, fructose-1, 6 - diphosphate, and sedoheptulose-1, 7-diphosphate; 5, 
ribose-5-phosphate and ribulose-5-phosphate; 6, dihy droxyacetone phosphate; 7, 3-phosphoglyc­
e raldehyde; 8, uridine diphosphoglucose; 9, sucrose; 10, malic acid; 11, glyceric acid (?) ; 12, 
itric acid; 13, aspartic acid; 14, serine; 15, glycine; 16 , g lutamic acid; 17, threonine; 18, alanine; 
19, glutamine; 20, g lycolic acid. 
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13. PHOTOSYNTHESIS BY ISOLATED CHLOROPLASTS. II. 
DISTRIBUTION O F 14C-LABELED PRODUCTS 

BETWEEN C HLOROPLASTS AND SU PERNATANT SOLUTION 

J. A. Bassham, R. G . Jensen, a nd Martha Kirk 

In the preceding paper we described 
conditions for obtaini ng high rate s of photo ­
synthesis with isolate d chloroplasts, a nd pre­
liminary experiments on the distribution of 
products between the chloroplasts and the 
medium in whi ch they are suspended. 

We have now carried out another mor e 
thorough experiment on the distribution of 
14C products of photosynthesis in isolated 
chloroplasts between the chloroplasts and the 
suspending medium. The distribution of la­
beled carbon in thes e products as a function 
of time of photosynthesis is g iven in this re­
port. 

Experimental Procedure 

In these studies, chloroplasts were iso­
lated from freshly grown spina ch according 
to the metho ds describe d ear lie r. 1 Thes e 
chloroplasts were then suspe nded in t h e usual 
assay medi um. 1 In the first exp e rjment, after 
a period of 3 min pr e incubation, 14C-Iabele d 
bicarbonate was added to the chlo r oplasts and, 
over a period of 40 min photosynthesis, sam­
ples were taken fOJ;" analysis. Most of these 
sampl es were subjected to a very quick cen­
trifugation with a microfuge to separate the 
chloroplasts as a pellet from the suspending 
medium . Pellet a nd supernatant so l ut i on were 
then k ille d separate l y with 80% methanol as 
quickly as possible. The e n tire operation of 
withdrawi ng the sample, centrifuging, and 
killing required approximately 30 sec. 

We reco gniz ed that this period of time 
is long e nough for metabolic change s charac­
teristic of light-da rk transients t o take place. 
Therefore additional sampl es of chloroplasts 
were taken and killed directly . The mixtur es 
of methanol -wate r and c hloro plasts or sus­
pending medium we r e then analyzed by two­
dimensional paper chromatolfraphy1 and radio ­
autography. The amount of 4C in eac h com­
pound of each sample was determine d as a 
function of the time of sampling, and is plotted 
as fJ.moles 14C / mg ChI in the Result s section. 

In a second experiment, chloroplasts 
were isolated and preilluminated as just de­
scribed. However, 3Z p _ labeled p hosphate -wa s 
added at the beginning of the pre illumination 
period and 14C -labeled bicarbonate was added 
after 4 min of p r eillumination with the radio­
phosphorus. 0Y4 sample was taken just before 
the addition of COZ' and other samples we r e 
taken periodically affer the addition of bicarbonate . 
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Figs. 13 -1 through 13 -9. Distribution of 14C -labeled compounds betwee n chloroplast pellet 
and supernatant solution during photoshythesis with isolated chloroplasts in the presence 9f 
14C_labeled bicarbonate . Open circles denote 14C-labeling of compound in supernatant solu­
tion, clpled circ~es denote 14C-labeling of compound found in the pe ll.e t, and open s~uare~ 
denote C -labe lIng of the compound in the samples that were not subjecte d to centnfugatlOn .. 
The identity of the specific compound is indicated in the figure. 
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At 14 min total i llumination the light was 
turned off, and additional samples were taken 
in the dark. Finally, at 19 min the light was 
turned on again, and three mo r e samples were 
taken. Each of these samples was separated 
by centrifugation as just described and ana ­
lyzed by two -dimensional paper chromatogra ­
phy and radioauto~raphy. In this case the 
leve ls of 14C and 2p were counted with a 
Packard scintillation counter and the labeling 
of individual compounds with each tracer was 
determined. The results of thi s experiment 
were in some ways unsatisfactory, particularly 
with respect to the labeling of th e sugar phos­
phates and other intermediates of the carbon 
cycle. This experiment is being repeate d. 
However, the labeling of ADP and ATP provides 
some intere sting information which is given in 
Results. 

Results 

The labeling with 14C of interme diate s of 
the carbon reduction cycle of photosynthesis 
and of glycolic acid in pellet and supe rnatant 
solutions in the fir st experiment (continuous il­
lumination) are shown in Figs. 13 -1 through 
13-9. In each case the 14C-labeling of the 
compound found in the supernatant solution is 
indicated by open circle s and the 14C -labeling 
of the compound fou~~ in the pellet is indicated 
by black dots. The C -labeling of the com­
pound found in the samples where the chl oro­
plasts were not separated from the supernatant 
solution prior to killing are indicated by the 
square s. 

In most cases the labe ling of a given 
compound found in the sample which was not 
separated is roughly the sum of the l abeling 
found in the pellet and supe rnatant curves. 
However, the sedoheptul ose-1, 7-diphosphate 
and fructose -1, 6-diphosphate labe ling was 
higher in the samples which were not separated 
than in the sum of the p e llet and supernatant. 
At the same time, the labeling of dihy droxy -
acetone phosphate (DHAP) was lower in the un­
separated sample than the sum of its labeling 
in pellet and supernatant. Thus it appears 
that some S-1, 7-P and some F-1, 6-p were 
conve rted to DHAP during the centrifugation. 
The level of ribulose -1, 5-diphosphate (Ru-1, 
5 -P) also apparently dropped during the cen ­
trifugation, presumably due to the continued 
carboxylation reaction. These changes, how­
ever, do not affect greatly the ge neral conclu­
sions which can be drawn from the pellet­
supernatant curves. 

Several intermediates of the carbon 
cycle and the glycolic acid are found ve ry pre ­
dominantly in the supernatant solution, 1 indi­
cating that they are not we ll r etained in the 
pellet. Most marked among these compounds 
are PGA (Fig . 13-1), DHAP (Fig. 13- 2 ), and 

F-1, 6 -P (Fig. 13-3). Also the total pentose 
monophosphate (Fig. 13-4), S-1, 7 - P (Fig. 
13-5), and glycolic acid (Fig. 13-9) are found 
predominantly in the supernatant solution. 

In conf~ast to the compounds just men-
tioned, the C -labeled fructose -6 -phosphate 
(F6P) Fig. 13-6) and sedoheptul ose-7-P (S7P) 
(Fig. 13-7) are found predominantly in the pel­
l et. Ribulos e -1, 5-diphosphate (Ru-1, 5-P) 
(Fig. 13 -8) is about equally distributed be­
tween pellet and supernatant solution. In other 
earlier experiments the Ru-1, 5-P was found 
predominantly in the pellets. In this experi­
ment the level of Ru -1 , 5 - P was much higher 
in the unseparated samples, and it is reason­
abl e to suppose that most of this extra Ru-1, 
5 -P which was converted during the centrifu­
gation was in the pellet. 

A general pattern of behavior is begin­
ning to emerge in which compounds lying be­
tw een the carboxylation reaction of photosyn­
the sis and the diphosphatase reaction are 
strongly exported from the chloroplast, or 
leak from the chloroplast into the supernatant 
sol ution. Less certain data are available for 
compounds w hich lie between the diphosphatase 
reaction and the carboxylat ion reaction, but it 
seems that these may be retained in the chloro­
plasts. Unfortunately we have not yet resolved 
the pentose monophosphates with sufficient ac­
curacy to make a distinction between those 
which might be retained in the pelle t and those 
which might l eak out of the pellet. Work with 
special solvents is being carried out to try to 
effect a better separation of these compounds. 

In order to obtain a better idea of the 
rate of formation of labele d compounds, we 
took the slope of the v arious labeling curves 
for pellet and supernatant and uns eparated 
samples at 3 min after addition of 14C and dur­
ing the period b e twe e n 5 and 10 rnin after addi­
tion of14C. These rates are listed in Table 
13-I. These labeling rates and their sum pro­
vide a picture of what is happening to the radio­
carbon as it is incorporated by the photosynthe­
sizing chloroplasts with time. At 3 min it can 
be seen that a large part of the 14C02 taken up 
is being incorporated in the n e t synthesis of 
PGA and DHAP, which appears mostly in the 
sup e rnatant solution. Even during the time be­
twe e n 3 min and the period 5 to 10 min, there 
is an accentuation of the formation of PGA at 
the expense of the formation of su ga r phosphates, 
suggesting that some of the degeneration of the 
photosynthe sis in the isolated chloroplasts is 
due to a slowing down of the reduction of PGA 
to DHAP. 

Th e ratio of DHAPinthe sup e rnatant solu­
tion to DHAP in the pellet at 3 min is something 
like 40 to 1 , and the ratio for F-l , 6-P is al ­
most as high. These high ratios of export of 
sugar diphosphates and triose phosphate, 



13 -47 UCRL-17520 

Table 13-1. Photosynthesis rates of product formation (flmoles 14C/hr/ mg ChI). 

Compound 
3 min after 14C added 7 min after 14C added 

Pellet Super- Not Pellet Super - Not 

natant separated 
natant separated 

PGA 8.3 39.6 

Total pentose 0.21 1.79 
monopho s phate 

DHAP 0.56 23.8 

Glyceraldehyde P 1.69 

Ru - 1,5-P 0.07 0.03 

Glycolic acid 0.71 3.94 

S-1, 7-P 0.06 0.12 

F-1, 6-P 0.19 6.66 

F-6-P 0.38 0.17 

S-7 -P 4.30 0.27 

GMP 1 . 6 0 0.21 

Unknown sugar diphosphate 0.15 

GDP 0.04 

Total 16.57 78.28 

94.85 

together with the high retention of sugar mono­
phosphates in the pellet, strongly suggest to us 
that the diphosphatase r e action is limiting from 
the beginning of the photosynthesis with iso­
lated chloroplasts. 

We are inclined to think that the export 
of compounds of the cycle lying between the 
carboxylation r eaction and the diphosphatase 
reaction seen with the isolated chloroplasts is 
actually only an exaggeration of a naturally oc­
cur ring phenomenon. Our hypothesis would be 
that the diphosphatase reaction is a point of 
metabolic regulation which controls the flow of 
carbon from the photosynthetic carbon reduc­
tion cycle to the r egion of biosynthe sis of amino 
acids and fats which may be away from the im­
mediate site of photosynthesis. 

Whether or not this hypothesis proves to 
be correct, it is clear that the transport of 
carbon-labeled compounds from the isolated 
chloroplasts to the supernatant solution is not 
an indiscriminate l e akage but rather a selec ­
tive process of some kind. 

51.0 3.30 54.8 51.8 

1.70 0.20 2.94 2.70 

21.10 0.20 14.4 10. 4 

1.11 1.27 .86 

0.45 0.07 0.09 0.17 

4.65 0.06 4.62 4.72 

1.06 0 . 06 0 . 15 0.64 

3.90 0.10 7.92 6.92 

2.94 0.73 0.27 1.32 

4.80 4.33 1.02 4.10 

2.04 1. 98 1.00 3.46 

0.04 

0.01 

94.84 11.12 88.50 87.13 

99.62 

The results of the second experiment, in 
which the light was turned off after 14 min, 
are shown in Figs. 13 - 10 and 13-11. Again, 
open circles represent labeling of compounds 
in the solution and black dots represent label­
ing of compound found in the pellet. It is ap­
parent that both ATP (Fig. 13-10) and ADP 
(Fig. 13-11) rapidly diffuse between the pellet 
and the supernatant solution. When H 14C03 -
is added to preincubated chloroplasts, which 
have been deprived of bicarbonate, the level 
of ATP drops precipitously as the photosynthe­
tic carbon reduction cycle requires the utiliza­
tion of AT P for the kinas e reactions with 
ribulose-5-phosphate and with PGA. Since 
the ATP in the supernatant solution drops very 
rapidly, it is clear that it is diffusing back 
into the chloroplasts where it mus·t be used. 
A further drop in the level of ATP is seen 
when the light is turned off and a small rise in 
AT P occurs when the light is turned on again. 
The leve l of labeled ADP also drops upon addi­
tion of H 14C03 -, indicating that ADP also dif­
fuses rapidly back into the chloroplasts. More­
over, the fact that it drops at the same time 
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Fig. 13-10. Distribution of 32p labeling of 
ATP and ADP between pellet and super­
natant during photosynthesis with isolated 
chloroplasts. Open circles denote 3 2 p 
labeling of compound in supernatant solu­
tion, and closed circles denote 32p labeling 
of compound in the pellet. 

as ATP reinfo rc es our previous observation 2 

that there is apparently a very active myo­
kinase, or adenylate kinase , reaction whi ch 
interconverts ATP, ADP, and AMP to their 
equilibrium mixture. 

Other r esults from this second exper­
iment' as mentioned earlier were not satisfac­
tory because of the deterioration of the chloro­
plasts by the time the light was turned off. A 
new experiment has been performed and is 
now being proc esse d, in which the light was 
turned off earlier while the chloroplasts were 
still in a more active state. It is hoped that 
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Fig. 13-11. Distribution of 32p labeling of 
ATP and A DP between pellet and super­
natant during photosynthesis with isolated 
chloroplast s . Open circles denote 32p 
labeling of c ompound in supernatant solu­
tion, and closed circles denote 32p labeling 
of compound in the pe lle t. 

this experiment will give us a better insight 
into the light-dark transie nt changes occur­
ring in intermediates of the photosynthetic 
carbon cycle, and the migrations in and out 
of the chloroplasts which may accompany these 
transient changes. 
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14. BIOSYNTHESIS OF OPIUM AND TOBACCO ALKALOIDS 

H. Rapoport, A. A. Liebman, B. Mundy, G. Blaschke, andH. I. Parker 

Tobacco Alkaloids 

Continuation of studies on nicotine bio­
synthesis with short-term exposure to 14COz 
has established that the pyrrolidine ring does 
not have a symmetrical labeling pattern. A 
systematic degradation has been developed 
which permits isolation of each carbon atom 
of the pyrrolidine ring of nicotine. The in de -
pendent synthesis of specifically labeled inter­
mediates obtained during this sequence and 
their degradation have confirmed the integrity 
of the entire process. This degradation has 
been applied to numerous \~ples of nicotine 
obtained from short-ter,m COZ biosynthesis 
with N. glutinosa, and in each experiment the 
pyrrohdlne nng showed an unsymmetrical 
labeling pattern, a condition contrary to the ac­
cepted symmetrical-intermediate hypothesis 
of pyrrolidine ring formation. Ornithine feed­
ing experiments, from which the symmetrical 
theory had evolved, were applied to N. glu'­
tinosa, and results were identical with those 
in other species. These experiments estab­
lish a greatly different labeling pattern in the 
pyrrolidine ring from COZ than from pre­
formed precursors such as ornithine. 

Opium Alkaloids 

The final steps in the biosynthesis of mor­
phine have been established as conversion of 

the baine to codeine, which is thendeineth­
ylated to morphine. Formation of codeine 
from thebaine must involve an additional in­
termediate, since two processes occur, re-' 
duction and demethylation. The nature of this 
intermediate depends upon which process oc;. 
curs first. Thebaine could be reduced to 
codeine methyl ether followed by demethyla­
tion to codeine; or de methylation could occur 
first, yielding codeinone followed by reduction 
to codeine. Neither codeine methyl ether nor 
codeinone has been isolated from fresh plants; 
however, codeine methyl ether has been found 
in opium. We have now found evidence that 
codeinone is the inte rmediate in the biosynthe­
tic conversio,n of thebaine to codeine. Thus, 
the later steps in the biosynthesis of morphine 
have been shown to involve seven compounds 
in the following sequence: reticuline­
solutaridine - solutaridinol - thebaine 
codeinone - codeine, - morphine. 
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is. GENETIC CONTROL OF CATABOLITE REPRESSION 

V. Moses and J. Pahner 

The synthesis of the lactose enzyITles of 
Esche.richia coli is .regulated by at least two 
factors in wlld.-type -strains: the presen~e or 
absence of inducers, and' the ITletabolic state 
of the cells. A variety of nutritional and 
physiological conditions, in which the cells 
contain 'exce'ss quantities of certain ITletabolic 
interITlediates, prevents. the full expression of 
th~ lactose genes, even though an inducer ITlay 
be present. This.phenoITlenon, known as ca­
tabolite repression, ITlay conveniently be 
studied by adding glucose to induced cells 
growing. exponentially ~n a glycerol or other 
ITlediuITl. When this. is .done, two phases of 
cato,bolite r~pression are observed. In the 
first, coinciding approxiITlately with the shift­
up in growth, synthesis. of the -lactose ,enzYITles 
is. severely 'repressed. After a variable peri­
od, depending on the particular strain under 
study, a partial relief of the severe repres­
sion is seen although the new steady differen­
tial rate of enzyITle synthesis IS always lower 
than the orifinal rate before the introduction 
of glucose. We ITlay thus distinguish between 
the phases of initial" severe transient repres­
sion" and subsequent "ITlild perITlanent repres­
sion. " 

A stu<;ly of the ITletabolic changes induced 
in .the· cells .by the addition of .glucose has sug­
gested four possible candidates for the inter~ 
ITledi<l£y ITletabolite responsible for the repres­
sion. Three of these are sugar phosphates 
directly concerned with glucose ITletabolisITl: 
glucose -6 -phosphate, 6 -phosphogluconate and 
fructose-i, 6-diphosphate. The fourth, re­
duced nicotine adenine dinucleotide phosphate, 
is involved in energy transfer and is of par­
ticular significance in glucose ITletabolisITl in 
relation to the operation of the pentose phos­
phate cycle. 

Of parallel interest is the nature of the 
regulatory ITlechanisITl where by the repres­
sing interITlediary ITletabolite is able to pre­
vent the forITlation of the lactose enzyITles. 
Recent studies with various regulatory ITlU­
tants in the lactose operon have perITlitted an 
analysis of genetic regulatory factors control­
ling transient repression and have also sug­
gested a hypothesis to explain the ITlild perITla­
nent repre s sion. Since the genetic control of 
enzyITle induction in the lactose operon is well 
understood,3 it seeITled worth investigating 
the pos sibility that either the transient or the 
perITlanent repressions, or both, were also 
ITlodulated through the regulator (i) or oper­
ator (0) genes of this systeITl. 

Although transient and perITlanent repres­
sion is obtained with regulator constitutive 
strains (i -) this does not ipso facto exclude the 
regulator gene froITl involveITlent ln catabolite 
repression. Many such i - ITlutations of the 
i-gene are known to be point ITlutants. Point 
ITlutations in other· genes, e. g., the Z gene 
coding for the enzyITle f3-galactosidase, do not 
result in the total absence of a gene product, 
but produce enzYITlatically inactive proteins 
which nonetheless possess ITlany of the prop­
ertie15 of the wild-type enzyITle as witnessed by 
their ability to cross -react with antibody to 
native f3-galactosidase. SiITlilarly, it ITlay be 
argued that a point ITlutation in the regulator 
gene, resulting in a constitutive phenotype, 
would also give rise to an inactive protein. 

In the past, arguITlents have been used to 
exclude the i-gene froITl a role in catabolite 4 
repression on the basis 6f ITlating experiITlents. 
If a strain carrrying i+z+ genes is ITlated with 
a lac deletion recipient, f3 -galactosidase syn­
thesis during the first hour after ITlating is 
largely constitutive, yet subject to repression 
by glucose.· The reason for the delay of ex­
pression of the i-gene in such experiITlents is 
not known, but since it was indeed not ex­
pressed, as judged by the constitutive enzyITle 
synthesis, its role in glucose repression 
seeITled doubtful. However, in the absence of 
further study such argUITlents ITlay be countered 
by the suggestion that the i-gene product is 
activated by glucose ITletabolites. Thus, al­
though insufficient i-gene product ITlay be pres­
ent to confer inducibility, the presence of glu­
cose ITlay enhance the effectiveness of the 
sITlall aITlounts which are contained in the cells 
resulting in the repression of constitutive 
enzyITle synthe s is. 

A ITlore definitive approach to the role 
of the i-gene would require parallel ITlutants 
in one of which the i-gene was functional, 
while in the other it was not ITlerely nonfunc­
tional on the basis of being unable to confer in­
ducibility, but was actually absent in the sense 
of being deleted. In our early studies of this 
probleITl,5 the ideal strains (i+ and idel) were 
not available. However, a faITlily of strains 
was available in which both the i-gene and the 
o-gene were deleted, and these coul~ be COITl­
pared with related wild-type and i - 0 strains. 
The effects on the differential rate s of f3-
galactosidase synthesis of adding glucose to 
cells growing on glycerol w/s studied in the 
following four strains: (a) i 0+ Z [wild type] , 
(b) i-o+z+[regulator constitutive], (c) 
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i delodelz + [regulator and operator consti­
tutiveJ ang (d\ a diploid strain 
i+o+z IF i elodelz +. In the first two of·these 
strains the addition of glucose produced the 
classical effect of a period of severe transient 
repression followed by a milder permanent 
repression. In the strains (c) and (d) the tran­
sient phase was absent although the mild per­
manent phase of repression remained. The 
differences in repression observed among 
these strains appeared to be specific to the 
lactose enzymes, and were not a consequence 
of an alteration in the pattern of glucose me­
tabolism. Comparison of strains (b) and (c) 
showed that the effect of glucose on the induced 
synthesis of L-tryptophanase was unchanged. 
The growth response to glucose, and the me­
tabolism of glucose via glycolysis and via the 
pentose phosphate cycle, was also identical in 
the two strains. We were therefore able to 
conclude that the severe transient phase of re­
pression involved the operator gene, while the 
permanent phase did not. 

The experiments did not allow an exam­
ination of the specific role of the i- gene. 
Since constitutivity of the operator gene is dom­
inant for t~ cis-chromosome to the status of 
the i- gene, the role of the i- gene cannot be 
studied in strains such as (c) and (d), which 
are fully operat0.r- constitutive for the chromo­
some carrying z . Strain (c) possessed no 
i- gene; ·strain (d) carried a functional i- gene, 
yet did not exhibit transient repression. It thus 
appears that if the i-gene product is involved 
in transient repres sion it can only act when 
some functional character is present in the op­
erator; total deletion of the operator precludes 
repression via the i-gene product. The i-gene 
product cannot be working at some site other 
than the operator, or a difference in repres­
sion pattern would have been observed between 
strains (c) and (d). 
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Further studies were made of permanent 
repression by isolating from strain (c) a mutant 
constitutive for the enzyme alkaline phospha­
tase. This enzyme, while showing no transient 
repression effects when glucose is added to 
growing cells, nevertheless does exhibit a re­
duction in the differential rate entirely analo­
gous to that shown by f3.-galactosidase andquan­
titatively of approximately the same magnitude. 
It is not impossible that the permanent repres­
sion is neither specific for enzymes normally 
susceptible to catabolite repression, nor truly 
a repression. Both f3-galactosidase and alka­
line phosphates are enzymes completely irrel­
evant to cells growing on glycerol or glucose. 
No doubt when glucose is added to cells on glyc­
erol a change occurs in the quantitative bal­
ance of proteins being synthesized; the faster 
rate of growth on glucose is correlated, for 
example, with a higher content of ribosomal 
protein. 0, 7 If j3 -galactosidase and alkaline 
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phosphatase syntheses are neither increased' 
nor reduced when glucose is added to a strain 
constitutive for both these enzymes, yet the 
rates of synthesis of other proteins are in­
creased, then on a differential basis the rates 
of synthesis of j3 -galactosldase and alkaline 
phosphatase will be reduced. We are currently 
investigating this possibility further. 

Opportunities to investigate the i-gene as 
distinct from changes in the 0 -gene arose with 
the isolation of temperature -sensitive i-gene 
mutants 8 and" frame -shift" mutants of the 
i-gene. 9 Two types of temperature -se¥-sitive 
mutants have been isolated: mutants (i L) in 
which the i-gene product is unstable at high 
temperatures (420) f§~ not at low temperatures 
(32°), and others (i ) in which the synthesis 
of the i-gene product is prevented at 42'° al­
though, once made, the i-gene product is 
stable to heat and decays only slowly in metab­
olism. 

We have studied two f6 these mutants and 
their immediate parents: (e) i+ ~arent of 
i TL (f) iTL, (g) i+ parent of iTSS, and (h) 
iTS~. At 32° strains (e) and (f) are inducible 
and strain (f) shows the classical response to 
the addition of glucose. At 42°, however, 
strain (f) is partly constitutive and fails to ex­
hibit transient repres sion (permanent repres­
sion remains)'; although its parent strain (e) 
continues to do so. Thus temperature sensi­
tivity leads to a loss of both inducibility and 
transient catabolite repression when the cells 
are culture d at 42 ° . 

With strains (g) and (h) the situation is 
more complicated. Although strain (h) is con­
stitutive at 42 ° it continue s, with its parent 
strain (g), to exhibit transient repression at 
high temperature. However, it is also re­
pressed at high temperature by o-nitrophenyl 
fucoside, a compound known to activate the 
i-gene product. 11 Such iT~S cells cannot 
therefore be regarded as devoid of i-gene prod­
uct at 42 0, and the presence of a transient 
response to glucose indicates that the i-gene 
product may be involved in this effect. Thus, 
although we cannot yet be as certain that the 
i-gene is concerned in transient repression as 
we are about the 0 -gene, all our results are 
consistent with this being the case. 

A formal i del mutant has not been available 
for testing, but a functional deletion of the 
i-gene has been obtained in the form of a frame­
shift mutant. 9 This mutant is fully constitu­
tive, and the i-gene product has thus lost its 
affinity for the operator. The o-gene product 
in this train has also lost its affinity for in­
ducer, as measured directly in binding exper­
iments,9 indicating that the effect of frame­
shifting in the gene is very extensive. We 
have found that this strain also fails to exhibit 
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transient repre·ssion, although the permanent 
repression respon'se is. still present. These 
results provide supporting .evidence for the 
involvement of the i-.gene product in transient 
catabolite r.epression. 

Our view of the molecular working of 
the i-gene product (repressor). must take into 
account three modes of "interaction rather 
than the two originally .envisaged. 3 One site 
on the repressor intera~ts with the operator 
and prevents. initiation of transcription of the 
structuralgenes of the operon. 3 At another 
site the repressor may react with inducer, 
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and when inducer is bound to the repressor the 
latter is allosterically altered in such a way 
that.it will no longer bind to the operator. 12 
We now propose an additional site on the re­
pr~ssor for the binding of the glucose metab­
olite. When this site is occupied we envisage 
a prOIl'lOtion of re pre s sor binding to the oper­
ator so that the effects of the inducer and the 
glucose metabolite on the repressor will be 
competitive with one another. There is exper­
imentalsuPfort ,for such a competitive 
effect 3, .' . 

'Our model is' consistent with existing 
kinetic data 'from living cells, but an" ultimate 
test of its. validity must .await the preparation 
of a.~uitable cell-free system capable of syn­
.thesizing .the lactose enzymes under inducible 
control. Meanwhile, the recent isolation. of 
the lac repressor might permit a preliminary 
investigation 0.£ competitive binding effects 
without waiting for a cell-free system. We 
do not know whether other inducible enzymes 
exhibiting tr.ansient repression effects ,are 
controlled in a similar way to the lactose 
enzymes; nor has a formal investigation yet 
been made of the dilution hypotllesis which 
we have proposed to account for mild" perma­
nent repression. Final elucidation of these 
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phenomena will greatly increase our under­
standing of fundamental mechanisms for main­
taining a proper balance among the many com­
ponents making up a living cell. 
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16. ATTEMPTED MODIFICATION OF RAT BEHAVIOR BY INJECTION 
OF BRAIN EXTRACTS FROM TRAINED DONORS 

Ann M. Hughes, Edward L. Bennett, Marie Hebert, and Mark Lau 

Previous experiments done in this Lab­
oratory.by Byrne, Samuel, and Hughes have 
shown that intraperitoneal injection of brain 
from appropriately trained rats can modify the 
beh'livior of the recipients. These experiments 
have been described in detail. 1 Briefly, the 
procedure is to use three groups of donor rats. 
One group is trained to press the left bar of a 
Grason-Stadler test chamber for a food reward, 
another to press the right bar, and a third do­
nor group consists of naive rats which have 
never been placed in the test chamber. After 
the final training session, brains from two 
similarly trained rats are quickly removed 
after decapitation, homogenized together in 
cold 0.90/0 NaCI-O.01 M Tris, pH 7.5, and 
centrifuged, and the supernatant is injected 
intraperitoneally into a naive recipient. Sub­
sequently the recipient is tested in a series of 
test sessions, first unrewarded, and then re­
warded. The bar preference (left or right) 
and the corrected "Time to Learn" (TTL10) 
(defined as the time to press one bar 10 times 
after the initial press for food reward) are 
determined. It is this latter measure (TT~O) 
that discriminated between the reCipient 
groups. Recipients from the right-trained do­
nors had significantly smaller TTL10's than 
did recipients from either left-trainea or naive 
animals. This enhanced rate of acquisition 
was found to be reproducible and to achieve 
statistical significance with 5 or 6 animals per 
group in the studies reported by Byrne and 
Samuel. 

The purpose of the series of experiments 
presented here was to replicate and extend 
these observations. Ultimately, the objective 
is to obtain training, extraction, isolation, re­
injection, and testing procedures that will 
permit a biochemical investigation of the be~ 
havior -modifying constituent (s) 0 btaina ble from 
"trained" brains. In view of the controversial 
nature of this area of research, it is essential 
that reliable and reproducible experimental 
procedures be devised. This report will at­
tempt to describe the procedural details of the 
several experiments rather completely, since 
variation in detail may subsequently prove to 
be important. 

Methods 

The experiments reported by Byrne and 
Samuel had been'done in the "student" labora­
tories in Tolman Hall. Animals were kept in 
one room; training and testing were done in an 
adjacent room. A rack of animals to be tested 

was wheeled from the colony room to the 
training room. Naive and recipient animals 
would not have heard the noises associated 
with the training and testing equipment. With 
the exception of EB-1, the present series of 
experiments have been done in Building 74 
Trailer Annex. This is a 500-ft2 facility con­
sisting of approximately 200 ft 2 of colony 
room, an adjacent 200 ft 2 of general labora­
tory, and at the far end of the trailer, a 100-
ft2 training and testing room. In the trailer ' 
laboratory all rats are subjected to more of 
the training and testing sounds than in Tolman. 
The colony room is windowless and is main­
tained on a diurnal light-dark schedule (lights 
on from 0600 to 1800 hr). All rooms are air­
conditioned and maintained at a temperature 
of 74°. 

Ann Hughes has been pl'imarily respon­
sible for the maintenance, training, and test­
ing of the rats. She was assisted by Stephanie 
Ros enbaum in Exp. 1, and by Mark Lau in 
Exps. 3 and 4. Marie Hebert has removed the 
brains (as in the majority of the earlier expel'­
iments reported by Byrne and Samuel), and 
Edward Bennett has homogenized the brains, 
and with Hiromi Morimoto assisted in the iso­
lation and injection of the brain supernatants. 

All rats used were male rats received 
from Holzman Laboratories, Madison, Wis­
consin. Table I presents some "vital statis­
tics" for these experiments. 

Behavioral Treatment of Donors and Re­
cipients 

Since subtle differences in training and 
testing may influence the outcome of transfer 
experiments, the protocol for the donors of a 
typical experiment is given in Table II. The 
main deviations from this protocol were in 
EB-1, where the trained donors were recip­
ients from an earlier experiment. In this 
experiment, rats which had a previous left 
dominance were trained as left donors, and 
those with a right dominance were trained for 
right donors. The naive donors were pre­
viously unused, younger animals, as in all 
other experiments of this group. Variations 
in the type of cages in which the animals were 
housed during training are also noted in Table 
1. Only in EB-1 and EB-4 were wire cages 
available for all rats. The plastic cages were 
translucent polypropylene cages which did not 
allow the rat to see out the sides. 

The protocol for recipients is given in 
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Table I. Summary o.f experimental co.nditio.ns o.f fo.ur experiments attempting to. mo.dify 
'behavio.r by brain' injectio.ns. 

Experiment 

Locatio.n 

Types of cases: Do.no.rs 

Recipients 

Date andho.ur o.f sacrifice 

Time o.f injectio.ns 

Age o.f do.no.rs o.n arrival (days) 

Age o.fdo.no.rs at sacrifice (days) 

Weight of do.no.rs at sac'rifice 
(g): (trained) 

(naive) 

Age o.f recipients o.n arrival (days) 

Age o.f recipients o.n injectio.n 

Weight at injectio.n (g) 

"85%" Weight (g) 

No.. o.f po.tential recipients 

No.. o.frecipients used 

Time o.f test sessio.ns (hr after inj.)c 

Unreinfo.rced 1, 

2 

Reinf()rced 1 

2 

3 

Feeding schedule (g after test) 

Unreinfo.rced 1 

2 

Reinfo.rced 1 

2 

3 

EB-1 

To.lman 

EC; a wire 

EC; wire, 

Sept. 19, 1966 

1740-1950 

2025-2135 

-lOb 

83 

287 

200 

37 

44 

141 

143 

49 

36 

13 

17 

41 

65 

90 

o 
8 

8 

8 

8 

EB-2 

Bldg. 74T 

EC; plastic 

EC; plastic 

No.v. 7, 1966 

1830-2045 

2145-2245 

39 

57 

191 

182 

39 

50 

171 

162 

50 

36 

12 

18 

41 

65 

89 

o 
8 

8 

8 

8 

EB-3 

Bldg. 74T 

EC; plastic 

EC; wire 

Dec. 5, 1966 

1700-1900 

2000-2030 

40 

60 

190 

174 

37 

49 

155 

156 

57 

36 

13 

18 

43 

67 

90 

o 
8 

8 

8 

8 

a. EC cages are large wire cages ho.using up to. 24 rats and filled with rat-"to.ys." 

EB-4 

Bldg. 74T 

EC; wire 

EC; wire 

Feb. 1, 1967 

1630-1925 

2000-2100 

38 

57 

176 

159 

44 

50 

159 

160 

57 

43 

12 

18 

42 

66 

90 

o 
8 

8 

7 

7 

b. The naive do.no.rs fo.r this experiment were 44 days o.f age o.n arrival and were 51 days at 
sacrifice. 

16 

c. :rn the IRs'eries o.f experiments, reinfo.rced test sessio.ns were substituted fo.r the first two. un­
reinfo.rced sessio.ns, and they were given appro.ximately 20 and 45 hr after injectio.n. 
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Donors 

Day 1: 

Day 2: 

Day 3: 

Day 4: 

Day 5: 

Day 6: 

Day 7: 

Day 8: 

Days 
9-12: 

Day 13: 

Days 
14-20: 
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Table II. Protocol for donors. 

received at 40 days of age (72 rats) 

Groups weighed, tagged, placed 24 to a cage in large Environmental Complexity 
(EC) cages. Given terramycin in water. Food ad lib. 

Allowed to explore for 20 min in groups of about 12 in Hebb- Williams maze (Mazed). 

Weighed. Given terramycin in water. 

Mazed. 

Weighed. 

Mazed. 

Weighed. Food is removed after weighing. The 85% weight is calculated individ_ 
ually. During subsequent training, supplemental food is provided to prevent 
loss of weight below this value on an individual basis. 

Mazed. Rats are assigned to the appropriate group and housed in individual wire 
cages (note exceptions in Table I). Assignment includes particular training box 
(A, B, C, or D) as well as side of training. Rats to be trained are given group 
sessions for 15 min in training chamber; these sessions are unrewarded. Group 
sessions use 3 rats at a time. Ten pellets are placed in food cup. The purpose 
of these sessions is to familiarize the rat with training situation. Naive donors 
are never placed in test chamber. They are also housed in individual wire cages. 
Fooaa:IIOtment matched to rats being trained. 

Begin hand shaping of rats. Rats are placed individually in appropriate training 
chamber for 20 min. During the first 5 min the rat is watched and pellets are 
manually dispensed when it is near the food cup or about to press a lever. The 
purpose is to familiarize the rat with the noise of the pellet dispenser, to teach 
it that food can be obtained in the box, etc. This procedure greatly facilitates 
subsequent training. Hand shaping continues on an individual basis until all 
animals have learned to press the bar. In some cases, "stupid" rat may re­
quire several shaping- sessions. 

Training begins. On the first day a rat is rewarded on a 1 to 1 reward schedule. 
That is, it gets 1 pellet every time it presses the correct bar. Training i?essions 
are 20 min. Seven g of food are given after training sessions (avoid giving food 
immediately after session). 

Each day the reward schedule is increased by 1, until finally 8 presses are required 
to receive a food pellet. Anima:1s are weighed daily, and given sufficient food in 
addition to the allotment (7 g decreasing to 4 g) routinely given to keep weight 
above 85% of initial weight. Training sessions are randomized with respect to 
left group being trained first or right group being trained first. Some sessions 
are given at night. 
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Table III·. Main deviations from this protocol 
were the number of days prior to injection 
that the rats were received. This varied from 
7 in EB-4 to the more desired 11 or 12 in EB-2 
and EB-3 (see. Table I). Recipients were 
housed in plastic cages in EB-2. In a11 other 
experiments, wire cages were available. 

Table III. Protocol for recipients. 

Recipients received at 40 days of age, about 
12 days prior to planned injection. A 300/0 
excess of potential recipients was obtained. 

Day'1: 

Days' 
2,4,6: 

Days 
3,5,7: 

Day 8: 

Day 11:' 

Day 12: 

Weighed and tagged. Placed 24 toa 
cage in large Environmental Com­
plexity (EC) cages. Given terra­
mycin in water. Food ad lib. 

Allowed to explore for 20 min in 
groups of 12 in Hebb-Wi11iams 
maze. 

Weighed. Also given terramycin on 
Day 3. 

Mazed and weighed. 1185%" weight 
calculated. Placed in individual 
cages and given 3 g foodl rat. 

Given 15 min unrewarded group ses­
sions in testing box, 3 ratsl 
group. Five g fcod/r·at on return 
to cage. 

Given unrewarded single 10 min ses­
siems in testing box. The food 

. cup had 5 pellets. The number 
of left and right presses recorded. 
Rats with either very few (usually 
zero or one presses) or rats with 
many(more than 10) presses re­
jected. This session was given 
.within 4 hr prior to injection. 
Rats were weigheQ.. Rats were 
given 8 g of food after injection 
(but not immediately). Supple­
mental food given if below 85% 
weight. 

Preparation and Injection of Brain 
Extract 

In a11 experiments, the rats were sacri­
ficed and injections were made in the late 
afternoon and early evening, as summarized 
in Table 1. Donor rats had been trained during 
the morning and early afternoon. In EB-1 and 
EB-2, the right-trained donors were trained 
first; in EB-3, the left-trained donors were 
trained first, and in EB-4, training was al­
ternated. The sacrifice and homogenization 
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procedures were as fo11ows: A left-trained 
donor was decapitated and the brain removed 
(by Marie Hebert). The brain was immedi­
ately placed in 6 ml of ice-cold 0.9% NaCI-O.01 
M Tris, pH 7.5 in a Potter-Elvehjem homog­
en~z~r tube (10 ml capacity). This was timed, 
and required 60 to 75 seconds. A second left­
'trained donor trained in the same box was then 
immediately sacrificed and the brain removed 
and added to the first in the homogenizer. 
Homogenization of the two like trained brains 
was then begun with the Teflon pestle powered 
by a Sunbeam Mixmaster motor ·(fu11 speed in 
EB-1 and EB-2, speed setting at "8" in EB-3 
and EB~4). The homogenizer was cooled in a 
bath of ice water in EB-1 and EB-2, but not in 
EB-3 or EB-4. Complete cl.ispersion required 
40 seconds to 1 minute, as judged by a visual 
inspection of the layer of homogenate which 
passed between the Teflon pestle and the wa11 
of the glas s homogenizer tube. The homog­
enate was poured into an 11.ml polypropylene 
centrifuge tube (cooled in ice). An additional 
2.0 ml of cold buffer was added to the homog­
enizer, homogenized briefly, and added to the 
first homogenate. Code assignment was TIlade 
at this time and consisted of a letter (A, B, C, 
or D) designating the box in which the donors 
had been trained and a code number. (Naive 
rats were balanced for testing bOiXes.) While 
two. brains were being homogenized, a pair of 
right-trained rats were being sacrificed and 
the brains were placed in a different homog­
enizer. These brains were homogenized 
while naive rats Were sacrificed, etc. After 
8 homogenized samples had been obtained (16 
rats), they were centrifuged for 30 min at 
8000 rpm (7700X g max) in a Sorval RC2-B 
centrifuge, head SS34 at 0°. This process was 
repeated until a11 rats had been decapitated 
and the brains had been homogenized and cen­
trifuged. The dates and times for this proce­
dure are summarized in Table I. It required 
approximately 2 hours ·to.sacrifice 72 rats in 
a typical experiment. . 

After the samples had been centrifuged, 
the supernatants were decanted into clean 50 
ml polypropylene centrifuge tubes and stored 
in ice. Shortly thereafter, in rapid sucession, 
these supernatants were injected intraperito­
nea11yinto the naive recipients. The volume 
of the supernatant, essentia11y all injected, 
was usually 5 to 5.5 ml. New disposable 5-ml 
syringes and No. 22 gauge needles were used. 
The recipient rats were then immediately re­
turned to their individual cages. They were 
designated by the same code number as the 
sample injected, i.e., A-1, B-2, etc., indi­
cating box and order in which to be tested. 
In EB-1, EB-2, and EB-3, one half of the rats 
were assigned IR code numbers which indi­
cated that a modified test schedule was to be 
used as described below. After a11 rats had 
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been injected, they were individually given 8 
g of food and individually supplem.ental food if 
they were below the 85% weight. A record was 
kept of supplem.ental food. 

Test Procedure 

Two test p~ocedures were used in EB-1, 
EB-2, and EB-3. One test procedure, term.ed 
the "norm.al" test procedure (also used in 
EB-4), vyas that described by Byrne and 
Sam.uel. In this procedure the rats are given 
two unrewarded 10-m.in test sessions approx­
im.ately 12 and 18 h after injection. In these 
sessions, the num.bers of left and right presses 
are recorded, but no food reward is obtained by 
pressing. Most rats only press the levers one 
or two tim.es during these sesions, and m.any 
do not press at all. After the second session, 
the rats were given 8 g of food and supplem.en­
tal food if below 85% weight. On the three suc­
cessive days, the 20-m.in reinforced test ses­
sions are given. During these sessions, the 
rat is rewarded by a pellet of food whenever it 
presses either lever. The first lever pressed, 
the tim.e of first press, the tim.e to press the 
lever ten tim.es, and the lever which becom.es 
dom.inant (the one the rat routinely presses) 
are recorded. Eight g of food are routinely 
given after each session. In EB-4, this was 
reduced to 7 g in order to increase the m.otiva­
tion of the rat. The tim.es of these test ses­
sions after injection are sum.m.arized in Table 
1. 

In EB-1, EB-2, and EB-3, another test 
procedure, term.ed "im.m.ediate reinforcem.en1!' 
(IR) was used for one -half of the recipients. 
In this procedure, in lieu of the two unrein­
forced 10-m.in sessions, 20-m.in reinforced 
sessions were given. The sam.e m.easures 
were taken as for the reinforced sessions of 
the "norm.al" test procedure. Only after all 
test sessions are com.pleted and TTL10' s 
have been calculated and checked from. recor­
der tape obtained during testing, are the code 
assignm.ents and sources of trained brain 
com.pared. 

Results and Discussion 

The prim.ary purpose of these exper­
im.ents was to satisfy ourselves that we could 
repeat the observations of Byrne and Sam.uel, 
particularly in view of change of som.e person­
nel and of site of experim.ents. Once this ob­
jective had been attained, experim.ental pro­
cedures would be m.odified in a stepwise fash­
ion to find m.ore optim.um. conditions if possible 
for isolating and characterizing the active sub­
stance(s) influencing behavior. In the exper­
im.ents of Byrne and Sam.uel, five to six recip­
ients in each of the three groups were suffi­
cient. In the experim.ents presented here, we 
could train about 48 donor rats, and with 24 
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naive rats, about 36 recipients could be uti­
lized •. Therefore, in the first three exper­
im.ents, we tested about 1/2 of the recipients 
by a m.odified procedure which elim.inated the 
first two unrewarded sessions (im.m.ediate re­
inforcem.ent). We thought that the rewarded 
testing within one day after injection of the 
brain hom.ogenate m.ight give enhanced results. 
As will be seen, this procedure was even less 
succes sful than the normal procedure in dif­
ferentiating recipient groups. 

In Tables IV through VII we have sum.­
m.arized the TTL10 data (both corrected and 
uncorrected) for all recipients. Uncorrected 
TTL10 is the tim.e the rat required from. the 
beginning of the reinforced test sessions to 
press one bar 10 tim.es. ~he corrected TTLto 
is the tim.e required to press one bar 10 tim.es 
after the first press on either bar. The ranks 
of the recipient rats for the several com.par­
isons that can be m.ade are given as well as 
the sum. of ranks. We have relied upon the 
Mann- Whitney U test (one -tailed) to test for

2 significance of differences between groups. 
Rats which failed to press were elim.inated 
from. any statistical tests. This relatively 
easy statistical test has been em.ployed by 
Rosenblatt et al., 3 and Byrne and Sam.uel. 
Certain of the com.parisons between groups 
m.ight be m.ade m.ore rigorously by other sta­
tistical tests, such as an analysis of variance .. 

Table VIII presents a sum.m.ary of the 
various tests for significance of differences 
between groups for each experim.ent. These 
com.parisons are m.ade for all rats that 
learned and all rats that pressed, using both 
uncorrected and 'corrected TTL10. The m.eas­
ure us ed by Byrne and Sam.uel was the cor­
rected TTL10 of all rats that pressed, and it 
is this m.easure that we will focus on. How­
ever, sim.ilar conclusions regarding the out­
com.e of these experim.ents would be obtained 
by consideration of the other m.easures. 

In EB-1, the right-injected recipients 
did learn faster than left-injected recipients; 
the significance of difference between groups 
was at the 0.03 level. However, the right­
injected rats did not differ from. naive injected 
anim.als while naive injected rats learned 
som.ewhat better than left-injected. These 
latter two' results were not in accord with pre­
vious observations. 

EB-2 was the first experim.e.nt to be 
done in the trailer laboratory. In this exper­
im.ent, rats learned m.ore slowly than in EB -1, 
and m.any rats pressed but did not learn. 
Right-injected rats did learn faster than either 
naive or left-injected, but no significant dif­
ferences between groups were obtained. 

The pattern of learning tim.es in EB-3 
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Table IV. "Time to learn" data obtained by normal test procedure inEs-1. 

Recip. Donor Corr. Uricorr. 
Rank on Corrected TTL10 Rank on Uncorrected TTL10 

Code # Training TT.Lfo TT~hO R vs L R vs N L vs N L+R vs N R vs L R ;'S N L vs N L+R vs N 
(mm (mm --,--

Pressed&Learned 

C-33 N 2.6 8,8 1 1 4 2 4 
Ac8 N 5.2 5.9 2 2 1 1 

11' 
1 

A-27 ' R 5,5 18.7 1 3 3 7 9 
C-32 R 5,8 6,4 2 4 4 1 2 2 
A-7 R 6.8 7.9 3 5 5 2 3 3 
C-18 N 7.6 9.0 6 3 6 5.5 3.5 5.5 
D-24 N 8,5 9.0 7 4 7 5.5 3.5_ --5.5- ' 
B-12 R 10.6 11.7 4 8 8 3 7 7 
C-17 R 12,1 13.2 5 9 9 4 8 8 
D-'34 L 14.1 14.6 6 5 10 5 5 9 
B-28 L 15.0 15.7 7 6 11 6 6 10 
A-9 L 20.8 24.5 8 7 12 8 7 12 
A-26 N 21.2 39.8 10 8 13 11 it 17 
D-22' L 24.9 27.6 9 9 14 9 8 13 
B-l0 L 27.6 28.9 10 10 15 11 10 15 
C-16 L 28.1 28.7 11 11 16 10 9 14 
D~23 R 30.8 31.7 12 11 17 12 10 16 

:E Ranks 27 51 40 26 48 18 124 29 29 49 39 27 45 21 120 33 

Pre'sse,i'but did not'learn 

B-11 N >60 12 12 18 12 12 18 

:E Ranks 27 51 40 38 48 30 124 47 29 49 39 39 45 33 120 51 

Table V. "TiTIle to learn" data obtained by normal test procedure in EB-Z. 

Rank on ,Cor,rected TTL10 
Rank on Uncorrected TTL10 

Recip. Donor Carr. .Uncorr. 
L R N L vs N L+R vs N 

Code # Training TT~~O TT!-~o R vs L R vs N L vs N L+R vB N R vs vs 

(mm',~ ---
Pressed &. Learned 

4 
R 6,6 30 3 C-2 2 
N 9.3 28 2 2 2 B-3 1 1 1 

A-1 R 10,6 15 2 3 
1'1,8 74 3 4 4 7 8 10 

B-2 R 6 
D-5 N 17.6 38 5 2 

C·1 L 21.8 27 4 6 2 2 

B-4' , R ,30.1 31 6 7 4 4 ,5 
1\-5-- L 31- 48 -6 4 8 5 4 7 

6 5 8 
Dei N '37 68 7 5 9 
D-4 R 57 70 7 8 10 6 7, 9 

:E Ranks 18 ' 10 22 14 7 8 39 16 21 7 23 13 5 10 38 17 

Pressed but did not learn 

9 8 13.5 9 8 13.5 
B-1 L 10.5 8 13.5 
D-3 R 9 10.5 13.5 9 

10.5 8 13.5 10.5 8 13.5 
A-3 N 

8 13.5 10,5 8 13:5 
A-4 N 10.5 13.5 

N. 10.5 8 13.5 10.5 
C-4 

13.5 9 8 13.5 
A-2 L 9 8 

:E Ranks 27 28 32.545.5 23 32 79.5 56.5 30 25 33.5 44.5 21 34 78.5 57.5 
.. 

Did not,press--not included in any 
statistics 

D-2 L 
C~3 L 
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Table VI. "Time to learn" data obtained by normal test procedure in EB-3. 

Recip. Donor· 
Code # Training 

Rank on Corrected TTL10 Rank on Uncorrected TTL10 
Corr. Uncorr •. --------~----------------~-------- ------------------------~~--------
TT.L10 TT.L10 R v,s L R vs N L vs N L+R vs N R vs L Ii. vs N L vs N L+R vs N 
(mm) ~ 

Pressed 8, Learned 

D-3 R 4.2 7.9 
C-1 R 4.6 7.2 2 
B-4 N 7;6 8.3 3 
D-2 N 8.5 12.0 4 
B-2 N 18.7 8.5 5 
D-1 R 24.9 32 6 
A-S N 41.9 42.6 7 

L Ranks 9 ·19-·- --

Pressed but did not learn 

D-4 L 5.5 
C-2 L 5.5 
B-5 R 5.5 8 
A-4 L 5.5 

L Ranks 11.5 16.5 17 19 

Did not press--not included in any 
statistics 

A-1 R 
A-2 L 
A-3 N 
C-3 L 

Poor injection- -eliminated 

C-4 N 46 49 
B-3 R Did not learn 

was similar to EB-1; that is, right and naive 
injected rats both learned faster than left­
injected. In this experiment, again a number 
of rats pressed but did not learn, and more' 
than the usual number did not press at all. As 
a result, the resulting N in each group 'was 
smaller than desired. 

Accordingly, for EB-4 it was decided 
that all recipients would be tested by the nor­
mal test procedure. In this experiment, no 
significant differences were obtained between 
any of the groups. Wire cages were available 
for all animals, as had been the case for the 
experiments in Tolman, yet the TTL10 for all 
rats that pressed was not significantly differ­
ent from similar rats in EB-2 and EB-3 where 
plastic cages were used for some animals 
(Table XV). 

In Tables IX through XII, TTL10's and 
Mann-Whitney U tests for significance be­
tween groups are summarized for the imme­
diate test procedures used in EB-1 through 
EB-3. No significant differences between 
groups were obtained by this procedure. 

In Table XIII we have summarized the 
tests of significance obtained between groups 

5 
6 

7 

18 

1 2 2 
2 1 1 

3 3 1 3 
2 4 5 3 5 
3 5 4 2 4 

6 6 6 
4 7 7 4 7 

10·--· 9 19 9 19' 9 19 

9.5 5.5 5 9.5 
9.5 5.5 6 9.5 
9.5 5.5 8 9.5 
9.5 5.5 7 9.5 

10 47 19 11.5 16.5 17 19 18 10 47 19 

when data obtained from rats that learned in 
all four normal test procedures are combined. 
While this method of treating the data should 
be viewed with caution, no significant differ­
ences between groups was evident. (With the 
~arger N obtained, the Mann- Whitney U ha,d 
to be transformed into a z score, and by use 
of appropriate tables, into a P value. 3) 
Rosenblatt et al. have suggested that using the 
best 50% of the animals in each group may be 
a more valid indicator of a successful "trans­
fer." Even by this technique, no significant 
differences were found. 

In Table XIV, we have summarized the 
average TTL10 of all rats that learned for 
each experiment. Considerable variation is 
to be noted from experiment to experiment. 
The rats in EB-1 learned significantly faster 
than those in EB-2 or EB-4 (Table XV). 
The TTL 0 of the rats in the other experi­
ments did not differ significantly. When the 
right-injected groups are compared to left­
and naive-injected groups using the combined 
data from all four experiments, very little 
difference in average learning time is noted. 

We have not been able to find a relation­
ship between the dominance (final bar 
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Table VII. "T irp.e to learn" data obtained by normal test procedures in EB-4. 

Recip. Donor Corr. Uncorr. 
Rank on Corrected TTL

10 
Rank on Uncorrected TTL10 

Code # Training TT,Lfo TT,Lfo R vs L R vs N L vs N L+R vs N R vs L R vs N L vs N L+R YS N 

---~~ 
Pressed & Learned 

A-10' L 3.4 24.2 9 7 10 
A-9 R 3.6 25.2 2 10 6 12 
C-10 N 3.9 39.6 2 2 11 13 19 
0-3 L 4.4 5.5 3 3 4 1 1 
0-10 L 5.1 9,1 4 4 5 5 4 5 
B-7 .L 5.4 7.6 5 5 6 4 3 4 
B-10 L 5.5 7.3 6 6 7 3 2 3 
0-9 R 5.6 6.8 7 3 8 2 2 
B-9 N 6.7 15.2 4 7 9 3 5 7 
B-6 N 8.9 25.1 5 8 10 5 8 11 
B-2 L 11.3 26.6 8 9 11 11 9 13 
D-1 N 11.8 38.6 6 10 12 10 12 18 
C-11 R 13.7 15.1 9 7 13 6 2 6 
C-4 L 17.4 42.6 10 11 14 15 12 14 20 
0-5 R 19.0 22.2 11 8 15 7 4 8 
A-7 L 19.7 67.0 12 12 16 19 17 25 
A-5 L 20.6 22.8 13 13 17 8 6 9 
B-4 R 21.4 66.1 14 9 18 18 14 24 
0-6 N 24.6 31.4 10 14 19 8 10 15 
B-8 R 26.2 31.2 15 11 20 12 7 14 
C-6 N 26.5 67.8 12 15 21 15 . 18 26 
C-5 R 30.1 35.1 16 13 22 13 9. 16 
D-4 L 32.9 36.2 17 16 23 14 11 17 
C-1 L 43.3 46.6 18 17 24 16 16 22 
A-4 N 44.0 45.8 14 18 25 15 21 

B-5 R 51.4 53.5 19 15 26 17 13 23 
A-6 R 54.6 75.5 20 16 27 20 16 27 

~ Rank: 113 97 83 53 97 74 279 99 105 105 72 64 90 81 261 117 

Pre s sed but did not learn 

A-11 N 20 21.5 32.5 20 21.5 32.5 
B-1 N 20 21.5 32.5 20 21.5 32.5 
C-8 L 24 21.5 32.5 24 21.5 32.5 
C-2 N 20 21.5 32.5 20 21.5 32.5 
C~7 R 24 20 32.5 24 20 32.5 
b~8 it 24 20 32.5 24 20 32.5 
A-1 R 24 20 32.5 24 . 20 32.5 
B-3 L 24 21.5 32.5 24 21.5 32.5 
0-2 R 24 20 32.5 24 20 32.5 
D-7 L 24 21.5 32.5 24 21.5 32.5 

~ Ranks 209 169 163 113 161.5 138.5 506.5196.5 201 177 152 124 153_5 145.5488.5 214.5. 

Did not press--not included in 
any statistic s 

A-2 L 
C-3 R 
A-8 N 
C.-9 . __ R 

Escaped and got food during 
testing--not included in allY 
statistics 

A-3 N 
0-11 N 
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Table VIII. "Normal" test procedure. Summary of tests for significance of differences by 
Mann- Whitney U Test. 

Rats that learned Rats that pressed 
a 

Expt. Comparison Corr. TTL10 Uncorr. TTL10 Comparison Corr. TTL10 Uncorr. TTLW 

U P U P U P U P. 

EB-1 R(6)bvs L(6) 6 0.03 8 0.07 R(6)bvs L(6) 6 0.03 8 0.07 
R(6) vs N(5)b 11 0.27 12 0.33 R(6) vs N(6)b 17 0.47 18 0.53 
L(6) vs N(5) 3 0.02 6 0.06 L(6) vs N(6) 9 0.09 12 0.20 

R+L(12)vs N(5)b 14 "'0.05 18 >0.05 R+L{12) vs N(6) 26 »0.05 30 »0.05 

EB-2 R(5) vs L(2) 3 0.29 4 0.43 R(6) vs L(4) 6 0.13 9 0.30 
R(5) vs N(3) 7 0.5 7 0.5 R(6) vs N(6) 11.5 0.18 12.5 0.22 
L(2) vs N(3) 2 0.4 2 0.4 L(4) vs N(6) 11 0.46 11 0.46 

R+L(7) vs N(3) 10 0.5 10 0.5 R+L(10)vs N(6) 24.5 »0.05 23.5 »0.05 

EB-3 R(3) vs L(O) R(4)bvs L(3) 1.5 "'0.09 1.5 "'0.09 
R(3) vs N(4) 3 0.20 3 0.20 R(4) vs N(4)b 7 0.44 7 0.44 
L(O) vs N(3) L(3) vs N(4) 0 0.03 0 0.03 

R+L(3) vs N(4) 3 0.20 3 0.20 R+L(7) vs N(4) 9 0.21 9 0.21 

EB-4 R(9) vs L(11)b .. 31 "'0.06 39 »0.05 R(13)vs L(14)b 64 >0.05 72 »0.05 
R(9) vs N(7) 25 »0.05 27 »0.05 R(13)vs N(10) 58 »0.05 61 »0.05 
L(11)vs N(7) 31 »0.05 24 »0.05 L(14)vs N(10) 56.5 »0.05 49.5 »0.05 

R+L(20)vs N(7) 69 »0.05 51 »0.05 R+L(27)vs N(10) 128.5 »0.05 110 »0.05 

a. No. in ( ) after letter designating donor training indicates number of recipients. 
b. Designates the better group when the significant level of difference is 0.1 or better by the Mann-Whitney 

U Test (one-tailed). 

Table IX. "Time no learn" data obtained by immediate reinforcement test procedure in EB-1. 

Recip. Donor Corr. Uncorr. Rank an Corrected TTL10 
Rank on Uncorrected TTL10 

Code # Training TT~1° . TTLW 
(mm (min) R vs L R vs N L vs N LtR vs N .R vs L R VB N L v·s N LtR vs N 

Pressed & Learned 

C-13 L 6.0 7.1 1 1 1 

C -15 R 8.0 9.2 2 1 2 2 2 

A-3 N 8.6 10.7 2 2 3 2 2 3 

D-19 R 9.0 33.3 3 3 4 9 11 14 

B-30 R 9.1 11.2 4 4 5 3.5 3 4 

C-31 L 9.8 11.2 5 3 6 3.5 3 5 

B-6 R 10.6 32.9 6 5 7 8 10 13 

B-5 N 10.7 16.4 6 4 8 4 4 6 

C-14 N 12.0 19.2 7 5 9 6 5 8 

D-20 N 12.9 32.0 8 6 10 9 8 12 

D-36 R 14.0 18.5 7 9 11 5 5 7 

A-1 R 26.5 30.7 8 10 12 7 7 10 

A-2 L 27.2 29.7 9 7 13 6 6 9 

B-29 N 27.7 40.0 11 8 14 12 10 16 

A-25 L 29.0 35.2 10 9 15 10 9 15 

D-35 N 30.6 32.0 12 10 '16 8 7 11 

~ Ranks: 30 25 32 46 20 35 76 60 35.5 19.5 37 41 19 36 80 56 

Pressed but did not learn 

D-21 L 11 11 17 11 11 17 

B-4 L 12 12 18 12 12 18 

~ Ranks: 30 48 43 35 111 60 35 43 42 36 115 56 
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Table X. It Time to learn" data .obtained by immediate reinforcement test procedure in EB-2. 

.Recip. Donor Corr. Uncorr. Rank on Corrected TTL
10 

Rank on Unc;orre~te~ TTL10 
Code # Training 1;TLtO TTL10 ____ . (min (min) R vs L R vs N L vs N L+R vs N R vs L R vs N L vs N L+R vs N 

Pressed .&~earn~d 

D-9, R 5.6 8.3 
C-9 L 11.8 17.1 2 3 
A-6 L 14.0 14;7 3 2 
A-9 N 19.5 24.6 4 4 
C-8 R 26.2 37.0 4 4 4 
D-6 N 29.6 34.9 4 4 6 4 
B-8 R 53.2 75.4 7 7 9 
B-5 L 66.9 69.6 8 7 
C-5 R 73.8 74.1 7 6 9 6 8 

!: Ranks: 17 11 15 8 35 10 18 10 16 36 9 

Pressed but did not learn 

B-9 N 9.5 8.5 13.5 9.5 8.5 13.5 
D-8 N 9.5 8.5 13.5 9.5 8.5 13.5 
DC7 L 9.5 8.5 13.5 

9.5 
8.5 13.5 

C-7 N 9.5 8.5 13.5 9.5 8.5 13.5 
B-7 R 9.5 9.5 13.5 9.5 9.5 13.5 
B-6 L 9.5 8.5 13.5 9.5 8.5 13.5 
A-7 N 9.5 8.5 13.5 9.5 8,5 13.5 
A-8 R 9.5 9.5 13.5 9.5 9.5 13.5 

~: Ranks: 36 30 34 44 25 41 89 64 37 29 35 43 25 41 90 63 

Did not press - -not" included in 
any statistics 

C-6 

Table XI. I! Time to learn" data obtained by immediate reinforcement test procedure in EB-3. 

Recip. Donor Uncorr .. ltaru< on Correcten I'I'LJ.O RanK: on Oncor,rectea: I I L l0 
Code # Training TT.Lfo TT.Lfo (mm ~ R vs L R vs N L vs N L+R vs N R vs L R vs N L vs N L+R vs N 

Pressed &Learned 

B-l0 L 0.5 8.8 1 1 3 1 3 
A-3 L 3.4 25.7 2 2 5 7 9 
D-2 R 4.6 6.3 3 3 1 
C-l L 5.7 59.2 4 4 9 12 15 
A-I R 6.6 8.1 5 2 5 2 2 
D-3 N 8.2 9.8 3 4 6 2 4 
A-4 'N 9.0 11.5 4 5 7 3 3 5 
C-3 N 14.0 14.8 5 6 8 4 4 6 
D~4- b· 166· 19.-2 6 7 9 4., 5 _5 .7_ 
D-5 N 21;2 22.1 6 8 10 6 8 
B-3 L 26.1 28.8 7 9 11 6 6 8 10 
D-l L 34.3 39.4 8 10 12 7 9 11 
C-2 N 42.1 54.7 7 11 13 8 10 13 
C-4 R 47.0 47.5 9 8 14 8 7 12 
B-1· N 53.7 54.8 9 12 15 9 11 14 

!: Ranks: 17 28 11 34 32 46 61 59 11 34 10 35 42 36 70 50 

Pressed but did not learn 

B-4 L 11.5 13 17.5 11.5 13 17.5 
C-5 R 11.5 11 17.5 11.5 11 17.5 
A-2 R ,11.5 11 17.5 11.5 11 17.5 
B-2 R 11.5 11 17.5 11.5 11 17.5 

!: Ranks: 51.5 39.5 44 34 95 46 131 59 45.5 45.5 43 35 55 36 140 50 
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Table :XII. Im.mediate reinforcement te st, p~ocedure. Summary of tests. for significa'i3.ce , 
of differences by Mann-Whitney U-Test. 

Rats that learned Rats that pressed 

Expt. Comparison t Corr. TTLio Uncorr. TTL10 Comparison Corr. TTL
10 

Uncorr. TTL
10 

U p, U P. U p U p 

EB-1 R(6) vs L(4) 9 0.30 9.5 0.34 
~, 

R(6) vs L(6) 9 0.09 14.5 0.32 
R(6) vs N(6) 11 0.16 16 0;41 
L(4) vs N(6) 10 0.38 9 0.30 L(6) vs N(6) 14 0.29 15 0.35 

UR(10)vs N(6) 21 »0.05 25 »0.05 L+R(12)'Vs N(6) 33 »0.05 35 »0.05 

EB-2 R(4) vs L(3) 5 0.43 4 0.31 R(6) vs L(5) 15 0.53 14 0.46 
R(4) vs N(2) 3 0.40 2 0.27 R(6) vs N(b) 13 0.24 14 0.29 
L(3) vs N(2) 2 0.27 2 0.40 L(5) vs N(6) 10 0.21 10 0.21 

L+R(7) vs N(2) 7 0.56 6 0.41 L+R(ll)vs N(6) 23 »0.05 24 »0.05 

,~ 

0.10 17.5 0.34 EB-3 R(3) vs L(6) 7 0.36 5 0.19 R(6) vs L(7) 11.5 
R(3) vs N(6) 5 0.19 4 0.13 R(6) vs N(6) 13 0'.24 14 0.29 
L(6) vs N(6) 11 0.15 15 0.35 L(7) vs N(6) 17 0.31 15 0.22 

R+L(9) vs N(6) 16 »0.05 25 »0.05 R+L(13),"s N(6) 38 »0.05 29 »0.05 

t No• in ( ) after letter designating donor training indicates number of recipients. 

----.'tDe-si'gnates the better group when the significant level of difference is 0.1 or better by the Mann-Whitney U -test 
(one -tailed). 

Table XIII. SUmmary of Mann-'Whitney U Tests for four experimemts combined. 

Significance of differences between groups for all recipients that presseda 

Comparison 
(No. of recipients in parentheses) U z P 

R(29) vs L(27) 349 0.70 0.24 
R(29) vs N(26) 369 0.13 0.45 
L(27) vS N(26) 318 0.59 0.28 

SignIficance of differences between groups for best 50%of each group 

U p Critical value for P=.05 

a. 

R(14) vs L(13) 
R(14) vs N(13) 
L(13) vs N(13) 

65 
85 
63 

NS 
NS 
NS 

56 
56 
51 

The average TTL1 's of the "learners" were R, 19.4 min; L, 18.5; and N, 16.4. 
average TTL10's Por the, "top 50%" were 8.6, 12.6, and 9.0 min respectively. 

The 
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Table XIV. Average "Time to learn" data obtained by normal test procedure; 
individual and combined experiments. 

Numbers of rats 

Expt. Donor Learned Presse'd but Did not Average TTL10 
training did not learn press of learners 

(min~ 

EB-1 R 6 0 0 11.9 
L 6 0 0 21.8 
N 5 1 0 9.0 

Totals 17 1 0 14.5 

EB-2 R 5 1 0 31.4 
L 2 2 0 "26.3 
N 3 3 2 21.5 

Totals 10 6 2 27.4 

EB-3 R 3 1 1 11.2 
L 0 3 ,2 
N 4 0 1 19.2 

Totals 7 4 4 15.8 

EB-4 R 9 4 2 25.1 
L 11 3 1 15.4 
N 7 3 1 18.1 

Totals 27 10 4 19.3 

EB-1 R 23 6 3 19.4 
through L 19 8 5 18.5 
EB-4 N 19 7 2 16.4 
Combined 

Table XV. Comparison of differences of TTLtO of all rats that pressed between exper­
iments. 

'Experi~ents compared Mann - Whitney Critical value for 
(No. of rats) U z P P of .05 

'a EB_"'-l( 18 )ys_.EB . .,2.(1.6J 62_. 0.01 
EB-1(18) vs EB-3(11) 72 ::;-0--;0'5 . 61 
EB_1(18)a vs EB-4(37) 244 1,,59 0.06 

EB-2(16) vs EB-3(11) 74 >0.05 54 
EB-2(t6) vs EB-4(37) 239 1.11 0.14 

EB-3(11) vs EB-4(37) 198 0.1 0.45 

a. Indicates faster learning group when significant atthe 0;1 level by the Mann-Whitney U-test 
(one -tailed). 

16 
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preference) of these rats and the source of 
injected material. . In fact, in EB-3 and EB-4 
nearly all rats were right-dominant. 

In conclusion, in four experiments in 
which 61 rats learned and 21 additional rats 
pressed but did not learn, we have not been 
able to find any consistent evidence that brains 
from right-trained r·ats are able to improve 
the learning time of injected rats. The rea­
sons for our failure to replicate the observa­
tions of Byrne and Samuel are unknown at this 
time. For the present, we are not planning 
further replications of this type of experiment. 

---.- .. ---... ------
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17. EXPERIMENTAL -COMPLEXITY, CEREBRAL CHANGE, AND BEHAVIOR t 

Mark R. Rosenzweig, * Edward L. Bennett, Marian C. Diamond, t 
Hiromi Morimoto, AnnOrm·e. and Marie Hebert 

Abstract 

Three main topics are discussed in this 
paper: 

(a) The evidence that even moderate enrich­
ment of the environment of colony rats will 
benefit their problem-solving ability; 

(b) New results concerning the chemical and 
anatomical plasticity of the brain as a conse­
quence of enriched experience, and especially 
results on the time course of some of these 
changes; 

(c) An interpretation of these cerebral ef­
fects, suggesting that in part they reflect the 
processes of consolidating the storage of 
memory. 

Problem-Solving and Enriched Experience 

Our previous findings that enriched ex­
perience improves problem-solving ability 
have now been strengthened and extended. In 
the 1965 Annual Report we reported results of 
experiments in which animals had one month 
of either enriched or impoverished experience 
before being tested on1 a visual reversal dis­
crimination problem. Animals in the enriched 
conditions (EC) lived in a group of twelve in a 
large cage provided with "toys," and they had 
daily exploration in a field with a new pattern 
of barriers each day. Animals in the impov­
erished condition (IC) lived in individual cages 
in an isolation room. The results for com­
paring EC with IC rats of two strains of rats 
are shown in Fig. 17 -1 (left). In each strain 
the enriched-environment rats made signifi­
cantly fewer errors than their deprived litter­
mates. For the two strains combined, the 
difference between EC and IC animals was 
significant at beyond the 0.001 level of-confi­
dence. 

Now, given such a difference between 
enriched and impoverished as that we reported 
last year, one can ask whether it is the enrich­
ment that improves performance or the im­
poverishment that impairs it, or whether both 
kinds of effects occur. Similar questions had 
been asked about the cerebral effects of experi­
ence. We have sought in new experiments to 
investigate the behavioral problem just as we 
had the cerebral one - - by using an intermediate 
group with normal colony experience. The 
SC (Social Control or Standard Colony) animals 
lived under usual colony conditions, three to a 
cage. After one month of either enriched or 

colony.conditions, the littermates were given 
the visual reversal dis.crimination test. 
Figure 17-1 (center) shows the result.s. The 
EC/SC differences are almost as large as had 
been the EC/IC differences in the previous ex­
periment. For the two strains combined, the 
enriched-experience animals perform better 
than colony littermates at beyond the 0.01 
level of confidence. 

In a further experiment, we gave en­
riched-experience and colony rats a battery of 
three successive tests - -the Lashley III maze, 
the Dashiell checkerboard maze, and the visual 
reversal discrimination test (Fig. 17 -1 (right). 
Here the first two tests showed relatively 
large differences in favor of the enriched­
experience rats. Considering the two strains 
together, the EC were superior to the SC at 
beyond the 0.01 level on the Lashley test; on 
the Dashiell test the overall difference just 
missed being significant because of one S3 EC 
animal that made an unusually poor score. By 
the time the rats reached the reversal discrim­
ination test, however, they were'all experi­
enced problem-solvers, and there were no 
real differences left between the groups. 
Overall the errors on the reversal test in this 
experiment were only 600/0 as large as in the 
previous experiment. Due to its place in the 
battery, the reversal test no longer differen­
tiated among the groups according to their 
previous condition. The initial tests, how­
ever, demonstrated again that one month of 
moderate enrichment improved the ability of 
rats over that of their brothers who had re­
mained under colony conditions. Just as we 
previously proved that isolation is not neces­
sary in order to produce cerebral differences 
from enriched animals, so now we can show 
that isolation is not required in these exper­
iments to produce- behavioral differences. 
The colony rat- -the standard subject in so 
many behavioral experiments - -can be im­
proved significantly in problem-solving ability 
by experiencing only one month in a somewhat 
more complex environment. 

Changes in the Brain with Experience 

Methods 

During the past six years we have been 
accumulating evidence that the brain changes 
in a number of ways as a consequence of ex­
perience. In most of these experiments, 
littermate rats have been assigned at weaning 
to either the enriched-experience or the 
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Fig. 17 -1. Error ratios , enriched vs impoverished rats, for two behavioral 
tests. The left portion of the figure compares the error ratio of EC to 
IC, S1 and S3 rats on the reversal discrimination test; the center por­
tion compares the error ratio of EC to SC rats; the right portion presents 
the results when EC and SC rats are given a series of different tests. 

impoverished-experience condition. These 
conditions are as defined in the previous sec­
tion, except that after the first month the en­
riched-experience animals receive one or two 
trials a day in a maze. We use in succession 
the Lashley, Dashiell, and Krech mazes. 
Since the animals are given training, we des­
ignate this condition as ECT. Both the ECT 
and the IC conditions provide food and water 
ad lib, and both last for 80 days. At the end 
of the 80-day period, the animals are sacri­
ficed and the brains are analyzed chemically 
or anatomically. The animals are assigned at 
random to the conditions, and they are given 
code numbers that do not reveal their exper­
imental treatment to the chemists or anato­
mists who perform the analyses. 

Results 

The brain changes measurably as a con­
sequence of this differential experience. 
Table 17 -I summarizes the changes that we 
have found in the occipital or visual region of 
the cerebral cortex; this region usually shows 
the largest effects. The changes are ex­
pressed as percentage differences between 
enriched-experience and impoverished-experi-_ 
ence littermates. Next to each difference is . 
indicated the pro ba bility that it could have aris­
en by charice and also the number of littermate 
pairs in which the ECT animal exceeded its 
IC littermate on the measure. The cortex is 
seen to gain significantly in weight and to in­
crease by a similar amount in total protein. 
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Table 17 -I. Effects of differential experi­
ence on visual cortex (difference be­
tween ECT and IC littermates of S1 
strain). 

Measure 

Weight 
Total protein 
Depth 
Total AChE 
Total ChE 
No. neurons 
No. glia 
Neuron area 

Difference 
(0/0) 

6.1 
7.8

a 

6.3 
2.3 

10.2 
-3.1 
14.0 
13.4 

p 

<0.001 
<0.001 
<0.001 
<0.01 
<0.001 

NS 
<0.01 
<0.001 

No. ECT 
>IC 

106/141 
25/32 
36/41 
83/140 

77.5/98 
7/17 

12/17 
11.5/13 

a. Weight difference 7.00/0 in these experi­
ments. 

(The increase in protein proves that the 
greater bulk of the enriched brains is synthe­
sized material and not just water content, as 
has sometimes been suggested.) When anatom­
ical sections of the brain are made, the depth 
of the cortex is found to grow by about the 
same percentage as-the weight. Thus these 
three measures - -wet weight, total protein, and 
depth- -agree rather -well in demonstrating that 
the enriched-experience rats develop more 
cortical tissue than do their deprived litter­
mates. It should be noted that this increase in 
cortical bulk does not reflect a difference in 
body weight. On'the contrary, at the end of 
the 80-day period the enriched-environment 
group weighs about 70/0 less than the impover­
ished-experience group-.-

Chemically, we have found differential 
effects in the activities of the enzymes acetyl­
cholinesterase (AChE) and cholinesterase (ChE). 
Both enzymes increase in total activity as a 
consequence of enriched experience, but total 
AChE increases significantly less than does 
tissue weight, while ChE increase significantly 
more than tissue weight. In searching to 
understand this pattern of enzymatic changes, 
we realized that neurons contain more AChE 
than ChE,while glial cells contain more ChE 
than AChE. Therefore, we made counts of 
neurons and glial cells in the visual cortex, 
using an improved technique. 2 The results 
indicated that while the number of neurons per 
unit of area remains about the same, the glial 
cells proliferate in the enriched condition. 
We have also asked whether neuron cell bodies 
might increase in size, even though neurons 
do not'increase in number. Our first results 
were negative, 2 but more recent measure­
ments with higher magnification have given 
consistently positive results. The observed 
increase of 130/0 in area of the perikaryon 
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indicates an increase of about 200/0 in its vol­
ume. This new finding is based on two experi­
ments in which the experienced animal was 
observed to have larger perikarya in 11.5 out 
of 13 littermate pairs. The nucleus was seen 
to enlarge to about the same degree as the 
cell body. New experiments are now in prog­
ress to test further the exciting possibility 
that the nerve cell and its nucleus expand as 
opportunities for learning are provided. 

Finally, we might mention two prelim­
inaryobservations: ,First, in a single exper­
iment we found increases in the diameter of 
cortical capillaries in the enriched-experience 
group. 3 This experiment is now being re­
peated. Secondly, there are the measurements 
of dendritic branching made by Dr. Ralph 
Holloway and by Dr. J. P. Schade on rats pre­
pared in our laboratories. In two experiments 
Dr. Holloway has found indications that den­
dritesofneurons to enriched-experience an­
imals branch and ramify more widely than do 
those of the impoverished-experience litter­
mates. A third experiment on dendritic 
branching is now in progress. On the other 
hand, Dr. Schade has not found consistent 
differences in dendritic branching between 
ECT and IC animals, so final judgment on 
this variable must be reserved. 

Cerebral Changes as Correlates of 
Stored Memory 

Although not providing conclusive evi­
dence, these results seemed to be consistent 
with the hypothesis that the observed cerebral 
changes reflect the long -term storage of mem­
ory in the brain. A number of investigators 
have speculated that learning induces neurons 
to strengthen existing synaptic connections or 
to develop new ones. Since many synaptic 
junctions are rich in AChE, an increase in 
synapses would probably entail an increase in 
total AChE activity. A neuron with a larger 
number of functional connections would require 
a more active cell body, and this might well 
demand an increase in size. More and more 
functions -ai'e- being found for the glial cells, 
two well-acknowledged activities being to help 
nourish the neurons and to provide sheaths for 
neuronal branches. Either or both of these 
could account for the glial proliferation that 
we observe if neurons are increasing in activ­
ity and making new connections. The in­
creased number of glia, increased size of 
perikarya, and perhaps also increases in cap­
illary diameter and in neuronal branches could 
all help to account for the increased bulk of 
cortex. In sum, it was tempting to suppose 
that the cerebral effects we observed-were' 
correlates of memory storage. If this was 
true, then the following consequence should 
hold: The greater the opportunity animals 
have to learn, the greater will be the changes 
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in their brains. Recently we have attempted 
to test this deduction in the following form: 
The longer the duration of the differential en­
vironmental -conditions, the greater the antic­
ipated cerebral changes. For the measure­
ments made so far, the hypothesis appears to 
be untenable, as we will show next. 

Magnitude of Changes as Function of 
Duration of Expenence 

Varying the duration of the differential 
experience produced first a rise but then a 
fall in the magnitude of the cortical weight ef­
fect. Figure 17 -2 indicates the development 
of cortical weight of rats put into our standard 
enriched or impoverished conditions at weaning 
(25 days of age) and then sacrificed at either 
55 days, 105 days, or 185 days of age. The 
experiment of 3~-day duration (sacrifice at 55 
days) involved eleven S1 litters, each litter 
supplying two rats to the enriched and two to 
the impoverished condition. Here there was 
7.J% more total.c_o.rtex_in_the br_ainsoLEC 
animals than in IC littermates. The effect fell 
to 4.1 % in experiments of 80 -day duration 
(sacrifice at 105 days). This result is based 
on thirteen _II standard" ECT -IC experiments 
with 141 littermate pairs of S1 rats. Afurther 
decrease to only 2.00/0 was observed when the 
animals remained in the EC T or IC environ­
ments for 160 days. This result is based on a 
single experiment with twelve littermate pair s 
of the S1 strain. The results of the 3~-day and 
160-day experiments are not based on large 
numbers of rats, and further data may suggest 
some changes in the shapes of the curves. 
The main phenomenon ie>, however, corroborated 
by the results to be described next. 

In a recent experiment, animals were 
placed in the differential environments at 60 
days of age, and groups were sacrificed at 75, 
90, 105, and 120 days (Table 17 -II). In this 
experiment the enriched condition did not in­
clude any formal training. The 3D-day effect 
is seen to be considerably larger than those of 
the shorter or longer periods, and the larger 
size of the 3~-day effect is significant (P<0.05). 
Results of another experiment with only 3~-day 
groups are also shown in the table. These two 
sets of 30-day results, plus the one illustrated 
in Fig. 17 -2, are all larger than any of the ef­
fects for weight of total cortex that we have 
obtained in thirteen" standard" 80-day experi­
ments. Further experiments are being done 
to define the time course more precisely, but 
we are already certain that the cerebral effects 
reach a peak and then descend. 

Let us return briefly to the 160-day ex­
periment for some further indications. This 
experiment included not only animals kept in 
the enriched and impoverished conditions 

Weight of 
Cortex (mg) 

700 

650 

50 

-----. 

12pr. 

------ Enriched Experience 

- - - -'- - - - Impoverished 

100 150 200 
AGE (Days) 

Fig. 17 - 2. Development of cortical weight of 
-- ---rats -imL"iiltaIned-in e-nriched or impover(s!:J.ed -

conditions from 25 days to 55, 105, and 185 
days of age. 

Table 17-11. Total cortical weight as . 
function of duration of EC vs IC ex­
perience (S1 rats, started at 60 days 
of age). 

Experiment Duration (days) 
8. N per 
group 15 30 45 60 ------------
7465 EC 703 715 723 702 
N=10 IC 682 669 696 681 

0/0 diff. 3.1 6.9 3.9 3.1 
P <0.05 <0.01 <0.01 NS 

6819 EC 717 
N=12 IC 660 

0/0 diff. 8.7 
P <0.001 

throughout, but also littermates that spent 
either the first or the second 80 days in the 
colony condition and the other 80 days in the 
enriched condition. The design of the experi­
ment is shown to the left in Table 17 -III. 
Twelve litters each furnished one animal to 
each of the four conditions. The mean weights 
of total cortex are given in the right part of 
the table. Not too much should be made of 
these results, since none of the differences 
was statistically significant, but some trends 
may be noted. The animals that spent the 
second half of the experiment in the enriched 
condition (actually repeating the schedule of 
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Table 17 -III. Weight of total cortex 
after four combinations of experi­
mental conditions. 

Age in days in Cortical 
different conditions weight 

25to105 106 to 185 
(mg) 

ECT ECT 698 
ECT SC 699 
SC ECT 711 
IC IC 684 

-70-

the first half} ended with the same cortical 
weight as the animals that spent the last 80 
days in the colony condition. Apparently the 
continuation of the enriched condition was no 
more stimulating than the colony condition. 
Conversely, the animals that went from the 
colony condition to 80 days in the enriched con­
dition, had the 'greate st cortical weight. This 
group developed 'a cortical weight 3.8% greater 
than that of the impoverished animals - -a differ­
ence very close to the 4.1% seen in our stan­
dard 80~day experiments. To make one more 
comparison, we might note that the second and 
third groups were both .alike .in receiving 80 
days of enr,ichment and 80 days of colony life. 
Yet the order of the two treatments appears to 
have been important, since the group experi­
encing ,the enrichedenvironment immediately 
prior to sacrifice had the greater amount of 
cortical tis~ue. Thus the indications from this 
experiment (although we must stress that they 
are not significant) are that it is novelty rather 
than complexity of the environment that induces 
the cortical effects. 

We followed this expeHment by two others 
in which some groups spent about 80 days in an 
extremely inpoverished environment and then 
were given 50 days in an enriched condition. 
Table 17 -IV presents the design of these ex­
periments and also the cortical weights. In 
both cases, the animals that had spent 80 days 
in extreme impoveri'shmeIit and then 50 days in 
an enriched condition showed a rapid rise in 
cortical weight during the latter period. They. 
yielded brain values like those of the rats that 
had spent the entire 130 days 'in the enriched 
condition; they differed significantly from the 
rats that remained in the impoverished condi­
tion throughout. in other words, the most re­
cent enviro.nmental condition pretty well deter­
mines corticai weight, and the earlier condi­
tion leaves little if any trace - -on this measure. 
The effects that must have been caused by the 
earlier treatments have disappeared during the 
later period. 

What about the ti~e~ourse of measures 
other than cortical weight? In the rest of the 

Taple 17 -IV. Effects of succes sive en­
vironments on weight of total cortex 
in two experiments. 

Exper.& 
N per 
condition 

4977 

Age in 
different conditions 

(days) 

29to 111 112 to161 

Cortical 
wt 

(mg) 

17 

p 

ECT
a 

7 19} <0.05 IElb 687 N=6 
ECT ECT 730} <0.05 
lEI· lEI 692} <0.001 
lEI ECT 751 

6379 26 to 110 111 to 159 

ECc EC 716} <0.05 
lEI lEI 686} <0.05 
lEI EC 713 

N=10 

EC lEI 695 

a. Enriched conditions with training, the 
"standard" ECT condition. 

b. Isolated in extreme impoverishment. 
c. Enriched condition, without training. 

brain (or "subcortex") the 3~-day experiments 
show small gains in favor of the enriched­
experience animals, while the longer experi­
ments show small losses (Table 17-V). The 
ratio of cortical weight to that of. the rest of 
the brain has furnished particularly stable ef­
fects in the 80 -day experiments. Since in the 
30-day experiments subcortex as well as cor­
tex gains in weight, the cortical/subcortical 
ratio does not show as large a percentage dif­
ference here as does cortical weight. Never­
theless, on the ratio measure also, as the bot­
tom row in Table 17 -V shows, the differences 
drop progres sively as the experiments become 
longer in duration. Effects on total activities 
of AChE and ChE in all of these. experiments 
follow time courses much like that of the 
weight effects. No histological res.ults are as 
yet available from expe'riments of durations 
other than 80 days. 

The discovery that the cerebral effects of 
experience are transitory poses a serious 
challenge to the hypothesis that these effects 
are correlates of memory traces. We had not 
adopted this hypothesis,4 and our new evidence 
clearly opposes it. Both theoretical and em­
pirical considerations indicate that tr<ansitory 
cerebral effects cannot be correlates of mem­
orytraces. Most learning theorists currently 
hold that consolidated memory traces should 
persist indefinitely, unless they are replaced 
by competing habits. That is, once a habit 
has been learned and consolidated, then either 
the originally learned material or a roughly 
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a. 
b. 
c. 

Table 17 - V. Percentage differences in 
brain weights between enriched- and 
impoverished-experience Si litter­
mates, for experiments of three 
durations. 

Duration, days: 30 
N (pairs): 22 

SO 
141 

160 
12 
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------

Total cortex 7.1a 4.1a 2.0 

Rest of brain 1.2 ':'1.1 b -2.ft 

Total cortex 

Rest of brain 5.Sa 
5.3

a 4.rf 

P < 0.001. 
P < 0.01. 
P < 0.05. 

equivalent replacement should continue to be 
present. Empirically, we know that rats and 
other animals can remember habits for months, 
with little decrement. Not only should the rats 
in the complex condition retain what they have 
learned, but they should also be learning new 
material. Recall that after the first month 
they are run in three maze apparatuses. 
Nevertheless, the cerebral differences distin­
guishing them from the impoverished animals 
are declining at the same time. 

Cerebral Changes as Correlates of the 
Processes of Memory Storage 

If the temporary changes that occur in 
the brain as consequences of experience can­
not be correlates of memory traces, can they 
be related in some more tenable way to the 
mechanisms of learning and memory? We 
would like to propose that the changes thatwax 
and wane may be correlates of the processes 
of consolidation of memory. During the time 
when learning is occurring and stable traces 
(of some sort) are being laid down in the 
brain, temporary modifications of brain tissue 
may well arise in order to support these proc­
esses. This should be true whether one 
adopts a "connectionistic" approach (as we 
are inclined to do), or whether one takes the 
approach of "molecular psychobiology" and 
supposes that learning involves chiefly the 
formation of altered ratios of chemical prod­
ucts within the nerve cells. In either case the 
necessary increases in metabolic and synthet­
ic activities would require more work of 
nerve cells and more support in terms of met­
abolic supplies. Enlargement of cell bodies 
and proliferation of the surrounding glial cells 
would be consistent with this picture. Once 
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learning was completed and the resultant proc­
essesof consolidation had subsided, then the 
changes needed to support this extra activity 
would regress, and only the correlates of long­
term memory would remain to differentiate 
the trained from the untrained brain. 

Temporary brain changes that occur dur­
ing learning could provide valuable guides to ful'­
ther studies of the mechanisms oflong-term 
memory storage. They CQuid indicate the loca­
tions and the relative magnitudes of active proc­
esses of corisolidation. Regions of major tem­
porary changes would seem to be the most prom­
ising sites at which to search for permanent ' 
chemical or anatomical modifications related to 
memory storage. The 'painstaking studies of 
dendrite branching, for example, are being done 
at the occipital cortex because this, is the region, 
that shows the largest transient changes in cor- ' 
tical weight and enzymatic activities. It is also 
conceivable that there are both temporary and 
pe rmanent components of the inc reas e s in neu­
ronal size and glial number. That is, although 
the changes diminish between 30 and 160 days, 
permanent effects might nevertheless be found 
in experiments of longer duration. Figure 17- 3 
illustrates schematically three possible patterns 
of change--(a) permanent, (b) permanent plus 
temporary, and (c) temporary alone. At present 
we may speculate which measures follow each 
pattern. Thorough investigations of the time 
courses of changes in each of our measures will 
be required to determine which, if any, of these 
patterns actually describes the particular vari­
able. 

A reasonable objection to our interpreta­
tion, as stated thus far, should be considered 
here. , This is the argument that, according to 
the hypo'thesis, the cerebral differences should 
not regress in our experiments, since one 
group continues to have new experiences while 
the other group remains in a uniform, impov­
erished environment. To answer this objec­
tion' we must give some further information 
and confess that the enriched environment does 
not present much that is novel after the first 
few weeks. The toys in the cage are drawn 
from a rather limited pool, and all soon be­
come familiar. The pattern of barriers in the 
open field is changed daily, but some animals 
nevertheless go to sleep before their half-hour 
is over. Social relations among the group 
probably tend to stabilize early. Observation 
indicates that the animals are more active in 
the early weeks of the enriched situation than 
later. (Nor is this solely an effect of aging, 
for it is also seen among rats introduced to 
the experiment as young adults at 105 days of 
age.) Another indication that the animals soon 
habituated to the daily environmental changes 
was obtained by one of our students, Mr. 
William Love. Love found, in an experiment 
now being repeated, that 4 hours a day in the 
enriched environment was as effective as 24 
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FIg. 17 -3. Schematic representation of three 
possible patterns of brain change as a con­
sequence of training: '(a) permanent; 
(b) permanent plus temporary; and (c) 
temporary alone. 

hours a day for producing cerebral changes. 
It should be easy to increase the complexity 
and variety of the experimental' conditions. 
We believe riot only that introducing greater 
novelty should increase the amplitude of the 
cerebral effects, but that, if opportunities 
for new learning are continually introduced, 
this should also prolong'the "consolidation 
state" of the brain. Experiments to test 
these' deductions are now projected. 

ConclUSion 

In conclusion, the three main points are: 
(a} 'The problem-solving ability of the col­

ony rat can be improved Significantly by giving 

-72-

it a month's experience in a somewhat more 
complex environment. 
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(b) An enriched environment leads to a num­
ber of measurable changes in the anatomy and' 
ch~istry of the brain. The changes whose 
time course we have followed reach a peak 
after about 30 days of enriched experience and 
then decline. Because these changes are now 
seen to be transitory, they cannot reflect 
stored memory. 

(c) We propose instead that the transitory 
changes may reflect the processes of consol­
idation of memory. Localization of such proc­
esses may guide us to finding the mechanisms 
of permanent storage of memory. 
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18. ORGANIC DEPOSITS FROM MUD LAKE, FLORIDA· 

Eugene D. McCarthy and William Van Hoeven 

Introduction 

The richly organic algal ooze from Mud 
Lake, Florida, has recently been considered 
to represent a modern-day precursor of oil 
shales of the type exemplified in the Green 
River Formation. 1 Microscopic character­
istics of the oil shale of the Green River 
Formation and its fossil micro-organisms 
indicate that the precursor of such oil shales 
might indeed be such an algal ooze, accumu­
lating gradually in shallow lakes. The theory 
that algal oozes could give rise to oil shales 
is not new. Algae have less cellulose and a 
correspondingly greater proportion of fats 
and soaps. The contemporary alga Botryo­
coccus is present in microscopic remalns in 
organic oozes. To complement this geological 
and paleobotanical evidence, the organic geo­
chemist can isolate and identify the constit­
uents of the genera of the blue -green algae 
known to be present in Mud Lake, and com­
pare them with the organic compounds isolated 
and identified in Mud Lake and at a later stage 
of "diagenetic" degradation in the Green 
River Formation. (Diagenesis = alteration 
taking place on organic constituents after dep­
osition; ) A comparison of the findings from 
these sources would, if the algal ooze precur-. 
sor theory is justified, represent the detailed 
and precise analysis of the changes taking 
place at the molecular level from the contem­
porary genera of blue -green algae, through 
the post-Pleistocene deposits of the Mud Lake 
deposits, to the Eocene Period of the Green 
River Formation. This report represents 
our preliminary findings. 

Experimental Procedure 

The samples from the Mud Lake 
Deposits were kindly supplied by Dr. W. H. 
Bradley of the United States Geological Survey, 

Washington. Mud Lake is 1 mile in diameter 
and 2 to 3 feet deep. The algal ooze is 3 feet 
thick; underneath this algal ooze is a layer of 
peat. 

Samples for analysis are designated as: 
MW -0 = Mud Lake algal ooze at the mud­

water interface, 
MW -1-6 = Mud Lake algal ooze at 1-6 feet, 

re~pectively, below thermud-water interface. 

1. The elemental analyses of the var­
ious levels are indicated as: 

Con- Oil 
stituent MW-O MW-2 MW-3 MW-6 shale 

(%) ~ ~ ~ ~ 
C 40.06 40.36 41.17 52.20 80.50 
H 6.39 6.45 6.87 5.32 10.30 
0 5.75 
N 4.16 3.82 1.39 2.39 
S 1.13 2.62 2.59 1.04 

Ash 11% 

2. 
14 

The C ages of the sediments are: 

MW-1 
MW-3 
MW-4 
MW-6 

1900 ± 200 years 
2280 ± 200 years 
4100 ± 250 years 
5200 ± 250 years 

(The data for these two tables were kindly 
supplied by Dr. H. W. Bradley.) 
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3. The following represents the scheme we have employed in the isolation of the organic 
components from the Mud Lake sample, MW-2: 

Dried mud pulverized in Wig-L-Bug 
[rapidly oscillating steel ball within 
cylinder] for 5. min: 

1 
17 grams 

1 200 ml of redistilled acetone in Waring 
Blendor: 2 Xi. minute 

Centrifuge 
Decant 

Evaporate 

1 
Yellow-brown-residue . . 

1 Dissolve in 10 ml hepta. ne + 50 ml m:ethanoi 
(redistilled solvents) 

Extract with 3 X 10 ml heptane 

Precipitation of (;------ Heptane extract (30 mg) 
asphaltenes (2 ml 
CHC1

3 
and 20 ml 

warm heptane) 
No detectable presence Silicic acid column 

Chromatography (325 mesh) 
(dim light) 

M.ethanol extract 

Silicic acid 
chromatography 

-1 
To be continued 

Eluate 
1 Approx. 5 ml 

eluates 

J+-----Heptane--------Benzene-1-Acetone-
1 

1 II ~ t t J t 
Colorless 

JJ, 3 4 5 6 7 

2 Yellow solutions 

Yellow-orange solution 

/ I 
Thin-layer chromatography (TLC) 

AgN03 plates 
'V ~ 

Saturated I I ~ residue 
hydrocar bons - f3 -Carotene 

(H/C) . 
Visible spectra, mass spectra 

18 
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Other extraction schemes have been utilized, and the efficiencies of these procedures are 
reported: 

A. 2.17 g (MW-3)~ [benzene: methanol (4:1 v/v), sonicate 45 m.in]--} 120 m.g total 
extract. 

17 mg heptane­
solubles. 

B. 8.28 g (MW-6)--} [benzene: methanol (4:1 v/v). sonicate 30 min]~ 98 m.g total 

Results (Heptane Extract) 

Our analysis has been confined to the 
heptane-soluble organic material obtained 
from. the heptane extract in the partition be­
tween the solvents heptane and m.ethanol. 
Further separation of the organic constituents 
in this extract by silidc acid column chrom.a­
tography has provided convincing evidence 
for the presence of 13 -carotene in the Mud Lake 
deposit, MW -2. The visible spectrum. of this 
com.pound is identical with a sim.ilar com.­
pound isolated from the level MW -0. The 
spectroscopic evidence for the presence of 13-
carotene is indicated below: 

B. Visible Spectra 

extract. 

A. Mass Spectrometric Analysis 

All samples were determined on a mod­
ified C. E. C. m.ass spectrdm.eter, Model 21-
103 C, with ionizing voltage 70 eV, and an in­
let heated to about 200· C. 

Standard: m./e 536 (M); m./e 368 (M-168); 
m/e 236 (M-300). 

Mud Lake Sample: m./e 536 (M), m/e 420 
(M-116); m./e 368 (M-168); m/e 236 (M-300). 
Also m.o1ecu1ar ions present at m./e 548, 
550, and 629. 

All spectra, recorded on a Cary-14 spectrophotometer (values in m.1l). 

Solvent 

Hexane 

MW -2 MW -0 Standard 13-Carotene Literature 
(Karrer) 
(Ref. 2) 

Literature 
(Ref. 3) 

max. 448 449 sol- 451 450 451 
~f:" :~: :~~ } ~?e- {:~~ 477 :~~-468 

____________ ~l:. ___ ~2_9 ___ ~2_8_-~~ __ ~e_n! ___ ~3_0 ___________ ~2_5 _______ ~3_0_-~~ ___ _ 

Benzene m.ax. 489 490 492 494 
m.in. 482 480 484 482 
max. 463 462 465 463 

____________ ~l:. ___ ~~2 ___ ~~2 ___________ ~~1 ____________________ ~~0 __ ~~4 ___ _ 

m.ax. 505 506 506 
max. 480-1 481 482 
sh. 456 457 458 

max. = m.axim.um, min. = minimum., sh. shoulder. 
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C. Thin-Layer Chromatography 

The visible spectra recorded above 
represent the ~pectral characteristics of the 
heptane eluate [see Isolation Scheme] 
from silicic acid column chromatography. 
Subsequent purification by thin-layer chroma-

Material Rf values 

Heptane 
eluate 

Saturated 
alkanes 

0.9 -0.95 

2 

a. 

b. 

c. 

d. 

Unsaturated 0.1 - 0.15 
alkanes 

!3 -Carotene 0 
\ 

TLC Conditions 

prewashe<'l with ethyl acetate 

118° /30 min. 

0.0610/0 ·Rhodamine B: Detector 

950/0 iso -octane - 50/0 benzene: Developer 

tography using silica gel G plates, impreg­
nated with 12;0 silver nitrate after the JIlethods 
of De Vries, Morris,5 and Eglinton, b. indi­
cates.that this fraction contains some satu.­
rated alkanes and a small amount of unsatu­
rated material, in addition to the !3 -carotene 
which remains at the origin. 

D. Gas -Liquid Chromatography 

We .have previously done work on the 
saturated alkanes identified in the Mud Lake 
deposit MW-O, and have noted the dominance 
of the :!!-C27, ,!!-C29, and ,!!-C31 alkanes in 
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that sample, a feature which is also observed 
in the Green .River Formation saturated al­
kanes. An odd-even normal hydrocarbon al­
ternation is also observed in both the Mud Lake 
deposit and the Green River Formation, but in 

18 

contrast to the latter sediment the Mud Lake 
deposit exhibits no predominance of the n-C17 
alkane. The saturated alkanes from the-MW-2 
sample show great similarity to those isolated 
from the MW -0 sample. The absence of the 
,!!-C17 alkane, a known constituent of blue­
green algae of the Nostoc variety,7 from the 
Mud Lake deposits remains anomalous, for 
blue-green algae of the Aphanothece, Oscilli­
toria- Limnetica, Microcystis, Incerta, Spiru­
lina genera--though not of the Nostoc--predom­
inate in the shallow Mud Lake waters. The 
analysis of the chemical components of these 
blue-green algae is presently in progress. 

Discussion 

These preliminary findings lead to the 
tentative suggestion that diagenetic degradation 
has not yet taken place to any, extent ln the 
Mud Lake deposits. The identification of 
!3 -carotane, 6 the fully saturated analog of !3-
carot-ane, in the Green River Formation 
lends· credence to the theory that the Mud Lake 
deposits may indeed be modern counterparts 
of rich oil shales such as the Green River 
Formation, but at the post-Pleistocene period 
the transformation of the chemical constituents 
had not taken place to any significant extent. 
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19. SEARCH FOR a-AMINOLEVULINIC ACID AS A PRODUCT 

OF METHANE-AMMONIA-WATER IRRADIATION 

Margaret A. Smith, Ahmed Choughuley, and Richard M. Lemmon 

Our understanding of how the porphyrins 
may have appeared on the primitive, prebiotic 
Earth is still in an unsatisfactory state. It 
is generally assu:med that they may have ap­
peared abiogenetically following the now es­
tablished biosynthetic route. In this route, 
glycine is known to wrrdense with succinate to 
give a-aminolevulinic acid (a-ALA). Two of 
the latter :molecules then condense to a substi­
tuted pyrrole, porphobilinogen; it, in turn

t condenses with itself to give a porphyrin. 
That a similar route :may have been followed 
on the pre biotic Earth is indicated by the re­
cent work of Szutka in this Laboratory. He 
found that the ultraviolet irradiation of a-ALA, 
under pri:mitive Earth conditions, converted 
about half of this co:mpound to a pyrrolic co:m­
pound- -the latter was not specifically identi­
fied. 

The questionre:mains: is a-ALA a prod­
uct of CH4-NH3-HZO irradiations? This re­
port details our efforts, so far unsuccessful, 
to establish it as such a product. 

Experi:mental Procedures 

Carrier a- a:minolevulinic acid 

Preli:minary paper chro:matography of 
so:me commercially supplied a-ALA gave er­
ratic results, with occasional evidence of de­
composition or i:mpurity. Another sa:mple of 
a-ALA was obtained fro:m the California Corpo­
ration for Bioche:mical Research, Los 
Angeles, California. No impurities giving a 
positive ninhydrin reaction were detected after 
paper chro:matography. The elemental analy­
sis was: C, 35.95 (calc. 35.83); H, 5.87 
(calc. 6.0Z). 

Paper chro:matography of a-ALA 

Two-di:mensional paper chro:matography 
on What:man No.1 paper using (1) 1- butanol­
acetic acid-water (100:ZZ:50) and (Z) isopro­
panol-:methanol-water (70: 10: ZO) as developing 
solvents was used in our early work for the 
initial separation of the products fro:m elec­
tron irradiation of CH4 -NH3-HZO. Atte:mpts 
to establish RF values for a-ALA, and other 
co:mpounds thought to be possible products, 
failed with these solvent :mixtures. Rf values 
differing by as :much as a factor of two were 
observed. The use of 50}... of a l-:mg/:ml 
aqueous solution of orange II dye to produce 
a :marker spot to which others could be related 
gave reasonably consistent results. Subse-

quently, even these values beca:me erratic; 
however, this was found to have been caused 
by running too few papers, so that the chro:ma­
tography box was not saturated with solvent 
vapor. Consequently, using three troughs and 
six papers in each box (in addition to using an 
orange II :marker spot) became our standard 
procedure; this gave results which were ac­
ceptable although not entirely reproducible. 

In order to ascertain if a-ALA could be 
chro:matographed. eluted, ·and rechro:mato­
graphed without deco:mposition, six chro:ma­
togra:ms of 100 fJ.g eac'h were developed two­
di:mensionally with (a) 1- butanol- acetic acid­
water (100:ZZ:50) and (b) isopropil-nol-:methano],. 
water (70: 1 O:ZO). Three of these chro:mato­
gra:ms were sprayed with ninhydrin solution in 
order that they could be used as a guide for 
eluting the a-ALA fro:m the re:maining three. 
Following elution with water, the a-ALA was 
rechro:matographed with the sa:me two solvent 
:mixtures. The resultant ninhydrin-positive 
spots had lower Rf values in both solventsys­
te:ms than was previously observed for a-ALA. 
At first we concluded that deco:mposition had 
occurred. As a further check, another series 
of chro:matogra:ms was processed in the sa:me 
:manner except that 50 fJ.g a-ALA, which had 
not been chro:matographed, was added before 
the rechro:matography. Instead of the two 
spots expected on the final chro:matogra:ms. 
only single spots were seen, again with the 
low Rf values in both solvent syste:ms. We 
concluded that a-ALA could be rechro:mato­
graphed without. suffering deco:mposition. How­
ever, Rf values vary fro:m experi:ment to ex­
peri:ment- -we don't yet understand why. 

In our earlier work we had eluted the 
a-ALA region and rechro:matographed this 
:material using (1) sec- butanol-propionic acid­
water (160:Z5: 50) and (2) sec- butanol-tert­
butanol-water (43:48.4:8.~ A very badly 
streaked spot was obtained. We therefore de­
cided that a better pair of solvents for re­
chro:matography :must be found. The following 
solvent syste:ms were tried for two-di:mension­
al chro:matography of 100 fJ.g a-ALA on What­
:man No.1 paper: 

(a) ethyl acetate-for:mic acid-water (105: 
30: 15) and propanol-l 0 N a:m:moniu:m hydrox­
ide (7:3); 

(b) ethyl acetate-for:mic acid-water (105: 
30: 15) and tert- butanol-:methyl ethyl ketone­
ION a:m:moniu:m hydroxide-water (40: 30: 10: 
20C 

(c) ethyl acetate-for:mic acid-water 
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{l05:30:15} and 880/0 phenol in water-acetic 
acid-0.5 M K2EDTA-water (840:10:2:100); 

(d) 880/0 phenol in water-acetic acid-0.5 
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M K2EDTA-water (840:10:2:100) and I-butanol­
propionic acid-water (92.5:45:61.3); 

(e) 1-butanol-propionic acid-water (92.5: 
45: 6l.3) and the upper phase of a mixture of 
~- buta!lol- tert-butanol-water (43: 8. 6:48.4). 

All these solvent mixtures gave badly 
streaked spots. The pair of solvent mixtures 
giving excellent results, regardless of which 
was used for initial development, were 
ethanol-l M acetic acid-pyridine-water (95: 
10:3:3), and the upper phase of a mixture of 
sec- butanol-tert-butanol-water (43: 8. 6:48.4). 
(This solvent works well in conjunction with 
the ethanol-HOAc, but not in conjunction with 
the butanol-propionic acid listed under (e) 
above. ) 

Electron irradiations of methane, ammonia, 
and water 

The general procedure used for the elec­
tron irradiations was that previously reported.2 

The irradiation tube was charged with 20 ml 
4 N NH4 0H, and approximately 1.3 mmole CH4 
containing either 0.5 or 1.0 mCi 14C-labeled 
methane. The time ofirradiation was varied, 
as will be indicated. In all cases, initial chro­
matography was done on Whatm.an No.1 paper 
using (I) 1-butanol-acetic acid-water (100:22: 
50) and (2) isopropanol-methanol-water (70: 
10:20). Ninhydrin spray reagent (0.6 g ninhyd­
rin in 100 ml methanol) was used for the chem­
ical detection of carrier Ii-ALA, and radio­
autography on x- ray film was used to detect 
labeled mate rial. 

To an 8-ml aliquot portion of the irradi­
ated solution, removed after 45 min of irradi­
ation,. 100 flog carrier Ii-ALA was added. An 
apparent positive result was obtained after the 
initial chromatography. There was a large 
amount of activity in the Ii-ALA region, but the 
chromatogram was streaked and there was no 
discrete active spot corresponding to the Ii-ALA. 
With this chromatogram used as a guide, the 
area which would contain any Ii-ALA was cut 
from a chromatogram of a 2-ml aliquot por­
tion removed after 30 min during the same ir­
radiation. Following elution with water, 100 
flog carrier Ii-ALA was added, and the solution 
rechromatographed with the same solvent mix­
tures as before. No correspondence between 
the radioautograph and the sprayed chromato­
gramwas observed, however; so little active 
material was present that this negative result 
was questionable. 

During a subsequent irradiation, a 2-ml 
aliquot portion was removed after 30 min, 100 
flog carrier Ii-ALA was added, and paper chro-
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matography was done as before. The radio­
autograph of this chromatogram, after a one­
week exposure, showed a very faint trace of 
activity corresponding in location to the 
Ii-ALA spot. The chromatogram was placed 
on film for 4 weeks. Again, there seemed to 
be activity present in the Ii-ALA area; how­
ever, the ninhydrin- developed spot had faded 
so much that this positive result was question­
able. 

We decided to devote an entire exper­
iment to the search for Ii-ALA. After the 
addition of 100 flog of carrier compound, the 
total 20 ml of solution, which had been irradi­
ated for 1 hour, was concentrated by evapo­
ration, and a single chromatogram prepared. 
This chromatogram was overloaded and very 
badly streaked, as shown by the radioautograph. 
Spraying with ninhydrin revealed that the Rf 
values of Ii-ALA had been greatly altered. In 
order to reduce the amount of chromatography­
interfering substances, the experiment was 
repeated; this time, however, the solution was 
halved before chromatography and two chro­
matograms were prepared. One of these was 
sprayed in order that it ·could be used as a 
guide for eluting, the Ii-ALA from the second. 
Again the chromatograms were overloaded 
and badly streaked. The sprayed chromato­
grams showed no Ii-ALA spot- -only a slight 
positive reaction over a large area. Appar­
ently overloading and the large amount of 
polymeric material produced in a I-hour ir­
radiation made successful chromatography of 
Ii-ALA impossible. Therefore, in the next ex­
periment, the time of irradiation was reduced 
to 45 min and the irradiated solution was di­
vided into six equal portions. One hundred flog 
carrier Ii-ALA was added to each, and six 
chromatograms were prepared. Very little 
streaking was observed on the radioautographs 
of these chromatograms. Three were sprayed 
and the Ii-ALA spots were found to have the 
expected Rf values. There were no active 
spots corresponding in location, size, and 
shape to the Ii-ALA spots. Under our exper­
imental conditions we could detect a yield of 
Ii-ALA of as little as 0.050/0. This negative re­
sult seemed reliable, in view of the good chro­
matographyobtained, and no rechromatog­
raphy in second solvent systems seemec1 nec­
es sary. 

Results and Discussion 

During a 45-min electron irradiation of 
methane, am.m.onia, and water, no detectable 
amount of Ii-ALA is formed. This compound 
is difficult to paper chromatograph success­
fully, and this fact probably accounts for ear­
lier indications of Ii-ALA formation. We will 
now try to establish the irradiation conditions 
that give a maximum total yield of glycine 
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and succinic acid: Such conditions should 
also give the maximum probability of 
Ii-ALA's appearance. 
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This report was prepared as an account of Go~ernment 
sponsored work. Neither the United States, nor-the Com­
mISSIon, nor any person acting on,behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, complet~ness, 

or.usefulness .of the information cont~ined in this 
report, or that the use of any information, appa­
ratus, method, or processdiscJosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person ac,ting on behal f of the' 
Commission" includes any employee. or'contractor of the Com­
mission, or employee of such con,tractor, to the extent that 
such employee or contractor of the Commission, or ~mplbyee 
of suchcontractox. prepares, disseminates, or provides access 
to, any informa~ion pursuant to his employment or contract 
with the Commission, or his employment. with such contractor. 


