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PHOTOSYNTHESIS BY ISOLATED CHLOROPLASTS. REGULATION 

BY FACTORS FROM LEAF CELLS 

R. E. Moore, H. Springer-Lederer, H. C. J. Ottenheyn1, 

and J. A. Bassham 

Introduction 

Previous studies of photosynthesis by iso

lated spinach chloroplasts in the presence of 
14co2 - and 32P-labeled inorganic phosphate 

have established several characteristics. High 

rates of photosynthesis are possible, and are 

stimulated by added inorganic pyrophosphate 

(PP.). 
1 

Some intermediate compounds of the 
1 

photosynthetic carbon-reduction cycle readily 

diffuse out of the chloroplasts, whereas other 

intermediate compounds are well retained, 2 

With isolated chloropiasts photosynthesizing 

at high rates [greater than 100 fJ.moles of co2 
fixed (mg chlorophyll• hr) - 1], no stimulation 

of the photosynthetic rate was found upon the 

addition of any of several intermediates of the 

photosynthetic carbon-reduction cycle, 3 No 

stimulation was seen upon the addition of ATP, 

ADP, AMP, or NADP. Little conversion of 

intermediates of the photosynthetic carbon

reduction cycle to secondary metabolic com

pounds such as amino acids and free sugars 
1 was seen. It appeared that substances re-

quired for such conversion were missing from 

the isolated chloroplasts. 

Preliminary studies showed that addition 

of clarified spinach juice caused inhibition of 

the rates of photosynthesis by isolated chloro

plasts. Several fractions have now been ob

tained which have large effects on the rate of 

C02 photosynthesis by isolated chloroplasts. 

Certain characteristic properties of the inhib

itory fractions described below suggest that 

they contain factors which play a role in the 

regulation of photosynthesis. 

Methods and Materials 

Spinach leaves are harvested from a near

by farm and brought on ice to the laboratory 

soon after being picked, The leaves are 

stored at 0 o C for as long as 7 days. 

Buffers and biochemical compounds are 

purchased from Calbiochem, Los Angeles, 

California, Buffers include MES [ 2-(N

morpholino)-ethane-sulfonic acid] and HEPES 

[N-2-hydroxyethylpiperazine- N' -2-ethane

sulfonic acid}. 

Each of the three solutions used in the 

isolation and assay of chloroplasts 
1 

contains 

the following: 0,33 M sorbitol, 0,002 M NaN03, 

0,002 M EDTA (dipotassium salt), 0,002 M 

sodium isoascorbate (added on day of use), 

0.001 M MnC12 , 0,001 ~ MgC12, and 0,0005 M 

K 2HP04• 

In addition, Soln A contains 0. 02 M NaCl 

and 0,05 M MES, adjusted with NaOH to pH6.1; 

Soln B contains 0,02 M NaCl and 0,05 M HEPES, 

adjusted with NaOH to pH 6, 7; Soln C contains 

0,005 M Na
4

P
2
o

7
• 10 H

2
o (added on day of use) 

and 0,05 M HEPES, adjusted with NaOH to 

pH 7 ,6. 

All solutions are stored at 4 ° C. 

Spinach Leaf Juice 

Spinach leaf juice is prepared with a juicer 

(Model 6001, Acme Juicer Mfg. Co, , Sierra 

Madre, California), This apparatus contains 

a flat circular grater which rotates at high 
I 

speed and against which the leaves are pressed, 

Surrounding the rotating grater is a rotating 

screen against which the shredded leaves and 

juice are thrown by centrifugal action. This 
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apparatus is precooled to 4 C, and the juice 

emerging from the apparatus is collected in a 

chilled tube, Usually, 0,2 ml of Soln C minus 

PPi is mixed with each gram of leaves as they 

are shredded by the juicer, About 0, 7 ml 

juice is obtained per gram of leaves. This is 

adjusted to pH 7,6 with sodium hydroxide, and 

the juice is then clarified by centrifugation at 

200000Xg for 1 hr. 

Chloroplast Preparation 

In a cold room, at 4 ° C, 12 g of leaves are 

washed and cut after removal of the midribs, 

The leaf strips and 33 ml chilled Soln A are 

placed in a "semimicro'' Monel container on 

a Waring Blendor, Model 1120, and blended 

for 5 sec at high speed. The slurry is poured 

and pressed through six layers of cheesecloth 

(42 threads per inch), and the resulting juice 

is centrifuged for 50 sec at 2000Xg. The 

chloroplasts in the resulting pellet are re

suspended in Soln B at 0° to give a suspension 

which contains 2 to 3 mg chlorophyll per ml, 

This suspension is used for assay within 2 hr. 

Extract from Sonicated Chloroplasts 

Chloroplast extract is prepared from 

chloroplasts isolated from spinach leaves as 

described above, with the following modifica

tions: the leaves are ground for 7 sec in Soln 

B instead of Soln A. Centrifuging is carried 

out for 2,5 min instead of 50 sec. Twelve 

pellets of chloroplasts, each obtained from 

12-g batches of spinach leaves, are resus

pended in 9 ml chilled Soln C minus PPi' 

The suspension is placed in a beaker, 

cooled in crushed ice, and sonicated for four 

pe-riods of 15 sec, using a precooled probe 

(Biosonik, Model BP 1, Bronwill Scientific, 

Rochester, N. Y. ), Ten-minute intervals 

between the sonication periods are allowed, 

to avoid overheating. The resulting broken 

chloroplast suspension is checked by phase 

microscopy for complete destruction of chlo

roplasts, adjusted with NaOH to pH 7 ,6, and 
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clarified by centrifugation at 200 000 X g for 

1 hr. 

Assay of Photosynthesis Rate 

Photosynthesis is carried out in 15-ml 

round-bottom flasks stoppered with serum 

caps. Twenty-five f!l of the chloroplast sus

pension is injected into each flask containing 

450 f!l of the medium to be assayed. 

The basic medium is either complete 

S 1 C S 1 C d f . . . . h M ++ o n , or o n e 1c1ent 1n e1t er g or 

PPi or both, In those experiments in which 

the medium contains juice or portions of frac

tions from gel filtration or dialysis, mixing is 

done in such a way as to keep the concentra

tions of all constituents present approximately 

constant. The amounts of juice or fractions 

added in various experiments are shown in the 

figures. In some experiments the medium is 

the effluent of the gel filtration. 

The medium is kept at 4 o C until the assay 

is started, Assays are conducted·with flasks 

mounted on a shaking rack and illuminated 

from below in a constant-temperature bath, 

as described before, 1 

The chloroplasts in the swirled flasks are 

preilluminated for 5 min and are allowed to 

synthesize with 14C-labeled bicarbonate for 

10 min. The reaction is terminated by the 

addition of 4, 5 ml of methanol to each flask. 

For determination of total radiocarbon 

fixed, an aliquot sample of this chloroplast

methanol mixture is spotted on a piece of 

filter paper, acidified with acetic acid, and 

dried, and its radioactivity is measured with 

GM tubes. Alternatively, radioactivity is 

measured by scintillation counting. From the 

known counter sensitivities, and from the 

specific activity of the 
14c used, the amount 

of co2 fixed in the 10-min period is calcu

lated, 

Another aliquot sample of the original 

spinach chloroplast suspension is extracted 

with 80% acetone for the spectrophotometric 
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determination of chlorophyll content. 4 This 

figure plus the calculated amount of C02 fixed 

permits calculation of the rate of photosyn

thesis [ fllllOles C02 fixed (mg chlorophyll• hrf\ 

Results 

Figure 1 shows how the photosynthesis 

rate of isolated spinach chloroplasts is changed 

by the addition of various amounts of spinach 

juice, in the presence and absence of magne

sium ion (1 mM) and of pyrophosphate ion 

(5 mM). The control rate of 1.0 on the ver

tical scale [ 128 fllllOles co2 fixed (mg chloro

phyll• hr) -
1

] is obtained with Mg ++and PP. 
1 

present (the normal complete medium) and no 

juice added. In the presence of pyrophosphate, 

5 to 15 f.Ll of juice causes a significant en

hancement of the rate, either in the presence 
++ or absence of Mg • With increasing amounts 

of added juice, there is a dramatic drop in 

the photosynthesis rate. With the addition of 

30 f.Ll of juice, the rate is reduced to about 

5o/o of the control rate; it remains at this level 

with subsequent additions of juice up to 80 f.Ll. 
A striking difference is seen upon the 

omission of PP., in either the presence or 

absence of Mg +~. In this case there is little 

enhancement of the rate, and with larger 

amounts of juice the inhibition is much less 

pronounced. Thus we see the potentiating 

effect of PP. on the enhancement and partic-
1 

ularly on the inhibition caused by added juice. 

The more active spinach leaves have been 

found to contain approximately 0. 9 mg Chl/ g 

leaf. 1 When juice is prepared as described 

under the Methods section, about 0. 5 ml un

diluted juice is obtained per gram of leaf, 

which gives a value of 0. 55 ml juice/mg Chl. 

Since there is 7 3 f.Lg Chl in each flask in the 

experiment shown in Fig. 1, the amount of 

juice corresponding to the ratio in ~ is 

40 111. 

Figure 2a gives the rate of photosynthesis 

1.2 

.. 
0 

" 0 0.8 
0 

" 

"' 0 
(,) .. 
> 

";; 
Q; 
a: 

0 
0 10 

C Soln C minus PPi and Mg++ 

• Soln C minus PP 1 

0 Soln C minus MQ ++ 

• Complete Soln C (control} 

20 30 40 50 

Amount of added juice 

60 70 

(I' I) 

eo 

XBL696-3033 

Fig. 1. Dependence of photosynthetic 
co2 fixation rate in isolated chloro
plasts on the amount of added spinach 
· · · d b f M ++ JU1ce 1n presence an a sence o g 
and PPi. 

Each flask contained chloroplasts with 
7 3 f.Lg chlorophyll. Control rate ( 1. 0 
on vertical scale) was 128 fllllOles 
co2 fixed (mg chlorophyll· hr)-1. 
Control was conducted with complete 
Soln C as medium. 

90 

by isolated chloroplasts relative to the control 

as a function of various amounts of added 

juice in the presence of various concentrations 

of PP. from 0 to 20 mM. In this experiment, 
1 

0.2 ml of Soln C minus PPi was added per 

gram of leaves as the juice was being prepared, 

so that 0.68 ml diluted juice was obtained from 

each gram of leaves. In this case, therefore, 

there was 0. 7 5 ml juice/mg Chl. Since there 

was 56 f.Lg chlorophyll in each flask, the amount 

of juice per flask, which would again be equiv

alent to the approximate in vivo amount, is 

42 f.Ll. 

The results in this experiment show clear

ly the importance of the ratio of PPi concen

tration to amount of added juice in producing 

stimulation or inhibition of the photosynthetic 

rate. We have used the amount of juice in 

each flask corrected to ml juice/mg Chl to 

calculate the ratio of mM PP. to ml juice/mg 
- 1 



Chl from the various points on the curves 

shown in Fig. 2a. The relative rate of photo

synthesis is plotted against this ratio in Fig. 

2b. With each level of added juice, increasing 

PPi concentration causes increasing and then 

maximum inhibition until a certain threshold 

ratio is reached. The threshold ratios of 

mM PP. to ml juice added/mg Chl range from 
- l 

about 10 to 12 for 5 to 40 fl.l added juice, to 

about 14 for 60 fl.l of juice. 

Once the threshold ratio of PP./juice is 
l 

passed, the rate of photosynthesis increases 

rapidly with increasing PPi concentration. 

The maximum rates (> 120o/o of control) are 

reached when the ratio of PP./juice is very 
l 

Fig. 2a. Dependence of photosynthetic 
co2 fixation rate in isolated chloro
plasts on the concentrations of added 
spinach juice and PPi. 

56 fl.g chlorophyll per flask. 
Control (complete Soln C): 84 fJ.moles 
C02 fixed (mg chlorophyll• hr)-1. 

Fig. 2b. Relative rate of photosynthetic 
C02 fixation as a function of the ratio 
of concentration of added pyrophos
phate to the amount of added juice 
per mg chlorophyll. Plotted points 
are derived from data shown in Fig. 
2a. Forty fl.l juice per flask corre
spend to 0. 71 )Jl spinach juice per 
mg chlorophyll, i. e. , the estimated 
in vivo concentration. 
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roughly 3 times the threshold ratio, with 5 

to 20 fl.l of added juice. 

In another experiment, the results of 

which are not shown, it was found that when 

juice is prepared from only the stems of 

spinach leaves, some enhancement (up to 20o/o) 

but no inhibition is seen in the complete me

dium, which contains PP. and Mg ++. Thus, 
l 

it seems clear that the inhibitory factor is a 

constituent of the leaf cells only. 

Inhibitory factors can be partially resolved 

if the spinach juice is placed on a column con

taining Sephadex G -2 5, previously equilibrated 

with complete Soln C, and eluted with this so

lution into fractions, portions of which are 

c 
0 

N 

0 

" 

1.4 

0.5 3 4 6 B 10 15 20 

Concentration of pyrophosphate (mM_) 

30 

(applies to both Fig.2o and Fig.2b] 

• no juice (control) 
5/LI juice per flask 

10 " " " " 
20 " 

0 40" 
6 60" 

40 50 

m!!! PPi I (ml juice per mg Chi) 

)(8l696-3035 



subsequently used as media for the assay of 

the photosynthetic rate {Fig. 3). The first 

fraction exhibiting strong inhibitory activity 

(labeled Fraction A) comes off the column 

just after an effluent volume corresponding to 

the void volume of the Sephadex bed. Subse

quent fractions are slightly stimulatory, or 

neutral. Then follows a second inhibitory 

fraction {labeled Fraction B). The volume of 

elution of these two fractions is such as to 

suggest that Fraction A contains an inhibitory 

compound of high molecular weight, whereas 

Fraction B contains an inhibitory substance of 

smaller molecular weight. 

When a similar experiment was performed, 

except that PPi was omitted from elution and 

assay, inhibition was seen only with the frac

tions corresponding to Fraction B. After 

addition of PPi to all fractions, inhibition 

nearly as great as that seen in Fig. 3 was now 

observed with those fractions corresponding 

to Fraction A. Thus the inhibitory activity of 

the presumed large molecule requires the 

presence of PPi' whereas inhibition by Frac

tion B is not dependent on the presence of PP .• 
l 

When Fraction A, obtained as described 

above {Fig. 3) and left at 4° for 18 hr, was re

cycled through another column of Sephadex 

G-25, it was partially recovered as Fraction 

A, while another part of the inhibitory activity 

showed up as Fraction B. Thus the inhibitor 

of presumed smaller molecular weight can be 

derived from the inhibitory substance of higher 

molecular weight in Fraction A. 

Dialysis of Fraction A against Soln C 

minus PPi gave a retentate which upon sub

sequent analysis was found to be no longer in

hibitory, even in the presence of PPi• In con

trast, dialysis of Fraction A against complete 

Soln C {which contains PPi) gave a retentate 

that was still highly inhibitory when assayed 

with complete Soln C. It may be concluded 

that the presence of PPi tends to stabilize a 

-5-

1.2 

0.8 
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0 
L) 
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> 
:g 0.4 
o; 
a:: 
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XBL696- 3036 

Fig. 3. Photosynthetic C02 fixation rates 
of isolated chloroplasts suspended in 
portions of effluent fractions of spinach 
juice separated by gel filtration on 
Sephadex G-25. 

62 j.Lg chlorophyll per flask. 
Control {complete Soln C): 129 IJ.moles 
C0 2 fixed {mg chlorophyll• hr) -1. 

complex made up of an inert large molecule 

and a small molecule. Once this complex dis

sociates, the small molecule can be removed 

by dialysis. 

The effects of additions to the assay me

dium of original juice and its dialysis fractions, 

i.e. , retentate and diffusate, and recombined 

retentate and diffusate, all assayed in the 

presence and absence of Mg++ and PPi' are 

shown in Table I, Experiment 1. The effect 

of PPi on the inhibitory activity of the various 

components is seen. Also, the data show that 

the inhibitory power of the small molecule of 

the diffusate is greatly increased by the pres

ence of the large inert molecule from the re

tentate. The reconstitution of inhibitory ac

tivity upon recombination of retentate plus dif

fusate suggests a re-formation of inhibitory 

complex. 

The effects of adding Fraction B and in

active retentate to the assay medium, sepa

rately and combined, are shown in Table I, 

Experiment 2. Although the small molecule 
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Table I. Relative rates of chloroplast photosynthesis in presence of 

spinach juice and various juice fractions. 

Expt. 

1 

2 

Addition to assay medium 
------
Original juice, 40 fJ.l 

Retentate, 40 fJ.l 

Diffusate, equivalent to 
40 fJ.l of original juice 

Recombined retentate and 
diffusate 

50 fJ.l Fraction B 
100 fJ.l Fraction B 

PP. 
l 

+ 

+ 

+ 

+ 

+ 
+ 

Relative Rate 

0.68 
0. 06 

1.38 
1.26 

0.47 
0.43 

0.80 
0.08 

0.93 
0.54 

30 fJ.l retentate + 1.01 
0.76 100 fJ.l retentate + 

50 fJ.l Fraction B; 30 fJ.l retentate + 0.74 
0.12 
0.07 

50 fJ.l Fraction B; 100 fJ.l retentate + 
100 fJ.l Fraction B; 100 fJ.l retentate + 

3 100 fJ.l Fraction B + 1.02 
100 fJ.l retentate of chloroplast 

extract + 1.12 
100 fJ.l Fraction B plus 100 fJ.l of 

chloroplast extract + 0.16 

Assays were made with complete Soln C (+ PPi) or with Soln C minus 
PPi (- PPi). Retentates were obtained by dialysis of spinach juice 
(Expts. 1 and 2) or chloroplast extract (Expt. 3) against a hundredfold 
volume of Soln C minus PPi. The diffusate (Expt. 1) was prepared by 
dialysis of spinach juice against a ninefold volume qf outer solution. 
Fraction B (Expts. 2 and 3) was obtained by gel filtration of spinach 
juice (see text and Fig. 3) 
Controls (1.0 relative rate, with complete Soln C): 65 fJ.moles C02 
fixed (mg chlorophyll· hr)-1 (Expt. 1); 68 (Expt. 2); 89 (Expt. 3). 

in Fraction B inhibits by itself, this inhibition 

is amplified upon the addition of retentate. 

Thus Fraction B and diffusate exhibit similar 

potentiating effect, due to the presence of the 

small molecule in each. 

An extract of sonicated, previously iso

lated chloroplasts was prepared (see Methods). 

The strong inhibition upon combination of re

tentate from this extract with Fraction B from 

spinach juice (Table I, Experiment 3) sug

gests that the high-molecular-weight compo

nent of the inhibition complex is of the same 

nature in spinach juice and chloroplasts. 

Discussion 

The dependence of the rate of photosynthe

sis in isolated chloroplasts on the amount of 

added clarified spinach juice in our usual as

say medium is remarkable. A 20o/o or more 

stimulation with 5 to 10 fJ.l of juice is changed 

to a 95o/o inhibition with 30 fJ.l of juice. The 

latter amount is probably less than the amount 

of juice in the leaves corresponding to the 

amount of chlorophyll in the flask to which the 

juice was added. A doubling in concentration 

of some constituents (which accompanies the 

doubling of added juice from 15 to 30 fLl) is 



responsible for a twentyfold change in rate of 

photosynthesis. This large rate change with 

a small increase in the amount of added juice 

suggests a regulatory function of the juice. 

Such control might occur through the regula

tion of some enzymic activity or some deli

cately poised process such as transport 

through a membrane. 

This hypothesis gains support from the 

strong potentiation of the inhibitory effect by 

small amounts of pyrophosphate and by the 

strict dependence of the effect on the ratio of 

pyrophosphate to added juice. 

Further indication of a regulatory function 

is found in the nature of the most effective in

hibitory component, a dissociable complex 

which is both stabilized and activated by pyro

phosphate. It appears to be a molecule of high 

molecular weight which by itself is inert and 

an activating compound of smaller molecular 

weight. 

This smaller molecule, found in Fraction 

B and in the diffusate, seems to have some 

inhibitory activity by itself, but its inhibitory 

activity is greatly enhanced upon formation of 

the complex with the high-molecular-weight 

compound. It may be that this compound of 

smaller molecular weight exhibits inhibitory 

activity only by virtue of its ability to complex 

with the large molecule, which could be pres

ent already in the isolated chloroplasts. The 

activation of the inhibitory complex on addition 

of Fraction B only to isolated chloroplasts 

presumably would require endogenous PPi in 

the chloroplasts. 

The isolated chloroplasts may have lost 

much of the small inhibitory molecule but re

tained some of the high-molecular-weight 

compound necessary for the potentiation of the 

activity of the small molecule. In support of 

this hypothesis, addition of Fraction B obtained 

from spinach juice, together with the retentate 

of the extract from sonicated, previously iso

lated chloroplasts, causes large inhibition. 
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The strict dependence of inhibitory activ

ity on the ratio of pyrophosphate relative to 

the level of inhibitory substance suggests an 

important role for pyrophosphate in the opera

tion of the regulatory mechanism in vivo. Al

though it is often assumed that pyrophosphate, 

formed by biosynthetic reactions, is immedi

ately hydrolyzed, this seems not always to be 

the case in photosynthesis. Previous studies 

with algae photosynthesizing under steady

state conditions 5 show that there is a me as

urable steady-state level of pyrophosphate 

which can fluctuate between light and dark. 

Pyrophosphate is produced during bio

synthetic reactions leading to carbohydrate 

formation and in the formation of other macro

molecules. Since it is hydrolyzed at a rate 

small enough to permit steady-state levels to 

exist, it may serve as a kind of measure of 

biosynthetic or photosynthetic rate, or pos

sibly as a measure of the synthesis of one 

class of compounds (e. g. , carbohydrates) at 

some particular subcellular site. Operating 

in conjunction with the as yet unidentified in

hibitory factors discussed above, pyrophos

phate level could in turn regulate photosynthe

sis. It is noteworthy that magnesium pyro

phosphate complex inhibits the activity of 

fructose diphosphatase (D-fructose-1, 6-di

phosphate 1-phosphohydrolase, EC 3.1.3.11). 6 

This enzyme is known to be one of the light

dark-regulated enzymes of photosynthesis.5, 7,8 

The stimulation of photosynthesis in iso

lated chloroplasts 1 by 5 mM PPi in the absence 

of any added juice is probably due to the re~ 

moval of inhibition caused by the inhibitor 

complex already present in the isolated chloro

plasts. From the results in Fig. 2, it is seen 

that 5 m~ PP i would bring the PPJjuice ratio 

well beyond the threshold ratio for any small 

amounts o~ inhibitor that might have remained 

with the isolated chloroplasts. 

Although inhibitory regulation, by itself, 

may not appear to be a "useful" function for 



metabolism, it must be remembered that the 

isolated chloroplasts do not represent the 

complete metabolic system of the cell. In 

particular, isolated chloroplasts make only a 

limited quantity of secondary products. Also, 

photosynthetic carbon-reduction-cycle inter

mediates, which diffuse easily from the chloro

plasts, 2 are greatly diluted in concentration 

in the suspending medium, whereas in the in

tact cell they would be contained in a volume 

only several times the chloroplast volume. 

Thus, a change in the activity of a regulated 

enzyme of the carbon reduction cycle might 

lead to inhibition in isolated chloroplasts, 

whereas the same change in vivo could lead to 

a redistribution of carbon to secondary bio

synthetic pathways. 

Summary 

The rate ofphotosynthesis by isolated 

spinach chloroplasts is strongly affected by 

the presence of clarified juice from spinach 

leaves. With chloroplasts photosynthesizing 

under otherwise optimal conditions (which in

clude the presence of 5 mM pyrophosphate) 

the presence of juice in an amount correspond

ing to 1/4 of the calculated ~n vivo ratio of 

juice/ chloroplasts causes a 20o/o stimulation 

in the rate, whereas 3/4 of the full calculated 

amount causes 90% inhibition. 

The degree of inhibition or stimulation is 

a complex function of the ratio of added pyro

phosphate to added juice. With a wide range 

of concentrations of added juice, additions of 

small amounts of pyrophosphate cause the rate 

of photosynthesis to decrease, and this inhibi

tion increases with increasing pyrophosphate 

concentration, becoming and remaining severe 

until a threshold ratio of pyrophosphate to juice 

is reached. This threshold ratio is nearly 

constant over a twelvefold range of added juice. 

Beyond the threshold ratio, increasing pyro

phosphate (at a given level of juice) reverses 
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the inhibition, and with roughly 3 times the 

threshold ratio, the control rate is surpassed 

and stimulation is observed. 

Gel filtration of the juice produces two 

well-separated inhibitory fractions. One in

hibitory fraction contains a compound of high 

molecular weight complexed with a small 

molecule; the second inhibitory fraction con

tains the unassociated small molecule. The 

complex is inhibitory only in the presence of 

pyrophosphate, whereas the small unasso

ciated molecule has the same activity whether 

pyrophosphate is present or not. The complex 

is stabilized in the presence of pyrophosphate. 

Without pyrophosphate present, the complex 

dissociates almost completely into its con

stituents. Dialysis of the dissociated complex 

gives an inactive large molecule in the reten

tate. The activity of the small molecule is 

greatly amplified when it is re-added to the 

inert large molecule. 

The inhibitory fractions are found, at 

least in part, in previously isolated chloro

plasts, 

These findings and other results described 

in the text strongly suggest a role for these 

factors in the in vivo regulation of photosyn

thesis, 
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THE QUANTUM REQUIREMENT OF PHOTOSYNTHESIS IN CHLORELLA':' 

Kam-sik Ng and J. A. Bassham 

The quantum requirement of photosynthesis 

in Chlorella pyrenoidosa has been reinvesti

gated. Evolution of oxygen was measured elec

tronically with an instrument that determines 

the paramagnetism of the gas mixture; carbon 

dioxide was measured by its infrared absorp

tion. Light measurements were made with a 

photocell calibrated against a thermopile, using 

filtered sunlight as a reference beam. Con

sideration of possible sources of error estab

lished the reliability of quantum requirement 

determinations as ± 6o/o. Determinations were 

made only with cultures which exhibited photo

synthetic rates exceeding 250 J.Lmoles 0
2 

evolved per mg chlorophyll per hr. In 16 de

terminations made over a twofold range of 

photosynthetic rates, quantum requirements 

for 0 2 varied from 8.8 to 12.4. No correction 

for respiration was made, and a rationale is 

given for not making such corrections. Quan

tum requirements were independent of rate of 

light absorption over the 2.5-fold range used 

in this study. A probable cause of error was 

discovered in previously reported quantum 

requirements less than 8 which had been de

termined by a similar method. The mea

sured requirements are consistent with a ser

ial two-light reaction scheme for photoelec

tron transport and an additional biosynthetic 

requirement for ATP, generated in part by 

cyclic photophosphorylation. 

>!<Abstract from Biochim. Biophys. Acta 162, 

254 (1968). 
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INDUCTION OF RESPIRATORY METABOLISM IN ILLUMINATED 

CHLORELLA PYRENOIDOSA AND ISOLATED SPINACH CHLOROPLASTS 

BY THE ADDITION OF VITAMIN K5'~ 

G. H. Krause and J. A. Bassham 

The effects on photosynthetic metabolism 

in Chlorella pyrenoidosa and in isolated spin

ach chloroplasts of adding vitamin K 5 have 

been investigated. The most pronounced ef

fect is the induction of the oxidative pentose 

phosphate cycle in the light, as indicated by 

the appearance of 6-phosphogluconic acid im

mediately upon the addition of vitamin K5. 

The appearance of 6-phosphogluconic acid in 

isolated .spinach chloroplasts demonstrates 

the operation of the oxidative pentose phos

phate cycle in chloroplasts. 

The induction of the oxidative cycle is ac

companied by inactivation of two enzymes of 

the photosynthetic carbon reduction cycle, or 

the reductive pentose phosphate cycle. These 

enzymes are fructose diphosphatase and phos

phoribulokinase. Some inactivation of ribulose 

diphosphate carboxylase is also indicated. The 

inactivation of these enzymes may be related 

to the normal light-dark regulation of metabo

lism in vivo. 

Although it has been reported that addition 

of vitamin K stimulates cyclic photophosphory

lation in broken chloroplasts, such addition in 

these experiments caused no increase in the 

level of ATP in photosynthesizing Chlorella 

or photosynthesizing intact spinach chloroplasts. 

A study of the changes of levels of labeled 

amino acids and carboxylic acids in photosyn

thesizing Chlorella pyrenoidosa when inhibitor 

is added shows an increase in the levels of 

glutamic and citric acids and a decrease in the 

levels of aspartic and malic acids, These 

changes are interpreted as indicating a stimu

lated increase in the rate of oxidation of pyruvic 

acid to carbon dioxide and acetyl coenzyme A, 

which may increase the rate of conversion of 

oxaloacetic acid to citric acid, leading ulti

mately to the production of glutamic acid. 

,~ 

'Abstract from Biochim. Biophys. Acta 172, 

553 (1969). 

PURIFICATION AND SOME CHARACTERISTICS OF THE ENZYME 

FRUCTOSE-1, 6-DIPHOSPHATASE 

A. M. El-Badry 

Introduction 

The enzyme fructose-1, 6-diphosphatase 

isolated from spinach chloroplasts catalyzes 

the hydrolysis of fructose-1, 6-diphosphate to 

fructose-6-phosphate and inorganic phos-
1-3 

phate: 

fructose -1, 6 -diphosphate 

fructose-6-phosphate + Pi. 

FDPase 

Mg++ 

The hydrolysis is the reverse of the re

action catalyzed by phosphofructokinase in the 

glycolytic sequence. These two enzymes 

(fructose-1, 6-diphosphatase and phosphofruc

tokinase) are now recognized as important 

control points in glycolysis and gluconeo

genesis. The inhibition of mammalian and 

bacterial fructose diphosphatase (FDPase) by 
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adenosine-5 -phosphate (AMP) suggests allo-

steric regulation.4 

Hydrolysis of fructose-1, 6-diphosphate 

(FDP) to fructose-6-phosphate is also an im

portant reaction during the fixation of carbon 

dioxide in photosynthetic systems. 5 Bassham 

and his co-workers6 suggest that the activity 

of FDPase in photosynthetic Chlorella cells is 

subject to regulation. That is, although 

FDPase is active during the photosynthetic 

fixation of carbon dioxide, its activity appears 

to decrease markedly when Chlorella cells are 

transferred to nonphotosynthetic conditions by 

turning off the light. This suggests light acti

vation of the FDPase enzyme: the activation 

appears to decay after about 2 min of dark

ness. Morris 7 found that the activity of 

FDPase from spinach chloroplasts is inhibited 

by magnesium pyrophosphate (MgP207 --), 

MgATP , and MgADP at concentrations of 

1 to 3 mM. The degree of inhibition by all 

these inhibitors decreases with increasing 
++ . concentrations of Mg and substrate (FDP). 

and MgADP are approximately 

equally effective as inhibitors; both are less 

effective than MgATP 

The activity of FDPase follows a sig

moidal saturation curve, and this becomes 

more pronounced in the presence of the inhib

itor. A sigmoidal relationship between activ

ity and substrate concentration is generally 

interpreted as being indicative of cooperative 

effects between two or more active sites on 

the enzyme. Hill plots indicate that the inter

action coefficient with respect to substrate in

creases with increasing inhibitor concentra

tions. Similar increases in the interaction 

coefficient with respect to Mg ++ have also 

been observed. 

Th . M ++ f e enzyme appears to requ1re g or 

its activity. 8 However, the enzyme has a wide 

range of pH optima from 7. 5 at a Mg ++ concen

tration of 40 IJ.moles/ml to B. 7 at a Mg ++ con-
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centration of 5 IJ.moles/ml. The FDPase is 

also activated by EDTA, and is more stable in 

the presence of sulfhydryl reagents such as 

glutathione, j3-mercaptoethanol, or dithio

threitol (DTT); however, DTT has by and large 

the highest effect of all sulfhydryl reagents 

tested in protecting FDPase activity and stabi

lizing the enzyme. 

More recently, Buchanan !:_tal. 9 claimed 

that reduced ferredoxin activates the enzyme. 

In this report, however, we have conclusive 

evidence to the contrary. Reduced ferredoxin 

and glutathione were found to act as protective 

agents against the oxidation of the enzyme 

sulfhydryl groups. We have no evidence of 

direct activation of the enzyme by ferredoxin. 

The use of illuminated chloroplasts or molec

ular hydrogen and bacterial hydrogenase 

proved to give misleading results, due to the 

high background of inorganic phosphate for 

illuminated chloroplasts and to high contamina

ting fructose-1, 6-diphosphatase activity in 

both cases. Our results indicate that chem

ically reduced ferredoxin showed no signifi

cant activation of the enzyme. 

Materials and Methods 

Isolation of the Enzyme Fructose-1, 6-diphos

phatase 

The enzyme fructose-1, 6-diphosphatase 

(FDPase) was isolated by the following method: 

(i) Fifty bunches of commercial spinach 

were washed thoroughly with water and the 

blades were separated from the midribs. The 

blades were then dried between two sponges, 

chopped, and divided into 50-g batches. 

(ii) Each 50-g batch was homogenized for 

8 sec in a Waring Blender with 200 ml of 

solution A (containing 0.33 iv1 sorbitol, 0.002 

M NaN03 , 0.02 M EDTA (dipotassium salt), 

0.02 M Na isoascorbate, 0.001 M MnC12 , 

0.001 M MgC12 , 0.0005 M KH2Po4 , 0.05 M 

[2-(N-morpholino) ethane sulfonic acid] ad

justed with NaOH to pH 6.1, and 0.02 M NaCl). 



The blendorate was then passed through six 

layers of cheesecloth to strain out fibrous 

material. 

(iii) The homogenate was centrifuged at 

2000 X g in the Sorvall centrifuge for 3 min. 

The supernatant was decanted and each pellet 

was suspended in 10 ml of 0.05 M tris buffer 

pH 7.4, 0.002 M glutathione, 0.0002 M EDTA, 

and 0.001 M MgCl2 (basic buffer). 

(iv) The chloroplast suspension was son

icated for 30 sec in batches of 50 ml by use of 

the Biosonik at 0° C. 

(v) The sonicated suspension was centri

fuged in the Sorvall centrifuge at 36 000 X g 

for 1 hr and the suspension was saved as the 

crude enzyme preparation. 
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(vi) The crude enzyme was acetone-fraction

ated by adding the acetone to a concentration 

of 30o/o. The acetone was precooled in the 

freezer at -14 o C and was added to the crude 

enzyme solution slowly, with stirring, at 4° C. 

The crude enzyme in 30o/o acetone was allowed 

to stand in the cold room (4 o C) for 30 min and 

the mixture was centrifuged at 13 200Xg (in a 

Sorvall using a GSA 34 rotor at 9000 rpm) for 

4 min. The supernatant was collected and the 

acetone concentration in the supernatant was 

brought to 7 5o/o. The enzyme in 7 5o/o acetone 

was allowed to stand in the freezer at -14°C 

for 1 to 2 hr. A copious precipitate formed 

and settled toward the bottom of the container. 

The upper layer of 7 5o/o acetone solution was 

decanted. The lower layer, containing the 

precipitated enzyme and some other proteins, 

was then centrifuged for 1 min at 5000X g and 

the pellets were collected. 

(vii) The greyish-white precipitate was dis

solved in the smallest possible volume of 

basic buffer and was dialyzed against cold 

water for 4 hr. Then it was twice dialyzed 

against basic buffer for 8 hr each time. 

(viii) The dialyzed mixture was centrifuged 

in the Sorvall at 36 OOOXg for 10 min. 

(ix) The supernatant was passed through a 

DEAE -cellulose column which had been preequil

ibrated with 0.05 M tris -HCl, with a pH of 7 .4. 

(x) A phosphocellulose column was then 

poured and equilibrated with basic buffer at 

pH 8 and the concentrated enzyme solution was 

applied to the column. The column was washed 

with four column volumes of basic buffer, 

which eluted an admixed series of protein 

peaks. The tubes containing FDPase activity 

were pooled. 

(xi) To avoid loss of activity due to dilution, 

the enzyme was osmodialyzed by placing the 

dilute enzyme solution in large dialysis bags 

and burying these dialysis bags in crystalline 

sugar for 5 hr. The remaining concentrated 

enzyme solution was then dialyzed against 

basic buffer after being trans.ferred to small 

dialysis tubing. 

(xii) The enzyme FDPase was subjected to 

gel filtration on a G -100 Sephadex column. 

The column was pre-equilibrated with basic 

buffer containing 0.05 M tricine pH 7.4, 0.002 

M DTT, · 0.0002 M EDTA and 0.001 M MgCl2 . 

All fractions that contained significant activity 

were pooled. 

Isolation of Bacterial Hydrogenase 

Thirty grams of a frozen cell paste of S 
pasteurianum was thawed overnight and sus

pended in water with the aid of a magnetic 

stirrer to a final volume of about 200 ml. 

Small amounts of deoxyribonuclease and ribo

nuclease were added to obtain a free-flowing 

suspension. Fifty-ml aliquots of this suspen

sion were subjected to sonication for 10 min 

by the Biosonik. Cell debris was removed by 

a 15-min centrifugation at 36 000 X g. The 

supernatant was then heated for 10 min at 60° 

under hydrogen. The precipitate was centrif

ugated off, and the supernatant was dialyzed 



against tris buffer at pH 7. 4. No attempts at 

further purification were made. The crude 

enzyme was dialyzed before use to minimize 

the level of inorganic phosphate present in the 

enzyme preparation. 10 

Isolation of Spinach Ferredoxin 
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Spinach ferredoxin was isolated and puri

fied by a procedure which involved acetone ex

traction, according to San Pietro and Lang, 11 

followed by chromatography on DEAE-cellulose 

based on the method of Lovenberg et al. 12 

Its quantitative determination was based on 

the spectrum of the purified material. 

Methods of Reducing Ferredoxin 

(a)· Reduction by illuminated chloro

plasts: Ferredoxin can be reduced in the 

presence of chloroplast particles and light. 12 

The evidence for such reduction was measured 

spectroscopically at 420 miJ. by use of the Cary 

Model 14 spectrophotometer. Ferredoxin 

photoreduction by illuminated chloroplasts 

was stable and the ferredoxin could be largely 

reoxidized by NADP even after a considerable 

period in the dark. 13 

(b) Reduction by hydrogen: Tagawa 

and Arnon14 showed that molecular hydrogen 

can reduce ferredoxin in the dark if the enzyme 

hydrogenase from~· pasteurianum is present. 

Partially purified hydrogenase was used in 

experiments presented here. Spectroscopic 

evidence was the criterion for ferredoxin re

duction. 

(c) Chemical reduction: Ferredoxin 

can be reduced by either hydrosulfite or hy

drogen and platinum asbestos. Kassner has 

also shown15 that ferredoxin can be photore

duced in the presence of a porphyrin and light 

with an electron donor such as EDTA, gluta

thione, sodium dithionite, titanous chloride, 

or ascorbic acid. If ferredoxin was reduced 

by dithionite, it could be reversibly oxidized 

to a large extent with oxygen. Bleaching of 

ferredoxin was also reversible upon exposure 

to oxygen. 

Methods of Enzyme Assay 

FDPase was assayed by direct determina

tion of the inorganic phosphate released in the 

enzymatic reaction, by use of the Fiske

Subbarow method. Alternatively, the enzyme 

was assayed by the determination of NADPH 

produced, when the FDPase reaction is cou

pled with the enzymatic reactions of phospho

glucose isomerase and glucose-6-phosphate 

dehydrogenase. The latter reaction requires 

NADP+, and reduced NADPH produced by this 

reaction is directly proportional to the quan

tity of fructose-6-phosphate produced by the 

FDPase reaction. The measurement of 

change in optical absorption at 340 nm is used 

to estimate the quantity of NADPH formed in 

the reaction. Presence or absence of bovine 

serum albumin in the reaction mixture showed 

no major change in the resulting kinetic curve. 

Thus BSA was omitted from the reaction mix

ture. The assay mixture was adjusted to pH 

8. 7 at a Mg concentration of 5 IJ.moles/ml, 

which constitutes the optimal reaction con

ditions for the spinach chloroplast FDPase. 

Determination of Protein 

In the process of enzyme purification, in 

order to determine the specific activity of the 

enzyme or to scan the fractions collected 

from the chromatography column, protein de

te.rminations were carried out by using UV 

absorption at 280 nm for preliminary estima

tions. The Lowry method of protein deter

mination was used for more precise results. 

Bovine serum albumin was used as the stan-

dard for both methods. 

The change of the protecting sulfhydryl 

reagent in the basic buffer from glutathione 

to DTT resulted in complications in the assay 

method. DTT interferes with the Lowry assay 

at lower concentrations than glutathione. The 

t'. 
If 



use of a two-blank assay, one containing only 

the Lowry reagents in distilled water and the 

other containing the Lowry reagents in basic 

buffer, was the most satisfactory solution to 

the problem. Dialysis against water or tri

cine buffer was another way of eliminating the 

sulfhydryl reagent, but resulted in volume 

changes and nonquantitative transfer from the 

dialysis tubing to the test tube, due to foaming 

and to adsorption on the surface of the dialysis 

tubing (as evident from protein assays using 

standard BSA solutions). 

One can arrange the three sulfhydryl re

agents tested with reference to their inter

ference with the Lowry assay as follows: 

f3-mercaptoethanol > DTT > gluthathione. 

However,. none of these reagents exhibits 

significant interference if its concentration in 

the assay mixture does not exceed 6 to 7 

fJ.moles per assay tube (3 ml). 

Results and Discussion 

Stabilizing the Enzyme FDPase 

The problem in isolating the enzyme 

FDPase was the great sensitivity of the 

enzyme to changes in conditions, and lack of 

stability of the enzyme, which was a limiting 

factor in the purification procedure. We 

found it more important to start by finding 

the best way to stabilize the enzyme, and the 

following is a summary of our findings: 

Effect of temperature. The enzyme has 

an optimum stability at 0°. Storage at 0° for 

2 months did not result in a significant de

crease in activity. Storage of the enzyme at 

4° (cold-room temperature) resulted in loss 

of activity within 96 hr. Temperatures higher 

than 4° resulted in loss of activity at a faster 

rate. The enzyme lost its entire activity a 

after 4 hr at room temperature. The only 

problem with storing the enzyme at 0° re

sults from bacterial growth, which is believed 

to be Pseudomonas sp. A study of the best 
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antibiotics or other bactericidal or bacterio

static chemicals which would have little or no 

inhibitory effect on the enzyme resulted in 

the choice of EDTA at a concentration of 

0.002 M as the best protective agent. It must, 

however, be dialyzed out before use of the 

enzyme. 

The enzyme FDPase is apparently stable 

to storage in frozen form. Freezing the en

zyme for as long as 3 months, then thawing 

it, resulted in active enzyme. However, if 

the FDPase was frozen once more and then 

thawed, the result was inactivated enzyme. 

It may be that the process of thawing (or 

freezing) has deleterious effects on the en

zyme FDPase. 

Effect of Mg++ on the Stability of FDPase 

Mg++ is one of the best stabilizing fac

tors for the enzyme FDPase. Preparations 
. ++ 1 0 w1th Mg at 0.001 M were stab e at 0 for 

2 weeks with nothing else added to the tris 

buffer (0.05 M). 

Effect of EDTA 

EDTA is an absolute requirement for 

prolonged stability of the enzyme (i.e., over 

a period of months). EDTA at concentrations 

of 0.0002 M is sufficient by itself to stabilize 

the enzyme (in tris buffer) for 2 weeks at 0°. 

Effect of Sulfhydryl Reagents 

Glutathione and DTT were used as sta

bilizing agents. DTT was found to be much 

more effective as a stabilizing agent for the 

activity of FDPase. Use of DTT resulted in 

enhanced stability of the enzyme not only 

during storage, but also during the first steps 

of isolation and on the various chromatograph

ic columns. 

Effect of the Substrate 

The substrate FDP is a good reagent for 

stabilizing the enzyme, although we have no 

evidence it is an absolute requirement. Due 

to the tight binding of the substrate to the en

zyme in the absence of magnesium, FDP is a 



selective eluting agent on the chromatographic 

column. It provides the same stabilizing 

effect as magnesium in addition to the selec

tivity in elution. Thus a modified buffer for 

the elution of the phosphocellulose column 

was devised. This buffer contains 0.05 M 

tricine, 0.002 M DTT, 0.0002 M EDTA, and 

0.001 M FDP. 

Conditions Resulting in the Maximum Stability 

of FDPase 

Mixing experiments with solutions con

taining the various reagents in tricine buffer 

at pH 7.4 at o• showed that maximum stability 

of the enzyme is achieved in a buffer contain

ing the following components: tricine 0.05 M, 

Mg++ 0.001 M, EDTA 0.0002 M, DTT 0.002 _M, 

FDP 0.001 M. FDPase stored in this buffer 

was stable at o• for a period of more than 2 

months. 

Forms of the Enzyme FDPase 

Our experimental results tend to accu

mulate knowledge pointing toward the exis

tence of two forms of the enzyme FDPase. 4 • 17 

One such piece of evidence is the behavior on 

the G-100 Sephadex column. The fractionated 

FDPase comes down as one broad peak of pro

tein; the activity of the enzyme, however, 

forms two overlapping peaks. The specific 

activity of the first peak is higher than that of 

the second. 

Elementary studies on the effect of am

monium on the enzyme. activity was one other 

factor leading us to believe that the enzyme 

has at least two forms, one more active than 

the other. Although ammonium sulfate failed 

to separate the enzyme (after acetone frac

tionation) from other contaminating proteins 

significantly, it made the enzyme about four 

times as active as it was if untreated. 

Incubation studies with the enzyme fruc

tose-1, 6-diphosphatase at different pH's 

showed that the enzyme exhibits a lag period 

before it shows any activity, if the enzyme 
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has been preincubated at pH 9 before its intro

duction to the assay mixture at pH 8. 7. Pre

incubation at pH 6 resulted in a kinetic curve 

of a smaller slope than that obtained when the 

enzyme was preincubated at pH 7 .4. All pre

iilcubation studies were carried out at the de

sired pH in tris buffer containing DTT, EDTA, 

and MgCl2. The substrate FDP was omitted 

from all preincubation mixtures to avoid com

plications in interpretation of the results. 

We find that FDPase loses its activity 

upon dilution. The enzyme is very inactive at 

concentrations below 1 mg/ml. However, if 

the diluted preparations are concentrated by 

osmodialysis the specific activity increases 

nearly twofold. 

This might indicate that the enzyme is 

more active in an aggregated form. More 

interesting is the fact that diluted enzyme at 

concentrations between 1 and 3 mg/ml shows 

a lag period of 20 sec to several minutes. 

This lag period is unnoticed when the enzyme 

is at higher concentrations. Moreover, ad

dition of BSA to the assay mixture or the en

zyme solution did not eliminate this lag pe

riod. Only concentration of the enzyme solu

tion to 3 or more mg/ml resulted in elimina

tion of the lag period- -that is, gave a straight

line kinetic curve. 

The evidence presented above, in addition 

to the previously known fact that the enzyme 

shifts its peak of activity to a lower pH opti

mum upon the increase of Mg++ concentration, 

suggests a multiplicity of forms of the enzyme. 

It may be that an equilibrium between forms 

can be shifted in favor of a more active form 

in the presence of Mg++ or by ammonium 

sulfate or by incubation at neutral pH. 

The Possibility for a Natural Inhibitor in the 

Chloroplast 

Ammonium sulfate fails to activate 

FDPase if the enzyme is subjected to ammo

nium sulfate fractionation before the acetone 



fractionation. Yet ammonium sulfate pre

cipitation increases the specific activity of 

FDPase fourfold if carried out after the crude 

enzyme preparation has been acetone fraction

ated. This may suggest the presence of an 

acetone -extractable inhibitor of the enzyme, 

which either prevents the aggregation by am

monium sulfate to the active form or directly 

inhibits the enzyme after it has been aggrega

ted to its more active form. 

The Specificity of FDPase 

The enzyme FDPase in its present state 

of purification does not hydrolyze sedohep

tulose-1, 7 -diphosphate, but it does hydrolyze 

pyrophosphate into inorganic phosphate. One 

should always run a double control when ana

lyzing for the pyrophosphatase activity of 

FDPase, since at optimal pH of 8. 7 pyro

phosphate hydrolyzes slowly. For this same 

reason, the time of the reaction should be 

controlled exactly for quantitative data. The 

pyrophosphatase activity is undoubtedly pres

ent in our preparation, but whether it is due 

to FDPase or to a pyrophosphatase contam

inant of the system is a question which must 

await further purification of the enzyme. If 

the pyrophosphatase activity is proven charac

teristic of the enzyme, the activity toward 

both ATP and ADP should also be tested, 

since these two compounds in addition to the 

pyrophosphate are the known inhibitors of 

FDPase. 

Testing for pyrophosphatase activity was 

carried out by stopping the reaction after 10 

min by use of trichloroacetic acid solution, 

then spinning down the protein and determining 

the inorganic phosphate formed by the method 

of Fiske-Subbarow. 

Interaction of Ferredoxin with FDPase 

The use of illuminated chloroplasts re

suited in the reduction of ferredoxin, but this 

system was not suitable for the assay of 

FDPase activity. The chloroplast suspension 
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contributed a high background level of in -

organic phosphate, and also contained a con

siderable level of FDPase activity. This in

terfered with the determination of inorganic 

phosphate by the Fiske-Subbarow method. 

The use of hydrogen reduction catalyzed 

by bacterial hydrogenase has the drawback of 

interference due to a high level of bacterial 

FDPase activity. Because of lack of kinetic 

and other data on the FDPase from the two 

sources, spinach chloroplasts and s_ past

eurianum, it was not possible to obtain con

clusive results. 

Table I shows that reduced ferredoxin has 

a small effect on the activity of the enzyme 

FDPase. However, the results cannot be con

sidered conclusive, since the crude hydro

genase obviously contains FDPase activity, 

and the interaction between the enzyme ob

tained from the bacterial source and that ob-

tained from spinach chloroplasts is not known. 

Now we are left with one possibility, the 

use of chemicals to reduce ferredoxin. 

Photochemical methods were not used, in 

order to avoid possible light activation of the 

enzyme. Reduction by dithionite was the only 

chemical method tried, and it has proven to 

be the most efficient of all the methods we 

tried for reducing ferredoxin. Unfortunately, 

the presence of the hydrosulfite ion inter

fered with the activity of FDPase. Therefore 

a method was devised to achieve reduction of 

ferredoxin and eliminate the excess hydro

sulfite ion and its oxidation products from 

the medium. Ferredoxin was mixed with 

sodium dithionite under nitrogen in a closed 

system. The resulting reduced ferredoxin 

was then transferred to a dialysis tubing and 

dialysis was carried out under nitrogen with 

change of the dialysis buffer (0.05 Mtris) 

every 3 hr, for a total of four changes. The 

dialysis was done at o•c. Reduced ferredoxin 

was introduced into the assay mixture just 



prior to the introduction of FDPase. The re

action was allowed to proceed for 10 min, then 

was stopped by adding 0.1 ml of 50o/o trichloro

acetic acid. The precipitate was centrifuged 

out, and the inorganic phosphate produced in 

the enzymatic reaction was determined by the 

Fiske -Sub bar ow method. Failure to centri

fuge out the precipitate results in delay of the 

color formation and gives misleading color 

densities. 

Table I. Comparative effect of glutathione and 

ferredoxin reduced by molecular hydrogen and 

bacterial hydrogenase on the activity of the 

enzyme fructose-1, 6-diphosphatase. 

Complete a 

- FDPase 

- Ferredoxin 

- Glutathione 

-,,Hydrogenase 

-Hydrogen 

- FDP 

Inorganic phosphate liberated 

mg of protein per 10 min 

(flmoles) 

1.30 

1.32 

1.12 

1.00 

0.36 

0.86 

0.07 

a. 50 flmoles of tris-HCl, 5 flmoles of FDP, 

5 flmoles of MgCl2, 2 flmoles of EDTA, 200 

flg of ferredoxin, 5 fJ.mOles of glutathione, 

100 fJ.liters of the hydrogenase, and 1 mg of 

FDPase in a total volume of 1 ml. 

The enzyme was dialyzed for 16 hr against 

the basic buffer containing tris -HCl, gluta

thione, MgCl2, and EDTA at pH 7.4. 

From Tables II and III we conclude that 

reduced ferredoxin has no significant effect 

on the acti~ity of the enzyme FDPase. The 

small increase in activity can be explained 

by the protective effect of reduced ferredoxin 

on the enzyme. Reduced ferredoxin can act, 
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like any sulfhydryl reagent, as an antioxidant 

for the enzyme- -that is, reduced ferredoxin 

prevents the oxidation of the sulfhydryl groups 

of the enzyme FDPase. This is clear if we 

compare the effect of reduced ferredoxin with 

that of glutathione. 

Table II. The aCtivation of FDPase by 

chemically reduced ferredoxin, sulfhydryl 

reagents, Mg++, and EDTA, at pH 7.5 and 

40 fJ.mole s of Mg++ and at pH 8. 7 and 

5 flmoles of Mg++. 

Inorganic phosphate liberated 

per mg of protein per 10 min 

(flmoles) 

At pH 8. 7 and 

5 fJ.moles of 

Mg++ 

Completea 0.26 

- Ferredoxin 0.25 

- MgC12 0.24 

- MgC12 , 
ferredoxin, and 
EDTA 0.24 

- MgC12, 
glutathione, and 
EDTA 0.25 

- Ferredoxin, 
glutathione, and 
EDTA 0.23 

- Ferredoxin, 
Glutathione, and 
MgC12 0.20 

- FDPase 0.01 

At pH 7.5 and 

40 fl.moles of 

Mg++ 

0.31 

0.29 

0.22 

0.25 

0.24 

0.21 

0.01 

a. 50 flmoles of tris-HCl, 5 fl.moles of FDP, 

5 and 40 fJ.moles of MgC12 , 2 fJ.moles of 

EDTA, 200 fl.g of reduced ferredoxin, 5 

flmoles of glutathione (reduced) in 1 ml final 

volume at pH 7. 5 and 8. 7. 

The enzyme was dialyzed against tris -HCl 

buffer at pH 7.4 for 16 hr. 



Table III. The activation of FDPase by 

chemically reduced ferredoxin and glutathione. 
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Inorganic phosphate liberated 

per mg of protein per 10 min 

{f!.moles) 

Complete a 

- Ferredoxin 

- Glutathione 

- FDPase 

- FDP 

1.26 

1.15 

1.17 

0.06 

0.06 

a. 50 flmoles of tris -HCl, 5 fLmoles of FDP 

flmoles of MgCl2, 5 fLmoles of EDTA, 200 fig 

'of reduced ferredoxin, 5 flmoles of glutathione 

{reduced), and 1 mg FDPase, in 1 ml final 

volume, pH 8. 7. 

The enzyme was dialyzed for 16 hr against 

the basic buffer at pH 7 .4. 

Effect of Sulfhydryl Reagents 

Glutathione was selected as the sulfhydryl 

reagent in this experiment. As seen from the 

data in Tables I, II, and III, sulfhydryl re

agents have a slight effect on the activity of 

the enzyme. This effect is comparable to 

that of ferredoxin, which shows that both re

agents merely protect the reduced sulfhydryl 

group of the enzyme from oxidation. We can 

also see that ferredoxin and glutathione have 

an additive effect. 

Effect of Magnesium Chloride 

The data provided by this study are in 

agreement with previously reported results, 

which show that magnesium is needed for 

FDPase activity. The enzyme shifts its pH 

optimum as the magnesium ion concentration 

changes. At magnesium.ion concentration of 

40 fl. moles/ ml, the optimum is 7. 5, and at 5 

flmoles/ml, the optimum pH is 8. 7. Also, 

the activity of the enzyme is much higher at 

pH 7.5 and 40 flmoles/ml of Mg++ than at pH 

8. 7 and 5 fLmoles/ml of Mg++. 

Effect of EDTA 

Ethylene diamine tetraacetic acid also 

has some activating effect on FDPase; this 

may of course be due to its protecting the 

enzyme from being inhibited by metal. 

Some of the pH Effects on the Enzyme FDPase 

Incubation of the enzyme FDPase at pH 9 

before the assays resulted in a lag period 

followed by an increase in enzyme activity 

with time. The pH of the assay mixture is 

8. 7, and one might not expect such a lag period 

upon preincubation at pH 9. If the enzyme is 

incubated at pH 7.4 before its introduction into 

the assay mixture of pH 8.7, the kinetic curve 

showed no lag period. These results might 

indicate some sort of association-dissocia

tion equilibrium which is connected with the 

activity of the enzyme, and which is influ

enced by changes in hydrogen ion concentra

tion. 
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. THE SYNTHESIS OF 1, 4-SUBSTITUTED IMIDAZOLES'~ 

Preston K. Martin, H. Randall Matthews, 

Henry Rapoport, and G. Thyagarajan 

A specific and unambiguous synthesis of 

1, 4-substituted imidazoles is described. 

a-Amino-j3-methylaminopropionic acid was 

cyclized in triethyl orthoformate with a cata

lytic amount of hydrochloric acid to 1-methyl-

2 -imidazoline -4-carboxylic acid, which was 

esterified and dehydrogenated, with use of 

active manganese dioxide, to methyl 1-methyl-

4-imidazolecarboxylate. This ester was 

further converted into several other 1, 4-sub

stituted imidazoles. The same procedure has 

been used to synthesize 1, 5-substituted imid

azoles; e. g., a-methylamino-j3-aminopropi

onic acid was cyclized, esterified, and de

hydrogenated under conditions similar to those 

for methyl 1-methyl- 5-imidazolecarboxylate. 

':'Abstract of paper published in J. Org. Chern. 

33, 3758 (1968). 

STEREOCHEMIE DER UMWANDLUNG VON DIHYDROTHEBAIN 

IN THEBAIN SYNTHESE VON MARKIERTEN THEBAINEN'~ 

U. Eppenberger, M. E. Warren, and H. Rapoport 

The complete stereochemistry of the 

b. 6 -dihydrothe baine -+ 7-bromodihydrocodei

none dimethyl ketal _.. codeinone dimethyl 

ketal _.. thebaine sequence of transformations 

has been elucidated by NMR studies of the 

isotopically labeled compounds prepared by 

using diimide-d2 , methyl hypobromite

[14C], and methyl hypobromite-d
3

. Final 

elimination of methanol from codeinone di-

methyl ketal proceeds in a stereospecific 

manner: cis under acid catalysis with 

POC13' and trans under alkaline catalysis 

with EtO-. As a result of these reactions, 

variously isotopically labeled thebaines can 

be prepared. 

·~ Abstract of paper published in Helv. Chim. 

Acta 2!.• 381 (1968). 
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COMPETITIVE HYBRIDIZATION TO DETECT RNA SPECIES IN BRAIN 

INDUCED THROUGH TRAINING 

Kern von Hungen 

There is now considerable circumstantial 
. 1-3 4,5 

evidence to implicate protem and RNA 

synthesis in memory consolidation, and one is 

encouraged to assume the working hypothesis 

that neurons operate during learning by the 

same basic cellular mechanisms as are be

lieved to be involved in cellular development 

and differentiation. That is, electrical stimuli 

reaching the brain act through inducer sub

stances to derepress genes, giving rise to 

messenger RNA molecules which effect the 

synthesis of proteins which, acting as enzymes 

or structural units, alter the electrical cir

cuitry of the brain. Such a derepression 
6 

model has been advocated by Bonner, who 

suggested that testing it should be relatively 

simple. Since these new RNA molecules 

would be gene products and present in learning 

animals, but not in nonlearning animals, it 

should be possible to pulse label them and de

tect them by competitive hybridization experi

ments. 

Messenger RNA molecules are synthesized 

in cell nuclei on DNA so that they have base 

sequences complementary to those of the DNA 

segments coding for those RNA molecules. 

Hybridization refers to the in vitro recombi

nation of isolated nucleic acids with comple

mentary base sequences. 

The extent of RNA-DNA hybridization is 

usually measured by radioactive labeling of 

the RNA and determination of the fraction of 

the radioactivity that becomes attached to the 

DNA when the two are incubated together. In 

competitive hybridization, nonlabeled RNA is 

added to the labeled RNA, or hybridized with 

the DNA before the labeled RNA, and the 

amount of base sequence identity between the 

RNA's is estimated by the extent to which the 

nonlabeled RNA competes for the sites to 

which the labeled RNA would hybridize. 

The "detection of an RNA species unique 

to a behavioral task" by competitive hybridi

zation has recently been reported by Machlus 

and Gaito. 
7

' 8 
In their experiment, they iso

lated DNA and RNA from the brains of trained 

and naive rats. They divided brains in half, 

and used one portion for DNA isolation and the 

other for RNA isolation. For labeled RNA, 

animals were sacrificed 90 minutes after 

intracranial injection of 200 flCi of 
3
H-orotic 

acid. Animals to be trained were placed in a 

training box 60 min after injection (unlabeled 

animals were injected with unlabeled orotic 

acid). After 15 minutes of adaptation to the 

training apparatus, they were given 15 minutes 

of shock avoidance training. Fifty flg of DNA 

was hybridized for 12 hours with 50 fig of 

competitor RNA and then 12 hours with 50 flg 

of labeled testor RNA. Hybridization was 

carried out by the method of Gillespie and 

Spiegelman. 9 The essential data are the fol

lowing: 
Labeled RNA 

hybridized 
(o/o) 

3.10±0.24 

1.40±0.21 

0 ± 0 



Subscripts L and NL refer to DNA or RNA 

from learning and nonlearning animals re

spectively; ·~means RNA is labeled. 

Preincubation of DNA with RNA from 

nonlearning animals inhibited hybridization 

of the DNA with labeled RNA from learning 

animals 55o/o, while preincubation with RNA 

from learning animals inhibited hybridization 

with labeled RNA from nonlearning animals 

100o/o. Since RNANL did not mask all the 

DNA sites for hybridization with comple-

·~ mentary RNAL, it was inferred that new 

species of RNA were present in the RNA 

from the trained animals. The fact that 

RNA fro:r:n learning animals (RNAL) masked 

all the sites for RNA from nonlearning ani-
~:c 

mals (RNANL) was considered additional sup-

port for this view, 

Most researchers interested in molecular 

mechanisms in the brain as related to learning 

are not experienced with the technique of com

petitive hybridization, and may have some dif

ficulty in evaluating these results. Because 

of the fundamental importance of this type of 

experiment to our understanding of molecular 

brain mechanisms, I have attempted tore

produce these results, and provide further 

controls on the method. The discussion sec

tion refers to a number of other articles rele

vant to the interpretation of competitive hy

bridization data. 

Methods 

Labeling 

Sprague -Dawley male rats, 200 to 250 

grams, were used in all experiments. The 

rats were injected intraventricularly with 40 

JJ.Ci 
3
H-uridine in physiological saline, 20 J.Ll 

on each side. Unlabeled animals were in

jected with the same volume of physiological 

saline. 

Training 

Rats were put in the training apparatus 

60 min after injection, and, after 15 min of 
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adaptation to the apparatus, were trained 

for 15 min. Shock avoidance training con

sisted of teaching the rats to run from a 

dark box (for which they have a natural pref

erence) through an opening into a lighted box. 

If the animal did not escape to the lighted box 

within 10 sec of being placed in the dark box, 

a bell was sounded for 2 sec followed by a 

shock for 2 sec; the bell and shock were re

peated every 10 sec until the animal escaped 

to the lighted box, where it was allowed to 

remain until the next trial. For each trial 

the animal was returned to the dark box, and 

the escape latency recorded. All trained 

animals received 15 trials in 15 min. Rats 

were sacrificed, immediately after training, 

by decapitation. 

Nucleic Acid Isolation 

DNA was isolated by the method of 

Marmur 
10 

from a crude nuclear fraction 

from rat liver. The rats were starved for 

24 hr before sacrifice for DNA isolation, and 

a pronase step was included in the procedure 

immediately following the RNase step. 

The standard procedure used for RNA 

isolation was as follows: A 10o/o homogenate 

of total brain, including cerebellum and olfac

tory bulbs, was made in cold 0.5o/o naphthalene 

disulfonate containing bentonite. (Less than 

1 min elapsed between decapitation and homog

enization. ) This was extracted immediately 

with an equal volume of phenol II (phenol, 

water, m-cresol, and 8-hydroxyquinoline, 

500:55:70:0.5) at 6o•c for 15 min. The solu

tion was rapidly and thoroughly chilled on ice 

and centrifuged in the Spinco SW -25 rotor at 

20 000 rpm for 5 min. The aqueous layer was 

added to 1/10 volume of 1% sodium dodecyl

sulfate (SDS) plus bentonite. The mixture was 

reextracted at room temperature for 5 min 

and chilled and centrifuged as before, once 

with phenol II and once with chloroform. SDS 

and bentonite were added to each aqueous 
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layer except the last. The final aqueous layer 

was made 0.1 M NaCl, 2 volumes of ethanol 

were added, and the RNA was precipitated 

overnight at -20 oc. The RNA was collected 

by centrifuging at 1 000 g for 10 min, dis

solved in water, and reprecipitated with 

NaCl and ethanol. The typical yield of RNA 

was approximately 2.0 mg per brain, based 

on the optical density at 260 mtJ. (1 mg = 25 

OD units). 

Hybridization 

Hybridization was carried out by the 

method of Gillespie and Spiegelman. 9 DNA 

was immobilized on nitrocellulose mem

branes which, after being dried, were incu

bated with RNA in 1 ml of 6 X SSC (1 X SSC 

= 0.15 M sodium chloride, 0.015 M sodium 

citrate, pH 7.0) at 66°C in scintillation vials. 

In competition experiments membranes were 

hybridized for 12 hr with competitor RNA, 

after which time testor RNA was added and 

the hybridization continued for another 12 hr. 

For determination of total hybrid, membranes 

at the conclusion of hybridization were rinsed 

in three washes of 2 X SSC, dried, and the 

radioactivity remaining on the membranes de

termined by scintillation counting. For the 

determination of RNase-resistant hybrid, 

membranes were incubated with pancreatic 

RNase (previously heated to 95°C for 10 min) 

for 1 hr at room temperature at a concentra

tion of 20 tJ.g/ml. The activity on membranes 

containing no DNA that were incubated with 

.labeled RNA and then washed as usual was 

indistinguishable from background. Input 

activities were determined by applying 50 tJ.g 

of RNA directly onto a membrane, drying the 

membrane, and counting. 

Results 

Learning is clearly evident with the 

training procedure used in these experiments. 

Figure 1 shows that the rats on the average 

learn to escape without receiving a shock 
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Fig. 1. Learning curves for trained rats. 
Escape latency is the time taken for the 
animal on each trial to run into the 
lighted box after being placed in the 
dark box. Average of four unlabeled 
rats, o ; average of six labeled rats, 
!::.. 

after about five trials. After about 10 trials 

they run immediately from the dark box to 

the lighted box. 

All possible combinations of competitor 

and testor are represented in Table I. Naive 

and trained RNA can be compared as com

petitor, A versus B, or as testor, A versus 

C. In the first case, competition should be 

greater in B than in A if induction has taken 

place, since the trained competitor in B will 

have species in common with the testor which 

are absent in A~ In the second case, com

petition should be greater inC than A, since 

in C, as in B, the composition of the com

petitor and testor should be identical. C and 

Table I. Possible combinations of competitor 

and testor RNA. 

ComEetitor Testor Examined 

A naive trained M &: G; here; Table II 

B trained trained here: Table II, Fig. 2 

c naive naive here: Table II 

D trained naive M&: G; here: Fig. 2 



D need not be compared, since in both of 

these the competitor should contain all the 

species present in the testor. 

Machlus and Gaito have looked at A and D. 
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From the lack of complete competition in A, 

they inferred that new RNA species were pres

ent in the RNA from the brains of the trained 

animals. They did not look at B or (what 

would have been preferable) C as a control. 

Our data with B and C, and the data of others 

to be discussed later, indicate that complete 

competition should not have been expected. 

With D they observed complete competition, 

no activity on the membranes after hybridiza

tion with testor. We observe with D--using 

the same amounts of DNA, competitor RNA, 

and testor RNA as Machlus and Gaito used-

the same level of competition as we do in A, 

B, and C, about 35o/o. 

The results of our experiments com

paring RNA from trained and naive rats as 

competitor and testor are shown in Table II. 

In the first three pairs of data, we see the 

results when various amounts of RNA, pre

pared individually from four trained and 

four naive rats, are tested for their effective

ness as competitor in the hybridization of 

pooled, labeled RNA from four trained rats. 

The figures for percent inhibition are the 

average of four determinations, using com

petitor RNA from four different rats. Per

cent inhibition, which indicates the extent of 

Table II. Comparison of RNA from trained and naive rats as 
comEetitor and testor. 

Competitor Testor Inhibition± S. D. 
(~o) 

A RNAN (10 f.Lg) * RNAT (50 f.Lg) Z8.Z ± Z.4 
1,Z,3,4 4P 

B RNAT (10 f.Lg) - RNAT'~ (50 f.Lg) 18.Z ± 1Z.6 
1,Z,3,4 4P 

A RNAN (50 f.Lg) - RNAT * (50 f.Lg) 35.8± 4.8 
1,Z,3,4 4P 

B RNAT (50 f.Lg) - RNAT* (50 f.Lg) 38.0 ± Z.3 
1,Z,3,4 4P 

(ZOO f.Lg) 
~:c 

(50 f.Lg) 54.0 ± A RNAN - RNAT 8.3 
1, Z, 3, 4 4P 

RNAT (ZOO f.Lg) * (50 f.Lg) 58.5 ± 3.4 B - RNAT 
1, Z, 3, 4 4P 

A RNAN (50 f.Lg) - RNAT '~ (50 f.Lg) 3Z. 7 ± 4.9 
1,Z,3,4 1,Z,3,4 

c RNAN (50 f.Lg) RNAN 
>!>:: 

(50 f.Lg) 36.8± 3.1 -
i,Z,3,4 1,Z,3,4 

The first three pairs compare 10, 50, and ZOO f.Lg of competitor 
from trained and naive rats for their efficiencies in inhibiting 
subsequent hybridization with testor RNA from trained rats. 
The numerical subscripts on the competitor refer to RNA from 
individual rats. The testor is RNA pooled from four trained rats; 
label is indicated by *. Each percent inhibition is the average of 
four with its standard deviation. The fourth pair compares trained 
and naive testor after hybridization with naive competitor. Each 
percent inhibition is from :i6 determinations. 



competition, is calculated from the level of 

hybridization of testor when no competitor 

was' present during the preincubation period. 

The specific activity of testor RNA was about 

30 cpm/f.Lg, a.nd the level of hybridization 

without competitor was about 2. 5o/o for total 

hybrid and 1.00/o for RNase-resistant hybrid. 

The inhibition levels in Table II were calcu

lated from total hybrid, because the activity 

in RNase-resistant hybrid was so low. No 

statistically significant difference between 

the trained and naive RNA is observed. In 

the case in which only 10 f.Lg of competitor 

was used, in which the difference was the 

largest, it was both not significant and in the 

wrong direction. It should be noted that even 

with 200 f.Lg of competitor only about 55o/o in

hibition was observed. 
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In the fourth pair of data in Table II, 

trained and naive RNA are compared as testor. 

New RNA was prepared for this experiment. 

Competitor RNA from each of four naive rats 

was tested against testor from each of four 

trained and four naive rats, so that each 

entry for percent inhibition is the average of 

16 determinations. In this experiment, as in 

the first experiment, no difference between 

trained and naive RNA was observed. The 

competition levels were the same as in that 

part of the first experiment in which the same 

amount of competitor was used. 

The basic conflict between our data and 

those of Machlus, and Gaito is in the extent of 

competition exhibited by RNA from trained 

rats, D in Table I. To examine further the 

question of how much competition should be 

expected, a third experiment was performed 

using various amounts of trained competitor 

and a fixed amount of testor. Figure 2 shows 

the results of this experiment. Each point is 

the average of duplicate determinations. 

Fluctuation in the data is considerable, but 

it is clear that there is only about 50o/o in

hibition with 200 f.Lg of competitor. The 

figure also shows that inhibition levels can 

be calculated equally well from total or 

RNase-resistanthybrid. The inhibition 

levels in this experiment ,are comparable 

to those in the table, although the inhibition 

With small amounts of competitor is a little 

less here. 
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Compel it or RNA ( J-l-9) 
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Fig. 2. Nitrocellulose membranes loaded 
with 50 f.Lg of DNA were hybridized for 
12 hr with various am<;>Unts of unlabeled 
competitor RNA, after which 50 f.Lg of 
labeled testor RNA was added and the 
hybridization continued for 12 hr more. 
The results are expressed as percent 
of control, the level of hybridization of 
testor when no competitor was added. 
In the first experiment, in which 
RNase -resistant hybrid was measured, 
the competitor was pooled RNA from 
the brains of four trained rats, and the 
testor was pooled RNA from the brains 
of four naive rats, !:. • In the second 
experiment both RNase-resistant, 0, 
and total,o, hybrid were determined; 
the competitor was the same as in the 
first experiment, ana the testor was 
pooled RNA from the brains of four 
trained rats. 



Two of the factors which help explain why 

complete inhibition is not achieved can be ap

preciated from the data in Figs. 3 and 4. In

creasing amounts of labeled RNA were hy

bridized for 12 hours with 50 tJ.g of DNA. In 

the region of 50 to 200 tJ.g of RNA there is a 

nearly linear increase in the amount of hybrid 

formed (Fig. 3 ). This means that in this 

region the DNA sites complementary to the 

labeled RNA are not saturated, and hence 

complete inhibition in the competition experi

ments could not be expected. Figure 4 shows 

the effect of increasing the duration of the hy

bridization. There is an increase in the extent 

of hybridization when the incubation is extended 

to 24 and 36 hr, indicating that the reaction 

had not gone to completion after 12 hr, and, 

again, saturation was not achieved with the 

12-hr incubation. In all these experiments 

RNase -resistant hybrid was about 40o/o of the 

total hybrid. 

100 

cpm 

50 

50 100 150 200 

RNA (f-Lgl 

XBL696-3039 

Fig. 3. The relationSihip between the amount 
of labeled RNA input and the amount of 
RNase -resistant, A, and total, o, hybrid 
formed after 12 hr of hybridization. The 
specific activity of the RNA was 30 cpm/ tJ.g. 
Membranes were loaded with 50 fl.g of DNA. 

Discussion 

The results in this report have failed to 

show any differences between the hybridiza

tion characteristics of RNA extracted from 

the brains of trained and naive rats. This 
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Fig. 4. The effect of the duration of hy
bridization on the percentage of input 
forming RNase -resistant, A, and 
total, o, hybrid. The input was 50 tJ.g 
of RNA, 30 cpm/tJ.g. Membranes were 
loaded with 50 tJ.g of DNA. 

does not mean, of course, that new RNA 

species are not synthesized in the brain as 

a result of training; it means only that the 

method used could not detect such species if 

they exist. We should not discard the idea 

that learning may be associated with the in

duction of RNA synthesis. In fact, we know 

that prolonged exposure of rats to an enriched 

environment results in "growth" in certain 

areas of the brain. 
11 

While this is probably 

not directly related to learning, it does dem

onstrate an environmental (or behavioral) 

stimulation of macromolecular synthesis in 

the brain. 

Let us look at the systems in which hy

bridization has been used to detect induction 

or differences in RNA populations, and then 

examine in more detail the characteristics of 

various hybridization systems in order to eval

uate the potential use of this technique for 

studying the relationship between learning and 

macromolecular metabolism in the brain. 

In the early days of the messenger RNA 

theory, hybridization was used in elegant ex

periments by Attardi et al. 
12 

and Hayashi 

et al. 
13 

to demonstrate the induction of 



specific messenger RNA's by inducer sub

stances. Special techniques were used in 

these bacterial systems to increase greatly 

the sensitivity of the method. For instance, 
11 nonrelevant" m-RNA was removed by hy

bridization with DNA from mutants lacking 

the genes under study, and the relative con

centration of the DNA segment carrying the 

genes under study was increased by using 

DNA from transducing phages such as >-dg in 

which specific bacterial genes were incorpo

rated into the episome by recombination. Also 

in this work very high specific activities were 

used. These special techniques cannot be 

used with higher organisms. 
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It has, however, been possible to dem

onstrate differences in the RNA's synthesized 

by animal cells during periods of major altera

tion of structure or function. Competitive hy

bridization has been used by Denis 14• 1S to 

study the release of genetic information during 

amphibian development. He found that some 

DNA sites which were active in RNA synthesis 

at the gastrula stage continued to be active 

during later development, whereas others 

seemed to be no longer active. As the embryo 

developed, stable molecules formed an in

creasing portion of the total population of 

messenger RNA. Similar studies were con-
16, 17 

ducted by Church and McCarthy on re-

generating and embryonic mouse liver. 

Liver regeneration appeared to be partly 

mediated by short-lived RNA molecules, the 

synthesis of which commences rapidly after 

partial hepatectomy and ceases at various 

times during the regenerative process. The 

new species of RNA whichappeared in re

sponse to partial hepatectomy were compared 

with those associated with rapid cell prolifera.:. 

tion in embryonic liver. Since embryonic 

liver RNA was an efficient competitor for 

early regenerating liver RNA, it was concluded 

~hat much of the characteristic regenerating 

liver RNA was the result of reactivation of 

genes active in liver development but re

pressed in adult liver. 
18 Drews and Brawerman have reported 

that cortisol (hydrocortone) causes the ap

pearance of new species of messenger RNA 

both in normal and in regenerating rat liver. 

The administration of cortisol led to a two

to threefold increase in the labeling of nu

clear RNA, and affected ribosomal and mes

senger RNA to about the same extent. The 

methods in that work were similar to those 

used in the work presented here. The hy

bridization of 20 f.Lg of DNA with 20 f.Lg of 

nuclear RNA testor from normal animals was 

inhibited 90o/o when conducted in the presence 

of 200 f.Lg of nuclear RNA from normal ani

mals, but only about 600fo inhibition was ob-
'· 

served when the testor was from cortisol

treated animals. Competitor from cortisol

stimulated rats inhibited hybridization with 

testor from normal and cortisol-stimulated 

animals to the s arne extent, about 7 So/a • No 

differences were observed between normal 

and regenerating liver 24 hr after partial 

hepatectomy. The 200 f.Lg of nuclear RNA 

competitor is effectively 10 times as much 

RNA as our 200 f.Lg of total cellular RNA, 

since only about SOfa of the latter is nuclear 

RNA. Later, using the same method, those 

authors were unable to find any such effects 

with growth hormone. 19 From similar 

studies, Gupta and Talwar
20 

also concluded 

that although growth hormone stimulates the 

rate of RNA synthesis in the liver of hypophy

sectomized rats, it does not induce the syn

thesis of new RNA species to an extent de

tectable by their methods. Wyatt and Tata 
21 

reported that growth hormone and tri-iodo

thyronine stimulated nonhybridizing RNA 

more than hybridizing RNA. This was inter

preted as reflecting preferential synthesis of 

ribosomal RNA in response to these hormones. 



Competitive hybridization has also been used 

by Neiman and Henry
22 

to demonstrate the 

presence, in human chronic lymphocytic 

leukemia lymphocytes, of RNA species not 

present in normal lymphocytes. 
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The articles referred to above are the 

major reports of the detection of altered popu

lations of cellular RNA by competitive hybrid

ization. Now let us look at some of the details 

of hybridization. One should recognize the 

following as important questions about a hy

bridization system: What kinds of RNA hybrid

ize and to what extent? What kinds of RNA are 

labeled and to what extent? What levels of 

hybridization should one thus expect? How 

much RNA is required to saturate DNA gene 

sites? What is the difference between pre

incubating competitor with DNA and adding it 

simultaneously with the testor? How specific 

is hybridization? 

It has been shown by McCarthy and 
23 

Hoyer that, as far as can be determined by 

hybridization, DNA from different tissues of 

an animal is identical. The base composition 

and amount of DNA per diploid nucleus from 

different tissues is also identical. One can 

thus use DNA from brain, liver, or kidney 

eq.ially well for studying the hybridization 

characteristics of brain RNA. Virtually all 

RNA in animal cells is synthesized in the 

nuclei; a small amount is synthesized in 

mitochondria. A short time after pulse 

labeling, incorporated activity is .localized in 

the nuclei. Thereafter, messenger, ribo

somal, and transfer RNA migrate out into the 

cytoplasm. Not all the RNA is transferred 

to the cytoplasm, however. Shearer and 

McCarthy
24 

have found that approximately 

800/o of the RNA synthesized in the nucleus 

never leaves the nucleus; this RNA turns 

over very rapidly. The extent to which RNA 

species are labeled with a pulse label depends 

on their turnover rates. For example, only 

\ 

a small fraction of the ribosomal RNA mole· 

cules, which constitute 70 or 80o/o of the cellu

lar RNA and have a half-life of about 12 days 

in brain, 
25 • 26 would be labeled shortly after 

a pulse, whereas the specific activity of spe

cific messenger RNA's with a much shorter 

half-life and constituting very small popula

tions of molecules would be much higher. 

Those familiar with the kinetics of brain RNA 

metabolism will realize that RNA isolated 

after 90 min incorporation (as in the experi

ments presented here) has most of the activity 

in ribosomal and transfer RNA; this can be 

seen from the similarity of the optical density 

and activity profiles when the RNA is run on 

sucrose density gradients. In spite of this, 

these species contribute negligibly to the ob

served hybridization, because of their low 

specific activity and genome representation. 

Other types of RNA, namely cytoplasmic 

messenger and nuclear RNA, although perhaps 

containing less of the total activity, are re

sponsible for almost all the observed hybrid, 

because of their greater genome representa

tion and the higher specific activities of some 

of their species. The greater genome repre

sentation of these types of RNA is reflected 

by their DNA-like base composition. The 

level of hybridization one can obtain depends 

on what fraction of the input label is in RNA 

species that hybridize efficiently. With long 

labeling times most of the activity will be in 

ribosomal and transfer RNA and only very low 

levels of hybridization will be observed. In 

various cellular systems with short incorpora

tion times, hybridization levels from 1 to So/o 

for RNase-resistant hybrid are typically ob-

d 18, 20-22 1 f 1 h b "d serve ; leve s or tota y r1 are 

consistently 2 to 3 times those for RNase-
. hb "d 21,27,28 M C h 24 d res1stant y n . c art y an 

29 Bondy, among others, do not use the RNase 

treatment. Some of the variation between 

levels of hybridization reported by different 



groups can be attributed to differences in the 

way the input activity is determined; other 

experimental variables, of course, also con

tribute to this variation. Most workers have 

found that under the usual conditions of incu

bation the maximum level of hybridization is 
16 29 30 reached after about 18 hr, ' ' although 

others find longer incubation times neces

sary. 
28 

Lowering the RNA/DNA ratio in

creases the percentage of the labeled input 

that hybridizes, but this requires high specific 

activities of RNA for the detection of the hy

brid. Virtually complete hybridization can 

be obtained in bacterial systems at very low 

RNA/DNA ratios. 
31 • 32 

Ribosomal RNA from 

rat brain has been found by Stevenin et al. 30 

to saturate the DNA sites coding for it at a 

RNA/DNA of about 1/5. The sites formes

senger RNA began to become saturated at a 

RNA/DNA ratio of about 25/1. The higher 

levels of hybridization at low RNA/DNA ratios 

is due to the more complete hybridization of 

ribosomal RNA and other RNA's with rela

tively low genome representation, some of 

which may be messenger RNA species. 

Other workers have failed to obtain satura

tion plateaus with nuclear RNA at RNA/DNA 

ratios as high as 200/1. 21 • 28 The data of 

Stevenin et al. indicate that 0.15"/o of the DNA 

genome codes for ribosomal RNA; this 

amounts to about 6 000 cistrons. About 1.2"/o 

of the genome codes for messenger RNA in 

adult rat brain, or 50 000 to 500 000 cistrons. 

One can avciid the problem of differential 

labeling of RNA species with different turn

over rates by labeling all species of RNA 

equally, either by chronic application of label 

or by labeling the isolated RNA with labeled 

dimethyl sulfate, 33 but usually one is inter

ested in having labeled only the molecules 

synthesized during a given short period of 

time. 
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It is becoming generally recognized 

among workers using hybridization that the 

formation of hybrids does not require absolute 

complementarity of base sequence by the two 

t . . t• d 22 • 34 F d ·1 par 1c1pa 1ng stran s. rom eta1 ed 

analysis of the kinetics of DNA-DNA hybrid 

formation, Britten and Kohne 35 have shown 

that there are hundreds of thousands of copies 

of DNA sequences in the genome of higher ani

mals. There appears to be some mechanism 

which from time to time extensively redupli

cates certain segments of DNA. During evo

lution the repeated DNA sequences apparently 

change slowly and thus diverge from each 

other, resulting in many families of nearly 

identical sequences in the genome. It is 

estimated that these families comprise more 

than 30"/o of the base sequences in mammalian 

DNA. This may explain the relatively low 

levels of hybridization obtained with mam

malian RNA. It may be that only the products 

of these families of cistrons hybridize to an 

appreciable extent. How nearly identical 

sequences have to be to form hybrids is dif

ficult to evaluate, and varies with the experi-
34 

mental conditions. Church and· Me Carthy 

suggest that the hybridization assay with 

mammalian nucleic acids might better be 

viewed as a chromatographic system in which 

there are a great number of different adsorp

tion sites than as one in which specific cis

trons are titrated with their own gene products. 

The specificity of adsorption is limited, and 

and similar but different RNA molecules may 

well be indistinguishable. Thus, in competi

tion experiments, observed differences must 

reflect real differences, although failure to 

dis criminate does not prove identity. 

The specificity of competition has also 

been questioned by Birnboim et al. 
28 

They 

reported that they were unable to obtain com

petition when DNA-loaded membranes were 



prehybridized with large amounts of com

petitor and then hybridized with testor in an

other vial after the membranes had been 

washed. If testor was added to th~· competi

tor after prehybridization, the same amount 

of competition was observed as when the two 

were added together without any prehybridiza

tion. Riggsby and Merriam
36 

found, however, 

that competition could be demonstrated by the 

prehybridization method if saturating amounts 

of testor were used. In simultaneous incuba

tion competition studies, Neiman and Henry22 

found that large amounts of heterologous ani

mal cell RNA interrupted hybrid formation in 

excess of the probable sequence similarity of 

the competing polyribonucleotides. They sug

gested that this nonspecific interference may 

have led to overestimates of the degree of 

similarity of the competing RNA's in some 

studies. 

These considerations should make it 

clear that it is not simple to test whether in

duction is involved in learning by using com

petitive hybridization. Only a relatively 

small number of brain cells need be involved 

in learning any particular task or fact, and 

the same RNA species induced in these cells 

could be present and turning over in large 

numbers in other cells which are simply 

maintaining their induced state. We should 

not expect a large effect in the hybridiza

bility of the total cellular RNA even if in

duction does take place. One should be 

cautious in accepting the results of Machlus 

and Gaito as demonstrating the induction of an 

RNA species unique to a behavioral task; the 

data in the report presented here and those of 

others cast doubt upon their observed level of 

competition by total cellular brain RNA from 

trained animals. This discussion should not 

be construed as arguing that it will be impos

sible to detect new species of RNA induced 

through training by competitive hybridization. 
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A reproducible, demonstrable difference in 

the RNA populations in the brains of trained 

and naive animals would be highly significant, 

and the sensitivity of the technique could be in

creased over that in this work in various ways, 

such as using only RNA from specific brain 

regions, using fractionated RNA, using larger 

amounts of competitor and testor, etc. This 

discussion should, however, have clarified 

s orne of the limitations of the method. 

Other possible macromolecular control 

mechanisms besides induction could be opera

tive in memory consolidation. Protein synthe

sis could be regulated at the level of transla

tion. The fact that so much RNA synthesized 

in the nucleus is broken down without leaving 

the nucleus has suggested to several workers 

h 1 h . 34, 37., 38 Th" anot er contro mec an1sm. 1s 

may be potential messenger, which is ex

pressed only if it can escape into the cyto

plasm. It should be stressed that one cannot 

equate rapidly labeled, DNA-like RNA with 

functional messenger RNA, as many have 

done in the past. Brain messenger RNA can 

be isolated from polysomes, 39 and hybridi

zation experiments with this RNA hold more 

promise than those using total cellular RNA. 

In spite of the conviction of most biochemists 

who have considered the question, it is also 

possible that RNA and protein biosynthesis 

have nothing directly to do with learning. 

Summary 

An attempt is made to reproduce the re

sults of a report in the literature of the de

tection by competitive hybridization of an 

RNA species unique to a behavioral task. The 

data from attempts to replicate this experi

ment and from experiments to characterize 

further the hybridization system suggest that 

the method is not sufficiently sensitive to de

teet such species if they exist. Hybridization 

of mammalian RNA in general is discussed. 
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PRELIMINARY INVESTIGATION OF PARAMETERS FOR USE OF 

SOME ANTIBIOTICS IN INHIBITION OF 

PROTEIN SYNTHESIS 

Ann·E. Orme and Edward L. Bennett 

Several investigators have used antibiotics 

to inhibit various steps in protein synthesis to 

see what effects this inhibition may have in 

learning or memory or both. Barondes and 

Cohen found that a dose of cycloheximide or 

acetoxycycloheximide which inhibited 90o/o of 

cerebral protein synthesis did not impair the 

mouse's ability to learn either a shock-escape 

task or a water-reinforcement task when given 

before or shortly after the learning task. 
1

• 
2 

In addition, the mice "remembered" their 

training if tested 3 hr later, but showed defi

nite loss of memory if tested at 64 hr, 24 hr, 

or 7 days. Other workers have used different 

drugs. Agranoff ~ al. used puromycin to pro

duce memory loss in a shock avoidance task in 

goldfish. 
3 

Experiments using specific inhibitors of 

protein synthesis could add significant infor

mation to the study of brain biochemistry, so 

preliminary work was begun this past summer 

by Shapiro and Bennett 4 to test the training and 

testing criteria that have been reported by 

Barondes and Cohen. 
1 

Since that time acetoxy

cycloheximide has become unavailable, so we 

hoped to find other commerically available 

antibiotics that would be as successful as 

ace toxyc yc loheximide. 

The work reported here was done to deter

mine the parameters ·of dose and time to pro-

duce a high degree of protein synthesis inhibi

tion using cycloheximide and pactamycin. 

Materials and Methods 

Male Swiss albino mice, estimated weight 

30 g, and Sprague-Dawley rats, approximately 

150 to 200 g, were obtained from Bio-Sciences 

Laboratories, Oakland; DBA/2J mice were 

obtained from Jackson Laboratories, Bar 

Harbor, Maine. A sample of pactamycin was 

obtained as a gift from Upjohn Co. Cyclohex

imide was purchased from Cal Biochem under 

the trade name of Acti-dione. A small sample 

of acetoxycycloheximide remained from pre

vious experiments. L-Valine-U -
14c was pur

chased from Cal Biochem ( sp. act. 175 mCi/ 

mmole)and from New England Nuclear ( sp. act. 

199 mCi/mmole). 

We attempted to replicate, at least in part, 

the methods described by Barondes and 

Cohen. 
1

• 
5 

Both drug and valine -
14c (either 

4 or 5 fJ.Ci per animal) were injected subcuta

neously on the back of the animal. At an ap

propriate time the animal was decapitated. 

The cortex was removed, weighed, frozen on 

dry ice, and stored in deep freezer for further 

work-up. The subcortex and liver were treated 

in a similar way. Each sample was homog

enized in sufficient 0.1 ~ NaOH to give a con

centration of 15 mg wet tissue/ml for liver and 
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20 mg/ml for the brain sections. (In later 

experiments with rats, the liver was put 

through a press and about 1 g of the paste 

weighed and homogenized.) Six ml of 12% 

trichloroacetic acid ( TCA) was added to a 2-ml 

aliquot to precipitate the protein. Two further 

washes, resuspensions, and centrifugations 

were used to remove free valine. One ml of 

Biosolv BSS-3 solubilizer (Beckman Instru

ments, Inc.) was added to the TCA precipitate, 

which was mixed and allowed to dissolve for 

at least 30 min. This mixture was then quanti

tatively transferred to scintillation counting 

vials with repeated aliquots of either dioxane

Fluor II scintillation fluid or Toluene-Fluor II 

scintillation fluid. One-ml aliquots of the first 

TCA supernatants were also counted by use of 

Dioxane -Fluor II scintillation fluid. 

Definition of Terms 

Graphs and tables are in terms of total 

drug time, which is the duration from injection 

of the drug to decapitation. In most experi-' 

t th 1. 14c . . . men s e va 1ne- 1ncorporatlon tlme has 

been standardized to 30 min. For example, 

in a "total cycloheximide time 11 of 240 min, 

the drug was injected at "0" time, valine was 

injected at 210 min, and decapitation was at 

240 min. 

The degree of incorporation was calculated 

by determining for each section the ratio of 

1. 14c . va 1ne- 1ncorporated into the precipitate to 

the total activity of valine -
14c found in the 

sample--that is, 

o/oP/P+S 

_ precipitate dpm ( P) 
precipitate (P) + supernatant (S) X 100. 

dpm dpm 

Values obtained from two control animals in-

. t d . h 1' 14 
Jec e w1t va 1ne- C were averaged and 

represent 100% incorporation. 

"o/o inhibition" = 100 

X ( 1 __ experimental incorporation o/oP/P+S)· 

ave. control incorporation o/oP /P+S 

Results 

In the first series of experiments, the 

effect of pactamycin, acetoxycycloheximide, 

and cycloheximide on protein synthesis was 

measured in mouse cortex. Table I shows the 

results. 

Table I. Effects of various substances on 
protein synthesis in mouse cortex. 

Dose Inhibition 
Drug a (mg/mouse) ( o/o) 

Ac etoxycyc loheximide 0.25 94 

Cycloheximide 0.72 85 

Pactamycin 0.125 63 

Pactamycin 0.0625 35 

a. Total dr~g time is 50 min. Five fl. Ci 
valine - 1 C incorporation time is 40 min. 

The 94% inhibition obtained by use of acetoxy

cycloheximide indicated that the procedures 

followed were satisfactory. In subsequent 

experiments, using pactamycin, we could not 

repeat inhibition levels of 63%. At best we 

found only 40o/o in the brain sections, with most 

values around 10%. In addition, we could not 

show increasing inhibition with increasing doses 

to a maximum of 0.375 mg/mouse. Liver sec

tions in these same mice did show increasing 

inhibition with dosage up to a maximum inhibi

tion of 70%. 

Table II shows a compilation of four ex

periments on mice; there were variables of 

both time and dose/mouse. From these data 

it can be seen that there is a rapid loss of in

hibition with time in all three tissues. The 

degrees of inhibition for longer times after 

administration of 2.5 mg/mouse are shown in 

Fig. 1. Increasing the dosage of cycloheximide 

has only a moderate effect on the duration of 

maximum inhibition, which lasts about 60 min 

with doses varying from 2.5 to 5 mglmouse. 

In general, the degree of inhibition is similar 

for liver and brain. The inhibition through 90 

min in DBA/2J mice injected with 4 mg of cyclo-
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heximide is similar to that obtained with Swiss 

mice. 

In another experiment with Swiss mice, the 

degree of inhibition of protein synthesis obtained 

by multiple injections of 1 to 2 mg/mouse, at 

90-min intervals, was compared with that 

obtained by a single dosage. The multiple in

jections were found to be no more effective. 

FQr example, after 6 hr, 65% inhibition was 

found when four injections of 2.1 mg had been 

given at 90-min intervals, whereas a single 

injection of 8.5 mg produced 75% inhibition. 

Table III is a similar compilation of our 

data from experiments in which Sprague -Dawley 

rats were used. The same loss in inhibition 

with time is noted in these animals, again with 

the same general pattern for all three tissues. 

One major difference between the two species 

is that the mouse is considerably more tolerant 

of cycloheximide, and a dose of 2.5 mg/mouse 

or 8. 3 mg/ 100 g is required to produce max;.. 

imum inhibition, whereas only 0.3mg/rat or 

0.15 mg/ 100 g will produce greater than 90% 

h . 8 h inhibition in the rat. Ot er expenments ave 

shown that doses greater than 1.0 mg will kill 

rats of 150-200 g size within 24-48 hr. 

Discussion 

d d C h 2, 6 . h Baron es an o en, us1ng t e same 

strain of mice that we use, found in cortical 
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tissue a loss of inhibition with time similar to 

that which we have noted. They have used this 

observation to set up experiments to separate 

"long term" memory from "short term" mem

ory. We found that liver sections also followed 

this same loss pattern. However, Traketellis 

~a1. 7 
observed a different pattern in C3H/HeJ 

mouse liver. The results from the three lab-
' oratories have been recalculated to the same 

scale, and are presented in Fig. 1. We did 

not observe the long-term inhibition reported 

by Traketellis et al. 

In the initial experiments .with pactamycin, 

the dose given was severely limited by its low 

solubility in H
2

0 at pH 7. However, pactamycin 

is very soluble in ethanol, and additional ex

periments are planned with higher dosages of 

pactamycin. Some preliminary data indicate 

that pactamycin is an effective inhibitor of 

live_r protein synth~sis in the rat and mou_se, 

but it appears to be less effective in brain. 

This contrasts with the data for cycloheximide, 

which inhibits equally in brain and liver. The 

pactamycin may enter the brain less readily 

than cycloheximide. 

Experiments are planned to test the effec

tiveness of cycloheximide and other inhibitors 

of protein synthesis in altering learning and 

memory in a number of behavioral tests. 

Fig. 1. Comparison of cycloheximide -initiated 
inhibition of protein synthesis from three 
laboratories. Subcutaneous injection in all 
cases. 
0-0 Recalculated data from Traketellis 

C3H/HeJ Mouse liver. 
Dose of 2. 7 mg/mouse. 

•-• Orme -Bennett data using Swiss albino 
mouse liver. 
Dose of 2.5 mg/mouse. 

A-A Orme-Bennett data using Swiss albino 
mouse brain. 
Dose of 2.5 mg/mouse. 

6.-6. Barondes-Cohen data from Swiss 
albino mouse cortex. 
Dose of 5.0 mg/mouse. 
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Table II. Effect of cycloheximide on inhibition of proten synthesis 
as a function of time and dose in Swiss albino mice. Heavy line 
denotes duration of maximum inhibition. 

Total 
cycloheximide Cycloheximide (mg/mouse) 

time (min) 0.5 1.0 2.0 2.5 4.0 5.0 6.0 8.0 
-- -- -- -

"/o Inhibition in cortex 

30 95 93 

45 63 75 72 94 92 93 93 

60 84 87 
1 

90 78 84 77 

120 67 74 88 

150 65 80 

240 58 61 64 

"/o Inhibition in subcortex 

30 95 94 

45 61 72 70 95 70 91 93 

60 84 
88 90 

90 76 83 68 

120 68 76 87 

150 80 62 

240 60 59 65 

"/o Inhibition in liver 

30 I_~·-- 80 

45 31 55 87 88 91 

60 68 72 

90 79 

120 68 72 86 

150 56 

240 64 53 62 
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Table III. Effect of cycloheximide on inhibition of protein synthesis 
as a function of time and dose in Sprague-Dawley rats. Heavy 
line denotes duration of maximum inhibition. 

Total 
cycloheximide Cycloheximide (mg/rat) 

time (min) 0.05 0.10 0.30 0.50 1.00 1.5 0 2.00 

o/o Inhibition in cortex 

30 94 

45 62 71 
91 93 95 94 92 77 

60 89 90 93 

90 83 74 92 

120 77 87 

180 75 66 

240 45 

o/o Inhibition in subcortex 

30 92 

45 63 
70 

90 
94 

95 94 93 74 88 
60 76 88 88 95 

90 80 84 94 

120 76 84 

180 73 45 

240 52 

o/o Inhibition in liver 

30 89 

45 49 
72 

91 92 94 94 94 
72 

60 74 90 84 94 

90 88 85 94 

120 80 82 

180 78 76 

240 67 
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ISOLEUCYL RNA SYNTHETASE FROM E. COLI 

Joyce Yueh Hsu 

A current, generalized picture of protein 

synthesis consists of the following steps: 

(a) activation of amino acids and formation of 

amino acyl-tRNA molecules, 

(b) formation of a competent complex between 

ribosomes and mRNA, 

(c) binding of amino acyl-tRNA to this com

plex, 

(d) formation of peptide bonds in the complex, 

(e) release of completed chains from the 

complex. 

An activating enzyme (amino acyl-RNA 

synthetase) is responsible for the specific acti

vation (reaction 1) and transfer (reaction 2) of 

one of the 20 amino acids with the formation of 

the amino acyl-tRNA molecule: 

Enz + ATP + AA
1 

= Enz-AA
1 

-AMP + PPi , 

1 1 
Enz-AA

1 
-AMP+ tRNA = AA

1 
- tRNA 

+ Enz +AMP. 

The overall picture. 

Enz + ATP + AA
1 

+ tRNA 
1 = AA 1 - tRNA 

1 

+ Enz + PP. +AMP. 
l 

This is a crucial step during protein syn

thesis, for as Chapeville etal. 
1 

have shown, 

once the appropriate amino acyl-tRNA has been 

formed, the only operative code is the anticodon 

on tRNA --i.e., there are no additional safe

guards assuring the rejection of the wrong 

amino acids. Therefore the consequence of any 

mistake made by the amino acyl-RNA synthet

ase would result in an amino acids being placed 

on an incorrect tRNA, and synthesis of a mu

tant protein would be inevitable. 

Procedures for the purification and some 

of the proper ties of a number of amino acyl-RNA 

synthetase s have appeared. In general, all 

these enzymes have a molecular weight of around 

100 000. Aside from the reaction of L-valine 

with the isoleucyl-RNA synthetase, and L

threonine with the valyl-RNA synthetase, all 

the enzymes so far isolated either from 

Escherichia coli or from yeast show high spec

ficity for a single amino acid. 

2 
Berg et al. demonstrated that the isoleu-

cyl-RNA synthetase could activate valine but did 

not successfully transfer it to tRNA. 

Similar results were also found by Area 

et al. 
3 

when they worked with preparations from 

a thermophilic organism, Bacillus stearother

mophilus, at so•. However, when they in

creased the temperature to 70 • they found that 

the isoleucyl-tRNA formation underwent a rapid 

decline, and that there was almost no forma

tion at so•. On the other hand, while there 

was little or no formation of valyl-tRNA at 

from so• to 60•. its formation increased sharply 

between 6s• and so• (Fig. 1). They suggested 

that above 70" some conformational change 

takes place in the tRNA or in the enzyme, re

suiting in loss of ability to to transfer isoleu

cine and gain of ability to transfer valine. 

On the basis of this previous knowledge, 

it would seem interesting to investigate the 

question whether isoleucyl-RNA synthetase 

from~ coli could undergo a directional change 

in specificity under various environmental con

ditions -- e. g., temperature, pH, and concen

tration of potassium ion, sodium ion, magne

sium ion, calcium ion, etc. 
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Fig. 1. Effect of temperature o_n the forma
tion of 14c -valyl-tRNA ( o - o) and 14c
isoleucyl-tRNA (X -X) by purified isoleucyl
tRNA synthetase from~ stearothermophilus 
(Ref. 3). 

Assay Methods 

Two assay methods were used: 

(a) based on the activation of the amino acid, 

an amino-acid-dependent ATP-P32 P. exchange 
1 

reaction, 

Enz + ATP + AA
1 

= Enz-AA
1 

-AMP+ PPi; 

one unit of activity is defined as the incorpora

tion of 1 flomole of P
32

P. into ATP in 15 min at 
1 

37•. 

(b) Based on the rate of formation of amino-
14 

acyl-C tRNA, 

Enz + ATP + AA
1 

+ tRNA 1 

= AA1 -tRNA 
1 

+ Enz + PP. + AMP· 
1 ' 

one unit of enzyme is equivalent to the forma-

tion of 1 mjJ.mole of aminoacyl-tRNA in 10 min 

at 37 •. 

Isolation Procedure 

The purification procedure included six 

major steps: 

Crude extract. E. coli B late log cells were 

softened in phosphate buffer and homogenized 

by blending in a Waring Blendor with glass 

beads (200 fJ. diameter). 

Autolysis. The crude extract was incu

bated at 37°C for 6-8 hr in order to promote 

the autodigestion of the bulk of the nucleic acid 

in the extract. 

Ammonium sulfate fractionation. 2 7"/o w /v 

of enzyme grade ammonium sulfate was added 

to the autolysate. After the mixture was cen

trifuged for 20 min at 12 000 X g the precipi

tate was discarded, and 15"/o w/v of ammonium 

sulfate was added to the supernatant. After 

the second mixture was centrifuged, the super

natant was discarded and the precipitate was 

immediately dissolved in 0.02 M sodium succi

nate buffer, pH 6.0, and dialyzed against the 

same buffer. 

Adsorption and elution from alumina Cy 

gel. A suspension of alumina Cy gel ( 15-20 

mg dry weight per ml) was added to the protein 

solution to give a gel/protein ratio of 0. 75. 

The adsorbed protein in the gel was then re

lea sed by washing the gel successively with 

phospate buffers of increasing basicity and 

molarity, (a) 0.05 M, pH 6.5; (b) 0.05 M, pH 

7.0; (c) 0.05 M, pH 7.5; (d) 0.1 M, pH 7.5, 

(e) 0.2 M, pH 7.5; (f) 0.5 M, pH 7. 5 

Fractions (a)-(f) were assayed for enzyme 

activity and protein content (by Lowry) and 

those that showed high specific activity were 

pooled and dialyzed. 

DEAE -Cellulose chromatography. Around 

1 g of protein was adsorbed onto a DEAE col

umn packed to a volume of 3 75 ml. The protein 

was then eluted with a linear gradient of phos

phate buffer. The mixing chamber contains 

2 liters of 0.02 M potassium phosphate, pH 

7.5, and the reservoir contains 2 liters of 0.1 

M potassium phosphate, pH 7.5. The column 

was run at a flow rate of 120 ml/hr. Fractions 

containing enzyme activity were pooled and 

dialyzed. 

Hydroxylapatite chromatography. A hydrox

ylapatite column was packed (100 ml in a col-

umn 2.4 em X 20 em for 250 mg protein), and 

protein sample was applied to the column. A 

linear gradient produced with 400 ml of 0.05 M 
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potassium phosphate, pH 7.5, to 400 ml of 

0.3 M potassium phosphate, pH 7.5, was em

ployed. The flow rate was maintained at 10-20 

ml/hr. The isoleucyl-RNA synthetase was 

eluted between 0.20 M and 0.25 M phosphate 

and was the last protein peak to be eluted. The 

pooled enzyme fractions were concentrated by 

vacuum dialysis. 

Characteristics of the Isolated Enzyme 

. The purification procedure, starting with 

250 g of!!.:._ coli B cells, is summarized in Table 

I. The overall yield of enzyme is about 10o/o 

and the purification achieved is approximately 

260-fold. 

By the criteria of acrylamide gel electro

phoresis, the enzyme appeared to be homage

neous. The electrophoresis patterns of various 

sedimentation coefficient of 5.6 S. This value 

is very close to the 5.8 S that Holde & Baldwin 
4 

have found. 

By using assay method (a), the ratio of 

isoleucyl-dependent activity vs. valyl-dependent 

activity is found to be 1:0.5, which agrees with 
2 

what Berg~ al. have found. In the presence 

of the other 15 naturally occurring amino acids, 

the enzyme shows almost no activity. 

By using assay method (b), a more strin

gent assay, the enzyme forms the acid-insolu

ble AA-tRNA only with isoleucine, and not with 

valine. 

Temperature Effect on the Enzyme 

A temperature test was carried out for the 

E. coli enzyme, using the assay method (b). 

The result is shown in Fig. 3. The enzyme 

Table I. Purification of isoleucyl-RNA synthetase 
from E. coli. 

Total 
Protein 

Fraction (mg) 

Crude. extract 18 000 

Autolysate 13 500 

Ammonium sulfate 6 300 

Alumina C gel 1700 
'{ 

DEAE 170 

Hydroxylapatite 7.5 

fractions across the enzyme peak are shown 

below the hydroxylapatite chromatography elu

tion pattern ( Fig. 2). 

The enzyme shows a single symmetric 

boundary by velocity sedimentation, with a 

Specific 

Total Yield 
Activity 

(units/mg 
Units (o/o) of protein) 

36 000 2 

30 000 84 2.2 

23 000 64 3.6 

12 320 34 7.2 

11000 30 65 

4000 10 535 

activity curve in transferring isoleucine ap

peared to be a normal bell shape with its max

imum at 37•. Valine did not get transferred 

through the temperature range from 25 • to 

70°. 
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Fig. 2. Chromatography of purified isoleucyl
RNA synthetase on hydroxylapatite ( 10 ml/ 
tube). Acrylamide gel electrophoresis 
patterns are shown below the correspond
ing fractions from the column. 
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Fig. 3. Effect of temperature on the forma
tion of 14c -valyl-tRNA ( o - o) and 14c
isoleucyl-tRNA (X - X) by purified isoleucyl
tRNA synthetase from E. coli B. 
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Mg++ (X -X) and Ca++ (D -D) on the for
mation of 14C -isoleucyl-tRNA. 
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Ion Effect on the Enzyme 

K+ and Na + effect. The formation of isoleu

cyl-tRNA declined gradually with the increase 

of either K+ ion concentration or Na + ion con

centration in the assay mixture. Valyl-tRNA 

was not formed through the ion concentration 

from 10 -
5 

M to 1 M. Results are shown in 

Fig. 4. 
++ ++ ++ ++ 

Mg and Ca effect. Both Mg and Ca 

served as activators to the enzyme, Mg ++being 

the more effective one (Fig. 5). Again, no 

valyl-tRNA was formed while the ion concen

tration changed. 

1. 
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DEVELOPMENT OF SPECIFIC CHROMATOGRAPHIC MATERIALS 

FOR AMINOACYL-tRNA SYNTHETASE PURIFICATION 

Brian C. Myhr 

The class of enzymes known as the amino

acyl-tRNA synthetases have the crucially im

portant function of attaching an amino acid to 

the particular tRNA molecules containing an 

anticodon specific for that amino acid. 
1 

This 

translation of amino acid identities into spe

cific trinucleotide sequences must operate 

flawlessly to produce functional proteins. 

Once an amino acid has been attached to a 

tRNA molecule, it is placed into protein ac

cording to the base -pairing recognition be

tween the tRNA and mRNA on the ribosomal 

complex. Clearly, there must exist at least 

one specific synthetase and cognate tRNA 

chain for each of the 20 amino acids, and the 

aminoacylation process must operate with 

high fidelity. 

Within the cell the synthetases are prob

ably saturated at all times with their respec

tive tRNAs, but in vitro experiments have 

established that aminoacylation can occur in 

two distinct steps. 
1 

The first step (reaction 

1) is the activation of a specific amino acid 

with ATP to form the aminoacyl adenylate, 

which remains bound to the enzyme. In the 
1 

absence of tRNA, the Enz -AA
1 

-AMP com-

plex can be isolated by removing the pyro

phosphate formed, thereby preventing the 

reversal of reaction 1. 
2 

But in the presence 

of tRNA species recognized by the enzyme, 

transaminoacylation occurs (reaction 2), 

producing a charged tRNA molecule, free 

enzyme, and AMP. This two-step mecha

nism seems well suited to the elimination of 

errors. For example, valine can be acti

vated by the isoleucine -specific enzyme of 

~· coli, but the conformation of the resulting 

complex is apparently altered to such an ex

tent that the complex breaks down when re

acted with tRNA containing is oleucyl-s pe-

if . h . 3, 4 c 1c c a1ns, 
Mg++ 

Enz
1 + ATP + AA1 .;:==~ 

1 
Enz -AA 1 -AMP + PPi' (1) 



Enz 
1

-AA1 -AMP + tRNA 
1 ;:::=~ 

AA
1 

-tRNA 
1 + Enz 

1 + AMP. (2) 
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At present virtually nothing is known 

about how the structures of the synthetases 

are related to their functions. The chemical 

groups important for the activation and binding 

of amino acid are unknown, and no information 

exists on how the enzyme selectively inter

acts with only one rRNA (or several iso-ac

cepting species) from among the,many other 

similar nucleic acids. A major reason for 

this lack of knowledge on the structure-func

tion relationship is the lack of sufficient 

quantities of highly purified enzyme. Optical 

techniques of studying conformational changes, 

for example, often require millig-ram quanti

ties. To obtain such large quantities of 

enzyme by the conventional biochemical pro

cedures is a difficult task. The various steps 

involved are time-consuming and subject to 

frequent failure, and usually give very poor 

overall yields. Furthermore, different pro

cedures must be devised for each synthetase 

and for each source, such as~· coli, yeast, 

or mammalian tis sues, of a given .enzyme. 

Accordingly, we have been led to investigate 

the possibility of preparing a chromato

graphic material that would exhibit a high 

specificity for the enzyme of interest. With 

such a material the above -mentioned difficul

ties may be largely circumvented. 

Recognition Chromatography 

The impetus for this attempt came from 

a report by Calendar and Berg
5 

that certain 

tyrosine analogs are good competitive in

hibitors of tyrosine activation, as measured 

by the PPi ~ ATP exchange in reaction 1. 

If the tyrosine carboxyl group is amidated, 

esterified (methyl or ethyl esters), reduced 

to the alcohol, or absent (tyramine), the 

resulting compounds still strongly bind to 

the enzyme, in spite of the fact that they 

cannot react with ATP to form the adenylate: 

On the other hand, the N -acetyl and N -glycl 

derivatives of L-tyrosine did not function as 

inhibitors (or activators). Apparently, the 

amino group is involved in the binding of the 

amino acid to the enzyme, whereas the car

boxyl group is of little importance in this 

respect. This suggested to us that the amino 

acid might be attached to an insoluble support 

through its carboxyl group without entirely 

destroying its capacity to function as sub

strate for the enzyme. Such a chromate 

graphic support would exhibit a selectivity 

toward the enzyme of interest. 

The theory of operation of such a column 

was envisioned as follows: The crude enzyme 

solution is placed on top of a column containing, 

for example, isoleucyl side chains. If the 

eros s-linking of the gel is sufficiently high, 

undesired protein and other synthetases will 

quickly pass through in the void volume. But 

because the isoleucine -activating enzyme 

would recognize and bind to the isoleucyl 

side chains, its travel would be sufficiently 

retarded to effect its separation from the 

other macromolecular components. In the 

event that the enzyme became tightly bound 

to the column, it was expected to be eluted 

with free isoleucine, ATP, and Mg ++. Ex

cess free isoleucine should effectively com

pete with the column-bound isoleucine to 

form the Enz1 -AA
1

-AMP complex (reaction 

1 ), which would then be immediately eluted. 

Before a column material specific for 

the isoleucyl-tRNA synthetase could be pre

pared it was necessary to determine if a 

derivative of the carboxyl group would still 

bind to the enzyme. With the help of H. 

Ottenheym, the ethyl ester was prepared 

from absolute ethanol by the thionyl chloride 

method and then recrystallized from ether

ethanol. Its ability to inhibit the enzyme 

was testedqualitatively by placing in the 

reaction mixture used to assay the enzyme 



32 32 
(P P =-- AT P exchange) a 50-fold excess 

of the ester over the isoleucine present. 

Since enough isoleucine is present for zero

order kinetics, this is not a very sensitive 

test for inhibition. Nevertheless, the ap

parent number of units in an enzyme sample 

was reduced by more than one -half in the 

presence of the ester, showing that the ester 

does interact strongly with the enzyme. A 

Lineweaver-Burk plot and determination of 

K
1 

remain to be done. 

Recently, Cuatrecasas et al. 
6 

described 

a chromatographic method for the purification 

of staphylococcal nuclease, a-chymotrypsin, 

and carboxypeptidase A that is based upon the 

same principle envisioned for the purification 

of the synthetases. In each case a competi

tive inhibitor was attached covalently to 

Sepharose 4B, a highly porous, cross -linked 

dextran. When the inhibitor groups were 

located at a sufficient distance from the solid 

matrix to minimize steric interference, the 

crude enzyme solutions could be purified 

rapidly and completely in a single step. The 

enzymes were selectively adsorbed on the in

hibitor-gel and could be eluted by the addition 

of competitive inhibitors in solution or by 

changing the salt concentration or pH. 

Our efforts to prepare an inhibitor -gel 

for the purification of isoleucyl-tRNA synthe

tase from E. coli are described below. The ---
first attempt was to prepare a Sephadex gel 

to which L-isbl,eucine would be attached 

through an amide linkage between its car

boxyl group and an aminoethyl ether side 

chain (lle-E-Seph). After the appearance of 
6 

the paper by Cuatrecasas et al., the 

cyanogen bromide activation method was 

employed to prepare a gel wit}:l the L-isa

leucine attached by an ester bond to an

hexyl side chain (Ile-H-Seph), 
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Isoleucyl Ethyl-Sephadex 

Preparation 

Sephadex G-50 was chosen for the chro

matographic support because of its immediate 

availability and the presence of many sec

ondary hydroxyl groups to which aminoethyl 

side chains may be attached. The reaction 

sequence followed is given below. 

NaOH 
uo ·c ;;. 

DCC Seph-O-CH
2

CH2NH
2 

+ tBOC-Ile ---,-d,..... -----.. 
1oxane 

<;:( 
Seph-OCH

2
CH

2
NHCCHNH-tBOC 

R. 
1 N HCl <;:( 
1. 5 hrs -. Seph-OCH2 CH2NHCyHNH2 

R 

(Ile -E-Seph). 

Abbreviations used: 

Seph :: glucosidic backbone of 

Sephadex 

(4) 

DCC 

tBOC 

:: dicyclohexylcarbodiimide 

tertiary butyloxycarbonyl 

(protective group for 

the isoleucine amino 

lie 

group) 

L-is oleucine 

AE-Seph = aminoethyl Sephadex 

The actual synthetic procedure used to obtain 

the Ile -Seph gel used in the enzyme experi

ments is described here. Variations leading 

to difficulties are described in the section on 

synthesis problems. 

Aminoethyl sulfate was not available at 

the beginning of this work, and was prepared 

by the reaction 

A small excess of Ag 2so
4 

was used, which 



was removed by the addition of HCl and filtra

tion of the resultant AgCl. After the final 

evaporation to a crystal mass, the aminoethyl 

sulfate was recrystallized from water. The 

yield was 3. 9 g (83"/o of theoretical). 

The preparation of AE-Seph (reaction 3) 

was performed according to Eldjarn and 

Jellum. 7 Five g of G-50 Sephadex (fine) was 

stirred rapidly into 12 ml of water containing 

4.6 g NaOH and 1. 5 g of aminoethyl sulfate. 

The gel immediately absorbed the solution and 

swelled remarkably. After stirring for 5 min, 

the gel was spread out on a large watch glass 

and dried at 110 •c for 4 hr. This treatment 

yielded a yellow, crusted material, which was 

rehydrated and washed by repeated filtration 

until the filtrate was colorless and at pH 7. 

Virtually all the color seems to wash out of 

the gel. 

A nitrogen analysis by the method of 

Lang8 (essentially a Kjeldahl followed by 

Nesslerization and absorption readings at 

420 nm) revealed 0. 6"/o N content by weight. 

This corresponds to 0.45 mmole of AE-groups 

per gram of dry gel. Approximately 2.4"/o of 

the available hydroxyl groups were substituted. 

Eldjarn and Jellum also obtained 0.3-0.5"/o N 

yields. 

The gel was qualitatively titrated with 

0.1 N HCl and shown to contain titratable 

groups with a pK near 8. For comparison, 

NH
2

CH
2

CH
2

COOCH
2

CH
3 

has a pK near 7.5. 

Attempts to carry out reaction 4 in 

aqueous solution with a water-soluble car

bodiimide resulted in a gel with about three 

times the N content of the AE -Seph and 

essentially no titratable groups. Therefore, 

the AE-Seph was dried with 95"/o ethanol, 

followed by absolute ethanol, then 12 hr at 

70 •c. Then 0. 53 g of dry AE -Seph was 

stirred into a solution of 0.29 g tBOC-Ile in 

a small volume of dioxane. No swelling was 

obvious. This mixture was cooled with ice 
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to just above the slush temperature and 1 g of 

DCC, dissolved in a small volume of dioxane, 

was added slowly and with stirring. After 1.5 

hr with intermittent stirring at this tempera

ture, the mixture was suction filtered and 

washed with dioxane. Then 1 N HCl was added 

to the gel. After 1. 5 hr at room temperature 

with frequent stirring, the acid suspension 

was filtered and washed well with water. 

A single N analysis of the Ile-E -S eph 

yielded 1.3o/o N by weight, which represents 

a doubling within experimental error over the 

AE -Seph N content. Thus, the Ile -E -Seph 

contains about 9. 8 mmole of is oleucyl chains 

per g of dry gel. A quantitative titration with 

0.1 !:!_HCl revealed the presence of titratable 

groups with a pK near 9; an estimated 0.24 

meq was used in the titration and 0.21 meq 

was found. 

Enzyme Experiments 

Several initial batchwise experiments 

showed that the enzyme was either bound or 

denatured by the Ile-E-Seph. In 0.02 Mpo

tassium phosphate buffer, pH 7.5, containing 

0.01 M 13-mercaptoethanol, considerable pro

tein was also bound, but this could be eluted 

by using 0.3 M buffer. In contrast, the bound 

enzyme was not eluted, nor could it be eluted 

with 0.1 M isoleucine. Always included in the 

buffers and washes 11 for good measure" were 
-3 -4 

2.5X10 M MgC12 and 2.5X10 M ATP. It 

was later shown in the column experiments 

that one or both of these compounds are re

quired for enzyme binding or denaturation by 

the gel. Sephadex G-50 itself was run as a 

control and never exhibited any binding of 

enzyme or protein. 

The remainder of the Ile-E-Seph prep-

aration was used to prepare a column 

(0. 9 X 13.5 em) containing 8. 6 ml of gel and 

enough capacity to bind 14X10
6 

units, if 

each isoleucyl sidechain was available to 

interact with the enzyme. The column was 



equilibrated in 0. 3 M potassium phosphate 

buffer, pH 7.5, 0.01 M ~-mercaptoethanol, 
-3 - -3 

2X10 M ATP, and 5X10 M MgC1
2

. Then 

1.0 ml of a crude enzyme solution, obtained 

after the alumina gel step in the purification 

procedure, was placed on the column an~d 

eluted With the above buffer system. The re

covery of enzyme and protein are shown in 

Table I, along with the results of a second 

trial performed in exactly the same manner 

but at a later date. The enzyme was assayed 
32 32 

by the P P~ AT P exchange, and pro-

tein was determined by the Lowry method. 

Table I. Enzyme and protein recovery from 

an Ile -E -Seph column in the presence of 
++ ATP and Mg • 

Recov
" ery 

Trial t (%) 

Enzyme placed 
in the column 44 fl. 

Protein placed 
on the column 8.14mg 

Enzyme collected 7.3 fl. 17* 

Protein collected 7.62mg * 93 

Recov
ery 

Trial2 (%) 

45.6 fl. 

14.1mg 

31.8fl. 70 

14.4mg 100 

~'A portion of the peak was not collected in 
Trial 1. Probably 100% of the protein was 
eluted, making the estimated enzyme recovery 
about 24o/o • 

Both enzyme and protein peaks emerged 

in the same volume, suggesting that the 

enzyme losses were due to tight binding to 

the gel or a denaturing process. In view of 

the great excess of isoleucyl side chain pres

ent over the small number of units used, 

neither alternative is very understandable. 

The flow rates were small, always being less 

than 2 ml per hour, so that nearly complete 

binding or denaturation might have been ex

pected. The much larger recovery of enzyme 

in the second run strongly indicates that sites 

were occupied or expended in the first trial. 

Perhaps, as suggested later, these sites are 
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not the isoleucyl side chains, but a very small 

number of uncharacterized groups introduced 

during the gel synthesis. 

After the first trial, two attempts were 

made to elute any bound enzyme. In the first 

case, 0.2 M isoleucine was added to the buf

fer system given above. Secondly, the pH 

was increased by using 0.3 M tris-HCl, pH9, 

containing 0.1 M isoleucine and the ATP, 

Mg ++, and ~-mercaptoethanol concentrations 

given above. Neither attempt resulted in the 

collection of any active enzyme. A third 

elution attempt was made after the second 

column run by using 0.1 M pyrophosphate in 

0.3 M potassium phosphate, pH 7.5, and 

0.01 M ~-mercaptoethanol. Because pyro

phospate causes the breakdown of the enz-AA

AMP complex by reversal of reaction 1, it was 

thought an analogous breakdown of the enz

column complex might occur in the presence 

of pyrophosphate. However, again no active 

enzyme was eluted. 

Two enzyme samples were also applied 

to the column in the absence of ATP and 
++ Mg between the two runs given in Table I. 

In both cases, all the applied enzyme was re

covered in the eluant at the same position 

where all the protein was eluted; 94 units 

were placed on the column and 107 units and 

99 units were recovered in the two trials. 

Finally, after all the above experiments, 

the Ile-E-Seph was removed from the column 

and incubated in 20 ml of the reaction mixture 

used to assay for the enzyme. The lack of 

formation of any AT
32

P showed that if any 

enzyme was bound to the gel, it was bound 

in an inactive state. Possibly, the enzyme 

is bound at the amino acid activation site. 

To summarize, it seems that a very 

small percentage of the isoleucyl side chains 

or a few unknown groups produced in the syn

thesis of Ile-E-Seph are capable of inter

action with isoleucyl-tRNA synthetase, but 



only in the presence of ATP and Mg++. It is 

not known whether the enzyme becomes 

tightly bound to the gel or whether it is inacti

vated and passes through. In either case the 

gel sites are expended. If the enzyme is in

deed bound, the ATP requirement suggests 

the possibility of a covalent bond formation, 

which would be consistent with the failure of 

attempts to elute the enzyme with isoleucine 

or pyrophosphate. Furthermore, any bound 

enzyme is incapable of activating isoleucine. 

Synthesis Problems 

For the synthesis of additional batches of 

AE-Seph, commercial aminoethyl sulfate 

(Eastman, practical grade) was used after 

three recrystallizations from water. The 

crystals were white and the final mother 

liquor colorless. 

The second batch of AE-Seph was pre

pared as already described, except the re

action at 110 o C was carried out under moist 

conditions for 4 hours and then allowed to dry 

out. This produced a very crusted and brown

ish-yellow material. After washing and sub

sequent drying with ethanol and heat, the gel 

was nearly colorless, but only 34o/o of the 

starting gel weight was recovered. Obviously, 

much of the gel had been decomposed and 

solubilized. The N content of the remaining 

gel was 0. 22% by weight. This gel did not, 

however, condense with tBOC-Ile under ex

actly the same reaction conditions described 

earlier, since the N content did not change. 

No further chemical characterization was 

carried out. 
A column (0.9 cmX15 em) of this AE-

Seph was prepared to test its interaction with 

the enzyme in the absence of ATP and Mg ++. 

Only 0.3 M potassium phosphate, pH 7.5, 

plus 0.01 M !3-mercaptoethanol was used to 

equilibrate the column and elute the same 

enzyme solution used in the previous experi

ments. Because some of the eluant was lost 

in the peak region, only 91"/o of the applied 
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protein was recovered. The enzyme eluted 

in the same position, and if 10% is added to 

the amount recovered, the yield would be 73% 

of the applied sample of 43 units. This re

sult contrasts with the Ile-E-Seph behavior 

(no loss of enzyme). It also underscores the 

possibility that gel decomposition in the AE

Seph synthesis may usually lead to the pro

duction of other reactive groups, such as 

aldehydes, that may denature the enzyme. 

A third batch of AE-Seph (25 g) was pre

pared from G-25 Sephadex (coarse, bead 

form) instead of G-50. The reaction condi

tions were exactly as in the first case, pro

ducing light yellow beads. The color was re

moved by washing and 100% of the gel was re

covered. Its N content is 0.53%. A qualita

tive nitrous acid test was definitely positive 

for primary amino groups. However, after 

an attempt was made to form the peptide bond 

in reaction 4 under the conditions already 

described, theN content did not change 

(0.55% ). An IR spectrum of the DCC showed 

that it had not decomposed significantly. Per

haps the higher degree of cross -linking of the 

G-25 Sephadex is not amenable to amide for

mation via reaction 4. This AE-Seph prep

aration has not yet been tested with the 

enzyme. 

It was learned recently that Bio-Rad 

markets an aminoethyl-cellulose powder, 

and a quantity of this material was obtained. 

If the enzyme is not denatured by this prep

aration, it should be possible to prepare an 

lle-E-cellulose (according to reaction 4) 

that may exhibit a selective affinity for the 

enzyme. 
Isoleucyl Hexyl-Sephadex 

A much milder way of attaching side 

chains to Sephadex was described by Axen, 

Porath, and Ernback 9 • 
10 

and used by 

Cuatrecasas et al. 
6 

to prepare their suc

cessful chromatographic materials. This 

procedure involves a gel activation step by 



treatment with aqueous cyanogen bromide for 

a short time period, followed by a coupling 

reaction with an added primary amine in a 

slightly alkaline aqueous suspension. The 

reaction is ·a complex one that has not been 

well characterized yet, but available evidence 

suggests that the chief active intermediate 

and the final coupled product are both imino 

carbonic acid esters. The primary reaction 

sequence, then, can probably be written as 

follows: 

[

OH 

OH 

Sephadex 

+ CNBr pH 11 

~ ~O '\C=NH + HBr, 

- I 
0 

"Activated" Sephadex 

pH 9 ,.. 
4 oc/24 hr 

t 
, 
OH-H 

" B~=NH 
-0 

The activated Sephadex contains no 

bromine and the coupling reaction produces 

no change in the nitrogen content; ammonia 

is released. Activation also appears to 

cause an increase in the cross -linking 

(swelling capacity reduced), which is con

sistent with the formation of imino carbonic 

(6) 

(7) 
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acid esters. An infrared absorption band at 

5.8 fl, corresponding to the -C=N- system, 

was found for the activated product, as well 

as another band at 5.6 fl, attributed to the 

C=O stretching frequency of a carbonic acid 

ester. Upon acid hydrolysis the .5.8-fl band 

decreases while the 5.6-fl band increases. 

On the other hand, the coupled product ap

pears to be quite stable over a wide pH range. 

Glycylleucine-Sephadex was stable in acid 

down to the limit of stability of Sephadex; 

exposure for 24 hours to 0.1 M NaOH caused 

release of 25% of the chains. There was no 

detectable loss with 10-3 M NaOH. 

Experimental Procedure 

Attempts were made to adapt the above 

procedure to produce a gel with L-isoleucine 

attached through a hexyl chain to the matrix. 

6-Amino-1-hexanol was used as the amine in 

reaction 7. Then, with the use of dicyclo

hexyl carbodiimide, theN-blocked isoleucine 

was to be attached to the alcohol side chain 

by esterification, assuming that this reaction 

would be much faster than esterification with 

the gel secondary hydroxyl groups. In fact, 
14 

an earlier effort to attach carbobenzoxy- C -

phenylalanine directly to G-50 Sephadex by the 

DCC method failed within the limits of detec

tion of the radioactive label. The proposed 

reaction sequence for preparing Ile-H-Seph is: 

(8) 



H-Seph + tBOC-lle 

0 
DCC ~ Seph-CH2 -0-~-CHNH-tBOC dioxane, 4 days R 

1 J:::l HCl > 
1.5 hr 

"" 9 t
o 

C=N-(CH ) -CH -0-C-CH-NH 
/ 25 2 R 2 

0 
(lle -H-Seph). 

(9) 

(10) 

A successful synthesis of lle-H-Seph has 

not yet been accomplished because the esterifi

cation of reaction 9 has not proceeded to any 

significant extent. This may be due, in part, 

to steric hindrance problems with DCC, but 

more likely is the result of attempting this 

reaction at low concentrations of the reactants 
-2 (less than 10 molar). Coupling reactions 

described in the literature with DCC or car

bonyldiimidazole 
11 

are typically run at con

centrations above 0.2 M. The dioxane solvent 

was not purified before use, so it is conceiv

able that many competing side reactions are 

consuming much of the reactants. Therefore, 

attention is now being directed toward pre-
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paring the complete side chain before carrying 

out the coupling toG-50 Sephadex (reaction 

8). Any unreacted ester could be recovered 

from the gel wash. Furthermore, with the 

planned uses of 14C-tBOC-lle and tBOC-c14 

-lle, analysis of the reactions and modified 

gels will be considerably simplified. 
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BRAIN CHEMISTRY AND ANATOMY: 

IMPLICATIONS FOR THEORIES OF LEARNING AND MEMORY* 

Edward L. Bennett and Mark R. Rosenzweig 

A combined approach to learning and 

memory involving both neurochemistry and 

neuroanatomy is essential to relate brain to 

behavior (or mind). Our research, which be

gan chiefly as a neurochemical study, has be

come progressively more neuroanatomic.al. 

We have found that rats raised in an en

riched environment develop brains that differ 

both chemically and anatomically from those 

of isolated littermates. The enriched-experi

ence animals show greater total activity of 

AChE and especially of ChE. Anatomically, 

· the enriched-experience animals show heavier 

and thicker cortices, more glial cells, and 

perhaps greater branching of dendrites. This 

additional growth of cortex must have its 

counterpart in terms of increased ribonucleic 

acid, protein, and lipid synthesis and of 

altered levels of activity of synthetic en

zymes. One month of differential experience 

is sufficient to bring about reliable changes in 

the brain, indicating a high degree of plastic

ity. 

We have obtained evidence in 10 strains 

of rats that problem-solving ability is related 

to the 11 corticalization" (the cortical/ sub

cortical ratio of brain weight). This corre

lation has been obtained within as well as be

tween strains of rats. Attempts to obtain 

within-strain correlation of problem-solving 

efficiency with the activity of two important 

enzymes in brain.-AChE and ChE--gave less 

consistent results than correlations between 

problem-solving and weights. These corre

lation studies are being continued in the hope 

of finding chemical correlates of problem

solving ability in addition to the anatomical 

correlates that we have obtained. 

'~Abstract from Mind as a Tissue, Charles 
Rupp, ed. (Hoeber Medical Division, 
Harper and Row, New York, 1968), p. 63. 

DEUTERIUM OXIDE EFFECT ON SPERMATOGENESIS 

IN THE MOUSE'~ 

E. F. Oakberg and Ann M. Hughes 

·Drinking water containing 300/o D 2 0 by 

volume was given to young adultS and C57 

black mice. Quantitative histological study 

of the testes at weekly intervals indicated a 

progressive decline in number of spermato

gonia to about 600/0 of control by the end of the r 

7-week experimental period. Number of de

generating mononuclear giant cells, abnor-

mal clumps of spermatids, and frequency of 

tubules with missing cell layers were more 

frequent in D 20-treated mice. The normality 

of spermatogenesis was surprising in view of 

the known effect of D 2o on fertility of C57 

male mice, and investigations on both num

ber and functional capacity of spermatozoa 

of these males are indicated. 

>!<Abstract from Exptl. Cell Res. 50, 306 
(1968). 
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EFFECTS OF A FEW HOURS A DAY OF ENRICHED EXPERIENCE 

ON BRAIN CHEMISTRY AND BRAIN WEIGHTS* 

Mark R. Rosenzweig, William Love, and Edward L. Bennett 

Instead of exposing rats to environmental 

complexity (EC)·for 24 hr a day as in previous 

experiments, we exposed some groups to EC 

for either 2, 2.5, or 4.5 hr a day. In five ex

periments, brain values of the various EC 

groups were compared with those of litter

mates kept continuously in the isolated con

dition (IC) for the duration of the experiment. 

A few hours a day oUC w~r~ fo_~_ntiq p___!"_g- _ 

duce significant changes in activities of 

acetylcholinesterase and cholinesterase and 

in weights of brain samples; these changes 

were quite similar to those produced by 24 

hr a day. In Experiments I and II, 2. 5-hr 

and 4. 5~hr groups were in standard colony 

(SC) conditions when they were not in EC. 

Each of these experiments also included a 24-

hr EC group, and the experiments lasted for 

8 weeks. Experiment III included a 2-hr EC 

group and an SC group; the main differences : 

from IC were found to be due to EC and not 

to SC. In Experiments IV and V, the en

riched-experience groups spent 2 hr a day in 

.E.C_and_2 2 _ hr-in . .IC ,_and the-exper-iments 

lasted only 1 month. Two hr a day removal 

from IC to EC over a 30-day period produced 

significant cerebral effects. 

'~ Abstract from Physiol. Behav. l• 819 (1968). 

EVIDENCE FOR THE NONSPECIFICITY OF THE 

INTERACTION BETWEEN 5-HYDROXYTRYPTAMINE 

AND BOTULINUM TOXIN* 

·Lance L. Simpson 

A comparison of the effects of the drugs 

5-hydroxytryptamine and pargyline on intoxi

cation by botulinum toxin and nereistoxin has 

been made. Results indicate that the former 

can be a non-specific antagonizer of poisoning; 

the latter, a non-specific augmenter of 

poisoning. Histamine is shown to be without 

effect on intoxication by either poison. The 

effect of 5-hydroxytryptamine appears to be 

a function of the interval between its injection 

and injection of a toxin. If given before a 

toxin, 5 -hydroxytryptamine will antagonize 

it; if given at the same time as a toxin, 5-

HT will augment it. 5 -HT is impotent when 

administered after a toxin. The actions of 

both 5-HT and pargyline are suggested as 

being mediated through their effects on the 

circulatory system. 

>!< 
Abstract from Toxicon ~. 239 (1968). 



-51-

EXAMINATION OF. THE POSSIBLE PATHOPHYSIOLOGY OF THE 

CENTRAL NERVOUS SYSTEM DURING BOTULINAL POISONING* 

Lance L. Simpson, Daniel A. Boroff, and Ursula Fleck 

The effects of a and f3 components of type 

A botulinum toxin were tested for their ability 

to affect the central nervous system of cats, 

rabbits, and guinea pigs. Components a and 

f3, when administered in lethal doses into the 

circulatory system of cats and rabbits, do not 

alter the ongoing electroencephalographic 

activity. Furthermore, a intoxication of 

guinea pigs does not result in changes in the 

brain concentration of acetylcholine or 

norepinephrine. Ingestion by mice of organs 

from intoxicated rats causes death only in 

those instances of organs that are well per

fused with blood. The diaphragm and brain, 

both cholinergic sites, proved not to be toxic. 

,~ 

Abstract from Exptl. Neurol. 22, 85 (1968). 

THE INTERACTION BETWEEN 5-HYDROXYTRYPTAMINE AND 

BOTULINUM TOXIN TYPE A* 

Lance L. Simpson 

5-Hydroxytryptamine (5-HT) is shown to 

be active in antagonizing botulinal poisoning. 

L-5-Hydroxytryptophan is also active, the ef

fect apparently being mediated through the syn

thesis of 5-HT. Neither 5-hydroxyindoleacetic 

acid (5-HIAA) nor D-5-hydroxytryptophan is 

capable of offsetting intoxication. Pargyline, 

a monoamine oxidase inhibitor, is shown to 

augment the onset of toxin-induced death. 

5-HT, but not 5-HIAA, counters the pargyline 

effect. p-Chlorophenylalanine, an inhibitor of 

5-HT synthesis, does notfacilitate intoxication. 

Both time-course and dose-response studies 
\ 

with 5-HT suggest that it is not engaged in a 

competitive antagonism with botulinum toxin. 

Work with isolated nerve-muscle preparations 

showed the synaptic junction not to be the site 

of the 5-HT-toxin interaction. Data permit 

the assumption that the hydroxyindole may 

act to slow the movement of the toxin toward 

the synapse. 

* Abstract from Toxicol. Appl. Pharmacal. 
12, 249 (1968). 
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SOLUBLE PROTEIN PROFILES IN ESCHERICHIA COLI 

V. Moses and D. G. Wild 

It is known that bacterial cells cultured 

on a variety of media have different protein 

compositions. The content of ribosomes, and 

therefore the relative amount of ribosomal 

protein, is directly proportional to the growth 

rate,1 and the formation of many known induc

ible and repressible enzymes depends on the 

presence or absence of specific effectors in 

the medium. Together, however, these com

ponents probably account for only a small 

proportion of the total cellular protein. We 

thought it of interest to survey briefly the 

·overall prof ire s-u£ s olul5le-prote"in -rn -· 

Escherichia coli, both in a number of strains 

cultured in the same medium, and also in one 

strain grown in a number of different media. 

The data to be presented compare these pa

rameters in a semi-quantitative manner; no 

investigation has been made at this stage of 

the relative amounts of soluble, ribosomal, 

and insoluble protein in the various cultures. 

For comparison of the soluble protein 

profiles of the different strains (four deriva

tives of K12, and one each of B and ML), the 

cells were grown exponentially at 37•C in 

minimal medium 63, 
2 

supplemented with glu

cose ( 0.2%) and thiamine ( 1 mg/liter). In 

studies of cells grown in different media, 

strain 3000 was grown in minimal medium 63 

supplemented with succinate, lactate, glycerol, 

or glucose (each at O.Zo/o), Difco nutrient 

broth ( 0.8o/o), or nutrient broth ( 0.8%) plus 

glucose ( 0.2o/o). 

Flasks containing 1 liter of medium 

were inoculated with 50 ml of an overnight 

culture of the organism in the same medium. 

Growth was allowed to proceed exponentially 

for at least three generations, and the cells 

were then harvested when there was about 

110 flg of bacterial protein/ml (extinction of 

0.5 in a 1-cm cell at 650 mjJ.). The pellet was 

resuspended in 5 ml of buffer (10 mM tris, 

10 mM Mg acetate, 100 mM KCl, pH 7.4) and 

the cells were disrupted with a French pres

sure cell. After the addition of a minute 

crystal of DNA'ase the preparation was cen

trifuged for 90 min at 100 000 X g(max) to sedi

ment ribosomes and other insoluble material. 

Aliquots (10-15 fll) of the supernatant 

liquid were subjected to electrophoresis in 

slabs of polyacrylamide gel for 90 min at an 

initial current of 90 rnA (270V). The gels were 

made from 7.5o/o Cya~·ogum-4~nd O.o7o/o -- --. 
N, N, N', N' -tetramethylethylenediamine in 

tris (25 mM)-glycine (190 mM) buffer, pH 

8.3, and were polymerized by the addition of 

ammonium persulfate (0.1% ). The same buf

fer was used in the electrode vessels. Ex

tracts from the six different strains were sub

jected to electrophoresis in parallel slots in 

the same gel. Similarly, the extracts of 

strain 3000 grown in the six different media 

were also run together. The protein bands 

were stained by immersing the slab of gel for 

15 min in a solution (0.1o/o) of naphthalene 

black 12B in acetic acid-methanol-water 

(2:5:13 by vol); excess stain was removed by 

washing with frequent changes of 7.5"/o acetic 

acid. The gels were scanned in a Joyce-

Loeb! Chromoscan. More bands could be 

seen by eye than were clearly resolved by the 

densitometer, and their locations are indicated 

on the diagrams. However, use of this instru

ment permitted 3emiquantitative estimate of 

the various components, and the original traces 

have been redrawn so that the total areas under 

the curves for all six parts of Fig. 1 are 

approximately equal. The curves in Fig. 2 

were similarly normalized. Some fine detail 

has been lost in redrawing these curves. 

·-··· 
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Fig. 1. Soluble protein profiles of different strains, all grown on glucose-minimal medium. 
Ordinates, protein cone. (arbitrary units); abscissae, distance of migration from cathode 
(em). Strain numbers are indicated for each profile. 
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Figure 1 shows that differences were 

observed even among very closely related 

strains. With strain 3000 used as the 

standard, 3300 (a lac i derivative of 3000) 

showed differences in-bands 6, 9, 10, 20, 

26, and 44, with minor variations in other 
peaks. Strain o-~ 7 (a lac i- oc derivative of 

3000) was similar to strain 3300, though peak 

8 was particularly prominent in o~ 7 and peak 

20 resembled that found in strain 3000 rather 

than that in strain 3300. Strains 3300 and 

o~ 7 are constitutive for -the lactose enzymes, 

while strain 3000 is inducible, so that peak 6, 

prominent in the constitutive strains but not 

in the inducible one, may represent ~-ga

lactosidase. 
Strain LA12G, derived from strain 3000 

- 3 but carrying the CR genotype was inter-

mediate between strains 3000 and o~ 7 • ex

cept for peak B. which was almost entirely ab

sent. Peak 9 was more prominent than in 

strain 3000, and peak 6 was virtually absent, 

as would be expected for ~-galactosidase in 

this inducible strain. 

The two other organisms examined are 

not derivatives of K12. Strain B resembled 

strain 3000 except for peaks 1, 8, 9, and 21 

and minor differences in other peaks. ML30 

showed rather more differences from 3000, 

of which those affecting peaks 3, 9. 10, 12, 

13, 24, 26, and 44 were the most prominent. 

Appreciable differences thus exist in the 

relative proportions of the soluble proteins 

in the six strains. Replicate electrophoretic 

analyses have shown that these are not ad

ventitious effects of the analytical techniques. 

We have, however, found it to be essential to 

make comparisons on one gel slab, as the 

degree of resolution of these complex patterns 

varies from one electrophoresis run to an

other. The closely related K12 derivatives 
c (3000, 3300, o
67

, and LA12G) showed appre-

ciable variation among themselves; one is 

thus led to conclude that although these four 
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strains were originally isolated on the basis 

of single or few genetic differences, their 

prolonged maintenance as distinct lines has

resulted in other changes in overall pheno

type beyond those to be expected solely from 

their known genotypic differences. 
Figure 2 shows the profiles of parallel 

cultures of strain 3000 grown in different 

media. Three of the four mineral media (suc

cinate, lactate, and glycerol) gave similar but 

not identical patterns. When cells grown on 

succinate were used as the standard, lactate

grown cells showed distinct differences in 

peaks 7, 9, 11, 20, and 24. The most pro

nounce~ change concerned peak 7, which was 

prominent only in cells grown on lactate, and 

may represent lactic dehydrogenase. Glycerol

grown cells differed from those grown in suc

cinate mostly in the relative prominence of 

peaks 10, 17, and 20. The prominence of peak 

10 in glycerol-grown cells is probably not 

specifically related to the metabolism of gly

cerol, as it was also well marked in cells 

grown on glucose or broth. The overall simi

larity of the patterns with succinate-, lactate

and glycerol-grown cells suggests that the 

balance of metabolic activity in these organ

isms differs but little, and probably involves 

to a high degree the reactions of the tricar

boxylic acid cycle. These three substrates 

are among those which characteristically fail 

to evoke catabolite repression in growing cells. 

Glycerol, unlike glucose, appears not to be 

extensively metabolized through the pentose 

phosphate cycle, 
4 

and is probably utilized 

mostly via glycolysis to produce a metabolic 

pattern similar to tho\e found with succinate 

and lactate. 

More differences were visible with glu

cose-grown cells; these may be related to 

the more rapid growth on this substrate, as 

well as to the difference in metabolic pattern 

which results in the high degree of catabolite 

repression. Peaks 8, 11, 42, and 44 were 



much reduced in relative prominence. 

Rich media produced the greatest altera

tion in the profiles. In broth-grown cells, 

peaks 8, 11, 20, and 44, so prominent in suc

cinate -grown cells, were nearly or entirely 

absent. while the presence of both glucose 

and broth in the medium resulted in effects 

more extensive than caused by either alone. 

Peaks 21 and 42, already relatively small in 

broth-grown cells, were reduced in size still 

further when glucose was also present, while 

peak 10 (and, to a lesser extent, peak 24) was 

much larger than with either glucose or broth 

alone. 
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As shown by these studies, the phenotypic 

character -of a ba-cte-r-ial-ceH-i-s--alte-red -in-a----

number of ways by the nature of the growth 

medium. Generally, the differences shown by 

cells grown in minimal medium containing 

alternative carbon sources were not extensive, 

and such variations as could be seen may re

sult from the synthesis of specific enzymes 

for the initial metabolism of the various sub

strates. The more pronounced effects of glu

cose are consistent with the widespread action 

that this carbon source is known to exert on 

many enzymes through catabolite repression. 

Growth in a rich broth medium did produce 

extensive changes and is known to cause re

pression of enzymes responsible for the syn

thesis of amino acids, nucleotides, and other 

cellular constituents. The further addition of 

glucose to broth medium enhanced the re

pressive effect seen in either glucose or broth 

alone, but also profoundly increased the size 

of peak 10, which was present to a smaller ex

tent in cells grown in all the minimal media 

but not in those grown in broth devoid of a 

supplementary carbon source. 

The results complement those of Raunio 

and Sarimo, 
5 

who found changes in the pro

tein composition of~· coli during the active 

phase of growth in glucose-minimal medium. 

They reported that growth of a batch culture 

resulted in changes in the soluble protein pro

file as the culture developed. Presumably 

this was the consequence of changes in the 

medium with time, and may be compared with 

the differences we have found in cells har

vested at constant density from different media. 

From a practical viewpoint, these results 

show that the preparation of cells of constant 

composition requires rigorous control of the 

growth conditions. They also illustrate the 

complexity of the regulatory factors which 

interact to produce the bacterial phenotype, 

and suggest that the alteration of the enzyme 

balance to accommodate the metabolism of a 

diffe r_ent_s_ub_s_t_r_at_e_is_like1¥-- to_ha:v:e_wide_-__ _ 

spread effects on the relative quantitative 

distribution of proteins, many of which may 

not be closely involved in substrate metabolism 

We are grateful to Dr. R. E. MacDonald 

for the loan of the electrophoresis cell. 
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ROLE OF TRAPPED ELECTRONS IN THE RADIOLYSIS 

OF CHOLINE CHLORIDE 

A. Nath, L. Marton, R. Agarwal, V, Subramanyan, and R. M. Lemmon 

Earlier workers 1 have shown that choline 

chloride is a remarkably radiation-sensitive 

compound. They observed that the radiation 

damage could be deferred indefinitely by storing 

the irradiated samples at -196°. At room 

temperature damage develops gradually over 

several hours, and much faster at elevated 

temperatures. However, at temperatures 

above 70°, choline chloride undergoes phase 

transformation, and the phase stable at higher 

temperatures was shown to be radiation resis

tant, 2 unlike the crystal form stable at lower 

temperatures. 

Since the radiolysis does not proceed at 

lower temperatures, it was felt that the thermal 

activation could be responsible for either dif

fusion of radicals or release of trapped elec

trons from sites that are populated with elec

trons during y irradiation. The following ex

periments were conducted to decide between 

these two alternatives, which in turn will per

mit an insight into the mechanism of radiolysis. 

We placed in a sealed, evacuated tube one 

sample of pure, labeled choline chloride, 

[ 14 J + -( CH
3

)
3

NCH
2

CH
2
0H Cl , and in three 

similar tubes (separately) this compound 

mixed with about ten times its weight of (a) 

the electron acceptor ortho-chloranil, (b) the 

electron acceptor tetracyanoethylene, and (c) 

the electron donor Brilliant Green (a triphenyl

methane dye). The samples were irradiated at 

liquid nitrogen temperature in a cobalt-60 y-ray 

source for an hour, receiving a dose of about 
6 

2 X 10 rads. The samples, after the heat 

treatment (if any), were dissolved in an aqueous 

solution containing trimethylamine carrier and 

slightly acidified with HCl and made to 1 ml 

volume, Aliquots were pipetted out and spotted 

on Whatman No. 1 paper, A solution consisting 

of butanol, HCl, and water in the ratio 8:1:1 

was used for chromatographic development, 

giving clean separations between trimethyl

amine hydrochloride and choline chloride. The 

two fractions are located on the paper by radio

autography and cut apart accordingly. The 

pieces of paper are immersed in a liquid scin

tillator (toluene containing PPO and PO POP) 

and counted. The activity as trimethylamine 

represents the fraction of choline chloride 

having undergone radiolysis. The results are 

given in Table I. The values in the first row 

represent the amount of radiolysis (o/o decom

position) as a result of irradiation at -196•. 

The values for o/o radiolysis after heating the 

samples for 2 hr at so• are given in the second 

row. These are average values. 

It is apparent from the data that the elec

tron acceptors orthochloranil and TCNE retard 

the radiolysis whereas the electron donor, 

Brilliant Green, enhances the radiolysis. It 

appears that a free electron triggers the chain 

leading to radiolysis. The major sources of 

these electrons are the "donors" iri the choline 

chloride. They are presumably formed during 

irradiation, as indicated by a few preliminary 

measurements on thermoluminescence. The 

trapped electrons in them are released during 

thermal treatment. The acceptors compete 

for these electrons and thereby retard the 

reaction, whereas the donors increase the 
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Table I. Effect of electron donors and accepi:ors on radiolysis 
of choline chloride ( o/o decomposition) 

Compounds added to finely divided choline 
chloride 

Pure 
choline Ortho- Brilliant 
chloride chloranil TCNE Green 

No heating after 
irradiation 0.28 0.28 0.20 0.26 

Heated for 
2 hr at so·c 8.7± 0.1 7.4± 0.1 7.5±0.1 9.3±0.1 

Table II. Effect of thermal treatment for dif
fere·n.t-fime s ataHferent-tempe rature s ontlie·
radiolysis of pure choline chloride and of a 
mixture with o-chloranil. 

Without 
thermal treatment 

With 
thermal treatment 

Temp. 50• 

Time (min) 5 

Temp. 60• 

10 
20 

120 

'Time (min) 5 

Temp. 90• 

10 
20 

120 

Time (min) 5 
10 
20 

Pure 
choline 
chloride 

0.38 

2.9 
4.6 
6.6 
8.5 

4.6 
6.1 
7.5 
8.2 

2.4 
2.2 
2.3 

Choline 
chloride 

mixed with 
o-chloranil 

0.43 

2,5 
4.0 
6.0 
7.8 

4.0 
4.6 
4.9 
5.1 



density of free electrons and so enhance the 

radiolys is. 

It was mentioned earlier that choline chlo

ride undergoes phase transformation above 

70° into an enantiomorph which is not radiation 

sensitive. This is clearly shown in our data 

In Table II. Choline chloride undergoes a 

greater extent of radiolysis at so· and 60• 

than at 90•. As a matter of fact, what is sig

nificant is the radiolysis that proceeds before 

the sample undergoes phase transformation at 

90". This is apparent from the observation 

that no further radiolysis occurs beyond 2 min 

heating at 90•. 

The above results indicate a role for 

trapped electrons in the chain radiolysis pro

cess, and this possibility has been pursued in 

the following kinds of investigations. 

Addition of Gaseous Ambients 

We have determl.ned the effects of the pre

sence of three gaseous ambients (0
2

, SF 
6

, and 

N 20--all electron acceptors) on the radiolysis. 

The results, obtained on finely divided (rapidly 

precipitated) choline chloride are shown in 

Table III. The only purpose of the heating at 

so· is to speed up the radiolysis. 

Table III. Influence of gaseous ambients 
( o/o radiolysis) 

Ambient 
(at 70 em Without Time of heating at 50 • 
pressure) heating 20 min 120 min 

Vacuum 0.2 8.4± 0.2 12.1± 0.2 

02 0.2 7.9 ± 0.2 11.1± 0.2 

SF
6 0.2 8.0± 0.2 10.7±0.2 

N
2

0 0.2 8.0± 0.2 10.9 ± 0.2 
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These results appear to confirm the earlier 

data that electron acceptors retard the radio

lysis. 

Phototransfer of Electrons 

We tested the effect of the presence of the 

photoemitting dye, Brilliant Green, a triphenyl

methane derivative with the formula 

This compound is reasonably inert (so that 

"chemical" reaction with choline chloride was 

not a problem), and has a quantum yield of 

charge carriers at the surface much higher than 
3 

other dyes. Brilliant Green absorbs strongly 

in the region 500-800 nm, and its photoexcited 

behavior has been interpreted as the migration 

of excitons to the crystal surface, where they 

form holes and electrons. It was our expecta

tion that electron transfers at the interface of 

Brilliant Green-choline chloride crystals would 

effect the choline's radiolysis. Consequently, 

samples of finely crystalline choline chloride 
6 were y-irradiated ( -196", 10 rads) and then 

mixed (under dry N
2

) with powdered Brilliant 

Green in a 1:1 ratio of the two compounds. The 

mixture was then illuminated with a G. E. A-H6 

high-pressure mercury lamp, at a distance of 

about 7 in. The samples were kept at dry ice 

and room temperatures respectively. The 

results are shown in Table IV. 

These results indicate that the illuminated 

Brilliant Green is providing electrons to the 

irradiated choline chloride, and that these 

electrons are enhancing the radiolysis. 

Effect of Prior Thermal Treatment 

It is reasonable to as.sume that crystal 

imperfections in choline chloride constitute 

potential electron traps and that these traps 

are populated with electrons during y irradi

ation. Such imperfections would be likely to 
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Table IV .. Effect of phototransfer of electrons 

Treatment of -y-irradiated 
choline chloride plus 

Brilliant Green 

At -70" 

Blank 

Illuminated for 4 hr 

At room temperature 

Stored for 4 hr 

Illuminated for 4 hr 

Radiolysis 
( o/o) 

0.8±0.2 

2.7±0.2 

5.7±0.2 

12.3±0.2 

be annealed out by thermal treatment of the 

crystals. Consequently, we subjected crys

falllne choline- c-hlorid-e to ~a''p-rior th-ermal 

treatment" at 150" before'{ irradiation. The 

data of Table V indicate that such treatment 

does indeed considerably reduce the choline's 

susceptibility to radiation damage, a probable 

result of a diminished density of electron 

traps. 

Table V. Effect of thermal treatment of 
choline chloride prior to irradiation. 

No prior thermal 
treatment at 150" 

Prior thermal 
treatment at 15 0 • 
for 48 hr 

Postirradiation 
thermal treatment at 50" 

20 min 120 min 

8.2o/o 12.2o/o 

6.5o/o 8.6o/o 

Repeated Irradiation Cycles 

Crystals have a finite _number of traps. 

In choline chloride, after all these are electron

populated during '{ irradiation, continued irra

diation may have little further effect in pro

moting the radiolysis. On the other hand, if 

only a buildup of free radicals is important 

for the radiolysis, continued irradiation would 

continue to cause radiolysis. We therefore 

tested interrupted versus noninterrupted radi

ation effects, as follows: A sample of choline 

chloride was irradiated at liquid N
2 

tempera

ture for 1 hr followed by thermal treatment for 

2 hr at 50". It was again irradiated for 

another hour followed by the same thermal 

treatment. This cycle was repeated again, 

viz., a total of three cycles. The sample 

showed a radiolysis of 24. 5o/o. This is to be 

compared with a sample of choline chloride 

which was irradiated for an uninterrupted 3 

hr and subsequently heated for 6 hr at so·. 
It was only 13.6o/o decomposed. A reasonable 

--m.terpreta:fion of-ilie se" aataistnat ·up"o"n re--

cycling we are repopulating the depleted donors 

with electrons, thereby enhancing the radiolysis. 

Effect of Compression 

Compression of finely divided material is 

known to enhance the density of defects. Irra

diated samples of choline chloride were com

pressed in a dye chilled in solid C0
2 

to 2 tons/ 

in. 
2

. Two of the pellets, analyzed immediately 

after their formation, showed a radiolysis of 

0. 25%. On thermal treatment of the pellets 

for 2 hr at 50" the radiolysis increased to 0.8o/o. 

Compared with the usual amount of 1Zo/o in non

pelleted material; the radiolysis is drastically 

inhibited by compression. 

Concomitant ESR observations indicated 

that there was no change, on compression, of 

the concentration of radicals. We interpret 

these results to mean that, during compression, 

a large number of defects are created, and that 

these defects compete very favorably for free 

electrons during the subsequent thermal treat

ment. The electrons, which otherwise would 

react with an ion or radical and start the chain 

mechanism, are trapped in the high density of 

defects produced ~y the compression. 
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ATTEMPTS TOWARD IDENTIFICATION OF THE UNKNOWN COMPOUND "U-211 

FROM THE 
14c+- BENZENE REACTION 

T. - H. Lin, Helmut Pohlit, Wallace Erwin, and R. M. Lemmon 

Introduction 

We have made further investigations on the 

chemistry of the interesting, yet structurally 
14 + unknown compound, "U -2,11 from our C 

irradiations of benzene. U -2 has a retention 

time in gas -liquid chromatography ( C W 20M) 

approximately corresponding to those of both 

n-hexylbenzene and indene, it reacts with bro

mine, and it gives toluene and rnethylcyclohexane 

upon hydrogenation. The formation of toluene 

indicates the presence in the molecule of a 

phenyl group or a group that gives the benzene 

· ri.ng in the process of hydrogenation. Toluene 

and rnethylcyclohexane could be formed from 

different parts of the U -2 molecule. In such 

a case, U -2 would contain at least 13 or 14 

carbons. However, the circumstances that 

(a) it has much shorter retention time than any 

known 13-carbon compound and (b) fragmenta

tion of a hydrocarbon on hydrogenolysis seems 

most unlikely may be taken as indication that 

U-2 possesses only 7 carbons. This conclusion 

is supported by the essentially identical 
14c 

ring-methyl distribution for toluene and rnethyl

cyclohexane (indicative of the same precursor 

for the two compounds). Thus, U -2 may pos

sibly be a c
7 

compound which gives toluene and 

rnethylcyclohexane when attacked by hydrogen 

at different sites of the molecule. A similar 

and more important reaction of this unsaturated 

U -2 molecule will be hydrohalogenation; such 

a reaction will probably give isomers of halo

toluenes or benzylhalide. However, our 

attempted hydrobrorninations were not success

ful. 

A close examination of the radioactivity 

trace of the gas -liquid chromatogram reveals 

that, in the U -2 peak, a small shoulder pre

cedes the major peak. U -2, therefore, may 

actually be a combination of two compounds 

that give toluene and rnethylcyclohexane re

spectively upon hydrogenation. A preliminary 

attempt to separate this possible mixture on 

gas -liquid chromatography ( Carbowax) was not 

successful. 

A routine procedure for the determination 

of an organic compound may require an ele

mental analysis, some spectroscopic data (such 

as uv, ir, NMR, and mass spectra), and sub

sequent confirmation of the result by carrying 

out suitable chemical reactions. Unfortunately, 

since we cannot obtain a macro amount of 
14 + prorJ.uct from our C irradiation, a possible 

"carrier" compound must be found before any 

investigation can be made. Earlier efforts were 

made to match the retention times of known 
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compounds with that of U -2. Among the corn

pounds checked were bicycle-( 2, 2, 1) -heptadiene, 

cyclooctatetraene, styrene, phenylacetylene, 

and benzocyclopropene. None corresponded 

with U-2. 

In this report we describe efforts toward 

the identification of U -2 made under the as surnp

tion that U -2 is a 7 -carbon compound. 

The insertion of carbene into one of the 

three kinds of bonds in the benzene molecule 

(C-H, C-C, and C=C) would give the following 

compounds: 

All these have, of course, too short a retention 

time to be U -2. It is also possible that the hot 

C 
1 

species may excite the benzene molecule, 

leading to the structural isomerization prior 

to the insertions: 

(t) (2) (3) 

The reaction of car bene toward bicycle-( 2, 2, 0)

hexadine (Dewar benzene) ( 1), benzvalene (2), 

and prisrnane ( 3) would give compounds ( 4) 

through ( 18): 

YH3 
@+:CH2-@ + 

(4) 

n=D+~ 
(7) (8) 

+lb 
(18) 

It is not known whether these compounds give 

toluene on hydrogenation. However, as in the 

case of U -2, even if toluene appeared it might 

not be a hydrogenation product, but an iso

merization product induced by Pt02 catalysis. 

In order to check the possibility of the forma

tion of U -2 from the reaction of car bene and 

benzene, the Simmons -Smith reagent2 was 

refluxed in benzene solution and irradiated with 

uv. No U -2 was found. It is known that the 

reactive species 1n the Simmons-Smith reaction 

is a carbenoid instead of a free car bene; there

fore the validity of the above results should be 

suspected unless a free carbene is used. 

The formation of diphenylrnethane and 

phenylcycloheptatriene in our reaction shows 

beyond any doubt that the major reaction spe

cies in the system is indeed a free carbon. 

Thus, the study of the reaction of carbon with 

benzene could be pertinent to our problem. 

The insertion of a carbon atom into C -H, C -C, 

and C=C linkages of benzene would give phenyl

carbene ( 19), cycloheptatrienylidene (20), 

norcaradienylidene ( 21), and bicyclo-(2~ 2, 1)

heptadienylidene (22): 
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The carbenes { 19) - {22) may then undergo 

intramolecular insertions to give compounds 

{23) -{35): 

a C-H 

0> ·c:H 
( 231 

0- /3 C-H (9 ( 241 

Y C-H ()) ( 2 51 

aC=C,C-C 0> ( 261. 0 ( 271 h 

13 c= c, c-c 
~ ( 2 81. (261 

YC=C C-C ~ ( 2 91. rj) (301 

a c- H 
(271 

{3 C-H 
(261 .. YC-H o- ( 301 

c = c ( 1,21 
( 261 

C=C (3,41 

® ( 31 I 
C=C (1,61 

(27) 

C=C (2,31 ()<] (32) 

a C-H 
(261 

fJ C-H 
(28) 

0>:- Y C-H 
(291 

c-c (1,61 
(2 71 

c-c 11,21 
(26 I 

c-c (4,51 (31) 

C =C ® (33) 

a C-H 

u:D (34) 

/3 C-H 

~ (E)- (351 

c=c ([] (331 
c -c 

(301 
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If the isomers of benzene, { 1), {2), and {3), 

were to be considered here, an enormous 

number {more than a hundred) of these struc

'tures could be drawn. There are skeletal re-

semblances between most compounds shown 

above. Perhaps they are in fact a resonance 

hybrid that can be represented by @ 
Benzocyclopropene { 23) is one '<J>l of the 

above isomers that was available to us; that 

it was not U -2 was shown by comparison of 

retention times on gas -liquid chromatography. 

and 

for 

The unknown compounds { 24), { 25 ), { 34), 

{ 36) are also attractive possibilities 

U -2. Since they are dehydrobicyclo-

{2, 2, 1)-heptadienes, the dehydrogenation of 

bicyclo-{2J 2, 1)-heptadiene, in vapor phase 

over Pd-C {250"), was carried out. No U-2 

was found. The disproportionation of bicyclo

{ 2, 2, 1) -heptadiene using Pt02 as catalyst was 

also unsuccessful. 

Our next attempts were the dehydrobro

mination and debromination respectively of 

mono- and dibromo-bicyclo-{2, 2, 1)-heptadiene. 

The reaction schemes are as below: 

0 Br 

({) 
CH 2-C~ ¢ NaOH ® + I NBr- ? etc. 
CH2-C/ (- "Brl 

<:,-0 

.,.o Br 

({) CH 2-c ~ 
® +.2 I 'Nsr- I 

No ? etc. 
CH 2-c

1 
<:,-0 Br 

No U -2 was obtained from debromination. In 

the case of the -HBr route, bromobicyclohep

tadiene was prepared by refluxing a 0.1 M 

carbon tetrachloride solution of bicyclohepta

diene with 1 mole equivalent of N -bromosuc

cinimide for 2 hr. After the filtration of the 

resulting succinimide, the solution was stirred 

with NaOH for 2 days. About 0.1 o/o of a U -2-

like { GLC) compound was obtained. When this 

compound was purified by gas chromatography 
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and hydrogenated, the formation of toluene in 

one run and methylcyclohexane in the other 

was observed (they did not appear in the same 

hydrogenation). The mass spectrum of this 

compound showed a parent ion of mass 92 and 

abundant tropylium ions at 91. No further study 

was done on this compound. 

In order to simulate the C -benzene reaction 

in which phenylcarbene is conceivably involved, 

phenylcarbene was generated in benzene solu

tion. The uv irradiation of stilbene oxide was 

first employed:
3 

uv ? 
---<j>CHO + <j>-CH-U-2. 

A 0.1 M benzene solution of stilbene oxide was 

irradiated in a Vycor flask with a high-pressure 

mercury vapor lamp (A-H6) for 4 days, at a 

distance of approx 10 in. The gas-liquid ~hro

matography of the resulting mixture indicated 

the presence of about 1o/o toluene, 4o/o U -2-like 

compound, and 3o/o of phenylcycloheptatriene. 

When this U -2 -like compound was hydrogenated, 

a major peak which had a retention time longer 

than the parent compound was found, and only 

small amounts (1-5o/o) of toluene and'methyl

cyclohexane were observed. The major part 

of this peak was later found {by mass spectrom

etry) to be benzaldehyde. In order to isolate 

any possible U -2 that might have been masked 

by the bulk of the benzaldehyde, the reaction 

mixture was then extracted thoroughly with 

saturated NaHS03 solution. We could not detect 

any of the compound that had previously given 

toluene and methylcyclohexane. 

Since benzaldehyde has a retention time 

exactly the same as U -2 and, consequently, 

interferes with its isolation, phenylcarbene was 

then generated via the photolysis of phenyldi-
4 

azomethane: 

? 
<j>-CH=NNH

2 
+ HgO -<j>-CHN

2 
~ U-2. 

A 125-ml Erlenmeyer flask containing 9 g of 

benzaldehyde hydrazone and 100 ml of benzene 

was immersed in an ice-water bath; with stir

ring, 15 g of yellow mercurous oxide was added 

-in portions (di.irinj:(TOrnin)-.-The-solU.fiori w~

allowed to react for 1 hr. The red-brown solu

tion was then decanted and dried over KOH 

pellets. The phenylcarbene thus obtained was 

then illuminated with a photo DXB lamp for 

2 days. About 5 o/o of a U -2-like compound was 

obtained (no benzaldehyde was present). The 

nature of this compm.ind will be investigated. 
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PHOTODEOXYGENATION OF a, a, N-TRIPHENYLNITRONE 

Janet Splitter 

The deoxygenation of a, a, N-Triphenylni

trone is a competitive reaction in the irradiation 

of the nitrone to oxaziridine with short-wave-

length light under helium ( Hanovia 45 0-watt 

type L medium-pressure mercury vapor lamp, 

no Pyrex filter): 

In order to obtain the optimum conditions 

for the photo-deoxygenation, light of wavelengths 
0 

longer than 2800 A was eliminated by using the 

Rayonet low-pressure mercury vapor lamps 

(mainly 2537 A light) with a KI
3 

solution filter. 
1 

Under these conditions, with Et
2

NH as solvent, 

all the light was absorbed by the solvent. The 

yield of imine was increased to about 80o/o. 

The resulting solution showed a correspondingly 

high active oxygen content. The conditions 

under which the potassium iodide was oxidized 

were similar to those employed with hydrogen 

peroxide (no heat required). It is possible that 

the agent responsible for the active oxygen is 

hydrogen peroxide. Diethylamine is known to 

photolyze with production of hydrogen atoms :2 

hv H 
Et

2
NH -----~ 2H• + CH3 -C =NEt 

+ condensation reactions. 

No diethylhydroxylamine was detected. 

The yield of imine was much less when irradi

ation was done under air instead of helium. 

When solvent was used that did not absorb at 
0 

25 3 7 A, such as ethanol, the yield of imine was 

low. However, the yield appeared to increase 

as the amount of photofragmentation of the 

oxaziridine increased: 

0- . . IH 
¢

2
C=N¢ + H·-¢

2
C-N¢---¢

2
C=N¢ + OH· 

20H·-2H 0 
2 2 
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This suggested that the re suiting benzophenone 
3 

was acting as a triplet sensitizer or as a hy-
4 

drogen atom transfer agent. When the nitrone 

was irradiated at 25 3 7A in ethanol with added 

benzophenone, which absorbed 93o/o of the light, 

the yield of imine was greatly increased. The 

time of irradiation to give 5 Oo/o nitrone dis

appearance was 10 min, compared with about 

3 min when no benzophenone was added, indi

cating that benzophenone also was acting as an 

internal filter.. An experiment was done with 

the same added benzophenone solution irradi

ated for 6 min under helium; one tube was 

opened to air immediately after irradiation and 

the other was kept in the dark and opened 2 

days later. The first-tube-showed~30o/o d-isap-

pearance of nitrone after irradiation, and the 

second one showed 72"/o disappearance of 

nitrone. The fir~t tube after 2 days' standing in 

the dark showed 45"/o disappearance of nitrone. 

Both showed high yields of imine by GLC, but 

the one unopened for 2 days gave a somewhat 

higher yield. It appeared that a similar ther

mal reaction was taking place in the injection 

port of the gas chromatograph, inasmuch as 

the amount of nitrone present before injection 

could not be accounted for except by a con

version to imine that took place differently 

from that of unirradiated nitrone. Benzophe

none is known to form an intermediate when 

irradiated in isopropanol, 5 which slowly re

acts over a period of days with benzophenone 

to form ketyl radicals: 

OH CH
3 101 ¢-C= -OH + ¢ CO I 2 

H CH
3 

----2 ¢
2

COH 

+ Me
2
CO 

In the presence of oxygen this intermediate 
5 was found to regenerate benzophenone over a 

period of hours. Either the ketyl radicals or 

the intermediate must be reacting with the 

nitrone to give a new intermediate, which may 

be ¢
2 
(;~~ and which may further react as 

above. The resulting solution was found to 

have some active oxygen content, which may 

be hydrogen peroxide or its addition compound 

with acetaldehyde. Acetaldehyde is formed 

in the irradiation of benzophenone in ethanol. 

Further work needs to be done to sub

stantiate this mechanism, in particular to 

account for the active oxygen content observed. 

Also, a triplet sensitizer whose triplet does 

____ no_t_abs_tr_ac.t_hy_dr_ogen_ato_ms_fr_om_the __ s_ol:v..ent,_ 
4 

such as m-methoxyacetophenone, should be 

used in place of benzophenone. 

Nitrones, in general, deoxygenate readily 

in the gas chromatograph injection port ( 300°) 

and under electron impact in the mass spec

trometer. A recent report tells of using a 

nitrone as a radical trap. 
6 
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ON THE PHOTOREDUCTION OF BENZOPHENONE 

IN ISOPROPYL ALCOHOL 

Janet Splitter 

1 
Recently, the structure of the intermedi-

ate (In) in the photoreduction·of benzophenone 

in isopropyl alcohol has been postulated as 

OH 

I 
<I> -c 

Me 

/\_-~_..-Me 
"==!\ .. \OH 

- H 

In 

In the absence of air, the following series of 

reactions was proposed: 

3¢
2
co + Me

2
CHOH----¢

2
COH + Me

2
COH, 

¢
2

COH + Me
2

COH'"-· --~In, 

OH OH 
I I 

¢2--c-c-¢2. 

In the presence of air, samples that contained 

almost exclusively In were reported to slowly 

regenerate benzophenone. 

In our studies on photochemical reactions 

involving benzophenone as a product (partially 

irradiated) a new product was obtained which 

was not benzpinacol or benzhydrol. It had a 

longer retention time than benzophenone, 

benzhydrol, or benzpinacol in GLC and w,as 

thermally stable. The benzpinacol, of course, 

was converted to benzophenone and benzhydrol 

in the injection port. The >..max, EtOH of the 

product was 250 nm, The spectrum was very 

similar to that of benzhydrol except that it was 

shifted about 10 nm to shorter wavelengths. Its 

infrared absorption spectrum indicated the 

presence of hydroxy and alkyl groups as well 

as the aromatic ring. No carbonyl absorption 

was detected. 

The NMR showed the presence of two kinds 

of aromatic protons at approximately 7.3 0 (5H) 

and 7.6 o (3 or 4H), hydroxy protons at 2.2 0 

(2H), and alkyl protons at 1.33 o ( 7H).. The 

NMR needs to be repeated with a purer sample, 

and with less background noise. In the follow

ing structure, which could fit the data, the 

benzylic proton was not found where expected. 

However, it may not have been seen because 

of the noise. 

This product could arise from an In that is 

ortho-substituted in addition to the para-sub

stituted In that was postulated. 
1 

The following 

reaction, involving an allylic shift, would be 

expected to take place readily, the driving 

OH OH 

'0 cf>C = # 
H 

CH -c-CH 
3 1 3 

'-o 4>~ ~ # 
c 

H c.,.,..... I 'cH 3 3 
OH OH 
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force being the formation of the aromatic ring. 

The para-substituted In would not be expected 

to undergo this rearrangement and may regen-
1 

erate benzophenone as reported. 

The mass spectrum of the product at three 

different electron voltages is given in Table I. 

In Chart I is a possible scheme for the frag

mentation of the product under electron impact. 

Further studies need to be done on deter

mining the conditions for the formation of this 

product in contrast to the conditions for form

ing benzpinacol. 
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Table I. Mass spectra ( MS-12) of new product 
from irradiation of benzophenone in isopropanol. 

Intensity ( o/o) 
-~--

m/e 14 eV 20 eV 70 eV 

242 0.1 

241 0.2 

240 1 

224 2 

208 12 11 12 

193 2 2 5 

185 21 16 5 

184 100 100 34 
(off scale) 

183 39 68 30 

182 8 16 20 

181 2 6 15 

166 3 6 

165 5 15 

105 19 84 100 

91 9 

78 5 10 15 

77 6 65 

59 6 24 20 

51 25 

43 6 25 
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Chart I. Mass spectra I frog mentations of new product. 

m/e 165 

•1- H• 

0-t-.:Q 
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.f-H20 
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/OH 

CH 3 -C-CH 3 
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m/e 59 

OH 
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-CeQ 
H• 

[ o-Fy r---2

-:-·-.. 
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i -CH4 

[o-~-p ]! 
CH3 -p'CH3 

OH 
m/e 240 

•1-CH30H 

m/e 193 
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OCCURRENCE OF c 22 - c 25 ISOPRENOIDS IN 

BELL CREEK CRUDE OIL 

Jerry Han and Melvin Calvin 

Introduction 

Compounds can be classed. as biological 

markers if they possess all the following char

acteristic structural skeleton, reasonable 

stability against degradation over long periods 

of geological time, structural specificity de

rived from known biological sequences, and 

low probability of formation by any nonbiolog

ical means. Of all the biological markers, the 

lipids have probably received most attention. 

The presence among the lipids of a series of 

hydrocarbons, whose structures consist of 

C
5

H
8 

isoprene units, has been cited as evi

.dence for the biological origin of petroleum, 

Isoprenoid compounds ranging from C 
14 

(2, 6, 10-trimethylundecane) to c21 (2, 6, 10, 14-

tetramethylheptadecane) have been isolated 

from petroleum by Bendoraitis, 
1

• 2 Other 
3-7 

authors have reported similar isoprenoid 

hydrocarbons from oil shales and ancient 

rocks. The isoprenoid hydrocarbons containing 

22 or more carbons have not been isolated. 

We now report the isolation and identifi

cation of c22 to c25 saturated hydrocarbons 

in the Bell Creek Crude Oil (Lower Cretaceous, 
6 

135 X 10 years old) in Powder River County, 

Montana, 

Experimental Procedure 

An alumina column (3 ftX 0.5 in.) was 

prepared from 150 g of activated neutral alu

minum oxide and washed with 200 ml of n

heptane. Two g of crude oil was mixed with 

100 g aluminum oxide and transferred to the 

top of the column, after which it was eluted 

with 15 0 ml of n-heptane. The "total hydro

carbons" represented in this fraction show 

minimal ultraviolet absorption at 2 70 mf.L. The 

alkanes were separated from alkene s by pre

parative thin-layer chromatography on a 10o/o 

silver nitrate-silica gel plate by use of n

hexane as sol vent. After the "total alkanes" 

were extracted from the silver nitrate-

silica gel cut with dry isooctane, the normal 

alkanes were separated from branched-cyclic 

alkanes with a 5-Amolecular sieve. 
8 

A 50:1 

weight ratio of sieve to sample was used, The 

sieve and sample were placed ih a round

bottomed flask and refluxed in dry isooctane 

for 2 days. After centrifugation, the solution 

containing the branched-cyclic fraction was 

removed, The sieve was thoroughly extracted 

with hot isooctane for several hours and the 

washings were added to the branched-cyclic 

fraction. The isooctane-washed sieve, which 

contained the normal paraffins, was treated 

with a mixture of 20o/o HF and benzene for 1 

hour. After separation of the layers, the 

benzene solution of n-alkane s was filtered and 

the solvent was evaporated. 

All fractions were analyzed on an Aero

graph Model 204 gas chromatograph equipped 

with a capillary column which had been coated 

in this Laboratory. The gas chromatograms 

of "total aliphatic hydrocarbons, " "normal 

alkanes, " and "branched -eye lie alkanes 11 are 

shown in Figs. 1, 2, and 3 respectively. Three 

different columns, 100ft X 0.01 in. Apiezon L, 

100ft X 0,01 in. Polysev, and 150ft X 0.01 in, 



Fig. 1. Gas chromatogram of total 
aliphatic hydrocarbons of Bell 
Creek-Crude Oil. A 100 ftx 0.01 
in. i. d. stainless steel column 
coated with Apiezon L was used. 
Helium pressure, 20 psi; flow 
rate, 2.5 ml/min. An Aerograph 
204 apparatus equipped with a 
flame ionization detector was 
used. Temperature was pro
grammed at 2 •C/min from 90•C 
to 300"C and was held isother
mally at 30o·c. 

n-~20 

"~22 

"~25 

"~7 

"~33 "~31 n-crJ 'i 

Fig. 3. Gas chromatogram of the 
branched-cyclic alkane fraction 
of Bell Creek Crude Oil. All con
ditions are the same as for Fig. 1. 

~-c,7 

n-els 
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ISOPRENOID HYDROCARBON POSITIONS 

"-<13 
' n-GJ I 

l 
XBL6811-6691 

XBL68ll-6689 

Fig. 2. Gas chromatogram of normal 
hydrocarbon fraction of Bell Creek 
Crude Oil. All conditions are the 
same as for Fig. 1. 

CIS 

ISOPRENOIDS 

XBL68ll-6690 



SF-96, were used for this analysis. Coin

jections of isoprenoid standards, C 
15

, C 
17

, 
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c 19' c20' and c21 isoprenoid hydrocarbons, 

were made on all three columns. The locations 

of these standards coincide with the peaks 

labeled on Fig. 3. 

The isoprenoids were isolated from the 

branched-cyclic fraction by preparative gas

liquid chromatography on an Aerograph Model 

A-90-P. The branched-cyclic fraction was 

chromatographed on a temperature-pro

grammed 25 ftX 0.01 in. 3o/o SE-30 column. 

Fractions were collected and rechromato

graphed isothermally on a 25 ftX 1/8 in. HI

EFF-4B (butane-1, 4-diolsuccinate) column. 

The final fractions collected from the 

polyester butandiol column were used for gas 

chromatograph-mass spectrometric analysis. 

A 100ft. X 0.01 in. Apiezon L capillary col

umn was used in the last step. 

All mass spectra were taken by using a 

combination of an Aerograph 204 gas chroma

tograph and an A. E. I. MS-12 mass spectrom

eter. The gas chromatographic oven tempera

ture was programmed from 90• to 3QQ•C at 

2•Cjmin with a helium flow rate of 2.5 ml/min. 

The effluent from the capillary column was 

split into two parts, 1.5 ml/min going to the 

flame ionization detector and 1 ml/min going 

through a 1ft X 0.002 in. heated stainless steel 

tube at 22Q·C directly into the ion source of 

the mass spectrometer. The spectra were 

determined at an ionizing voltage of 70 eV and 

an ionizing current of 50 f.LA. The temperature 

of the ion source was 200• C. Each spectrum 

was scanned in 3 seconds. The spectra were 

recorded on an oscillograph recorder. 

Results 

The n-alkanes representing 2. 75 ± 0.2o/o 

of the Bell Creek Crude Oil range from C 
10 

to c 33 (Fig. 2). Identifications were made 

by mass spectral analyses and by coinjections 

with standard samples on three different gas 

chromatographic capillary columns: Apiezon L, 

Polysev, and SF-96. There was no significant 

predominance of odd- over even-carbon-num

bered n-paraffins. A similar observation was 

described by Bray. 9 The most prevalent n

alkane was n-C 
1 

T This result coincided with 

1. 10, 11 h h h . our ear 1er reports t at p otosynt etlc 

microorganisms, such as blue -green algae, 

green algae, and photosynthetic bacteria, 

contained more n-heptadecane than any other 

compound in the total hydrocarbon fraction. 

Samples of C 
14 

to c
25 

isoprenoid hydro

carbons were isolated from the branched-cyclic 

fraction (Fig. 3) and identified by their mass 

spectrometric fragmentation patterns. Figures 

4 through 6 give the mass spectra of C 
14 

to 

c25 isoprenoid alkanes isolated from this 

crude oil. For the c
22

-c
25 

isoprenoids we 

suggest the structures I--2, 6, 10, 14-tetra

methyloctadecane; II--2, 6, 10, 14-tetramethyl

nonadecane; Ill--2, 6, 10, 14, 18-pentamethyl

nonadecane; and IV --2, 6, 10, 14, 18-penta

methyleicosane, based on their mass spectra. 

All these compounds have regular head-to-tail 

condensations, having three methylene groups 

between two methyl branch sites. See Fig. 7. 

The C
22 

isoprenoid, I, exhibits six major 

fragments: c
8

, c
11

, C
13

, c
16

, c
18

, and c
21

, 

corresponding to fragment ions at m/e 113, 

155, 183, 225, 253, and 295. Structures II, 

III, and IV indicate the major fragment ions 

in Fig. 6. In Fig. 6, the spectrum for the 

c23 isoprenoid, a doublet at m/e 98 and 99 

is observed; this phenomenon is described in 
12 our previous report. When a fragment has 

a long straight chain the even peak.CnH
2

n' 

is intensified. This phenomenon is also seen 

in Fig. 5, the fragmentation pattern of the 

C 
18 

isoprenoid. The c
23 

isoprenoid (Fig. 6) 

does show the doublet at m/e 98 and 99, indi

cating the presence of a long straight chain. 

Thus, Fig. 6, the c
23 

isoprenoid, could not 
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Fig. 4. Mass spectra of C 14 to C 17 isoprenoid hydro
carbons. They were taken as the components were 
eluted from a 100 ftX 0.01 in. i. d. Apiezon L capil
lary gas chromatographic column. The compounds 
were ionized by electron impact at 70 eV; ion source 
temperature 200•C; ionizing current 50 fJ.A.. Each 
peak was scanned within the range of 10-600 mass 
units in 3 sec on an A. E. I. MS-12 mass 
spectrometer. 
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Fig. 5. Mass spectra of C1s to C21 isoprenoid hydrocarbons. All 
conditions are the same as for Fig. 4. 

have the irregular structure, 2, 6, 10, 14, 17-

pentamethyloctadecane, because it cannot 

produce a doublet at m/e 98 and 99. A double 

peak appears neither in the c24 nor the c25 

isoprenoid of Fig. 6, ~hich eliminates the ir

regular structures 2, 6, 10, 14-tetramethlyeico

sane and 2, 6, 10, 14-tetramethylheneicosane. 

The C 
19 

and c
20 

isoprenoids, pristane and 

phytane, do not show doublets at m/e 112 

and 113 or m/e 126 and 127. 

In Fig. 6, besides major fragments c
7

, 

c8. c12' c13, c17' c18' and c22 for, the c23 

isoprenoid, significant fragments are also 

observed at C 
15 

and c;
20

, which requires the 

charge to remain on the primary carbon atom. 

The same effect is seen in the c 24 isoprenoids, 
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Fig. 6. Mass spectra of Czz to Czs isoprenoid hydrocarbons, All 
conditions are the same as for Fig. 4. 

which have major C 
16 

and C 
21 

fragments. 

This phenomenon is observed in high-molec

lar-weight hydrocarbons. After bond cleav

age adjacent to a methyl branch the charge 

normally stays on the secondary carbon. If 

the primary fragment is sufficiently large, the 

charge can sometimes remain on the primary 

carbon fragment, 

An estimate has been made of the abun

dance of isoprenoid hydrocarbons, based on 

gas chromatographic data. This is shown in 

Table I by percentage by weight of the Bell 

Creek Crude Oil. 
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Fig. 7. C22 through C25 isoprenoids. Molecular weights: 
I (C 22 ), 310; II (C 2 3), 324; III (C24), 338; IV (C25), 352. 

Table I. Isoprenoid content (in percent by 
weight) of the Bell Creek Crude Oil. 

Content Content 

c14 0.11 ± 0.02 c2o 0.46±0.04 

c15 0.20±0.02 c21 0.09± 0.01 

c 16 0.30±0.03 c22 0.04± 0.01 

c17 0.05±0.02 c23 0.06 ± 0.01 

c18 0.32±0.03 c24 0.03 ± 0.01 

c19 0;68 ± 0.05 c25 0.05 ± 0.01 

Identified isoprenoid alkanes constitute approx

imately 2.4o/o of the crude oil. 

Discussion 

The biological precursors of the C 
19 

and 

c20 isoprenoids, pristane and phytane, have 

been the subjeCt of much interest. These two 

compounds are considered to be derived from 

the phytyl side chain of the chlorophyll mole-

cule, a precursor orginally proposed by 

Bendoraitis et al. 1 In the Bell Creek Crude 

Oil, norpristane, pristane, and phytane to

gether account for more than 60o/o of the total 

isoprenoids. Bendoraitis ;:.!._ <:.!:._2 
suggested that 

the sesquiterpenoid 2, 6, 10-trimethyldodecane 

(farnesane) and its degradation product, 2, 6, 10-

trimethylundecane, also resulted from degra

dation of phytol in the source bed. However, 

another possibility should be considered. Since 

farnesol is the side chain of chlorophyll in 

some photosynthetic bacteria, for example 

Chlorobium, 
13 

it could be the precursor of 

farnesane. By a sequence of abiological 

diagenetic processes such as dehydration and 

reduction, it is possible to envisage the con

version of !arnesol to farnesane. Again, oxi

dation, decarboxylation, and reduction could 

lead to the C 
14 

isoprenoid. 



The hypothetical reduction and oxidative 

cleavage products of polyenes, such as squa

lene and lycopene, have been considered by 

Mc.Ca:rthy et al. 
14 

and Bendoraitis et al. 2 

Figure 8 illustrates how C19 to c
25 

hydro

carbons might be derived from squalene by 

one bond cleavage. The isoprenoids found 
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in crude oil and sediments are all "reg

ular" isoprenoids containing only head-to-tail 

linkages. For example, only the regular c
25 

isoprenoid, 2, 6, 10, 14, 18-pentamethyleicosane, 

has been found. The degradation products from 

squalene which contain four or five isoprenoids 

would be "irregular" isoprenoid alkanes. An 

"irregular isoprenoid" contains at least one 

head-to-tail or tail-to-tail linkage. In other 

words, a regular isoprenoid has three meth

ylene groups between two methyl branch sites, 

but the irregular isoprenoid contains at least 

one unit which has either two methylene groups 

or four methylene groups between two methyl 

branch sites. The irregular c
25 

isoprenoid 

from squalene, 2, 6, 10, 15, 19-pentamethylei

cosane, it is not present in any significant 

amount. Absence of the C 
19 

isoprenoid, 2, 6, 

10-trimethylhexadecane; the c20 isoprenoid, 

2, 6, 10, 15 -tetramethylhexadecane; the c21 

isoprenoid, 2, 6, 10, 15 -tetramethlyheptadecane; 

the c23 isoprenoid, 2, 6, 10, 15 -tetramethyl

nonadecane; and the c24 isoprenoid, 2, 6, 10, 15-

tetramethyleicosane; as well as the absence of 

the c25 isoprenoid, 2, 6, 10, 15, 19-pentamethyl

eicosane, indicates that squalene is not an 

important precursor of these isoprenoid hydro

carbons. 
14 

McCarthy et al. suggested that lycopene 

(Fig. 9) could be the precursor of the c
21 

isoprenoid. If lycopene is an important pre

cursor of lower-molecular-weight isoprenoid 

hydrocarbons, we'would also expect it to be an 

XBL696-3120 

Fig. B. Diagenetic pathway to "irregular" isoprenoid 
alkanes with squalene as precursor. 

Fig. 9. Diagenetic pathway to "irregular" isoprenoid 
alkanes with lycopene as precursor. 

XB L696- 3121 



important precursor of the c24 and c25 iso

prenoid alkanes. Figure 9 shows how c
24 

and 

c25 isoprenoids can be derived from lycopene 

by one bond cleavage. Thus we would expect 

to obtain the irregular c24 isoprenoid, 2, 6, 

10, 14-tetramethyleicosane, and the irregular 

c25 isoprenoid, 2, 6, 10, 14, 19-pentamethylei .. 

cosane, if lycopene were the precursor. How

ever, the c24 and c25 isoprenoids identified 

in the Bell Creek Crude Oil have the regular 

isoprenoid structures, i.e., 2, 6, 10, 14, 18-

pentamethylnonadecane and 2, 6, 10, 14, 18-

pentamethyleicosane. No significant amounts 

of irregular c24 and c25 isoprenoid hydro

carbons were observed. Thus, it appears that 

the common, naturally occurring isoprenoid 

hydrocarbons, squalene and lycopene, did not 

play an important role in the diagenetic path

way to isoprenoid alkanes isolated from this 

crude oil. Many other precursors (such as 

regular isoprenyl alcohols} are, however, 

available in living organisms. Regular head

tail-head-tail oligoterpenyl alcohols are rather 

common in nature. 

Solanesol was isolated by Rowland et 

1 15, 16 f b 1 h . -
~ rom to acco eaves, w ere 1t was 

found partly as fatty acid esters. The struc

ture of solanesol, 

yH 
H-(CH -C=~H-CH } -OH 

2 2 n ' 

where n = 9 is solanesol, n = 11 is bactoprenol 

n = 6 to 9 are betulaprenols, n = 20 is dolichol, 
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was confirmed by Fukawa et al. 
17 

Burgos and 

his co-workers 
18 

have discovered dolichol in 

pig liver, and Lindgren19 has isolated a series 

of c
30

-c
45 

terpenols, betulaprenols, from 

birch wood. Thorne and his co-workers
20 

gave the name bactoprenol to the most abundant 

lipid formed by three species of Lactobacillus 

from mevalonic acid. The structure of this 

compound was confirmed as a c
55 

regular 

isoprenyl alcohol. A C 
110 

isoprenoid sub-

stance has been identified as a metabolic 

product of Aspergillum fumigatus by Burgos 

1 21 h"l . d h" 22 eta . , w 1 e Hemm1ng an 1s co-workers 

detected a c5 0 isoprenoid alcohol in the spadix 

of Arum maculatum. 

All isoprenoid alcohols have regular head

tail structures from end to end. These alcohols 

may be converted into high-molecular-weight 

isoprenoid alkanes by geochemical processes, 

just as the low -molecular -weight compounds 

might be generated from a four -isoprenyl-unit 

alcohol, phytol. It is suggested that the initial 

degradation process has to take place by attack 

at the alcohol end of farnesol, phytol, betula

prenols, solanesol, etc. This could then be 

followed by reducing and thermal cracking mech

anisms to give the c 14 to c25 isoprenoid hydro

carbons found in the Bell Creek Crude Oil. 

Summary 

The aliphatic hydrocarbon content of the 

crude oil from the Bell Creek Oil Field of 

Powder River County, Montana, has been 

studied. Mass spectrometric fragmentation 

patterns indicate the presence of all twelve 

isoprenoid hydrocarbons ranging from C 14 
to C as well as head-to-tail conformations. 

25 
Precursors of the compounds are discussed. 
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CONDENSATION REACTIONS OF AMINO ACIDS AND NUCLEOTIDES 

IN THE PRESENCE OF VARIOUS SYNTHETIC POLYPEPTIDES 

AND POL YNUCLEOTIDES 

Loring Bjornson 

One of the major problems in chemical 

evolution is how the amino acid and nucleotide 

polymer systems were brought together to give 

the present living systems in which the DNA, 

in conjunction with the RNA's, determines what 

proteins are synthesized. It has been shown 

that these types of polymers can be formed 

from the monomers under various abiogenic 

conditions. 
1 

The next question is what sort of 

interactions could take place between these 

polymers and their monomers that might lead 

eventually to a living system. 

One of the most obvious interactions 

between the amino acid and nucleotide systems 

is the electrostatic attractions between the 

basic amino acids, e. g., lysine and arginine, 

and the acidic nucleotides. This type of inter

action is well known, and examples such as the 

binding of histones to DNA, 
2 

or the binding of 

polylysine to various polynucleotides, 
3 

have 

been studied in detail. This type of complex is 

thought to be primarily due to ionic interactions. 

However, the fact that poly lysine binds prefer

entially to polynucleotides and high adenine and 

thymine
3 

content indicates that other inter

actions must exist also. 

Thus, it was thought that perhaps poly

lysine would interact with adenosine-5 1-mono

phosphate (AMP-5') in such a way that when a 

condensing agent was added adenylate oligomers 

would be formed. If such an interaction were 

strong enough, the polylysine could act as a 

catalyst for the condensation of nucleotides. 

Another possibility would be that polynucleotides, 

e. g. , polyadenylic acid, could catalyze the 

formation of lysyl peptides by the same 

mechanism. 

The experiments designed to test this hy

pothesis were simply the reactions of the mo

nomers and condensing agent with and without 

the polymer present. The first reaction studied 

was that of AMP-5 1 and a water -soluble con

densing agent, 1-ethyl-3-(3-dimethyl-amino

propyl) carbodiimide hydrochloride (EPCI• 

HCl), in the presence and absence of a basic 

polypeptide. The reaction of AMP-5 1 and 

EPCI. HCl has been studied previously in this 

and in another laboratory, 
4 

and the major 

product is A
5 1

ppA. The polypeptide used was 

a copolymer of L-lysine and L-phenylalanine 

in a 1 to 1 ratio. The E-amino group of lysine 

was first quaternized to prevent reaction with 

AMP-5 1 by dissolving the copolymer in water, 

adding excess CH
3

I and 1 ~ NaOH. A standard 

solution of 
14

C-labeled AMP-5 1 (0.025 M), 

pH 7, was made up and 50-f!.l aliquots were 

added to a test tube containing various amounts 

of poly-L-Phe-L-Lys -E-N(CH
3

)
3
I. The ratio 

of AMP-5 1 to Lys in these samples was 10, 2, 

and 1. A fivefold molar excess of EPCI· HCl 
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was added to these samples. including one with 

no polymer present, and the reaction mixtures 

were allowed to stand overnight at 0 to 5°. 

Five -fll aliquots were spotted on Whatman #1 

paper and subjected to two-dimensional chro

matography. The chromatography conditions 

and the final autoradiogram were the same as 

reported previously. 
4 

However, the results 

were just the opposite of what was expected. 

Instead of enhanced yields of product, the yields 

decreased with increasing amounts of polymer. 

Thus, although the yield of the AMP:EPCI· HCl 

adduct remained about constant at 4o/o, the yield 
5' of A ppA decreased from 29. 8o/o with no poly-

mer present to 18.3% with the maximum amount 

of polymer present. Another effect of added 
5' 

polymer was to cause the A ppA to "tail" on 

the chromatogram. It is possible that, 

whereas the polymer stayed at the origin with 

some movement in the acidic solvent, some 
5' A ppA was bound to the polymer and held back. 

It is not clear at pre sent why the yield of A 5 1ppA 

decreases when the polypeptide is added, but 

one possibility would be that the polymer causes 

an increase in the hydrolysis of EPCI· HCl. 

Another possibility is that the ionic attraction 

between AMP-5 1 and the polymer could be 

completely disrupted by the addition of a large 

excess of the charged species, EPCI· HCl~, 

In another experiment in which L-Lys was 

reacted with EPCI· HCl in the presence arid 

absence of polyadenylic acid, the preliminary 

results indicate that again there was no cata

lytic effect with the polymer. 

Thus, the experiments performed so far 

have not substantiated the initial prediction that 

there could be binding between the oppositely 

charged polymer and monomer which would be 

sufficient for a catalytic effect. However, it 

is felt that the addition of an excess of charged 

condensing agent may be destroying any binding 

before a reaction can occur; therefore the ex

periments·-"will be repeated, using an uncharged 

condensing agent. Work is now in progress on 

the synthesis of one such agent, 1, 3-bis -( 2-

methoxy ethyl) carbodiimide. 
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SPECIFICITY IN REACTIONS OF AMINO ACIDS AND NUCLEOTIDES. 

I. DISCUSSION OF THE VARIOUS APPROACHES TO THE PROBLEM 

Frederick A. Johnson 

In 1958 Hecht and co-workers 1• 2 dis

covered that transfer ribonucleic acids 

(t-RNA's) required the 3 1-terminal base triplet 

cytidylyl-cyticylyl-adenosine (or •... pCpCpA) 

in order to be charged enzymically with amino 
. 3 4, 5 d h . 1 acids. L1pmann, Berg, an ot ers s1mu -

taneously discovered that the amino acids were 

attached to t-RNA through an ester linkage to 

the 2 '- or 3 '-hydroxyl group on the ribose 

portion of the terminal adenosine residue. Ever 

since the discovery that the pCpCpA end group 

was necessary to t=RNA activity, chemical evo

lutionists have been wondering how this triplet 

evolved from primitive conditions to hold its 

present role in living systems. 

The reasons for the evolution of pCpCpA 

probably lie somewhere between the two ex

tremes of (a) pure chance and (b) strong chem

ical preference of amino acids to couple 

with this base triplet. Of course, the reason 

that pCpCpA is found at the terminus of all 

t-RNA 1 s in living systems today is almost cer

tainly due to enzymic "recognition" of this end 

group by the various aminoacyl-tRNA synthe

tase enzymes. However, it is still pertinent 

to ask how this particular base triplet was 

placed in the role it now has. Presumably 

there may have been a time when primitive cells 

had no enzymes capable of recognizing pCpCpA, 

and this enzyme was evolved after pCpCpA had 

proven itself to be chemically superior to other 

base triplets. Or else the first enzyme capable 

of coupling amino acids to nucleic acids fitted 

pCpCpA entirely by chance. There are a host 

of possibilities. It is reasonable to suspect 

that pCpCpA has some chemical property which, 

when the adenosine is charged with an amino 

acid, offers a substantial advantage for peptide 

synthesis. 

One approach to this question has been to 

study the stability of the aminoacyl-nucleotide 

ester bond under cleavage conditions. Wieland 

was the first to offer data of this nature. 6 He 

reacted leucyl-2 1( 3 1 ) -adenosine-5 1 -phosphate 

(Leu-AMP), leucyl-uridine -5 1 -phosphate (Leu

UMP), and leucyl-guanosine-5 1-phosphate (Leu

GMP) with hydroxylamine and recorded the 

half-lives of the cleavage of the ester bonds. 

His results (shown in Table I) indicated very 

little effect of the particular nucleotide base 

(A, G, or U) upon the reactivity of the active 

ester bond. 

Table I. Wieland: Half-times of hydroxyl
amination of various leucyl-nucleotides. 

Ester 

Leucyl-2 1( 3 1) -AMP 

Leucyl-2 1( 3 1)-UMP 

Leucyl-2 1( 3 1) -GMP 

Leucyl methyl ester 

t
1

; 2 (min) 

4 

5 

7 

105 

Although Wieland found no specificity for 

the chemical stabilities of aminoacyl-~

nucleotides in hydroxylamine, Chladek and 

Zemlicka 
7 

in Czechoslovakia found that ethyl-
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2 1, 3 -cycloortho esters of glycyl derivatives of 

three dinucleoside monophosphates showed a 

wide range of resistance to hydrolysis in acetic 

acid with respect to the various nucleoside 

bases used. The reaction is shown below 

( CBZ = the carbobenzyloxy group, 

c 6H 5CH20g-): 

HO~• 

0 OH 
I 

-o-P=O 
I 

"~l 
l'

CBZ·NHCH2 O~Hs 

HO~, 

0 OH 
I 

-o-P=O 
I 

~· 
CBZ·NHCH,~-0 OH 

0 

Formula #1 

In Table II the results show that the ortho 

ester of CpA is the most resistant to acid hy

drolysis, while UpU and UpA derivatives hydro

lyze much faster. 

Table II. Chladek and Zemlicka: Acid hydro
lysis of ethyl N -carbobenzyloxyglycyl-2 1, 3 '
cyclo ortho esters of dinucleotide monophos
phates at room temperature. 

UpU 

UpA 

CpA 

Hydrolysis 
conditions 

20o/o aqueous HOACa 

80o/o aqueous HOAC 

80o/o aqueous BOAC 

t1/2 
(min) 

20 

120 

340 

aThe authors did not give the t
1

;
2 

of hydrol

ysis of the UpU in 80o/o HOAC. 

The major drawback to the significance of 

these r~sults is that the rates of acid hydrol

ysis of 2', 3 1-cyclic ortho esters is only tan

gentially related to the rates of coupling 

between amino acids and free 2 1, 3 1 -dihydroxy 

nucleotides. However, from the chemical evo

lutionist's point of view it is encouraging that 

the nucleoside bases have some role in the 

chemistry at the 2 1, 3 1 -terminal positions. 

Studies pertaining to the facility of the 

coupling reaction itself have been carried out 

by Harpold in this Laboratory, and by 

Kraevsky8 in Moscow. Harpold attached the 

nucleotides to an insoluble polystyrene support 

by a phosphate "benzyl" ester bond: 

0-@-cH,CI -

Formula #2 

He then coupled N -carbobenzyloxyamino 

acids to the free 2 1, 3 1-dihyoxyls by reacting 

the polymer -bound nucleotide with the N -pro

tected amino acid anhydrides. By cleaving 

the aminoacyl-nucleotide from the solid sup

port, he determined the! percent yields of the 

coupling reactions: 

lB@'"·":"Id (CBZ·NH~H~)zo 
R 0. -

OHOH 

~CH20~0CH2 B 

~'\::::::!/ -0~ 

CBZ:NHCHCO OH 
. ' II 

R 0 

Formula #3 

CBZ·NH<(HCOH 

R ~ 

The results are shown in Table III. 

Kraevsky performed the coupling of tert

butoxycarbonylalanine (t-BOC-Ala-OH) to four 

nucleoside phosphates in aqueous DMF, using 

N, N'-carbonyl diimidazole as the coupling 

agent: 
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Table III. Harpold: Yields of Aminoacyl 
Nucleotides recovered from the coupling of 
amino acid anhydrides to polymer-bound 
nucleotide s. 

Nucleotide 

AMP 

AMP 

CMP 

CMP 

t-BOC·Aia·OH 

t-BOC·Aia-<J • 

Amino acid 

Glycine 

Pheny !alanine 

Glycine 

Pheny !alanine 

D-rCl DMF -

0 

Amount of 
bound 

nucleotide 
reacted 

( o/o) 

10.0 

7.0 

6.5 

2.9 

t-BOC·Aia-\J 

'H-·co ·a 

0 DMF 
·o POCH 2 B H o+ 

.0 l¢7 2 
-~~o~o-} 

OHOH t-BOC·Aia·h 

Formula #4 

The data reported are percentages of 

coupled product formed after 3.5 hr of reac

tion, and these percent yields vary according 

to the molar ratio of amino acid to nucleotide 

used. See Table IV. 

The two purine nucleotides couple in 

greater yield than does cytidine -5 '-phosphate, 

a pyrimidine nucleotide, indicating a possible 

preference of the amino acid for purine 

nucleotides. 

In the later two experiments it was never 

determined whether the differences in product 

yields corresponded to real differences in 

coupling reactivities (i.e., real rate differ

ences), to differences in the stabilities of 

the products (e. g., to subsequent hydrolysis), 

or to differences in unknown factors of the 

Table IV. Kraevsky: Yield of coupling of 
t-BOC -alanine to nucleotide-5 1 -phosphates. 

Ratio of 
Amino acid Yield 

to nucleotide Nucleotide ( o/o) 

4:1 AMP 22.3 
10:1 AMP 41.5 

4:1 GMP 27.4 
10:1 GMP 57.6 

4:1 CMP 10.5 
10:1 CMP 10.9 

4:1 TMPa 45.6 
10:1 TMPa 87.9 

a 
a 

aSince the thymidine ribose has no 2 1 -hydroxyl 
group, the result,ing ester has a much greater 
stability with respect to hydrolysis. This 
fact alone is enough to explain the high yields 
of the TMP ester as opposed to other 2', 3'
dihydr oxy nucleotide s. 

experiment, such as diffusion and dispersion 

of the two nucleotides through their respective 

solid supports in Harpold's experiments. 

Thus, there is a dearth of meaningful in

formation concerning the reactivities of, and 

specificities between, the various nucleotides 

with respect to their coupling with amino acids. 

It is the purpose of my work to determine 

this information by finding actual reaction 

rates, first between the various ribonucleotides 

and amino acids, and then between nucleotide 

dimers and trimers and the amino acids. Any 

such determination requires three essential 

conditions: (i) suitably modified substrates, 

(ii) a coupling agent sufficient to couple a car

boxylic acid to a secondary alcohol, and (iii) 

a nearly quantitative method of following the 

course of the coupling reaction kinetically. 

The problem of substrates applies to both 

the nucleotide and the amino acid under con

sideration. The a-amino group of the amino 

acid requires a covering group in order to 

prevent self-condensation in the presence of a 
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coupling agent, which would make peptide bonds 

instead of ester bonds. There are drawbacks 

to using the common N -protecting groups, such 

as carbobenzyloxy and t-butoxycarbonyl groups: 

(a) a large additional side chain might cover up 

any subtle variation in the interactions of the 

amino acid with nucleotide s, and (b) hydro

carbon protecting groups render amino acids 

considerably less soluble in water. Since it is 

desirable that chemical evolution studies be 

done in dilute aqueous media, the advantages of 

using soluble reagents are obvious. Thus it 

was decided to use the smallest known polar 

N-protecting group--the formyl group--to 

protect the amino function. Phenylalanine was 

chosen as a representative amino acid of 

average bulk and reactivity. N -Formyl-DL

phenylalanine -3 -
14c was synthesized in yields 

up to 69o/o (see Experimental Procedure). 

The nucleotide must also be covered to 

prevent the formation of a 5 1 -phosphocarboxylic 

anhydride rather than a 2 1, 3'-carboxylic ester. 

( Wieland9 found that amino acid thiophenyl esters 

couple at the 5 '-phosphate rather than at the 

2 1 , 3 1 ,...hydroxyls. Kraevsky et al. 
8 

did not use 

5 1 -protected phosphates, however, and reported 

no 5'-acylated products. For this reason the 

Kraevsky work is being repeated. ) For this 

prevention.the methyl ester of adenylic acid 

(AMP) was prepared as the principal nucleotide 

derivative for the initial studies (see Experi

mental Procedure). This phosphate diester 

should resist further reaction at phosphorus, 

since any condensation products would create 

a trialkylated phosphate, which would be highly 

unstable. 

Two coupling agents have so far been con

sidered: (i) carbodiimides, and (ii) carbonyl 

diimidazole. Carbodiimides can couple car

boxylic acids to primary alcohols, but no re

port of coupling to secondary alcohols (such 

as the ribose hydroxyl groups) has yet been 

made. Carbonyl diimidazole was used by 

Kraevsky to couple t-BOC -alanine directly to 

the ribose hydroxyl groups. Although the di

imidazole reagent hydrolyzes readily in water, 

Kraevsky 1 s results indicated that the amino 

acyl imidazolide is stable enough to couple with 

secondary alcohols, even in aqueous solution. 

(This very strange result is also being checked 

at present in a repeat of the Kraevsky experi

ment.) 

Attempts to prepare the methl 2'( 3 ') -( N

formyl-DL-phenylalanyl) adenosine -5 '-phosphate 

have so far been unsuccessful. Part of the 

problem determining the extent to which cou

pling takes place has been the lack of an ana

lytical method of detecting this unstable ester. 

Earlier attempts to follow the disappearance of 

the vicinal 2 1, 3 1 -dihydroxyl groups by oxidizing 

them with periodate ion failed; repeated exper

iments gave irreproducible results. Presently 

under consideration is a thin-layer chromato

graphic method designed to separate the reagents 

from the aminoacyl-nucleotide ester. 

Further problems were traced to the hy

drolysis of the carbonyl diimidazole reagent 

upon storage, making it unsuitable for exper

imental use without further purification. It 

has been found that recrystallizing this reagent 

from benzene gives crystals whose melting 

point ( 115-117°) corresponds more cl~sely to 

the reported melting point ( 116-117 o) than does 

the reagent straight from the bottle ( m. p. 100-

111"). 

Because of the rapid rate at which the 

active esters hydrolyze, it was decided to per

form the coupling reaction first in a nonaqueous 

medium. Experiments are now under way using 

absolute dimethyl formamide (DMF) as solvent 

for the coupling reactions. As soon as the 

coupled product has been ide,ntified and char

acterized and a kinetic assay has been devised, 

aqueous systems may again be used. So far, 

however, no aminoacyl-nucleotide esters have 

been found in the coupling reactions. 



Experimental Procedure 

N -Formyl-DL-phenylalanine-3 -
14

c {pro

cedure taken from Ref. 10): A 100-ml round

bottom flask was fitted with a 5 -in. reflux 

condenser, two rubber septa through which a 

thermometer and a 25 -ml addition funnel were 

placed, and a magnetic stirring bar. DL

Phenylalanine-3-14c {1 g, 6 mmoles, 100 !J.Ci 

was dissolved in 15 ml of 88% formic acid 
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( 18.3 g, 350 mmoles). Five ml of acetic anhy

dride (5.4 g, 53 mmoles) was added dropwise 

with stirring over 5 min. The temperature 

rose to 45", and within 1 hr had dropped back 

to 25 •. Five ml of ice -cold water was stirred 

in to quench the acetic anhydride. The solvents 

were removed under vacuum, leaving a white 

solid residue. 

N -Formyl-DL-phenylalanine -3 -
14

c was 

recrystallized from hot water and was dried in 

vacuo over P 
2
o

5 
for 4 hr at 100•, giving 800 

mg{69%) of product, m.p. 169.5 -170.5°
1
{re

ported m.p. 169- 170"). Elemental analysis 

showed %C calcd: 62.16; found: 61.88. %H 

calcd: 5.74;found: 5.63. %Ncalcd: 7.25; 

found: 7.24. 

Ammonium methyl adenosine -5 '-phosphate 

{procedure taken from Ref. 11): The dihydrate 

of adenosine-5 1-phosphate ( 1.15 g, 3 mmoles) 

was suspended in 750 ml of absolute methanol 

in a 1-1 round-bottom flask that was previously 

dried by flaming and protecting with a CaSO 
4 

drying tube. Tri-n-butylamine ( 2.23 g, 6 

mmoles) was added with magnetic stirring; 

the suspension became transparent. N, N'

Dicyclohexylcarbodiimide ( 6.16 g, 30 mmoles) 

was dissolved into the solution and was stirred 

for 22 days. A 75-microliter aliquot of the 

reaction solution was spotted on a Whatman #1 

paper alongside a 100-IJ.g spot of authentic AMP, 

and the paper was developed in EtOH-NH
4
0H

H20 ( 7: 1:2). The uv handlamp showed the 

authentic AMP at Rf = 0.20. The reaction mix

ture spot gave no spot at Rf = 0.20, but showed 

a new one at Rf = 0.60. 

The methanol was removed under vacuum, 

leaving a residue which was then slurried with 

40 ml of water containing 370 mg (9 mmoles) 

of NaOH. The slurry was vacuum filtered, and 

the filtrate was washed with 3 x 10 ml of diethyl 

ether to remove dicyclohexylcarbodiimide and 

its urea. The aqueous bottom layer was freeze

dried, leaving a white solid residue. 

The residue was dissolved in 9 ml of water 

and the solution was eluted through a Dowex-
+ 

SOW cation-exchange resin (NH4 form; 1. 7 X 

37-cm cylindrical column). After 100 ml had 

eluted, the eluate was freeze -dried, giving a 

white solid residue. Two crops of product 

were recrystallized from MeOH-acetone ( 1:20), 

washed with acetone and diethyl ether, and 

dried in vacuo over P
2
o

5 
at 58" for 1 day, 

giving about 5 00 mg ( 45 %) of pure product, m. p. 

zoo• with decomposition. Elemental analysis 

showed %P 8.01. This corresponded to the 

hemihydrate of ammonium methyl adenosine-

51-phosphate, where %P calc is 8.09. A uv 

spectrum of the product showed a A. at 259 
max 

m!J.. The product was chromatographically 

pure. 
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FOURIER TRANSFORM NMR SPECTROSCOPY 

J. A. Despotakis, M. P. Klein, T. Mahan, and D. E. Phelps 

It is widely recognized that high-resolu

tion NMR offers one of the few methods of 

learning details of the solution structure of 

· macromolecules and of studying the inter

actions between molecules and the conforma

tional changes of these molecules. Basically, 

three types of information are contained in an 

NMR spectrum: (a) the intensities of the 

peaks; (b) the positions of the peaks--i.e., 

the chemical shifts and spin coupling con

stants; and (c) the time dependencies of 

these peaks. The first type of information is 

the most basic, since without adequate sig

nal-to-noise ratio nothing can be learned 

about the other two. The Fourier transform 

method affords a very significant improve

ment in the attainable signal-to-noise ratio 

because it increases by two to three orders 

of magnitude the rate at which data are ac

cumulated. Since the data rates are in

creased, we are enabled to acquire time

dependent spectral information not other

wise accessible. The chemical shift infor

mation can be improved only by resort to 

higher magnetic fields, and for this purpose 

we have recently acquired a 220-MHz spec

trometer. 

To exploit fully the inherent advantages 

of the Fourier transform method we have 

developed an extremely versatile small com

puter system with a unique hardware and 

software complement. Employing this sys-
-· 

tem in its incompleted form, we have been 

able to demonstrate the feasibility of mea

suring simultaneously all the spin relaxation 

times in a high-resolution spectrum, thus 

rendering accessible information about the 

correlation times of the various chemically 

distinct groups in a molecule. We have also 

demonstrated that the theoretical sensitivity 

improvement may be realized in practice 

and applied to the study of proteins. One 

immediate gain is that very broad lines may 

be detected simultaneously with the usual 

narrow lines, thus rendering visible protons 

coupled to nitrogen, as well as protons shifted 

by paramagnetic ions within the proteins. 

All of the foregoing work has been carried 

out with our 60-MHz spectrometer. The ex

tension of this method to the 220-MHz spec

trometer is an immediate goal, but must be 

approached cautiously because of the struc

ture of the probe and the solid-state receiver 

circuitry. When this development is com

pleted it will permit us to obtain spectra from 

many more compounds than is currently 

feasible while operating in the conventional 

mode. 

This is of great interest tous because of 

the large number of proteins and co-factors 

that are to be studied. 



-90-

CHEMICAL EFFECTS ON CORE-ELECTRON BINDING ENERGIES 

IN IODINE AND EUROPIUM* 

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

A theoretical and experimental study was 

made of the shift in atomic core- electron bind

ing energies caused by the chemical environ

ment. Two models are presented to account 

for these "chemical shifts." The first uses 

an energy cycle to break the core- electron 

binding energies into a free-ion contribution 

and a classical Made lung energy contribution. 

The Madelung energy contributes a significant 

part of the binding-energy shift. It can, in 

principle, be evaluated rigorously, although 

there is some ambiguity as to a surface cor

rection. The reference level for binding en

ergies must also be considered in comparing 

theory with experiment (or in comparing ex

perimental shifts with one another). Electronic 

relaxation could also introduce errors of "" 1 

eV in shift measurements. The second, more 

approximate, model consists of a "charged

shell" approximation for bonding electrons in 

atomic complexes. It gives semiquantitative 

estimates of shifts and demonstrates the re

lationship between bond polarity and core

electron binding-energy shifts. These models 

indicate that several features of the free-ion 

state will be reflected also in chemical shifts. 

Free-ion Hartree-Fock calculation were made 

on F, Cl, Br, I, and Eu in several oxidation 

states. These indicate that the removal of a 

valence electron shifts the binding energies of 

all core levels by nearly equal amounts ( 10-20 

eV). This shift decreases with increasing 

atomic number in a given chemical family. 

The removal of an inner "valence" electron 

(e. g., 4f in europium) gives rise to relatively 

large shifts (::::, 20 eV). These features were 

also found in the experiment chemical shifts. 

Chemical shifts were measured for iodine in 

Kl, KI03 , and KIO 4 and for europium in EuAlz 

and Eu
2
o3' by the technique of photoelectron 

spectroscopy. Binding energies in iodine 

were found to increase by"" 0.8 eV per unit in

crease in oxidation number. A Madelung en

ergy calculation indicates that this corresponds 

to a loss of"" 0.5 electronic charge from the 

valence shell per unit increase in oxidation 

state, and this value agrees approximately with 

previous results obtained from Mt'Sssbauermea

surements. A shift of 10 eV was found between 

Eu2+ and Eu3+. This very large shift is due 

largely to the loss of a full 4f electron in this 

change of oxidation state. With some refine

ments, the above technique could produce very 

useful information about bonding in ionic solids, 

in particular, allowing the determination of the 

charge on each atom. Their application to such 

problems as a determination of the oxidation 

states of metals in biological molecules seems 

even more promising. 

:::< 
Abstract from J. Chem. Phys. 48, 3779 

(1968). 
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EMISSION MOSSBAUER SPECTROSCOPY 

FOR BIOLOGICALLY IMPORTANT MOLECULES. 

VITAMIN B
12

, ITS ANALOGS, AND COBALT PHTHALOCYANINE* 

A. Nath, M. Harpold, M. P. Klein, 

and W. Kundig 

It has been shown that complex molecules 

with conjugated ring systems, such as vitamin 

B 12 , its analogs, and cobalt phthalocyanine, 

escape fragmentation during the Auger event 

following electron-capture decay of cobalt-57. 

Consequently, M~ssbauer spectra are charac

teristic of the entire molecules. This opens 

up very interesting possibilities for the use of 

emission Mossbauer spectroscopy for biolog

ically important molecules. 

*Abstract from Chem. Phys. Letters~. 471 

(1968). 

\' 

MOSSBAUER STUDIES OF AFTEREFFECTS OF AUGER IONIZATION FOLLOWING 

ELECTRON CAPTURE IN COBALT COMPLEXES 

Amar Nath, M. P. Klein, W. Kundig, and D. Lichtenstein 

A cobalt-57 nucleus undergoes radioactive 

decay by capturing an orbital electron--most 

frequently from the K shell. An electron from 

the less tightly bound L shell hops in to fill the 

vacancy, while the excess energy is utilized 

in ejecting another electron from the L shell of 

the atom. These two vacancies in the L shell 

are in turn filled by electrons from the next 

outer shell or subshell. Thus, the vacancy 

cascades traverse to the valence shell, re

sulting in a multiply charged ionic species. 

Pollak 
1 

has worked out this Auger cascade 
57 3+ 

scheme for Co , and estimates the max-

imum charge buildup for the daughter 57 Fe as 

+8 (viz., Fe8 +). This Auger vacancy cascade 
. b 1' dz k 1 . - 15 - 16 lS e 1eve to ta e pace 1n 10 to 10 sec. 

If the cobalt atom is incorporated into a mol

ecule, the multiply charged daughter iron ion 

is rapidly neutralized by transfer of electrons 

from neighboring atoms in the molecule. The 

positive charges are driven to the extremities 

of the molecule due to electrostatic repulsion. 

This redistribution of charges in the molecule 

probably occurs within 10- 15 sec and hence 

without any change in the relative positions of 

the individual constituent nuclei. In the gas

eous phase, where the molecules are isolated, 

there is considerable experimental evidence 

to suggest that the multicenter Coulombic re

pulsion virtually explodes the molecule, lead

ing to the formation of several fragments. 
2 • 

3 

A similar picture of disruption of molecules 

in liquids, with the additional formation of 

radicals in the immediate vicinity by the Auger 

electrons, has been used by Libby, 4 Willard, 
5 

their co-workers, and others. Little is known 

about the phenomenon in solids, however. 

For molecules incorporating 
57 

co, the 

14.4-keV Mtissbauer emission can convey in

formation regarding the chemical forms in 

which the daughter 57 Fe is "stabilized" within 
-7 

10 sec following the electron capture. 

Wertheim et al. 
6 

studied the chemical conse

quences of electron capture in Co(lli) acetyl-
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acetonate, and their interpretation is summa

rized here. The highly ionized iron ion under

goes electronic relaxation until it acquires the 

charge of +3, at which stage it is stabilized as 

Fe(III)(acac) 3 in the Co(III)(acac)
3 

lattice and 

the sequence is terminated. A charge state of 

Z+ results if the electronic relaxation permits 

the transfer of an additional electron to the 

valence orbitals of the iron atom before the 

ligands rearrange to accommodate a 3+ charge 

state. An atom of this charge state may then 

be stabilized, within a time short compared 

with 10-
7 

sec, as an impurity atom in the 

Co(III)(acac) 3 matrix, or it may be reoxidized 

by the near-neighbor environment and then 

stabilized as an Fe(III) atom in a regular lat

tice site, which differs only slightly from its 

Co(III) neighbors. 

The aforementioned authors had not con

side·red the possibility of fragmentation of the 

molecule as a consequence of the Auger event. 

In the work reported here, we have car

ried out a systematic study of the chemical 

consequences of Auger ionization in several 

cobalt chelates labeled with 57 Co. Fragmenta

tion of the molecule was identified by the pres

ence of degraded high-spin FeZ+ and Fe 3+ spe

cies. Parallel experiments using chelates 

doped with 
57 

Co++ (or preferably with the ci

trate complex) were conducted to help identify 
Z+ 3+ . 

Fe and Fe spec1es, as their respective 

isomer shifts and quadrupole splittings are de

termined by the environment. Although the 

presence of ionic high-spin iron species can be 

regarded as unequivocal evidence of fragmen

tation, the reverse may not be t-rue; that is, 

the presence of coordinated Fe(III) or Fe(II) 

may reflect failure to fragment or may be a 

consequence of reentry of the degraded iron 

ion (resulting from fragme'ntation) into a neigh

boring cobalt chelate molecule through exchange 

to form the coordinated species. The possibil

ity of exchange can also be examined with the 

help of doping experiments. 

Experimental Procedure 

The labeled cobalt complexes, with the 

exception of vitamin BiZ' were either synthe

sized by conventional methods--for instance, 

the phthalocyanine and indenyl chelates--or ob-
7 

tained by solid- state isotopic exchange. The 

exchanges were carried out with complexes 

doped with 
57 

Co and heated at appropriate tem

peratures, followed by purification. 

The inactive cobalt complexes were gen

erally doped with carrier-free cobalt-57(III) 

citrate. The latter was prepared by treating 

carrier-free cobalt-57 chloride with an aque

ous solution containing hydrogen peroxide and 

traces of sodium citrate. A few milligrams of 

the powdered cobalt complex was moistened 

with a couple of drops of the cobalt-57(III) ci

trate solution. The moisture was permitted to 

evaporate. The powder was then repeatedly 

moistened with water so that the citrate com

pletely percolated inside the crystallites. In 

a few cases, doped complexes were prepared 

through freeze-drying. Either procedure 

yielded the same Mossbauer spectrum. For 

water-insoluble complexes, such as Co(III)

(acac)3, acetone was used to moisten the pow

der. For Co(II) phthalocyanine an acetone so

lution of carrier-free 
57

coClz was used, fol

lowed by repeated moistening with chloronaph

thalene. Some doped samples, especially the 

tris-dipyridyl Co(III) perchlorate, were an

alyzed to check for isotopic exchange during 

doping. 

For producing dispersion of water- soluble 

complexes, a milligram or so of the labeled 

complex was dissolved in a viscous solution of 

polyethylene oxide or agar-agar. The solution 

was then freeze-dried. The Co(III)(acac)
3 

dis

persion in cellulose acetate was obtained by 

rapid evaporation of a warm viscous solution 

by flowing a current of air onto the swirling 

mass. 



The active samples were maintained at 

liquid nitrogen temperature unless specified 

otherwise. Sodium ferrocyanide {containing 1 

mg of 
57

Fe per cmz) was used as the Meiss

hauer absorber, and all the chemical shifts 

are referred thereto. 

Data and Observations 

In the earlier phase of this work, we were 

doping cobalt complexes with carrier-free 
57 

Co++. Subsequently it was realized that this 

procedure does not simulate faithfully the en

vironment of the degraded iron species re

sulting from Auger fragmentation of the par

ent molecule, for the following reasons. In 

a labeled cobalt complex, molecular fragmen

tation results as a consequence of Coulombic 

repulsion as discussed earlier, and therefore 

the iron ion may possess some kinetic energy 

and may come to rest in a new intermolecular 

site, which is relatively free of fragments re

sulting from the original Auger event. On the 

other hand, in 57 Co++ -doped complexes, since 
57 

Co++ is not attached to any coordinating 

ligands, the daughter ion is unlikely to acquire 

any kinetic energy (as a consequence of the 

Auger event and buildup of charge) to move it 

away from its original site. Hence, it is 

likely to reside in a "dirtier" environment, 

possibly having some fragments in the neigh

borhood, formed during the Auger event. To 

overcome this difficulty, we have used car

rier-free cobalt-57(III) citrate as a dopant. 

From an independent experiment, we know 

that the citrate complex fragments in almost 

100o/o of the Auger events, forming ionic FeZ+ 

and Fe 
3

+ (Fig. 1 ). This fragmentation is 

likely to give some kinetic energy to the de

graded iron species, which will then find it

self in a new site in the host matrix. This 

rationale for using carrier -free cobalt-57 (III) 

citrate instead of 57 Co++ is amply justified by 

our data on doped acetylacetonate and dipyridyl 

complex, which is discussed later. 
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Fig. 1. Emission Mossbauer spectrum of 
labeled 57co(III) citrate at n•K. The 
two outer peaks are the quadrupolar 
split doublet of uncoordinated Fez+. 
The asymmetry is discus sed in the text. 
The central line corresponds to uncoor
dinated Fe3+. 

Before discussing the spectra of individual 

complexes, we would like to comment on the 

manner in which we analyzed our spectra. It 

is known that the degraded high-spin FeZ+ is 

characterized by a large isomer shift and 

quadrupolar splitting. In some cases the 

asymmetry of the peaks is very marked. One 

of the reasons for this asymmetry appears to 

be the anisotropy in the amplitude of thermal 

vibration .of an Fe++ ion as an interstitial in the 

bulk. We find that the asymmetry decreases 

considerably at liquid helium temperature. 
3+ 

However, in several cases the spectra of Fe 

ions have a quadrupole component (presumably 

due to neighboring polar groups or fragments) 

superimposed on the FeZ+ peak near zero ve

locity, thereby exaggerating the apparent asym

metry. We have not included this Fe
3

+ compo

nent in our curve analysis, as it is not likely 

to affect the main trend of the interpretation of 

data. Thus we have consistently analyzed the 
3+ 

degraded Fe as a single peak centered 

around 1 mm/sec and have ignored its quadru

polar component, if any, in the vicinity of zero 

velocity. 



The spectra of individual complexes are 

now discussed. 

Sodium ethylenediamine tefraacetate-Co(III) 

(Co(III) EDTA] 

Figures 2 and 3 are the spectra of labeled 

sodium 
57 

Co(III) EDTA and the doped chelate, 

respectively. One can see the quadrupolar 

splittings of Fe
2

+ and the single peak of Fe3+ 

Peaks corresponding to sodium Fe(III) EDTA 

w 

~ 
0: 

"' z 
;::: 
z 
::> 
0 
u 

Fig. 2. Emission Mossbauer spec
trum of labeled sodium ethylene
diamine tetra -aceta to 57 Co(III) 
at 77 •K. The two outer peaks 
are the quadrupolar split doublet 
of uncoordinated Fe2+. The 
centralpeakcorresponds to un
coordinated Fe3+. 
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-3 

SODIUM Co(lll) EDTA 

DOPED WITH 57Co(lll) CITRATE 

(CARRIER-FREE) 
n• K 

-4 -3 -2 -I 0 3 
mm I second 

(Refs. 8, 9) are expected to occur at about -1 

and 0 mm/sec, the former being more prom

inent. It is apparent from the figures that if 

there is any sodium Fe(III) EDTA, it must be 

present in relatively small amounts. Thus we 

can conclude that the EDTA chelate molecule 

ruptures in a great majority of Auger events, 

forming the degraded ionic Fe 2 + and Fe 3+ spe-

cies. 

-2 

4 

-I 0 
mm I second 

4 

XBL69\-4067 

Fig. 3. Emission M<Sssbauer spec
trum of sodium ethylenediamine 
tetra-acetato Co(III) doped with 
"carrier-free" 57co(III) citrate 
at 77 •K. The two outer peaks 
are the quadrupolar split doublet 
of uncoordinated Fe2+. The 
central peak corresponds to un
coordinated Fe3+. 

XBL 691-4070 
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Bis- salicylaldehyde triethylenetetramine 

cobalt(III) chloride (Co(III)TSz] Cl 

The behavior of this chelate is similar to 

that of the EDTA complex. There is evidence 

-for fragmentation of molecules in a large ma

jority of the events (Figs. 4 and 5) The 

Fe(III)TS
2

• Cl is expected to have peaks at -1.44 

and 1.16 mm/sec (determined in an independent 

absorption experiment), and it can be present, 

Fig. 4. Emission Mossbauer spec
trum of labeled his -salicylalde
h7de triethylene -tetramine 
5 Co(III) chloride at 77 •K. The 
two outer peaks are the quadru
polar spl1t doublet of uncoordi
nated Fe +. The central peak 
corresponds to uncoordinated 
Fe3+. 
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if at all, in relatively small amounts (Fig. 4). 

Bis-indenyl Co(III) nitrate 

Figures 6 and 7 show the spectra of the 

labeled and the doped complex. The spectrum 

of the labeled bis-indenyl complex (Fig. 6) 

bears no resemblance to that of the doped com

plex (Fig. 7), unlike the EDTA and TS
2 

com

plexes discussed earlier. Hence, there is no 

LABELED 57 CoTS 2 ·CI 

77° K 

-4 ~;-------2~-----~~----~~----~----~-----~-----4L-I 

-4 -3 -2 -I 0 
mm I second 

CoTS2·CI 

DOPED WITH 57Co(ll!) CITRATE 

I CARRIER- FREE) 

7rK 

3 

XBL 694-4195 

mm/ second 

XBL 691-4066 

Fig. 5. Emission Mossbauer spec
trum of his -salicylaldehyde 
triethylene -tetramine Co(III) 
chloride doped with "carrier
free" 57co(III) citrate at 
77 •K. The two outer peaks 
are the quadrupolar split 
doublet of uncoordinated Fe2+. 
The centralpeakcorresponds 
to uncoordinated Fe3+. 
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Fig. 7. Emission Mossbauer spec
trum of bis -indenyl Co(III) ni
trate dof.ed with" carrier-
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BIS-INDENYL Co(ll!} NITRATE 
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free" 5 Co(III) citrate at 77 •K. 
The two outer peaks are the 
quadrupolar split doublet of 
uncoordinated FeZ+. The cen
tral peak corresponds to unco
ordinated Fe3+ 

0. 86 n• K 

evidence for the presence of FeZ+ or Fe 3+ in 

the spectrum of the labeled indenyl complex. 

Neither does it correspond to the spectrum of 

the bis-indenyl Fe(II), where the expected peak 

positions 
10 

are -1.8Z and 0. 7Z mm/sec, nor to 

that of the chemically unstable [ bis -indenyl 

Fe (III)] +, which, on the basis of analogy with 

[ bis -cyclopentadienyl Fe (III)] +, would have a 

single peak at approximately -0.35 mm/ sec. 
11 

Also, the lines are unusually wide, i.e., 1. 73 

mm/sec--as a matter of fact, the widest ob-, 

served for all emission experiments. We at

tribute the spectrum to the radical C
9

H
7
Fe 

formed as a result of detachment of one of the 

rings from the sandwich compound. Hence, in 

XBL 694-4194 

this case also, fragmentation occurs as a con

sequence of Auger ionization. 

Co balt(lli) ac etylac e to nate 

Figures 8 and 9 show the spectra of the 

labeled and doped acetylacetonate complex. 

With such a close resemblance between the two 

spectra, one is at first sight led to believe 

that there is complete fragmentation of labeled 

molecules resulting in the formation of high-

. F 3+ d F Z+ . H 1 sptn e an e tons. owever, on c oser 

scrutiny, one realizes that the peak for Fe(Ill)

(acac)3 is expected
1

Z to occur at approx. -0.5 

mm/sec, but it would be broadened and dis

torted due to partial paramagnetic hyperfine 

splitting as a result of dilution in a diamag-



Fig. 8. E:rrfssion Mos·sbauer spectrum of 
labeled Co(III) acetylacetonate at 77°K. 
The two outer peaks are the quadrupolar 
split doublet of uncoordinated Fe2+. The 
central peak corresponds to uncoordi
nated Fe3+. 
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netic matrix of Co(III)(acac) 3 . This region also 
. 2+ 3+ overlaps w1th the peaks of Fe and Fe , and 

hence it is not worthwhile analyzing for Fe(III)

(acac)3. We decided rather to detect the pres

ence of Fe(acac)
3 

by looking at the positions of 

the four outer lines at liquid helium temper

ature. In Fig. 10, the positions of these lines 

and their centroid("" 0.63 mm/sec) indeed do 

correspond with those of Fe(acac)
3 

determined 

1. 13 . d" . . Th" ear 1er 1n a 1amagnehc matnx. 1s spec-

trum shows that a certain fraction of iron is 

present in the coordinated form, viz., Fe

(acac)3. 

Now the question arises whether the Fe

(acac)3 originates as a consequence of failure 

----------------- ---------

LABELED 

57co(lll) ACETYLACETONATE 

?rK 

L-.~6~-L-_+4-~--k~-L-~0-~-~-'---+--L-~6 
mm I second 

X8L 691-4071 

Fig. 9. Emission Mossbauer spectrum of 
Co(III) acetylacetonate doped with 
"carrier-free" 57 Co(III) citrate at 77° K. 
The two outer peaks are the qua~upolar 
split doublet of uncoordinated Fe +. The 
central peak corresponds to uncoordi
nated Fe3+. 

of molecular fragmentation or reentry fol

lowing fragmentation in the following manner. 

A higher charged iron ion, for instance, >4+, 

resulting from molecular fragmentation, comes 

to rest at a new site between some molecules 

of Co.(III)(acac) 
3 . It captures an electron to 

form an electronically excited Fe3 + ion, which 

in turn can undergo exchange with a molecule 

of Co(acac) 3 forming Fe(acac) 3 . Exchange of 

this type in solids, excited by electron capture, 

has received considerable attention 
7

' 
14 

in a 

different context. To ascertain whether some 

fraction of the Fe(acac) 3 detected is formed 

through this reentry process, we ran a sample 

of Co(acec)
3 

doped with carrier-free 
57 

Co(III) 
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Fig. 10. Emission Mossbauer spectrum of 
labeled 57 Co(III) acetylacetonate at about 
7° K. The four outer peaks of the hyper
fine sextet arise from the coordinated 
species Fe(III) (acac) 

3
. 

citrate at liquid helium temperature (Fig. 11). 

It shows the outer four peaks of the hyperfine 

sextet at the expected positions. It may be 

mentioned that when 57co++ is used as the 

dopant instead of the citrate, these four peaks 

are barely detectable. From this, we can 

conclude that the citrate simulates the condi

tions of the labeled complex better than Co++ 

for the reasons discussed earlier. 
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Therefore, one may conclude that in la

beled Co(acac)
3 

a large percentage of mol

ecules fragments in consequence of Auger 

ionization, and subsequently a certain fraction 

of the degraded iron species reenters into the 

coordinated form through electronically ex

cited exchange. A small percentage of mol

ecules remains unfragmented. 

Tris-dipyridyl Co(III) perchlorate 

The spectra for the labeled and the doped 

dipyridyl complex are shown in Figs. 12 and 

13, respectively. In Fig. 12, the two prom

inent peaks belong to Fe(III)(dipy)
3 

• (Cl0
4

)
3

; 

the remaining two weak lines belong to the 

quadrupolar split lines of Fe2+ Thus the ma

jor contribution is from Fe(III)(dipy)
3
(Cl0

4
)
3

. 

From the doped run (Fig. 13) we learn that a 

certain fraction of the iron becomes incorpo

rated into the dipyridyl complex by means of 

reentry. Consequently, we infer that the 

majority of the spectrum (Fig. 12) arises from 

complexed iron atoms that have escaped frag

mentation, while a much smaller portion may 

represent fragmentation followed by reentry. 

It is noteworthy that if the dipyridyl che

late is doped with carrier-free 
57 

Co(III) EDTA, 

J.oo r~j'l!~rlj I L ----- ----- ----- Jl ll-jjTH.JI-1~ 
~ Pl'i t~1.1ijfl r------- --- --- -----rrntii- ~~rp 1 

~o.99 r 111 jl lj!ill· lq!l'lj I lj1j II -

Fig. 11. Emission Mossbauer spec
trum of Co(III) acetylacetonate 
doped with "carrier-free" 
57 Co(III) citrate at about 7 °K. 
The four outer peaks of the hyper
fine sextet arise from the coordi
nated species Fe(III) (acac) 3 . 
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Fig. 12. Emission Mossbauer spectrum of 
labeled tris-dipyridyl 57co(III) perchlo
rate at 77° K. The prominent doublet 
arises from the coordinated dipyridyl 
complex. The weaker doublet corre
sponds to the uncoordinated Fe2+. 

the results are similar. 
. 57 ++ 

However, 1f Co 

is used as the dopant, there is rio evidence for 

the presence of Fe(III)(dipy) 3 • (Cl04 ) 3 in the 
'\ 

spectra. This, again, shows that presence of 
57 co++ as such does not simUlate the conditions 

encountered during fragmentation of a labeled 

molecule. On the other hand, if the ion is 

coordinated to citrate or EDTA, its presence 

Fig. 13 Emission Mossbauer spec
trum of tris -dipyridyl Co(III) 
perchlorate doped with "carrier
free" 57 Co(III) citrate at 77 °K. 
The prominent doublet arises 
from the uncoordinated Fe 2+. 
The weaker pair corresponds to 
the coordinated dipyridyl com
plex. 

w 
t-
<1 
cc 

-4 

does seem to simulate the environment, for 

reasons discussed earlier. 

Dilution Experiments 

We dispersed 57 Co(III)(acac) 3 in cellulose 

acetate and 
57

co(III)(dipy) 3(Cl0
4

)
3 

in polyeth

ylene oxide and agar-agar. These are presum

ably molecular dispersions in inert matrices. 

. Figures 14 and 15 show the spectra. Dilution 

results in a considerable diminution of the 

intensities of the four hyperfine lines attribut

able to Fe(acac)
3, as is evident from a com

parison of Fig. 14 with Fig. 10. Dispersal of 

the dipyridyl complex in polyethylene oxide re

sults in an even more pronounced diminution 

-3 

of intensity of the parent species, as is appar

ent from a comparison of Figs. 15 and 12. 

Thus, dispersal of the complexes in foreign 

mat;rices leads to a larger fraction of frag

mented molecules. 

It seems that in dilute dispersals, not only 

is the reentry process .inhibited (for obvious 

reason), but the probability of survival of the 

molecule after the Auger event is considerably 

diminished. 

Co bal t(II) phthalocyanine 

Figures 16 and 17 show the spectra of la

beled and doped Co(II) phthalocyanine, respec-

-2 -I 0 
mm I second 

TRIS-DIPYRIDYL Co(lll) PERCHLORATE 

DOPED WITH 57Collll) CITRATE 

(CARRIER-FREE I 

77'K 

4 
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Fi~ 14. Emission Ml'>ssbauer spectrum of 
7 Co(III) acetylacetonate dispersed in 

cellulose acetate (1:50 by weight) at 
about 7° K. The four outer peaks arising 
from the coordinated species Fe(III) 
(acac) 3 are hardly perceptible. 
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TRIS-DIPYRIDYL 57co(ill) PERCHLORATE 

DISPERSED IN POLY (ETHYLENE OXIDE) 

(1:90) 77'K 

0 
mm 1 second 

tively. In Fig. 16 we see no evidence for the 
2+ 3+ 

presence of the degraded Fe or Fe species, 

and the spectrum corresponds to that of Fe(II) 

phthalocyanine only, and so the question re

garding reentry does not arise. One may con

clude that the labeled molecules escape frag

mentation in 100o/o of the Auger events. 

Vitamin B 12 

Earlier
15 

we have observed systematic 

variations in chemical shifts and quadrupolar 

splittings upon substituting the cyanide and the 

benzimidazole ring of the vitamin B 
12 

mol

ecule, showing the complete absence of frag

mentation. 

It is appropriate here to comment on 

some aspects of the doping experiments. In 

general, doping the com.plexes with carrier-

4 

Fig. 15. Emission Mossbauer spec
trum of tris -dipyridyl 57 Co(III) 
perchlorate dispersed in poly
ethyfene oxide ( 1:90 by weight) 
at 77o K. The weak dotted dou
blet corresponds to the coordi
nated dipyridyl complex. The 
peak at about -2. 5 mm/ sec is 
one of the two components of 
uncoordinated Fe2f, while the 
ot~r component along with 
F'e +lies near zero velocity. 

XBL 691-4074 

Fig. 16. Emission Mossbauer spectrum of 
labeled 57 Co(II) phthalocyanine at 7 7° K. 
The doublet arises from Fe(II) phthalo
cyanine. 
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Fig. 17. Emission Mossbauer spec
trum of Co(II) phthalocyanine 
doped with 11 carrier-free" 
57 co++ at 77 •K. The two outer 
peaks are the quadrupolar sylit 
doublet of uncoordinated Fe +. 
The central dotted line corre
sponds to uncoordinated Fe3+. 
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free 
57 

Co(III) citrate seems to simulate the 

enviromnent encountered by the degraded iron 

in labeled complexes. For instance, the iso

mer shifts and quadrupolar splittings observed 

for Fe++ in labeled and citrate-doped Co(III) 

EDTA (Figs. 2 and 3) are about the same. 

The same behavior obtains for Co(III)TS
2 

(Figs. 4 and 5). Again, the same values are 

observed for Fe++ in doped Co( dipy) 
3
(Cl0 

4
) 
3 

irrespective of whether it is doped with 

carrier-free 
57 

Co(III) citrate or with 
57 

Co(III) 

EDTA. On the other hand, Fe++ exhibits dif

ferent values for doped and labeled Co(acac) 
3 

(Figs. 8 and 9). When 57Co(acac)
3 

is dis

persed in polyethylene oxide, the values for 

Fe++ still correspond with the labeled case. 

The above observations can perhaps be ratio

nalized if we assume that during fragmentation 

of 
57 

Co( acac) 3 , the recoiling iron species car

ries an acetylacetone fragment loosely bound 

to it, and so the Fe++ will have a different en

viromnent as compared to the doped case. 

(It will not be out of place to mention recent 

observations on Auger fragmentation of Pb

(CH3)4 in the gaseous phase (Ref. 16). The 

authors find that the lead ion possesses little 

kinetic energy ( < 0. 1 e V), while H +, C +, and 
2+ 

C have a few tens of eV energy. The authors 

suggest that since the methyl groups are placed 

in a tetrahedral configuration, the Coulombic 

repulsion between the central Pb and its methyl 

groups tends to cancel each other, as the highly 

charged molecular ion explodes from a com

mon center. It does not appear likely that an 

identical situation would arise in the cobalt 

complexes under· study, as the configurations 

are not as symmetrical as the Pb(CH
3

)
4

. How

ever, it may be stressed that even if the iron 

species does not possess appreciable kinetic 

energy in any of the cobalt complexes, it will 

make no essential change in the model which 

we propose later.) 

Discussion 

We recapitulate briefly our experimental 

observations. 

Cobalt chelates with hexadentate ligands, 

such as EDTA and TS
2

, which are chemically 

very stable, fragment in a large majority of 

events as a consequence of the Auger ioniza

tion. The same is true of the indenyl sand

wich compound. 

In Co(III)(acac) 3 , the spectra reveal a 

small fraction of coordinated iron, viz., 

Fe(acac)
3

. This coordinated iron arises by 

way of two paths, viz., the parent molecule es

caping fragmentation and the reentry of the 

degraded iron ion undergoing excited exchange 
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with a host cobalt chelate molecule. Dispersal 

of the chelate in cellulose acetate inhibits re

entry and may also enhance the probability of 

fragmentation. 

For the system Co(III)(dipy)
3
(Cl0

4
) 3 , a 

majority of molecules escape fragmentation;
17 

a small contribution to the coordinated form 

comes about from reentry. Dispersal of the 

dipyridyl complex in an inert matrix consider

ably enhances the probability of fragmentation. 

Inhibition of reentry will have a minor contribu

tion, too. 

There is no evidence of fragmentation in 
57 

Co(II) phthalocyanine or in vitamin B 
12 

· 

In phthalocyanine and vitamin B 
12

, the co

balt atom is coupled to large and highly conju

gated systems (unlike the EDTA and TS
2 

com

plexes). One can visualize that after the Auger 

event, the multiply charged 
57 

Fe ion extracts 

electrons from the ring, and the resulting pos

itive charges on the ring are dispersed to its 

periphery. Due to the rapid dispersal of charge 

through the conjugated system and because of 

the large size of the ring, the multicenter Cou

lombic repulsion is inadequate to fragment the 

molecule. Thus, the molecule escapes frag

mentation at this stage. Now let us consider 

the second stage. The charges built up on the 

ring are expected to disperse through neighbor

ing molecules before the bonds get a chance to 

miss the electrons, viz., within 10- 13 sec. 

The rapid charge dispersal through neighboring 

molecules is perhaps also facilitated as the 

relative positions of atoms remain fixed during 

this interval and Franck-Condon restrictions 

would not arise. As a consequence of charge 

neutralization, one would expect several tens of 

electron volts of energy to be deposited in the 

parent molecule and its imm.ediate vicinity. 

This is the crucial stage. The fact that the 

molecules do not fragment at this stage either 

shows that the large amount of energy is very 

efficiently dispersed from the epicenter. To 

the best of our knowledge, this is the first 

time that experimental evidence is available 

for suggesting rapid intermolecular transport 

of such amazingly large amounts of energy. 

To a lesser extent, this picture appears 

to be true for neat Co(III)(dipy) 3 (Cl04 )3 . 

When the dipyridyl molecules are dispersed in 

a foreign inert matrix, the original lattice is 

broken down and the dissipation of charge and 

energy is no longer rapid and efficient, and 

thus the probability of fragmentation is con

siderably enhanced. 

It is pertinent to mention that in light of 

the interpretation given above, that molecules 

with conjugated structure can escape fragmen

tation during the Auger event, one can now inter

pret the earlier observations on tetraphenyl 
. 18 119m 

tm. It was reported that when Sn-

(phenyl)4 is used as a Mtlssbauer source, the 

major component is that associated with the 

single resonance line observed with an unla

beled Sn(phenyl)
4 

absorber. The de-excitation 

of 119mSn occurs by the emission of 65.3-keV 

and 23.8-keV gamma rays in cascade. The 

65.3-keV gamma radiation preceding the 23.8-

keV MC>ssbauer emission undergoes internal 

conversion almost compl.etely. Hence, the 

MC>ssbauer emission is preceded by Auger ion

ization as in the case of cobalt-57. Therefore, 

one can conclude that tin tetraphenyl, which is 

a conjugated system like the cobalt dipyridyl 

complex, escapes fragmentation in a majority 

of events. 

The work reported here may have an im

portant bearing on the role of Auger ionization 

in radiation biology and chemistry. 19 

In the case of acetylacetone and dipyridyl 

complexes, we have experimental evidence 

which suggests that a certain fraction of parent 

chelate can arise from reentry of the multiply 

charged degraded iron ion through the process 

of electronically excited exchange, discussed 

earlier. Naturally, the question arises as to 

why exchange does not occur, at least in notice

able amounts, in the case of EDTA and TS
2 
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complexes. The highly ionized iron species 

relaxes by capturing electrons from neighbor

ing molecules. Some of the molecules in the 

· d" · · · f 5 7F n+ · · h h. h 1mme 1ate v1c1n1ty o a e 1on, w1t w 1c 

it could have exchanged, collapse by virtue of 

the energy deposited during char.ge neutraliza

tion. 

For bis-indenyl Co(II) nitrate, Co(II) phtha

locyanine, and vitamin B 
12 

one should not ex

pect noticeable exchange, as shown by earlier 

studies. 
7

• 20 • 21 It appears that in these com

pounds, the stereochemistry of the molecules 

does not permit the configuration needed for 

exchange. 

We have observed differences in Mass

bauer parameters (isomer shift and quadrupo

lar splittings) obtained by emission spectros

copy versus the conventional absorption exper

iments. For instance, the average values ob

served for Fe(III)(dipy) 3(Cl04 )3 which orig

inates in a Co(III)(dipy) 3(Cl04 ) 3 lattice (both in 

the case of labeled dipyridyl as well as when 

dipyridyl is doped with 
57 

Co(III) citrate or 
57

co(III) EDTA), are I. S., 0.28 mm/sec and 

Q. S., 1.84 mm/sec as compared to the values 

of 0.0 and 1. 76 mm/sec respectively, deter

mined through absorption sp~ctroscopy of the 
22 

iron compound. Again, the Mi:issbauer pa-

rameters ·are different for dispersals in inert 

matrices. The values obtained for 
57 

Co(III)

(dipy)3(Cl04)3 dispersed in polyethylene oxide 

and agar-agar are 0.0 and 1.36 mm/sec. One 

can perhaps explain these differences by virtue 

of the different matrices in which the Moss

bauer emitter or absorber is situated. For 

the labeled and doped experiments, the Mass

bauer emitter, 
57

Fe(dipy)
3
(Cl0

4
)3' is situated 

in the lattice of Co(dipy) 3(Cl04 )3 , unlike the 

absorption experiment. Again, in dilute dis

persals the emitters are situated in polyethyl

ene oxide and agar-agar matrices, where the 

configuration is obviously not the same as it is 

in the cobalt or iron dipyridyl lattice. 

Summary 

The electron-capture decay of a cobalt-57 

atom triggers an Auger event resulting in the 

loss of several electrons from the molecule in 

which it is incorporated. The 14.4-keV Moss

bauer emis sian conveys information regarding 

the chemical forms in which the daughter 
57 

Fe 

is "stabilized" within 10-
7 

sec following elec

tron capture. During this time the electronic 

relaxation occurs completely and several tens 

of electron volts energy is deposited in the 

molecule as a result of neutralization. We 

find that the ethylenediamine tetra-acetate, 

bis- salicylaldehyde triethylenetetramine, and 

indenyl chelates fragment in a large majority 

of events, resulting in the formation of de

graded ionic Fe 2 + and Fe3+ in the former two 

cases and c
9

H
7
Fe in the latter. To a some

what lesser extent, the acetylacetonate be

haves similarly. On the other hand, highly 

conjugated compounds such as cobalt phthalo

cyanine and vitamin B 
12 

escape fragmentation 

in 100o/o of the Auger events. Tris-dipyridyl 

Co(III) perchlorate also escapes fragmentation 

in a majority of events. Apparently, the large 

amount of excitation energy deposited in the 

molecule as a consequence of charge neutral

ization is very rapidly (in less than 10-
13

sec) 

and efficiently dispersed through neighboring 

molecules. It is a novel phenomenon. 

When the dipyridyl chelate molecules are 

dispersed in a foreign matrix, the dissipation 

of charge and energy is no longer rapid and 

efficient and the probability of fragmentation 

is considerably enhanced. 

We also find that part of the coordinated 

parent species for the labeled chelates of ace

tylacetone and dipyridyl arises through frag

mentation followed by interaction of the elec

tronically excited degraded iron species with 

a neighboring chelate molecule, resulting in 

replacement of cobalt with an iron atom. This 

finding was made possible by using chelates 
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doped with "carrier-free" 
57 

Co citrate. 

Emission spectroscopy yields values for 

the isomer shifts and quadrupole splittings 

which differ from those obtained by absorption 

spectroscopy. The apparent disparities are 

attributed to the dissimilarities of the matrices 

in which the Mossbauer emitter or absorber is 

situated. 
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COMPLETE DETERMINATION OF THE ALIGNMENT 

OF CH2Cl2 -CD
2
Cl

2 
MOLECULES IN POLY-y-BENZYL-L-GLUTAMATE SOLUTION 

BY THE NUCLEAR MAGNETIC RESONANCE 

OF 
35c1, 2

D, AND 
1
H. 

COMPARISON OF ELECTRIC AND MAGNETIC ORDERING 

D, Gill, M. P. Klein, and G. Kotowycz 

Concentrated solutions of poly-y- benzyl

L-glutamate dissolved in CH
2

Cl
2 

(and CD
2

Cl
2

) 

are liquid crystalline 1 and acquire order when 

1 d . t' 2 • 3 d 1 t . 4 • 5 f' ld p ace 1n magne 1c an e ec r1c te s. 

Solute ordering constrains the motion of the 

solvent molecules so that their intramolecular 

traceless tensor interactions are not averaged 

to zero. 

We have determined additional NMR char

acteristics of the solvent in the liquid crystal

line state of this system. 
2 • 

3 
Comparison of 

the integrated signal intensity of the high

resolution (HR) proton magnetic resonance 

(PMR) with that of a measured quantity of added 

TMS indicates that to within experimental er

ror all the solvent molecules contribute to the 

HR PMR spectra. 

We have extended the NMR measurements 

to the 35 c1 and 2D nuclei to extract, insofar as 

possible, information about the ordering of the 

solvent. The anisotropic motion is reflected 

by the residual dipolar splitting of the PMR,
6

• 
7 

by the quadrupolar splitting of the deuterium 

magnetic resonance (DMR), 7 and by the occur

rence of quadrupolar-induced satellites in the 
35 

Cl NMR spectrum, reported here for the 

first time. 

For calculating the "distortion theory" 

orientation parameters, S .. ,6 we defined a mol-
11 

ecule-fixed frame in which the 1 = x axis is 

parallel to the Cl-Cl direction, the 2 = y axis 

is parallel to the H-H direction, and 3 = z is 

the c
2

v axis, and assumed that the axis of con

straint6 of the solvent was directed along the 
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magnetic field H
0

(n = 0). If asymmetry param

eters are neglected, the frequency(separation, 

in hertz, between the two lines in the DMR in 

co
2 
c1

2 
is 6• 7 

2 
± e Qg(D) [- S + S (3 sin2 a - 1) 

2h 11 22 

2 
+ s 33(3 cos a- 1)), (1) 

where eq(D) is the gradient along the CD bond, 

assumed to be the largest component of the 

electric field gradient, and 2a = 112.0 deg is 

the DCD bond angle. 

The frequency separation between the 

outer two lines of the triplet 
35c1 NMR is 

2 35 
Dc1° = ± e Qg( Cl) [S (3 sin2 r.>.- 1) 

3h 11 !-' 

2 - s
22

+ s33 (3 cos p- 1)], 

(2) 

where 2p = 111.8 deg is the Cl-C-Cl bondangle. 

The separation, in hertz, between the two 

dipolar componen~s of the solvent PMR is 

I 2 -3 
.6.HH = ± 3h('Y 2"TT) ~H 822' (3) 

where 'YI2"TT = 4.257 X 10
3

, and RHH = 1. 771 J... 
35 2 I . 8 For Cl, e Qq 2h 1s 36.2 MHz. We 

deduced e
2

. Qq(D)Ih = 150kHz for deuterium 

from a DMR T 
1 

measurement. 9 The values of 

.6.ClQ, ~Q, and .6.HH measured at 24° in solu

tions which contained ten solvent molecules for 

each monomer residue are given in Table I. 

Eight sets of solutions to Eqs. 1-3 are 

possible when all combinations of signs are 

considered. From the magnitude's of the split

tings alone it is not possible to select the cor

rect set of S parameters, and additional infor

mation is necessary. In our case it was ob-
10 tained from the PMR "powder pattern" and 

the orientation by an electric field. Either of 

these observations yields the sign of s
22

. 

Table I. Measured residual quadrupole split

tings of the NMR spectra of deuterium ('1JQ) 

and of 
35c1 (.6. ClQ) and the residual dipolar 

splitting of the proton NMR (L\J:H) in the 

CH2c12 + cn2c1
2 

solvent molecules of a 

magnetically aligned concentrated solution 

of PBLG. 

= ±(368 ± 3) Hz 

±( 112 ± 20) X 10
3

Hz 

±(107 ± 2) Hz 

Immediately after the cholesterically or

dered sample
1
ais placed in the magnetic field, 

the PMR and DMR spectra replicate those of 

. . 1 11" 1" d 10 t proton pa1rs 1n po ycrysta 1ne so 1 s excep 

that the interaction in the liquid crystal is at-
3 

tenuated by 10 

We draw the analogy and attribute the in

tensity at the shoulders of the PMR spectrum 

to proton pairs aligned parallel to H
0

. In the 

course of alignment the intensity of the PMR 

and DMR shoulders increases at the expense 

of that in the center of the pattern, and we in

terpret this change as a proliferation of proton 

pairs aligned parallel to H
0

. This conclusion 

provides us with the additional information 

necessary to establish the signs of Eqs. 1-3. 

These conditions are, then, (a) ~S .. = 0, (b) 
11 

s
22 

>0, and {c) s
22 

>S
11

. 

From Eq. 3 and restriction b, we obtain 
-3 s22 = + 1. 7 X 10 , and from the molecular 

bond angles the remaining S parameters are 

calculated by Eqs. 2 and3 (Table II). 

S parameters corresponding to .6.DQ(+) 

and .6.Cl Q(-) are self-consistent, as are those 

corresponding to .6.DQ(-) and .6.C 1Q(+). The 

former set is chosen to conform with condition 

c and to be consistent with the molecular geom

etry. 

Using the S parameters derived from the 

PMR and 
35c1 NMR and substituting into Eq. 1, 



Table II. The Sii parameters as calculated 

from the data of Table I, Eqs. 1-3, and 

restrictions a-c. 

Nucleus 

Signs of ~:tJQ, Deuterium 35Cl 

6 c1Q ADQ(+) ADQ(-) 6 c1Q(+) Ac1Q 

3 
1.7 + 1. 7 1.7 + 1. 7 s

22 
x 10 + + 

3 
- 3.2 + 6.6 6.0 - 2.8 s

11 
x 10 + 

3 
1.5 - 8.3 - 7.7 s33 x 10 + + 1.1 

we calculate e 2 Qq(D)/h = 160 kHz, in agree

ment with the T 
1

- derived value of 150 kHz. 

We ·emphasize that the unique assignment 

of the S parameters was possible because the 

PMR and DMR "powder patterns" reveal the 

parallel and perpendicular splittings; the time 

development of the spectra establishes s
22

>0. 

Similar use of such observations has been 

made by others. 11 For mesophases which 

have short reorientation times the "powder 

pattern" would not be observable. The sign 

ambiguity in such cases may be resolved by 

the application of electric fields which orient 

the mesophases; the dependence of the spec

trum upon the angle between the electric and 

magnetic fields should suffice to establish the 

sign of the orientation parameters. 

The PMR spectra observed when the 

samples were subjected to electric fields re

vealed that electric-field ordering is prompt 

and always dominates the magnetic ordering 

for fields of 5 kV em - 1. For periods shorter 

than 30 min between successive applications 

of E fieldt:, the ordering influence of H
0 

may 

be neglected. When E is parallel to ii
0

, the 

PMR spectra are unperturbed; the dipolar 
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splitting exhibits the angular dependence (3 
2 -cos n - 1) when n is the angle between E and 

H
0

. We deduce that the pattern of ordering 

is identical in E and in H fields. 
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MOLECULAR BASIS OF NERVE CONDUCTION 

Gerald Entine and Howard H. Wang 

Since the basis of learning and memory is 

dependent upon nerve conduction, an under

standing of the molecular mechanisms under

lying nerve conduction is of fundamental im

portance. It is generally believed that some 

molecular foundation for the electrical be

havior of neuronal conduction must exist, but 

as yet no direct observation of these molecu

lar changes, other than electrical phenomena, 

have been described. 

We have undertaken to detect, by direct 

observational methods, changes in the mol

ecular arrangement, or shape, during the 

passage of a nerve impulse. We have so far 

employed three different kinds of observation. 

The first of these is the possible change in the 

direct optical properties of the neuronal mem

brane during the pas sage of the action poten

tial. By the use of polarized light oriented at 

a specific angle to the direction of the nerve 

membrane we have been able to observe 

changes in what appears to be birefringence 

correlated with the passage of the action po

tential. This has been done in the region of 

visible light and has not allowed us as yet to 

conclude what kinds of molecules are changing 

and in what way. We have therefore developed 

ultraviolet light sources which will permit us 

to make some identification of those molecules 

which are moving and observe how they move. 

Attempts to observe fluorescence changes 

in this same manner intrinsic to the nerve have 

not succeeded. Attempts to stain the nerve 

with fluorescent dyes as probes have only just 

begun. 

Finally, we have used a biradical probe of 

unique design. This biradical probe depends 

upon the fact that the two radical ends of the 

molecule may interact and that this interaction 

produces a very profound change in the elec

tron spin resonance spectrum of the biradical. 

Modifications of that interaction produced by 

changes in the molecular environment have 

been explored in model systems. For exam

ple, the biradical in a flexible environment, 

so that the two radicaloid ends can exchange, 

produces a spectrum of five equal lines, 

brought about by the equivalence of two nitro

gen atoms, each with a spin of one. If, how

ever, the ends are prevented from encounter

ing each other, the spectrum is that of an in

dependent monoradical in the form of three 

equal lines from a single nitrogen with a spin 

of one. The sensitivity of the system to 

changes in the molecular environment is so 

great that it led us to the conviction that if we 

could attach such a sensitive geometrical probe 

to the proper place in the nerve membrane, 

we would have no difficulty in observing and 

interpreting the molecular changes that are 

presumably responsible for nerve conduction. 

Our first step was, therefore, to deter

mine the behavior of the biradical in the rest

ing nerve. This we have done and found that 

the biradical does indeed change very marked

ly upon contact with the nerve. The interac

tion between the two ends of the biradical 

seems to be sharply inhibited. The interpre

tation of this observation in molecular terms 

is complicated by an additional chemical re

action in which the probe itself is chemically 

changed, and the separation of the two effects 

has not yet been achieved. The possible use 

of a similar double fluorescing system, sensi

tive to the geometric relation of the two flu

orescing centers to each other and their con

trol by the microenvironment, is under con

struction. 
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CIRCULAR DICHROISM SPECTRA AND THE MOLECULAR ARRANGEMENT 

OF BACTERIOCHLOROPHYLLS 

IN THE REACTION CENTERS OF PHOTOSYNTHETIC BACTERIA* 

Kenneth Sauer, Edward A. Dratz, and Lelia Coyne 

Studies of the circular dichroism and ab

sorption spectra of the bacteriochlorophyll 

molecules in chromatophore fragments of R. 

spheroides ( R-26 mutant), with antenna pig

ments removed, suggest that there are large 

exciton interactions among the reaction 

center molecules, The evidence from the CD 

spectra supports an interpretation in which 

the reaction center contains a trimer of bac

teriochlorophylls. Upon activation by visible 

light or upon chemical oxidation, one of the 

molecules is converted to its oxidized form, 

and the remaining two molecules no longer ex

hibit evidence of any strong electronic inter

action. A model is proposed in which the re

action center consists of two bacteriochlorophyll 

molecules separated by a third, which in turn 

is in close proximity to an electron acceptor 

and an electron donor (cytochrome). 

*Abstract from Proc, Natl. Acad. Sci. U. S. 
g. 17 ( 1968). 

OPTICAL PROPERTIES OF THE PROTOCHLOROPHYLL PIGMENTS. 

I. ISOLATION, CHARACTERIZATION, AND INFRARED SPECTRA~' 

Claude Houssier and Kenneth Sauer 

A method for the large-scale preparation 

of the protochlorophyll pigments from pumpkin 

seed coats is described. Use is made of poly

ethylene and sugar chromatographies, current

ly employed for the preparation of the chloro

phyll pig~ents. The procedure permits the 

isolation of pure solid samples, in relatively 

large amounts (20-50 mg from 2 kg of seeds) 

and with good yields (higher than 40o/o ). 

In confirmation of other reports, two pro

tochlorophyll pigments are obtained. One is 

the true protochlorophyll a and the other one 

is 4-vinyl protochlorophyll a, also called the 

"bacterial" protochlorophyll or Mg-2, 4-

divinylpheoporphyrin as, esterified with phy., 

tol. The pigments were characterized as re

gards their chromatographic sequence com

pared with the chlorophylls, their purity, the 

presence of the phytol, and by their visible 

and infrared absorption spectra. 

Protochlorophyll a arid 4-vinyl protochlo

rophyll a show clear differences in their vis

ible absorption spectra. The small differ

ences observed in their infrared spe-ctra can 

be ascribed to the presence of the additional 

vinyl substituent in 4-vinyl protochlorophyll a. 

The infrared spectra present several distin

guishing features. The absence of the skeletal 

(C = C) vibrations indicates a much higher 

symmetry of the macrocycle in these mol

ecules than in the chlorophylls. In carbon 

tetrachloride, the "aggregated" ketone car

bonyl band was observed for protochlorophyll 
-1 a and 4-vinyl protochlorophyll a at 1668 em , 

indicating that this molecule aggregates in a 

way similar to the chlorophyll pigments. 

* Abstract from Biochim. Biophys. Acta 172, 
476 (1969). 
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OPTICAL PROPERTIES OF THE PROTOCHLOROPHYLL PIGMENTS. 

II. ELECTRONIC ABSORPTION, FLUORESCENCE, AND CIRCULAR-DICHROISM SPECTRA '~ 

Claude Houssier and Kenneth Sauer 

The electronic absorption spectroscopic 

properties of the protochlorophyll pigments 

are analyzed by means of the fluorescence ex

citation and emission spectra, fluorescence 

polarization, and circular dichroism. From 

the fluorescence emission and polarization 

spectra, assignments of the visible absorption 

bands to four electronic transitions and their 

vibrational components are made, and their 

relative orientations are deduced. The main 

red and blue bands of the protochlorophyll pig

ments show parallel polarization to each other, 

in contrast with the case of the chlorophylls, 

where they are perpendicular. On the other 

hand, the first vibrational overtone of the red 

band presents a mixed x-y polarization. The 

circular-dichroism spectra correlate with the 

fluorescence polarization data, the red and 

blue regions each showing two circular-dichro

ism bands of opposite signs. 

The results are discussed in connection 

with the theoretical data available for the por

phyrin pigments. 

* Abstract from Biochim. Biophys. Acta 172, 
492 (1969). 

PIGMENT ANTENNAS AND REACTION CENTERS 

IN PHOTOSYNTHESIS 

Kenneth Sauer and Edward A. Dratz 

An antenna of light-harvesting chloro

phyll molecules surrounding and feeding elec

tronic excitation energy to a small group of 

molecules in a reaction center has been pro

posed as a model for energy focusing in the 

photosynthetic apparatus. 
1 

The studies by 

Emerson and Arnold, using brief flashes of 

illumination, showed that photons absorbed by 

any one of an array of hundreds of chloro

phyll molecules lead to the activation of a 

. 1 d k t• "t 2 • 3 Th . b s1ng e ar -reac 1on s1 e. ere 1s an o -

vious advantage for organisms with large 

pigment antennas in that even at relatively 

low light levels they are able to carry out the 

necessary metabolic reactions to maintain 

their cellular vitality. For other purposes-

for example, the commercial production of 

algal carbohydrates and proteins in ponds at 

high light intensity, or the maintenance of a 

thermal balance under desert conditions--it 

may be advantageous to have relatively small 

antennas associated with each reaction center. 

Chlorophyll Antennas 

The composition and size of the P.igment 

antennas can be determined from activation 

spectra of photosynthesis, from measure

ments of maximum yields of photosynthetic 

electron transport in saturating flashes, 

from stoichiometric ratios of pigments to 

active components such as P700, P870, cyto

chromes, fluorescence quenchers, etc., and 

from the threshold levels for the action of 

certain inhibitors. 



Until recently it has been generally as

sumed that the simplest situation exists in 

the photosynthetic bacteria, in which the pig

ments consist of bacteriochlorophyll and 

carotenoids. .It appeared that- only one light 

reaction was involved in initiating bacterial 

photosynthetic electron transport, and that 

very probably all the pigment molecules be

longed to a single light-harvesting antenna. 

Clayton has estimated the ratio of total bac

teriochlorophyll to the reaction center pig

ment P870 to be 10-20 to 1 in R. spheroides, 

on the basis of absorption band areas. 4 • 5 
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·This is, as we shall see, a rather small an

tenna size in comparison with those observed 

in higher plants and algae. At the same time 

there is kinetic evidence that the antenna mole

cules with their reaction centers are not sep

arated into individual packages. It appears 

that a given antenna molecule is able to trans

fer its excitation to any one of at least seven 

reaction centers in its vicinity. 
6 

The close 

proximity and strong interactions that exist 

among the antenna chlorophyll molecules ac

count for the highly efficient transfer and 

utilization of electronic excitation energy 

originating in molecules throughout the an

tenna. Evidence is also seen in the long

wavelength shifts in the absorption spectr~ 

and, more specifically, in the enhanced opti

cal rotatory dispersion (ORD) and circular 

dichroism (CD) of the light-harvesting pig

ments from a variety of photosynthetic bac

teria. 
7 

New evidence based on the activation 

spectra of complex cytochrome absorption 

changes suggests that there are at least two 

light reactions and two distinguishable an

tenna arrays· in several photosynthetic bac

teria. 8 • 9 The precise disposition and func

tion of the pigments in these two photosystems 

can only be guessed at present. Significant 

differences have been reported for the quantum 

yields for P870 photoxidation and for associ

ated cytochrome oxidation. In the former 

case estimates indicate that one P870 is oxi

dized in a one -electron reaction for each two 

photons absorbed, 
10

• 
11 

although a higher 

value of approximately one electron per 
12 

photon has been reported recently. The 

oxidation of the cytochrome C423. 5 in 

Chromatium, in which it appears to be 

closely coupled to P870+ reduction, occurs 

with a quantum yield at least twice as 
13-15 . 

large. Th1s may come about as a con-

sequence of the transfer of two equivalents of 

electrons from cytochrome to an acceptor for 

each quantum absorbed leading to photocon-
15 

version of P870, as suggested by Loach. 

At the same time, under some experimental 

circumstances the P870 photooxidation occurs 

with a quantum yield of only 0.5, which may 

be because only half the antenna bacterio

chlorophyll (BChl) molecules transfer their 

electronic excitation energy to this reaction

center molecule. The final decision· on the 

antenna size and composition in photosynthetic 

bacteria clearly must await more detailed ex

perimental· findings. 

In higher plants and algae, the antenna 

systems have been somewhat better studied. 

Starting with the pioneering experiments of 

Emerson and Arnold in the early 1930's, 

long series of studies using saturating, brief 

flashes of light have been reported. 
16 

We 

will follow the suggestion of Kok
17 

in re

porting antenna sizes on the basis of elec

trons transferred and assuming a value of 

eight photons absorbed in two light reactions 

per 0
2 

evolved. Most of the early values 

should be- reduced eightfold to compare with 

numbers quoted more recently. On this 

basis antenna sizes of about 300 chlorophylls 

per functional photosynthetic unit were ob

served under a variety of experimental con

ditions and .for several species of plants and 



algae. A larger unit is observed for sub

millisecond flashes than for those of 2 to 

100 d t o 17-19 d o msec ura 1on, an some 1ncrease 

occurs with increasing age of algal cultures. 

Recently we have studied the antenna 

sizes for electron transpo~t reactions associ

ated with only photo system 1 on the one hand 
20 

and only photosystem 2 on the other. Not 
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only are these two pigment systems distin

guishable on an absorption- or activation

spectrum basis, 
21

• 
22 

but they also exhibit 

different functional unit sizes in flashing light 

experiments. Photosystem 1 appears to con

sist of 440 chlorophylls per rate-limiting step, 

whereas photosystem 2 has only 55 to 70. The 

440-to-1 stoichiometric ratio of chlorophyll 

to P700, 
23

• 
24 

or to cytochrome f, 25 in photo

system 1 suggests that this represents the 

actual size of a single unit. There is no evi

dence that either the P700 or the cytochrome 

f is involved in a kinetic pool, which would 

make the actual unit some integral multiple 

of 440 molecules. 

For photosystem 2 there is good evidence 

that such a pool does exist. One candidate 

for a pool of electron acceptors for photo

system 2 is plastoquinone, which exists as 

several molecular species in chloroplasts
26 

and is present at a total concentration some 
27 

90 times as large as P700 or cytochrome f. 

Kinetic experiments give evidence of pools 8 

to 18 times that of P700 for the acceptor of 
28-32 

photosystem 2. This could easily ac-

count for the fact that the number of chloro

phylls in the functional photosynthetic unit 

for the ferricyanide or DCPIP Hill reaction 

is only one eighth that for a photosystem 1 

reaction. 
20 

Whether there are eight reaction 

centers in system 2 for each one in system 

1, or whether the reaction centers in system 

2 are equal in concentration to those in 

system 1 but feed a pool containing an eight

fold larger concentration of electron accep-

tors, is currently a subject of contro-

versy. 
17

' 
33 

The latter hypothesis is favored 

by the observations that for submillisecond 

flashes the functional unit for photosystem 2 

increases in size 
17 

and that very small ab

sorption changes appear to be associated 

with the reaction-center chlorophyll in sys-
34 

tem 2 • 

. At present there are no convincing ex

periments which indicate whether the reaction 

centers i~ higher plant chloroplasts are im

mersed in large continuous pools of chloro

phylls. The question of the possibility of 

energy transfer between photosystems 1 and 

2 has led to the formulation of "spillover" 

and "separate package" hypotheses. This 

problem has been much studied, but no clear 

decision between the two alternatives is pos-
35-37 

sible at present. The twofold decrease 

in quantum yields for photosystem 1 reactions 

in going from long to short wavelengths in

dicates that energy absorbed by system 2 at 

short wavelengths cannot be used to drive a 

1 t o 22, 38, 39 Th" ld system reac 1on. 1s wou ap-

pear to support the separate-package hypoth

esis. On the other hand, kinetic analysis by 

Malkin of a wide variety of data on enhance

ment of photosynthesis using two wavelengths 

of light generally supports the spillover hy

pothesis. 
36 

Similar analysis by Williams of 

different experimental data comes to the op

posite conclusion and supports the separate

package hypothesis. 
37 

The results reported by Avron in these 

proceedings show that in two cases reactions 

which are thought to involve only photore

action 1 are able to make full use of the en-
. 40 

tire p1gment complement of chloroplasts. 

These important observations, together with 

his determination of a quantum yield of unity 

for the ferricyanide Hill reaction at wave

lengths below 670 nm, require a profound 

reevaluation of existing models for the pig-



ment system-reaction center relationships 

in higher plant photosynthesis. 

From studies of the minimum amount of 

the oxygen evolution inhibitor DCMU sufficient 

to block electron flow from water, Izawa and 

Good reached the conclusion that one molecule 

of DCMU per 2500 chlorophylls in chlora-

l . h h . 41 p asts 1s enoug to stop t e reachon. 

Apart from complications associated with 

the presence of bound but apparently inactive 

DCMU, this evidence suggests that a much 

larger unit is present if oxygen evolution sites 

are used as the point of reference. It may be 

that several of the smaller quantasome-size 

units cooperate for this purpose, and that 

oxygen evolution occurs at more thinly dis

tributed locations in the chloroplast lamellae. 

The direct interference of DCMU with elec

tron transport, as witnessed by its effect on 

fluorescence and absorption transients, ap

pears to be in conflict with such a picture, 

however. 

Reaction Centers 

The reaction centers of the purple bac

teria contain the pigment absorption compo

nents designated P800 and P870, which arise 

from molecules involved along with an elec

tron acceptor and a cytochrome in the trap:

ping of photons absorbed by the antenna 

BChl and in the initiation of electron trans-
1 

port. The preparation by Clayton and others 

of bacterial chromatophores from which the 

antenna pigments have been removed per

mits the detailed study of the optical prop

erties of the reaction-center pig-
ments. 4, 5,42, 43 

ForB-· spheroides, Clayton has shown 

that P800 and P870 exist in a ratio of 2 to 1, 

and that upon illumination by visible light a 

complete bleaching of the P870 occurs, ac

companied by a blue shift of the P800 band. 
43 

Furthermore, there is present an amount of 
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oxidizable cytochrome very nearly equivalent 

stoichiometrically to the P870 and closely 

coupled to it. These observations suggest 

that the reaction center (RC) contains three 

(or som~ integral multiple of three) bac

teriochlorophyll molecules, one of which 

becomes oxidized upon illumination. 

We have studied the Circular dichroism 

spectra of RC preparations made from 

chromatophores of a carotenoidless mutant 

of B-· spheroides (R-26) either by oxidation 

with excess chloroiridate 
44 

or by extraction 

with the nonionic detergent Triton X-100 5 to 

remove the antenna pigments. CD measure

ments were made by using a special instru

ment, already described. 
7

' 
45 

The absorp

tion and CD spectra of these preparations 

have been presented in detail
46 

and some of 

the results are summarized in Fig. 1. The 

solid curves show the RC sample in its nor

mal, reduced condition; the dashed curves 

show the spectra of the same material when 

it is being illuminated simultaneously from 

the side by use of visible light from a tung

sten lamp. Complementary color filters are 

used to prevent the activating light from in

terfering with the CD measurements. 

In its unactivated or reduced state, the 

RC preparation exhibits a positive CD com

ponent at 860 nm and a negative double CD 

with a crossing at 802 nm. The latter fea

ture presumably arises from an exciton split

ting of the P800 absorption that is too small to 

resolve in the absorption spectrum. Thus, 

we have evidence from the CD spectrum of 

the presence of three BChl exciton compo

nents in the reaction center. It can be shown 

by straightforward theoretical arguments 

that the three CD components can arise from 

no fewer than three different BChl molecules. 

The negative CD component at 748 nm almost 

certainly is associated with the absorption 

band at 758, which probably arises from 
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Fig. 1. Absorption and CD spectra of the 
reaction centers of _g. spheroides, R-26 
mutant, isolated by the Triton X-100 
method of Reed and Clayton (Ref. 5). 
Solid curves: normal or reduced prep
aration. Dashed curves: sample under 
simultaneous side illumination with 
strong visible light. Path lengths 0. 5 
em. 

bacteriopheophytin. The close correspon

dence in behavior of the P870 and the P800 
44 

features strongly suggests that the three 

molecules are all interacting with one an

other in a trimer. An energy level diagram 

which illustrates this interaction is shown 

in Fig. 2. 

Upon illumination or upon chemical oxi

dation with ferricyanide or chloroiridate, the 

P870 bleaches and the P800 absorption band 

at 803 shifts to 797 nm, with no change in band 

area. The overall effect is that one -third of 

the total absorption is lost in this conversion. 

At the same time the CD band at 860 disap

pears and a new positive CD component forms, 

centered at 798 nm. 
46 

This can be accounted 

for most easily if we assume that in the oxi

dized state the two remaining BChl molecules 

no longer interact electronically with one an-
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PSOO ·,, 

}/' 
(2) 

' '-< 
P870 

Bacteriochlorophyll Reduced Oxidized 
(trimer) 

~ 
Monomer Reaction Center 

XBL 685·4220 

Fig. 2. Electronic energy level diagram 
for bacteriochlorophyll monomers and 
reaction-center trimers. 

other, either because they are too far apart 

or because they are unfavorably oriented with 

respect to each other. A detailed description 

of this argument is given by Sauer, Dratz, and 
46 

Coyne. 

On the basis of this interpretation of the 

CD spectra we propose an elaboration of 

Clayton's model1 for illustrating the nature 

and function of the reaction center in photo

synthetic bacteria. In this expanded model 

three BChl molecules are arranged, pre-

A A 
. * 

BChl/BChl-..........BChl ~ BChl/BChl.......,_BChl 

Cyt Cyt 

A 
. + 

~ BChl-BChl..........._BChl 

Cyt 

A-

~ BChl....-BChl.......,_BChl 

c~+ 
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sumably, in a strongly interacting trimer and 

are closely associated with an electron accep

tor (probably ubiquinone) and an electron 

donor, cytochrome. Upon illumination one of 

these BChl molecules is converted to the oxi

dized form (BChl+), which has a different set 

of electronic energy levels and, hence, a dif

ferent absorption spectrum. The two re

maining BChl molecules do not interact 

strongly with one another, perhaps because 

they are located more or less on opposite sides 

of the bleached molecule. In an ensuing dark 
+ step the BChl picks up an electron from a 

cytochrome and returns to its reduced state. 

All of this occurs within 2 flSec if a brief 

flash of activating light is used. 
47 

In higher plants and algae less is known 

about the nature of the molecular structure of 

the reaction centers. For photosystem 1 

there exists a well-documented chlorophyll 

species, 22 • 45 designated P700, which has 

many characteristics similar to that· of P870 

in bacteria. Nothing analogous to the P800 

blue shift has been observed, so we have no 

indication as yet that chlorophyll~ trimers 

are involved in chloroplasts. It has not yet 

been possible to purify reaction centers from 

higher plants. Di.:lring et al. 32 have recently 

reported evidence based on photo-induced ab

sorption changes that there is an analogous 

reaction-center pigment for photosystem 2; 

however, it has not been characterized in 

any detail. When we come to know better the 

similarities and differences among the reac

tion-center molecular structures for the dif

ferent kinds of photosynthetic organisms, we 

may be in a position to guess the pathway 

along which they evolved and the nature of the 

responses which arose in response to pressures 

from the environment, 
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BASE SEQUENCE STUDIES OF NUCLEIC ACIDS 

I. Tinoco, Jr. 

The research has been mainly in two 

areas: the sequence determination of bases 

in nucleic acids and the conformation of nu

cleic acids. The sequence studies reported 

here were done by Dr. David Lloyd in col

laboration with Dr. Stanley Mandeles of the 

Space Sciences Laboratory. The optical 

properties for different conformations of 

nucleic acids discussed in this report were 

calculated by Dr. W. C. Johnson, Jr. 

Tobacco mosaic virus ribonucleic acid 

(TMV -RNA) contains about 6400 bases. When 

a T-1 ribonuclease hydrolysate of TMV -RNA 

is chromatographed in a system designed to 

separate oligonucleotides on the basis of 

chain length, the elution profile shown in 

Fig. 1 is obtained. Mandeles 
1 

has designated 

the longest-chain-length component of the 

... 
~ 
c 
CD 

"' 0 

"' CD 
c 

elution profile as the n fraction and the second 

to the last peak as the ljJ fraction. No uv-ab

sorbing material is eluted beyond these two 

peaks, even in 1 M NaCl. The yields of 

oligonucleotide in the ljJ and n fractions re

sulting from the chromatography of 200 mg 

of hydrolyzed TMV -RNA were found to be 

approximately 1.5 and 2.0 mg, respectively, 

as determined from the 260-mf.L absorbance. 

When the ljJ and n fractions were re

chromatographed in a chain-length separa

tion system it was found that no further reso

lution was obtained. However, since the 

rechromatography did appear to remove 

small amounts of impurities contained in .the 

original ljJ and n fractions, this step was 

retained in the routine isolation of these 

oligonucleotide fractions. 

Fig. 1. The chromatographic sep
aration of oligonucleotides ac
cording to chain length. A col
umn (1. 5 X 60 em) containing 100 
ml of DEAE Sephadex, A-25, 
was loaded with 200 mg of a T-1 
RNase hydrolysate of TMV -RNA. 
The elution was performed with 
a linear concentration gradient 
from 0.1 to 0.6 M NaCl in 5 
liters of 7 M urea, pH 7.5, at a 
flow rate of40 ml/hr. 

XBL 696-810 



When the rechromatographed fractions 

were subjected to further chromatography 

at pH 2.8 to effect a separation on the basis 

of uridine content, the ljJ fraction was re

solved into two components containing equal 

amounts of oligonucleotide, as judged from 

the 260-mfl. absorbancies. These fractions 

were designated ljJ-1 and ljJ-2 in the order in 

which they were eluted. In contrast to the be

havior of the ljJ fraction, 0 fraction was eluted 

as a single peak upon chromatography at pH 

2.8. The results of the low-pH chromatog

raphy also indicated that the rechromato

graphed 0 fraction was free of minor contami

nants. 

On the basis of the results obtained from 

the isolation procedure described above, it 

appeared that each of the three oligonucleotide 

fractions was homogeneous and probably con

tained a nucleotide sequence unique to some 

location in the TMV -RNA molecule. We shall 

refer to these unique oligomers as the ljJ-1-

mer, ljJ-2-mer, and O-rner. 

The ljJ -mers and O-rner were each sub

jected to treatment with pancreatic ribonucle

ase. The products of the pancreatic ribonu

clease digestion were then separated and 

identified to provide pancreatic fingerprints 

of the three oligonucleotides. The pancreatic 

ribonuclease hydrolysates were separated 

chromatographically on a DEAE sephadex 

column by use of a combination of linear KCl 

and HCl gradients. The identities of oligo

mers eluted from the column were assigned 

from their elution positions and a knowledge 
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of the specificities of T-1 and pancreatic ri

bonuclease. These assignments were checked 

by comparing the uv absorption spectra of the 

oligomers eluted from the column with known 

oligomers and, where necessary, by rechrom

atography with known oligomers. In all cases 

the results lead to an unambiguous identifica

tion.. The profiles shown in Fig. 2a, b, c 

show the elution positions of the fragments 

obtained by pancreatic ribonuclease diges

tion of the ljJ-1-mer, ljJ-2-mer, and O-rner. 

The portions of the eluent containing the 

pancreatic ribonuclease digestion products 

were quantitatively collected, and their 

volumes were accurately measured. The 

uv absorption spectrum of each fraction was 

measured and the number of 260-mfi absorb

ance units present in the fraction ~as com

puted. These values were converted to micro

molar values. The three oligomers being in

vestigated are the products of complete di

gestion with T-1 ribonuclease, which causes 

cleavage after guanine, and should therefore 

each contain a single terminal guanine resi

due. Thus, the mole ratios of each oligomer 

isolated from the pancreatic ribonuclease di

gest, relative to guanadylic acid, should have 

integral values equal to the number of moles 

of each oligomer per mole of ljJ-1-mer, 

ljJ-2-mer, or O-rner. Table I shows the mole 

ratios obtained for two different digests of 

each of the three T-1 ribonuclease fragments. 

A study of the fragments produced by 

pancreatic ribonuclease hydrolysis of the ljJ

mers and O-rner reveals a number of in-

triguing facts. Knowledge of the genetic 

code
2 

allows one to work backwards from 

the amino acid sequence of TMV coat protein
3 

to determine the nucleotide sequence of the 

coat protein gene. Because of the degeneracy 

in the code, one arrives at not one but a 

number of possible nucleotide sequences. An 

examination of these sequences reveals that 

none of them could give rise to the ljJ-mers 

or O-rner upon T-1 ribonuclease digestion. 

This observation is in agreement with the 

findings of Knight and his co-workers, 
4 

who 

have determined that both the local lesion 

gene and the coat protein gene are located in 

the 3' linked half of the RNA strand. The 

ljJ-mers and O-rner are all located nearer to 
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Fig. 2. The separation of the pancreatic RNase digestion frag
ments of (a) the lj;-1-mer, (b) the lj;-2-mer, (c) the f2-
mer. A column (0.4 X35 em) containing 4 ml of DEAE 
Sephadex, A-25, was loaded with 0.5 to 2.0 mg of a pan
creatic RNase hydrolysate of the lj;-1-mer, lj;-2-mer, or 
f2-mer. The elution was performed with a combination of 
gradients linear in KCl and HCl concentration. 
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Table I. Pancreatic fingerprints of the O-rner and lj;-mers. 

O-rner lj;-1-mer lj;-2-mer 

Fragment Fragment Fragment 
concentration 

a 
Closest concentration 

a 
Closest concentration 

a 
Closest 

Digestion (f.Lmoles per integral (f.Lmoles per integral (f.Lmoles per integral 
fragment f.Lmole GE) value f.Lmole GE) value f.Lmole GE) value 

Gp 1.00 1 1.00 1 1.00 1 

Cp 1.05 1 3.86 4 2.08 2 

ApCp 6.08 6 1.94 2 2.02 2 

(Ap)2Cp 6.04 6 not present 0 1.06 1 

(Ap)
3

Cp 1. 96 2 0.92 1 not present 0 

Up 12.00 12 2.04 2 5.30 5 

A pUp 2.96 3 1. 90 2 2.00 2 

(Ap)
2

Up 3.96 4 0.98 1 1. 05 1 

(Ap)
3

Up not present 0 0.93 1 1.04 1 

Ap 0.10 0 0.04 0 0.05 0 

A pAp 0.03 0 0.02 0 0.02 0 

A35u19c15G A12U6C7G A 11 u
9

c 5G 

a. Average of the values obtained from two experiments. 

the 5' linked end of the TMV -RNA molecule. 

The O-rner stands out among the three 

fragments that have been investigated, both 

because of its base composition and because 

of its nearest-neighbor frequencies. It 

possesses a sequence of 69 nucleotides from 

which Gp is totally absent. Furthermore, 

roughly half of the 69 nucleotides are Ap. Out 

of the total of 19 uracil residues, 7 are pre

ceded by adenine and 12 are preceded by a 

pyrimidine; but of the 15 cytosine residues, 

only a single residue follows a pyrimidine. 

The remaining cytosine residues all follow 

adenine. The nucleotide composition and 

nearest-neighbor frequencies severely re

strict the amino acids for which the O-rner 

could code. The absence of guanine in the 

sequence excludes all amino acids whose code 

words must contain G. The nearest-neighbor 

frequencies restrict the occurrence of lysine 

and those amino acids whose code words con-

tain a C following a pyrimidine. Finally, 

the large A content demands that between 12 

and 19 of the 23 amino acids being coded 

must come from the group asparagine, gluta

mine, methionine, and threonine. 
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CONFORMATION OF NUCLEIC ACIDS 

I. Tinoco, Jr. 

One important problem in science today 

is the understanding of how the chemical struc

ture of nucleic acids controls their biological 

properties. To study this problem, many 

workers have measured the circular dichro

ism (CD) or the optical rotatory dispersion 

(ORD) of both natural and synthetic polynucle

otides in aqueous solution, Interpretation of 

these spectra can give information about the 

conformation of each polymer in solution and 

perhaps help determine its sequence. To aid 

in the interpretation of measured CD spectra, 

we have applied a particularly simple theory 

of circular dichroism to the polynucleotides, 

The quantum mechanical theory of optical 

activity was derived in 1928, 1 Since then 

many specific (but approximate) equations 

based on the general theory have been devel

oped, 
2

• 
3 

We have applied a particularly 

simple method
4 

to the circular dichroism of 

polynucleotides, The resulting equation is 

i,j a 

X 

i, j a, b 

R +.!.... 
-it 2c 

X B- ij • ~·o x fl·ob • 1 a -J 

iOa 
p s 
-3-
r st 

af(v- v) 
av 

iOa iOb] p s p t 

r st 

The notation is the same as in Ref. 4. 

( 1) 

Equation ( 1) is particularly easy to apply. 

Only the properties of the monomers need be 

known, and the sums can be carried out on a 

computer. The first sum in each term shows 

that we must consider each monomer and its 

interaction with every other monomer, Con

sider a typical monomer buried in the middle 

of the polymer, If we consider DNA and 

RNA, the monomer may be any one of four 

bases--adenine, cytosine, guanine, or uracil, 

It may interact with any one of the four bases, 

so that, in general, there are sixteen possible 

types of base-base interactions, In practice, 

since the rotational strength varies with dis-
2 

tance roughly as 1/R , only one turn above 

and below the typical base need be calculated 

to insure convergence, We neglect end effects, 

which is a reasonable approximation for a 

larger polymer when the interactions fall off 

rapidly with distance, 

The second sum in each term involves the 

transitions in the region of interest, here the 

near-ultraviolet region, above 220 mfl. We 

consider each base to have two 1T ..... 1r transi

tions in this region (this is predicted by H. 
5 

Berthold et ~· for all bases, including 

adenine and uracil), with maxima between 240 
- -1· 

and 280 mfl. We take v = 38 400 em (260 

mf.l). The third sum is over monomer 

"groups." We divide each base into "groups, " 

where a group is any major atom (not a hy

drogen atom) together with its hydrogen 

atoms, 

The CD curves for various polynucleotides, 

calculated by using Eq. ( 1), are given in Figs. 



1 through 3. They are compared with mea

sured CD curves whenever possible. In some 

cases, measured ORD curves were trans

formed to CD, by use of the Kronig-Kramers 

relation, for comparison with the calculated 

curves. Note that the scale of the ordinate 

varies with each section of the figures. In all 

cases the measured or transformed curves 

are given by the solid line, and the calculated 

curves by the broken lines. 
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Fig. 1. (a) Measured CD of DNA together 
with the calculated curves for two possible 
configurations. (b) Measured CD of RNA 
compared with the calculated spectra for 
two conformations. (c) Calculated CD 
curves for A-form, C -form, and single
stranded DNA. 

-122-

8.0 

(a) 
6.0 poly rAC:rGU 

' \ 4.0 ' ' Ill 

' I r \I cole 2.0 
I 

Ill 

\ :::u 
' ' ,, 

0.0 

2.0 -2,0 
(b) 

~--
poly dAC:dGU ' ' 

1.0 
,' \¥cole 

' '#obs 

a:: ' ' 
"' 

0.0 
I 

_j 
/ ....... "' -1.0 \ 12.0 

\ 
'/cole 

-2.0 (c) 8.0 
poly rAC \ 

I 
I 

4.0 Ill 
I r 

' Ill 

' 0.0 :::u 

-4.0 

220 260 300 
-8.0 

Wavelength (mfL) 

Fig. 2. (a) Calculated and observed CD spectra 
for poly rAC:rGU. (b) Calculated and 
observed curves for poly dAC:dGU. (c) 
CD spectrum of poly rAC, calculated and 
observed. 

The simple theory does a surprisingly 

good job of predicting the optical properties 

of polynucleotides. Its primary weakness is 

its inability to predict the position of extrema 

accurately. At pre sent we are not able to say 

whether the other weaknesses in our calcula

tions are due to inaccuracies in the theory, the 

conformations assumed for the polymers, or 

the data used. 

The theory has many strengths. It shows 

that the circular dichroism of polynucleotides 

can be calculated from base-base interactions, 
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Fig. 3. (a) Calculated and measured CD 
spectra of the ribo- and deoxy- forms of 
poly AU:AU. (b) Measured and calculated 
spectrum of poly rA:rU and calculated 
curve for poly dA:dU. (c) CD spectrum 
of poly rG:rC observed and calculated. 

rather than base-sugar interactions, and that 

* it arises for the most part from the TT-+ TT 

* transitions, rather than n-+ TT transitions. 

For the nucleic acids, the simple theory pre

dicts (as observed) that DNA will have a con

servative spectrum while RNA will have a 

more intense nonconservative spectrum 

because its tilted bases allow the polarizabil

lities to contribute. The anomalously low 

magnitude of nucleic acid CD is shown to come 

naturally from the cancellation of the rotation 

strengths of the many bands. However, the 

theory may predict the wrong dependence of 

DNA rotational strength 6 on GC content. If 

the conformation of DNA changed with G-C 

content, or if the DNA were more rigid for a 

higher G-C content, the experimental change 

in CD could be understood. Although all we 

can say with certainty is that DNA in 80o/o 

alcohol solution 7 has its bases tilted, cal

culation of the CD of the A-form of DNA leads 

us to tentatively suggest that DNA in 80o/o 

alcohol is in this form. We predict a CD 

spectrum for single -stranded DNA which is 

quite different from its spectrum in its other 

forms, so that it should be possible to test 

the hypotheses of Luzzati e~ al? about their 

intermediate form of DNA in formaldehyde

saline solution. In contrast, we predict 

essentially the same CD spectrum for both 

single- and double-stranded RNA. Com

parison with measurement9 indicates that 

single-stranded RNA is in the same con

formation as a single strand of a double

stranded RNA. 

Comparison of measured 
10 

and cal

culated CD spectra of poly rAC:rGU and 

poly dAC:dGU show good agreement, confirm

ing the observation 11 that the polydeoxynucle

otide is in DNA configuration and allowing us 

to predict that the polyribonucleotide is in 

RNA form. These results indicate that the 

difference in optical properties between DNA 

and RNA is primarily due to difference in 

geometry caused by the different sugar back

bone, and that the anomalously low intensity 

of the CD of the nucleic acids is not a con

sequence of their antiparallel sugar backbone. 

Calculations for poly rAU:rAU and poly 

dAU :dAU indicate that they are in RNA and 

DNA configuration respectively, in solution. 

However, the predicted magnitudes are too 

high. Results are not clear-cut for poly 

rA:rU. There is no agreement between cal-



culated and observed spectra for any of the 

four GC polymers. 

Single-stranded polymers were also cal

culated, although it is hard to evaluate the 

results. Here are the highlights. Poly rA is 

predicted to be in single -stranded DNA con

formation and nearly completely stacked at 

-z•C. Poly rAG appears to be completely 

stacked and in RNA conformation in solution 

at room temperature, while poly rGU is not 

stacked. 

This work brings to light other points. 

The circular dichroism of DNA and RNA in 

aqueous solution appears to be consistent with 

the conformation found for the nucleic acids 

. h f"b d f k 12 - 14 h 1n t e 1 ers use or x-ray wor • T e 

magnitude of a CD spectrum is not an index of 

the degree of asymmetry (compare poly rA 
15 

and DNA), as has been suggested, In fact, 

it does not appear that the shape or magnitude 

of a CD spectrum can be used~ priori to 

determine whether a polynucleotide is single

or double-stranded. Finally, it appears that 

nearest-neighbor calculations are often not 

valid. In RNA, for instance, the second and 

third neighbors together contribute more in

tensity to the circular dichroism curve than 

do the nearest neighbors. 
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