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PHOTOSYNTHETIS BY ISOLATED OILOROPLASTS. DIFFUSION OF IAl3ELED PHOTOS\~TIC 

INTERMEDIATES BE1VlEEN ISOLATED o-ILOROPLASTS A'ID SUSPENDING MEDn.rrv! 

* J. A. BASSHAH, MARTHA KIRK, A\ffi R. G. JE?'JSE~ 

Chemical B'iodYnamics Division. Lawrence Radiation Laboratory, University of 

California, Berkeley, Calif.' (U.S.A.) 

(Received __________ ---t) 

ABSTRAcr 

The diffusion of 14C and 32P-Iabeled photosynthetic intermediate compounds 

from isolated chloroplasts has been investigated. Those intermediate compotmds 

of the photosynthetic carbon reduction cycle lying between the carboxylation 

reaction and the diphosphatase reaction were found to diffuse rapidly from the 

chloroplast to the suspending medium. In contrast, those in~ermediates lying 

between the diphosphatase reaction and the carboxylation,reaction, with the ex-
, the 
ception of,,'"Pentose monophosphates, tend to be retained by the chloroplas1:s 

'Guring the IS minutes or more ,V'hen the photosynthesis of carbon dioxide by the 

isolated chloroplasts is most active. An experiment in which changes in the-"lcvel 

of ATP ,V'ere observed on addition of carbon dioxide shdws that ATr and ADP, 
• ~ "" li 

WhlCh had diffused from the chloroplasts, can apparently re-enter the chloro-

plasts and be used metabolically. It is proposed that the diphosphatase re

action plays ~ general role in metabolic regulation in biosynthesis as well as 

in the light-dark transition. 

*R. G. J. is a ,NIH Postdoctoral FellClV' No. 2-F2-CA-2S, 833-02 vf the National 

Cancer Institute. Present address: Department of Chemistry, tJniversi ty of 

Arizona, Tucson, Arizona. 
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1 In a previous report we described conditions for obtaining high rates 

of photosynthesis ,,,i th isolated chloroplasts. It ,.,ras apparent in these 

studies that the labeling of certain intermediates of the carbon reduction 

cycle, particularly 3-phosphoglyccric acid ) dihydroxyacetone phosphate)· 

., fructose-l,6-diphosphate CFru-1,6-PZ), sedoheptulose-l,7-diphosphate 

(Sed-l,7-PZ)' and ribosc-S-phosphate (Rib-S-P), were unusually heavily labeled. 

with l4C follm.,ring photosynthesis by the isolated chloroplasts in the presence 
14 of COZ' as compared with the amount of labeling seen with whole spinach 

leaves photosynthesizing in t'he presence of l4COz ' 

On the basis of data obtained from labeled compounds in "chloroplasts" 

isolated by the non-aqueous teclU1ique from Elodia after in vivo photosynthesis 
. --. 

with 14COZ ' Heber
Z 

concluded that 3-phosphoglyceric acid and either dihydroxy-

acetone phosphate or Fru-l,6-PZ' or both, function as transport metabolites 

during photosynthesis. Also, ATP and ADT' were reported to .-b~ rapidly trans

located between chloroplasts and cytoplasm of the leaf ce11. 3 The non-aqueous 
.>~~ 

isolation; 'technique produces particles which have lost the. integrity of the . outer 

membrane aJl.d.have apparently lost some .components since they no longer photo

synthesize. Also, the cytoplasmic fraction includes considerable material 

from the chloroplasts. I-Ience certain assumptions must be made in arriving at 

the conclusions ~bout metabolite distribution. For ekample, the material lost 

from the chloroplasts may not be qualitatively the same as that retained. 
I 

Until the achievement of high rates of photosynthesis with isolated 
. l 

chloroplasts with intact membranes,l it has not been po~sihle to carry out 

.~ 

) :"', 

• 

satisfactory studies of metabolite transport f~om chloroplasts ~ vitro. Our ~ 

preliminary studies4 of the distribution of photosynthetic intermediate com-

pounds het,.,reen the chloroplasts themselves and the medium in which they are 

suspended showed that several intermediate compounds rapidlY diffuse or are 
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transported from the chloroplasts to the suspending medium. In contrast, t~e 

hexose and heptose monophosphates are very well retained in the chloroplasts 

during the first few minutes of photosynthosis Hhon the rllto of photosynthesis 

is most active. It was also found that glycolic acid is rapidly transported 

from the c}lloroplast to the suspending medium. These studies have been ex

tended in the present report in order to obtain a picture of the distribution 

of the individual compounds betweentlle chloroplasts and the suspending medium 

as a function of time of photosynthesis. 

In another experiment, 32p has been introduced in order to ascertain the 

distribution of ATP between the isolated chloroplasts and their medium. In 

this experiment, tl1e chloroplasts ,~ere first deprived of CO2 in order to build 

up a high level of labeled ATP, and then carbon dioxide ,,,as added to see what 

effect this would have on the level of ATP, both within and outside the 

chloroplasts. 

EXPERH1ENTAL 

Chloro1l1asts were iSolated from freshly· grown spinach according to the 

methods describe~ earlier. l The leaves used for the experiments were four to 

six wreks old. rhe chloroplasts were suspended in th~ usual assay medium. 1 

The total v6lume of the suspension in the first ebcperiment was 1. 5 .mlcon-

taining chloropfa~ts '''ith 0.213 mg chlorophyll. The f~sbcontaining the chloro- • . 

plasts were mofunted on a shaking frame which imparted a\s'''irling motion to the 

chloroplast s~spension, 1 and were first .. pre-illtiminatcdtor three minutes ,~ith': 
out added CO2 or ~icarbonate •. Nal-r14C03 solu~ion was then\ added to make the 

solution 0.01 Min bicarbonate ion with a specific activity of.3S.2 ur./\.IM. 

From. t~e to t~me, ·100 \.11 samples were wi thdra,oJIl from the flask and subj ected .. 
to centrifugat~on ~th a Spinco microfuge to separate the chloroplasts as a 
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pellet from the suspending medium. Pellet and supernatant solutions were 

separated and killed \"ith 80% methanol as quickly as possible. TIle entire 

operation, withdrm"ing the sample, centrifuging, and. killing) required 30 

seconds. 

We recognized that this period of time is long enough for metabolic changes 

characteristic of light-dark transients to take place. Therefore, additional 

unseparated 50 III samples of chloroplasts were taken and killed directly. The 

labeling of a compound isolated from these unseparated sam!1les can be compared' 

with the sum of the labeling of the same compound from separated chloroplasts 

and medium. This comparison gives a measure of the change \"hich occurred 

• during the separation of chloroplasts from medium. 

The mixtures of methanol,. water, and chloroplasts or suspending medium 

were analyzed by two-dimensional paper chromatography and radioautography as 

described earlier. 5 TIle amount of 14C in each compotmdin each sample in the 

pellet and in the supernatant solution was determined as a·function of time 

of sampling. 

In a second experiment, chloroplasts ,.,..ere isolated and prei1luminated as 
... 

just described. ' •• However, 32 P-Iabeled phosphate ,,,as added at the beginning of 
~~'i 

the pre-illtunin~.tion period, and 14C-labeled bicarbonate was added after 4 
.\, 
,-1.,1 

minutes of pre- !a.lumination \"i th the radiophosphorus. One sample. was taken 

just before thea.ddition of 14co2 , and other samples were taken periodically 

after the ~ddlfionof bicarbonate. 

1". 
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RESULTS 

The laheling with 14C of inu:rmcdi;:n:es of the carbon reduction cycle of 

photosynthesis and of glycolic acid in p(;llet and supernata'1t solutions in 

the first experiment are shovm in Figures 1 through 9. In each case the l4e_ 

labeling of the compound found in the supernatant solution is indicated by 

open circles and the l4e-labeling of the compound found' in the pellet is indi

cated by black dots. The l4e-labcling of the compOlmd' found in the samples 

where the chloroplasts were not separated from the supernatant solution prior 

to killing are indicated by the squares. 

In most cases the labeling of a given compound fotmd in the sample which 

was not separated is roughly the sum of the labeling fOlmd in the pellet and 

supernatant curves. However, the Sed-I,7-P2 and Fru-I,6-P2 labeling ,~as higher 

in the samples which were not separated than in the' sum of the pellet' and 

supernatant. At the same time, the labeling of dihydroxyacetone phosphate ,~as 

lower in the unseparated sample than the SU'il of its labeling .in pellet and 

supernatant. Thus it appears that some Sed-l,7-P2 and some Fru-l,6-P2,~ere 
dihvdroxyacetone phosphate 

converted t'O A' during tile centrifugation. The level of ribulose-I,S-

diphosphate (Ru-I,S-P2) also apparently dropped during the centrifugation, 

presumably due td the continued carboxylation reaction. These changes, hO\"~ 

ever, do not affect greatly the general conclusions '~lich can be drawn from 

the pellet-sup~h~tant curves. 
", 

'; 
" 

As noted:1n earlier studies, 4 several intermediates of 't.'1e carbon cycle , 

and the glycolic acid are found very predominantly in the supernatant solution, 

indicating that they are not well retained in the pellet.: ~bst marked among 

these! compounds are 3-phosphog1yceric acid (Fig. 1), dihydroxyacetone phosphate 
.. 

(Fig. 2), and Fru-1,6-P2 (Fig~ 3). 'Also the tota1pentose monophosphates 

(Fig. 4), Sed-,I,7-P2 (Fig. 5), and glycolic acid (Fig. 9) are found predomi .. 

nantly in the supernatant solution. 

,', 
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In contrast to the compoW1cls just mentioned, the 14C-laheled fructos~-6-

phosphate (Fru .. 6-P) (Fig. 6) and scdoheptulose-7-phosphate (Sed-7-P) (Fig~ 7) 

arc· found predominantly in the pellet. Ru-l,S-P2 (Fig. 8)· is about equally 

distributed between pellet and supernatant solution. In other earlierexperi-. 

ments the Ru-l,S-P2 was found predominantly in the pellets. In this experi

ment, as already mentioned, the level of Ru-l ,5-P
Z 

,.,as much higher in the un

separated samples_ and it is reasonable to suppose that most of this extra 

Ru-l_S-P2 '~hich was converted during the centrifugation was in the pellet. 

In order to obtain a better idea of the rate of formation of labeled com-

pounds, ,,'e took the slope of the various labeling curves for pellet and super

natant and unseparated samples at 3 minutes after addition of 14C and during 

the period between Sand 10 minutes after addition of l4C• These 'rates are 

listed in Table I. 

The results of another experiment_ in which both 32p and l4C ,.,ere used_ 

are sho,vn in Figures 10 and 11. Again_ open circles represent labeling of com

pounds in the solution and black dots represent labeling of compounds fotmd in 

the pellet.~ It is apparent that both ATP . (Fig. 10) and ADP (Fig. 11) rapidly 

diffuse between the pellet and the supernatant solution. ,When Hl4C03 is added ' 

to preincubated chloroplasts _ which ,.,ere deprived of bicarbonate_ the level of 

ATP drops precipitously in both chloroplasts and supen'latant solution. 

DISCUSSION 

From the distribution 'of labeled compounds between chloroplasts and the 

suspending medium_ Sh01ffi in Figures 1 through 9, a generalpattem emerges. 

Compounds lying between the carboxylation reaction of photosynthesis and,the 

diphosphatase reaction are readily released from the chloroplast into the super

natant solution. Compounds which lie betNeen the diphosphatase reaction and 

.' 

10" 
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the carbo;.,:ylation reaction seem to be lnllc11 better retained in the chloroplasts, 

except for the pentose monophosphates. 

()ne possihle explclJlationof the observed differential movement of photo

synthetic intermediate compoWlus from isolated spinach chloroplasts to the 

medium Play be fOWld in the control of the flow of carbon from the cycle into 

biosynthetic patlwlaYs. The absence of fonnation of signific<L'lt amOlmts of 

labeled amino acids and fatty acius 

chloroplasts photosynthesizing '.vith 

or fats in studies so far with isolated 
14 1 

CO
2 

suggests that some of the conversion 

of intermediates of the carbon reduction cycle to other metabolic intennecliates 

required for synthesis of macronIDlecules in the chloroplasts may occur outside 
~ 
~ 

the chioroplasts •. Thus the flOlv of certain intermediate compounds of the photo-

synthetic carbon reduction cycle from the isolated chloroplasts to the mediurn 

may reflect, possibly in an exaggerated \vay, a normal in vi va flmv of these 

SaJile intermediate compounds to the cytoplasm for subsequent .steps in biosynthesis. 

Fru-6-P is the biosynthetic. starting point for the synthesis of most carbo-

hydrates in the chloroplasts. Fru-I,6-P
Z

' as well as dihydroxyacetone phosphate,_ 

and 3-phosphoglyceric acid, could supply carbon for glycolysis and for the bio-
'" 

synthesis of amino acids and proteins, fatty acids, glycerol phosphate and 

fats, and various other products required for cell grOlvth and division (see 

Fig. 12). 
~ , ~~ 

'r 

In vivo studies with Chlorella pyrenoidosa of the:kinetics of the tran-
• 

:( -.. , '. 

sient changes ~h le~els ofi11termediate compounds of ph~tosynthesisfrom light 

to dark to light have led to the following con~lusions: 6' 1) There is a rapid 
i. 

interaction of intermediate compounds of the photosynthetic carbon reduction 

\~ cycle with intermediate compoWlds of glycolysis. 2) There is a light activa-

\tion of the hexose·diphosphatase enzyme responsible for the removal of the 

phosph'ate group on the number one carbon atom of Fru-I,6-PZ and Sed-l,7-P2 

(D-fructose-l,6-diphosphCl-te-l-phosphohydrolase, 3.1.3.11), with this· enzyme 
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becominp, inactive in the dark. 3) The carboxylation enzyme (3-phospho-n-

glyccrate carho)..l'-lyase, dimerizin~;, 4.1.1.39) also is light activated, and 

bccomc~ lcs~ nctive in the dark. 

Besides' the "on-off" regulation of these enzymes between light anel dark, 

there may be a finer regulation of the diphosphatase reaction Hhich ,,",ould con-

trol the flm\' of carbon in the li,<;;11tfrom the photosynthetic c.arbon reduction 

cycle to the biosynthesis of end products. An additionalpossihility is t!lat 

nei ther carbo)..ylation reaction nor the diphosphatase reaction are fully light 

activated in the photosynthesizing isolated chloroplasts. If so, either, or 

botl1, of these key reactions could become rate-limiting in the operation of 

the photosynthetic carbon reduction cycle. 

In vivo studies of photosynthesis inhibited by octanoate
S 

shmV'ed that the 

light-dark regulation could be mimicked by a chemical that interferes reversibly 

with photophosphorylation, the Jiphosphatase reaction, and the carboxylation 

reaction. 

A1imi ted rate for the diphosphatase step ,,,ould be expected to cause a 

slight accumulation of the intermediate compounds just preceding that step. 
.. dihydro)"Y<lcetone phosphate 

These are Fru-l;~6~P2' Sed-1, 7-P2 'A " and 3-phosphoglyceraldehyde. If these 
<:1 

compounds are ndt retained in high concentrations ''Ii thin the chloroplasts, 

they '''ould difftise from the chloroplasts to the medium. 

Using the ratio of appearance of labeled compounlI in supernatant solution 
,r' t • 

to appearance ;of la~eled compound in the chloroplasts,1S/P, as an indicator of 
" ~, , 

the degree of differential "export", \V'e see from Table I that this ratio is hy 

.' 

dihydroxyacetone phosphate :. ' 
far the largest for Fru-1,6-PZ (35), A (42.5), and 3-phosphoglyceraldehyde... 

However, the value of SIP for Sed-I,7-P2 is only 2.0. This could be a conse-

quence of ,the fact that Sed-I, 7-1'2 lies bet\."een ttV'O reactions catalyzed by 

hexose diphosphatase.. (See scheme in Fig. 12.) 
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Although it has just been suC;sestccl that a rate-limiting hexose diphos-

phatase reaction may increase tho differential movement of some of the photo-

synthetic intermediate corn~)owld$ out of the chloroplasts, it is clear that 

the rate of movement of a given compound from the chloroplast to theme:dium 

is not simply a ftmction of its concentration in the pellet. Por example, at 

3 minutes of photosynthesis, the amount of labeled Fru-6-P in the pellet Has 

0.05 ~moles l4C, \vhile that of Fru-l,6- P2 was 0.02 umoles 14e. The rate of 

appearance of labeled Fru-l,6-PZ in the meditun \vas 30 times that of Fru-6-P. 

This retention of Fru-6-P, 3.J'1d export of Fru-I,6-PZ seen with isolated 

chloroplasts may be similar to, or an exag~eration of, a differential retention 

and export from chloroplasts to cytoplasm in vivo. According to this hypothesis, 

hexose diphosphatase, in vivo, could thus play an important role in the regu

lation. of the flmv of .carbon from the photosynthetic carbon reduction cycle to 

biosynthesis of protein and fat, as compared \~ithbiosynthesis of carbohydrate. 

If utilization in biosynthctic pathways outside the chloroplast is a factor 

in whether or not any given photosynthetic carbon cycle intennediate compmmd' 

is readily .. released from the chloroplasts, then the release of·pentose mono

phosphates may be explainable in terns of their role in ribonucleotide synthesis. 

TIle possibility that ATP can flow in and out of chloroplasts was suggested 

by in ~ studiks of the light-dark and' dark-light transitions. 6 It ,~as found 

that intenncdidte compounds of photosynthesis and glyd?lysis interact, and that 

the level of A~'P is )11aintained in the dark at a level comparahle to that main-· 

tained by phqtosynthesis in the light. The present stuqy shows that AT? and 

ADP can flow in and out of the isolated chloropiasts. r4is firiding is sir;nifi

cant in conne~tion with the conclusions from in vivo experiments6 that the car

boxylation reaction is activated only in the light. According to the fOTI11ula

tion of the '~ho~'osynthetic .carbon roductioncycle 7 (see Fig. 12), only ATP is 
, . 

required to convert other sugar phosphates to Rihul-l,S'-P2,.'the substrate for 
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the carbo>-yl<1.tion reaction. J\d~ition of AT? to chloropl<1.sts i"hich <1.lready h<1.ve 

a supply of other sugar phos;?hatcs shoul,l lead to carhoxylation in the dark, 

unless the light-activation' is required for isolated. chloro?lasts. It/hen this 

e>--perirnent ,,,as perfonned, it was found t:lat no CO2 uptake occurred upon addi

tion of AT? to the isolated chloro~)lasts ~ '''hen other conditions \<Jere as descrihed 

* In this paper. 

In summary, selected interinediate .cor"lpounds of the photosynthetic carbon 

reduction cycle, as well as ATr, are rapidly released from photosynthesizing 

isolated chloroplasts to the suspending medium. ATP, at least,can also rapidly' 

re-enter the chloroplasts. These results are in general agreement ,dth those 

reported earliei,3 from'studies with "non-aqueous" isolated fractions from 

leaves which had already phot~synthesized with 14COZ ' It is proposed that the 

rapid flow of certain compOlUlds ,from the chloroplasts is an indication of the 

role of these cOl11]!ounds inbiosynthetic pathways, which have some steps taking 

place in the cytoplasm in vivo. It is further suggested that the diphosphatase 

reaction, which converts Fru-l,6-PZ to Fru-6-P, is mediated by an enzyme whic..~ 

is regulat~cl to provl.de a control' of the flmv of carbon to protein and fat 

synthesis vis-a-;vis carbohydrate synthesis. This regulation would be in addi-
. . --t"--

tion to the pre~iously proposed ,light-dark regulation.
6 

I 
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Table I 

Photosynthesis R:.ttcs 0.[ Product Formation 

~molcs 14r. • (mr; 011 • hr)-l 

3 min after 14C ("(deled 7 min after 14r. added 
r.ompmmd P S P S 

Pellet· Supcr- SIP' Not Pellet Super- \Jot 
natant separated natant se;1arated 

3-phosphoglyceric 8.3 39.6 4.3 5l.0 3.30 54.8 51.8 acid 
Total pcntose 

monophosphatc 0.21 1. 79 8.5 1. 70 0.20 2.94 2.70 

Dihydroxyacetone 0.56 23.8 42.5 .21.10 0'. ZO 14.4 10.4 phosphate 
Glyceraldehyde P 1.69 large 1.11 1.27 .86 

Ribul-l ;5-PZ 
0.07 '0.03 0.4 0.45 0.07 0.09 0.17 

Glycolic acid 0.71 3.94 5.5 4.65 0.06 4.62 4.72 

Sed-l,7-P2 0.06 0.12 2.0 1.06 0.06 0.15 0.6,1 

Fru-l,6-PZ 0.19 6.66 35.0 3.90 0.10 7.92 6.92 

Fru-6-P 0.38 0.17 0.4 2.94 0.73 0.27 1.32 

Sed-7-P 4.30 0.27 0.06 4.80 4.33 1.02 4.10 

Glucose .. 1.60 0.21 0.13 2.04 1.98 . 1.00 3.46 'monophosphate 

Other 0.19 0.05 

A~' 
Total: ;', 16.57 78.28 94.84 11.12 88.50 87.13 

Total: Pellet + ~ 

Supernatant 94.85' 99.62 ., 
:i6 

The figures given for P and S are the slopes of the curves of 14C label "s 

time for each compound, for pellet and supernatant solution,respectively, when the 

data from which Figures 1 through 9 '\Vere derived ,..,ere plotted on an expanded scale. 

The ratio SIP 2ives the relative rate of appearance of 14(; labeled compound in 

supernatant solu~ion as compared'with pellet. 
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FIGURE CAPTI 0:;5 

Fir,s. 1-9. Distribution of l4e-labeled compotmds between chloroplast pellet 

and supernatant solution during photosynthesis with isolated chloro;)lasts 

in the presence of l4C-labclcJ bica-rhonate. Open circles denote l4C_ 

labeling of compound in supe111atant solution, closed circles denote 

l4C-labeling of compo1...L.'1d found in the pellet, and open squares denote 

l4C-labeling of compound in the samples that were not subjected to cen-

trifugation.· The identity of the specific compound is indicated in the 

.t:" 
J.~gure. 

Fif,. 10. Distribution of 32P-labeling of ATP between pellet and supernatant 

solution duting photosynthesis with isolated chloroplasts. Open circles 

denote "2 
:J P-labeling of compmmd in supernatant solution, and closed circles 

denote 32P-labeling of compOlmd in the pellet. 

Fig. 11. Distribution of 32P-labeling of ADP bet,~een pellet. ,and supernatant .. 

solution during photosynthesis '~ith isolated chloroplasts. Open circles 

denote- 32P-labeling of compound in supernatant solution, and closed circles 

denote 32p-labeling of compound in the pellet. 

Fi~. 12. Photos~thetic carbon reduction cycle and fonnation of fats, proteins 

and carbOh~d!ates in photosynthesis. The sites df light-dark regulatioh6 

are shown; by the parallel lines. l\bbreviations :\DPT , diphosphothiamine; 

Fru-6-P, fructosc-6-phosphate; Pru-l ,6- P2' fnlctos~-l ,6-diphosphate; 
. . 

P, phosphate; P2-ase, hexose diphosphatase; Rib-S-P •. ribose-S-phosphate; 

Ribul-l,5-P2, ribulose-I,S-diphosphate; Sed~7-P, scdoheptulose-7-phosphnte; 

Sed-l,7-P2, sedoheptulose-l,7-diphosphate. 
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This report was prepared as an account of Government 
sp~nsored work. Neither the United States, nor the Com
mISSIon, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respe~t to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, meth~d, or process disclosed in this report 
may not infringe privately owned rights; or 

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

As used in the above, "person acting on behalf of the 
Commission" includes any emploiee or contractor of the Com
mission, or employee' of such-contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commissiori, or his employment with such contractor. 
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