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The Lifetime of Bacterlal Messenger RNA
V. MOSES AND M. CALVIN

Lawrence Radiatfon Laboratory, University of California

berkelﬁy. Califom ia » U. Ss A.

Puromycin, an inhibitor of protein synthesls, appears to
Act as an inhibitor at additicnal sites during the induction
of B-galactosidase synthesisz, Mo inhibition of thé reactions
proceeding dufing tha first 20 seconds of Induction was obssrved,
but puromycin seems to prevent the accumulation of messenger RNA
during the period between 20 aeconds and the first appearance;
of enzyme activity after 3 minutes,

when cells from a statlonary cilture are placed in fresh
madium containing Linducer for B~ualactosidase,.growth, as rep=
resented by increase in turbldity and by total protein synthesis,
starts within 30 seconds. By contrast, B-galactosidase syﬁtheais
is greatly delayed compared with induction during exponential
growthes Two other Inducible enzymes show similar lags, but
malle dehydrogenase. which requires no external inducer, shows
no lag. The lags are not due té catabo;ita repression phenomena,
They c¢annot bebreduced by pretreatment of the gulture with
inducer, or by supplementing the fresh medium with amino acids
‘or nucleotides, The lag is also demonstrsated by an i~ mutant
constitutive for»s-galactosidase synthesls,

An inhibitor of RNA synthesls, S~azauracil, preferentially
inhibite R-galaatosidasae synthesis compared with growth in both

inducible and constitutive strains, It is suggested that these
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observations, together with wany reports in the literature that
inducible enzyme synthesis i{s more sensitive than total growth
to some inhibifors and adverse growth conditlions, can be
explalned by supposing that messenger RNA for normally Inducible
enzymes ls biologic&lly morae labile than that for normally con-
stitutive proteins, The implications of this hypothesis for

the achievement of cell differentiation by genetle regulation

of enzyme synthesis are briefly discussed.

1. Introductlion

During the past two or three years reports from a number of labora-
torles have shown that the synthesls in bacteria of I{nducible enzymes is
generally more sensitive than growtn as a whole to the presence of cer-
tain inhibitors (Engelberg & Artman, 19644 Henderson, 19623 Palgen,
19633 Pardee & Prestidge, 19633 Sypherd & DeMoss, 19833 Sypherd § Strauss,
1953a,bs Sypherd, Strauss & Treffers, 1962). Paigen (1963) found that
inducible enzyme synthesls was inhibited by lsucine, valine, histidine,
and serine, and was promoted by lodoacetate. This was interpreted in
terms of a catabolite repression effect (Magasanik, 1963); Pardee &
Prestidge (1963) obsgrvad that compared with growth B-galactosidase

synthesis in Escherichia coll was preferentially inhibited by ultra-

violet irradlation, and they also invoked an explanation based on
catabolite repreésion. The ofhar workears mentioned above, employing

as inhibitors deuteriuﬁ oxide, streptomyclin, ehloramphenicol, puromycin,
retracyline, etc., have more or less explicit.y rojected catabolits
repression. Indeed, Engelberg § Artman (1984), working with sfrepto~

mycin, have proposed an alternative explanation based on the concept of
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varying bilological stabilities or llife«times for different specific
messenger RNA (mRNA) molecules, .

Jacoh and Honod‘(lgﬁl) suggest {n their modal:for the machenism of
the inducible control of enzyme synthesis that the introduction of an
inducer to a culture of growing bacteria initiates the synthesis of a
specific DﬂA-depéndent mRNA, The mRNA {8 then belleved to act..at cata-
iytic sites located on the ribosomes, as an instructional template for

the synthesis of a particular polypeptide. Although this model is not

universally accepted (Dean & Hinshelwood, 19643 Hendler, 1963; Lindegren,

119633 Pontecorvo, 1963; Stent, 1984), it has recently acquired additional

support by the finding thét the level of mRNA in inducible cells is
higher after indu#tion than bafore, and iz also high in the corres-
ponding constitutive cellé {Attardl, Naqnb, Gros, Brenner § Jacob, 1962;
Attardi, Naono, Gfos; Buttin &iJncob, 19633 Gross, 1964). The response
of enzyme biosynthesis both fo the additlon and removal of Inducer frorm
the culture Iis Veryvrapid. In.thn case of Bégalactosidase in E, coli, -
3 minutes suffices for the attainment of the méximum rate of enzyme bio-
synthesis aftér the addition of Iinducer (Pardee & Prestidge, 1961} Kepes,
10633 Nakada § Magaaanik; 1964). Removal of Inducer rapidly brings
enzyme synthesls to a halt, and this process also takés only a few

minutes (Xepes, 19631 Nakada § Magasanik, 1964). These and other results

have led tovthe suggestion that in the B-~galactosidase system mRNA is

rapidly synthesized, and equally rapidly destroyed when its synthesis
comes to a halt following the removal of inducer. KXepes (1963) has
measured the half«life of B~galactor{dase mRNA as about one minute, and
other authors have also concluded that this and other mRNA's have half-

lives of up to about 2.5 minutes (Nakada & Mazasanik, 19643 Levinthal,
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Keynan & Higa, 19624 MeCarthy & Bolton, 1964),

Ve may thus note that some doubt exlists cohcerning the stability
of mRNA, an uncertainty which wa feal arligses from thé failure in some
instances to recogni.e the possibility that not all mRNA melecules
need possess the same stability charaeteristlies. On the basis of
nutritional studigs, Karstrdm in 1930 divided bacterial enzymas into
two broad groupst "adaptive" (more iecently subdivided into "inducible"
and "repressible") enzymes, produced only in response to the presence
ér absence of specific substances in the growth medium, and "constitu-
tive" enzymes, thoss always formed in a growing pbpulation more or less
independently of tha chemical environment provided by the medium, With
the development of models to account for the inducible and repressible
control of snzyms synthesis has come a tendency to suggest that all
enzymes behave in the sams way as inducible onaé do. A constitutive
enzyme, it is suggested, 18 one which is always being Induced, perhaps
by some internal inducer. Pardee & Beckwith (1963) have discussed this
matter at length, and while noting that a constant interplay of induction:
and représsion may serve to control ostensibly constitutive enzymes, they
point out that there may be no control mechanism of this4sort operating
at all on such enzymes, The rates of synthesis of constitutive enzymes
would thus not be subjeet to much relative variation. They might vary
slightly as a functlion of energy and other nutrient éupply, etd., since
such non-specific factors might not affect all proteains Iin the same way.
With inducible enzymes a short-lived mRNA providas a sensitive means of
rezponding to the removal of Inducer from the medium, Argulng from

energy considerations, we might suppose that such a fine control would
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be irrelevani in a constitutive system not ﬁubﬁact to genetic regulation
of the type proposed for theJindﬁcible and reprassible enzymes, Indeed,
not only would this control be superfluous, it would also be wasteful,
since the cell would need to synthaesize continuously mRHA which it was
equally industriously decomposing.

The concept of long~lived mRNA ia common in conalderation of higher
organisms. For example, Spebcer ¢ Harris (1964) have shown that protein

synthesis proceeds in cells of the giant alga Acetabularia crenulata for

dayé after enucieation. whila Prescott (1959, 1960). and Goldstein,
Micou & Crocker (1960), have found protein aynthesis to continue for
many hours after the removal of the nucleil from amosbaze and from human
amnionlcells- One could always argv:, however, that in view of the far
more vapid growth rate of bacteria, a short-lived bacterial mRNA, with
a 1ife of minutes, is functionally equivalent to a mRNA species in a
higher organism having a‘;ife-tima of hours or days, It therefore became
of particuler interest to investigate the possibility of a renge of
stabilities among different mRNA functions witﬁin one organism.

2, HMaterlals and Methods

Organisms and growth conditions

Strains of §;;32l£ have been used as'followaw(genotypés refer to
the lac operon)t- c600-1 (ity~zt) (from Dr. A. B, Pardee); 300U (ity~z')
and 230 U (£"y~z*) (from Dr. J, Monod)j ML-3 (L*y~z* {from Dr. A, J. Clark).
Al)l except ML-3 were grown on MG3 medium,‘containing ammonium sulphate and
. ¢ther inorganic salts, glycerol and thiamine (Pi.dee & Prestidge, 1951),
train Mins was grown in the maltoss~salts madium described by Boezi 5

Cowie (1961). GOrowth was at 37° 1In alr with constant stipring, and was
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followed by measuring optical density in & 1 em cuvette et 650 muy. An
optical density of 1.0 was equivalent to a bacterial goncentration of
about 0,43 mg dry walight/ml. |

Enzyme induation

The kinetics of B-galactosidase inductlon wera obtained using iso~
propylthio-g-D~galactopyrancside (IPTG) (usually at & x 10" M) or ,
methylthio~8~D=galactopyranoside (T&G) (10~3 M) as inducers. Following
addition of the inducars, 0.2 ml samples of the suspension ware sampled
into tubes containing 20 ul of toluene together with 20 pl of an aqueous
solution of cysteine (0,05 M) and triton-X100 (0.5%). The contents of
the tubes were violently agitated for about 15 sec with a vortex mixzer.
For measurement of enzyme activity, 0.8 ml of the following solution was
added to éach tubet KHoPO,, 0,0187 M3 KgHPOu, 0.0833 M3 NaCl, 0.125 M3
gynitrophenyl~§ébogalactopyranosida, 0.,0033 M. The tubes were incubated
with shaking at 37° until sufflcient yellow colour had daveloped, and
the reaction was then stopped with 0.2 ml of 1.5 M=Na,CO4. The reacticn
time for each tubae was noted. The tubes were éentrifuged at 10,000 x ¢
for 15 min and the absorbance of the clear supernatant soluticon determined
at 420 my, | .

Tryptophanase Induction and assay,’uslng L—trypfophan {590 ug/ml)
as inducer, were performad with strain C600-«) as described by Pardee §
Prestidge (1961). D-Serine deaminase was Induced with D-sarine (300 wug/ml)
in strain ML-3 and assayed as describsd by tha same authorz (Pardes §&
prestidge, 1955).

Malic dshydrogenase was measured in toluene-treated cells by incu-
bating them at 37° with oxalacetic acid and NADPH, in the same buffer as

that used for f-galactosidase assay., The fall in optlcal density at
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340 mp was followed with a Gilford Modal 2000 Multiple Sample Absorbance
Recorder., Units of eﬁzyma activity are expréased‘in all cases asppmoles
of substrate metabollized/min/ml of cell suapension at 37°.

Chemical detarminations

For measuremont of protein and nuclelc acid, % ml samples of
bacterial aﬁspansion were mixed with eold tiichloracetic acid to give
a final concentration of about 5%, These samples were later analyzed
for protaein, RNA: and DHA as described by Borrah & Konetzka (1962).

Cell counts

Sémples for determinatiqn of c¢ell number and volums were taken
into growth medium containing suffieient formaldehydé to give a concen~
tration at 0.2% after mixing with the sample (Lark & Lark, 1960).
The medium was previously filtered through a 10 mu Millipore filter.
| Aliguots of these samplas were later further appropriataly diluted in
the same medium and the dell population investigated,with a Coulter
particle counter (Hattern; Brackett & Olsen, 1957). A probe tube with
a 30 u aperture was used (Coulter Electronies, Hialesh, Florida)., The
alectronic components consisted of a Particle.Countér System Electronics
(Radiation Instrument Development Labor&tory. Melrose Park, Ill, Yo.
018039), a Four Hundred Channel Pulsélnéight hnalyzer‘(RIDL No, 34~12B),
and a Digital Racorder (Hewlétt—?aakaﬁd,»?ﬂlﬁ‘Aito, Calif._ﬂo. H43-5624),
The particle sizes were experimentally distribut@d‘into 100 channels
and two parameters were mea;urcd after subtraction of background noise:
the sum of the partitles in all channels.‘ahd the sum of the products
of each channel number and the nrmbaf of particles in that channel.
~ Since each channel number is diréctly:§féportional to the Qolume of

the individual particles giving rise to pulses falling in that channel,
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the product of the channel nugbev and the number of partlcles gives

an arbitrary measure of the totgl bulk of cell matarial in that parti-
cular channel, Summation of these values for all cﬁannelﬂ then gives
the total bulk of bacterial substonce in the suspension in arbltrary
units. An ﬁveraga ceil volume may also be ocalculated for each sample.

3, Rosults

Effects of puromyecin on growth and on inducible enzyme synthesis

The Induced synthesis of B-galactosidase In E. coll is more sensitive
than growth to the presence of puromycin (Table I). IFf puromyecin
(5 = quu‘M}'Ls added té a logarithmically growing culture of cells
"which are aléo,indﬁcibly synthesizing B-galactosidase, enzyme synthesis
terminates instantly while growth slows down but does not stop entirely
for over an hour (Fig. l).

Képas (1963) has shown that if a culture inﬂucibiy synthesizing
B -galactosidase le suddenly dilufad fiftyfold to_reduce the inducer con-
centrafion'to a level too low to promote induction, the rate of anzyma
synthesis begins to slow déwn immediately &nd comes to a completa halt
in a few minutes. If such dilution te reduce the Inducer concentration
is performad after only 2 -~ 3 minutes of contact between the cells and
the indu;er; and ggfggg_enzyhic activity has appeared, then a short burst

of enzyme synthesis is observed., This commences about 3 minutes after

the origlinal Introduction of inducer to the culture and essses—a—fow

ceases a few minutes after dilution has taken place, The burst of enzyme
synthesis is interpreted as being the translation into protein of mRNA
. formed during the time of contact with I{nducer. This translation does not

commence until 3 minutes after the introduction of Inducer., Net mRNA
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decay starts as soon as inducer is withdrawn and none is left within a
few pinutes, During thié period the rate of enzyme synthesis falls in
proportion to the decreasing concentrationvof mRNA,-and when the mRNA
has all gone enzyme protein synthesls ceases entirely.

However, if 5 x 10~% M~puromyein is present during the time that
the inducer is in contact with the cells, no burst of enzyme synthesis
is obzerved nftef simultangous dilufion 6f both puromyein and inducer,
evén though growth dﬁah resuma’immediately after dilution of the gatl-
biotie (Fig. 2). Thévlow concentration of puromycin after dilutioﬁ‘
(1077 ) is not inkibitory. In thls experiment Iindicer was added to
' the cells one minute afteb puromyein, and dilution teock place 3 minutes
later; the tctai contact time between puromycin and the cells Qas thus
% minutes. In another exbariment 5 x 10-4 M*puromycin was inéub&ted with
cells for 4 minufes and the suépension was then diluted fifty times into
medium containing 5 x 10~% M~IPTG but no puvomYan, CGrowth was resumed
{mmedliately and thers was no perceptible delay in the onset of enzyme
syntheals compared with a control sample. A'long contact tima of 32,5
minutes between the cells and pubomycin.beforo dilution of the latter and
addition of inducer did result'in a delay of about 26 minutas before
ehzyma synthesis started. Howaver, in 4% minutes Slx 10m% puromyecin
causes no inhibition of the inductioﬁ and synthesis process which is
not readily raversible when the lahibitor {s removed, Nevertheless,

" in the presence of puromyecin not.only is protein synthesis Airectly
suppressed (Nathans, 19643 Sells, 1964} Willlamson & Schweat, 1964),
but the development of the protéin synthesizing potential measured by

Kepes (1963) is also inhibited since none accumulated as long as the
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'of many proteins cmntributiﬂg to growth, 1n;£hé caée of G—gmiactesidase
induced during logarithmic growth the time requl:edpfor the differential
rate of'syntheais to inoreass from a low basal ;ate to a uteady-staté
high rate off inducad synthesis is very short indeed, probably not more
than a few meconds (Fig..s); A different pattarn of.differantial anayme
synthenis kinetles is ohserved 1f'cellsffrom a stationary phase culture
are‘addsd to frash medium oontaining inducer for S-galdcioaidaaa.
- Bxponmntiﬁl growth atarta‘immediately (Pig, 5) and éithoggh;a~gaia¢taéi-
dase activity‘begins tb'appaar aftar 3 minutes, the differdﬁtial rate

of induced enzyme synthesis gradually Incrasses and(doésvnét becone

i constant until abOut 15 minutes after inductian started (Fi@ 7).

© This obs azvation snggestad to us that during ‘the tive th@ cells remained
in ‘the stationary growth phase some disruption of tha aeries of events
leadipg to the appearance of enzyme proteln occurrnd, and that this
noeded to be repaired whmn growth was resumed before ‘maximal 6~galautosi~
dase synthesie eould taka place, Slnca tha firet appcarauca of an
;1Dcrea53d rate of anayma ﬁynthasis did ocour at the usual time of 3
ninutes it seemed that the initial inducev*raaegtov interactiwn, known
to occur within the first fow aeconds, was uormal. But as the vata of
synfhesis increased gfadﬁallv'ovar a proichged périod it abpearad that
a proces3 not normally rat@¢limit£ng was now govarning the rate of
‘synthesls of enzyma. Bearing in mlnd that this phenamﬁncn davaloped
during & period of energy and cardbon atarvaflon, when both carbon
skeletcnswfor_ayﬁthesis and onergy ﬁera ih shont auppiy. a faasonable
axpl&nation might be that poola SF matabolitesneséebtial for soma part

of ths complete Induction and protein synthesizlag. mechanism were



~13-

depleted and required time for reconstitution following the restoration

of the carbon and energy substrate. Such egsential metabolites might

be envisaged as aminto acids for protein synthesis or nucleotides for

‘mRNA synthesis,

It was shown some years age by Lévtrup (1958) that under certain

conditions of starvation eubstances are lost from the cells which are

not qulckly repladed, even by the addition of glucoss, alanine and ATP.

) %,The meve act of‘diluﬁing the culture into a large volume of medium
was not resPOnaible‘for the delay. When a samplo of an exponehtially
growing culture was dilﬁted into nine volumes of fresh madium containing
inducer the dirferentlal rate of syntheslis became constant in the
characteristic 8 minutes. Hor can catabolite repression (Magacanik,
1963) be 1nvoke& is an explanation. MNakada &:ﬁagasanik (13864) found
that starvatién in the abmanée of nitrogen, but in the presence of
carﬁohydrate.'a b§nd1ticu glving rise to catabolite répreﬂéion; wou;d
delay the sppaarance of enzimé wh@n the cells Qﬁre returngd'to completa

medium containing inducer. These authors explained their 1&3 as dua to

tha time taken to use up accunulated catabollte yepressors in metabolism,

Our conditions of -starvation ware ¢ompletaly reversed from those of

Nakada & Magasanik (lgéﬁ), employing an éxdéas of nltrogen and an
absence of carbohvdrata. Mandalstam (1961). in his atudias on
8~yalactosidase synthesis by atarved ¢elis, has shown that catahoiite
tepression depapds on tha prgaenca of a earbon source.

Additioﬁ of inducer to cells tin the statlohary growth phase did

' perrit the Very slow aynthasis of enzyme (Fig, 8). xevértheless, contact

. with the inducer dnring the ataticmany phase did not reduce the lag pro-

ceding the attainment of a constant differentlal rate of enzyme synthesis
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when growth was resuned by dilution into fresh medium containing
inducer, Even the continued presence of inducér, originally added
during the previous growth phase before the exhauafion of carbohy=- .
drate took blace, had no effect on the lag when growth was resumed
in the grasénce of inducer (Fig. 9). In this expeb?m&nt. IPT8 was
addad to the culture during exponential growth. The gynthesis of
B-galactosidase commenced in 3 minutes and the differéntia; rate of
synthesis remained constant throughout the.ﬁest of theugrawth pariod
(about 2,5 hours). Eventually growth stopped and 3~galadtosidase
“syntheéis also ceased almost completely, After the standerd one hour
of starvation, part of the culture was diluted into fresh medium still
ccntéining P16, Gréwth resumed lmmediately, but the differential
rate of B—galactoaidase'synthesia bahavad a# described earlier, and
did not become constant until about 18 minutes after growth restarted.
In the control in this experiment, in which po IPTG was present before
dilution, the lag was 14 minutes (Fig, 9)s» The experiment thus indi-
cates that during the atarvation perfod part of the induéibln-enxyme
synthesis mechanism decayed and had to be renewed on resumption of
exponential growth. Such decay would be eonsistent with the breakdown
of inducible mRNA when materiai end enargy needed to maintain ribotide pools
and synthesize RNA were not avail@blevafter'tha exhéuation.of the carbo-
hydrate subsfrate. |

- The lag in enzyme induction affni a period:of starvation was
restricted neither to B-galactosidasze, nor to $train ¢600;l‘ Pracisely
the same S-galactosidase bahavlour:was demonstrated by strain 3000. Two

other inducible enzymes, both taking 3 mlnutes to demonstrate steady
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differential rates of syntheéis whon induced in exp0néntially growing
cultures, showed‘lags similar to that for B-galactosidase 1f the inducers
were pregented to the cells at the time they were diluted into fresh
medfium frém stationary growth. These were tryptophanase in strain
C800-1, groﬁnloh glycerol, which ‘showed a lag of 33 minutes; and
D-serine deaminase In strain ML-3 grown on maltose, with which the -
lag was 19 mlnutes. In both of these experiments exponmntial‘growth
commenced immediately upon dilution,

Bafore investigating the lag further another trivial explanation

needad to be excludeds viz,, that the delay was the eonsequence of

transferring the cells from exhaustad medium te fresh medium. Perbaps
fresh medium contalined a substance inhibitory to enzyme induetion. It
has been shown by Freter & Ozawa (1963) that medium which has supported
growth of bacteria uﬁtil they have ceasaed dividing.becauae oflexhaustion
of an essential nutrient, may be capable of supporting some further
growth iIf tha‘old calls are removed by filfratian om‘eéntrifugation.

and the medium inoculatad witﬁ a fresh sample of cells. They suggest
that the dense statlionary po?ulation e%@%&usts-allithe nutrlents capable
of being utilized under the highly reducing eqnditioﬁs of such a culture,

The manipulations involved in removing the ¢slls results in asration of

“the medium which then pevmitslsome degree of further growth,

An experiment was peﬁfcrmed in which stationary phase cells vere
added to filtered exhaucted medium containing inducer. A short periocd
(15 minuteé)fof very rapid growth 4id ensue, following which the rate
of ngWth fell vafy greatly (Fig., 10). The differential'rate of ebzyme

synthesis, however, showed the usual pattern with a lag of 16 minutes
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compared with 1% minutes for the control (Fig. 11)4 the possidbility
that a compenent In the medium waz responsible for the lag was thus
excluded,
Direct attempts were next made to replace in the medium essential

_ intracellular metabolites which might have bacome depleted during star-
vation, In one experiment starved cells were added to fresh medium
contalning enzymlce hydrolyzate of casein (200 yg/ml) to replenish poé—
sibly deficiént pools of amino‘adida. In an&tﬁar attempt & mixture

of the diphosphates afvadanosine, eytidine, guanosine and uridine

(128 ug/ml each) Qas'ﬁsed to supplemsnt the medium. In nelther case
‘were the kinetics of growth of ﬁ~galaatosidasa'syﬂthesié affocted,
though in the case of the nucleoside diphosphates this might have been
due to their inability to enter the cell&.' Amino acids‘aravknown to

be concentrafed from the me&ium by gi‘ggﬁi‘(ﬁriften § McCluré. 1962),
‘solthat a shortage oflaminc aclds for protein synthesis is an unlikely
mxplanation for the lag Iin enzyme formatlion. To ovorcone the incon-
clusive results with the four nucleotides, a mixture of the four »ibo~
nucleosldes (50 ug/ml of each) was added to the medium intoe which
starved cells vere diluted, sven though nucleosideé are not normal
metabolic intermediates, The presence of these nucleosidas, whils

not affecting growth, both prolonged the lag (t§ 20‘minutea compared
with 1% minutes for the control) and Inhibited enzyme synthesis (Fig. 12).
This inhibition might be the consequenca'of a form of oatabolite repres=-
sion and 16 being separately investigated, |

Effects of f-azauracil on enzyme induction and growth

Efforts to reduce the lag being unsuccessful wa sought next to

Inerease it by inhibliting RNA aynthesis, Unfortunately, E. coll is’
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not affected by actinomycin D (Hurwitz, Furth, Malamy § Alexander, 1952),
the inhibitor of choice of RNA synthesis, and racourse was hzad to another
inhibitor, G-azauracil (Habermann, 1961). Vhen added to a stationavy
culture at a concentratlion of 25 pg/ml, 30 minutes before dilution into
fresh médium containing inducer; g-~azauracil did not Immediately affect
either the kinetics of growth or of inﬁuced enzyma synthesls., About 4u
minutes after d4ilution, however, the growth rate suddenly fell by_ss%
(Fig. 13). Tha'differentiél'vate of B-galéctosidaaa uynthesia wag
‘identical with thatvof the control for thaifirﬂt 27 minutes, snd then
suddenly fell by 90% (Fig. i%). Since f-azauracil took so long to act
it couid not be used to inhibit RNA syntbanis, ihcluding mK¥A synthesis,
immediately after induction. ¥hen evantuélly it dld become Inhibitory
it exerted {ts inhibitioen soonef ﬁnd more powerfully on induced enzyme
synthesis fhan_on grovth as demonstrated by tha 80% fall in the rate

of differentinl enzyme synthesis, If G~azauracil was added to lnduced

exponentially growing cails growth was lnhibited after about 30 minutes
and B~galactosidase synthesls a few minutas earlier, Wheb §wazauracil
is added to the culture 1t ssems that 30 minuﬁaﬂ ofvaativu metabolism
muat‘go on befofa inﬁibition of growth or e¢nzyme synthesis is observed.
Thus ﬁhen it is added to a growing population'inhibition starts in 30
minutes, but when 1t is introduced Into a statlonary éulture inhibition
ctarts only after 30 minutes of subsequent growth has occurred (Figs.,
13 € 14), s&=-Azauracll is reported to inhibit erimidina biosynthesis
by being converted to 6~ézauridine—5’~phosphate and blocking orotidylic
acid decarboxylase (Habermann, 1961), This conversion may require 30
minutes under metabolié conditions in;which thera is avéilable a suffi-

cient quantity of ATP or similar subatance produced during ecarbohydrata
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mafabolism.

It might be iﬁstructive to revisw the findings at this stage. The
addition of induger to a logerithmiecally growing cultura induces a con-
stant differential rate of indﬁccd snzyma syathesis In 3 minutes, This
rate 1s maintained in our conditions unﬁ!flglycerol is exbhausted and
~ growth and enzyme synthesis both csase., During the ensuing period of
' starvation messenger ANA for R-galacteosidese is aynthesizéd only slowly
énd with difficulty, and praformed labliéumRNA,‘incluéing the ona
épeeific for Bégalaéfosidase. dacays, Yet if‘suéh a stationary culture
is= addsd télfreﬁh medium thefu ls an immedlate rasuhption of prowth as
measurad by‘opt;eai density; buﬁ an abnprmélly deiayed responng to the
fresenée of induecers for at laautvthrae induciblé enzyﬁes. Tﬁis loads

us to ask twe pertinent questionst (a) is the lag in achieving a con-

gtant differential rate of enzyme tynthesis realated to the inducibility

of the in&uciblm QnIYmMes, 542;3 té the ceﬁtrol of thelr syntheaia by
regulator ganes?y and (b)‘how is an {mmedlote exponential increase in
optiéal density following dilution of a stationary culture into fresh
medium to ba inferprated in terms of audh growth pérametars as call
volume; cell masz, and the quantit;@§~ of the various macromolecular
cell constituents? :

If optical abéorbanca is a‘fﬁue meagure at least ofvpfotein syn-
th@sis, then fhe mRNA's coding for the proteins belng synthesized
‘imgediately mist have aﬁrvived fro@ the previous growth period. The

results reported above with three inducible snzymes suggest that mRYA

is readily formad nelther during carbohydrate starvétion nor immediatels

" after grawth has started in frash madiuﬁ, But mRYA for inducible FARFAS

7
e

es



]G
appears fq bo unstable, cannct survive starvetion and must be aynthe=
sized anew when growing conditions improve, However, one of the probable
consequencas of starvation ls to deplete the veservolrs of RNA precursors,
and thase require gome time‘to bs brought Efck'to their normal levels.

Until these levels are rastored mRNA cannot be syntheéizad at a maximum
rate.

This hypothesis of differentlal blologleal stabilities for various
func%iohal types of mR¥A will account for ths kinetics of enzyme syn=-
thesis rapo:ted4abo§e, and may also explaih the diffevrentiel actlion of
S-éiauracll and parhaps of puromyein, chleramphenicol and thé'othar
differential inhibitors mentiqned in the Introduction if it ig supposed

' fhat thesa iﬁhibiiera slow down op stop the synthesis of sll mRNA's,
Maaseﬁgers'for inducible aﬁzym@s are ynstable, and the synthesas of

. . |
these enzymes ceaseés within a short while. Other proteins may be

da?ehdent on leng-Jived mRNA, and synthesis of these may continue for
much lenger ?eriods even la the absenca of DNA-dependent nmRYA synthesls.
Little has been reported on the effects of puromycin on mRNA synthesis.

- Sells (1964) observed that ribosomal RNA was not affected in E. coli.

e

Holland (1963) on the other hand found that in Hela cells ribosomal
RMA synthesisz was inhibited by puromyein thle an unstable R{A, which
may hava been messenger, was less affectﬁd. Nakada & Fan (1954) pro-
posed that under certain conditions puromycﬁﬁ might stimulafe the
'funétionml dacay of mRNA for R-galactosldase in E. coli,

Very recently, Sells & Takahachl (1968) hava confirmed that puro-

myein inhibits the inducible formation of g-galactosidasae in E. coll

to a graater axtenf‘than protein synthesis, Thelr evidence, like ocurs,
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suggests that puromyeln does not dirmctly affect the Induction process
iteelf, They also found that the incresased Incorporation ofvlabelled
adenine following addition of inducer was not affectad by the anti-

biotié, but they did find that in a cell~free system, primed with

. synthetic wmRNA, puromycin was more inhibitory if added before the meo-

genrer, These authors tharafore concluded that puromycin affects the

. attachment of mR¥A to the ribosomes., This implies that nen~inducible

mR¥A, already attached to the ribosomes, is not sensitive to puromycin,

and accounts for the lesser sensitivity of growth, The consequence of

- this péoposax is that constitutive mRNA {& more stable then induecible

mRYA, perhaps by virtue of its binding. to the ridosomes., Alternatively
one ecould postulate thét constitutive and induaible'mRHA differ in some
way thgt renders the attachment to the ribozomes of the latter, but not
of the former, sensitive to puromycin, A further extensien of this idaa
would ba to suppeze that tﬁera are different types of ribésomes for the
different types of mRNA, and that puromycin inhibits only éome of the
mRNA~riboéome {nteractions, those concernted, for instance, with

ﬁ~galactcaidase.l

studies of constitutive parameters duriﬁg prouth transitions

If the explanatlion offered for the 1&& in inducidble enzyme Formation
when growth 1s resuwed after starvation {s correct, one would not expect
the lag to be affected by mutation of the regulator gens controlling
engyme synthesis. This géna Js belleved to control only the Initiation
of DHA-dependent mRHA transcriptinn. An 17 constitutive strain of
Es coll would be expected to show the same lag for g-galactozldase
gynthesisz as the it strain, C€800-1, which was used in most of the studles

deseribad heretofore.
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The constitutive strain behaved exactly as predicted. When dlluted
into fresh madium after remaining statlionary for an hour, éxponcntial
growth commenced Iimmediately but steady-state f~galactosidass synthesis
vas delayad for 42 minutes (Flg. 15). The inhibitory effect of G~azaouracil
in the constitutive strain was also similar to that in the inducible straing
after 30 minutes growth wez partially inhibited and the differential rata
of enzyre synthesis dropped to mero (Fig, 15)s During logarithmic growth
6~azauracil iphibited beth growth and enzyme synthesis in about 30 minutes.

Studfes ware m&de of a number of constifutive growth characteristics
during the rapid transition from a statiunar} culture to an expomentially
growing one, The inhibitory effects of S-azauracil were also Investi~
gated, Flg, 16 compares the responsas of optical denslity of the culture,
congentration of cells and total csll bulk. Changes in neither the mumber
of cells nor in the total cell volume correéponded with the immediate

gxponential Increase in optical density., Both of these paraneters

exhibitad lonz delays (3% minutes and 19 miputes, respecitvely) before

they began to Ilncrease logérithmically. An investigation was next made

of the levels of total DﬁA. RMA and protein in the culture following the
growth transition; ezalin the inhibitory effect of &~azzuracil was included,
Kinetic memsurements of constitutive parameters usually exhibit considerable
scatter because of the relatively small increasasvbetWean sueceszive
gamples. As we wished to collect samples at 2-minute intervala.all
volunmetric measureménts in this cxpérimnt wore confirmed pravimatrically.
The results are shown in Tig. 17 and demonstfata that In the absence of
g-azauracll theres was indeed no lag in the initiation of protein synthesis.
A similar result was obtalned by Uershey (1938). DiA @xhibitad a lag of

27 minutes, and there may have bean a short lag of about 5.5 minutes for




RNA., With azauracil both‘RﬁA and DNA syntheses started after lags roughly
similar to those in the contrel serles, but {nhibition soon set in.
Protein showed initially a very rapld rate of ayhthesis which slowed
dovm after about § minute#; tﬁia is not understood and may be an arte-
fact. Hersz then we ﬁave in the control diréct gonfirmation that optical
dénsify reflected protein content. The lag for RNA synthesis in the
control sample, thougﬁ ncﬁvunequivocal, would fit the explanétion
advancad fcr'tﬁé lag in induelble énzyﬁe synthesis,

vzaasuremepts we e miso made of ona partiqular pfotein, walioc dehy-
drogeﬁase. ¥e have no informétion on any genetic regulatory control
for this eznzyne, and provizionally consider {t to behave cdnmtitutively.
At least in our system it was not induced_by an sxternal induser, As
witﬁ othér kinetie meésuremants of constitutive préperties thers wag
considerable axéerimental écattér kFig. ia). The results nevertheless
demonstrated fairly convincingly that the synthesls of this enzyme was
subject to‘no lag when statioaary ceilé were placed in fresh medium,

| 4,  Discussion

All the evidence deseribed above indicates that the inducible
synthesis of épacific enzymas is more‘a@nsitive than the apparent con=
stitutive synthesis of many proteins confributing to ovarall growth to
sé;eral fnhibitors and.to ceftmin nutritive deficiencles, The sequence
of gvents following the Iintroducticn of Inducer te a bacterial culture,
and culminating finally In tﬁa appearance‘of énzymic activity, haz been
divideqd by Kepes (1983) inte six stages. These may usefully be employed
to discuss the lag in @-galactosidase synthesis which {s reported in
this communication. Stages 1 and 2 relate to the ontry of {nducer into

the cella and f{te {nteractlon with an undefined recepror moleculs. Thae
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gsynthesis lag c¢annot be ascribed to either of these stages since the
cohstitutiva strain exhibits ac pronounced a lag as the fnducible, yet
does not require the prasance of inducer'fo produce enzyma. The last
two stages, 5 and 6§, deserile the synthosls of polypeptide at the ribo-
somas using the information prévided by thé mRNA; and the establishment
of secondary, tertlary'and quaternary structural characteristics of the
molecule leading to a protein possessing enzymic activity., Thaze stages
are also nbt related to the lag because otner protelns are gynthesized
‘at this fime, and are incorporated into thair appiopfiate structural
‘niches, as demonstrated by the growth of the célls and the formation of
malie dehydroéenasa. We ore thus left with ataées 3 énd Y, Thess refer
td the formation of.DNA-dapendent mRHA and the.transfer of the informa-
vtion contained in this molecule to the site of polypeptide synthesis on
the ribosomes. Since other proteins are synthesized during the lag
‘period there is presumably no difficuity in tfansferring information
from gggig_mRNA's to the riboszomes. It is difficult then to ges why
information from 8-galactosidase mRNA should bﬁ transferred only with
diffieculty, the 4ifflculty gbadually diminiéhing and diaéppaaring alfter
about 15 min. We are therefore left with stage 3, the formation of
mRNA, as belng the most likely origin of‘tha lag, abconclusion con~
sistent with the experimeantal observations reporﬁed aboves The absence
of lag as far as growth and constitutive proteln syhthesis is coﬁC@rned
must imply the existence of long-lived mRNA for these processes,

Many differential éffects‘have alraady bean not@d batwean induced
ehzymo synthesis and growth which might be ascribad to such variation

in mRNA stabllities. Actinomycin D, a powerful spacific inhibitor of
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nRNA synthesis in many orgsnisms, has been shown to Inhibit Induced

histidase cynthesis more than growth in Bacillug subtilis (Hartwell €

Yegasanik, 1963), and also to be more Inhibitory to RWA synthesis than

>

te protein synthesis inlthm é&m@ orgeniem (Hurwitz et al., 1952), In
both of these papﬂrs‘the authroa mention that some of thelr results
might be explained by supposing that net all mRWA is short-lived.

It is not proposeﬁ to discuss here elther tha structural festures
which may determina the ig_zigg‘lifetimea of inducible (short=livad)
and constitutive {long-lived) ﬁRﬁA, nor the evolutionary mechanisms by
which mRNA's of different charactmristic’atabilities have cowe tC bs
asscclated vwith cartain enzymas as a function of the éenetic regulation
of the latteri these topics‘have bean Afscussed elsewhere (MHooes § Calvin,
1965). In another direction wo might note that cellular differentiation
is very probably brought abeut by a subtle Interplay of internal and
external factors inducing and f&pressing the synthesis of vériaua pro=-
teins, thereby producing a wide varisty of enzymic phenotypes all of
which are "enofypically id@hticalf We might wonder how thiz would be
achleved if many enzymes are constitutive by virtue of thelr not beaing
under gonetie regulatory control. Pardee & Deckwith (1963) have cbserved
that some relative variastlon in the propértioas of constitutive enzymes
does cccur &5 2 result of envirenmental changes, This might be due to
slight shifts In the balance of specific intracellular wetszbolites
which could Affect the rates of transcriptlon of econstitutive wRHA,
The rates of constitutive proteln synthesis would only zlowly be
affected because of the long life of this typé of wkYA., It is of
intarest in this connaction.that Loonis & Mapasanlk (196%) showed

that the control of fegalactosidase syntheslis by catabolite ropresalen
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dozs not operate at the level of the regulator gene but is a‘distinct
contrel system,

Finally, ve must bear iﬁ nind tho possibility that variation in

the biosyathatlc rate of production of a comparatively small proportion

~of the total number of enzymes might ba sufficient to acecount for

- phenotypile varlety within a genotypieally homegencous population of

cells forming one organism. Many of the snzymes requived for basic
biochemical activities might always bs produced in approximately equal

amounts in all cells of the organism, gmall verlations =rising, perheps,

from catabolite repression, Much greater variation of a comparatively

gmAll proportion of the enzyms complement by induction-repression
phenomena might then be sufficient to account for the degree of csllu-
lar differentiation chserved naturally within a multicelliler organlam,

The work raported in this paper was sponsored by tha United States

‘Atomic Dnergy Commlssion. The authprs are indebted to Miss Julia Chang

and Miss Pamela Sharp for invalusble technical aseistanae.
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TABLE 1
Purcnycin ' | Percent of contro)
concentration .
Rate of growth pifferential rate of
8-galactosldass synthesls
0 ©100.0 | 100.0
1073 ¥ , 101.7 85,0
107" u 28.9 6,8
10-3 ﬁ 0.0 . ' 0»0

The «ffact of puromycin on the growth and indueldble synthesis of
B-galactosidase in E. colf €800~l, Growth was measured by turbidity

at 650 mu, Differential rate of 8-galactosidase synthesis exprsssed

 as rate of synthesis of enzyme activity per unit Increase of turbidity.




Captions for figures.

FI1G. 1. ’Effect of ﬁuromycin on rrowth and‘ﬁ*galactoaidase synthasis,
Puromyein (5 x 10~% M) added as shown by afraws to an exponentially

growing culturs of E. ¢oll C600-1 induced with IPTG. OGrowth stops in

about 100 min {(curve A)a f-galactocidace synthesis ceases within 30 sec

(curve B),

_FIG. 2, Eff@ot,of<puromyclﬁ on mRﬂA‘aynthosia. E:!ES&& CBOG-l induced
wi&h PTG, Cur§§ A, IPfG removed by dllution after 3 min contact time.
Curve B, 5 x 10™% M-purcmycin added 1 min before IPTGY both removed

by dilution after 3 min contact time of IPTG., f£~CGalactoslidase activity

followed afteb diluticn.

FI8, 3. Effect of brief contact of nuromyein, £, coll €600-1 induced

ol o tancmrt

with IPTG, Curva A, IPTG removed by dilution after 2 min contact time,
Curve B, 5 x‘lO‘“ ﬁ*§urcmycin added 2.3 min after IPTGr both removed
by dilution after 3 min contact time of IPTE. Enzyme activity followed

after dllution.

FIG, 4, Eifeet of puromycin on inducer-receptor interaction. E. coll
C600~1 induced with IPTG, Cireles, IPTG removed by dllution after
20 sec contact time. Triangless 5 x 10*% Nepuromycin édded 30 mee before

inducer; both removed by dilution after 20 ses contact time of IPTC.

FIG, 5. OCrowth of T, coll CB00~1. Opticaltdansity at 850 mp measured

during growth at 87°, 1In Fig. 54 & portion of the statlonary culture was
diluted fivefold at about & hr Inte frash medium. In Fig. 5B, glycarol
(eurve A) or ammonium sulphate (curve B) was added to a stationary cultura

as Indicated by the arvow,
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FIG. 6. {~0alactosidase Induction in E. coli’C600~l. Inducer (THE)

added at arrow to expanentially growlngz aculture, Differential synthesis

of enzyme plotted at 30 sec intervals,

FI1G, 7.  B-Galactosidasa induction during resumption of gprowth, Staticnary

culture of E. coli 300U diluted into fresh medium containing IPTG at arrow,
Differential eynthesis of f-galactoslidase plotted; the mass doubling time

wag 70 min,

 PIG. 8. B-Calactosidase induction in etationary cultura. E, coli C600-1

' induced with IPTG, Curve B, stationary culture, compared with curve A,

exponentially growing culture. At the time of additlon of‘IFTG the

optical density of the stationary culturs was 1l.24% and of the gro&ing

culture. 0.5,

FIG, 9. #&ffect of earller ﬂ~g&15¢tosidaae synthesis on kinatlice of

enzyme induction during resumptlon of growth, gé;coli £600~1 in stationary

 state of growth diluted lnto fresh medlum containing IPTG. A, IPTG also
.preseﬁt for 4 hr before dilutieny B, IPTG first introducsd at time of

dilution., Differential synthesls of enzyma plotted; mass doubling time

92 min in both cases.

FIG. 10, Growth upon raincoulation into exhaustad medium. E. coll C600-1,

from a stationary culture, was diluted into fresh medium (A) or pfmviously

exhaﬁsted medium (B).

FIG. 11, B-Galaétoeidaéa»induction on transfer to exhausted mediumn. Same
éxperiment &3 shown in Flg. 10; in both cases IPTG added at time of dilutioa.

Diffarentlisl synthesis of enzyme plottad latermittently. Curve A, dilution
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into fresh medium at arrow Aj differcntial rate of enzyme synthesis
became constant after 1% min. Curve B, dflution into exhausted mediunm
at arrow Bj diffefential rate of enzyme s?nthesis bogane constant after

16 mine

FIG. 12, Effect of ribonucleosiden on B-palsctosidagze svnthesis during

resumption of growth., Statlonary culfurm of g#_ggii.CGOO-l Alluted into
fresh medium gontaining inducer (4) or into medium containing inducer plus
50 pg/ml each of adenosine, cytidine, guanosine and uridine (B). DIif-
ferential synthesls of enzyme plotted; mess doubling time 46 min in both

cases,

FI1G. 13, Effect of 6~azauracll on“ro§umptioﬁ56f<growth. Statlonary

culture of I. coll C60C-1 diluted into frash medium. A, controlj B,
B-azauwracil (25 ug/ml) added to the statlionary culture 30 min before
dilution (as indicated by arrow), ond was also present at the same con~

Centration in the frash medium,

. FIG. 14, Effect of S-azauracil on f-ralactonidase synthesis durinz

resumption of growth, Same experiment as Flg., 133 in both cases IPTC
‘added at time of dilution. A, controly B, .plus B-azauracil. Differantial

synthesls of enzyme plotted at 3 min intQPVals._

FIG. 15. B;Galactosidase synthesis during vesumption of growth of a

constitutive strain, and effact of H-nzauraclil, T. coll 230U (i~ constitu~

it

‘tive)‘diluted from stationary phase into frash med Lum, Ay controly By plus
6~azauvaéil (25,ug/ml)vorigin$lly added 39 min bdeofore dilution and also
prasent in the-frazh‘madium. ‘Differential synthesis of enzyme plotted at

3 min intervals for curve A. For curve B soms points omitted due to lack

of spaces B-galactosidase syntbesis occurred only from sbout 23 to 31 min
after dilution, '
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FIG, '16. Population kinerics after resumptlon of erowth, and effects

of f-azauracil. A stationary culture of E. goll CH0C~1 was diluted into

PP TS

fresh medium. Heasurements were made at intervals of the optical density
of the suspension, cell concentration, total csll volume and average cell
volume, Series A, controli serdes B, S~azauraeil (25 ug/wl) added 39 min

before dilution 2ad present at the tame concentration after diluticn.

FIG, 17. Maagromolsgulsr syntheses after resumotion of erowth, and affects

of G-ozauracil. Ixperiment similar to that ia Flg. 16, with meanurements

of pretein, KMA and DHA., Series A, controlj series By plus G-azauracil.

FIG, 18, Mallc dahyivogsnase activity‘mftmr rasynntion of srowth.s A

stationary culturs of E;.Eﬂii C600~1 was diluted into fresh medium as
indicated by the arvew, Differentisl synthesis oflﬁnzyma plotted; mass
doubling time S0 min. The straight lins wan caleulatod as the dest fit .
for the solid circiaa;‘tha Lpen triangla points ware not included In this

celoulation,
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ABSTRAQT
The 1ifetime of bacterlal messenger R¥A, V. Moses & M., Calvin.

Je Mole Biods v 4 ¢ 0 0 s e ¢ o o {Lawrenca Rxdiation Lab., Unive

of Califorala, Parkeley, Califs, UsS.Ad)e Gvidenes is presented

that during the induction of &-galactosidase in Dacherichla coll
puromyein may inhibit me%senger RYA nynthaﬂis'aa well az protein
synthesis., Interacticn of the inducer with its receptor id not
affectad. When cells from a 3tationary'culturm‘are placed in
fresh ﬁadium coatdining inducer for fe-galactosidase, growth
starts with no lag, but B-gzalactosiduaas synthesls 1s greatly
delayed comparad with {nduction during squnential growth, These

findlngs, and other obeervations showing that inducible enzyme

gsynthesis {s more sensitive than growth to some inhibitors and

adverae growth conditlions, bave suggasted that massanger RNA for
induclble enzymas iz blologleally less stable than that for con-

stitutive proteins,
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, 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 damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used 1in the above, "person acting on behalf of the
Commission" includes any employee 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 Commission, or his employment with such contractor.





