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Kinetics of Ribosome Synthesis in Escherichia coli

BY H. G. UNGAR* AND V. MOSES

4Laboratdry of Chemical Biodynamics and Lawrence Radiation Laboratory,

Univefsfty of California, Berkeley, California, U.S.A. 94720

|  SUMMARY

A technique wasudeveloped fdr;fo]]owing the synthesis of ribo-
somai profein during the transition from oné growth condition to
énothér. By double-labelling the cells wi?h []4ijheny]alanine and'.
[3H]pheny1a1anine it was possibié to measure both the tumulatiye
ratio'of'ribosomal'to total prbtein,'ahd:the differential rate of
‘ribosomal protein synthesis dufing the transitioh'from the lower to
the higher growthvraté. Shift-up experiments were carried out by
adding ‘glucose to cells groﬁfng in acetate or in succinatélmedia. In
both cases it was found that the differentia] rate of ribosomal pro-

" tein synthesis rose s]owiy from.its preshift rate to a max. 40-80 min.
after the addition of glucose, and ihen deé]ined. fhe cumulative
ratio.of ribosomal to tota] protein remained at its pre-glucose value
for up to 40 min. after the shift, then slowly increased to a new
higher value over the same tfme period as that in which the differen-

S tial rate reached its max. These conclusions differ from those of
Schleif (1967), who found that the differentia] rate of ribosomal prb-

tein synthesis rose, without overshoot, to its new value within 2-5 min.

*Present address: Department of Chemistry, Haile Selassie I Univefsity;:"
Addis Ababa, Ethiopia. Please address reQUests for reprints to

Berke]ey.



2
INTRODUCTION
while much progress has been made 1in e]uc1dat1ng the mechan1sm
control]1ng the synthes1s of 1nd1v1dua] prote1ns by exam1n1ng the
transcr1pt1on and trans]at1on of part1cu1ar genes,  the mechan1sms of
the bacter1a] cell's gross control of the overal] synthes1s of protein
and RNA have been more elusive. Because the ribosome is a key 1nter-
| mediary in the synthes1s of all prote1n, 1t is hoped that the inves-
tigation of the control of r1bosome synthes1s w1]] help exp]a1n the
nature of gross control of the cel]u]ar economy This study const1-
tutes a series of measurements of the d1fferent1al rates of ribosomal
protein syntheSIS under cond1t1ons where the ce]]u]ar economy is changed
by sh1ft1ng bacter1a between d1ffer1ng growth medla
| Durtng steady-state growth all components of the bacterxa] cell
1ncrease at the same rate, the rat1o of r1bosomes to tota] prote1n
thus remains constant In bacter1a grow1ng at a constant temperature,'
~ but at different rates on d1fferent medla, it has been found that the
proport1on of cellular prote1n present in the r1bosomes is d1rect]y
proport1ona1 to the growth rate (Schaechter. Maa]pe & Kjeldgaard,
1962; Maalge & Kjeldgaard, 1966).
In a shift?up from alrelative]y poor medium to a richer one, the
| ce]ls must raise the!r ribosome level to that character1st1c of the

new medium. One of the most str1k1ng phenomena of such a sh1ft 1s the

uncoup11ng of the usua]ly t1ght contro]s ]1nk1ng the rates of RNA and, _u-'

protein synthesis. RNA synthes1s.ad3usts_to its new differential rate
in less than 1umin.‘(Maal¢e'&_Kje]dgaard, ]966). In the,case of shifts
from a single carbon source to broth, there is»an initial period

R
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during which the rate of synthes1s of total RNA is even higher than
it w111 u]tImate]y be in the new med1um Prote1n and DNA synthes1s,
on the other hand, acce]erate much more slow]y, usua]]y contxnu1ng
at the pre- sh1ft rate for 10 -25 min, after the 1ntroduct1on of broth,
and then increasing to the new leve] character1st1c of growth in broth.
This d1ssoc1at10n has the effect of rather qu1ck]y ra1s1ng the RNA/DNA
ratio to that d1st1nct1ve of the new growth conditions. On the other
hand, to 1ncrease the rate of prote1n synthes1s more ribosomes must
be syntheswzed un]ess there exists a s1gn1f1cant number of inactive
r1bosomes | | |

WV In the present study we have 1nvest1gated the kinetics of ribo-
somal protein synthe51s dur1ng growth shifts. | Such a study entails
determining the kinetic ratios between two chang1ng parameters, those
of ‘total prote1n synthes1s and of r1bosoma1 protein formatlon Errors
arising from either determ1nat1onvare compounded when a re]at1onship
between the two is sought We have therefore extens1ve]y studwed the
factors affect1ng the re]1ab1]1ty of measured changes in the k1net1c

.

ratio which result from the growth shifts.

'METHODS

Organism. E. coli JC 14- 2 a]ka11ne phosphatase const1tut1ve der1va—

tive of JC 14 (from Dr. A. J. C]ark), obtained by the method of
Torriani & Rothman (]961) 1ac ade met”.

Growth. (a) CuTture media (1) Low phosphate'acetate (LP-acetate)

medium-contained: Trls -HC1, 100 mM; . KH2P04, 5 mM; NaCl, 80 mM; KC]
20 mM; (N‘H4')zso4, 20 mw; MgCl,, 1 mM; Cac12, 0.2 mM; Fe Versenol 120,
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1 74 ml /1 ; trace elements (CuSO4 5 H,0, 0. 079 g /1.5 H3BO5, 2.86
g./1.; MnCl,.4 HZO 1. 81 g./1.; znso4 .7 H0, 0.22 9-/1-3 Coc12 .6 H20
0.06 g./1.; M003, 0.015 g./1.), 1.0 ml./1.; adenine, 40 mg./1.
Ameth1on1ne, 100 mg./1.; th1am1ne, 0. 5 mg /1.5 Na acetate 4 g. /1
The med1um was adJusted to pH 7 2 (i) H1gh phosphate succ1nate
medium (HP succ1nate) was based on med1um 63 (Pardee & Prestidge,
1961), containing Na succinate, 2 g./1., and’ supp]emented wath ade-
nine, methionine and thiamine as above. | ' |

(b) Growth conditions: The ceT]s'were.maintained contihuoUs]y in

1iquid'media for more than a year‘at 37°, wiih new Sterile:medium
being,inoculated'every other day;f The eveniné_before an experiment,
cells were inoculated'frdm'the Stoék'cu1tupe into 50 ml. of fresh
medium at a concentration too low to permit them to reach stationary
phase overnight. The-?dlleW1ng morhing thexcells'were stirred for
2-4 hr., and an approprwate a11quot d11uted into approx 200 ml. f-
the same pre-warmed medium ina 1 1. Er]enmeyer f]ask Ag1tat1on
was provided by means of a 1arge tef1on-coated bar magnet rap1d]y
rotated by a magnet1c stirrer below the flask, the 1atter betng im-
mersed in a constant temperature water bath at 37°. , |

For the experlments in wh1ch ]4C02 was measured,v] ml. of a log
phase culture was fhanSferfed_to tpe>grbwth chamber described by
PrevdSt & Moses (]967). Mixing and-aeratioh were performed by
bubbling a constant stream of moist air through the tube at a rate

of 4-5 ml./min. (70 to 80 bubbles/min.).

(c) Growth measurements: Growth was followed by measuring-E650 in a

1 cm. cuvette. Previous measurements in this laboratory (Moses &
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PrevoSt '1966) have shown that during balanced growth EéSO ievpfo-
port1ona1 both to total protein and to total RNA measured as tota]
ribose. At E650 =1.0, 1.0 ml. of cu]ture conta1ned 225 ug of bac-
terial protein. | |

Labelling with radioactive'precurSors{ The stock solution of -L-

[G-3H]pheny1a1anine contained 13.3‘mM-emino ecid at a specific radio-
activity of ISZuCi /pmoTe This stock solution was di]uted 100-fold
with the approprlate med1um, a port1on of wh1ch was used to grow the
cells overn1ght the rest was used for d11ut1ng the culture the fol-
lowing morning.- In this way the pheny]a]anine in the cells became
totally labelled with 34 and fhe;Spetific radidactivity was constant
throughout the experihent. It can be calculated (Roberts et al.,
1955) that at Egsp = Vs E. coli will have taken up less than 10 ug./ml.
ef phenylalanine. Since the initial conen. of phenylaianine was greater
than 20 ug. /ml ., and E650 never exceeded 1.0 durlng an experiment, less
than ha]f the phenylalanine was actually consumed

During the course of the experiment -L-[G- C]pheny]a]anine
(specific radioactivity 400 pCi./umo]e)-was added undiluted to the
growing bacteria, to give a concn. in a typical eXperiment of approx.
0.5 uCi./ml. The chemical concn. of phenylaIanine was not appreciab]y'

affected by this addition, and the radiochemical ratio of °H to 14C

was approx. 4.1.

Measurement of total incorporation of amino acid. Samples (0.4 ml.)

were removed from the culture vessel at intefva]s and added to pre-
weighed tubes conﬁaining 0.2 ml. of chloramphenicol éolution (1 mg./ml.)

to prevent further protein synthesis. The tubes were weighed again,
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perm1tt1ng determ1nat1on of samp]e sizes w1th an error of less than
‘1%. Tr1chloroacet1c ac1d was then added (0. 7 m] of a 10% (w/v)
so]otion), the contents of the tube mixed and a]]owed to stand for
at‘leastv30 min. at'6° beforevbeing fi]tered throdgh a pre-wetted
M1111pore filter (0. 45 u-pore size; M1111pore F11ter Corp., Bedford
Mass., U. S A.), which retained the prec1p1tated protein. .The filter
was washed repeatedly wi th tr1ch10roacet1c acid and water After
rough dry1ng by suck]ng air through the filter, it was placed cé11s'
~down in the bottom of a 20 m]. sc1nt1]1at1on vial and moistened
with 0.2 ml. of N-NaOH. -

COmparison with'Unﬁreated filters showed that the °H counts in
NaOH-treated samples were both higher and more nniform among many

vials'in.a series,. perhaps'because the protein particles were par-

t1a11y solubilized or broken into sma]]er fragments This explanation

assumes that 3H is not counted accurate]y because the size of the
protein particles was large enough to absorb some of the weak g-
particles emitted from atoms inside the precipitated protein, an

assumption we. have not checked directly': I .

After 2 or 3 hr. at room temp., 18 ml . of scintillation solution

(K1nard 1957) was added and the vial ag1tated vigorously with a
Vortex mixer to dissolve the filter pad. The scintillation solution
wasvgeliedvby the addition_of approx. 2% {(w/v) Cab-0-Sil Thixotropic
Gel PoWder (Packard Instrument Co. inc.; Downers Grove, I1linois,
U.S.A.)vco keep the.partic]es of protein in suspension. 3h and '4¢
werekcounted simultaneously with a Packard Tri-Carb scintillation
counter, using external standard1zat1on. Corrections were made for

| ]4C counts appearing in the 3H channel, and vice versa.
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An experiment was performed in which'growing bacteria were |
labelled with both [T4C]pheny1alanine and'[3H]pheny1a1anine and

two parallel series of samp]es were taken, one processed thh the

NaQOH treatment, and the other w1thout In both cases, the incor-.
d 14

3

porate C was 11near W1th respect to- ext1nct1on (F1g 1). Incor-

porated “H in the untreated prec1p1tates was 11near with extinction

at low cell densities, but departed from 11near1ty as the cell

density incneased (Fig -1)' the NaOH-treated samp]es were linear

with extinction over the ent1re range, a]though the slope of the
[Insert Flg 1 near here]

line was Significantly'leSS than that fdrrineorporated 14¢, According

]4C data, the bacteria incorporated 2.85 mg. of phenylalanine/

100 mg. of protein synthesized. Thé comparable value from the 3y

14

to the

data was 1.91 mg. . Approx. this ratio of incorporation based on " °C

3H determinations has been observed in many other experiments we

and
have perfofmed, including those in which uracil was used as a pre-
cursor for RNA. _ |

The addition of glucose to the cells in the course of this ex-

\‘ .

periment caused the growth rate to'increase, as measured by E650'

) However. optical extinction remained direct]y proportional to incor-

porated phenylalanine throughout the growth per1od (ng 1). Similar
results have been obtained with - L [G-]4C]]euc1ne and - L-[G- 3H]1euc1ne'
(4J. Pa]mer, unpub11sheq work). -

Isotope measunements made in this way are designated total incor-

poration (T).

Analysis of the ribosome fraction. During each experiment, sampies

(approx. 4 ml.) were taken from the culture flask at intervals of
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2-10 min. and p]aced in 20 ml. vials which had been pre-weighed and
pre-cooled in 1iquid nitrogen. Affek'quickly sckéwing‘oh the top of -
the vial, it was SWfrTed in liquid nitrogen for 15 sec. The entire
sample was frozen within 25 sec. of its removel from the growth
f]ask,' These samp]es;were'stored'af -20° Unti]'required. _Each vial
was reweighed to Obtain_ah'aCCufate sample wt., and thawed with the
siid] taneous addition of 2 ml. of eold solution No. 1 (see beiow),
bringing the pH to 7.9. The cells were then diéfupted for 5 min. at
. maximum power with a Bronwill "Biosohfef probe-type sonicator, keeping
the contents of the vial'beiow.4°-in»an ice-salt water bath. Soni-
cated suépenSion (5 ml.)-wae added to 1;0 m]; of cold solution No. 2
(see be]oW)_in a cehtrifuge tube, centrifuged for 15 min. at 10,000 x g
average;band then fer 60 min. at 34,000 x g aVerage. In this and subse-
qUeht eentrifugetfons:a Spfhco mode1 L centrifué#ﬁaé used with rotor
No. 50. The supernatant from the ]asf of these centr1fugat1ons was
carefu]]y p1petted into a propylene centr1fuge tube and a sample '
(0.4 mi. ) was removed Th1svsamp]e was used to measure incorporated
radioactivity in the supefnatant-prdfein. It is neceseary to"use
po])prOpylene ("Po]y-aliomer") cenfrifuge tubes because the sd]ution
used subsequently to dissolve the ribosome pe]]et attacks ce]]u]ose
nitrate tubes. ' A _

Before centr1fug1ng aga1n for' 3 hr. at 100 000 X g average, enough
un]abe]led carrier ribosomes, prev1ous]y 1so]ated from E. coli by the
procedure of Furano (1966), were added to give a final ribosome
pellet about 3 mm. in diam. The addition_of these carrief ribosomes

also faci]itatedfthe sedimentation of the labelled ribosomes because

.




Z9-
fibosomes dimerize at’high conén., with a large increase in their s
va]ue (Péterman, 1964); The supernétant'frqmthe_]b0,000'x g centri-
fugation was discarded, the‘peITef'resuspehded in 6 ml. of standard
buffer (éee below) and left overnight at Oéiﬁléfder to allow any

free radioactive amino écid tdféduTTibrate"with the buffer. The

next day it Was again centrifuged at 100,000 x g average for 3 hr.
and the supernatant discarded.

The bottom of each centrifuge tube around fhéipe11et (a circle
about'1 ch'_in diam;),:wasvexcised, placed in a.scint111ation vial
coﬁtaining 2 ml. df NCS So]ufion Model 190620v(Nu¢1ear Chicago Corp.,
Des Plaines, I11inois; U.S.A.), and‘Shaken gently at 50° for 2 hr.
‘to'dissolve the prbtéih (Hansen& Bush, ]967).' Scintillation solution
(18 m1.) coﬁtajnfng 5g. df:PPOJahd 0.2 g. of POPOP/1. of toluene,
was added, and radidactivify'measuréd és before in:a Tri-Carb
liquid scihti]]atﬁon'counter."‘Ribdsbmal proteinAis designated R.

The_standard so]ufions.uﬁed in ribosome isolation were as fol-
lows: Standard Buffer: Tris-HC1, 10 mM; Mg acetate, 10 mM; KC1,

50 mM;.a-mercaptoéthanbl, IO:mM;'L-bhenyla]anine, 0.6 mM; uracil (if
requiréd), 0.6 mM;}pH'adjusted to 7;8. Solution No. 1 contained g-
mercaptoethanol, 0.15 ml.; L-phenylalanine, 0.8 mg.; uracil. (if required),
0.4 mg.; N-NaOH, 70 ml. (or énough to bring 200 ml. of growth medium |
to pH 7;9);‘standard buffef,A30>mi.'.SoTQtion No. 2 contained bovine
serum albumin standard Solution’(lo mg.'protein-N/ml.), 3ml.; M-MgC]Z;
2.7 ml.; standard buffer, 24.3 ml. - |

Measurement of incorporation into the supernatant fraction. The protein

in the supernatant fraction was precipitated by the addition of an.
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eQual 961ume cf 20% (w/v).perchTortc acid' Aften'BO min at room
temp s each sample was filtered through a pre-wetted M1]11pore
f11ter (0.22 u pore s1ze) The subsequent procedure was the same
as descrlbed for the total 1ncqrporat1on samp]es. ‘Better recovery
of'supefnatant prdtein'was'obtained with perchloric acid as the pre-
cipitant, and a finer filter pad than used for whole bacteria. The
1abe]led'protein in this fraction was designated supernatant (S).

Methdd'of'ana1ysis'" In addftion to measuring the two primary para-

meters (rad1oact1v1ty incorporated into total protexn and 1nto
r1bosomal prote1n) we a]so measured label 1ncorporated into the
protein of the supernatant fract1on from which the r1bosomes were
obta1ned by centr1fugat1on. The rad1oact1v1ty found in the super-
natant‘protein was used to check the'unfformity of ce]]ular disruption
by sonication, and as a genera] check on volumetric errors.

Use of the double- 1abe]]1ng approach perm1tted the acqu1s1t1on
of both long term and short—term data. At the time of the growth |
sh1ft the ce]ls ‘had been grow1ng for many generatwons 1n the presence
of [3HJpheny1a]an1ne, and this amino ac1d in the ce]]u]ar protein was

assumed to be_essent1a1]y un1form]y and comp]ete]y labelled. The 3

H
labelling could thus be used directly as a function of the amount of
protein in each fraction studiedv It was necessany only to divide |
the curve of ]abe] in r1bosoma1 protein‘ vs. t1me by the curve of
label in total protexn vs. t1me at su1tab1e 1ntervals, to obtain

the proportion of the tota] protein wh1ch was present in the rlbo-

somes. The percent ribosomal protein obtained in this way was re]a-

tive. We cannot be certain thatvcur isclation of the ribosomes
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succeeded in ieoieting all of them. Reiease of'riboeomes fnomnthe
cel]vdorfng sonication,May not heve been‘eono]ete,‘and/or ribosomes
may have‘remained in the’supernatant after the centrifugation at
100,000 x g. What does seem we]] estab11shed as ascertained by
the control experlments below, 1s that the fract1on of the total
ribosomes obtained- by th1s technique was constant throughout an ex- .
per1ment, o) that R/T measured the relative proport1on of ribosomal
protein in the cell as a function of time, and with respect to the
growth shift. |

The ouantity which we were most interested in measuring was the

" differential rate of ribosoma1xprotefn synthesis;

d{ribosomal protein)
d(time)

d(total protein)
- d(time)

Because this measurement requires dividing the derivative of one
curve'by”the derivative of another, the points—defining the curves
must be quite accurate. The results obtained from 3H incorpdration
were not sufficientlykprecise, primarf]y because, during any parti-
cular time interval we used, the proportional change in the amount
of incorporated 3y would be veny small. By adding []4C]pheny1a]anine
at the time of the growth shift it was possib]e to measure a rate of
incorporation which began at zero, and which over each small time
interval had a much larger relative change. From the []4C]pheny1-

a]anine incorporated vs. time for total protein, ribosomal protein

and sopernatant protein one caleulated dR/dT and dR/dS.
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* Even with this fechnique théré’were'sti11 difficulties in
determ1n1ng prec1se1y the proper curve to be drawn through the
_ 1ncorporat1on po1nts, because even sl1ght d1fferences in the curve
wou]d produce 1arge changes in its der1vat1ve, and even 1arger
changes in the rafio of twd derivatives. A partial so]ution to
this problem was‘obtained_by using computer technfques to calculate
the Teast squares best fit line through the data points, using a

series of polynomia]s'of the order Tto7 (y=a, +ax+ a2x2 + ...

7). Since []4C]pheny1alan1ne 1ncorporat1on was measured beginning

asx
immediately after its addition to the bacteria, the origin point (i.e.
zero) was'known absolutely, and this point was given 5 times the
weight of any of the other points. Thus, there were 7 curves con-
structed for each set of data, and the problem was reduced tOhdeciding
which of the 7 was rea11y the “best" fit. .Orders 6 and 7 were always
erratic, and their derivatives undulated in a way that indicated that
they were changing within the inherent experimental error of each
point.' The derivative of the second order fit.is a straight 11ne,
which is an art1f1c1a] 11m1tat1on on the dlfferent1a] rate of syn-
thesis. The problem thus reduced to the choice between the third,
fouhth and fifth order curves, and SEVeral ratio calculations from
each set of data cou]d‘be made; those minor features of the resulting

- dR/dT curve which: appeared in one order and not another could be
attrlbuted to an art1fact of the p]ott1ng technique

The variation among the curves as one went to higher order fit

was also 'a good visua]vqualitative measure of thelinterna1 coherence

of the data; the more the curves changed, the more scatter there was

in the data.

X
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ance‘the computer‘fitfed the poinfs to a single equation, the
derivafi?es could easi]y be calculated at any_desired intervals,
and dR/dT determined as'the ratiovof the'two derivatives at the‘

3H and

same time. In the fo]low1ng experiments, results with both
]40 ]abe111ng are presented but it shou]d be noted that those with
3H are necessar11y 1essvprec1se,than those with ]4C for the reasons
discussed above.

Induction and assay of'B-ga1actos5dase. This followed previously

established procedures (Palmer &EMoses, 1968).

Measurement of ]4C02 product1on The method described by Prevost &
Moses (1967) was used.
Chemicals and radiochemica]s; LA[-I4C]PhenylaTanihe, L;[G;3ijheny]-‘

alanine and [3H]urac11 Were obtained from New England Nuclear Corp.,

Boston, Mass., U.S.A. ;[G-]4C]Glucose‘Was'prepared by the method of

- Putman & Hassid (1952). 'Al]'other ehemicé]s were from standard_supp]iers.

RESULTS L

Control experiments _ .

Burity 6f the Fibossiies

Since ribosomes have a remarkab]e ability to bind proteins, par-
ticularly those with a net positive chafge (Peterman, 1964), 1t was
important to be sure that'the ribosomes measured in these expefiments o
did not contain large amounts of eXtraneous protein The percentages
of RNA and protein 1n the Tabelled r1bosomes were determ1ned by
labelling the cells for a long period of time with [3H]urac1l and

1
[ 4C]pheny]alamne, and proceSSIng replicate samples in the usual way.
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Knowing'the specific radioactivities of the ]abeTTed preCUreors;
the percentage of uracil in the ribosomal RNA (6.75%, w/w) (Midg]ey,
1962'~Spahr, 1962). and the percentage of phenylalanine inlthe
r1bosoma1 protein (4. 01%. w/w) (Spahr, 1962), it was poss1b]e to
calculate the percentage of RNA and of prote1n in the ribosomal
pe]]et. Six separate sampIes gave an average of 59 + 1% RNA (w/w),
compared w1th a reported va]ue of 6]% (T1ss1eres, Watson Schlessinger
&Ho]hngworth 1959). |

Measurements under steady state'cOnditions~

Betore the changes in ribosoma1 protein eynthesis'due to the
growthhshift could be measured, it was necessary to test'the analy--
tical technique in the steady'state condition Cells in exponent1a1
growth in acetate medium, and ce]]s in exponent1a1 growth in. the
same med1um with the add1t1on of 10 -2 M-glucose for more than 10
generations, were samp]ed over the range of growth to be used in the
growth Shlft exper1ments Measurements were made of E650’ and
samp]es were taken for total 1ncorporat1on and_ for the preparat1on
. of r1bosomes, these were processed as descrlbed in the Methods
section. The night before the experiment began, [°H]phenylalanine
was added; []4C]pheny1a1anine was added on the day of the experiment
when E650 reached 0.3. v_ | 7

Fig. 2 shows a ]og plot of the pheny]a]anine incorporated into
total protein (T), supernatante(s) and ribosomes (R) as measured by

[Insert Fig. 2 near here] |
3H countfng. and E650 dens1ty for the acetate -grown cells. Fig. 3

shows the results obtained by d1v1d1ng the ribosomal incorporation

[Insert Fig. 3 near here]
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by the total or the supérnatant (R/T or R/S), as well as supernatant

~divided by total incorporation (S/T), a measure of the uniformity of

cell breakage. (The subscript numbers refer to the order of poly-
nomial curve which Was'géed‘to'fft tha pofnts.)' Ribosomal protein
was 5.2 + 0.2% of total prdtein‘and'17.2 + 1.1% of the supernatant.
The déviatiohs from‘tha horizontal line expectéd under steady'state
conditions were cons1derab]y Tess than + 10% of the mean value, and
probably represent close to an abso]ute minimum with this techn1que
Although the E650 was logarithmic throughout the experiment, at
E650 = 0.45 the s1opé of the log ribosomal protein curve decreased
sharply (Fig. 2). This was probably due to the cells beginn{ng to
depart from exponentia]'growth; as they.were then Tess than two |
generations from stationary phase. In this respeét the ribosomes
were more sensitive than.lighi scattering as a measure of internal
changes in the cell. R/T dropped aharp]y after this density, a
wafning’that this kind of experiment must be conducted at rather low
Ce]i densities, EESO <0.4 for growth on acetate, and <0.8 for growth:
on glucose. | _ | o
Suﬁernatant protein was 31.5 + 2.3% of total protein. This waé

Tower than we usually found for the supernatant, but was uniform

throughout the series of samples (1ess than 10% deviation from the

‘mean). The variation found in S/T among our different experlments

has not been sat1sfactor1]y explained, though most l1ke]y it was due

,t° d1fferences in the efficiency of son1c d1srupt1on The sonication

apparatus is tuned by ear, and a]though it was genera]]y easy to

‘keep it uniform for a given series of samples, this was not true for

experiments done many months apart.
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S1m11ar resu]ts were obta1ned for cells grow1ng on acetate plus
QIUCose ‘the ribosomes accounted for 8 4 + 1. 3% of the tota] pro-
tein,. an error of about ]5% In the growth sh1ft exper1ments which
fo]]ow, on]y changes cons1derab]y 1arger in magn1tude than these
will be cons1dered s1gn1f1cant In spwte of the exper1menta1 un-
certainty, the mean values for R/Trin acetate and gTucose‘were'in the -

ekpected ratio to one another. The ratio of the growth rates as deter-

mined- opt1ca1]y was glucose/acetate, 1 58, the rat1o of percent pro-

tein in r1bosomes was glucose/acetate, 1.62. Thxs agrees with the
f1nd1ngs of Maa]de & Kjeldgaard (1966) that the number of r1bosomes
per ce]l mass 1s d1rect1y proport1ona1 to the growth rate

In. the contro] exper1ment [ 4C]pheny]a]amne was added to the
‘acetate-grown ce]ls when EGSO reached 0. 32 dR/dT and dR/dS were ca]-
cu]ated from the curves for R, S and T vs. time. The results
conf1rmed those w1th [ H]pheny]alan1ne, w1th approx1mate]y s1m1]ar
degrees of error. | | v )

Growth: sh1ft exper1ments ,;'

Many growth shift ‘experiments were performed, and while the degree-

of scatter of the exper1menta] points varied on djfferent occasions,

the overall pattern of response was similar in each case. Two experi- -

ments,have been selected for detailed presentation because in these
there was a minimum of scatter and the results thereéfore have the
-greatestlprecision.

Shift from acetate to acetate'pJUS'glucose'in low phosphate medium.

In LPeacetate medium the growth rate was 0.50 doublings/hr. After.

the addition of glucose this rate remained unchanged for 20 min., and |




in Figi 6. Accurate counting data for
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then shifted to 0.76 doublings/hr. There was a further slight increase ‘
in the growth rate to 0.80 ddubengs/hr about 75 min. after the glu-

cose was added (Fig. 4). F1g 4 also shows the 1ncorporat1on of

[ H]pheny]a]an1ne into total, ribosomal and supernatant proteln The

[Insert Fig. 4 near here]

curve for tota] prote1n shows the same dlscont1nu1ty as the EGSO curve:
a sharp increase 25 min. after the add1t1on ofvg]ucose. Ribosomal
protein as a function of eithen total or supernatant protein rose
steadily for 120 min., affer which it appeared to be reaching a
p}ateau. | | | .
Fig. 5 shows the 1ncoYporat1on of []4C]pheny]a]an1ne into the
tota], ribosomal and supernatant prote1n fractions. From these was
derived the differential rate of r1bosoma] prote1n synthesis, shown

EERE [Insert Fig. 5 near here] \ |
]4C 1nconperation was impos-
sible to obtain for the first few min. after the addition of

[Insert Fig. 6 near here] ,
3,,14

[]4C]pheny]alan1ne because of the very high “H/ "C ratio at that time.

Data for the first 15 min. after the growth‘shift have therefore been

omitted from Fig. 6. By plotting in one graph curves obtained with

three different polynomials one can see the differences and simi-

larities produced by different methods of_Ca]cuIation; When there

are differences we can'on]y assume a state of ambiguity. However,

all three curves agree in showing.that.tne dffferentia] rate of ribo-
somal protein synthesis began to rise 20-45 min. after the addition

of glucose, that it reached its peak value after 85-100 min., and
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thereafter dec]1ned sharp]y, it was st111 fa111ng at the end of the
exper1ment (130 min. after g]ucose was added) |

| Although there were s1gn1f1cant differences 1n the quantitative
values obta1ned by the use of different fractions and methods of
calculation, qua]1tat1ve]y all methods showed ‘that the response to
glucose was slow, that the bacteria were 1ncreas1ng the1r.r1bosoma]
protein content over the oeriod'20-100 min. after'the addition of
g1ucose, and that there was an overshoot in the differential rate
of ribosomal prote1n synthes1s This means that the bacter1a syn-
thes1zed r1bosoma1 prote1n at a rate h1gher than that necessary for
the new steady state cond1t1on, i.e., for a measurable per1od there
was a preferent1a1 synthe51s of ribosomal prote1n at the expense of
other ce]lu]ar protein.
1In an 1ndependent repetttion of:this.experimenthessentia1]y'the
same result was seen: dR/dT and dR/dS bégan'to increase soon after
" glucose was added, reachedva-maximuml55-80 min. 1ater,.and theh.de-

clined sharply.

Shift from succinate to suocinate'p]us glucose in high phosphate medium

' With succinate as sole carbon source in high phosphate medium,

strain JC 14-2 grew at the rate of 0.94 doub]fngs/hr. Upon addition

of g]uoose, the grthh as measured by'E650 showed an immediate increase

to 1.11 doublings/hr. A further increase in growth rate (to 1.33

doublings/hr.) occurred 12_min. after.the addition of glucose, and

35 min. later the growth rate reverted to 1.11 doublings/hr. (Fig. 7).

The growth rate as revealed by [3HJpheny1a1anine 1abe]1ing showed. an

increase of rough]y’the same magnitude, but the'scatter of these
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determinations dfd not permitvdivergencies over short periods of
tlme to be detected (Flg 7) | |
| [Insert F1g 7 near here]
A]though an 1ncrease in the rate of synthes1s of ribosoma]
prote1n was observed 1mmed1ate1y after the growth sh1ft there was
a sharp 1ncrease in the d1fferent1a] rate of synthes1s starting
40 min, after the add:tion of g]ucose, reach1ng a maximum after 90..
m1n. (Flg 8). Varvat:ons in the dwfferent1a] rate before the increase
showed a dev1at1on of ]1tt]e more than 10% of the mean, and fall
w1th1n estab11shed error Ilmlts | | -
[Insert Flg 8 near here]
. Ca]culat1on of the d1fferent1a1 rate of r1bosoma] protein syn—
thes1s us1ng the data from [ 4C]pheny]a]amne ]abe]]1ng confirmed
th1s genera] pattern, w1th the increase start1ng at about 20 min.
after g]ucose was added, a max1mum at 85 min., and a fall towards

120 min. (Flg 9) Curves drawn us1ng h1gher order po]ynom1als showed

: essent1a]]y the same k1net1cs, though w1th greater undu]at1on It is

4

[Insert F]g. 9 near here]

‘clear from this experiment, as from the one in which cells were shifted

from acetate to glucose, that the response of the cells to glucose was
slow, requ1r1ng more than one generation t1me for the max1ma1 rate of
ribosomal protein synthe51s to develop.

Other measurements of the rap1d1ty of the response to g1ucose

A poss1b1e reason for the persistent lag in the response of r1bo- -
somal protein synthesis to the 1ntroduction of glucose might have been.

a delay in the onset of g]ucose metabolwsm Two independent tests of

- g]ucose metabolism were therefore made.
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The addition of g]ucose to E. co]1 1nduced to synthes1ze g-

ga]actosidase typically produces a rapid intense transient represSioh

of enzyme synthesis {MdSés & Prevost, 1966). This was found to hold
for cei]s'growing in Lﬁ-atetate medium'dn the addition of glucose
(Fig.'lb).' Repression became apparent within about 3 min. of intro-
ducing glucose. o o ' |

| 1[Insért F{g; 10 néar.here]

Thé'release of 14602 from [G-]4C]g1ucose begah within 2 min. of
adding labelled glucose to cells 1in ]ow phosphate medium containing
either acetate or acetate plus unlabe]]ed g]ucose (F1g 11). 'Since
it had prev1ous1y been established (Prevost & Moses, 1967) that there

was a de]ay of 1 min. between the release of ]4

COZ in the growth
[Insert F1g 11 ‘near here] |

chamber ahd its detection in the scihti]]ation ffow counter, the

'méximum dé]ay in thé onsét'cf gldcbse uti]ization was 1 min. » and

this cou]d not account for the lag in the increase in the dlfferen-

tial rate of rlbosome synthes1s

| DISCUSSION

it is possib1e; by the téchniques described here, to measure
kinetica]]y.the differehtiai_rate of ribosomal protein synthesis.
Before:usefu] data could be obtaihed itiwas nécessary to study the
errors and ]imitatiohs 6f the method, and to work out éxperimenta]
and mathematical criteria for assessing the significance of fhe.
findings. | | |

It:proved impossible to standardize the effitiency of cellular

disruptiqn. and thus permit absolute comparisons between experiments.

P
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Neverthe]ess,‘the experimenta1 points did allow the kinet{cs.of
ribosome synthesis to be observed when all the measurements were made
on one culture. Thus, while we have no reliable absolute measure
of the d1fferent1a1 rate of r1bosome syntheSIS, we were able to
follow relative changes of this parameter in growth sh1fts

One poss1b111ty requiring cons1derat1on was that we were
]abe]]1ng nascent,prote1n attached to ribosomes, rather than ribo-
somal protein itself. A numbér of arguments eliminate this possif
bility. The tfme reeuired for E. cofi to synthesize a protein
<molecu1e de novo is not more than 3 min. (Branscomb & Stuart, 1968),
while the 1nterna1 poo] of amino ac1ds is suff1c1ent for a few
seconds of growth on]y (Britten & McC]ure 1962). One wou1d there-
fore expect the spec1f1c radioactivity of the nascent proteln |
effectively to reach that of the ]abe]]ed precursor w1th1n 3 min.
Thereafter, total 1abe1 in nascent protein cou]d 1ncrease on]y as
the population of r1bosomes 1ncreased This shou]d have been seen
experimentally as an initial rapid ]abe]Tingvef the ribosome fraction,
followed by a slow rise. No such kinetic beheviour was obseyved
- (Fig. 5). Schleif (1967) labelled ribosomes in vivo by a pu?se-
chase method using labelled proline. He found similar amounts of
label incorporated into the ribosome fract1on when the chase period
was 2.5 min. or 40 min.} Thus, a 2.5 min, chase was Tong enough to
permit incorporation of labelled ribosomal precursors into ribosomal
protein, and also to f]ush out label from nascent proteln Further,
it has been found in this 1aboratory that measurementvof_the differen-

tial rate of ribosome synthesis by the incorporation of labelled
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urac11 1nto rwbosoma] RNA y1e]ded similar k1net1cs in growth
sh1fts to those obtained with pheny]a]anxne ]abe]]qng (H. G.
Ungar, unpub11shed work)
Labe] in nascentnprote1n"could only have beén of signifi-

cance in our experiments during the early stages of 14

C labelling;
with.3H,labelTing;.the ce]is were fotal]y labelled, sb:that label
in naséént profein must have formed a small part of all the label
in the ribosoma] fraction. ‘Bactéfial ribosomes have a mol.

6, of wh1ch 39% is protein (T1ssxeres et al.

of about 2.7 x 10
1959); the r1bosoma1-prote1n thus contr1butes about 1.06 x 106
daltons. If we assume that all ribosomes are engaged in the syn-
thesiS~of'pkotein subunits, of aVerage mol. wt. 30,000, théh the
average ribosome will be attached to a-ha]f—comp]eted polypeptide
of mol. wt. 15,000, Thus , abbut'98.5%'of‘ai] the protéih in the
ribéSbmés’sth]d bé ribosomal protein.' Our experimental data
(Fig;’s and 9) indicate similar conclusiens based on °H and ¢
data, and we infer that sincé the 3H-data refers overwhelmingly

I4C data does so as wel]

to ribosomal protein, the
~In all of the grthh,sh1fts studIed there was a very similar

patfern; The differentia] rate of ribosomaibprotein synthesis

‘ 1ncreased s]ow]y 1n response to the addition of g]ucose requ1r1ng

a generatwon or more to reach its maxmmum rate - This maximum was

higher than the rate necessary for the new growth cOnditions,'and'

eventually the rate began to fall fromvits maximum value. In

addition to the detailed eXperiments feborted Here, a number of

others were performed, including replicates of those discussed
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and shifts fromvacetate to g]ucose in'highéphOSphate medium; all
showed a similar k1net1c pattern of ribosome synthes1s Of‘the
two findings, the de]ayed response is perhaps more flrm]y estab-
lished than the overshoot To have fol]owed the d1fferent1al rate
of r1bosome synthes1s unt11 it sett]ed down at a rate character15t1c
of the new growth medlum requ1red samples to be taken for several
hr. after the shift. | Exponent1al growth ceased however before
sufficient t1me had e]apsed Further to observe the who]e process
proved difficult because of. the 1naccuracy of rad1oact1v1ty
measurements with unfavourable ratios of 3H and 14¢ C. In'order'to
obta1n reasonab]e accuracy for the ]4C count1ng at the beginning
of the exper1ment, the spec1f1c radicactivity of []4C]phenyla1an1ne
needed to be relatively high. ThiS”Very”tact then produced a very
unfavourable counting ratiO‘later}on"as the proportiOnate rate

]4C counts was much h1gher than that of 3H counts.

of increase of
It was thus poss1b1e to observe that the d1fferent1a] rate of
ribosomal protein synthesis passed through a_max1mum, but not

to obtain the new steady rate without either diluting the culture,
or using two parallel flasks, to one of which E]4C]pheny1a1anine

was added much later than the other. When the latter approach was

explored it was found that discrepaneies between the para]]eT flasks

precluded a direct comparison between them.

Although a rise in the differential rate of ribosome synthesis
was invariably delayed, this-wasknot'the caSe_with total protein

synthesis. Fig. 6 shows that,'in,ce]]s shifted from succinate
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to succ1nate plus g]ucose there was an immediate 1ncrease in the

rate of prote1n synthes1s. Many exper1ments over the years in
th1s laboratory have shown that immed®te increases in the rate
. of prote1n synthes1s (as measured by 5650 or by ]abe]]ed amino
acid 1ncorporat1on) follow enr1chment of the med1um This can
be very ‘large: a'sh1ft from acetate to broth may resu]t in a
threefo]d increase in the growth rate w1th1n 1 or 2 min. Sucn
1ncreases suggest the ex1stence of unused r1bosoma1 capac1ty
for prote1n synthe51s, and the same conc]us1on may be-drawn
from the present results. - | | -

" In order to bring the r1bosome content up to the new level
characteristic for the faster growth rate, the cells must
either make nibOSGmes pneferentia]]ykfor a?period; or only
gra&dé]lyiaéeumUIate;the'reQuiréd'rbeSOma1 content. An over-
shoot is there nottnneXpeCted;"whiie we haye'e§ yet no ex-
'rperfmenta]'data on the factoré'contnoliing'ribosome Syntheéis,
we surmise that they are made in response.tn—metabolic-sfgne1s.
Enrichment of thevnedium would presumebiy alter the rate of
ribosome synthesis. Growth shifts,‘however, are not accom-
plished quickly (Moses_&'Sharn, 197 ), and regulatory pheno-
mena are known which are particularly evident’during the meta-
bolic rearrengement which occurs then (Moses & Prevost, 1966;

Prevost & Moses, 1967). It seems likely that just as transient.

repression of catabolic enzymes takes nlace during growth shifts,

so transient enhancement of ribosomal protein synthesis also

A
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occurs.  It rema{ns to'be'seen to what'extehtviheSe varioushtrans_
ieht phéhomena can be porkelaﬁed." | | |

Sc"h]eif’ (1967) studied growth"shi_fts in E. coli B/r. His
teChnque differed from ours in that he used a pulse-chase method
of jabeiiing (exposure to labelled pfoliné fok 1 min, followed
by unlabelled proline for 40 min) before isolating the ribosomes.
He showed that a chase period of less than Srmin;Was'enough to
permit:inéorporationvof thé lébe]iea pfoifne into ribosbma]
protein; with no fufther appéarahce of label in ribosomes when
the chase was'pko]ongéd4to 40 min. From his result, Schleif
calculated that the pdo1 of pre-fibosoma] protein WOu1dvsuff1ce
for a maximum growth period d?is.hin.(hi§ expérimenta] daiajA‘
Suggest a period of'hot hore than 2.5 min).  The application of
this conclusion to our results would shift our kinetics by not
more than 2.5 - 5 min. o

Schleif's overall conclusion clearly differs fromvours:
he repofted no overshoot in the differentiaT—rate of ribosomal
protein synthesis during a growth shift, and attainment of.the
new differential rate within 2 - 5 min.of adding g]ucbse to
ce]]s in succinafe-minima1 medium. HoWever; examination of
his pub]ished data casts ddubt on this conc]usion. His Qréph _
(Fig;'8 in his_paﬁef) of the differential rate of ribosomal
protein synthesis reportsftwb experiments. In one of them the
first two experimenté] points after the growth shift were at

2 min,and 25 min, and the conclusion that the differential rate
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reached its méXimdmfvéiué after 2 min. depends entirely on that
first point. In the second éxpefiment of his Fig. 8, the differen-
tial rate feathéd_a"maximumKVAlue 16fmin.'affef:the shift, with a
slight'aeclfne iﬁ rate at longer periods foruboth experimenté.
Schleif also bresehted comparative data for the total cellular

32P (from

protein.(méasured.Chehica]1y) and the total acid;solub]e
32P1); which he took to be a measure of ribosomal RNA synthesis
(Fig. 9 in his paper);: Assuming, therefore,vthat incorporated
32P is proportional t0'fibosdma1 protéin,.we‘héve calculated from
Sch]ei%'s graphs the_dffférentia] rate of kibbSomal prbtein'syn-
thesis fo]lowingithéﬁéddition ofkdiucose. The result shows an
inéréasé in fhis’pafametef’Startfﬁé.ét'the time of the'gfowth

shift, ba§sing throhgh élshéiiow maximum 40-50 ﬁin.»lafer;'dec1ining
to a trough at 70-80 min.;'éﬁd continuing to rise until the end of
the measurements at about 125 min. (Fig. 12). These values are |
subject to some uncertainty,'taken as they'were from the printed
graphs of Schleif's paper. o

(Insert-Fig. 12 near héreJ ]
'we therefore consider that, while the onset in the increase
in the differential rate of ribosome synthesis”was delayed in our
system compafed with Sch]éif's, there.is no'rea]'disagreement
b_etwéen his experimental results '@n.d. Qu.rs on the slow éttainfnent

of the final differentiaT rate, and the existence of an overshoot.

< (-
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Captions for figures

fig;_l.'_Effect'ofFNaOHrtreatment‘on}3H'counting; A mixture of [G-3H]
pheny]alenine_and’[Ge14C],pheny1a1an1ne was:added to cells growing exponent-
ially in LP-acetate medium, Glucose (10 mM) was added at arrow. Two
parallel series of samples were,precipitated with triCh]broacetic acid and
collected oh'Millipore fi]ters. 0, 3H incorporated, nb NaOH treatment;

e, 3H incorperated; 2 hr. NaOH treatment; 4, l4¢ incorporated; with or

without NaOH treatment.

Fig. 2. [6-3H] pheny]alanine incorporation during exponential growth on
acetate. Intorporation,into total protein;(I),_supernatant proteih (S)
and ribosomal protein (R) shown, together with Egsp.

'fjg;_g: Relative fibosome content during ba]anced growth on acetate;
based on 3H data. A, R3T3; B, R3/S3; C, S3/T3; subscript numbers indi-
cate erder of polynomial used in calculations. Same experiment as that

reported in Fig. 2. .

Fig. 4. Growth shift in LP medium from acetate to acetate plus glucose.

Glucose (10 mM) added at O min. Based on 3y data. I, 3H in total protein;
S, 3H in supernatant protein; R, 3H in fiboeomal protein; 5650 as indicated.
The three times periode A, B and C indicate-different growth rates as
determined by'Essoe A,AQ.SOAdoub]ings/hr.i §,:Q.76 doublings/hr.; C,

0.80 do_ubﬁngs/hr. |

Fig. 5. Kinetics of [14c] phenyia]anine incorporation during the tranSifion
in LP medium from acetate to acetate plus glucose; same experiment as Fig. 4.
Glucose (10 mM) added at 0 min. A, total pretein;_g, ribosomal.protein; C,
supernatant brotein. Full Tines indicate 4th order po1ynomia1 cufves; dashed

lines indicate 5th order polynomial curves.




-32- .
Fig. 6. Différentia],rate,of:ribsoma] protein synthesis, -as calculated
from 14C incorporation data, in the same experiment as that reported in Fig.4.
A, dR4/dT4;>§J,dR5/dT5;iggde4/dS4:iﬂsubscript'numbérszindicaté.order»of polyno-
mial used in calculations. [6-*%c] phenylalanine added together with
glucose at O_tjMe. | | | |
Fig{ 7. Growth_shiftvin_HP medium from succinate to succinate plus
glucose..ﬁG]ucosev(JO-mM):gdged_at 0 min. Based 99‘3H data. T, 3H
in'toté]’protein,_§, 34 in supérnatant,protein;_B,i3H in ribosomal protein;

Egso as indicated.

Fig. 8. Relative ribosomal: content, as calculated from SH data,  in

the same experimentvas that reported in Fig. 7. G]ucose,qddedvat 0 time.
Curve shows Rj/T5; subscript numbers indicate order of polynomial used in
calculation. - " ' N

Eig;_Q: vbifferentiA] rate.of:ribosoma1 protein.syﬁthesis, as calculated
from ]4C;incorporation'dataan.fhe samé.éxperiment as that reported in
Fig. 7. purye shows dRg/dTg; subscript,numbers,ihdicate.order of poly-
nomial'usedrin ca1cuiation. Glucose added togethgr with [G-]4Cj

phenylalanine at O time.

Fig. 10. Trénsient catabolite repression'of 8-ga1actosidasevsynthesis.
‘Glucose (10 mM) added to cells growing exponentially in LP;acetatevmedium'v
at 0 time. A, B-galactosidase; §, growth; - )

Fig. 11. Production.of ]4C02 from [G-]4C] g]uéose by exponentially growihg
cells. A, cells growing in LP-acetate: [G¥]4C]g1uc05e (10 mM) added at

0 time; B, cells growing in LP-acetate containing 10 mM glucose: [G-]4C]-

gluéose addéd at 0 time with no significant change in total gqlucese concn.
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Fig. 12. Differential rate of ribosome synthesis Calculated from the

data of Schleif (1967: Fig. 9). Glucose was added to cells of E. coli B/r
in succinate-minimal medium at 0 min. Total protein was meaSQred
chemica11y; and riboéoma] RNA with 32 Fo]lowing_sch1eif; we have

assumed that ribosomal RNA is propbrtional to«ribosoma]-brdtein.-
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, 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 informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

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

As used in the above, "'person acting on behalf of the Commission”’
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to.his employment or contract
with the Commission, or his employment with such contractor.
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