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'"Pnbperties'of'Escherichia coli Grown in Deuterated Media
© BY L,R.B. MANN" AND V. MOSES

Laboratony of Chem1ca1 B1odxnam1cs and Lawrence Rad1atwon Laboratory

Un1vers1ty of Ca11forn1a, Berke]ey, Calif., U.S.A. 94720

SUMMARY' :

Acetate grown cel]s of Escher1ch1a co]1 wou]d not grow in h1gh1y

deuterated med1a conta1ning deutero acetate w1thout a tra1n1ng se-
quence 1n wh1ch the Ievel of enr1chment w1th deuterxum was gradually
1ncreased No tra1n1ng was requ1red for growth in deuterated medium
containing prot1o-glucose. After adaptat1on»to DZO—acetate, the
growtnirate was about half thatrin.HZO-acetate. The.effecté on a
number ef'parameters of'transfefring ce115 betweendprOtdnated and
deuterated media were: stud1ed these 1nc1uded the synthes1s of DNA,

RNA, tota] prote1n,-8 ga]act051dase. growth and oxygen consumpt1on
S1m11ar measurements were made on cells fu]ly adapted to growth on
deuterated media. The ‘amino ac1d composvt1ons of deuterated and
protonated cel]u]ar prote1n were s1m11ar. but in deuterated ce]ls

the ratio prote1n DNA was doub]ed Deutero- and protlo B~ galactos1dase
had 51m11ar KM va]ues and turnover numbers in 020 and H20 The kinetics
of 8- ga]actos1dase synthes1s were not changed by deuteration; it was

- found, however, that lower concentrations of inducer were requ1red

*Present address: Departnentvof.Biochemistry, University of Auckland,
Autk]and, New Zea]and;. Please address requests for reprints to .

Berkeley.
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to ach1eve part1cu1ar 1evels of 1nduct1on Brief exposure to in-
ducer in one med1um, fo]]owed by removal of inducer ani express1on
of enzyme form1ng potent1a1 in e1ther 020 or H20, showed that mRNA
synthesized by deuterated cells was translated eqUa]]y well in both
| medie.  mRNA synthesﬁzed_hy orotonatedncells was translated about
ltnice“as efficient1;.in HéO wejdo not know whether this was a
d1rect consequence of deuterat1on on the trans]at1on mechan1sm, or
a secondary response 1nvo]v1ng catabo11te repress1on Induc1b1e

| stra1ns (but not a regu]ator constxtutlve) lost the capac1ty to
syntheswze enzym1ca11y act1ve B ga]actos1dase after wore than 100
generat1ons in Dzo acetate. The defect per51sted when such ce]]s
were grown in H20 acetate. but enzyme act1v1ty was restored hy

growth in Hzofg]ycero1. The failure to ‘produce act1ve enzyme was

not due to a failure of the induction mechanism; gel electrophoresis

revealed the presence of an 1nact1ve prote1n specxes The natnre
of adaptat1on to deuteratlon is. dlscussed It is concluded that
an 1mportant factor 1s a reduction of cata]yt1c eff1c1ency for a
wide var1ety of enzymes, wh1ch is compensated by 1ncreased dere-
pressaonvfor these_protejns (Orgel, 1964). There is evidence for
a number of other'dtfferences between protonated and deuterated

cﬂls.

INTRODUCTION
Deuteration is a particu]ar]y interesting bio]oqical problem.
Because of the un1versa] 1mportance to ]1v1ng systems of hydrogen

.bond1ng in determ1n1ng the conformat1ons and activities of macro-

molecules, and in biochemical recognition phenomena, it is to be

[



s 3

-3-
expected;that widespread hio]ogicallrepercussions WOu]dcfollow »
from_deuteration;t:Siight changes'have.been detected in hydrogen
bondvlength whenvdenteriumfis subStituted‘for'protium (Gallagher,
1958)  In some. react1ons the rates for deuterated substrates are
d1fferent from those of the1r prot1ated ana]ogues (Perelra FarJaz
& Jacobsohn, ]936 Thomson. 1960) It has been suggested that |
deuterat1on would resu]t 1n a marked decrease 1n the ‘rate of spon-
taneous genetlc mutatlon (ded1n, ]963) exper1menta1 ev1dence on
this po1nt is current]y contradictory (Pol]ard & Lemke, 1965
Jung, 1968). '

o The.potentfaifhaaards'that.deUteratiOn holds for a 1iving.

~cell are varied, and many of them must be biological novelties.

One‘cannot regard ft'as 1ike1y'that at'anyetime‘in'its evolutionary

-h1story an organ1sm found itself in a nutrit]ona] environment

highly enr1ched for deuter1um Thus, exp051ng a contemporary cell
to such an envxronment presents 1t W1th a threat to 1ts fundademta]
mo]ecu]ar organ1zat1on, which w111 not prev1ous]y have been en-
countered - » | | St

| Med1a h1gh1y enr1ched 1n 020 have 10ng been known to be 1nh1-
bltory to ]1v1ng organ1sms (Lewis, 1933) M1crob1a] stud1es have
appeared on the behav1our in deuterated med1a of algae (Weinberger
& Porter, 1954; Moses, Holm-Hansen & Ca]v1n, ]958, Walker & Syrett,
1959; Chorney, Scu]]y, Cresp1 & Katz, 1960 Cresp1, Archer & Katz..
1960; Katz, ]960) and bacter1a, 1nc]ud1ng E co]1 (Rittenberg & -

Borek, 196] Henderson 1962; Henderson, Dacus, Crespi & Katz,

1967). A summaryvof-many'bioiogical effects is given by Thomson
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-(]963);“Many questions renained'unanswered, and it seemed to us
of interest to investigate the effects of deuteration in such a
we]]%underStOod and'VerSatile*organme E. coli. We recognized at
the oytset_that“we‘were un]ike]y-to elucidate the whole story, and
indeed We:have not done so Nevertheless, a ‘number of 1nterest1ng
observat1ons ‘have’ been made, and we have no doubt that further '
1nvest1gat10ns into ;hese phenomena will 1ncrease-our-understanding

ofvfundamenta]-moWecu1ar'bio]ogiCa1vrea1ftie5f

© . MATERIALS AND.METHODS

Bacterfal;strains.‘5The?fo1lowing‘strains’of E°'cofi'Wére used;
their sourceS'and"genOtypes are noted: 300U (_~g_lfgfzix ) and
230U (~a5_1 o z x_) from Dr. J. Monod; 2000- o (lac 1_9_2 *y*) from
Dr. C. Willson; 3000--067 (lac i o 4 x_thr ; see Da91es & Jacob,
1968) from Dr. E. Steers, Cavalli (] _l_g_z x_met thy”) from Or.
A, S1mmons, E203 (carr1es ‘two or three.w11d -type 1ac operons) fromo
Dr.,A,_Novmck‘v»All genotypes were checkedvbefore use.

L

Growth media Med1a were based on m1n1ma1 med1um 63 (Pardee &

Prest1dge, ]961) When requ1red amwno aczds were added to 50 mg /1.
and thym1ne to: 2 mg /1 Carbon sources ‘were e1ther acet1c ac1d
5(33 mw) or g]ucose (1] mM) | | | | |

| Fu]]y deuterated med1a were. usua]]y made by d1sso]v1ng all the
solid components, and fully-deuterated acetic ac1d, in a minimal
voT.[ofA020 (99.8 atom % D). The pD waS“adjusted with solid NaOH to
7 (the pH thprOtonated medium'63) using electrodes SOaked for some

hr;"in_DZO,i (It is known (G]aSoe:&;LonQ; 1960) that a pH meter
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coup]edjto eleCtrOdes soaked fnsﬁéo gives a reading of pH - 0.4).
After some hr. at room temp. to permit comp]ete exchange of H
Tinked to N, 0 and S the so]ut1on was freeze-dried. The residue
wa5~d1sso]ved.1n a m1n1mum-vo].*of 99.8% 020 and 1yophilized again.
The residue nas'finaIIy dissolved in the required vol. of 99.8%
D20 and the D/H rat1o determ1ned by nuc]ear magnetic resonance
aga1nst standards of known compos1t1on The D/H rat1o was always
at ]east 200/1 even after the med1um had been used to grow cells. |
The 3H content, determ1ned by sc1nt1]1at1on count1ng, was never
more than. 90 nC1 /m] , and usua]]y Tess than 0.9 nCi./ml. Fully-
deuterated acetic ac1d was used as. the carbon source for most of
thus work ‘as it is by far the least expens1ve ful]y deuterated
carbon source acceptab]e to E co]1 Carbon sources other than
acetate, and supp]ements for auxotrophes,( were not enriched in D
at the non exchangeab]e pos1t1ons u
The on]y med1um we have used in which the carbon source was
fu]]y deuterated was the one Just descr1bed Th1s w111 be referred“
to as "all-D acetate medlum", and ce1ls grown in it will be des- '
cribed as “a]] -D cells". The correspond1ng med1a based on H,0 and
protio- acetate, and the cel]s grown 1n it, will be called “a]] -H -
| acetate med1um" and "a]] -H ce1]s"; respectlvely Medla and cells
other than these w11] be 1dent1f1ed separately
A A c]ose approx1mat1on to a]] D acetate med1um was achieved
w1thout the freeze -drying’ procedure D1sso]ut1on of a]] the medium
| components (as anhydrous salts) 1n 99, 8% 020 and adgustment of the
pD with so]1d NaOH reduced the enrichment of D from 99.8% to 99.43%.
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The aéditfoh of an a]];H carbohydrate at a concn. of 0,2% reduced
the 5Sénrféhmentvto.about'99;37% by equilibration of the exchange-
ab1e1H.liNon?exchahgéabTe H"in the Carbohydrate might contribute
more direét]y than H,0 in the medfhm to ce11u1an h.' Media were
sterilized by ffitratioh:thfaugh-dryhsferi1e membrane filters
(0.45 , pore size). |

Grdwth‘édnditions.s'Cellshwere'growh aerobically in stoppered vessels

at 37° withvagitatiah. Grthh'wasfméasuféd by 5650 inal cm.
cuvette us1ng a Beckman DK-2 double- beam spectrophotometer The .
va]1d1ty of measuring growth in this way is conswdered in the
Resu]ts sect1on Stock cu]tures were: transferred ever/ 3 days for
all-H cu]tures, and. every 7-14 days for-all- D cu]tures

In transferr1ng cells. from one medium to another dur1ng exper1—’
‘ ments, ‘they were harvested on a. membrane f11ter, washed extens1ve1y
in the new. med1um, and resuspended 1n the latter. The.temp.,was '

maxnta1ned at 37°,dur1ng these'man1pu1at1onsp_;

Induct1on ‘and assay of B-ga]actos1dase The lactose enzymes were

1nduced with 0.5 - 1 mM—1sopropy1th109a1actos1de (IPTG) which,

while npt,enr1ched in D, was d1sso1ved in DZO. Samples for assay‘
of ethmé'activity wehé'takeh as described»by Pa1mer & Moses.(1968)
D fferential rates of 8- galactos1dase synthes1s are . expressed as P
v‘Vc]UGS “increase in nmo]es ONPG hydro]ysed/m1n /m] cu]ture/lncrease .

v1r E650 (Herzenberg, 1959)

che1]1ng_w1th rad1oact1ve precursors For cumu1ative Iabé11ing,
cells were grown for the deSIred-per1od in thé presence of the

labelled precursor. 1Samp1es were taken at"intérvals-ihto an equal
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vol. of 10% (w/v) trichloroacetic acid at 0°, and held on ice for
1-3 hr. They were then filtered and the precipitated radioactivity
measured in a.scintillation counter (Moses & Prevost, 1966). For
puiseslabe11ingeexperfments, semples (0}5 mi.) of tne growing
culture were mtXed{witH*O;OI ml. of the precursor solution. The
cells were shaken at 37° for an appropriate period, and incorpora-
tionjtermtnetedfby_the addition.of an equal vol. of cold 10% (w/v)
,trichloroacetic,acid containihgtun]abel]ed precursors. They were
then treated as above. | |

" When a labelling experiment was belng performed WIth an a]] D

cu]ture “the labelled compounds were d1ssolved in DZO

_Ce]]'size‘measurements.? Ce}l sizes were determined with a modified
Cou]ter-type‘partic]e-counterfconnected to a:pu1se'height analyser,
read-out unit and plotter, similar to that descrlbed by Harvey &

Marr (]966)

Am1no ac1d analysiS' Cells in exponent1a1 growth were harvested by

'centr1fugatlon and extracted for 30 min. at 45° with 75% (v/v)
ethanol. This treatment extracts free amino acids but very little
protein (Roberts; Abelson, Cowie. Bo]ton & Britten 1955) The
solids were then sedlmented by centr1fugat1on and hydro]ysed with
6 N- HCT at ]10° for 8 hr in sea]ed tubes in xggug After cooling,
“HC1 was removed oy evaporat1on under reduced pressure the residues
dissolved in water and again evaporated to dryness They were
f1naa]y d1sso]ved in citrate buffer, and the amino acids separated
with an Amino Ac1d Ana1yzer Mode] 120C (Beckman Instrument Co.,-

Ful]erton, Calif., U S. A )
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So1ub1e;pr0tein profiles. After harvesting, the'cells were dis-

‘rUpted by;sonication;and‘the'soluble'proteins‘separated by electro-
phoresis in polyacrylamide ge]’(Moses'& Wild, 1969).

Preparations of g-galactosidase. Crude extracts'were’prepared

from ]ate'exponential'cultures The cells were washed and sus-
pended in. fresh all H or a]] D medium as. requ1red They were |
d1srupted w1th a French pressure cell, and ce]l debris removed by
centr]fugat1on ' ; | .

Pur1f1ed preparationsfwere made with the hyper-pruducing'strain
£203. B—Ga]actosidase”produced by this strain shows a normal KM-
value and thermal 1nact1vat1on profile (Hor1uch1, Tom1zawa & Nov1ck
'1962) A]] D or a]] H ce]]s from a late exponent1a1 culture were
concentrated several fo]d in the appropr1ate medium supp]emented
wuth 0.01 M 2- mercaptoethano] (Craven, Steers & Anflnsen 1965)
The ce]]s were - d1srupted by son1cat1on at 0°. Prote1ns in the ce]] (
extract were separated on cy]1ndr1ca1 polyacry]am1de ge]s ' Sta1n1ng
'_w1th Am1do black of ge]s from induced and un1nduced ce]ls showed”the
presence in induced ce]]s of an add1tional prom1nent band corres-
.pondlng to the pos1t1on of g~ ga]actoszdase (Fa1rbanks, Levinthal &
Reeder; 1965; Craven gt_al,, 1965; Moses & Wild, 1969). To detect
the enzyme on unstained ge]s,'they were rolled on filter paper
moistened with:a'so]ution'of g;nitrophenylga]actoside'(ONPG).' A

fair]y'sharp yellow band appeared on the gel correSponding to the

p031t1on presumed from the sta1ned gels to be that of B- ga]actos1dase.

The enzyme was extracted from the 0NPG-sta1ned part of the gel by

homogenizat1on_1n the desired buffer. Ana]ys1s of these solutions
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by gel efectrophoresis Showed_the presence of a major sharp band
of sega]actosidase‘ mindr:handslof's ga?attosidaSe were sometimes
detected (A]pers, Steers. Sh1fr1n & Tomk1ns, 1968) The enzymic
'act1v1t1es of the preparat1ons were determ1ned as above, and the
prote1n}content,measured‘byhthe method-of Lowry, Rosebrough, Farr
-&,Randa}],(IQSJ), using standards of bovine serum albumin.
Resgiration;~ The rates of 0, uptake were measured in standard
WarbUrg»manOmeters; :Allfsolutidns were enriched*with D to the
.appropriate-degree’~‘Thus. the-so]utions offKOH used to absorb
resp1ratory CO2 had the same D/H ratio as the medium in which the
cells were suspended The fi]ter paper concertinas used to aid
C02 absorpt1on were dehydrated at ]10° and equ1]1brated after cool-

.-,1ng over. DZO/H 0 m1xtures of the appropr1ate ratlos

Chem1ca]s and rad1ochem1cals A]],]abe]]ed,precursors were from
New Eng]and Nuclear Corp., Boston, Mass. L, U S.A. ~ IPTG and ONPG
were obta1ned from Ca]blochem, Los Ange]es Calif., U.S.A. 'DZO
(99. 8% atom % D) and. deuteroacet1c acid (99 5 atom- % D) were from
Internat1ona1 Chemical and Nuc]ear Corp , City of Industry, Ca]xf
U.S.A. |

RESULTS -

“Growth in deuterated med1a

' Ad;ptatlon to deuterated med1a

Cons1derab1e var1ab111ty was observed in the rapidity with which
cells adapted to growth in deuterated medla. No strain was consistently
more adaptable, and the same stra1n on different occasions demonstrated

widely d1ffer1ng capac1t1es to adapt.
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l~Génefa]]y, cé]1s wauld ﬁot grow Qhen'transferréd-from all-H

acefatefmedium-dffect]y into all-D acetate, though they did so 
occas1ona1]y A training sequehéé was reduired in;which'aelis were
grown consecutxve]y in med1a containlng 50, 75, 87, 94, 98 and 99.8
atom % D. Occas1ona1]y,;growth would fail to continue when the
enricﬁment with D excéedéd 90 atomv%_D. 'Tﬁe abflity;to grow}in
aI];Diaéétaté‘withouf tfafnﬁng was nOt‘affeéted'by jnoculam size;

The effects were tested of adding‘atnumber of amind acids,
singly or in' combination, on the abflify of cells to grow on first
exposure to al1-D atetateg' Casein hydrolysate (1_mg./mT;)'¢1éar1y
permitted growth at aboatfsd% of the rate of cells from the same
: batch‘ihoculated into all-H acetate Cantaining this mixture. In-
~_vest1gat1on of the effects of individual amino ac1ds ~and of some
palrs y1e]ded errat1c resu]ts on]y |

The spec1f1c ‘effects. of deuterat1on of the acetate on the 1
»growth of ce]]s in deuterated and protonated med1a were also
stud1ed Ce]]s prev1ous]y grown in a]] ~H acetate med1um were
xnoculated into deuterated or protonated media conta1n1ng CH3COOD
'CD3COOD CHg CO0D or CH3C00H Table 1 shows-that there was a marked
1nh1b1t1on by [CD ]acetate in deuterated med1um, with a slight
1nh1b1t1on in protonated medlum o

| | - [INSERT TABLE 1 NEAR HERE] |

After adaptat10n to all-D acetate was complete, the growth
rate was typically 0.]7 - 0.25 doub]1ngs/hr,,.compared with 0.4 -
O;S-doublings/hr. in'aT]—H medium. On BaingAreturned from a]]fo«
acetate to all-H acetate; no growth lag was obsebved‘and, indeed,

an abnormally high rate of growth was usually obtained (0;56‘-'0.77v



ddub]fngé/hr;).' The rate ot loss of'adaptatioh_to deuterated
medihm weévmeaSUred by transferrihg ce]Ts grown in al1-D acetate
to all- H‘acetete At varlous times thereafter, the1r ab111ty to
grow w1thout ]ag in a]] D acetate was examined. Table 2 shows

| that 1. 5 -2 generat1ons of growth in the absence of DZO were .
suff1c1ent to abo]wsh comp]etely adaptat1on to al] D acetate.

| | [INSERT TABLE 2 NEAR HERE]

W1th g]ucose 1nstead of acetate as the carbon source, growth
in hlgh]y deuterated med1a was much more readily ach1eved though
it must be noted that we did not use fu]]y—deuterated glucose |
In-one exper1ment, ce]]s of 300U growh in a]]—H acetate were'f11—
| tered;fwashed,'and inétulated into protonated and deuterated medfa
COntaining:glucoSe ~ The rates of growth were 0.94 and 0.26 -
doub]1ngs/hr R respect1ve1y, there was no s1gn1f1cant lag period.
Cells grqwn-rn g]ucose media d1d not ]ose their ablltty to grow in
a highjy deuterated,medium“After a period of greWth'in a protonated
environment. A cuTture'of strain 300U, grown-for many generations
in DZOfQTucose medium, was resuspended in HZO—glucqse medium. At
intervals, pdrttons'of'the culture were filtered, washed and resus-
pended ih DZO-glucoee mediﬁm."Table'3ishOWS'that the grcwth rates
in deuterated med1um actua]]y 1ncreased after a per1od of growth in
protonated med1um

~ [INSERT TABLE 3 NEAR HERE]

Respiration in deuterated media

_ The rates of oziuptake’were measured in cells grown in all-H

acetate. The cells were harVested, washed and suspended in aj]—D
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acetateA: Sahpies (0 2 ml ) were p]aced 1n the s1de -arms of pa1rs
of warburg flasks, the main compartments of wh1ch conta1ned 1.8 mi.
med1a of appropr1ate D/H ratios to nge, on m1x1ng, enr1chments of
10, 60, 80 90, 95 and 99.8 atom % D. One flask from each pair
onta1ned ch]oramphen1co] (100 pg./ml.); the antibiotic was |

omitted from the other flask of the pair. KOH/KOD in H,0/D,0

mixtures of the apprOpriate‘D enrichments were added to the centre-

wells to absorb CO2 " The cells were mixed with'thefmedium,’and 02
uptake followed for 135 min. at 370, Ffj 1 shows the tdta] vol.
of 02 absorbed dur1ng the exper1ment, in the presence and absence
| o "[INSERT FIG. 1 NEAR HERE] |
oftchibrampheniCOl, as avfunctfon of enrichment with D. In the
preSehce bf‘chfcrahphehich;-gfowth‘was blocked and 0, was 1inear.
- with time. In the abSenceVofxthe.inhibitor, the cells were able
.to grcw; and thérates'ofﬂo2 consumption gradua11y fncheased
Thus the rat1o O2 uptake w1thout chloramphenlcol 02 uptake with
ch]qramphen1col prov1des an 1nd1catlon of the extent of growth
during the-eXper1ment F1g 1 shows that the-inhibition of growth
by deuterat1on closely para]]e]ed the inhibition of resp1rat1on
We conc]ude that the inability of ce]ls to ox1d1ze acetate on
initial exposure to a]l -D acetate- med1um const1tutes at 1east part
of the reason for their failure to grow. |

-In a s1m1]ar experiment, the ab111ty of cells to_oXidize
[CDé]acetate_and1[CH3]acetate was compared. Table 4 shows a slight
‘consistent inhibition by [cD;]acetate. | |

| * [INSERT TABLE 4 NEAR HERE]
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Protein/DNA ratios in protonated and deuterated cells

.Ofgel (T964) suggested that adaptationito'deuteration invo]yed
the'dereptession of many enzymes'whose catalytic activity would be
1mpa1red by deuterat1on He pred1cted that a consequence would be
an 1ncrease in the prote1n/DNA rat1o

] Deuterated and“protonated Tines of CaVa]]i'strain were grown
in media containing’t-[] CH3]meth1on1ne and [C H]thym1ne This
auxotroph1c stra1n requires both these precursors so that all of
these components 1ncorporated 1nto macromo]ecu]es wou]d have the

same spec1f1c rad1oact1v1ty as the precursors t has been shown

(Moses & Calvin, 1965) that essent1al]y all the *C from L- []4CH3]

meth1on1ne is 1ncorporated 1nto prote1n meth1on1ne Fig. 2 shows

that cells fu]]y adapted to all-D acetate 1ncorporated 2.1 times

more methion1ne/mole of thym1ne than d1d those grown in all-H

acetate
[INSERT FIG. 2 NEAR HERE]

Amino ac1d compos1t1on of protonated and deuterated cells

The molar proport1ons of amino acids in hydro]ysates of cells

‘grown in alleHAacetate'and}all-D acetate are shown in Table 5. The

va]ues forfa]14H acetate'agree‘close1y with those-giVen‘by Roberts

' INSERT TABLE 5 NEAR HERE]

' _t_g_ (1955) Few d1fferences were observed between protonated -

~and deuterated cel]s, except for meth1on1ne The lower proport1on

of methionine in the protein of the,deuterated'ce]]s indicates
that the increased protein/DNA ratio shown.in_Fig. 2 is a minimum

value.
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It can be ca]culated from the data of Tab]e 5 and Fig. 2 that

the 1ncreased proteln/DNA rat1o in deuterated ce]1s is large]y

the resu]t of more protein ratherfthan less DNA As wou]d be ex-

pected from such a result, deuterated cells were larger than those
grown in protonated medwum Fig 3 shows size d1str1but1ons,

| correspond1ng to cell vo] 3 u51ng a s1mu1taneous pulse-height

[INSERT FIG. 3. NEAR HEREJ

analyser with a Cou]ter counter At statlonary state, the peak

vol. of deuterated ce]ls was about 1 5 t1mes that of protonated '

cells. ’ ' o | | -

Cata]ytfc‘properties of'protonated'and deuterated B-galactosidase

The Michaelis constants (KM) Of'e ga]aétosidase from protonated

~and deuterated ce]]s of straln 3000-067 were measured in 020 and
H20 Flg 4 illustrates a slight solvent effect on the K of the
protonated enzyme whlle the effect on the deuterated enzyme was
smaller and probably not s1gn1f1cant ' |

| | [INSERT FIG. 4 NEAR HERE]

Tab]e 6 shows that the turnover numbers for the cata]yt1c
activities of protonated and deuterated enzymes, measured in HZO’
were essentially identioal - The value for. the protonated enzyme

S [INSERT TABLE 6 NEAR HERE] '
was some 40% hlgher than that reported by Cohn (]957) and may re-
f]ect a greater.purtty of our preparation.

'Synthesis of DNA, RNA and protein:

The exposure without prior adaptatiOn of all-H cells to all-D
medium rapidly terminated the synthesis of RNA and protein, the

induced synthesis of g-galactosidase, and the inorease of turbidity
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(Fig. 5) | The transfer of D adapted ce]ls to all-H acetate pro-
duced a rap1d increase in RNA and prote1n typ1ca1 of a growth
| [INSERT FIG. 5 NEAR HERE]
upshift.(éfg::a). The spec1f1c rate of RNA synthesis declined after
about 0d5fgenenatidns”in'prOtonated medium. DNA Synthesis'was de-
1ayed and showed na marked 1ncrease until nearly 1. 3 generations

[INSERT FIG 6 NEAR HERE]

"~ in protonated med1um When deuterated cells wh1ch had been grown

for 1.7. generations in a]l—H acetate were returned to all D medlum.

the synthes1s of al] macromo]ecules was reduced to a low rate

(F]g 6)»A Both growth and the 1ncorporat1on of precursors into
macromo]ecu]es were lower 1in deuterated medium after exposure to
protonated med1um (cf. Tab]e 2).

The s ;ynthes1s of 8- ga]actos1dase in deuterated med1a

Exper1ments to Study the synthes1s of 8- ga]actos1dase have con-
vent1ona]1y relied on measurements of enzyme act1v1ty as an indication
of amounts of enzyme prote1n (Monod & Cohn, 1952) ~ Having shown that

the spec1f1c cata]yt1c act1v1ty of deuterated B-ga]actos1dase is

: essent1a1]y 1dent1ca1 to that of the protonated enzyme (Table 6),

‘we have.used the same approach for 1nvest1gat1ons of g-galactosidase

synthesis. in deuterated systems

Ratesuqf‘s-galactos1dase synthes1s

The differential rates of Bdgalactdsidase synthesis with and
without IPTG (0.5.- 1 mM) were compahed in several strains before
and after 30- 50 generat1ons of growth in a]] D acetate. No signi-
f1cant changes were observed in 300U, 230U, 2000-67 and Cava111,

although the growth rates were much lower in deuterated medium.
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Thus,.s-ga]actosidase synthesis was reduced in cells adapted to
a]]—Dlacetate to the Same degrée as that df.other proteins,'with
no additioha] diScriminatidh agaihSt this enzyme. After more pro-
1onged periods of adaptat1on to all-D acetate a discrimination
was observed, and thIS is dlscussed below. |

B~ Gasactos1dase synthes1s in shifts to and from deuterated media

Ce]]s from a fu]ly deuterated cu]ture of strain 300U were trans-
ferred to all-H acetate med1um and grown for more than 20 generations.
IPTG was added during exponent1a1 growth to establlsh the induced
d1fferent1a1 rate of enzyme synthes1s The ce11< were then trans-
ferred to all-D acetate med1um conta1n1ng IPTG The growth rate
fe]] from 0.68 doub]lngs/hr to 0.10 doub]1ngs/hr s and the P va]ues

-for g= ga]actos1dase synthes1s from 3000 to about 450. After 2.5 hr.
in deuterated med1um the cells were rep]aced in all-H acetate’ con-
ta1n1ng IPTG; growth 1mmed1ate1y acce]erated to 0 80 doub11ngs/hr s
with a P value of 3800 (Fig. 7) o
o | [INSERT FIG. 7 NEAR HERE] -

When 1nduced ce]]s of a stra1n fu]ly adapted to deuterated
medium were transferred to protonated medium containing 1nducer,

‘the increase in grthh-rate (0.11 to 0.43 generations/hr.) was not
matched by a correspond1ng 1ncrease 1n the P value The latter fell
- from 6000 to 1650 (Fig. 8). -
[INSERT FIG. 8 NEAR HERE]

Kinetics of efgalactosidase synthesis

The induction lag in deuterated cells was about 3 mih. (Fig. 9),
corre spond1ng c]ose]y to the we]]-estab11shed value for protonated

[INSERT FIG 9 NEAR HERE]
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cells, (Pardee & Prest1dge, 1961; Boeii & Cowie, 1961; Branscomb
& Stuart, 1968). B o

The kznet1cs of B ga]actos1dase synthes1s were 1nvest1gated
f0110w1ng removal of 1nducer (Kepes, 1963' Nakada & Magasan1k
1964) Ce1ls from a deuterated culture of stra1n Cavalli were
returned to a]] H med1um and ma1nta1ned for severa] subcu]tures
Exponentla]]y grow1ng ce]]s 1n al] D acetate and al]-H acetate
were induced w1th 0.5. mM- IPTG After 1ncubat1on at 37° for 75 sec.,
' port1ons of each cu]ture were fa]tered through M1111pore filters
'(1 2 b pore s1ze), and. rapldly washed four times w1th IPTG free
med1um of the same 1sotop1c content as that in whlch they had
: been,grown. The f11ters-were b1sected,vand_the cells from one
han resusbended withIShaking'inwan D acetate, ahd from the other
ha1f in all:H acetate, both at 37° thhout 1nducer ' The filtering
procedure was carr1ed out at 37° and took 30 45 sec Samp]es were
| taken from each suspen51on into ch]oramphen1col for later measure-
'ments of g- ga]actos1dase act1v1t1es.: Measurements were made of
.E650‘for.each-suspens1on 1mmed1ate1y‘after resuspension; enZyme
actinties were}]aterfnormalized'to consfaht Eggp- (It was shown
separately that'a.samp1e Of;eells diluted into all-H or all-D media
.gaVe‘fdehtical Eeso values.) Fig. 10 shows that cells induced in
all-D medium produced equal quantities of enzyme when resuspended,

N [INSERT FIG. 10 NEAR HERE] |

after removal of inducer, in either'protonated orideuterated medium.
However, cé11s induced in all-H mediuu consistently yielded more ‘

; enzyme'in'protonated‘than in deuterated medium. For cells induced
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in a]] H acetate, decay p]ots of the fa]l in the rates of enzyme'
synthes1s w1th t1me, after remova] of 1nduter, showed half- t1mes
at 37° of 2. 0 and 2.2 m1n. for ce]]s 1n protonated and deuterated

med1a respect1ve1y (Kepes, 1963).

| D1fferent1a1 rate of g- ga]actos1dase synthes1s versus 1nducer con-
centrat1on “b | | ) - | . 4

, Herzenberg (1959),;using permease1ess straihs, tound that the
rate’ofienzyme synthesis was max; at about 0.4_mM-IPTG, and_ha]f |
max. at about 0.16 mM—IPTG.”'Usfhg‘the permeaseleSS strain 300U, we

have measured the induced rates of enzyme synthesis 1in deuterated

“and pfotonated'media.at ibducer’EOnch. below 0.1 mM. . The protonated

cuTturevqf 300U used fof this experiment was dheVWhich_had earlier
been:fa11y.aaabted.tetdeUterated medtum; and.then grown for several
genekatibns in protdnated ﬁedium - Fig 11 shows that IPTG at Tow
concn. was s1gn1f1cant1y more effective as an 1nducer in deuterated
cells. than it was 1n protonated cells.
[INSERT FIG. 11 NEAR HERE]

| 'th, 11.a]so-shows_an.unusuallyrhjgh-tevel of inductior at
Avery Tow IPTG cohcn..gremtniscent of*the behaviour of 2? ce11s‘
' (Hekzenberg, 1959). . We therefore investigated the allelic state of
the x_gene'in our strainV Herzenberg (1959) found that in.the xf
t'stra1n ML30 the 1nduced rate at 2 x 1073 M-1PTG was 70% of that at
4 x 10 -4 M-IPTG; Branscomb & Stuart (1968), us1ng the crypt1c strain
'3OOU obtained from us before any h1story of growth in deuterated

5

medium, observed that at 2.5 x.107° M-IPTG the rate was 41% of that

at 2 x ]Of4 M-IPTG. From Fig. 11 one can_ca]cu]ate ‘that in our
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system the 1nducer concn. g1v1ng 41% of the rate at 10 4 w- IPTG

-5

was 2.3 x 107> M. Thus, our resu]ts correspond to the x_ state,

rather'than the x_ Further, Herzenberg (1959) showed that, 1n'1

-3 M and be]ow) there .

cells 1nduced at ]ow 1nducer concn (2 x 10°
was a per1od (about ] generat1on ]ong) of 1ncrease 1n the d1fferen-
twa] rate of enzyme synthes1s before a constant rate was atta1ned

Herzenberg (1959) Pardee & Prestidge (1961) and Branscomb & Stuart

(1968), uszng x; ce1ls, a]] showed that a constant rate was attained

with 3 min. of add1ng inducer. Our cul tures behaved in the A
: manner when inddcedxat Tow concn of inducer (Flg. 12) We a]so

' grew our deuterated stra1n of 300U on eos1n—methy1ene blue-lactose

[INSERT FIG 12 NEAR HERE]
A4

_agar'plates Each of 10° co]on1es exam1ned was light p1nk in colour;

a x_ stra1n spread -on p]ates of the ‘same- batch of medium produced

on]y dark co]on1es. F1na11y, R N Stuart (persona] comm1n1cat1on)

has found max 1nduct1on w1th a x, stra1n at 107 5 M-IPTG. A1 these

tests therefore suggest that our stra1n was st111,1

However, 300U, both from our ‘deuterated stocks and in other

'stud1es,vhas been found to grow slowly on lactose-minimal medium

without ‘the setection of xf“revertants as. determined by the colour .

of co]on1es on eosin- methy]ene blue- lactose agar. One criterion

~for the existence of permease funct1on in 1nduced ce]]s is the

ratio ofjsega]act051dase_act1v1ty with and without pr1or'treatmentv

with toluene or detergent. For a number of y' strains we have
found}at-37° that measured enzyme activity}without detergent was 15%

of that with detergent;'with Yy strains the value was about 2%.
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In stra1n 300U with no h1story of. exposure to deuterated med1a,
the value was_3.]% whw]e our deuterated stocks showed a value
of 204 | |

It appears poss1b1e from these data that two consequences
result from deuterat1on which are not readily reversed on return1ng
the ce]]s to protonated medlum One is a greater aff1n1ty of the
lactose 1nduct1on mechan1sm for 1nducer The other is-an'eitera-
tion of cell membrane propertles permlttlng a more rap1d entry of
ga1actos1des but w1thout the intervention of permease Further
work will be necessary to substant1ate these conc1u51ons and e]uc1-
date the mechan1sms involved. |

Effects’ of_pro]onged growth in deuterated med1um

As noted above, max1mal P values for al] stra1ns grown for 30 50

generat1ons in a]T-D-acetate were about 3000, a typical value found

for protonated strains nevervexposed to deuteration. After prolonged.

growth (more than-about 100 generat1ons) in. al] D acetate med1um,‘
the induced P values_for the inducible stra1ns.3OOU and Cavalli,
and thé,partia] (9%)ioperatorfconstitutive mutant 2000-027,-fe1]'to
very'low_]evelsvof 2<5 even in the presence of 1 mM-IPTG. The hasal
1evels‘remained unchanged at P = 1. Sucha decline did not occur
withvstrein 230U,,the'on]yVregu]atoreconstitutive'strain tested.
With the latter, the P va]ue.remained:at'ZOOO efter'more than 200
doubTings'inva]i-D acetate medium. |

This phenomenon was examined in SOme_detai] in strain 300U.
‘The loss of.inducibi]ity was a function of growth in deuterated

medium,_not growth on acetate. None of the strains showingvloss of
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inducibility in'alléu acetate demonstrated a loss after hundreds
of doublings in a]J-H acetate. After some 120 doublings in all-D
acetate‘zihe 1ndu¢ed p Va]dé'was abouf 2. Transfer’of such cells
into all-H acetate for 20 doub11ngs y1e1ded 1nduced P=1-2. When
those ce11s were then grown 1n all -H g]ycero] medium, the induced |
P value reached 2000 after a few doub]1ngs. If the deuterated
ce]is in ai]-ﬁ’acetafe witﬁflow P véﬁhes were transférred directly
to all=H glycerol, the induced P value reached 2500 after 10
doubiihgs,’anda3000 after 20 doubTings. Subculture of the latter
in'aTT—H"acetate'theh agéfﬁ reduced the P vaTue to aont 10 in a
few gehékations- The un1nduced P values in a]] these cu]tures ‘
were dboutA1 These results are summarwzed in Fig. 13. Each arrow
indicates one. subcu]ture prov1d1ng for 10-20 doub]1ngs |
| '[INSERT FIG. 13 NEAR HERE]

e sought to ascerta1n whether the low P va]ues in acetate
med1um resu]ted from a fa11ure to synthes1ze enzyme prote1n or
from the synthes1s of a proteln dev01d of catalytic actlvity
The so]ub]e protein profiles of cells from the different cul'tures
were'séparated_by e]ectrdphoresis in‘pd]yacryTamide gels. Densi-
tometér scan tracings-are Shown in Fig 14, Figs. 14 A énd B show
the 1nduct1on of* act1ve enzyme in cells. grown in. al]-H g]ycero]
| v’ | [INSERT FIG 14 NEAR HERE] v o
Thefprominent'peak at 1 cm. had a 51m1larfmob1]ity-to that reported
in gel separations with purifiéd B-Qalagtosidase (Créven et al.,
1965). and with eniyme in cell éxtracts (Fairbanks et al., 1965; Moses
& W11d 1969), it travelled with the ‘same mob111ty as the
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g~ galactos1dase detected d1rect1y on ge]s by ONPG hydro]ys1s (see
Methods), and it const1tuted a cons1derab]e fract1on of the soluble -
prote]n. We are thus confident that this peak represented s-
ga]actbS1dase. Fjgs. 14 Cvand D, and Flgs. 14 E and F show that -
a prominent eomponent,.with a simi]ar'mobi11ty,,was‘induced by
IPTG jn those cu]tuhes (both in 020 and 1n.H2b)'Whieh'showed no 8-
ga]actdsidase-activity Thevloss of inducibility was, therefore, .
due not to a fa1]ure to synthes1ze g- ga]actos1dase protein, but to
1ract1v1ty of the proteln SO produced | ' |

| Compar1son of F1gs 14 C and E suggests that a number of
differences estt between the soluble prote1n profiles of pro— 2
tonated and deuterated ce]]s | S1m11ar 1nd1cat1ons have been ob-
ta:ned from other exper1ments, but these dxfferences have not yet

been r1gorous1y exam1ned

DISCUSSION

The genera] nature of. adaptat1on to deuterat1on

Many studies have ‘been made of the effects of D 0 on infdividual
enzymegreact]ons (Thomson, 1963). Theoretical max. values of
kinetfc_isotope effectsv(kH/kD) at 30° are 7, 8 and 10 for reactions
in which the rate-]imiting3steps.break'C-H,.N-Hhand 0-H bonds, res-
pectively (Wiberg, 1955). Tybica] experimentalzvalues fohienzyme-‘
reactions‘jn;!itgg!have been in_the range 1-3 (Thomson, 1963).
nedr]y a]] these studies the system employed protonated~enzyme and
© substrate in deuterated so]vent, so that the kH/k values were, in

a w1de sense only solvent effects.
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Rdttenoerg &‘Borek (1961) prepared ce]] free extracts from
cells grown on a medium similar to our a]l-D acetate The prepara-
tion cata]ysed oxxdat1on of succ1nate by ferricyanide, and the
rate of succinate ox1dat10n was the same with tetradeuterosuccinate
and a1]-protonated»succ1nate A similar system from protonated
cells ox1dised protonated succ1nate twice as. fast as deuterosucc1nate
Thus, the fully- -deuterated enzyme was better f1tted to catalyse
reaction with the deuterated succinate, whjch, of course, was its
substrate in uivo '7 | v | | | _

One can env1sage many poss1b]e ways in wh1ch deuterat1on might
' affect ce]]u]ar act1v1t1es. Among these are hydrogen bond1ng be-
tween nucleic ac1d bases, affect1ng the rate and f1de]1ty of the
rep11cat1on and transcr1pt1on of DNA, and of other react1ons in-
» vo]v1ng nuc]elc acids (Ho]]and & Anton1, 1968) hydrogen bonding
changes a]ter1ng the conformatlon of prote1n mo]ecu]es (Hattor1,
Cresp1 & Katz, 1965 Tomlta R1ch de Loze & B]out, 1962); a]tera—
tions to the quaternary structures of macrostructures, and changes
in the network of metabo11c act1v1t1es resultlng from changes in
the activities and quant1t1es of‘enzymes.

’Adaptationgto deuteration iS'rather'a rapid pr0cess, and is

unlikely to 1nvo}ve se]ect1on of D-re51stant mutants However,

.prolonged growth in deuterated media m1ght do so, a]though it is
difficult to 1mag1ne their nature. _It seems un11ke]y that any
‘evo]ut1onary ancestor of E. coli became adapted to media conta1n1ng
99.8 atom % D, and the existence of dormant genes for 11fe in DZO
thus seems improbable. Nor is there evidence of mutants arising

during growth in DZO‘ Once adaptation was complete in a few.
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generattons, no increase in grthh rate vas'observed during hundreds
~of douhiings in 020; Athity to grow-in DZO resnlted.in no loss of
abifity~to grow in Hzo chndv most”conc1nsivé1y,-adaptation to D,0 -
was 1ost for ce]]s 1n acetate medium, after only 2 doub11ngs in
protonated med1um | | |
Orgel (]964) has proposed a general qua11tat1ve theory of

adaptation to.w1despread metabo]1c d1sturbances, such as those re-
sulting from growth 1n D20 He postu]ated that no s1nq1e react1on
is critically 1nh1b1ted but that many are s]owed to S(me degree
Short-term adaptat1on cannot ConSISt of genet1c se]ect on because
there isa neg]1g1b1e probab1l1ty that pre-ex15t1ng mu' tants are
present for all the affected enzymes. | Stepw1se mutation and
se]ectlon are conce1vab]e but wou]d take many generatlons, and as
has JUSt been shown, are to be neg]ected here. 0Orgel suggests that
w1despread derepressaon of enzymes is a ]1ke1y mechanism for physio-
:]ogica]'adaptation Thus,vthe'10wereditnnnover rates of affected
enzymes m1ght be. part]y or fu]]y compensated by an 1ncrease in
the1r.concentrat10ns An expected consequence is a hxgher ratio
of protein to DNA.. This has been reported for cells adapted to
trif]uono]eucine (Rennert-&»Anker;~1963),.in which the ratio in-
creased threefold; our results for deuterated cells have shown a
twofo]d 1ncrease .

 Extensions of Onge]'s prdposalvmay be used to account for
- some of our findings. We have often observed that cells grow par-
ticularly rap1d]y in HZO when they have been ‘adapted to D 0 a
phenomenon wh1ch.may_resu1t from cells possessing increased quanti-

ties of certain enzymes. The loss'ofvadaptation to DZO after only



=25-

2 doublings in H,0 may also be considered in the.Tight of this
theory. One might envisage 3 reaSons'for this'ToSSi' (1) Adapta-
‘tion to deuterat1on depends only upon deuterat1on of metabolic
1ntermed1ates Were th1s the case, one would expect a rapid loss
of adaptat1on on transfer to protonated med1um, s1nce 1ntermed1ary
v metabo]]c react1ons are rap1d The rep]acement of deuterated
metabo]jtes-by~their protonated COunterparts woufd be eXpected to
~occur in minutes; not in hours. (2) Adaptat1on depends on altered
5 conformat]ons and other structura] character1st1cs of deuterated
macromo?ecu]es If this _were true one wou]d not expect adaptation |
to be 1ost o) rap1d]y After 1, 1.5 and 2 generat1ons of growth |
in HZO 504,»33% and 25% of the macromo]ecu]es wou]d st11] be deu-

 terated at the non- exchangeab]e p051t1ons Yet the growth lag in

DZO was a]ready 5 hr. after 1 generation in HZO and became very
~Tong 1ndeed after 2. generatlons (Table 2) (3) 1f adaptation de-
pended on the re]at1ve amounts of the various cellular proteins

its loss cou]d be more readily understood. A]though adaptation
m1ght result in some enzymes becom1ng more efficient in D0, it is
improbable that many wou]d do S0, “and’ 1t is likely that most wou]d
remain inefficient. Orge] s theory suggests that these var1ous]y
1neff1c1ent enzymes are produced in var1ous]y greater y1e1d which
need not be in proport1on to the1r 1neff1c1ency “Almost certa1n1y
they wou]d still be able to function. better in HZO ‘than in 020
Thus, on return1ng the cell to. H20, it wou?d be ~enzymically un-
ba]anced and wou]d so adjust its protein synthes1z1nq activities

as to bring itself back to that ba]anced'content of macromolecules



- 26~ _

which is the result of a tong evo]utlonary h1story in H20 It
fo]]ows that while a ce]] may yet contain a cons1derab1e fract1on |
of 1ts macromo]ecu]es 1n the deuterated form, the relative distri-
bution of macromo]ecu]es may no- 1onger be appropr1ate for growth
in DZO’ and adaptatxon is 1ost |

Orge] S theory wou]d not pred1ct equa] derepress1on for a]]
enzymes. = Some of them may not be s1gn1f1cant1y 1nact1vated by 0,0,
and there wou]d be no metabol1c need for increased derepression.
On thevother hand, some enzymes-mlght be.derepres;ed w111y—n111y -

by virtne ofbbeing naft of a reguTon that is derepressed to.provjde

sufffcient amounts of one of its other enzymes. An adapted deuterated

-ce1l m1ght therefore be very dlfferent from a protonated one, and
p0551b]e ev1dence for th1s has been found in the so]ub]e prote1n
profl]es (Flg ]4) Some re51due of a dlfferently balanced macro-
mo]ecu]ar content and range of act1v1t1es m1ght pers1st for many
generatjons after changing from a deuterated to a protonated
medium; 'Again,>We have'bbtained evidence_oftihis in the foée.
after:pro]qnged QfowthlinzbéQ, of 3-ga1aetosidase inducibility,
which pensisted affer the cells were transferred to protonated

acetate medium (Fig. 13). It has also been found, with strain 300U.

in protonated medium,'that.some featdres of.the‘so1ub]e protein pro-

: file characteristic of growth in one medium survive for at least

12 generations bf growth-in.another (Moses & Sharp, f97 ).

Effect.of“deuteration’on'trané1ation
Our evidence,suggeSts'that'deuteration'has little effect on

the rate ofvtrans;riptiOn;‘ Recent data by Manor, Goodman & Stent

* .
nolens volens
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(1969) indicate a period of 1-3 min. to as'sen'iblé‘j_g_é mRNA.  Since
indueed enzyme first appeers.B min. after thedaddition of inducer
(Brénéeomb & Stuart 1968) most of. the de]ay may be ascr1bed to
the synthes1s of message We found that deuteration had no effect
on the 1nduct1on lag, and conc]ude that the rate of transcription
was probab]y unchanged. |

' In;Cdntrast there"iéyddme'evidence'that'mRNA synthesized in
a protonated env1ronment is trans]ated more slowly in deuterated
- than in protonated med1um. mRNA made 1n a deuterated cell appears
to be trans1ated equa]]y we]] in both Wh11e this resu]t indi-
cates that deuteratlon can affect polypeptlde synthes1s we do not
know whether the effect is genera] for prote1ns or restr1cted to
a few, galactos1dase among them It was shown by Yudk1n & Moses
’(1969) that catabo11te repress1on .can reduce the rate of trans]atlon
in the lactose system - | | |

The‘]oss of abtlity to;synthesfzevactive.Bfgala;tosidase after

prolonged growth in:deutereted:acetate'mightrreSUIt from a persis-
tent_misereading during‘trenscription or trans]atioh. Clearly no
genetic mutetidn was inVoived, since activity could be restored
- in a few generat1ons of growth in a su1tab1e medium exert1ng no
‘dlrect se]ect1on ~ Yet an altered prote1n mo]ecuIe was synthesized -
which possessed 51m1lar e]ectrophoretlc mob111ty to the native
protein but was devo1d of cata]yt1c act1v1ty It 15 tempting to
surm1se that deuterat1on can produce "phenotyplc mutations" (based
on cons1stent mis-reading) without the advent of genotypic changes.

Such "mutat1ons" might be common, and would doubtless revert to
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wild- type at d1fferent rates when the cells were. replaced in pro-
tonated med1um | |

Cogpar1son w1th other stud1es on deuterated bacter1a1 systems

Henderson (1962) used E. coli 112 (genotype not spec1f1ed) for
4 stud1es of 8- ga]actoswdase synthes1s shortly after 1ntroduc1ng the
ce]]s to deuterated med1a The carbon sonrces (glucose and lactose)
. were not enr1ched-1n D - Some of’HenderSOn‘s conclusions clearly
differ from ours, but we regard them as not warranted by his data.
His measurements were made in the f1rst 4 hr. after 1ntroduc1ng
the cells to deuterated med1um, and it does not seem Tikely. that a
' steady state of adaptat1on was. reached Dur1ng those 4 hr ";..{.
the format1on of enzyme [1 e. p ga]actos1dase] appeared to be even
more sens1t1ve to env1ronmenta1 deuter1um than was the 1ncrease in
turb1d1ty“ Rep]ottlng Henderson 's data 1n ‘the form of a d1fferen-
tia] p]ot of enzyme act1v1ty/m1 of cu]ture versus E600 of the »
cu]ture gave a graph w1th too much uncerta1nty to perm1t draw1ng
firm conc]us1ons Most of h1s stud1es appeared to concern enzyme
1nductlon of cu]tures in non exponent1a1 states of growth Wh1ch
make his results impossible to compare w1th.ours.
- Studies by Henderson, Dacus’, Crespi:& Kata'(]967) are closer
to'our own, and there is good agreement on results with exponen-
tia]]y—growing cul tures. Thelr induction values w1th IPTG were

- con51derab]y h1gher 1n HZO’ in contrad1st1nct10n to our measurements.

However, the effects of varylng-the IPTG concn. were studied in glucose

cultures: undergoing 11near growth as a-result of admitting glucose
so]ut1on to the: culture drop by- drop 1n an effort to minimize cata-

bolite repression; this makes direct comparison difficult.
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’ “Conc]usionsf
The:mechanisms responsible’for‘reduced.growth rates in deu-
: terated»media are clearTy complex The data we have presented
indicate a number of spec1f1c changes wh1ch take: p]ace when un-
_adapted ce]]s are 1nocu]ated into deuterated med1um. As Orgel
. (1964) suggested, there'ls_probably a reduct1on of catalytic acti-
Vity'tor'an unknown'uariety of-essentia] eniymes ‘and time is
requ1red for this to be compensated by derepre551on There appears
to be an 1mpa1rment of the ‘translation mechanism,. at least for B-
ga]act051dase ‘and this may-a]so app]y'to other prote1ns Ce]]s
dependent on acetate as-a carbon and energy source are 1mpa1red
in thelr ab1]1ty to ox1dlze the substrate in a deuterated med1um,
- part1cu1ar]y when the acetate ltself 1s deuterated Flnally, there
is reason to_suspect changes in ce]] membrane propert1es as evidenced
. by the_more ready access of external ONPG to g-galactosidase in cells
not treated with to]uene or detergent. We think it probable that
further investigation will d1sclose many more d1fferences between

q

; protonated and deuterated cells.

Th1s work was sponsored by the U S Atom1c Energy Comm1ss1on
We wish to express our thanks to Miss Pame]a B. Sharp for ass1stance
w1th some of the experlments, and to those who generously supp11ed

us wwth bacter1a1 stralns
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CAPTIONS FOR FIGURES

. - - Fig. 1. Effect of enrichment with D,0 on the resbiration of cells
grown in.protonated medium.. Cells of strainh300U,‘in all-H
acetate, were resuspended in'acetate media of varying degrees
of enrichment'wfth D. ’02 hptake washmeasured at 37° with and
without chloramphenicol (100 ug./ml.). 4, 0, uptake with

| chlnrampheniee]; 0, 02 uptake nithout'Ch1oramphenico]; e,

Oé'Dpiake'without:enloramphenicolloz_uptake wfth chloramphenicol.

Fig. 2. Incorporation of [C’Hy]thymine and L;[‘4CH33methfonine into
trichloroacetic acid-precipitable material. Strain Cavalli was
fully-adapted to a]]-H'aCetate or all-D acetate. o, all-H;

‘e, all-D. Thé’ratio offthe slopes is 2.1.

7_531;;3L Measurements of re]atvve cell sizes of strain Cava111 fully
: adapted to a]] H acetate or all-D acetate 1, all- H cells,

stat1onary phase, 2 a]] D ce]]s stat1onary phase, 3, all-D

ce]]s, exponent1a] phase o o

VFig.J4.'-W003f plots to determine the Michaelis constant of g-

. | ga]aétosidase; e, enzyme from 311 D ce]]s in DZO buffer

‘ | [KM ¥‘0.16‘nM] A enzyme from a]l D ce]]s in HZO buffer

’ ',tKM‘= 0.17 mM];h 0, enzyme “from all-H ce]]s in HZO buffer
[KM,'= 0.13 mM];' 4, enzyme from all-H ce]]s in D,0 buffer
[Ky = 0.18 mM]. |

Fig. 5. Effect on macromolecule synthesis of transferring all-H
| cells to all-D medium. Cells of strain 300U, growing exponen? v

tially in all-H acetate medium, were supplied with [3H]uraci1,
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CAPTIONS FOR FIGURES (continued)

Fig. 5 (continued), v |
L—[GA]4C]pheny]a1anine?and O.S'meIPTG. Samples were taken for
meésuréménts of incorporated radioactivity and for B-ga]actosidasé
actiVjty;” The cells were transferred,tovalleD acetate containing
._0.5 mM-IPTG and labelled pfecursors atlthe same specific radio-
aCtinty as_béfore. -Sampling was éontinued for a further 140 min.
at 37°. A; B-ga]attosidasé; A, E650; 9, ]40; 0, 3H.

Fig. 6. Synthesis of RNA, DNA and protein in a douﬁle‘shift with
strain Cavalli. Cells in all-D acetate at;379.were pulse-labelled
for 16;min. periodswith [3H]uraci],-[C3H3]thymine and L-[G-]4C]
' pheﬁy1a]anine; Tﬁey were transferred to all-H acetate, and again
_ﬁu]Seélabelled_atjintervals for about 2 hr. Finally, they were
_returned_to_éT]*D aceté£e, and pulse;labe11ed at intervals for a
furthér 11 hr.  A; U(aﬁil_in;orppratioﬁ; B,,pﬁeny}a]aninevincof— |

pdration; _C;'thymine incorporatiqn; 'D, ESSO;

Fig. 7. Growth'and B-galactosidase synthesis fh a -double shift with
| strain 300U. Ce]lsvih alT-H acetate at 37° were inducedeith
0;5 hMQIPTG.‘ They weré-later'tranéferred_to’a]l-D acétate con-
taining IPTG, and fina]iy returnedAtd all-H acetéte plus IPTG.
'A;'B;ga1actosidasevactivity; B, 5650; e, in a]i—H acetate;
A, aftef transfer to élT-D,acetate; o,'after return to all-H

‘ acefate.
Fig. 8. Growth and B-Qélactosidase synthesis in 300U shifted from :
valT-D acetate to all-H acetate. IPTG (0.5 mM) was used to induce

enzyme synthesis. The arrow indicates the time of changing the
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CAPTIONS FOR FIGURES ('cnontinued)

Fig. 8 (cont1nued)
medwum. A, 8- ga]actos1dase act1v1ty, B, E650’ o, in all-D

acetate; o, in all-H acetate

| Fig. 9. Early inductioh kinetics in’strain 300U fu11y adapted to
a]]-D'acetate Ce]ls were grown exponent1a11y, :and 0. 5 mM IPTG

added at 0. m1n

Fig. 10. Tkéhé]ation in inducer-free medium. Cells of strain Cavalli
| - were fu]]yjadapted'tdﬁaJI~H ggetdte_pr,a]]-D.acetate. Each cul-
tuhé_kegejvéd;];mM-iPTG,fqr.75‘S¢§;datb379; The cultures were
o thehdwaghédjfree frdmfiddudekjand each was résuﬁpénded in al1-D

- acetate and a]T-H aCetate;-withodt IPTG. Samp]es were téken

_ dur1ng the subsequent 1T min. for measurement of 8- galact051dase

-'act1v1ty o, ce]]s 1nduced in HZO and resuspended in H20 A,
.ce1ls 1nduced in HZO and resuspended in 020 o, ce]]s induced
in DZQ and resuspended in D,0; A, cells induced in D,0 and re-

suspended in HZO'

Fig;"]];*“Differenﬁia]~rate‘of g-galactosidase synthesis as a function
of’fhducer concn., . Cells of 300U. ful]y adapted to all-H acetate
or a]] -D acetate, were 1nduced with varying concn. of IPTG. o,

all-D ce11s, o,;qll -H- ce]]s v

Fig. 12. K1net1cs of 1nduct1on of stra1n 300U by a sub-max1ma1 concn.
(2 uM) of IPTG. Cells were fully adapted to all-D acetate.
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CAPTIONS FOR FIGURES (continued)

Fig. 13. Differential rates of g-galactosidase synthesis in strain
’ 3OOU after_pro]onged;cuTtUre in 511-0 acetate, and subsequent
transfer to varjqus_media,fanch,arrqw indicates one subculture

permitting about loimass doub]ings. For’exp1anatf6n see text.

Fig. ]4Q‘ Densitometef-scan traCingsAof stained electropﬁoretograms

| of‘$o]ub1e protéinS'froh soniéaliy dis}upfed ¢e11$ of strain
3OOU.T In-each pair of tracings,'the upper is from anfunjnduced
cul ture, and fhe‘]ower from the same culture about 1 generation
-after-receivjng')VmM-IPTG. A.ahd B, célls in'all-H glycerol |
(P = 3000); C and D, cells in all-D acetate (P =1-2); EandF,

cé]]s:in é]]éH a'c':etate.(P‘é 1¥2).  For exp]anation; seé text.

Thefbeak at theAéxtrémé.léft end of each tracing is,matérié]>

remaining at the origin.

L™
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Table 1. Growth of strain 300U ih'protonatéd and

deuterated media

Cells -grown in all-H acetate were resuspended in protonated
and deuterated media containing various carbon sources. Growth was

measured tbrbidometrica]]y.fbr the following 12 hr.

Medium o Carbon‘source - Growth rates (doublings/hr.)
o experiment 1 experiment 2
all-H - CHiCO0H - 0.58 o 0.67
N CDgCO0H - 0.52 . 0.62
glucose 0 1.09
all-D W00 0.08 0.3
‘ CD4C00D - 0.04 - ~0.00

-glucose ' -__0,26 ' S 0.32
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Tablé'Z.V_Loés of ability to grow in-all-D acetate medium'after, o 'lj

varying periods in all-H acetate medium B |
: : .
Cells of strain 300U,ffu]1y adapted to all-D acetate, were i
suspendéd'in-a]]-H‘aCEtate-medium;‘ At intervals, portions.of
the suspension were resuspended in all-D acetate medium and growth o
followed for‘more than 24 hr. ~The growth rate in al1-D acetate_ ?
is compared with the number of mass doublings in all-H acetate.
No. of mass doub1ings in : Growth rate afterabeing%returned
A all-H acetate fi' to all-D acetate (dodb]ings/hr;)
o 02
S5 0,05 |
2.0 | Co00t |
*no growth in 24 hr.
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Table 3' Effect of g]ucose on the growth of D- adaQ_gd cells in

deuterated med1um after varying per1ods in protonated med1um

~ Strain 300U, growing exponentially in ceuterated medium plus
glucose, was transferred to protonated medium plus glucose. At
1ntervais;*samp1es were resuspended in deuterated medium plus

g]uCose; and‘growth followed for‘severa]_hr;
-Growth rates (doublings/hr.)

In DZO_befoké transfékAto HZO o 0.26 ‘

InH0 | | | - 0.8

. Returned to DZO after fo]]ow1ng

per1ods in H20
80 min. . 10.34

110 min, S T 0.36
60 min. . o3t
190 min. 0.40

1300 min. 049



f;»“oF enrichment wuth DfOG

s f,of 02 was measured fo

B
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Table 4. Oxygen consumption in deuterated media

‘ Ce]]s of . stra1n 300U grown 1n a]l -H acetate med1um vere resus-

pended in fu?ly deuterated med1um w1thout a carbon source. Samp]es
were dlspensed 1nto Warburg f]asks where they were d11uted with |

' med1um conta1n1ng the des1red;carbon source to. g1ve vary1ng 1eve1s

CO@ es absorbed by alka11. The uptake

ul. 02‘taken up 

in 180 min.

Choomgoon 0 7
3 T L R 29
a

90 _,,Av%ﬁ._"_._',____ . ]7
BT . 15
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Table 5. Amino acid composition of protein hydroiysates from

protonated and deuterated cultures of strain 300U

Anino acid |  Concn. (moles 2)*
| Protonated cells Deuterated cells
Alanine- =~ ' 10.5 1049
Arginine =~ | 4.7 | 5.0
Asparticwacid + asparagine - o103 10.3
Glutamic acid + g1utam1ne » 1.0 ‘ 11.4
G]yc1ne ‘ 9.2 9.0
Histidine 1.6 1.6
Iso]eucihe. ‘ ‘ 4.9 5.0
allo-Isoleucine®™ 035 0.27
Leucine- .. S . 8.8 - 8.
Lysine . 5.4 5.
Methionine . ‘ 1.0 0.55
Phenylalanine 39 3.5
Proline .~ . 3.7 3.9
Serine . ' | o 4.8 4;7‘
Threonine - o _ 5.5 5.5
Valine e - 6.5
Unidentified 1 . = 0.56 0.36
1.6

Unidentified 2 o S 1.2

*Since tryptophan and cysteine are. not determ1ned by th1s method the1r
mole % values have been taken as 1. 7 and 1.04, respect1ve]y (Roberts
g;_gl,, 1955). It is not asserted,that these‘values hold~for deu-
terated céJ]S; the purpbse'of the-asshmption is on1y to bring those.
mole % va]ues wh1ch were determ1ned as nearly as poss1b1e to a total

protein bas1s

*k - . os . : . L , . .
Identification by retention time; colour constant of isoleucine used.
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Table 6. Turnover'numbersfof’pfotonated'and'deuterated g-galactosidase

' The enzyme was isolated fkom protonated or deuterated cultures of

strain £203 as described in the Methods section. Measurements of cata-

lytic activity were made at 21° in HZO'

Enzyme

Protonated

Deuterated:

Protonated (from

Cohn, 1957) - -

Turnover number

. (hoies of ONPG hydf01ysed/se¢./ﬁg; enzyme)

5.0 x 109
4.8 x107°

3.9 x 1079
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_all-H acetate all-H acetate

P =e2 P =10
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p=2 | | |
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P = 3000 ' P = 2000
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Fig. 13
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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 actmg on
behalf of the Commission:

A. Makes any warranty or representanon 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 préepares, 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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