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L-Arabinose Operon Messenger of Escherichia coli

Its Inducibility and Translation Efficiency Relative to
Lactose Operon Messenger

Synthesis of messenger RNA from the positively controlled L-arabinose operon
is shown to be induced by the presence of arabinose in the medium. Messengers
from the arabinose and lactose operons are translated with comparable efficiencies.

In Escherichia coli L-arabinose and a functional arabinose C protein are required for
normal induction of the enzymes necessary for growth on arabinose (Sheppard &
Englesberg, 1967). The positive control exhibited in the arabinose operon is in sharp
contrast to the negative transcriptional control of the lactose operon. A repressor
binding to DNA at the lactose operator prevents synthesis of messenger from the
operon and induction releases the repressor allowing synthesis of the messenger
(Gilbert & Miiller-Hill, 1967). At present it is not known whether expression of
positively controlled operons is also at the level of transcription. Also unknown is
how the efficiency of translation of arabinose messenger compares with the translation
efficiency of messenger from any other operon.

The purpose of the experiments presented here is twofold: first, to show that
induction of the arabinose operon leads to synthesis of appreciable quantities of
arabinose operon messenger and, second, to compare arabinose and lactose messenger
translation efficiencies. These results show that the arabinose operon most likely is
transcriptionally controlled and that the isomerase gene of its messenger is translated
with nearly the same efficiency as the B-galactosidase gene on messenger from the
lactose operon.

RNA-DNA hybridization was used to quantitate the arabinose specific messenger.
RNA was radioactively labeled in cells whose arabinose operon was uninduced or
induced. This RNA was then assayed by hybridization to DNA purified from the
arabinose transducing phage A-dara (Schleif & Greenblatt, 1970). Figure 1 shows that
there is no detectable amount of arabinose specific messenger in uninduced cells,
but that in induced cells arabinose specific messenger is present in amounts at least 50
times background. The same result is seen when a constitutive strain (RFS 22, C°)
(Sehleif, 1969) is. used instead of one induced by the addition of arabinose.

The relative translation efficiencies of messenger from the arabinose and lactose
operons were determined by measuring the rates of arabinose isomerase and B-
galactosidase synthesis and the amounts of operon specific messenger in a culture
simultaneously induced for both operons. The rates of enzyme synthesis in monomers
per unit time were calculated by assaying the enzymes and using the known turnover
numbers and the relative amounts of messengers were determined by hybridization

| to filters containing Aara or Aplacs DNA (Shapiro et al., 1969). Both RNA’s were
labeled simultaneously in the same culture to avoid problems in comparing their
specific activities. The hybridization measurement was made more precise by labeling
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Fic. 1. Hybridization of RNA from uninduced and arabinose induced cells ‘o DNA from phage
Adara immobilized on filters. Cells of K12 strain HirH were grown with a t?oublmg time of 60 min in
10 ml. M9-B1-0-2%, glycerol to 5% 10° per ml., and 100 xCi [®H]uridine at 25 Ci/m-mole were
added. After 3 min, 10 ml. of medium at —10°C containing 0-02 M-NaNy were added. Cells we:e
spun down and resuspended in 2 ml. 8SC (88C is 0-15 M-NaCl, 0-015 M-Na, citrate), 0-5 ml. 5 %
sodium dodecyl sulfate, 5 x 10~2 M-EDTA were added and the cells were frozen in acetone—dry ice
and thawed twice at 37°C. Nucleic acids were extracted by adding 2-5 ml. chilled distilled phenol,
saturated with SSC, and mixing for 5 min at 4°C after whu.sh the phases were separated by a low
speed centrifugation. The phenol phase was re-extracted with another 2-5 ml. 88C and 0-5 ml. of
2 M-KCl and 10 ml. of 95% ethanol were added to t.l}e combined aqueous phases and the 'soh.xt:xon
was put &t — 10°C overnight. The solution was centrifuged fox: 30 min at 3500 g, and the mvxslb.le
pellet resuspended in 0-5 ml. S8C. This was then dialyzed against two changes of SSC and used in
the hybridizations. DNA for the hybridizations was prepared from the Adara phage. The phage
was purified on & CsCl step gradient followed by 2 equilibrium bandings in CsCl to separate the
helper phage. After dialysis against 0-01 M-Tris-HCI (pH 7-6), 0-05 M-NaCl, 0-001 m-NaEDTA, DNA
was extracted with 509, recovery by adding sodium dodecyl sulfate to 0-5% and mcubaimg for
10 min at 65°C. KCl was added to 0-5 M and K +—sodium dodecyl sulfate was spun out at 0°C. The
DNA. was extensively dialyzed into SSC. Fifty ug of dex}atured DNA was bound to 47 mm Millipore
nitrocellulose filters by the method of Gillespie & Spiegelman .(1965). For. hybridizations, sm'all
circles were punched out with a sharp cork borer and marked with a ballpoint pen. The annealing
was done in 13 mm X 100 mm tubes capped with & marble a.pd 'covered with Saran wrap. The
tubes eontained 0-2 ml. of 2 x 88C, 6% djmethylsulfoxide? a?nd indicated amounts _of the RNA in
addition to a blank filter without DNA and filters containing Adara. After annealing for 12 hr at
65 -+ 0-5 deg. C, all filters were combined in a tube and given 6 1-min rinses w1th. 5 ml. 2 x SSC.
They were then resuspended in 1ml. of 2 X SSC and one drop of 1 g RNase/ml. (previously heated to
95°C for 10 min in water) was added for 1 hr. The filters were then given 5 more rinses, dried and
counted. Non-specific binding was less than 20 cts/min in all cases.

the DNA’s to be immobilized on the filters with [32P]phosphate in order to allow an
accurate meagure both of the amount of DNA immobilized and the amount retained
at the end of the annealing period. .

For any single species of RNA the rate of hybrid formation is proportional f,o'the
product of the concentration of free RNA and the concentration of 1'1nhybr1d1zed
homologous DNA; hence, for relatively short incubations during which the con-
centrations of free RNA and homologous DNA do not change appreciably, the rate
of hybrid formation is linear with time. Thus, if linear hybridization kinetics are seen

for two RNA’s of similar molecular weights, a measurement of these rates and of the
DNA on the respective filters suffices to determine the relative concentrations of the
two RNA’s. The size distribution of the two classes of RNA’s being measured hex:e ;
should be very similar, since their maximum sizes are close. The sum of the subunit i
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molecular weights of the three arabinose enzymes is 60,000 - 50,000 - 48,000
(Patrick & Lee, 1969; Lee & Bendet, 1967; Lee, Patrick & Masson, 1968), and the
subunit molecular weight of -galactosidase is 135,000 (Craven, Steers & Anfinsen,
1965). (The lac RNA is hybridized to DNA containing an intact B-galactosidase gene,
but only part of the y gene. The remaining lac RNA without homologous DNA only
slightly reduces the hybridization rate of an intact messenger by slightly lowering
the diffusion rate of the molecule.) Figure 2 shows that the kinetics of hybrid forma-
tion are approximately linear; therefore, the amounts of RNA and homologous DNA
did not change significantly during the hybridization and the size distribution of
hybridizing RNA’s was not excessively broad. Table 1 shows the calculation of the
relative translation efficiencies of the two messengers. Although the results show
that an arabinose messenger codes for 609, more monomers of enzyme than a
lactose messenger, the errors inherent in this type of measurement are at least 30%,.

The inducibility of the arabinose-specific messenger implies that synthesis of
messenger is controlled in the arabinose operon. However, this conclusion is subject
to the reservation that messenger may be degraded very rapidly in uninduced cells,
but protected from degradation in induced cells. Subject to this proviso, C protein
can tentatively be assigned a role in controlling transcription of the arabinose operon.

Measurements presented here also show that the arabinose and lactose messengers
are translated with very similar efficiencies. The near identity in the two translation
efficiencies was not necessarily expected, for it has become clear that different genes
even within a single polycistronic message may be translated at greatly different
efficiencies. The coat gene of the RNA phage MS2 is translated at least ten times as
efficiently as the gene coding for the maturation protein (Nathans, Oeschger, Polmar
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F16. 2. Kinetics of hybridization of arabinose and lactose messages to Addara and Aplacs DNA's.
3H-labeled RNA was prepared as described in Fig. 1 from a strain constitutive for arabimose
enzymes (RFS 22) and induced for lactose messages by 5 x 10~¢ M-isopropyl-g-p-thiogalactoside,
which had been added 5 generations before the labeling. In this experiment the Adara and Aplacs
DNA’s immobilized on the hybridization filters were labeled with [32P]phosphate. Cells lysogenic
for the phage were grown on YT (Schleif, 1969) medium with phosphate concentration adjusted to
16 X 10~2 M (Ames, 1966). At the time the phages were heat induced, 0-1 mCi of [*?Plphosphate
were added to 300 ml. of cells. The filters containing DNA were prepared as described in Fig. 1.

18




Sl

el ———————

LETTEI]

| g v H s o @ »m T H o - R} R A DD AN R LN Y
SE8- 85 T 8gg, 285 . 4 £ SROSBEETY o8 A 8
¥ E8°gEcgs TESE E B NggE2 ngdgRRTR g =
M PTE e E" B EE dFgvs & . SEEECE RRE 85
EE8°S88s.828° "ion % 4 F SEET s IS gRSRRREE A
S 28°FBa EE giE% 8 = T RS E R
O =] 8 + O -] 8 ) ) = o $ A .M99d - )
H.mwammmuswnm muom,m. PO a..&m a3 ooty &
oo =380 dRw Y 2 .83 g 2 & NEsTERTeSE ST 28 8
R S o888 2 ST B S ERE . ST zZs SR W
SEEFE2ZSgEFE Gbgd sy -~ S fainnt i 88 &
- - . B} S S
)te“n&thr_M pmﬂoﬁmo ..nc \hwm,am..7.%kn\h%%%9mc =
~8o B 2= % 2588 524 § 2687 239388338388
SEg22 o552 giey §EE 7 ERAYSRiZreelafyg
m 2w o o 8% B B T oo —~ ; o RSP i
;P2 8H g°H 2 @ R L gk TR "
g 5HcHEs3ag P22k 888 3 Bl.n,m.mmN.N.,Lmhmmwmu.m
Ve r8FBSF o3 BgE, 288 & gresg SESEERTEN &
HE2EE, 2888 558 385 8 T LR EEEE N
—~ = o S & &
sEx S8E2FsE £5E S&: & : EEBHA8332828348 4

*%038
usy) erouwr £q I0I110 UL 618 8803 JO AUW }8Y) A[oI[UN SIS 1 ‘I6A0MOT ‘somLAzUe oYy Jo FJySiem JeMmoo[ouw Jrunqgns oY) J0 AJ1a190% oytoads oy Jo sen[eA
eIm381031] oY) IO SOI31A1308 oWAZUO JO JuomoImsBowk Awl Ul oq 03 siwedds sioare oryewIosds Jo eoanos Aey1] 9sowt oy, ‘% 0g Aeyeunxoadds st uorsioead
oy 983 queredde sr 91 ezeym ‘g *B1 UI UMOYS 88 ‘UCTIBULIO] PLIQAY JO 048I 0T} ST SUOIE[NO[EO oY) I0F umjup esweid 988e] oY, *8I0110 JO UOISSNOSL(T »
*108uessowr eseple0}ov[83/sisoyjuls osupieojon|sl Jo 0181 0AIFBIeT 03 A POPIAID JoSUessOwT GSBIOWIOST/SISOYJUAS OFRIGLOST JO 68 0AI8]e oY spenbr ;

‘sIeBuessewI JO JOQUUINY GATJB[ed/ [TI .0/SIGTAOWOTI JO Jequunu eyj spenbq o
‘renbo oq 09 ueywvy
ezoy exe yorym ‘sjySrem Je[moe[owr Jtoy} Aq POPIAIP 6q JSNUN SOSEVU OYY ‘SO[NOO[OW JOSUOSEOUI JO S40qUINY GATIB]OI 0} BISqUINT 656 JI0ATUOD OF, ‘SISI[J
ey} uo YN (I snoSo[ouwtoy Jo S3UNOWe 0Alge[er oy} Aq PepIAIp UOIIBULIO) PLIqAY JO sejel oy) [wnbe ‘queserd ieBuessemr Yovo JO SESEVTI OAE[GL OUT, p
‘s1soqjuhe ewdzue [enpIse Jo so1joUTy oYy Surmseowr pus ‘[ur/3n 0g 09 utordureyiz Surppe ‘urw | J0§ suotedo Yroq Suronpur ‘urw (T Burmoas ((ggeT ‘ealerT)
VIAH T34 s[eo Surzijisuos £q seynutux ¢Z-0 F 9L-T Ygoq ‘renbe eq 03 umoys ozem sreSuessour g oyj jo A8oep I0j SeAIl-J[eY oy ‘[enbe ore Lwoep jo
seg8a J1eyy J1 Jurjoqe urw-g oy Surmor(oy 8,y N IeSuessewt g oy3 Ul AJIA1J0BOTPEI JO SJUNOWE GAIBIEI 0yj [enbo [[1a uononpur peduojoid Iegye punoy
8,VNY 203uessour g oY JO SO8SUT 0AIYB[eI ST, "00-T 9q 0% JeSuessetI p4p J0J 04u1 ofy Sulyey euxry JIum/pozIpLIqAy urm/e3) *g *B1 WOl PeywNorLE) o
°0-T ©q 03 Uex8Y ST SI03[Y 6y} WO YN P4PPY JO Junoure oqy, ‘YN ou ul ojeydsoydiqee] oYt w01y peurmloqep s8 YN JO sunowe eAne[ey q
*00€°1g °q 03 wru 0Z% 9@ [oueydomnru-() Jo TWOIPOUXe JB[OWX 6} PUB (O0‘GET o9 0% 9YSiem Iemoejowr Jrunqns oYy Juryey ewrfzuéd emd jo
4141908 ogroeds oy} WIOL} PeJB[NO[BO SBM SIOWIOUOW JO JOGUINU oyj Pus ‘(g9eT) ‘I 10 UeAs) Aq peqLIosop 88 ‘ojsorjdnp ur ouop sum Lesse oswpisojoees
-g oy, “saegmq 8,007 ur £31a1308 §91 03 persdwioo ‘sregnq Aur UI SVY OFVIOUNOST YOIYM LJIAI308 $G.Q O} JOJ POJOSLIOD oIom soN[BA o3 pue (6961 ‘00T
B Yor138g) 000°09 JO 1Yo I8[NoG[OUX JIUNNS B YIIM (8961 ‘00T B HolpeJ) posn sem asevsouost emd Jo £91a1708 oyroeds oy ‘SIGWIOUOW JO JOGUNU oYY
Jo uorgenores o4 (6961) FOTYes £q peqiiosep S8 SUOIBIFUIOU0O ¢ 38 03eoljdnp Ul oUOp FuM ABSSE GFBIOWIOST GEOUIGEBIE O], ‘SIEOYJULS JO F0J8 0AJR[eT
107} JO JUOTISINSYST ¥ 09 Jus[vAaInbe sI sloqUMU 0AT8[eI 1673 JO JUSTIEINEBETI B ‘sTUIIGNOP [[00 AUVTX J0] PEONDUT USA] SABY SOWAZUD J0q COULY «

01X 61
9l = e 0T X 61 %1 ¥8-3 10-¢ 10l X 99-3 6803087
101 X 0§
0l X 0'¢ 00-1 00-1 001 101X 30-¢ esourqury
juoreambe 0TI} grun/seeTa .
mM“””MNWM JoBuessow pelofuessow Jo JoBuossowt o3 ﬂh“M«a—GdZQ 1 %\Mw“oﬁﬁv
o\.&aﬂoﬁ [s1soqguds owrdzue  JoqUINU A6y  UOIWULIOY PLIqAY ovpdy a0 aDPY By owdzug

30 9ju1 eAlyu[ey 30 oyex eayurey

84obuassW 98000D] PUD 80UAGVID Jo 8NOUNYTP UYIDIFUDA 204WPRY
I a1av],




LETTERS TO THE EDITOR 279

TERIFCTUSIUEED 1HAE38h

Sheppard, D. & Engelsberg, E. (1967). J. Mol. Biol. 25, 443.

E'a; 8 g & Eggen, 1969) and Hendrix (1970) has shown that in ultraviolet irradiated cells
8 d ‘g infected with A there is as large as a 100-fold difference in the translation efficiency
f § g of several of the late genes coded for by the same messenger.
RS The method used here to compare the arabinose and lactose messenger translation
+
gy - efficiencies is general and can be used for any genes present on transducing phages
20 8 . .
TR E for which an absolute rate of synthesis can be measured. Once one absolute
g'ﬁ 8 measurement of the translation efficiency of an operon has been made, i.e. the
£% 5 number of ribosomes that translate a messenger and its average lifetime, or
Te g equivalently, the rate of movement and the average spacing between ribosomes
i of ég on a messenger, then measurements of the type presented here can be used to
r .ﬁ;:.':'o E E calculate the values for any other suitable operon.
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