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Summary. A DNA-directed cell-free system which synthesizes L-ribulokinase coded by 
the L-arabinose operon, ara OIBAD, has been developed. L-arabinose is required for the 
expression of this operon and, in addition, cyclic AMP and guanosine-tetraphosphate are 
needed for optimal synthesis. The ara C gene product is also required and can be supplied 
either by de novo synthesis in the cell-free system or added back from extracts of whole 
cells. Evidence is presented that the C gene product is highly susceptible to protease attack. 

Introduction 

The L-arabinose operon, OIBAD, in Escherichia coli consists of a cluster 
of three structural genes, araA, arab  and araD; two controlling sites araI (initia- 
tor) and araO (operator); and one regulatory gene araC (Fig. 1). The structural 
genes code for three enzymes tha t  convert L-arabinose into D-xylulose. Genetical 
and biochemical studies have indicated tha t  the L-arabinose operon, OIBAD, 
is both negatively and positively controlled by the specific regulatory gene araC 
(Englesberg, 1971). A model has been proposed by  Englesberg to explain the 
regulation of the ara operon. The product of the regulatory gene araC is hypo- 
thesized to exist in two functional states: P 1, a repressor, and P2, an activator, 
which are presumed to be in equilibrium with each other; P1 and P2  at tach 
to their respective controlling sites, araO and araI. The complex of P1 at the 
araO site prevents operon expression whereas the complex P2  at the araI site 
is essential to expression. The substrate L-arabinose functions as the specific 
effector of the operon presumably by binding to the regulator protein; this 
binding favours the conversion of P1 to P2. 

Like many  other catabolite sensitive genes, activation of the arabinose operon 
requires the catabolite gene activator protein (CAP) and 3'5' cyclic adenosine 
monophosphate (cAMP) (Zubay, Gielow, and Englesberg, 1971). The CAP protein 
probably interacts at  or near the araI locus. 

Direct testing of this model of gene regulation would be facilitated by measure- 
ments of gene activity as a function of the concentration of each of the alleged 
regulating components. A cell-free system in which it is possible to mix the 
required components in any amounts and observe the effects on gene activity 
was developed for this purpose (Zubay, Gielow, and Englesberg, 1971). A similar 
system with somewhat different properties has also been developed by  Green- 
blat t  and Schlief (1971). The system comprises a preincubated and dialyzed 
cell-free extract  of E. coli, which shall be referred to as an S-30 extract, DNA 
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Fig. 1.5~odel for control of the arabinose operon (see Introduction for detailed explanation) 

f rom the  defect ive  t r ansduc ing  vi rus  ~dara and  the  cofactors  and  subs t ra tes  
necessary  for R N A  and  p ro te in  synthesis .  The  synthesis  of L- r ibu lokinasc  (RK)  
coded b y  the  a r a B  gene is dependen t  upon  the  presence of ara operon-eonta in ing  
D N A  and  cer ta in  smal l  molecule  gene ac t iva tors .  The  smal l  molecule  ac t iva to r s  
requ i red  include L-arab inose ,  the  specific inducer  of t he  ara operon,  and  cAMP, 
the  smal l  molecule  inducer  for  m a n y  ea tabo l i t e  sensi t ive operons.  These two 
requ i rements  were p red ic t ab le  f rom whole cell s tudies  and  show t h a t  synthes is  
of R K  in t he  cell-flee sys tem is sub jec t  to  no rma l  i n  vivo controls.  I n  add i t i on  
a 4 to  20 fold s t imula t ion  of R K  synthes is  is effected b y  guanosine  5'  pyro-  
p h o s p h a t e  3' (or 2 ')  p y r o p h o s p h a t e  (ppGpp) .  This  could no t  have  been p red ic t ed  
f rom whole cell s tudies.  S-30 ex t r ac t  for these  syntheses  was p repa red  f rom s t ra ins  
which conta in  a de le t ion  in  the  B and  A genes so t h a t  a n y  R K  a c t i v i t y  de tec ted  
m u s t  resul t  f rom de novo synthesis .  Since according to  t he  Englesberg  model  
the  C gene p roduc t  is requ i red  for  ac t i va t i ng  the  operon, i t  was an t i c ipa t ed  
t h a t  effect ive S-30 ex t r ac t s  would  have  to  be made  f rom s t ra ins  car ry ing  the  C 
gene. Therefore  i t  came as a g rea t  surprise  t h a t  equa l ly  effective S-30 ex t rac t s  
could be p repa red  f rom st ra ins  wi th  or wi thou t  t he  C gene. The  m a i n  ob jec t  
of th is  p a p e r  is to  expla in  this  l ack  of r equ i remen t  for p re formed  C gene p roduc t  
to  ac t i va t e  the  ara operon in t he  cell-flee system.  

M a t e r i a l s  a n d  M e t h o d s  

For cell-flee synthesis of the enzymes fl-galactosidase (fl-gal) and RK, the S-30 extracts 
used were prepared from strain SB 7219 containing C gene product or SB 7223 lacking C 
gene product (Englesberg, 1971). 2dlac D~qA was used for fl-gal synthesis and 2zlara DNA 
was used for RK synthesis. Except for slight modifications, all procedures used for synthesis, 
enzyme assay, and preparation of bacterial S-30 extracts and DNA have been described 
in detail elsewhere (Zubay, Chambers, and Cheong, 1970). The incubation mixture contained 
per ml: 44 [zmol Tris-acetate, pH 8.2; 1.37 tzmol dithiothreitol; 55 ~mol KAc; 27 ~mol NItaAc; 
14.7 tzmol Mg(Ac)2; 7.4 ~zmol CaCI~; 0.22 ~mole amino-acids; 2.2 ~mol ATP; 0.55 ~mol each 
GTP, CTP, UTP; 21 ~zmol phosphoenolpyruvic acid; 100 ~g tRNA; 27 ~g pyridoxine tiC1; 
27 ~tg triphosphopyridine nucleotide; 27 ~g flavine adenine dinucleotide; 11 ~g p-amino- 
benzoic acid; 0.5 t~mol cyclic AMP. These were preincuhated for 3 min at 37 ° C with 100 ?/ml 
of 2dlac DNA with shaking before 6.5 mg S-30 protein extract was added. Incubation with 
shaking was continued for 60 rain at 37 ° C. After synthesis, a 0.2 ml aliquot was removed 
and assayed for fl-gal with O-nitrophenyl fl-D-galactoside. 

Conditions for the synthesis of RK were identical to those used for fl-gal synthesis with 
the following exceptions: 2darn D]qA was used instead of ~dlac DNA. 13 ~mol of L-arabinose 
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and 0.05 ~mol of ppGpp were added per ml of incubation mixture. The amount of de novo 
synthesized RK was quantified by a radiometric assay, in which the conversion of 14C-L- 
ribulose to 14C-L-ribulose-5-phosphate was measured. The specific activity of the 14C-L- 
ribulose was 2.6 X l0 T cpm/mol. 0.1 ml of reaction mix containing about 7 X 104 cpm of 
radioactive ribulose was incubated for 16 h at 28 ° C with 0.1 ml aliquot of the enzyme con- 
taining solution. The assay was linear for this period. After 16 h 1.6 ml of chilled ethanol 
and 0.2 ml 1 M barium acetate were added; the resulting precipitate was centrifuged and 
rewashed with 80% ethanol three times. The washed precipitate was dissolved in formic 
acid, plated, dried and counted in a gas-flow counter. Duplicate analyses usually agreed 
within 5 %. 

The partial purification of the araC protein was carried out as follows. Strain SB 7219 
was grown as described previously, except for the addition of 2 g per liter of L-arabinose 
and 50 mg per liter of p-toluenesulfonylfluoride (pTSF). Cells were collected and frozen 
at --70 ° C in 1/4" thick sheets until ready for use. 50 g of thawed cells were allowed to soften 
at 5 ° C for 30 min. The cells were homogenized in 180 ml buffer I (0.01 M Tris-acetate, pH 8.2, 
0.01 M Mg(Ac)2, 0.06 ]K KC1, 0.01 M mercaptoethanol, 2 g/1 L-arabinose, 50 rag/1 pTSF 
and 5% glycerol). The resulting suspension was centrifuged at 10000 rpm for 30 rain in a 
Serval GSA Rotor. The supernatant was discarded and the sediment was resuspended in 
buffer I and recentrifuged, again discarding the supernatant. The sediment was resuspended 
in 65 ml buffer I and lysed in a French pressure cell at pressures between 4000 and 8000 psi. 
The lysate was centrifuged at 15000rpm for 30 rain in a SS-34 Serval Rotor. The lysate 
was centrifuged for an additional 3.5 hours at 30000 rpm in a Spinco ~30 Rotor. The resulting 
supernatant was dialyzed overnight against buffer II  (0.01 1K KH~PO~-KOH, pH 7.7, 2 g/1 
L-arabinose, 50 rag/1 pTSF, 5 % glycerol and 0.7 mM dithiothreitol). The solution was passed 
through a 140 ml DEAE-cellulose column (0.95 meq/g) previously equilibrated with buffer II. 
After the solution had passed into the column the column was rinsed with another 0.5 liters 
of buffer II. The cellulose-bound protein was eluted with buffer I1-5 0.25 M NaC1. Protein 
containing eluate was pooled and 2 volumes of saturated (NH4)sSO 4 were added to pre- 
cipitate the bulk of the protein which was collected by a 5 min centrifugation at 10000 rpm 
in a Serval GSA Rotor. The sediment was resuspended in 25 ml of buffer I I I  (0.01 M Tris- 
acetate, pH 8.2, 0.014 iK N[g(Ac)2, 0.06 M KAC, 50 mg/1 pTSF, 2 g/1 L-arabinose, 0.7 mM 
dithiothreitol and 5 % glycerol) and dialyzed overnight against the same buffer. The resulting 
solution containing about 40 mg/ml of protein was used directly or stored indefinitely in 
nitrocellulose tubes in liquid N 2. 

Results and Discussion 

1. When S-30 Extract is Used az the Sole Source o/ Bacterial Protein the C Gene 
Must  be Present on the D N A  /or R K  Synthesis 

Two Adara DNAs (designated 8830 and 8803 in  Table 1) have been success- 
fully employed for R K  synthesis with S-30 preparations.  Each of these contains 
the entire ara operon and  the regulator  gene C, COIBAD. These DNAs (see 
Table  1) are about  equal ly effective in  R K  synthesis and  require the small mole- 
cule factors cAMP, L-arabinose and  ppGpp for opt imal  synthesis. These results 
are essentially the same as those reported previously (Zubay, Gielow, and  Engles- 
berg, 1971) and  serve as a control on the fur ther  experiments  reported here. 
W h e n  another  ldara DNA containing the ara operon bu t  no t  the C gene (de- 
s ignated C1020 in  Table 1) is used, no R K  synthesis is obtained.  The require- 
m e n t  for C gene on the DNA is a strong indicat ion t ha t  synthesis of the ara C 
protein  is essential for R K  synthesis. I t  seems likely t h a t  the sequence of events  
in  the  cell-free system involves synthesis of C gene product  followed b y  activa- 
t ion  of the operon and  synthesis of RK.  I f  this is the case there should be an  
unusua l  delay in  the appearance of the first RK.  I t  was found tha t  more t h a n  
30 minutes  is required before there is detectable R K  (see Fig. 2). Synthesis of 
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Fig. 2. Enzyme synthesized as a function of time. Conditions of synthesis described in Materials 

and Methods 

Table 1 .  Synthesis of ribulokinase with different DNAs and different factor missing 

DNA Source L-Ribulokinase (CPM a) 

8830 
complete 690 
--DNA 0 b 
- -  ppGpp 170 
-- ara 20 
-- cAMP, -- ara, -- pp Gpp 20 

8803 
complete 650 
--cAMP, --ara, --ppGpp 60 

C1020 
complete 0 
-- DNA 0 

a 1 cpm equals 3.75 × 10 -s units of enzyme per ml of 
b Background counts obtained without DNA added 
from all data. 

incubation mix. 
of about 15 cpm have been substrated 

most  proteins in the  cell-free system is de tec table  af ter  8 to 10 minutes  as indi- 

ca ted  for the  DNA-d i rec ted  synthesis of fl-galactosidase (fl-gal). Thus the  kinet ics  
of appearance  of R K  is consistent  wi th  the  no t ion  t h a t  this synthesis is delayed 

awai t ing  product ion  of C prote in  to  ac t iva te  the  operon. 

2. Preparation o/ Active C Gene Product/rom Whole Cells 
Requires Special Precautions 

The  S-30 for R K  synthesis is equal ly  effect ive whe ther  it  is prepared  f rom 
C + or C- strains. Since the  C gene p roduc t  is essential for R K  synthesis this  
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indicates that  something has happened so that  the regulator protein is not active 
in C + derived extracts. Fo]lowing this line of thought a variety of methods was 
used to make active C gene product that  could be added back to an S-30, the 
ultimate criterion for active C protein being stimulation of R K  synthesis using 
the ~dara D~qA lacking the C gene. A number of factors have been found to be 
important in obtaining optimum yields of active C gene product. Currently 
active C protein containing extracts are prepared from crude lysates by centri- 
fugal removal of membranes and ribosomes. Other nucleic acid is removed from 
the extract by passage over a DEAE cellulose column. Active extracts require 
the addition during growth and isolation of two factors which are believed to 
protect the C protein from enzymatic degradation. These factors are L-arabinose 
and pTSF. When arabinose alone is present the extracts arc about 20 per cent 
as active in stimulating R K  synthesis; when pTSF alone is present the extracts 
arc about 40 per cent as active. I t  seems likely that  L-arabinose stabilizes the 
C protein by binding to it and changing its conformation so that  it is less sus- 
ceptible to enzyme attack, pTSF is a well-known scrine protease inhibitor and 
probably helps by inhibiting the serine protease known to be present in E. coli 
(Prouty and Goldberg, 1972). In  Table 2 results are presented in which parallel 

Table 2. Effect of added ara C protein on the synthesis of ribulokinase 

DNA Source L-Ribulokinase (CPM) 

without C protein with C protein 
added added a 

883O 
complete 650 1780 

8803 
complete 650 2040 
- -ppGpp  20 1230 
--  cAMP 40 780 

C1020 
complete 24 900 

Conditions for cell-free synthesis are described in Materials and Methods. 
a 2.5 mg C protein containing extract added per ml of incubation mixture. 

syntheses were carried out with and without added C protein. The addition 
of C protein approximately triples the extent of R K  synthesis when the DNAs 
containing the G gene are used (8830 or 8803). The kinetics of RK synthesis 
with added C protein is similar to that  for fl-gal synthesis (Fig. 2). This seems 
reasonable since the operon should be activated at once with preformed C protein 
present. The specificity of the C protein action was demonstrated in two ways: 
1) Parallel extracts were made from C + and C- strains; only the C + extract was 
active in stimulating R K  synthesis. 2) The C + extracts had no effect on stimulating 
fl-gal in a comparable DNA-directed system using 2dlac DNA. 

Synthesis of RK in the presence of added C protein is still completely de- 
pendent upon arabinose but not upon cAMP. Thus about one third of the maxi- 

i0" 
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m u m  synthes is  is ob ta ined  wi thou t  a d d e d  cAMP. The  dependence  of p p G p p  
also is less when  C pro te in  is added .  W h e n  C p ro te in  is a d d e d  p p G p p  s t imula tes  
R K  synthes i s  on ly  1.5 to  3 fold whereas  when C p ro te in  is lef t  ou t  p p G p p  s t imu-  
lates R K  synthes is  4 to  20 fold. The  exp l ana t i on  for  these  differences is no t  
clear  a t  present .  Our  p resen t  efforts a re  d i rec ted  towards  using the  cell-free 
sys t em as an  assay  $ool to  ob t a in  pur i f ied  C pro te in  which funct ions  n o r m a l l y  
in t he  cell-free sys tem.  
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