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Abstract 

The nucleotide-binding component of  the high-affinity ribose transport system of Escherichia coli, RbsA, was 
overproduced from a T7-7 expression vector, and the  protein was purified. Biochemical analyses of the purified 
protein  indicated that  the ATP  analogues, 5'-FSBA and 8-azido ATP, covalently labeled the protein,  a  reaction 
that was inhibited by ATP, but not by GTP or CTP. The pure  protein exhibited low-level ATPase activity with 
a K,,, of about 140 wM. Analyses of bacterial strains carrying chromosomal deletions of rbsA and other rbs genes 
suggested that RbsA is important  for  the chemotaxis function, a  surprising result that was not  anticipated from 
previous studies.  However, an inconsistency between the several results from deletion strains raises questions re- 
garding  the  interpretations of the in  vivo data. 
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The product of the rbsA gene, RbsA, is predicted to be the 
nucleotide-binding  component that couples ATP hydrolysis to 
the active transport of ribose across the cytoplasmic membrane 
in Escherichia coli (Buckel et al., 1986). It performs  this  func- 
tion in association with the product of the rbsC gene, the hy- 
drophobic component that is predicted to span the membrane 
several  times  (Bell et al., 1986), and  the product of the rbsB gene, 
which encodes the periplasmic binding protein (Groarke et al., 
1983). These genes are part of the rbs operon, rbsDACBKR, lo- 
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Abbreviations: 5'-FSBA, 5'-p-fluorosulfonylbenzoyl adenosine; DTT, 
dithiothreitol; IPTG, isopropylthio-&galactoside; PMSF, phenylmeth- 
ylsulfonyl fluoride. ' In partial fulfillment of the requirements of the Ph.D. degree. Dr. 
Barroga purified the  RbsA, determined its ATPase activity, nucleotide 
binding, and FSBA labeling characteristics. She also tested the RbsA 
topography in the cell membrane by PhoA fusions. 

Huide  Zhang  constructed bacterial strains carrying chromosomal 
deletions of the rbs genes and tested them for  the physiological effects 
on the chemotaxis and ribose transport functions. She also constructed 
and tested the single amino acid point mutations in the RbsA protein. 

Nadeem Wajih performed  the  azido-ATP labeling studies and as- 
sisted with developing the  purification and affinity labeling protocols. 

In partial fulfillment of the requirements of the Ph.D. degree. Dr. 
Bouyer constructed  the expression vector for rbsA and did the initial 
analyses of the  overproduction of the RbsA protein and of its ATPase 
activity. 

cated at 84 min of the E. coli chromosome  (Anderson & Coo- 
per, 1970; Bell et al., 1986; Mauzy & Hermodson, 1992). Ribose 
diffuses through nonspecific pores of the outer  membrane and 
is bound tightly by the binding protein in the periplasm. The 
binding causes a conformational change that allows the liganded 
binding protein to interact productively with the Trg receptor 
to initiate chemotaxis (Zukin et al., 1979) or with the membrane- 
associated components, which eventually transport ribose into 
the cell in an energy-dependent fashion. This general  mechanism 
classifies the membrane transport complex encoded by the rbs 
operon as a member of a large family of periplasmic binding 
protein-dependent transport systems that function in the  uptake 
of a variety of nutrients such as sugars,  amino  acids, and ions 
(reviewed in Ames, 1986; Higgins, 1992). 

The overall organization and mechanism of the various bind- 
ing protein-mediated transport systems appear to be similar, but 
there are many variations on specific features of the complexes. 
A soluble binding protein binds the  substrate with high speci- 
ficity and delivers it to  the membrane-associated components. 
The  transport complex consists of one  or two types of  hydro- 
phobic, integral membrane proteins and a more hydrophilic pro- 
tein containing one or two nucleotide-binding motifs. Current 
evidence suggests that two  subunits of each type may be needed 
to  form  an active complex (reviewed  in Higgins, 1992). Com- 
parison of the predicted amino acid sequences of the hydropho- 
bic components reveals little sequence homology. However, the 
ATP-binding components, RbsA and its counterparts,  are 
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clearly homologous  over  the  entire  ATP-binding  cassette  (Hig- 
gins, 1992) of  about 250 amino acids, well beyond the  two  short 
stretches  implicated  for  ATP  binding  (Walker et al., 1982; Hig- 
gins et al., 1985, 1986). In these systems, the nucleotide-binding 
component  may  be a single protein,  as in HisP  and MalK of the 
histidine and  maltose  transport systems (Ames, 1986), or two 
proteins,  as in OppD  and  OppF  of  the  oligopeptide  transport 
system (Ames, 1986), or a single protein having homologous N- 
and  C-terminal halves, hence containing  two  ATP-binding sites, 
as in RbsA, MglA, and  AraH of the ribose, galactose,  and  arab- 
inose  transport  systems  (Buckel et al., 1986; Scripture et al., 
1987; Hogg et al., 1991). The  absolute necessity of the nucleotide- 
binding  component  implicates  ATP hydrolysis in the  mode of 
energization of these transport systems. 

Homologous  membrane  transport  systems have now been 
found in organisms  from  mycoplasma  to higher eukaryotes 
(Higgins, 1992). These  include  the  multidrug-resistance  trans- 
porters of tumor cells (MDR)  (Chen et al., 1986), the yeast pro- 
tein STE6  responsible  for  the  secretion of the  a-mating  factor 
(Kuchler et al., 1989), and  the cystic fibrosis  gene  product 
(CFTR), a chloride  ion  channel  (Riordan  et  al., 1989). Like 
RbsA,  these  proteins  arose  from  duplication of the  primordial 
gene and  end-to-end  fusion  of  the  products.  Unlike  the bacte- 
rial  systems  in the  above  examples,  the  two  hydrophobic  com- 
ponents  and  the  two  nucleotide-binding  components  are all 
fused in a large multidomain  polypeptide, and there is no known 
binding  protein. A simpler two-domain organization, where one 
hydrophobic  component is fused to one nucleotide-binding com- 
ponent, has also been identified; examples include the  membrane 
transporters  found in pathogenic  bacteria, such as  the E. coli 
haemolysin  transporter, HlyB (Felmlee et al., 1985; Higgins, 
1992), the Bordetella pertussis cyclolysin transporter,  CyaB 
(Glaser  et  al., 1988), as well as in eukaryotic  transporters such 
as  the white-brown loci of Drosophila melanogaster involved in 
the  export of eye pigments  (Dreesen et al., 1988), and  the  pep- 
tide transporters of the  major histocompatibility  complex class I 
and I 1  molecules (Monaco et al., 1990; Trowsdale et al., 1990). 

In spite of the  prevalence  and physiological importance  of 
these ATP-binding  membrane  transporters,  almost  nothing is 
known  about  their  mechanism.  This is partly  due to the  diffi- 
culties of  working with membrane-associated  proteins,  includ- 
ing  their low abundance  and  insolubility of the  hydrophobic 
components,  and  also  to  the lack of  good in vitro assays for in- 
dividual  components  and  the whole transport  system.  Here we 
describe the  overproduction  of  RbsA, using the  T7 overexpres- 
sion system, and its rapid and simple  purification in 40 mg quan- 
tities  using  anion  exchange  and  dye-affinity  ligand  column 
chromatography.  RbsA is functional in binding  nucleotides, as 
shown by specific  labeling  with  the  ATP  analogues, 5"p- 
fluorosulfonylbenzoyladenosine and 8-azido ATP, and it exhib- 
its low-level uncoupled  ATPase  activity. 

Analysis of the involvement of RbsA in the  chemotaxis  func- 
tion  has  produced results that  are  not  explained  readily.  These 
data will also be presented  and discussed. 

Results 

An rbsA overexpression  vector,  pT7AC, was constructed in 
which the ATG  initiation codon of rbsA was fused to  the  T7  pro- 
moter  and  ribosome binding  site of plasmid pT7-7. Upon induc- 
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Fig. 1. Overproduction of RbsA. A: SDS-PAGE of total cell protein. 
E. d i s t r a i n  BLZI(DE3)/pLysS  was  transformed  with  the  vector  plas- 
mid,  pT7-7, or with the  overexpression  plasmid,  pT7AC. Cells were 
grown at 37 "C in LB  medium  supplemented with ampicillin (50 pg/mL) 
for  3  h (up to ODhno = I .O). IPTG  was  added to 0.5 mM,  and  incuba- 

ers;  lanes 2, 3, BL21(DE3)/pLyS/pT7-7,  uninduced  and  induced  for 
tion  proceeded for  the  indicated  time.  Lane I ,  molecular weight mark- 

3  h, respectively; lanes 4-7, BL21(DE3)/pLysS/pT7AC, uninduced and 
induced, I ,  2, and  3  h, respectively. R: SDS-PAGE of cell fractions  ob- 
tained  from cells induced  for  3  h,  passed  though  a  French  pressure cell 
and  spun  at 1 0 0 , O O O  x g. Lane 1, soluble  fraction;  lane  2,  membrane 
fraction.  The induced band  at 55 kDa is RbsA.  The  samples were boiled 
for 5 min before  running  on  a 12% SDS-PAGE  gel.  Bands were visu- 
alized by Coomassie  blue  staining. 

tion of the  promoter, high-level production of an M ,  55,000 
protein,  corresponding to the molecular weight of RbsA (Buckel 
et  al., 1986), was  observed (Fig. I ) .  After 3 h  of induction, it 
was estimated  that  the 55-K band  constituted  25% or more of 
the cell protein. Most of the protein was readily soluble in buffer 
containing 20% glycerol (Fig. I ) .  However, little or no increased 
expression of rbsC was observed  (RbsC  migrates  on SDS gels 
with an  apparent M ,  of approximately 29,000), even though a 
complete  copy of the gene and its native ribosome binding  site 
were present on  the plasmid (Fig. I ) .  This suggested that  trans- 
lational  coupling of expression did  not  occur. 

The  soluble  proteins  from induced cells were subjected to 
DEAE Trisacryl M chromatography followed by affinity  chro- 
matography  on Reactive Red@  agarose  (Fig. 2). RbsA  eluted 
early in the  gradient  from  the  anion exchanger  (at about 0.25 M 
NaCI),  but bound very tightly to  the red agarose,  eluting in a 
broad peak at  about 0.75  M NaCl.  The  protein  appeared to be 
homogeneous by SDS gel analysis at  this  stage  (Fig. 2) and was 
stable indefinitely in 20% glycerol at -70 "C. In the absence of 
glycerol, some  degradation  could be observed after a week at 
4 "C  as  determined by western blotting  (data  not  shown). 

One liter of cell culture  produced  about  40 mg of pure RbsA. 
N-terminal  sequence  analysis gave the  sequence  Met-Glu-Ala- 
Leu-Leu-Gln-,  confirming  the identity of the  protein  as RbsA 
(Bell et al., 1986) and  again  indicating a high state of purity  of 
the  preparation. 

RbsA was treated with differing  concentrations  of SI-FSBA, 
an  ATP  analogue  that  can  modify  ATP-binding sites covalently 
in proteins  (Colman, 1983). The label  was attached covalently 
as  demonstrated by co-migration with the  protein  on SDS gels 
(Fig. 3). Increasing amounts of ATP inhibited the labeling. GTP 
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Fig. 2. Purification of the  RbsA  protein.  RbsA  protein was purified by 
the  chromatographic steps outlined in the  Materials  and  methods. Lane I ,  
molecular  weight  markers:  lane 2, soluble  fraction of induced cells af- 
ter two  passages  through  a  French  pressure cell and a 1 0 0 , O O O  x g spin 
(25 p g  protein);  lane 3, pooled  fractions  from  the  DEAE  Trisacryl M 
column (6 p g  protein);  lanes 4-7 .3 ,  10.25,  and 50 p g  of RbsA  from  the 
red agarose  column.  Samples  were  run  on  a  12%  SDS-PAGE gel and lOmM - +ATP +GTP +CTP +ATP - 
stained  with  Coomassie  blue. 

B 
0 50uM FSBA 
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and  CTP, even at IO mM concentrations,  did not protect  RbsA 
from 5’-FSBA modification  (Fig. 3). 

Similar  labeling is also possible using the  photoactivatable la- 
bel,  S-a~ido-[y-~’P]  ATP  (Fig. 4). The label remains  attached 
covalently to the RbsA through SDS gel electrophoresis  (Fig. 4). 
but  the  bond(s) to the  protein  are highly labile,  making isola- 
tion  of labeled peptides very difficult (N.  Wajih,  unpubl.  obs.). 

Purified  RbsA  exhibited low-level ATPase  activity  (Fig. 5 ) .  
The K,, for  ATP with RbsA was found to be 140pM.  Thesignif- 
icanceof  the  ATPaseactivity in an uncoupled system is somewhat 
questionable, but the K,,, value is reasonable in a  physiological 
sense. 

A phagemid (p4BI) was originally constructed in our lab (Bin- 
nie  et al., 1992) for in vivo functional  studies  on RbsB, the ri- 
bose  binding  protein, in which the levels of expression of rbsB 
were critical (overexpression and underexpression were both del- 
eterious). Phagemid p4BI was  modified by removing some plas- 
mid DNA between the pBR322 promoter  and  the  translation 
start site and  replacing  the rbsB gene with rbsAC to create 
phagemid  PAC  (Binnie, 1992). This phagemid complemented 
the  strain  carrying a chromosomal  deletion  of rbsAC. Phage- 
mid PAC was modified  subsequently by replacing  the rbsAC 
genes with various rbs genes. In every  case, the  gene@) supplied 
on  this  plasmid (which are  constitutively expressed from  the 
pBR322 promoter  upstream  of  the  cloning  site)  complemented 
bacterial strains in which the particular gene(s) was deleted from 
the  chromosome  for  both  the  chemotaxis  and  ribose  transport 
function in vivo (Table 1). Absence of either  RbsA or RbsC 
clearly eliminated  ribose transport by the high-affinity transport 
system, as expected (Table I).  Surprisingly,  absence of RbsA se- 
verely depressed chemotaxis  also, except for  two cases (last two 
lines, Table I).  The  various  plasmids were made  independently 
more  than  three  times  each, with consistent results. 

RbsA - ?i.. 8 .  

b 

Fig. 3. FSBA labeling of the  RbsA  protein. 5’-FSBA labeling  and  de- 
tection were performed as described in the Materials and  methods. RbsA 
(2 p g )  was incubated  with  different  concentrations of 5’-FSBA for I h 
at 37 ‘C in the  absence  or  presence of different  concentrations of ATP. 
A: Specific  labeling with different  concentrations of 5”FSBA. B: Com- 
petition  with  different  nucleotides  at  concentrations of I O  mM.  After 
labeling,  samples were run  on  a  12%  SDS-PAGE gel, transferred to ni- 
trocellulose,  and  probed  with  anti-FSBA  antibodies (1: l ,OOO dilution) 
followed by an  HRP-conjugated  anti-rabbit IgG (1:5,000 dilution).  The 
signal was detected by autoradiography  using  the  ECL  kit. 

Discussion 

The rbsA gene  was  cloned  originally in a lambda PI. expression 
vector  and expressed in temperature-inducible (cI857) strains 
(Buckel et al., 1986). The  standard  induction  protocol, which 
involved a shift in temperature  to 42 “ C ,  resulted in high levels 
of production of RbsA, which was  mostly in insoluble  protein 
bodies. When  the  induction  temperature was lowered to 38 “C, 
most of the RbsA was soluble. The soluble  protein  could be iso- 
lated to  >95%  purity by a combination of ammonium  sulfate 
fractionation, gel filtration,  and  anion exchange chromatogra- 
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Fig. 4. 8-Azido  ATP labeling of RbsA.  Purified RbsA was radiolabeled 
with S-azido-[y-”P]  ATP by photolysis as  described in the  Materials 
and  methods.  Left:  Coomassie-stained  SDS gel of the  product of the 
labeling  (left  lane)  and  molecular weight standards  (right  lane).  Num- 
bers  on  the  left  refer IO the  molecular  masses of the  standards in kilo- 
daltons.  Right:  Autoradiogram of the gel. 

phy. However,  proteolysis of the  protein  occurred  during  stor- 
age and  during  attempts to crystallize it. Considerable effort was 
also  required to  produce milligram quantities  of  RbsA (S.D. 
Buckel, C.A.  Mauzy, & M.A.  Hermodson,  unpubl.  obs.). 

The  current  approach  for  production  and  purification of 
RbsA is a considerable  improvement  over  the  earlier  methods. 
The  induction of rbsA under  control  of  the  T7  promoter  takes 
place at lower temperature, resulting in a high yield of soluble, 
properly  folded  product.  The  purification  protocol,  adapted 
from Rosen et al. (1988), employs  dye  affinity  columns that have 
been effective in the purification of numerous  ATP-binding  pro- 
teins (Thompson  et  al., 1975; Siebers  et al., 1992; Walter et al., 

Table 1. Transport and chemotaxis analysis of baclerial 
strains carrying chromosomal deletions of rbs  genes 
and various plasmids” 

Plasmid/Strain  Consequence  Transport  Capillary 

pA/MHK-7” Complete (100)   (100)  

pC/MH-17  Complete 1 0 0  1 0 0  

~~~~ ~~ ~.. ~~~ -~ ~ ~~~ ~~ 
~ ~~~ ~ 

~~ 

~ ~ ~ ~~ 

pAC/MH-I I Complete 1 0 0  1 0 0  

pA-(K43R)/MHK-7 RbsA-(K43R)‘ <5  <5 
pBR322/MHK-7 No  RbsA <5  <5 
pC/MH-I I No  RbsA <5 <5  
pA/MH-I 1 No  RbsC <5 55 
pBR322/MH-17 No  RbsC <5 45 
pBR322/MH-I 1 No  RbsA  or  RbsC <5  <5 
pHR322/MH-15 No RbsD,  RbsA, or  RbsC <5  <5 
No  plasmid/MH-1 I No RbsA or  RbsC <5 30 
pT7D/MH-15 No RbsA or  RbsC <5 30 

~~~~ ~ ~ 

~~~ ~ ~~~ 

. ~ ~~~ 

a The  numbers  are  percentages of the  values  obtained  for  the  com- 
plete  systems  and  are  accurate to approximately ?IO%. 

hMHK-7lackstherhsAgene;MH-IIhasadeletionofrhsAC;MH-17 
has  a  deletion of rbsC; MH-I5  has  the  rhsDACgenes deleted. 

L‘ RbsA  (K43R) is a  site-directed  mutation of the Walker A  sequence 
(Walker et at., 1982) in the first ATP-binding  cassette of the  protein. 

~ ~ ~- ~” ~ ~~.~ . ~ .  ~~ 

1992). The  affinity  of  RbsA  for  the  dye  column clearly suggests 
that  the  RbsA  has a properly  configured  binding site. 

The most  convincing  evidence that  RbsA  has a  properly con- 
figured nucleotide binding  site  comes from ATP-inhibitable la- 
beling with 5’-FSBA. The label is covalently bound, because the 
product  can  be detected after SDS electrophoresis,  but we have 
had  considerable difficulty in isolating  labeled  polypeptides af- 
ter proteolysis of the labeled protein.  Apparently, a very labile 

0.5 1 .a 
[ATP] mM 

1.5 : 

Fig. 5. ATPase  activity of RbsA.  Activity of purified  RbsA  (5 pg) was  measured  over  a  200-fold  range of ATP  concentration 
in the  presence of IO mM MgC12 for  20  min  at 37 “C. 



Purification and analysis of RbsA protein 1097 

bond is formed with the FSBA. The nucleotide specificity of the 
5’-FSBA reaction  appears  to  be  quite  high;  only  ATP  competes 
well. In  other  studies  of related transporters, results vary  (Hob- 
son  et  al., 1984; Higgins  et al., 1985; Walter  et al., 1992). Bind- 
ing  of  labeled  ATP  to MalK has been shown to be  inhibited 
effectively by ATP, ADP,  and  GTP,  but  not  CTP  (Walter et al., 
1992). CTP  cannot  remove  OppD  from a dye  affinity  column, 
whereas  ATP  can  (Higgins  et  al., 1985). Labeling  of  HisP by 
8-azidoATP is inhibited by ATP,  GTP,  UTP,  CTP,  and  ADP, 
with  ATP being  a  bit more  effective  (Hobson et al., 1984). In 
order  for  this  question  to  be  resolved,  reconstitution  of  trans- 
port in vitro  with  pure  constituents  under  appropriately  con- 
trolled  conditions is needed to  measure  inhibition  of  transport 
by the  various  nucleotides  and  nucleosides  directly. 

Uncoupled ATPase activity has been observed for  proteins  of 
this  superfamily  before, and  the extent of  the activity varies con- 
siderably with the protein and  the reaction  conditions. MalK that 
has been refolded  from urea-solubilized protein  bodies  binds 
ATP with a K D  of 150 pM  (Walter et al., 1992) and hydrolyzes 
both  ATP  and  GTP with a K ,  of about  70  pM  (Morbach et al., 
1993). It also hydrolyzes CTP, but with a  much  higher K,,,, con- 
sistent with the competitive  binding  studies  (above). The N- and 
C-terminal half molecules of P-glycoprotein  (the product of the 
MDRl  gene),  as well as  the  whole  molecule,  exhibit low-level 
ATPase  activity in the  absence  of  transportable  drug  (Loo & 
Clarke, 1994). The  intact  P-glycoprotein  and  the co-expressed 
N- and  C-terminal halves exhibit  drug-stimulated increases  in 
the  ATPase activity (Loo & Clarke, 1994). This protein is a com- 
plete  transporter,  however, so the  results  are  not  directly  com- 
parable  to  studies  on  the isolated ATPase  component.  The first 
nucleotide-binding domain  of  the cystic fibrosis transmembrane 
conductance  regulator  (CFTR)  has been found recently to hy- 
drolyze  ATP slowly  when  it is expressed as a chimeric  protein 
with maltose-binding  protein (KO & Pedersen, 1995). ATP  an- 
alogues  inhibited  the  hydrolysis,  and  maltose-binding  protein 
alone  showed  no  ATPase activity, so the first ATP-binding cas- 
sette  of  CFTR  has similar ATPase  properties  to  RbsA in an  un- 
coupled  system.  Of  course,  the  ATPase activity of  biochemical 
relevance is that associated with productive membrane  transport, 
and it can  only  be  measured with confidence in a defined,  cat- 
alytically complete  system.  Steps toward accomplishing that goal 
are  described in the  companion  paper  (Zaitseva et al., 1996). 

Binding protein-mediated  transport  requires  coupling of en- 
ergy  first  to  the  opening  of  the  binding  protein,  which, with a 
KO of 10” M,  requires  almost 10 kcal/mol.  Then  transport of 
the  ribose  through  the  inner  membrane via the  transport  com- 
plex to  the  cytosol  must  be  energized.  The  RbsA  protein is not 
at all hydrophobic  nor  does it have  any  segments  of  sequence 
that  would be predicted to  span a membrane (Bell et  al., 1986). 
Genetic evidence  in the  histidine  transport system indicates  di- 
rect coupling between the  histidine-binding  protein  and  HisP, 
the  RbsA  analogue  (Ames, 1986; Kerppola et  al., 1991), which 
would imply that  HisP crosses the  membrane.  It is attractive to  
consider the possibility that RbsA  may extend through  the mem- 
brane  and interact directly with the binding protein, because that 
would  not  require  coupling  of  the energy of hydrolysis of  ATP 
to a third  protein,  RbsC,  in  the  transport process. More detailed 
structural  information is needed before a reasonable mechanism 
can  be  proposed,  however. 

We cannot fully explain  the  chemotaxis analyses (Table 1)  by 
current  understanding  of  the system. The  ribose  transport  data 

indicate  that  RbsA  and  RbsC  are  required  (Table I ) ,  but  RbsD 
is not  (Bouyer, 1991). That is  in accord with all  other  analyses 
of related  systems. However,  the periplasmic binding  protein is 
theoretically the only common element to  the  transport  and che- 
motaxis  systems, yet we observe severe effects  on  taxis when 
RbsA is absent  but  RbsC is present, with two  exceptions  (Ta- 
ble l ) .  The  data in Table l are  internally  inconsistent,  however, 
in that  the  last  four lines should  all  be  alike. Because each  of 
the  experiments was performed several times  with new trans- 
formations of the  strains with the  indicated  plasmids,  the  in- 
consistency is not  due  to  incorrect  strain  constructions.  Two 
interpretations  of  the  data  are possible, each with an exception. 
First,  and  most likely, the presence of  RbsC  in  the  absence  of 
a functional  transporter  interferes with taxis, possibly by bind- 
ing holo-binding  protein  and  interfering with the sensing  of the 
ratios of holo- versus apo-binding  protein by the chemotaxis re- 
ceptor.  This  would  be  consistent with our earlier  observations 
(Binnie  et al., 1992) that  alteration of binding  protein levels, ei- 
ther by overexpression or  underexpression,  interfered with che- 
motaxis assays. The pBR322 controls in strains  MH-11  and 
MH-15  are  not  consistent with this  interpretation, unless there 
is some  unknown  deleterious  effect  of  the pBR322  plasmid on 
chemotaxis. We have some evidence that pBR322 may,  indeed, 
suppress  the  chemotactic response in that wild-type cells (strain 
O w l )  carrying pBR322 show  only 75% of  the  swarm ring  val- 
ues of the  same  strain  carrying  no  plasmid  (H.  Zhang,  unpubl. 
obs.).  Although easily measurable,  that  degree of suppression 
is relatively small  compared to  the effects seen in deletion  strains 
MH-I 1 and  MH-15 carrying  pBR322 (Table 1). The  alternative 
explanation is that  RbsA is somehow involved in chemotaxis. 
Then  the last two lines of Table 1 are  inconsistent,  but all other 
data would fit the hypothesis. What  the  connection between the 
transport  and  chemotaxis systems through  RbsA  may be is un- 
known.  The  first  hypothesis  appears  more likely to  be  correct. 

It is interesting  to  observe  that  the  RbsA (K43R) mutant is 
nonfunctional.  RbsA, being an  internally  duplicated molecule 
with homologous N- and  C-terminal  halves,  has  two  potential 
ATP-binding sites with clearly identifiable Walker A sequences: 
G-E-N-G-A-G-K-S-T (residues 37-45) and G-L-M-G-A-G-R-T-E 
(residues 285-293). The first of these is more consistent with the 
consensus Walker  A sequence, having  a lysyl residue  and  two 
hydroxy-amino  acid residues at its C-terminal  end. Because 
changing the lysyl residue to  an arginyl  residue impairs  the  func- 
tion of the  protein severely, it is tempting  to  speculate  that  the 
ATP-binding  cassette  that energizes the  active  transport is the 
one in RbsA  nearer the  amino terminus. Again, better structural 
information is  needed to  construct a more  detailed mechanis- 
tic hypothesis. 

Materials and  methods 

Materials 

[Y-~’P]-ATP (30 Ci/mmol)  and  the  ECL kit for western blot- 
ting  were purchased  from  Amersham.  DEAE  Trisacryl  M, re- 
active  red  agarose 120 (type  3000-CL),  blue  agarose  (Cibacron 
Blue 3GA),  and  ATP-agarose were purchased  from  Sigma. 5’- 
FSBA,  ATP,  GTP,  and  CTP were obtained  from  Sigma.  En- 
zymes and  other  materials for recombinant  DNA  techniques 
were obtained  from  Boehringer-Mannheim  and New England 
Biolabs. pT7-7  vector was generously  provided by Dr. Stanley 
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Tabor. Oligonucleotides were synthesized by the  Laboratory  for 
Macromolecular  Structure,  Purdue  University.  Protein  stan- 
dards  and nitrocellulose  were from  Bio-Rad.  Crude  anti-FSBA 
antibodies were  generously provided by Dr.  Robert  Geahlen of 
the  Department of  Medicinal Chemistry  and  Pharmacognosy of 
Purdue University and were affinity  purified using an  ATP- 
agarose  column. 

Construction of the overexpression plasmid, pT7AC 

An Nde  I/Pst I fragment  containing  the rbsD, rbsA, and rbsC 
genes ( 2 3  kb) was isolated  from a pUC-based  plasmid  pDAC 
using  low-melting agarose gel electrophoresis (Sea plaque,  In- 
termountain Sci.) and  phenol  extraction.  This  fragment was li- 
gated  into  the Nde  I/Pst I sites  of  the  bacteriophage  T7 
overexpression  vector,  pT7-7,  to yield plasmid  pT7DAC1. To 
fuse  the  start  codon  of rbsA gene to  the  Shine-Dalgarno se- 
quence  of  the  T7  vector,  the Nde  I/Sma I fragment  containing 
rbsD and  44  bp of rbsA coding  sequence was deleted.  This was 
replaced by an  adaptor, 

S'TATGGAAGCATTACTTCAGCTTAAAGGCATCGATAAAGCCTCCCC3' 

3' ACCTTCGTAATGAAGTCGAATTTCCGTAGCTATTTCGGAGGGGS', 

containing  an Nde I half-site  and  the  ATG  start  site of RbsA at  
the 5' end,  the missing 44  bp  of rbsA coding  sequence,  and a 
Sma I half-site at  the 3' end,  to yield pT7AC.  pT7AC only  over- 
produces  native  RbsA,  but  not  RbsC, which is expressed from 
its native  ribosome  binding site. 

Overproduction and fractionation of cells 

E. coli strain BL21(DE3)/pLysS was transformed with the plas- 
mid pT7AC. Single colonies were picked and  grown  overnight 
at 37 "C in IO-mL LB  medium  containing 100 pg/mL  ampicil- 
lin. The  overnight  cultures were subcultured in 1 L LB medium 
in  4-L  flasks  containing ampicillin and allowed to  grow until 
they  reached an OD,oo = 1 .O. Cells  were induced by the  addi- 
tion of IPTG  to a final  concentration of 0.5 mM  and allowed 
to  grow  for  another 3 h. All subsequent  manipulations were at 
4 "C. Cells  were harvested by centrifugation  at  6,000 X g for 
20 min,  and  the cell pellet (3.5 g wet cells/L) was resuspended 
in 35 mL  of  buffer A  (25 mM  Tris-HC1,  pH  7.5, 2 mM 
Na2EDTA, 1 mM  DTT,  and 20% (v/v) glycerol). One millimo- 
lar  PMSF  and 5 mM I ,  10 phenanthroline (Sigma)  were added 
prior  to cell lysis.  Cells  were broken by two passages through 
a French  pressure cell at 12,000 psi. The soluble fraction was col- 
lected by centrifugation  at 100,000 x g for 1 h.  Prepared in  this 
manner,  RbsA  was  found  mainly in the  soluble  fraction. 

Purification of RbsA protein 

The  cytosol  was  applied  to a 2.5 x 20-cm diameter  column 
packed  with 100 mL of DEAE  Trisacryl M anion  exchanger 
(Sigma) equilibrated with buffer A. The  column was  washed 
with 300  mL of the  same  buffer  and  eluted with a linear  gradi- 
ent  of 0-0.5 M NaCl  in 300 mL  of  buffer A at  a flow rate of 
1 mL/min.  Fractions  of 5 mL were  collected and  analyzed by 
SDS-PAGE  according to  the  method  of Laemmli (1970). RbsA 
eluted  at  about 0.25  M NaC1. The  fractions  containing  RbsA 

protein were pooled  and  applied  to a 1.5-cm diameter  column 
packed  with 35 mL  of  red  agarose  (Reactive  Red  120-Agarose, 
type  3000-CL,  Sigma)  equilibrated with buffer  A.  The  column 
was  washed with 300 mL of the  same  buffer  followed by a lin- 
ear  gradient  of 0-1 .O M NaCl in 300 mL of buffer A at a  flow 
rate of 0.5 mL/min.  Fractions (2.5 mL) were  collected and  an- 
alyzed by SDS-PAGE.  RbsA  eluted  at 0.75  M NaCI.  Fractions 
containing  RbsA  protein were analyzed  immediately  for  ATP- 
ase activity and  then  stored  at -20 "C. 

ATPase assay 

Pure  RbsA  from  the  dye  columns was  assayed for  ATP  hydro- 
lysis. Assay mixtures (100 pL)  contained 50 mM  HEPES-KOH, 
pH 7.5, 100 mM KCI, 5-10 pg RbsA,  and 1 mM  ATP (labeled 
with [y-"P]ATP at 10-30 cpm/pmol).  RbsA was pre-incubated 
with the reagents at 37 "C  for 10 min.  The reaction was initiated 
by the addition of lOOmM  MgCI,, followed by further incubation 
at 37 "C  for  the indicated amount  of time. The released [ Y - ~ ~ P I -  
PO4 was extracted  according  to  the  method of Conway  and 
Lipman (1964) and  was  counted in  a scintillation  counter. 

FSBA labeling 

Purified  RbsA  protein (2 pg) was incubated with different  con- 
centrations  of 5'-FSBA  with or without  ATP  at 37 "C  for 1 h. 
Reaction  mixtures (20 pL) contained 50 mM  HEPES-KOH 
buffer,  pH  7.5, 0.25 mM  Na,EDTA,  and 10 mM  MgCI2. Be- 
cause 5'-FSBA has limited solubility in water, it was added in 
dimethylsulfoxide, with the  final  dimethylsulfoxide  concentra- 
tion  adjusted  to 10% (v/v)  in  all  assays. Control  reactions were 
incubated in the  same  manner except for  the  inclusion of the 
RbsA  protein.  The  reaction was terminated by adding SDS gel 
loading  buffer  and boiling for 5 min.  The 5"FSBA-modified 
RbsA was immunodetected  employing a modification of the 
procedure  described by Zeitlin  et al. (1992). Samples were elec- 
trophoresed  on a 12%  SDS-PAGE gel and  transferred  onto ni- 
trocellulose in transfer  buffer  (0.04%  SDS, 125 mM  Tris  base, 
pH 8.4, 192 mM glycine, 20%  methanol)  for 1 h at 100 V and 
4 "C. All subsequent  steps were performed at  room  temperature. 
The nitrocellulose was blocked with 2.5% gelatin in wash buffer 
(0.15 M  NaCI, 10 mM Tris-HC1, pH  7.4,2% (v/v) Triton X-100) 
for 1 h.  The  blots were  rinsed twice for 15 min  in  wash buffer. 
Anti-FSBA  antibody was diluted 1: 1,000  in 3% bovine  serum 
albumin in  wash buffer  and  applied with shaking  for I h.  The 
blots were  rinsed twice (15 min)  with wash buffer  and exposed 
to  the  secondary  antibody  (horseradish  peroxidase-linked  don- 
key anti-rabbit  IgG;  Amersham)  at a  1:5,000 dilution  for 1 h. 
The  blots were rinsed twice (15 min),  drained,  and  exposed  to 
enhanced  chemiluminescence  detection  solution  (ECL;  Amer- 
sham).  Autoradiographs were prepared with Hyperfilm  after 
1-2 min exposure. 

Photolabeling with 8-azidoATP 

8 - A ~ i d o - [ y - ~ ~ P l A T P  was purchased  from  ICN Biochemicals. 
Labeling was conducted on ice with 0.18  nmol  RbsA in 20 mM 
Tris-HCI,  pH  7.5,2  mM  EDTA,  and 45 p M  [32P] 8-azidoATP. 
The  reaction was initiated by insertion  of  the  photoprobe with 
60 s of  photolysis  at 254 nm.  The  reaction was terminated by 
bringing  the  solution to  50 mM  DTT. Twelve percent  SDS gels 
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of the  product were autoradiographed  to  determine 32P incor- 
poration  into  RbsA. 

Analytical procedures 

Protein  concentration  was assayed with  the  micro-BCA  protein 
assay kit from Pierce Chemical Co.  The sequence of the N-terminal 
six amino  acids  of  the  purified  protein was determined by the 
automated  Edman  degradation  on  an Applied Biosystems 470A 
protein  sequencer. 

Deletion strains 

Deletion strain  MH-17 (6C)  lacks the  portion of rbsC from the 
Nco I site through  the Acc I site,  removing  the  C-terminal  180 
residues of  RbsC.  The CAT gene  has been  inserted into  the de- 
letion  site for  selection. 

Deletion strain  MHK-7 (6A) has  the  portion of the rbsA gene 
from  codons 193-408 (the  two Sac 11 sites)  replaced by the 
kanamycin-resistance  gene. 
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