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ABSTRACT: The amino acid sequence of all but a few N-terminal residues of the fl subunit of rat liver ATP 
synthase has been determined from cDNA clones. Rat liver Fl-fl is shown to contain 17 amino acid differences 
from that reported for F1-P of bovine heart, 2 differences of which involve differences in charge. This may 
account in part for the observation that bovine heart F1 binds nucleotides with much greater affinity than 
the rat liver enzyme. Rat liver F,-fl also contains homologous regions with another nucleotide binding protein, 
adenylate kinase, for which high-resolution structural studies are available. Adjacent to one of these 
homologous regions is an eight amino acid stretch which bears striking homology to the phosphorylation 
region of the (Na+,K+)-ATPase. The combination of these two homology regions may constitute at  least 
part of a nucleotide binding domain in Fl-fl. Significantly, both rat liver and bovine heart fl contain these 
regions of homology, whereas the 17 amino acid differences between the two enzymes lie outside this region. 
The possibility of a second nucleotide binding domain which differs between the two enzymes is discussed. 
A cDNA clone containing all the regions of homology as well as 11 of the 17 amino acid differences between 
the bovine heart and rat liver fl subunits has been ligated into the bacterial expression vector pKK223-3. 
After transformation of a protease-deficient strain of Escherichia coli, this cDNA clone is expressed as a 
36-kilodalton protein. Finally, further cDNA library screening and primer extension analysis using several 
oligonucleotide probes generated cDNAs which always terminated prior to that region of the /3 gene coding 
for the N-terminal region. A strong secondary structure of regulatory significance may, therefore, be a 
unique characteristic of the rat liver mRNA coding for the Fl-/3 subunit in this region. 

x e  ATP synthase of rat liver mitochondria is responsible 
for the production of ATP from the respiration-derived elec- 
trochemical gradient across the mitochondrial inner membrane. 
The enzyme complex is composed of two parts, F1 and Fo, each 
being a multisubunit complex. The hydrophilic and mem- 
brane-extrinsic F1 complex contains the catalytic regions of 
the molecule and has been shown to bind and hydrolyze nu- 
cleotides [for recent reviews, see Cross (1981), Senior and Wise 
(1983), Wang (1983), Amzel and Pedersen (1983), and Hatefi 
(1985)l. The enzyme subunit structure is highly conserved 
throughout evolution and, from bacteria to mammals, is 
generally agreed to be composed of five different subunit types 
in the ratio of a3/3g,& (Senior & Brooks, 1971; Catterall & 
Pedersen, 1971; Catterall et al., 1973; Esch & Allison, 1979). 
The primary sequences of the three largest subunits, a, p, and 
7, are also highly conserved (Walker et al., 1982, 1985), and, 
intriguingly, significant homology exists between the /3 subunit 
and numerous other nucleotide binding proteins (Walker et 
al., 1982; Fry et al., 1985). On the basis of these homologies 
and on chemical modification studies of 6 using nucleotide 
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analogues, the suggestion has been raised that the mechanism 
of nucleotide binding may have similar themes in differing 
proteins. 

Experiments described here were undertaken with a 3-fold 
purpose in mind. First, obtaining the predicted amino acid 
sequence of the /3 subunit will aid in understanding the 
characteristic nucleotide binding of the rat liver F,-ATPase. 
Reports from this and other laboratories indicate that the 
F,-ATPase from rat liver binds nucleotides with much less 
affinity than does the bovine heart enzyme (Catterall & 
Pedersen, 1972; Cross & Nalin, 1982). Moreover, a maximum 
of only four nucleotide binding sites are readily detected in 
the rat liver enzyme (Williams et al., 1987), whereas six sites 
are readily detected in similar binding assays in the bovine 
heart enzyme (Cross & Nalin, 1982). These differences be- 
tween closely related enzymes may arise from primary se- 
quence differences. Second, the acquisition of the F,-0 amino 
acid sequence will aid and complement the X-ray crystallo- 
graphic structure determination currently in progress. A 9-A 
map of rat liver F1 has been obtained (Amzel et al., 1982) and 
is currently being extended with data up to a resolution of 3.5 
A. Third, obtaining a cDNA clone and the development of 
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an expression system for the rat liver p subunit are prere- 
quisites for a program of mutagenesis and studies of p proteins 
selectively mutated. Homologies between various p subunits 
and among other nucleotide proteins suggest possible exper- 
iments involved with determining which amino acids are es- 
sential for /3-subunit function. 

Here we describe the selection and sequencing of cDNA 
clones for the p subunit of the rat liver F,-ATPase, using 
antisera raised to purified and intact F,-ATPase. The DNA 
sequence predicts a /3 subunit closely homologous but with 
several notable differences from that of bovine heart. The 
expression in Escherichia coli of one of the p clones selected 
here is also described. 

EXPERIMENTAL PROCEDURES 
Materials 

Restriction and DNA-modifying enzymes were obtained 
from New England Biolabs, United States Biochemicals, 
Bethesda Research Laboratories (BRL), Pharmacia, and 
Boehringer-Mannheim Biochemicals and were used according 
to the suppliers’ instructions. Agarose used was Seakem GTG 
from FMC Corp. Microtiter plates (Immulon 2) were from 
Dynatech Laboratories. Guanidine isothiocyanate was from 
Fluka Chemical Corp. Acrylamide gel reagents were from 
Bio-Rad. Laboratory chemicals were from Sigma and Baker. 
M13mp18 and -19, pUC18 and -19, universal sequencing 
17-mer and deletion subcloning primers, and oligo(dT)-cel- 
lulose were from New England Biolabs. Bacterial strains 
Y1090 and JMlOl were gifts of Dr. D. W. Cleveland (The 
Johns Hopkins School of Medicine). Preparation of the 41- 
mer oligonucleotide 5’-CACAACGGCGCCGATGACT- 
GCCACAATTTGCCCGGTGGCGG-3’ was by The JHU 
Biopolymers Institute, The Johns Hopkins School of Medicine. 
Random hexamers and pKK223-3 were obtained from 
Pharmacia. [3SS]dATP was from New England Nuclear. 
32P-Labeled nucleotides were from ICN. NA45 nitrocellulose 
(DEAE) membrane was obtained from Schleicher & Schuell. 
Rat liver expression cDNA libraries were the gifts of Drs. P. 
Churchill, S. Churchill, and S. Fleischer (Vanderbilt Univ- 
ersity) and of Dr. R. Hynes (Massachusetts Institute of 
Technology). A human F,-ATPase @subunit cDNA was the 
gift of Drs. S. Ohta and Y. Kagawa (Jichi Medical School, 
Japan). E. coli strain CH1959 (CGSC 6790) was obtained 
from the E. coli genetic stock center at the Yale University 
School of Medicine. A sequence analysis program (DPSA) was 
obtained from Dr. Ch. Marck (Cente d’Etudes Nucleaires de 
Saclay, France) (Marck, 1986). 

Methods 
Antiserum Production and Characterization. F,-ATPase 

purified by the method of Catterall and Pedersen (1971) was 
emulsified with an equal volume of adjuvant and injected at 
multiple subcutaneous sites in female New Zealand white 
rabbits. The adjuvant for the first injection was Freund’s 
complete adjuvant; subsequent injections contained Freund’s 
incomplete adjuvant. Anti-F, antibody production was 
monitored by a radioimmunoassay using antigen adsorbed to 
microtiter wells and 1251-labeled protein A to assess antibody 
binding. Immunoblots were performed essentially by the 
method of Towbin et al. (1979). Antibody binding to blots 
was visualized by protein A and autoradiography. 

Library Screening. cDNA library screening with an anti-F, 
antiserum was performed by the method of Young and Davis 
(1983) using 1251-labeled protein A to locate antibody binding 
to plaques on a lawn of bacterial strain Y 1090. Blocking of 
nonspecific sites on the filters, dilution of antiserum and of 

protein A, and washing of filters used a buffer containing 150 
mM NaCI, 10 mM tris(hydroxymethy1)aminomethane hy- 
drochloride (Tris-HCl),’ pH 7.4, and 0.1% Brij-58. Screening 
with a [32P]dATP-labeled DNA fragment was performed by 
the method of Benton and Davis (1977). DNA fragments 
were labeled by the random primer method using the Klenow 
fragment of DNA polymerase I (Feinberg & Vogelstein, 
1983). Positive plaques were purified by three further cycles 
of plating and screening at lower phage densities. Phage DNA 
was isolated essentially as described in Maniatis et al. (1982). 

Northern Blot Analysis. Total RNA was isolated from rat 
liver by the guanidinium thiocyanate procedure of Chirgwin 
et al. (1979). RNA was enriched for poly(A)-containing 
sequences by two passages over oligo(dT)-cellulose (Aviv & 
Leder, 1972). RNA eluted from the column was fractionated 
by electrophoresis through 1.4% agarose gels containing 
formaldehyde (Goldberg, 1980) and transferred to nitro- 
cellulose filters. Filters were hybridized with DNA labeled 
by the random primer method using [32P]dATP or by poly- 
nucleotide kinase using [32P]ATP. Filters were exposed to 
X-ray film at -70 OC with an intensifying screen. 

Analysis of Clones. Restriction digests of recombinant 
phage DNA were analyzed by staining with ethidium bromide 
after electrophoresis on 0.8% agarose gels and by hybridization 
to fragments transferred to nitrocellulose filters. The filters 
were hybridized with a 32P-labeled cDNA, washed to moderate 
stringency, and subjected to autoradiography at -70 OC with 
an intensifying screen. cDNA inserts for DNA sequencing 
were separated on agarose gels, recovered from the gels by 
using a DEAE membrane according to the manufacturer’s 
instructions, and ligated into the EcoRI site of M13mp19. 
MI3  phage were grown on bacterial strain JM101, and se- 
quencing template DNA was purified according to the pro- 
cedure in the BRL M 13 Cloning/Dideoxy Sequencing Manual 
(Bethesda Research Laboratories, Gaithersburg, MD). Se- 
quence determination was made according to the dideoxy chain 
termination procedure (Sanger et al., 1977) using a universal 
17-mer sequencing primer and [35S]dATP (Biggin et al., 
1983). Sequential M13 subclones for sequencing were pre- 
pared by deletion of single-stranded phage DNA with T4 
DNA polymerase by the method of Dale et al. (1985). Both 
strands and each nucleotide were sequenced approximately 
twice. 

Expression of cDNA in E .  coli. The C4 cDNA was ligated 
into the EcoRI site of the expression vector pKK223-3 which 
directs expression of inserted sequences under the control of 
the IPT’G-inducible trp-lac (tac) promoter. Proper orientation 
of the insert was determined by restriction digests of plasmid 
DNA prepared by the boiling method (Maniatis et al., 1982). 
The expression plasmid was purified on a CsCl gradient and 
transformed into E. coli strain CH1959 which lacks the Ion 
protease. Single colonies of transformants were picked and 
grown in minimal medium overnight. An aliquot of this ov- 
ernight culture was used to inoculate 50 mL of LB medium 
which was shaken at 37 OC. At an OD,,, = 0.7, IPTG was 
added to 1 mM, and shaking was continued for 1 h. At three 
time points, equal OD600 samples were sedimented, resus- 
pended in Laemmli sample buffer, frozen/thawed with liquid 
nitrogen, heated at  100 “C for 2 min, forced through a 23- 
gauge needle, and loaded on 12% SDS-polyacrylamide gels 

’ Abbreviations: Tris-HCl, tris(hydroxymethy1)aminomethane hy- 
drochloride; IF’TG, isopropyl thiogalactopyranoside; SDS, sodium dodecyl 
sulfate; bp, base pair(s); kDa, kilodalton(s); N M R ,  nuclear magnetic 
resonance; kb, kilobase(s); AMP-PNP, 5’-adenylyl imidodiphosphate; 
NBD-CI, 7-chloro-4-nitro-2,1,3-benzoxadiazole. 
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FIGURE 1: Identity of cDNA and size of mRNA of the rat liver F,-@ 
subunit determined by hybridizations. (A) Southern blot of EcoRI 
digest of cDNA clones A1 and C4 separated on 0.8% agarose showing 
hybridization of A1 insert at 1700 bp and of C4 insert at 1400 bp. 
Size markers are the fragments sized in kilobase pairs of a Hind111 
digest of X DNA. Hybridization conditions: 50% formamide, 42 OC, 
16 h. Washing conditions: 1X SSC (standard saline citrate, 20X 
SSC is 3 M sodium chloride and 0.3 M sodium citrate, pH 7.0), 65 
OC, 0.1% SDS, 2 h. At this stringency, additional hybridization is 
visible at 870 bp in the C4 lane. Restriction mapping of C4 positions 
the 870 bp fragment 3’ to the poly(A) region of C4 (results not shown), 
thereby indicating that its hybridization is fortuitous and that it is 
unlikely to be related to the subunit. (B) Autoradiogram of hy- 
bridization of labeled A1 cDNA to rat liver poly(A) containing RNA. 
Hybridization is to a band of 2100 bp. (C) Autoradiogram of end- 
labeled 41 -mer oligonucleotide to poly(A) containing rat liver RNA. 
Hybridization is to a band of 2100 bp. 

(Laemmli, 1970). Duplicate gels were loaded for Coomassie 
staining and for immunoblotting with anti-F1 antiserum. 

RESULTS 

In preparation for selecting cDNA clones from a rat liver 
library, we raised an antiserum in rabbits to the rat liver 
F,-ATPase complex. The antiserum reacted with the a, 8, 
and y subunits on protein blots of F1 and only with those same 
subunit bands on blots of total proteins of rat liver cells. This 
antiserum was used to screen a rat liver cDNA library in the 
expression vector X gtl 1. The first-round screening of 450 OOO 
phage resulted in 11 positively signaling plaques. Of these 1 1 
plaques, we purified as single plaques 4 phage that reacted 
with the antiserum on each of 3 successive rounds of screening. 
Purified and EcoRI-restricted DNAs from these clones were 
electrophoresed on agarose gels, revealing four differently sized 
inserts, two of which appeared to be long enough to encode 
about two-thirds of the @-subunit sequence. 

Since antibody screening of expression libraries can often 
select clones containing cross-reacting epitopes but of no other 
relationship to the original antigen, we confirmed the identity 
of the clones by their hybridization with a human @-subunit 
cDNA. As is shown in Figure lA, the human clone did hy- 
bridize under moderately stringent conditions to two putative 
rat liver @ clones that were digested with EcoRI and blotted 
to filters. Hybridization signals are seen at 1700 bp in clone 
A1 and at 1400 bp in clone C4. This result showed that at 
least two of our clones indeed contained sequences of the rat 
liver @ subunit. To determine the length and number of the 
@-subunit mRNA(s), we labeled clone A1 and hybridized it 
to a blot of poly(A) containing rat liver RNA. As is shown 
in Figure lB, hybridization is seen at a band of about 2.1 
kilobases in length. DNA sequencing of the A1 clone revealed 
the presence of insert sequences 3’ to the poly(A) region of 
the @-subunit cDNA. These sequences are presumed to be 
a cloning artifact introduced during the construction of the 

library, when two cDNAs were ligated into a single vector 
molecule without an intact EcoRI site between them. To 
ensure that these unidentified sequences were not hybridizing 
on the Northern blot, we probed a second poly(A) RNA blot 
with a labeled synthetic oligomer consisting of 41 bases located 
in the 5’-most @ sequence we had obtained (see Figure 2 for 
the position of the oligomer in the sequence). In Figure lC, 
a 2.1-kb band is identified by its hybridization to the oligomer. 
This result confirms that the 2.1-kb band is the @-subunit 
mRNA. This also indicates that there is likely to be only one 
mRNA species for the @ subunit, although more than one 
species that are similar in size is possible. 

Since neither of the clones determined to be rat liver @ 
subunit by their hybridization to the human probe appeared 
to be long enough to account for the 2.1-kb mRNA seen on 
the Northern blot, we rescreened both libraries looking for 
more @ sequence. Using a labeled restriction fragment of the 
human cDNA as a probe, we selected three additional clones 
from a second rat liver cDNA library in X gtl 1. The probe 
was an EcoRI-Sty1 fragment extending from the 5’ EcoRI 
site to the Sty1 site located 662 bp away in the human cDNA 
and included the 5’ untranslated region of the human cDNA. 
The longest insert containing new sequence found with this 
probe was one of approximately 457 bp which overlapped 
approximately 100 bases of the longest antibody-selected clone 
(C4). Upon excision from the phage, this insert was cut into 
two fragments by EcoRI. The fragment that represented 
additional 5’ @ sequence was 357 bp in length. Preliminary 
sequencing of this clone and of C4 showed that the @ cDNA 
contains an internal EcoRI site which had not been methylated 
in the majority of the clones isolated from the first cDNA 
library. Complete DNA sequencing of the 357 bp insert and 
of the C4 insert was performed by using the deletion sub- 
cloning strategy of Dale et al. (1985). Subcloning of single- 
stranded M13 by this method enabled a rapid and ordered 
sequencing of the 1220 bp C4 cDNA. Each nucleotide on both 
strands was sequenced approximately twice. 

In Figure 2, the rat liver cDNA sequence and the predicted 
amino acid sequence are shown. Comparison with the other 
mammalian @-subunit sequences reveals that the clones ac- 
count for the entire coding region of the mRNA except for 
seven amino acids at the N-terminal. These were not encoded 
by any of the clones obtained. The clones include a 3‘ un- 
translated region of 149 bp. The DNA sequence and the 
predicted amino acid sequence confirmed the clones’ identity 
as being of the @-subunit sequence. At the nucleotide level, 
the coding regions of the rat liver cDNA and the human 
cDNA are 90% homologous, differing in 136 out of 1416 
nucleotides. At the amino acid level the conservation of se- 
quence is greater than 95%. The differences in amino acids 
between the rat liver @ subunit and the @ subunits of human 
and bovine are summarized in Table I. The predicted rat liver 
@ subunit differs by 17 residues from the amino acid sequence 
of the bovine heart @ subunit. Two of these differences involve 
charged residues giving the rat liver @ subunit two net addi- 
tional negative charges. Rat liver and human @-subunit amino 
acid sequences differ by seven residues. 

Expression experiments were performed as described under 
Methods. The C4 clone was inserted into a vector which 
enables the expression of an insert under the inducible control 
of a hybrid E. coli promoter. The C4 clone codes for a protein 
of 353 amino acids with a molecular weight of approximately 
36 OOO. We transformed the plasmid into a protease-deficient 
(lon-) strain of E. coli. Figure 3 shows an immunoblot of total 
proteins from bacteria containing the original plasmid and 
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1 / I  31 /11  61/21  
GAA TTC CGC ACC GCC ACC GGG CAA A n '  GTG GCA GTC A T C  GGC GCC G T T  GTG GAT GTC CAG T T C  GAT GAG GGA T T A  CCA CCT ATC CTA AAT 

t h r  a l a  t h r  q l y  q l n  i l e  Val  a l a  V a l  i l e  g l y  a l a  Val  Val  a s p  v a l  q l n  p h e  a s p  q l u  q l y  l e u  p r o  p r o  i l e  leu a s n  

Y1/31 1 2 1 / 4 1  151/51  
GCC TTG GAA GTG CAA GGC AGG GAG AGC AGA CTG G T T  TTG GAG GTA GCC CAG C A T  TTA GGG GAG.AGC ACC G T €  AGA ACT A T T  GCT ATG GAT 
a l a  l e u  g l u  v a l  g l n  g l y  a r g  glu ser a r g  l e u  Val  l e u  g l u  Val  a l a  g l n  h i s  l e u  q l y  g l u  ser t h r  v a l  a r q  t h r  i l e  a l a  m e t  a s p  

181/61  211/71  241/81 
GGC ACT GAA GGC TTG GTT AGA GGC CAG AAA GTA CTG GAT TCG GGG GCA CCA ATC AAA A T T  CCT G T T  GGT CCT GAG ACC TTG GGC AGA ATC 
g l y  t h r  q l u  q l y  l e u  v a l  a r g  q l y  g l n  l y e  Val  l e u  a s p  ser g l y  a l a  p r o  i l e  l y s  i l e  p r o  v a l  q l y  p r o  glu t h r  l e u  g l y  a r q  i l e  

271/91 301/1u1 331/111 
ATG A A T  GTC A T T  GGA GAA CCT A T T  GAT GAG AGA GGT CCT ATC AAA ACC AAA CAA T T C  GCT CCT A T T  C A T  GCT GAG GCT CCT GAA T T C  ATA 
m e t  a s n  v a l  i l e  q l y  q l u  p r o  i l e  a s p  q l u  a r g  g l y  p r o  i l e  l y s  t h r  l y s  g l n  p h e  a l a  p r o  i l e  h i s  a l a  q l u  a l a  p r o  glu p h e  i l e  

361 / 1 2 1  391/131 4 2 1 / 1 4 1  
GAG ATG AGT GTT GAA CAG GAA A T T  CTG GTG ACT GGT ATA AAG G T T  GTG GAT CTG CTG GCC CCA TAC GCC AAG GGT GGG AAA ATC GGA C l ' c  
g l u  met se r  v a l  q l u  g l n  g l u  i l e  l e u  v a l  t h r  q l y  i l e  l y s  v a l  v a l  a s p  l e u  leu a l a  p r o  t y r  a l a  l y s  g l y  g l y  l y s  i l e  g l y  l e u  

451/151 481/161 511/171 
TTC GGA GGT GCT GGT G T T  GGA AAG ACA GTA CTG ATC ATG GAG CTA ATC AAC A A T  GTT GCT A M  GCC C A T  GGT GGT T A T  T C T  GTA T T T  GCT 
p h e  q l y  q l y  a l a  g l y  v a l  q l y  l y s  t h r  v a l  l e u  i l e  met q l u  l e u  i l e  a s n  a s n  V a l  a l a  l y s  a l a  his g l y  g l y  t y r  ser Val  p h e  a l a  

541/181 571/191 601/201 
GGT G T T  GGT GAG AGG ACC CGT GAG GGC A A T  GAT T T A  TAC C A T  GAA ATG A T T  GAG T C T  GGT G T T  AT€ AAC C T A  AAA GAT GCC ACT TCC AAG 
q l y  Val g l y  glu a r g  t h r  a r g  g l u  q l y  a s n  a s p  l e u  t y r  h i s  q l u  m e t  i l e  qlu ser g l y  v a l  i l e  a s n  leu l y s  a s p  a l a  t h r  ser l y s  

hJl/2ll 661/221 691/231 
C l ' A  GCG TTG G l A  T A T  GGG CAG ATG A A T  GAA CCG CCT GGT GCT CGT GCC CGG GTA GCT CTG ACT GGT CTG ACT GTT GCT GAA TAC TTC AGA 
v a l  a l a  l e u  v a l  t y r  g l y  q l n  met a s n  g l u  p r o  p r o  g l y  a l a  a r q  a l a  a r q  v a l  a l a  l e u  t h r  q l y  l e u  t h r  v a l  a l a  q l u  t y r  p h e  a r q  

- - 

7 1 1 / L 4 1  751/251 781/261 
t iAC CAG GAA GGC CAA GAT GTC CTG CTG T T T  A T 1  GAC AAC ATC T T C  CGC T T C  ACC CAG GCT GGC TCA GAG GTA T C T  GCC T T A  TTG GGC AGG 
a s p  g l n  g l u  g i y  a s p  Val  l e u  l e u  p h e  i l e  a s p  a s n  i l e  p h e  a r q  p h e  t h r  g l n  a l a  q l y  ser g l u  v a l  ser a l a  l e u  leu  q l y  a r g  

8 7 1 / 2 9 1  8 1  1 / 2 7 ]  841/281 
ATC CCG T C T  GCT GTA GGC TAC CAG CCT ACC CTA GCC A C T  GAC ATG GGT ACA ATG CAG GAA AGA ATC ACC ACC ACC AAG AAG GGC TCG ATC 
i l e  p r o  ser a l a  v a l  q l y  t y r  q l n  p r o  t h r  l e u  a l a  t h r  a s p  met q l y  t h r  m e t  q l n  g l u  a r q  i l e  t h r  t h r  t h r  l y s  l y s  g l y  ser i l e  

UUl/3Ul 931/311 961/321 
ACC TCA GTG CAG GCT ATC T A T  GTG CCA GCT GAT GAC CTG ACT GAC CCT GCC CCT GCA ACT ACC T T T  GCC C A T  T T G  GAT GCT ACT ACT GTG 
t h r  se r  v a l  q l n  a l a  i l e  t y r  5 p r o  a l a  a s p  a s p  l e u  t h r  ssp p r o  a l a  p r o  a l a  t h r  t h r  p h e  a l a  h i s  l e u  a s p  a l a  t h r  t h r  V a l  

Y91/331 1 0 2 1 / 3 4 1  1051/351 
CTG TCC CGT GCT A T I '  GCT GAG T T G  GGC ATC T A T  CCA GCT GTG GAT CCG CTG GAC TCC ACC T C T  CGA A T T  ATG GAT CCC M C  ATC G T T  GGC 
l e u  ser a r g  a l a  i l e  a l a  g l u  l e u  g l y  i l e  t y r  p r o  a l a  Val  a s p  p r o  l e u  a s p  ser t h r  ser a r g  i l e  m e t  a s p  p r o  a s n  i l e  Val  g l y  

1 0 8 1 / 3 6 l  1 1 1 1 / 3 7 1  
AGT GAG C A T  T A T  GAT G T T  GCT CGT GGG GTG CAA M G  ATC CTG CAG GAC TAC A M  T C T  CTC CAG GAC ATC A T T  GCC ATC TTG GGT ATG GAT 
se r  q l u  h i s  t y r  a s p  v a l  a l a  a r q  g l y  v a l  q l n  l y s  i l e  l e u  g l n  a s p  t y r  l y s  ser l e u  q l n  a s p  i l e  i l e  a l a  i l e  l e u  q l y  met amp 

1 1 7 1 / 3 9 1  1 2 0 1 / 4 0 1  
CAA C'I'T TCT GAG GAA GAT AAA T T G  ACT GTG TCC AGG GCA AGG AAG ATA CAG CGC T T C  TTG TCA CAG CCA T T C  CAG G T T  GCT GAG GTC T T C  
9 l u  l r u  se r  g l u  g l u  a s p  l y s  l e u  t h r  Val ser a r q  a l a  a r g  l y s  i l e  g l n  a r q  p h e  l e u  ser g l n  p r o  p h e  q l n  v a l  a l a  g l u  v a l  p h e  

1 1 4 1 / 3 8 1  

1 2 3 1 / 4 1 1  

I 1 6 1 / 4 2 1  1 2 9 1 / 4 3 1  1 3 2 1 / 4 4 1  
ACA GGT CAC ATG GGA AAG CTG GTG CCC CTG AAG GAG ACC A T T  M A  GGA TTC CAG CAG ATC M A  GCA GGT GAC T A T  GAC CAT CTC CCG GAA 
t h r  q l y  h i s  met q i y  l y e  l e u  v a l  p r o  l e u  l y s  q l u  t h r  i l e  l y s  g l y  p h e  q l n  q l n  i l e  l e u  a l a  g l y  a s p  t y r  a s p  h i s  leu p r o  q l u  

1 3 5 l / 4 5 1  1 3 8 1 / 4 6 1  1 4  1 1 / 4  7 1 
CAA GCC T T C  TAC ATG GTG GGA CCC A T T  GAA GAA GCT GTG GCA AAG GCT GAC AAG CTG GCA GAG GAG C A T  GGG TCG TGA GGG GCC C T T  CAG 
g l n  a l a  p h e  t y r  met v a l  g l y  p r o  i l e  g l u  glu a l a  v a l  a l a  l y s  a l a  a s p  l y s  l e u  a l a  q l u  g l u  h i s  q l y  ser 

1 4 4 1 / 4 n i  1 4 7 1 / 4 9 1  1501/501 
('LA AAC ACA ACA GCA CTC TGC ACT GAC CTC CAT GCT GAG AGC TCA G T T  TGC CAT GTA GGC CAC ACA AGA GCC TTG A T T  GAA GAT GTG ATG 

1 5 j 1 / 5 1 1  1561/521 
T l ' C  I ' C T  CTG AAG ACT A T T  TAA AGT TTT CAA TAA AGT ATA TAC CCT 

FIGURE 2: cDNA and deduced amino acid sequence of the p subunit. The 1577 bp and the 472 predicted amino acids of the cDNAs are listed. 
The rat liver @-subunit sequence begins at the fourth codon as the first three codons are a EcoRI linker introduced during library construction. 
Underlining of nucleotides denotes the position of the 41-mer oligonucleotide (see text). Underlining of amino acids denotes homologous residues 
shared between the /3 subunit and adenylate kinase. Sequence numbering is four positions different from the bovine p subunit (rat liver residue 
number + 4 = bovine residue number). Ser-475 is the last amino acid followed by a termination codon and a 149 bp 3' untranslated region. 
Not shown here is the 45 bp poly(dA) region found on the C4 clone. (Note: As emphasized in the text, a small portion of the N-terminal 
region, predicted to be seven amino acids, was not encoded by the clones obtained.) 

bacteria containing the recombinant C4-containing plasmid. 
The blot was incubated with the anti-F, serum followed by 
1251-labeled protein A. One hour after induction of the cells, 
a labeled band of approximately 36000 daltons is seen, in- 
dicating that the rat liver @ cDNA clone C4 is being expressed. 
This band was not seen in protein blots of ion' E .  coli strains 
containing the original plasmid. 

DISCUSSION 
Results reported in this paper detail the molecular cloning 

of overlapping cDNAs for the p subunit of the rat liver F1- 
ATPase. DNA sequencing of these clones by a newly de- 
scribed deletion subcloning method (Dale et al., 1985) and the 
Sanger chain termination method showed that the clones 

represent 472 amino acids of the p subunit. An unknown 
number of amino acids, predicted to be seven by comparison 
with other @ subunits, was not encoded by the clones obtained. 

Significantly, the rat liver @-subunit sequence differs in 17 
residues from that of bovine heart and in 7 residues from the 
predicted sequence of human (HeLa cell) @ subunit (Table 
I). There are a number of @-subunit sequences known (> 12) 
of organisms from bacteria to mammals, and in all species 
studied, there is high conservation of sequence (Walker et al., 
1985). Although this conservation most likely reflects a 
generally conserved mechanism of ATP synthesis and ATP 
hydrolysis by the FoF, complex in many species, the @-subunit 
differences should not be ignored. It is likely that they play 
some role either in governing the catalytic quality of ATP 
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Table I: Amino Acid Differences among Mammalian /3 Subunits 
residue' rat liver bovineb human' 

8 Thr Ala Ala 
9 Ala Thr Ala 

43 Ser Thr Thr 

115 Pro Ala Pro 
124 Ile Val Met 
132 Ile Leu Ile 
137 Ile ASP Ile 
165 Leu Phe Leu 
224 - Glu Gln Gln 

324 Thr Val Thr 

428 Met Leu Met 
448 ASP Glu Glu 
47 8 GlY Ser Ser 

12 - Gln Arg Arg 

83 LYS Arg LYS 

288 ASP Asn ASP 

359 ASP Asn ASP 

"Sequence numbering from Walker et ai. (1983). bSequence from 
Walker et ai. (1983). 'Sequence from Ohta and Kagawa (1986). 

B - A - 

c 

FIGURE 3: Immunoblot of cDNA protein expressed in E. coli. Total 
E. coli proteins were obtained and immunoblots performed after 1 
h of induction as described under Methods. (Lane A) Blot of proteins 
from bacteria containing the expression plasmid without the C4 insert. 
(Lane B) Blot of proteins from bacteria containing the expression 
plasmid with the C4 insert. 

synthase complexes (i.e., their turnover number) or in regu- 
lating their activity. Along these lines, it should be noted that 
two of the differences elucidated here between rat liver and 
bovine heart ps are differences in charged residues (Table I). 
These two, and other sequence differences, may explain the 
sharp contrast in the binding of nucleotides between the rat 
and bovine enzymes both in the number and in the affinity 
of binding sites (Catterall & Pedersen, 1972; Cross & Nalin, 
1982; Williams et al., 1987). Only four nucleotides readily 
bind to 1 mol of rat liver F1 (Williams et al., 1987) whereas 
six are readily detected in binding assays on the bovine heart 
enzyme (Cross & Nalin, 1982). In addition, the heart enzyme 
is reported to bind AMP-PNP with Kd values as low as 0.1 
pM (Cross & Nalin, 1982) whereas the lowest values obtained 
for the liver enzyme are about 1 pM (Williams et al., 1987). 

Two other features of the predicted amino acid sequence 
of the rat liver @ subunit are noteworthy and merit discussion. 
The first is the @-subunit sequence homology to the active-site 
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Table 11: Three Regions of Sequence Homology between Rat Liver 
/3 Subunit and Adenylate Kinase' 
I) 
F1-P (156-177) G-G-A-G-V-G-K-T-V-L-I-M-E-L-I-N-N-V-A-K-A-H 

AdK (15-36) G-G-P-G-S-G-K-G-T-Q-C-E-K-I-V-H-K-Y-G-Y-T-H 
I I  I I t  I I  1 

11) 
Pi-fl (248-256) G-Q-D-V-L-L---F-I-D 

AdK (110-119) A-Q-P-T-L-L-L-Y-V-D 
I I I  I I  

- 111) 

F1-fl (311-333) Y-V-P-A-D-D-L-T-D-P-A-P-A-T-T-F-A-H-L-D-A-T-T 

AdK (172-194) K-V-N-A-E-G-S-V-D-N-V-F-S-Q-V-C-T-H-L-D-A-L-K 
I I I  I I I I I  

'Adenylate kinase sequence from Kuby et al. (1984). 

Table 111: Sequence Homology between FoFl and EIEl ATPases 

Rat liver f l  subunit (298-305) T-T -K-Kd-G-S-Id-T 
- -  E. coli f l  subunita (285-292) S-T -K-T,-G-S-I- T 

Na+ &-ATPaseb (368-375) S-De-K- T-G-T-L -T 
Ca+'-ATPaseC (350-357) S-De-K- T-G-T-L- T 

'Sequence from Walker et ai. (1984). bSequence from Shull et ai. 
(1985). 'Sequence from MacLennan et al. (1985). dLysine that labels 
with 8-azido-ATP (Hollemans et ai., 1983). 'Aspartic acid which is 
phosphorylated during catalysis (MacLennan et ai., 1985; Shull et al., 
1985). 

region of adenylate kinase (Walker et al., 1982; Fry et al., 
1985), and the second is the homology to the catalytic region 
of ATPases like the (Na+/K+)- and Ca2+-ATPases (Ernster 
et al., 1986). In Table 11, three areas of homology between 
the rat liver @ subunit and adenylate kinase are shown. X-ray 
structural studies (Pai et al., 1977) and high-resolution NMR 
studies (Fry et al., 1985, 1987) of adenylate kinase have 
provided a wealth of available structural data which have 
allowed predictions to be made about the functions of ho- 
mologous residues in the @ subunit (Walker et al., 1982; Fry 
et al., 1986; Duncan et al., 1986). On the basis of the hom- 
ologies noted here, these predictions may also be applied to 
the rat liver @ subunit. 

The predicted secondary structure of a portion of the rat 
liver @ subunit which is the size of adenylate kinase and which 
was chosen by aligning the two proteins by their homologous 
regions is shown in Figure 4. Alternating @ sheets and CY 

helices interspersed with turns are predicted, and, interestingly, 
these secondary structural elements can be folded into a @-e@ 
structure. The central feature of such a structure is the 
five-stranded parallel @ sheet that is a common property of 
nucleotide binding folds (Richardson, 198 1). A drawing of 
adenylate kinase based on its X-ray crystal structure showing 
such a parallel @ sheet is presented in Figure 5A. 

On the basis of predicted secondary structures and on 
homology with adenylate kinase, Figure 5B shows a model for 
the folding of the rat liver @-subunit protein. The areas of 
homology between the @ subunit and adenylate kinase are ' 

indicated in Figure 5A,B. As is also indicated in Figure 5B, 
some @-subunit amino acid residues, surmised from chemical 
modification studies to be of catalytic importance, assume 
locations proximal to the predicted nucleotide binding site. 
Recently, a similar model for the folding of the E. coli @ 
subunit was presented (Duncan et al., 1986). As the mam- 
malian and bacterial @ subunits are 80% homologous at the 
amino acid level in the region of homology, it is probable that 
both models are describing very similar structures. 

A short segment of the rat liver @-subunit amino acid se- 
quence shows homology to the phosphorylation region of the 
(Na+/K+)- and Ca2+-ATPases (Pedersen & Carafoli, 1987) 
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turn turn 
r---/VVVVVVVV\------------------------------------ ------ 
KLTVSRARKIQRPLsQPFQVAEVFTGHMGKLVP~IKGFQQILAGDYDHLPEQJWYHVGPIEEAVAKAD~GS 

I I I I I I I 479 

FIGURE 4: Predicted secondary structure of the rat liver p subunit. Above the single-letter form of the predicted rat liver @-subunit amino 
acid sequence are secondary structural features as predicted by the method of Chou and Fasman (1978). (m) CY helix; (/\/\) P sheet; (turn) 
/3 turn; (stacked asterisks) homologous amino acids with adenylate kinase. Numbering according to Runswick and Walker (1983). 

N 
FIGURE 5: Adenylate kinase and a model for the nucleotide binding domain of the rat liver /3 subunit. (A) Drawing of the X-ray crystal structure 
of adenylate kinase (Pai et al., 1977; Fry et al., 1985). Note ATP in its binding site; the adenine is seen edge-on as a black rectangle, and 
the phosphates are black closed circles labeled “P”. Homologous residues with several ATP binding proteins are shown by stippling (Fry et 
al., 1985). Sequence numbering is that of Kuby et al. (1984). (B) A speculative structure of the rat liver @ subunit. The predicted secondary 
structures of amino acids numbered 141-333 of the fl subunit can be folded into a five-stranded parallel P sheet connected by CY helices analogous 
to adenylate kinase. Here the adenine is seen edge-on and is an open rectangle; the phosphates are depicted as open circles labeled “P”. (11) 
Homologous amino acids with adenylate kinase; (m) homologous segment with (Na+/K+)- and Ca2+-ATPases. Some residues of the subunit 
that have been chemically modified are shown: Lys-162, labeled by NBD-C1 (Andrews et al., 1984b); Tyr-311, labeled by NBD-C1 (Andrews 
et al., 1984a). Gly-156 is predicted to be important for the functioning of the “flexible loop” (Fry et al., 1986). 

(Table 111) as reported recently (Ernster et al., 1986). This 
homology may indicate an evolutionary relationship of func- 
tional significance between the latter ATPases and the 
FoF1-ATPase. The marked aspartic acid residue in Table I11 
is thought to be the aspartic acid that is known to be phos- 
phorylated during the catalytic cycle of the (Na+,K+)-ATPase 
(Shull et al., 1985) and the Ca2+-ATPase (MacLennan et al., 
1985). This residue is not conserved in the F,-ATPases but 

is a threonine residue. In bovine Fl-ATPase, it has been shown 
that 8-azido-ATP modifies a lysine (Hollemans et al., 1983), 
just two residues away from the threonine, suggesting the 
proximity of this region to a nucleotide binding region. 

Recent reports from two different laboratories indicate that 
each p subunit may contain two nucleotide binding domains 
(Khanashvili & Gromet-Elhanan, 1985; Kironde & Cross, 
1987). It seems possible that one of these, perhaps the one 
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predicted from homology arguments with adenylate kinase, 
represents the catalytic site, at least in part. The remaining 
part of the catalytic site may involve one or several nucleophilic 
residues like tyrosine-345 (Cross et al., 1987), which in the 
3-dimensional structure of the @ subunit may lie near the 
nucleotide binding domain predicted by comparison with 
adenylate kinase and other ATP binding proteins. A second 
site, perhaps regulatory or structural in function, may be less 
conserved and explain differences in nucleotide binding 
properties observed for F,-ATPases from different sources. In 
this regard, it is important to note that the 17 amino acid 
differences observed here between the bovine heart and rat 
liver F, 0 subunits lie outside the nucleotide binding region 
predicted by comparison with adenylate kinase. 

We expressed the partial 0 cDNA C4 in E.  coli (Figure 3). 
This cDNA contains all of the adenylate kinase homology 
regions, and, therefore, the truncated @ subunit it encodes may 
remain functional. This may enable nucleotide binding to be 
directly localized to a particular region of the @-subunit po- 
lypeptide. As the N-terminal region varies across species 
significantly more than the C-terminal region, the expression 
of this partial clone will allow the study of the highly conserved 
C-terminal region. Finally, the expression of the rat liver @ 
subunit in bacteria is a first step in the direction of performing 
mutational studies on the protein. The specificity of modi- 
fication through mutation will be a useful tool in the eluci- 
dation of the workings of this highly conserved enzyme. 

Finally, we should note that we carried out a number of 
experiments in an attempt to elucidate both the N-terminal 
and regulatory region of the rat liver fl  subunit. These ex- 
periments included extensive screening of our cDNA libraries 
and primer extension analysis using several oligonucleotide 
probes. In all cases, sequences obtained terminated prior to 
the region of the @ gene coding for the N-terminal region. 
Although these efforts may have been without success for 
technical reasons, we believe it more likely that a strong 
secondary structure of regulatory significance may be a unique 
characteristic of the rat liver mRNA coding for the F,-@ 
subunit in this region. 
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ABSTRACT: The expression of the type I1 topoisomerase from Drosophila melanogaster was studied during 
development and in tissue culture cells. R N A  blot and protein blot analyses using probes specific for 
Drosophila topoisomerase I1 show that the enzyme is developmentally regulated. Levels of both R N A  
transcript and protein appear highest during early embryogenesis and pupation, periods which are known 
to have the highest mitotic activity. Tissue culture analysis using Drosophila K, cells supports these results 
as levels of topoisomerase I1 message are higher in rapidly dividing cells than in quiescent cells. Analysis 
of topoisomerase I1 levels in early embryos suggests that levels are adequately high for the enzyme to act 
in DNA replication or segregation at termination of replication. Apparent in vivo proteolysis of topoisomerase 
I1 is seen throughout the life cycle, in spite of careful precautions. Whether these proteolytic fragments 
are important in vivo is still uncertain. 

Topoisomerases are enzymes that are found in both pro- 
karyotes and eukaryotes and are involved in maintaining the 
topology of DNA [for recent reviews, see Wang (1985) and 
Vosberg (1985)l. There are two types of topoisomerases, 
defined by their mechanism of action. Type I topoisomerases 
make a transient nick in DNA, allowing the broken strand to 
swivel around the intact strand to change the twist of the 
DNA. Type I1 topoisomerases cause a double-strand break 
in DNA and allow a nearby helix to pass through the broken 
helix to change the writhe of the DNA. Most type I1 enzymes 
require ATP for their action. Both enzymes make a change 
in the net supercoiling of the DNA. In prokaryotes, topo- 
isomerases regulate the supercoil density of the DNA. In 
Escherichia coli, the type I topoisomerase removes negative 
supercoils, and the type I1 topoisomerase (DNA gyrase) in- 
duces negative supercoils in DNA. In eukaryotes, no purified 
supercoiling activity has been identified; however, both type 
I and type I1 topoisomerases can remove supercoils. In fact, 
eukaryotic topoisomerases can remove both negative and 
positive supercoils. 

Whereas the functions of the prokaryotic enzymes are fairly 
well understood, relatively little is known about the function(s) 
of the eukaryotic topoisomerases. Double mutants in yeast 
show that there is an absolute requirement for topoisomerase 
11. The topoisomerase I1 requirement appears to be involved 

+This work was supported by a grant from the NIH (GM28079). 
*Address correspondence to  this author. 

in replication termination (segregation) and medial nuclear 
division (Goto & Wang, 1985; Holm et al., 1985; DiNardo 
et al., 1983; Uemura & Yanagida, 1984). A class of drugs 
known as epipodophylotoxins has been used to study the in 
vivo role of topoisomerase I1 by trapping topoisomerase II- 
DNA complexes via a reversible covalent intermediate. Nelson 
et al. (1986) used teniposide (an epipodophylotoxin) to show 
that, in mammalian cells, topoisomerase I1 is associated with 
nascent DNA fragments near DNA replication forks, and 
Heck and Earnshaw (1986), using immunofluorescence la- 
beling, showed that the appearance of topoisomerase I1 exactly 
parallels the onset of DNA replication in chicken cell lines. 
In addition to an enzymatic role, topoisomerase I1 has also 
been suggested to play a structural role. Berrios et al. (1985) 
have suggested that topoisomerase I1 is a component of the 
nuclear matrix in Drosophila. Earnshaw and Heck (1985), 
Earnshaw et al. (1985), and Gasser et al. (1986) have shown 
that topoisomerase I1 acts as a chromosomal scaffold protein 
both in chicken and in HeLa cells. 

Other work has suggested a role for DNA topoisomerases 
in regulating transcription. Ryoji and Worcel (1984, 1985) 
described two types of chromatin in Xenopus oocytes. These 
types were called “dynamic” and “static”. Dynamic chromatin 
is found to be torsionally constrained and was shown to be the 
transcriptionally active form of chromatin. Later, Kmiec and 
Worcel (1985) found that TFIIIA, the positive transcription 
factor of the 5s RNA gene, is required to make and maintain 
dynamic chromatin and confers a gyrase-like activity on the 
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