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of Escherichia coli F -ATPase

Thomas M. Duncan, Derek Parsonage and Alan E. Senior*

Department of Biochemistry, Box 607, University of Rochester Medical Center, Rochester, NY 14642, USA

Received 26 August 1986

We propose a working model for the tertiary structure of the nucleotide-binding domain of the f-subunit

of E. coli F -ATPase, derived from secondary structure prediction and from comparison of the amino acid

sequence with the sequences of other nucleotide-binding proteins of known three-dimensional structure. The

model is consistent with previously published results of specific chemical modification studies and of analy-

ses of mutations in the S-subunit and its implications for subunit interactions and catalytic mechanism in
F -ATPases are discussed.
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1. INTRODUCTION

The catalytic sites of Fj-ATPases are believed to
reside on the #-subunits [1—3]. There is very strong
sequence homology between F; #-subunits across a
broad spectrum of species [4]. From the results of
all specific chemical modification studies and of
mutant analyses that have been done on
F-ATPases (irrespective of the source), eleven
specific residues of & have been implicated as being
essential for catalysis and/or located at the
catalytic nucleotide-binding site. These residues
are noted in fig.1 (see legend for references) in
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tokinase; Nbf, 4-chloro-7-nitrobenzofurazan; DCCD,
dicyclohexylcarbodiimide; FSBA, fluorosulfonylben-
z0yl-5' -adenosine

Published by Elsevier Science Publishers B.V. (Biomedical Division)

which the E. coli G-subunit sequence (459 amino
acids) is shown. Ten of the eleven residues occur in
the segment between residues 155 and 297. Four
more, as yet undefined, point mutations which im-
pair catalysis are also known to map within this
segment [5]. Furthermore, there are two distinct
regions of sequence in & between residues 148 and
242 which are homologous with specific sequences
in several other nucleotide-binding proteins [6—9];
these specific sequences are located in a nucleotide-
binding domain, the tertiary structure of which is
already known in some of these nucleotide-binding
proteins.

Therefore, the segment of residues 148—297 in 5,
comprising one-third of the protein, is strongly im-
plicated as containing the catalytic nucleotide
binding domain. From prediction of secondary
structure and from the above-mentioned sequence
characteristics and homologies, we propose here a
model of the nucleotide-binding domain of E. coli
F,-G-subunit and discuss its implications for func-
tional characteristics of F;-ATPases.
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Fig.1. Predicted secondary structure of the E. coli Fi-G-subunit. The primary sequence is taken from Walker et al. [39].
The secondary structure is based on the published prediction of Walker et al. [39]. Some adjustments were made after
comparison with predictions of Kanazawa and Futai [40], and of J.E. Bell (University of Rochester, Dept of
Biochemistry, personal communication). -turns were assigned after inspection of the aligned sequences of #-subunit
from ten species, checking for conservation of the turns. (+—F) a-helix, (W) B-strand. The numbers and letters
above the secondary structural elements are for reference to the tertiary folding model in fig.2. Underlining marks areas
of sequence homology with other nucleotide binding proteins ({6] and see table 1). Lower-case letters below the sequence
designate residues identified as essential for catalysis either by specific chemical modification or mutational analysis.
(a) K-155, to which Nbf is transferred intramolecularly at high pH from the initially labeled Y-297 [19]; (b) S-174,
mutated to F in uncDI1 {41]; (¢) E-181 and (d) E-192, the two DCCD-reactive residues [32—34]; (¢) M-209 mutated to
1 in uncD484 [5]; (f) R-246 mutated to H in uncD43 [42]; (g) R-281, labeled by phenylglyoxal [43]; (h) residues at
positions 287, 290 and 297 labeled by 8-azido-ATP [18]; (i) Y-297, reacts with Nbf [20,21]; (j) Y-354, reacts with FSBA
[37].

2. STRUCTURE PREDICTION

Many nucleotide-binding domains of known

ly a-helical, pack on both faces of the G-sheet, and
are almost always right-handed [10]. These struc-

structure exhibit similar tertiary folding topology
and are classified as doubly wound, parallel /&
domains [10]. All known doubly wound, parallel
a/F domains have several features in common: the
central #-sheet contains at least 4—5 predominantly
parallel #-strands and has a right-handed twist;
connections between strands of the sheet are usual-

tures seem to be energetically [11] and geometrical-
ly [12] well-suited for nucleotide binding, and their
similar topologies might arise from a common
pathway of folding [10,13]. Thus, it should be
feasible to predict the basic tertiary folding
topology of the F; #-subunit nucleotide-binding
domain by analogy with domains of known doubly
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wound, parallel /4 structure with which it shares
sequence homologies (see table 1).

The locations of sequence homologies A and B
of table 1 in the tertiary structures of adenylate
kinase (AK) [8,14], E. coli elongation factor Tu
(EF-Tu) [15] and phosphofructokinase (PFK) [16]
support a possible link between sequence conserva-
tion and structurally similar nucleotide-binding
domains. In both AK and EF-Tu the sequence
GXXXXGK (in homology A of table 1) forms a
flexible loop structure connecting the N-terminal
strand of the #-sheet with the first o-helical pack-
ing element. In AK, EF-Tu and PFK, the con-
served sequence of hydrophobic residues (in
homology B in table 1) forms part or all of the
fourth strand (in sequence) of the S-sheet. Strands
I and 4 of the #-sheet are adjacent to each other so
that homologies A and B, although far apart in se-
quence, are quite close together in the tertiary
structures of AK and EF-Tu. The locations of
homologies A and B in the predicted secondary
structure of the F; F-subunit (see fig.1) suggest a
similar tertiary folding topology. If the #-strand
before the sequence GGAGVGKT (homology A) is
designated as #-strand 1 (N-terminus of the folding
domain), then #-strand number 4 contains the con-
served sequence of hydrophobic residues
(homology B). AK and EF-Tu each contain the
strand arrangement 2-3-1-4-5 in the A-sheet, but
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the predicted secondary structure of the F, g-
subunit (fig.1) is most consistent with the overall
topology of AK: both the S-subunit and AK ex-
hibit a-helical connections between each of five
successive G-strands, while EF-Tu has a hairpin
connection between strands 2 and 3. Therefore, for
the construction of the tertiary model, the
predicted secondary structure of the E. coli F, 5-
subunit (fig.1), starting with the #-strand labeled 1
and continuing to the o-helix labeled E, was folded
with the tertiary topology of AK, i.e. in a —2X,
+1X, +2X, +1X topology as defined by
Richardson [10]. The characteristic twist of the &-
sheet and spatial alignments of the a-helices and
the conserved flexible loop were modelled after AK
crystal form B [14]; lengths of a-helices and &-
strands were adjusted according to predictions of
fig.1 The resulting tertiary folding model is shown
in fig.2. It is notable that, while the predicted con-
nection between §-strands 2 and 3 of the #-subunit
contains only one a-helix, it still accommodates
the general folding pattern of AK, which has three
a-helices in the analogous connection.

3. EVALUATION OF THE MODEL AND
ITS FUNCTIONAL IMPLICATIONS

To aid in evaluation of the model in fig.2, a
molecule of ATP has been positioned in the

Table 1

Sequence homologies between Fi-ATPase #-subunit and nucleotide-binding proteins of known tertiary structure

Protein Residues Sequences

Homology A 1 10 20 30
Bovine F;-ATPase F-subunit 143-172 LAPYAKGGKI GLF - |GIGAGV|{GKT|VFI ME|LI|N
E. coli F|-ATPase #-subunit 136-165 MCPFAKGGKVGLF-|GIGAGV|GKT|VNMME|LI|R
Adenylate kinase 1-30 MEEKLKKSKIIFVV|GIGPGS|GK|[GT QCEK]|I VIQ
EF-Tu 6-34 FGRTKPHVNVGTI -|GHVDH|GKTITLTAA|I T|T

Homology B 1 10 20 30
Bovine F;-ATPase #-subunit 236-265 VAEYFRDQE[GIQDVL[LFI[DNI FRFTQAGSEV
E. coli Fi-ATPase #-subunit 226-254 MAEKFRD- E|GRDVLILFVIDNI YRYTLAGTEYV
Adenylate kinase 102-130 GEEFERK- I|IGQPTLILLY[VDAGPETMTKRLL
Phosphofructokinase 85-113 GI EQLKK- H|GI QGLIVVI|GGDGS YQGAKKLT
EF-Tu 91-120 MI TGAAQMD|GIAT L VIVAAITOGPMPQTREHI L

All the alignments except for EF-Tu were taken directly from Walker et al. [6]. The EF-Tu alignment for homology

A was taken directly from Halliday [7]; the EF-Tu alignment for homology B was made here by visual inspection of

the EF-Tu sequence about 60 residues downstream from the end of its alignment in homology A (about the same
distance between homologies A and B in the E. coli #-subunit sequence)
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Fig.2. A model of the tertiary folding topology of the
nucleotide-binding domain of the E. coli Fi-ATPase 6-
subunit. The secondary structural elements and specific
residues are labeled as in fig.1. The asterisks in helix A
are the conserved hydrophobic residues of homology A
(table 1). The ATP molecule (solid black) is positioned
in the putative binding cleft analogously to its location
in the nucleotide-binding domain of adenylate kinase
[8]). The purine ring plane is at right angles to the page.

putative binding cleft analogous to its position in
AK as determined by NMR [8]. The conserved
lysine in homology A of table 1 is near the a-
phosphate of ATP bound to AK and may interact
with it depending on the orientation of the lysine
side chain [8]; in EF-Tu this conserved lysine also
appears to be involved in electrostatic interaction
with the a- or @-phosphate of bound GDP [15,17].
The conserved hydrophobic residues toward the
end of homology A (table 1) are located in helix A
and probably assist in forming a hydrophobic
pocket for the adenine ring of bound ATP, as
observed with AK [8]. The aspartate at the end of
B-strand 4 (homology B of table 1) appears to in-
teract with Mg?* of bound MgATP on AK [8] and
PFK [16]. The lack of a more highly conserved
primary sequence is probably a result of the differ-
ing nucleotide-binding characteristics and func-
tional activities of the proteins.

Results from chemical modification studies of
F1-ATPases are consistent with the model of the &-
subunit nucleotide-binding domain in fig.2. First,

4
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three residues (designated h in fig.1) were iden-
tified by labeling mitochondrial F; with 8-azido-
ATP [18]. Two residues, K-286 and 1-290, are near
the beginning of F-strand 5 and are close to the
adenine ring of bound ATP in the model. The
third residue, Y-297, is somewhat more distant
from the bound adenine ring, but this may be due
to the highly reactive nature of the azido group.
Secondly, the model in fig.2 provides a very plausi-
ble explanation of the characteristic reactions of
the #-subunit of F;-ATPase with Nbf [19—-21]. The
proposed relative locations of bound ATP and the
tyrosine that is initially labeled by Nbf (Y-297,
marked i in fig.2) are consistent with inactivation
studies which show that binding of P; or Mg?* plus
P; gives strong protection against inactivation by
Nbf, whereas ATP gives weak protection and ADP
has little or no protective effect [22,23]. At in-
creased pH the Nbf group is transferred from
Y-297 specifically to K-155 (marked a in fig.2) of
the F-subunit [20,21]; these two residues, although
well separated in the primary sequence of & are
close in the model in fig.2. Furthermore, AK can
undergo a pH-induced conformational change be-
tween crystalline form A and B [14] where the con-
served flexible loop (in homology A, table 1) pivots
towards strands of the &-sheet analogous to G-
strands 4 and 5 in the #-subunit nucleotide-binding
domain in fig.2. A similar conformational change
in the conserved flexible loop of the proposed
nucleotide-binding domain of the #-subunit (fig.2)
could explain the facilitated transfer of Nbf from
Y-297 to K-155 at increased pH.

In AK the conformational change mentioned
above also can be induced by substrate binding
[14,24]. The latter authors state that the flexible
loop is ‘‘an epicenter of the structural changes’’
and is ‘‘directly connected mechanically to all
other moving structural elements’’. In AK, when
nucleotide binds, the contemporaneous movement
of the loop and the a-helix above it (analogous to
the segment between #-strand 4 and a-helix D of
the #-subunit in fig.2) actually blocks the entrance
to the binding cleft, making the bound nucleotide
inaccessible from the aqueous environment [24].
This has obvious implications for the mechanism
of the Fi-ATPase. For instance, such an induced
conformational change could help to achieve the
extremely high affinity of the ‘first’ catalytic site of
F;-ATPase for ATP. It could also participate in
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several features of the highly cooperative binding
change mechanism of Fi-ATPase [25] as pointed
out recently by Fry et al. [9]. The binding change
mechanism (see [26] for reviews) requires that con-
formational changes at alternate catalytic sites be
tightly coupled to each other. The alternating ar-
rangement of the a- and &-subunits in F, [27,28]
and the results of the uncA (a-subunit) mutant
studies of Wise et al. [29,30] indicate that this in-
volves a pathway of conformational signal
transmission from the nucleotide-binding domain
of one #-subunit through a neighbouring a-subunit
to an alternate S-subunit [1,31]. A possible clue to
the pathway of the conformational signal
transmission within the #-subunit comes from ex-
amination of the location in fig.2 of residues
which, when altered, disrupt the conformational
coupling (positive catalytic cooperativity) between
Fi-ATPase catalytic sites. For instance, E-181 and
E-192 (labeled ¢ and d in fig.2), which are modified
by DCCD [32—35], are near the edge of the #-sheet
and may be involved in the conformational in-
teractions with a neighbouring a-subunit. Altera-
tion of residues E-181, M-209, R-246 and Y-297
(residues c, e, f and i respectively in figs 1,2) all af-
fect catalytic cooperativity of F;-ATPase and ap-
pear to alter residues near the C-termini of
B-strands, suggesting the mechanism of conforma-
tional signal transmission through the &-subunit
might involve deformations in the twist of the cen-
tral #-sheet, congruent with the general mechanism
suggested by Salemme [36].

Some discussion is warranted in regard to
regions of the #-subunit structure which are not
part of the model for the nucleotide-binding do-
main. The tyrosine (Y-354, marked j in fig.1) la-
beled by the ATP analog FSBA [37], is 33 residues
beyond the last a-helix (E) shown in fig.2. With a
1X connection, the predicted #-strand just prior to
Y-354 may form a sixth parallel strand of the &-
sheet, placing Y-354 near the y-phosphate of
bound ATP in the model of fig.2. Even if the
region including Y-354 were included in the
nucleotide-binding domain, there remain two
significant regions flanking the sequence shown in
fig.2. Both the N-terminal segment of about 145
residues and the C-terminal segment of approx.
100 residues are sufficient in themselves to form
distinct domains. These could be involved in struc-
tural/functional contacts with other subunits of F,
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and with subunits of Fy in the intact F;Fo-ATPase.
The predicted long a-helix (35 residues) in the C-
terminal sequence shown in fig.1 would extend for
5 nm, which is somewhat greater than the diameter
of the large globular subunits of F; observed by
electron microscopy [38]. This and the fact that it
shows a high degree of sequence homology
through 10 species [4] make it a primary candidate
for participation in intersubunit interactions.

In summary, the model of the F; A-subunit
nucleotide-binding domain presented here is
speculative, but it can accommodate many func-
tional characteristics of the enzyme and account
for the behaviour of several residues identified by
chemical labeling or mutation. Sufficient segments
of the primary sequence exist outside this domain
to produce separate domains possibly involved in
intersubunit contacts. The model should provide
inspiration for further analyses of structural and
functional correlations in the G-subunit and in
F;-ATPase.

ACKNOWLEDGEMENTS

We thank Dr John G. Wise, Dr J. Ellis Bell and
Dr Richard Cross for their assistance and
criticisms. This work was supported by NIH grants
GM25349 and GM29805.

REFERENCES

[1] Senior, A.E. and Wise, J.G. (1983) J. Membrane
Biol. 73, 105-124.

[2] Vignais, P.V. and Satre, M. (1984) Mol. Cell.
Biochem. 60, 33—70.

[3] Harris, D.A., Boork, J. and Baltscheffsky (1985)
Biochemistry 24, 3876—3883.

[4] Walker, J.E., Fearnley, I.M., Gay, N.J., Gibson,
N., Northrop, G.D., Powell, S.J., Runswick,
M.J., Saraste, M. and Tybulewicz, V.L.J. (1985) J.
Mol. Biol. 184, 677-701.

[S] Duncan, T.M. (1986) PhD Thesis, University of
Rochester, USA.

[6] Walker, J.E., Saraste, M., Runswick, M.J. and
Gay, N.J. (1982) EMBO J. 1, 945-981.

(71 Halliday, K.R. (1984) J. Cyclic Nucleotide Protein
Phosphorylation Res. 9, 435-448.

[8] Fry, D.C., Kuby, S.A. and Mildvan, A.S. (1985)
Biochemistry 24, 4680—4694.

[9] Fry, D.C., Kuby, S.A. and Mildvan, A.S. (1986)
Proc. Natl. Acad. Sci. USA 83, 907-911.



Volume 208, number 1

[10] Richardson, J.S. (1981) Adv. Protein Chem. 34,
167-339.

[11] Hol, W.G.F., Van Duijnen, P.T. and Berendsen,
H.J.C. (1978) Nature 273, 443—-446.

[12] Branden, C.-I. (1980) Q. Rev. Biophys. 13,
317-338.

[13] Janin, J. and Wodak, W. (1983) Prog. Biophys.
Mol. Biol. 42, 21-78.

[14] Sachsenheimer, W. and Schulz, G.E. (1977) J.
Mol. Biol. 114, 23-36.

[15] Jurnak, F. (1985) Science 230, 32-36.

[16] Evans, P.R., Farrants, G.W. and Hudson, P.J.
(1981) Phil. Trans. R. Soc. Lond. B 293, 53-62.

[17] Bourne, H.R. (1986) Nature 321, 814-816.

[18] Hollemans, M., Runswick, M.J., Fearnley, [.A.
and Walker, J.E. (1983) J. Biol. Chem. 258,
9307-9313.

[19] Andrews, W.W., Hill, F.C. and Allison, W.S.
(1984a) J. Biol. Chem. 259, 14378—-14382.

[20] Andrews, W.W., Hill, F.C. and Allison, W.S.
(1984b) J. Biol. Chem. 259, 8219—8225.

[21] Sutton, R. and Ferguson, S.J. (1985) Eur. J. Bio-
chem. 148, 551-554.

[22] Ting, L.P. and Wang, J.H. (1982) Biochemistry 21,
269-275.

[23] Perez, J.A., Greenfield, A.J., Sutton, R. and
Ferguson, S.J. (1986) FEBS Lett. 198, 113—118.

[24] Pai, E.F., Sachsenheimer, R.H. and Schulz, G.E.
(1977) J. Mol. Biol. 114, 37-45.

[25] Cross, R.L., Grubmeyer, C. and Penefsky, H.S.
(1982) J. Biol. Chem. 257, 12101-12105.

[26] Cross, R.L. (1981) Annu. Rev. Biochem. 50,
681-714.

{27] Lunsdorf, H., Ehrig, K., Friedl, P. and Schairer,
H.U. (1984) J. Mol. Biol. 173, 131-136.

FEBS LETTERS

November 1986

[28] Tiedge, H., Lunsdorf, H., Schafer, G. and
Schairer, H.-U. (1985) Proc. Natl. Acad. Sci. USA
82, 7874-7878.

[29]1 Wise, J.G., Latchney, L.R. and Senior, A.E.
(1981) J. Biol. Chem. 256, 10383—10389.

[30] Wise, J.G., Latchney, L.R., Ferguson, A.M. and
Senior, A.E. (1984) Biochemistry 23, 1426—1432.

[31] Duncan, T.M. and Senior, A.E. (1985) J. Biol.
Chem. 260, 4901—4907.

[32] Yoshida, M., Poser, J.W., Allison, W.S. and Esch,
F.S. (1981) J. Biol. Chem. 256, 148—153.

[33] Yoshida, M., Allison, W.S., Esch, F.S. and Futai,
M. (1982) J. Biol. Chem. 257, 10033—10037.

[34] Esch, F.S., Bohlen, P., Otsuka, A.S., Yoshida, M.
and Allison, W.S. (1981) J. Biol. Chem. 256,
9084-9089.

[35] Tommasino, M. and Capaldi, R.A. (1985)
Biochemistry 24, 3972—3976.

[36] Salemme, F.R. (1983) Prog. Biophys. Mol. Biol.
42, 95—-133.

[37]1 Esch, F.S. and Allison, W.S. (1978) J. Biol. Chem.
253, 6100-6106.

[38] Tiedge, H., Schafer, G. and Mayer, F. (1983) Eur.
J. Biochem. 132, 37—42.

[39] Walker, J.E., Saraste, M. and Gay, N.J. (1984)
Biochim. Biophys. Acta 768, 164—200.

[40] Kanazawa, H. and Futai, M. (1982) Ann. NY
Acad. Sci. 402, 45-63.

[41] Noumi, T., Mosher, M., Natori, S., Futai, M. and
Kanazawa, H. (1984) J. Biol. Chem. 239,
10071-10075.

[42] Noumi, T., Taniani, M., Kanazawa, H. and Futai,
M. (1986) J. Biol. Chem. 261, 9196—9201.

[43] Viale, A.M. and Vallejos, R.H. (1985) J. Biol.
Chem. 260, 4958—4962.



