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A mechanism is proposed whereby a proton gradient along a membrane-spanning a-helix is coupled to 
small changes in the torsional angles around the a-helix peptide bonds. Small concerted changes in the 
torsional angles are coupled to a change in the unit twist of the a-helix; a change in the unit twist is coupled 
to a change in the crossing angle between neighbouring cu-helices; and a change in the crossing angle is 
coupled to a change in the size and shape of an assembly of a-helices. Following this logical linkage in 
one direction shows how a proton gradient could induce a pumping motion in an assembly of cu-helices; 
following it in the other direction shows how motion in an assembly of cr-helices could pump protons. 

acHe1i.x Chemiosmosis Protein conformation 
Proton pump 

Protein transport Proton gradient 

1. INTRODUCTION 

Proton gradients drive the transport of ions and 
metabolites across membranes (reviewed in [l-3]). 
The molecular mechanisms that move protons 
across membranes in one direction to create gra- 
dients, or in the other direction to use the gradients 
to do molecular work are not understood. Models 
for proton conductance can be subdivided into 
models of passive wires and models of active wires. 
Passive wires just move protons to and from the 
proton pumps or proton motors that are 
postulated to create or use the proton gradient. Ac- 
tive wires are themselves intrinsic parts of pumps 
or motors, analogous to coils of wire in electric 
generators or electric motors [l-3]. 

the a-helix backbone itself might be a proton wire 
[8,10]. None of these proposals includes a detailed 
mechanism of coupling between protein motion 
and proton currents along an a-helical active wire. 

2. THE LOGICAL LINKAGE 

Several known facts about proteins are linked 
here in a new way to give a dynamic molecular 
model for the coupling between proton currents 
along an o-helix and protein motion in assemblies 
of a-helices: 

Membrane proteins involved in these processes 
are rich in membrane-spanning cu-helices arranged 
in bundles (reviewed in [2,4,5]). The a-helix can be 
described as 3 parallel chains of hydrogen-bonded 
peptides winding around the helix axis with a pitch 
of 27 A [6-91, and this has led to proposals that 
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(1) Change in protonation of the peptide group is 
coupled to change in the torsional angle w around 
the peptide bond. The assumption that the peptide 
group is planar was an important simplifying fac- 
tor in building the first model of the a-helix [l 11. 
The peptide group is planar because delocalization 
of electrons into a a-like molecular orbital gives a 
partial double-bond character to the C-N peptide 
bond, but the constraint to planarity is not ab- 
solute. The energy required to rotate by Aw around 
the C-N torsional angle is about 21 
sin’(Aw) kcal/mol, and in practice Aw varies by up 
to f 10” [12-151. An external force that changes 
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u will change the pKa of the peptide; and, con- 
versely, changed protonation of the peptide (e.g., 
by forced local high proton concentration) will 
change (J [9,15]. Repeated protonation and 
deprotonation of peptides would be accompanied 
by oscillation in w. 

(2) Change in the torsional angle w is coupled to 
change in the unit twist and unit rise of the a-helix 

(3) Change in the helix parameters of two nearly 
parallel interlocking cu-helices is coupled to change 
in the angle that the axes of the two helices make 
with one another. This relationship between helix 
parameters and crossing angle was first pointed 
out on the basis of model-building [19], and then 
generalized by analysis of known protein struc- 
tures [20]. This relationship is illustrated in table 1. 

[ 141. Conformational energy calculations show (4) Change in the crossing angle between in- 
that very small changes in w are sufficient to induce terlocking helices is coupled to change in the size 
substantial changes in the unit twist of the a-helix and shape of a bundle of such helices. The rela- 
(table 1). The a-helix is not static, but shows tionship has been analyzed in detail only for 
characteristic internal vibrations (reviewed in [ 16]), perfectly cylindrical tubes whose walls are a- 
and appropriate oscillations in w would generate helices [21], but the size and shape of more general 
vibrational waves or solitons in the a-helix bundles of a-helices must also change with cross- 
[6,17,18]. ing angle. 

Table 1 

Relation between helix parameters and crossing angle 

AU (“) f9 (“) h (A) r (A) a3 (“1 a4 (“) A34 (“1 

100 
100 
98.9 

- 10n 105.3 
- 5’ 102.9 

Oa 100.8 
-lob 108.8 

112.5 
112.5 

1.5 
1.5 
1.51 
1.41 
1.45 
1.48 
1.89 
1.85 
1.85 

4.7 -47.6 
4.5 -46.3 
4.7 -48.9 
4.7 -40.5 
4.7 -44.1 
4.7 -46.8 
4.0 -22.5 
4.0 - 15.8 
4.7 - 18.4 

28.7 18.9 
27.6 18.7 
25.8 23.1 
41.7 -1.2 
36.1 8.0 
30.9 15.9 
34.8 - 12.3 
40.3 - 24.5 
44.9 -26.5 

a Values for helices with i to i + 4 hydrogen bonding, from [14] 
b Values for helices with i to i + 3 hydrogen bonding, from [14] 

These entries show that small changes in Aw give changes in 0 that lead to large changes in the crossing angle AM. Helices 
midway between the a-helix and the 310 helix would be expected to have negative crossing angles 

In a helix, each peptide is related to the next in the chain by the helix parameters: a unit rise h parallel to the helix axis 
and a unit twist B about this axis. Two helices that touch one another do so at certain preferred angles, as the result 
of interlocking between ridges defined by side chains, and grooves between these ridges 1201. For helices that lie roughly 
parallel to one another, the ridges formed by the i and i + 3n sidechains on one helix interlock with the ridges formed 
by the j and j + 4n sidechains on the other helix. The pitch angle CY of the helix defining the ridge is [19,20]: 

a3 = tan-’ [r(38 - 2r)/3h] 

cr4 = tan-’ [r(48 - 2r)/4h] 

where r is the contact radius (half the distance between the helix axes). The angle between the axes of two interlocked 
helices i and j is then: 

AM = - (iar + jc~4) 

The first two entries and the last two entries in the table show that small changes in the contact radius have little 
effect on the crossing angle. The third entry is the average value found for a large number of helices in globular 

proteins [20] 
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These relationships together form a linkage of 
events that could couple oscillatory protonation of 
a-helices to oscillation in the size and shape of an 
assembly of cu-helices. The primary transduction 
between the proton gradient and conformational 
change is suggested to be coupling between pro- 
tonation of the peptide and slight changes in the 
torsional angle around the peptide bond. These 
slight changes are amplified by the geometry of cy- 
helices. The hypothesis has the appeal that the 
general driving force, namely the protonmotive 
force, interacts with a general feature of the 
model, namely membrane-spanning cu-helices. The 

H 

Fig.1. Coupling between proton translocation and (Y- 
helii conformational change. (A) Two turns of an, (Y- 
helix, joined by distorted hydrogen bonds, so the N+H 
of residue i + 4 is roughly midway between the 0: of 
residue i and the 0 of residue i + 1. The straight arrows 
indicate the lines of the a-helix. (B) Protonation causes 
a transient change in Au and thence in the a-helix unit 
twist 8, which brings the N-H of residue i + 4 closer to 
the 0 of residue i. The same protonation involves a 
transient keto to enol tautomerixation, causing the H to 
move from N on one chain to 0 on its hydrogen-bonded 
partner (curvqd arrows). In practice the proton in a 
hydrogen bond can be fairly equally shared between ,the 
N and the 0, and relatively small changes would be 
sufficient to associate the proton more closely with the 
0 than the N. (C) The transient conformational change 
relaxes, bringing the N of residue i + 4 closer to the 0 
of residue i + 1. Then the tautomerization relaxes, 
allowing the H to move from the 0 of residue i + 1 to 
the N of residue i + 4. The net effect of this cycle is to 
move all protons one’step along the m-helix as the helix 
unit twist 0 changes transiently. This is an example of 
how proton translocation could be coupled to change in 
a-helix parameters, but it is not the only model of this 
type. This example is given to clarify the ideas, and other 
related examples can be imagined. Flaws in this specific 
example need not imply flaws in the logical linkage. 
Migration of protons from the N-terminus to the C- 
terminus would be aided by the a-helix dipole [31,32], 
but this dipole would not preclude migration inI the 

0 opposite direction. 

A 

B 

C 
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specificity of each transport system would be 
determined by the sidechains. The oscillation in the 
size and shape of the assembly of cu-helices could 
generate a travelling wave of structural alteration 
that could function in transport like peristalsis 
W71. 

3. PROTON TIWNSLOCATION 

A specific example of how a proton current 
might be coupled to oscillating changes in the unit 
twist of an a-helix is illustrated in fig.1. The C*O 
of one peptide in a helix is hydrogen-bonded to the 
N-H of a peptide further along the chain. Bonding 
of C=O of residue i to the N-H of residue i + 4 
gives the a-helix, bonding to residue i + 3 gives the 
310 helix [ 141. A wide distribution of unit twist and 
unit rise is found experimentally, almost sparmihg 
the range between the cu-helix and the 310 helix 
[20,22]. Bifurcated hydrogen bonds [23] are 
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sometimes found at the point-of transition between 
an a-helix and a 310 helix, but they are less stable 
than simple hydrogen bonds. The appropriate 
sidechain distribution and quaternary interactions 
in a hydrophobic environment might stabilize [24] 
a series of bifurcated hydrogen bonds along a 
helix. In such a helix, the C=O of residue i would 
be so placed that it could form hydrogen bonds 
with the N-H of either residue i + 4 or residue 
i + 3. Now, if a hydrogen were removed from one 
end of the chain, a proton hole [3,15,24,25] would 
be created, and protons could move along the 
chain as indicated in fig.1. As the protons move, 
the change in protonation of the peptides and 
thereby the torsional angle w would be transiently 
altered. The effect would be rather like holding 
each end of the helix and twisting back and forth 
around the helix axis. 

This is not a proposal of a classical proton 
transfer from N-H to GO, which would be 
energetically unfavourable. Instead, it depends on 
the fact that a proton involved in a hydrogen bond 
has a quantum mechanical distribution of position 
between N and 0 [25], and will therefore 
sometimes be closer to 0 than to N. If the proton 
is involved in a bifurcated hydrogen bond, there 
will be uncertainty about which N it should return 
to after its excursion to 0. If the other proton 
associated with that 0 has been removed by an ex- 
ternal agent, then the first proton could take its 
place, as shown. 

This mechanism is also valid if protons are in- 
jected at one end rather than removed from the 
other. It can easily be modified to explain a flow 
of protons towards the C-terminus. The 
mechanism can also be reversed to explain the 
pumping of protons by an external force on the CY- 
helix that changes the unit twist and the peptide 
angle w, thereby forcing a change in the electron 
distribution in the peptide, and a corresponding 
change in the relative affinity of the peptide N and 
0 for protons. 

4. DISCUSSION 

Experiments to test these ideas are feasible. 
Hydrogen exchange experiments [26] could test for 
rapid exchange of the peptide protons in active 
membrane-spanning proteins. Fourier-transform 
infrared spectroscopy on the a-helical membrane- 
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spanning protein bacteriorhodopsin shows unusual 
amide signals that have been attributed to altered 
conformation or orientation of the cy-helices 
[10,27,28], but which might be consistent with the 
altered w and unit twist suggested here. High 
resolution structural studies of membrane proteins 
would show any unusual conformation in the cy- 
helices. 

There is one example of a structural alteration in 
an assembly of au-helices that is coupled to a 
change in the unit twist of the a-helix. The protein 
coat of the filamentous bacterial virus Pfl is an 
assembly of interlocking a-helical subunits. The 
virus undergoes a temperature-induced structural 
transition in the helix parameters of the virion that 
can be traced to a change in the crossing angle and 
thence to a change in the helix parameters of the a- 
helices themselves [29]. This kind of transition may 
also be involved in the assembly of filamentous 
bacterial viruses from membrane-spanning precur- 
sors of the a-helical coat proteins [30]. 
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