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The aspartate receptor isaprotein that spans the inner membrane of new articles cite this article

some bacteria. It is known that the portion of the receptor on the

outside face of the membrane (the periplasmic domain) binds a small ¥ Collections under which this article appears:
molecule, aspartate, that promotes bacterial movement (chemotaxis). Biochemisiry

Binding of aspartate to its receptor resultsin a conformational change

in the receptor that is transmitted to the cytoplasmic domain. This domain interacts with proteinsin a
phosphorylation cascade that further transduces the signal, eventually resulting in a change in the swimming
behavior of bacteria. Exactly how conformational changes in the aspartate receptor (and in other transmembrane
proteins) result in signal transduction is not known, although several models have been proposed. Now on page
1751 of thisissue, Ottemann et al. (1) describe a sliding motion of two transmembrane helices in the aspartate
receptor that suggests a piston-like model of transmembrane signaling.

The structure of the aspartate receptor's periplasmic domain is known, and the location of its two

transmembrane helices can be predicted confidently (see the figure) (2). Kim et al. recently reported a structure
of the cytoplasmic domain of the serine receptor (3), another member of the highly conserved bacterial
chemotaxis receptor family. Thus, we now have afairly complete picture of the whole molecule, which consists
entirely of helices (see the figure). The periplasmic domain is afour-helix bundle. The newly solved cytoplasmic
domain is composed of two long helices that are coiled together. Pairs of these coiled-coils dimerize to form an
extended four-helix bundle. Overall, the receptor is highly elongated: only ~25 A wide but stretching about 380
A from the periplasmic domain to the cytoplasmic domain. In the crystal structure, the receptor is adimer, and
there is some disagreement about whether transmembrane signaling involves a monomer or dimer unit.
Nevertheless, it is clear that conformational changes in the receptor must somehow be transmitted by the relative
motions of the two transmembrane helices. Ottemann et al. use €l ectron paramagnetic resonance spectroscopy to
estimate changes in distance between selectively labeled residues in the receptor's transmembrane helices, in the
absence and presence of aspartate. The distance changes are consistent with the two transmembrane helices
diding relative to each other by 1 A, in a piston-like motion. This motion presumably affects the geometry at
secondary binding sites in the cytoplasmic domain for downstream proteins that are far away from the initial site
of aspartate binding.
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Sliding helices. (Top left) View of abacterial chemotaxis receptor

Y ’Fl [adapted from (3)] showing the location of the transmembrane helices (red
o | (lle ) and blue). Note the separation between ligand-binding sitesin the
] I ' periplasmic domain (L) and the secondary binding sites in the cytoplasmic

domain (M and S). (Top right) View showing the hypothetical sliding
: motion of two transmembrane helices. (Bottom) Different views of the
close-packing in soluble protein helices.

The investigators compare the motion in the aspartate receptor to that
observed between sets of packed a helicesin soluble proteins. The
fundamental constraint underlying motion in soluble proteinsis that
internal interfaces, such as those between helices, are tightly packed in
low-energy conformations. This tight packing has been observed in numerous studies (4). Combined with the
interdigitated nature of side chains at protein interfaces, tight packing suggests that if the interface structure isto
be preserved throughout a motion, only very small motions are possible.

This constraint on possible motions at interfaces allows many individual movements within proteinsto be
described in terms of two basic mechanisms--shear and hinge--depending on whether or not they involve sliding
over a continuously maintained interface (5). A complete protein motion can be built up from combinations of
these mechanisms. Hinge motions, such as those in calmodulin, occur when there is no continuously maintained
interface constraining the motion. In contrast, the shear mechanism describes the specia kind of sliding motion
aprotein must undergo if it wants to maintain a well-packed interface (such as that between two helices)
throughout the motion. Individual shear motions are very small; their net effect is usually limited to ~2 A
tranglations and 15° rotations. To produce alarge motion, a number of smaller shear motions need to be
concatenated. (Imagine each plate in a stack of plates diding dlightly to make the whole stack lean
considerably.)

Shear motions are an intrinsic type of flexibility found in well-packed polypeptides. They are the predominant
mechanism of motion in proteins such as citrate synthase, insulin, interleukin-5, glyceraldehyde-3-phosphate
dehydrogenase, and aspartate amino transferase (6). Hinge motions, in contrast, are "special” in that they require
the protein to have sections of the main chain free from the usual packing constraints.

To what degree do the mechanisms of soluble protein motions apply to membrane proteins? Helicesin
membrane proteins are believed to be as tightly packed as those in soluble proteins. This crucia fact, which
implies that the constraints on soluble proteins al'so apply to membrane proteins, is borne out by calculations
showing that the buried atoms in membrane proteins occupy the same (or even less) space as comparable atoms
in soluble proteins (7) (see the table). These calculations are, of course, limited to some degree by the current
resolution of membrane protein structures. Neverthel ess, evidence from mutagenesis experiments also suggests
that membrane protein structures are tightly packed (8). It is thus reasonable to assume that the shear
mechanisms observed in soluble proteins also occur in membrane proteins. Indeed, they may even be more
common in membrane proteins because these proteins consist primarily of nearly parallel helices.
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PACKING EFFICIENCY OF BURIED ATOMSIN MEMBRANE PROTEINS (7)

Relative

Atoms Vol. (O03) e?f?gréggy
(%)
Bacteriorhodopsin 597 7,889 +1.8
Cytochrome bcl complex 9,963 130,467 +1.8
Cytochrome c oxidase (larl) 3,885 55,934 +1.9
Cytochrome c oxidase (20cc) 11,321 157,103 +0.4
Fumarate reductase 6,332 86,085 +2.1
K™ channel 1,006 12,881 +4.5
Light-harvesting complex 1,383 19,120 +2.2
Reaction center (1prc) 5,851 83,595 +1.4
Reaction center (1laig) 4,488 63,581 +1.6

The membrane protein for which there is the most crystallographic evidence about motion is bacteriorhodopsin
(9), abacterial photoreceptor. This protein consists of seven transmembrane helices packed around a central
chromophore. Light interacting with the chromophore drives the protein through a photocycle where the major
conformational changes involve small shifts of two of the helices relative to the other five. Thus, the small
gliding motions in bacteriorhodopsin, as well as those in the aspartate receptor, appear to be consistent with a
shear mechanism.

Low-resolution images of the nicotinic acetylcholine receptor (10) reveal another type of helical motion. This
gated ion channel has five subunits, and the channel is lined by a helix from each of them. Binding of
acetylcholine leads to substantial rearrangements that switch the channel-lining helices to an aternative
association, resulting in opening of the channel. A similar type of motion has also been proposed for the opening
of the potassium channel (11). These motions need to be seen at a higher resolution before detailed analyses can
be made. Nevertheless, their current descriptions suggest that they involve "high-energy™ transitions different in
character from the sliding motions in bacteriorhodopsin and the aspartate receptor. It is notable that both of
these high-energy motions involve movements of whole subunits rather than of single domains.

It remains to be seen to what degree the movements of other membrane proteins follow either the pattern of
small shiftsin the aspartate receptor or the large rearrangements in the potassium channel. However, describing
the mechanisms for motion in helical membrane proteins has many applications. For example, a number of
recent surveys estimate that the fraction of genes encoding proteins with two or more transmembrane helicesis
between 10 and 15% in prokaryote genomes, and perhaps even more in those of eukaryotes (12). Thus, as
genome sequencing efforts power ahead, we may find that the dliding transmembrane helices in the aspartate
receptor may be representative of alarge number of protein motionsin the cell.

References and Notes

1. K. Ottemann et al., Science, 285, 1751 (1999).

10/25/99 12:42 PM



Science -- Gerstein and Chothia 285 (5434): 1682 http://www.sciencemag.org/cgi/content/full/285/5434/168

40f 4

2. M. Milburn et al., ibid. 254, 1342 (1991) [Medline]; B. Lynch and D. Koshland Jr., Proc. Natl. Acad. <ci.
U.SA. 88, 10402 (1991) [Medlineg].
K. Kim et al., Nature 400, 787 (1999) [Medlineg].
F. Richards, J. Mol. Biol. 82, 1 (1974) [Medline]; J. Tsai et al., ibid. 290, 253 (1999) [Medline].
M. Gerstein et al., Biochemistry 33, 6739 (1994) [Medline]; C. Chothia et al., Nature 302, 500 (1983)
[Medlin€].
6. M. Gerstein and W. Krebs, Nucleic Acids Res. 26, 4280 (1998) [Medlin€].
bioinfo.mbb.yale.edu/MolMovDB
7. Intable, relative efficiency is V(ref)/V - 100%, where V is the observed volume of the buried atomsin
membrane protein structures and V(ref) is the corresponding standard reference volume of these atomsin
soluble proteins. The dightly positive values indicate comparable or even tighter internal packing in
membrane proteins. [See (4) and bioinfo.mbb.yal e.edu/geometry/membrane)].
8. M. Lemmon and D. Engelman, Q. Rev. Biophys. 27, 157 (1994) [Medline]; K. MacKenzie et al., Science
276, 131 (1997).
9. S. Subramaniam et al., J. Mol. Biol. 287, 145 (1999) [Medline]; R. Henderson et al., ibid. 213, 899 (1990)
[Medlin€].
10. N. Unwin, J. Srruct. Biol. 121, 181 (1998) [Medlin€].
11. E. Perozo et al., Science 285, 73 (1999).
12. E. Wadlinetal., Protein Si. 7, 1029 (1998) [Medline]; M. Gerstein, Proteins 33, 518 (1998) [Medlineg];
D. Boyd and J. Beckwith, Protein Sci. 7, 201 (1998) [Medline]; I. Arkin et al., Proteins 28, 465 (1997)

[Medling].

ukrw

M. Gerstein isin the Molecular Biophysics and Biochemistry Department, Y ae University, New Haven, CT
06520, USA. E-mail: mark.gerstein@yale.edu. C. Chothiaisin the Laboratory of Molecular Biology, Medical
Research Council, Cambridge CB2 2QH, UK.

P Summary of this Article

P Related articlesin Science

F Similar articlesfound in:
SCIENCE Online

# Search Medline for articles by:
Gerstein, M. || Chothia, C.

F Alert me when:
new articles cite this article

Pk Collections under which this article appears:
Biochemistry

Related articlesin Science:

A Piston Model for Transmembrane Signaling of the Aspartate Receptor.
Karen M. Ottemann, Wenzhong Xiao, Y eon-Kyun Shin, and Daniel E. Koshland Jr.
Science 1999 285: 1751-1754. (in Reports) [Abstract] [Full Text]

Volume 285, Number 5434 | ssue of 10 Sep 1999, pp. 1682 - 1683
©1999 by The American Association for the Advancement of Science.

I [ HomE | [ HELP | [SEARCH | [ARCHIVE |
BTSN [ rFecoBack ][ ORDERanarce | RISV

Copyright © 1999 by the American Association for the Advancement of Science.

10/25/99 12:42 PM



Science -- Gerstein and Chothia 285 (5434): 1682 Figure 1

lof1

Lo e (L) - [Of x] Leading edge businesses look to
/1 Out of Memory ’

SCiEIlCE' HOME ][ melp | [sEarcH | [ArcHive | IS T 0

MAGAZINE | FEEDBACK || ORDER an article || SIGN IN |

http://www.sciencemag.org/cgi/content/full/285/5434/1682/F

MARK B GERSTEIN || Change Password || View/Change User Information || CiteTrack Personal Alerts || Subscription HELP ||

Sign Out

[ HEL P with high resolution image viewing]Return to Article]

I.a 'l

Sliding helices. (Top left) View of abacterial chemotaxis receptor [adapted from (3)] showing the location of
the transmembrane helices (red and blue). Note the separation between ligand-binding sites in the periplasmic
domain (L) and the secondary binding sites in the cytoplasmic domain (M and S). (Top right) View showing
the hypothetical sliding motion of two transmembrane helices. (Bottom) Different views of the close-packing in

soluble protein helices.
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