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cultures, and the behavior stemming from
this alignment, is too varied to be understood
in terms of a universal explanation. Part of
the problem for Maccoby is that she relies al-
most exclusively on the collaborative work
of anthropologists Whiting and Edwards for
her evidence on same-sex behavior in non-
Western societies (this reliance stands in
marked contrast to the thoroughness with
which she addresses psychological research).
But a host of other studies demonstrates that
we cannot not predict how any given culture
will interpret biology. Even the mother-child
unit is by no means as “natural” as it might
seem, a point demonstrated by cross-cultural
research on variable household formation as
well as the “nanny”” phenomenon (in which a
child’s primary bond is not to the biological
mother but to the caretaker). In some soci-
eties, we even find men imitating menstrua-
tion and observing seclusion during their
wife’s delivery and postpartum period—be-
havior we could not predict from any of the
evidence on male hormones.

An aside about language is called for
here, because Maccoby’s evidence relies in
part on linguistic studies of male and female
speakers in conversation. Language is, of
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course, one of the most important elements
of human interaction, so it is no wonder that
Maccoby weaves a discussion of language
use into her analysis. But again, her argu-
ment that “males” relate hierarchically (with
more direct confrontation and a greater use
of imperatives, for example) and “females”
cooperatively (with more indirect confronta-
tion and a greater use of conversational soft-
eners) just is not true the world over. In fact,
the exact reverse of this behavior is found
among Malagasy speakers in Madagascar,
to quote a classic example in linguistic an-
thropology, where male speakers are praised
for their use of a nuanced, indirect speaking
style that contrasts with the brash directness
of female speakers. This contrast is taken to
the extreme in a community in Papua New
Guinea, where women are infamous for a
kind of conflict-talk known as kros; their
loud, obscene, and highly public displays of
anger would make even the toughest of ado-
lescent American boys shudder. These ex-
amples remain the exception in language
and gender research, but only because the
overwhelming majority of studies support-
ing the two-cultures approach have been
done on white, middle-class, heterosexual

communities in Europe and the United
States. And it is this research that constitutes
the bulk of the book’s evidence. If we can
point to the existence of communities where
women issue more directives and men more
mitigators, then we cannot safely say that bi-
ology predisposes us to the verbal behaviors
identified by Maccoby.

The Two Sexes is in many ways a tour de
force, as it offers us a cohesive and intelli-
gent argument about gender that brings to-
gether diverse disciplinary concerns. My
primary criticism of Maccoby, then, does
not lie with her inclusion of biology as a
piece of the explanatory puzzle, but with her
claim that there might be something univer-
sal about how it materializes in culture. In
current anthropological thinking gender is a
very slippery concept, because we cannot
discuss it independently of the ever-shifting
social, political, and cultural dimensions that
govern its realization. Maccoby’s book, as
an insightful review of the literature sup-
porting a two-cultures approach to gender,
will undoubtedly win an important place on
the millennial bookshelf. It is just that for an
anthropologist like myself, culture—and
even gender—is much more than two.

PERSPECTIVES: SIGNAL TRANSDUCTION

Proteins in Motion

Mark Gerstein and Cyrus Chothia

spans the inner membrane of some

bacteria. It is known that the portion
of the receptor on the outside face of the
membrane (the periplasmic domain) binds
a small molecule, aspartate, that promotes
bacterial movement (chemotaxis). Binding
of aspartate to its receptor results in a con-
formational change in the receptor that is
transmitted to the cytoplasmic domain.
This domain interacts with proteins in a
phosphorylation cascade that further trans-
duces the signal, eventually resulting in a
change in the swimming behavior of bac-
teria. Exactly how conformational changes
in the aspartate receptor (and in other
transmembrane proteins) result in signal
transduction is not known, although sever-
al models have been proposed. Now on
page 1751 of this issue, Ottemann et al.
(1) describe a sliding motion of two trans-

The aspartate receptor is a protein that
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membrane helices in the aspartate receptor
that suggests a piston-like model of trans-
membrane signaling.

The structure of the aspartate receptor’s
periplasmic domain is known, and the lo-
cation of its two transmembrane helices
can be predicted confidently (see the fig-
ure) (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 re-
ceptor family. Thus, we now have a fairly
complete picture of the whole molecule,
which consists entirely of helices (see the
figure). The periplasmic domain is a four-
helix bundle. The newly solved cytoplas-
mic domain is composed of two long he-
lices 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 periplas-
mic domain to the cytoplasmic domain.
In the crystal structure, the receptor is a
dimer, and there is some disagreement
about whether transmembrane signaling
involves a monomer or dimer unit. Never-

theless, 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 electron paramagnetic resonance
spectroscopy to estimate changes in dis-
tance 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 sliding relative
to each other by 1 A, in a piston-like mo-
tion. This motion presumably affects the
geometry at secondary binding sites in the
cytoplasmic domain for downstream pro-
teins that are far away from the initial site
of aspartate binding.

The investigators compare the motion
in the aspartate receptor to that observed
between sets of packed o helices in soluble
proteins. The fundamental constraint un-
derlying motion in soluble proteins is 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). Com-
bined with the interdigitated nature of side
chains at protein interfaces, tight packing
suggests that if the interface structure is to
be preserved throughout a motion, only
very small motions are possible.

This constraint on possible motions at
interfaces allows many individual move-
ments within proteins to be described in
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terms of two basic mechanisms—shear and
hinge—depending on whether or not they
involve sliding over a continuously main-
tained 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 con-
straining the motion. In contrast, the shear
mechanism describes the special kind of
sliding motion a protein must undergo if it
wants to maintain a well-packed interface
(such as that between two helices) through-
out the motion. Individual shear motions
are very small; their net effect is usually
limited to ~2 A translations and 15° rota-
tions. To produce a large motion, a number
of smaller shear motions need to be con-
catenated. (Imagine each plate in a stack of
plates sliding slightly to make the whole
stack lean considerably.)

Shear motions are an intrinsic type of
flexibility found in well-packed polypep-
tides. They are the predominant mecha-
nism of motion in proteins such as citrate
synthase, insulin, interleukin-5, glycer-
aldehyde-3-phosphate dehydrogenase, and
aspartate amino transferase (6). Hinge mo-
tions, 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? He-
lices in membrane proteins
are believed to be as tightly
packed as those in soluble
proteins. This crucial fact,
which implies that the con-
straints on soluble proteins
also apply to membrane pro-
teins, is borne out by calcu- ,
lations showing that the
buried atoms in membrane
proteins occupy the same (or |
even less) space as compara- S L
ble atoms in soluble proteins
(7) (see the table). These calculations are, of
course, limited to some degree by the cur-
rent resolution of membrane protein struc-
tures. Nevertheless, evidence from mutage-
nesis experiments also suggests that mem-
brane protein structures are tightly packed
(8). It is thus reasonable to assume that the
shear mechanisms observed in soluble pro-
teins also occur in membrane proteins. In-
deed, they may even be more common in
membrane proteins because these proteins
consist primarily of nearly parallel helices.

The membrane protein for which there is
the most crystallographic evidence about
motion is bacteriorhodopsin (9), a bacterial
photoreceptor. This protein consists of seven
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transmembrane helices
packed around a central

PACKING EFFICIENCY OF BURIED ATOMS IN

chromophore. Light in- MEMBRANE PROTEINS (7) Relati
teracting with the chro- Vol.  packing
mophore drives the pro- Atoms (A3) efficiency
tein through a photocycle (%)
where the major confor- Bacteriorhodopsin 597 7,889 +1.8

mational changes involve
small shifts of two of the
helices relative to the
other five. Thus, the
small sliding motions in
bacteriorhodopsin, as

; K* channel
well as those in the as- o

Fumarate reductase

partate receptor, appear Lnght—harvestmgcomplex ............ 1383 ........ 19'120 ......... + 22
to be consistent with a Reaction center (1prc) 5851 83595 +14
shear mechanism. Reaction center (1aig) 4488 63581 +1.6

Low-resolution im-
ages of the nicotinic
acetylcholine receptor (/0) 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 substan-
tial rearrangements that switch the chan-
nel-lining helices to an alternative associa-
tion, resulting in opening of the channel. A
similar type of motion has also been pro-
posed for the opening of the potassium
channel (/7). These motions need to be
seen at a higher resolution before detailed
analyses can be made. Nevertheless, their
current descriptions suggest that they in-
volve “high-energy” transitions different

Sliding helices. (Top left) View of a bacterial
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 transmem-
brane helices. (Bottom) Different views of the
close-packing in soluble protein helices.

in character from the sliding motions in
bacteriorhodopsin and the aspartate recep-
tor. It is notable that both of these high-en-
ergy 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 shifts in
the aspartate receptor or the large rear-
rangements 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 helices is 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 sliding
transmembrane helices in the aspartate re-
ceptor may be representative of a large
number of protein motions in the cell.
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