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Abstract

In our review, we introduce an organizational scheme for membrane
protein function. It is the relationship between structure, dynamics,
and environment that endows the membrane and its constituents
with remarkable sensitivity and robustness. Our understanding be-
gins with landmark advances like those presented in the following
chapters. Membrane proteins are notoriously difficult to study, and
so the work presented here on the ADP/ATP carrier [Nury et al.
(2)], rhodopsin [Palczewski (24)], and the cytochrome bf complex
[Cramer et al. (35)] represents incredible progress in this now blos-
soming field.
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INTRODUCTION

Membrane protein structure determination
is proceeding at an exciting pace, driven by
the hope that structures can connect decades
of biochemical and biophysical observations
to protein function and mechanism. The re-
views that follow demonstrate that structures
are capable of resolving long-standing mys-
teries while suggesting new questions and
opening new areas of scientific discovery. As
science as a whole unravels increasingly com-
plex and finely tuned functionality, can struc-
ture determination continue to keep pace, or
will new methodologies and perspectives be
required? The ultimate test will be to build
robust molecular-level models capable of pre-
dicting the functional outcome of any arbi-
trary structural perturbation. The creation of
such models will require adopting a broad per-
spective, one that takes into account dynamic
deviations from static structures as well as the
influence of the membrane environment.

It is helpful to establish a paradigm that
categorizes and organizes the relevant con-
tributors to function. Structures should, and
will, act as the nucleation points for this
organization. This is because understanding
mechanisms is ultimately a matter of chem-
istry, and one cannot invoke chemical ideas
of the mechanism without knowing where
the atoms are. As we detail in the discus-
sion that follows, evolution has exploited three
categories of molecular-level organization in
order to achieve efficient and diverse mem-
brane protein functions: structure, molecu-

lar dynamics, and environmental constraints.
As suggested schematically in Figure 1, they
are inextricably linked, each influencing the
other, collectively dictating membrane pro-
tein function. By recasting the structure-
function relationship in this way, we suggest
that a comprehensive view of membrane pro-
tein function may be more readily achieved.

STRUCTURE

Any modern model for predicting function
must start with structure. As demonstrated in
the following reviews, static structures can el-
egantly illuminate the structure-function re-
lationship. Collectively, the articles detail a
series of new features only now visible in
the increasingly high-resolution structures.
The emergence of these elements, which in-
clude protein oligomerization and complex-
ation, lipidation, glycosylation, and the pres-
ence of structural waters, suggests that future
models may need to account for a high level
of complexity and structural variability.
Oligomerization is increasingly seen as a
common motif in membrane proteins (1), and
dimerization in particular is thought to be
the rule for each of the three proteins dis-
cussed below. As the authors point out, dis-
tinguishing between dimers and higher or-
der oligomers is far from trivial. Although
this difficulty may be primarily due to ex-
perimental limitations such as dissociation by
detergent, it may also reflect true biologi-
cal variability: Perhaps there is a functionally

Structure
Figure 1 )
The three - -
categories of Input ’ } ——— Function ..
molecular-level §
organization . .
needed to achieve Dynamics Environment

efficient and
diverse membrane \_/
protein functions.
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relevant equilibrium distribution of z-mers
within cell membranes. This possibility sug-
gests an investigation into the evolutionary
origin of oligomerization. We suggest four
distinct, though not exclusive, explanations.
First, in most studied cases, oligomerization
serves a functional role, and this function most
likely drove its evolution. For example, the
cytochrome b4f dimer interface is thought to
form an electron transfer bridge for “cross
talk” between the two monomers. In the case
of rhodopsin, dimerization is thought to reg-
ulate G-protein coupling. Second, stability of
newly evolved proteins must have been criti-
cal, and oligomerization may provide an effi-
cient way to select for stabilizing mutants. In
the case of a homodimer, for example, a sin-
gle mutation at the interface could be twice
as efficient in stabilizing the protein com-
pared with a single mutation in a monomer.
Similarly, a third explanation is that forma-
tion of oligomeric structures can augment ge-
netic efficiency. For example, in the several
ion channel structures we now know, iden-
tical subunits surround the ion pathway, re-
quiring the coding of only a single unit to
form a larger structure. As a fourth possible
explanation, we speculate thatif dense packing
of membrane proteins is evolutionarily im-
portant for optimizing functional output per
unit area of membrane, then the evolution
of oligomeric interfaces might have been a
structural adaptation to support high packing
density while minimizing energetically unfa-
vorable protein-protein contacts. Evolution
would then have built upon this through adap-
tations that functionalized the interface.

Like oligomerization, the presence of
strongly bound lipids and specific sites for wa-
ter molecules found in recent high-resolution
structures suggests a potentially large
degree of structural, and hence functional,
variability. What is their role in structural
stability and what is their functional signifi-
cance? In the case of bgf; structural lipids are
suggested either to be stabilizers, acting as
“structural struts,” or functional, “imposing
restraints on protein dynamics.” In the case of

the ADP/ATP carrier, removal of structural
cardiolipin molecules, as Nury et al. (2)
point out, leads to a 20% decrease in protein
activity. How dynamic is the lipid binding?
Should these lipids be considered as ligands
or as parts of the structure? In some cases
it seems that the lipid requirement is not
specific, but in others it is. Imagine the
impact if it is found that these interactions
with lipids are a highly regulated and ubiqui-
tous cellular phenomenon. Similar questions
can and should be asked for the fascinating
case of structural waters, as well as for all
posttranslational modifications, including
glycosylation. The potential combinatorial
explosion because of variable glycosylation
patterns on the surface of membrane proteins
underscores our contention, as we Nnow
discuss, that the size of structure space may
be staggeringly large if all variations have
functional relevance.

WHY DYNAMICS?

In many cases, a protein must undergo a
dynamic conformational transition between
discrete structural states to carry out its func-
tion. Such transitions, for example from state
A to state B, involve a change in the thermo-
dynamic free energy of the system, AG . 5.
The ADP/ATP carrier protein located in the
mitochondrial membrane, discussed by Nury
etal. (2), isa good example. The authors point
to the “induced transition fit” (ITF) mecha-
nism to explain the dynamics of the protein.
In this mechanism, described by Klingenberg
(3), the membrane protein exists in multiple,
discrete conformations, with the metabolite
only binding perfectly to the highest energy
state. The energy of this transition state is
then utilized in triggering further conforma-
tional changes necessary for metabolite re-
lease. The total free energy change of such
a process is the sum over all intermediate
states:
N-1

AGp = Z AGiit,

i=1
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with i = 1 corresponding to state A,7 = N —
1 corresponding to state B, and N commonly
assumed to be a finite and reasonably small
number of states.

Just how many relevant energy states exist
for any given mechanism? Five such states are
suggested in the case of the ITF mechanism.
In the case of ion channels, models built from
gating behavior suggest an even larger num-
ber (4). If one thinks in terms of a multidimen-
sional free energy landscape for transitions in
proteins, then these discrete states are found
either in local energy minima (intermediates)
or maxima (transition states). However, the
energy wells corresponding to the minima
may be quite broad, and transitions between
them may follow multiple paths. Each of these
paths may, in fact, be populated with an ex-
tremely large number of functionally perti-
nent conformational substates. Such an idea is
supported by the case of calmodulin, wherein
analysis of disorder in the crystal structure
has suggested that the protein “may sam-
ple a quasi-continuous spectrum of confor-
mations” (5). Similarly, a very large number
of paths between any two states are theoreti-
cally possible, although the accessible number
is likely diminished by environmental condi-
tions (see below). This all suggests that the
overall free energy change may also be ex-
pressed as

N'—1

AGap = ) NG,
J=

N1

p— 4 j—
= 2 AG 1 =
k=1

Which path is taken determines the work
required in effecting a transition and thus has
important consequences for protein efficiency
and function. Could path choice be a vari-
able parameter in cellular control, for exam-
ple, through concerted variations in the pro-
teins’ surroundings (i.e., the membrane)?

Clearly, given the relevance of confor-
mational states to function, single structures
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can only partially describe a mechanism. The
range of available energy states along a tran-
sition path may be exploited by proteins
for tuning function. How do we investigate
the transition path? Is it possible to predict,
solely from two static structures, the rele-
vant path between the two states? The prob-
lem is especially complicated because struc-
tural dynamics span a range of frequencies,
from low (large conformational changes or
domain movements, more traditionally as-
sociated with function) to high (side-chain
rotameric isomerizations, which may, for ex-
ample, play an important role in electron
transport proteins, which are otherwise rel-
atively immobile). There is, however, signifi-
cant progress being made in the area of com-
putational biology that portends a numerical
solution to this problem, although further im-
provements in the computational represen-
tation of chemistry are needed. For exam-
ple, molecular dynamics simulations generally
provide information about high-frequency
fluctuations (6), and normal mode analysis
can help predict the lower frequency paths
(7). More sophisticated computational meth-
ods known as path sampling have been shown
to yield highly detailed transition path infor-
mation for simple systems (8-12), and more
recently for biomolecules (13-16).

ENVIRONMENT

As we suggested above, a high degree of com-
plexity exists owing to structural variability
and dynamic transition paths. A third factor
that contributes to complexity is the mem-
brane environment. Structure determination
generally requires isolation of the protein
from the remainder of the biological system.
However, any proper thermodynamic analy-
sis must include all relevant components of
the system and must pay particularly close
attention to boundaries where energy is ex-
changed. The contribution of the membrane
environment therefore deserves considera-
tion in analysis of function. We have noted the
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multiplicity of available conformational tran-
sition paths, and that path choice determines
the trade-off between energy spent and work
done. The number of available paths, along
with the paths themselves, must be altered by
physical constraints placed on the protein by
the membrane environment. Therefore, iso-
lation of the protein from its native membrane
provides only a partial story.

The membrane consists of, among other
things, lipids and a multitude of proteins. In
addition to severely biasing protein confor-
mational states and the paths between them
(17), the membrane itself is capable of stor-
ing energy through conformational flexibil-
ity of its own (18, 19). It has been clearly
established that lipid composition varies pro-
foundly in different membranes (20). Addi-
tionally, single membranes can be highly het-
erogeneous, as in the case of “lipid rafts,”
the functional manifestation of lipid domains
known for decades to exist in synthetic mix-
tures (21-23). Sustaining such diversity, for
example, through variable lipid composition,
may cost the cell valuable resources, so spe-
cific functional rationales should be examined.
Furthermore, biophysical measurements have
established that physical properties of mem-
branes, such as curvature elastic stress, pro-
foundly affect the efficiency of membrane
proteins. As one landmark example, a spe-
cific conformational transition in rhodopsin,
the molecule discussed by Palczewki (24), is
favored by the highly curved reverse hexag-
onal phase, rather than the standard lamel-
lar phase (25). It seems likely that cells might
take advantage of this type of specificity to
tune function by genetically regulating their
membrane-specific constituent lipid popula-
tions. Other significant membrane properties
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that are now appreciated as influencing struc-
ture and function of membrane proteins are,
among others, lateral tension (26, 27), hy-
drophobic matching (28-32), and electrostat-
ics (33, 34). By modifying these properties,
cells have afforded themselves a highly tun-
able molecular environment and thus, we sug-
gest, have gained incredibly fine control over
protein function.

Molecular function underlies all of bi-
ology, from the processing of input in the
simplest organisms to higher consciousness
in humans. How intricate must the molecu-
lar machinery be to support such a diverse
and elegant world? It is, of course, natural
that we think in terms of discrete states. Pri-
marily, it makes investigation of structure-
function more tractable. Additionally, experi-
mental techniques such as crystallization lend
themselves to thinking in terms of single, or
averaged, structures. The perspective we offer
here poses a challenge to modern biologists
given the immensity of combinatorial possi-
bilities it suggests. It is hard to imagine how
to begin to study this complexity; however,
it is a challenge worth pursuing. If we seek a
molecular-level explanation of phenomena as
mystifying as consciousness, then our sugges-
tion of near infinite combinatorial complex-
ity seems less of a stretch. Clearly, the mere
existence of complexity does not prove its evo-
lutionary or functional significance. The im-
portant tasks are to digest the complexity and
find the simplifications that remain true to the
biology. We suggest that computational meth-
ods, along with increased experimental reso-
lution, both spatially and temporally, should
facilitate this effort. The progress reflected in
the reviews that follow suggests that we are
well on our way.
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