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Remarkable progress in the ability to engineer proteins and other biomolecules promises to
allow the design of novel devices that are inspired by the molecular machines in living cells. Most
efforts in protein engineering, either through rational design or directed evolution, have focused on
globuler, soluble proteins. However, in order to realize the full potential of biomolecules as
devices, techniques for engineering membrane proteins will also have to be developed.
Membranes provide permeability barriers that allow the compartmentalization and sequestration of
compounds from the surrounding environment. Their full utility emerges, however, only when
they are functionalized with membrane proteins. Membrane proteins can regulate active and
passive permeability, modulate mechanical properties, control membrane topology and integrity,
and mediate information flow across the membrane. Functionalized membrane vesicles could
effectively act as nanoscale “intelligent” reactors which, in response to environmental signals,
carry out a variety of processes such as degradation or modification of environmental substrates, or
controlled release of compounds. The incorporation of multiple types of vesicles that are capable
of exchanging signals and substrates allows for exquisite temporal and spatial control of chemical
reactions and opens the possibility of complex synthetic chemistries that would be impossible to
carry out in the bulk.
The challenges in building functional membrane protein machines are inherently a
problems in nanoscale science and engineering. To incorporate stable proteins that span the ~4nm
thickness of the lipid bilayer and that can mediate
enzymatic functions or changes in conformation
requires control of protein structure at the
nanometer (and sub-nanometer) scale. The approach
that we are taking to build novel membrane proteins
and study existing membrane protein machines is to
combine rational design, partially random design
via combinatorial libraries, and directed evolution.
The combination of these complementary methods
will extend the toolkit for engineering and
analyzing membrane protein properties and
functions.
Chimeric receptor expression in mammalian
cells. One approach we are taking to development
of novel membrane protein engineering tools is a
selectable platform for expression of a variety of
protein extracellular domains. This technology
will enable facile engineering of higher-order (i.e.,
beyond simple ligand binding) receptor protein

Figure 1. Single-chain antibody domains
have been fused to the TM and intracellular
domains of the IL-2 receptor. Cross-linking
via multivalent antigen should induce IL-2R
signaling, enabling proliferation of critically
IL-2 dependent cell lines.
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properties such as environmentally-cued oligomerization. The platform makes use of the murine
interleukin-2 receptor (IL-2R), consisting of a signaling-competent heterodimer that forms in
response ligand. As a test system, the IL-2R b and gc chain intracellular and transmembrane
domains have been genetically fused to an arbitrary extracellular domain module and expression of
the constructs verified in fibroblasts. Expression of the chimeras in critically cytokine-dependent
cell lines would allow selection of extracellular domain libraries based on cross-linking of the b
and gc chains in response to ligands or other environmental cues. This system will also have utility
for identifying novel hetero-associating transmembrane domains from combinatorial sequence
libraries.
Tools for engineering chemoreceptor specificity. One of the difficulties in using directed
evolution to develop new membrane receptors (e.g. to engineer chemical sensors) is that one
must select for two conditions: the receptor should be active in the presence of stimulus and
inactive in the absence of stimulus. This makes most screens for activity particularly laborious
since they require checking both conditions in a very large background of proteins that are either
constitutively active or inactive. We have developed a novel technique to evolve new receptors
from the methyl-accepting chemoreceptors (MCPs) in E. coli that avoids these screening
difficulties. The key to our approach is that the chemotaxis circuitry will not function if the
chemoreceptors are constitutively active or inactive. In order for cells to swim up a chemical
gradient, there must be a continual cycle of activation of receptors (upon encountering a region
of increased ligand concentration) followed by receptor inactivation (due to adaptation to the
new ligand concentration). Our technique involves transforming a strain of E. coli that has been
deleted for all of its wild-type MCPs with a plasmid library of mutant Tar receptors. (Wild-type
Tar is a receptor for aspartic acid in E. coli.) By setting up artificial gradients of the target ligand
on soft agar plates, we can select for cells that swim up the gradient the fastest. The strain that
carries the plasmid library also has a chromosomal insertion of green fluorescent protein. By
performing the selection in the presence of an equal number of non-fluorescent bacteria that
carry the wild-type (unmutated) Tar, we are able to very rapidly follow the progress of the
selection. To demonstrate the feasibility of this approach, we have evolved Tar into a robust
glutamate receptor. Wild-type Tar shows a very weak ability to detect glutamic acid. Starting
with a relatively small library we have very quickly selected for mutants that show a
substantially stronger ability to chemotax to glutamic acid. We have now constructed a much
bigger library of mutants that we are using to select for chemotaxis to other ligands.
Solublization of a membrane protein. Aspartic acid binding to tar carries a signal across
the cell membrane that leads to chemotaxis, but the physical mechanism of this signaling via the
transmembrane region is unclear. Structures of such integral membrane proteins are notoriously
difficult to determine due to the large number of lipid contacting hydrophobic residues in the
transmembrane region, making these proteins aggregation prone. Computational methods have
been used to suggest a solublized version of the protein (Figure 2a), wherein 25% of the residues
in the transmembrane region are mutated to hydrophilic amino acids. The free and ligand-bound
structures of the solublized variant should be straightforward to determine using modern methods
of x-ray crystallography, and are expected to elucidate the nanometer and subnanometer scale
molecular rearrangements yielding transmembrane signaling.
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Figure 2. Schematic of membrane protein design process. (a) Transmembrane (TM)
regions of membrane proteins typically present surfaces of hydrophobic amino acids
(yellow). A computational procedure has been used to redesign the TM domains of tar,
incorporating hydrophilic amino acids (blue) on the exterior faces. (b) Computationally
designed TM peptides may associate within the lipid bilayer to form self-assembled, higher
order structures.
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