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Abstract

Membrane proteins are the gateway to the cell. These proteins are also a control center of the cell
as information from the outside is passed through membrane protein signaling networks to the
cellular machinery. The design of membrane proteins seeks to harness the power of these gateways
and signaling networks. This review will focus on the design of the membrane proteins that are in
the outer membrane, a membrane which only exists for gram negative bacteria, mitochondria and
chloroplasts. Unlike other membrane proteins, outer membrane proteins are uniquely shaped as p-
barrels. Herein, | describe most known examples of outer-membrane, B-barrel design to date,
focusing particularly on categorizing designs as 1) structural deconstruction, 2) structural changes,
3) chemical function design, and 4) the creation of new folds.

Introduction

Membrane proteins are classified by backbone configuration which determines their
function and location. In a quirk of biology, due to the mechanisms of their respective
insertions through the Sec translocon [1,2], inner membrane proteins are all a-helical, and
outer membrane proteins are almost [3] all p-sheets.

The field of helical (inner) membrane protein design is much more developed than that of its
[B-barrel (outer) membrane protein counterpart. This is evident in the comprehensive reviews
of membrane protein design that focus exclusively on helical membrane protein design [4—
8]. However, there is growing interest in outer membrane proteins (OMPSs) because of their
role in antibiotic resistance, their potential applications as biosensors, and their location
which makes them accessible to the exterior of the cell.

OMP Anatomy

The anatomy of OMPs is fundamental to their design. The known anatomic patterns of these
proteins are illustrated by the ~100 non-homologous structures of OMPs in the PDB. -
barrel strands are amphipathic and are generally oriented antiparallel to each other. The
architecture of the strands which are hydrogen bound through the backbone causes the side
chains to alternate in direction between those facing the pore and those facing the
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membrane. Loops connect the strands, with larger loops in the extracellular space and
smaller turns in the periplasmic space. The loops sometimes create plugs in the barrels
before connecting to the next strand (figure 1).

Most structurally characterized outer membrane p-barrels are monomeric with one chain
making up one barrel. However, some of the barrels oligomerize. When they do it’s most
often as trimers although dimers are seen in some cases. More complicated topologies also
exist where multiple protein chains contribute strands to a single barrel (figure 2).

This review focuses on how amino acids create OMP conformations. Synthetic
modifications of OMPs are not within the scope of this review.

Outer Membrane Protein Design

There are four types of protein design: (1) Structural deconstruction—removing parts of
proteins to see if structural or functional elements can be maintained (2) structural
transformation — intentionally changing a structural characteristic of a protein (3) chemical
function design—adding a new chemical feature to a protein, and (4) creating a new fold—
making a fold topology that has not yet been found in nature.

1) Structural deconstruction

A primary stage of protein design is determining the relationship of the protein’s anatomy to
its structure, function, and stability. To do this, protein designers have determined the extent
to which strand-strand interactions, loops, and sequence content can be altered before
changing these three characteristics.

Strand-strand interactions—In B-barrels, side chains don’t point towards each other but
rather alternately point towards the interior of the pore and towards the membrane. This
makes their interactions more oblique. Given the indirectness of the interaction, we need to
ask the question: how important are strand-strand interactions in p-barrels? To address this
question, 8-stranded B-barrel, OmpA was divided into four hairpins—i.e. two strands which
are antiparallel to each other. These four hairpins were then permuted in almost all possible
manners [9]. As might be expected, very few of the constructs folded into the outer
membrane /n vivo. The ones that did fold were the three circular permutations, i.e. the
permutations that preserved all of the relationships between all of the strands although they
did not maintain the covalent connectivity between the strands (figure 3). This suggests that
although the side chains do not point towards each other they interact sufficiently that
changing hairpin-hairpin interactions can abrogate folding. Moreover, these circular
permutations change the location of the B-signature that is conserved on the C-terminus [10]
of barrels and which is known to be used for insertion into the membrane through
interactions with BamA [11]. That these circular permutations fold with little loss of
efficiency into the outer membrane suggests that either the p-signature sequence on the C-
terminus is not required for folding or that it can be recognized at a location other than the
terminus.
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Loops—In the previously described study, not only did circular permutations fold, but the
OmpA conformation remained recognizable to phages which target them. Unintuitively, the
periplasmic turns were found to be important in facilitating phage recognition even though
the phage targets the extracellular side of the barrel. Particularly important for phage
recognition was the periplasmic turn between strand 6 and strand 7. A separate study
experimented with deleting the extracellular loops and found that OmpA would fold even if
all extracellular loops were deleted. [12] However in order to make the deletion constructs,
amino acids were added to the periplasmic turns. These additions decreased OmpA’s
stability. The subsequent deletion of the extracellular loops however did not further decrease
the protein’s stability. Thus periplasmic turns are shown to be important for stability and
maintenance of the fold.

Sequence content—Focusing then on the sequence content of the strands, the interior
facing residues and the exterior facing residues of strands 4, 6, and 8 of OmpA were
subjected to genetic randomization. [13] Despite the use of the B-signature sequence for
insertion, strand 8 which contains the B-signature sequence was the most permissive to
randomization as measured by conferring the phage sensitive phenotype of native-OmpA.
Conversely, strand 6 was the strand least permissive to sequence randomization. Overall, a
key determinant of successful randomization of membrane-facing residues was maintaining
hydrophobicity. Although it has since been shown evolutionarily that membrane-facing
residues are more amenable to substitution than interior facing residues [14], this work
indicated that outward-facing mutants were not necessarily more successful than inward-
facing mutants.

Later that same year, drastic mutation to the exotoxin a-hemolysin resulted in the
maintenance of a multi-chain p-barrel fold [15]. By reversing the sequence of the
transmembrane barrel region of a-hemolysin, the barrel still folded though it did not
maintain function. The sequence reversal employed meant that the N to C sequence was
encoded in the C to N direction. Although the reverse sequenced barrel still oligomerized,
the role of the barrel in the formation in the oligomerization is unclear as the cap region has
been shown to oligomerize without the transmembrane barrel [16]. Importantly, function of
the altered a-hemolysin returned with the return of the N to C sequence of the barrel’s turns
in the otherwise reversed hairpin sequence. This experiment further underscores previous
results demonstrating the important role of the turn region in OMP interactions.

The most radical sequence change for a transmembrane p-barrel has been the surface
redesign of OmpA [17]. This redesign was a computational design using the previous
creation of a statistical potential for each residue’s membrane-depth preference [18]. The
statistical potential coupled with an entropy term was implemented to change almost the
entire surface of the 8-stranded barrel. Although the initial design did not demonstrate
function, reverting one-third of the mutations created a construct whose surface was still
60% designed which folded and conferred phage sensitivity. Notably, strand 6 required the
most reversion to wild type, consistent with the difficulty in mutating strand 6 in the genetic
randomization of strands study [13].
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2) Structural transformation

Structural transformation design consists of intentionally changing a structural feature or
characteristic of a protein. The following is a discussion of outer membrane B-barrels that
have been stabilized, lengthened/shortened, widened/narrowed, and unblocked/occluded.

Stabilizing the barrel—The computational program, TmSIP uses amino acid interactions
and amino acid position to predict unstable regions of proteins [19]. These predictions of
instability have been used to find positions in p-barrels that are bound to other parts of
proteins (plugs, clamps, or other barrels) to increase stability [20]. TmSIP can therefore
predict unstable positions to be mutated that make the B-barrel more stable. This
methodology was used for a variety of proteins [21,22], and is best illustrated with the case
of eukaryotic OMP Tom40 where two of the three predicted mutations were stabilizing,
despite not having an experimentally determined structure of the protein[23].

While the above examples of stabilizing strands affected unfolding temperature, stabilization
has also been utilized to stop gating, notably with OmpG. A non-gating “quietOmpG” was
created by stabilizing a loop with a disulphide bond and deleting the bulge of a strand [24].
The gating of OmpG has since been further stabilized by dramatically removing all of the
loops [25].

Lengthening/shortening the barrel—The hydrophobic region of the membrane and the
hydrophobic surface of a protein should be of similar height in order to facilitate optimal
insertion of the protein into the membrane [26,27]. In order to make the 22-stranded FhuA
barrel long enough to incorporate into a thicker membrane, a ‘copy and paste’ approach was
used by repeating the last five residues of each strand in the 22-stranded protein. This
elongation was successful and the protein was demonstrated to allow insertion and pore
formation in thicker membranes compared to an un-elongated FhuA.[28] Conversely, even
when more than half of the barrel portion of a-hemolysin is taken off from the bottom of the
barrel, the shortened construct can still create membrane pores, possibly by assisting in the
organization of the lipids beneath the cut-off pore [29].

Increase/decrease pore size—In light of the utility of p-barrels for biosensors and the
dependence of biosensors on pore size, attempts were made to increase the pore size of beta-
barrels by duplicating native strands. Although an attempt to widen the barrel of OmpG
using two strands at its C-terminus was not successful [30], duplication of two strands at the
N-terminus of FhuA successfully increased both its pore size and diffusion kinetics[31].
Conversely, removing one and two strands from the middle of the VDACL barrel resulted in
a smaller barrel [32].

Unblocking/occluding the pore—In line with widening the pore of FhuA by adding
strands, there have also been efforts to widen the pore of FhuA by removing blockages.
Before the crystal structure of FhuA was published there was a proposed structure of FhuA
with 32 strands [33]. Using this structure, the predicted largest loop was pruned resulting in
an FhuA with a much higher conductance [34]. When the structure was determined [35,36]
it was noted that there was a large N-terminal plug and only 22 strands. Moreover, the
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predicted loop pruning which led to higher conductance was actually a deletion of half of
strand 8. Neither did deletion of the plug give similar significant increase in high
conductance channels, nor did pruning the loop do the same without pruning strand 8 [37].
Ultimately for FhuA, the more extreme the loop-pruning, the higher the conductance
[38,39]. However, as would be expected, it has also been shown that in some proteins
deletion of the plug does in fact lead to higher conductance. Such is the case for PapC [40].

Protein occlusions have been engineered in the cavity of the extracellular cap region of the
pore of a-hemolysin. This cavity accommodated loops of serines and glycines totaling 175
amino acids.[41]. Temperature sensitive loops were also engineered in that cavity region,
specifically, elastin-like polypeptides that order at higher temperatures [42]. By adding these
elastin-like polypeptides to the extracellular cavity of one of the chains of the a-hemolysin
heptamer, a temperature sensitive gate of the a-hemolysin pore was created.[43]

3) Chemical function design

The third type of protein design is engineering a new chemical function. Because the outer
membrane is the outermost part of the cell, developing chemical functions in OMPs allows
for cells to change their local environment. In the outer membrane, this type of design has
had three major successes thus far: changing the ion selectivity of a pore, the engineering of
metal binding sites and the change in specificity of an endopeptidase.

Changing ion selectivity of a pore—The porin OmpF is a non-selective channel that
natively prefers cations to anions. By changing the charge balance of the residues at the
constriction site of the pore the preference for cations or anions can be shifted [44]. Overall,
the greater the shift in the charge ratio of the constriction site, the greater the selectivity of
the channel [45]. Removing all positive charges at the constriction site transforms OmpF
into a Ca?* selective channel [46]. Replacing positive residues with negative residues at the
constriction site of 2 denitrificans porin was also effective in creating cation selectivity [47].
A similar approach was also attempted by neutralizing the negatively charged residues on
the loops of FhuA [39].

Metal binding sites—Successes in metal binding sites may be found to be useful for
biosensing or even future manipulation towards catalysis. The first instance of OMP metal
binding site design was a divalent-metal binding site engineered into the pore of a-
hemolysin. This was accomplished by adding four histidine residues to one of the seven
chains[48]. The functional design is ultimately a 6:1 WT: His-mutant heptamer, a
combination that is isolated by mixing the two components together and then separation of
the desired combination from all other combinations using SDS PAGE.

A Tb3* binding site was engineered into the loop region of OmpA to facilitate NMR
characterization. This was accomplished by shortening extracellular loops of OmpA and
then putting an EF-hand domain [49] surrounded by glycines in one of the previously cut
loop positions [50].

Evolution of an enzyme—OmpT is an outer membrane endopeptidase that natively
cleaves an Arg-Arg peptide bond. Its active site was evolved to cleave new substrate.
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Through mutagenesis of the binding pocket and the development of a clever FACS screen
that screens for fluorophores that have been cleaved from a quencher [51], six new enzymes
were created with high selectivity and catalytic efficiency. OmpT’s substrate specificity was
changed to Ala-Arg[51], Glu-Arg, Tyr-Arg, Thr-Arg, Arg-Val, and Glu-Ala.[52] Since then
the process has been optimized for modified-Tyr-Arg peptides as well. [53,54]

4) Novel fold design

Given the rigid requirements of OMPs as B-barrels imposed by the mechanism of the Sec
translocon, and the rigidity of the p-barrel hydrogen bonding as imposed by the water
depleted outer membrane, it might not be easy to create significantly new topologies for p-
barrels. However, we have seen novel multi-chain p-barrels with new chain numbers.

Split variants of OmpA offer the tantalizing possibility of multi-chain p-barrels that can be
designed with the specificity of interaction encoded in the side chains. OmpA was divided in
half to make two separate constructs. It was found that the N-terminal four-strands of OmpA
could pair with a non-covalently attached C-terminal four-strands of OmpA to make a
native-like, eight-stranded OmpA (figure 4). This multi-chain OmpA is susceptible to phage,
is heat modifiable and is protected from subtilisin degradation. [55] Other co-expressed
groupings of hairpins showed somewhat native-like characteristics though it’s notable that in
both this study and in the circular permutation study [9] maintaining the turn between
hairpin 3 and hairpin 4 of OmpA (turn between strands 6 and 7) is correlated with more
phage susceptibility.

Other designs of multi-chain B-barrels were created through iterative combinatorial library
screening to find new p-stranded, pore-forming peptides. [56] Although the structure or
oligomeric state of these hairpin multimers has not yet been characterized, future studies
may reveal them to have new folds as well.

Methods for future design

There is strong reason to believe that we will see substantial increase in OMP design in the
coming years, particularly via computational design. The recent doubling of solved, outer-
membrane protein structures will yield a more general understanding of this fold which can
then be utilized for design. For example, a generalized feature has been found in the charge-
out rule i.e. that there is a ring of charged residues in the extracellular side of the barrel that
interacts with the phosphate region of the membrane [57]. Rosetta, the widespread
computational protein design software, has recently been rebooted for membrane proteins.
In the new RosettaMP (membrane protein), B-barrels were benchmarked alongside their
alpha helical cousins. The energy functions provided produce reasonable correlation for
predicted vs. experimental AAG values for mutations in OmpLA though the calculations
produce a less strong correlation for predicted vs. experimental AAG values for mutations in
OmpA. [58] Finally, TmSIP which was used to stabilize p-barrels [20,23] has been updated.
This computational potential is now more powerful and includes intrastrand side-chain
interactions and an asymmetric membrane. TmSIP’s results excellently correlate with AAG
values for mutations in OmpLA and it also predicts the membrane insertion direction. [59]
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With respect to experimental techniques, improvement of directed evolution [60] is poised to
result in more optimization of designs as well as further engineering of native OMPs. As has
been seen for inner membrane (helical) proteins, directed evolution can lead to membrane
proteins that are more detergent-stable [61] or more fluorescent [62]. Thus the evolution of
the function of OmpT discussed above will likely be the first of many evolved OMPs and
evolved OMP designs.

Conclusion

Overall, OMP design has clarified the structural roles of the components of the g-barrel and
has also created useful biomolecules. Structural designs have shown that the B-barrel fold is
extremely robust to mutation. There are important strand-strand interactions. The larger,
extracellular loops may matter for function—if the function is at the exterior of the cell—but
the smaller, periplasmic turns matter more for stability and conformation. Finally, particular
strands may carry more responsibility than others in creating the overall conformation of the
barrel. Designers have yet to figure out why this might be or how to accommodate for it in
their designs. With respect to structural transformation, bulging residues and residues of the
wrong hydrophobicity can be mutated or deleted in order to stabilize a p-barrel fold.
Lengthening and shortening a barrel is possible. Additions to the N-terminus have been
successful in expanding the width of a barrel; additions to the C-terminus have not. Pores are
sometimes cleared by trimming loops, sometimes cleared by deleting pores, and occlusion
of pores can be engineered to create desirable gating conditions. Chemical function design
in beta barrels is at its infancy. Chemical designs to date include: change in ion selectivity of
porins, two instances of metal binding sites added to OMPs, and the evolution of an OMP’s
enzymatic function. Finally, it appears that fold design in this field is possible and will most
frequently exploit multi-chain constructs.

As the field further utilizes the increasing power of computational design and directed
evolution, I anticipate more useful designs that fulfill current needs for dealing with
antibiotic resistance, providing biosensors, and using extracellular enzymatic capacity to
alter bacteria’s environment.
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Highlights
. Functional roles for p-barrel components have been elucidated
. Outer membrane enzymes have been evolved for new substrates
. New B-barrel folds have been created

Curr Opin Struct Biol. Author manuscript; available in PMC 2018 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Slusky

Page 13

Extracellular
Region

Quter
Membrane

Periplasm

Figure 1. Anatomy of an outer membrane protein using FhuA [35] for illustration
Strands shown in yellow. Longer extracellular loops and shorter periplasmic turns shown in

teal/black. The plug domain is shown in pink. Side view at left, top view and bottom view in
the center, and strand view at right.
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Figure 2. The three oligomeric configurations of outer membrane barrels
Each chain is colored differently. On the left is a single chain making a single barrel, OmpG

[63]. In the center are three chains making three barrels, OmpF [64]. On the right is seven
chains making one barrel, a-hemolysin [65].
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Figure 3. Schematic of circular permutations of OmpA
The four hairpins of OmpA have each been colored differently. The permutations shift the

strands on which the N- and C-termini are located, but all strands still maintain their
relationship relative to each other. N and C are colored relative to the strands on which the
termini are located. These permutations were found to fold and most engendered phage
sensitivity. Drawn using the first pose of the OmpA NMR structure [66].
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Top view
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Figure 4. A split variant of OmpA
OmpA is transformed from a single-chain barrel (left) to a dual-chain barrel (right). Dual

chain barrels have not yet been seen in nature. drawn using the first pose of the OmpA NMR
structure [66]
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