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In all cell types, protein homeostasis,
or “proteostasis,” is maintained by
sophisticated quality control networks
that regulate protein synthesis, folding,
trafficking, aggregation, disaggrega-
tion, and degradation. In one notable
example, Escherichia coli employ a pro-
teostasis system that determines whether
substrates of the twin-arginine translo-
cation (Tat) pathway are correctly folded
and thus suitable for transport across the
tightly sealed cytoplasmic membrane.
Herein, we review growing evidence that
the Tat translocase itself discriminates
folded proteins from those that are mis-
folded and/or aggregated, preferentially
exporting only the former. Genetic sup-
pressors that inactivate this mechanism
have recently been isolated and provide
direct evidence for the participation of
the Tat translocase in structural proof-
reading of its protein substrates. We also
discuss how this discriminatory “folding
sensor” has been exploited for the discov-
ery of structural probes (e.g., sequence
mutations, pharmacologic chaperones
and intracellular antibodies) that modu-
late the folding and solubility of virtually
any protein-of-interest, including those
associated with aggregation diseases
(e.g., a-synuclein and amyloid-3 pro-
tein). Taken together, these studies high-
light the utility of engineered bacteria
for rapidly and inexpensively uncovering
potent anti-aggregation factors.

Maintenance of proteome integrity (pro-
teostasis) is essential for cellular and
organismal survival, and represents a
major challenge across all kingdoms of
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life. Proteostasis involves highly inte-
grated cellular networks that generate
and protect the protein fold.! Even in
simple organisms, such as Escherichia coli,
a sophisticated protein quality control
(QC) system works to preserve proteos-
tasis by orchestrating protein synthesis,
folding, degradation and trafficking. At
the heart of this network are molecular
chaperones and proteases that prevent or
reverse protein misfolding and aggrega-
tion, enhance the de novo folding effi-
ciency of newly synthesized proteins, and
remove misfolded and aggregated pro-
teins by degradation.?

In addition to keeping protein aggre-
gation in check, chaperones also have
essential roles in assisting the membrane
transport of newly synthesized polypep-
tides. A significant fraction (-34%) of the
E. coli proteome is localized partially or
completely outside of the cytosol,’ which
requires insertion into or passage across
at least one hydrophobic lipid bilayer
membrane. In many instances, the pro-
cess of membrane translocation is depen-
dent on proper structural integrity of the
protein to be transported. For example,
the translocase of the Sec protein export
pathway provides an aqueous channel
that is approximately the same width as a
polypeptide chain (estimated as 15-20 A
on the basis of the crystal structure).*
Given such a narrow pore, the translocase
can tolerate polypeptides that form an
a-helix but not tertiary structure; hence,
Sec substrates must be transported in an
unfolded state.*> The task of preventing
premature folding of Sec substrates prior
to translocation is performed in part by a

151

. Do not distribute

lI0Science

©2012 Landes B



chaperone network, which in E. coli con-
sists of GroEL, SecB and trigger factor.®”
These chaperones bind Sec substrates dur-
ing or just after translation and provide
an important QC layer to the Sec path-
way by effectively maintaining the poly-
peptide chains in a conformation suitable
for transport and preventing illicit inter-
actions between these unfolded polypep-
tides which could lead to aggregation.

In stark contrast to the threading
of unfolded substrates through the Sec
translocase, the twin-arginine transloca-
tion (Tat) pathway has the unique ability
to transport structurally diverse proteins
that have already folded in the cyto-
plasm prior to membrane translocation
(reviewed in ref. 8 and elsewhere). The
difficulty of this task is underscored by the
fact that only one other protein transport
system in nature, namely the peroxisomal
import pathway, is known to exhibit this
capability with a similarly diverse set of
substrate proteins. The remarkable feat of
transporting prefolded Tat substrates is
performed by a translocase that is com-
pletely distinct from the Sec machinery.
In E. coli, this translocase consists of three
integral membrane proteins, one from
each of the TatA, TatB and TatC fami-
lies. While the details of how this translo-
case works are incompletely understood,
microscopy ™'
along with the solution NMR structure
of TatA™" and the recently reported crystal
structure of TatC solved at a resolution of
3.5 A" are helping to shed new light on
the protein transport mechanism. Even
without a complete mechanistic descrip-
tion, the Tat translocase’s versatility is
firmly established on the basis of the size
and types of proteins that utilize the Tat
pathway. For example, in addition to sol-
uble periplasmic proteins, the Tat translo-
case exports lipoproteins'® and membrane
proteins that are integrated into the inner
and outer membranes.'*"” The majority
of these substrates are complex cofactor-
containing redox proteins, such as the
model [NiFe] hydrogenase-2 system,
that function in anaerobic respiration
and whose cofactors must be correctly
assembled before transport can proceed.
Furthermore, whereas the Sec translocase
exports only unfolded substrates that have
a nearly constant cross-sectional area, the
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Tat translocase is able to transport sub-
strates with a range of diameters (typi-
cally between 20 and 70 A but also much
smaller in some engineered systems). In
fact, some of the largest Tat substrates
are not single polypeptides but rather
hetero-oligomeric complexes in which
only one of the protein subunits pos-
sesses an N-terminal Tat-targeting signal
peptide and the other protein subunit is
co-translocated by virtue of its assembly
with the signal peptide-bearing partner in
the cytoplasm. The prototypical example
of this “hitchhiker” mode of export is the
[NiFe] hydrogenase-2 complex whereby
the HybC subunit is co-translocated with
its partner HybO in a process mediated by
the signal peptide of the latter subunit.'®

It should be stressed that, in most
instances, use of the Tat pathway appears
to have evolved because of an inherent
incompatibility between the substrate
and the Sec export mechanism. This can
occur if, as discussed above, the substrate
needs to assemble subunits'® or incorpo-
rate cofactors' in the cytoplasm prior to
export. Because the synthesis and matura-
tion of certain cofactors (e.g., metal-sulfur
clusters, cofactors containing a nucleotide
moiety) occur in the cytoplasm, Tat tar-
geting allows proteins to acquire their
cofactor before transport across the cyto-
plasmic membrane. Why certain other
proteins such as Sufl, an archetypal Tat
substrate of unknown function, and the
periplasmic amidases AmiA and AmiC,
which are neither exported as multimers
nor contain cofactors, have evolved to
utilize the Tat pathway is far less obvi-
ous. It has been widely speculated that
these substrates transit the Tat pathway
because they require cytoplasmic factors
that assist with protein folding or matu-
ration, have difficulties in achieving a
biologically active conformation outside
of the cytoplasm, and/or are unable to
maintain an unfolded conformation prior
to export.’?

Some cofactor-containing Tat sub-
strates undergo  chaperone-mediated
“proofreading” to ensure that they are
correctly assembled (and any co-exported
partner proteins are bound as in the case
of HybOC) before they interact with
the translocase. Proofreading associated
with the Tat system involves dedicated
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chaperones such as DmsD, HybE, NapD
and TorD that coordinate cofactor inser-
tion and substrate assembly with substrate
translocation'®” and general molecular
chaperones (e.g., DnaK and SlyD) that
affect the stability and targeting of cer-
tain substrates.?”?' One notable example
is the HybE chaperone, which effectively
blocks the export of unassembled HybO
lacking its partner HybC by interacting
with the precursor forms of both HybO
and HybC but not with the mature form
of each subunit.” Likewise, the NapD
chaperone binds tightly and specifically
to a region of the twin-arginine signal
peptide of NapA that overlaps signifi-
cantly with the twin-arginine targeting
motif.?> As a result of its tight binding,
NapD invokes a strong “antitransport”
activity such that transport of NapA via
the Tat pathway is retarded. Given these
and other related examples, it is clear that
chaperone binding is an essential proof-
reading step that prevents native Tat sub-
strates from prematurely interacting with
the Tat translocase.

In addition to carrying out chaperone-
mediated proofreading, the Tat pathway
has an intrinsic capacity to differentiate
between folded and mis/unfolded sub-
strate proteins by a process termed folding
QC. Indeed, growing evidence indicates
that in vivo only correctly folded proteins
are exported by the Tat translocase,'®*%
with only a few rare exceptions reported
in plant thylakoids®? or in bacteria
where the levels of the TatABC proteins
are artificially increased by 50-fold.*°
In one striking example, E. coli alka-
line phosphatase (PhoA) modified with
a functional Tat signal peptide was only
exported when its native disulfide bonds
had been formed to generate the cor-
rectly folded molecule.”® In the absence of
these bonds, Tat-targeted PhoA was not
exported out of the cytoplasm. Hence,
not only can the Tat pathway accom-
modate folded proteins, but it can also
discriminate against misfolded proteins.
Other proteins whose folding is depen-
dent on the formation of disulfide bonds,
such as single-chain Fv (scFv) and F,,
antibody fragments, are discriminated
in a similar fashion. In fact, the rate of
scFv folding is a critical determinant of
Tat export efficiency, with faster folding
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scFv antibodies undergoing more efficient
translocation than their slower folding
counterparts.’ Likewise, thioredoxin-1,
a protein that exhibits very fast folding
kinetics, is exported by the Tat translocase
with very high efficiency.” This is in stark
contrast to the very inefficient export of
thioredoxin-1 when it is fused to a signal
peptide that directs post-translational Sec
export.’? These observations have led to
speculation that Tat export favors folding
properties that are diametrically opposite
of those required for Sec export.

An interesting observation made by
two separate groups is that Tat-targeted
PhoA, which fails to be translocated, is
still able to reach the Tat translocase.’***
This implies that discrimination of the
PhoA folding state occurs after target-
ing to the translocase. In support of
this hypothesis, the molecular contacts
between misfolded PhoA and the TatBC
components of the translocase were nota-
bly different from the contacts observed
between TatBC and correctly folded
PhoA.* It is possible that these differen-
tial contacts reflect active discrimination
of folded and mis/unfolded substrates by
the Tat translocase. If this interpretation
is correct, then folding QC would be an
inherent property of the Tat translocase.
To test this hypothesis, we recently per-
formed a search for genetic suppressors
that inactivate Tat translocase-mediated
QC and permit export of the otherwise
export-defective proteins.”> We identified
several genetic suppressors that export a
misfolded protein called B, a designed
three-helix-bundle protein that lacks a
uniquely folded structure and is thus not
tolerated by the wild-type (wt) translocase.
Importantly, the isolation of suppressors
that inactivated the Tat QC mechanism
provides direct evidence for the participa-
tion of the Tat translocase in structural
proofreading of substrate proteins and
reveals epitopes in the translocase that
are important for this process. Based on
the clustering of suppressor mutations in
the membrane-extrinsic domain of TatB
(residues 90-140) and the first cytoplas-
mic loop of TatC between predicted
transmembrane helices II and III (TM2
and TM3; residues 94-105), it is tempt-
ing to speculate that hydrophobic surface
patches on nonnative proteins might be
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recognized by a “folding sensor” formed
by these cytoplasmic domains of TatB and
TatC. Indeed, a conceptual model based
on the recent crystal structure of TatC sug-
gests that the amphipathic helix of TatB
could run across the cytoplasmic face of
TatC from the TatB transmembrane helix
binding site at TM5 to the signal peptide-
binding site at TM1."

Even though a complete molecular-
level understanding of Tat QC is far
from complete, this hasnt prevented the
opportunistic use of this mechanism to
study and engineer protein folding in liv-
ing cells. For example, we have translated
the folding sensor of the Tat translocase
into an enabling technology for quan-
tifying protein stability and identifying
mutations that stabilize proteins.?® This
involved the creation of a genetic selec-
tion that directly links the in vivo sta-
bility of proteins to antibiotic resistance.
The design principle for this genetic assay
is based on a tripartite fusion whereby
a test protein is inserted between an
N-terminal Tat export signal (ssTorA) and
a C-terminal TEMI1 B-lactamase (Bla)
reporter enzyme. This selection system
provides a unique strategy for directly
quantifying protein stability in the bacte-
rial cytoplasm, as we showed recently for
a wide array of prokaryotic and eukary-
otic test proteins.** The assay has also
been used to directly select for more stable
variants of a given test protein simply by
demanding bacterial growth on an antibi-
otic.?3¢% Such selections offer a new route
to understanding the fundamental basis of
protein stability and expression in a cel-
lular context and require no knowledge of
the test protein’s structure or function. In
one notable example, we used this strat-
egy to isolate mutations that reduced the
aggregation of the 42-residue amyloid-f3-
peptide?® (AB42; Fig. 1A and B), which is
the primary component of amyloid fibrils
found in the brains of Alzheimer patients.
Cells expressing a tripartite fusion with
the aggregation-prone wt AB42 sequence
as the test protein were sensitive to low
levels of antibiotic; however, cells express-
ing library-selected AB42 variants, which
carried amino acid substitutions that
decreased APB42 aggregation, were highly
resistant to antibiotic. The most frequently
selected mutations (e.g., F19S, L34P) were
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consistent with previous models implicat-
ing hydrophobic regions as determinants
of AB42 aggregation.

The same genetic assay can also be
used to identify small-molecule com-
pounds that similarly modulate protein
aggregation (Fig. 1B). To demonstrate
this concept, we screened a library of
triazine derivatives and isolated several
nontoxic, cell-permeable, chaperone-like
compounds that promoted efficient Tat-
dependent export of the ssTorA-Ap42-
Bla chimera.’® Each of these compounds
was subsequently shown to be a bona fide
inhibitor of AP42 aggregation using a
standard thioflavin T fibrillization assay,
indicating that similar principles gov-
ern stability in vivo and in vitro. Taken
together, these results highlight the ucilicy
of the Tat folding sensor as a unique tool
for quantifying protein stability in living
cells, engineering stability-enhanced pro-
teins, and isolating factors (e.g., mutations
and chemical probes) that stabilize other-
wise aggregation-prone proteins.

The Tat folding sensor together with
the hitchhiker mechanism can be exploited
for genetic selection of well-expressed,
stable, antigen-specific, and intracellular
functional antibodies.** This strategy,
termed FLI-TRAP (functional ligand-
binding identification by Tat-based rec-
ognition of associating proteins), is based
on the unique ability of the Tat translo-
case to efficiently co-localize non-covalent
complexes of 2-fold polypeptides to the
periplasmic space of E. coli.'® The design
principle for this genetic assay involves two
engineered fusion proteins: an N-terminal
Tat signal peptide fused to a receptor pro-
tein, and the corresponding ligand fused
to Bla. The efficiency with which differ-
ent ligand-Bla chimeras are co-localized
to the periplasm is linked to both the
stability of the chimeras and the relative
binding affinity of the receptor-ligand
system. Thus, antibiotic resistance can be
used as a phenotypic readout for identify-
ing and optimizing receptor-ligand (e.g.,
antibody-antigen) interactions in living
E. coli cells.

Because the Tat translocase precludes
export of aggregated proteins and pro-
tein complexes, this strategy can be used
to isolate binding proteins that prevent
or reverse the aggregation of the target
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Figure 1. Use of the Tat folding sensor for uncovering structural probes of protein misfolding and aggregation. (A) Chimeras comprised of
aggregation-prone test proteins (e.g., ssTorA-Ap42-Bla) expressed in the cytoplasm readily aggregate via self-assembly of the test proteins. This
aggregation is “sensed” by the Tat translocase, and export of these aggregated substrates is blocked. (B) In the presence of stabilizing mutations or
exogenous factors such as chemical or protein chaperones that bind to the test protein and prevent aggregation, chimeras such as ssTorA-Ap342-Bla
remain soluble and are efficiently exported to the periplasm where Bla hydrolyzes Amp. The extent to which protein chimeras are exported, and
thus the amount of Bla that is transferred to the periplasm, determines the resistance phenotype of the host cells. In this fashion, in vivo stability of
proteins is directly linked to antibiotic resistance. The approach facilitates the identification of mutations and other factors (e.g., chemical probes and
antibodies) that stabilize test proteins, all without any prior structural or functional knowledge of the test protein.

ligand (Fig. 1B). To test this notion, we
extended FLI-TRAP for selection of
intracellular  antibodies  (intrabodies)
that target the a-synuclein (a-syn) pro-
tein (Fig. 2A). We chose this target
because intrabody-mediated prevention
of abnormal misfolding and aggregation
of a-syn in vulnerable neurons has been
proposed as a viable therapeutic strategy
for reducing pathogenesis in Parkinson
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disease. For the antibody component of
the assay, we generated a fusion between
the ssTorA signal peptide and a previ-
ously isolated anti-a-syn scFv intrabody
called NAC32,* which recognizes the
nonamyloid component (NAC) region
of a-syn that shows strong tendencies to
form B-sheet structures. For the antigen
component of the assay, a second chimera
was generated by fusing the Bla enzyme
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with a-syn(A53T),* a highly toxic version
of a-syn. Co-expression of these chime-
ras in E. coli cells conferred a low level of
antibiotic resistance, which was slightly
above the background resistance con-
ferred by co-expression of a non-specific
anti-GCN4 scFv intrabody (Fig. 2B). To
identify mutations that either improved
NAC32 stability or increased affinity of
NAC32 for a-syn(A53T), we screened
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Figure 2. Use of the Tat folding sensor combined with hitchhiker mechanism to select intracellular antibodies. (A) Schematic representation of engi-
neered assay for co-translocation of interacting receptor-ligand pairs via the Tat translocase. The Tat signal peptide chosen was ssTorA, the reporter
enzyme was Bla, and the receptor-ligand pair was the anti-a-syn scFv intrabody NAC32 and the a-syn(A53T) protein. (B) Selective plating of E. coli
cells co-expressing a-syn(A53T)-Bla with ssTorA-NAC32 or library-selected NAC32 derivatives. Overnight cultures were serially diluted in liquid LB

and plated on LB agar supplemented with carbenicillin (Carb). Clone NAC32.R1 was derived from wt NAC32 following an initial round of error-prone
PCR mutagenesis and selection on 50 p.g/mL Carb. A second round of error-prone PCR mutagenesis, using NAC32.R1 as template, and selection on
100 pg/mL Carb was used to isolate NAC32.R2. For sequences of these clones, see Figure S1. (C) Antigen binding activity and (D) western blot analysis
of NAC32 and library-selected derivatives. NAC32 and its derivatives were expressed from plasmid pET-28a without the ssTorA signal peptide and with
a C-terminal FLAG epitope tag. Binding activity in cell lysates was measured by ELISA with microtiter plates coated with a-syn(A53T) as antigen. West-

ern blot analysis of soluble and insoluble fractions was according to standard protocols. Detection was with anti-FLAG antibodies.

an error-prone PCR library of wt NAC32
sequences for clones that conferred greater
antibiotic resistance to cells. Following one
round of mutagenesis and selection, clone
NAC32.R1 was isolated which carried
three mutations (C24S/G141D/S2071;
Fig. S1). A second round of mutagenesis
and selection yielded clone NAC32.R2,
which acquired four additional muta-
tions (V119S/S143T/Q186L/T200S;
Fig. S1) that bestowed significantly
greater resistance to cells. This increased
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resistance was attributed to the > 3-fold
improvement in antigen binding activity
(Fig. 2C). The expression of this clone was
nearly identical to that observed for the wt
NAC32 intrabody (Fig. 2D), implying
that the binding affinity of NAC32.R2 for
a-syn(A53T) was increased. Importantly,
our NAC32 study shows that FLI-TRAP,
and the underlying Tat folding sensor, is
a powerful new tool for isolating specific
binders with high affinity and selectivity
for aggregation-prone target proteins. We
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anticipate that this technology platform
will spawn a new generation of engineered
antibody fragments for use as possible
therapeutic leads or in the development
of small molecules toward relevant epi-
topes, most importantly when there are
no specific small-molecule lead candidates
available.
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