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Abstract: An array of genetic screens and selections has been developed for reporting protein
folding and solubility in the cytoplasm of living cells. However, there are currently no analogous
folding assays for the bacterial periplasm, despite the significance of this compartment for the
expression of recombinant proteins, especially those requiring important posttranslational
modifications (e.g., disulfide bond formation). Here, we describe an engineered genetic selection
for monitoring protein folding in the periplasmic compartment of Escherichia coli cells. In this
approach, target proteins are sandwiched between an N-terminal signal recognition particle (SRP)-
dependent signal peptide and a C-terminal selectable marker, TEM-1 p-lactamase. The resulting
chimeras are localized to the periplasmic space via the cotranslational SRP pathway. Using a
panel of native and heterologous proteins, we demonstrate that the folding efficiency of various
target proteins correlates directly with in vivo p-lactamase activity and thus resistance to
ampicillin. We also show that this reporter is useful for the discovery of extrinsic periplasmic
factors (e.g., chaperones) that affect protein folding and for obtaining folding-enhanced proteins

via directed evolution. Collectively, these data demonstrate that our periplasmic folding reporter is
a powerful tool for screening and engineering protein folding in a manner that does not require any
structural or functional information about the target protein.

Keywords: cotranslational SRP pathway; directed evolution; disulfide bond formation; folding and

solubility reporter; molecular chaperones; periplasm; protein engineering

Introduction

Ever since the inception of recombinant DNA technol-
ogy, maximizing the solubility of heterologous pro-
teins in Escherichia coli has been a principal goal of
modern biotechnology.'™ Despite numerous advances
in this area over the past 3 decades, high-level expres-
sion of correctly folded, soluble proteins for laboratory
and preparative purposes remains a significant chal-
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lenge. Indeed, following their expression in the cyto-
plasm of E. coli, many recombinant proteins of pro-
karyotic and eukaryotic origin are prone to
misfolding®” and are subsequently degraded by cellu-
lar proteases®® or deposited into inactive inclusion
bodies.'®! Protein misfolding in the cytoplasm can be
a consequence of the relative crowdedness of this com-
partment, where macromolecule concentration can
reach 300-400 mg/mL.'? In addition, posttransla-
tional processing steps such as disulfide bond forma-
tion'® or N-linked glycosylation,'* which are often
required for correct folding, are absent from the cyto-
plasm of wild-type E. coli cells.

The periplasm in E. coli, on the other hand, is
often the preferred compartment for protein expres-
sion because it: (1) contains significantly fewer
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proteins, particularly proteases, compared to the
cytoplasm; (2) houses a network of redox enzymes
that catalyze the formation and isomerization of di-
sulfide bonds; and (3) permits N-linked glycosylation
in Campylobacter jejuni'* and E. coli.'® Conse-
quently, periplasmic proteins are often easier to iso-
late, less prone to crowding-induced aggregation
and/or proteolytic degradation, and more efficiently
folded compared with their cytoplasmic counter-
parts. However, even though the significance of the
periplasm for protein expression is firmly estab-
lished,>!% there are currently no genetic reporter
assays for monitoring protein folding in this subcel-
lular compartment. In stark contrast, numerous
folding reporter systems have been developed for
detecting correctly folded, soluble proteins in the
cytoplasm of living E. coli cells.!™2® These
approaches commonly rely on a genetic fusion
between a protein-of-interest (POI) and a reporter
protein whose specific phenotype is independent of
the POD’s function.?* In this scenario, when the POI
folds into a soluble conformation, the reporter to
which it is fused is functional. In contrast, when the
POI misfolds or aggregates, the fused reporter is
inactive and a null phenotype is observed. Another
typical feature of these approaches is that they can
be used even when structural or functional informa-
tion about the target is lacking. Perhaps the most
useful aspect of these assays is that they can be
combined with well-established methods for creating
protein diversity libraries to screen or select for solu-
ble variants of recalcitrant proteins!®?%2325-27 with
only one exception reported so far.2® Hence, a screen
or selection for monitoring protein folding in the bac-
terial periplasm would be a desirable accomplish-
ment, but to date has been met with technical
difficulties.?®

In this study, we developed an activity-inde-
pendent selection strategy that reliably reports the
“folding robustness” of POIs expressed in the peri-
plasm. The term folding robustness is used here to
denote both the chemical solubility related to correct
folding of the POI and the avoidance of aggregation
or degradation. The assay is based on a tripartite
fusion between: (1) an N-terminal signal peptide
from E. coli DsbA (ssDsbA), which has previously
been shown to direct proteins through the bacterial
signal recognition particle (SRP)-dependent translo-
cation pathway,>® (2) the POI, and (3) a C-terminal
fusion of mature TEM-1 B-lactamase (Bla). We chose
the ssDsbA signal peptide because it is known to
direct cotranslational export of heterologous proteins
through the SRP pathway®®?! and thus should effec-
tively partition ssDsbA-POI-Bla fusions to the peri-
plasm. Using this mode of export, we observed that
the antibiotic resistance of cells expressing engi-
neered ssDsbA-POI-Bla chimeras correlated with the
periplasmic folding behavior of the POI. Thus, sim-
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ple selection on B-lactam antibiotics such as ampicil-
lin (Amp) enabled discrimination between folded and
misfolded conformations of POIs, even when @)
structural and functional information and (ii) activ-
ity assays for the POIs were lacking. The method
was also capable of evaluating trans-acting factors
that influence protein folding in the periplasm such
as disulfide bond formation enzymes and molecular
chaperones. Finally, the potential of the assay for
improving periplasmic protein folding and solubility
was demonstrated using a directed evolution strat-
egy. Taken together, these results reveal our peri-
plasmic protein folding assay to be a powerful new
experimental tool for elucidating the factors that
affect the folding of proteins in this important bio-
logical compartment.

Results

An engineered assay for folding and solubility

in the periplasm

To create a rapid protein folding assay for the peri-
plasm, we constructed a plasmid called pDMB that
permitted expression of any POI as a sandwich
fusion between an N-terminal export signal (ssDsbA)
and a C-terminal selectable marker (Bla). Consistent
with the logic underlying fusion-based folding
reporters for the cytoplasm,'®2' we reasoned that
productive folding of the downstream Bla protein do-
main and consequent resistance to p-lactam antibiot-
ics is directly related to the folding robustness
(avoidance of aggregation and inclusion body forma-
tion) of the upstream POI. Thus, correctly folded,
soluble proteins would be expected to confer Amp re-
sistance to E. coli cells and provide a selectable phe-
notype for periplasmic protein folding (Fig. 1). Here,
more than 40 different POIs were cloned into pDMB
and characterized based on their ability to confer
Amp resistance to E. coli cells as described below.

Monitoring DsbA-dependent folding of enzymes
and antibodies in the periplasm

As proof-of-concept, we first investigated whether
our assay could report the folding behavior of E. coli
alkaline phosphatase (PhoA). We chose PhoA
because its correctly folded, catalytically active con-
formation is dependent upon two disulfide bonds,
one between Cysl68 and Cysl78 and the other
between Cys286 and Cys336, that are formed by the
primary periplasmic oxidant DsbA.32 Expression of
ssDsbA-PhoA-Bla in wild-type DHB4 cells conferred
strong resistance to 100 pg/mL Amp as evidenced by
spot plating [Fig. 2(a)l. When the same construct
was expressed in DHA cells, which lack DsbA, re-
sistance to this concentration of Amp was no longer
observed. To quantify this difference in Amp resist-
ance, single colonies of DHB4 and DHA were chal-
lenged on increasing levels of Amp, and values for
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Figure 1. Schematic of SRP-mediated periplasmic folding
reporter. (@) The DsbA signal peptide enables cotranslational
translocation across the cytoplasmic membrane via the SRP-
dependent pathway. Nascent polypeptides enter the periplasm
where they fold properly, conferring Amp resistance to cells, or
misfold, leading to eventual aggregation and/or proteolysis. (b)
Fusion proteins created in this study contained an N-terminal
DsbA signal peptide (ssDsbA) followed by a POl and a C-
terminal selectable marker (TEM-1 Bla). Restrictions sites (Xbal
and Sall/BamHl) resulted in short linker sequences (SR and
VDGS) at the junctions.
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the minimum bacteriocidal concentration (MBC)
were determined. The MBC for DHB4 cells express-
ing ssDsbA-PhoA-Bla was eightfold higher than that
measured for DHA cells expressing the same fusion
(Table I). Plating on LB agar lacking Amp revealed
no measurable growth difference between the DHB4
and DHA cells [Fig. 2(a)], confirming that the differ-
ence in Amp resistance was due to DsbA-dependent
oxidation of protein thiols required for PhoA folding.
For comparison, we evaluated cytoplasmic folding of
PhoA in DHB4 cells using a previously developed
assay based on the twin-arginine translocation (Tat)
protein export pathway.?? In this system, POI-Bla
fusions are targeted by an N-terminal ssTorA signal
peptide to the Tat pathway, which requires that pro-
tein substrates fold correctly in the cytoplasm before
transport across the inner membrane.?® Thus, the
efficiency of ssTorA-POI-Bla export, and the corre-
sponding Amp resistance phenotype, is regulated by
the folding behavior of the POI in the cytoplasm.2%2?
As expected, we observed that DHB4 cells express-
ing ssTorA-PhoA-Bla were sensitive to 100 pg/mL
Amp [Fig. 2(b) and Table I]. This Amp sensitivity
was due to the fact that the cytoplasm of DHB4 cells
is a reducing environment that renders PhoA

scFv13
dsbA+ dsbA-

[SSCC]

dsbA+ dsbA+ dsbA-

+ Amp - Amp + Amp - Amp
b C wt PhoA [SSCC) scFv13
dsbA+  dsbA- dsbA+ dsbA+ dsbA-
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Figure 2. Redox-dependent folding reported via SRP selection. (a) An equivalent number of DHB4 (dsbA+) and DHA (dsbA—) cells
expressing either ssDsbA-PhoA-Bla, ssDsbA-PhoA[SSCC]-Bla, or ssDsbA-scFv13-Bla were spotted on LB/agar containing either 50
pg/mL Cm (—Amp) or 100 ug/mL Amp (+Amp). Cell dilutions from 1072 to 10~° were spotted on LB plates containing different
concentrations of Amp. (b) Cells expressing ssTorA-PhoA-Bla or ssDsbA-Bla spotted on LB/agar containing either 50 pg/mL Cm
(—Amp) or 100 pg/mL Amp (+-Amp) at a dilution of 1072 from overnight cultures. (c) Western blot analysis of periplasmic (per) and
cytoplasmic (cyt) fractions derived from DHB4 (dsbA+) and DHA (dsbA—) cells expressing either ssDsbA-PhoA-Bla, ssDsbA-
PhoA[SSCC]-Bla, or ssDsbA-scFv13-Bla. Samples were blotted with Bla-specific antibodies. Arrow indicates expected size of the

fusion proteins.
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Table I. Amp Resistance Conferred by Different
Target Proteins

MBC MIC
Protein-of-interest® Strain  (ug/mL)®  (ug/mL)®
Alkaline phosphatase
PhoA DHB4 200 200
PhoA DHA 25 25
PhoA[SSCC] DHB4 400 200
ssTorA-PhoA-Bla DHB4 6 6
ssTorA-PhoA-Bla DHA 12 6
Bla DHB4 3200 1600
Bla DHA 3200 1600
Anti-p-gal scFv13
scFv13 (wild type) DHB4 400 200
scFv13 (wild type) DHA 50 50
scFv13-R4 DHB4 400 400
scFv13-R4 DHA 100 50
Maltose-binding proteins
MalE (wild type) DH5a 250 200
G32D DH5a 200 175
133P DH5q 200 175
MalE31 DH50 175 175
Other proteins
GFP DH5q 200 175
GST DH50 50 25
MetF DH5a 25 25
MetK DH5q 6 3
TrxA DH50 100 100
Amyloid-f peptides
AB42 (wild type) DH5a 12 12
A2 DH50 25 25
A4 DH5q 25 25
B9 DH5q 25 25
B12 DH50 25 25
H2 DH5a 50 25
GM6 DH5q 100 100
GM7 DH50 100 50
GM11 DH5a 100 50

# Unless otherwise indicated, protein-of-interest is a fusion
of ssDsbA-POI-Bla.
b Approximately 500 CFUs were plated overnight at 37°C.

misfolded and incompetent for export via the Tat
pathway. To confirm that these results were not
attributable to redox-dependent changes in the fold-
ing of the Bla moiety itself, cells expressing ssDsbA
fused directly to Bla were similarly plated on Amp.
Consistent with earlier findings,?* the periplasmic re-
dox state had no measurable effect on the catalytic ac-
tivity of Bla as evidenced by the identical resistance
phenotypes for DHB4 and DHA cells expressing
ssDsbA-Bla [Fig. 2(b) and Table I]. Western blot anal-
ysis of the cytoplasmic and periplasmic fractions
derived from DHB4 and DHA cells expressing the
ssDsbA-PhoA-Bla fusions confirmed that soluble
expression of PhoA-Bla in the periplasm corresponded
with the respective Amp phenotypes [Fig. 2(c)]. Pro-
teolytic degradation of the fusion was observed in the
cytoplasm and periplasm, but as discussed below, it
does appear to affect the assay readout for PhoA and
does not occur for most of the other proteins tested.
Recently, Kadokura and Beckwith®® reported
that, in contrast to the findings of Sone et al.,*?
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introduction of cysteine to alanine mutations into
each of the two cysteine pairs of PhoA (Cysl168-
Cys178 and Cys286-Cys336) did not destabilize the
protein in vivo. They suggested this discrepancy
could be due to the differences of the conditions
between the two studies: Kadokura and Beckwith
replaced the cysteine residues of PhoA with alanine,
whereas Sone et al. substituted serine; the tempera-
ture for culture was 30°C in the Kadokura and
Beckwith study, but 37°C in the Sone et al. report.
Here, we attempted to resolve this discrepancy by
replacing the Cys168-Cys178 pair in PhoA with ser-
ine and testing this mutant in our folding reporter
at 22 and 37°C. Consistent with the observations of
Kadokura and Beckwith, PhoA[SSCC] conferred re-
sistance that was indistinguishable from wild-type
(wt) PhoA at both 22°C (data not shown) and 37°C
[Fig. 2(a) and Table I].

To determine whether the ability to report
DsbA-dependent folding was a general feature of our
assay, we next analyzed the behavior of a single-
chain antibody fragment specific for p-galactosidase
(scFv13).2% Like PhoA, scFv13 folding is dependent
on the formation of two intradomain disulfide bonds,
one in the Vi and one in the Vi, domain. In the ab-
sence of these bonds, the scFv is only expressed at
very low levels.?® Similar to what was seen above,
DHB4 and DHA cells expressing ssDsbA-scFv13-Bla
exhibited distinctly different Amp resistance pheno-
types [Fig. 2(a)]. The MBC was eightfold greater for
DHB4 cells compared with DHA cells expressing
this construct (Table I). Western blot analysis
revealed significant accumulation of soluble ssDsbA-
scFv13-Bla in the periplasmic fraction of DHB4
cells, whereas virtually no cross-reacting bands were
detected in any fraction (cytoplasmic or periplasmic)
isolated from DHA cells [Fig. 2(c)]. This result con-
firmed that scFv13 folding and solubility was de-
pendent on disulfide bond formation. The fact that
scFv13-Bla accumulated predominantly in the peri-
plasm provided additional support for our hypothesis
that many proteins targeted to the SRP pathway are
efficiently partitioned in the periplasm. It is also
noteworthy that we did not observe any proteolytic
degradation of the scFv13-Bla fusion. We also tested
scFv13-R4, a variant of scFv13 engineered previ-
ously to have greater solubility under reducing con-
ditions.?® In DHA cells, where the periplasm does
not support disulfide bond formation, scFv13-R4
showed a twofold increase in MBC over wild-type
scFv13 (Table I), consistent with the improved abil-
ity of scFv13-R4 to fold correctly in the absence of
disulfide bonds.?® Interestingly, expression of
ssDsbA-scFv13-R4-Bla in DHB4 cells resulted in an
eightfold higher MBC relative to expression in DHA
cells. This is likely due to the fact that oxidation of
scFv13-R4 in the periplasm further increases the
protein’s stability by the addition of at least one

Protein Folding Reporter for the Bacterial Periplasm
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Figure 3. A universal folding reporter. (a) Western blot
analysis of whole cell lysates generated from an equivalent
number of DH5a cells expressing the ssDsbA-POI-Bla
constructs as indicated. Samples were blotted with Bla-
specific antibodies. (b) An equivalent number of DH5x
cells expressing ssDsbA-MetF-Bla or ssDsbA-MetK-Bla
were spotted on LB/agar containing either 20 pg/mL Cm
(—Amp) or 100 pg/mL Amp (+Amp) at a dilution of 1072
from overnight cultures. Nitrocefin hydrolysis activity of
whole-cell lysates from cells expressing MetF-Bla and
MetK-Bla with or without the ssDsbA signal peptide.
Activity was measured as the initial velocity of absorbance
change at 486 nm. Relative Bla activity was obtained by
normalizing to the activity of the fusion without the signal
peptide. Bla activity was measured in triplicate, and error
bars represent standard error of the mean. (c) DH5a cells
expressing ssDsbA-GFP-Bla or ssTorA-GFP-Bla were
spotted as in (b). Fluorescence microscopy analysis (x100)
of DH5a cells expressing ssDsbA-GFP-Bla or ssTorA-GFP-
Bla as indicated. (d) Western blot analysis of periplasmic
(per) and cytoplasmic (cyt) fractions generated from an
equivalent number of DH5q cells expressing ssDsbA-POI-
FLAG fusions lacking the Bla moiety for the clones
indicated. Blots were probed by anti-FLAG antibodies.
GroEL was used as a fractionation marker by probing with
anti-GroEL antibodies (data not shown). GRB2 per and
RAF1 per samples were included as positive loading
controls for the blot on the right. MBC values (ug/mL
Amp) corresponding to each protein are indicated below
the panels.
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disulfide bond.?¢ Like its parent, scFv13-R4 accumu-
lated stably in cells with no apparent degradation
[Fig. 3(a)l.

A universal assay of periplasmic protein folding
We next tested whether folding behavior unrelated
to disulfide bond formation could be discriminated
using this selection strategy. Specifically, we tested
several proteins that are physiologically expressed
in the E. coli cytoplasm (e.g., GST, MetF, MetK, and
TrxA) as well as GFP. We reasoned that some of
these would fold correctly in the periplasm. Indeed,
selective plating of cells expressing these constructs
revealed that GST, TrxA, and GFP are each cor-
rectly folded in the periplasm as evidenced by MBC
values of 50, 100, and 200 ug/mL Amp, respectively
(Table I). For comparison, expression of Bla fused to
the maltose-binding protein (MBP), a native peri-
plasmic protein that is known to be extremely solu-
ble in E. coli,” resulted in an MBC of 250 pg/mL
Amp (Table I). Importantly, each of these was found
to stably accumulate in cells with little to no proteo-
lytic degradation [Fig. 3(a)l. We further reasoned
that other proteins such as MetF and MetK would
misfold and/or aggregate outside of their native envi-
ronment. This is because MetF folding involves the
binding of a flavin cofactor, which would likely not
be present in the periplasm.®® Similarly, MetK has
redox-sensitive Cys residues that could become
misoxidized in the periplasm. In addition, both pro-
teins are strictly dependent on the cytoplasmic chap-
erone GroEL for correct folding.?® As expected, the
MetF and MetK fusions conferred little to no resist-
ance to cells plated on 100 pg/mL Amp [Fig. 3(b)]
and resulted in MBC values of only 25 and 6 ug/mL,
respectively (Table I). The weak Amp resistance con-
ferred by MetF and MetK was accompanied by the
complete absence of each fusion protein following
Western blot analysis [Fig. 3(a)l, indicating that
incorrect folding of each protein in the periplasm
was followed by proteolytic degradation. To rule out
the possibility that MetF and MetK are incapable of
folding when fused to Bla, we expressed MetF-Bla
and MetK-Bla that lacked the ssDsbA export sig-
nals. Each of these folded very efficiently in the cyto-
plasm as evidenced by the relatively high Bla activ-
ity measured in the lysates of cells expressing these
constructs [Fig. 3(b)]. For comparison, very little Bla
activity was measured in the lysates of cells express-
ing ssDsbA-MetF-Bla and ssDsbA-MetK-Bla. Thus,
C-terminal fusions of Bla to MetF and MetK are
indeed capable of correct folding when expressed in
the cytoplasm but become misfolded and inactive
when localized in the periplasm.

The observation that GFP folded correctly in the
periplasm was surprising based on earlier findings
that it could not attain a fluorescent conformation

when localized in the periplasm via the Sec
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Table II. Periplasmic and Cytoplasmic Folding of Mammalian Target Proteins

Subcellular MBC (pg/mL) MBC (pg/mL)
Protein (organism)? Domain® location periplasm® cytoplasm® STE ratio?
CASP2 (Hs) FL Cytoplasm 50 50 0.00
CCND2 (Hs) FL Cytoplasm 100 9 0.12
CD44 (Hs) FL Extracellular 6 6 0.13
CDK4 (Hs) FL Cytoplasm 50 12 0.25
CDKN1B (Hs) FL Cytoplasm 400 50 0.10
Efnal (Mm) EC Extracellular 200 25 0.36
Efnb2 (Mm) EC1 Extracellular 200 9 0.06
Efnb2 (Mm) EC2 Extracellular 800 9 0.32
Epha2 (Mm) LB Extracellular 6 6 0.03
Ephb2 (Mm) SAM Cytoplasm 800 100 0.16
Ephb2 (Mm) TK Cytoplasm 100 3 0.07
FOS (Hs) FL Nuclear 100 25 0.01
GATA2 (Hs) FL Nuclear 3 500 0.09
GFP (Av) FL Cytoplasm 200 400 0.69
GRB2 (Hs) FL Cytoplasm 800 30 0.31
HRAS (Hs) FL Cytoplasm 3 25 0.52
JUN (Hs) FL Nuclear 400 25 0.05
MAD (Hs) FL Nuclear 6 25 0.52
Mdm2 (Mm) p53-bd Nuclear/Cytoplasm 400 12 0.42
MMPI (Hs) FL Extracellular 200 50 0.09
RAF1 (Hs) Ras-bd Cytoplasm 200 400 0.52

2 Organism: Hs, Homo sapiens; Mm, Mus musculus; Av, Aequoria victoria.
® Domain: FL, full length; EC, extracellular; TK, tyrosine kinase; LB, ligand binding, SAM, sterile alpha motif; bd, binding

domain.
¢ Approximately 500 CFUs were plated overnight at 37°C.

4 Soluble versus total expression (STE) ratios were obtained for each protein by normalizing the soluble expression data by
the total expression data reported in Tables II and III of Ref. ®. Values reported are the average of over all 6x and 10x his-

tagged constructs.

pathway.*®*! Indeed, cells expressing the ssDsbA-
GFP-Bla fusion were nonfluorescent [Fig. 3(c)]. How-
ever, the absence of cell fluorescence could not be
attributed to global misfolding or aggregation of
GFP in the periplasm because ssDsbA-GFP-Bla con-
ferred a strong Amp-resistant phenotype to cells
[Table I and Fig. 3(c)]. For comparison, cells express-
ing GFP-Bla via the Tat export pathway resulted in
highly fluorescent cells that were similarly Amp re-
sistant [Table II and Fig. 3(c)], consistent with ear-
lier findings.??*2 From these data, it is clear that
GFP is soluble in both the cytoplasmic and periplas-
mic compartments; hence, the inability of GFP to
fluoresce in the periplasm is not attributable to its
overall folding and stability in this compartment.

To further test the limits of our selection strat-
egy, we attempted to identify mammalian proteins
that fold correctly in the periplasm. For this, a total
of 20 mammalian proteins and protein domains were
evaluated for SRP-mediated expression and selec-
tion. These proteins were of human or murine origin
and represented several diverse protein families
with extracellular, cytoplasmic, and nuclear cell loca-
tions (Table II). We tested a collection of full-length
and truncated proteins, which are described else-
where,® by cloning each into the pDMB selection
vector as ssDsbA-POI-Bla fusions and determining
the MBC for each. For 15 of the proteins tested, the
MBC was >50 pg/mL Amp (Table II), suggesting
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that these were all relatively well folded and soluble
in the periplasm. Of these, Efnb2(EC2), Ephb2
(SAM), and GRB2 conferred a level of resistance
(800 pg/mL Amp) that was only fourfold lower than
the MBC measured for cells expressing ssDsbA-Bla
with no target protein, indicating that these were
extremely soluble when expressed in the periplasm.
The resistance conferred by these 15 clones corre-
lated with soluble expression of the fusion proteins,
as exemplified by the RAF1-Bla fusion [Fig. 3(a)l.
Only five of the clones (CD44, Epha2(LB), GATAZ2,
HRAS, and MAD) exhibited MBCs of <6 pug/mL Amp
that were comparable to the MBC reported for plas-
mid-free wt MC4100 cells*® and indicative of poor
folding and solubility. It is informative to compare
the MBC results obtained here for periplasmic fold-
ing versus the MBC values for cytoplasmic solubility
determined previously using a Tat-mediated folding
reporter that also used TEM-1 Bla.** For some of
the target proteins (e.g., CCND2, Efnb2(EC1), Efn-
b2(EC2), GRB2, and Mdm2-p53-bd), strong resist-
ance was only conferred by periplasmic expression
but not by cytoplasmic expression, whereas GATAZ2,
HRAS, and MAD conferred greater resistance follow-
ing cytoplasmic expression compared with periplas-
mic expression (Table II). We also observed that
some of the proteins (e.g., EphB2(SAM), GFP, and
RAF1) were soluble in both the periplasmic and
cytoplasmic compartments, whereas certain others

Protein Folding Reporter for the Bacterial Periplasm
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Figure 4. Effect of cis- and trans-acting factors on
periplasmic protein folding. (a) DH5a cells expressing wt
MBP and its variants MalE31, I33P, and G32D as sandwich
fusions between ssDsbA and Bla. An equivalent number of
cells were spotted on 100 pg/mL Amp (+Amp) or 20 pg/mL
Cm (—Amp) at a dilution of 10~° from overnight cultures.
Open triangle indicates increasing solubility of MBP. (b)
Growth of an equivalent number of DH5q cells
coexpressing periplasmic chaperones FkpA, Skp, and SurA
(or with empty pBAD18-Kan) along with wt MBP or MalE31
fusions. Cell dilutions from 1072 to 10~° were spotted on
LB plates supplemented with 200 pg/mL Amp and 50 ng/
mL Kan. (c) Western blot analysis of periplasmic fractions
from cells coexpressing FkpA, Skp, and SurA chaperones
as indicated along with ssDsbA-MalE31-Bla. Samples were
probed with Bla-specific antibodies. Detection of DsbA
using anti-DsbA serum was performed as a loading control.
(d) An equivalent number of cells coexpressing ssDsbA-Bla
with either FkpA, Skp, or SurA chaperones as indicated
were spotted on LB plates containing 50 pg/mL Kan and
either 800 pg/mL Amp (+Amp) or 20 pg/mL Cm (—Amp) at
a dilution of 1072 from overnight cultures.

(e.g., CD44 and Epha2(LLB)) were not very soluble in
either of these subcellular locations (Table II).

To independently confirm soluble periplasmic
expression, we expressed a subset of the mammalian
clones as ssDsbA-POI-FLAG chimeras in which the
C-terminal Bla moiety was replaced by a nine-resi-
due FLAG epitope tag. Subcellular fractionation
analysis of several representative positive clones
(i.e., those conferring resistance to >50 pug/mL Amp)
including GRB2, Mdm2(p53-bd), RAF1, and GFP
revealed that each of these accumulated in the solu-
ble periplasmic fraction of wt cells [Fig. 3(d)]. Con-
versely, we observed no soluble accumulation in
either the periplasmic or cytoplasmic fractions for
two negative clones, namely HRAS and MAD, that
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conferred resistance to <6 pg/mL Amp. These results
confirm that soluble expression in the periplasm cor-
relates well with the resistance conferred by each of
these clones.

cis- and trans-acting factors that affect
protein folding in the periplasm
We next determined whether the assay could report
changes in folding robustness caused by cis-acting
factors such as sequence mutations or ¢rans-acting
factors such as molecular chaperones. For these
studies, we used E. coli MBP and a collection of
MBP variants that become kinetically trapped in off-
pathway intermediates that are prone to aggrega-
tion.?? One of these, a double mutant called MalE31
(G32D/133P), reportedly forms inclusion bodies in
the periplasmic space.*> We cloned four different
versions of MBP (wt, G32D, I33P, and MalE31) into
pDMB and evaluated their ability to confer Amp re-
sistance to cells. Spot plating revealed that cells
expressing wt MBP but not MalE31 were resistant
to 200 pg/mL Amp [Fig. 4(a)]. Western blot analysis
revealed that the resistance phenotypes conferred by
ssDsbA-MBP-Bla and ssDsbA-MalE31-Bla correlated
with the intracellular accumulation of each protein
[Fig. 3(b) for MBP and Fig. 4(b) for MalE31]. Plating
of the same cells on LB lacking Amp showed no dif-
ference in growth phenotype for wt MBP versus
MalE31 [Fig. 4(a)]. The measured MBC for the wt
MBP fusion was 42% greater than its MalE31 coun-
terpart (Table I). It is noteworthy that although the
MalE31 conferred significantly less Amp resistance
than MBP, these Bla fusions were not completely
inactive. This is in agreement with recent findings
of Betton and coworkers who showed that despite its
poor folding efficiency in the periplasm, a fusion of
MalE31-Bla retained some catalytic activity.?® Our
previous findings showed that MalE31 expressed in
the cytoplasm is somewhat soluble, albeit to a lesser
extent than wt MBP.22

It has been shown that the periplasmic chaper-
one FkpA can decrease aggregation of MalE31,
whereas another periplasmic chaperone SurA did
not affect MalE31 aggregation.?® In addition, a peri-
plasmic chaperone called Skp is well known for its
ability to interact with a broad range of substrates®’
and has been used to improve expression of phage-
displayed proteins.*® On the basis of these data, we
reasoned that a chaperone-mediated decrease in
MalE31 aggregation would lead to increased Bla ac-
tivity in our assay. To test this, cells coexpressing
FkpA, SurA, or Skp with ssDsbA-MalE31-Bla were
plated on Amp. FkpA and Skp coexpression with
ssDsbA-MalE31-Bla resulted in a measurable
increase in Amp resistance compared with the con-
trol case where ssDsbA-MalE31-Bla was expressed
alone [Fig. 4(b)]. In contrast, SurA coexpression con-
ferred no measurable growth difference compared
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Figure 5. Directed evolution of the AB42 peptide. (a) An
equivalent number of cells expressing fusions wild-type
AB42 and solubility-enhanced variants GM11, GM7, and
GM6 spotted on 100 pg/mL Amp (+Amp) or 20 pg/mL Cm
(—Amp) at dilution of 1072 from overnight cultures. The
variants are derivatives of Ap42 with the following
mutations: GM11 (H6Q/V12A/V24A/132M/V36G), GM7
(V12A/I32T/L34P), and GM6 (F19S/L34P). (b) Growth of an
equivalent number of cells expressing evolved variants of
AB42 with greater solubility than wild-type Ap42. Cell
dilutions from 1072 to 10~° were spotted on LB plates
supplemented with 100 ng/mL Amp. For comparison, wild-
type AB42 and soluble variant GM6 are shown. (c) Amino
acid sequences of evolved AB42 peptides, along with Ap42
and GM®6 for comparison.

with the control [Fig. 4(b)]. Cells grown on control
plates lacking Amp showed no differences in growth
phenotype (data not shown). Western blot analysis
of periplasmic fractions confirmed that coexpression
of FkpA and Skp, but not SurA, increased the solu-
bility of ssDsbA-MalE31-Bla [Fig. 4(c)]. Finally, to
show that improved Amp resistance resulted from
in MalE31 solubility and not by
improved activity of the Bla domain itself, we coex-

an increase

pressed each of the periplasmic chaperones with
ssDsbA-Bla and found that Bla activity did not
increase in the presence of any of the periplasmic
chaperones [Fig. 4(d)]. In fact, coexpression of FkpA
caused a decrease in Bla activity as evidenced by
lack of cell growth on 800 pg/mL Amp. Interestingly,
we found that coexpression of SurA increased the
solubility of the wt MBP fusion [Fig. 4(b)], suggest-
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ing that SurA promotes folding of wt MBP but not
MalE31.

Enhancing the solubility of aggregation-prone
proteins

To demonstrate the utility of this system, we next
attempted to isolate solubility-enhanced protein var-
iants in the periplasm using a directed evolution
approach. For this purpose, we inserted the 42-residue
amyloid-f peptide (AB42) in the POI position of our fold-
ing reporter. AB42 is the primary constituent in dense
amyloid fibrils that accumulate in the brains of patients
with Alzheimer’s disease.”® As in humans, Ap42 aggre-
gates extensively when expressed in E. coli.?>%° We and
others have isolated variants of AB42 that were signifi-
cantly more soluble in the bacterial cytoplasm compared
with wt AB42.22%° When expressed in the periplasm as
a ssDsbA-AB42-Bla fusion, these solubility-enhanced
variants conferred increased Amp resistance to cells rel-
ative to wt AB42 [Fig. 5(a)l. The most soluble variant,
clone GM6,>° displayed an eightfold higher MBC rela-
tive to wt AB42 (Table I).

Encouraged by the observation that growth selec-
tion could easily distinguish more soluble APp42
variants, we next attempted to isolate solubility-
enhanced AB42 variants from a combinatorial library
of AB42 sequences. An error-prone library of AB42 in
pDMB was created that contained ~5 x 10* members.
Plating of ~10* cells from this library on 25 pg/mL
Amp resulted in five clones exhibiting an Amp-resist-
ant phenotype above wt AB42 [Fig. 5(b)]. Each of
these variants showed at least a twofold improvement
in MBC over wt AB42, with clone H2 exhibiting a
fourfold increase in MBC compared with wt (Table I).
Interestingly, clone H2 contains the L34P mutation
[Fig. 5(c)], which is known to render AP42 less prone
to aggregation.’® The other isolated clones had point
mutations located primarily within hydrophobic
stretches in the central and C-terminal parts of Ap42
that have been implicated by others as key determi-
nants in aggregation and fibril formation®®®%: A2
(M35T), B9 (V40D), and B12 (V37A) [Fig. 5(c)]. It is
noteworthy that this improvement in AB42 solubility
only required a single round of mutagenesis and
selection, confirming the robustness of our assay for
searching large volumes of sequence space for pro-
teins with altered structural characteristics.

Discussion

To date, several reporters of protein folding have been
developed in E. coli.'"2! Such methods include: tran-
scriptional fusion reporters that signal the cell’s genetic
response to misfolding and aggregation of the POI,?2
and translational fusion reporters between the POI and
a peptide (e.g., tetracysteine motif binding site'”), pro-
tein (e.g., chloramphenicol acteyltransferase,'® GFP'?),
or split protein fragment (e.g., p-galactosidase,’
GFP?!) whose activity is modulated by the folding
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behavior of the POI. Along similar lines, we recently
developed a protein solubility reporter that exploits the
authentic protein folding quality control mechanism of
the E. coli Tat pathway.2? Surprisingly, there are cur-
rently no reports of an analogous reporter system for
the periplasmic folding environment despite the signifi-
cance of this compartment for the expression and engi-
neering of heterologous proteins.'™ This is due in part
to the fact that GFP, one of the most useful cellular re-
porter proteins that has been used to successfully assay
cytoplasmic folding,'® fails to reach a fluorescent confor-
mation when routed to the periplasm via the Sec export
mechanism.*® To remedy this, we developed a genetic
reporter system comprising a POI fused between an
N-terminal cotranslational export signal (ssDsbA) and
a C-terminal selectable marker (Bla) that enables inti-
mate coupling between periplasmic protein folding and
antibiotic resistance. It should be noted that Bla gene
fusions have been used previously in E. coli to: (1) iso-
late genes encoding exported and membrane proteins of
prokaryotic®® and eukaryotic® origin; (2) increase
secretion efficiency of exported and membrane pro-
teins®®; and (3) dissect membrane protein topology and
assembly.’® However, no studies have used Bla for
reporting the folding robustness of target proteins in
the periplasmic space. Another unique aspect of our
system is its use of the cotranslational SRP pathway
such that all folding events are relegated exclusively to
the domain of the periplasm. One concern that arises
when using Bla fusions is that proteolytic degradation
can release active Bla. Indeed, our experiments
revealed some degradation of the PhoA-Bla fusion.
However, the degradation does not appear to have
released functional Bla because the MBC of these cells
(100 pg/mL) was notably lower than that seen for other
cases where the ssDsbA-POI-Bla fusion was not proteo-
lyzed (e.g., MBP-Bla, scFv13-Bla, and scFv13-R4-Bla).
Even though we cannot rule out the possibility in the
future that certain protein fusions may be degraded to
release functional Bla, we see no evidence in the cases
that were tested here. In fact, most of the other Bla
fusions tested in this study experienced little to no pro-
teolytic degradation. Further, although the correctly
folded ssDsbA-PhoA-Bla fusion was not completely sta-
ble, the misfolded counterpart was even less stable (i.e.,
completely degraded) as evidenced by the total absence
of cross-reacting bands on the Western blot. Thus, the
assay was still able to reliably report the folding robust-
ness of the PhoA protein. It turns out that this was not
a unique phenomenon as many of the incorrectly folded
proteins (e.g., MetF and MetK) were efficiently
degraded. In light of these results, we contend that any
Bla activity that might arise because of fusion instabil-
ity should not impact the usefulness of the assay pro-
vided that proper negative controls are applied, as was
done here.

As in many cases protein expression in the peri-
plasm is often advantageous compared with expres-
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sion in the cytoplasm,'™ this assay should be useful
in the development and optimization of numerous
biotechnological applications. For instance, we dem-
onstrated that the assay is useful for the isolation of
solubility-enhanced variants from a combinatorial
library of protein sequences. These results indicate
that this method could be used as a platform for (1)
engineering proteins with superior solubility, that is,
“superfolder” proteins®” and (2) preselection of large
combinatorial libraries to eliminate incorrectly
folded proteins as soluble structure is a prerequisite
for function. In the future, it might be possible to
use this system in combination with our recently
reported Tat-based cytoplasmic folding reporter,?
which also relies on Bla activity, to comparatively
and comprehensively explore the intracellular pro-
tein folding landscape. It might also be possible to
use this selection in conjunction with fluorescence-
activated cell sorting to isolate GFP variants that
fold and function in the periplasm. In addition to
sequence-related determinants of protein folding, we
have also shown that this assay can be used to probe
extrinsic factors (e.g., molecular chaperones) that
contribute to protein solubility in the periplasm. The
ability to characterize or discover factors that affect
folding in the periplasm and are orthogonal to pro-
tein sequence is intriguing. A more comprehensive
model of the periplasmic space could have great
implications for expression of proteins whose pri-
mary structure is constrained for reasons of, for
example, therapeutic activity and immunogenicity.
Besides chaperones, this assay can also be used to
analyze how periplasmic posttranslational modifica-
tions such as disulfide bond formation, as demon-
strated here, or even N-linked glycosylation®® affect
folding and solubility. The stability conferred by di-
sulfide bonds is often paramount to achieving solu-
ble expression of many therapeutic proteins in
E. coli, many of which are currently produced in E.
coli by inclusion body formation and refolding proce-
dures due to disulfide bond-related instability in the
reducing cytoplasm. It should be noted that for those
proteins whose proper folding depends on posttrans-
lational processing, the periplasmic folding reporter
becomes a genetic reporter of that posttranslational
processing pathway. Finally, the fact that our assay
can be used to evaluate the contribution of these
processes to protein folding should help illuminate
the various ways in which disulfide bonds and glyco-
sylation reactions, or even their interplay,® affects
the structure, function, and stability of proteins.

Materials and Methods

Strains and plasmids

DHBA4 E. coli cells (F' lacl? pro/\- AlacX74 galE galK
thi rpsL phoR AphoA(Pvull) AmalF3) or an isogenic
derivative of DHB4, namely DHA, that carries the
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dsbA:kan allele,® were used for experiments where
cellular redox state was investigated. All other
experiments were performed in DH5a or MC4100
E. coli cells as indicated. Cloning was performed
using standard molecular biological techniques and
protocols.®® Plasmid pDMB was constructed by
inserting DNA for the DsbA signal peptide (ssDsbA,;
DNA nucleotides 1-57 of the E. coli dsbA gene)
between Sacl and Xbal sites of pTrc99A-Cm.?2 Next,
the gene encoding TEM-1 Bla was inserted between
the BamHI and HindIII sites. Finally, genes encod-
ing different POIs were inserted between the Xbal
and Sall or BamHI sites resulting in a sandwich
fusion between ssDsbA and Bla. The resulting plas-
mids contained very short linker sequences, Ser-Arg
and Val-Asp-Gly-Ser, at the junctions of ssDsbA-POI
and POI-Bla [see Fig. 1(a)]l, corresponding to the
translated portions of the Xbal and Sall-BamHI
sites, respectively. The POIs included: MetF, MetK,
GST, PhoA, and TrxA, all of which were amplified
from the E. coli genome using colony PCR,;
PhoA[SSCC], which was amplified from pMS104
lacking the fifth aberrant cysteine,® was kindly pro-
vided by M. Berkman; MalE, MalE31, MalE-G32D
and MalE-I33P,*® and scFv13 and scFv13-R4%¢ were
kindly provided by J.-M. Betton; wild-type AB42 pep-
tide and solubility-enhanced AP42 variants GM?7,
GM11, and GM6°° were kindly provided by M.H.
Hecht; and GFP, which was PCR-amplified from
pTMB-GFP.22 Plasmid pTMB is identical to pDMB
except that it contains the signal peptide of E. coli
trimethylamine N-oxide reductase (ssTorA; DNA
bases 1-126 of the E. coli torA gene) between Sacl
and Xbal sites. Genes encoding the periplasmic
chaperones SurA, FkpA, and Skp were PCR-ampli-
fied from E. coli genomic DNA and inserted between
the Neol and Sall sites of pBAD18-Kan.®? For mam-
malian protein expression (and GFP), a vector called
pDSALK was created. This plasmid was created
from a kanamycin-resistant version of pSALect**
and contains the DsbA signal sequence between the
Notl and Xbal restriction sites. Mammalian proteins
were cloned between the Xbal and either Sall or
BamHI sites of pDSALK and then transformed into
MC4100 cells for plating on Amp. For Western blot
analysis of mammalian proteins expressed without
the Bla moiety, proteins or protein domains with N-
terminal ssDsbA were PCR-amplified from pDSALK
constructs and cloned between the Ncol and HindIII
sites of pTrc99A. A FLAG affinity tag was added to
the C-termini of each protein or protein domain by
PCR. Sequences of all plasmids constructed in this
study were confirmed by DNA sequencing.

Expression of fusion proteins and cell

growth assays

Cells carrying a folding reporter plasmid were grown
overnight at 37°C in LB medium containing 50 pug/mL
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chloramphenicol (Cm). Screening of cells on LB agar
was performed by first normalizing overnight cul-
tures by ODggo and then spotting 5 pL of serially
diluted (10- to 10°-fold) cells on LB agar plates con-
taining 100 pg/mL Amp or 20 ug/mL Cm. LB agar
plates used to analyze coexpression of periplasmic
chaperones were supplemented with 50 pg/mL kana-
mycin (Kan), along with either 20 pg/mL Cm or 200
ug/mL Amp and either 0.2% arabinose or 0.2% glu-
cose. The ¢rc¢ promoter allows for leaky expression,
and therefore, no IPTG was used to induce cultures.
In all cases, the plates were incubated for 16 h at
37°C and then imaged using a ChemiDoc System
(BioRad). For MBC/MIC determination, ~200 col-
ony-forming units (CFUs) of each clone were plated
on LB agar plates containing 0, 3, 6, 12, 25, 50, 100,
200, 400, 800, or 1600 pg/mL Amp or 20 pg/mL Cm.
The MBC was determined as the minimum Amp
concentration at which no colonies appeared on the
plates. Minimum inhibitory concentration (MIC) was
determined as the minimum concentration of Amp
on which colony size or number of colonies was sig-
nificantly smaller than control.

Protein analysis

Cells were grown overnight at 37°C in flasks con-
taining 50-mL LB media with appropriate antibiot-
ics. As above for the plating experiments, no IPTG
was used to induce cultures because the #r¢ pro-
moter allows for sufficient leaky expression. Subcel-
lular fractionation using the ice-cold osmotic shock
procedure®® was performed on an equivalent number
of cells to generate soluble cytoplasmic and periplas-
mic fractions. Cytoplasmic fractions were obtained
by sonication of resuspended spheroplasts following
release of periplasmic proteins. Western blotting of
these fractions was performed as previously
described®® using 10 pg/mL anti-p-lactamase, anti-
FLAG M2 (Stratagene) at 1:500 dilution, anti-alka-
line phosphatase antibodies (Sigma) at 1:20,000 dilu-
tion, or anti-DsbA serum diluted 1:5000 (kindly pro-
vided by Dr. James Bardwell) as the primary
antibody and anti-mouse or anti-rabbit horseradish
peroxidase conjugate diluted 1:2500 (Promega, Madi-
son, WI) as the secondary antibody. Bands were
visualized via chemiluminescent substrate (Bio-Rad)
on Kodak film. The quality of all fractionations was
determined by immunodetection of the cytoplasmic
GroEL protein®® or the periplasmic protein DsbA.
Fractions from GFP-expressing cells were assayed
for fluorescence by loading 100-uL portions into 96-
well plates and quantifying the GFP activity (ex:
488 nm; em: 509 nm) using a microplate reader
(Synergy HT, BioTek Instruments). Finally, soluble
fractions were assayed for Bla activity based on
nitrocefin (50 pM) hydrolysis in 96-well format as
described.®® All fluorescence and Bla activity meas-
urements were performed in triplicate.
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Fluorescence microscopy

Cells expressing ssDsbA-GFP-Bla and ssTorA-GFP-
Bla were visualized as described previously®* using a
Zeiss Axioskop 40 fluorescent microscope with Spot-
flex color digital camera and filter sets for GFP (485
nm for excitation and 505 nm for emission) and rhoda-
mine (540 nm for excitation and 600 nm for emission).

Library creation and selection of clones

A library of AB42 sequences was created according to
Fisher et al.,?2 except that the plasmid backbone was
pDMB. Briefly, error-prone PCR was performed on
the gene encoding the AB42 peptide. The gene library
was cloned between the Xbal and Sall sites of pPDMB
and estimated to contain ~50,000 members. Selection
was performed by plating ~2000 CFUs per plate on
25 ng/mL Amp. To eliminate false positives (e.g., small
in-frame fragments that confer higher-than-expected
resistance to Amp), clones growing on 25 pg/mL Amp
were inoculated in 96-well cultures and replica spotted
as above at 10~ dilution on 25 and 100 pg/mL Amp.
Only those clones that grew on 25 pg/mL Amp but
failed to grow on 100 pg/mL Amp were sequenced and
characterized by MBC determination.
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