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Abstract

It has long been thought that chaperones are primarily attracted to their clients through the hydrophobic effect. However, in

in vitro studies on the interaction between the chaperone Spy and its substrate Im7, we recently showed that long-range

electrostatic interactions also play a key role. Spy functions in the periplasm of Gram-negative bacteria, which is surrounded

by a permeable outer membrane. The ionic conditions in the periplasm therefore closely mimic those in the media, which

allowed us to vary the ionic strength of the in vivo folding environment. Using folding biosensors that link protein folding to

antibiotic resistance, we were able to monitor Spy chaperone activity in Escherichia coli in vivo as a function of media salt

concentration. The chaperone activity of Spy decreased when the ionic strength of the media was increased, strongly

suggesting that electrostatic forces play a vital role in the action of Spy in vivo.

Chaperones act by preventing protein aggregation and facil-
itating protein folding [1]. It is generally thought that chap-
erones function in part by binding to hydrophobic regions
exposed on the surface of protein folding intermediates,
thereby inhibiting their aggregation [2]. However, we and
other researchers have shown that electrostatic interactions
also play an important role in chaperone action in vitro,
particularly in the initial binding of chaperones to their sub-
strates [3–5]. Note that electrostatic interactions apply over
a much longer range than the hydrophobic effect, which is
active over a relatively short range, which may increase the
overall impact of electrostatic interactions [6, 7].

Determining the exact role that various forces play in chap-
erone action is complicated by the large and complex nature
of most chaperone-folding machines, which are often
dependent on co-chaperones and ATP for their activity, and
by the effect of competing aggregation reactions. Given that
these considerations confound in vitro experiments,
attempting to dissect the importance of fundamental forces
in chaperone action in vivo would seem almost impossible.
Fortunately, the simple chaperone–client pair Spy-Im7
neatly sidesteps most of these problems. Spy is a 16 kilodal-
ton ATP-independent chaperone that requires no co-chap-
erones or ATP for its action, and its Im7 substrate has a
well-characterized folding pathway. Several Im7 variants
exist, including those that mimic folding intermediates
[8, 9]. Im7 and its variants are resistant to aggregation both

in vitro and in vivo. In vitro, Im7 is initially attracted to Spy
through long-range electrostatic interactions; following
binding, the Spy-unfolded client complex is primarily stabi-
lized through hydrophobic interactions. Folding of Im7
while it is bound to Spy decreases its affinity to Spy and con-
sequently promotes release of the client protein [4, 10, 11].
Spy acts to stabilize both wild-type (WT) and thermody-
namically destabilized variants of Im7 in vivo and in vitro

[12]. Tripartite folding biosensors consisting of Im7 variants
inserted into the antibiotic resistance marker b-lactamase
can be used to link the stability of Im7 variants to antibiotic
resistance. These folding biosensors enable the facile read-
out of Spy’s chaperone activity on Im7 in vivo simply by
measuring the antibiotic resistance of strains containing
them [12].

We discovered Spy as a chaperone in an in vivo screen for
‘super folder’ bacteria. Using a folding biosensor to link in

vivo protein stability to antibiotic resistance, bacteria were
required to stabilize an unstable variant of the model folding
protein Im7- L53A I54A in order to survive [12]. The bac-
teria responded by overproducing Spy. Spy was then shown
to both inhibit the aggregation of several proteins including
Im7 in vitro and facilitate their folding, demonstrating that
it functions directly as a chaperone [12]. In these folding
biosensors, an unstable protein is inserted into the middle
of a marker that encodes resistance to an antibiotic such as
penicillin (PenV). Degradation of the unstable protein acts
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to separate the N- and C-terminal halves of the selectable
marker, decreasing antibiotic resistance. Super-folder bac-
teria that can stabilize the unstable protein will allow the
marker to fold better, keeping the two halves together and
increasing the antibiotic resistance of strains containing the
biosensor (Fig. 1a) [12, 13].

Escherichia coli K-12 MG1655 DhsdR (SQ765) was used as
the WT strain and an isogenic baeS-R416S mutant (SQ1698)
was used as a strain that constitutively overexpresses Spy
[12]. Cells were transformed with pBR322-derived plasmids
that contain tripartite fusion folding reporters [13] and
grown in LB medium at 37

�

C to reach an optical cell densi-
ties at 600 nm (OD600) of 1.0. Cultures were serially diluted
in 10-fold increments to 10�6, and 3 µl of these dilutions was
spotted onto LB agar media containing NaCl 0–684mM
(0–4%) and different concentrations of PenV, followed by
incubation at 37

�

C for 18 h. Because of the instability of
Im7-L53A I54A, an E. coli WT strain harbouring the Im7
mutant construct showed lower PenV resistance than the
strain containing a WT Im7 construct (Fig. 1b). Previously,
we isolated a Spy-overproducing mutant caused by missense
mutations in the Spy regulator, baeS. Because Spy stabilizes
the Im7-L53A I54A tripartite construct, the resistance to
PenV is significantly increased in the baeS mutants com-
pared to theWT strain (Fig. 1b) [12].

Spy functions in the E. coli periplasm, a compartment that is
only separated from growth media by the highly permeable
outer membrane; porins in this membrane allow the free
diffusion of compounds smaller than about 600 Da.
(Fig. 1a) [14]. For instance, it has been shown that small-
molecule osmolites, such as glycerol, sorbitol and L-proline,
can diffuse into periplasm and affect the activity of the b-
lactamase tripartite protein folding sensor [5, 15]. We rea-
soned then that by simply varying the ionic composition of
the media and tracking the effect of this on Spy chaperone
function in vivo, we could obtain an insight into the role
that electrostatic forces play in chaperone activity in vivo. In
summary, we found that increasing the ionic strength inhib-
its Spy activity in vivo, strongly suggesting that electrostatic
forces are important for chaperone function in vivo.

E. coli can grow in nutrient-rich media containing NaCl
concentrations ranging from 0 to 855mM (0–5%) [16]. We
used Luria–Bertani (LB) media with various NaCl concen-
trations (0 to 684mM) to test Spy activity in vivo. We did
this by simply determining the antibiotic resistance of
strains containing folding biosensor tripartite fusions that
link the in vivo folding of the inserted protein (Im7) to the
antibiotic resistance of the strains containing these biosen-
sors. In Fig. 1(b), one can see that the Spy overexpression
strain MG1655 baeS-R416S shows significantly enhanced
PenV resistance compared to the MG1655 WT strain at
most salt concentrations. This is most evident by comparing
the efficiency of plating (EOP) in the spot titre serial dilu-
tion experiments shown in Fig. 1(b) at 2mgml�1 PenV.
Consistent with our previous results, Spy overexpression
enhances the PenV resistance of the destabilized Im7

mutant Im7-L53A I54A most significantly, but also clearly
enhances the stability of WT Im7, which is only a margin-
ally stable protein in the first place. Enhanced resistance is
evident at 0mM added NaCl, is better at 171mM NaCl, is
marginal at 342mM NaCl, and is marginal or not present at
684mM NaCl. Cells generally grow more poorly at 684mM
NaCl, making them more sensitive to antibiotics in general.
To make sure we can continue to monitor folding in vivo at
these high salt concentrations, we also tested their EOP at
low doses of PenV (between 0 and 1mgml�1) at 684mM
NaCl. We did see that the unstable Im7 mutant showed
lower PenV resistance, showing that we can monitor fold-
ing, but observed no significant enhancement of PenV resis-
tance by Spy overproduction for any of our constructs in
the strain at these salt concentrations. This provides evi-
dence that Spy is unable to facilitate folding at these high
salt concentrations.

We considered the possibility that the stability of Spy or the
b-lactamase portion of the tripartite fusion was directly
affected by salt. To assess the effect of salt on the structural
stability of Spy, we examined its secondary structure at dif-
ferent NaCl concentrations using circular dichroism (CD)
spectroscopy (JASCO, J-1500) (Fig. 2a). We used 5 µM of
Spy protein and 20mM sodium phosphate buffer at pH 7.2
containing NaCl concentrations ranging from 0 to 684mM.
Spy maintained its a-helical secondary structure at all of the
tested NaCl concentrations (0 to 684mM). The same is true
for intact b-lactamase; the secondary structure of b-lacta-
mase is unchanged by the addition of KCl or sodium sulfate
at concentrations as high as 1.5 M [17]. Thus, both Spy and
the b-lactamase portion of the tripartite fusion should
maintain their structural integrity at the range of NaCl con-
centrations used in our experiments.

We also considered that salt-induced changes in Spy expres-
sion might affect our results. We therefore checked the Spy
levels at different salt concentrations using Western blotting
(Fig. 2b). Consistent with previous reports that Spy expres-
sion is induced 500-fold by constitutive baeS mutations
[12], we found Spy to be undetectable in WT strains but
very abundant in the baeSmutant background. Importantly,
Spy expression appears to be salt-independent, at least in
the MG1655 baeS-R416S mutant strain. Taken together, our
observations indicate that high ionic strength does not affect
the stability or expression of Spy, but diminishes its ability
to function as a chaperone in vivo. There are at least two
ways that high ionic strength can diminish Spy’s ability to
function. The most straightforward way is by neutralizing
the electrostatic interactions that have previously been
shown to be important in vitro for the formation of the ini-
tial encounter complex that forms between Spy and Im7 [4].
The second way might be by salt favouring a more compact
form of Im7, which partially mimics folded Im7, which is
known to bind to Spy with lower affinity than either
unfolded Im7 or mutants that mimic the intermediate on
the folding pathway [4, 10]. To test this idea, we measured
the salt dependence of the secondary structure content of
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Fig. 1. Ionic strength-dependent activity of Spy as monitored by an Im7-fused tripartite reporter system. (a) Our tripartite folding

reporter consists of a test protein inserted into a permissive site within an antibiotic resistant protein. If the chaperone assists in the

folding or stability of the test protein, cells harbouring this reporter will increase their antibiotic resistance. With decreased chaperone

function, the tripartite protein will tend to be misfolded, aggregated, or degraded, and strains containing the reporter will show lower

levels of antibiotic resistance. In the illustrated construct, b-lactamase and Im7 were used as the antibiotic-resistant protein and test

protein, respectively. Im7 is integrated into a permissive site in b-lactamase using linker sequences [13]. The Im7-fused tripartite

reporter system and Spy exist in the periplasm. Porins in the outer membrane allow the free diffusion of compounds smaller than

~600Da into the periplasm. Therefore, the ionic strength in the periplasm can be adjusted by simply varying the ionic composition of

the media. (b) Escherichia coli cells were transformed with pBR322-derived plasmids that contain tripartite fusion folding reporters and

PenV resistance was tested by spot titre assay.
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the Im7 L53A I54A mutant, which populates the partially
folded intermediate state, by CD spectroscopy at several
NaCl concentrations (see Fig. S1, available in the online ver-
sion of this article). The secondary structure of this interme-
diate mimicking mutant does seem to gain a minor amount
of secondary structure as the salt concentration increases,
suggesting that the compaction may contribute to the salt
dependence of Im7 folding that we see in vivo, although the
very slight dependence of the CD on salt concentration sug-
gests that this contribution is likely to be minor in nature.

In a previous study, we isolated ‘super spy’ variants with
enhanced chaperone activity in vitro and in vivo [18], which
we attributed to changes in exposed hydrophobicity or flexi-
bility. To determine whether increased salt concentration
also affects the function of super Spy variants in vivo, we
expressed the Im7-L53A I54A tripartite reporter system,
together with WT Spy or super Spy variants, under an
IPTG-inducible promoter. Antibiotic resistance was moni-
tored at a range of NaCl concentrations (Fig. 3). Cells were
grown at 37

�

C, 0.2mM IPTG was added to reach an OD600

of 0.3 and cells were incubated for an additional 1 h. We
spotted 3 µl of serial dilutions spotted on LB agar media
containing 0.2mM IPTG, NaCl (0–684mM) and different
concentrations of PenV. Plates were incubated at 37

�

C for
18 h. Consistent with our previous observations that super
Spy variants are superior to WT Spy in stabilizing unstable
Im7 variants, the expression of the super Spy variants
Q100L, L32P and F115I enhanced PenV resistance more
than the expression of WT Spy did. Although overall the

resistance was greater, the salt dependence of this resistance
roughly paralleled that provided by WT Spy. These results
indicate that electrostatic interactions are not only crucial
for WT Spy, but also for super Spy variants.

In this study, we show that electrostatic interactions play an
important role in Spy chaperone function in vivo [4]. Our
previous studies revealed that electrostatic interactions are
an important driving force for initial binding between Spy
and its substrate Im7 in vitro [4]. The results presented here
extend this observation to the in vivo environment. We
found that the function of the super Spy variant Q100L is
also salt-sensitive, despite its increased hydrophobicity, fur-
ther emphasizing the importance of electrostatic interac-
tions in Spy function. Unlike for the cytoplasm, salt ions in
the outside environment can diffuse freely into the E. coli

periplasm. Consequently, periplasmic proteins are exposed
to changes in ionic strength as E. coli transitions between
various environments. Consistent with our results for Spy,
electrostatic interaction was also found to accelerate sub-
strate binding for the periplasmic chaperone Skp, at least in
vitro [19]. Therefore, it seems that ionic strength may be an
important factor that impacts on the function of periplasmic
chaperones. Physiological salt concentrations in the human
large intestine range from 100 to 165mM (0.6 to 1%) [20].
However, enterobacteria such as E. coli not only exist in the
gut, but also in various natural and man-made niches
[16, 21]. For instance, they survive passage into the sea
through the release of untreated sewage, and seawater has a
salt content of 598–633mM (3.5–3.7%) [21, 22]. Bacterial

Fig. 2. The secondary structure of Spy and its expression level was monitored. (a) The secondary structure of the Spy protein was

monitored by CD spectroscopy. (b) Total cells were prepared from cells grown on LB agar media with different NaCl concentrations,

separated by 4–12% gradient SDS-PAGE. The Spy protein level was detected by Western blotting using Spy-specific antiserum.

Maltose-binding protein (MBP) was also monitored as a reference protein using MBP polyclonal antibody (NEB). Spy and MBP are indi-

cated by arrows.
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cells induce a set of genes in response to hyperosmotic stress
[23]. Whether any of these act to compensate for the
decreased activity of periplasmic chaperones, however,
remains an open question.
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