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Chaperone activation by unfolding
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Conditionally disordered proteins can alternate between highly
ordered and less ordered configurations under physiological con-
ditions. Whereas protein function is often associated with the
ordered conformation, for some of these conditionally unstructured
proteins, the opposite applies: Their activation is associated with
their unfolding. An example is the small periplasmic chaperone
HdeA, which is critical for the ability of enteric bacterial pathogens
like Escherichia coli to survive passage through extremely acidic
environments, such as the human stomach. At neutral pH, HdeA is
a chaperone-inactive dimer. On a shift to low pH, however, HdeA
monomerizes, partially unfolds, and becomes rapidly active in pre-
venting the aggregation of substrate proteins. By mutating two
aspartic acid residues predicted to be responsible for the pH-
dependent monomerization of HdeA, we have succeeded in iso-
lating an HdeA mutant that is active at neutral pH. We find this
HdeA mutant to be substantially destabilized, partially unfolded,
and mainly monomeric at near-neutral pH at a concentration at
which it prevents aggregation of a substrate protein. These results
provide convincing evidence for direct activation of a protein by
partial unfolding.
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he highly acidic nature of the mammalian stomach serves as

an effective barrier against food-borne microbial pathogens (1).
Certain gastrointestinal pathogens like Escherichia coli, however,
have developed protection systems that enable them to survive in
this hostile environment, which is a prerequisite for their colo-
nization of the host’s intestine (2, 3). Such bacterial acid resistance
systems are based, in part, on the removal of intracellular protons
by amino acid decarboxylases (4, 5) and the ability of many enteric
bacteria to reverse their cytoplasmic membrane potential (6),
slowing down proton influx into the cell. These measures allow
enterobacteria to maintain a more tolerable pH of 4.5 in the cy-
toplasm (6, 7). In contrast to the cytoplasm, the bacterial peri-
plasm quickly equilibrates to pH values around 2 when these
microorganisms are exposed to gastric acid. This is because porins
in the outer cell envelope permit unhindered influx of molecules
smaller than 600 Da into the periplasmic space, including protons
(8). Such extremely acidic conditions can lead to massive unfolding
and aggregation of periplasmic proteins (9-11), and are therefore
fatal for many microorganisms. Enteric bacterial pathogens, how-
ever, elegantly use this quick drop in periplasmic pH to activate
rapidly a crucial acid resistance system: the periplasmic chap-
erone HdeA.

At neutral pH, HdeA is an abundant, well-folded, but chaperone-
inactive dimer (10, 12). On a shift to low pH, within 1 s, HdeA
partially unfolds, monomerizes, and becomes active (13). In its
active state, HdeA apparently uses disorder to bind to multiple
interaction partners through structural flexibility (13-15). Adopting
different conformations seems to allow HdeA to bind tightly to a
variety of different substrate proteins at low pH, preventing their
aggregation (13). On pH neutralization, which occurs on passage
into the small intestine, HdeA slowly releases its client proteins
over the course of minutes (16). This slow release is postulated
to keep the concentration of aggregation-prone substrate species
low. Because aggregation reactions are very concentration-
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dependent, slow release should disfavor aggregation while favoring
refolding at the same time.

HdeA is an example of a pH sensor: a protein whose activity is
regulated by changes in environmental pH. Diffusion-limited
reactions are generally fast, but diffusion of protons is particularly
fast, being partially facilitated through quantum tunneling in
water, a process called Grotthuss diffusion (17). Notwith-
standing their extraordinarily small size, protons can promote
substantial yet reversible changes in protein conformation, sta-
bility, enzymatic activity, and ability to interact with other proteins
simply by modulating electrostatic interactions (17). Posttransla-
tional regulation through protons therefore allows for an ex-
ceptionally fast response to acid stress and is not subject to the
significant delays associated with transcription, translation, or
protein translocation that apply to many other stress responses (18).

Despite the myriad of cellular processes that are affected by
changes in the extra- or intracellular pH and the number of dis-
eases associated with a dysregulation in pH, the molecular basis
of pH-dependent regulation of protein activity is not very well
understood (17). To elucidate the mechanism of acid-triggered
HdeA activation, we sought to identify which of HdeA’s acid-
titratable residues are the key players in sensing environmental
pH changes. Although we, as well as others, had previously ob-
served that HdeA activation coincides with monomerization and
partial unfolding, it was still unclear which structural changes are
necessary to allow for HdeA activation and which changes are
just byproducts of the massive drop in pH (10, 13, 19).

More generally, HdeA is a member of the family of conditionally
disordered proteins. These proteins form a major subset of the
larger family of intrinsically disordered proteins (14). Although
even for intrinsically disordered proteins, structure is often asso-
ciated with protein function, for at least some proteins, including
HdeA, the disordered form of the protein seems to be the func-
tional one. Even though a large amount of circumstantial evidence
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has accumulated that links disorder and function, establishing a
direct connection between these two seemingly disparate prop-
erties has proven experimentally difficult (14). Here, we report
on the construction of constitutively active variants of HdeA that
show chaperone activity at pH values significantly higher than
those required for the activity of WT HdeA, including one mu-
tant that shows substantial chaperone activity even at neutral pH.
We found this mutant to be substantially destabilized, partially
unfolded, and monomeric at near-neutral pH at a concentration
at which it prevents aggregation of a substrate protein. Our re-
sults thus suggest a direct link between the acquisition of partial
disorder and HdeA activation.

Results

HdeA as a Model to Study the Relationship Between Disorder and
Protein Function. For most proteins, a high degree of order is
thought to be necessary for protein function. However, an entire
class of proteins, termed intrinsically disordered proteins, appears
to exhibit a high degree of disorder, at least in vitro (20-22). It
is easy to rationalize that such marked flexibility may be relevant
for the various tasks these proteins carry out, for instance, binding
to multiple target molecules. However, hard evidence for the
functional importance of disorder is more difficult to obtain (14).
Fortunately, conditionally disordered proteins whose flexibility
can be modulated by changes in external conditions represent an
excellent opportunity to dissect the relationship between flexibility
and function because their activity can be assayed under both
order- and disorder-promoting conditions. We have previously
shown that on exposure to low pH, HdeA becomes activated, a
process that is accompanied by monomerization and a significant
loss in secondary structure (13). Although the correlation between
activation and acquisition of disorder in HdeA is some of the best
available evidence for a functional role of disorder in proteins
(14), it remains just a correlation. It is currently not entirely clear
if these structural changes that occur at low pH are actually re-
quired for chaperone activity or if HdeA is active as a chaperone
despite these unfolding and monomerization events.

To determine which structural changes in HdeA are necessary
for HdeA to function as a chaperone, we aimed to construct a
constitutively active variant of HdeA. The use of constitutively
active mutants to determine activation mechanisms has a long-
standing history of success in many genetic systems (23). In the
case of HdeA, constitutively active mutants are those that pre-
vent aggregation of substrate proteins at neutral or near-neutral pH,
where WT HdeA is highly structured and completely chaperone-
inactive (24). We hypothesized that if constitutively active mutants
in HdeA were also disordered at these elevated pH values, this
would provide good evidence that disorder is necessary for HdeA
activation. Importantly, these mutant proteins are likely to reflect
the minimal increase in disorder that is necessary for activation
because they are not subject to the global structural changes that
occur in HdeA on a shift to pH 2. To generate such a constitu-
tively active mutant, we first needed to identify which of the
residues in HdeA are responsible for the activation process. In its
inactive form at neutral pH, HdeA forms a dimer that is stabi-
lized not only by hydrophobic interactions between residues in
the dimer interface but by a network of attractive electrostatic
interactions between the two monomers (12, 24). It has been
suggested that the exposure of the dimer interface as a result of
the dissociation of the monomers on a shift to low pH is crucial
for substrate binding, and therefore for activity of the chaperone
(10). Given that HdeA activation is mediated by a change in pH,
we suspected that one or several of the pH-titratable residues
in HdeA could serve as potential pH switches: residues that
would activate the protein by becoming protonated, and hence
disrupting electrostatic interactions crucial for the structural
stability of the dimer (12, 24).
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Identification of pH Switch Residues in HdeA. Each Hde A monomer
contains 28 pH-titratable residues: 12 lysine residues and 16 aspartic
and glutamic acid residues (HdeA does not contain any histidine
or arginine residues). Isolated lysine side chains have a pK, value
of 10.5 (25), suggesting that these residues are permanently pro-
tonated at pH values lower than 8. Therefore, changes in the pro-
tonation state of lysine residues on the shift from neutral to acidic
pH are very unlikely to be responsible for the acid-induced ac-
tivation of HdeA. The pK,s of the carboxyl group of isolated
aspartic acid and glutamic acid, on the other hand, are 4.0 and
4.4, respectively (25). On the shift to pH values lower than 3,
most of the glutamic and aspartic acid side chains are thus ex-
pected to undergo a transition from a negatively charged species
to a neutral species. As a result of this protonation, these resi-
dues should lose their attraction to the positively charged lysines
in the opposite monomer (26). This would result in a decrease
in the strength of the monomer—-monomer interaction, facili-
tating the separation of monomers and enabling exposure of
the substrate binding site (10).

Because functional residues are often conserved among pro-
tein homologs, we examined the degree of conservation for all
acidic residues in Hde A homologs. Residues E19, D20, D25, E26,
E37, E46, D47, and D51 are conserved as acidic residues among
all species, with D20 being absolutely conserved as an acidic res-
idue in all HdeA sequences aligned (Fig. 1 and Fig. S1). Of these
conserved acidic residues, E46, D47, and D51 are in close prox-
imity to conserved basic clusters in the opposite monomer in the
HdeA crystal structure (E46 is in proximity to K42, and D47 and
D51 are in proximity to K10), suggesting that electrostatic inter-
actions involving these residues could be conserved as well and are
potentially functionally relevant. Residue D20 is also adjacent to
a conserved patch of basic residues located in the same monomer
in an adjacent helix (K10 and K11). However, this does not elim-
inate the possibility that D20 is involved in the pH-dependent
monomerization. Protonation of D20, for example, might cause
the two involved helices to exhibit greater flexibility, facilitating
a loss in HdeA structure that then leads to activation.

Although amino acid conservation often indicates functional
relevance, in the case of HdeA, such conservation might not be
related to pH-dependent activation. Conserved residues could
alternatively be involved in substrate binding, substrate release, or
some other important property of the chaperone. To determine
which of HdeA’s acidic residues are crucial for the activation of
HdeA’s chaperone activity, we performed constant pH molecular
dynamics (CpHmd) calculations based on the published crystal
structure of HdeA (12). The CpHmd method is a technique to
simulate biomolecules in specific pH environments. It is a power-
ful tool to calculate the pK, values of titratable residues, as well as
a simulation protocol with the ability to capture the coupling be-
tween the protonation of titratable groups and the conformational
changes of the biomolecules (25, 27). For HdeA in particular, we
calculated the relative contribution of each residue’s protonation
to the destabilization of the dimer interface (Fig. 2 and Table 1).
Because of a high degree of disorder, HdeA’s termini are not
resolved in the crystal structure, and thus were excluded in the
CpHmd calculations (12). Based on the CpHmd results, we
predict that the largest destabilizing effect on the dimer interface
is caused by protonation of residues D20, D43, and D51. Our
calculations therefore suggest that these residues might be di-
rectly involved in triggering Hde A monomerization on a shift to
low pH (Fig. 2 and Table 1). On the opposite end of the spec-
trum, the neutralization of several of the titratable groups we
examined is actually predicted to cause an increase in the sta-
bility of the dimer interface, with protonation of E37 having the
largest predicted stabilizing effect (Table 1). Given their high
degree of conservation as acidic residues among HdeA homo-
logs (100% for D20 and 75% for D51) and their large predicted
destabilizing effect on the dimer interface on protonation, we
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Fig. 1. WebLogo (75) representation of a ClustalW (65) sequence alignment of HdeA sequences. Only the part of the alignment corresponding to the
mature E. coli HdeA protein is shown. Numbers indicate residue numbers for mature E. coli HdeA. The residue that is present in the alignment but missing
in E. coli HdeA is indicated with “—". Acidic residues are indicated in red, and basic residues are indicated in blue.

selected residues D20 and D51 as candidates for pH switches.
We were particularly interested in whether the elimination of
any charge change of these residues by mutation that made them
permanently neutral would lead to changes in the stability of the
protein as predicted by our CpHmd calculations. We were also
interested if these changes would alter the pH-induced transition
from the folded state to the unfolded state or facilitate chaperone
activity at elevated pH values.

Generation of a Constitutively Active HdeA Variant. Consistent with
our calculations, introduction of nonionizable residues at posi-
tion 20 or position 51 did indeed lead to a large destabilization of
the protein (Fig. 3 and Table 1): HdeA D20A and D51A exhibit
melting temperatures that are decreased by 16.1 °C and 14.7 °C,
respectively, compared with the WT protein. To exclude the pos-
sibility that alanine substitutions of acidic residues in HdeA tend
to have a destabilizing effect, we measured the stability of several
mutants in addition to D20 and D51, namely: (i) E37A, which
is conserved but whose protonation, as mentioned, is predicted

Monomer 1

Monomer 2

Monomer 1 Monomer 2

Fig. 2. Predicted effect of protonation of a particular acidic residue on the
thermodynamic stability of the dimer interface. Acidic residues in monomer
1 are shown in white, and lysine residues in monomer 2 are shown in blue.
Red arrows indicate a destabilization of the dimer interface on protonation
of the indicated residue, and green arrows indicate a stabilization of the
dimer interface. The length of the arrow indicates the extent of stabilization/
destabilization.
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to stabilize the dimer interface substantially; (ii) E19, which is
conserved among HdeA homologs and in close structural prox-
imity to D20 but whose protonation is predicted to destabilize
the dimer interface only marginally; and (iii) E81, which is not
conserved and is predicted to have only a small stabilizing effect
on the dimer interface on protonation (Table 1). Consistent with
our CpHmd calculations, HdeA variants E19A, D43A, and ES1A
had melting temperatures that were essentially unaltered compared
with WT HdeA and E37A was actually stabilized. Apart from
mutation of residues D20 and D51, we thus found HdeA to be
rather tolerant to alanine substitutions independent of the de-
gree of conservation of these residues among HdeA homologs.
Our results suggest that mutating an acidic residue to an alanine,
by itself, does not lead to destabilization of HdeA; instead, the
specific location of the residue in the protein is critical. Overall,
our prediction of dimer destabilization by protonation of par-
ticular acidic residues correlates very well with the experimen-
tally determined apparent melting temperatures of our HdeA
alanine mutants (Fig. 3B). Surprisingly, however, substitution of
D43, although not strongly conserved but predicted to destabilize
the dimer interface substantially on protonation, only had a small
effect on HdeA stability.

To examine if HdeA’s pH-induced unfolding transition was
altered in the HdeA mutants, we performed pH titrations in the
presence of 4,4’-bis(1-anilinonaphthalene 8-sulfonate) (bis-ANS).
The dye bis-ANS is essentially nonfluorescent in solution and
becomes fluorescent on binding to hydrophobic surfaces (including
hydrophobic patches in proteins); it can therefore be used to assess
the degree of unfolding in polypeptides (28). Both of the destabi-
lized variants D20A and D51A showed pH midpoints of transition
from the folded to the unfolded state at higher pH values com-
pared with WT HdeA (Fig. 44). These results imply that these
variants may have a higher pH of activation. Most satisfyingly,
both also showed chaperone activity at pH 4, a pH at which WT
HdeA is completely inactive in preventing aggregation of the
substrate malate dehydrogenase (MDH) (Fig. 5). None of the
other HdeA variants with alanine substitutions (E19A, E37A,
D43A, and E81A) showed midpoints of pH-induced unfolding
that were significantly different from the value obtained for WT
HdeA (Fig. 4), nor did any of these mutants have chaperone

Foit et al.


www.pnas.org/cgi/doi/10.1073/pnas.1222458110

L T

/

1\

=y

Table 1.

melting temperatures of HdeA and its mutants

Predicted destabilization of the HdeA dimer by protonation of acidic residues and experimentally determined apparent

Average pK, Average pK, AAG stability AAG stability HdeA Apparent melting AAT,
Residue value of dimer  value of monomer interface, kiJ/mol interface, % mutant temperature (T,), °C  (WT-mutant), °C
WT 73.8 £+ 0.9 —

E19 3.75 3.85 -0.56 -1.9 E19A 74.7 + 0.4 09+13
D20 2.6 3.8 -6.33 -20.9 D20A 57.6 + 0.6 -16.1+ 1.4
D25 3.1 2.7 2.02 17.9

E26 4.35 4.05 1.70 15.0

E37 6.7 5.3 7.03 62.1 E37A 78.7 + 0.2 5.0 1
D43 2.85 3.75 -4.85 -16.0 D43A 744 + 0.2 0.6 1
E46 3.45 3.75 -1.67 -5.5

D47 3.85 4.25 -2.26 -7.5

D51 2.8 3.8 -5.38 -17.8 D51A 59.1 £ 1.0 -14.7 +£1.9
D69 3.5 3.8 -1.67 -5.5

D76 2.75 3.55 —4.23 -14.0

E81 4.1 4 0.57 5.0 E81A 745 + 0.2 0.8 + 1.1
D83 3.1 3.7 -3.28 -10.9

D20/D51 -11.71 -38.7 D20A D51A 37.6 + 0.3 36.2 + 1.2

CpHmd calculations performed on the HdeA crystal structure (12) were used to predict the pK, values of acidic residues in the monomer and the dimer (26),
as well as the extent of destabilization of the dimer interface on protonation of these residues. Because HdeA is slightly asymmetrical, pK, values differ
slightly for a given residue in the two monomers, and the average value is given here. The acidic HdeA residues D2, D8, and D88 are not resolved in the crystal

structure, and were therefore not considered in the CpHmd calculations (12).

activity at pH 4 (Fig. 5). These data suggest that HdeA variants
D20A and D51A are at least partially constitutively active as
chaperones. Interestingly, both HdeA D51A and HdeA E37A
showed decreased slopes in their pH-dependent transitions from
the folded state to the unfolded state compared with HdeA WT,
suggesting that the cooperativity of the overall unfolding and di-
mer dissociation transition is weakened for these mutants (Fig. 4).
At this point, however, a much more detailed investigation of
the structural changes that occur in HdeA on pH denaturation
will be required to obtain a more thorough understanding of
the observed changes in cooperativity for the different mutants.

To obtain an HdeA variant that is active at near-neutral pH,
we combined alanine mutations of the two pH switch residues
(D20 and D51) in a single HdeA variant. Strikingly, the resulting
mutant HdeA D20A D51A prevented aggregation of MDH com-
pletely at pH 5, even when the chaperone-to-substrate ratio was
only 1:1 (Fig. 64). HdeA D20A D51A was also partially active at
pH 7, with increasing concentrations of chaperone leading to an
increased suppression of MDH aggregation (Fig. 6B). Thus, by
using alanine substitutions to neutralize only two acidic residues
permanently, which we specifically predicted would reduce the

_ 10 90
2 . : - C1on E7A
g 0 ) D43A g F1940EBIA
£ 10 270 WT

- E
’_5. . Ceo o® D51A
5-20 D20A D51A 850 D20A
€ a
g 30 240
g D20A D51A ® D20A D51A
& .40 30

HdeA mutant -15 -10 -5 0 5

Predicted effect of protonation on
stability of dimer interface [kJ/mol]

Fig. 3. Difference in apparent melting temperature (T,,) for different HdeA
mutants (mut) compared with WT HdeA. Apparent T, values were deter-
mined by monitoring the CD signal of 20 pM HdeA protein at 222 nm. (A)
Difference in apparent T,,, compared with WT. Data are presented as mean + SD
from three independent experiments. (B) Apparent T,, of different HdeA
alanine mutants plotted against the predicted effect on the stability of the
dimer interface on protonation (Table 1).
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attractive forces that stabilize the dimeric protein at neutral pH,
we succeeded in turning the acid-specific chaperone HdeA into
a constitutively active chaperone that is also active at neutral pH.
This constitutively active variant, in turn, allowed us to assess which
structural changes in HdeA are actually required for its function.

Constitutively Active Variant HdeA D20A D51A Is Partially Unfolded,
Largely Destabilized, and Monomeric in Its Active State. Far-UV CD
spectra suggest that HdeA D20A D51A exhibits a partial loss in
secondary structure compared with WT HdeA both at pH 7 and
pH 5, pH values at which HdeA D20A D51A shows chaperone
activity but WT HdeA does not (Figs. 6 and 7A). Predictions of
secondary structural fractions in HdeA using the software CDSSTR
(available at http://dichroweb.cryst.bbk.ac.uk/html/home.shtml)
(29) suggest a loss in a-helical content for HdeA D20A D51A in
the range of 20-25% compared with WT HdeA at both pH 7 and
pH 5. Note that this loss in secondary structure for the variant vs.
WT at pH 7 and pH 5 is smaller than the loss observed for
both WT HdeA and D20A D51A on the shift to pH 2 (Fig. 74),
where both proteins show similar chaperone activity (Fig. S2).
The predicted fraction of a-helical content is very similar for
both proteins at pH 2 and about 60% smaller than the a-helical
content of WT HdeA at pH 7. This additional loss in structure
on moving from pH 5 or pH 7 to pH 2 may reflect structural
changes that accompany the activation of the protein at low pH
but are not actually crucial for chaperone function. Consistent
with the idea that partial unfolding activates Hde A, Hde A D20A
D51A is significantly destabilized compared with WT at neutral
pH (Fig. 3 and Table 1). The midpoint of thermal denaturation
of HdeA D20A D51A is reduced by 37 °C (from about 74 °C
to about 37 °C). Further, HdeA D20A D51A has an elevated
midpoint of pH-induced unfolding (Fig. 7B), consistent with our
prediction that D20 and D51 act to stabilize the dimeric con-
figuration of the protein at neutral pH. Like HdeA D51A, HdeA
D20A D51A exhibits a decreased slope in its pH-dependent
unfolding transitions compared with HdeA WT, indicating a
decrease in cooperativity of the overall unfolding and dimer
dissociation transition for this mutant.

To characterize the structural oligomeric properties of our con-
stitutively active mutant further, we performed analytical ultracen-
trifugation experiments. Our data suggest that at pH 5, HdeA
D20A DS51A has a K4 of dimerization in the range of ~30 uM
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Fig. 4. pH-dependent unfolding of HdeA as measured by bis-ANS fluores-
cence. Binding of 15 uM bis-ANS to 3 uM HdeA was measured in buffer,
which was titrated from about pH 7 to pH 2. The midpoints for the pH-
induced transition from the state at neutral pH to the state at low pH
for the different HdeA mutants tested are 3.4 (WT), 3.8 (D51A), 4.0 (D20A),
3.4 (E19A), 3.5 (E37A), 3.4 (D43A), and 3.5 (E81A).

and populates the monomeric and dimeric states at concentra-
tions between 24 and 70 pM (Fig. 8C and Fig. S3 E, G, and ).
WT HdeA, on the other hand, almost exclusively populates the
dimeric state at all tested concentrations between 4 and 70 pM at
pH 5 (Fig. 8 B and D and Fig. S3 B, D, F, H, J). Taken together
with the published K values of dimerization for WT HdeA at pH
4 (about 1 pM) and at pH 7 (about 0.25 pM) (24), these results
imply that the binding affinity between the two monomers at pH
5 is significantly weaker for HdeA D20A D51A compared with
HdeA WT. Remarkably, the K4 for HdeA D20A D51A at pH 5
(where this mutant is chaperone-active) is comparable to the Ky
of dimerization for WT HdeA (about 45 pM) at pH 2, its
natural pH of activation (21). At concentrations of 4 and 8§ pM
at pH 5, HdeA D20A D51A mainly populates a monomeric state
(Fig. 84 and Fig. S3C). Note that 4 pM is the same concentration
at which HdeA D20A D51A completely prevents aggregation of

1.0 MDH
_é 0.8 HdeA D20A : MDH (1:1) MDH
) HeleA WT : MDH (1:1)
gD.B HdeA D51A : MDH (1:1) HdeA D43A : MDH (1:1)
o
@
P 04
=]
=02
00 T .l T ™ T .
0 5 10 15 20 25 300 5 10 15 20 25 30
Time [min] Time [min]
C 10
c % =
21 80
oXa)
= -
5o 60
®o
Iy
2E 2
o
&
0

WT D20A D43A EB1A
E19A E37A D51A

HdeA mutant

Fig. 5. Chaperone activity of various HdeA variants at pH 4. (A-C) Guani-
dine denatured MDH was diluted into aggregation buffer to a final con-
centration of 4 uM. MDH aggregation was measured by monitoring light
scattering at 350 nm in the presence or absence of various HdeA variants.
(C) Extent of MDH aggregation in the presence of various HdeA variants at
pH 4 after 30 min, normalized to the aggregation of MDH in the absence of
HdeA. Data are presented as mean + SD from at least three independent
experiments.
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Fig. 6. Chaperone activity of HdeA D20A D51A at pH 5 and pH 7. Guanidine
denatured MDH was diluted into aggregation buffer at pH 5 (A) or pH 7
(B) to a final concentration of 4 yM. MDH aggregation was measured by
monitoring light scattering at 350 nm in the presence or absence of various
HdeA variants. Aggregation is normalized to the extent of aggregation of
MDH in the absence of HdeA after 60 min.

the substrate protein MDH (Fig. 6), providing additional
evidence that the active species of HdeA is monomeric. In-
terestingly, the observed frictional ratio for the dimeric species is
consistently larger for HdeA D20A D51A than for HdeA WT at
all protein concentrations at which a dimeric species could be
observed for both protein variants (Fig. 8 C and D, Fig. S3, and
Table S1). This larger frictional ratio for the HdeA D20A D51A
dimer indicates a larger degree of unfolding, and therefore hy-
dration, for this species, resulting in a higher partial specific
volume. Small errors in the partial specific volume estimation for
either WT or mutant will translate to systematic errors in the
molecular mass transformation. A derivation from the assumed
partial specific volume for the HdeA D20A D51A dimer could
explain why the molecular mass for the HdeA D20A D51A dimer
is predicted to be slightly higher than the molecular mass of the
HdeA WT dimer at all protein concentrations at which a dimeric
species could be observed for both protein variants (Fig. 8 C and D,
Fig. S3, and Table S1). Overall, the increase in frictional ratio for
the dimeric species of HdeA D20A D51A is consistent with our
overall observation that the introduction of alanines at positions
D20 and D51 of HdeA leads to a destabilization of the dimer
and partial unfolding of the protein. Although there appears to
be a significant difference in the apparent molecular mass of the
HdeA WT dimer compared with the HdeA D20A D51A di-
mer, within any one protein, measurements of the apparent
molecular masses fall within a fairly narrow range that is well
within the accuracy of the method.

Taken together, these data provide further support that mon-
omerization and partial unfolding of HdeA are required for its
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Fig. 7. Structural characterization of HdeA D20A D51A. (A) Far-UV CD
spectra of 20 uM WT HdeA and HdeA D20A D51A at pH 2, pH 5, and pH 7. (B)
Binding of 15 uM bis-ANS to 3 pM HdeA was measured in buffer, which was
titrated from about pH 7 to pH 2. The midpoints for the pH-induced tran-
sition from the state at neutral pH to the state at low pH for the different
HdeA mutants tested are 3.4 for WT HdeA and 4.4 for HdeA D20A D51A.
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concentrations.

activation. However, based on our far-UV CD data, the degree of
unfolding necessary for activity is smaller than the degree of
unfolding that HdeA is subjected to on exposure to low pH.
This suggests that some of the pH-induced structural changes
that accompany HdeA activation are byproducts of acidification
rather than an actual requirement for activity.

Discussion

Changes in the intra- and extracellular pH influence and regulate
a magnitude of cellular processes in both eukaryotes and bac-
teria, ranging from metabolic reactions, gene expression, cellular
proliferation (16, 30-33), cell cycle progression (34, 35), cell motility
(36), and apoptosis (37) to ameboid (38) and bacterial chemotaxis
(39, 40) and activation of toxins. On a molecular level, changes
in the environmental pH can significantly affect the strength of
electrostatic interactions by directly influencing the ionization/
protonation state of solvent-accessible functional groups like
amino acid side chains. Such a pH-dependent modulation of
charges on a protein’s surface can, in turn, greatly affect the
strength of the protein’s interactions with other proteins or ligands,
as well as the structure of the protein itself or its catalytical activity.
Not surprisingly, very acidic conditions are detrimental to the
structure and function of most proteins. Host organisms, in-
cluding humans, thus frequently use these conditions to protect
themselves against pathogens (1). Intriguingly, however, many
viral and bacterial pathogens have adapted to use the low pH
present in endosomes, phagosomes, and the mammalian stomach
to activate pH-sensing proteins crucial for their defense or for
infection of the host. Examples are as follows: (i) the integral
membrane protein HA, which undergoes acid-induced confor-
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mational changes necessary for the uptake of the influenza A
virus (41); (if) pore-forming bacterial toxins like the diphtheria
toxin, which undertakes an acid-triggered transformation from a
monomeric and soluble protein to a multimeric transmembrane
protein (42); and (iii) the acid-sensing chemoreceptor TlpB,
which helps the gastric pathogen Helicobacter pylori to colonize
its preferred habitat within the human stomach, the epithelial
lining, which is more neutral in pH than the acidic lumen (40).

Despite the importance of pH homeostasis for a large number
of cellular processes and a magnitude of known pH-sensing pro-
teins, the molecular basis of such pH sensing is not very well
understood (17). In the work reported here, we investigated
the pH-induced chaperone activation of HdeA, a periplasmic
chaperone vital for the survival of the gastric pathogen E. coli
during its passage through the human stomach. E. coli is the most
common cause of the up to 4 billion episodes of infectious di-
arrhea that occur each year, with infectious diarrhea being the
second leading cause of death in children under 5y of age (43).
Understanding the structural basis for the relationship between
protonation, conformation, and activation of HdeA is therefore
not only critical in understanding the virulence of this bacterium
but could aid in the design of specific drugs targeting this vital
protein in a mission to attenuate E. coli’s virulence as well as that
of other pathogenic enteric bacteria. In addition, a better un-
derstanding of pH-induced protein regulation in general will be
instrumental in designing predictable pH switches for therapeutic
or scientific purposes. A recent example of an engineered pH
switch that shows therapeutic potential is a histidine switch that
was engineered into troponin in an effort to prevent myocardial
ischemia (44).
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In this work, we show that a combined approach of evolutionary
conservation assessments and CpHmd simulations is effective in
identifying key residues crucial for the acid-induced activation
of HdeA. By specifically and permanently neutralizing only two
residues (D20 and D51) by mutation, we were able to generate
an HdeA variant that is active as a chaperone at neutral pH. The
notion that only a very small number of titratable groups within
a protein are mainly responsible for triggering the protein’s
pH-induced activation is consistent with previous studies (45, 46).
In the crystal structure of HdeA, residue 51 is in close proximity
to a fairly well-conserved lysine cluster composed of residues K10
and K11 in the other monomer (12, 24). Interestingly, D20 is also
located in close proximity to the lysine cluster K10/K11 and forms
electrostatic interactions with K10, but within the same monomer.
It is therefore possible that neutralization of both D20 and D51
through either mutation or protonation would cause this lysine
cluster to lose electrostatic interactions simultaneously to both
an adjacent helix and a residue in the other monomer. This
could lead to significant conformational flexibility in this part of
the protein, consistent with the loss in secondary structure and
large destabilization we observe for HdeA D20A DS51A. It is
worth noting that even in the dimer, residues K10 and K11 are
located directly adjacent to disordered regions: Both residues
exhibit elevated B factors in the HdeA crystal structures (12,
24), and the adjacent residues 1-8 are not resolved in either
crystal structure due to disorder. The close proximity to the
already disordered N terminus could therefore enhance any
additional structural flexibility resulting from the loss of elec-
trostatic interactions between the lysine cluster K10/K11 and
D20/D51.

Many proteins have been postulated to be active in a partially
unfolded configuration (47, 48). These so-called “intrinsically
disordered” proteins are surprisingly common: About 40% of
human proteins are predicted to contain at least one region of
disorder (49). However, the mere presence of disordered regions,
by itself, does not indicate that disorder plays a functional role.
This is because only a tiny percentage of all possible amino acid
sequences are predicted to fold into stable structures (50). Further,
the vast majority of random mutations are destabilizing (51). As
a result, amino acid sequences, in the absence of any selection,
are expected to devolve rapidly into disorder. Although there are
many good reasons to think that disorder can play an important
role in proteins (20, 52, 53), firmly establishing a functional role
for disorder has been experimentally difficult. As a conditionally
disordered protein, HdeA opens up a unique approach to dis-
secting the contribution of disorder to protein function. With its
small size (active conformation <10 kDa), its independence from
any cochaperones or ATP, and our demonstration that it is active
as a monomer, HdeA is an example of the minimal protein unit
necessary for chaperone function. The fact that HdeA’s activity
is regulated by pH makes it particularly attractive, because re-
cent developments have made it possible to predict the effects of
pH on protein structure accurately on a residue-by-residue basis
(54, 55). Such calculations, coupled with site-specific mutagen-
esis, have allowed us to design and isolate constitutively active
mutants of HdeA. The alanine substitution mutants we gener-
ated for HdeA show a clear correlation between the increase in
unfolding, loss in secondary structure, decrease in thermostability,
and increase in monomerization on the one hand and chaperone
activity at elevated pH values on the other hand. These results
indicate that partial disorder is indeed necessary for HdeA’s
chaperone function.

A role of partial unfolding of HdeA for its activity is consistent
with our previous observation that HdeA adopts different con-
formations when bound to different substrates (13). HdeA is the
main acid protection mechanism in the periplasm of enterobacteria;
thus, this structural promiscuity might be necessary for HdeA to
be able to protect a variety of substrate proteins from acid-induced
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aggregation and inactivation (56, 57). There is also evidence that
disorder allows chaperones to provide a solubilizing effect to
chaperone-substrate complexes (58-60). This might be particu-
larly true for HdeA, where the N and C termini are disordered
and highly charged at pH values between 7 and 2 (10). WT HdeA
is activated by shifts to low pH, a process that is accompanied by a
large increase in disorder. Interestingly, the extent of unfolding
required for HdeA’s activation (as seen for HdeA D20A D51A)
is smaller than the extent of unfolding observed on a drop to low
pH. This implies that HdeA does not need to be fully disordered
to be fully active. This is consistent with our prior observation
that WT HdeA still has some residual secondary structure at pH
2 (13). Our results suggest that some of HdeA’s unfolding on
exposure to low pH is a byproduct of acidification rather than
a requirement for chaperone activity.

Permanent activation of HdeA as a chaperone coincides not
only with unfolding but with monomerization of the protein. In
the crystal structure, the HdeA dimer buries a hydrophobic in-
terface of 2,370 Az, which becomes exposed on monomerization.
It is assumed that HdeA engages with unfolded substrates
through its exposed hydrophobic residues, similar to how
chaperones are thought to interact with their clients to prevent
aggregation (13, 14, 56, 61). Consistent with that assumption,
we previously observed that the introduction of a single
charged residue in the dimer interface significantly reduces
chaperone activity toward the two model substrates MDH and
rhodanese (13). Although we cannot say definitely if the partial
unfolding of HdeA in this permanently activated state is the
result or the cause of the monomerization, it is likely that both
processes occur simultaneously and that both are important for
HdeA’s chaperone activity. Our data therefore support a the-
ory in which both monomerization (exposing hydrophobic
residues for substrate binding) and partial unfolding of HdeA
(uncoupling specificity from binding strength to bind to a variety
of substrate proteins) are necessary for chaperone function. We
presume that HdeA has not evolved to be constitutively active
because the unregulated tight binding of chaperones to unfolded
proteins as soon as they emerge from the translocon could act to
inhibit rather than facilitate their proper folding. Overall, our
work suggests a rather nuanced view of the role of disorder in
protein function. Clearly, complete disorder is not required for
HdeA function; rather, it appears that only partial disorder is
required. In nature, this partial disorder is conditionally im-
posed on the protein by pH shifts, but partial disorder can also
be imposed on the protein by mutations that cause monomer
dissociation at neutral or near-neutral pH.

Materials and Methods

Sequence Alignments. HdeA homologs were identified by performing eight
rounds of position-specific iterative basic local alignment search tool (PSI-
BLAST) using E. coli HdeA (24) as a reference sequence. This yielded a set
of 164 sequences, which were aligned with MUSCLE (62), adjusted by eye,
and used to construct a phylogenetic tree using MEGAS (63). Of the 164
sequences, 50 were assigned to the HdeA clade. The remaining sequences
were either more similar to HdeB [which shares 13% sequence identity with
HdeA in E. coli (64)] or clustered into additional clades that appeared to be
about equally distant from HdeA and HdeB. From the 50 sequences
identified as HdeA homologs, a single sequence was selected per strain per
genus and aligned with ClustalW (65).

Constant pH Molecular Dynamics Calculations and pK, Value Predictions. The
effect of protonation of specific acidic residues on the stability of the HdeA
dimer interface was based on previously published differences in pK, values
between the HdeA dimer and a model of the monomeric state (26). These
pK, differences were calculated using the methods of CpHmd (25, 27, 66) for
the native WT dimer and a model of the monomer, constructed from the
dimer structure and relaxed at different pH values. The pK, differences were
then used in the Wyman-Tanford linkage equation to predict the effect of
protonation of specific acidic residues on the stability of the HdeA dimer
interface (67, 68):
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In the above expression, pH,er = 7 and the change in the pH-dependent
electrostatic stability of the dimer interface is calculated at pH = 2.5.

Protein Purification and HdeA Activity Assays. HdeA and its variants were
expressed as described previously (13). HdeA activity was assessed by mea-
suring HdeA’s ability to prevent aggregation of a model protein, MDH
(Roche). For aggregation assays at pH 4, pH 5, or pH 7, guanidine dena-
turated MDH was diluted into buffer containing 400 mM KHPO,4, 150 mM
Nadcl, and 150 mM (NH,4),SO4 (aggregation buffer) to a final concentration
of 4 uM in the presence or absence of 4 uM HdeA. Aggregation was moni-
tored by observing light scattering at 350 nm at 25 °C using a Cary Eclipse
fluorescence spectrophotometer (Varian).

To determine HdeA activity at low pH, 4 M MDH was incubated at 25 °C
in either the presence or absence of 4 uM HdeA in 150 mM KHPO,4, 150 mM
Nadl, and 150 mM (NH,4),SO4 (pH 2.2) buffer for 30 min. The solution was
then neutralized by adding 0.34 V of 2 M K,;HPO,, and light scattering was
monitored as described above.

Bis-ANS Binding. Binding of 15 uM bis-ANS to 3 pM HdeA was measured in
buffer containing 10 mM citrate and 150 mM NaCl, which was titrated from
about pH 7 to pH 2 by stepwise addition of 1 M HCI. Bis-ANS fluorescence
was monitored at 510 nm (emission at 385 nm) using a Cary Eclipse fluo-
rescence spectrophotometer. Bis-ANS fluorescence was then normalized to
the signals observed at neutral pH (relative bis-ANS fluorescence of 0) and
low pH (relative bis-ANS fluorescence of 1).

CD. CD measurements were performed with a J-180 spectropolarimeter
(Jasco) using quartz cuvettes with a path length of 0.1 cm. Spectra were
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recorded for 20 uM HdeA in 20 mM KHPO, buffer (pH 7). For protein melting
curves, the CD signal at 222 nm was monitored while heating up the protein
sample at a rate of 1 °C/min.

Analytical Ultracentrifugation. Sedimentation velocity (SV) experiments were
carried out in a ProteomeLab XL-I (Beckman Coulter) centrifuge in 50 mM
KHPO,4, 90 mM NacCl buffer at pH 5. Protein concentrations were 4-70 pM.
All data were collected in intensity mode at 280 nm and analyzed with
Ultrascan Il software, accessed at www.ultrascan.uthscsa.edu (69). SV
experiments were designed as described by Demeler (70). They were ana-
lyzed first by using the 2D spectrum analysis (71) to remove time- and ra-
dially invariant noise and then by genetic algorithm analysis (72), followed
by a combined genetic algorithm—-Monte Carlo analysis (73) to determine
the fitting statistics. All finite element modeling was performed with
Ultrascan Ill (69, 74). Partial specific volumes of HdeA WT and HdeA D20A
D51A were estimated based on amino acid composition with UltraScan IlI
and found to be 0.729 ml/g and 0.732 mLl/g, respectively. Buffer density and
viscosity were estimated based on composition with UltraScan III.
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