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Abstract

HdeA is a periplasmic chaperone that is rapidly activated upon shifting the pH to acidic
conditions. This activation is thought to involve monomerization of HdeA. There is evidence that
monomerization and partial unfolding allow the chaperone to bind to proteins denatured by low
pH thereby protecting them from aggregation. We analyzed the acid-induced unfolding of HdeA
using NMR spectroscopy and fluorescence measurements, and obtained experimental evidence
suggesting a complex mechanism in HdeA'’s acid-induced unfolding pathway, as previously
postulated from molecular dynamics simulations. Counterintuitively, dissociation constant
measurements show a stabilization of the HdeA dimer upon exposure to mildly acidic conditions.
We provide experimental evidence that protonation of Glu37, a glutamate residue embedded in a
hydrophobic pocket of HdeA, is important in controlling HdeA stabilization and thus, the acid
activation of this chaperone. Our data also reveal a sharp transition from folded dimer to unfolded
monomer between pH 3 and 2, and suggest the existence of a low-populated, partially folded
intermediate that could assist in chaperone activation or function. Overall, this study provides a
detailed experimental investigation into the mechanism by which HdeA unfolds and activates.
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After oral ingestion, Escherichia coli must transit through the low pH environment of the
stomach before it can colonize the large intestine. The £. coli periplasmic space is sensitive
to low pH conditions due to the permeable nature of the outer membrane [1], which allows
the free diffusion of protons present in stomach acid into the periplasmic space. Thus, upon
ingestion, the periplasmic space of E. colirapidly equilibrates with the outside environment,
causing a dramatic drop in the periplasmic pH. The acidic pH rapidly denatures periplasmic
proteins [2], thereby disabling periplasmic function and endangering the cell [3]. The rapid
drop in pH leaves the bacteria little time to respond using transcriptional or translational
mechanisms. However, £. coli can respond to rapid pH changes at the post-translational
level. It does so by the acid-induced activation of the chaperone HdeA.

At neutral pH, HdeA is present as a chaperone-inactive but well-structured dimer. With the
shift to low pH in the stomach, the dimer rapidly unfolds and monomerizes, and within
seconds, becomes active as a chaperone [4, 5]. When E. coli moves to the small intestine, the
pH of the periplasm returns to near neutral values. HdeA is then able to release its clients,
refold, and re-dimerize [6]. The mechanism and structural changes that mediate HdeA’s
remarkable post-translational activation, however, are not yet clearly defined.

Recent structural and computational work has begun to provide possible explanations for
how HdeA could unfold. Using coarse-grained molecular dynamics (MD) simulations,
Ahlstrom et al. suggested that at low pH, HdeA unfolds upon acid shift by transitioning
through a low-populated dimeric intermediate state. This intermediate differs from the HdeA
dimeric state in that the C terminus is largely unfolded [7]. The presence of an intermediate
in the folding pathway of HdeA has thus far gone undetected using experimental
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approaches. In a further study, Ahlstrom et al. investigated HdeA at various pHs and
suggested that the thermodynamic stability of dimeric HdeA should be maximal at pH 5 and
not simply continuously decline with decreasing pH [8]. Additionally, NMR characterization
of HdeA’s unfolding process suggested a gradual loss of tertiary and quaternary structure
during shifts from pH 6 to 3 [9, 10]. These NMR experiments also provided partial
validation of acid dissociation constant (pKa) values for certain residues within HdeA, some
of which have been postulated to be involved in the pH-dependent transition of the protein
[9, 10].

Since the monomerization and unfolding of HdeA that occurs upon shift to low pH is closely
associated with its rapid pH-mediated activation as a chaperone [4-6, 11], we sought to
understand the pH dependence of HdeA activation in detail. Using isothermal titration
calorimetry (ITC) dimer dissociation experiments, we determined the self-dissociation
constant (Kp) of HdeA (monomer-dimer equilibrium) to be 64 pM at pH 2.3. Additionally,
we determined that self-dissociation is entropy-driven at low pH (Table 1). This result is in
good agreement with previously published analytical ultracentrifugation experiments, which
found the Kp of HdeA dimerization to be ~ 60 pM at pH 2 [5]. However, The ITC signal
becomes too weak at pH > 4 for accurate Kp determination, indicating that the entropy (AS)
of monomerization becomes less favorable at higher pH. Therefore, to determine the
dimerization dissociation constants between pH 4 and 7, we switched to microscale
thermophoresis (MST) experiments (Table 1). As predicted from simulations [8], the tightest
binding of HdeA to itself occurs at pH 5, with the binding affinity gradually decreasing as
the pH is either raised or lowered from this value. These measured Kp values are in
excellent quantitative agreement with the predictions from MD simulations (Table 1) [8].
They also suggest a more complex mechanism than indicated by the model of a simple
gradual loosening of the structure with decreasing pH [9]. This model predicts that the Kp
will consistently gradually increase (the binding affinity will decrease) with decreasing pH,
which was not observed in our experiments. To further our understanding of these processes,
we decided to probe deeper into the counterintuitive changes in HdeA dimer stability that
occur between pH 5 and 7.

MD simulations suggested that the stabilization of the HdeA dimer at pH 5 is caused by the
protonation of Glu37 upon shift from pH 7 to pH 5 [8]. Glu37 is a well-conserved residue
that is located inside a hydrophobic pocket of HdeA and forms close interactions with Trp82
in the N-terminal region of HdeA’s C-terminal alpha helix. Simulations and NMR titrations
suggested that the pKa of Glu37’s side chain is significantly higher compared to the side
chains of other glutamic acid residues in HdeA, and that this increased pKa value could
contribute to the stabilization of HdeA in mildly acidic conditions [8]. To test the role of
Glu37 in HdeA unfolding and monomerization, we measured the Kp of an E37Q HdeA
mutant at pH 5 and 7. We reasoned that the E37Q mutation should mimic the protonated
state of the Glu37 side chain that predominately occurs at pH values below its pKa. The
E37Q substitution caused only a minor change in dimer stability at pH 5 as measured by
microscale thermophoresis, but increased dimer stability at pH 7 by a factor of four (Table
1). These experimental results indicate that the dimeric stabilization around pH 5 predicted
by MD simulations is likely due to deprotonation of Glu37 at higher pH, which decreases
the stability of the HdeA dimer.
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The MD simulations also suggested that HdeA uses a complex activation mechanism [8]. In
contrast to a simple two state switch, activation may involve the chaperone transitioning
back and forth between its dimeric-folded and monomeric-unfolded forms. To test which of
these models of activation more likely applies to HdeA, we measured tryptophan
fluorescence as a function of pH. These data revealed the presence of at least three states:
one at low pH (<2), one at pH values around 4-5, and one at higher pH (pH > 6) (Fig. 1).
Intriguingly, the intermediate state was abolished by the E37Q mutation (Fig. 1), suggesting
that protonation of Glu37 may control the formation of this third state.

What is the nature of this transition at pH~6 observed in the tryptophan fluorescence
titration? Conceivably, the fluorescence change we observed could reflect a change in the
chemical environment of Trp82 that was directly caused by the protonation of Glu37. In this
case, the fitted pKa value of 5.6 (Fig. 1) does fit with the prediction of an elevated pKa for
this residue [8]. Alternatively, or additionally, the protonation of Glu37 might cause
structural changes in HdeA that in turn affect the protein’s tryptophan fluorescence. Also,
HdeA contains a second tryptophan (Trp16) more distant from Glu37 that could contribute
to the fluorescence changes observed at pH 2. To assess in greater detail whether structural
changes were occurring as a function of pH, we turned to NMR spectroscopy.

We collected 15N-1H HSQCs at various pH values ranging from 7.3 to 1.6 (Fig. 2). Upon
titration from pH 7.3 to 3.1, we observed non-linear 1H and 1°N chemical shift changes in
fast-exchange (i.e. much faster than the chemical shift coalescence that occurs roughly in the
ms timescale). This observation is in agreement with previous studies on HdeA [9] and
could be induced by either a change in secondary structure or an electrostatic effect due to
the protonation of neighboring acidic residues. HdeA contains 5 glutamate and 11 aspartate
residues that can possibly be protonated by lowering the pH from 7.3 to 3.1, and as such, the
multitude of charge neutralization could easily induce non-linear chemical shift changes
[12].

To investigate whether these changes in chemical shift are due to a change in secondary
structure, we recorded additional HNCACB experiments. Observed changes in 13C chemical
shifts remained modest for almost all residues except the acidic residues, which undergo
protonation upon pH decrease (Fig. 3a). This result suggests that the secondary structure of
HdeA remains relatively unchanged above pH 3, and that the non-linear shifts are likely
almost entirely due to protonation events. Additionally, it has been previously shown by H/D
exchange that protection of backbone amides in HdeA decreases at lower pH values [9]. The
observation that the secondary structure remains overall unchanged suggests that the
increased H/D exchange rate could be due to the presence of a low-populated unobservable
intermediate; specifically, one that is possibly more flexible or partially unfolded. The
existence of such a pH-dependent, low-populated intermediate has been suggested by
molecular modeling [8].

Increasing the pH from 5.6 to 6.9 resulted in a significant number of residues showing
decreased signal intensity, making them unobservable in the HNCACB experiments.
Interestingly, these residues include and cluster around Glu37 (Fig. 3b), providing further
evidence of the importance of this residue in the dimeric stability of HdeA at pH values in
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the mildly acidic range. The disappearance of these residues with the shift to pH 6.9
suggests the presence of intermediate conformational exchange at pH 7 (i.e. conformational
exchange at timescales close to the chemical shift coalescence that occurs roughly in the
ms), which is in line with the observation that elevating the pH above 5 destabilizes HdeA’s
structure. Furthermore, this change suggests that the third state observed by fluorescence is
not only due to the direct influence of Glu37 protonation, but also to a local loosening of
HdeA structure, consistent with partial unfolding observed in the MD simulations [8].

Upon pH titration from pH 3 to 2, HdeA’s NMR spectrum undergoes severe changes,
revealing the unfolding of HdeA on slow timescales (i.e. much slower than the chemical
shift coalescence that occurs roughly in the ms timescale). Resonances corresponding to
folded HdeA disappear, while signals that appear at pH 2 exhibit the low chemical shift
dispersion that is expected for unfolded states. However, the absence of some resonances at
pH 2 and the presence of significant line broadening at this pH suggest that HdeA is
undergoing significant conformational exchange at pH 2, likely due to the sampling of
residual structural elements that are still present at pH 2. No direct sign of a folded monomer
could be identified, reinforcing the hypothesis of concomitant monomerization and
unfolding of HdeA. These results are consistent with previous circular dichroism
investigations of HdeA at pH 2.2 and molecular modeling studies [4, 7]. This apparent
residual structure at pH 2 could be due to the existence of the C18-C66 disulfide bond, a
linkage that has been shown to be essential for chaperone function at low pH [6].

Previous work has shown that HdeA monomerizes and unfolds under acid stress conditions,
activating the protein’s chaperone activity and allowing HdeA to bind to other unfolded
proteins. The results reported here provide evidence that this process occurs through a
complex activation pathway, described below.

At neutral pH, HdeA is in a dimeric state in which the C-terminal region around Glu37
exhibits conformational exchange. As the pH decreases to 5, Glu37 is protonated, stabilizing
this region as well as the dimer as a whole. This stabilization at pH 5 is supported by our
dissociation constant measurements, fluorescence data, and NMR spectroscopy, and is
consistent with previous pH-dependent MD simulations of HdeA. Continuing to decrease
the pH further to ~3 does not affect the structure much. Our results, together with previous
observations, suggest that HdeA undergoes several successive protonation events while
retaining its dimeric, well-structured state. Alone, our data do not provide direct evidence of
the presence of a low-populated intermediate. However, combined with previous H/D
exchange measurements of decreased exchange protection upon lowering the pH [9], the
data suggest that HdeA could simultaneously sample an ensemble of less folded states with
increasing frequency. This interpretation compares well with simulated mechanisms of
HdeA activation [13]. Below pH 3, the HdeA dimer unfolds and monomerizes on the ~ms to
s timescale, quickly releasing a largely unfolded, active chaperone to respond to drastic
environmental pH changes. The monomerization and unfolding appear to be highly
correlated, and could be helped by the existence of the partially folded intermediate. Overall,
our observations reveal a complex activation pathway for HdeA and confirm aspects of
HdeA’s activation mechanism previously modeled using MD simulations [7, 8].
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Understanding how HdeA can be so rapidly activated as a chaperone by simple pH shifts is
an important component to understanding the physiology of bacteria. HdeA’s maximal
dimeric stability under mildly acidic conditions could serve to prevent premature activation.
Additionally, HdeA works in partnership with HdeB in acid stress protection, but HdeB is
optimally active at pH 4, a value higher than the optimal pH for HdeA activity [3]. Providing
HdeA with extra stability at pH 5 would be a way to efficiently differentiate its optimal pH
activity from that of HdeB and thereby cover a broader pH spectrum of protection. These
two chaperones appear to work synergistically in combatting acid stress [14], but how they
work together is not clear. One possible mechanism could rely on HdeA containing a low
population of less ordered conformations at pHs above its order-to-disorder transition,
possibly allowing for some synergistic interactions in HdeA-HdeB chaperone activity.

Materials and Methods

Proteins

HdeA expression was performed using an HdeA/HdeB MG1655 knockout strain (SA152).
The HdeA/HdeB knockout strain (strain SA28) was created using the pkD3 plasmid to
replace the HdeA/HdeB loci with a chloramphenicol (CmR) resistance marker following the
protocol described by Datsenko & Wanner [15]. Knockout primers were 5 -
GAAATTGATTCGTGACGGCTCTTTCACTTTATAGTTGAGGATATTACGATGGTGTAG
GCTGGAGCTGCTTC-3" and 5’-
GGTTTCATTTAAAGTAACGGTATCGCCACCTTTATATACTGTTTCTTCATGCATATGA
ATATCCTCCTTAG-3’. The insertion was verified using the primers 5'-
CGAAATTGATTCGTGACG -3’ and 5'-GGAGCAGCAAGATGGCTCAAC - 3.
Subsequently, ADE3 prophage was integrated into the chromosome (strain SA152) using a
ADE3 Lysogenization Kit (Novagen) following the protocol described by the vendor. HdeA
expression and purification were conducted as previously described [4].

Microscale thermophoresis

Microscale thermophoresis was used to determine the dissociation constant (Kp) of HdeA
self-dissociation. Microscale thermophoresis was performed using a NanoTemperMonolith
NT.115 instrument (NanoTemper Technologies, Munich, Germany). Wild-type (WT) HdeA
and HdeA E37Q were labeled using protein labeling kit RED-NHS (Amine Reactive, dye
NT-647, NanoTemper Technologies, Munich, Germany). Measurements were performed in a
100 mM citrate-phosphate buffer, adjusted to 300 mM ionic strength by addition of NaCl at
the different pH values, supplemented with 0.05% Tween-20. The ionic strength of the
buffer was calculated using CurTiPot 4.1.2. Samples were loaded into NT.155 standard
capillaries (NanoTemper, Technologies, Munich, Germany). Measurements were performed
at 25°C, 60% LED power, and 20% — 60% IR laser power (HdeA WT: 20% at pH 4.0 and
5.0, 40% at pH 6.0, and 60% at pH 7.0; HdeA E37Q: 20% at pH 5.0 and 7.0). A constant
concentration of 80 nM labeled HdeA WT and 60 nM labeled HdeA E37Q, respectively,
was used and increasing concentrations of unlabeled HdeA WT or HdeA E37Q were used
for the titrations.
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Curve fitting was performed in Kaleidagraph using equation 6, derived below. For the
reaction2 M < D

D

K,=[MJ*/[D] (1)
where [M] and [D] are the concentration of monomer and dimer, respectively, and
[P]=[M]+2[D] (2

where P is the total protein concentration. Our data are reported with respect to the
monomer concentration; therefore, [D] is multiplied by 2 to maintain conservation of mass.

Combining (1) and (2) gives:

K,=([PJ-2[D)*/[D] (3)

Expanding out and rearranging gives:

A[D)—(4[Py}+ £, [D]+[Pe*=0  (a)

which can be directly solved, leading to equation (5) that describes [D] as a function of [Py]
in monomer:

1/2

[D]=(4[Pe+K, —(4[P+K, ) =16[P]") ) /8 (5)

AMST/[P{] was included to account for the fraction bound measured by the microscale
thermophoresis (MST) signal, as well as a y-intercept term () to account for the signal
offset:

1/2

[D]=(AMST)/[P])((4[P]+EK, —((4[P+K,)*~16[P]*) 77)/8)+Y  (g)

Equation (6) was fit to determine the dimerization Kp, AMST, and Y as a function of [P].

Isothermal calorimetry

ITC experiments were performed with a Microcal ITC200. For the ITC experiment at pH
2.3, HdeA was dialyzed into 50 mM potassium phosphate pH 2.3, 50 mM KCI. Triton
X-100 was added to the dialyzed sample to a final concentration of 0.05%. The ITC
experiment consisted of 20 injections at 25°C; the first injection was 0.2 pL and the
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remaining 19 were 2 L. The concentration of the HdeA in the syringe was 610.5 uM. The
concentration of HdeA in the cell ranged from 7.24 uM to 98.34 uM during the titration.
Data were fit using dimer dissociation model in Origin.

NMR spectroscopy

The high concentrations of proteins used in NMR experiments can affect the pH of the
solution. To accurately determine the pH in the NMR experiments with HdeA, we therefore
used a mixture of previously characterized chemical shift pH probes. HdeA was dialyzed
into buffer containing 15 mM sodium citrate, 100 mM NaCl, and 0.1 mM EDTA. 0.5 mM
DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) was used as chemical shift reference; 4
mM imidazole, 4 mM piperazine, 4 mM sodium formate [16], and 4 mM dichloroacetic acid
[17] were used as pH probes. A final concentration of 0.9 mM monomer HdeA was used.

All NMR experiments were recorded on a 14.1T (600 MHz 1H Larmor frequency) Varian
spectrometer equipped with a triple-resonance cryo-probe with pulse field gradients. All
spectra were processed and analyzed using NMRPipe [18] and Sparky [19]. At each titration
point, the pH was measured in the NMR tube using the chemical shift pH sensors listed
above using a one-dimensional 1H Watergate pulse sequence.

Fluorescence pH titration

A solution of 10 pM WT HdeA or HdeA-E37Q in 1 mL 10 mM sodium citrate, 10 mM Tris,
pH 9 and 150 mM NaCl was titrated with 0.5-2 pL increments of 1 M HCI at 25°C. After
each addition of HCI, the pH of the solution was measured using an Accumet Excel XL15
pH meter equipped with an ORION 8220BNWP micro pH electrode. The fluorescence
emission from 300 and 450 nm was recorded using a Photon International Technology
fluorimeter following excitation at 280 nm. Emission spectra for each titration point were
corrected for dilution from the HCI additions prior to plotting.

Fluorescence pH titrations were fit to a modified Henderson-Hasselbalch equation
comprising a single pH titratable event for E37Q HdeA

Fmin Fmax

F=Fmin— 1+10(n(pK{17pH)) + 1+10(”(PK”*PH))

or two pH titratable events for WT HdeA

F=Fmin— Fmin Fint _ PFint Fmaz
min 14+10(nl(pKal—pH)) + 1+10(nl(pKal—pH))  1419(n2(pKa2—pH)) + 14+10(n2(pKa2—pH))

where Fmin and Fmax are the minimum and maximum fluorescence values, respectively,
Fint is the fluorescence of the intermediate species of the titration, n is the hill coefficient for
a given pH titratable event, and pKa is the acid dissociation constant for a given pH titratable
event.
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Highlights

The acid-stress chaperone HdeA undergoes activation through a complex
pathway apparently involving an intermediate state.

HdeA is maximally stable at mildly acidic pH.
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Fig. 1.

Auorescence (a.u.)
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Wavelength (nm)

Tryptophan fluorescence emission spectra (280 nm excitation) of wild-type HdeA (a) and
HdeA E37Q (b) as a function of pH. The insets show the fluorescence emission at 335 nm as
a function of pH. HdeA contains two tryptophans: Trp82 (in close proximity to Glu37) and
Trp16 (more distant from Glu37). Fit parameters for WT HdeA (a): n1 = 2.04, pKal=2.81,
n2=1.09, pKa2=5.59. Fit parameters for HdeA E37Q (b) n = 2.23, pKa = 3.14.
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Fig. 2.
In?pact of pH changes on HdeA’s NMR signature. (a) Titration from pH 7.3 to 1.6, (b) from
7.310 3.1, (c) from 3.1 to 2.8, and (d) from 2.8 to 1.6. Color coding: from red to purple with
decreasing pH, as indicated in the key at the right of each panel. The assigned spectrum of

HdeA is shown in Fig. S8.
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Combined Co. Cj Chemical Shift Deviation Q)
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Fig. 3.
NMR investigation of HdeA secondary structure upon pH variation. (a) Residue specific

combined C® and CP chemical shift deviations from their respective random coil values
(positive values indicates a-helices, negative values indicate p-sheets) at pHs ranging from
6.9 (red) to 3.1 (purple). Vertical grey bars indicate Asp or Glu that can be protonated in this
pH range. Apart from these residues, combined C® and CP chemical shift deviations show
only minor changes, suggesting that the previously observed increased H/D exchange upon
lowering the pH is mainly due to a non-directly visible intermediate. (b) Residues
disappearing (no longer observable) upon pH increase from 5.6 to 6.9 are shown in orange
on the HdeA dimeric structure (left, right: two different views) (PDB ID: 1BG8) [20]. The
affected residues cluster closely around Glu37 (side-chain is labeled), suggesting a key role
for this residue in HdeA stabilization at mildly acidic pH.
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Self-dissociation constants (Kp) of HdeA and HdeA E37Q, measured by I TC or PMST. Enthalpy of dimer to

monomer transition of from ITC experiment at pH 2.3: 10.6 + 0.3 kcal/mol.

WT HdeA

Kp (M)
pH Experimental Simulated
2 - 84
2.3 364+ 8 -
4 b1.2+0.2 25
5 b0.64 +0.17 0.7
6 b0.75 +0.31 1.0
7 b2.2+0.6 15
HdeA E37Q

Kp (M)

pH  Experimental  Simulated
5 b0.55 +0.1 -
7 50.49 +0.1 -

MD simulation values taken from Ahlstrom et al. [8].
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