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Abstract
The small pH stress-sensing chaperone HdeA helps pathogenic enteric E. coli survive passage
through the severely acidic environment of the mammalian stomach. Under stress conditions,
HdeA transitions from an inactive folded dimer to a chaperone-active unfolded monomer to
prevent the acid-induced aggregation of periplasmic proteins. Here we use a topology-based Gō-
like model to delineate the relationship between dimer interface formation and monomer folding
and to better understand the structural details of the chaperone activation mechanism. Free energy
surfaces show that dimer interface formation and monomer folding proceed concurrently through
an on-pathway dimeric intermediate in which one monomer is partially unfolded. The absence of a
preexisting fully folded monomer in the proposed binding mechanism is in agreement with
HdeA’s rapid chaperone response. Binding between unfolded monomers exhibits an enhancement
of molecular recognition reminiscent of the fly-casting mechanism. Overall, our simulations
further highlight the efficient nature of HdeA’s chaperone response and we anticipate that
knowledge of a dimeric intermediate will facilitate the interpretation of experimental studies.
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Introduction
Pathogenic enteric bacteria have developed mechanisms to survive the harshly acidic
environment of the mammalian stomach and colonize the intestine. While the cytoplasm is
relatively insulated and maintained near neutral pH by several decarboxylase systems and
the ability of bacteria to reverse their inner membrane potential, the periplasmic space is
more vulnerable to changes in environmental pH due to the permeable nature of the outer
membrane.1 In the periplasm, the small, ATP-independent chaperone HdeA promotes
bacterial survival by rapidly binding to other periplasmic proteins and preventing their acid-
induced aggregation.1–4

Under non-stress conditions (neutral pH), HdeA exists as a well-folded, inactive homodimer
(Fig. 1). Upon exposure to low pH (< 3), the dimer rapidly disassembles and partially
unfolds into a chaperone-active monomer.3,4 Thus, HdeA belongs to a class of newly
discovered “conditionally disordered” proteins that lose structure in order to gain
function.5–7 As demonstrated by Förster resonance energy transfer (FRET) measurements,
the highly flexible nature of the chaperone-active monomer allows HdeA to adopt different
conformations depending on the particular substrate.4 This feature helps to explain why
HdeA binds to a broad range of much larger client proteins,8 even though it is one of the
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smallest known proteinaceous chaperones (9.7 kDa per subunit). Moreover, the hydrophobic
dimer interface of HdeA doubles as the substrate recognition region, inherently regulating
chaperone activity as the neighboring chains in the inactive dimer conceal the hydrophobic
residues that play a role in binding unfolded substrate during acid stress.4 Upon return to
neutral pH, HdeA slowly releases substrate in order to keep the local concentration of acid-
denatured proteins low, thereby reducing the propensity of substrate aggregation and thus
facilitating the refolding process.9

Aside from a novel structure prediction approach in which HdeA served as a test case,11

only one other computational study has been performed for this system.12 In the latter, the
mechanism of HdeA dimer dissociation was investigated through a combination of constant
pH molecular dynamics simulation and umbrella sampling.12 pKa calculations from this
study identified several residues that contribute significantly to dimer interface stability and
motivated the experimental design of several mutants to alter pH-sensing in HdeA.13

Remarkably, one designed mutant exhibited constitutive chaperone activity. Near neutral
pH, the mutant exists as a partially unfolded, chaperone-active monomer, while under the
same conditions wild type HdeA is a well-folded, inactive dimer. This finding provides a
fundamentally important link between protein disorder and function.13 However, the atomic-
level structural and dynamic information available for HdeA is limited, and the relationship
between monomer disordering and dimer dissociation during chaperone activation remains
unknown. Knowledge of how these two events transpire with respect to one another would
provide key mechanistic insight into the chaperone response of the protein.

The binding and folding of homodimers typically proceeds through a two- or three-state
mechanism, depending on whether an intermediate is involved in the reaction pathway.14 In
the case of HdeA, a two-state mechanism between the folded complex and unfolded
monomers would provide a direct route to the active-state ensemble, thereby facilitating a
quick chaperone response. However, considering that complete unfolding is not necessary to
elicit chaperone activity,13 a stable intermediate along the binding pathway may exhibit
structural features advantageous for chaperone function. In either scenario, the binding
mechanism of HdeA (e.g., “folding upon binding” of two largely disordered chains or
“conformational selection” arising from the association between well structured
intermediates) could very well translate to the manner in which the chaperone interacts with
substrate.

In this study, we focus on understanding the relationship between HdeA dimer interface
formation and folding by using a native topology-based Gō model.15–17 Gō models are
centered on the principle of minimal frustration,18,19 which reasons that protein sequences
have evolved to diminish the occurrence of non-native interactions during folding so as to
efficiently arrive at a robust native state. The view that native-state topology governs protein
folding is consistent with a smooth, funneled energy landscape.20 Akin to folding,
association between components of biological complexes also proceeds through a
conformational search on a funneled energy surface.21,22 Strong evidence supporting the
notion that native-state topology drives protein binding on a minimally frustrated landscape
stems from the success of Gō models in recapitulating the experimental binding mechanisms
for several homodimers.23–25 Since binding events are relatively rare, we employ replica
exchange enhanced sampling26 in combination with a Gō-like model that accounts for
sequence effects.27 The details of the binding mechanism revealed by our simulations yield
new insight into the efficient chaperone response of HdeA.
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Computational Methods
Gō-like model

We apply the sequence-flavored Gō-like potential developed by Karanicolas and Brooks27

to study HdeA dimerization and folding. In this model, each residue is represented as a
single bead located at the position of the Cα atom and with the mass of its corresponding
amino acid. Virtual bonds along the protein main-chain connect the beads to one another.
The potential energy of the system is pairwise additive, comprising both bonded and non-
bonded terms. For the bonded interactions, virtual bonds and angles are described by a
harmonic potential with the minimum placed at their value in the experimental structure
(“native state”). Virtual dihedral angle probability distributions for each of the 400 possible
ordered residue pairs are used to construct potentials reflecting the secondary structure
propensity of consecutive amino acid pairs due to chirality and differences in side-chain size
and geometry.

For the non-bonded interactions, residue pairs participating in backbone hydrogen bonding
or with side-chain heavy atoms within 4.5 Å in the native structure are used to define the set
of native contacts. Contacting residues in the native state interact favorably through a
12-10-6, Lennard-Jones-type potential. Compared to a standard 12-6 Lennard-Jones
potential, this potential exhibits a narrower minimum and a slight energy barrier, which
reflects the desolvation penalty experienced by two residues before forming a contact.
Sequence effects are also taken into account through this term, as the strength of the
interaction is scaled in proportion to the statistical contact energies for specific residue pairs
reported by Miyazawa and Jernigan.28 All residue pairs not in contact in the native structure
experience an unfavorable interaction energy that takes the form of a standard 12-6 Lennard-
Jones potential. A more comprehensive description of this Gō-like model is presented in
references 27 and 29. This model successfully reproduced the folding features of a large test
set of experimentally characterized proteins30 and has been applied to uncover key
characteristics of antiparallel β-sheet formation,31 subdomain competition during folding,32

and the folding and binding of intrinsically disordered proteins.29

System set-up and simulation
The starting configuration of the HdeA dimer for simulation is taken from a crystal structure
(PDB ID: 1BG8).10 The asymmetric unit comprises three chains (A, B, and C) and the
biological dimer formed between chains C and an image of C are chosen for simulation such
that both subunits are initially identical, both in sequence and in structure. To delineate the
two monomers in the text, they are simply referred to as chains A and B. All observable
residues from the crystal structure (10–85 out of 89 total per subunit) are included such that
the simulated dimer comprises 152 total Cα atoms to be considered in defining the native-
state topology. One disulfide bond is present in each subunit between residues 18 and 66 and
is modeled with a harmonic restraint with a spring constant of a carbon-carbon bond and an
equilibrium distance of 4.8 Å (the value in the crystal structure).

We perform several simulations of the Gō-like model over a broad range of temperatures to
determine the folding/unfolding and binding/dissociation transition temperature of HdeA.
Each run consists of 1.5 × 108 dynamics steps and the heat capacity (Cv) is used to monitor

the transitions. Cv is calculated as , where  is the fluctuation in energy at
temperature T and kB is the Boltzmann constant. Based on the profile of Cv as a function of
T/Tm, where Tm (304 K) is the melting temperature (Fig. 2A), the Gō-like model is
simulated in combination with the replica exchange (REX) molecular dynamics algorithm26

with 16 total replicas spanning temperature windows exponentially distributed between
0.95Tm and 1.11Tm. (Calculations of Cv from the constant temperature runs and “Gō-REX”
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simulations yield similar results, and the profile constructed from the latter is shown in
Figure 2A.) Recent work demonstrated the suitability of using increased temperatures to
expedite conformational sampling in Gō models.29 The “Gō-REX” simulations are
implemented as in the Multiscale Modeling Tools for Structural Biology (MMTSB) tool
set.33 After equilibration at each temperature state for 105 time steps (0.02 ps each),
exchanges are attempted every 2.5 × 103 time steps until a total of 105 exchanges (2.5 × 108

total steps). Coordinates are saved at each exchange for all temperature states. A Langevin
thermostat with a friction coefficient of 1.36 ps−1 and periodic boundary conditions with a
box size of 90 Å3 are used for both the Gō-REX and constant temperature simulations.
Periodic boundaries ensure a high local concentration of protein such that sufficient binding
events can be observed within a practical simulation time. This procedure is repeated six
times with similar results and the data are combined for the analyses presented in the text.

Analysis
Throughout the simulations, native contacts are counted as being formed if they are within 1
Å of their distance in the crystal structure. Coordinates from the last half of simulation are
used to construct the free energy surfaces by the temperature-weighted histogram analysis
method (T-WHAM).27,34 Based on the free energy surface in the plane of the total number
of inter- and intramolecular native contacts (Qinter and Qintra, respectively), the system is
divided into four regions: the dimer state (N2), a dimeric intermediate (I2), a transition state
(TS) and the unfolded state (U). These are defined as follows: N2 has Qinter > 20, Qintra >
270; I2 has Qinter > 20, Qintra ≤ 270; TS has Qinter ≤ 20, Qintra > 180; and U has Qinter ≤ 20,
Qintra ≤ 180. Representative structures of the four states are computed using an ensemble of
at least 284 randomly chosen structures in each region, and determining a median structure
by measuring the all-to-all root-mean-square deviation (RMSD) of atomic coordinates
within each ensemble. The median for each region is then determined as the structure that
has the lowest RMSD to the other ensemble members.

Results
The specific heat curve for HdeA exhibits one dominant peak centered at Tm (Fig. 2A). The
absence of two separate peaks indicates the coupling of monomer folding/unfolding and
dimer association/dissociation. Coupled folding and binding is a characteristic of
homodimers that bind through a two-state mechanism (between unfolded monomers and a
folded dimer).14 The mechanism of dimerization (i.e., two- or three-state) can be also be
inferred by comparing the number of inter- and intra-monomeric contacts per residue as well
as by the size and hydrophobicity of the interface.23,35 While the binding mode for HdeA is
unclear from the ratio between the number of interfacial (51) and intra-monomer contacts
(162), the dimer interface buries over 20% of the total surface area of two unbound folded
monomers (2158 Å2 versus 10,150 Å2) and is relatively hydrophobic (average
hydrophobicity per residue of 0.63).36 Homodimers with more extensive and hydrophobic
interfaces typically undergo a two-state binding mechanism.35,37 Yet, in the case of HdeA,
the free energy profile constructed along the fraction of native contacts (Qtotal) at Tm
displays two larger minima and a smaller one appended to the native basin (Fig. 2B). The
additional minimum is maintained at temperatures above and below Tm and indicates the
presence of an intermediate state.

To further investigate the mechanism of HdeA dimer interface formation and its relationship
to monomer folding, we construct free energy surfaces at Tm (Fig. 3). Figure 3A shows the
surface constructed in the plane of the distance between the centers of mass of the two
subunits (dCM) and Qtotal. The landscape displays a narrow free energy minimum at the
native folded dimer (N2; high Qtotal, low dCM) and a less stable minimum (I2) located
adjacent to the native basin. A higher energy transition region separates the native-like
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dimers from a broad basin representing unfolded monomers (U; low Qtotal, high dCM). The
absence of a minimum at intermediate values of Qtotal and larger distances indicates that
fully folded monomers are only present when the two subunits are relatively close together
(dCM ~ 18–25 Å).

Next, Qtotal is divided into subsets of intermolecular (Qinter) and intramolecular (Qintra)
contacts, which are analyzed against one another in the free energy surface presented in
Figure 3B. The native basin N2 is located at high Qinter and high Qintra. Similar to Figure
3A, adjoined to N2 is the “intermediate” minimum I2. This minimum is located in a region
with well over half of the intermolecular contacts formed (Qinter > 25) while many (~50)
intramolecular contacts are lost, indicating that it represents an intermediate species that is
still largely associated but partially unfolded. Between the native-like and unfolded basins,
both Qinter and Qintra decrease across the transition region, indicating that the loss of
contacts across the dimer interface proceeds concurrently with unfolding. The observation
that only I2 and not N2 largely connects to the unfolded ensemble emphasizes that I2 is an
“on-pathway,” or obligatory, intermediate, as has been previously observed in experiment
for the Trp repressor protein.38 To analyze the behavior of the individual subunits during
binding, we construct a free energy surface in the plane of the intra-monomer native contacts
(QA and QB, Fig. 3C). In addition to the fully folded dimer (N2, high QA and high QB),
intermediate states (I2) in which one monomer is partially unfolded (QA or QB ~ 100) are
observed. The transition region proceeds from the intermediate basin directly to the unfolded
ensemble (U). The absence of a minimum at high QA and low QB (and vice versa)
emphasizes that dimerization/dissociation bypasses a preexisting fully folded monomer in
simulation. Overall, the free energy surfaces support the notion that HdeA interface
formation and folding proceed concurrently with one another and through an on-pathway
dimeric intermediate.

To garner further structural insight from the simulated ensemble, contact maps for native
intra- and intermolecular residue-residue contacts are constructed for the subpopulations
corresponding to N2, I2, the transition state (TS), and U from the free energy surface in
Figure 3B (Fig. 4). Representative structures for each region are displayed next to the maps.
Folded dimers similar to N2 exhibit a pattern in which both intra- and intermolecular native
contacts are satisfied throughout simulation (Fig. 4, N2). Compared to N2, structures from
the I2 basin also maintain contacts about the dimer interface toward the N-terminus, while
for one of the monomers many intramolecular contacts involving helix D at the C-terminus
are largely unformed (Fig. 4, I2). The breaking of intramolecular contacts extends to the N-
terminus and the interfacial contacts almost completely disappear in the TS ensemble (Fig.
4, TS). In the unfolded ensemble, the dimer interface and essentially all non-local
intramolecular contacts are absent (Fig. 4, U). The small number of non-local contacts
between the regions of helices A and C in the unfolded ensemble are due to the presence of
the intramolecular disulfide bond. Local intramolecular contacts within the helices are still
present to a notable degree in the unfolded ensemble. The continual loss of both intra- and
intermolecular contacts from N2 to U further emphasizes that unfolding and dissociation
occur simultaneously.

We also analyze the free energy as a function of the separation distance between the
monomer centers of mass at Tm (Fig. 5). A separation distance of zero corresponds to the
center-of-mass distance between the two monomers in the crystal structure. The computed
free energy from simulation is normalized by the volume of a spherical shell with radius
dCM. The modest decrease in free energy at larger distances reflects the gain in
conformational entropy once the monomers are fully dissociated.39,40 At separation
distances less than ~7 Å, the free energy decreases by ~1 kcal/mol into a shallow minimum
before dropping more significantly by ~3 kcal/mol to the global minimum at the native
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separation distance. This strong attraction between the two monomers during binding is
reminiscent of the fly-casting speedup for protein association.41

Discussion
HdeA is an intriguingly efficient chaperone. To achieve its chaperone-active disordered
state, HdeA takes advantage of the same acid stress conditions that promote the unfolding
and inactivation of other periplasmic proteins. After dissociation, the exposed hydrophobic
dimer interface region doubles as the substrate interaction site. The conformational lability
of the active state ensemble and exposure of a large hydrophobic patch appears to permit
binding to a host of much larger client proteins.4 Moreover, HdeA functions without the
need for ATP or other energy cofactors, a key attribute in the ATP-deficient periplasm.
Taken collectively, the details of the coupled binding and folding of HdeA observed in our
topology-based simulations further highlight an efficient chaperone response.

In our proposed mechanism, monomer unfolding and dimer dissociation occur in concert
with one another. Although binding and folding are coupled, these events do not strictly
follow a two-state mechanism and instead proceed through an on-pathway dimeric
intermediate in which one monomer is partially unfolded. Recent experiments showed that
only partial unfolding is necessary for HdeA to prevent acid-induced substrate
aggregation.13 Given that we observe a partially unfolded dimeric intermediate in our
simulations, HdeA would be poised to interact with unfolded substrate immediately upon
dissociation, without the requirement of additional large conformational change. Monomer
unfolding commences in the C-terminus while the dimer interface is still formed at the N-
terminus, suggesting that hydrophobic residues elsewhere in the protein become exposed
and may contribute along with the interfacial region to provide a relatively large surface area
for substrate interaction. Although such a picture is in agreement with the rapid response of
HdeA in inhibiting substrate aggregation,4 the chaperone-active monomers released from the
dimer interface would still have to diffuse toward the substrate, limiting the onset of the
chaperone response. Nevertheless, acidic conditions significantly induce expression of the
hdeA gene,42 which would increase the local concentration of HdeA in the periplasm and
thus increase the likelihood that a dissociation event would occur in close proximity to an
unfolding substrate.

Our simulations also offer insight into the deactivation of HdeA after return to neutral pH,
where the chaperone slowly releases substrate before re-forming the dimer interface.9 We
observe a strong attraction between HdeA monomers as the separation distance between
them decreases. Previous all-atom molecular dynamics simulations of HdeA dimer
dissociation revealed a similar trend for a potential of mean force constructed along the
center-of-mass distance between the two monomers.12 However, the all-atom simulations
used folded models of the HdeA monomer for the purpose of pKa calculations and thus did
not identify a partially unfolded intermediate species. Our Gō-like model simulations
account for both binding and folding and as a result further delineate the behavior of HdeA
subunit association by revealing a partially folded dimeric intermediate along the pathway.
The attraction between monomers we observe in simulation initiates between unfolded
chains and becomes stronger when a partially structured subunit folds upon interface
formation. This scenario supports the notion that dimerization, and thus chaperone
deactivation, is facilitated by a more structured monomer serving as a template for folding of
the neighboring chain, and is indicative of the enhancement in molecular recognition
outlined by the fly-casting mechanism.41 It is tempting to speculate that such a “folding-
upon-binding” mechanism is also at play in HdeA-substrate interaction, as it would permit
high-specificity/low-affinity binding to a broad range of partner proteins.43,44
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Previous experiments characterized pH-induced conformational change and dimer
dissociation in HdeA separately using intrinsic tryptophan fluorescence and FRET
measurements.4 Our Gō-like model simulations yield additional insight into experiment as
we can monitor both processes simultaneously. While the coupled binding and folding
observed in the simulations is in agreement with the similar rates for conformational change
and monomerization measured by fluorescence, an intermediate species was not reported in
experiment. However, the presence of a dimeric intermediate would have likely gone
undetected by the FRET measurements. The donor and acceptor fluorophores used to track
dissociation were located at two sites (residue 27 of both subunits) that oppose each other
about the dimer interface. Since these two residues have a similar average Cα-Cα distance
between them in the ensemble of structures represented by the native (N2) and intermediate
(I2) dimers during simulation (9.3 and 9.9 Å, respectively), the formation of the dimeric
intermediate would not have significantly altered the FRET signal in experiment. We
anticipate that knowledge of a dimeric intermediate in the activation mechanism of HdeA
will aid in the interpretation of ongoing experimental efforts aiming to characterize the
conformational behavior of the HdeA monomer and its interaction with substrate.

Conclusions
Under acidic conditions, HdeA dissociates from an inactive, well-folded dimer to a
chaperone-active, partially unfolded monomer. Understanding how dimer dissociation and
monomer unfolding proceed with respect to one another is key for building a complete
understanding of HdeA’s chaperone function. We addressed this question by employing a
native topology based Gō-like model to elucidate the mechanism of HdeA dimerization. Our
simulations support a picture in which dimerization and folding occur simultaneously, albeit
through an on-pathway dimeric intermediate comprising a partially unfolded monomer. The
presence of partially unfolded, and thus chaperone-active, monomers immediately upon
dimer dissociation would contribute to the speedy chaperone response of HdeA during acid
stress. The relatively strong attraction between unfolded chains during binding would
facilitate shutting off chaperone activity upon return to non-stress conditions. Overall, the
mechanism of coupled folding and dimerization observed in simulation highlights the role of
conformational flexibility in regulating the chaperone function of HdeA. The current study
provides a foundation for an all-atom and pH-dependent description of the disordered
monomeric active state ensemble and its interaction with substrate.
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Figure 1.
Crystal structure of the HdeA homodimer10 with helices A (blue), B (orange), C (purple),
and D (red) indicated. Helices A and D are toward the N- and C-termini, respectively, and
helices B and C as well as the loop between them participate in the dimer interface.
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Figure 2.
(A) Specific heat as a function of temperature, scaled by Tm. (B) Free energy as a function
of the fraction of Qtotal at and near Tm. Folded complexes and unfolded chains have values
closer to one and zero, respectively. We note that the unfolded ensemble maintains roughly
a third of the native contacts.
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Figure 3.
Free energy surfaces reporting on the relationship between dimer interface formation and
monomer folding. Surfaces are constructed in the plane of several reaction coordinates at
Tm: (A) dCM and Qtotal, (B) Qinter and Qintra, and (C) QA and QB. The color bars indicate the
free energy in units of kcal/mol.
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Figure 4.
Contact maps for each of the four states, with representative structures. Each contact map is
computed at Tm, and shows the probability that each native contact is satisfied (red indicates
a contact is always satisfied, and blue indicates that it is never satisfied). Since monomers A
and B are indistinguishable, the intramolecular contact maps show the average over the two
monomers. Similarly, the intermolecular contact maps should be perfectly symmetric about
the diagonal in the limit of infinite sampling. The non-local contact in the unfolded
ensemble with a probability of 1 (red, located between the regions of helices A and C)
corresponds to the intramolecular disulfide bond. Representative structures for each region
are shown in the rightmost column, and are determined as described in the methods section.
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Figure 5.
Free energy along the separation distance between the two monomers at Tm. The calculated
free energy is normalized by the volume of a spherical shell with radius dCM. The separation
distance is defined as dCM – dCM0,24 where dCM0 is the distance between the subunits in the
crystal structure (18.1 Å).
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