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ABSTRACT: HdeA protein is a small, ATP-independent, acid
stress chaperone that undergoes a dimer-to-monomer transition
in acidic environments. The HdeA monomer binds a broad
range of proteins to prevent their acid-induced aggregation. To
understand better HdeA’s function and mechanism, we perform

constant-pH molecular dynamics simulations (CPHMD) to elucidate the details of the HdeA dimer dissociation process. First the
pK, values of all the acidic titratable groups in HdeA are obtained and reveal a large pK, shift only for Glu(37). However, the pH-
dependent monomer charge exhibits a large shift from —4 at pH > 6 to +6 at pH = 2.5, suggesting that the dramatic change in charge
on each monomer may drive dissociation. By combining the CPHMD approach with umbrella sampling, we demonstrate a
significant stability decrease of the HdeA dimer when the environmental pH changes from 4.0 to 3.5 and identify the key acidic
residue—lysine interactions responsible for the observed pH sensing in HdeA chaperon activity function.

M INTRODUCTION

HdeA is a small, ATP-independent, acid stress chaperone that
is important for enteric pathogenic bacteria to survive in acidic
environments.' > Before reaching the intestine, the bacteria
must pass through the mammalian stomach where the pH is
usually between 1 and 3. These bacteria have evolved systems to
help them tolerate this acidic environment. For example, the
glutamate- and arginine-dependent decarboxylases can maintain
anear neutral pH inside the inner membrane.***~? However, in
the periplasmic space, the pH will decrease to the same value as
the environment. In the periplasm, HdeA assists other proteins
to combat acid stress.

HdeA prevents acid-induced aggregation of other proteins."
At neutral pH, HdeA forms a homodimer, as shown in Figure 1.
When the pH value of the environment decreases, HdeA under-
goes a rapid dimer-to-monomer transition. The HdeA monomer
exposes a large hydrophobic surface and becomes chaperone-
active. It has been reported that the HdeA monomer is dis-
ordered at low pH.> Bardwell’s group has suggested that its
exposed hydrophobic portion and pH-dependent structural
plasticity are essential for HdeA to bind a broad range of substrate
proteins.* The binding with HdeA effectively suppresses the
aggregation of denatured substrate proteins. After the bacteria
exits the acidic environment, the HdeA monomer releases its
substrate protein in a non-native but folding-competent state
slowly, so that the concentration of the substrate protein will
remain below the aggregation threshold. In this environment, the
binding partner folds back to its native structure.” In contrast
with the emergence of these exciting experimental reports about
HdeA’s function and mechanism, few detailed atomic studies
exist and no simulations have been performed for this small
protein, although HdeA has been used as a test protein for protein
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structure prediction at neutral pH."> One possible reason is that
simulations at specific pH values are still a challenging problem.

It is important to develop simulation techniques that treat
solution acidity as a controllable factor. Like temperature and
pressure, pH is a key thermodynamic variable, and it can strongly
affect the structure and function of proteins and other biomole-
cules. The influences of acidity and the titration behavior of a
protein are key experimental handles on the structure and
function of biological molecules.'""?

Significant recent progress has been made in the development
of constant pH simulation techniques, making simulations of pH
dependent phenomena possible. Descriptions and details of
these developments can be found in current review papers.'>*?
For completeness we provide a brief overview of these ap-
proaches in what follows. To obtain the pK, of the titratable
sites in a biological molecule, thermodynamic integration (TT)
and other methods are used to calculate the free energy
difference between the protonated and unprotonated states.'*
With the energy or distribution differences between the proto-
nated and unprotonated states, MC and mixed MC/MD con-
stant pH simulations have been developed using discrete
protonation states."> ° Lee et al. described a constant pH mole-
cular dynamics (CPHMD) technique using continuous pro-
tonation states based on A dynamics.”' In their model, the two
ends 4 = 0 and 4 = 1 represent the completely protonated
and unprotonated states. Later, Khandogin and Brooks added
another dimension ¥, representing the proton tautomers.””
CPHMD was combined with the replica-exchange method
(REX-CPHMD)**** and achieved even better convergence of
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the protonation states.”> The REX-CPHMD simulation
package has been included in CHARMM?>® and the MMTSB
toolset,”” and applied to study pH-dependent peptide folding™®
and the aggregation of Alzheimer’s 3-amyloid peptides.”

In this first simulation paper studying the protein HdeA, our
work is focused on determining the pK, values of all titratable
residues in the HdeA dimer and monomer and on obtaining the
potential of mean force for the dimer-to-monomer transition.
Later a characterization of the physical forces that lead to pH-
dependent conformational changes will be discussed. We note
that these are the first calculations that attempt to explain the pH-
dependent dimer—monomer equilibrium.

B MATERIALS AND METHODS

HdeA. The PDB file for the protein HdeA (1BG8)" was downloaded
from the protein data bank.*® The HdeA dimer (chains A and B) in
the PDB file was used for our simulation. Because of the high disorder
of the N- and C-terminal residues, each monomer contains 76 residues
(10—85) out of 89."

pK, Calculations. The pK, of all the titratable groups can be
obtained by CPHMD simulations (see Supporting Information).*"**
To enhance the simulation for the fully protonated (4 = 1) and
unprotonated (4 = 0) states in the simulation, a cutoff value is used.
The definition used in our analysis is

NY = N(4>0.9;x<0.1 or x>0.9) )
NP = N(A<0.1;x<0.1 or x>0.9) (1)

where N is the number of times a state is occupied in a simulation. The
fractional population of unprotonated states S” is given by

NU

SVpy———
NU + NP

(2)
After getting SV of a titrating group at different pH values, the pK, value
is obtained from fitting the Henderson-Hasselbach equation

U 1

S = 1 + 107K: —pH) (3)
where 7 is the Hill coefficient. To find the pK, of all the titratable groups
in HdeA, the fractional population of unprotonated states S” was obtained
for 10 different pH conditions (pH = 2.0,2.5,3.0,3.5,4.0,5.0,6.0,7.0,
8.0,9.0). The REX-CPHMD simulation for each pH used 24 replicas
for the dimer with an exponential temperature spacing between 298 and
450 K, and used 16 replicas for the monomer with an exponential
temperature spacing between 298 and 420 K. A conformational ex-
change was attempted between adjacent replicas every 2ps. The salt
concentration was fixed at 0.15M in all simulations to represent typical
salt concentrations in experimental studies.

Umbrella Sampling. The dimer-to-monomer transition of HdeA
was studied using the CPHMD simulations*"** and the umbrella
sampling method®'~>* to obtain the potential of mean force (PMF)
as a function of the distance between the centers of mass of the two
monomers (D). A harmonic biasing potential

1
= k(Dcom - Dmin)2 (4)

U(Dcom) - 2

was applied in the CPHMD simulations, where k is the force constant,
which was set to 10 kcal/(mol - Az) , and D,;, is the minimal potential
position. D,y,;, can be written as:

Dmin = DO + AD (5)

where Dy is the initial D.,,,, found from the PDB file (18.1 A). To obtain
the PMF at a specified pH value, multiple Langevin CPHMD simulations

Table 1. Calculated pK, Values for HdeA Residues at
T=298K

residue pK, dimer chain A pK, dimer chain B pK, monomer

Glu(19) 3.6 3.8 3.8
Asp(20) 2.6 2.6 3.8
Asp(25) 3.1 3.1 2.7
Glu(26) 44 43 4.0
Glu(37) 6.9 6.5 53
Asp(43) 3.1 2.6 3.7
Glu(46) 34 3.5 3.7
Asp(47) 3.6 4.1 42
Asp(S1) 2.7 29 3.8
Asp(69) 3.6 34 3.8
Asp(76) 2.8 2.7 3.5
Glu(81) 42 4.0 4.0
Asp(83) 3.1 3.1 3.7

were run at 300 K using AD =n x 0.8 A, where n is an integer ranging
from —3 to 40. Although the truncation distance for nonbonded
interactions in the simulations was 20.0 A, the HdeA monomers still
interact at distances of AD = 20.0 A because of rotations and conforma-
tional fluctuations of loop regions. Consequently, we compute the PMF
curves out to a maximum value of AD = 32.0 A (D, = 50.1 A), where
they appear to have plateaued.

For the Langevin dynamics, a friction coefficient of 5 ps~ ' was used.
The salt concentration was 0.15 M. The SHAKE algorithm was applied
so that the stepsize for dynamics was increased to 2 fs. Every simulation
was run for 3 ns, the first 1 ns was treated as the relaxation time and was
not used for the PMF calculation. WHAM3* ¢ was used to combine the
PMF across the whole region.

B RESULTS AND DISCUSSION

Results. The pK, values of acidic residues (Asp and Glu) in the
HdeA dimer and monomer were obtained from analysis
of REX-CPHMD simulations and are summarized in Table 1.
There are a total of 8 aspartic acid residues and S glutamic
acid residues in the HdeA monomer. The pK, of an isolated
aspartic acid side chain is 3.9 and the pK, of an isolated
glutamic acid side chain is 4.3. Compared with these values, we
found that most titratable residues have small negative pK, shifts
(ApK, < 2.0), except for Glu(37). The pK, of the Glu(37) side
chain in the HdeA dimer increases to 6.7. There are minor
differences between the pK, values of the same residue in chain A
and B, which arises from the asymmetry of the HdeA dimer
during the molecular dynamics simulations and from the preci-
sion of pK, values arising from the CPHMD simulations. There
are also nine lysine residues in the HdeA monomer. An isolated
lysine side chain has a pK, of 10.5. We assumed the lysine
residues are in the protonated state when the pH is lower than 8.
The pK, values of the lysine residues in the HdeA dimer and
monomer were not studied in this paper. There are no histidine
or arginine residues in HdeA.

The umbrella sampling method was used to obtain the
potential of mean force (PMF) as a function of the change of
the distance between the centers of mass of the two monomers,
AD _om. The results for pH values 2—7 are shown in Figure 2. All
of the PMF curves have been shifted such that the lowest free
energy, which occurs in the dimer state, is at 0 kcal/mol. From
the results displayed in Figure 2, the binding free energy curves

19394 dx.doi.org/10.1021/ja2060066 |J. Am. Chem. Soc. 2011, 133, 19393-19398



Journal of the American Chemical Society

Figure 1. HdeA dimer. Each HdeA monomer consists primarily of 4
helices. The dimer interface is comprised of the helix B (yellow), the
loop between helix B (yellow) and helix C (blue) and part of the N
terminal tail of each monomer.

(PMFs) can be divided into a stable group (pH = 4) and a
less stable group (pH < 3.5; see also Figure S1, Supporting
Information).

On the basis of the pK, values presented above, we calculated
the net charge of the HdeA monomer at different pH values. This
is shown in Figure 3. As mentioned above, in the region 0 < pH < 8,
all the lysine residues are assumed to be protonated and carry a
unit positive charge. The aspartic acid and glutamic acid residues
are in the unprotonated state when the pH equals 8 and have a
negative charge. So the total charge at pH = 8 is —4e. When the pH
drops to 0, all the aspartic acid and glutamic acid residues become
protonated so the total charge of the HdeA monomer is +9e.
The net charge of the HdeA monomer is —4¢ at pH = 7, and +4¢
at pH = 3. Considering a simplified Born model, two spheres
with charges of +4e¢ will have the same PMF as two spheres
with charges —4e. For HdeA, although the absolute charges
remain the same, the PMF curves are different at pH = 3 and
pH = 7 (see Figure 2). This indicates that the pH sensing
mechanism in HdeA is not simply related to the overall charge on
a monomer.

B DISCUSSION

The calculations of the free energy curves describing HdeA
dissociaiton (the PMFs) are shown in (Figure 2). They clearly
show that the HdeA dimer becomes destabilized when the pH
decreases. When the monomers are separated by 32.0 A, the
PMF reaches a plateau near 40 kcal/mol at low pH . The PMF is
expected to decrease after the monomers are completely dis-
sociated because of the gain in translational and rotational
entropy.37 According to previous reports, this entropy gain is
anticipated to be on the order of 50—100 cal/(mol + K).>**
Thus at 300 K the PMF is expected to decrease 15—30 kcal/mol
upon dissociation. Second, the structure of the HdeA monomer
becomes disordered, as has been observed in experiments at low
pH,** which would further lower the PMF due to protein
configurational entropy in the unfolded state. This suggests that
the stability of the monomer state is likely to be favored, or at
least competitive with the dimer state when the environmental
pH is low.

‘What then causes the dimer-to-monomer transition of HdeA?
A reasonable explanation is that the change of the interactions
between charges causes the dissociation. As discussed previously,
when the pH equals 7, in the HdeA monomer there are 9 positive
and 13 negative charges. At this time the attractions between the
positive and negative charges in different monomers and the
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Figure 2. Potential of mean force (PMF) as a function of the distance
between the centers of mass of the two monomers at pH values between
2 and 7. The change in the distance between the two monomers, AD o,
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Figure 3. Overall charge on the HdeA monomer as a function of pH.

large hydrophobic area in the interface make the dimer stable.
When the pH is decreased below 3.5, most of the negative
charges are neutralized so it becomes easier for the monomers to
separate. Thus, the lysine residues that favorably interact with the
negatively charged acidic residues across the dimer interface at
near neutral pH values are now less attracted to the neutral form
of these residues. This suggests that the pH sensing mechanism
may involve the pairs of positively and negatively charged side
chains that can interact across the dimer interface.

The HdeA dimer becomes less stable between pH = 4 and 3.5
as indicated by the larger shifts in the PMF curves at longer
distances. The change in the PMF is relatively smaller for pH
values outside this region. The difference in the PMF between
pH = 3 and 7 suggests that the intermonomer interactions are
determined by the distribution of charges in HdeA rather than
the absolute net change. Apparently in HdeA, some titratable
groups play more important roles in dimer dissociation than
others. From our umbrella sampling trajectories with AD,, =
0 A and pH = 7, we calculated the arithmetic mean of distances
between each acidic residue in one monomer and all the lysine
residues in the other monomer (see Tables S1 and S2, Support-
ing Information). Among all the acidic residues, we found that
those in the loop connecting helix B and C, Asp(43), Glu(46),
Asp(47) and Asp(S1) in one monomer, are in close proximity
to positive lysine clusters in the other monomer. There are
three lysine clusters in the HdeA monomer. They are located
in (i) the N terminus, (ii) the loop connecting helix B and C,
and (iii) helix D and the loop connecting helix C and D.
Figure 4 shows the positions of Asp(43), Glu(46), Asp(47)
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Figure 4. Positions of Asp(43), Glu(46), Asp(47) and Asp(S1) resi-
dues (green — ball and stick) in one monomer and all the lysine residues
(purple — ball and stick) in the other monomer from PDB file 1BGS.
Asp(43), Glu(46), Asp(47) and Asp(S1) are in proximity to all the
positive lysine clusters in the other monomer.

and Asp(51) in one monomer and all the lysine residues in the
other monomer. Considering that the electrostatic force
depends on the inverse-square of distance between charges,
these residues are likely the key elements for the stability and
pH sensing of the HdeA dimer. The pK, values of these acidic
residues also suggest that they are responsible for the PMF
difference between pH = 4 and 3.5. According to Eq. 3 the
Henderson-Hasselbach equation, the fractional population of the
unprotonated state changes most around the pK, value. As
observed from the data in Table 1, the pK, values of Glu(46)
and Asp(47) in the dimer are in the region 3.5 < pH < 4.0. As the
HdeA monomers separate during dissociation, the pK, values of
these residues will shift to those calculated for the HdeA
monomer, where all four acidic residues in the loop connecting
helix B and C have pK, values in or adjacent to the region 3.5 <
pH = 4.0. Finally, from an analysis of the conformations of the
proteins during our umbrella sampling, we find that the loops
connecting helices B and C in one monomer move toward the
other monomer as the distance between the centers of mass of
the two monomers is increased (see Supporting Information for
data and an illustration).

The analysis of the pK, of the acidic residues and the struc-
ture suggest the interaction between the negative charges in the
loop connecting helix B and C of one monomer and the posi-
tive charges from the lysine clusters of the other monomer is
essential for the stability and pH sensing of the HdeA dimer. The
neutralization of these negative charges seems to trigger dimer
dissociation. We analyzed 48 sequences of HdeA and HdeB
homologues (see Supporting Information for data). Most of
these homologues have multiple glutamic acid or aspartic acid
residues among the positions of the loop connecting helix B and
C, showing 6% similarity (aspartic acid or glutamic acid residue)
for the position of Asp(43), 36% similarity for Glu(46), 70%
similarity for Asp(47) and 49% similarity for Asp(S1). The
distribution of positively charged residues is also conserved. All
the homologues are highly positively charged at the N and C
termini. Most of them have 1—3 positively charged residues in
the loop connecting helix B and C, and there is 74% sequence
similarity (lysine or arginine residues) at the position of Lys(44).
It seems that the mechanism to trigger the dimer dissociation of
HdeA may be common for this type of protein.

It is highly possible that the neutralization of negative charges
is also the mechanism causing the monomer to be disordered and
flexible.® The attraction between the positive and negative
charges may not only make the dimer stable but also make the
monomer compact and folded. It was reported that the HdeA
monomer at low pH retains its secondary structure but loses its
tertiary structure.” Our PMF calculations indicate that it is easier
to separate the HdeA dimer when the pH is lower than 4. To
explore further the stability of the monomer at low pH, 8 ns
CPHMD simulations of the HdeA monomer were carried out at
pH =1,2, 3 and 4. From these simulations (data not shown), we
found that the monomer remained largely folded; however, the
rmsd increased at lower pH values, suggesting that the HdeA
monomer becomes more flexible in the increasingly acidic
environment. In the simulations, we found that two of the acidic
residues, Glu(19) and Asp(20) in helix A of HdeA, are adjacent
to the lysine cluster in helix D and the loop connecting helix C
and D. We also found that these helix A residues are highly
conserved, with 62 and 81% similarity, respectively, in all of the
HdeA and HdeB homologues. As we previously noted, the C
terminus of all of the homologues is highly positively charged. It
is reasonable to suggest that in HdeA and HdeB the interaction
between these two groups comprise interactions that hold helix A
and D together. When Glu(19) and Asp(20) become protonated
at pH < 3, these two helices will have greater flexibility and the
monomer will expose more of its hydrophobic surface. In this
state, the chaperone function can be fully activated.” To under-
stand better the ensemble of conformations that represent the
HdeA monomer in low pH environments, more specialized and
advanced simulations (outside the scope of the present study)
are required.

The interactions between all titratable residues in a biomole-
cule cause their pK, changes.*' Sometimes the major contribu-
tion is obvious. For example, in the HdeA dimer the distance
between Asp(20) and Lys(11) (in the N terminus) is around 5 A.
The negative shift of Asp(20) probably comes from the nearby
positive charge of Lys(11). The most interesting pK,, result is the
large positive shift of Glu(37) (from 4.3 to 6.7), although it does
not seem to be critical for the dissociation of the HdeA dimer.
Table 1 includes the pK, values in the HdeA monomer, which are
calculations in a hypothetical environment since the HdeA
monomer only exists at low pH. The N terminus, which used
to be one part of the interface of dimer, has more freedom in the
CPHMD simulation of HdeA monomer. This explains why the
pK, of Asp(20) shifts back to 3.8. But the major part of the
monomer remains intact. Therefore, the pK, values measured in
the HdeA monomer are anticipated to be indicative of what will
happen if all the charges in the other side of the HdeA dimer are
totally neutralized. The charge distribution in Glu(37)’s own
monomer already shifts its pK, from 4.3 to 5.3. Considering
Glu(37)’s location, it is not surprising that its pK, shifts further in
the HdeA dimer. Glu(37) is located in the middle of helix B,
which is also one part of the dimer interface, see Figure 1. The
two Glu(37)s are adjacent to each other because of the symmetry
of the dimer. The overlapped influence from both monomers
cause Glu(37)’s large pK, shift. The unusual pK, of Glu(37)
probably also serves HdeA monomeric function. Glu(37) carries
negative charge close to the hydrophobic dimer interface, its early
protonation guarantees that the HdeA monomer can bind other
proteins more efficiently. If its deprotonation works as a trigger to
release bound protein, its positively shifted pK, ensures that this
separation will happen when the pH is higher than 5.3, so the
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chaperoned protein has a better chance to fold back into its
native state.

The CPHMD method is a powerful technique to study bio-
logical molecules in specific pH environments. Compared with
the traditional fixed protonation state strategies, the CPHMD
approach has the ability to simulate protonation state equilibrium
and the interactions between all titratable groups with modest
computational cost.'* More importantly, the CPHMD approach
is not only a pK,, calculator, it also captures the coupling between
the protonation of titratable groups and the conformational
changes of the biological molecule.”> The CPHMD method
successfully highlighted the difference of the PMF corresponding
to the dissociation of the HdeA dimer at different pH values.
By adding continuous variables to describe the states of titratable
sites, the CPHMD approach is a regular MD simulation in a
higher dimensional space following its hybrid potential function.
In the simulation there is no discontinuous energy or force.
Therefore other techniques, which can be combined with regular
MD simulations, can be applied with the CPHMD method
without difficulty, for example, the umbrella sampling approach
used in this paper.

Other interesting topics remain open, which can be studied by
CPHMD simulations in the future. Our work shows how
essential the acidic groups are for HdeA’s acid stress function.
Depending on their locations and pKjs, those titratable groups
work in different phases. The present data suggest that the acidic
residues in the loop connecting helix B and C, Asp(43), Glu(46),
Asp(47) and Asp(S1) are the pH sensors responsible for the
dissociation of the HdeA dimer. Our data also provide several
interesting suggestions which need further investigation. For
example, after dissociation, the HdeA monomer will remain in
a disordered state with the ability to bind a broad range of
proteins.>* The protonation of Glu(19) and Asp(20) seems to
contribute to the flexibility of monomeric HdeA in a low pH
environment. Glu(37), which has the significant positive pK,
shift, is probably involved in the functional aspects of monomer
binding and releasing of other proteins. CPHMD simulation
could be utilized to understand more of the details of these
phenomena and the roles played by all these acidic titratable
groups.

B CONCLUSIONS

We applied the CPHMD approach to study the HdeA protein,
a small, ATP-independent, acid stress chaperone. The HdeA
homodimer dissociates when the environment becomes acidic.
The HdeA monomer has a disordered structure and can bind to a
broad range of proteins to prevent the acid-induced aggregation
of these proteins. We obtained the pK, values of all thirteen acidic
groups in the HdeA dimer and monomer, and found that except
for Glu(37), all titratable residues have only minor pK, decreases
relative to their intrinsic pK, values. The pK,, of the Glu(37) side
chain in the HdeA dimer increases from 4.3 to 6.7. To study the
dimer-to-monomer transition, umbrella sampling was used to
obtain the potential of mean force as a function of the distance
between the centers of mass of the two monomers. Our results
show that the HdeA dimer stability decreases significantly when
the pH of the environment drops from 4 to 3.5. We found four
titratable groups, Asp(43), Glu(46), Asp(47) and Asp(51), have
their pK, in or adjacent to this region and are in proximity to all
three positively charged clusters in the other monomer. They
are likely the key elements that trigger the dissociation of the
HdeA dimer.

B ASSOCIATED CONTENT

© Supporting Information. Constant-pH molecular dy-
namics simulation theory, test of convergence, distance between
acidic titratable residue and lysine residue, snapshot in the
umbrella sampling, sequence analysis and Complete ref 26.
This material is available free of charge via the Internet at
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