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UniVersitätsstrasse 30, 95447 Bayreuth, Germany

ReceiVed June 21, 2007; ReVised Manuscript ReceiVed August 17, 2007

ABSTRACT: Previous structural studies of the histidine-containing phosphocarrier protein (HPr) have shown
that active site residue His15 can adopt two distinct conformations which were termed OPEN and CLOSED.
Using molecular dynamics simulations and protonation probability calculations, we were able to show
that these two conformations correspond to different protonation forms of the histidine ring. The CLOSED-
to-OPEN transition requires His15 to adopt a conformation with higher energy, which is compensated by
the favorable energetic consequences of protonation. Calculations of the conformational energy of His15
show that HPr exists mainly in the CLOSED form at pH 7. The very low apparent pKa value (3.2-4.5)
of the CLOSED conformation and the fact that the imidazole ring of residue 15 is primarily unprotonated
at Nδ1 at neutral pH ensure that His15 is ideally primed to be specifically phosphorylated at Nδ1. In
contrast to unphosphorylated HPr, the phosphorylated form exhibits no conformational transitions, and
the CLOSED state is stable even for the protonated imidazole ring due to favorable interactions between
the phosphate group and the backbone of Ala16 and Arg17. These observations from MD simulations are
confirmed by a simple four-microstate model which can explain both the pH-dependent conformational
change of unphosphorylated HPr and the conformational rigidity of phosphorylated HPr. Our study suggests
that the predominant CLOSED conformation is relevant for HPr function in the phosphotransfer reaction,
while the OPEN form of unphosphorylated HPr might be important for its additional regulatory function,
in which an OPEN conformation of His15 is recognized by the transcriptional regulator CcpA.

The histidine-containing phosphocarrier protein (HPr)1 is
a small, phosphorylable compound, which is involved in the
regulation of a number of processes associated with carbo-
hydrate uptake and consumption in various bacterial species.
It was discovered in 1964 by Kundig et al. as a component
of the phosphoenolpyruvate:sugar phosphotransferase system
(PTS) (1). Apart from its phosphocarrier function within the
PTS phosphotransfer cascade, HPr can modulate the activity

of carbohydrate specific regulators, catabolic enzymes,
permeases, and transcription factors (2).

The regulatory effects and functions of HPr are primarily
based on its ability to be transiently phosphorylated. The
protein contains two phosphorylation sites, His15 and Ser46.
Regulatory phosphorylation of Ser46 takes place in Gram-
positive bacteria and is accomplished by an ATP-dependent
kinase/phosphatase (3). This phosphorylation allows HPr to
bind to the transcriptional regulator CcpA and to convert
CcpA into its DNA-binding-competent conformation. Under
conditions of low intracellular glucose concentrations, His15
is phosphorylated to give HPr-His15P, which has a catalytic
function in the PTS. The PTS consists of a number of
proteins and enzymes that sequentially transfer a phosphoryl
group from phosphoenolpyruvate (PEP) to a sugar molecule
which is concomitantly transported across the membrane into
the bacterial cell (4). In the first step of the phosphotransfer
cascade, a PEP-dependent protein kinase, enzyme I (EI),
phosphorylates HPr at the imidazole Nδ1 of residue His15
(5). Subsequently, the phosphoryl group is delivered to the
imported sugar via the carbohydrate specific enzyme II (EII),
which consists of three or four domains, EIIA, EIIB, and
EIIC/D, present as either separate polypeptides or linked
together in a multidomain protein. HPr-His15P transfers the
phosphoryl group to the Nε2 atom of a histidine residue of
EIIA. This domain passes the phosphate moiety to EIIB,
which then phosphorylates the carbohydrate transported by
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EIIC across the cell membrane (6, 7). As HPr-His15P can
also phosphorylate and thereby activate non-PTS proteins,
including catabolic enzymes and transcriptional regulators
of genes encoding PTS substrates and enzymes for carbo-
hydrate degradation (8), the phosphorylation state of HPr
plays an important role in bacterial sugar metabolism.

Three-dimensional structures of HPr proteins from various
bacterial species are known today. Among the HPr proteins
that have been studied in detail by NMR spectroscopy and/
or X-ray crystallography are those fromEscherichia coli(9,
10), Enterococcus faecalis(11-13), Bacillus subtilis(14,
15), Staphylococcus carnosus(16, 17), andStaphylococcus
aureus(18). These proteins exhibit a very similar open-faced
â-sandwich fold consisting of a four-stranded, antiparallel
â-sheet which is flanked on one side by two long helices
(R1 andR3) and one short helix (R2). The site for active
phosphotransfer, which comprises His15 and the highly
conserved Arg17, is situated on top of the first helix (R1) in
a well-ordered loop (13).

Despite the common overall folding topology, the local
geometry in the vicinity of the phosphorylation site His15
differs among the known HPr structures. The observation
of different relative orientations of the two main active center
residues His15 and Arg17 in several novel three-dimensional
structures of HPr led to the introduction of special terms for
the description of the active site geometry. Depending on
the spatial relation between the side chains of Arg17 and
His15, two main conformations of the active center (OPEN
and CLOSED) were described (9, 11, 19, 20).

It has been proposed that the conformational flexibility
of the active site might be important for His15 in becoming
phosphorylated (21), while other researchers speculated that
the OPEN conformation is mainly favored at low pH values
at which the ring of His15 is positively charged (13, 18-
20). To study how the protonation and phosphorylation state
of the active site residue His15 affects the local and global
features of the protein, we performed molecular dynamics
(MD) simulations of six different HPr structures. Moreover,
we conducted electrostatic calculations to analyze the pro-
tonation behavior of His15 and His15P in different structures.
The results of these two complementary theoretical ap-
proaches allowed a comprehensive characterization of the
conformational transitions in the active site of HPr.

MATERIALS AND METHODS

Protonation Probability Calculations.The protonation
probability of all Arg, Asp, Glu, Lys, and His residues in
HPr was calculated using a continuum electrostatic approach
(22). For the unphosphorylated protein, structures were taken
from PDB entries 2HPR (14), 1KKM (23), 1KA5 (18), 1FU0
(12), and 1PTF (11), including three examples of the
CLOSED (2HPR, 1KKM, and 1KA5) and three examples
of the OPEN (1PTF, 1FU0 chain A, and 1FU0 chain B)
conformation. In contrast to MD simulations, where the
choice of the starting structure is less critical because the
structure can relax during the simulation, electrostatic
calculations are particularly sensitive to structural inaccura-
cies. Therefore, special attention was paid to the selection
of suitable structures, and high-resolution crystal structures
were used for this type of analysis whenever available.

For analysis of the phosphorylated protein (HPr-His15P),
for which no crystal structure is available, seven models

(given in Table 3) were randomly chosen from the 25
structures in the 1JEM ensemble of NMR structures. All
crystal water atoms and ions were deleted from the PDB
data sets. Commonly used model pKa values (22) and
AMBER charges were used. Missing charges were computed
by the previously described protocol (24). The model pKa

for protonating the imidazole of His15P was set to 7.0
according to the method of Gassner et al. (25).

The electrostatic potential was calculated using the Pois-
son-Boltzmann equation as implemented in MEAD (26, 27).
We used a dielectric constant of 4.0 for the protein and of
80.0 for the aqueous solution, and the ionic strength was set
to 0.1 M. The electrostatic potential was calculated in two
focusing steps using a grid of 813 points, which had a grid
spacing of 1.0 and 0.25 Å. Monte Carlo titration was
performed as described elsewhere (22) to obtain protonation
probability curves. To understand the origin of the differences
in the protonation probability of His15 in the OPEN and
CLOSED conformation, the electrostatic energies were
decomposed into Born, background, and interaction energies.
The difference in Born energy (∆GBorn) and background
energy (∆Gback) for a protonation reaction of a site can be
directly obtained from the electrostatic calculations. However,
the mean-field interaction energy [〈Gh inter(jk,pH)〉] of proto-
nation form k of sitej depends on the protonation of all other
titratable sites at a given pH. Using a scheme similar to the
Tanford-Roxby approximation (28), the interaction energy
can be estimated using the protonation probability〈x(lm,-
pH)〉 of each protonation form m of all the other sitesl at a
given pH, wherem represents the protonated (p) or depro-
tonated (d) form. However, instead of approximating the
probability in a self-consistent iteration scheme, we use here
the protonation probability obtained from the Monte Carlo
titration to calculate the mean-field interaction energy. The
mean interaction energy of sitej is given by

whereNsite represents the number of titratable sites. Since
the mean interaction energy is pH-dependent, the decomposi-
tion of the apparent pKa value into the Born, background,
model compound, and mean-field interaction energy is only
exact for the pH equal to the apparent pK value.

HPr Templates for MD Simulations.Six HPr structures
from B. subtilis and En. faecaliswere used for the MD
analysis. Structures taken from PDB data sets 1PTF (11),
1FU0 chain A (12), and 1FU0 chain B (12) represented the
OPEN conformation. Models derived from PDB entries
1JEM (15), 2HID (15), and 1QFR (13) represented the
CLOSED conformation. In the case of 1JEM, 2HID, and
1QFR, model 1 was selected as the starting structure from
the ensemble of NMR structures. To obtain completely
unphosphorylated HPr structures, phosphate groups present
in the original structures were removed from 1JEM, 1FU0
chain A, and 1FU0 chain B. Additional minor modifications
of the models prior to the simulations included reversion of
a Val51Met mutation in 1JEM and 2HID to match the wild-
type sequence, as well as completion of those side chain

〈Gh inter(jk, pH)〉 ) ∑
l*j

Nsite

[Ginter(jk,lp)〈x(lp,pH)〉 +

Ginter(jk,ld)〈x(ld,pH)〉]
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atoms of Lys83 that were missing in the crystal structure of
1PTF due to poor electron density. Superfluous atoms
were deleted directly from the PDB files after an inspection
with RASMOL (29), and new atoms were added with the
LEAP module of AMBER7.0 (30). In the final step, two
different protonation forms of each model, corresponding
to singly protonated His15 (HPr-His15Hε) or doubly proto-
nated His15 (HPr-His15H2+), were set using LEAP. The
12 created models (six structures in two protonation
forms each) were used as starting structures for the MD
simulations.

For His15-phosphorylated HPr, 1JEM (model 1) was used
as the template. The phosphate group present in the PDB
entry remained unchanged, while the Met51Val mutation was
reverted to produce the wild-type structure. Parameters for
the phosphohistidine residue had been calculated previously
and were assigned as described in ref24.

Molecular Dynamics Simulations.MD simulations were
performed with the AMBER 7.0 suite of programs (30). To
obtain neutral systems, Na+ counterions were added to the
model proteins. Each protein was placed in a periodic TIP3P
water box (31) extending at least 10 Å in all directions from
the solute. Minimizations and MD calculations were carried
out with SANDER using the parm99 force field (32, 33).
The simulation strategy used was identical to the one
described previously for simulations of HPr-Ser46P (34) and

is therefore only specified here in brief. After energy
minimization, the systems were equilibrated in a 130 ps MD
phase consisting of an 80 ps MD run in which the
temperature was increased from 50 to 300 K and a 50 ps
simulation in which the density was adjusted to 1 g/cm3.
The subsequent MD production phase was carried out under
NPT conditions (1 bar, 300 K). The HPr-His15Hε and HPr-
His15H2+ model systems were simulated for a total of 5 ns,
and the HPr-His15P trajectory was recorded over a period
of 9 ns. All simulations were performed using a time step
of 1 fs for the integration of the equations of motion.
Snapshots of the systems were collected in time intervals of
1 ps during MD (including the equilibration phase). Analyses
were performed with VMD (35), RASMOL (29), X-PLOR
(36), PTRAJ (30), and SYBYL (37). A distance of less than
2.2 Å and an O‚‚‚H-N angle of more than 150° were used
as hydrogen bond criteria (34). Interaction energies between
the His15 side chain and other residues of HPr were
calculated using a distance-dependent dielectric constant (36).

RESULTS AND DISCUSSION

PDB Structure Analysis.Previous structural studies have
shown that the active site in HPr can exist in two distinct
conformations that were termed OPEN and CLOSED. It has
been a point of discussion whether this conformational
switching is physiologically relevant (11, 21) or simply a
result of the pH conditions under which the structures were
studied (13, 18-20). Therefore, we examined 11 representa-
tive structures of unbound HPr from the PDB and analyzed
their structural properties in light of the pH milieu in which
they were acquired.

Structural overlays reveal that the His15 side chain adopts
two distinct conformations, while the side chain of the
conserved residue Arg17 is rather flexible and can adopt
numerous different conformations (Figure 1). On the basis
of the distance between Nδ1 of His15 and N of Arg17, we
classified structures as CLOSED if this distance is<4.5 Å
and as OPEN if this distance is>7.5 Å (Table 1). This
distance criterion has the advantage of not being affected
by the flexibility of the Arg17 side chain and gives results
that are consistent with a previous classification based on
the side chain distances of His15 and Arg17 (12, 38). As
can be seen in Table 1, unphosphorylated structures that were
measured in an acidic milieu (1FU0 and 1PTF) show a

FIGURE 1: Representation of the His15 and Arg17 side chain
positions in eight HPr structures from the Protein Data Bank. Amino
acids 15-17 were superimposed by a least-squares fit of the
backbone atoms. Hydrogen atoms as well as the side chain of
residue 16 are not displayed for reasons of clarity. PDB structures
are color-coded: 2HID (model 1), yellow; 2HPR, orange; 1FU0
(chain A), red; 1PTF, blue; 1QFR (model 1), dark green; 1KA5
(model 1), purple; 1QR5 (model 1), light green; and 1HDN (model
1), brown.

Table 1: Correlation among Active Site Conformation, pH Conditions, and Predominant Protonation Form for 11 Experimentally Determined
HPr Structures

PDB entry resolution (Å) His15 phosphorylation organism pHa His15 formb conformationc H15-R17 distance (Å)

2HID (15) NMR no B. subtilis 6.9 His15-Hε CLOSED 3.54
2HPR (14) 2.0 no B. subtilis ∼7.0 His15-Hε CLOSED 3.91
1KKM (23) 2.8 no B. subtilis 7.5 His15-Hε CLOSED 3.89
1FU0 (12) 1.9 no En. faecalis 4.2 His15-H2+ OPEN 8.75/7.57d

1PTF (11) 1.6 no En. faecalis 5.0 His15-H2+ OPEN 8.87
1QFR (13) NMR no En. faecalis 7.4 His15-Hε CLOSED 3.59
1KA5 (18) NMR no S. aureus 7.0 His15-Hε CLOSED 3.81
1QR5 (16) NMR no S. carnosus 7.14 His15-Hε CLOSED 3.25
1HDN (9) NMR no E. coli 6.5 His15-Hε CLOSED 4.02
1JEM (15) NMR yes B. subtilis 7.4 His15 (P)-Hε CLOSED 3.82
1PFH (10) NMR yes E. coli 7.5 His15 (P)-Hε CLOSED 4.32

a pH of the crystallization medium or the NMR sample solution.b Most populated protonation form of His15 under the experimental conditions.
c The conformation was defined on the basis of the His15 Nδ1-Arg17 N distance. Distances of<4.5 Å correspond to the CLOSED conformation
and distances of>7.5 Å to the OPEN conformation.d Distances for chains A and B, respectively; the smaller value in chain B is due to crystal
packing (12).
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distinct OPEN conformation of the active site, while the
remaining structures that were determined at neutral pH
exhibit a CLOSED conformation.

The phosphorylated HPr structures (1JEM and 1PFH)
adopt a CLOSED conformation, and no OPEN form has been
reported in the literature. The HPr-His15P structures will be
analyzed separately later in this paper.

The predominant protonation state at the pH values of the
experimental studies can be assigned on the basis of the
experimentally determined pKa values. The unphosphorylated
HPr proteins fromB. subtilis, En. faecalis, E. coli, andS.
aureushave His15 pKa values of 5.4 (39), 6.1 (40), 5.4 (41),
and 5.8 (40), respectively. Thus, it can be concluded that
the 1FU0 and 1PTF structures, which were determined at
low pH, contain a doubly protonated His+ ring, while the
remaining structures of unphosphorylated HPr exhibit a
singly protonated, uncharged His15. This observation sug-
gests that the different protonation forms of His15 may

account for the structural differences observed for unphos-
phorylated HPr.

Protonation Probability of His15 in HPr.The calculated
protonation probability curves of His15 for different struc-
tures are shown in Figure 2. In the CLOSED conformation,
the singly protonated form is primarily protonated at Nε2,
in contrast to the OPEN conformation, where Nδ1 is
primarily protonated. The protonation probability can be
described by an apparent pKa value between 3.2 and 4.5 for
the CLOSED and between 6.4 and 6.8 for the OPEN
conformation.

Thus, the protonation curve of His15 is strongly shifted
toward lower pH values in the CLOSED structures (2HPR,
1KKM, and 1KA5) compared to a typical histidine within a
peptide segment in solution where the titration behavior can
be described by an apparent pKa value of ∼7.0 (42). By
contrast, in the OPEN structures (1PTF, 1FU0 chain A, and
1FU0 chain B), the protonation curve is nearly unshifted.

FIGURE 2: Protonation probabilities of His15 in different experimentally determined HPr structures. The probability of the doubly protonated
form [His15H2+ (s)] as well as theδ- andε-tautomer of the singly protonated form His15Hδ (-‚-) and His15Hε (- - -) is shown. It can
be seen in the plots that for the CLOSED conformation theε-tautomer is favored while in the OPEN conformation theδ-tautomer tends
to be more populated. The protonation probability can be described by apparent pKa values between 3.2 and 4.5 for the CLOSED and
between 6.4 and 6.8 for the OPEN conformation. Structural properties of the models and their apparent pKa values are given in Tables 1
and 2, respectively.
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The larger deviation of the apparent pKa of 1KA5 (NMR)
compared to 2HPR and 1KKM (X-ray) in Table 2 can
likely be attributed to the poor definition of the charged
Arg17 side chain relative to His15. The pKapp values
independently obtained for the different crystal structures,
however, agree quite well, suggesting that the structures are
generally sufficiently accurate and no further refinement (e.g.,
by molecular dynamics simulations) is required prior to
analysis.

To understand the origin of the pKa shift, we decomposed
this shift into its energy contributions. The result of this
decomposition is listed in Table 2. We consider three
different energy contributions:∆GBorn, ∆Gback, and〈∆Gh inter〉.
The term∆GBorn describes the energy contribution due to
the changed solvent polarization of an isolated amino acid
compared to an amino acid in the protein. The term∆Gback

describes the energy shift due to the interaction with
nontitrating residues of the protein. The term〈∆Gh inter〉
describes the mean-field interaction of His15 with all the
different titratable residues in the protein. As one can
see in Table 2, the term∆GBorn cannot explain the different
titration behavior of the OPEN conformation and the
CLOSED conformation. In contrast, the terms∆Gback and
〈∆Gh inter〉 show a clear trend.∆Gback is negative for the OPEN
conformation and positive for the CLOSED conformation.
〈∆Gh inter〉 is close to zero for the OPEN conformation and
positive for the CLOSED conformation. Figure S1 of the
Supporting Information shows the contributions of all
titratable residues to〈∆Gh inter〉 for 2HPR and 1PTF as a
representative for the CLOSED and OPEN conformation,
respectively. The mean interaction energies of His15 are
clearly dominated by the interaction with Arg17 in the
CLOSED conformation, while this interaction is negligible
in the OPEN conformation.

Microstate Model for the Protonation and Conformational
Forms of His15.The calculated apparent pKa values of His15
between 3.2 and 4.5 for the CLOSED and between 6.4 and
6.8 for the OPEN conformation of unphosphorylated HPr
(Table 2) differ from experimental pKa values which are
between 5.4 and 6.1. However, in the calculations described
above, only either the CLOSED or the OPEN conformation
was considered, while in experiments, both conformations
are in a pH-dependent equilibrium. In a more realistic
scenario, the conformational equilibrium between the CLOSED
conformation and the OPEN conformation needs to be
included.

To determine whether the protonation of His15 can be
considered independently, the correlation of the His15
protonation with the protonation of other residues was

analyzed. A strong correlation requires both a large interac-
tion energy and two residues titrating in the same pH range
(43, 44). Our calculations show that the only residue that
interacts strongly with His15 is Arg17, which titrates at a
much higher pH. Thus, the protonation of His15 can be
considered independently, and a four-microstate model can
be used to calculate the protonation probability of His15,
considering two protonation forms (doubly and singly
protonated) and two conformations (OPEN and CLOSED)
of His15.

The four microstates of the protein are as follows: (1)
singly protonated, CLOSED conformation; (2) doubly pro-
tonated, CLOSED conformation; (3) singly protonated,
OPEN conformation; and (4) doubly protonated, OPEN
conformation (Figure 3). If the first state is chosen as the
reference state, the energies of the four microstates are given
by

∆Gconf is the energy difference between the OPEN and
CLOSED conformation when His15 is singly protonated. It

Table 2: Energy Decomposition of Apparent pKa Values into Born (∆GBorn), Background (∆Gback), Model (∆Gmodel), and Mean-Field
Interaction (〈∆Gh inter〉) Energy Differences of His15 Tautomers in Kilocalories per Molea

structure ∆GBorn ∆Gback 〈∆Gh inter〉 ∆Gmodel
b sum pKapp conformation

2HPR 1.6 0.1 1.2 -9.1 -6.2 4.5 CLOSED
1KA5 2.2 1.8 0.7 -9.1 -4.3 3.2 CLOSED
1KKM 1.6 0.3 1.3 -9.1 -5.9 4.2 CLOSED
1PTF 1.6 -1.4 0.1 -9.6 -9.3 6.8 OPEN
1FU0 chain A 2.4 -2.2 -0.1 -9.6 -9.5 6.8 OPEN
1FU0 chain B 1.2 -0.7 -0.1 -9.6 -9.3 6.4 OPEN

a The mean-field interaction energy is calculated using probabilities at the pH equal to the apparent pKa value. The deprotonation was calculated
to occur at Nε2 (His15H2+ - His15Hδ) for 1PTF as well as 1FU0 and at Nδ1 (His15H2+ - His15Hε) for the other structures.b ∆Gmodel ) -RT ln
10 pKa, modelwith pKa, modelvalues of 7.0 and 6.6 for Nε2 and Nδ1, respectively.

FIGURE 3: Thermodynamic cycle with schematic pictures of the
four microstates in a simple model. The moiety R is a hydrogen
atom in HPr-His15 or a phosphate group in HPr-His15P. In the
presence of two protons (HPr-His15) or a proton and a phosphate
group (HPr-His15P), the imidazole ring carries a positive charge,
indicated by the plus sign in the respective states. The relative
population of the histidine tautomers is not included.

∆Gmicro,1 ) 0

∆Gmicro,2 ) RT ln 10(pH- pKapp,1)

∆Gmicro,3 ) ∆Gconf

∆Gmicro,4 ) ∆Gconf + RT ln 10(pH- pKapp,2)

12318 Biochemistry, Vol. 46, No. 43, 2007 Homeyer et al.



contains the torsional energy of theø1 andø2 angles of His15,
but also all other strains in the structure building up or
relaxing upon the conformational change. pKapp,1 is the pKa

value of His15 in the CLOSED conformation, and pKapp,2is
the pKa value of His15 in the OPEN conformation.

The population of microstaten is given by

The probability of the CLOSED conformation equals

In Figure 4, the resulting probability of the CLOSED
conformation (Figure 4A) and population of the four mi-
crostates (Figure 4C-F) are plotted. The conformational
energy∆Gconf was estimated from the experimental pK values
of B. subtilis(5.4) andEn. faecalis(6.1) for His15 of HPr
by the relationships〈pCLOSED ) (∆Gconf,5.4)〉 and 〈pCLOSED

) (∆Gconf,6.1)〉, respectively. Solving the equation leads to
conformational energies (∆Gconf) of 1.8 and 0.7 kcal/mol,
respectively (marked by dashed lines in Figure 4). The pKapp,1

value of 4.5 (2HPR, CLOSED) and the pKapp,2value of 6.8
(1PTF, OPEN) used for the plots were obtained from
calculations at atomic detail for the highest-resolution crystal
structures available (Table 2). Therefore, it was assumed that
the apparent pKa values may contain a small error due to
the structure used as input for the calculation, while the error
of the theoretical method should be rather constant. Any
combination of pKapp,1 (from CLOSED) and pKapp,2 (from
OPEN) will not change the conclusions about the OPEN-
to-CLOSED transition, only the value estimated for∆Gconf.

At pH 7 and a positive conformational energy, the singly
protonated and CLOSED microstate (Figure 4C) is favored,
while at lower pH, the doubly protonated and OPEN
microstate (Figure 4F) is favored. To populate the two
remaining microstates (CLOSED, doubly protonated, and
OPEN, singly protonated), very large positive conformational
energies, stabilizing the CLOSED conformation in the doubly
protonated form, or negative conformational energies, sta-
bilizing the OPEN conformation, are required.

Thus, we obtain a simple picture of our system from this
model. His15 of HPr has two conformations: a CLOSED
conformation with a low apparent pKa value, which is
populated in the singly protonated form, and an OPEN
conformation with a high apparent pKa value, which is
populated in the doubly protonated form. The experimental
pKa value describes a mixture of both conformations which
causes the pKa value to be between the values for the OPEN
and the CLOSED conformation. The CLOSEDf OPEN
transition in the singly protonated form requires His15 to
adopt a less favorable conformation with a higher energy,
but this energy is compensated by the favorable energetic
consequences of protonation of this residue. To test this
interdependence between the protonation state and the

conformation, molecular dynamics simulations starting from
different HPr conformations and protonation forms were
performed.

MD Simulations of Unphosphorylated HPr-His15Hε and
HPr-His15H2+. For the MD simulations, six PDB structures
of HPr (three of them in the OPEN and three in the CLOSED
conformation) were modeled either with Nε2-protonated
His15 (HPr-His15Hε) or with doubly protonated His15 (HPr-
His15H2+). Stable trajectories were obtained in the 5 ns MD
simulations, and the backbone rmsd was for all systems
below 1.6 Å compared to the starting structure of the MD
production phase. This small deviation indicates that no
major structural changes have taken place in the HPr models
during simulation. Visual inspections of the structures
recorded at the end of the MD production phase proved that
the arrangement of the secondary structure elements as well
as the overall tertiary fold was maintained in all proteins.
Comparisons of the HPr-His15Hε and HPr-His15H2+ simula-
tions also revealed that the differences in the protonation
form do not affect the overall structure or dynamics of HPr.

A detailed analysis of the arrangement of the amino acids
in the active center showed, however, that the residues in
the vicinity of the active site adopt different spatial arrange-
ments during the HPr-His15Hε and HPr-His15H2+ simulations
(Figure 5). Therefore, the active site conformations were
analyzed by plotting the His15 Nδ1-Arg17 N distance as a
function of the simulation time (Figure 6). It is evident from
the characteristic distances of approximately 4 and 8 Å that
the structures adopt either an OPEN or a CLOSED confor-
mation. Further inspection of the simulations also shows that
there is a clear correlation between the active site conforma-
tion and the His15 protonation form.

Simulations for a singly protonated His15 that started from
CLOSED structures (Figure 6A, black lines) predominantly
remained in the CLOSED conformation over the simulation
time. There are only minor fluctuations for the 1JEM and
2HID simulation after simulation times of∼4.5 and∼1 ns,
respectively. Analogously, a stable active site conformation
was also observed for those simulations that started from an
OPEN conformation with a doubly protonated His15 (Figure
6B, gray lines).

In contrast, a CLOSEDf OPEN transition is observed
for all systems starting from a CLOSED conformation with
a doubly protonated histidine (Figure 6A, gray lines), while
the opposite transition is observed for those systems that
started from an OPEN conformation with a singly protonated
histidine (Figure 6B, black lines). In some simulations, this
transition is very fast and occurs in the equilibration stage
of the simulations (e.g., 1JEM simulation). For the other
systems, the transitions occur in the time interval from 0.4
to 1.5 ns.

All OPEN f CLOSED transitions that were detected start
from an initially fully OPEN active site (d > 7.5 Å) and run
through a semi-OPEN state (Figure 6B) that is characterized
by a His15 Nδ1-Arg17 N distance of approximately 6-7
Å. This semi-OPEN conformation was reached within the
minimization or equilibration phase of the respective HPr-
His15Hε simulations and remained stable for∼0.5-1.5 ns
before a CLOSED conformation was adopted. The occur-
rence of a semi-OPEN state is consistent with the results of
van Nuland et al. (10), who observed structural changes of
the OPEN active site conformation inEn. faecalisHPr (PDB
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entry 1PTF) during 0.2 ns unrestrained MD with uncharged,
singly protonated His15, but no complete transition to a
CLOSED conformation. The results of our simulations
indicate that a complete structural OPENf CLOSED
transition requires at least 0.5 ns (Figure 6B), and therefore,
0.2 ns MD are most likely too short for the observation of
this effect.

Taking together the results from the microstate model
calculations and the MD simulations, our data show that
OPEN and CLOSED conformations are clearly associated
with distinct protonation forms. The reciprocal protonation

forms, which are predicted to be unstable according to the
microstate model, cause structural conversion in the MD
simulations.

Interactions of His15 in Different Conformations and
Protonation Forms.To identify those interactions that cause
the OPENT CLOSED transition, trajectories of twoEn.
faecalisHPr structures, which show the respective changes,
were analyzed in more detail. The simulation of the 1QFR
HPr-His15H2+ model (Figure 6A, bottom panel, gray line)
was used to study the CLOSEDf OPEN transition via
analysis of the interaction energies of His15H2+ for two time

FIGURE 4: Probability plots of the four-microstate model of His15 (A and C-F) and His15P (B and G-J) (blue for 100% probability,
green for 50% probability, and red for 0% probability). For His15, apparent pKa values of 4.6 and 6.8 were used, corresponding to the
protonation energy of the CLOSED form in 2HPR and the OPEN form in 1PTF, respectively. For His15P, apparent pKa values of 8.0 and
7.0 were used, resembling the experimental protonation energy of His15P in the CLOSED conformation and the model pKa value for
phosphorylated histidine in solution. (A) Probability of the CLOSED conformation (both protonation forms) of His15. (B) Probability of
the CLOSED conformation (both protonation forms) of His15P. The conformational energy (∆Gconf) is given in kilocalories per mole.
(C-F) Probability of the CLOSED (C and D) and OPEN (E and F) conformation of HPr-His15 for each of the two different protonation
forms (denoted as His and His+, respectively). (G-J) Probability of the CLOSED (G and H) and OPEN (I and J) conformation of HPr-
His15P for each of the two different protonation forms (denoted as His and His+, respectively). The conformational energies (∆Gconf) of
0.7 and 1.8 kcal/mol discussed in the text are marked by dashed horizontal lines.
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intervals corresponding to the CLOSED and OPEN confor-
mation, respectively (Figure 7A). The diagram indicates that
opening is mainly favored by stronger attractive interactions
between His15H2+ and residues 11-14, as well as weaker
repulsive interactions between His15H2+ and Arg17. These
interactions which favor the OPEN conformation are partially
counterbalanced by the Glu84-His15H2+ interaction, result-
ing in an only small overall energetic difference between
both conformations. The fact that the repulsion between
His15 and Arg17 is at least partially retained in the OPEN
conformation is also evident from the relative side chain
orientation in the static structures and during the MD
simulations. Although the Arg17 side chain fluctuates
significantly compared to the side chains of the other active
site residues, its average position is significantly shifted away
from His15 in the doubly protonated compared to the singly
protonated simulations (Figure 5).

To study the OPENf CLOSED transition, the interactions
of His15Hε in the 1PTF simulation (Figure 6B, bottom panel,
black line) were analyzed as described above. The OPEN
conformation shows only weak attractive interactions of
His15Hε with residues Gly13, Ile14, and Met51, while the
CLOSED conformation is significantly stabilized by
strong attractive interactions of His15Hε with Arg17 and its
adjacent residues (Figure 7B). As the stability of the
CLOSED active site conformation of HPr-His15Hε is
mainly based on the favorable interaction between His15
and Arg17, the results of the study suggest that Arg17 is
essential for the predominance of the CLOSED form of HPr-
His15Hε. Due to the significant role of residue 17, the

interaction energy was further dissected into His15side chain-
Arg17backboneand His15side chain-Arg17side chaininteractions.

From the bar chart in Figure S2 of the Supporting
Information, it becomes obvious that the interaction energy
between the His15 side chain and the Arg17 backbone atoms
is generally larger than the interaction energy between the
side chains of the two residues. Visual inspections of the
active centers of several HPr-His15Hε snapshots with a
CLOSED active site revealed that the imidazole Nδ1 is often
close in space to the Arg17 backbone amide hydrogen atom.
A highly favorable electrostatic interaction between the two
atoms was detected in detailed energy calculations. The
attractive force between Arg17 H and His15 Nδ1 (6.8 kcal/
mol) was considerably larger than all other attractive
interactions between the His15 side chain and the Arg17
backbone atoms. Thus, it can be assumed that the favorable
interaction between His15 and Arg17 that stabilizes the
CLOSED form of HPr-His15Hε is mainly due to an attractive
electrostatic interaction between Nδ1 and the backbone
amide hydrogen of amino acid 17. The fact that the side
chain of residue 17 has an only minor stabilizing effect
(Figure S2) on the HPr conformation itself suggests that
its strict conservation is rather required for interactions
with the HPr binding partners. Inspection of the HPr-
Enzyme I complex structure (45) shows that Arg17 actually
forms a salt bridge with Glu67 and Glu68 of enzyme I (EI).
The high flexibility of Arg17 in free HPr is consistent with
the observation that the Arg17 side chain orientation is
significantly changed upon formation of the HPr-EI complex.

His15-Phosphorylated HPr: pKa Value, MD Simulation,
and Energy Analysis.According to the analysis of the
experimentally determined structures (Table 1), HPr-His15P
adopts a CLOSED conformation, which is highly similar to
that observed in unphosphorylated HPr (Figure 8). Interest-
ingly, experimental data also show that His15 Nδ1-phos-
phorylated HPr exhibits significantly higher pKa values of
7.7-8.3 (5, 39) compared to the unphosphorylated form,
drastically increasing the portion of HPr with a charged His
ring at physiological pH. Since a positively charged imida-
zole group was shown to force the OPEN conformation in
unphosphorylated HPr, the observation of a CLOSED
conformation for negatively charged HPr-His15P is rather
unexpected.

Therefore, the aim of the subsequent analysis was to
identify the structural properties responsible for the high pKa

value and to discover those interactions that stabilize the
CLOSED conformation. The apparent pKa values and mean-
field interaction energies were calculated for seven models
taken from an ensemble of 25 NMR structures of phospho-
rylated HPr. The apparent pKa values are in the range from
5.8 to 7.3 (Table 3) which is considerably lower than the
experimental pKa values of approximately 7.7-8.3 (5).

We previously observed a similar discrepancy between
experimental and calculated apparent pKa values for unphos-
phorylated HPr and could attribute it to the conformational
equilibrium between the OPEN and CLOSED conformation.
For phosphorylated HPr, however, this explanation is not
appropriate, since even the protonated form was experimen-
tally shown to adopt the CLOSED conformation (10, 15).
Thus, the discrepancies between experimental and calculated
pKa values might rather result from local inaccuracies of the
analyzed structures. One inherent source of such inaccuracies

FIGURE 5: Snapshots of HPr structures undergoing an OPENT
CLOSED transition during MD simulation. (A) CLOSEDf OPEN
transition of 1QFR (HPr-His15H2+). Overlay of the initial structure
(yellow) and structures recorded after 0.5 (orange), 1.0 (red), 1.5
(blue), 2.0 (purple), and 2.5 ns (green). (B) OPENf CLOSED
transition of 1PTF (HPr-His15Hε). Overlay of structures recorded
after 0.0 (yellow), 0.5 (orange), 1.0 (red), 1.5 (blue), 2.0 (purple),
and 2.5 ns (green). Backbone atoms of amino acids 12-17 were
fitted by a least-squares algorithm. Amino acids 15 and 17 are
shown in detail. Hydrogen atoms and the Thr16 side chain are not
displayed for reasons of clarity.
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in the determination of the NMR structure of phosphorylated
proteins is the lack of direct NOE distance restraints for the
phosphate group. Additionally, neither electrostatic interac-

tions nor water molecules were included in the NMR
refinement, which again might in particular cause problems
for highly charged phosphorylated amino acids.

FIGURE 6: Orientation of His15 during the MD simulation for different protonation forms. The His15 Nδ1-Arg17 N distance is plotted
as a function of the simulation time. The first 130 ps period represents the equilibration phase of the 5 ns MD simulations. Simulations
corresponding to singly or doubly protonated His15 are indicated by black and gray lines, respectively. (A) Simulations for models 1JEM
(top), 2HID (middle), and 1QFR (bottom). The opening motion for the His15H2+ simulation is evident for all systems (gray line). (B)
Simulations for models 1FU0 chain A (top), 1FU0 chain B (middle), and 1PTF (bottom). The closing motion for the His15Hε simulation
is evident for all systems (black line).

FIGURE 7: Comparison of average total interaction energies between the His15 side chain and all other amino acids for HPr-His15H2+ (A)
and HPr-His15Hε (B) in the OPEN (dark gray) and CLOSED (light gray) conformation. The bars are shown as stacked plots. Calculations
for HPr-His15H2+ are based on structures recorded during 250 ps time intervals of the 1QFR HPr-His15H2+ simulation: 0-0.25 ns for
CLOSED and 2-2.25 ns for OPEN. Energies for HPr-His15Hε were determined using the structures collected during 25 ps periods of the
1PTF HPr-His15Hε simulation: 0-25 ps for OPEN and 1000-1025 ps for CLOSED.
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To substantiate this point and to identify those interactions
that stabilize the CLOSED HPr-His15P conformation, we
performed a 9 ns MDsimulation. The simulation reveals
only minor structural fluctuations, and the CLOSED con-
formation remains stable over the entire simulation time. To
discriminate whether the histidine ring itself or the attached
phosphate group predominantly accounts for the maintenance
of the CLOSED conformation, the average interaction
energies of both groups with the remaining residues of HPr
were calculated separately (Figure 9).

The phosphate group (Figure 9, light gray) forms highly
favorable interactions with residues Ala16 (-9.3 kcal/mol)

and Arg17 (-5.3 kcal/mol) and, to a lesser extent, unfavor-
able interactions with residues Asp11 (4.9 kcal/mol) and
Ile14 (2.1 kcal/mol). The latter can be attributed to the
electrostatic repulsion between the negatively charged phos-
phate group and some partially negatively charged atoms
such as, for example, oxygen atoms, but the net interaction
energy of the phosphate group remains negative (-10.4 kcal/
mol) in the CLOSED conformation.

For the His+ ring (Figure 9, dark gray), a repulsive
interaction is observed with Arg17, which is similar to the
effect observed for the positively charged ring in the
CLOSED conformation of unphosphorylated HPr (Figure
7A). The considerably unfavorable interaction of the His+

ring with Arg17 (2.2 kcal/mol) is counterbalanced by
favorable interactions of His+ with Asp11 (-1.5 kcal/mol)
and Glu84 (-1.5 kcal/mol), but the major contribution to
the stabilization of the CLOSED conformation comes from
the overall highly favorable interaction of the phosphate
group (-10.4 kcal/mol).

A more detailed analysis revealed that the phosphoryl
group oxygen atoms form a backbone hydrogen bond with
either Ala16 or Arg17 in more than 70% of the structures
collected during MD simulation. The results of our simulation
also suggest that the two possible H-bonds between the amide
hydrogen atoms and the phosphoryl group are usually not
formed simultaneously. These backbone hydrogen bonds
have been postulated previously on the basis of NMR
spectroscopic data (10, 15), but detailed inspection of the
hydrogen bonding pattern was hampered by the lack of NOE
distance restraints from the phosphate group. As a conse-
quence, the hydrogen bond between the phosphate group
oxygens and the Arg17 backbone hydrogen, despite being
discussed in the literature, is quite long in the models taken
from the set of NMR structures (see Table 3).

Therefore, we investigated whether the pKa values obtained
for the structures refined by MD simulation are in agreement
with the experimental pKa value and whether a tighter
hydrogen bond formed by the phosphate group and the HPr
backbone during simulation has a key effect on the pKa value.
For the analysis, four structures (two with and two without
a hydrogen bond) were selected from the MD simulation.
Their apparent pKa values, which are in the range from 7.9
to 8.5 (Table 3), are in good agreement with the reported
experimental values between 7.7 and 8.3 (5, 39). This finding
shows that the MD simulations have actually led to a
structural refinement and that the tighter hydrogen bond has
only a marginal effect on the pKa value.

The energy decomposition shows that the source of the
difference in the apparent pKa value is not only the mean-
field interaction energy, as the background energy and Born
energy also change considerably. The mean-field interaction
energy close to zero indicates that titrating residues do not
play a major role in determining the protonation state of
His15P. Thus, small structural changes, which have occurred
during the MD simulation, lead to lower sums of Born and
background energy and are therefore independent of the
presence of the hydrogen bond.

Despite a thorough analysis, we were not able to detect
one particular conformational change compared to the
starting structure that accounts for the shift in the pKa values.
This finding underlines the fact that the MD simulation did
not result in any larger structural changes but only in a

FIGURE 8: CLOSED active site conformation in the presence and
absence of phosphate at His15. Active sites of the structures
recorded after 2 ns of MD of 1JEM HPr-His15Hε (A) and after 7
ns of MD of 1JEM HPr-His15P (B) are displayed in detail. Atoms
are colored according to the CPK color code.

Table 3: Protonation of the Imidazole of His15P in Seven Models
of the 1JEM Ensemble and Four Snapshots from the MD
Simulationa

model ∆GBorn ∆Gback 〈∆Gh inter〉 ∆Gmodel
b sum pKapp d1

1 -2.6 1.9 0.9 -9.6 -9.4 6.9 3.57
2 -2.1 1.9 1.8 -9.6 -8.0 5.8 3.60
3 -2.2 1.8 0.9 -9.6 -9.1 6.6 2.21
13 -2.2 1.3 0.4 -9.6 -10.1 7.3 2.21
14 -2.1 1.4 1.2 -9.6 -9.1 6.6 2.20
16 -2.2 1.4 1.0 -9.6 -9.5 6.9 2.92
22 -2.0 1.8 0.9 -9.6 -8.9 6.5 2.20
MD (5200 ps) -3.3 1.8 -0.5 -9.6 -11.7 8.5 1.91
MD (5934 ps) -2.6 1.7 -0.5 -9.6 -11.1 8.1 1.88
MD (8300 ps) -3.3 2.4 -0.5 -9.6 -11.1 7.9 4.5
MD (8600 ps) -2.4 1.5 -0.5 -9.6 -11.0 7.9 4.6

a Energy decomposition of apparent pKa values into Born (∆GBorn),
background (∆Gback), model (∆Gmodel), and mean-field interaction
energy (〈∆Gh inter〉) differences of His15P in kilocalories per mole. The
mean-field interaction energy is calculated using probabilities at the
pH equal to the apparent pKa value. The shortest distance (d1) between
a phosphate group oxygen and the Arg17 amide hydrogen for each
structure is listed in angstroms.b ∆Gmodel ) -RT ln 10 pKa, modelwith
pKa, modelvalues of 7.0 and 6.6 for Nε2 and Nδ1, respectively.
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refinement of the local vicinity of His15P compared to the
starting structure. Additionally, this result emphasizes that
the accuracy of three-dimensional structures is important for
the calculation of pKa values.

In summary, it was possible to improve the structure of
HPr-His15P by MD simulation, leading to almost perfect
agreement between theory and experiment for the pKa values
of His15P, and to identify those interactions that stabilize
the CLOSED conformation even in the presence of a
positively charged imidazole ring.

Application of the Four-Microstate Model to HPr-His15P.
Finally, we tested whether the conformational properties of
HPr-His15P can be predicted correctly by the four-microstate
model using the following input data. The pKa value of the
CLOSED conformation was taken from our calculations on
the MD-refined CLOSED structures (pKapp,1 ) 8.0), which
agree well with literature values (5). In a hypothetical OPEN
conformation, the imidazole ring will show no major
interactions with the rest of the protein, and therefore, pKapp,2

is approximated by the model pKa value for phosphohistidine
in aqueous solution (pKapp,2 ) 7.0). It can also be assumed
that the conformational energy∆Gconf of HPr-His15P is in
the same range as that for HPr-His15 since this energy term
is primarily the torsional energy difference aroundø1 and
ø2 of the histidine side chain, and other conformational strain
differences in the protein, which should not be strongly
affected by the phosphorylation.

The microstates were defined and analyzed in an identical
fashion as described above for the unphosphorylated HPr.
The resulting probability plots show that for HPr-His15P the
CLOSED conformation is predominantly populated for both
protonation forms of the histidine ring (Figure 4G,H). This
finding is consistent with experiment and with our MD
simulation showing that, in contrast to unphosphorylated HPr,
the protonation of the ring does not induce an OPEN
conformation in HPr-His15P.

It is remarkable that the same four-microstate model can
explain both the pH-dependent conformational changes of
HPr-His15 and the conformational rigidity of HPr-His15P.
In case of HPr-His15, the model also achieves agreement
between the theoretical and the experimental titration studies,
since the conformational variability is considered. In the case

of HPr-His15P, agreement between theoretical and experi-
mental pKa values is achieved by using MD-refined struc-
tures.

By using only apparent pKa values from detailed structure-
based calculations, the mesoscopic picture of the four-
microstate model elegantly overcomes problems arising from
irrelevant structural differences, e.g., between HPr’s from
various bacterial species. As shown in this study (Table 2),
the apparent pKa values of different structures agree well,
so it is reasonable to assume that they can be transferred
between different structures and it is not necessary to include
all structural detail. Thus, this microstate model provides a
fast and robust method for predicting the effect of protonation
on the conformational stability of proteins.

Biological Implications.We examined whether a func-
tional role of the different active site geometries and the
conformational flexibility detected for HPr exists. For that
purpose, the structures of phosphorylated and unphospho-
rylated HPr in complex with different interaction partners
were analyzed.

HPr is phosphorylated at His15 by enzyme I (EI), and the
structure of the respective complex (Figure S3 of the
Supporting Information) (45) indicates that the CLOSED
form of free HPr, which was shown to be the primarily
populated conformation at pH 7 (Figure 4), is appropriate
for complex formation. Additionally, the very low apparent
pKa of the CLOSED conformation ensures that free HPr is
only singly protonated, and the protonation probability of
His15 indicates that the single proton present at the imidazole
ring is predominantly bound to the Nε2 atom (Figure 2).
Thus, free HPr is not only stabilized in a conformation
competent for binding to EI but also primed to accept the
phosphate group at Nδ1.

Attachment of the phosphate group changes the electro-
static properties of the imidazole ring, and the Nε2-protonated
form now bears a positive charge. The favorable intramo-
lecular interactions formed by the phosphate group, however,
ensure that HPr-His15P remains in the CLOSED conforma-
tion and does not undergo structural transition. This CLOSED
conformation is also retained in the complexes of HPr with
various structurally different Enzyme IIA proteins (46-48)
(e.g., Figure S3), showing that the transfer of the phosphate

FIGURE 9: Decomposition of the interaction energies between different parts of the His15 side chain and all other amino acids of HPr-
His15P. Interaction energies of the imidazole ring atoms (dark gray) and the phosphate group atoms (light gray) are plotted vs the sequence
number of the interacting residues. The bars are shown as stacked plots. Energy values were averaged using the snapshots recorded during
the 2-3 ns time interval of the HPr-His15P simulation.
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from EI to HPr and further onto EIIA can be accomplished
without a larger structural rearrangement of His15P.

While the OPEN conformation does thus not seem to play
a role in phosphate transfer within the PTS, it is important
for the regulatory function of HPr which is accomplished
by binding to the transcriptional regulator CcpA. In this
complex (49, 50), His15 adopts an OPEN conformation,
which is stabilized by a hydrogen bond to the side chain of
Asp296 of CcpA (Figure S3).

Therefore, the conformational flexibility of His15 in
unphosphorylated HPr may be required because of its dual
role as both a phosphotransfer protein in the PTS and an
allosteric effector in transcriptional regulation. The existence
of an equilibrium between the CLOSED and OPEN form
might be essential for fulfilling this dual function. In contrast,
HPr phosphorylated at His15, which no longer binds to the
transcriptional regulator CcpA, adopts only a single rigid
active site conformation.
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A figure visualizing the mean-field interaction energy
differences for the protonation reaction at Nδ1 and at Nε2
with other titratable groups (Figure S1), the His15-Arg17
interaction energies (Figure S2), and the conformation of
His15 and Arg17 in three HPr-containing complexes (Figure
S3). This material is available free of charge via the Internet
at http://pubs.acs.org.
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