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The Molecular Basis for Purine Binding Selectivity in the
Bacterial ATP Synthase ɛ Subunit
Alexander Krah,*[a, b] Roland G. Huber,[a] Duncan G. G. McMillan,[c] and Peter J. Bond*[a, d]

The ɛ subunit of ATP synthases has been proposed to regulate
ATP hydrolysis in bacteria. Prevailing evidence supports the
notion that when the ATP concentration falls below a certain
threshold, the ɛ subunit changes its conformation from a non-
inhibitory down-state to an extended up-state that then inhibits
enzymatic ATP hydrolysis by binding to the catalytic domain. It
has been demonstrated that the ɛ subunit from Bacillus PS3 is
selective for ATP over other nucleotides, including GTP. In this

study, the purine triphosphate selectivity is rationalized by
using results from MD simulations and free energy calculations
for the R103A/R115A mutant of the ɛ subunit from Bacillus PS3,
which binds ATP more strongly than the wild-type protein. Our
results are in good agreement with experimental data, and the
elucidated molecular basis for selectivity could help to guide
the design of novel GTP sensors.

Introduction

ATP synthases convert an electrochemical ion gradient (H+ or
Na+) across biological membranes into a more stable chemical
energy storage unit, adenosine triphosphate (ATP), through an
enzymatic reaction involving a dual-motor mechanism.[1] ATP
synthases can also catalyse the reverse reaction, in which they
release the chemical potential stored in ATP to maintain cellular
pH homeostasis or rapidly eject excess Na+.[2] However, one
bacterial ATP synthase is unable to hydrolyse ATP under
physiological conditions.[3,4] The reaction is carried out by the
soluble F1 domain, whereas ions are conducted through the
membrane-embedded Fo domain concomitant with rotational
motion of the proteolipid c subunit ring relative to the stator a
subunit. Recent cryo-electron microscopy (cryo-EM) data have
provided novel insights into the ion permeation mechanism,[5–7]

thus suggesting the existence of two – commonly open – water
channels through which ions are translocated. Interestingly, the
evolutionarily related V-type ATPase, which has a similar
structural morphology but only performs ATP hydrolysis, is also
predicted to translocate ions by rotational motion of the c
subunit ring. However, cryo-EM[8,9] and simulation[10] data have
suggested that these enzymes are able to close one channel in

the isolated membrane-embedded Vo domain. Thus, further
studies are need to be evaluate this apparent “uncoupling” of
ATP hydrolysis from ion translocation.

Although all F-type ATP synthases share a common
mechanism to prevent wasteful ATP consumption, namely Mg-
ADP inhibition,[11] bacteria and mitochondria have developed
diverse secondary mechanisms. In mitochondria, ATP hydrolysis
is regulated by the pH-dependent[12] inhibitory protein IF1.

[13] In
contrast, most bacterial ATP hydrolysis activity is proposed to
be regulated by the ɛ subunit,[14] which switches its conforma-
tion in response to changing ATP concentrations, as shown by
biophysical experiments.[15,16] Structural studies have identified
an up-state[7,17–19] and a down-state[19] in the F1 domain of
several bacteria. In Escherichia coli the up-state is proposed to
be inhibitory to ATP hydrolysis and the down-state
noninhibitory.[17,19–23] However, studies using an ɛ subunit
mutant incapable of binding ATP across several growth
conditions found no difference in growth kinetics, cell yield or
survival.[24] Compounding this, the purpose of the ɛ subunit up-
and down-states might be organism-specific; for example, the ɛ
subunit of Parracoccus denitrificans ATP synthase has been
shown not to regulate ATP hydrolysis in vitro.[25] It has been
proposed that in α-proteobacteria such as P. denitrificans, the ζ
subunit has a similar function and mechanism of action to IF1 in
mitochondria,[25] and is also regulated by ATP binding and
release, leading to a conformational change in this protein.[26]

Equally, it has been counter-claimed that deletion of the ζ
subunit has a limited effect on ATP hydrolysis in membranes
and no effect on ATP synthesis.[27] Clearly, the field is divided on
the different regulatory mechanisms,[28] and close attention
needs to be paid to better align microbiological and in vitro
data. It should be noted that the ɛ subunit has also been
proposed to fulfil other structural and mechanistic roles, such as
in ensuring the tight coupling of ATP synthesis and ion
translocation,[29,30] accelerating the synthesis and release of ATP
from the F1 domain,[31] or increasing the structural stability of
the entire complex through molecular interactions with the
membrane-embedded domain.[32]
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In vitro studies suggest that the range of ATP concentrations
triggering the conformational change of the ɛ subunit varies
from species to species.[15,16,33,34] In line with this, the measured
ATP binding affinities of the isolated bacterial ɛ subunit are
4 μM,[35] 2 mM,[36] and 22 mM[37] in Bacillus PS3, Bacillus subtilis
and Escherichia coli, respectively. The Kd for ATP is controlled by
the composition of the binding site as initially proposed based
on a sequence alignment of Bacillus PS3 and E. coli,[14] as well as
likely allosteric effects.[38] This ATP binding strength can be
modified; for example, a R103A/R115A mutant of Bacillus PS3
binds ATP three[39] to 100 times more strongly than its WT
counterpart (Kd =52 nM),[40] with the precise increase apparently
dependent upon the fluorescence dye used to carry out the
measurements. The increased affinity of double[41] and single[42]

mutants is proposed to arise from an enhanced hydrogen
bonding network with ATP compared to the WT protein.[43]

Nucleotides other than ATP do not measurably bind to the
WT ɛ subunit from Bacillus PS3.[44] In the case of the Bacillus PS3
R103A/R115A double mutant, its affinity for ADP or GTP is two
to three orders of magnitude lower than for ATP, with Kd values
in the micromolar range.[40] This strong selectivity has also been
reported for genetically encoded FRET sensors based on ɛ
subunits engineered to measure ATP concentration in living
cells.[45,46] However, at present, the molecular basis for this
selectivity is unclear. Although crystallographic analysis reveals
important structural information, it typically represents a snap-
shot of a single state. In contrast, molecular dynamics (MD)
simulations provide a means to realistically describe biomolec-
ular motion, and yield insights into the dynamics of proteins,
the effects of mutations, and their interactions as a part of
complexes. Example applications include investigations of ion
binding,[47–49] energetic characterization of protonation states,[48]

or the characterization of ligand binding to proteins (including,
e.g., protein� ion,[47,49] protein� lipid,[50,51] or protein� inhibitor
interactions[52]).

We use MD simulations and free energy calculations to
clarify the underlying structural and energetic determinants of
purine base (ATP vs. GTP) selectivity in the R103A/R115A
mutant of the ɛ subunit from Bacillus PS3. Thus, additional
information is obtained regarding the biological mode of action
of the ATP synthase ɛ subunit in a structural context.
Furthermore, the framework developed should help in the
future design of novel GTP sensors based on this mutant ɛ
subunit, by engineering of additional site-directed mutations.
These mutant ɛ subunits could be merged with fluorescent
dyes[45] or fluorescent proteins,[46,53] enabling the GTP concen-
tration to be sensed in real time. These sensors may help to
measure in the desired concentration range necessary for
in vivo cellular conditions. To our knowledge, there is only one
fluorescence-based GTP sensor available, and this sensor is not
sensitive at physiologically relevant concentrations.[54]

Results & Discussion

GTP binding to the ɛ subunits from Bacillus PS3 and
comparison with the ATP binding mode

We derived the initial structure of the R103A/R115A mutant
from our recently reported study.[41] This computational study
was based on previous simulations of the WT protein[43] using
the crystal structure,[37] highlighting the differences in the ATP
binding site and the location of the R103A and R115A
mutations. It should be mentioned that the physiologically
irrelevant R103A/R115A mutant was used, as experimental data
are available for this mutant.[40] However, the biologically
relevant mechanism of nucleotide binding is expected to be
similar in the isolated ɛ subunit for the WT and mutant. We
modelled GTP in the binding site by superimposing the
guanosine base onto the adenosine one. Using this initial setup,
we aimed to use simulations to identify the GTP binding mode
and to assess the stability of binding to the ɛ subunit from
Bacillus PS3. We carried out conventional MD simulations for
two states: a Mg2+ ion was bound either to the GTP :Oα/Oβ or
GTP :Oβ/Oγ atoms. A similar strategy previously used for
ATP[41,42] revealed that Mg2+ is coordinated by ATP :Oα/Oβ, as
also shown in a crystal structure of the ɛ subunit from
Caldalkalibacillus thermarum;[55] this result was also found for
GTP (see the next section).

We observed during MD simulations of the R103A/R115A ɛ
subunit bound to GTP that the nucleoside is bound to D87 :O
(GTP :N1), E83 :Oɛx (GTP :O2’), D87 :O (GTP :N2), D89 :N
(GTP :O6) and R92 :NHx (GTP :O4’) through hydrogen bonds,
and cation-π interactions were also observed with the purine
base (Figure 1 and Figure S1 in the Supporting Information). In
addition, GTP :Oα is stably coordinated by R126 :NHx and
additional hydrogen bonds to R122 :NHX and R122 :Nɛ can be
observed. GTP :Oβ is not stably coordinated by any interaction,
but binding and unbinding of arginine residues can be
observed. R92 :NHx, R92 :Nɛ and R99:NHx stably bind to
GTP :Oγ. The probability distributions and the final proposed
binding site are shown in Figures 1, 2 and S1. Based on the
derived data, a similar binding mode is observed with the
phosphate groups for both ATP and GTP.[41] However, binding
of the guanosine base to the protein differs; GTP :N1 is a
hydrogen bond donor, whereas ATP :N1 is a hydrogen bond
acceptor, and GTP :O6 is an acceptor, whereas ATP :N6 is a
donor. This is the result of spontaneous rearrangement of key
interactions during the simulations, due to the different
structure of the base. Instead, additional hydrogen bonds were
formed, such as GTP :N1 with D87 :O and GTP :N2 with D87 :O.
The guanosine base remained stably bound, despite the lower
experimental affinity of GTP compared to ATP.[40] However, it
should be kept in mind that both ligands bind with measurable
affinity to the R103A/R115A mutant of the ɛ subunit (Kd for
ATP=52 nM; Kd for GTP=53 μM).[40] In addition, based on
previous computational observations, the interaction of
R126 :NHx–GTP :O5’ is weakened with respect to R126 :NHx–
ATP :O5’.[41] A comparison between the ATP and GTP bound
states is shown in Figures 2 and S1.
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Figure 1. Predicted GTP binding site when Mg2+ is bound to GTP :Oα/Oβ in the R103A/R115A ɛ subunit. Histograms of the interactions of the protein with
GTP and graphical representations of these interactions. Sampling was derived from three independent runs, each simulated for 100 ns. Molecular information
was visualized by using PyMOL[56]. A LigPlot+ [57] sketch of the ATP and GTP binding site is shown in Figure S1. The corresponding data for the system when
Mg2+ is bound to GTP :Oβ/Oγ instead of GTP :Oα/Oβ is shown in Figure S2. A comparison of the starting model of the binding site versus a representative
structure from simulation is shown in Figure S3. In the simulation snapshots, the protein is shown in cartoons format, key residues in CPK-coloured liquorice
representation, and the magnesium ion as a van der Waal’s sphere.
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To further rationalize the experimentally measured affinities,
and to test our predictions, we next investigated the energetic
contribution of ligand binding to the R103A/R115A mutant ɛ
subunit from Bacillus PS3.

Ion binding and enthalpic contributions of GTP interaction
with the R103A/R115A mutant ɛ subunit

We recently predicted that a Mg2+ ion is coordinated by
ATP :Oα/Oβ, rather than to ATP :Oβ/Oγ, when ATP is bound to
the ɛ subunit from Bacillus PS3.[41–43] This has also now been
substantiated in a crystal structure of the ɛ subunit from C.
thermarum,[55] providing solid evidence that MD simulations are
valid for this type of analysis. To test if the Mg2+ ion is more
likely coordinated by GTP :Oα/Oβ or GTP :Oβ/Oγ, we performed
an enthalpic analysis introduced by Espinosa et al.[58] (see the
Experimental Section for details). This allows us to predict the
likely ion position when complexed with ATP bound to the
R103A/R115A mutant.[41] Based on the energetic contributions
of GTP-protein interactions and interactions of the second helix

(residues 112–132; Figure 2)) along with the rest of the protein,
we conclude that the Mg2+ ion is likely coordinated to ATP :Oα/
Oβ in both the R103A/R115A mutant[41] and the WT protein.[43]

The large standard deviations for the GTP :Oβ/Oγ state indicate
that it is not a very stable interaction (Table 1).

To understand the individual contributions of the different
functional segments of the nucleotide to the enthalpic part of
protein binding, we split the energies into base, sugar, and
phosphate components. Surprisingly, the enthalpic contribution
of all structural elements was energetically more favourable for
GTP than for ATP (Table 2). However, it should be noted that
the guanosine base has an increased number of potential
hydrogen bond donors and acceptors compared to ATP. Thus, a
rearrangement of GTP in the binding site (Figures 1 and 2)
allows an increased number of interactions compared to ATP. In
addition, the rearrangement of the guanine base in the binding
site allows for a higher enthalpic contribution of the sugar and
phosphate groups. However, the binding free energy difference
estimated using this method[58] does not account for entropic
contributions, which may account for the apparent increase in
affinity for GTP over ATP.

Energetic insights into the ATP vs. GTP selectivity based on
free energy calculations

To account for both the enthalpic and entropic contributions to
protein� ligand binding free energy, we next employed thermo-
dynamic integration (TI) calculations to rationalize ATP versus
GTP selectivity. We calculated the free energy of transforming
ATP to GTP in both water and when bound to the R103A/R115A
mutant, for comparison with the available experimental data.[40]

The free energy difference could be calculated by using a
thermodynamic cycle (Figure 3). Our calculations accurately
reproduced the experimental results, with a ΔΔG of ~4 kcal/
mol for ATP selectivity over GTP. We thus conclude that our
bound model of GTP to the R103A/R115A mutant derived from
conventional MD simulations is accurate. Furthermore, we show
that the nucleotide binding is mainly governed by entropy,
since the enthalpy of GTP binding is apparently more favour-

Figure 2. GTP binding site. A) Predicted GTP binding to the R103A/R115A
mutant ɛ subunit from Bacillus PS3 based on the distance distributions
(Figure 1) and the energetic analysis. B) Comparison of ATP and GTP binding.
The Mg2+ ion is omitted for clarity. The second helix (residues 112–132), also
analysed in the Espinosa approach, is highlighted in cyan.

Table 1. Energetic analysis of ion coordination and nucleotide binding. A)
The number of hydrogen bonds of the protein with GTP and of the second
helix (residues 112–132) with the rest of the protein, as graphically
represented in Figure 2. B) The enthalpic contributions [kcal/mol] estimated
by using the method of Espinosa et al.[58] The data were calculated when
GTP was bound to the R103A/R115A mutant of the ɛ subunit from Bacillus
PS3, and the ion was bound either to GTP :Oα/Oβ or GTP :Oβ/Oγ. The data
are also compared to results for ATP :Oα/Oβ based on our previous
work.[41] All data here were derived from simulations of three 100 ns
replicas per system.

GTP :Oα/Oβ GTP :Oβ/Oγ ATP :Oα/Oβ[41]

A) Number of hydrogen bonds
protein–nucleotide 12.0�0.3 9.7�1.1 10.4�0.6
2nd helix 4.2�0.2 4.5�0.9 4.1�0.2
total 16.2�0.4 14.1�1.6 14.4�0.5
B) Enthalpic contributions [kcal/mol]
protein–nucleotide � 85.0�1.4 � 67.8�4.4 � 73.4�2.1
2nd helix � 28.6�2.1 � 30.8�4.9 � 26.4�1.5
whole contribution � 113.6�3.5 � 98.6 �9.2 � 99.8�1.8

Table 2. Contributions of structural components to nucleotide binding to
the protein. A) The number of hydrogen bonds. B) The results of the
energetic analysis (enthalpic contributions [kcal/mol] based on the method
of Espinosa et al.[58]). The energetic analysis is carried out for the ion when
bound to GTP :Oα/Oβ or GTP :Oβ/Oγ. In addition, we reanalysed our
previous work for comparison with the ATP bound state (ATP :Oα/Oβ)[41].
All data here were derived from simulations of three 100 ns replicas per
system.

GTP :Oα/Oβ GTP :Oβ/Oγ ATP :Oα/Oβ

A) Number of hydrogen bonds
base 2.6�0.03 2.6�0.07 1.9�0.01
sugar 1.6�0.05 1.8�0.1 1.2�0.04
phosphate 7.8�0.2 5.4�0.97 7.2�0.6
B) Enthalpic contributions [kcal/mol]
base � 12.7�0.1 � 12.8�0.3 � 7.7�0.1
sugar � 17.5�0.3 � 18.2�0.9 � 15.4�0.5
phosphate � 54.8�1.1 � 36.8�3.9 � 50.5�2.3
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able (Tables 1 and 2). Our results are also in agreement with
previous calculations based on the solvation free energies of 9-
methylguanosine and 9-methyladenine[59], indicating there
should be a significantly higher solvation free energy for GTP in
comparison with ATP.

Conclusions

In this study, we clarified the molecular and energetic basis for
purine (ATP vs. GTP) selectivity in an ɛ subunit from a bacterial
F-type ATP synthase. First, we predicted the binding mode of
GTP to the R103A/R115A ɛ subunit mutant from Bacillus PS3.
Secondly, based on the dynamics derived from conventional
MD simulations, we calculated the enthalpic properties of GTP
binding. Lastly, we used rigorous free energy calculations to
accurately assess the energetics of purine selectivity including
entropic effects. Collectively, this demonstrated that the bind-
ing energetics of our models accurately reflect experimental
findings, thus supporting our structural hypothesis. The in-
formation obtained in this study provides a strong molecular
rationale: 1) to explain nucleotide selectivity in a biologically
important bacterial protein; and 2) to drive the design of novel
nucleotide sensors based on bacterial F-ATP synthase ɛ
subunits.

Experimental Section
Conventional MD simulations were performed by using the
GROMACS program suite[60] and the AMBER-ILDN force field.[61-64]

The R103A/R115A mutant ɛ subunit from Bacillus PS3 was assessed
in the GTP bound state following the framework described in our
previous studies.[38,41,43] In a first set of simulations, the Mg2+ ion
was coordinated to the ATP :Oα/Oβ atoms, and in a second set, the
Mg2+ ion was coordinated by the ATP :Oβ/Oγ atoms. These
simulations were each carried out for 100 ns in triplicate. The free
energy difference of the ATP to GTP transformation was calculated
using theTI approach. For the transition of ATP to GTP, we used 32
λ windows, as previously described; λ= {0, 0.05, 0.1, 0.15, 0.2, 0.25,
0.3, 0.35, 0.4, 0.45, 0.5, 0.54, 0.58, 0.62, 0.66, 0.7, 0.73, 0.76, 0.79,
0.82, 0.85, 0.87, 0.89, 0.91, 0.93, 0.95, 0.96, 0.97, 0.98, 0.99, 0.995,
1}.[48] Each window was simulated for 5 ns and the first 500 ps
period of each window was discarded as equilibration time. We

calculated the relative free energy of this transformation (ATP!
GTP) using two sets of simulations; specifically, the transformation
of the ligand was carried out when 1) bound to the R103A/R115A
mutant, and 2) in bulk solvent. We then used a thermodynamic
cycle to obtain the ATP to GTP binding free energy change of the
double mutant with respect to the solvated state; this approach
allows us to assume the same energetic contributions for breaking/
building covalent interactions, as discussed previously.[65] Results
obtained from the TI simulations were analysed using the Bennett
acceptance ratio (BAR) method.[66] All TI simulations were carried
out in triplicate.

To analyse enthalpic contributions and to elucidate whether the
Mg2+ ion is more likely bound to GTP :Oα/Oβ or GTP :Oβ/Oγ, we
used an energetic analysis method to assess the protein� ligand
hydrogen bond network, as described by Espinosa et al.[58] In
addition, the protein–protein hydrogen bond network within the
second α-helical C-terminal domain (residues 112–133) was
analysed by using the same approach. For this, we used a cut-off
distance of 2.7 Å from the acceptor atom to the donor hydrogen
atom and a cut-off of 30° for the angle between donor hydrogen
atom, donor heavy atom, and acceptor atom. This analysis
calculates the enthalpic contribution for ligand binding to a
protein, based on the estimation of the energy of the hydrogen
bonding network. The strength of a hydrogen bond is calculated as
follows:

EHB ¼ �
50
2 � 103 � eð� 3:6 dðH� OÞÞ ½kJ=mol�

where EHB refers to the enthalpic energy of the hydrogen bond and
d(H� O) denotes the distance between the donor hydrogen and the
acceptor atom in Å.[58] Entropic contributions are not taken into
account in this method. The first 10 ns of each simulation were
discarded from this analysis for equilibration purposes.
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