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Abstract The interaction of the nucleotide-binding subunit B
with subunit F is essential in coupling of ion pumping and ATP
synthesis in AjAp ATP synthases. Here we provide structural
and thermodynamic insights on the nucleotide binding to the
surface of subunits B and F of Methanosarcina mazei Go1
A1Ap ATP synthase, which initiated migration to its final
binding pocket via two transitional intermediates on the surface
of subunit B. NMR- and fluorescence spectroscopy as well as
ITC data combined with molecular dynamics simulations of the
nucleotide bound subunit B and nucleotide bound B-F complex
in explicit solvent, suggests that subunit F is critical for the
migration to and eventual occupancy of the final binding site by
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the nucleotide of subunit B. Rotation of the C-terminus and
conformational changes in subunit B are initiated upon binding
with subunit F causing a perturbation that leads to the migration
of ATP from the transition site 1 through an intermediate
transition site 2 to the final binding site 3. This mechanism is
elucidated on the basis of change in binding affinity for the
nucleotide at the specific sites on subunit B upon complexation
with subunit F. The change in enthalpy is further explained
based on the fluctuating local environment around the binding
sites.

Keywords A;Ao ATP synthase - Subunit B - ATP- Nuclear
magnetic resonance (NMR) - Isothermal titration calorimetry
(ITC) - Molecular dynamics simulations - Fluorescence
correlation spectroscopy (FCS)

Abbreviations

FCS Fluorescence correlation spectroscopy
MD Molecular dynamics

NMR Nuclear magnetic resonance

HSQC Hetero nuclear single quantum coherence
ITC Isothermal titration calorimetry

r.m.s.d. Root mean square deviation

r.m.s.f. Root mean square fluctuations

PCA Principal component analysis

MM-GB-SA Molecular Mechanics—Generalized
Born—Surface Area enthalpy terms

Vdw van der Waals

Introduction

Archaeal species have adapted to extreme environments
with respect to temperature, salt concentration and pH
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(Schéfer et al. 1999). One such example is the Methanosar-
cina mazei G61, which has provided scientists with a fine
model system to study the atomic and molecular basis of the
energy production and conservation in these organisms
(Schifer et al. 1999; Griiber and Marshansky 2008). It is
known that the A;Ap ATP synthase is the enzyme respon-
sible for the synthesis of ATP from ADP and an inorganic
phosphate in these organisms (Griiber and Marshansky
2008). This multi subunit enzyme with a proposed stoichi-
ometry of As: B3: C: D: E: F: G: Hy: a: ¢, (Miiller and
Griiber 2003) is functionally related to the F;Fo ATP syn-
thase from eukaryotes and prokaryotes (Lolkema et al.
2003; Miiller and Griiber 2003; Weber and Senior 2003)
where three alternatively arranged subunits A and B con-
tribute towards the water soluble A; domain (also referred to
as the hexameric head), the primary site for ATP synthesis
(Miiller and Griiber 2003). The central stalk is made up of
subunits C, D and F (Griiber et al. 2001). Subunit C has a
funnel shaped structure with a central cavity, forming the
space for the D and F assembly (Numoto et al. 2004).
Subunit F in solution exhibits a distinct two-domain struc-
ture with the N-terminal having 80 residues and the residues
81-101 forming the flexible C-terminal part (Gayen et al.
2007). This C-terminal tail enables subunit F to undergo up
and down movements relative to subunit B, bringing both
termini in close proximity. The function of the central stalk
is to connect as an elongated anchor, the hexameric head-
piece A; and the membrane embedded Ag sector, allowing
the energy to be transmitted by ion transduction from Ag to
A, (Griiber et al. 2001). Our previous work (Gayen et al.
2007; Raghunathan et al. 2010) addressed the issue of
coupling between the hexameric headpiece and the mem-
brane integral Ap mediated via the stalk moiety. Employ-
ing fluorescence spectroscopy, NMR, molecular modeling,
docking and molecular dynamics simulations, we pro-
posed that the C-terminus of subunit F of the M. mazei
G6l A;Ap ATP synthase and the C-terminus of the
nucleotide-binding subunit B of this enzyme specifically
interact with each other, to partially accomplish coupling
between the two motor elements A; and Ag. Having
addressed “How does the coupling of A; and Ap motor
elements take place?” (Raghunathan et al. 2010), we turn
our focus to the question, “Why does the coupling of A,
and Ap motor elements take place?”

The recently solved crystal structures of the nucleotide
bound subunit B of the AjAg ATP synthase from M. mazei
G0l revealed, how the ATP traverses the protein surface via
two transient intermediate binding sites to its final binding
pocket and the concomitant rearrangements in the nucleotide-
binding and C-terminal region of subunit B (Kumar et al.
2008, 2009). In the present study, we combine this structural
information with additional data derived from NMR, ITC,
fluorescence spectroscopy experiments, molecular modeling;
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we draw on our previously proposed model of the sub-
unit B-F complex (Raghunathan et al. 2010) to study the
dynamics of the interactions of the nucleotide with sub-
unit B and how this affinity is modulated in the presence
of subunit F. Further, we comment on the change in
structural dynamics in subunit B upon binding with
subunit F that allows for the energetically favorable
transition of the nucleotide from intermediate sites 1
and 2 and to the final binding site 3. Finally, we propose
a model that places the interaction of subunits B, F and
the nucleotide in the context of the larger AjAo ATP
synthase assembly.

Material and methods
Biochemicals

Ni?"-NTA-chromatography resin were received from Qiagen
(Hilden, Germany);. Chemicals for gel electrophoresis
were received from Serva (Heidelberg, Germany). Bovine
serum albumin was purchased from GERBU Biochemicals
(Heidelberg, Germany). The ATP- and ADP-analogues EDA-
ATP ATTO-647N and EDA-ADP ATTO-647N were received
from ATTO-TEC (Siegen, Germany). All other chemicals
were at least of analytical grade and received from BIOMOL
(Hamburg, Germany), Merck (Darmstadt, Germany), Roth
(Karlsruhe, Germany), Sigma (Deisenhofen, Germany), or
Serva (Heidelberg, Germany).

NMR spectroscopy

The C-terminal peptide Fg;_19; of the M. mazei G61 subunit
F was synthesized and purified as described recently
(Raghunathan et al. 2010). A series of 'H-'N HSQC spec-
tra of Fgq_.191 were recorded at different concentrations of
ATP. 2 mM of unlabelled peptide was used for the reference
spectrum. The nucleotide was added in increasing amounts
to a molar ratio of 1:1 to 1:5 and chemical shift perturbations
were monitored in the "H "’N HSQC spectrum. Experiments
were performed on a Bruker Avance 600 MHz machine
using Topspin for acquisition and processing of spectra.
Respective spectra were overlapped to monitor chemical
shift changes; further analysis was done in SPARKY (Kneller
and Goddard 1997).

Determination of nucleotide binding to subunit F
by fluorescence correlation spectroscopy

Fluorescence correlation spectroscopy was performed on an
LSM 510 Meta/ConfoCor 3 (Zeiss, Jena, Germany) using the
fluorescently labelled ATP analogue EDA-ATP ATTO-647N
(ATTO-TEC, Siegen, Germany). For the FCS experiment
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50 mM Tris/HCI (pH 8.5) with 150 mM NaCl buffer was
used. The temperature was adjusted to 25 °C in an incubation
chamber (Zeiss). The 633 nm laser line of a HeNe633 laser
were attenuated to 5 mW and focused into the aqueous solu-
tion by a water immersion objective (40 x/1,2 W Korr UL-
VIS-IR, Zeiss). FCS was measured in 15 pl droplets of the
diluted fluorescent derivatives of ATP, which were placed on
Nunc 8 well chambered cover glass. Before usage, the cover
glasses were treated with 3% of gelatin, in order to prevent
unspecific binding and removed by washing steps with H,O
(Hunke et al. 2007). Following filter sets were used: MBS:
HFT 514/633, EF1: BP 655-710 IR, EF: None, DBS: None.
Out-of-focus fluorescence was rejected by a 90 um pinhole in
the detection pathway. Solution of Cyanine 5 in water was
used as references for the calibration of the confocal micro-
scope. Variable concentrations of protein solutions were
mixed after addition of MgCl, and fluorescently labelled
nucleotide. The drops were incubated on the glass slip surface
for 3 min, and monitored during this time by FCS. The
fluorescence autocorrelation functions were determined by
measurements of at least 10 repetitions with 30 s each. Con-
foCor 3-software 4.2, Excel 2003 and OriginPro 8 SR4 were
used to calculate the bound fractions and the dissociation
constants. A ‘Standard AC normalized triplet’ model was used
to determine the diffusion time of the fluorescently nucleo-
tides. The determined value was fixed for the fitting in the
titration experiments, whereby the ‘Standard AC2 diffusion
coefficients normalized triplet’” model has been used, which
takes two components into consideration. The second param-
eter was determined and fixed during the calculations to
determine the bound fractions and autocorrelation functions,
which were analyzed in Microsoft Excel and the figures,
generated in OriginPro 8. The resulting sigmoidal non-linear
curve fit was used to calculate the binding constant.

Intrinsic tryptophan fluorescence measurements

A Varian Cary Eclipse spectrofluorimeter was used, and all
experiments were carried out at 20 °C. The intrinsic trypto-
phan of Fg;_19; was excited at 295 nm, and the emission was
recorded from 310 to 380 nm with excitation and emission
band passes set to 5 nm. For titration of the tryptophan
fluorescence of peptide Fgi_.19; with ATP, the emission
wavelength was 338 nm. Before use, peptide Fgi.19; and
increasing amounts of ATP were incubated in a buffer of
50 mM Tris/HCI (pH 8.0) for 5 min.

Isothermal titration calorimetry (ITC)

Mg-ATP was titrated against 15 uM of M. mazei G61 Fg;_10;
in a VP-ITC micro-calorimeter (Microcal, Northampton, UK).
Fg1.101 was maintained in sodium phosphate buffer (pH 6.5) at
25 °C and titrated in steps of 10 ul. The heat of dilution,

determined by titrating Mg-ATP into buffer, was subtracted
from the raw data before curve fitting and refinement. The
dissociation constant of Mg-ATP to Fg;_19; was determined by
least squares method and the binding isotherm was fitted using
Origin v7.0 (Microcal) assuming a single-site binding model.

Molecular modeling and dynamics

The preparation of the initial M. mazei G61 subunit B-F
complex has been described in detail in our previous paper
(Raghunathan et al. 2010). The binding mode of ATP at
transition states 1, 2 and final binding site 3 were carefully
reconstructed on the subunit B and the complex of B-F
based on the crystal structures. Molecular dynamics simu-
lations (MD) were carried out for 1) ATP bound to subunit B
as captured in transition states I and II as well as in its final
binding position III and, 2) ATP bound to the complex of
subunits B and F, resulting from the docking at transition
states I and II as well as in its final binding position III; this
resulted in a total of six MD simulations of 10 ns each.
Further, MD simulations on a model system of ATP bound
to the Fg_10; as predicted by NMR, ITC and fluorescence
spectroscopy were carried out.

For each system, the minimization, equilibration and sim-
ulation procedures were as outlined earlier (Raghunathan et al.
2010). Briefly, molecular dynamics simulations in explicit
solvent conditions employing the TIP3 (Jorgensen et al.
1983) model of water were conducted using the CHARMM
force field (MacKerell et al. 2000; Mackerell 2004;
Mackerell and Nilsson 2008) employing the NAMD (Phillips
et al. 2005) package. The electrostatic interactions were mod-
elled using the particle mesh Ewald (Darden et al. 1993)
summation method and the van der Waals energies were
computed using a smooth (1012 A) cutoff. Following min-
imization, heating and equilibration, production runs over
10 ns in the NpT ensemble using the Nose-Hoover Langevin
piston pressure control (Martyna et al. 1994; Feller et al. 1995)
in NAMD were performed. The trajectories were analyzed
using CHARMM (Brooks et al. 2009) and Wordom (Seeber et
al. 2007). Clustering was implemented in the statistical pack-
age R (R Development Core Team 2008) and all pictures were
made using PyYMOL (DeLano 2002).

The binding enthalpies of ATP binding to the proteins (in
the presence of Mg>") were determined using the MM-GB-
SA methodology (Srinivasan et al. 1998; Kollman et al.
2000). While the simulations are indeed carried out in
explicit solvent where the electrostatics is modeled by the
particle mesh Ewald method, these results in energy terms
that are not pair wise additive and hence reveal no details on
the interaction between selected residue pairs. The applica-
tion of the post-processing MM-GB-SA technique involves
calculation of various energy terms contributing to the en-
thalpy of binding such as electrostatics, determined under

@ Springer



216

J Bioenerg Biomembr (2012) 44:213-224

the Generalized Born approximation which makes it possi-
ble to study the interaction profiles between residue pairs.
The enthalpy of binding, AH is inherently composed of two
terms 1) the change in molecular mechanics (MM) free
energy upon complex formation denoted by AHy, and 2)
the enthalpic contribution arising as a result of solvation
denoted by AHg,y,. The molecular mechanics term is further
decomposed into a van der Waals and a Coulomb term
(AHym = AHygw + AHgee), while the solvation term is
further divided into a polar and non-polar component
(AHsolv = AHpolar—GB + AHnon—poloar—SA)‘ The GBSW (Im
et al. 2003) module as implemented in CHARMM was
employed to evaluate the (Generalized Bonn GB approxi-
mation) polar component of AHg,, while the non-polar
component was evaluated from the solvent accessible sur-
face area (SA) using a probe radius of 1.4 A according to the
equation (AHpon—poloar—sa = YASA + B), where v, the mac-
roscopic surface tension coefficient and (3, the offset were
set to their standard values of 0.00542 kcal mol ™' A2 and
0.92 kcal/mol (Sharp et al. 1991; Sitkoff et al. 1994). Addi-
tionally, the temperature was set to 300 K and the salt
concentration was set to 0.15 M.

Given the prohibitively large sizes of the complex (~550
residues), the entropic aspects of the binding process cannot
be adequately addressed using molecular dynamics simu-
lations. This is because the common methodology adopted
is to either computing the vibrational or less commonly,
the quasi-harmonic entropies (Levitt et al. 1985; Chang et
al. 2005). The vibrational entropy requires the diagonal-
ization of the Hessian, which is the matrix of the second
derivatives of the potential energy with dimensions
3 N*3 N (N being the number of atoms) and can become
huge as the number of atoms in a system increases. Here
we attempt to correlate the enthalpic component of the
binding energy with that inferred from experimental
techniques.

Results and discussion

Structure, dynamics and thermodynamics of the subunit
F-ATP complex

The solution structure of Fg;_jo; exhibits a defined loop for-
mation at it’s very N-terminus (Raghunathan et al. 2010), being
part of the glycine rich sequence ,sGCSGSGSTSgq, reflecting
a phosphate loop (P-loop) motif GXXGXGKTV (Walker et al.
1982). Surface representation of the NMR structure shows the
presence of both positive and negatively charged surface areas.
Residues Arg88, Lys92 and Lys101 form the positively
charged area; residues Glu89 and Asp98 formed the negatively
charged surface area (Fig. 4 in (Raghunathan et al. 2010)).
Zero-length cross-link data (Schéfer et al. 2006a, b) and
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intrinsic tryptophan fluorescence spectroscopy (Gayen et al.
2007) showed that the association of subunit B and subunit F
occurs via the C-termini of both subunits. Thus, it might be
possible that cationic regions on the extended C-terminus of
subunit F may interact with the anionic patches on the ventral
face of B.

To study the nucleotide-binding features of subunit F,
fluorescence correlation spectroscopy (FCS) using fluores-
cently labelled ATP and ADP was performed. As a refer-
ence, the mean count rate per Cyanine 5 (Cy5) fluorophore
was determined to be 79.9+0.2 kHz. The fluorescent nucle-
otide derivatives MgATP ATTO-647N and MgADP ATTO-
647N showed a mean count rate of 38.3+1.5 kHz and 19.8+
2.1 kHz. The characteristic diffusion times for Cy5 (59.6+
1.6 pus) MgATP ATTO-647N (84.34+3.3 us) and MgADP
ATTO-647N (80.1+4.5 us) were determined by fitting the
autocorrelation functions. The autocorrelation curves of the
fluorescent nucleotide analogues and the increased concen-
trations of subunit F are shown in Fig. 1. The increase of the
mean diffusion time Tp was due to the increase in the mass
of the diffusing particle, when fluorescently labelled nucle-
otide interacts with subunit F. Binding constants of 455.6+
3 uM for Mg-ATP and 449.0+2 uM for Mg-ADP were
determined (Fig. 1).

Fgi.101 forms the nucleotide-binding epitope in subunit F

To prove, whether the C-terminal region of subunit F, Fg;_yo1,
which includes the glycine rich sequence 7,3GCSGSGSTSgg,
is able to bind ATP, "H-'"N HSQC experiments were done in
the absence and presence of different concentration of the
nucleotide. An overlaid 'H-'N HSQC spectra of Fgy.jo; in
the absence and presence of increasing concentration of ATP
is shown in Fig. 2a. With the addition of ATP, the maximum
chemical shift change occurs for residues Gly83, Ser84,
Thr85, Val95, Val97, Trp100 and Lys101, whereas residues
Leu87, Arg88, Glu89, Asp98 and Leu99 have medium chem-
ical shift change and residues Ser86, Lys90, 11e91 and Ala94
have no or minimum chemical shift change. The change of
peak position can occur due to ATP binding as well as binding
induced conformational change. A model fitting of ATP into
the Fyim (s1-101) structure reveals close contacts of the nucle-
otide to the P-loop as well as cation-7t and 7t-7t* interaction of
Arg88 and Trpl100 with the adenine-ring, respectively
(Fig. 2b). -, - and y-phosphate are in close proximity to
the residues Ser84, Thr85 and Ser82 with distances of distance
3.04 A, 2.30 A and 4.02 A, respectively.

Since the NMR-titration experiment of Fg;_19; with ATP
has shown that the only tryptophan residue (Trpl100) of
the peptide undergoes a shift in the HSQC spectra after
addition of ATP, we used intrinsic tryptophan fluorescence
spectroscopy to confirm and to quantitatively evaluate the
binding of the nucleotide to the Fg;_19;. The corrected
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Fig. 1 Determination of the
binding traits of subunit F to
fluorescently labelled
nucleotides via FCS titration
experiments. Normalized
autocorrelation functions of
MgATP ATTO-647N (a) and
MgADP ATTO-647N (b) alter-
natively obtained by increasing
the quantities of subunit F.
Concentration dependent bind-
ing of binding of MgADP
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tryptophan fluorescence spectrum of Fgy_ 1o, reveals the
emission maximum of the peptide at 339 nm (data not
shown). The intensity dropped by 21% after addition of
ATP, indicating that the significant drop in fluorescence is
also caused by the interaction of Trp100 and the nucleotide.
To quantitate the spectra, the binding of ATP to Fg_19; was
measured using fluorescence quenching at 339 nm, and the
result is presented in Fig. 2c. The titration curve has a hyper-
bolic shape from which a binding constant (Kp) of 560 uM
could be determined. In a second quantitative approach using
isothermal titration calorimetry the profile (Fig. 3) for Mg-ATP
binding to Fgi.19; gives a negative free energy change (AG
(kcal/mol) = —4.26) for the binding reaction and suggests that
the overall reaction is favourable. The curve fitting was done
using a one site model (Fig. 3). The K was calculated to be
510 uM and thus is in accordance with the fluorescence
experiment. Furthermore, the data demonstrate that Fgy_j¢; is
the segment of subunit F, enabling this stalk subunit to bind
nucleotides. The number of binding sites (N), enthalpy
(AH) and entropy (AS) changes of the binding event were
calculated as: N=1, AH (kcal/mol) = —26.1+3.8, TAS
(kcal/mol) = —21.9, respectively. A fitting of ATP into the
Fgi.101 structure reveals close contacts of the nucleotide to
the phosphate loop (P-loop) as well as cation-7t and 7-7t
(Dougherty 1996; Gallivan and Dougherty 1999; Dougherty
2007) interaction of Arg88 and Trpl00 with the adenine-
ring, respectively (Fig. 2b). Taken together, these studies
collectively draw on four different biophysical techniques
viz. fluorescence correlation-, NMR and intrinsic tryptophan
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fluorescence spectroscopy and isothermal calorimetry to un-
ambiguously show that subunit F as well as the peptide do
bind to the nucleotide. These results confirm previous data,
revealing that peptides with only 12 residues in length are
able to bind and recognize ATP in water (Butterfield and
Waters 2003).

To validate the proposed model of binding of ATP to
the P-loop motif of Fg;_j01; the free energy of binding of
ATP to the Fgy.10; in the model constructed above, was
determined from an 8 ns molecular dynamics trajectory
using the MM-GB-SA approach as described in the
methods section. The computationally determined value
of AH = —27.7+2.8 kcal/mol (the energy components
are summarized in Table S1) is close to the experimentally
determined value.

The vibrational entropy was further evaluated by analy-
sing the normal modes of the system (Brooks and Karplus
1983). Upon performing NMA, the entropy of binding was
determined to be 25.1+7.5 kcal/mol.

The value of entropy thus determined is within the error
limits of the value obtained from experiments (—21.9 kcal/mol).
The entropy of larger systems is notoriously time and memory
demanding. Given the prohibitively large sizes of the M. mazei
G061 subunit B and the subunit B-F complex, the entro-
pic aspects of the binding cannot be easily addressed
using molecular dynamics simulations and hence excluded
from the current study.

At the structural level, the MD trajectory reveals that the
ATP binds to Fgj_j9; with the adenine ring sandwiched

@ Springer



218

J Bioenerg Biomembr (2012) 44:213-224

105 o
96
LS
1
G383 osmy 09 -
Vo5
15, 1s 584
N Fo T IEs Qo3
s = ES  yer
(ppm) Sse® T L

120 92 {07
LI I K101
Dy & Roo ===

(37 “Loe
125 =e =
winn
L]
130
10.5 10.0 9.5 9.0 8.5 8.0 1.5

'H (ppm)

C

% fluorescence quenching
100 4

80
60 -

40

b=

20 4

1500 3000

ATP [uM]

0 500

@ Springer

4 Fig. 2 a Overlay of 2D 1H—ISN—HSQC spectra of Fgy_19; from M.
mazei GOl in the absence (red) and presence (blue, yellow and green)
of 8.33 mM, 16.6 mM and 30 mM Mg-ATP. The spectrum was
collected in a Bruker Avance 600 MHz spectrometer at 25 °C. b ATP
binding model for the peptide: pink, orange and light pink colour
residues represent the maximum, medium and no/minimum chemical
shift change respectively in the HSQC spectrum upon ATP addition. ¢
Intrinsic tryptophan fluorescence titration of Fg;_1; with ATP. Excita-
tion was at 295 nm and the emission was measured at 339 nm

between the residues Arg88 and Trpl100, while the phos-
phate moiety interacts with Ser84. A breakdown of the
enthalpy into its components shows that while there is a
significant electrostatic interaction between the ATP and
subunit F, nevertheless, the burial of the charged groups
involved in making these interactions incurs a high penalty
of desolvation, with the result that the binding is driven by
van der Waals interactions. The close agreement of the
enthalpic component of the binding affinity derived from
our computational studies with the binding enthalpy mea-
sured from experiments supports the fact that the MM-GB-
SA protocol thus designed is appropriate for the purposes of
this study.

Dynamics of the B-ATP complex and binding profile
of ATP at sites 1, 2 or 3

It has been hypothesized (Kumar et al. 2008; Manimekalai
et al. 2009) that the binding of ATP to subunit B of the M.
mazei G61 A-ATP synthase goes through two intermediate
states (site 1 and site 2) to its final binding site 3 (Fig. 4a).
The two intermediate states have been identified using crys-
tallography and fluorescence spectroscopy (Kumar et al.
2008, 2009; Manimekalai et al. 2009); however the complex
with the final binding site occupied is yet to be resolved.
Nevertheless, it is reasonable to assume that the final bind-
ing site of the nucleotide in subunit B would mimic that of
the known nucleotide binding site in the homologous «
subunit of F{F5 ATP synthase, because of the highly con-
served nature of the residues in the binding pocket and the
overall similarity in structure and the mapped covalently
bound nucleotide analogue in subunit B of the M. mazei
Go61 AjAp ATP synthase (Schéfer et al. 2006a, b).

The B-factors (Willis and Pryor 1975) of the C-alpha
atoms (Figure S1) give an indication of the fluctuations
experienced by the subunit B protein in the crystal structures
(free form, with ATP bound at site 1 and with ATP bound at
site 2). Figure S2a describes the fluctuations along the
trajectory as experienced by each residue of subunit B
(when not complexed with subunit F), when the nucleotide
is bound to sites 1, 2 or 3. The residues that undergo major
changes (localized in the C-terminal region) are shown in
figure S3 (black line). It is clear that regions that are distant
from the nucleotide binding sites also undergo perturbations
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and are mostly charged residues; this is not surprising given
that the nucleotides are highly charged. The region near
residues 268-270, undergoing large fluctuations, is a loop
with Arg and Gly residues that clearly respond to the pres-
ence of the charged nucleotides, despite being distant from
the binding sites. The changes highlighted (by black arrows)
allude to the fact that major fluctuations, indicative of local
dynamics, occur only when the nucleotide inhabits site 1 or
site 2. The nucleotide bound at site 3 does not instigate large
fluctuations on the surface of subunit B.

The MD trajectories further reveal that the nucleotide
adopts multiple binding modes at the intermediate sites 1
and 2 (Fig. 4b Al, 4B1), characterized by a large degree
of both rotational and translational motions. However,
the nucleotide binding mode at site 3 is highly clustered
(Fig. 4b C1). The observation of multiple binding modes
of the nucleotide at sites 1 and 2 and higher degree of
fluctuation of residues on subunit B associated with these
two binding sites is in accord with the observation that
the nucleotide locations at site 1 and site 2 are captured
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Fig. 4 Structure of M. mazei G61 subunit B complexed with F shown
in cartoon representation with translucent surface (white). The ATP at
transition site 1, site 2 and final nucleotide binding position 3 are
indicated in spheres. On the right, ensemble of binding modes of

as transient intermediates in the crystal structures (Kumar
et al. 2008, 2009; Manimekalai et al. 2009). Further, the
decreased fluctuations on subunit B, when the nucleotide
is bound at site 3 is combined with the observation of a
tighter binding mode adopted by ATP, substantiates our
assumption of site 3 as the final binding site of ATP on
subunit B.

To gain a quantitative insight into the energetics as well
as the conformational changes accompanying the binding of
the nucleotide at the two intermediate sites and the final
binding site on subunit B, we have computed the enthalpic
component that drives the association of the nucleotide to
subunit B using MD simulations.

Given the variance in binding modes of ATP, we compute
the binding energetics of the nucleotide after adopting a

@ Springer

ATP with respect to subunit B obtained after clustering. A1, Bl and
C1 denote the binding modes of ATP on subunit B in the absence of
subunit F while A2, B2 and C2 depict the binding modes of ATP on
subunit B in the presence of subunit F

clustering scheme as shown in figure S4 (based on the
measurement of critical dihedral angles as well as the dis-
tance between the P, of the ATP and the residue on subunit
B that contributes maximum towards its affinity), that
allowed for the identification of structures that most accu-
rately reflect the multiple binding modes (Fig. 4b A1 to C2).
The probability of the nucleotide adopting a certain binding
mode was reflected by the cluster size. The enthalpy thus
obtained by clustering and then summing over the popula-
tion of each cluster could be a more realistic reflection of the
underlying process of nucleotide binding and would better
reflect the affinity of ATP towards the particular site (in
contrast to taking an average over the trajectory). The bind-
ing mode of ATP at site 3 (Fig. 4b C1) is much less
proliferated as compared to the modes adopted at site 1
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and site 2. However, the clustering algorithm was adopted to
estimate the binding enthalpy at site 3 as well. Table S1
reveals that the binding affinity of ATP for subunit B fol-
lows the trend: site 2 (—47.4) > site 3 (—31.9) > site 1
(—16.1). A residue wise decomposition of the interaction
energy reveals that the binding of nucleotide to subunit B
at site 2 is mainly driven by electrostatic interactions with
the side chains of residues Arg334", Arg379, Lys335 and
Arg382. This is followed by site 3, where residues Arg334",
Arg330” and Arg413 contribute towards nucleotide affinity.
Finally, residues Argd43”, Lys365", Arg349" and Arg396
contribute the most at site 1. The residues marked with the
superscript (*) are highly conserved across the homologues
of subunit B in the A- and F- ATP synthases as well as V-
ATPases (Fig. 7 described in Kumar et al. 2009).

Dynamics of the subunit B-F-ATP complex and binding
profile of ATP atsite 1, 2 or 3

Figure S2b and figure S3 (red line) describes the fluctua-
tions along the trajectory as experienced by each residue of
subunit B (complexed with subunit F) when the nucleotide
is bound at site 1, site 2 or site 3. It is interesting to note that
the residues on subunit B become sequestered when nucle-
otide binds at site 1 and 3 in the presence of subunit F.
However, the presence of subunit F causes prominent fluc-
tuations in the residues between 260 to 280, 340 to 360 and
380 to 400 (indicated by arrows). These regions are either in
the vicinity of the nucleotides at site 1 and site 2 or are in the
flexible and charged 268-270 loop region. Barring the var-
iability in the rm.s.f. for residues between 340 and 360
when nucleotide is bound at site 1, the residues on subunit
B appear to consistently experience enhanced fluctuations
when the nucleotide is bound at site 2 (Fig. S3). Nucleotide
binding at site 3 causes least perturbations to the residues of
subunit B. Interestingly, the network of residues that exhibit
enhanced fluctuations and interactions when nucleotide is
bound at site 1 or site 2 (Fig. S2 and S3) suggests the
occurrence of an asymmetry in perturbations, that ensures
a directionality for the movement of nucleotide from site 1
towards site 2 (Fig. S5a) and from site 2 towards site 3
(Fig. S5b).

Next, we enquire into the nucleotide affinities at the three
sites of subunit B in the presence of subunit F. A clustering
scheme (Fig. S4), as described in the previous section was
adopted, to identify the most probable binding modes. The
resulting enthalpy of binding (in kcal/mol) reveals that ATP
affinity for subunit B (Table S1) follows the trend in kcal/mol:
site 3 (—45.3) > site 2 (—33.6) > site 1 (—20.9). This switch to
site 3, being the highest affinity site in subunit B in the
presence of subunit F, suggests that conformational changes
in subunit B are important for this to occur. Residue wise
decomposition of the interaction energies reveals that binding

of nucleotide to subunit B at site 3 is mainly driven by
electrostatic interactions between the charged phosphate of
the ATP and the backbone of Asp158, Asnl57 and His156.
Further, stacking between Trp416 and Tyr338 and the adenine
moiety of the ATP contributes to the 7-7t interactions. This is
also reflected in the favourable van der Waal component of
binding at site 3 in the presence of subunit F (7.7 kcal/mol).
Finally, an Mg**-mediated interaction between Glul89 and
the phosphate tail of ATP is noted. This is followed by site 2,
where interactions between side chain of Arg330 and phos-
phate of ATP, side chain of GIn325 and ATP N6 and Mg*'-
mediated interactions between the ATP phosphate and Val328
and Ser150 backbone contribute towards nucleotide affinity.
Finally, Mg**-mediated interaction between the phosphate
and Gly377 and polar contacts between the phosphate of
ATP and Arg396 hold the ATP at site 1.

Collectively, the structural and thermodynamic investiga-
tions reveal that subunit F, when complexed with subunit B
has a twofold effect; (a) at the structural level, it amplifies
the fluctuations on subunit B in the vicinity of nucleotide
binding site 2 and (b) at the thermodynamic level, the
affinity of nucleotide for subunit B shifts towards the final
binding site 3 with a decrease in the affinity at site 2.

Implications on nucleotide affinity when subunit F binds
to subunit B

Figure 5 suggests that the incoming subunit F upon
complexation with the C-terminus of subunit B shifts
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Fig. 5 The change in enthalpic component of the binding affinity of
the ATP to M. mazei G61 subunit B plotted as a function of the binding
site obtained from the optimized MM-GB-SA protocol applied to a
10 ns molecular dynamics trajectory. The black line indicates the
enthalpy trend, when subunit B is uncomplexed, while the red line
indicates the binding trend of ATP to subunit B in the presence of
subunit F
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the propensity of nucleotide binding towards site 3. This
is achieved by a simultaneous increase in enthalpic affinity of
nucleotide at site 1 (AAH = 4.8 kcal/mol) and site 3
(where AAH = 13.4 kcal/mol), while the enthalpic com-
ponent of binding is destabilized by ~14 kcal/mol at site
2 of subunit B upon subunit F binding. Principle com-
ponent analysis (Fig. S6) provides further evidence that
the nucleotide binding is “tightened” at sites 1 and 3
upon subunit F interaction, while the increase in scatter
in the PC1 vs. PC2 is indicative of a “loosening” of the
affinity at site 2 (Fig. S6).

These simulations suggest that the binding of subunit F to
subunit B facilitates the migration of ATP towards its final
binding site 3 by causing a local perturbation that in turn
leads to a decrease in the enthalpic binding affinity at site 2
and a substantial increase in the binding of ATP at site 3
(and site 1). The difference in these affinities provides a
gradient that allows for a smooth transition from site 1 to
site 2 and finally to site 3 in the presence of subunit F (red
line in Fig. 5). In contrast, our data indicate that, if subunit F
was not to bind to subunit B, the nucleotide would be caught
in a transient binding mode at site 2 and would be incapable
of transitioning to its final binding site 3 (black line in
Fig. 5).

Interactions of Fg;_1¢; with subunit B in the presence of ATP
at sites 1, 2 or 3

In a previous work, we employed restraint based docking to
propose a model of the B-F assembly based on experimental
distance restraints derived from intrinsic fluorescence

1

Fig. 6 Schematic representation of the effect of M. mazei G61 subunit
F binding to subunit B. Three stages are described; firstly in stage 1,
the retracted C-terminus of subunit F elongates to make productive
contacts with the C-terminus of subunit B. This initiates the migration
of ATP from site 1 towards site 2. Next in stage 2, the binding of

@ Springer

spectroscopy and biochemical cross linking (Schéfer et al.
2006a, b; Gayen et al. 2007). Intrinsic tryptophan fluores-
cence spectroscopy placed Trpl00 of the M. mazei Go61
subunit F in the vicinity of Trp430 of subunit B. Further,
biochemical cross linking placed the stretch of residues
ssREKIKg, on F close to the region spanning 390EAL-
SERDTKj39g of subunit B. These regions continue to make
productive contacts that confer structural stability to the B-F
complex in the presence of the nucleotides at the three sites.
We used two measures to probe the interactions between the
C-terminal region of subunit F and subunit B with the
nucleotide occupying one of the possible three sites de-
scribed earlier. At the thermodynamic level, we calculated
the binding enthalpy between these regions (Table S2) and
at the structural level, we monitored the distribution of the
C-alpha distances between the regions Fg;_1; and subunit B
over the entire trajectory (Fig. S7) for the three cases. The
enthalpy data as summarized in Table S2 reveals that the
binding enthalpy between Fgi_19; and subunit B is enhanced,
when the nucleotide occupies sites 2 and 3. While the binding
at site 3 is more electrostatically driven, the binding at site 2 is
determined by the packing environment as suggested by the
favourable van der Waals term. In contrast, Fgi_jo; exhibits a
reduced affinity for subunit B when the nucleotide occupies
site 1. A combined effect afforded by a less favorable electro-
static term (compared to site 3 case) and adverse packing
(compared to site 2) accounts for this decrease. Figures S8
and S9 describe the residue wise decomposition (at the C-
termini of subunits B and F) of the electrostatic and van der
Waals components of the interaction energy. At the structural
level, the distribution of C, distances between Fg;_19; and

subunit F to subunit B is enhanced, simultancously resulting in the
migration of ATP from site 2 towards site 3. Finally in stage 3, after
ATP has occupied its final binding site 3, the C-terminal region of
subunit F unbinds from the C-terminus of subunit F and readopts a
retracted, helical structure
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subunit B suggests a higher degree of closeness, when the
nucleotide is bound at site 2. This distribution suggests that in
the presence of an occupied site 2, the two subunits come
closest to each other and may enable the nucleotide to migrate
to site 2 or to site 3, exhibiting a transient state like character.
Of course, the enthalpy of binding to site 1 is weakened
by ~5 kcal/mol when the two subunits are together, while that
at site 3 is strengthened by ~13 kcal/mol, thus suggesting that
the nucleotide will migrate preferentially to site 3.

Taken together, it is conceivable that the binding of Fg;_10;
to subunit B is a continuous process with the incoming C-
terminus of F converting from a helical to an extended form
and imparting perturbations that encourage the drift of ATP
from site 1 towards site 2. A further tightening in the binding
of Fg1.19; with subunit B accompanies the migration of ATP
from site 2 towards site 3. Once the ATP has occupied its final
binding location (site 3), it is expected that Fg;_;9; undergoes a
“loosening” from subunit B and goes back to adopting a
helical structure. This anticipated loosening of Fg;_jo; is well
reflected in the distribution of Cx distances between Fgi_jo;
and subunit B (green line in Fig. S7). Unfortunately, this event
is not adequately reflected in the binding energetics where the
difference in enthalpy of binding between Fg;_19; and subunit
B, when nucleotide occupies site 2 and site 3, is negligible
(Table S2). The complete binding and unbinding processes of
Fg1.101 to subunit B may occur at the millisecond timescale,
while the scope of our study is to address the events
immediately following 1) the conversion of the retracted
state of Fgy_101 to an elongated state and 2) binding to subunit
B, when nucleotide is at site 1; and immediately preceding 1)
the unbinding of Fg;_j¢; from subunit B once the nucleotide
has reached site 3 and 2) reconversion of the elongated Fg;_10;
to a retracted, helical form at the nanosecond timescale
(Events summarized in Fig. 6).

In summary, the conformational and energetic coupling of
the membrane bound A with the soluble A3B; headpiece in
archaeal ATP synthases has been addressed using a combina-
tion of experimental and theoretical methods. In a previous
work (Raghunathan et al. 2010) we reconstructed the model of
the subunit B-F complex of M. mazei G61 based on biochem-
ical and tryptophan fluorescence spectroscopy derived distance
restraints. This model shed light on how the A; and Ap motor
elements of the ATP synthase interact with each other at the
atomistic level. NMR, FCS, intrinsic tryptophan fluorescence
spectroscopy, ITC and molecular dynamics simulations were
employed to further extend this investigation to reveal, why
this coupling of subunit B and F is of paramount importance
for the suitable transfer of energy from Ao, via the stalk, to A,
of the enzyme. Combining crystallography and molecular
dynamics simulations in explicit solvent has revealed that the
nucleotide, when bound to subunit B, occupies one of
the two intermediate binding sites 1 and 2. Only upon the
elongation and binding of the C-terminus of subunit F to the

C-terminus of subunit B does the nucleotide migrate from site
1 via site 2 to its final binding site 3. When the nucleotide
occupies site 2, the complex assumes a transition state like
character and the large stabilization of site 3 occupation,
compared to site 1 occupation (which actually undergoes a
destabilization), appears to drive the reaction forward, i.e. the
migration of ATP from site 2 to site 3.
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