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Abstract The conformational equilibria of Mg-ATP in
solution is studied using molecular dynamics (MD)
augmented with umbrella sampling methods. Free en-
ergy comparisons show that the Mg”>" ion is equally
likely to coordinate the oxygens of the two end phos-
phates, or of all three phosphates. The MD trajectories
reveal two major degrees of freedom of the Mg-ATP
molecule in solution, and we compute the free energy as
a function of these variables, and determine its elastic
properties. Comparing the free energy function with
several crystallographic structures of ATP analogs, we
find that the crystal structures correspond to states
where ATP would be elastically strained. The average
water density around Mg-ATP is investigated to show
the average number of hydrogen bonds and the hydro-
phobicity.

Introduction

Adenosine triphosphate (ATP) is a universal fuel for
living systems. Protein motors such as myosin, kinesin,
ATP synthase, and various AAA proteins (ATPases
Associated with various cellular Activities), use ATP as
the energy source to power their conformational chan-
ges. Understanding the transduction process between
chemical energy and mechanical work is crucial to
understanding the mechanisms of all these biological
processes. The path to this understanding would be ai-
ded by a more complete description of the properties of
Mg ATP in solution, for this is the form that is captured
by the catalytic sites of ATPases.
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The docking of ATP into the catalytic site is neces-
sarily accompanied by dehydration of the nucleotide and
the catalytic site, for water molecules must be released
into solution from each putative hydrogen bonding site
before the enzyme-ligand bond can form. Thus, under-
standing the process of ATP binding must rely on
quantitative estimates of ATP interaction energies with
water and the enzyme amino-acid residues. To under-
stand the initial binding step, a realistic description of
the ATP molecule in its various conformations is
necessary. This paper reports on such a description
obtained through molecular dynamics (MD) simulation
augmented with the umbrella sampling method. The
conformations considered are those for ATP solvated in
water. The predominant protonated structure of ATP at
pH =7 is used (the chemical structure is shown in Fig. 5
of Appendix A). Two parameters sets, CHARMM
parameter set (Pavelites et al. 1997) (MacKerell et al.
1998) and Minehardt parameter set (Minehardt et al.
2002), were used in the simulation. The details of the
simulation are available in Appendix B.

Coordination of the Mg2* ion

Experiments using *'P NMR, chemical shifts, and cou-
pling constants from various sources have sought to
determine how Mg®* coordinates with ATP in solution,
but the results have been equivocal. Some experiments
suggest that Mg>" coordinates one oxygen atom from
each of the three phosphates, although somewhat
weakly for the a-phosphate (Kuntz et al. 1973; Mildvan
1987). Other experiments suggest that Mg® " coordinates
one oxygen atom from the y-phosphate and one oxygen
atom from the f-phosphate (Cohn et al. 1962). .

In our simulations, a threshold length of 2.2 A is
used to determine which oxygen atoms are coordinated
to the Mg>" atom. Interestingly, the coordination de-
pends on the initial conditions of the molecule. That is,
simulations starting from the two coordination state
(Mg>" coordinating f- and y-phosphates) persist for
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more than 1 ns; starting from the three coordination
state (Mg?" coordinating «-, - and y-phosphates), the
coordination remains in this three coordination state for
more than 1 ns. Therefore, there is a high barrier be-
tween these two states so that they do not easily switch.
For all the coordinated oxygen atoms of ATP in
the simulations, the sampling dlstrlbutlons all peak at
1.8-1.85 A from the center of the Mg atom, with
standard deviation less than 0.055 A. All other unco-
ordinated atoms are 3 A away from the center of the
Mg?" atom. These distributions validate the coordina-
tion threshold of 2.2 A we used.

In order to understand the preference of these two
states, we carried out an umbrella sampling study to
connect these two coordination states (Chandler 1987;
Frenkel et al. 2002). Because the only configurational
difference between these two states is the Mg?" coor-
dination to one oxygen atom of the a-phosphate, we
used the distance between this oxygen atom and Mg?*
as the order parameter, and constrained other oxygen
atoms so that no extra oxygen atoms could be coordi-
nated in each umbrella sampling window. By connecting
the free energy in different windows, we can plot the free
energy curve between these two states as shown in
Fig. 1. A barrier of ~ 18 kgT separates these two states.
However, the order parameter we chose may not reflect
the real transition path between these two coordination
states. Thus the energy barrier along the real transition
path might be lower than the one we obtained. Never-
theless, the barrier must be significant in order for the
states to be stable over the simulation times. The free
energy difference between the two states is only of the
order of 1 kg7. The curve shown in the figure was ob-
tained using the CHARMM parameter set, but the curve
obtained from the Minehardt parameter set is practically
the same. These simulations suggest that Mg®" is

25 T T T T
%P P P

rcrrcrrtrwenosm

-Q

20

P P9
-0"P-0"P~O PO ADENOSINE
Q o O
151 Mg+2

Free Energy (kgT)

02A-MG Distance (A)

Flg 1 The free energy between the state where Mg coordinates

, B-, y-phosphates and the state where Mg>* coordinates f-,
,)phosphates The results were obtained by umbrella sampling
using CHARMM parameters

equally likely to coordinate f5-, y-phosphates or o-, -,
y-phosphates. This may explain why there is still con-
troversy in the experimental results. In the following
simulation results for Mg-ATP, only the state where
Mg>* coordinates to f-, y-phosphates was explored.
The coordination for Mg-ADP has also been investi-
gated and is discussed in Appendix C.

The conformational equilibria of Mg-ATP in solution

A body-fixed coordinate system is placed on the adenine
ring, which does not experience significant distortions in
the simulation. Several dihedral angles are involved in
the motion of the molecule. In terms of largest confor-
mational changes of the molecule, the detailed changes
in these dihedral angles all result in the deformations
of the terminal atoms. The trajectory points of the
y-phosphorus relative to the reference frame form a
“bowl” shape (see Appendix D), suggesting that the
motion can be described by a simple spherical coordi-
nate system. Using the least squares method we located a
spherical coordinate center for this “bowl” of points.
This spherical center is statistically the center of motion
of the y-phosphorus and it reflects the collective effect of
all the intervening dihedral angles. The bowl is “thin”
since the trajectory points measured from this center are
roughly the same, with mean radius (r)=28.92 A and
standard deviation of the radius of 0.45 A. Because
variations in radius, r, are small, we use the circumfer-
ential angle, 0, and the azimuthal angle, ®, as the pri-
mary conformational coordinates. This spherical
coordinate system is shown in Fig. 2.

The free energy function

Based on statistics collected with umbrella sampling, the
free energy function in the 6-® coordinates can be
estimated by the histogram method (Frenkel et al. 2002).
For comparison, the free energy surfaces for Mg-ATP
and Mg-ADP using straightforward MD simulations are
given in Appendix E. Binning the variables 6 and ® gives
the distribution p(6, ®), from which the free energy
function is constructed, F(0, ®)=—kgT In p(0, ®). By
subtracting the imposed potential energy from each
sampling window, we connect each individual free en-
ergy surface together to obtain the global free energy
surface (Ferrenberg et al. 1989). The free energy contour
projected onto the (0, ®) base plane for Mg-ATP in
solution using CHARMM parameters is shown in
Fig. 3A. The low free energy region (i.e., the region of
the preferred configurations of Mg-ATP in solution) is
between 0~30° to 40°, and ®~—15° to +15°. Accumu-
lated averages were carried out to demonstrate the ap-
proach to an equilibrated average, and the error in the
free energy is of order 0.2 kg7 or smaller.

Figure 3A also shows the locations of the p-phos-
phorus of several ATP-analog molecules in different
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Fig. 2 Stereo view of location
of the y-phosphorus in the 0-®
coordination. 6 is the
circumferential angle in the
original x—y plane and @ is the
azimuthal angle. The center of
the spherical coordinate is
defined by least squares from
the distance of sampling points

Fig. 3 A The free energy A 80 T T J T T
contour map of Mg-ATP in

water mapped to the 6—® plane

with locations of the ATP- 60
analog crystal structures

marked. The map was obtained

by umbrella sampling using 40
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B Stereo view of Mg-ATP for -20} 7
the configuration close to the

minimum free energy (0 =35.6°, 6
®=-10.2°) and the Mg-ANP of —40F

the ATP synthase crystal 5

structure. The minimum energy
configuration is shown opaque -60¢
and the crystal structure is
shown transparent. The .
coordination is defined as in -80F ——
Fig. 2, so that the adenine rings -150
overlap each other. The

triphosphate angles 6 and ® are

shifted, indicating the strained

configuration in the crystal B
structure

crystal structures. The ATP-analog molecules in pro- free energy of ATP in solution. This suggests that, in
teins are all located in the energy well around 0~35°, but the crystal, these ATP-analogs either reside in strained
none are at the point we have estimated as the minimum  states, or their minimum energy configurations are
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different than ATP because of their different structures.
The figure shows the ATP molecules in ATP synthase
and two kinds of myosins are in the states close to each
other, while in T7 helicase and GroEL chaperonin they
are in other distinct states. Figure 3B shows a stereo
view of Mg ATP for the configuration close to the
minimum free energy (0=35.6°, ®=-10.2°) and
Mg-ANP of the ATP synthase crystal structure. The
minimum energy configuration is shown opaque and the
crystal structure is shown transparent. The configuration
of Mg-ANP of ATP synthase is used because it is the
one closest to the global minimum free energy. By the
coordination described above, the adenine rings overlap
each other. The triphosphate angles 6 and ® are shifted,
indicating the strained configuration in the crystal
structure. Thus the ATP analogs appear to possess dif-
ferent configurations in different protein catalytic sites,
and therefore are in different strained states. However,
according to the force field parameterization we have
employed, the free energies of the strained states range
only between 1 to 3 kgT above the minimum. Thus bond
strains may not play a major role in achieving the
transition state leading to hydrolysis.

The elastic properties of Mg-ATP

Our studies suggest that, in different crystal structures,
the enzyme-bound nucleotides are mostly in strained
states. Thus the elastic properties of the nucleotide may
play a role in coordinating adjacent atoms and motifs in
the catalytic site. The free energy surface obtained above
represents the flexibility of the molecule in solution. In
particular, the ATP molecule behaves as an anisotropic
mechanical beam bending in three-dimensional space,
whose elastic properties vary in different directions.
Around the minimum free energy in Fig. 3, we obtain
that the effective elastic constant in the @ direction
(keeping 0 constant) is about 25 pN nm™'. Similarly, we
fit a parabolic curve to estimate the effective elastic
constant ky in the 0 direction as 35 pN nm™' (see
Appendix F). The elastic properties considered here are
those in the basin around the free energy minima, where
most of the observed crystal structures are around.

We have shown that nucleotide analogs in various
crystal structures are mostly in a strained state. The
resulting strain, as shown in Fig. 3, is the accumulated
effects of all the surrounding hydrogen bonding and
other electrostatic forces. An elastic energy study of
F-ATP synthase has shown that the formation of
hydrogen bonds between the ATP molecule and the
residues in the catalytic site distort the S-sheet that ad-
joins the catalytic site, leading to elastic energy storage
in the f-sheet adjacent to the binding site (Sun et al.
2002). The elastic constants in the hinge-bending model
of the f-subunit are 4-10 pN nm™' (Wang et al. 1998).
Compared to the elastic properties we obtained, the
p-sheet is more flexible than the Mg-ATP molecule.
The induced fit driven by the hydrogen bonding forces

between the Mg-ATP molecule and the corresponding
residues in the catalytic site deform the protein itself
more than the ATP molecule. Thus the energy of
hydrogen bond formation is transferred more to the
protein than to the ATP molecule. The local strains in
the catalytic site propagate globally to the f-sheet and
other subunits so that the change in the strain field
around the catalytic site when Mg-ATP binds to the
enzyme provides additional insight into the protein
motions during the catalytic cycle.

The average water density around Mg-ATP

The distribution functions shown in Fig. 4 give the
average water densities at various locations around
Mg-ATP as predicted from the Minehardt parameter
set. Simulations with CHARMM parameters give
similar results. The horizontal axis is the distance from
the indicated atoms of the Mg-ATP molecule to oxy-
gen atoms of water molecules. The atoms in the figure
are selected because they represent different patterns of
distribution functions. All atom numbers shown in the
figure follow the numbering in CHARMM and are
illustrated in Appendix A. The average water density
was estimated from the number of water molecules per
unit volume within a certain distance interval, aver-
aged over a 2-ns trajectory. To facilitate reading the
figure the density of each atom is shifted by 1 on the
y-axis.

Most of the distribution functions shown in this
figure have water density peaks ranging from 1.8 to
3.1 A. These peaks correspond to the first layer water
shell forming hydrogen bonds with the Mg ATP
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Fig. 4 The water density around selected atoms of Mg-ATP. The
x-axis is the radial distance from the atom (with the atom name
shown on the right). The distribution functions are estimated from
the number of water molecules within a certain distance interval.
For visulalization, the density of each atom is shifted by 1 on the
y-axis. The data is obtained from averaging over 2-ns simulation runs



molecule. In the adenine ring, all the nitrogen atoms,
N1, N3, N6 (the bound H61 and H62), and N7 are the
potential hydrogen bonding sites. In double strand
DNA, adenine forms two hydrogen bonds at the sites of
N1 and one of the hydrogen atoms from N6 (H61 or
H62) with the corresponding thymine. As shown in
Fig. 4, the distribution function of atom N1 has a small
peak around 2.8 A, the average distance of an O-H-N
hydrogen bond. The reason this peak is relatively small
may be the small area accessible to solvent and the
blocking of nearby water structure. For atom H61, a
peak around 2 A is observed. This is the N-H-O
hydrogen bond including atom N6, and the distribution
function of atom N6 shows a peak around 3 A. The
distribution functions of N3 and N7 are similar to that
of N1, with higher peaks at 2.8 A. For atom C2, a peak
is shown at 3.5 A. This distance corresponds to the van
der Waals contact radii. The distribution function of H8
shows no peak at all, indicating that there is no coor-
dinated water around this atom. Without a clear first
shell of water molecules within 3.1 A, the threshold of
hydrogen bonds, C2 and H8 demonstrate the hydro-
phobic effect. In the ATP molecule, including adenine
and ribose, distribution functions of all carbon atoms
and hydrogen atoms bound to these carbon atoms show
hydrophobic characteristics similar to those shown for
C2 and HS. In the ribose ring, two hydroxyl groups and
the oxygen atoms O4’ are potential hydrogen bonding
sites. Distribution functions of 02’ and H2’ are shown in
Fig. 4. They are analogous to those of N6 and H61
shown above, with the peak for atom 02’ at 2.8 A, close
to the average O—H~O hydrogen bond length of 2.7 A.
The distribution functions of atoms in the triphos-
phate all show high peaks below 3 A. As examples, we
illustrate those for atoms O2G and O3G in Fig. 4, both
from the y-phosphate. The high peaks represent more
than one water molecule coordinated in the first shell by
the oxygen atoms of the triphosphate; possibly the
coordinated water molecules are concentrated in a nar-
row range of distances. Comparing the distribution
functions of O2G and O3G, the first shell peaks are at
different places. In the simulation, O2G is one of the
oxygen atoms coordinated by Mg®*. Thus, the hydro-
gen bonds between O2G and water hydrogen atoms are

33

somehow repelled by the strong positively charged
Mg®*, and the distance of the peak distribution is far-
ther than the one of O3G, which is free from Mg?"
coordination. The second and third water shells are
more clearly shown in the distribution function of O2G
than of O3G. This can be the effect of coordination of
Mg?* to surrounding water molecules to arrange them
more structurally. The distribution function of atom
02B, which is also coordinated by Mg ", is very similar
to that of O2G, and all other oxygen atoms of the tri-
phosphate follow the characteristics of O3G, except that
oxygen atoms in o- and f-phosphates have lower peaks
due to the less accessible area for water molecules. The
most dramatic peak for strongly charged Mg?" indi-
cates even more water molecules can be coordinated
simultaneously. A zero density region for Mg?* around
3A clearly shows that the first water shell is very tightly
bound, thus excluding second shell neighbors from
invading the first shell.

Different threshold distances were applied for dif-
ferent atoms of Mg-ATP to count the average number
of hydrogen bonds or salt bridges coordinated by each
atom of the molecule. We used the typical hydrogen
bond lengths available in the literature (for example,
see Stryer 1995) plus 0.1 A as the thresholds to deter-
mine how many water molecules are hydrogen bonded.
From the observation of the distribution function
shown in Fig. 4 we used a threshold of 2.2 A for
Mg”>". Table 1 shows the thresholds and numbers of
coordinated water molecules of atoms able to form
hydrogen bonds (or salt bridges for Mg?") averaged
over a 2-ns trajectory. The data in this table show that
most of the hydrogen bonds are in the triphosphate,
especially the y-phosphate.

When Mg-ATP enters the binding site, many hydro-
gen bonds originally formed with water molecules switch
to protein residues. Many crystal structures have dem-
onstrated that the protein residues which bind to the
triphosphate are highly conserved indicating that these
residues play a key role in recognizing the corresponding
hydrogen binding sites of Mg-ATP. The phosphates
form hydrogen bonds with originally distant catalytic
residues to “pull” them together, and all these hydrogen
bonds collectively drive the power stroke of the enzyme.

Table 1 Average number of water molecules coordinated by the atoms of Mg-ATP and the corresponding threshold distances to decide

the coordination

Group Adenine Ribosome

Atom N1 N3 N6 Hol H62 N7 (00X H2 o3 H3T o4 oy
Threshold (A) 2.98 2.98 3.14 2.14 2.14 2.98 2.7 1.74 2.7 1.74 2.7 2.7
#No. of H,O 0.54 0.49 1.40 0.39 0.41 0.76 0.63 0.30 0.81 0.25 0.22 0.21
Group o-Phosphate p-Phosphate y-Phosphate

Atom Ol1A 02A O3A O1B O2B O3B O1G 02G 03G MG
Threshold (,&) 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.2

#No. of H,O 2.25 2.40 0.30 2.30 2.13 0.22 2.75 2.56 2.98 3.87
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The y-phosphate is especially important for the function
of the enzyme. According to our estimate, this phos-
phate has the ability to form about eight hydrogen
bonds, and yet after hydrolysis the negatively charged Pi
and the negatively charged ADP repel each other. The
repulsion separates the cleaved Pi and ADP, both of
which remain temporarily bound to different parts of the
protein. As shown in Appendix F, Mg-ADP is even
harder to deform than Mg-ATP. The shortening of the
molecule due to the absence of the y-phosphate and the
change in the elastic properties contribute to the differ-
ent mechanical roles in the binding site between
Mg-ATP and Mg-ADP. Thus, the y-phosphate plays a
central role in elastically deforming distant residues
during binding, and then relieving the stress through
hydrolysis.
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Appendix A: atom numbers

The atom numbers used in this report are shown in
Fig. 5.

Appendix B: methods

Simulations of Mg-ATP in water were carried out using
the molecular dynamics program CHARMM (Brooks
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Fig. 5 The chemical structure of Mg-ATP. Atom numbers are the
same as in CHARMM

et al. 1983; MacKerell et al. 1998). We performed two
different sets of simulations, one using the original partial
charge distributions provided in CHARMM (Pavelites
et al. 1997), and the other using the partial charge distri-
butions derived by Minehardt (Minehardt et al. 2002).
Both simulations used the same Mg?" parameters from
CHARMM version 27. The simulations were carried out
in a cube 31.1 A on a side, containing 1,000 TIP3P water
molecules. Periodic boundary conditions were imposed
using Ewald sums (Billing et al. 1996; Frenkel et al. 2002).
Atom OY5 (as shown in Fig. 5) was harmonically con-
strained and the size of the water box was chosen so that
the ATP molecule is free to rotate without contacting the
boundary of the box. The number of water molecules was
such that the bulk density of water is I g cm™>. Using a
shifted potential and the SHAKE algorithm (Ryckaert
etal. 1977), the long-range non-bonded interactions were
limited to 13 A. The Verlet leapfrog algorithm was
used for numerical calculations using a time step of 1 fs
(Hockney et al. 1988). The system was first minimized by
the adopted basis Newton—Raphson method for 100 steps
(Brooks et al. 1983). After the energy minimization, the
system was heated from 0 K to 300 K over the course of
15 ps, and then equilibrated at 300 K for 30 ps. Simula-
tion runs of 1 ns or more were then carried out after
equilibration.

To obtain free energy functions, umbrella sampling
was employed and the overall free energy function was
obtained by combining statistics from different regions
(Ferrenberg et al. 1989). The 0—® plane was partitioned
into 21 regions to apply the umbrella sampling method
with different potentials. The quadratic potential function

£ =5 [ka(0 — 00)* + ks (6~ 7))

was used to fit the potentials. The centers (6, @) of the
potential functionsin these 21 regions are listed in Table 2.

The potential coefficients ky=6 kcal mol™", ke=
6 kcal mol™" were used for the first two rows of
potentials. For the last row, @ is close to /2, where the
circumferential angle 0 is not defined, so we added a
steep exponential function to avoid sampling too close
to ®=m/2. The potential functions for umbrella sam-
pling of the bottom row were

E= % [k@(e - 90)2 + kg ((f) - (]33)} + e H9=%0)

where o =8 kcal mol™' was chosen to bias the potential.
Stronger potentials of ky=16 kcal mol™" and ke=
10 kcal mol™! were also applied to enhance the avoid-
ance of divergent sampling at @ ==/2. In the ® direction

Table 2
(0, @) (rad)
(-2.69,0.17) (-1.8,0.17)  (-0.89, 0.17)  (0,0.17)  (0.89,0.17) (1.8,0.17)  (2.69, 0.17)
(-2.69, —-0.52) (-1.8, -0.52) (-0.89, —0.52) (0, —0.52) (0.89, —0.52) (1.8, —=0.52) (2.69, —0.52)
(-2.69, -1.22) (-1.8, -1.22) (-0.89, —1.22) (0, —-1.22) (0.89, —1.22) (1.8, —-1.22) (2.69, —1.22)




®d, was set as —1.4 rad so that the effective minimum
after adding the exponential term was at ®y=—-1.22, as
proposed in the table. The procedure of the umbrella
sampling simulation, including the algorithm, periodic
boundary conditions with Ewald sums, minimization,
and the equilibration process, is the same as described
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Fig. 6A, B Coordinations of Mg?>". A ADP: in simulation,
experimental results, and some crystal structures. B ADP: in
several crystal structures

Fig. 7 Stick representation showing the coordinate system used to
interpret our simulations

Fig. 8 A stereo view of points
visited during a 1 ns trajectory °
shown in the Cartesian
coordinate system adapted to
the nucleotide. Using the
adenine ring as a reference
frame, each dot represents the
location of the y-phosphorus of
Mg-ATP at 0.1-ps intervals.
Five different configurations of
Mg-ATP corresponding to the
higher populations of atomic
configurations labeled ABCDE
are also shown. The orientation
is transformed so that the
adenine ring is nearly
horizontal for all the
configurations
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for standard MD simulations. The simulation runs of
1 ns were carried out for each sampling region.

Appendix C: coordination of the Mg2* for ADP

We carried out simulations of Mg-ADP in water, using
the Minehardt parameter set. The results show that
Mg>* always coordinates one oxygen atom from the
fp-phosphate, one oxygen atom from the a-phosphate,
and four water molecules (Fig. 6A). This coordination
agrees with the experimental results of Mg-ADP in
water (Bridger et al. 1983). That is, in order to
hydrolyze Mg-ATP, the original coordination to the
y-phosphate must be removed. The crystal structures of
Mg-ADP bound enzymes demonstrate that, in many
cases, Mg®" only coordinates one oxygen atom from
p-phosphate (Fig. 6B), although in some cases it also
coordinates with oxygen atoms of o and f-phosphates
(Fig. 6A).

Appendix D: bowl shape trajectory of the y-phosphorus

In order to describe the various conformations of the
Mg-ATP molecule, a body-fixed coordinate system was
used. MD trajectories show that the major conforma-
tional changes of the molecule involve rotations about
the phosphoanhydride bonds that form the long axis of
the molecule. The adenine ring does not experience sig-
nificant distortions. Therefore, we place our reference
frame on the adenine ring, with the origin located at
nitrogen atom N9 in the adenine linking the carbon
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Fig. 9A—C The free energy (in units of kg7) contours over the 6—®
plane. A The free energy contour for Mg-ATP in water using
CHARMM parameters. B The free energy contour for Mg-ATP in
water using Minehardt parameters. C The free energy contour
for Mg-ADP in water using Minehardt parameters. Locations of
the fp-phosphorus for several ADP molecules in different crystal
structures are marked
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Fig. 10A, B Cross-sections of the free energy surface for Mg-ATP
and the fitted parabolic curves used to determine the effective elastic
constants. A The cross-section of the free energy at constant 0 for
Mg-ATP. B The cross-section of free energy at a constant @

atom in the ribose, as shown in Fig. 7. The x-axis lies
along the direction from atom N9 to atom C4, with the
adenine ring lying in the x—y plane, and the z-axis per-
pendicular to it.

Figure 8 shows a stereo view of points visited during
a 1-ns trajectory within the body-fixed coordinate frame
using the Minehardt parameter set. Each dot represents
the location of the y-phosphorus in a Cartesian coor-
dinate system with the origin at the center of the ade-
nine, and x—y plane parallel to that of the adenine ring.
Configurations shown are sampled every 0.1 ps. Five
regions (labeled ABCDE) are assigned in the figure
with higher populations of atomic configurations. The
configurations of the ATP molecule in these five regions
are also shown. Figure 8 also shows that the trajectory
points form a “bowl” shape, suggesting that the motion
can be described by a simple spherical coordinate
system.



Appendix E: free energy contours from molecular
dynamics

The free energy contours for Mg-ATP and Mg ADP
obtained from straightforward 1-ns MD simulations in
the 0—® plane are shown in Fig. 9. For Mg-ADP, the
trajectory of the f-phosphorus, instead of the y-phos-
phorus for Mg-ATP, is used to define the two collective
coordinates. The overall free energy surfaces of Mg-ATP
in water using different sets of parameters are different,
while the regions of the minimum free energy and the
pattern around the free energy wells of both cases are
similar. The free energy surfaces of Mg-ADP in water
and Mg-ATP in water are very similar, indicating that, in
terms of the 0-® coordinates, the properties of the
molecules are close to each other. Because the results
were obtained by direct MD simulations, the sampling
may be stuck at a certain region, and thus umbrella
sampling reflects better statistics. For the simulation of
Mg-ADP, the locations of crystal structures mapped to
0—® plane are also shown in Fig. 9.

Appendix F: estimation of elastic properties

We locate the minimum free energy in Fig. 3, and esti-
mate the surface shape around the minimum by cutting
cross-sections of constant 0 and ®. Figure 10A shows
the cross-section of the free energy surface at 0=36° ,
and Fig. 10B shows the cross-section of the free energy
surface at ®=-12°, for Mg ATP with CHARMM
parameters. Although the curves are rough and slightly
asymmetric, they can be approximated by a parabola up
to 1.5-2 kgT above the free energy minimum, as shown
in the figure. From this we obtain that the effective
elastic constant in the @ direction (keeping 0 constant) is
about 4.69 kgT rad™2. That is, with the radius of motion
of about 8.8 A for Mg-ATP, the elastic constant kg
for Mg-ATP in solution around the minimum free
energy regions are about 25 pN nm™'. Similarly, we fit a
parabolic curve to estimate the effective elastic constant
ko in the 0 direction as 35 pN nm™' for Mg ATP,
showing that the molecule is stiffer in the 0 direction
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than in the ® direction. The same procedure can be used
to estimate the elastic properties of Mg-ADP. From
Fig. 9C, we obtain that kg of Mg:ADP is 7.6 kT rad ™2,
or 74 pN nm™!, and ky of Mg-ADP is 24.6 kgT rad 2,
or 239 pN nm™".
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