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Abstract

Enzymatic reactions usually occur in several steps: A step of substrate binding to the surface of the 

protein, a step of protein re-organization around the substrate and conduction of a chemical 

reaction, and a step of product release. The release of inorganic phosphate - PPi - from the matrix 

of the protein HIV reverse transcriptase is investigated computationally. Atomically detailed 

simulations with explicit solvent are analyzed to obtain the free energy profile, mean first passage 

time, and detailed molecular mechanisms of PPi escape. A challenge for the computations is of 

time scales. The experimental time scale of the process of interest is in milliseconds and 

straightforward Molecular Dynamics simulations are in sub-microseconds. To overcome the time 

scale gap we use the algorithm of Milestoning along a reaction coordinate to compute the overall 

free energy profile and rate. The methods of Locally Enhanced Sampling and Steered Molecular 

Dynamics determine plausible reaction coordinates. The observed molecular mechanism couples 

the transfer of the PPi to positively charged lysine side chains that are found on the exit pathway 

and to an exiting magnesium ion. In accord with experimental finding the release rate is 

comparable to the chemical step, allowing for variations in substrate (DNA or RNA template) in 

which the release becomes rate determining.
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I. Introduction

HIV reverse transcriptase (HIV-RT) is a remarkable molecular machine that copies genetic 

code from one polynucleotide strand to another at moderately high efficiency and precision. 

It belongs to the A family of DNA polymerases and its function is presented by a sequence 

of reactions:

(1)

We use the following notations: EDn is the complex of the enzyme HIV-RT with a DNA of n 
nucleotides and N is a nucleotide we wish to add. FDnN is the protein bound to the DNA 

and to the nucleotide substrate after a conformational transition. PPi is the byproduct, an 

inorganic pyrophosphate. In the past, we1,2 and Radhakrishnan and Schlick3 have studied 

the conformational transition (step 2) and provided a rationale to explain how it makes a 

dominant contribution to the specificity of the enzyme.4 The chemical reaction (step 3) is 

slower and rate-determining for processive synthesis, but specificity is determined by the 

first two steps involving weak nucleotide binding (step 1) and a fast conformational change 

(step 2). In the present manuscript we focus on the last step of PPi release (step 4). 

Experimentally the last step was shown to be faster but nevertheless comparable (a factor of 

~10) to the overall rate4 for polymerization with a DNA template. Moreover, if RNA 

template (instead of DNA) is considered, step (4) was shown experimentally to be slower 

than step (3).6 The time scales of the chemical and the escape steps are therefore not very 

different and changes in templates (for example) can modify the rate-determining event.

Others have studied this step computationally.7–9 However, previous investigations focused 

on mechanisms and structural features of the transition and did not estimate parameters of 

kinetics and thermodynamics. In particular, experiments interpreted in terms of Eq. (1) in6 

allow for extraction of time scales for PPi escape, compare it to other steps in the reactions 

in terms of contribution to rate and specificity, and suggest a useful independent comparison 

between experiments and simulations.
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There are several processes that are included in step (4) that complete the operation cycle of 

the enzyme: (i) PPi escape, (ii) the conformational transition of the protein to the open state 

and (iii) DNA sliding to free space for a new substrate. The relative ordering of the different 

steps is not clear, but some considerations are given below. The DNA cannot slide before the 

PPi moves away from its original position (even though simultaneous and coupled motions 

are possible). Moreover, the degree in which the protein needs to open up to free a pathway 

for the PPi escape is not obvious either. Experimental measurement shows that enzyme 

opening and PPi release are coincident, so the order of events cannot be determined 

(reference 6). In the present investigation we consider a simple reaction coordinates that 

focus on the PPi degrees of freedom and not on the DNA or overall protein relaxation (see 

Methods). The computed reaction coordinate is then used in a Milestoning calculation10 

that provides an ensemble of transitional trajectories. The trajectories enable the 

computations of the kinetic and thermodynamic characteristics of the process. They also 

make it possible to examine the coupling of PPi escape to protein motions and to DNA 

sliding, providing a new perspective on the dynamics of the transition and its verification by 

kinetics data.

II. Methods

Structural models

A model of the closed form of enzyme was constructed based on the entry 1RTD11 of the 

Protein Data Bank12 and a model of an incoming nucleotide (TTP), which was built and 

discussed in in our previous paper.1 We model the PPi according to the earlier coordinates of 

the TTP. We did not use the open state as a model. Instead we “drove” the trapped PPi to the 

solvent and examine the pathway for changes to the protein and DNA structures.

LES Calculations

Our first tool of path exploration was the use of the Locally Enhanced Sampling (LES).13 In 

the LES methodology, multiple copies of a small part of the system, of particular interest, 

are used to enhance the sampling. The multiple copies do not see each other and the rest of 

the system “sees” an average force rising from all the multiple copies. The trajectories 

provide a statistically enhanced view of alternative escape pathways of the ligand at 

significantly reduced cost. Let L denotes the LES Part and R the rest of the system, the usual 

equations of motion are modified in LES to:

(2)

where X is a Cartesian coordinate vector,  is the acceleration vector, and M a mass matrix. 

The number of copies is l.

The LES methodology was introduced to explore diffusion pathways of carbon monoxide in 

myoglobin,13 and was used later in other systems.14–16 It is particularly useful to examine 

path multiplicity and degeneracy, which play an important role in the diffusion of small 
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molecules like CO.13,17 However, as we illustrate in Results for PPi release, in the present 

study we detect only one dominant path.

Simulation Protocol for LES simulations in MOIL

The LES calculations were performed with the MOIL suit of programs.18 The OPLS all-

atom force-field19 was used with real space cutoff for electrostatics interactions of 10 Å and 

van der Waals cutoff of 9 Å. The entire complex is embedded in a periodic box of 130 × 130 

× 130 Å3 and 64,039 TIP3 water molecules. Sodium ions were added to ensure system 

neutrality. The geometry of individual water molecules was fixed with matrix SHAKE 

algorithm.20 Particle mesh Ewald summation21 was used to compute electrostatic 

interactions with a grid size of 128 Å in each direction. The system was prepared and 

equilibrated using the following protocol: (i) the water molecules and sodium ions were 

relaxed and heated up from 3 K to 300 K in 80 ps linear-heating run while fixing the protein, 

nucleic acids and the PPi. (ii) The system was heated from 3 to 300 K in another 80 ps run 

with all the atoms free to move. (iii) Equilibration (using velocity scaling) of the entire 

system at 300 K for another 80 ps. After system preparation and relaxation, 50 copies of the 

pyrophosphate group were created at the same spatial coordinates but different velocities for 

LES simulations. Three simulations (different by their initial velocities) were conducted for 

450 ps and structures were saved every 0.5 ps.

We analyze the results by counting the average number of collisions of PPi copies with 

protein residues as a function of time. A collision is defined between two groups if heavy 

atoms, one in each group, have a distance smaller or equal to 3Å. The atomic collisions are 

summed up to provide the collision numbers between residues and are normalized by the 

number of structures sampled.

LES is a mean field approximation. As was discussed in the past22,23 one consequence is 

that in equilibrium the LES part (here the PPi molecule) has a higher temperature than the 

rest of the system. Such local “heating” can be useful to explore maximal number of 

alternative pathways. However, the “energetic” PPi may hit and distort portions of the 

protein structure and accelerate the escape. LES, in its present form, cannot be used for 

quantitative estimates of kinetics and thermodynamics. Once a sample of suggestive paths 

was obtained we continue to compute reaction coordinates with a gentler approach.

Steered Molecular Dynamics

We conducted Steered Molecular Dynamics (SMD) simulations along the general direction 

of the LES pathway to pull the PPi group from the active site to the aqueous solution. The 

simulations were conducted with NAMD 2.10 package24 with a force constant of 10 

kcal/mol Å2. The initial structure was prepared with VMD25 building on the relaxed 

structure obtained from simulations with the MOIL program. The system was solvated in a 

periodic box of 128 × 128 × 128 Å3 of TIP3 molecules. Na+ and Cl- ions were added to 

obtain salt concentration of 0.15 mol/L. The CHARMM36 force field was used for the DNA 

and the protein.26,27 TIP3P parameters for water molecules and adjusted ion parameters 

were taken from Jorgensen et al.28 and Beglov et al.29 respectively.
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Langevin dynamics with 1 fs integration step, damping parameter of 5 ps−1 and T=300 K 

provided constant temperature simulations. Pressure was set to 1 atm. The covalent bonds 

were fixed. Van der Waals interactions were gradually switched off between 10 and 12 Å. 

Long-range electrostatic forces were computed with the PME method with grid spacing of 1 

Å, cubic spline interpolation, 12 Å real space cutoff distance, and direct space tolerance of 

10−6. The preparation phase include: (i) 5000 steps of energy minimization and 10 ns 

relaxation with protein, pyrophosphate, magnesium ions and DNA fixed, (ii) 100,000 

relaxation steps with all the atoms allowed to move. Production simulations (SMD) were of 

10 ns. Trajectory frames were saved every 1 ps.

Milestoning

The Milestoning theory and algorithm10 are used to obtain free energy profile and releasing 

time of PPi along a reaction coordinate. Milestoning requires the partition of coarse space 

into cells, where the milestones are the dividers between cells (Fig. 1).

A simple reaction coordinate is used, which is the distance from the original position of the 

PPi (black arrow in Fig. 1). We created 72 milestones, dividing the PPi path into segments of 

about 0.5 Å each. The milestones span a range of 1.5 to 35 Å distances from the initial 

coordinates. Every milestone is a sphere with a center at the origin of the PPi molecule. 

However, due to protein confinement, the initial sampling of the PPi inside the protein 

matrix is highly restricted and obviously does not span the whole surface of the sphere.

Once a reaction coordinate is determined the Milestoning calculation is conducted in two 

steps10,30: (i) sampling initial coordinates at the milestone to start short trajectories between 

milestones and (ii) run trajectories between the milestones. In (i) the structures that were 

saved every 10ps of 5ns SMD runs provided initial configurations in the milestones’ spheres. 

Sampling trajectories are then computed in the canonical ensemble and are restrained to the 

milestone by a harmonic potential with a force constant of 10 kcal/molÅ-2. These 

simulations generate 500 initial coordinates for trajectories between the milestones. At the 

end of the pathway, (Milestones 63 to 72), only 100 trajectories per milestone were 

sufficient. In (ii) trajectories are conducted from the points sampled at the milestone in (i) 

until they hit for the first time another milestone and terminate. A cartoon example of a 

trajectory is a thin red curved arrow in Fig. 1. The length of individual trajectories was the 

longest in the first milestone (<71ps) and in the rest of the milestones was shorter than 57ps. 

This is a clear illustration of the efficiency of the Milestoning calculations, even with 70 

milestones and 500 trajectories for each milestone the accumulated simulation time is about 

60×70×500=2,100,000 ps = 2.1μs for simulation of processes at tens of milliseconds.

The short trajectories between the milestones provide the data we need to compute the 

thermodynamics and kinetics along the reaction coordinate.10 The two functions we focus 

on are the transition probability matrix (also called the kernel), Kij, and the lifetime of a 

milestone, ti. The kernel is the probability that a trajectory initiated at milestone i will hit 

milestone j before crossing any other milestone different from i. Let ni be the number of 

trajectories initiated at milestone i, let nij be the number of trajectories initiated at milestone 

i that hit milestone j before any other milestone. The kernel is estimated numerically from 

the trajectories as . The lifetime of milestone i is the average time of a 
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trajectory initiated at the milestone and hitting any other milestone, 

where til is the termination time of trajectory l initiated at milestone i. With the kernel at 

hand we can compute the stationary flux q as the eigenvector of the kernel with eigenvalue 

one: qt = qtK where Kij ≡ (K)ij. The stationary flux and the lifetime are used to compute the 

free energy: Fi = −kBT log(qiti). The overall mean first passage time (MFPT) is the average 

time that it takes the system to reach the milestone at the boundary of the product state given 

an initial milestone. Here the MFPT is the average escape time and it is given by 

 where qf is the flux at the final milestone (product state). In the 

calculations of the free energy the final milestone is set to be reflecting (hence the net flux is 

zero), while in the calculation of the MFPT the flux is periodic. The amount lost in the 

product state is returned through the reactant to ensure stationary flux. More detailed 

description of Milestoning calculations can be found in the literature.10,30,31

To suggest an experimental test of the calculations, we also considered a mutation. As is 

discussed in Results, the interactions of PPi with lysine residues play a significant role in the 

computed escape pathway. We consider a gentle mutation of Lysine to Arginine to explore 

subtle kinetics effect. We modeled arginine residues to three lysine positions and repeated 

the calculations. For arginine, we used a smaller sample of trajectories for a milestone (100 

trajectories). Estimates of error bars (see end of Results and Discussions) suggest that this 

number is adequate for the task at hand.

III. Results and Discussions

Our calculations are divided into three phases: (a) LES simulations, (b) Steered Molecular 

Dynamics, and (c) Milestoning. In phase (a) we explore plausible pathways by using an 

approximate enhanced sampling technique. In phase (b) we use a general direction obtained 

from (a) to generate more detailed and focused paths. It is of interest to examine if the path 

generated in the LES simulations is indeed similar to the more refined path of the SMD 

study (Fig. 2).

In contrast to LES simulations of other ligands and other proteins,13,32 only a single 

dominant pathway was detected. This is likely to be a result of the size of the escaping 

molecule (PPi is larger than carbon monoxide) that requires larger free space to pass through 

and limits the directions it could go. The SMD was set in a direction that roughly follow the 

LES trajectories (Fig. 1).

The LES trajectories were examined to determine important residues along the escape 

pathway. We define a collision between two residues if the distance between any pair of 

atoms, each in a different residue, is less than 3 Å. Residue-residue collision number is a 

sum over all the atomic collisions and averaged over time. The residues with maximum 

number of collisions are listed in Table 1.

In Table 1 we report the time averaged collision number of different residues with PPi. We 

report the collision numbers after 40 ps and after 450 ps to appreciate the shift in location of 

the byproduct as time progresses. Of the two magnesium ions found in the active site one 
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remains in the active site at all times and the second (Mg2) is attached to the PPi during the 

escape process. PPi returns back to the binding site if Mg2 is not displaced with it. These 

observables are consistent with other investigations reported in the literature.8

A few structural observations from the LES trajectories: Mg2 is leaving the protein matrix 

before PPi after about 30 ps. Lysine 66 is close to the binding site and shows a large number 

of collisions early. In contrast, Lysine 220 is an important supporting player for the escape of 

the PPi but it is engaged only at later times. Lysine interactions with the PPi play an 

important role in the escape from the protein matrix, in addition to prior suggestions that 

they are important as proton donors for the chemical step.33

The LES configurations with multiple copies of the ligand can lead to distorted and high 

energy structures as the ligand pushed on the protein matrix that encloses it. It was 

shown22,23 that the equilibrium temperature of the LES copies when the protein is 

maintained at temperature T is L·T where L is the number of copies. One expectation is that 

the LES simulations with excess energy will exaggerate the number of accessible pathways. 

It is likely that LES will sample pathways with significant barriers that are not accessible at 

room temperature to the single copy system. The observation that the LES copies follow a 

single path is therefore a strong argument in favor of the path uniqueness.

The LES calculations are fast and cheap but the approximate nature of the calculations may 

make them uncertain. It is worth using an alternative approach to path calculation that builds 

on and verifies what we learned from the LES simulations. We therefore conducted Steered 

Molecular Dynamics (SMD) trajectories to re-investigate the escape pathways of PPi.

The SMD calculations in NAMD24 require as input the direction of the applied steering 

force. We set this direction to be along the vector connecting the initial configuration of the 

PPi and the center of the LES copy cloud at the end of the simulation. The use of input from 

LES makes it, perhaps, not surprising that the LES and SMD pathways share a number of 

features. For example the same critical lysine residues are observed in the SMD and LES 

runs (Fig. 3). Note that only the coordinates of the PPi are biased and hence the lysine 

coupling to the PPi pathways was not built to the assumed reaction coordinate. It is therefore 

a result of the simulations and not an input. In Fig. 3 we followed the important lysine 

residues and the PPi as a function of time of the SMD trajectory.

The RMSD with respect to the original structure are plotted in panel 3.b. PPi is increasing its 

distance from the origin, on the average, as expected from the restraint we enforce during the 

SMD simulation. Lysine 220 has a similar RMSD curve to PPi at early times while lysine 71 

changes more slowly at the beginning and more rapidly towards the end of the simulation. 

Panel 3.a is, perhaps, the most striking. After an initial relaxation, the distance between PPi 
and Lysine 220 remains about 5 Å throughout the simulations, indicating a persisting contact 

pair. Pairing with lysine residues reduces the effective charge of the two groups and makes it 

easier for the PPi to leave the protein matrix and escape to the aqueous solution. Similar 

pairing with PPi is observed for lysine 71 and 66, however, the last PPi-lysine pairs 

dissociate at about half of the SMD trajectory while the pair with lysine 220 persists closer 

to the escape event. Panel 3.c illustrate a significant difference between lysine 71 and 66 
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backbones. Lysine 66 remains near Lysine 220 at all times while lysine 71 is drifting away. 

Finally panel 3.d illustrates the significant contribution of the backbone motions of Lysine 

220 in determining more than half of the motions along the pathway as determined by the 

RMSD to the origin.

The escape pathway of PPi is illustrated by a sequence of structural snapshots from the SMD 

trajectory in Fig. 4.

In figure 5 we compare lysine distances to those found in X-ray structures of the open and 

closed forms (lysine 220 to 66 and to 71). The progression of these distances illustrates the 

transitions of the two states of the protein, though protein coordinates are not part of the 

reaction coordinate. The protein responds to the enforced PPi displacement. The initiation of 

the open state (we used PDB id IJ50 as a model of the open structure34) can be probed by 

following a few lysine distances in Fig. 5.

Another structural feature of the escape mechanism is revealed when we examine the 

behavior of magnesium binding to PPi during the escape event. In Fig. 6 we show that only 

one of the magnesium ions is attached to the PPi when the inorganic pyrophosphate exits the 

protein. One magnesium remains in the active site.

Another mechanistic question we examine is the displacement of the DNA with respect to 

the active site. As we illustrate in Fig. 7 the upper part of the DNA is recoiling backward at 

the end of the reaction pathway, suggesting that “pushing” PPi outside is coupled to DNA 

displacement in the opposite direction. While the process of DNA translocation is not 

complete after the PPi exit in our trajectories, it suggests an initial event and a drive. For 

example, it is not necessary for the DNA translocation to be complete before the exit of the 

PPi, or it is not necessary for the protein to be fully open when the DNA starts to move to 

free space.

To summarize, the following mechanism emerges from these plots. To begin with, and after 

a short relaxation of lysine 220, the PPi interacts strongly with all three lysine residues and 

one of the magnesium ions. The positively charged residues with their overall side chain 

flexibility and the doubly charged magnesium ion support the migration of the negatively 

charged group from the binding site. Roughly half the way out from the protein matrix 

Lysine 66 and 71 break their contact with the PPi. The magnesium ion and lysine 220 retain 

their close interactions. Then the magnesium leaves to the aqueous solution and the PPi 

breaks its contact with lysine 220 to finally escape into the solvent. At the same time the 

DNA “recoils” to free space for the next nucleotide to enter the active site.

As discussed in the Methods section we use the distance of the PPi from its original binding 

site as a coarse variable and initiate sampling in the milestones with structures sampled from 

the SMD trajectory. The trajectory information was processed according to the Milestoning 

theory and the results are summarized in Fig. 8 and Fig. 9.

In Fig. 8 we show the free energy profiles for the escape of byproduct for the native protein, 

and for the case in which the critical lysine residues (66, 71 and 220) are replaced by 

arginine.
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The free energy profile of Fig. 8 was computed with reflecting boundary conditions at 

milestones 1 and 68. These boundary conditions ensure that there is no net flux within the 

system and an equilibrium state with zero net flux can be reached, and meaningful free 

energy can be computed. The free energy profile in Fig. 8 shows two domains: (i) A well 

with a rather steep slope to climb out in the range from milestone 1 to ~25. (ii) A milder 

slope of free energy from milestone 26 to 68 leads to the exit from the protein matrix. These 

two phases correlate with the behavior of the lysine contacts. The exit from the deep well 

coincides with breaking the electrostatic bond with lysine 66 and 71. The final shallower 

slope is associated with the interactions only with lysine 220.

In Fig. 9 we show the Mean First Passage Time for trajectories initiated at the binding site 

and continuing up to a particular milestone. As in Fig. 8 the native protein and the arginine 

mutant re considered.

Similarly to the free energy plot the MFPT also shows two phases. The first phase ends 

when the electrostatic attraction between the PPi and lysine residues 66 and 71 (or arginine 

residues) is broken. The second phase continues until the electrostatic interaction between 

lysine or arginine 220 and the PPi is no longer effective. The difference in the escape 

kinetics for the lysine and arginine variants is probably too small to be predicted 

meaningfully by computations and detected by experiment.

The error bars are computed by sampling transition matrix elements, Kij, from the beta 

distribution35,36 and local mean first passage times, ti from the normal distribution. The 

parameters of the beta distribution are estimated from moments computed with Milestoning 

trajectories. One thousand random matrices and local mean first passage times, ti, are 

sampled. Each sample is used to compute the free energy and the MFPT. The first and the 

second moments of the last distributions are used to estimate the values and the standard 

deviation of the observables. The standard deviations are reported as error bars. These error 

bars are statistical and do not reflect systematic errors like inaccuracies in the force field.

IV. Conclusions

In this manuscript we outlined a detailed investigation of the reaction pathway, dynamics, 

kinetics, and thermodynamics, of the escape of pyrophosphate from the active site of HIV-

RT. We were able to directly connect simulations of kinetics and thermodynamics with 

specific structural features, such as the sequential binding and dissociation of lysine residues 

and the coupled escape of one magnesium ion from the active site. A diverse set of 

computational and theoretical tools were required to bridge the time scale gap of 

straightforward Molecular Dynamics and the experimental time scale. This was achieved by 

multistep calculations. We first search for plausible reaction coordinate and escape pathways 

by a combination of the Locally Enhanced Sampling method13 and Steered Molecular 

Dynamics available in NAMD.24 The structures sampled from the algorithms for path 

searches were used in Milestoning simulations that generated short trajectories between 

milestones and computed the overall kinetics and thermodynamics of the system. Analyzing 

the trajectories and the free energy illustrated the significant coupling between the positively 

charged ion (magnesium) and the lysine with the leaving group of PPi. The computational 
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time scales of a few tens of milliseconds are similar to experimental rates.6 However, the 

calculations are not accurate enough to differentiate between mutants of lysine and arginine 

residues or to decide which step is rate-determining, chemical reaction or PPi escape. This is 

since the chemical reaction is of a comparable time scale as well.

We expect that the same combination of different theoretical tools for path searching (LES), 

path refinement (SMD), and sampling within a path (Milestoning), will be useful in 

addressing other complex processes in macromolecular biophysics.
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Fig. 1. 
A schematic representation of PPi escape pathway. The blue surface includes the open 

protein and DNA molecules. In yellow we sketch the “funnel” that guides the escape of the 

inorganic phosphate. The sequence of molecules shaded gray and pink are PPi 
configurations from the SMD simulations. The black arrow denotes the simplified reaction 

coordinate and the thick red lines the milestones. The milestones are spheres with a constant 

distance from the initial position of the PPi. The thin curved red line is a sketch of a 

trajectory between milestones. It is initiated in the middle milestone and terminates at the 

milestone on top.
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Fig. 2. 
Comparison of LES and SMD trajectories of PPi escape from the protein matrix. The gray 

small spheres are PPi sampled in a LES trajectory. The red-gray stick models follow the 

SMD trajectory. Note that the PPi in the LES simulation did not leave the protein to the 

same extent shown in the SMD trajectory. However, The SMD trajectory overlaps with the 

LES trajectory until it exits from contact with the protein matrix.

Atis et al. Page 14

J Phys Chem B. Author manuscript; available in PMC 2018 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
The inorganic phosphate PPi and lysine side chains as a function of time in an SMD 

trajectory: a) Distances between the PPi center of mass and the nitrogen atoms of the lysine 

side chains b) The Root Mean Square Distances (RMSD) as a function of time with respect 

to the initial structures of PPi, Lys220 and Lys71, c) distances between Lys220 and Lys71/

Lys66 backbones, d) RMSD for Lys220 and Lys220 backbone.
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Figure 4. 
Structural snapshots along the escape pathway of PPi as a function of the milestone number. 

The cartoon models the backbone of the protein and DNA. The red and gray space-filling 

model is the PPi. The stick models are the three lysine side-chains (66, 71, and 220). (A) the 

initial structure, (B) milestone 10, (C) milestone 27, (D) milestone 32.
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Figure 5. 
The distances between critical lysine residues (66, 71 and 220) are shown as a function of 

the SMD trajectory. The starting position is the closed form.
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Figure 6. 
The coupled motions of PPi and a magnesium ion during the escape process from the protein 

matrix. The purple spheres are the magnesium ions and the red space-filling model is the 

PPi. Only one magnesium ion is leaving with the PPi. The second magnesium ion retains its 

position. (A) Initial coordinates, (B) Coordinated motion of PPi and magnesium, (C) 

Magnesium ion is released before the PPi.
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Figure 7. 
The DNA shift from the active site as PPi leaves the protein. The initial and final structures 

of the SMD trajectory are overlapped. Only the initial protein structure is shown and the 

beginning and final position of the DNA. The base pairs near the active site are compressed 

downward in the final structure (red) compared to the initial structure (blue). The structural 

displacement suggests the onset of the DNA translocation and freeing space for the next 

nucleotide.
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Figure 8. 
The free energy profile for the escape of PPi from HIV-RT binding site as computed with 

Milestoning. The curves of the native protein (lysine) and the mutant (arginine) are similar 

and suggest comparable kinetic behaviors (see also MFPT results in Fig. 9).
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Figure 9. 
The Mean First Passage Time (MFPT) in a logarithmic scale, as a function of the milestone 

number. The blue line shows the MFPT of the native protein. The red line is for a mutant 

protein in which lysine residues 66, 71, and 220 are mutated to arginine residues. The 

overall mean first passage for the native protein was 33.5ms and 56ms for the arginine 

mutant, which corresponds closely to the measured PPi release rate of 27 s-1 with an RNA 

template.6
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Table 1

Collision numbers during a LES trajectory of protein residues with PPi

Residue type Residue index Collision No. after 40ps Collisions No. after 450ps

Lysine 220 85 297

Lysine 71 242 189

Lysine 66 354 186

Magnesium 1033 112 10
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