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Abstract

This Perspective reviews the use of Transition Path Sampling methods to study enzymatically 

catalyzed chemical reactions. First applied by our group to an enzymatic reaction over 15 

years ago, the method has uncovered basic principles in enzymatic catalysis such as the protein 

promoting vibration, and it has also helped harmonize such ideas as electrostatic preorganization 

with dynamic views of enzyme function. It is now being used to help uncover principles of protein 

design necessary to artificial enzyme creation.

Graphical Abstract

1. INTRODUCTION

One of the amazing success stories of computational chemistry over the past 40 years 

has been biomolecular simulation. Though perhaps viewed in the early days with some 

skepticism by a theoretical chemistry community that was focused on highly accurate 

computations on small molecular systems, the intervening decades have shown the 

techniques not just to reproduce experiment but to be able, in many cases, to lead 

experiment. That having been said, simulations that involve the integration of Newton’s 

equation of motion for multiple 10s of thousands of atoms (and now hundreds or millions) 

are limited to relatively short time explorations of phase space simply because of the 
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dimensionality of the systems studied and the limitations of even modern highly parallel 

supercomputers. This Perspective focuses on the challenge of the simulation of enzymatic 

catalysis. This adds the additional computational complication of requiring a quantum 

description for a reacting subsystem. Even when quantum mechanics is restricted to a small 

subsystem of the overall set of atoms, whatever level of theory is used further slows the 

exploration of phase space.

The computational complexity inherent in the study of large biological systems is only 

exacerbated by what might be termed the central challenge of the simulation of reactions in 

enzymes: reaction is an inherently rare event. Thus, if one were to create a computational 

system composed of the enzyme with substrate in a Michaelis complex and “push run” on 

the computer, you would be waiting far longer than any accessible computer simulation 

time available to observe a reactive event. To graphically demonstrate this, we note that 

most simple enzymes involve the making and breaking of one or a few chemical bonds—all 

processes that individually occur on the femtosecond or picosecond time scale. Given that 

most enzymes turn over on a time scale on the order of milliseconds, the actual chemical 

event is exceptionally rare. On the other hand, this chemistry is what must be studied if one 

wants to understand the proximal cause of the catalytic effect.

The challenge of how to overcome this rare event phenomenon has been a major focus 

of the biomolecular simulation community, and the result has been the development of a 

rich variety of enhanced sampling techniques. All these techniques have a straightforward 

goal—the accessibility of rare events on a time scale amenable to computation. There are 

far too many methods and subtle variations in them to present a full review here, but an 

exceptionally brief overview is necessary to give perspective to the path sampling methods 

we herein describe. Apologies to the developers of methods overlooked in this abbreviated 

description.

In the very broadest of brush, enhanced sampling methods fall into separate categories. In 

one category, the potential energy surface is altered in some fashion to accelerate transitions 

from one stable basin to another. This can involve forcing the system to specific regions 

of configuration space via umbrella sampling,1 or raising the level of basins via judiciously 

chosen nonphysical pieces that “fill in the valleys”.2–4 While extremely effective, these 

methods require either the assumption of a mechanism (a reaction coordinate or collective 

variable) or knowledge of the potential surface so that only the valleys are filled in, as 

opposed to saddle points. While these methods are effective, they contain the difficulty 

that might be termed “having to know the answer to get the answer”. Another approach 

involves such tricks as changing the temperature of a system to allow exploration of regions 

of the potential surface not accessible at the appropriate experimental temperature. In other 

words, such methods do not alter the potential energy of the system but rather the kinetic 

energy. There are sophisticated methods that project onto the true experimental temperature, 

but the dynamics created in such cases are simply not the dynamics in the real system. In 

addition, when studying such systems as proteins, the range of stability of the protein is 

highly limited, so the utility of high temperature exploration is not always certain.
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A very different approach that involves neither the alteration of potential or kinetic energy 

is to analyze the potential energy surface to find the minimum potential energy path. The 

String method and the nudged elastic band method both fall into these categories.5–12 These 

can be powerful tools, but at zero temperature, there are no contributions of entropy. There 

are finite temperature versions of such methods, but they are challenging to implement.13

A final method, very different from any of those mentioned, is the milestoning method.14–16 

Here an overall trajectory connecting what might be phase points separated by a very long 

time dynamical path is separated into swarms of smaller, more manageable pieces. The 

original version of the algorithm approximates the First Hitting Point Distribution (FHPD) 

by an equilibrium distribution at the milestone,17 while more recent versions iterate to a 

potentially exact result.18 This method has generated impressive results,19–23 but finding the 

proper partition of space to efficiently generate results can be challenging.

A completely different concept, that we would be remiss to not mention, is the construction 

of specialty purpose computers solely designed to run single force-field molecular dynamics 

simulations at extraordinary speeds.24–28 Such computations remain a minority of the 

applications in the literature for a variety of reasons. First, there are simply limited resources 

available for such computations. Second, such massively long computations will eventually 

compete systematic error with physiologic time scale. Third, and perhaps most importantly 

for the types of problems we study, is the need to employ some level of quantum mechanics 

to allow the making and breaking of chemical bonds. Because the details of the use of 

such QM/MM methods varies from problem to problem, it is hard to see how (though one 

assumes not impossible) such specially designed computers can be used to address the types 

of problems we consider.

This Perspective describes the use of a technique we and others have employed in the 

computational study of chemical reactions in enzymes: Transition Path Sampling (TPS.) 

The question of exactly how enzymes achieve the extraordinary rate accelerations that are 

manifest is a continuing question in theoretical chemistry and biophysics. To approach 

this question, we must study the actual chemical event as substrates are transformed to 

products. The actual transformation is often quite rapid and so not accessible by experiment; 

therefore, computation and theory have in many ways led in this effort to fully explain the 

huge rate accelerations. On the other hand, the chemical transformation happens relatively 

rarely, so study of this problem falls into the challenging subject of rare event simulation. 

TPS is specifically designed to address such problems. The method has origins in ideas of 

Lawrence Pratt29 but was developed in the current form (and its many recent extensions) in 

David Chandler’s group.30–33 One essential idea behind the development is the recognition 

that just as one may make a random walk in configuration space form to a rigorously correct 

statistical distribution via an cceptance criterion, the same may be done in the space of 

dynamic paths in phase space. This coupled with efficient methods to generate ensembles 

of trajectories has the potential to be transformative in the study of chemical reactions in 

complex biological systems.

Since the introduction of TPS by the Chandler group, a large literature base has accumulated 

with new twists to the algorithm, each with new claimed efficiencies. This specific 
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Perspective is not designed as a review of these techniques, but in the next section we 

present a brief review of the method as we implement it. One of the main advantages to 

TPS is it is both unguided and unbiased. As described in the next section, after designation 

of a seed initial trajectory, further trajectories are generated by defined and semi-automated 

algorithms. There is no need to assume a collective variable or a reaction coordinate; in 

fact the reaction coordinate results from analysis of the TPS ensemble data. The creation 

of ensembles of reactive trajectories that are dynamically rigorous form a true statistical 

ensemble, and being unencumbered by mechanistic preconceptions is a major advantage to 

the methodology. Because the focus of this Perspective is on the results that these techniques 

have generated over the past 20 years and not on algorithmic development, details of the 

algorithms will be left to the references.

2. TRANSITION PATH SAMPLING ALGORITHM

The basic transition path sampling algorithm requires 2 components: a trajectory generation 

algorithm and an acceptance criterion that fulfills the Metropolis criterion and thus generates 

a proper statistical ensemble. The acceptance criterion has been given many times, and we 

refer the interested reader to Chandler’s original paper. The trajectory generation method is 

much more of an art form, so we spend a bit of time detailing how we generate trajectories. 

Pictures such as Figure 1 show the concept but almost none of the practical techniques 

needed. The first step in a TPS study is generation of an initial trajectory. Such a trajectory 

need not be dynamically valid; it simply needs to connect a starting stable state with a 

final stable state. In our studies of catalysis, the initial and final states usually involve the 

making and breaking of a chemical bond. As we will describe below, our first application 

of TPS was to the reaction catalyzed by lactate dehydrogenase. The chemistry is shown 

schematically in Figure 2, and it involves the transfer of a hydride from NADH to pyruvate 

and a proton from the imidazole group of His-193 to the ketone oxygen of the pyruvate. 

The initial trajectory needs to cause chemistry to happen, so the method we use is to place 

a gentle restraint on the hydride and proton (which obviously are in the QM region of a 

QM/MM model) which causes the equilibrium conditions to shift closer to the C2 carbon 

of pyruvate and the proton similarly closer to the ketone oxygen of the pyruvate substrate. 

A schematic picture of how this perturbation works is shown in Figure 3. This results in 

the biased or seed trajectory, which is obviously not a dynamically rigorous trajectory. This 

initial trajectory does not explore all regions of configuration space equally (with more 

points closer to products than reactants,) but it does connect the reactant basin to the product 

basin.

At this point, we use a “shooting” algorithm in which all degrees of freedom are randomly 

assigned new velocities taken from a Boltzmann distribution with appropriate rescaling of 

velocities to conserve total energy. A successful trajectory will now fully connect the initial 

and final stable states. The way in which we generate the ensemble of trajectories is now 

up to us, if we find an appropriate way to sample phase space. Our approach is to start 

from a point we infer to be close to the transition state (guessed by examining bond forming 

and bond breaking distances) and perturb close to that point—say, randomly choosing 20 

MD frames on either side of that location. As the computation matures, and we become 

more decorrelated from the initial bias trajectory, we progressively increase the size of that 
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possible perturbation window until we cover the entire breath of a trajectory. To do this at 

the beginning would almost guarantee a success rate of new trajectory generation that was 

tiny. There are other trajectory generation algorithms, but all boil down to one thing—the 

most rapid coverage of phase space and most rapid decorrelation from the biased seed 

trajectory.34 We have tried other methods and find none obviously more efficient. One point 

needs to be made for anyone wishing to implement such an algorithm—it is not free of the 

need for human intervention. Because perturbations in momenta are made randomly, it is 

important to monitor for movement into nonphysical regions of phase space such as those 

with local unfolding.

The generation of trajectories provides only the first step. This huge quantity of data needs 

to be analyzed to gain insight into the mechanistic questions chemists wish to understand. 

The first step is the computation of a “committor”. One takes each frame on a given TPS 

trajectory and re-initiates all degrees of freedom with random momenta in each degree 

of freedom in the same way any shooting move is accomplished (again with total energy 

held constant). This will generate a probability of transformation into products or back to 

reactants. In the reactant and product wells we expect to find a probability of zero for 

transformation into the other, but at intermediate frames nonzero probabilities are found. 

The point at which there is a 50% probability of going forward to products or backward 

to reactants is the equicommittor point, and a statistical definition of a transition state for 

each trajectory. The collection of equicommittor points is a surface which we identify as the 

transition state ensemble or the stochastic separatrix. We find roughly 50 separate shooting 

moves at each point along the trajectory sufficient to generate smooth statistics for the 

committor. Examples of committors are given in Figure 4. Of note, in both cases the rise 

in committor is rapid compared with the overall turnover of the enzyme. In the case on the 

left, the reaction is direct; in the right, the committor shows evidence of brief intermediate 

formation.

Once the committors and stochastic separatrix have been generated, the next question the 

TPS ensemble can be used to address is the reaction coordinate across the transition state

—in other words the set of all atomic motions both necessary and sufficient for reaction 

to occur. If we poise the system at a point located on the stochastic separatrix and hold 

what we believe the reaction coordinate degrees of freedom fixed while allowing all others 

to evolve, we expect to remain on the stochastic separatrix as the reaction coordinate is a 

surface orthogonal to the separatrix. Re-initiated trajectories should commit to reactants or 

products peaked about a probability of. 5. Putative reaction coordinate degrees of freedom 

can be identified and verified in committor distribution analysis by the variability of the 

separatrix,35 neural network prediction,36 likelihood maximization,37,38 energy flux,39,40 or 

for that matter trial and error of amino acid residues near the reacting atoms. In trial and 

error, the first attempt is always simply the atoms being transferred in any reaction; if this 

does not result in an appropriately peaked distribution of about 5, more degrees of freedom 

are added. Examples of both “bad” and “good” committor distributions are given in Figure 

5. As we describe in the next section, this basic formalism was first applied in 2005 by our 

group, and it has now spread to a variety of other groups internationally. Broadening of the 

methodology was needed to make the method applicable to a broader range of problems 

and questions. The first advance was the ability to incorporate quantum dynamics into the 
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TPS methodology. Hydrogen transfer in enzymes has been suspected to involve quantum 

tunneling, and that is clearly not included in classical TPS simulations. TPS is an inherently 

trajectory-based method, so path integral methods seemed the logical extension. A variety 

of approaches had been suggested—we employed the Normal mode centroid method of Cao 

and Voth.41 and we were able to implement such an approach in TPS first described by us 

in 200942 and used in an enzyme in 2015.43,44 The method is technically demanding, so we 

simply refer the interested reader to the paper of 2009.

More recently,45 we have applied a method of using both accepted and rejected trajectories 

from a TPS simulation to allow computation of a free energy barrier. This is of value for 

chemistry applications because chemists tend to think in terms of free energies and rates. 

From a free energy, an approximate rate may be calculated using a simple rate law. A 

similar method was first proposed by Radhakrishnan and Schlick in 2004,46 but it did not 

see application to chemistry in complex systems. Details of our approach are given in the 

reference, but the basic problem faced is direct Boltzmann inversion of a TPS ensemble 

results in essentially no free energy barrier because the ensemble is defined by successful 

trajectories. We found this previously when we used a formal definition of free energy as the 

ensemble average of the reversible work.44 What this showed was there is essentially no free 

energy barrier in the enzymatic reaction we were studying or the enthalpic barrier is largely 

erased due to the function of the enzyme. This in turn means any actual residual free energy 

barrier is due to the entropic search the enzyme must undergo to allow reaction.

Finally, analysis of the stochastic separatrix only provides information on the reaction 

coordinate during the rise of the committor from zero to 1—in the cases we have studied, 

a very tiny time window. We have begun to develop other analysis tools to apply to the 

ensemble of reactive trajectories to broaden this window of time.47

3. ENZYMATIC CATALYSIS STUDIED BY TPS

Early application of TPS were either to “toy” problems such as the gas phase rotation 

of alanine dipeptide,48–50 or to conformational rearrangement in biological systems.51,52 

What I might term the “first age” of TPS applications to enzymatic chemistry involved a 

number of groups and a number of enzymatic reactions. The first application to an actual 

chemical reaction in an enzyme was published by our group in 2005.53 This paper studied 

the hydride and proton transfer in the reaction catalyzed by lactate dehydrogenase. AM1 

was used in a QM/MM GHO implementation.54 It also showed that, in the ensemble of 

reactive trajectories, each reactive event was accompanied by a dynamic donor–acceptor 

compression mediated by the enzyme. This was proof of the existence of our previously 

proposed concept of a Protein Promoting Vibration (PPV) which we had inferred from the 

computations of spectral densities.55–57 This work was followed 2 years later by a study 

of Creheut and Field of chorismite mutase.58 While they were successful at generating 

an ensemble of reactive trajectories, they had less success using the trajectories to form 

detailed conclusions about the reaction coordinate of system—a focus of later work from 

our group and others. In fact, in 2007, we created a larger collection of reactive trajectories 

for the lactate dehydrogenase system and, for the first time, used the method of committor 

distribution analysis to find the true reaction coordinate.59 The reaction, shown in Figure 2, 

Schwartz Page 6

J Chem Theory Comput. Author manuscript; available in PMC 2023 November 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



would normally have its reaction coordinate described as some set of proton and hydride 

motion, but committor distribution analysis described in the last section showed that the 

reaction coordinate must include motion of residues in the protein.

Following these initial successes, our group and others continued to apply the TPS 

methodology to the study of enzymatic reactions. In particular we generated ensembles 

of trajectories for the reaction catalyzed by Purine Nucleoside Phosphorylase60 (Figure 6.) 

This reaction involves the breaking of heavy atoms bonds between the base and sugar 

moieties of nucleosides. We again did see a protein motion facilitating compression of 

highly electronegative oxygen. In solution, this reaction would be described as likely an SN2 

reaction with the phosphate group the attacking nucleophile. In the enzyme, the phosphate 

does not approach in bonding distance until the glycosidic bond is fully broken, and thus 

the weakening of the bond comes from protein promoting vibrations mediated oxygen 

compression. More details of this reaction followed.61,62

In 2009 we used the method to provide the first comparison of homologous proteins from 

different species.63 In the same year, Escobedo and co-workers suggested use of forward 

flux sampling64—a path sampling methodology closely related to transition interface 

sampling. As stated above, all methods of path sampling share similarities—this method 

divides path space into smaller configurational regions. In that same year Taraphder and 

Roy applied TPS methods to the study of carbonic anhydrase.65 One continuing theme in 

all of this work had been the importance of protein dynamics as coupled to reaction.66 

One enzymatic reaction which has often been called the “hydrogen atom” of enzymology, 

dihydrofolate reductase (DHFR) is known to include important millisecond conformational 

dynamics as part of the overall catalytic cycle, but we found in 2012, through TPS 

simulations, that the enzyme is just too flexible to support direct coupling of rapid protein 

dynamics to chemistry.67

One of the most widely used techniques in computational enzymology is Transition State 

Theory (TST.) The method has been reviewed many times, but central to the method 

is the assumption that the bottleneck to reaction, the Transition State, may be found by 

studying the dynamics of trajectories—for example the location that minimizes recrossing. 

An interesting study from Dan Major’s group called these assumptions into question.68 

They found significant differences between transition state structures generated using 

the machinery of TST and those generated as equicommittor points on TPS ensemble 

trajectories. Rates are clearly highly averaged quantities, and it is entirely possible a 

multitude of transition states can yield the same average rate while resulting in very different 

mechanistic interpretations. In addition, the entire point to TST is to replace dynamics with 

a statistical assumption—that is that one or more transition states may be identified—and 

the distribution of phase points on this transition state fully determines rates. Even if this 

assumption is true, it says nothing about the way chemistry arranges to arrive at that point, 

so the use of TST for mechanism inference deserves continued study.

While TPS generates reactive trajectories, and the attendant reaction coordinate committor 

distribution analysis generates mechanistic information at the barrier crossing that is 

rigorous within standard computational caveats (QM/MM methods and often semiempirical 
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QM methods,) experimental support for the conclusions was lacking. The situation was 

partially addressed with the development of an experimental method to interrogate the 

importance of protein dynamics as coupled to chemistry in enzymes. The so-called 

“Born–Oppenheimer” enzyme replaced carbon, nitrogen, and hydrogen with heavy isotopic 

analogues.69 When this was done for PNP, no changes in kinetic signatures of slow 

conformational motion were detected but on-enzyme chemistry was slowed by 30%. Using 

TPS we were able to show that this effect was caused by a mistiming of the oxygen 

compression described above, further validating the concept of the protein promoting 

vibration.70 We next examined a putative heavy enzyme effect in Lactate Dehydrogenase,71 

and this was also confirmed by experiment.72

Beckham and co-workers applied TPS and committor distribution analysis to isolate the 

chemical mechanism of cellulose hydrolysis by cellobiohydrolase.73 As the final two papers 

of this first age of TPS simulations of enzymatic reactions, our group found that enzymatic 

homologues have at times evolved mechanisms that are very different in atomic detail74 and 

we verified our results on hydride transfer in DHFR using heavy enzyme experiments and 

computations.75 Other groups have applied the technology to other systems. For example, 

understanding the function of molecular motors.76,77 In addition, Taraphder and co-workers 

used TPS to study the reaction coordinate for proton transfer in carbonic anhydrase,78 and 

Mayes and co-workers applied the technique to glycoside hydrolase.79

An enduring question in enzymology is the importance of quantum mechanical effects on 

the dynamics of enzymatically catalyzed reactions. The Klinman group originated many 

of the ideas and studies, and in certain enzymes, they have found unmistakable signs of 

quantum tunneling via extreme kinetic isotope effects at physiologic temperatures.80–82 The 

question remained as to how important these effects are in some of the earliest enzymes 

studied for these effects, the alcohol dehydrogenases.83–89 In order to study this effect with 

TPS, a quantum dynamics method is needed, and as we have described, we employed 

Centroid Molecular Dynamics as an approximation to the full path integral in quantum 

degrees of freedom. Applied to alcohol dehydrogenase along with reversible work free 

energy calculations, we found a very modest effect, but this is not at variance with the 

experimental results.44 Again, the vast majority of the catalytic effect seems to originate 

from dynamics compression of donor–acceptor distances via a protein promoting vibration 

that virtually abrogates the barrier. It must be stressed that this is a very different picture of 

the catalytic effect in an enzyme. Transition state stabilization is simply a picture, but not a 

mechanism. The actual mechanism of the catalytic effect is provided by analysis of the TPS 

ensemble of trajectories.

At this point the focus of my group’s work shifted from analysis of single enzymes to 

two closely related questions. First, can we design artificial enzymes, or at least modulate 

activity positively, and second, how did evolution build the coupling of protein promoting 

vibrations into enzymes? The questions are obviously coupled because understanding how 

nature accomplished this feat should inform our attempts to do it artificially. This work was 

motivated by the recognition that though theoretical chemists/protein designers had been 

attempting to design artificial enzymes for decades, there had been what can only be termed 

moderate success.90 In fact, one of the most prominent protein designers directly stated that 
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not only were ab initio designs barely active,91 the designers could not even distinguish 

why certain designs had some activity and others essentially none.92 We took the view that 

given that these designs were based on principles on transition state complementarity and so 

stabilization, there must be a design principle that had been overlooked.

For our first attempt, we studied the heavy isotopic substituted protein of PNP and 

attempted to correct the timing of the compression we noted as a cause of the loss of 

catalytic efficiency. In our first attempt we were able to correct the timing93 but the 

overall compression was not strong enough. In a second attempt at design, we were able 

to make a mutant heavy enzyme that was faster than the light enzyme (an inverse heavy 

enzyme isotope effect.94) We made a similar proposal for a mutant form or aromatic amine 

dehydrogenase, a more complex PCET chemical reaction.95

Attempting to address the design question from a different direction, we employed TPS 

studies of families of artificial catalytic proteins “designed” by directed evolution. The 

advantage to using this approach is the evolutionary process is completely agnostic to any 

specific mechanism of catalytic efficiency. Mutations are chosen purely because they (in 

these cases) speed chemistry, and it may be accomplished by transition state stabilization, 

electrostatic preorganization, or any other method. In fact, for a variety of laboratory evolved 

species we have found that initial designs based on static transition state complementarity 

are crafted by the optimization of rate to introduce specific coupling of protein dynamics to 

chemistry. We began the studies on the completely a-biologic Kemp eliminase reaction.96 

We did see evidence of the development of protein dynamics, but the starting structure is so 

rigid that the dynamics was quite modest. The next system we studied was the retro-aldolase 

reaction.97–100 In this case optimization of chemistry results in much more significant 

inclusion of protein dynamics as a part of the reaction coordinate.101 Knowing that protein 

dynamics is altered and in fact coupled to chemistry is only a first step, however. If one 

is to use this knowledge in an eventual design methodology, it is necessary to understand 

how the mutations that evolution employed caused this to happen. We were able to show it 

happens as regions of greater rigidity introduced by increased hydrogen bonding and greater 

flexibility created by reduced hydrogen bonding cause directed thermal energy transmission 

in the body of the protein.102 We note similar effects have been posited to occur via 

hydrophobic packing.80,103

As a final addition to the use of TPS as a way to gain insight into the catalytic 

effect, we examined another well-known proposed mechanism of catalysis—electrostatic 

preorganization.104,105 We followed dipole fields in the active site of the enzyme catechol 

O-methyltransferase and other enzymes using a theoretical analogy of Boxer’s Vibrational 

Stark effect measurements,106–111 and we found that there is a change in electric field as the 

chemical reaction approaches the transition state, and in fact this change is caused by the 

motion of charged and polar groups that are part of a protein promoting vibration, tying the 

protein dynamics approach to the electrostatic approach.112,113
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4. CHALLENGES AND FUTURE DIRECTIONS

The past 3 years has seen a significant expansion in the application of TPS to understanding 

enzymatic chemistry. We count 9 separate systems from 6 separate groups47,114–121 being 

studied in this fashion. The technique is clearly gaining in importance, but there remain 

basic hurdles to more general application. The most important is simply time scale yet again. 

While TPS overcomes the extraordinary disparity in time scales in enzymatic catalysis 

between substrate binding and turnover as compared to chemical transformation, the length 

of trajectories is simply limited. One can always extend the needed QM/MM trajectories that 

are produced as part of a TPS ensemble, but it is clear they will never in general reach the 

millisecond time scale of turnover. Many critical conformational transitions are needed upon 

binding and before product release.

One approach is to combine Transition path sampling with other methods of rare event 

sampling—metadynamics is one appealing choice. There have been a few papers combining 

the methods. For example one approach uses metadynamics to help generate a seed TPS 

trajectory,122 and a second mixes both approaches to create a method to efficiently compute 

free energies.123 Given the success we describe above for initial trajectory generation in 

enzymatic reactions, the first is of questionable value, and given the success of the method 

we described to augment successful TPS trajectories with unsuccessful to find free energies, 

the second is also of limited value. A more practical and approach may be to simply stitch 

the methods together. In other words, use TPS to create barrier crossing trajectories for the 

chemical transition and then take the end configuration of a subset of the reactive ensemble 

trajectories to initiate a metadynamics investigation of the transition from say chemical 

product to product release. This is obviously a highly challenging problem. One question 

is whether the QM/MM potential is maintained as no more chemistry is going to be done. 

That having been said, changing potentials in the middle of a simulation may introduce 

unforeseen errors. Such questions will no doubt be a topic for future work.

Another reality of TPS simulations that deserves attention is they are extremely labor 

intensive. As we mentioned above, the algorithm cannot just be started and allowed 

to run unmonitored. One could imagine implementation of automated checks, such as 

RMSD measurements; but this will only account for a portion of the potential problems. 

Other issues are the appearance of “stray” water molecules between reacting species, 

etc. At present the only way to locate such problems is to find clues in central distance 

measurements or visually.

A final critical challenge for the field will be our ability to extend the identification of 

reaction coordinates (however we define them) beyond the separatrix region just as we 

extend trajectories. The committor has been called the “perfect reaction coordinate”, but a 

reaction coordinate that is zero everywhere except for a few 10s or 100s of femtoseconds 

certainly needs augmentation. We have begun this effort,47 but it is far from complete.
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Figure 1. 
A schematic of TPS trajectory generation. An initial seed trajectory (x(o)(t)) is used to 

generate further trajectories. We use shooting, a random change in velocity.
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Figure 2. 
Chemical reaction catalyzed by lactate dehydrogenase. The reaction involves the hydride 

transfer of the NC4 hydrogen of NADH from the pro-R side of the reduced nicotinamide 

ring to the C2 carbon of pyruvate and protein transfer from the imidozole group of His-193 

to pyruvate’s keto oxygen.
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Figure 3. 
A schematic representation of using a biased potential to create an initial trajectory. In this 

coordinate system, we imagine the starting value of the coordinate as −4; MD is then run 

with the bias on. The hope is the significantly lower potential allows transformation to 

products. All subsequent trajectories are run with no bias.

Schwartz Page 20

J Chem Theory Comput. Author manuscript; available in PMC 2023 November 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Committors for the reactions catalyzed by lactate dehydrogenase (LDH, left) and purine 

nucleoside phosphorylase (PNP, right). Both committors show a rapid rise of probability 

and so are direct reaction, but in the case of PNP there is a brief formation of an 

intermediate. Left image (LDH) reprinted with permission from ref 59. Copyright 2007 

National Academy of Sciences. Right image (PNP) reprinted with permission from ref 61. 

Copyright 2008 National Academy of Sciences.
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Figure 5. 
Committor distributions for putative reaction coordinates for the reaction catalyzed by 

methylthioadenosine nucleosidase (EcM-TAN). The top distribution includes the bond 

making and breaking distances and the residues of the active site, the bottom Ile152, 

Phe151, Arg193, Ser196, Met173, Asp197, Met9, Ser76, and Ile50. This presents both a 

stark example of the necessary inclusion of protein degrees of freedom and a clear example 

of both a successful and unsuccessful reaction coordinate. Adapted with permission from ref 

74. Copyright 2015 American Chemical Society.
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Figure 6. 
Chemical reaction catalyzed by human purine nucleoside phosphorylase. One promoting 

vibration compresses O4′ and O5′. Another stabilizes the guanine leaving group. Reprinted 

with permission from ref 61. Copyright 2008 National Academy of Sciences.
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