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ABSTRACT: DNA polymerases are complex machines with both chemical and mechanical functions. Recent
crystal structures, ensemble kinetics, and single-molecule investigations have helped to elucidate the main
properties of several DNA polymerases, all of which share common structural elements and a common
basic mechanism, despite wide variations in amino acid sequence. The framework model is intended to
aid in the understanding of these common features (and differences). It defines a class of models that
automatically incorporates most of what is known about DNA polymerases within a single theoretical
structure so that it is easier to make comparisons between them and to generate detailed models for specific
polymerases. The framework model has three main elements: (1) a set of four key variables that describe
the important motions within the protein-DNA-nucleotide complex, (2) a complete set of conformational
states for the protein-DNA-nucleotide system, and (3) an approximate potential energy surface that
controls the motions and transition rates between states. As an example application, we use the general
framework ideas to build a detailed model for the HIV reverse transcriptase that is consistent with existing
data, and predicts force-velocity curves and stepping-statistics histograms that can be directly compared
to experiment.

The current understanding of DNA polymerases comes
mainly from two types of information: structural information
from X-ray crystallography and dynamical information from
ensemble enzyme kinetics. Of these two, the kinetic informa-
tion is often more directly useful; kinetic properties include
rates of nucleotide incorporation, processivity, replication
fidelity, etc. But it is natural to regard the structural
information as more fundamental: it tells us how poly-
merases are built from the atoms; the dynamical properties
could in principle be calculated from structure. Predicting
high-level kinetic and thermodynamic properties from struc-
ture is a major goal of biophysics.

The DNA polymerases are complex, mechanical, protein
machines. Predicting their properties from first principles is
not practical at present. This limits the value of the otherwise
excellent structural information available for polymerases,
and leaves much of the kinetic data, useful as it is in its
own right, essentially unconnected to structure. To help
bridge the gap between purely phenomenological kinetic
models and atomistic calculations, an intermediate stochastic
approach has recently been developed, most notably by Oster
and co-workers (1-3). The stochastic approach is based on
a free energy surface defined on a state space with only a
few important degrees of freedom. It has the advantage of
including crucial structural and mechanical information
directly, while minimizing the (often unnecessary) complica-
tions of atom-by-atom detail. The main features of the free
energy surface can sometimes be estimated from a combina-

tion of experimental structure and kinetics, simple theory,
and detailed simulations.

Here these ideas are applied to the DNA polymerases. On
the basis of structure and kinetics, four key degrees of
freedom and 16 potentially stable conformational states
common to all DNA polymerases are identified. The allowed
transitions among these conformational states are then
restricted, again on the basis of kinetics, to provide a general
“framework” kinetic/stochastic mechanism that should be
capable of describing all polymerases, including their me-
chanical properties. The framework mechanism is then used
to construct the basic shape of the free energy surface for a
DNA polymerase. Finally, a simple discrete state model for
the HIV reverse transcriptase is constructed and explored.

Common Structure and Mechanism

Recently, a large number of crystal structures of polym-
erase-DNA complexes have become available (4-14),
including a number of binary polymerase-DNA complexes
and ternary polymerase-DNA-NTP1 complexes, for T7
DNA polymerase,Escherichia colipolymerase I, Taq DNA
polymerase, RB69 DNA polymerase, human and rat polym-
eraseâ, and the HIV reverse transcriptase (see Figure 1).
Together, these structures span the full range of living things
(archaea, eubacteria, eukaria, and viruses) and all the major
functions of DNA polymerases. Despite this enormous
breadth, and despite the wide disparity in sequence, all six
structures (and all others known) show a common basic
structure: all have domains identified as palm, thumb, and
fingers, which bear a similar spatial relationship to each
other; all bind DNA to align the crucial 3′ end of the primer† This work was supported by National Institutes of Health Grant
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strand with the same spatial relationship to the palm, thumb,
and fingers; all bind the incoming nucleotide so that it stacks
on the end of the primer strand essentially as if it were
already part of a double-stranded DNA; all organize the
template base so that it base pairs with the incoming
nucleotide and, like the nucleotide, adopts a conformation
essentially identical to that of a double-stranded DNA; all
have two metal ions bound to the palm domain and to the

phosphate groups of the incoming nucleotide and in es-
sentially identical positions with respect to the 3′-OH group
of the primer; all seem to undergo a structural transition in
which the fingers domain swings between an “open” and
“closed” conformation; all have the ability to translocate from
one site on the DNA to the next without unbinding (though
they differ enormously in the average number of such
processive steps between binding and dissociation).

FIGURE 1: Comparison of crystal structures of DNA polymerases. Orange, cyan, and green indicate the fingers domain, palm domain, and
thumb domain, respectively. The template base is light blue, and the nucleotide is yellow with a red and orange triphosphate moiety. Metal
ions (usually magnesium) are magenta. Panels a-c show several DNA polymerases in the state just prior to catalysis, with the protein at
the n + 1 position, the fingers domain closed, a nucleotide present, and the template base paired with the nucleotide (state 4, up, closed,
stacked, NTP): (a) T7 DNA polymerase (PDB entry 1T7P), (b) HIV reverse transcriptase (PDB entry 1RTD), and (c) RB69 DNA polymerase
(PDB entry 1IG9). Panels d-i show DNA polymerases in several other states of the catalytic cycle (see Figure 2): (d) Taq DNA polymerase
(state 0; PDB entry 4KTQ) with protein at then + 1 position, fingers open, NTP and PPi absent, and template base unstacked; (e) same
as panel d but with NTP present (state 2; PDB entry 2KTQ); (f) human polymeraseâ (state 1; PDB entry 1BPX) in then + 1 position,
fingers open, NTP and PPi absent, and template base stacked; (g) same as panel f but with NTP present and fingers closed (state 4; PDB
entry 1BPY); (h) rat polymeraseâ (state 5; PDB entry 1HUZ) in then position with PPi present and fingers closed (the template base is
missing in this structure and also in panel i); and (i) human polymeraseâ (state 9; PDB entry 1BPZ) in then position with fingers open
and both NTP and PPi absent. (j) Cartoons illustrating the main degrees of freedom in the framework model: (1) translocation along the
DNA, z (z includes rotation about the helix axis that is not shown); (2) fingers domain closing angle,R; (3) template base stacking parameter,
f; and (4) nucleotide occupation parameter,n (see the text for more complete definitions).
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Given these structural similarities, it is not surprising that
all known DNA polymerases and reverse transcriptases seem
also to share similar kinetic mechanisms (15-21). In the
standard kinetic mechanism [based mainly on pre-steady state
kinetics of nucleotide turnover (15)], the polymerase-DNA
complex binds a nucleotide, then undergoes a (often slow)
structural transition, then catalyzes the formation of a new
phosphodiester bond, then undergoes a second structural
transition, and finally releases pyrophosphate, returning to
a state ready for the next nucleotide (see also Figure 2):

Some of these steps may be fast in certain polymerases
(and so may not contribute to the overall polymerization rate
or appear in some kinetic models), but all must be present
in a complete turnover cycle. Additional steps are also needed

to account for binding and release of DNA to and from
polymerase, and for the proofreading nuclease activities of
some polymerases, but the mechanism described above is
sufficient for processive polymerization, which is the focus
of this paper.

Key Degrees of Freedom

These structural and mechanistic similarities suggest (at
least) four important degrees of freedom for a DNA
polymerase, as illustrated in the various structures and
cartoons in Figure 1.

(1) Translocation of the Protein along the DNA. In all
crystal structures with bound DNA, the protein contacts the
DNA along the minor groove, and follows the helix as it
moves from one site to the next like a nut on a bolt (compare,
for example, panels f and i in Figure 1). In the framework
model, this helical motion is described by a helical position
parameterz.

FIGURE 2: Discrete states of the framework model. Each state is indicated pictorially, and is labeled by framework parameters (z,R, n, and
f) and by state index (0-15). Lines connecting pairs of states represent reversible transitions. They are color-coded by type: blue for
fingers closing, red for translocation, green for template base stacking, and black for chemical change (NTP binding, PPi release, or catalysis).
Background color blocks correspond to the “biochemical” states of the minimal kinetic mechanism: blue (Cn) for the protein-DNA complex
with n base pairs, red (Cn‚dNTP) for Cn with a bound nucleotide, orange (C′n‚dNTP) for Cn‚dNTP with a closed fingers domain, yellow
(C′n+1‚PPi) for C′n with n + 1 base pairs and bound pyrophosphate (immediately after formation of a new phosphodiester bond), and green
(Cn+1‚PPi) for C′n+1‚PPi with an open fingers domain. Ten states (0-9) are on pathway, and six states (10-15) are off pathway traps or
fingers fluctuations. Red stars denote states represented by crystal structures (see Figure 1).

E‚DNAn + NTP f E‚DNAn‚NTP f E′‚DNAn‚NTP f

E′‚DNAn+1‚PPi f E‚DNAn+1‚PPi f E‚DNAn+1 + PPi
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(2) Opening and Closing of the Protein, Described by the
Conformational ParameterR. Crystal structures and en-
semble kinetics show that DNA polymerases can adopt an
open conformation which can admit new nucleotides and
presumably allows movement of the protein along the DNA,
or a closed conformation with a tight, well-ordered catalytic
pocket [compare panels d-f and i (open) to panels a-c, g,
and h (closed) in Figure 1]. The transition from open to
closed is characterized mainly by a hinged movement of the
fingers domain but also involves smaller movements by other
domains, especially the thumb.

(3) Stacking and Unstacking of the n+ 1 Template Base,
Described by Stacking Parameter f. For polymerization to
occur, the downstream base on the template strand must be
stacked on the previous template base (which is now part of
the double-stranded DNA), and correctly oriented for base
pairing with the incoming nucleotide (compare panels d and
e with panels a-c, f, and g in Figure 1).

(4) Binding and Unbinding of Nucleotide and Pyrophos-
phate, Described by Discrete Variable n with Three Values.
n ) empty for no nucleotide or pyrophosphate present. n)
NTP for full nucleotide bound. n) PPi for only pyrophos-
phate bound.

The precise definitions of z,R, and f in terms of molecular
structure will vary from one application and polymerase to
another. For many purposes, simple definitions will suffice,
e.g., z as a rigid body helical rotation plus translation of the
protein relative to the DNA,R as the hinge angle for the
fingers bending upon opening and closing, f as the rms
difference from a stacked template base, etc. Also, for some
applications, other parameters may be necessary (e.g., binding
of DNA to polymerase), but these four seem to be adequate
to account for the main properties of processive polymeri-
zation.

Discrete States and Transitions

Though the first three parameters, z,R, and f, are
continuous variables, it will be convenient in many cases to
think of them as restricted to discrete values; let z) down
correspond to the “initial” state of the protein before
translocation [with no gap between the fingers and the blunt
end of the double-stranded DNA (Figure 1i)] and z) up
correspond to the “final” state of the protein after translo-
cation to the next position (leaving a gap for a new nucleotide
between fingers and DNA, e.g., Figure 1f). Likewise, letR
) open correspond to the open state of the polymerase and
R ) closed correspond to the closed state. Finally, let f)
stacked represent the oriented, stacked state (Figure 1a-c,f,g)
and f ) unstacked the disordered, unstacked state (Figure
1d,e).

The discrete values of the four conformational parameters
nominally yield 2× 2 × 2 × 3 ) 24 discrete conformational
states of the polymerase-DNA-nucleotide complex. Of
these 24 nominal states, eight would involve overlaps or close
contacts and so are not physically realistic. For example,
whenever the protein is in the z) down,R ) closed state,
there is no gap between the fingers and the end of the double-
stranded DNA, so it is not possible to insert a template base
to be stacked or to insert a new nucleotide. Similarly, we
omit all states with a z) down and stacked template base
or NTP present even when the protein is in the open state.

This leaves 16 physically reasonable states, as shown in
Figure 2. For convenience, the states are labeled both by
the discrete values of z,R, f, and n and by simple integeri,
e.g., (z,R, f, n) ) (up, closed, stacked, NTP)) state 4 in
Figure 2. Six of these states [denoted with red stars; state 0,
Taq DNA polymerase (6), Bacillus stearothermophilusPol
I (7), and HIV RT (10); state 1, HIV RT (9, 11) and
polymeraseâ (13); state 2, Taq DNA polymerase (6); state
4, T7 DNA polymerase (4), Taq DNA polymerase (5, 6),
HIV RT (8), RB69 PolR (12), and Polâ (13, 14); state 5,
Polâ (14), but the DNA has no template base, so the stacking
state is undefined; state 9, Polâ (13), but the DNA has no
template base] are represented directly by crystal structures
(Figure 1); the other states can all be generated by simple
changes from the known states. For example, state 10 z)
up, R ) closed, f) stacked, n) PPi (bottom left of Figure
2) can be generated from any of the several crystal structures
for the closed ternary complex (state 4, z) up,R ) closed,
f ) stacked, n) NTP; top right of Figure 2) by exchanging
the NTP for a pyrophosphate. The 16 states of the framework
model thus seem to be quite well supported experimentally.

In principle, a transition pathway connects each pair of
the 16 states, but not all pathways are physically reasonable.
The lines connecting the states in Figure 2 represent all
transition pathways that satisfy three requirements.

(1) Only one variable can change its value in a single
transition. This eliminates all double changes and higher,
such as a change from state{up, open, stacked, NTP} to
state{up, closed, unstacked, NTP}, which involves changes
in both R and f.

(2) No translocation, stacking or unstacking, or change in
NTP binding site occupation can occur when the protein is
in the closed state. The presumption here is that the closed
state is tightly clamped.

(3) The chemical reaction, forming a new phosphodiester
bond between theR-phosphate of the nucleotide and the 3′-
OH of the primer strand, can occur only when a complete
catalytic complex is formed; i.e., the protein must be in the
closed conformation, and the template base must be stacked
and base paired to a nucleotide.

The first rule says, in effect, that the fastest transitions
are along the four parameters, z,R, f, and n, so that the fastest
route between states that differ in two parameters is a two-
step process rather than a single step. This effectively rules
out concerted processes (such as simultaneous opening and
translocation for example) and is perhaps the strongest
assumption of the framework model. The second and third
rules are strongly suggested by either ensemble kinetics,
structure, or both. For example, though there are few data
to suggest where protein translocation occurs in the catalytic
cycle, all crystal structures with closed conformations show
very tight organization of DNA, template base, and nucle-
otide (4-6, 8, 12-14). This argues for a tightly bound,
immobile complex when the protein is closed. Similarly, the
rule that the catalytic step occurs only in a fully organized
catalytic complex is well supported by both structure and
ensemble kinetics. Finally, it should be noted that these rules
have been chosen to give a maximal set of transitions capable
of describing all polymerases, but any specific polymerase
may employ a smaller set of transitions.
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Discrete Framework Model

The allowed states and transitions are shown in Figure 2,
which represents the most general discrete framework
mechanism. Each of the 16 states is labeled by the values of
its four parameters (e.g., up, open, stacked, empty) and is
connected to other states by transition pathways that satisfy
the three rules listed above. Generally, the allowed transitions
are sparse on the right side of the diagram, where the protein
is closed, and numerous on the left side, where the protein
is open. This reflects the fact that in the open state motion
is less restricted, and the various steps needed to complete
a catalytic cycle (NTP binding, translocation, fingers closing,
etc.) may happen in a variety of different orders.

The “biochemical” states of the standard kinetic model
are indicated by the color blocks in Figure 2. Thus, the single
biochemical state E‚DNAn is represented by six states (0, 1,
9, 12, 14, and 15) in the framework model, and the single
transition E‚DNAn f E‚DNAn‚dNTP in the biochemical
scheme is represented by two transitions in the framework
model. The extra states and transitions in the framework
model represent structural changes such as translocation and
template base stacking that are not directly detected in
ensemble kinetics experiments and so are not present in
kinetic models.

Each allowed transition pathway is color-coded to indicate
the physical nature of the change. Red indicates translocation
from site to site along the DNA. Blue indicates opening or
closing. Green indicates template base stacking or unstacking.
Black indicates a purely chemical change such as nucleotide
binding or pyrophosphate release. The mechanical transitions
(red, blue, and green) are capable of converting chemical
energy into mechanical work and will be affected by external
forces, and so are crucial to understanding the machine-and-
motor-like properties of polymerases.

Of the mechanical transitions, eight are open-close
motions, two are translocations, and four are template base
stackings. Six of the eight open-close motions are off-
pathway “traps” or “dead-ends” connected to on-pathway
open states. They may be in rapid equilibrium with their
corresponding on-pathway states (so that both together act
as a single state), may have unfavorable energy (and so
contribute little to polymerase properties), or may represent
true traps capable of sequestering part of the enzyme in an
inactive form. Collectively, all six states represent noncata-
lytic open-close fluctuations during the overall turnover
cycle.

The two remaining open-close transitions (connecting
states 3 and 4 and states 5 and 6) are the conformational
changes that immediately precede and immediately follow
catalysis. The 3f 4 closing transition is often the rate-
limiting step in the turnover mechanism. It forms the
essential, complete catalytic complex, state 4, in the model.
It is commonly suggested that the formation of this state is
the main mechanism by which the polymerase distinguishes
the correct nucleotide from those that are not complementary
to the template base, and hence is the main factor in
determining polymerase fidelity. The idea is that unless the
nucleotide and template base are correctly oriented in the
binding pocket and correctly base paired to each other, the
fingers domain cannot close, catalysis cannot take place, and
the incorrect nucleotide eventually leaves the active site.

Because this recognition is fundamental to the whole genetic
apparatus, understanding this step in molecular detail and
perhaps predicting the effects of mutations and external
perturbations (inhibitors, forces, drugs, environment, etc.) are
of particular interest.

After the catalytic step, the protein cannot translocate to
the next position along the DNA until the complex opens,
and (presumably because of steric clashes) the protein must
translocate before the template base can stack or the
nucleotide can bind in the active site. The two translocation
steps (connecting states 6 and 7 and states 9 and 0) thus
occur either immediately after opening or after opening and
pyrophosphate release, and before stacking or nucleotide
binding. The two translocation pathways differ only by the
presence or absence of pyrophosphate, and so are probably
similar in rate constants, sensitivity to load forces, effects
of inhibitors, etc.

State Space and Free Energy Landscape

Three of the four parameters in the framework model (z,
a, and f) involve physical motions and so can both generate
force and respond to external force. The rate constants
associated with transitions along these variables will, in
general, depend on force. These three parameters are also
(at least formally) continuous variables. Together, they define
a three-dimensional continuous space of conformations for
the polymerase-DNA-nucleotide system. The fourth pa-
rameter, n, is formally discrete (with three values), so the
full state space for the framework model can be considered
a set of three, three-dimensional volumes. For purposes of
visualization, however, it is convenient to take parameter f
also discrete, with f values of stacked and unstacked. Then
the state space can be represented by six two-dimensional
planes, as shown in Figure 3. Each plane represents the
variables z andR, that is, all possible combinations of
translocation and open-close conformations, for a particular
state of base stacking and nucleotide occupation.

Associated with each point in the state space is a statistical
free energy, which may be taken to be a Helmholtz free
energyA(z,a,f,n;T,F). Thus for each of the three volumes,
there is a three-dimensional free energy surfaceAn(z,R,f) [or,
for each of the six planes, a two-dimensional free energy
surfaceAnf(z,R)]. The polymerase machine moves on these
surfaces, and the shapes of the surfaces determine both the
stable states and the allowed transitions among them.
Conversely, information about the stable states and transitions
tells us about the shape of the free energy surface. Each
biochemically relevant stable state corresponds to a minimum
in the free energy surface, and each relevant transition
between stable states corresponds to a low-energy path
between minima. Saddle points along the low-energy paths
correspond to transition states, and energy differences
between saddle points and well bottoms correspond to
activation energies.

Each of the z,R planes in Figure 3 is divided into four
regions, one for each of the four combinations of z) up
and down andR ) open and closed. The six planes thus
represent 24 states altogether, but eight of these (bright
yellow in Figure 3) involve high-energy steric clashes and
so play no role in the polymerase mechanism. To contribute
to ensemble kinetics, a discrete state must have a significant
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lifetime (on the millisecond time scale or longer), and so
must be associated with a deep well in the continuum free
energy surface. Conversely, any group of discrete states that
is not separated from all others by significant barriers, and
thus forms a single large well spanning more than one
minimum, will effectively act as a single state.

Because the state space variables z,R, and f are closely
connected to structure, many of the dimensions of the free
energy surface can be estimated directly from crystal
structures. For example, the distance between minima along
the z direction (DNA translocation) should be about 3.4 Å,
the length of one step along double-stranded DNA, and the
two minima are probably similar in shape and size, with the
barrier top roughly halfway between them. Along theR
direction (fingers closing), the distance between minima
should be similar to the distance moved by the tip of the
fingers domain between open and closed states (∼10 Å for

HIV RT and Polâ and up to 15 Å for Taq DNA polymerase).
Furthermore, the crystal structures are consistent with the
idea that the forces that hold the fingers in the closed position
are due to contacts between residues in the fingers and nearby
structures such as the incoming nucleotide and the template
base, and residues in the palm and thumb. If so, the potential
well corresponding to the closed position (at largeR in each
of the surfaces in Figure 3) should be narrow (representing
a “contact stick”), and the barrier separating open and closed
states should be asymmetrically positioned nearer to the
minimum in the closed state than the minimum in the open
state. This choice is also consistent with measurements of
how motor forces depend on external forces in T7 DNA
polymerase (22) and HIV RT (30).

If the free energy surface is smooth near well bottoms
and barrier tops, these basic dimensions largely determine
the shape of the potential everywhere. The well bottoms will

FIGURE 3: Example potential energy surface for the framework model. Each of the six two-dimensional surfaces shown represents one
slice (along a plane wheref is constant; see Table 1) through a three-dimensional free energy functionAn(z,R,f), as described in the text.
Each surface is labeled by template base stacking state and nucleotide occupation state (e.g., u,e) unstacked, empty). For each surface, the
vertical axis is translocation (z) and the horizontal axis is fingers movement (R). Each of the sixteen discrete states in Figure 2 is represented
by a potential energy well (local energy minimum) labeled by its state index. High-energy disallowed states are bright yellow with no well.
Transitions between states within a single surface are associated with low-energy passes between minima, and red arrows show transitions
between surfaces (either purely chemical changes such as NTP binding or stacking-unstacking transitions). The numbers near minima and
saddle points are free energy values (relative to state 0) for the example model for HIV reverse transcriptase, and give approximate activation
barrier heights and free energy changes for each transition.
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be roughly harmonic, with curvatures (or force constants)
determined mainly by the distances from minima to saddle
points (barrier tops), and the saddle points themselves will
also be roughly harmonic, with the maximum curvature
limited by (at least) the requirement that all interactions occur
over atomic distances of a few angstroms.

Transitions between Surfaces

The final element in the framework model is a set of
transitions in the discrete variable n, corresponding to binding
and unbinding of nucleotides, reaction of nucleotides to form
new phosphodiester bonds, and binding and unbinding of
pyrophosphate. Since the variable is discrete, these transitions
are described by discrete transition rates, represented by red
arrows in Figure 3. These rates are measured experimentally,
or, at least in principle, estimated theoretically.

Constructing a model for a specific DNA polymerase then
amounts to adjusting the positions of the minima and saddle
points to suit the particular structure, estimating well depths
and barrier heights, and adjusting the values of curvatures
near the extrema.

Detailed Model for the HIV-1 ReVerse Transcriptase

The sections above describe the general elements of the
framework model. As an example of how the framework
model is used for a specific polymerase, we have developed
a detailed model for the HIV-1 reverse transcriptase. The
model is quite preliminary (many values can only be crudely
estimated) but consistent with all structural and kinetic data
known to date. We use the model to predict (1) rate constants
for all transitions in the framework model (Figure 2) as
functions of temperature and applied force, (2) polymeriza-
tion velocity versus applied load force for the polymerase
motor, as a function of temperature and nucleotide concen-
tration, and (3) the statistical distribution of polymerization
times for stochastic polymerase motion, as a function of
temperature, load force, and template length.

The calculations were carried out as described in the
Appendix. Briefly, a specific mathematical form was chosen
for the free energy surface, and the depths of free energy
wells and the heights of activation energy barriers were
adjusted to be consistent with experimentally measured rates
and equilibrium constants (i.e., transition free energy changes).

Then the free energy surface was used to calculate rate
constants and state-to-state free energies of transition using
eqs A.3 and A.4, and these were in turn used to calculate
force-velocity curves and stepping time distributions (see
below).

Table 1 lists the calculated values of the free energy
changes and rate constants for the 13 transitions of the model,
at several values of the load force. All but one∆G is
negative, but in this example model, most are near neutral.
The pyrophosphate release transitions are assumed to occur
in the absence of PPi, so their free energies are formally
undefined and functionally infinitely favorable. Aside from
PPi release, the driving transitions are (1) stacking in the
presence of a bound nucleotide, (2) fingers closing, and (3)
fingers opening. At high NTP concentrations, the NTP
binding steps (1f 3 and 0f 2) also become strongly
endergonic, especially for the 1f 3 transition, where the
NTP binds to an already stacked template base. The neutral
steps may fluctuate forward and backward, but the driving
steps ensure that the overall turnover cycle moves in the net
forward direction. The driving steps, being effectively
“irreversible”, select the forward fluctuations of the neutral
steps and, ratchet-like, force the motor ahead.

Force-Velocity CurVes

Using the rate constants from eq A.4, the steady state
turnover velocity for HIV RT was calculated as a function
of applied load force,F, and as a function of temperature.
Figure 4 shows several of these force-velocity curves. The
fact that the rate-limiting step (fingers closing) is also a
mechanical step in this model means that even a small force
is sufficient to cause slowing of the polymerase, and all
force-velocity curves are monotonic decreasing. If the model
is changed so that force acts primarily on some fast step,
the F-V curves will have a region near zero force where
the velocity is approximately independent of force (i.e., a
plateau nearF ) 0).

At high load, where the rate-limiting step alone dominates
the overall rate, the force-velocity curve will be ap-
proximately proportional to e-F∆si/kT, where∆si is the barrier
width (distance from the minimum on the reactant side to
the barrier maximum; see eq A.6) or effective motion during
one turnover cycle. If there is a dominant mechanical step

Table 1: Calculated Rate Constants at Several Load Forces

transition process ∆Ga kf(F)0) kr(F)0) kf(F)5) kr(F)5) kf(F)10) kr(F)10) kf(F)20) kr(F)20)

0 f 1 stacking -3.8 2760 601 1560 745 866 919 261 1400
2 f 3 stacking -14.4 1020 3.1 358 4.7 123 7.0 12.9 15.7
3 f 4 closing -16.2 102 0.15 38.5 0.22 14.7 0.33 1.7 0.74
5 f 6 opening -11.8 1160 9.9 1360 5.4 1570 3.0 2140 0.83
6 f 7 translocation -2.6 2670 921 3270 747 4000 606 5960 393
7 f 8 stacking -2.5 2590 941 1420 1160 813 1420 244 2170
9 f 0 translocation -3.1 2920 844 2370 1040 1940 1280 1290 1920
1 f 3 NTP binding -4.0b 50 (NTP) 10
0 f 2 NTP binding +6.6b 70 (NTP) 1000
4 f 5 catalysis -3.4 20000 5000
6 f 9 PPi release - 3000 0
7 f 0 PPi release - 3000 0
8 f 1 PPi release - 3000 0
a ∆G in units of kJ/mol at 298.15 K; rate constants in units of s-1 except for the two second-order rate constants (kf for 1 f 3 and 0f 2

transitions) which are in units of s-1 µM-1. Force in units of pN. No rate constants for PPi binding are given, since it is assumed that the PPi

concentration is zero. Rate constants for the nonmechanical transitions (1f 3 and below) were chosen to be consistent with previous measurements
and modeling efforts (see refs16-29). b At 1 µM NTP.
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therefore, a log plot should be linear and the slope provides
an estimate of the effective motion or barrier width, but if
several mechanical steps contribute to the load dependence,
the log plot will be curved. The inset in Figure 4 shows that
for the present model the log(velocity) versus F relationship
is a curve, indicating contributions from several mechanical
steps, and no single dominant step at all forces. This feature
comes rather directly from the dimensions and shapes of the
potential energy surfaces (Figure 3) which come in turn from
the basic dimensions of DNA polymerase structure, and so
may be a rather robust result. At low loads, the effective
movement is∼0.8 nm, representing mainly the fingers
closing motion. At high loads, the effective movement is
more than twice as large,∼1.8 nm, representing contributions
from all mechanical steps (fingers closing, translocation, and
template base stacking). As the temperature increases, the
velocity also rises at all load forces. If the rate is dominated
by a single step, eq A.6 shows that by plotting ln(velocity)
versus 1/T it is possible to estimate the effective barrier height
at each value of the applied force.

Stepping Time Distributions

The stepping time distribution is the probability (density)
for the time to complete one enzymatic turnover. The
stepping time distribution can be compared directly to
experimental histograms for turnover times from single-
molecule fluorescence experiments (see below), and so is
directly accessible experimentally. Formally, the stepping
time distribution is the conditional probability that the system
finished exactly one turnover cycle between timest andt +
dt, given that it was in a designated initial state at time zero.
We take any of states 0, 1, and 9 (the three termini of
pyrophosphate release processes in the framework model)
as the initial states, and to ensure that the system starts in
one of these states, we require the total population of all
three to be 1 and all other populations to be zero at time
zero. It is assumed that the three possible initial states are in

rapid equilibrium, so their relative populations are determined
by their relative free energies (as determined by integrating
over the corresponding regions of the potential energy
surface). Finally, we modify the model by adding final states
0′, 1′, and 9′ that are distinct from states 0, 1, and 9 but
identical in properties. This allows us to define a complete
cycle as any series of transitions that leads from any of the
initial states (0, 1, and 9) to any of the final states (0′, 1′,
and 9′). To ensure that the system completes one and only
one cycle, we make the pyrophosphate release transitions
(state 6 to state 9, state 7 to state 0, or state 8 to state 1)
irreversible (equivalent to setting the pyrophosphate con-
centration to zero, as in most in vitro experiments). Then
the stepping time probability is the fraction of systems to
arrive at state 0′, 1′, or 9′ during the time interval fromt to
t + dt, which is the same thing as the total rate of arrival of
the system in these states times dt:

More generally, for any discrete model, the single-step
time distribution is the derivative of the probability for the
final state(s), for a process that started in the initial state(s)
at time zero, with all transitions leading to the final state(s)
being irreversible.

For the replication of a template ofn bases, the population
for the ith turnover,Fi(t), is computed by multiple convolu-
tions with a one-base stepping time distribution:

where F1 step(t) is the one-base turnover stepping time
probability density (eq 1 above). Figure 5 shows stepping
time distributions at several temperatures, for a template 10
bases long. Despite the fact that each individual turnover
involves many steps, the curves are essentially Poissonian,
with a prominent peak at approximatelyt ) n/kpol. (A Poisson
process results when each base incorporation is controlled
by a single rate, kpol. In this case, the distributions are
approximately Poissonian because there is a reasonably
dominant rate-limiting step in the single-base turnover cycle.)
At non-zero loads, all mechanical steps are slowed, causing
the distribution to broaden and the maximum to move to

FIGURE 4: Velocity vs force plot at several temperatures for the
example model. The overall rate constant,kpol, is the saturating
turnover velocity. The immediate drop in velocity at low force
represents the fact that the slowest step (state 3f state 4) is
mechanical and so depends on force. The relatively rapid drop with
an increase in load reflects a large effective overall motion on one
full turnover cycle. In the model presented here, this includes
contributions from all the mechanical steps, including fingers
closing, template base stacking, and translocation. The inset is a
log plot showing increasing slope and hence larger effective overall
motion as force increases and additional mechanical steps become
significant.

FIGURE 5: Replication time probability distributions for a 10-base
template at three temperatures. The distributions are approximately
Poissonian, with peaks neart ) 10/kpol. As the temperature
increases, kpol increases and mean replication time decreases.

pstep(t) dt ) [dp0′(t)

dt
+

dp1′(t)

dt
+

dp9′(t)

dt ] dt (1)

Fi+1(t) ) ∫0

tFi(t′)F1 step(t - t′) dt′
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longer times. Likewise, at higher temperatures, the rate-
limiting forward rate constant is increased, and the maximum
moves to shorter times. The presence of multiple substeps
within a single-turnover cycle is less apparent in these
multiple-turnover stepping time distributions than it would
be, say, in a single-step time distribution, but their presence
could be made apparent (and their transition rates measured)
by varying the substrate concentration, by varying the types
of forces applied (to affect the various different mechanical
steps separately), or by more sophisticated fluorescence (or
kinetic) experiments that probe the substeps directly.

Discussion and Conclusions

The intent of the framework model is to take a step from
purely phenomenological models based on ensemble kinetics
toward a directly predictive model based on a combination
of kinetics, structure, and, ultimately, atomistic simulations.
The defining elements of the model are the four degrees of
freedom (z,R, f, and n) and the rules for transitions among
the discrete states, all of which are strongly suggested by
structure and kinetics. Together, these place significant
restrictions on the range of possible mechanisms, and on the
form of the potential energy surface for DNA polymerase
machines.

The framework model has three kinds ofmechanicalsteps
(translocation, opening and closing, and stacking and un-
stacking) and three kinds of purelychemicalsteps (nucleotide
binding, phosphodiester bond formation, and pyrophosphate
release). The sizes of the energy drops on these two classes
of transitions determine the basic mechanism by which
polymerase motors generate forces. When the energy change
across a mechanical transition is large and favorable, the
motor moves (at least on the step in question) by means of
an internally generated force, and the transition can be
considered to be a “power stroke”. On the other hand, if the
free energy change is small or unfavorable, the motor may
still generate forces, but will now do so by a “fluctuation
ratchet” mechanism, in which other steps with favorable free
energy prevent backward fluctuations and thus, ratchet-like,
effectively select forward fluctuations. In motors such as the
DNA polymerases, which have several mechanical steps, the
overall mechanism may involve both power stroke and
fluctuation ratchet processes. In the model presented here,
the main fingers-closing step (state 3f state 4) and the
stacking step for a complex with NTP already present (state
2 f state 3) both have significant favorable free energy
changes and so are power strokes, while the remaining
mechanical transitions (including both translocation steps)
have very small free energy changes and so are driven
forward mainly by the ratcheting action of other steps (Table
1).

The most important feature of the DNA polymerases is
the moveable fingers domain. The opening and closing of
the fingers ensures the proper order for the crucial steps in
the mechanism: NTP binding is necessary for fingers
closing; fingers closing is necessary for the catalytic reaction;
reaction is necessary for fingers opening; fingers opening is
necessary for the cluster of steps involving PPi release,
template base stacking, and translocation. This sequence of
dependencies essentially defines the turnover cycle.

The key aspects of the potential energy surface for a
polymerase are thus those that generate the sequence: the

favorable energy for the closed state (over the open state) in
the s, n surface [when a nucleotide is present and the template
base is stacked (Figure 3)] compared to the unfavorable
energy of the closed state in the s, e or u, n surfaces (when
either the nucleotide is absent or the template base is
unstacked); the catalytic reaction only in the closed state
[represented by the discrete transition (red arrow) from state
4 to state 5 in Figure 3]; the unfavorable energy for the closed
state in the u, p surface immediately after the catalytic
reaction; the high barriers between state 5 in the u, p surface
and all other states except the open state 6 (and the lack of
discrete transitions leading out from state 6), so that the
fingers domain must open before any further transitions
occur. The absolute sizes of energy differences and barriers
can vary, but these qualitative features are necessary for any
polymerase free energy surface that is consistent with existing
experimental results.

A main goal of any modeling effort is to relate the
macroscopic properties of the molecular machine to its
molecular structure, say, by a series of calculations with
decreasing molecular detail: interactions at the atomic scale
f potential energy surface and diffusion constantsf state-
to-state rate constants and free energiesf global kinetic
mechanism. The framework model, by a combination of
structural information and experimental kinetic data, attempts
to fill in the final two steps, but does not make direct
quantitative predictions from structure. Nonetheless, in light
of the comments in the previous paragraph, the important
parts of the potential energy surface can help us identify the
crucial interactions and features in the protein structure itself.
The fact that the closed state is favored when the nucleotide
is present and the template base is stacked, but not otherwise,
indicates that there must be strong favorable interactions
between the fingers and the nucleotide‚template base pair.
The fact that the open state is favored after reaction, when
the â- and γ-phosphates have been severed from the
nucleotide, suggests that a large part of this favorable
interaction is with the phosphate tail, and that there is a
tension in theR-phosphate-â-phosphate linkage that is
released when the linkage is broken. Similarly, the size of
the barrier to fingers closing is determined largely by the
stiffness of the hinge region of the fingers domain: the stiffer
the hinge, the larger the curvature of the free energy surface
in the open state of the s, n surface and the higher the barrier
to closing. It may be possible to estimate some of these
interactions by direct simulation, thus closing the last link
between atomic detail and macroscopic properties.

Appendix

Calculation Methods for the HIV RT Model.(1) The free
energy surface was represented as the logarithm of a sum of
Gaussian functions centered at the minima in each three-
dimensional surface:

where the sum is over all minima,i, in the potential energy
surface for a given value ofn, mn is an integer scale factor,

An(z,R,f;T) ) -mnkT ln ×
{∑

i

e-[A0ni+(1/2)κni(z-zni)2+(1/2)øni(R-Rni)2+(1/2)λni(f-fni)2]/mnkT}

(A.1)
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T is the absolute temperature,k is Boltzmann’s constant,A0ni

is the (approximate) well depth for theith minimum with
nucleotide occupation staten, κni, øni, and λni are force
constants for (approximately harmonic) welli in occupation
staten, andzni, Rni, and fni are the (approximate) locations
in z, R, f space of the minimum for welli in occupation
staten. This form yields smooth, reasonable surfaces that
are close to harmonic near the minima and saddle points.
The scale factor,mn, makes it possible to adjust the depth
of the wells and the curvature at the saddle points relatively
independently. The corresponding probability density

is relatively easily integrated to find transition free energies
and rate constants (see below). The six surfaces shown in
Figure 3 were found by evaluatingAn(z,R,f;T) in eq 1 above
at f ) stacked (f ) 1.0, defined as the rms difference from
the stacked position in 1RTD) and at f) unstacked (f )
7.5) for each of the three, three-dimensional surfaces (n)
NTP, PPi, or empty).

(2) The well depths and force constants were adjusted so
that the equilibrium constants,Kij, and free energy changes,
∆Aij ) -kT ln Kij, for each transition,i h j, agree with
experimental values, wherever available. The equilibrium
constant is

If the potential wells are manykT’s deep, only the regions
near the bottoms of the wells contribute to the integrals. The
free energy surfaces in these regions are approximately
harmonic, and the equilibrium constant is thenKij =

x(κni/κnj)(øni/ønj)(λni/λnj)e
-(A0nj-A0ni)/kT, whereκni, øni, etc. are

the same as in part 1. Measured or estimated equilibrium
constants for HIV RT include those for nucleotide dissocia-
tion (∼10 µM) (16, 21, 23-29), for fingers closing, for the
catalytic step, and for pyrophosphate release (∼7 mM) (16).
In this model, the six “trap” states, 10-15, are considered
high-energy states, so only 10 of the full 16 states contribute
significantly to polymerase properties.

(3) The force constants and the scale factormn were
adjusted to make the saddle points occur at approximately
the right positions (based on structure; see above) with
reasonable curvatures, and to make the barrier heights have
values that gave agreement with measured rate constants and
to be consistent with the overall single-step rate for HIV
RT. The rate constants for transitioni h j were calculated
using (3)

whereD is a diffusion constant for motion along the reaction
coordinate,∆ij ) Ni∑′j + Nj∑′i, and

and s is one of the three variablesz, R, and f, with sij the
dividing point (the barrier maximum) between regionsi and
j. The quantityAn(s) is a one-dimensional potential of mean
force obtained from the full free energy surface by integrating
the probability density over two of the three variables (z, R,
andf). For example, for a translocation along the variablez
from state i to state j, the one-dimensional potential is
approximately

whereC is a normalization factor that does not affect the
rate constants. In arriving at the last expression in eq A.5,
we assumed that paths passes through the two minima,i
and j, and only the two Gaussians that lie on these minima
contribute significantly to the probability density (eq A.2).

Unlike the transition free energies, which depend mainly
on the energy differences between well minima, the rate
constants depend mainly on barrier heights and widths. If
the wells are manykT’s deep, the formulas above can be
approximated by simple Arrhenius-like expressions:

whereκi andκj are the force constants [second derivatives
of An(s)] at the minimum of wellsi and j, respectively, and
κb is the negative of the second derivative ofAn(s) at the
barrier maximum.

Table 2 lists values ofzni, Rni, fni, κni, øni, λni, andA0ni for
each welli and for each occupation staten. In all cases,mn

) 20. Diffusion coefficients were roughly estimated using
the Einstein formulaD ) kT/γ, where γ is an effective
friction coefficient (assumed to be approximately independent
of temperature) calculated using Stoke’s law,γ ) 6πηR,
with R chosen to match the size of the feature associated
with each degree of freedom (e.g., largeR for motions along
z, where the entire protein translocates, and smallR for f,
where only the template base moves). For motions alongz,
γ ) 5.0 × 10-11 N m-1 s-1 (viscosity ) 0.001 kg s m-1,
effective radius) 2.6 nm). For motions alongR, γ ) 3.0×
10-11 N m-1 s-1 (effective radius) 1.6 nm). For motions
alongf, γ ) 1.0× 10-11 N m-1 s-1 (effective radius) 0.53
nm).

Fn(z,R,f;T)∝e-An(z,R,f;T)/kT )

{∑
i

e-[A0ni+(1/2)κni(z-zni)2+(1/2)øni(R-Rni)2+(1/2)λni(f-fni)2]/mnkT}mn

(A.2)

Kij(T) ) e-∆Aij(T)/kT )
∫regionj

e-An(z,R,f;T)/kT dz dR df

∫regioni
e-An(z,R,f;T)/kT dz dR df

(A.3)

kji(F) ) D
Nj

∆ij
, kij(F) ) D

Ni

∆ij
(A.4a)

Ni ) ∫region i
e-An(s)/kT ds, Nj ) ∫regionj

e-An(s)/kT ds

∑′i ) ∫regionj
e-An(s)/kT σi(s) ds, ∑′j )

∫regioni
e-An(s)/kT σj(s) ds (A.4b)

σi(s) ) ∫s

sijeâAn(s′′) ds′′, σj(s) ) ∫sij

s
eâAn(s′′) ds′′

e-An(z)/kT ) C∫-∞

∞ ∫-∞

∞ ×
{∑

i

e-[A0ni+(1/2)κni(z-zni)2+(1/2)øni(R-Rni)2+(1/2)λni(f-fni)2]/mnkT}mn dR df

) C∑
V)0

mn [ mn!

V!(mn-V)!x 2πmnkT

Vøni + (mn - V)ønjx 2πmnkT

Vλnj + (mn - V)λnj

×e-{(1/2)(Rni-Rnj)2/[1/Vøni+1/(mn-V)ønj]+(1/2)(fni-fnj)2/[1/Vλni+1/(mn-V)λnj]}/mnkT

×e-{V[A0ni+(1/2)κni(z-zni)2]+(mn-V)[A0nj+(1/2)κnj(z-znj)2]}/mnkT
]

(A.5)

kji(F) = D
2πkTxκiκbe

-(∆Aji+F∆si)/kT

kij(F) = D
2πkTxκjκbe

-(∆Aij+F∆sj)/kT (A.6)
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For completeness, a load force,F, has been added to the
potential in eq A.6:An(s,F) ) An(s,0) + Fs. This load force
is defined so that positive forces oppose the “forward”
transition from welli to well j, and negative forces assist
the forward transition (and vice versa for the backward
transition). The quantities∆si and ∆sj in eq A.6 are the
distances alongs from the barrier top to the minimum in
well i and in wellj, respectively. Comparison of calculations
done using eq A.4 with the approximate formulas in eq A.6
shows them to be good to a few percent for typical one-
dimensional free energy functions with two wells separated
by a barrier, as is the case here. Finally, the transition rates
for the discrete transitions inn (between surfaces) were
estimated from literature values (see Table 2 and refs16-
29).
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