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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 proteiDNA—nucleotide complex, (2) a complete set of conformational
states for the proteinDNA—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 foreerelocity curves and stepping-statistics histograms that can be directly compared

to experiment.

The current understanding of DNA polymerases comes tion of experimental structure and kinetics, simple theory,
mainly from two types of information: structural information and detailed simulations.
from X-ray crystallography and dynamical information from Here these ideas are applied to the DNA polymerases. On
ensemble enzyme kinetics. Of these two, the kinetic informa- the basis of structure and kinetics, four key degrees of
tion is often more directly useful; kinetic properties include freedom and 16 potentially stable conformational states
rates of nucleotide incorporation, processivity, replication common to all DNA polymerases are identified. The allowed
fidelity, etc. But it is natural to regard the structural transitions among these conformational states are then
information as more fundamental: it tells us how poly- restricted, again on the basis of kinetics, to provide a general
merases are built from the atoms; the dynamical properties“framework” kinetic/stochastic mechanism that should be
could in principle be calculated from structure. Predicting capable of describing all polymerases, including their me-
high-level kinetic and thermodynamic properties from struc- chanical properties. The framework mechanism is then used
ture is a major goal of biophysics. to construct the basic shape of the free energy surface for a

The DNA polymerases are complex, mechanical, protein DNA polymerase. Finally, a simple discrete state model for
machines. Predicting their properties from first principles is the HIV reverse transcriptase is constructed and explored.

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 ~Recently, a large number of crystal structures of polym-
own right, essentially unconnected to structure. To help €rase&-DNA complexes have become availablé—(4),
bridge the gap between purely phenomenological kinetic including a number of binary polymerasBNA complexes
models and atomistic calculations, an intermediate stochastic2d ternary polymeraseONA—NTP! complexes, for T7
approach has recently been developed, most notably by OstePNA polymeraseEscherichia colpolymerase |, Tag DNA
and co-workers—3). The stochastic approach is based on Polymerase, RB69 DNA polymerase, human and rat polym-
a free energy surface defined on a state space with only aerasep, and the HIV reverse transcriptase (see Figure 1).

few important degrees of freedom. It has the advantage of Together, these structures span the f_uII range of living thing_s
including crucial structural and mechanical information (&rchaea, eubacteria, eukaria, and viruses) and all the major

directly, while minimizing the (often unnecessary) complica- functions of DNA polymerases. Despite this enormous
tions of atom-by-atom detail. The main features of the free Préadth, and despite the wide disparity in sequence, all six
energy surface can sometimes be estimated from a combinaStructures (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
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Ficure 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 show several DNA polymerases in the state just prior to catalysis, with the protein at
then + 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 11G9). Panels-¢i show DNA polymerases in several other states of the catalytic cycle (see Figure 2): (d) Taq DNA polymerase
(state O; PDB entry 4KTQ) with protein at tlre+ 1 position, fingers open, NTP and Pdbsent, and template base unstacked; (e) same

as panel d but with NTP present (state 2; PDB entry 2KTQ); (f) human polymgréstate 1; PDB entry 1BPX) in the + 1 position,

fingers open, NTP and PBbsent, and template base stacked; (g) same as panel f but with NTP present and fingers closed (state 4; PDB
entry 1BPY); (h) rat polymerasg (state 5; PDB entry 1HUZ) in the position with PR present and fingers closed (the template base is
missing in this structure and also in panel i); and (i) human polymeigseate 9; PDB entry 1BPZ) in the position with fingers open

and both NTP and RRbsent. (j) Cartoons illustrating the main degrees of freedom in the framework model: (1) translocation along the
DNA, z (zincludes rotation about the helix axis that is not shown); (2) fingers domain closing en¢# template base stacking parameter,

f; and (4) nucleotide occupation paramete(see the text for more complete definitions).

strand with the same spatial relationship to the palm, thumb, phosphate groups of the incoming nucleotide and in es-
and fingers; all bind the incoming nucleotide so that it stacks sentially identical positions with respect to theG3H group

on the end of the primer strand essentially as if it were of the primer; all seem to undergo a structural transition in
already part of a double-stranded DNA; all organize the which the fingers domain swings between an “open” and
template base so that it base pairs with the incoming “closed” conformation; all have the ability to translocate from

nucleotide and, like the nucleotide, adopts a conformation one site on the DNA to the next without unbinding (though

essentially identical to that of a double-stranded DNA; all they differ enormously in the average number of such
have two metal ions bound to the palm domain and to the processive steps between binding and dissociation).
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Ficure 2: Discrete states of the framework model. Each state is indicated pictorially, and is labeled by framework parametersu(z,

f) and by state index (015). 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 bineiegsBFor catalysis).
Background color blocks correspond to the “biochemical” states of the minimal kinetic mechanism: Plfce (= protein-DNA complex

with n base pairs, red (dNTP) for G, with a bound nucleotide, orange ({@NTP) for G,-dNTP with a closed fingers domain, yellow
(Ch11°PPR) for C;, with n + 1 base pairs and bound pyrophosphate (immediately after formation of a new phosphodiester bond), and green
(Chi1°PR) for C,,-PR with an open fingers domain. Ten states-@) are on pathway, and six states {1Ib) are off pathway traps or

fingers fluctuations. Red stars denote states represented by crystal structures (see Figure 1).

Given these structural similarities, it is not surprising that to account for binding and release of DNA to and from
all known DNA polymerases and reverse transcriptases seenpolymerase, and for the proofreading nuclease activities of
also to share similar kinetic mechanismi&{21). In the some polymerases, but the mechanism described above is
standard kinetic mechanism [based mainly on pre-steady statesufficient for processive polymerization, which is the focus
kinetics of nucleotide turnovef )], the polymerase DNA of this paper.
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 These structural and mechanistic similarities suggest (at
transition, and finally releases pyrophosphate, returning to least) four important degrees of freedom for a DNA
a state ready for the next nucleotide (see also Figure 2): polymerase, as illustrated in the various structures and

cartoons in Figure 1.
E-DNA, + NTP— E-DNA ‘NTP— E'-DNA -NTP— (1) Translocation of the Protein along the DN all

E'-DNA,. ,-PPR— E:DNA_, ;PR —E:DNA_,,; + PP crystal structures with bound DNA, the protein contacts the

DNA along the minor groove, and follows the helix as it

Some of these steps may be fast in certain polymerasesanoves from one site to the next like a nut on a bolt (compare,
(and so may not contribute to the overall polymerization rate for example, panels f and i in Figure 1). In the framework
or appear in some kinetic models), but all must be presentmodel, this helical motion is described by a helical position
in a complete turnover cycle. Additional steps are also neededparameter.

Key Degrees of Freedom
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(2) Opening and Closing of the Protein, Described by the  This leaves 16 physically reasonable states, as shown in
Conformational Parameten. Crystal structures and en- Figure 2. For convenience, the states are labeled both by
semble kinetics show that DNA polymerases can adopt anthe discrete values of z, f, and n and by simple integér
open conformation which can admit new nucleotides and e.g., (z,a, f, n) = (up, closed, stacked, NTR} state 4 in
presumably allows movement of the protein along the DNA, Figure 2. Six of these states [denoted with red stars; state 0,
or a closed conformation with a tight, well-ordered catalytic Tag DNA polymerase6), Bacillus stearothermophilugol
pocket [compare panels-d and i (open) to panels—c, g, I (7), and HIV RT (@0); state 1, HIV RT 9, 11) and
and h (closed) in Figure 1]. The transition from open to polymerase (13); state 2, Taq DNA polymerasé)( state
closed is characterized mainly by a hinged movement of the 4, T7 DNA polymerase4), Taq DNA polymerase5, 6),
fingers domain but also involves smaller movements by other HIV RT (8), RB69 Pola (12), and Polg (13, 14); state 5,
domains, especially the thumb. Pol 3 (14), but the DNA has no template base, so the stacking

(3) Stacking and Unstacking of thethl Template Base, state is undefined; state 9, P®l(13), but the DNA has no
Described by Stacking ParameterHor polymerization to  template base] are represented directly by crystal structures
occur, the downstream base on the template strand must bgFigure 1); the other states can all be generated by simple
stacked on the previous template base (which is now part ofchanges from the known states. For example, state %0 z
the double-stranded DNA), and correctly oriented for base up, o = closed, f= stacked, = PR (bottom left of Figure
pairing with the incoming nucleotide (compare panels d and 2) can be generated from any of the several crystal structures
e with panels ac, f, and g in Figure 1). for the closed ternary complex (state 4=aip, . = closed,

(4) Binding and Unbinding of Nucleotide and Pyrophos- f = stacked, ri= NTP; top right of Figure 2) by exchanging
phate, Described by Discrete Variable n with Three Values the NTP for a pyrophosphate. The 16 states of the framework
n = empty for no nucleotide or pyrophosphate presert. n  model thus seem to be quite well supported experimentally.
NTP for full nucleotide bound. r= PR for only pyrophos- In principle, a transition pathway connects each pair of
phate bound. the 16 states, but not all pathways are physically reasonable.

The precise definitions of zi, and f in terms of molecular  The lines connecting the states in Figure 2 represent all
structure will vary from one application and polymerase to transition pathways that satisfy three requirements.
another. For many purposes, simple definitions will suffice, (1) Only one variable can change its value in a single

€.g., z as a rigid body helical rotation plus translation of the transition. This eliminates all double changes and higher,

protein relati\_/e to the DNAg. as the hing'e angle for the such as a change from statap, open, stacked, NFPto
fingers bending upon opening and closing, f as the rms state{ up, closed, unstacked N]"FWhicﬁ involves’ changes
difference from a stacked template base, etc. Also, for some, | botho: and f ' ’
applications, other parameters may be necessary (e.g., binding o ) . )
of DNA to polymerase), but these four seem to be adequate (2) No translocation, stacking or unstacking, or change in

to account for the main properties of processive polymeri- NTP binding site occupation can occur when the protein is

zation. in the closed state. The presumption here is that the closed
state is tightly clamped.
Discrete States and Transitions (3) The chemical reaction, forming a new phosphodiester

bond between tha-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
correspond to the “initial” state of the protein before closed conformation, and the template base must be stacked

translocation [with no gap between the fingers and the blunt 21d base paired to a nucleotide.

end of the double-stranded DNA (Figure 1i)] and=zup The first rule says, in effect, that the fastest transitions
correspond to the “final” state of the protein after translo- are along the four parametersgz f, and n, so that the fastest
cation to the next position (leaving a gap for a new nucleotide route between states that differ in two parameters is a two-
between fingers and DNA, e.g., Figure 1f). Likewise,det  step process rather than a single step. This effectively rules
= open correspond to the open state of the polymerase andut concerted processes (such as simultaneous opening and
o. = closed correspond to the closed state. Finally, ket f  translocation for example) and is perhaps the strongest

Though the first three parameters, @, and f, are
continuous variables, it will be convenient in many cases to
think of them as restricted to discrete values; let lown

stacked represent the oriented, stacked state (Figure,flg) assumption of the framework model. The second and third
and f = unstacked the disordered, unstacked state (Figurerules are strongly suggested by either ensemble kinetics,
1d,e). structure, or both. For example, though there are few data

The discrete values of the four conformational parameters to suggest where protein translocation occurs in the catalytic
nominally yield 2x 2 x 2 x 3= 24 discrete conformational  cycle, all crystal structures with closed conformations show
states of the polymeras®NA—nucleotide complex. Of  very tight organization of DNA, template base, and nucle-
these 24 nominal states, eight would involve overlaps or closeotide @4—6, 8, 12—14). This argues for a tightly bound,
contacts and so are not physically realistic. For example, immobile complex when the protein is closed. Similarly, the
whenever the protein is in the=z down, a. = closed state, rule that the catalytic step occurs only in a fully organized
there is no gap between the fingers and the end of the double<catalytic complex is well supported by both structure and
stranded DNA, so it is not possible to insert a template baseensemble kinetics. Finally, it should be noted that these rules
to be stacked or to insert a new nucleotide. Similarly, we have been chosen to give a maximal set of transitions capable
omit all states with a z= down and stacked template base of describing all polymerases, but any specific polymerase
or NTP present even when the protein is in the open state.may employ a smaller set of transitions.
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Discrete Framework Model 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
1perturbations (inhibitors, forces, drugs, environment, etc.) are

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 ot particular interest.
its four parameters (€.g., up, open, stacked, empty) and is After the catalytic step, the protein cannot translocate to
connected to other states by transition pathways that satisfyth i i y | F:h DI\FI) A until th |
the three rules listed above. Generally, the allowed transitions € next position ajong the untl the compiex opens,
are sparse on the right side of the diagram, where the proteinand (presumably because of steric clashes) the protein must

s close, and rumeraus on e lef side. wnere e proten, TS BeCTE e TP bese o sk o e
is open. This reflects the fact that in the open state motion :

is less restricted, and the various steps needed to complet%t:e(f; é?t?]ré??ﬁ]tr'gg d?;?élesaef;t;ng Zn?nndos;tg:?esr g ?r]:ijn O)a:]h dus
a catalytic cycle (NTP binding, translocation, fingers closing, Y P 9 P 9

- : . pyrophosphate release, and before stacking or nucleotide
et?%??&&?ﬂ;ﬁg;ﬂ zt\;?erftgf?{Lg'gﬁ;g;?{;dz:]se'tic model binding. The two translocation pathways differ only by the
are indicated by the color blocks in Figure 2. Thus, the single presence or absence of pyrophosphate, and so are probably

biochemical state BDNA, is represented by six states (0, 1, z:cn?rlllra]\irb:?orrstit(éonstants, sensitivity to load forces, effects
9, 12, 14, and 15) in the framework model, and the single T
transition_ EDNA, — E-DNA.-dNTP _i_n the_ biochemical  gi5te Space and Free Energy Landscape
scheme is represented by two transitions in the framework
model. The extra states and transitions in the framework Three of the four parameters in the framework model (z,
model represent structural changes such as translocation and, and f) involve physical motions and so can both generate
template base stacking that are not directly detected inforce and respond to external force. The rate constants
ensemble kinetics experiments and so are not present inassociated with transitions along these variables will, in
kinetic models. general, depend on force. These three parameters are also
Each allowed transition pathway is color-coded to indicate (at least formally) continuous variables. Together, they define
the physical nature of the change. Red indicates translocatiora three-dimensional continuous space of conformations for
from site to site along the DNA. Blue indicates opening or the polymeraseDNA—nucleotide system. The fourth pa-
closing. Green indicates template base stacking or unstackingrameter, n, is formally discrete (with three values), so the
Black indicates a purely chemical change such as nucleotidefull state space for the framework model can be considered
binding or pyrophosphate release. The mechanical transitionsa set of three, three-dimensional volumes. For purposes of
(red, blue, and green) are capable of converting chemicalVisualization, however, it is convenient to take parameter f
energy into mechanical work and will be affected by external also discrete, with f values of stacked and unstacked. Then
forces, and so are crucial to understanding the machine-andthe state space can be represented by six two-dimensional
motor-like properties of polymerases. planes, as shown in Figure 3. Each plane represents the
Of the mechanical transitions, eight are opetose variables z andu, that is, all possible combinations of
motions, two are translocations, and four are template basetranslocation and opertlose conformations, for a particular
stackings. Six of the eight opermlose motions are off-  State of base stacking and nucleotide occupation.
pathway “traps” or “dead-ends” connected to on-pathway Associated with each point in the state space is a statistical
open states. They may be in rapid equilibrium with their free energy, which may be taken to be a Helmholtz free
corresponding on-pathway states (so that both together acenergyA(z,a,f,nT,F). Thus for each of the three volumes,
as a single state), may have unfavorable energy (and sahere is a three-dimensional free energy surfage,o.f) [or,
contribute little to polymerase properties), or may represent for each of the six planes, a two-dimensional free energy
true traps capable of sequestering part of the enzyme in ansurfaceA.(z,0)]. The polymerase machine moves on these
inactive form. Collectively, all six states represent noncata- surfaces, and the shapes of the surfaces determine both the
Iytic open—close fluctuations during the overall turnover stable states and the allowed transitions among them.
cycle. Conversely, information about the stable states and transitions
The two remaining openclose transitions (connecting tells us about the shape of the free energy surface. Each
states 3 and 4 and states 5 and 6) are the conformationaPiochemically relevant stable state corresponds to a minimum
changes that immediately precede and immediately follow in the free energy surface, and each relevant transition
catalysis. The 3— 4 closing transition is often the rate- between stable states corresponds to a low-energy path
limiting step in the turnover mechanism. It forms the between minima. Saddle points along the low-energy paths
essential, complete catalytic complex, state 4, in the model.correspond to transition states, and energy differences
It is commonly suggested that the formation of this state is between saddle points and well bottoms correspond to
the main mechanism by which the polymerase distinguishesactivation energies.
the correct nucleotide from those that are not complementary Each of the zo planes in Figure 3 is divided into four
to the template base, and hence is the main factor inregions, one for each of the four combinations ofzip
determining polymerase fidelity. The idea is that unless the and down andx = open and closed. The six planes thus
nucleotide and template base are correctly oriented in therepresent 24 states altogether, but eight of these (bright
binding pocket and correctly base paired to each other, theyellow in Figure 3) involve high-energy steric clashes and
fingers domain cannot close, catalysis cannot take place, andso play no role in the polymerase mechanism. To contribute
the incorrect nucleotide eventually leaves the active site. to ensemble kinetics, a discrete state must have a significant
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Ficure 3: Example potential energy surface for the framework model. Each of the six two-dimensional surfaces shown represents one
slice (along a plane wheifeis constant; see Table 1) through a three-dimensional free energy fudgfion,f), as described in the text.

Each surface is labeled by template base stacking state and nucleotide occupation stateeunstaeked, empty). For each surface, the

vertical axis is translocatiorzand the horizontal axis is fingers movemen}.(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 stasistacking 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.

lifetime (on the millisecond time scale or longer), and so HIV RT and Pol3 and up to 15 A for Taq DNA polymerase).
must be associated with a deep well in the continuum free Furthermore, the crystal structures are consistent with the
energy surface. Conversely, any group of discrete states thatdea that the forces that hold the fingers in the closed position
is not separated from all others by significant barriers, and are due to contacts between residues in the fingers and nearby
thus forms a single large well spanning more than one structures such as the incoming nucleotide and the template
minimum, will effectively act as a single state. base, and residues in the palm and thumb. If so, the potential
Because the state space variablea,zand f are closely  well corresponding to the closed position (at lacge each
connected to structure, many of the dimensions of the free of the surfaces in Figure 3) should be narrow (representing
energy surface can be estimated directly from crystal a “contact stick”), and the barrier separating open and closed
structures. For example, the distance between minima alongstates should be asymmetrically positioned nearer to the
the z direction (DNA translocation) should be about 3.4 A, minimum in the closed state than the minimum in the open
the length of one step along double-stranded DNA, and the state. This choice is also consistent with measurements of
two minima are probably similar in shape and size, with the how motor forces depend on external forces in T7 DNA
barrier top roughly halfway between them. Along the polymerase Z2) and HIV RT 30).
direction (fingers closing), the distance between minima If the free energy surface is smooth near well bottoms
should be similar to the distance moved by the tip of the and barrier tops, these basic dimensions largely determine
fingers domain between open and closed state(A for the shape of the potential everywhere. The well bottoms will



Framework Model for DNA Polymerases

Biochemistry, Vol. 44, No. 18, 200%883

Table 1: Calculated Rate Constants at Several Load Forces

transition process AG? k:(F=0) k(F=0) k(F=5) k(F=5) k(F=10) k(F=10) ki(F=20) k(F=20)
0—1 stacking —3.8 2760 601 1560 745 866 919 261 1400
2—3 stacking —14.4 1020 3.1 358 4.7 123 7.0 12.9 15.7
3—4 closing —-16.2 102 0.15 38.5 0.22 14.7 0.33 1.7 0.74
5—6 opening -11.8 1160 9.9 1360 5.4 1570 3.0 2140 0.83
6—7 translocation  —2.6 2670 921 3270 747 4000 606 5960 393
7—8 stacking —2.5 2590 941 1420 1160 813 1420 244 2170
9—0 translocation  —3.1 2920 844 2370 1040 1940 1280 1290 1920
1—3 NTP binding  —4.0° 50 (NTP) 10
0—2 NTP binding  +6.8° 70 (NTP) 1000
4—5 catalysis —-3.4 20000 5000
6—9 PRrelease - 3000 0
7—0 PRrelease - 3000 0
8—1 PR release - 3000 0

2 AG in units of kd/mol at 298.15 K; rate constants in units of except for the two second-order rate constakifof 1 — 3 and 0— 2
transitions) which are in units of'$ «M~1. Force in units of pN. No rate constants for;®#hding are given, since it is assumed that the PP
concentration is zero. Rate constants for the nonmechanical transitien8 @nd below) were chosen to be consistent with previous measurements
and modeling efforts (see reis—29). P At 1 uM NTP.

be roughly harmonic, with curvatures (or force constants) Then the free energy surface was used to calculate rate
determined mainly by the distances from minima to saddle constants and state-to-state free energies of transition using
points (barrier tops), and the saddle points themselves will eqgs A.3 and A.4, and these were in turn used to calculate
also be roughly harmonic, with the maximum curvature force—velocity curves and stepping time distributions (see
limited by (at least) the requirement that all interactions occur below).

over atomic distances of a few angstroms. 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 oS is

The final element in the framework model is a set of Negative, but in this example model, most are near neutral.
transitions in the discrete variable n, corresponding to binding The pyrophosphate release transitions are assumed to occur
and unbinding of nucleotides, reaction of nucleotides to form in the absence of RPso their free energies are formally
new phosphodiester bonds, and binding and unbinding of undefined and functionally infinitely favorable. Aside from
pyrophosphate. Since the variable is discrete, these transition$’R release, the driving transitions are (1) stacking in the
are described by discrete transition rates, represented by re@resence of a bound nucleotide, (2) fingers closing, and (3)
arrows in Figure 3. These rates are measured experimentallyfingers opening. At high NTP concentrations, the NTP
or, at least in principle, estimated theoretically. binding steps (1~ 3 and 0— 2) also become strongly

Constructing a model for a specific DNA polymerase then €ndergonic, especially for the-% 3 transition, where the
amounts to adjusting the positions of the minima and saddleNTP binds to an already stacked template base. The neutral
points to suit the particular structure, estimating well depths Steps may fluctuate forward and backward, but the driving

and barrier heights, and adjusting the values of curvaturesSteps ensure that the overall turnover cycle moves in the net
near the extrema. forward direction. The driving steps, being effectively

“irreversible”, select the forward fluctuations of the neutral
steps and, ratchet-like, force the motor ahead.

Transitions between Surfaces

Detailed Model for the HIV-1 Rerse Transcriptase

The sections above describe the general elements of thq:orce—VeIocity cuves
framework model. As an example of how the framework
model is used for a specific polymerase, we have developed Using the rate constants from eq A.4, the steady state
a detailed model for the HIV-1 reverse transcriptase. The turnover velocity for HIV RT was calculated as a function
model is quite preliminary (many values can only be crudely of applied load forcef, and as a function of temperature.
estimated) but consistent with all structural and kinetic data Figure 4 shows several of these foreeelocity curves. The
known to date. We use the model to predict (1) rate constantsfact that the rate-limiting step (fingers closing) is also a
for all transitions in the framework model (Figure 2) as mechanical step in this model means that even a small force
functions of temperature and applied force, (2) polymeriza- is sufficient to cause slowing of the polymerase, and all
tion velocity versus applied load force for the polymerase force—velocity curves are monotonic decreasing. If the model
motor, as a function of temperature and nucleotide concen-is changed so that force acts primarily on some fast step,
tration, and (3) the statistical distribution of polymerization the F—V curves will have a region near zero force where
times for stochastic polymerase motion, as a function of the velocity is approximately independent of force (i.e., a
temperature, load force, and template length. plateau neaF = 0).

The calculations were carried out as described in the At high load, where the rate-limiting step alone dominates
Appendix. Briefly, a specific mathematical form was chosen the overall rate, the forecevelocity curve will be ap-
for the free energy surface, and the depths of free energyproximately proportional to &2s«T, whereAs is the barrier
wells and the heights of activation energy barriers were width (distance from the minimum on the reactant side to
adjusted to be consistent with experimentally measured rateghe barrier maximum; see eq A.6) or effective motion during
and equilibrium constants (i.e., transition free energy changes).one turnover cycle. If there is a dominant mechanical step
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Ficure 5: Replication time probability distributions for a 10-base
template at three temperatures. The distributions are approximately
Poissonian, with peaks nedr= 10Kk, As the temperature
increases, k increases and mean replication time decreases.

Ficure 4: Velocity vs force plot at several temperatures for the
example model. The overall rate constalg, is the saturating
turnover velocity. The immediate drop in velocity at low force
represents the fact that the slowest step (state 3tate 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 . P . . . .
full turnover cycle. In the model presented here, this includes rapid equilibrium, so their relative populations are determined

contributions from all the mechanical steps, including fingers DY their relative free energies (as determined by integrating
closing, template base stacking, and translocation. The inset is aover the corresponding regions of the potential energy
log plot showing increasing slope and hence larger effective overall surface). Finally, we modify the model by adding final states
motion as force increases and additional mechanical steps becomgy 1/ and 9 that are distinct from states 0. 1. and 9 but

significant. identical in properties. This allows us to define a complete

therefore, a log plot should be linear and the slope provides pycle as any series of transitions that leads from any of the

an estimate of the effective motion or barrier width, but if initial states (0, 1, and 9) to any of the final states (0,

several mechanical steps contribute to the load dependenceand 9). To ensure that the system completes one and only

the log plot will be curved. The inset in Figure 4 shows that one cycle, we make the pyrophosphate release transitions

for the present model the log(velocity) versus F relationship i(rsrf\fgrgt:l% S(t: tii\?éét,it(io?;gttisr:ateth% orrztar:((e)SB :,thtitgn_l)
is a curve, indicating contributions from several mechanical q 9 Pyropnosp

: ; . centration to zero, as in most in vitro experiments). Then
steps, and no single dominant step at all forces. This feature I e )
. : ; the stepping time probability is the fraction of systems to
comes rather directly from the dimensions and shapes of the_ " i~ e . . :
arrive at state ‘9 1', or 9 during the time interval front to

potential energy surfaces (Figure 3) which come in turn from t + dt, which is the same thing as the total rate of arrival of
the basic dimensions of DNA polymerase structure, and SN S)’/stem in these states timds d

may be a rather robust result. At low loads, the effective
movement is~0.8 nm, representing mainly the fingers dpy(t)  dpy(t)  dpg(t)

closing motion. At high loads, the effective movement is Paef Ot ="t T [ @D
more than twice as large;1.8 nm, representing contributions

from all mechanical s.teps (fingers closing, trans_location, and  pMore generally, for any discrete model, the single-step
template base stacking). As the temperature increases, thge gistribution is the derivative of the probability for the
velocity also rises at all load forces. If the rate is dominated 5| state(s), for a process that started in the initial state(s)
by a single step, eq A.6 shows that by plotting In(velocity) 5 {ime zero, with all transitions leading to the final state(s)
versus 1T it is possible to estimate the effective barrier height being irreversible.

at each value of the applied force. For the replication of a template nfbases, the population
for theith turnover,pi(t), is computed by multiple convolu-
tions with a one-base stepping time distribution:

Stepping Time Distributions

The stepping time distribution is the probability (density) .
for the time to complete one enzymatic turnover. The P10 =f0pi(t’)p1 seft — 1) dt’
stepping time distribution can be compared directly to
experimental histograms for turnover times from single- where p; seft) is the one-base turnover stepping time
molecule fluorescence experiments (see below), and so isprobability density (eq 1 above). Figure 5 shows stepping
directly accessible experimentally. Formally, the stepping time distributions at several temperatures, for a template 10
time distribution is the conditional probability that the system bases long. Despite the fact that each individual turnover
finished exactly one turnover cycle between tinmesdt + involves many steps, the curves are essentially Poissonian,
dt, given that it was in a designated initial state at time zero. with a prominent peak at approximatel n/kyo. (A Poisson
We take any of states 0, 1, and 9 (the three termini of process results when each base incorporation is controlled
pyrophosphate release processes in the framework modelpy a single rate, k. In this case, the distributions are
as the initial states, and to ensure that the system starts irapproximately Poissonian because there is a reasonably
one of these states, we require the total population of all dominant rate-limiting step in the single-base turnover cycle.)
three to be 1 and all other populations to be zero at time At non-zero loads, all mechanical steps are slowed, causing
zero. It is assumed that the three possible initial states are inthe distribution to broaden and the maximum to move to
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longer times. Likewise, at higher temperatures, the rate- favorable energy for the closed state (over the open state) in
limiting forward rate constant is increased, and the maximum the s, n surface [when a nucleotide is present and the template
moves to shorter times. The presence of multiple substepsbase is stacked (Figure 3)] compared to the unfavorable
within a single-turnover cycle is less apparent in these energy of the closed state in the s, e or u, n surfaces (when
multiple-turnover stepping time distributions than it would either the nucleotide is absent or the template base is
be, say, in a single-step time distribution, but their presence unstacked); the catalytic reaction only in the closed state
could be made apparent (and their transition rates measuredjrepresented by the discrete transition (red arrow) from state
by varying the substrate concentration, by varying the types 4 to state 5 in Figure 3]; the unfavorable energy for the closed
of forces applied (to affect the various different mechanical state in the u, p surface immediately after the catalytic
steps separately), or by more sophisticated fluorescence (oreaction; the high barriers between state 5 in the u, p surface
kinetic) experiments that probe the substeps directly. 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
The intent of the framework model is to take a step from occur. The absolute sizes of energy differences and barriers
purely phenomenological models based on ensemble kineticscan vary, but these qualitative features are necessary for any
toward a directly predictive model based on a combination polymerase free energy surface that is consistent with existing
of kinetics, structure, and, ultimately, atomistic simulations. experimental results.
The defining elements of the model are the four degrees of A main goal of any modeling effort is to relate the
freedom (za, f, and n) and the rules for transitions among macroscopic properties of the molecular machine to its
the discrete states, all of which are strongly suggested bymolecular structure, say, by a series of calculations with
structure and kinetics. Together, these place significant decreasing molecular detail: interactions at the atomic scale
restrictions on the range of possible mechanisms, and on the— potential energy surface and diffusion constantstate-
form of the potential energy surface for DNA polymerase to-state rate constants and free energieglobal kinetic
machines. mechanism. The framework model, by a combination of
The framework model has three kindsméchanicakteps structural information and experimental kinetic data, attempts
(translocation, opening and closing, and stacking and un-to fill in the final two steps, but does not make direct
stacking) and three kinds of purathiemicalsteps (nucleotide  quantitative predictions from structure. Nonetheless, in light
binding, phosphodiester bond formation, and pyrophosphateof the comments in the previous paragraph, the important
release). The sizes of the energy drops on these two classeparts of the potential energy surface can help us identify the
of transitions determine the basic mechanism by which crucial interactions and features in the protein structure itself.
polymerase motors generate forces. When the energy chang&@he fact that the closed state is favored when the nucleotide
across a mechanical transition is large and favorable, theis present and the template base is stacked, but not otherwise,
motor moves (at least on the step in question) by means ofindicates that there must be strong favorable interactions
an internally generated force, and the transition can be between the fingers and the nucleotigenplate base pair.
considered to be a “power stroke”. On the other hand, if the The fact that the open state is favored after reaction, when
free energy change is small or unfavorable, the motor may the - and y-phosphates have been severed from the
still generate forces, but will now do so by a “fluctuation nucleotide, suggests that a large part of this favorable
ratchet” mechanism, in which other steps with favorable free interaction is with the phosphate tail, and that there is a
energy prevent backward fluctuations and thus, ratchet-like, tension in thea-phosphate 3-phosphate linkage that is
effectively select forward fluctuations. In motors such as the released when the linkage is broken. Similarly, the size of
DNA polymerases, which have several mechanical steps, thethe barrier to fingers closing is determined largely by the
overall mechanism may involve both power stroke and stiffness of the hinge region of the fingers domain: the stiffer
fluctuation ratchet processes. In the model presented herethe hinge, the larger the curvature of the free energy surface
the main fingers-closing step (state—3 state 4) and the inthe open state of the s, n surface and the higher the barrier
stacking step for a complex with NTP already present (stateto closing. It may be possible to estimate some of these
2 — state 3) both have significant favorable free energy interactions by direct simulation, thus closing the last link
changes and so are power strokes, while the remainingbetween atomic detail and macroscopic properties.
mechanical transitions (including both translocation steps)
have very small free energy changes and so are drivenAppendix

forward mainly by the ratcheting action of other steps (Table Calculation Methods for the HIV RT Modél) The free

1). .
. . energy surface was represented as the logarithm of a sum of
thgrﬁo?,?aséén}ﬁ?neargt(;g;t;{ﬁ (%fhtg% Del:fr\] pgg&nﬁlrgssiis Isf Gaussian functions centered at the minima in each three-
9 ) p 9 9 dimensional surface:

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; A(20,FT) = —mpKTlIn x

Discussion and Conclusions

reaction is necessary for fingers Opening; fingers opening is { ze_[AOni-‘r(l/Z)Kni(Z—Zni)2+(lIZ)Xni(OL—ani)2+(1/2)/1ni(f—fni)z]/mnkT}
necessary for the cluster of steps involving; P8lease, T
template base stacking, and translocation. This sequence of (A.1)

dependencies essentially defines the turnover cycle.
The key aspects of the potential energy surface for a where the sum is over all minimag,in the potential energy
polymerase are thus those that generate the sequence: theurface for a given value af, m, is an integer scale factor,
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T is the absolute temperatuteis Boltzmann’s constanfyni N = e AOKT 4o N = f e MK 4o
is the (approximate) well depth for théh minimum with regioni ! region]

nucleotide occupation state, «ni, yn, and 1, are force 3

constants for (approximately harmonic) wieilh occupation | = ﬁegionj e M gi(9) ds, di=

staten, andz,, oy, andf, are the (approximate) locations _AL(S)KT

in z, o, f space of the minimum for well in occupation ﬁegioni e Gi(s) ds (A.4b)
staten. This form yields smooth, reasonable surfaces that s ) < ,

are close to harmonic near the minima and saddle points. o(9) = D& ds", () = fs.eﬁA”(g) ds’

The scale factorm,, makes it possible to adjust the depth :

of the wells and the curvature at the saddle points relatively
independently. The corresponding probability density

ands is one of the three variables o, andf, with s; the
dividing point (the barrier maximum) between regiorzd
j- The quantityA(s) is a one-dimensional potential of mean
_ , force obtained from the full free energy surface by integrating

po(z 0, T) D e KT = the probability density over two of the three variablesy,
{ze—[Aom+(1/2):(m(z—zni)2+(l/2)xm(a—ani)2+(1/2Mni(f—fni)2]/"hkT m andf). For example, for a translocation along the variable

. from statei to statej, the one-dimensional potential is

(A.2) approximately

is relatively easily integrated to find transition free energies € AT = Cﬁmf —w %

and rate constants (see below). The six surfaces shown in {Z67[AOHi+(1/2)"ni(27Zni)z+(llzb{ni((1*Olni)ZJf(l/Z);»ni(f*fni)z]/n'hkT}mn do df
Figure 3 were found by evaluatirfg(z,a.,f;T) in eq 1 above .

at f = stacked {= 1.0, defined as the rms difference from

the stacked position in 1RTD) and atf unstacked f(= my! 2em KT 2empkT
7.5) for each of the three, three-dimensional surfaces (n =~ _ cS [P M )Y o + (M = ) Y vde £ (M — 2)4y
NTP, PR, or empty). ) UZ, & (U200t L] (U2 o) (L LV kT
(2) The wg!l erths and force constants were adjusted so U2k P H U2 2 T
that the equilibrium constantkj;, and free energy changes,
AA; = —KT In Kj, for each transitionj = j, agree with (A
experimental values, wherever available. The equilibrium whereC is a normalization factor that does not affect the
constant is rate constants. In arriving at the last expression in eq A.5,
we assumed that pathpasses through the two minimi,
f @ AEAEDKT 4o 4o df andj, and only the two Gaussians that lie on these minima
K. (T) = —AA (/KT _ region) (A.3) contribute significantly to the probability density (eq A.2).
I f —An(z,0,F; T)/KT like th iti i i i
e dz do. df Unlike the transition free energies, which depend mainly
regioni

on the energy differences between well minima, the rate
constants depend mainly on barrier heights and widths. If
the wells are mankTs deep, the formulas above can be
approximated by simple Arrhenius-like expressions:

If the potential wells are maryT'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 théf) = ki(F) = D ki@ (AATFASIKT

N i) Ol Yog) ol Ay €~ B~ Aon) KT, Whereser, i, €1C. are 2rk

the same as in part 1. Measured or estimated equilibrium D A GEAS)K

constants for HIV RT include those for nucleotide dissocia- kj(F) = 52 Fvkikee (WAHFAgAT (A.6)

tion (~10uM) (16, 21, 23—29), for fingers closing, for the
catalytic step, and for pyrophosphate releasé (nM) (16).

In this model, the six “trap” states, 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 faatgr 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 hav
values that gave agreement with measured rate constants an
to be consistent with the overall single-step rate for HIV
RT. The rate constants for transition= j were calculated

using @)

wherex; andk; are the force constants [second derivatives
of An(9)] at the minimum of welld andj, respectively, and
Kkp is the negative of the second derivative A{s) at the
barrier maximum.
Table 2 lists values o, o, fri, &nis ¥nis Aniy @aNdAagni for
each welli and for each occupation stateln all casesm,
= 20. Diffusion coefficients were roughly estimated using
he Einstein formulaD = kT/y, wherey is an effective
aiction coefficient (assumed to be approximately independent
of temperature) calculated using Stoke’s lgw= 6myR,
with R chosen to match the size of the feature associated
with each degree of freedom (e.g., lafgér motions along
z, where the entire protein translocates, and srRdibr f,
N. N where only the template base moves). For motions aipng
ki(F) = D, ki(F) = D— (A.4a) y =5.0x 10 N m st (viscosity= 0.001 kg s m?,
Ay ! A effective radius= 2.6 nm). For motions along, y = 3.0 x
10 N m™! s7? (effective radius= 1.6 nm). For motions
whereD is a diffusion constant for motion along the reaction alongf, y = 1.0 x 107**N m~! s (effective radius= 0.53
coordinate Aj = N3 + N;3i, and nm).
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Table 2: Parameters for the Potential Energy Surface

nominal
depth
position (nm)  curvature (kJ molnm2) (kJ/mol)
Gaussian no. a z f ke Kk, ks Ao

Potential A (n= empty,m, = 20

0 0.50 0.17 0.10 25 25 2.5 80.0
1 0.50 0.51 0.10 29.7 249 509 11.0
2 1.125 0.51 0.10 1559 390 998 32.0
3 1.125 0.17 0.10 25 25 25 80.0
4 0.50 0.17 0.75 27.8 265 62.4 11.8
5 0.50 0.51 0.75 27.8 265 20.4 10.1
6 1.125 0.51 0.75 1559 390 62.4 32.0
7 1.125 0.17 0.75 998 390 62.4 32.0
Potential B (= NTP, m, = 20)

0 0.50 0.17 0.10 25 25 25 80.0
1 0.50 0.51 0.10 27.3 249 509 —-32.1

2 1.125 0.51 0.10 509 249 998 —48.1

3 1.125 0.17 0.10 25 25 25 80.0
4 0.50 0.17 0.75 25 25 25 80.0
5 0.50 0.51 0.75 27.7 249 21.2-20.1
6 1.125 0.51 0.75 1559 249 62.4 32.0
7 1.125 0.17 0.75 25 25 2.5 80.0

Potential C (= PR, m, = 20)

0 0.50 0.17 0.10 2.5 2.5 2.5 80.0
1 0.50 0.51 0.10 27.7 249 509 —12.0

2 1.125 0.51 0.10 998 249 998 32.0
3 1.125 0.17 0.10 25 25 25 80.0
4 0.50 0.17 0.75 229 265 62.4-13.0
5 0.50 0.51 0.75 27.7 265 20.4-14.5
6 1.125 0.51 0.75 998 1559 27.7 32.0
7 1.125 0.17 0.75 998 1559 62.4 2.80

For completeness, a load fordg, 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 quantitied\s and As in eq A.6 are the
distances along 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 in (between surfaces) were

estimated from literature values (see Table 2 and 1éfs
29).
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