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ABSTRACT Recently it was observed that the DNA repair protein human O 6-alkylguanine-DNA alkyltransferase repairs
lesions at the 59 ends of 70-nucleotide single-stranded DNA roughly threefold more frequently than lesions at the 39 ends. Here,
we introduce a coarse-grained model to show how a local asymmetry in binding kinetics (rather than thermodynamics) together
with irreversible alkyl transfer can give rise to this apparent bias in sequence scanning. Exploration of the parameter space
provides quantitative relationships that can be used to validate the proposed mechanism by gel-based assays.

INTRODUCTION

To perform their functions efficiently, site-specific DNA-

binding proteins must locate their targets among millions of

basepairs. Seminal work in the 1970s and 1980s showed that

the Escherichia coli lac repressor could accelerate binding to
its operator site on l-DNA in vitro by as much as 1000-fold

relative to a random walk in solution by ‘‘facilitated dif-

fusion’’ (1,2). The essential idea is that nonspecific binding

dramatically increases the effective size of the target (the

whole DNA molecule) and decreases that of the search space

(one dimension, instead of three) (3). Specific elaborations of

this basic mechanism for efficient exploration of the sequence

and its readout invoke sliding, hopping, intersegmental trans-

fer, and conformational changes of both the protein and the

DNA (4–8).

Facilitated diffusion is expected to be directionally unbi-

ased because it does not consume cellular energy sources

(e.g., by hydrolyzing ATP), in contrast to the movement of

molecular motors (9,10). Strikingly, Tainer and co-workers

recently observed apparent 39–59 scanning for the human

DNA repair protein O6-alkylguanine DNA alkyltransferase

(AGT) (11). In the experiments, O6-methylguanine lesions

near the 59 end of a 70-nucleotide single-stranded (ss) DNA

oligomer were repaired 3.36 0.9 times faster than those near

the 39 end. The preference was abolished by introducing a

biotin-streptavidin block to AGT binding at position 23 of the

DNA. This observation, together with the fact that the lesions

were located in the middle of identical 11-nucleotide se-

quences, suggests that the preference for the 59 substrates is
not simply a sequence-dependent end-binding effect on

affinity. Functionally, such 39–59 directed scanning could

enhance the efficiency of lesion detection in a genomic con-

text by enabling AGT to clean the template strand immedi-

ately before the DNA was read by RNA polymerase (12).

In this article, we introduce a mathematical model that

shows how a bias in repair can arise in this system. Motivated

by equilibrium measurements (13,14), we explore the con-

sequences of the idea that a protein molecule already on

the DNA influences the kinetics (rather than the thermody-

namics) of additional copies binding on its 59 and 39 sides
differently. The model shows that the relative frequency of

repair at the 59 and 39 lesions varies with important physi-

cal characteristics of the system (their separation, protein

concentrations, position and size of the block, and kinetic

parameters). The predicted scaling relationships provide a

quantitative means of experimentally testing the qualitative

mechanism.

METHODS

Our goal is to show how biased repair can arise without directly using

cellular energy sources. Equilibrium measurements show that multiple

copies of AGT bind ssDNA (13,14). An important additional feature of AGT

is that it repairs lesions by irreversibly transferring alkyl groups to an active

site cysteine. We use a discrete master equation to show that this feature,

combined with a binding scheme in which copies of the protein bind and

unbind more quickly on the 59 sides than the 39 sides of copies already on the
DNA (e.g., due to distortion of the DNA structure by the molecule already

bound), gives rise to apparent directional scanning.

For mathematical simplicity, we treat the DNA as a one-dimensional

lattice and assume the solution is sufficiently well mixed that we can treat

binding as unimolecular with rate constant n0. This mean-field approxima-

tion does not impact the results significantly because nonspecific encounters

between protein and DNA molecules cannot produce a 59–39 bias in net

repair rates even if one accounts for fluctuations. The unbinding rate is gn0,

where the dimensionless ratio g can be viewed as the effective equilibrium

constant for a site in the absence of binding cooperativity and is assumed to

be sequence independent. Equilibrium measurements indicate that multiple

AGTs bind with significant cooperativity to ssDNA (13,14), so we augment

the basic thermodynamics with a nearest-neighbor interaction between

bound proteins on the lattice. We incorporate this interaction into the

unbinding rate: gn0/v�ngn0 where n ¼ 0, 1, or 2 is the number of nearest

neighbors. The cooperativity parameter, v, is defined to be the equilibrium

constant for the process of moving a protein from an isolated site to a singly

contiguous one or from a singly contiguous site to a doubly contiguous

one (14).

It is important to note that equilibrium binding cooperativity by itself is

insufficient to produce the bias in repair rate because the nearest-neighbor

interactions are symmetric (Fig. 1 A). For preferential repair without
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violation of the second law of thermodynamics, the mechanism must also

depend on the path for forming a repair-competent protein-DNA configu-

ration and thus be kinetic in nature. In particular, we consider the case that

binding is accelerated (decelerated) when a protein copy is already bound on

the 39 (59) side of a site of interest (Fig. 1 B). To this end, we introduce

dimensionless parameters D6 to characterize rate enhancements relative to

the basic rate: n0/n0D6 with D1 . 1 and D� , 1. The binding rate when

both sides are occupied is n1, which we treat as an additional free parameter

(i.e., n1 need not equal n0D1D�). Denoting the probability of occupancy at

site i by pi, the binding rate is thus

n1ðpi�1; pi11Þ ¼ n0ð1� pi�1Þð1� pi11Þ
1 n0D1ð1� pi�1Þpi11 1 n0D�pi�1ð1� pi11Þ
1 n1pi�1pi11: (1)

The unbinding rate can be written in terms of the dimensionless equilibrium

constants defined previously:

n�ðpi�1; pi11Þ ¼ gn0ð1� pi�1Þð1� pi11Þ
1v

�1
gn0½D1 ð1� pi�1Þpi11

1D�pi�1ð1� pi11Þ�1v
�2
gn1pi�1pi11: (2)

In addition to binding and unbinding, we assume that the protein at site i can
move to an adjacent unoccupied site (j ¼ i 6 1) along the DNA by either

sliding or hopping locally with rate Gi. Accounting for the nearest-neighbor

interactions, Gi is given by

Gi ¼G0ð1� pi�1Þð1� pi1 1Þ
1v

�1
G0½pi�1ð1� pi11Þ1 pi11ð1� pi�1Þ�; (3)

where G0 is the hopping rate for a single protein on DNA. The dynamics can

then be summarized in the master equation

dpi

dt
¼Gi

2
ðpi�1 � piÞ1Gi

2
ðpi11 � piÞ

1 v1 ðpi�1; pi11Þð1� piÞ � v�pi: (4)

For simplicity, here we neglect processes that depend on transfer of the

protein from one part of the DNA to another through three-dimensional

space. Incorporating such effects does not change the qualitative conclu-

sions, as discussed in the Results and Discussion section.

We solve Eqs. 1–4 with a continuous time Monte Carlo algorithm (15–

17). Each simulation starts with an empty DNA lattice. At each step, all

possible transitions which can be reached in one Monte Carlo step from the

current state are determined. Proteins can bind to any unoccupied site along

the DNA, and the bound proteins can unbind from any occupied site with

rates determined by their local environments, as defined through Eqs. 1 and

2. Hopping is allowed subject to a variable rate according to Eq. 3. The new

state is chosen stochastically with probability proportional to the respective

transition rate. The time increment is inversely proportional to the total

extent of reaction measured by the sum of all the rates (ktot), Dt ¼ �ln r/ktot,

where r is a random number uniformly distributed in [0, 1). The simulation is

terminated when a protein binds or hops to either lesion site.

We work in natural units of length and time for the system: a ¼ 0.34 nm

(a typical nucleotide separation) and t ¼ 1 ms. In these units, we estimate the

parameters as follows.

G0: Singlemolecule experimentsmeasure the diffusion constant of human

oxoguanine DNA glycosylase 1 (hOgg1) along double-stranded (ds)

DNA stretched by shear flow to be D1d ¼ 5 3 106 bp2s�1, and that

measured for the C-terminal domain of Ada, a bacterial homolog of

AGT, is comparable (Y. Lin, T. Zhao, Z. Farooqui, X. Qu, C. He, A. R.

Dinner, andN. F. Scherer, unpublished data). In the absence of data for

AGT on ssDNA, we choose a hopping rate of G0 ¼ 2D1d/a
2 ¼ 2/t

(which corresponds to D ¼ 106nt2s�1) for this study.

n0:The nonspecific bare binding rate depends on the encounter

probabilities of the protein and DNA, which can be estimated from

the classic Smolouchowski limit (2). Using this approach, we expect

the diffusion limited binding rate for the AGT-ssDNA system to be

in the range 102–105 s�1. We choose n0 ¼ 0.001/t ¼ 103 s�1.

g: The dimensionless equilibrium constant g is closely related to the

escape probability P of a single protein. As discussed in a number of

previous studies (see Halford andMarko (7)), P is expected to be small

since the dissociation from a nonspecific binding site requires the

protein to achieve a separation of;1 nm from the DNA to escape the

counterion atmosphere. An order of magnitude estimate can be

obtained from D1d and the lifetime on the DNA (tDNA) (18). Defining

l ; D1dtDNA/a
2, (1 � P)l ; 1 � lP ¼ 0 or P ¼ 1/l ; 10�6–10�4 per

site. A protein can either slide along the DNA or hop off it, so the

escape probability is P ’ gn0=ðgn01G0Þ; thus we have g ; 0.01–1.

In the simulations presented, we take g ¼ 0.1 unless otherwise

specified.

v: For ssDNA ranging from 5 to 78 nt, the cooperativity parameter v is

estimated to be between 37.9 6 3.0 and 89.8 6 8.9 (14). Here, we

employ a value of v ¼ 65.

Enhancement factors: The dimensionless enhancement and reduction

factors D6 are not experimentally measured, and we estimate them by

comparing the simulations with the measured repair rates. The binding

rate with both neighbors present (n1) is in principle a free parameter,

but for simplicity we always set it to be n0 min(D1, D�). As shown in
the next section, varying n1 has virtually no effect on our results.

It is important to note that the measurements for the diffusion constant

(18) require a certain degree of interpretation to apply them to the ssDNA

case of interest here (19). Furthermore, we neglect the length dependence

observed for binding (14). The predicted trends are not sensitive to these

details, as discussed further below.

RESULTS AND DISCUSSION

In this section, we use the Monte Carlo method outlined above

to determine the consequences of asymmetrically facilitated

binding. The dynamics in the absence and presence of a

biotin-streptavidin block are considered and compared with

existing experimental observations to estimate the required

binding rate enhancement factors. We also explore how the

FIGURE 1 Schematics of the model. The DNA is represented by a one-

dimensional lattice and the proteins are drawn as circles (not to scale with the

lattice spacing). (A) Equilibrium binding cooperativity cannot give rise to a

directional bias in the net repair rate because the two lower configurations

have the same free energies. (B) Summary of asymmetric kinetics.
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ratio of 59:39 repair rates depends on various physical

characteristics of the system.

Enhancement factors

We first apply the model to a one-dimensional lattice com-

posed of 70 sites with lesions located symmetrically at a

distance 5a from the system termini. We perform 1000 in-

dependent simulations and count the number of times the

protein arrives at each lesion, which we denote n59 (n39) for
the lesion near the 59 (39) end. Taking the repair to be dif-

fusion limited (20), we can use the ratio n59/n39 as a surrogate
for the actual ratio of repair rates. The consequences of this

assumption and its relaxation are explored below. The de-

pendence of the ratio of the occurrence numbers on the

facilitated binding enhancement, which is characterized by

the dimensionless parameter D1, is shown in Fig. 2. As D1

increases, the lesion near the 59 end is preferentially repaired,
as much as an order of magnitude more frequently. The sys-

tem saturates for D1 . 105 due to the constraint of micro-

scopic reversibility imposed by finite g. Fig. 2 suggests that

the experimentally observed ratio 3.3 6 0.9 results from a

600-fold enhancement in binding rate.

Naively, one might suppose that a like bias could be

achieved by making D� small. However, this is not the case

(data not shown). This asymmetry of the model can be un-

derstood by analogy with parallel resistors. For simplicity, let

us assume D1 ¼ 1 and D� � 1; so that binding on the 59
side of an AGT molecule is much faster than on the 39 side,
as above. In this case, additional copies of the protein can

still bind with rate n0 at sites not immediately 39 to an AGT

molecule already on the DNA. In other words, the path of

high resistance can be circumvented. Thus preferential repair

manifests only when binding is enhanced on at least one side

of an AGT molecule already on the DNA.

DNA binding parameters

It is important to examine the dependence of the repair ratio

on additional parameters in the model to identify experi-

ments that can be used to validate the proposed mechanism.

We begin with the bare binding rate n0, which characterizes

the combined effects of diffusional encounter and protein

concentration in the model. We find that the bias is small

when there are few proteins on the DNA to facilitate the

binding of additional copies (Fig. 3); the repair ratio saturates

as n0 becomes large enough that nearly every lattice site is

occupied. In contrast, the repair ratio does not depend sig-

nificantly on n1 (Fig. 3) because inserting a protein when

both its neighboring sites are already occupied does not

enable relay of the binding enhancement.

Consistent with the fact that the DNA coverage influences

the bias, the repair ratio decreases with g, the dimensionless

dissociation constant (Fig. 4). The propensity of the protein

for the DNA can be manipulated experimentally by varying

the concentration of the protein or salt in the solution. Low

salt concentrations will promote binding and thus preferen-

tial repair, whereas high salt concentration will disfavor

binding and lead to loss of the bias.

Although it is not readily experimentally manipulable, we

also examined the dependence of the repair ratio on the

cooperativity parameter v by varying it from 1 to 150 (Fig.

5). Strengthening the nearest-neighbor interaction increases

n59/n39 because it shifts the effective binding unit from a

monomer to a multimer and thus increases the length scale

over which the asymmetric binding operates.

DNA size effects

In addition to the kinetic and thermodynamic parameters, it is

also of interest to investigate the dependence of the repair ratio

on the system size. As discussed above, the thermodynamic

FIGURE 2 Dependence of bias on the factor by which the binding rate is

enhanced on the 59 sides of copies of AGT already on the DNA (D1). The

system size is 70a, and the lesions are located at 6a and 65a; G0 ¼ 2/t, n0 ¼
n1 ¼ 0.001/t, D� ¼ 1, v ¼ 65, and g ¼ 0.1.

FIGURE 3 Dependence of the bias on the bare binding rate (n0, solid line)
and the two-neighbor binding rate (n1, dashed line), both in units of 1/t.

Remaining parameters are the same as in Fig. 2 with D1 ¼ 600.
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constraint of reversibility that we impose on the model puts

bounds on the repair ratio. In particular, unbinding of interior

proteins from a contiguous stretch of AGT molecules on the

DNA causes the enhancement to have a persistence length.

To estimate this length scale, we place the lesions at the ends

of a finite one-dimensional lattice and vary their separation.

We find the repair ratio begins to saturate at ;15a (Fig. 6).

Including a length dependence for n0 (14) would convolute

the effects observed in Figs. 3 and 6 and accelerate the

saturation.

It is important to note that the persistence length is ex-

pressed in units of lattice spacings (a). We can thus rescale

the system without qualitatively changing the predictions

above. Specifically, we can account for the size of an AGT

molecule. If each AGT occupies ;5 nt (11,14), a 70-nt

ssDNA corresponds to a lattice of ;14 sites, not 70, as

above. However, the bias is essentially unaltered by this

rescaling because the elemental rates also depend on a.
Indeed, simulation of a 14-site systemwithG9¼ G0, n90 ¼ n0/5,

n91 ¼ n1/5 andD91 ¼ D1 ¼ 600 recapitulates the results for the

70-site system above (2.82 6 0.18 compared with 2.93 6
0.21).

Relative rate of diffusion

In Fig. 7, we explore the dependence of the repair ratio on the

hopping rate. Because hopping acts to randomize the protein

distribution, it disfavors the bias. Preferential repair is

abolished when G0 is comparable to the enhanced binding

rate n0D1. As mentioned above, we explicitly consider only

local hopping along the DNA. Transfer of the protein from

one segment of the DNA to another through three-dimen-

sional space (‘‘intersegmental transfer’’ or ‘‘macroscopic

hopping’’ (2,7,8)) can provide a second channel for unbiased

movement and thus is qualitatively equivalent to an increase

in G0. Similarly, we can relax the assumption that the

reaction is diffusion controlled by incorporating catalysis

FIGURE 4 Dependence of the bias on the dimensionless dissociation con-

stant. The system is otherwise the same as in Figs. 2 and 3.

FIGURE 5 Dependence of the bias on the cooperativity parameter. The

system is otherwise the same as in Figs. 2 and 3.

FIGURE 6 Dependence of the bias on the separation of the two lesions.

The lesions are located at the ends of the lattice; otherwise the simulations

are the same as in Figs. 2 and 3.

FIGURE 7 Dependence of the bias on the hopping rate (relative to the bare

binding rate, G0/n0). The system is otherwise the same as in Figs. 2 and 3.
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explicitly into the stochastic simulations. The bias decreases

as repair becomes slower (Fig. 8). We thus predict that

catalytically compromised mutants of AGT will exhibit less

bias in repair than the wild-type.

Biotin-streptavidin block

Introduction of a biotin-streptavidin group on the DNA

hinders AGT binding by preventing access to sites in both a

dynamic sense and a static one. The effective size of the

block depends on the configuration of the DNA-biotin-

streptavidin complex. For the block to impact the repair ratio,

it must be sufficiently large that it is within the aforemen-

tioned persistence length of the lesions (Fig. 6). To demon-

strate this relation explicitly, we model the block as a

segment of sites to which the protein cannot bind. As shown

in Fig. 9, the bias progressively decreases with the block size

and disappears at 50 nt, the point at which each lesion is

surrounded by exactly five sites on either of its sides. By the

same token, if the block is shifted off the center of the DNA

in the 39 (59) direction, the bias is amplified (diminished)

(Fig. 10). In the experiments described in the Introduction

(11), the block is located off center, at 23 nt from the 59 end.
To estimate the effective size of the block, we varied the

number of excluded sites on a 70a lattice with the center of

the excluded region at 23a. A repair ratio equal to that

observed (1.0 6 0.1) was obtained for a block size of 20a.
Although this number appears large, it is in fact quite rea-

sonable given the sizes of biotin and streptavidin.

CONCLUSIONS

In this article, we quantitatively explored a novel mechanism

of facilitated diffusion motivated by recent experiments

(11,14). The key idea is that the protein combines irrevers-

ible alkyl transfer with a cooperative binding scheme in

which copies of the protein bind and unbind more quickly on

the 59 sides than the 39 sides of copies already on the DNA.

The apparent directional scanning that results is a kinetic, not

a thermodynamic, effect. Stochastic master equation simu-

lations of the model reproduce the existing experimental

findings, and the 59 enhancement factor is estimated to be

roughly 600-fold. Our studies of the dependence of the bias

on experimentally manipulable parameters (protein and salt

concentrations, sequence length, block size and position)

provides the first predictions that can be used to validate the

mechanism by bulk solution phase assays. Nevertheless,

single-molecule experiments analogous to those for hOgg1

(18) would be of interest because the molecular basis for the

spatially local binding rate enhancement could be probed.

In assessing whether preferential repair significantly

impacts repair function in vivo, it is important to keep in

mind that the bias increases with the sequence length over

FIGURE 8 Influence of finite catalytic rate (imperfect sink at the reaction

site) on preferential repair. The system is otherwise the same as in Figs. 2

and 3.

FIGURE 9 Dependence of bias on the size of a biotin-streptavidin block

centered on the DNA. The system is otherwise the same as in Figs. 2 and 3.

FIGURE 10 Dependence of the bias on the position of the block. In the

simulations presented, the block has a constant size of 20 nt. The point ‘‘0’’

on the horizontal axis corresponds to the point at which the center of the

block coincides with that of the DNA, and the dashed line denotes the bias at

this particular position.
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only;15 lattice spacings, which we expect to correspond to

;75 nt based on the size of an AGT molecule. This per-

sistence length results from the fact that protein copies must

unbind at a finite rate to maintain microscopic reversibility in

this thermally driven system. At most, we find a 59:39 repair
ratio of ;10, and it is achieved in the limit of high DNA

occupancy. Determining whether this requirement is likely

to be met in vivo requires better quantitation of copy num-

bers and salt effects in cellular environments.
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