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Abstract

Protein-DNA interactions are essential for many biological processes, X-ray crystallography can

provide high-resolution structures, but protein-DNA complexes are difficult to crystallize and

typically contain only small DNA fragments. Thus, there is a need for computational methods that

can provide useful predictions to give insights into mechanisms and guide the design of new

experiments. We used the program DOT, which performs an exhaustive, rigid-body search

between two macromolecules, to investigate four diverse protein-DNA interactions. Here, we

compare our computational results with subsequent experimental data on related systems. In all

cases, the experimental data strongly supported our structural hypotheses from the docking

calculations: a mechanism for weak, non-sequence-specific DNA binding by a transcription factor,

a large DNA-binding footprint on the surface of the DNA-repair enzyme uracil-DNA-glycosylase,

viral and host DNA-binding sites on the catalytic domain of HIV integrase, and a three-DNA-

contact model of the linker histone bound to the nucleosome. In the case of uracil-DNA-

glycosylase, the experimental design was based on the DNA-binding surface found by docking,

rather than the much smaller surface observed in the crystallographic structure. These comparisons

demonstrate that the DOT electrostatic energy gives a good representation of the distinctive

electrostatic properties of DNA and DNA-binding proteins. The large, favorably-ranked clusters

resulting from the dockings identify active sites, map out large DNA-binding sites, and reveal

multiple DNA contacts with a protein. Thus, computational docking can not only help to identify

protein-DNA interactions in the absence of a crystal structure, but also expand structural

understanding beyond known crystallographic structures.
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Introduction

Protein-DNA interactions are involved in many essential biological processes, such as gene

regulation, DNA repair, and chromatin structure. The determination of the structures of

protein-DNA complexes can be instrumental for understanding function, for designing

experiments to probe biological mechanisms, and for developing new drugs. X-ray

crystallography provides high-resolution structures of protein-DNA complexes, but these

complexes are difficult to crystallize. When high quality crystals of protein-DNA complexes

are obtained, they typically contain only small DNA fragments due to constraints imposed

by crystal packing.1 NMR studies can be done on DNA-binding proteins, but they are

limited to small proteins that are soluble at high concentrations. Other methods for probing

specific interactions between proteins and DNA, such as mutagenesis or cross-linking,

require chemical modifications that may influence the interaction. These experimental

difficulties present an opportunity for computational methods as a predictive tool for

developing structural hypotheses that can provide insights into mechanisms and guide the

design of new experiments.

Despite significant progress in applying macromolecular docking methods to protein-protein

complexes,2–4 the prediction of protein-DNA interactions remains a largely unaddressed

challenge.5 DNA as one of the interacting partners poses a particular problem because

global conformational changes, such as bending or kinking, are often induced upon protein

binding. Methods have been developed to predict these global changes. The program

HADDOCK performs rigid-body dockings on an ensemble of protein and DNA structures,

followed by semi-flexible refinement of the best rigid-body solutions.6, 7 The Monte Carlo

simulation program MONTY permits flexibility of protein side chains and DNA during

docking.8, 9 Linear DNA fragments placed out a distance from a protein were driven towards

the protein surface in a series of molecular mechanics and dynamics steps.10 Another

method uses a library of pre-bent DNA models11 but is limited to proteins with a 2-fold

symmetry. All of these methods allow for conformational change in the dsDNA structures,

but assume that base pairing is maintained and require experimental knowledge of the DNA/

protein interaction, either for initial positioning of the DNA or to derive restraints.

When the DNA-binding site is unknown and little or no experimental data is available, full

search methods are needed. To make the full search manageable, the problem can be

simplified by treating the individual macromolecules as rigid bodies and searching over the

three translational and three rotational degrees of freedom. These searches can be performed

efficiently using convolution techniques, in which molecular properties are mapped onto

grids. Convolutions calculated using Fast Fourier Transforms rapidly evaluate energies for

all relative positions of the two molecules. 12–26 An alternative formulation based on

computer vision methods has also been developed.27, 28 There have now been several
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applications of these techniques to the prediction of protein-DNA complexes.29–38 Our

global, systematic search program DOT15–17 uses convolution methods to calculate

interaction energies as the sum of electrostatic and van der Waals components. Because of

our interest in biological systems in which electrostatic forces play an important role, we

implemented a detailed electrostatic energy model. DOT calculates the electrostatic energy

as the set of partial atomic charges of one molecule moving in the electrostatic potential

field of a stationary molecule. The electrostatic potential is calculated by Poisson-Boltzmann

methods, which takes into account dielectric, solvation, and ionic strength effects. We found

that the DOT energy term is a good approximation of the Poisson-Boltzmann calculation on

the full protein-DNA complex.33

Here, we compare predictions from four computational docking studies on diverse protein-

DNA systems with subsequent experimental evidence. In all studies we used the exhaustive,

rigid-body search method implemented in DOT. The predicted interactions were based on

configurations with the most favorable DOT energies; no experimental knowledge of the

systems was used in the calculations. For three of these systems — the transcription factor

FadR, the linker histone/nucleosome complex, and the core catalytic domain (CCD) of

integrase - key experimental findings on related systems were published months to years

later. In the fourth system — the DNA-repair enzyme uracil-DNA-glycosylase (UNG) - we

used the computational results to design an experimental approach that provided new

structural information on this well-studied system.

Materials and Methods

Coordinate preparation

An essential step in computational docking is constructing biologically relevant starting

models. In all studies, we evaluated coordinates from the Protein Data Bank (PDB) (http://

www.rcsb.org/pdb), including aspects such as crystal packing effects. Key changes to the

original PDB coordinates included building full side chains in protein residues with missing

atoms and applying symmetry operations to construct the biological oligomerization state. In

addition, non-protein components, such as metal ions, were included in the coordinates if

they were essential structural elements. The catalytic core domain (CCD) of integrase

presented a special problem because all existing crystallographic structures lacked the loop

region adjacent to the active site and one or both active-site metal ions. Therefore, we used

coordinates from a molecular dynamics model39, 40 into which both of these features had

been built. The nucleosome also presented a special problem because of its large size and

complexity. We selected coordinates from the structure of the full nucleosome41 to obtain a

model containing about half of the structure. This model was small enough to be

computationally feasible, yet still retained all the proposed linker-histone-binding sites.35

Analysis of the full crystal environment of the nucleosome identified histone tails that were

involved in crystal contacts. These regions are likely to be disordered in solution, and

therefore were removed from the model. The nucleosomal DNA was extended to create

linker DNA entering and exiting the nucleosome, which is known to interact with the linker

histone. The crystallographic structure of the globular domain of linker histone H5, GH5,42

contains two molecules in the asymmetric unit with significantly different structures.
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Analysis35 suggested that molecule A was perturbed by crystal packing interactions, so

molecule B was selected as the better model of the biological structure.

Linear B-form DNA (B-DNA) models were built with the Nucleic Acid Builder (NAB)

program.43 In most studies, these models were used without further modification. In the

UNG-DNA study,44 we used DNA with a G:U mismatch pair as well as two undamaged

DNA fragments with G:U replaced by A:T and G:C. To obtain the correct wobble-pair

geometry for the G:U mismatch, the B-DNA was minimized with AMBER 8 using the

generalized Born model.45 The undamaged DNA fragments were also minimized.

Minimization caused small changes of the phosphate backbone geometry in all three DNA

fragments. The minimized and starting NAB B-DNA fragments all gave very similar results

when docked to UNG. B-DNA built with NAB and B-DNA built with the program 3DNA

(rutchem.rutgers.edu/xiangjun/3DNA/) vary in the sugar conformation, but gave similar

results when docked to a transcription factor.33 Thus, small structural differences in B-DNA

structure have little effect on the docking outcome.

Docking calculations with the DOT program

In the DOT calculation, one molecule (the moving molecule) is systematically translated and

rotated about a second molecule (the stationary molecule) in a exhaustive search 16, 17.

Interaction energies for all configurations are evaluated as convolution functions, which are

efficiently computed with Fast Fourier Transforms. Electrostatic and shape components,

described below, were mapped onto cubic grids 128 Å on a side with 1 Å grid spacing. The

size of the grid was sufficiently large to ensure that the moving molecule fit within the grid

when it was close to the stationary molecule. In addition, the stationary potentials were close

to zero at the grid boundaries so that artifacts from the periodic Fourier calculation were

negligible. In the efficient translational search, the moving molecule is centered at all grid

points and the electrostatic and van der Waals energy terms are calculated. The moving

molecule is then rotated and the translational search repeated. Rotational sets of 28,800

(7.5°) and 54,000 (6°) were used in these studies. Based on input coordinates for two

molecules, the DOT2 program suite17 (http://www.sdsc.edu/CCMS/DOT) provides an

automated script that selects the optimal grid size, constructs the potentials described below,

and creates the DOT input files.

Van der Waals energy term for the DOT calculation

The van der Waals energy for each configuration is proportional to the number of moving

molecule atoms that lie within a favorable interaction layer surrounding the stationary

molecule.15 During the time that these reported protein-DNA studies were done, the

descriptions of the molecular shape properties have been refined. The stationary molecule

potential is described as an excluded volume surrounded by a 3.0 Å favorable layer. Initially

the excluded volume was defined as the volume inside van der Waals spheres around each

heavy atom of the stationary molecule, but this created tunnels of favorable values that

extended deep into the molecule. Because the moving molecule shape is represented only by

its atomic positions, long side chains could deeply penetrate these regions in the stationary

molecule, leading to incorrect, favorably ranked configurations. The excluded volume is

now bounded by the molecular surface calculated with the program MSMS, which is the
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contact surface of a 1.4 Å probe sphere rolled over the van der Waals surface. As a further

refinement, we now only count the heavy atoms of the moving molecule in the energy term.

Previously, polar hydrogen atoms were included in the count, but this overemphasized polar

interfaces over hydrophobic ones. These two refinements significantly improved protein-

protein docking, but only slightly improved protein-DNA docking, probably because DNA

has no long side chains and does not bind to hydrophobic protein surfaces.

Electrostatic energy term for the DOT calculation

The electrostatic energy term is calculated as the set of atomic point charges of the moving

molecule placed in the electrostatic potential of the stationary molecule. For these protein-

DNA docking studies, the electrostatic potential was calculated with UHBD,46 which solves

the linearized Poisson-Boltzmann equation by finite difference methods, providing a

continuum solvent treatment that takes dielectric and salt effects into account. We now use

APBS47 for this calculation in DOT2.17 Both programs give similar results. To make the

continuous electrostatic potential compatible with the lenient shape potential, the

electrostatic potential values close to the stationary molecule surface are modified to be no

greater than the largest values a moving molecule can realistically see.16, 17, 48 Electrostatic

potential clamping is essential for protein-DNA docking because DNA-binding surfaces

often include clusters of positively charged residues that can create large values (up to about

15 kcal/mol/e) very close to the molecular surface.

Analysis of docking results

Analysis of protein-DNA dockings presents problems not found in protein-protein docking.

Where there is no sequence specific recognition, B-DNA placements often are shifted by

one or more base pairs along the DNA axis. Clustering based on RMSD values of

corresponding atoms would not recognize these closely related placements.29, 33 To evaluate

B-DNA docking, we used computer graphics to analyze the 30 top-ranked B-DNA

placements, examining the variation of the orientation of the DNA axis and the contacts of

the DNA major and minor grooves. We also examined the distribution of the centers of the

2000 top-ranked DNA placements over the protein surface.

Results

FadR: Mechanism for non-sequence-specific DNA binding

We examined the prokaryotic transcription factor FadR, which controls the expression of

bacterial fatty acid metabolic genes,49 to explore how conformational change of the protein

influences its interactions with DNA. FadR is a homodimer of a two-domain protein: the

two N-terminal domains bind DNA and the two C-terminal domains bind long-chain acyl-

CoA, an effector molecule that causes loss of specific DNA binding.50 Crystallographic

structures for the FadR homodimer have been determined in three states: free,51, 52 DNA-

bound,52, 53 and bound to the effector molecule myristoyl-CoA.53 In the free FadR structure,

the two recognition helices, one from each N-terminal domain, are adjacent to each other. A

model of the DNA-bound complex was attempted based on structural similarity of the free

FadR monomer to other winged-helix transcription factors, but this gave a model

inconsistent with the relative orientation of the two N-terminal domains. It was concluded
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that the free protein was in a different conformation than the DNA-bound structure.

Subsequent structure determination of the DNA-bound protein, however, revealed that the

two N-terminal domains are oriented as in the free structure and that the predicted DNA-

binding mode was incorrect.52, 53 The palindromic cognate DNA is bent about 20° over the

protein surface, aligning major groove contacts with side chains in each monomer that

confer specific binding. The structure of myristoyl-CoA-bound FadR revealed a large

allosteric shift of the N-terminal domains, increasing the separation of the recognition

helices by over 7 Å.53

Our study of FadR addressed two questions. First, could computational docking identify the

correct binding mode of cognate DNA based on the structure of the free protein, where

homology modeling failed? The DNA-bound and free FadR structures have the same

relative geometry of the two N-terminal domains, but they differ in the conformations of key

Arg side chains involved in DNA sequence recognition. This could present problems for

rigid-body docking. Second, could docking DNA to the effector-bound structure identify the

changes in the interaction that lead to weaker DNA binding and loss of specificity?

Nonspecific binding may play an important physiological role in efficient sequence-specific

recognition and DNA translocation, but, at the time of our study, there was no structural data

on nonspecific DNA binding to transcription factors.

We found that rigid-body docking of linear B-DNA to the free FadR structure successfully

identified the DNA-binding surface on the N-terminal dimer, revealing the key side chains

likely to be important for specific recognition.33 The centers of the top 500 docked B-DNA

fragments followed the alignment of the DNA axis over the protein surface and indicated the

need for DNA to be bent over the surface (Fig. 1A,B). The axes of all 30 top-ranked

solutions were aligned with that of the crystallographic DNA, but they showed a mixture of

major and minor groove binding over the FadR recognition helices, with the correct binding

of the DNA major groove predominating (19/30). These 19 solutions were translated along

the DNA-binding site, with a cluster of four showing the sequence-specific interactions of

the Arg 35 and 45 side chains with the GG sequence in the DNA.

In contrast, the ensemble of B-DNA fragments docked to myristoyl-CoA-bound FadR

indicated an unbent structure for bound DNA (Fig. 1C). The allosteric shift of the N-

terminal domains53 creates a deeper channel between them than seen in the free FadR

structure (Fig. 1D,E), allowing optimal fit of linear B-DNA. Arg side chains involved in

sequence recognition no longer interact with bases in the major groove, but instead interact

with the DNA phosphate backbone. The docking was repeated with DNA in which all A:T

pairs were replaced with G:C and vice versa. Docking with this DNA sequence showed the

same linear binding mode and interactions with Arg side chains, but favorable B-DNA

placements had a greater degree of translation over the protein surface.33 We concluded that

the allosteric N-terminal domain movement upon acyl-CoA binding had two effects: loss of

the ability to bend DNA and replacement of sequence-specific interactions with non-specific

electrostatic interactions.

A few months after this study was published, the first definitive structural data was

published on the interaction of nonspecific DNA with the DNA-binding domain of lac
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repressor.54 Significant conformational changes were found in both protein and DNA

depending on the DNA sequence. NMR studies showed that the lac repressor dimer induces

significant conformational change in bound cognate DNA, with an overall bending of about

36°. In contrast, little conformational change was found for non-cognate DNA, which binds

as linear, canonical B-DNA. Further, several side chains that interact with DNA bases in the

specific complex now interact with the DNA phosphate backbone in the nonspecific

complex, strongly supporting our hypothesis from computational docking.

UNG: Characterization of a full DNA-binding footprint

The DNA-repair enzyme uracil-DNA-glycosylase (UNG) cleaves uracil from ssDNA and

dsDNA by hydrolysis of the N-glycosylic bond between uracil and the deoxyribose. The

UNG mechanism55, 56 and structure57–60 have been extensively studied, making UNG an

excellent system for testing computational docking. In the crystallographic structure of the

catalytic domain of human UNG bound to a 10-base-pair DNA with a one-nucleotide

overhang, the uracil base has been cleaved. The UNG Leu 272 side chain inserts through the

DNA minor groove into the base stack to replace the flipped-out uracil. Docking44 using

coordinates from the crystallographic UNG-DNA complex58 reproduced the complex.

It was unclear if B-form, fully base-paired DNA could fit into the active site with the Leu

272 side chain protruding into the DNA-binding groove. We found that docking B-DNA to

the DNA-bound UNG structure indicated a much longer DNA-binding surface than

observed in the crystallographic structure of the UNG-DNA complex (Fig. 2A).44 The active

site was identified as the largest cluster in the 30 top-ranked B-DNA placements, which all

showed correct positioning of the DNA minor groove over Leu 272 (Fig. 2B).

Unexpectedly, a second, well-organized cluster of favorable B-DNA placements (Fig. 2A,

green) was found at a site about 30 Å from the active site. The distribution of the centers of

the 2000 most favorable B-DNA placements showed a continuous DNA-binding surface

extending from the active site to this secondary site. Docking B-DNA to the free UNG

structure showed a similar distribution for the 2,000 top-ranked B-DNA placements (Fig.

2C). The 30 top-ranked B-DNA placements occured at the active site, the secondary site, or

between the two sites (Fig. 2C). The axes of the favorable B-DNA fragments at the active

site were generally aligned with that of the crystallographic DNA, but most positioned the

DNA major groove, rather than the minor groove, over Leu 272. The free UNG structure has

a more open active-site groove than the DNA-bound UNG structure and there are small

conformation differences in the Leu 272 loop. Thus, both large-scale and small-scale

differences in the protein structure may contribute to incorrect DNA groove placements in

the docking to free UNG.

To test the possibility of a longer DNA-binding site, we examined the UNG-DNA

interaction in solution with hydrogen/deuterium exchange mass spectrometry (DXMS).44 In

DXMS, hydrogen/deuterium exchange is followed by protein proteolysis and

characterization of the resulting peptides by mass spectrometry, revealing the degree of

solvent exposure for backbone amide hydrogen atoms throughout the protein chain. By

measuring the change in solvent exposure on going from unbound to DNA-bound protein,

DXMS has the potential to reveal the DNA footprint on the protein surface.61, 62 We
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designed a 30-bp DNA that included the DNA sequence of the crystallographic DNA and

had the potential to reach from the active site to the secondary DNA-binding site. Peptides

making up the active site showed greater protection in the presence of DNA. We saw the

strongest increase in protection for two peptides (Fig. 2D): peptide 210-220 (magenta),

which is adjacent to the active site, and peptide 251-264 (red), which is farther from the

active site and forms part of the secondary DNA-binding site predicted by docking. Both

peptide regions lie on the same side of the active site, but are not adjacent to each other. The

almost complete protection observed by DXMS means that both must be simultaneously

occupied by the bound DNA, but neither contact DNA in the crystallographic structure.

To develop a hypothesis for how bound DNA could contact both regions, we examined the

B-DNA placements docked to the active site of DNA-bound UNG (Fig. 2B) in more detail.

The 3′-end of the DNA strand that occupies the active-site groove also was oriented

appropriately to extend over residues 251-264. The complementary DNA strand had direct

contacts with residues 210-220. Thus, the two strands of the 30-bp bound dsDNA product

can contact both positions simultaneously, but this requires separation of the two DNA

strands on the protein surface. In our proposed model (Figure 2E), the active-site strand

(light blue) extends from the active site toward the predicted secondary site, contacting the

shallow surface groove created by residues 251-274. The complementary strand (blue)

contacts the shallow groove created by residues 210-220 and then extends over residues

251-258 to meet the active-site strand.

For ssDNA, the DNA strand follows the path of the active-site strand of dsDNA through the

shallow surface groove created by residues 251-264, possibly continuing into the predicted

secondary DNA-binding site (Figure 2F). This positions the strand to extend toward

replication protein A (RPA), which is bound to nuclear UNG a few residues before the N-

terminus of the catalytic domain.63–65 RPA is the nuclear ssDNA-binding protein in

eukaryotes that is essential to DNA replication, recombination, and repair, so RPA binding

by UNG links its base-excision repair activity with DNA replication. Indirect evidence for

this mode of ssDNA binding comes from comparison with family 5 UNG, which processes

only dsDNA. The crystallographic structure with bound dsDNA 66 shows that the region of

family 5 UNG corresponding to residues 251–264 shares the helix-loop-strand structure, but

the loop is much longer. The added residues fold over the groove created by the helix and β-

strand, eliminating the groove and explaining the inability of family 5 UNG to process

ssDNA. In addition, the bound DNA contacts the surface corresponding to residues 210–

220, supporting our prediction that this region is important for DNA binding.

Strand separation of dsDNA on the UNG surface has been previously proposed,67, 68 partly

because UNG could then use the same search mechanism for both dsDNA and ssDNA

substrates,68 explaining their similar rates of uracil cleavage.67 This idea was discarded

when evidence from crystallography57, 58, 60 and NMR,69 all based on 10-bp DNA

fragments, found no evidence for strand separation. To probe this question, we performed

DXMS studies on the 11-bp DNA fragment containing the sequence of the crystallographic

DNA. With the short DNA fragment, most of UNG showed the same degree of protection as

free UNG, including peptides 210-220, 251-264, and most active-site peptides. Only

peptides that contain Leu 272 showed increased protection, suggesting that, although Leu
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272 is inserted into the base stack of the product DNA, this short DNA is not held tightly in

the active-site groove. In the UNG-DNA crystallographic complex, extensive crystal

contacts 44 trap a single configuration from the large ensemble available in solution. In

solution, the 30-bp DNA is sufficiently long to form a stable complex, allowing the

identification of the DNA footprint on the UNG surface. Thus, the 30-bp DNA better

represents the very long natural substrate.

HIV Integrase: Contacts with two DNA duplexes

HIV integrase, one of just three enzymes encoded in the retroviral genome, has promise as a

drug target for the treatment of AIDS. This 3-domain enzyme first removes two nucleotides

from each end of the viral DNA, then inserts the two processed ends into host DNA

(integration).70 Bound viral DNA is necessary to organize the integrase multimer needed for

the integration step, but as of 2003 no crystallographic structures had been obtained for any

integrase or integrase fragment with bound DNA. We examined the interaction of DNA with

the HIV IN catalytic core domain (CCD) using computational docking.32 The resulting

models were unconfirmed until 2010 when the first IN crystal structures with bound DNA

were reported: those of full-length prototype foamy virus (PFV) IN with bound viral DNA71

and with both viral and host DNA.72

In 2003, several crystallographic structures of the HIV CCD were available,70 but all had a

disordered active-site loop and were missing one or both active-site metal ions. We used

CCD coordinates from a molecular dynamics model39, 40 that included the disordered

active-site loop and both metal ions as our starting point in the docking calculation. We built

a linear B-DNA fragment from the sequence of the viral DNA that included removal of 2

nucleotides from the 3′-end of one strand to mimic the 3′-processed viral DNA. Docking this

DNA fragment to the CCD model identified the active-site region as the most favored DNA-

binding region. Two distinct orientations occurred at the active site. The most heavily

populated orientation lay over a helix containing Lys residues 156 and 159, which have been

implicated in DNA binding.73 A 5′-end of one strand lay over the active site, suggesting that

this orientation represented the host DNA. The less populated orientation positioned the

cleaved 3′-end adjacent to an active-site metal ion, possibly representing the viral DNA.

Comparison with the PFV IN structures revealed that the most populated orientation actually

corresponds to the bound viral DNA in the PFV IN structure (Fig. 3A). The axis of the

docked DNA aligns well with that of the viral DNA and the centers of the most favorable

top-ranked docked placements cluster along the viral DNA axis (Fig. 3B). This good

alignment is remarkable given that the disordered active-site residues 139-153 (magenta,

Fig. 3A) in the HIV CCD model have a very different conformation than the corresponding

residues (black) in the PFV IN structure. The modeled HIV IN residues fill the groove that

binds the unprocessed 5′ end of the viral DNA in the PFV crystal structure, preventing

correct docking at the active site. Instead, the 5′ end of the docked structure overlaps the

region that is occupied by the residues corresponding to 139-153 in the PFV IN structure.

This causes the two DNA strands to be switched, so that the DNA major groove rather than

the minor groove is positioned over the helix containing Lys 156 and the 5′-end rather than

the 3′-end contacts the active site.
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The less populated DNA orientation partially overlaps the host DNA bound to PFV IN and

is near the two 3′-ends of viral DNA bound in the PFV IN tetramer71 (Fig. 3C). This overlap

is remarkable given that the single CCD domain used in the docking calculation contains

only a partial DNA-binding site for the host DNA. In the PFV IN structure, the host DNA

contacts two CCD and two C-terminal domains. Thus, even with an incorrectly modeled

active site and a partial host DNA-binding surface, computational docking gave a

surprisingly good fit to both viral and host DNA positions.

It is unclear if the PFV IN structure fully represents the arrangement of the active complex

of HIV IN. The two linker regions connecting the CCD with the N-terminal and C-terminal

domains are much longer in PFV IN. The linker regions and the N- and C-terminal domains

of PFV IN have little sequence similarity with HIV IN.70, 71 To examine the structure of

HIV IN in solution, we are currently applying the combined computational/DXMS approach

used for UNG. With such a complex system, computational and structural analysis will be

essential for interpreting DXMS results.

Linker histone H5: Contacts with three DNA duplexes

Linker histones are essential for chromatin filament formation, and they play key roles in the

regulation of gene expression. The location of the linker histone on the nucleosome is still a

matter of debate.74, 75 Of the two linker histones, H1 and H5, H5 induces greater

compaction of chromatin and is more inhibitory toward transcription.76 H5 consists of a

central globular domain (GH5) that is required for nucleosome binding and basic N- and C-

terminal tails. Binding of H5 or GH5 to nucleosomes protects an additional 20 bp of linker

DNA (DNA entering or exiting the nucleosome) from micrococcal nuclease digestion.77 At

the time of our study, several models for GH5 binding to the nucleosome had been

suggested by experimental studies. Based on early studies,77, 78 a symmetrical model was

proposed in which GH5 contacted the central region of the bound nucleosomal DNA (the

nucleosome dyad) and both linker DNA regions entering and exiting the nucleosome. Zhou

et al.79 proposed a two-contact model in which the linker histone forms a bridge between

one arm of linker DNA and the dyad. Hayes et al.80 proposed a very different model in

which GH5 is positioned ≈65 bp away from the dyad and is bound inside the DNA

superhelix. The bridging and off-axis models could allow simultaneous binding at two

equivalent sites per nucleosome, but a 1:1 ratio of linker histone to nucleosome is observed.

GH5 binding models were also proposed based on comparisons with the DNA-binding

motifs of structurally similar transcription factors, but radiolabeling,81 mutagenesis,75, 82

and crosslinking experiments79, 83 found that DNA binding involves many side chains

widely dispersed over the GH5 surface rather than a single, localized site.

To investigate the interactions of GH5, we first docked DNA fragments to GH5 and then

docked GH5 to models of the nucleosome structure.35 DNA-fragment docking found three

distinct DNA-binding sites on GH5. Together these sites encompassed all of the GH5 side

chains implicated in nucleosomal DNA binding. To investigate the interaction of GH5 with

the nucleosome, several modifications of the nucleosome coordinates from the PDB41 were

needed (see Methods). An essential modification was extension of the nucleosomal DNA

because GH5 is known to protect about 20 bp of linker DNA beyond the nucleosomal DNA.
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The positioning of the two linker DNA arms built into our final model was close to that

found in a low resolution structure of the tetranucleosome.84 Docking GH5 to the

nucleosome model resulted in a large cluster within the 1000 most favorable configurations

that was centered over the nucleosome dyad and contacted both linker DNA arms (Fig. 4A).

GH5 used the same DNA-binding sites identified in the DNA fragment dockings, but the

orientation of the DNA at each site was different, reflecting the more complex nucleosomal

environment. The 30 most favorable configurations revealed two symmetry-related binding

modes. In both, GH5 residues implicated in nucleosome binding contacted DNA, including

essential Lys 8581, 82 that inserts into the DNA at the nucleosomal dyad (Fig. 4B). Together,

these contacts account for the observed protection of 20 bp of linker DNA against nuclease

digestion. Because of the sequence conservation of the residues involved in nucleosomal

DNA binding within the H1/H5 linker histone family,85 our results are likely to apply to

linker histone-nucleosome interactions in general.

Recent hydroxyl-radical footprinting techniques86, 87 show the pattern of nucleosomal DNA

protection at single-base resolution. In the absence of H1, linker DNA is unprotected from

radical attack and the nucleosomal DNA shows a periodic 10-bp protection due to contacts

with the histone core of the nucleosome. In the presence of H1 or its central globular domain

(GH1), the nucleosome dyad and the first helical term of the linker DNA are also protected.

This pattern of DNA protection was compared with structure-derived patterns calculated for

three GH1-nucleosome models. One model was based on our 3-DNA-contact model, but

GH5 was replaced by GH1. This model retained our predicted interactions with the

nucleosomal dyad and both linker DNA arms. A second model was based on the two-contact

model of Zhou et al.79 in which GH1 is displaced about 2 bp off the dyad and contacts one

linker DNA arm. A third model was based on another two-contact proposal in which GH1 is

displaced about 5 bp from the dyad.80 Both two-contact models failed to reproduce the

strong protection found at the dyad. The three-contact model reproduced both the distinctive

double-peak protection at the dyad and the protection observed for the first helical turn of

the linker DNA. Therefore this model was selected to be the root of a detailed model of the

full nucleosomal stem that explains the pattern of added protection conferred by bound H1

on linker DNA at least 40-bp away from the nucleosome.87

This new, detailed protection data strongly supports our model of the GH5-nucleosome

interaction. More importantly, our model was directly useful for the modeling of larger

assemblies within chromatin. Functional differences among the linker histones influence

chromatin packing. Unlike H1, H5 and GH5 can form dimers in solution. The

crystallographic structure of GH5 also contains a dimer. We found that forming this dimer

with two of our predicted GH5-nucleosome complexes gave a dinucleosome complex with

no steric clashes.35 Our proposal that formation of H5-nucleosome dimers contributes to the

greater chromatin compaction ability of H5 has yet to be tested.

Discussion

The interactions between DNA-binding proteins and DNA involve molecular properties not

typically found in stable protein-protein interactions. These molecular properties temper

approaches for the prediction of protein-DNA complexes and the analysis and interpretation
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of computational results. DNA-binding proteins must have distinctive electrostatic

properties that allow them to pull the highly charged DNA substrate out of solution.88–90

DNA-binding sites are not necessarily obvious from the electrostatic potential at the

molecular surface, which is largely determined by the very local environment. Instead, the

electrostatic potential field that extends out from the protein is responsible for attracting and

binding the DNA.

The highly charged, relatively rigid, repeating structure of dsDNA results in distinctive

properties. One consequence of the repeating structure is its involvement in biologically

important, non-sequence-specific interactions. All of the systems in this study include these

interactions. Although FadR has extensive sequence-specific DNA contacts when it acts as a

transcriptional regulator, they become nonspecific in the acyl-CoA-bound state. In UNG and

other DNA repair enzymes, non-sequence-specific interactions allow the search of genomic

DNA for damage. Nonspecific interactions also contribute to binding of substrate and

product once the damage is found. In integrase, only the region local to the CCD active site

interacts with a conserved DNA sequence; the rest of the CCD binding site has non-

sequence-specific interactions with viral DNA. These nonspecific interactions must be

responsible for the good alignment of docked DNA fragments to the crystallographic DNA,

since the active site surface was incorrectly modeled. The linker histone is not involved in

any sequence-specific interactions. Instead, the bound position of its globular domain is

determined by the arrangement of three DNA segments within the nucleosome-linker DNA

complex.

DOT appears to be particularly effective for investigating protein interactions with dsDNA.

Key for revealing the full DNA-binding site on a protein is DOT's exhaustive search and the

ability to keep a large number of the most favorable dockings. The DOT potentials capture

the electrostatic properties of dsDNA and DNA-binding proteins sufficiently well to localize

the majority of favorable DNA placements to DNA-binding regions and indicate the

orientation of the bound DNA axis over those regions. In all cases, the distribution of at least

the most favorable 1,000 DNA placements followed that of the top 30. Even though both the

protein and the DNA were represented as rigid molecules, evidence for global

conformational changes of the DNA, such as bending or kinking, was found in these large

clusters. These ensembles therefore provide a template that could be used to derive the

bound DNA conformation from, for example, a library of dsDNA structures created by

systematically adjusting conformational parameters91 or the conic section methods

described by Banitt and Wolfson.92 The UNG study suggests that the rigid-body ensembles

can also indicate binding sites for regions of ssDNA, though not provide details on the

interactions. The large clusters of DNA placements are in sharp contrast to results from

protein-protein docking. A cluster corresponding to the correct complex may be found, but

the problem is distinguishing this cluster from other clusters that predict very different

interactions.

The rigid-body docking of DOT is less successful at predicting the contacts of the DNA with

the protein. A mixture of major and minor groove binding over specific protein features was

found for B-DNA docking to the unbound structures of both FadR and UNG. One B-DNA

cluster among the most favorable configurations correctly aligned the correct DNA sequence
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with FadR side chains involved in recognition. However, shifts along the DNA axis by one

or more base pairs gave placements with very similar energies. Knowledge of critical

residues and the DNA recognition motif, or use of symmetry in the case of dimeric proteins

such as FadR, can help to select the correct cluster. These configurations would provide

templates for more detailed studies that allow flexibility in both components.

As we found in protein-protein docking,17 using the fullest possible models is critical for

good docking results, especially for unbound molecules. Interacting partners may influence

DNA specificity93, 94 or the orientation of DNA at the binding site. For example,

represention of FadR as a monomer gave significantly poorer alignment of docked DNA

with the known DNA orientation.33 A second example was the linker histone. Docking

DNA fragments to the linker histone identified the three DNA-binding surfaces, but, in the

full nucleosome model, the orientation of the DNA at each surface is different.

We made use of one advantage that protein-DNA docking has over protein-protein docking:

the rigidity of dsDNA allows good models to be built based on sequence alone. We have

found that 8 to 12-bp dsDNA fragments with a canonical B-DNA structure work well as the

moving molecule in DOT. These fragments are short enough to accommodate the varied

topography of protein surfaces, but long enough to mimic the elongated distribution of

negative charge. In contrast, a peptide structure based on sequence alone would have a poor

chance of representing the properties of the same peptide as part of the three-dimensional

structure of a protein. In DOT, a DNA fragment that represents a much longer DNA

substrate is best assigned as the moving molecule, which is described by atomic point

charges that are uniform throughout the molecule. If DNA is the stationary molecule, its

electrostatic potential, calculated by Poisson-Boltzmann methods, becomes strongly

modulated around the ends of the DNA due to solvent effects.33 With this treatment, only

the four central base pairs of a 12-bp dsDNA fragment show the full negative potential.

Here, DNA was the moving molecule in all cases except that of the linker histone-

nucleosome complex in which the stationary molecule was the nucleosome. We added

sufficiently long DNA segments to ensure a good electrostatics model for the nucleosome

dyad and linker DNA.

The application of computational docking to protein-DNA interactions may have different

goals than for protein-protein interactions. A crystallographic structure of a stable protein-

protein complex is very likely to be a good representation of the interaction. A good test of

the computational method is reproduction of this complex from unbound structures, where

each structure contains the complete interacting surface. In contrast, the short DNA

fragments typically found in protein-DNA crystallographic structures can, at best, represent

only part of the full DNA-binding site, as in UNG. A crystallographer's goal is to design a

DNA substrate that successfully cocrystallizes and occupies a critical region, such as the

catalytic site of a protein. But the crystal environment can influence where and how the

DNA fragment binds within this large site. One example is hairpin DNA structures that were

designed with an overhang to fit into the nuclease site of the DNA repair protein Mre11.

Although Mre11-DNA complexes formed crystals of good resolution, the DNA fragment

does not occupy the nuclease site.95 It is unclear what part of the biological interaction the

bound fragment mimics or if it even represents a key contact. In such intricate systems,
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which may bind multiple DNA segments, we do not have a model for the DNA substrate

comparable to an unbound protein structure. As we have shown for UNG, a complete search

using a linear, B-form DNA model can map out a full DNA-binding site, indicate the

orientation of DNA within the site, and aid the design of experiments that test specific

structural hypotheses suggested by the computational results. Thus, for protein-DNA

interactions, computational docking can not only help to identify protein-DNA interactions

in the absence of a crystal structure, but also expand structural understanding beyond known

crystallographic structures.
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Figure 1.
Linear B-DNA docked to FadR (monomer A, magenta ribbons; monomer B, purple ribbons;

blue recognition helices and red wing structures). (A) The 500 best-ranked B-DNA

fragments docked to free FadR (centers shown in turquoise) show tighter clustering than the

500 best-ranked B-DNA fragments docked to the DNA-bound FadR (centers shown in

yellow). Both clusters follow the 20° bend of the DNA (light purple) from the FadR-DNA

complex. The geometric center of the crystallographic DNA (red sphere) demonstrates the

substantial bend induced upon DNA when bound to FadR. (B) Top-ranked DNA solutions

docked to the free FadR structure indicate the curvature of the bound DNA (light purple).

Three clusters are represented by rank #2 (yellow), rank #1 (orange), and rank #30 (green).

All three position the DNA major groove against the N-termini of the two recognition

helices and contact both FadR monomers. The yellow structure is centered over the

recognition helices, but is farther from the wing structures (red) than the crystallographic

DNA. Both the orange and green structures have a good fit with the wings and the N-termini

of the two recognition helices. Together, the ensemble of these three clusters identifies the

three main protein contacts and the need for the DNA to bend to accommodate all three

simultaneously. (C) Docking of B-DNA to the acyl-CoA-bound FadR structure indicates

that the bound DNA is not bent. The centers of the best-ranked 500 docked B-DNA
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solutions (turquoise) lie along a straight line, rather than along the axis of the FadR-bound

DNA (light purple). The top 5 linear B-DNA solutions (yellow) fit better into the large

channel between the FadR N-terminal monomers than the FadR-bound DNA. For this

analysis, the DNA-bound and acyl-CoA-bound FadR structures were superposed by the Cα

atoms of their N-terminal domains. (D) Requirement for DNA bending over the convex

surface of the DNA-binding site in DNA-bound FadR. The DNA-bound FadR surface

(magenta) is colored to show the guanidinium groups of Arg 35 (blue), Arg 45 (cyan), and

Arg 49 (green) bound in the DNA major groove and the His 65 side chains (orange) in the

DNA minor groove. The geometric center (red sphere) of the bent FadR-bound DNA (light

purple) slightly penetrates the FadR molecular surface (magenta). The top-ranked B-DNA

placement (yellow) docked to acyl-CoA-bound FadR penetrates into the DNA-bound FadR

molecular surface in the center of the binding site. (E) Opening of a large channel between

the N-terminal monomers in acyl-CoA-bound FadR (purple molecular surface). The

guanidinium groups of Arg 35 (blue) and Arg 45 (light blue) move so that they now contact

the B-DNA phosphate backbone (yellow), removing the major groove contacts needed for

sequence-specific DNA recognition. The B-DNA phosphate backbone also fits into the slots

created by His 65 (orange) and Arg 49 (green) in both monomers.
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Figure 2.
A model for the full DNA-binding site on UNG from computational docking and DXMS.

(A) B-DNA docked to the DNA-bound structure of UNG (gray Cα backbone). The 2000

top-ranked B-DNA placements, represented by their geometric centers (yellow spheres), are

concentrated over the active site (indicated by the crystallographic DNA, blue, right), at the

secondary site (indicated by docked B-DNA, green, left), and between the two sites.

Residues 210-220 (magenta), 251-264 (red), and 265-274 (orange) are highlighted on the

UNG backbone. (B) The active-site cluster of B-DNA (yellow, with 3′-ends red) docked to

the DNA-bound structure of UNG (gray Cα backbone) replicates the crystallographic DNA

position (blue, 3′-ends red), including the correct 5′ to 3′ direction and insertion of Leu 272

(black) into the DNA minor groove. These dockings also show direct contact of the

complementary strand with residues 210-220 (magenta). (C) B-DNA docked to the unbound

structure of UNG (gray). The 30 top-ranked B-DNA placements compared with the

crystallographic DNA (blue phosphate backbone): 23 (yellow) at the DNA-binding site; 5

(green) at the secondary site; and 2 (magenta) between the two sites. The 2000 top-ranked

B-DNA placements, represented by their geometric centers (green spheres), show the same

distribution. (D) DNA binding strongly protects residues 210-220 (magenta) and 251-264

(red) from solvent. A decrease in the amount of deuteration indicates increased protection of

protein residues from the deuterated solvent. Over the entire UNG sequence, peptides

210-220 (magenta) and 251-264 (red) showed the greatest solvent protection in the presence

of a 30-bp DNA substrate, acquiring no more than one deuteron even at the longest

deuteration time of 300,000 s (more than 3 days). In the absence of DNA, both peptides

become almost fully deuterated in 300,000 s. Neither region has direct contacts with the 10-

bp DNA in the crystallographic structure of the UNG-DNA complex. Active site peptide

258-274 (orange), which includes Leu 272, shows significant protection, but part of this is

due to its overlap with peptide 251-264 (red). (E) Model of the 30-bp product dsDNA bound

to UNG. Both DNA strands in the model align with the crystallographic DNA (gray

phosphate backbone) on the 5′ side of the active site. On the 3′ side of the active site, the
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active-site strand (light blue) contacts the groove created by residues 251-274, including the

continuous surface formed by main-chain atoms of residues 251-264 (red) and 265-274

(orange). The complementary strand (blue) contacts the groove created by residues 210-220,

including the surface created by the main-chain atoms (magenta), and may also contact the

surface created by main-chain atoms of residues 251-258 (red) protected by bound DNA.

(F) Model of single-strand DNA binding. The 3′-end of the active-site DNA strand extends

from the active site over the surface groove created by residues 251-264, and continues into

the predicted secondary binding site. This places the strand near the N-terminus of the

catalytic domain, where it would be near RPA, which binds to a UNG recognition motif just

N-terminal of the catalytic domain in nuclear UNG.63
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Figure 3.
Comparison of the HIV-1 CCD complex with docked DNA to the PFV CCD structure with

bound vDNA. The HIV-1 (green) and PFV CCD (gray) structures were superposed by the

Cα atoms of conserved β-strand and α-helix secondary structure. (A) Computational

docking locates the CCD binding site for viral DNA. The best-energy DNA placement (blue

phosphate backbone) is representative of the largest favorable-energy cluster. One strand of

the docked DNA shows good alignment with the active-site strand of the vDNA (orange

with red 3′ end) bound to PFV IN, but it also penetrates into the active site loop (black) of

the PFV CCD. In the HIV CCD coordinates, this loop corresponds to residues 139-153

(magenta). The incorrect conformation of this modeled active site loop fills the groove

occupied by unprocessed 5′-end of the viral DNA, preventing correct positioning of the

docked DNA at the active site. The two metal ions (magenta spheres) of the HIV-1 CCD

model show good agreement with those of the PFV CCD (black spheres). (B) Docked DNA

fragments follow the axis of vDNA. The most favorable 2000 DNA placements, represented

by their geometric centers (blue spheres), form a large cluster over the CCD active site and

extend over the full surface contacted by vDNA. (C) Second active-site orientation of

docked DNA corresponds to the host DNA binding site. The docked DNA (green and light

blue) overlaps the host DNA (yellow, bound to PFV IN) and is within 4Å of the two vDNA

3′ processed ends (red) in the PFV IN tetramer.
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Figure 4.
GH5 docked to the nucleosome. (A) The 1000 top-ranked GH5 solutions (centers shown as

aqua spheres) are concentrated between the DNA (orange) at the dyad axis and the linker

DNA (yellow) entering and exiting the nucleosome. The Cα backbone of the histone core is

shown in blue. (B) Interactions of GH5 side chains with the nucleosome. In the top-ranked

GH5 solution (gray ribbons), Lys 69 (light blue), Arg 74 (blue), and His residues 25 and 62

(brown) contact one arm of the linker DNA (right), Arg 40 and Lys 72 (green) contact the

other linker DNA arm (left), and essential residue Lys 85 (orange) interacts with dyad DNA.
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