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Abstract. Motifs for sequence specific-protein-DNA in-
teractions, such as helix-turn-helix, zinc finger and
leucine zipper, are now better understood as a result of
extensive studies of three-dimensional (3D) structures of
transcription factors. On the other hand, little attention
has been paid to motifs for sequence nonspecific binding,
namely DNA-phosphate binding. To address the ques-
tion whether different transcription factors and DNA
manipulation enzymes, that is enzymes that work on
DNA, share a similar mode of phosphate binding, we
surveyed interactions between DNA and protein module,
a structural unit of a globular protein. We analyzed the
modular organization of DNA polymerase f and found
that residues making contact with DNA phosphates were
localized to five modules. Structural comparison of these
phosphate-binding modules against others in transcrip-
tion factors and DNA manipulation enzymes revealed

Key words. 434 Cro; Arc repressor; DNA polymerase
shuffling; Oct-1 POU domain; sodium ion.

Protein-DNA interactions are classified as sequence-
specific and -nonspecific interactions, the former being
mainly achieved by interactions of protein side chains

Abbreviations: 3D = three-dimensional; brHTH = base-recogni-
tion helix-turn-helix; CO = backbone carbonyl oxygen; HhH =
helix-hairpin-helix; ~ HTH = helix-turn-helix;  NH = backbone
amino hydrogen; pbHTH = phosphate-binding helix-turn-helix;
PDB = Protein Data Bank; RHH = ribbon-helix-helix; RMSD =
root mean square deviation; sfHTH = scaffold helix-turn-helix.
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that DNA polymerase f, the Oct-1 POU domain, 434
Cro and the Arc repressor have a phosphate-binding
module with 3D structures similar to one another. This
newly detected module, the phosphate-binding helix-
turn-helix (pbHTH) module, named for its function and
3D structure, interacts with DNA by (i) making hydro-
gen bonds between a DNA phosphodiester oxygen and
an amino hydrogen of the main chain located at the
N-terminus of a C-terminal «-helix, and (i) making
electrostatic interactions between DNA phosphates and
side chains of lysine or arginine. Finding structurally and
functionally similar phosphate-binding units in different
transcription factors and DNA manipulation enzymes
suggests that shuffling of modules is not limited to the
DNA base-recognition motif. Phosphate-binding mod-
ules are apparently also shuffled in DNA-binding
proteins.

f; DNA-protein hydrogen bond; HTH module; module

with DNA bases [1]. Four kinds of bases in DNA have
unique atom positions that can form hydrogen bonds to
or electrostatic interactions with side chain atoms of
amino acid residues. Nonspecific interactions with
DNA occur by interactions of main or side chains of
proteins and DNA phosphates. Sugars of the DNA
backbone have the potential to form hydrogen bonds to
electron donors. When a main or a side chain of
proteins forms a hydrogen bond to a sugar, the bond
often bifurcates to a DNA phosphate [2]. As DNA has
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phosphodiester oxygens in its backbone, the existence
of which does not depend on DNA sequences, proteins
interact nonspecifically with DNA phosphates. This in-
teraction often aids in properly locating specific binding
sites of the protein onto DNA [3].

Protein-DNA specific interactions have been thor-
oughly examined, and common three-dimensional (3D)
structures in interaction regions have been identified.
The well-known DNA-binding motifs are helix-turn-he-
lix (HTH), zinc finger, basic leucine zipper and basic
helix-loop-helix motifs. These motifs, which have one
o-helix inserted into a major groove of DNA ‘read’
DNA sequences [4]. Sequence-specific interaction on a
minor groove found in purine repressor [5] utilizes the
o-helix, and in TATA box binding protein [6] and
integration host factor [7] both utilize ff-sheets.

Unlike DNA sequence-specific binding motifs, a struc-
tural similarity in DNA nonspecific binding regions has
not been found. Pabo and Sauer [3] remarked that
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‘there does not appear to be any simple ‘“rule” or
pattern describing which residues are used for backbone
contact.’

We reported that the HTH motif is composed of a
single module [8]. A globular domain was found to be
partitioned into compact substructures, that is modules
[9]. The average length of a module is about 15 residues.
Correspondence of module boundaries and intron posi-
tions of the genes of hemoglobin, lysozyme and other
proteins was reported [9-16]. Thus, modules are likely
to be units of protein evolution. Modules are also units
of function, as was shown experimentally by RNase
activity in single modules [17], by exchanging modules
of hemoglobin «- and f-subunits, resulting in a swap of
the function [18, 19], and by exchanging a single module
in isocitrate dehydrogenase that binds nicotinamide
adenine dinucleotide phosphate (NADP) to a module in
NAD-specific isopropylmalate dehydrogenase, resulting
in exchange of coenzyme specificity without loss of
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Centripetal profiles of (4) human DNA polymerase f (PDB code: 1BPY) [57], (B) 434 phage 434 Cro protein (3CRO) [28]

and (C) P22 phage Arc repressor (1IPAR) [29]. Module boundaries are described by black arrowheads. Each profile has seven lines that
corresponded to seven values of k, a window length of Ca atoms around ith Cx atom. See module boundary determination in ‘Materials
and methods’. Nine residues at the N-terminus of DNA polymerase f and five residues at the C-terminus of 434 Cro were not observed

by X-ray crystallographic analysis [57, 28].
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M10

Phosphate-binding module

Figure 2. Module organization of DNA polymerase f (PDB code: 1BPY) [57]. DNA is depicted by the stick model in white. The active
site residues are on brown module M13 and dark blue module M17 at the center. Phosphodiester oxygens are mainly bound to modules

in red, and in purple at the bottom left corner.

activity [20]. In HTH proteins, common HTH modules
recognize specific DNA sequences [8].

Is there a shared structural unit for DNA nonspecific
binding, namely DNA-phosphate binding? We used
module structure, one of the structural units in protein,
of transcription factors and DNA manipulation en-
zymes including modification, restriction, repair, repli-
cation enzymes and polymerases to address the
question. It would be ideal to find 3D structures of
proteins that bind DNA without sequence specificity.
DNA polymerase f is one of the best targets for ana-
lyzing how a protein binds nonspecifically to DNA.
DNA polymerase f was found to interact with DNA
mostly by sequence-nonspecific hydrogen bonds [21].
As phosphate-binding modules were found in DNA
polymerase f, we searched for similar modules in other
transcription factors and DNA manipulation enzymes.

Materials and methods

Module boundary determination. Module boundaries
were determined by centripetal and extension profiles
[12, 22]. Candidates for module boundaries were ob-
tained by locating local minima of F,. F, is an index of
the centripetal character of the ith residue, calculated
by a mean-square distance between the Co atom of the
ith residue and Co atoms within a window of (2k + 1)
residues (k = 15, 20, 25, 30, 35, 40 and 45) centered by
the ith residue. The centripetal profile detects the local
center of a protein. The candidates were confirmed by
an extension profile that checked the extendedness of
the chain around the candidate module boundaries. N-
and C-terminal module boundaries were determined
separately because one could not set a large k at the

terminus. Final determination of module boundaries
was automated (Y. Sato et al., unpublished). Treat-
ment of the N- and C-termini of a protein resulted in
detection of a new module boundary in 434 Cro. It
was reported to have five modules by Yura et al. [8],
but the C-terminal module decomposed into two (fig.
D).

Defining a protein-DNA contact. Heavy atoms in pro-
tein and DNA were defined to be in contact when they
were located within the range of 4.0 A distance. An
amino acid residue and a nucleotide were defined to be
in contact when three or more pairs of contact were
found between them. These cutoffs were set to choose
residues that were obviously in contact with DNA.
DNAs were divided into two parts: base and phos-
phate plus sugar. When atoms in a residue were in
contact with a base, the residue was defined to be in
contact with the DNA base, even when other atoms in
the same residue were in contact with phosphate and/
or sugar. When atoms in a residue were in contact with
phosphate and/or sugar but not with base, the residue
was defined to be in contact with DNA phosphate. A
module that contained a base-contact residue was
called a base-recognition module, and that containing
only a phosphate-contact residue was called a phos-
phate-binding module.

Superimposition of modules. The 3D structure of mod-
ules that interact with DNA phosphate in all the
DNA-binding proteins in the Protein Data Bank [23]
were compared by superimposing Co atoms. If the
length of amino acid sequences differed between two
modules, all possible sequential correspondences of Ca
atoms of the two modules were considered. Details
were described in Yura et al. [8].
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In the present work, modules with helices on both Results
termini were treated. Cutoff for similarity was deter-
mined to be around 2.0 A. In 574 proteins of sequence
identity, less than 30% in the Protein Data Bank [23],
root mean square deviation (RMSD) calculation re-
sulted in 5.04 A on average, with a standard deviation
of 1.62 A, when 1387 modules with a helices on both
termini were randomly chosen and superimposed in

every possible pair (data not shown). RMSD $2.0 A jepage S has been subdivided into four subdomains,
falls within 3% of the entire number of module pairs.  pased on structural comparisons among nucleic acid
Therefore, two modules with RMSD <2.0 A are simi-  olymerases [21]. The N-terminal 8-kD subdomain is
lar, with a statistical significance at the 3% level. Win- composed of five modules, the fingers subdomain of five
tjens et al. [24] evaluated the significance of RMSD of a  modules, the palm subdomain of seven and the thumb
protein fragment with two a-heliceso connected by a  subdomain of seven (fig. 3). The subdomain junctions
f-turn structure and found that 2.5 A was the reason- correspond approximately to module boundaries.

able cutoff for classification of peptides having 20- DNA polymerase f made contacts with DNA, as
amino acid residues. shown in table 1. An atom of DNA polymerase f and
Analysis of the module-DNA hydrogen bond. Since loca- that of DNA were defined to be in contact when they
tions of hydrogens are usually not given in the Protein  are located within a 4.0-A distance. The contact was
Data Bank [23], they were geometrically calculated. localized to seven modules, M2, M4, M5, M7, M16,
Hydrogen bond analysis was based on the method of M19 and M20. Modules M4, M5, M7, M16 and M20

DNA phosphate-binding and ion-binding modules in DNA
polymerase . A black arrowhead in figure 1A indicates
a module boundary of DNA polymerase /. There are
24 modules in DNA polymerase f. The length of a
module in DNA polymerase f is about 14 residues on
average. Module organization in the 3D structure of
DNA polymerase f is depicted in figure 2. DNA poly-

Baker and Hubbard [25]. make contact with DNA phosphates and sugars, but
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Figure 3. Diagrams of module organization of (4) human DNA polymerase /3, (B) Oct-1 POU-specific domain, (C) 434 phage 434 Cro
protein and (D) P22 phage Arc repressor. Shadowed boxes are similar phosphate-binding HTH modules. Coils below the boxes are
o-helices, and thick arrows are f-strands. Black diamonds on boxes are DNA phosphodiester oxygen hydrogen-bonding sites, and
white diamonds are DNA base hydrogen-bonding sites. Intron positions of DNA polymerase f and the Oct-1 POU-specific domain are
indicated by arrows over the boxes. Of DNA polymerase f, the introns in row 1 are from human DNA polymerase f (accession
number: U10526) [43], and the ones in row 2 are from human terminal deoxynucleotidyl transferase (M20703) [44]. Of the Oct-1 POU
domain, the intron in row 1 is from human and mouse Oct-2 (X81030, X81031) [58], those in row 2 are from Caenorhabditis elegans
CEH-6 (Z75711) [59], row 3 from rat GHF1(X65364) [60] and from turkey Pitl (U18928) [61], row 4 from mouse Oct-3 (S235987) [62],
and row 5 from C. elegans unc-86 (M22363) [63]. Metal-binding residues are indicated by arrows below the boxes of DNA polymerase
f. Two sodium ions are bound independently to modules M4 an M7. One magnesium ion is bound to module M13, and the other
magnesium ion is bound to modules M13 and M17. N-terminal nine residues in DNA polymerase f and C-terminal five residues in 434
Cro shown in thin lines were not determined by X-ray crystallography [57, 28]. For Oct-1, the POU-specific domain only is shown.
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Table 1. Residues of DNA polymerase  in contact with DNA.

Phosphate-binding module

DNA polymerase f DNA No. of contacts

Module residue chain nt phosphate sugar base
M2 His34 T C5 0 0 23
M2 His34 D Gl 0 0 3
M2 Lys35 D Gl 5 2 0
M2 Ala38 D Gl 0 2 1
M2 Tyr39 D Gl 1 3 0
M4 Gly64 D T2 0 7 0
M4 Gly64 D C3 4 1 0
M4 Val65 D C3 4 0 0
M4 Gly66 D T2 8 4 0
M4 Thr67 D T2 3 0 0
M4 Lys68 D Gl 11 2 0
M4 Lys68 D T2 7 0 0
M5 1le69 D T2 7 0 0
M7 Glyl05 P C8 0 5 0
M7 Glyl105 P G9 3 0 0
M7 Tle106 P G9 3 0 0
M7 Glyl107 P C8 10 3 0
M7 Prol108 P C8 5 0 0
M7 Ser109 P G7 0 4 0
M7 Ser109 P C8 8 0 0
M7 Alallo P C8 3 0 0
M16 Ser229 T All 4 1 0
Ml16 Lys230 T All 4 3 0
M16 Gly231 T Cl10 5 5 0
M16 Thr233 T Cl10 7 2 0
M16 Lys234 T C10 4 2 0
M19 Lys280 T G6 7 1 5
M19 Arg283 T G6 0 5 5
M19 Arg283 T G7 0 4 1
M20 Leu287 T G7 3 0 0
M20 Thr292 T G7 2 1 0
M20 Glu295 T C8 1 10 0

Two atoms within 4.0 A were considered to be in contact. A residue with fewer than three pairs of contacts was omitted. Chains in
the DNA are depicted as D (downstream), T (template) and P (primer).

not with DNA bases. These five modules can be called
phosphate-binding modules. Modules M2 and M19
made contact with DNA phosphates and sugars and
also with DNA bases. When an amino acid residue
contacts a DNA base located deep in a groove, the
same residue inevitably contacts DNA phosphates and
sugars located at sides of the groove. Therefore, mod-
ules M2 and M 19 were not regarded as phosphate-bind-
ing modules. Modules M4, M5, M7, M16 and M20
were placed around DNA, as if to grasp DNA (fig. 2 in
red, except for M5 in purple).

In DNA polymerase f, two sodium ions and two mag-
nesium ions bind to become an active enzyme. Based on
crystal-soaking experiments, sodium ions could be
potassium ions [26]. Residues that bind metal ions are
depicted in figure 3. One of the sodium ions was exclu-
sively bound to module M4, whereas the other was
bound to module M7. Modules M4 and M7 are Na ™" -
binding modules. These two modules are also phos-

phate-binding modules, and their 3D structures are
strikingly similar (fig. 4). One of the magnesium ions
was bound to oxygen atoms of two aspartate residues in
module M13. The other magnesium ion was bound to
the same aspartate residues with different oxygen atoms
of the side chains and to an aspartate residue on module
M17. Modules M13 and M17 are Mg?*-binding mod-
ules. Even though these two modules had different 3D
structures, they use oxygen atoms of aspartate residues
located close to the C-terminal of the modules to coor-
dinate Mg>*.

A search for a similar phosphate-binding module in DNA-
binding proteins. Thirty-nine transcription factors and
DNA manipulation enzymes whose 3D structures were
solved with DNA were broken down into modules.
Modules that contact DNA phosphates were compared
against the five phosphate-binding modules of DNA
polymerase . As a result, module M2 of the Oct-1
POU domain [27], module M2 of the 434 Cro protein
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[28] and module M3 of the Arc repressor [29] were
found to have structures similar to modules M4 and M7
of DNA polymerase f (figs 5 and 6A). The similarity in
3D structures of those modules was not apparent from
their sequence comparison (fig. 6B). DNA polymerase f§
modules M4 and M7 coincided with a helix-hairpin-he-
lix (HhH) sequence motif, one of the DNA-binding
motifs first found in endonuclease IIT [26, 30-32]. An
amino acid sequence search, however, did not turn up
any structurally or functionally similar unit in the Oct-1
POU domain, 434 Cro or Arc repressor. The ppHTH
module turned out to include the HhH motif and also
to include modules with a structural and functional
similarity without sequence similarity to the HhH motif.
Oct-1 and 434 Cro proteins are HTH proteins. The
overall structural similarity of the Oct-1 POU-specific
domain and 434 Cro became known when the 3D
structure of Oct-1 was determined [33]. The Oct-1 POU-
specific domain was decomposed into five modules (figs
3 and 5C). Details of the modular organization of Oct-1
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will be discussed elsewhere
unpublished).

434 Cro was broken down into six modules (fig. 1B).
Modules M2 and M4 are phosphate-binding modules,
whereas module M3 is a base-recognition module (fig.
3). The spatial arrangement of modules is depicted in
figure 5D. 434 Cro and 434 repressor [34] essentially
have similar 3D structures. 434 repressor has phos-
phate-binding modules and a base-recognition module
corresponding to those of 434 Cro [8].

The Arc repressor has a DNA-binding ribbon-helix-he-
lix (RHH) motif [35]. DNA bases are recognized by an
antiparallel f-sheet created by dimerization. The
monomer broken down into four modules (figs 1C and
5E), and DNA phosphates were mainly bound to mod-
ules M1 and M3 (fig. 3). Module M1 was hydrogen-
bonded to bases and phosphodiester oxygens, whereas
module M3 was hydrogen-bonded only to phosphodi-
ester oxygens.

(K. Yura et al,
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Figure 4. Na ™ -binding modules in DNA polymerase /. (4) Module M4 and (B) module M7. Orange atoms are sodium. Residues that
have atoms to coordinate the sodium atom are shown in the stick model. Pink dotted lines indicate coordination. Phosphodiester
oxygens of DNA make hydrogen bonds to «-helices at the C-terminal, as shown in yellow dotted lines. Residues with donor and

acceptor atoms are also shown in the stick model.
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Phosphate-binding module

Figure 5. Module organization of (4) DNA polymerase f from modules M1 to M5, (B) DNA polymerase f from modules M6 to M 10,
(C) Oct-1 POU-specific domain, (D) 434 Cro protein monomer and (E) Arc repressor dimer depicted by space filling (left) and tube
(right) models. Each protein is colored by a module. DNAs are depicted by the stick model. DNA backbones are colored blue, and

bases are in white.

We reported that 434 Cro protein had three modules,
M2, M3 and M5, that were structurally similar (table
2). Module M3 was almost equivalent to the HTH
motif [8]. Hence, we named modules M4 and M7 of
DNA polymerase f, M2 of the Oct-1 POU domain, M2
of 434 Cro and M3 of the Arc repressor phosphate-
binding HTH (pbHTH) modules.

Characteristics of ppHTH modules. The five modules—
M4 and M7 of DNA polymerase f, M2 of the Oct-1
POU domain, M2 of 434 Cro and M3 of the Arc
repressor—bound a DNA phosphate in a similar man-
ner and all used backbone amino hydrogens (NHs) at
the N-terminus of the C-terminal «-helix of the module.
An o-helix is formed by hydrogen bonds between a
backbone carbonyl oxygen (CO) belonging to ith
residue and an NH of i+ 3rd residue. At the N-termi-
nus of the a-helix, however, three NHs are free from
making hydrogen bonds with CO atoms. Free NH has
the potential to form hydrogen bonds with a hydrogen
acceptor. DNA phosphodiester oxygen formed a hydro-
gen bond to one of the free NHs in these five modules.

In modules M4 and M5 of DNA polymerase f, there
were three free NHs, namely Thr67, Lys68 and Ile69, at
the N-terminus of the C-terminal «-helix of module M4.
NHs of Lys68 and I1e69 formed hydrogen bonds to
phosphodiester oxygens of thymine. In addition to these
hydrogen bonds, main-chain NHs of Gly64 and Gly66
and the side chain of Lys68 hydrogen bonded to DNA
phosphodiester oxygens (table 3; fig. 7A).

In module M7 of DNA polymerase S, there were two
free NHs, namely NHs of Ser109 and Alall0 at the
N-terminus of the C-terminal «-helix. The residue at
108 was proline; a side chain of proline is covalently
bonded to backbone NH. The NHs of Serl09 and
Alal10 hydrogen bonded to phosphodiester oxygens of
cytosine. In addition, the main chain NH of Gly105
hydrogen bonded to phosphodiester oxygen of guanine
(table 3; fig. 7B).

In the Oct-1 module M2, two out of three NHs of the
C-terminal a-helix were free. A DNA phosphodiester
oxygen was hydrogen-bonded to an NH of GIn306, the
first of the three NHs. The side chain of Arg299, a
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residue on the other «-helix, was also hydrogen-bonded
to another phosphodiester oxygen of thymine (table 3;
fig. 7C).

In the 434 Cro module M2, all three NHs on the
N-terminus of the C-terminal a-helix were free. A DNA
phosphodiester oxygen was hydrogen-bonded to an NH
of GInl7, the first of the three free NHs. The side chain
of Thrl6 was also hydrogen-bonded to the phosphate
(table 3; fig. 7D).

In the Arc repressor module M3, two of the three NHs,
namely the NHs of Val33 and Asn34 on the N-terminus
of the C-terminal «-helix were free. Both NHs hydro-
gen-bonded to the phosphodiester oxygen atoms of the
same adenine. The NH of Ser35 was assumed to be free,
yet it was hydrogen-bonded to Oy of Ser32. This side
chain-main chain hydrogen bond is a typical Ncap [36]
(table 3; fig. 7E).

A common feature in all five modules was the hydrogen
bond between the phosphodiester oxygen atoms of
DNA and one of the NHs at the N-terminus of the
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C-terminal «-helix. One more hydrogen bond donor
was used for DNA binding out of the three NHs and/or
side chains. In total, at least two hydrogen bond donors
were required. The N-terminus of an «-helix is posi-
tively charged because of the dipole moment of the helix
[37, 38]. This dipole moment likely functions as an
attractive force for DNA phosphates.

Three other common features among the ppHTH mod-
ules were found when we examined the 3D structure of
proteins without DNA and the amino acid sequences of
pbHTH modules (fig. 6B). First, the main chain NHs of
the C-terminal «-helix of ppbHTH modules used for
DNA phosphodiester binding in complex with DNA
formed no hydrogen bonds to other parts of proteins
when the proteins did not bind DNA. Typically, there is
an Ncap at the N-terminus of an «-helix [36]. The NH
of the N-terminus of the C-terminal «-helix in ppHTH
modules was, however, not capped, and presumably
formed hydrogen bonds to water molecules, as if wait-
ing for DNA to present itself. Second, the size of a side

B

DNA pol [} (M4) 56 GAEAKKLPGVGTKIAEK 73
DNA pol B (M7) 97 I K 113
Oct-1 (M2) 295 FKORRIKLGFTQGDV|GL 311
434Cro (M2) 6 L T 22
Arc rep (M3) 22V AEENGRSVNSEIY 37

Superimposed 13 residues

Figure 6. (A4) Superimposition of phosphate-binding HTH modules. Each module is depicted by the Co trace tube model. White regions
are part of the previous and next modules. Light blue indicates the N-terminal side. DNA polymerase f modules M4 and M7 are in
blue and green, respectively, the Oct-1 module M2 is in purple, the 434 Cro module M2 is in red and the Arc repressor module M3
is in yellow. (B) Structural alignment of phosphate-binding HTH modules in (4). Amino acid residues in boldface are included in the

module. Residues in thin fonts are those of juxtaposing modules.
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Table 2. RMSD of HTH modules (A).

Phosphate-binding module

Module M4 M7 M2 M2 M3 M3 Function
(pol) (pol) (Oct) (434) (Arc) (434)

M4 (DNA pol. f) phosphate

M7 (DNA pol. f) 0.60 phosphate

M2 (Oct 1) 2.46 2.46 phosphate

M2 (434 Cro) 2.38 2.32 0.66 phosphate

M3 (Arc rep.) 2.18 2.04 1.29 0.99 phosphate

M3 (434 Cro) 2.08 2.06 1.53 1.30 0.61 base

MS5 (434 Cro) 2.38 2.30 1.51 1.26 0.71 0.71 scaffold

RMSD was calculated by taking the average Co deviation of 13 residues. Correspondence of residues is shown in figure 6B. Phosphate
in the column of function indicates that the module is a ppHTH module, base indicates a brHTH module and scaffold indicates an

sfHTH module.

Table 3. Hydrogen bonds between phosphate-binding HTH modules and DNA.

Protein DNA
module residue atom chain nt atom
DNA polymerase f M4 Glyo4 N D C3 o2pP
M4 Gly66 N D T2 o2pP
M4 Lys68 N D T2 o1pP
M4 Lys68 N¢ D Gl o1pP
M35 1le69 N D T2 o2pP
M7 Glyl105 N P G9 o1pP
M7 Ser109 N P C8 o2pP
M7 Alall0 N P C8 o1pP
Oct-1 M2 Arg299 Ny2 A T3 o1pP
M2 GIn306 N A T3 o2p
434 Cro M2 Argl0 Nyl A T4 o2pP
M2 Thrl6 Oyl B T3 o1pP
M2 GInl7 N B T4 o1pP
Arc repressor M3 Val33 N E A4 o1pP
M3 Asn34 N E A4 o2p

The atoms in the left column form hydrogen bonds to atoms in the right column in the same row. Atoms of protein and DNA
backbones are printed in boldface to emphasize that most bonds are between backbones. Chain identifications of the DNAs are as the

ones in the Protein Data Bank [23].

chain of a residue located one residue before the C-ter-
minal «-helix is small. This is perhaps to avoid being a
steric hindrance when the module binds to the DNA
backbone. The side chain came close to DNA, since the
main-chain NH located next to the residue formed a
hydrogen bond to a DNA backbone. Third, the pb-
HTH module has a number of arginines or lysines,
residues with positively charged side chains within the
module or juxtaposing ones. This seems to contribute to
electrostatic interactions with the DNA backbone (fig.
7).

The repetitive appearance of the ppbHTH module in
DNA polymerase f, the Oct-1 POU domain, 434 Cro
and the Arc repressor indicates (i) that sequence non-
specific binding of DNA is achieved by the protein
module and (ii) that the mode of sequence nonspecific
binding of DNA is not arbitrary; a common structure
used for sequence nonspecific binding was noted. The

extent of these findings remains to be surveyed. Our
study challenges the view regarding nonspecific interac-
tion of DNA-binding proteins in that there is no rule or
pattern for DNA backbone contact in proteins [3].

Orientation of DNAs against ppHTH modules. Orien-
tation of the DNA region against module M4 and that
against module M7 in DNA polymerase  was similar.
The orientation of the DNA region against the Oct-1
POU domain module M2, the 434 Cro module M2 and
the Arc repressor module M3 was also quite similar.
However, the orientation of DNA to DNA polymerase
f module M7 and that of Arc repressor M3 clearly
differed (fig. 8); the locations of NH contributing to
hydrogen bonds in modules M4 and M7 of DNA poly-
merase f differ from those in module M2 of the Oct-1
POU domain, in module M2 of 434 Cro and in module
M3 of the Arc repressor. In DNA polymerase f, the
second and the third NHs of the N-terminus of
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the C-terminal «-helix form hydrogen bonds with
DNA, whereas in the Arc repressor, the first and second
NHs form hydrogen bonds with DNA. Two residues in
an «-helix are related by a rotation of about 100 degrees
along the o-helix axis. It is, therefore, geometrically
calculated that the difference in orientation of the DNA
axis in DNA polymerase f module M7 and Arc repres-
sor module M3 is about 80°. The angle of DNA bound
to DNA polymerase f and that bound to the Arc
repressor was actually about 80°, when the modules
were superimposed.

The difference in angle of bound DNA in DNA poly-
merase  modules M4 and M7, and the Arc repressor
module M3, the 434 Cro module M2 or the Oct-1 POU
domain module M2 seems to relate to additional hydro-
gen bonds in pbHTH modules of DNA polymerase f.
In modules M4 and M7, NHs of Gly64 and Glyl105,
respectively, form hydrogen bonds to DNA backbones.
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These hydrogen bonds did not exist in the Oct-1 POU
domain module M2, 434 Cro module M2 or Arc repres-
sor module M3 (fig. 7).

Discussion

Types of HTH module: base-recognition, phosphate-bind-
ing and scaffold modules. We reported that 434 Cro has
three HTH modules, modules M2, M3 and M5 [8].
RMSD of these modules and against the ones found
here are given in table 2. Module M2 of 434 Cro is a
DNA phosphate-binding module shared by DNA poly-
merase f5, the Oct-1 POU domain and the Arc repres-
sor. Module M3 recognizes DNA bases. Module M5
seems to have no obvious function [8]. The consequence
is that there are at least three types of HTH modules

(fig. 9).

Figure 7. A schematic representation of DNA-pbHTH module interactions. (4) DNA polymerase f module M4, (B) DNA polymerase
f module M7, (C) Oct-1 POU domain module M2, (D) 434 Cro module M2 and (E) Arc repressor module M3. One or two of the
backbone NHs at the N-terminal of the C-terminal «-helix form hydrogen bonds to phosphodiester oxygens of DNA (gray lines).
Lysines or arginines are located on the N-terminal helix in the case of the Oct-1 POU domain M2, 434 Cro M2 and Arc repressor M3.
They seem to interact electrostatically with DNA phosphodiester oxygens. Lysines were found on the C-terminal helix in the case of
DNA polymerase f M4 and M7. In (4) and (B), sodium ions are shown in orange. Coordination is indicated by pink dotted lines.
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Phosphate-binding module

Figure 8. DNA-binding mode against phosphate-binding HTH modules. (4) DNA polymerase f M4, (B) DNA polymerase f M7, (C)
Oct-1 POU domain M2, (D) 434 Cro M2 and (E) Arc repressor M3. The pbHTH modules are viewed from the same side. DNAs for
DNA polymerase f are located at positions similar to each other (4, B). DNAs for the Oct-1 POU domain, 434 Cro and Arc repressor
are also located in a position similar to one another (C, D, E), but different from those of DNA polymerase £.

The first HTH module is the newly identified pb-
HTH module. The backbone atoms on the N-term-
inus of the C-terminal «-helix are used to form hydro-
gen bonds with the DNA backbone. The pbHTH
module binds DNA, without sequence specificity.
The second is a base-recognition HTH (brHTH)
module which is almost equivalent to the HTH
motif. The C-terminal «-helix is inserted into a major
groove of DNA, and side chains on the «-helix
hydrogen bond with DNA bases. The brHTH module
binds DNA with sequence specificity. The third
HTH module is a scaffold HTH (sfHTH) module with
no obvious function; it might possibly serve as a scaf-
fold for other modules. The sfHTH module might func-
tion as a foundation to properly allocate other modules
[39].

Motif-based predictions of DNA-bound 3D structures
of transcription factors and DNA manipulation en-
zymes have been made [40]. Characteristics of the pb-
HTH module are also likely to be useful for predicting
protein-DNA interactions. Finding a module struc-
turally similar to HTH modules in DNA-binding
proteins of which the DNA-complex structure is un-
known, and finding a module possessing features of the
pbHTH module, but not of brHTH nor sfHTH mod-
ules, leads to the prediction that DNA may bind to the
module the way it does in DNA polymerase f, the
Oct-1 POU domain, 434 Cro or the Arc repressor.

Repetitive use of a structurally similar ppHTH module. A
module similar in 3D structure and function to modules
M4 and M7 of DNA polymerase f was found in the
Oct-1 POU domain, 434 Cro and Arc repressor.
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HTH module

[phosphate-binding(pb)HTH J

base-recognition(br)HTH
=HTH motif

[ scaffold(sf)HTH J

Figure 9. Classification of HTH modules based on their func-
tions. There are at least three functions in HTH modules. HTH
modules are functionally grouped into pbHTH, brHTH, and
sfHTH modules.

However, overall 3D structures of the four proteins
differ (fig. 5). This finding supports the notion that the
pbHTH module was shuffled into different proteins at
the time of protein creation. One of the conceivable
mechanisms here is exon shuffling [41, 42]. Of the four
proteins studied, introns have been found in the genes
of human DNA polymerase f [43] and its homolog,
human terminal deoxynucleotidyl transferase [44], and
Oct-1. DNA polymerase f was divided into four subdo-
mains [21]. Two out of 20 introns are located close to
two of three subdomain boundaries (fig. 3). The corre-
spondence supports the widely accepted view that do-
mains were indeed combined by exon shuffling [45].

Table 4. Hydrogen bonds between brHTH modules and DNA
bases.

Protein name Ist res. 2nd res.

Catabolite gene -

activator
Hin recombinase -
/4 Repressor Q44(0¢l)-A,4(N6)
Purine repressor -
434 Cro Q28(0el)-A4(N6)
Lac repressor Y17(0n)-T,(04)

E181(0¢2)-C4(N4)

S174(07)-A o(N7)
$45(07)-G,4(N7)
T16(071)-A4(N6)
Q29(N£2)-G,4(06)
Q18(0e1)-C5(N4)

‘Ist res.” and “2nd res.” indicate the first and second residues of
the C-terminal o-helix of the brHTH module, respectively. In
each column, the left side is a protein residue (atom) and the right
side is a DNA nucleotide (atom). Atoms in parenthesis are a
hydrogen donor or an acceptor. Protein-DNA hydrogen bonds
were calculated based on the PDB entry of 1CGP [53] for
catabolite gene activator, IHCR [54] for hin recombinase, ILRD
[55] for Z repressor, 1IPNR [5] for purine repressor, 3CRO [28] for
434 Cro and 1LCC [56] for lac repressor. Hydrogen bonds were
calculated by the method of Baker and Hubbard [25].
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Figure 10. Difference in binding mode of (4) pbHTH and (B)
brHTH of prokaryote to DNA. Side chains of residues that form
hydrogen bonds or seemingly strong electrostatic interaction are
drawn. The C-terminal «-helix of the ppHTH module is almost
perpendicular to the DNA backbone, whereas that of brHTH is
inserted into a major groove.

However, the other 18 introns are also located in sub-
domains of DNA polymerase f (fig. 3), and these
introns tend to locate close to module boundaries, with
some exceptions. Accumulation of protein 3D struc-
tures and their genomic structures resulted in a statisti-
cally significant correlation of module boundary and
intron position [15, 16]. A statistically significant corre-
lation between module boundaries and intron positions
in transcription factors was also noted (K. Yura et al.,
unpublished). In DNA polymerase f, an intron was
found on the N-terminus of ppHTH module M7, and in
Oct-1 introns were found on the C-terminus of the

brHTH module

trp repressor M5

pbHTH module

Figure 11. Schematic drawing to emphasize characteristics of the
brHTH module in the #rp repressor. The brHTH module in the
trp repressor forms hydrogen bonds to DNA bases, using protein
backbone NH via the water molecule. The manner in which a
protein backbone contributes to hydrogen bonds between protein
and DNA is similar to the case of the ppHTH module.
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scaffold
HTH module

po]ymerase. t}‘Ee transcription factor type base-recognition
phosphate-binding  phosphate-binding HTH module
HTH module HTH module

Figure 12. Putative functional divergence of HTH modules. A
dark gray module is the ppHTH module a white module is the
brHTH module and a light gray one is the sSftHTH module. Initial
pbHTH module hydrogen-bonds with phosphodiester oxygen by a
main-chain NH. A brHTH module might be modified out of the
pbHTH module by changing the hydrogen acceptor from a phos-
phate to a base with help from a water molecule. A side chain
probably took on the roles of NH and water molecule, at the last
stage. An sSfHTH module emerged as a result of recruitment of the
pbHTH module or brHTH module for a foundation for other
functional modules to make fused modules, as a stable globular
domain.

pbHTH module M2 in human, mouse and nematode
genes (fig. 3).

In 434 Cro, two phosphate-binding modules—M?2 and
M4—sandwich the base-recognition module M3 (fig.
5D). This sandwich arrangement seems to be an effec-
tive mode for interacting with DNA. The DNA back-
bone seems to be held and pulled toward the protein by
the two phosphate-binding modules. As a result, the
base-recognition module located between the phos-
phate-binding modules seems to be inserted into a ma-
jor groove of DNA and interacts with DNA bases. The
division of labor in 434 Cro, namely base recognition
by module M3 and phosphate binding by modules M2
and M4, could be an evolutionary remnant of the
functional combination of modules. The combination

Phosphate-binding module

of two different phosphate-binding modules and a base-
recognition module as well as scaffold modules possibly
created 434 Cro.

Module shuffling could shuffle a function to different
proteins; in this case, a function to bind phosphates.
Isolated and incorporated modules are likely to have
similar functions. Function of an isolated module was
described by Yanagawa et al. [17]. An isolated module
of barnase, one of the RNases, cleaved RNA. Incorpo-
ration of a module into different combinations of mod-
ules may not affect the 3D structure of the module.
Ikura et al. [46] showed by nuclear magnetic resonance
(NMR) measurements that an isolated module had a
tendency to take a 3D structure similar to its structure
in intact protein. Conformation of a module is mostly
determined by intramodule interaction [22]. The pb-
HTH module may possibly have been incorporated into
DNA polymerase f, the POU-specific domain of the
Oct-1 POU domain, 434 Cro and the Arc repressor.
Putative evolutionary relationship of ppHTH, brHTH
and sfHTH modules. The pbHTH module exists in
DNA polymerase f and the Oct-1 POU domain of
eukaryotes, and 434 Cro and the Arc repressor of
prokaryotes. The brHTH module as an HTH motif
exists in eukaryotes and prokaryotes [47]. Therefore,
pbHTH and brHTH modules probably existed before
the divergence of eukaryotes and prokaryotes.

The brHTH and pbHTH modules could be evolutionar-
ily related, for they use residues located at the same
position on the C-terminal «-helix. The ppHTH module
forms hydrogen bonds to DNA phosphodiester oxygens
by using at least one of the three residues at the N-ter-
minus of a C-terminal «-helix. The brHTH module of
prokaryotes forms hydrogen bonds to DNA bases by
using one or two residues located at the N-terminus of
the C-terminal «-helix (table 4). The difference in inter-
action mode between ppbHTH and brHTH modules is
(1) that the ppbHTH module uses nitrogen atoms of the
main chain to form hydrogen bonds, whereas the
brHTH module uses atoms of side chains, and (ii) that
the C-terminal «-helix of the ppHTH module is located
perpendicular to the backbone of DNA, whereas the
C-terminal «-helix of the brHTH module is inserted
into a major groove of DNA (fig. 10).

The HTH module of the #rp repressor has characteris-
tics of both brHTH and pbHTH modules. The DNA
complex of the trp repressor revealed that water-medi-
ated contacts were the most important contacts for
recognizing DNA [48]. One of the most important wa-
ter-mediated DNA-base recognitions was found at the
C-terminal «-helix of the HTH motif. The main-chain
NH of Ala80, which is located at the N-terminus of the
C-terminal o-helix in the HTH motif, formed hydrogen
bonds to guanine and adenine bases via the water
molecule. This HTH motif is a brHTH module because
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it recognizes DNA bases [§]. However, the manner in
which it carried out the base-recognition function is
similar to that for the ppHTH module because it used
the backbone NH of the N-terminus of the C-terminal
a-helix of the module. We believe that the HTH module
in the #rp repressor corresponds to the evolutionary
intermediate between pbHTH and brHTH modules (fig.
11).

Which type of HTH module appeared first? Phosphate
is a fundamental component of DNA/RNA, but not of
proteins. To bind specifically to DNA and RNA, but
not to proteins, finding phosphorus atoms is considered
to be the most effective. Binding to phosphates could
therefore be fundamental to interacting with DNA and
RNA. During the course of prebiological evolution, the
pbHTH modules might have appeared first, since the
pbHTH module binds to phosphates of DNA. Some
pbHTH modules might have acquired the potential to
bind to DNA bases, using a water molecule, as in the
case of the trp repressor. Those ppbHTH modules could
become brHTH modules by using their side chains
instead of a water molecule to interact with the nucle-
otide. That could be the evolutionary process of the
brHTH module from pbHTH module. We cannot rule
out the possibility that the brHTH module appeared
first. The sfHTH modules might emerge as a result of
recruitment from the ppHTH or brHTH module. The
sfHTH modules perhaps at first interacted with DNA
and RNA, but possibly lost the ability and specialized
as scaffolding. The sfHTH module was probably
needed to stabilize a globular domain (fig. 12).

DNA is apparently a latecomer in evolution, compared
with RNA [49]. The first ppHTH and brHTH modules
could interact with RNA. There is no direct evidence of
HTH module-RNA interaction, but several lines of
evidence, such as homeodomain-RNA interaction [50],
HTH motif-like structures in L11 ribosomal protein [51]
and glutamyl-transfer RNA (tRNA) synthetase [52]
suggest the possibility of RNA-HTH module inter-
action.
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