
28 Mar 2003 11:27 AR AR185-BB32-06.tex AR185-BB32-06.sgm LaTeX2e(2002/01/18)P1: GCE
10.1146/annurev.biophys.32.110601.142506

Annu. Rev. Biophys. Biomol. Struct. 2003. 32:115–33
doi: 10.1146/annurev.biophys.32.110601.142506

Copyright c© 2003 by Annual Reviews. All rights reserved
First published online as a Review in Advance on February 18, 2003

NUCLEIC ACID RECOGNITION

BY OB-FOLD PROTEINS

Douglas L. Theobald, Rachel M. Mitton-Fry,
and Deborah S. Wuttke
Department of Chemistry and Biochemistry, University of Colorado at Boulder,
Boulder, Colorado 80309-0215; email: theobal@colorado.edu; fryrm@colorado.edu;
deborah.wuttke@colorado.edu

Key Words single stranded, protein fold, structural alignment

■ Abstract The OB-fold domain is a compact structural motif frequently used for
nucleic acid recognition. Structural comparison of all OB-fold/nucleic acid complexes
solved to date confirms the low degree of sequence similarity among members of this
family while highlighting several structural sequence determinants common to most of
these OB-folds. Loops connecting the secondary structural elements in the OB-fold core
are extremely variable in length and in functional detail. However, certain features of
ligand binding are conserved among OB-fold complexes, including the location of the
binding surface, the polarity of the nucleic acid with respect to the OB-fold, and particu-
lar nucleic acid–protein interactions commonly used for recognition of single-stranded
and unusually structured nucleic acids. Intriguingly, the observation of shared nucleic
acid polarity may shed light on the longstanding question concerning OB-fold origins,
indicating that it is unlikely that members of this family arose via convergent evolution.
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INTRODUCTION

The OB-fold is a small structural motif originally named for its oligonucleotide/
oligosaccharide binding properties, although it has since been observed at protein-
protein interfaces as well. The nucleic acid–binding superfamily is the largest
within the OB-folds, and proteins containing this motif are involved almost any
time that single-stranded DNA or RNA (ssDNA/ssRNA) is present or requires
manipulation. In this capacity, OB-fold proteins have been identified as critical
for DNA replication, DNA recombination, DNA repair, transcription, translation,
cold shock response, and telomere maintenance. We analyze a subset of these
nucleic acid–binding OB-folds from a structural perspective, reviewing all the OB-
fold/nucleic acid complexes for which high-resolution structures are available. The
number of complex structures has nearly tripled in the past two years, and with the
availability of this new structural data, it is possible to compare and contrast the
topology, modularity, ligand recognition, and sequence elements featured in these
diverse nucleic acid–binding OB-fold proteins.

GENERAL OB-FOLD FEATURES

OB-fold domains range between 70 and 150 amino acids in length. Although
no strong sequence relationship between the disparate members of the OB-fold
family can be detected, this fold is easily recognized on the basis of its distinct
topology (Figure 1). The variability in length among OB-fold domains is primarily
due to dramatic differences in the length of variable loops found between well-
conserved elements of secondary structure. OB-folds often occur as recognition
domains in larger proteins; when seen as full proteins on their own, they frequently
oligomerize or are found in large multicomponent assemblies, some examples of
which are shown in Figure 2.

Often described as a Greek key motif, the OB-fold consists of two three-
stranded antiparallelβ-sheets, where strand 1 is shared by both sheets (57). As
shown in Figure 1, theβ-sheets pack orthogonally, forming a somewhat flat-
tened, five-strandedβ-barrel arranged in a 1-2-3-5-4-1 topology. Between strands
3 and 4, anα-helix is frequently found that packs against the bottom of the bar-
rel, usually oriented lengthwise along the long axis of theβ-barrel cross-section
[also shown in Figure 3 for the various OB-fold domains]. Strands 3 and 5 can
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close theβ-barrel by hydrogen bonding in a parallel arrangement. However, these
strands have also been observed a full strand-width apart, which results in only a
partially closedβ-barrel. Several structural determinants have been identified that
OB-folds share in common (17). A glycine (or other small residue) in the first half
of β1 and aβ-bulge in the second half ofβ1 allow this strand to contribute to both
β-sheets by curving completely around theβ-barrel. A second glycine residue
often occurs at the beginning of strand 4 in anαL conformation, perhaps breaking
theα-helix between strands 3 and 4. Intriguingly, in the cases where the site of
ligand binding is known, OB-folds tend to use a common ligand-binding interface
centered onβ-strands 2 and 3 (57). As shown in Figure 1, this canonical interface
is augmented by the loops betweenβ1 andβ2 (referred to as L12), β3 andα (L3α),
α andβ4 (Lα4), andβ4 andβ5 (L45). These loops define a cleft that runs across
the surface of the OB-fold perpendicular to the axis of theβ-barrel. The majority
of nucleic acid–binding partners bind within this cleft, typically perpendicular
to the antiparallelβ-strands, with a polarity running 5′ to 3′ from strandsβ4
andβ5 to strandβ2 (this orientation will hereafter be referred to as the standard
polarity). As evidenced by numerous high-resolution structures, loops presented
by a β-sheet appear to provide an ideal recognition surface for single-stranded
nucleic acids, allowing binding through aromatic stacking, hydrogen bonding,
hydrophobic packing, and polar interactions.

OVERVIEW OF STRUCTURES

OB-folds are found in eight distinct superfamilies within the SCOP (Structural
Classification of Proteins) database (59). These superfamilies include staphylo-
coccal nucleases, bacterial enterotoxins, inorganic pyrophosphatases, and nucleic
acid–binding proteins, the latter of which is by far the most well-represented OB-
fold superfamily in the structural database. We focus on nucleic acid–binding OB-
folds that have been structurally characterized at high resolution bound to cognate
nucleic acid. At this time, 11 structures of complexes have been solved, arising
from four of the nine families in the SCOP nucleic acid–binding OB-fold superfam-
ily. These OB-fold structures are divided into three categories on the basis of our
current understanding of their functional recognition: (a) proteins that bind nucleic
acids without apparent or strong sequence specificity, including human replication
protein A (hsRPA) andEscherichia colisingle-stranded DNA-binding protein
(EcSSB); (b) proteins that recognize specific single-stranded regions of nucleic
acids, includingE. coli Rho transcriptional terminator (EcRho),Saccharomyces
cerevisiaeCdc13,Oxytricha novatelomere end-binding protein (OnTEBP), and
theS. cerevisiaeandE. coli aspartyl-tRNA synthetases (AspRS); and (c) proteins
that interact with mainly nonhelical structured nucleic acids, includingThermatoga
maritimaRecG, the ribosomal proteinsThermus thermophilusinitiation factor 1
(IF1), Haloarcula marismortuiL2, andT. thermophilusS12 and S17. The salient
features of these complexes are summarized in Table 1, and a brief overview of
the function of each of these systems is presented below.
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Human RPA

Replication protein A (RPA) is the major eukaryotic ssDNA-binding protein and is
required for many aspects of DNA metabolism, including replication, recombina-
tion, and repair [(39, 80) and references therein]. Found in eukaryotes from yeast
to humans, RPA is a heterotrimeric protein composed of subunits that are roughly
70, 32, and 14 kDa (RPA70, RPA32, RPA14, respectively). The human complex
includes six OB-folds, four of which are involved in DNA binding (DBD-A, -B,
and -C in RPA70 and DBD-D in RPA32) and all of which have been structurally
characterized in the absence of ligand, including a complex of the trimerization
core with RPA14 and domains of RPA32 and RPA70 (9–11, 40). The full complex
binds a∼30-nucleotide ssDNA with subnanomolar-binding affinity and prefers
ssDNA over RNA or double-stranded (ds)DNA by a factor of 103 (44). Though
usually considered a nonspecific ssDNA-binding protein, RPA displays a slight
preference for binding polypyrimidine tracts. Binding is believed to occur in a
sequential fashion, with the high-affinity OB-folds DBD-A and DBD-B binding
weakly to a∼9-nucleotide segment, followed by conformational changes which
allow DBD-C and DBD-D to interact with longer substrates (6). A fragment of
RPA70 comprising DBD-A and DBD-B, shown in Figure 2c, has been struc-
turally characterized in the presence of C8 DNA (12). Each of these domains
includes a helix between strands 3 and 4 that caps the bottom of the OB-fold bar-
rel, and DBD-B has an additional helix afterβ5 that may be involved in subunit
trimerization.

Escherichia coli SSB

SSB is the major prokaryotic ssDNA-binding protein and, like RPA, plays essential
roles in DNA replication, recombination, and repair. It forms a homotetramer of
identical 19-kDa subunits capable of interacting with ssDNA in several modes with
different cooperativity and a different number of nucleotides occluded by binding
(51). The N-terminal 135-amino-acid chymotryptic fragment ofEcSSB has been
structurally characterized in the presence and absence of C35 DNA (67, 68, 77).
The monomeric OB-fold assembles into a tetramer via two distinct protein-protein
interfaces. The first of these interfaces is a six-strandedβ-sheet produced by inter-
actions between two monomers along strand 1 of the sheet consisting ofβ1, β4,
andβ5. The second interface is formed between two dimers interacting across this
β-sheet. As seen in Figure 2g, each SSB monomer makes extensive contacts with
DNA in the assembled tetramer (67), utilizing a large noncanonical interaction
surface that includes both sides of a protracted two-strandedβ-sheet extending
from L23. EcSSB is distinguished as one of two OB-folds known to bind nucleic
acid in the reverse polarity. Interestingly, archeal SSBs have been identified that
contain four DNA-binding domains with sequence similarity to RPA in a single
polypeptide chain, suggesting a possible evolutionary pathway for the SSB/RPA
family of proteins (20, 42).
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Escherichia coli Rho

The eubacterial transcriptional terminator Rho is a hexameric RNA-DNA helicase
(14). Rho is believed to first bind the nascent RNA at specific sites and then actively
translocate down the RNA until reaching the transcription machinery where it
unwinds the DNA/RNA duplex. The Rho hexamer, which assembles into a ring,
has three high-affinity ssRNA/ssDNA sites and three low-affinity ssRNA sites that
exhibit a preference for poly-C substrates (76). The 47-kDaE. coli Rho monomer
contains two major domains: a 130-amino-acid N-terminal RNA-binding domain
and a C-terminal ATPase domain reminiscent of F1 ATPase (24, 25). Structures of
the N-terminal domain in the presence and absence of C9 RNA reveal an OB-fold
with a 47-amino-acid N-terminal helical extension that caps the top of the OB-fold
barrel, as shown in Figure 2b (1, 13, 15). Rho binds two to three nucleotides of
RNA with the standard polarity across the OB-fold, and it utilizes both L23 and the
canonical OB-fold ligand-binding site for interactions with the nucleic acid (13).
Interestingly, no contacts are seen to the RNA 2′-hydroxyl groups, consistent with
the ability of Rho to interact with either ssDNA or ssRNA.

Saccharomyces cerevisiae Cdc13

Cdc13 is an essential yeast protein required for telomere end protection and length
regulation (30, 50, 61). Cdc13 binds specifically to cognate single-stranded telo-
meric DNA (TG1-3) with subnanomolar affinity (61). The protein is thought to local-
ize to the 3′ telomeric overhang by virtue of this specific ssDNA-binding activity,
recruiting relevant end-protection and telomere maintenance subcomplexes via
protein-protein interactions (28, 64). Full DNA-binding activity can be found in a
DNA-binding domain (residues 497–694) located centrally in the 924-amino-acid
protein (2, 38). Shown in Figure 2f, the solution structure of this DBD in com-
plex with an 11-nucleotide telomeric sequence reveals an OB-fold that binds DNA
in an extended conformation with the standard polarity across the OB-fold (56).
This OB-fold contains an unusually large (30-residue) L23 that folds down over
theβ-barrel, making critical contacts with the DNA ligand. A C-terminal helical
extension may be involved in ensuring the correct orientation of this loop. The
ssDNA wraps 180 degrees around the OB-fold surface, and mutagenesis of inter-
face residues suggests that the entire contact surface is important thermodynami-
cally for ligand binding (3).

Oxytricha nova TEBP (α/β)

The O. nova telomere end-binding protein (OnTEBP) is a multimeric protein
that, like Cdc13, binds with high affinity and specificity to the single-stranded
3′-overhang of macronuclear telomeric DNA (33, 65). Two different crystal struc-
tures of theα-subunit complexed with cognate ssDNA have been determined: a 35-
kDa N-terminal fragment, which binds as a monomer, and the full-length 56-kDa
protein, which dimerizes via a large C-terminal domain (21, 63). Intriguingly, these
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structures reveal threeα-subunit OB-fold domains, two of which bind in concert
to the ssDNA (colored green and magenta in Figure 2a), and one that acts as
the homodimerization domain. A third crystal structure of the ternary complex
(the 56-kDaα-subunit, a 28-kDa N-terminal core of theβ-subunit, and a 12-
nucleotide ssDNA) discloses an additional OB-fold in theβ-subunit that is also
involved in ssDNA recognition, colored cyan in Figure 2a (35, 36). These three
OB-folds work together to recognize a 12-mer of ssDNA, with complete burial
of the 3′ end deep within the complex. Interestingly, in the ternary complex, the
C-terminal OB-fold of theα-subunit facilitates heterodimerization by recognizing
a long structured loop from theβ-subunit in the canonical interface. Each OB-fold
presents a slightly different face to the ssDNA, and the majority of nucleotides are
contacted by multiple OB-folds. Interactions are primarily mediated by L12 and
L45. Both OB-folds in theα-subunit bind the ssDNA with the standard polarity,
whereas theβ-subunit binds with the reverse polarity. Distinctive features of lig-
and recognition include two examples of arginine residues stacking face-to-face
on guanine bases and an extensive aromatic stack composed of four bases and
three amino acid side chains.

Saccharomyces cerevisiae and Escherichia coli
Aspartyl-tRNA Synthetase

Aspartyl-tRNA synthetase (AspRS) is a class IIb aminoacyl-tRNA synthetase re-
sponsible for charging tRNAaspwith aspartate. A large C-terminal catalytic domain
contains the conserved class II synthetase motifs, including the enzymatic active
site. tRNA recognition is achieved through five identity determinants, three of
which are the anticodon bases (66). The N-terminal anticodon-binding domain
of AspRS, like the other class IIb synthetases (8, 22), adopts an OB-fold, which
is shown in green in Figure 2e. Crystal structures of cognate yeast andE. coli
complexes (19, 27, 69) show that the tRNA anticodon bases bind across the face
of this OB-fold with the standard polarity, interacting primarily via L45. Complex
formation induces the three anticodon bases, which stack upon each other in the
free state, to bulge out and no longer stack. InEcAspRS, the queuosine base (a
hypermodified guanosine) in the QUC anticodon stacks on a phenylalanine (F48)
projecting from strandβ3, while the pyrimidines stack on another phenylalanine
(F35) from strandβ2 (see also Figure 5a). Interestingly, several other tRNA syn-
thetases, including PheRS, contain an OB-fold not used for tRNA recognition (32).

Thermatoga maritima RecG

RecG, a monomeric 76-kDa multidomain bacterial protein with no known ho-
mologs in higher organisms, is a superfamily 2 helicase capable of rescuing stalled
replication forks (54). Rescue occurs by RecG unwinding the nascent duplex to
form chicken-foot intermediates, which are further processed to enable bypass
of DNA lesions (52, 53). The crystal structure ofT. maritimaRecG in complex
with a model three-way DNA junction reveals three structural domains, a large
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N-terminal domain and two helicase domains (73). The center of the N-terminal
domain adopts an OB-fold (shown in cyan in Figure 2d), referred to as the wedge
domain. This OB-fold makes extensive contacts to both strands of the ssDNA at
the template junction. Aromatic stacking contacts stabilize unpaired bases, forcing
the parental duplex open. Because the OB-fold sits in the junction, both strands of
DNA can interact with the canonical OB-fold ligand-binding face in the standard
polarity.

Thermus thermophilus Ribosomal Protein S12

The recent high-resolution ribosome structures have revealed exciting examples
of OB-fold recognition of structured RNAs, with the OB-fold topology observed
in S12, S17, and L2 (5, 16, 79). S12, a 135-amino-acid component of the 30S
ribosomal subunit, is one of the few proteins found at the interface of the small and
large ribosomal subunits (represented as the small green OB-fold in Figure 2i).
Located adjacent to the ribosomal A site, S12 is thought to be involved in tRNA de-
coding. Its OB-fold has a 24-amino-acid N-terminal extension that winds through
the ribosomal core, terminating in a two-turn helix∼50Å from the OB-fold center,
and a short disordered C-terminal extension (16). A full one third of the protein’s
surface area packs against the rRNA, producing an unusually large RNA interface
of greater than 3200̊A2. Structures of the 30S subunit that include mRNA and a
cognate tRNA anticodon stem loop in the ribosomal A site support the involvement
of S12 in translational fidelity (62). Here, interaction between highly conserved
residues in the S12 L12 loop and the conserved nucleotides A1492 and G530
allows direct interrogation of the Watson-Crick pairing status of the codon and
anticodon.

Thermus thermophilus Ribosomal Protein S17

S17 is a primary assembly protein of the 30S ribosomal subunit. Depicted in blue
in Figure 2i, S17 binds on the backside of this subunit, organizing disparate regions
of the 5′ and central ribosomal domains. InT. thermophilus, this 105-amino-acid
protein consists of an OB-fold domain that exhibits high sequence conservation
among all forms of life (31) followed by a C-terminal helical extension (afterβ5)
(16, 31, 41). Thirty-five percent of its total surface area packs against ribosomal
RNA, burying over 2800̊A2 of solvent-accessible surface area (16). The standard
OB-fold-binding site interacts extensively with nucleotides of the 5′ domain (par-
ticularly the ribosomal RNA helices H7 and H11) via L45, a long L23, and L12.
The strikingly extendedβ2-β3 hairpin and the C-terminal helix protrude into the
central domain, making critical contacts to helices H20 and H21.

Haloarcula marismortui Ribosomal Protein L2

L2 is one of the largest protein components of the large ribosomal subunit (237
amino acids inH. marismortui) and a primary binding protein for 23S rRNA (26)
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(Figure 2h). It was long thought to be a critical part of the 50S peptidyltransferase
center [(23, 43) and references therein], although recent structures show that its
nearest approach to the catalytic site is over 20Å away (5, 34). Like many ribosomal
proteins, it is composed of a globular region that packs against the exterior of the
ribosome and an extended region that is deeply buried within the RNA. The L2
globular region is composed of an OB-fold closely tied to an SH3-like fold by a
bridgingβ-strand; the extended region continues both N- and C-terminally from
this globular region (5, 60). The L2 OB-fold lacks both the canonical strandβ5
and theα-helix connecting strandsβ3 andβ4. Strandβ4 hydrogen bonds to a fifth
β-strand in a parallel orientation, giving theβ-barrel an unusual “open”β1-β2-β3-
β5-β4 topology. The OB-fold makes a number of contacts to nucleotides in 23S
rRNA domains IV and V primarily through L12. These nucleotides do not traverse
the OB-foldβ-barrel, nor are they contacted solely by the OB-fold. Rather, they
are sandwiched in a cleft between the two globular folds and the amino acids in
both extended regions of L2.

Thermus thermophilus IF1

The prokaryotic initiation factor 1 (IF1) is a 71-amino-acid protein that functions
with IF2 and IF3 at the 30S ribosomal subunit to allow translational initiation
and correct start codon selection. Sequence and structural homologies have been
observed between IF1 and archeal and eukaryotic translation initiation factors aIF-
1A and eIF-1A (7, 49). IF1 adopts an OB-fold with a short 310 helix following β3
and no N- or C-terminal extensions (71). The crystal structure of theT. thermophilus
30S ribosome in complex with cognate IF1 (shown in magenta in Figure 2i) reveals
that IF1 occupies a cleft on the surface of the 30S subunit formed by helix 44, loop
530, and protein S12, occluding the ribosomal A-site (18). The IF1 L12 inserts
into ribosomal RNA helix H44, making hydrogen bonding interactions with the
RNA backbone and triggering a striking conformational change by flipping out
A1492 and A1493, which stack against conserved arginine residues betweenβ3
andβ4. Other conserved IF1 residues in this region, as well as in the L45 loop,
make numerous hydrogen bonding and electrostatic interactions with nucleotides
from the 530 loop. Many of these contacts are made in conjunction with S12.

COMPARISONS OF OB-FOLD COMPLEXES

Protein Side Chain Contacts with Nucleic Acid

In these OB-fold complexes, the bases are often in close contact with the protein,
while the phosphodiester groups are mostly exposed to solvent, as is observed in
other proteins that bind single-stranded nucleic acids and nucleic acid loop struc-
tures (4, 36). Nucleotides interact with protein primarily via stacking interactions
with aromatic amino acid side chains and packing interactions with hydropho-
bic side chains or the aliphatic portions of more polar groups such as lysine and
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arginine. Such nonpolar interactions can involve both the ribose rings and the
bases of the nucleic acid. Intriguingly, several examples of an arginine side chain
stacking face-to-face on a base (e.g., in theOnTEBP and IF1 complexes) suggest
that cation-π interactions may be a common theme in the specific recognition
of single-stranded nucleic acids by OB-folds. Additionally, hydrogen-bond donor
and acceptor groups from polar side chains can satisfy hydrogen bonds, providing
recognition of the edges of specific bases.

Variation in OB-Fold Loops and Nucleic Acid Recognition

In the work that initially defined the OB-fold, Murzin (57) highlighted three vari-
able loops from the OB-fold that form the canonical ligand recognition surface:
L12, L3α (or L34 when no cappingα-helix is present), and L45 (Figure 1). However,
subsequent studies have demonstrated that the OB-fold’s loop repertoire also in-
cludes L23, as seen inEcRho where the loop’s length is rather modest (Figure 3j in
green), or as seen in the greatly extended L23 appendages of Cdc13,EcSSB, and
S17, all of which are functionally used to significantly expand the ssDNA-binding
surface (in green in the upper right of Figures 3b,g,n, respectively). As illustrated
in Figure 3, the relative sizes of these loops are highly variable, and the OB-folds
use them to great advantage in forming diverse nucleic acid interaction surfaces.
This variability in loop size contributes to the large range of surface area buried
between the OB-folds and their nucleic acid–binding partners upon binding, as
listed in Table 1. The variation is roughly correlated to the number of nucleotides
recognized by each fold, which varies from 2 to 11 for the single-stranded nucleic
acid–binding proteins to an insuperable cluster of 31 for the ribosomal protein S17
(Figure 3n).

Ligand-Binding Surface

The canonical OB-fold-binding surface was initially defined based upon a careful
analysis of five OB-fold proteins: staphylococcal nuclease,ScAspRS, and the B-
subunits of three bacterial cytotoxins (57). These five OB-folds bind their ligands
centered uponβ-strands 2 and 3, with additional contributions made from the
C-terminal portions ofβ1 andβ5. In the intervening years, 14 new complexes of
nucleic acid–binding OB-folds have been solved. Although the binding surface
is larger and more variable than initially characterized, its general position is
remarkably constant among the various representatives of this family. In Figure
3, the 14 OB-fold complexes are shown superimposed on the N-terminal DNA-
binding OB-fold domain of human RPA. As can be clearly seen, the great majority
of nucleic acid partners are found on the left half of the OB-fold, situated near loops
L23, L12, L3α, and L45, and nestled against the protein face constructed primarily
from β2 andβ3. As originally noted, the N-terminal first half ofβ1, before the
kink that enables it to wrap around theβ-barrel, rarely interacts with the ligand.
Similarly, the N-terminal portion ofβ4 appears to chiefly provide a scaffolding
function, as it is only observed to contact ssDNA in the unusual case of the second
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OB-fold in theα-subunit ofOnTEBP (β4 is shown in yellow behind the OB-fold
in Figure 3c).

Conformational Changes upon Binding

High-resolution structures of 8 of the 11 OB-fold proteins described here have been
solved in the absence of nucleic acid, allowing for an analysis of conformational
changes that occur upon complex formation. A wide variety of conformational
changes upon binding is observed in OB-fold complexes, ranging from virtually
no change at all to dramatic movements of linked OB-fold domains, protein-loop
structuring and closure, ordering of single-stranded nucleic acids, and base flip-
ping. In nearly all these systems, either the OB-fold protein or the nucleic acid
adopts a different structure depending upon the binding state, implying a cofolding
event in at least one of the binding partners concurrent with complex formation.
Williamson (78) has noted the ubiquity of cofolding in RNA-binding proteins and
has proposed that it is a biological mechanism used to clearly distinguish free
macromolecular partners from those bound in a specific complex. For example,
overall the bound and unbound forms of thehsRPA70 OB-fold domains are sim-
ilar, and the protein in the free and bound structures superimpose with an RMSD
of ∼1 Å. However, DNA binding causes reorientation of two RPA70 OB-folds
with respect to one another, as well as conformational change in L12 and L45.
These changes tighten the DNA-binding cleft and allow the DNA to interact with
the tandem OB-folds in a relatively extended conformation with the standard po-
larity (Figure 4a). The large reorientation of the two RPA domains with respect
to each other may provide a clear signal indicating that ssDNA is bound to the
protein.

In the case of theEcRho transcriptional terminator, L12 is unstructured in the
unbound form and closes down on the ssRNA upon binding (refer to Figure 4b).
In contrast, L45 undergoes little conformational change, and the relative rigidity of
L45 has been proposed to contribute to Rho’s preference for pyrimidines because a
larger purine could not be accommodated without significant restructuring of the
loop (13).

In several cases, the nucleic acid undergoes a more pronounced conformational
change. While in the AspRS and IF1 complexes the protein undergoes little confor-
mational change, the RNA nucleotides are bulged out of helices or removed from
RNA stacking interactions when recognized by the OB-folds. For example, bind-
ing by EcAspRS to tRNAAsp removes the three anticodon bases from a stacking
arrangement in the tRNA anti-codon loop and stacks them against phenylalanine
side chains [see F48 marked by the gray ampersand in Figure 5a]. In addition
to the obvious function of tRNA identification, this alternative bound conforma-
tion may be a signal to other translational proteins that the tRNA is unavailable
for other functions, since, while bound by AspRS, it is in the process of being
charged.

In theOnTEBP complex, the ssDNA follows an irregular, contorted path, bound
in a cleft formed by the junction of three OB-folds. It is highly unlikely that
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the ssDNA adopts a similar conformation when in the free state. Examination
of the ternary complex structure reveals no clear pathway by which the ssDNA
could enter its binding site unless there were also conformational changes in the
protein. However, the crystal structure of the N-terminal domain of theOnTEBP
α-subunit in the absence of ssDNA shows only modest rearrangements of protein
side chains compared with the bound form (RMSD= 0.43 Å), indicating that
at least forα, the OB-fold-binding sites are largely preformed. In the transition
between theα2:ssDNA complex and theα:β:ssDNA ternary complex, the ssDNA
undergoes a four-nucleotide register shift, indicating thatβ binding induces a large
conformational change in the ssDNA. Unlike what is observed in theα2:ssDNA
complex, in the ternary complex, the 3′-end of the ssDNA is sequestered deep in
the complex. This conformational change in the ssDNA has been proposed to be
a signal that regulates telomerase activity, indicating that the chromosomal end is
of the proper length (29).

Binding Modularity

The utilization of OB-folds for nucleic acid recognition is surprisingly modu-
lar (Figure 1). Often the OB-fold is just one domain of a much larger protein,
as observed in RecG, Cdc13, and AspRS. In other cases, single proteins com-
posed of several OB-fold domains are used in concert to distinguish regions of
single-stranded nucleic acid, such as with the human RPA protein and the telo-
meric proteinOnTEBP. In the case of hexamericEcRho and tetramericEcSSB,
homo-oligomers of OB-fold protein monomers coordinately bind sizeable re-
gions of single-stranded nucleic acid. Finally, in the ribosome, compact, lone
OB-folds comprise the S17, S12, and IF1 proteins, which do not multimerize
but rather work as integral components within an expansive assembly fabricated
from variously structured RNA domains and other relatively diminutive proteins
(Figures 1h,i).

Structural and Sequence Conservation

The nucleic acid–binding OB-fold family is renown for the lack of any discernable
sequence similarity among its members. To delineate sequence determinants that
may confer common structural elements, 15 nucleic acid–binding OB-folds from
the 11 complexes analyzed here were globally aligned with a multiple structural
alignment algorithm (70). The OB-fold protein gp32 was also included in this
analysis because the site of ssDNA binding is known from observed electron
density in the crystal structure (the ssDNA is disordered and is not included in
the PDB coordinate deposition) (72). The cores of the 14 OB-folds align with
an RMSD of 2.1Å over about 30 residues contained in the conserved secondary
structure. As illustrated in Figure 5, even after structure-based alignment, the
average sequence identity is only 12± 5% over the canonical OB-fold secondary
structural elements (as determined by pairwise distance analysis for 52 amino
acids, excluding unalignable gaps).
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Nevertheless, several clear patterns emerge from the alignment. Hydropho-
bic residues in alternating amino acid positions are conserved for short stretches
of sequence (in Figure 5b, completely conserved hydrophobicity is indicated by
the gray columns, whereas 75% conserved hydrophobicity is indicated by yel-
low columns). This pattern is consistent with the structural features of OB-fold
β-barrels because ideally every other residue of the componentβ-strands points
inward and packs in the interior. This pattern is especially evident in strandsβ1,
β2, andβ4, with strandβ5 being the most variable.

The interior residues of the OB-fold domain are arranged in three layers (here
designated top, middle, and bottom with reference to the Murzin view of the OB-
fold), with eachβ-strand generally donating one side chain to each layer (57). The
middle layer, shown in violet in Figure 5a, is the most consistently conserved in
terms of hydrophobicity, followed next by the bottom layer (shown in dark blue),
and last by the top layer (shown in orange). Accordingly, the top layer of the OB-
fold is often uncapped by secondary structures and is more exposed to solvent, in
comparison to the bottom layer that is usually capped by the canonicalα-helix or
theβ-strands that bridge strandsβ3 andβ4 (shown in green in Figure 1). Glycines
and prolines (colored green in both the structure and sequence alignment of
Figure 5) are rare withinβ-strands yet are frequently found on either side of
the strands where they may break the regular secondary structure and facilitate
specific, yet irregular, conformations of the interstrand loops. As discussed previ-
ously,β1 is generally long, wrapping around theβ-barrel, and contributes to both
orthogonalβ-sheets (shown in red in Figure 1). Consistent with previous observa-
tions (17, 57), a conspicuous kink, break, orβ-bulge is usually seen in the middle
of strandβ1, and the characteristic glycine, which allows for this structural idio-
syncrasy, is clear (marked by an asterisk). A prominent, conserved turn is found
at the abrupt beginning of strandβ4, indicated by the blue wedges in Figure 5b.
Within this turn, another fairly well-conserved glycine is found (marked with a
double asterisk), which again likely serves to initiate theβ-strand by breaking the
canonical helix found between strandsβ3 andβ4.

Two frequently occurring hydrophobic residues, one N-terminal to the bottom
residue of strandβ2 and one C-terminal to strandβ5, further buttress the bottom
interior packing layer of the OB-fold and often pack against either theα-helix
or the loop/β-strand that caps the base of the OB-barrel (these two residues are
colored light blue in Figure 5a and indicated by light blue “xB” text in Figure 5b).
Interestingly, the side chain found between the middle and bottom internal layer
residues in strandβ3 is usually hydrophobic (colored gray in the structure of
Figure 5a and marked by an ampersand). Due to the inside/outside alternating na-
ture of the residues in theβ-strands of the OB-barrel, this nonpolar side chain must
be pointing toward solvent. Being situated in the middle of the standard OB-binding
surface, this residue is thus a likely candidate for hydrophobic packing interac-
tions with the nucleic acid ligands. Indeed, in two thirds of these complexes this
residue is observed interacting with nucleic acid, sometimes in a critical position
such as that seen inEcAspRS,where it is a phenylalanine that stacks on Q34 in
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the tRNA anticodon loop (shown in the highlighted structure of Figure 5a). Fi-
nally, the structural alignment indicates that in nearly half of the OB-folds, there
is anα-helix just N-terminal to strandβ1 (shown in white in Figure 1), a com-
mon feature that has only come to light with the availability of recent structural
data.

Ligand Polarity and Divergent Evolution

An intriguing aspect of OB-fold nucleic acid recognition is the extraordinary con-
servation of ligand-binding polarity. In 11 of 13 complexes for which the orien-
tation is clearly discernable, the nucleic acid binds in the standard polarity, with
the 5′-end directed toward strandsβ4 andβ5 and the 3′-end directed towardβ2
(ignoring nonspecific contacts to only phosphodiester groups, grooves of RNA
helices, and solitary nucleotides). The two exceptions to this rule are theOnTEBP
β-subunit andEcSSB. A longstanding question regarding OB-folds is whether
the current representatives have arisen independently during evolution or whether
they are related by divergence from a common origin (57, 58, 74). Nucleic acid
polarity may serve as an arbiter for this matter. No apparent biophysical reason
exists for why OB-folds would prefer one polarity to the other, and the observation
thatOnTEBPβ andEcSSB bind ssDNA with the nonstandard polarity is prima
facie evidence that OB-folds are indeed physically capable of binding with ei-
ther polarity. Furthermore, although possible, it is unlikely that gradual divergence
could easily reverse the orientation of the nucleic acid in the OB-fold-binding cleft
once a given polarity preference was set. If both polarity preferences are judged
equally probable a priori, the random chance of 11 or more of 13 OB-folds arising
independently with the same polarity is 0.023, which by statistical convention is a
significant result against the independent origin hypothesis.

METHODS

Intermolecular distances and residue contacts were determined with MOLEMAN2
(46). Pairwise structural superimpositions were performed using LSQMAN (45),
and multiple protein structural alignments were performed with STAMP v. 4.2
(70). Buried surface areas were calculated with NACCESS v. 2.1.1 (37). Figures
were prepared using MolScript v. 2.1.2 (48) with Raster3D (55), and MOLMOL
(47). Sequence distance analyses were performed with PAUP 4.0b10 (75).
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NOTE ADDED IN PROOF

Following the preparation of this review, the high-resolution structure of the con-
served C-terminal domain of BRCA-2 complexed with DSS1 in the presence and
absence of ssDNA was reported (Yang H, Jeffrey PD, Miller J, Kinnucan E, Sun Y,
et al. 2002. BRCA2 function in DNA binding and recombination from a BRCA2-
DSS1-ssDNA structure.Science297:1837–48) (1MJE, 1MIU, 1IYJ). This protein
contains a tandem array of three OB-folds, two of which are seen to interact with
ssDNA. The DNA-binding interface is similar to that of RPA, and the ssDNA binds
in the standard polarity defined here.

The Annual Review of Biophysics and Biomolecular Structureis online at
http://biophys.annualreviews.org
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Figure 1 The canonical OB-fold domain. The OB-fold from AspRS is shown in
stereo as representative of the ideal OB-fold domain. From the N terminus to the C
terminus, strandβ1 is shown in red,β2 in orange,β3 in yellow, the helix betweenβ3
andβ4 in green,β4 in blue, andβ5 in violet. Anα-helix, which is found in half of the
OB-folds in these complexes, is shown in white at the top of the figure, just N-terminal
to strandβ1. Variable loops between strands are indicated in black text.
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Figure 2 (Continued)
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Figure 2 (Continued) Structures of OB-fold/nucleic acid complexes. The high-
resolution structures of several OB-fold proteins bound to nucleic acids. The indi-
vidual OB-fold domains are highlighted in rainbow colors to illustrate the modularity
of the domain. (a) OnTEBP ternary complex, (b) EcRho, (c) human RPA, (d) RecG,
(e) EcAspRS, (f ) Cdc13, (g) EcSSB, (h) L2 in the large subunit of the ribosome,
(i) S12 (green), S17 (blue), and IF1 (magenta) in the ribosomal small subunit.
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Figure 3 (opposite, above) Comparison of ligand binding in the OB-fold domains.
The 14 independent OB-fold domains are depicted in a common orientation based on
superimposition with the N-terminal OB-fold of RPA. Secondary structure is rainbow
colored beginning with violet at the N terminus and ending with red at the C terminus.
Nucleic acids that are within 3.5̊A of the relevant fold are rendered as ball-and-
stick figures. OB-folds were aligned with LSQMAN. (a) OnTEBP α1, (b) Cdc13,
(c) OnTEBP α2, (d ) OnTEBP β, (e) RPA-A, (f ) RPA-B, (g) EcSSB, (h) RecG, (i)
EcAspRS, (j) EcRho, (k) IF1, (l) L2, (m) S12, (n) S17.
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Figure 4 Conformational change upon ligand binding. The bound OB-fold complex
is shown in slate blue, while the unbound protein is shown in green. (a) The N-terminal
OB-fold of human RPA. (b) The OB-fold from EcRho transcriptional terminator.
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