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The polypyrimidine tract binding protein (PTB) is a 58-kilodalton RNA binding
protein involved in multiple aspects of messenger RNA metabolism, including
the repression of alternative exons. We have determined the solution
structures of the four RNA binding domains (RBDs) of PTB, each bound to a
CUCUCU oligonucleotide. Each RBD binds RNA with a different binding
specificity. RBD3 and RBD4 interact, resulting in an antiparallel orientation of
their bound RNAs. Thus, PTB will induce RNA looping when bound to two
separated pyrimidine tracts within the same RNA. This leads to structural
models for how PTB functions as an alternative-splicing repressor.

The 58-kD polypyrimidine tract binding pro-

tein 1 (PTB1) is an abundant eukaryotic RNA

binding protein implicated in several aspects

of mRNA metabolism, including splicing

regulation (1), internal ribosomal entry site

(IRES)–mediated translation initiation (2), 3¶

end processing (3), and mRNA stability (4).

The mechanisms of PTB action in these

processes are not well understood. For exam-

ple, in splicing regulation, PTB may simply

compete with other splicing factors in binding

RNA or it may prevent the splicing machinery

from assembling a spliceosome (5–8). PTB is

composed of four RNA binding domains

(RBDs) of the RBD/RRM/RNP type (RNA

recognition motif/ribonucleoprotein) (9). The

structures of all four RBDs of PTB in the free

state have previously been determined by

nuclear magnetic resonance (NMR) spectros-

copy and show that all four domains adopt the

typical RBD fold with a babbab topology, but

RBD2 and RBD3 are extended by an addi-

tional fifth b strand (b5) (10, 11). Three linkers
of 51, 91, and 23 amino acids separate the

RBDs along the polypeptide sequence. PTB

binds with an affinity of 1 to 10 nM (K
d
) to

sequences containing 15 to 25 pyrimidines,

with a preference for pyrimidine tracts con-

taining a UCUU sequence element (12, 13).

We aim here at elucidating how PTB recog-

nizes RNA so as to understand its different

biological functions.

To study the interaction between human

PTB and RNA by NMR spectroscopy, we

chose the oligonucleotide 5¶ CUCUCU 3¶

that is found in several intronic regulatory se-

quences; for example, several copies surround

the alternatively spliced c-src N1 exon (14, 15).

Titration experiments show that PTB binds to

the oligonucleotide in the fast-exchange re-

gime relative to the NMR time scale. Protein

saturation is reached at four equivalents of the

hexanucleotide, which suggests that each

RBD of PTB binds to one RNA molecule. In-

deed, isolated RBD1 or RBD2 bind one RNA

molecule. Similarly, the C terminus of PTB,

containing RBD3, RBD4, and their inter-

domain linker (protein construct RBD34)

binds to two CUCUCU sequences. 15N-TROSY

(transverse relaxation-optimized spectroscopy)

spectra of the individual domains (RBD1,

RBD2, and RBD34) complexed with RNA

are identical to the 15N-TROSY spectrum of

full-length PTB in complex with four equiv-

alents of CUCUCU in the dispersed regions of

the spectra (fig. S1). Thus, RBD1, RBD2, and

RBD34 are independent, and the interdomain

linkers (except between RBD3 and RBD4) are

flexible and do not participate in RNA binding.

The difference between PTB1 and its other

human isoforms lies in the length of these two

linkers; therefore, their functional difference is
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Fig. 1. Overlay of the structural ensemble and view of the most rep-
resentative structure for each RBD of PTB in complex with RNA. Overlay
of the 20 lowest energy structures of PTB RBD1 (A, top), RBD2 (B, top),
RBD3 (C, top), and RBD4 (D, top) in complex with CUCUCU, the protein

backbone, and the RNA heavy atoms of the bound nucleotides are shown.
View of the most representative structure of each RBD in complex with
CUCUCU: RBD1 (A, bottom), RBD2 (B, bottom), RBD3 (C, bottom) and
RBD4 (D, bottom).
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likely not to reside in their RNA binding

specificity.

To determine the NMR structures of PTB

RBD1, RBD2, and RBD34, each in complex

with RNA, we used three oligonucleotides:

CUCUCU, UCUCU, and CUCU. The struc-

ture of the RBDs in complex was initially de-

termined with the hexanucleotide, because the

affinity of the RBDs is higher for this RNA.

However, each individual domain binds to the

hexamer in multiple registers. Therefore, the

complex with shorter oligonucleotides helped

to identify the intermolecular nuclear Over-

hauser effects (NOEE) crosspeaks. A total of

1574 interproton distance restraints for RBD1

(including 46 intermolecular), 1950 restraints

for RBD2 (including 53 intermolecular), and

4587 restraints for RBD34 (including 64 and

54 intermolecular for RBD3 and RBD4,

respectively) were used to obtain precise

structures (Fig. 1 and table S1).

In all four RBD-RNA complexes, the nu-

cleotides are spread across the b-sheet surface.
Both RBD1 and RBD4 bind the U

2
C
3
U
4

triplet, RBD2 binds the C
3
U
4
doublet and U

6
,

and RBD3 binds the U
2
C
3
U
4
C
5
U
6
quintet

(Fig. 1). When bound, U
2
, C

3
, and U

4
are

each positioned on a separate b strand Eb4, b1,
and b2, respectively (Fig. 2A)^. The PTB-

RNA interactions differ from all other RBD-

RNA structures in that the b3 strand of each

RBD, which includes part of the RNP1 con-

sensus sequence, participates only weakly in

RNA binding (fig. S2). In particular, position 3

and position 5 of the RNP1 motif are usually

occupied by aromatic residues that make

extensive hydrophobic interactions with the

RNA bases and sugars (9). Neither of these

residues is involved in such interactions in the

RBDs of PTB. Instead, this role is fulfilled by

the hydrophobic side chains located in b2 (Fig.

2A and fig. S2). PTB RBD2 and RBD3 share

an unusual C-terminal extension of the RBD

(10, 11) with an additional fifth b strand that

has been seen only in these two RBDs. These

extensions participate in RNA binding and allow

the domain to bind one (RBD2) or two (RBD3)

additional nucleotides (Fig. 2, B and C). The

overall fold of each PTB RBD is identical in

the free (10, 11) and bound state. However, a

few loops become more ordered upon RNA

binding, such as the b4-b5 loop in RBD2 and

RBD3. A detailed description of the protein-

RNA interactions can be found in (16).

PTB is a sequence-specific RNA binding

protein. C
3
is specifically recognized by all

four RBDs of PTB, and U
4
by all RBDs ex-

cept RBD4 (Fig. 2A). U
2
is specifically rec-

ognized by RBD1, RBD3, and RBD4. The U
2

O2 is hydrogen-bonded with the C
3
amino

group, and its imino group is hydrogen-bonded

to Asn, Thr, and Ser side chains in RBDs 1, 3,

and 4, respectively (Fig. 2A). These side

chains act as hydrogen-bond acceptors but also

have the ability to act as donors. Therefore, a

cytosine (C
2
) could be accommodated instead

of U
2
. The structure shows that each RBD of

PTB recognizes a different RNA sequence that

defines its binding register, YCU for RBD1,

CU(N)N for RBD2, YCUNN for RBD3, and

YCN for RBD4 (Y indicating a pyrimidine

and N any nucleotide). These four different

RNA recognition consensi for PTB explain the

difficulties in finding a clear RNA consensus

sequence using SELEX (systematic evolution

of ligands by developmental enrichment)

(12, 13). However, because 10 of the 14 bound

pyrimidines (71%) in our complex are recog-

nized by specific base contacts, the structure

reflects the enrichment (72%) of pyrimidines

found with SELEX (12). PTB sequence

specificity is biologically critical, because

mutating PTB binding sites to poly(C) or

poly(U) alters PTB function in splicing consid-

erably (12, 14, 15, 17). This preference of PTB

for poly(CU) sequences may explain how PTB

can compete effectively with the essential

splicing factor U2AF (U2 accessory factor)

for 3¶ splice sites containing CU sequences,

because U2AF prefers a pure poly(U) se-

quence (13). However, this competition mech-

anism does not fully explain the role of PTB

as a splicing repressor (5, 8, 18).

Fig. 2. Close-up views of the PTB-
RNA interactions. (A) Close-up view
of protein-RNA interactions of U2,
C3, and U4 with the four different
PTB RBDs. Potential intramolecular
and intermolecular hydrogen bonds
are represented by purple dashed
lines. (B) Close-up view of the
contacts of C5 and U6 with RBD2.
(C) Close-up view of the contacts
between C5 and U6 with RBD3.
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Most interestingly, we found that PTB

RBD3 and RBD4 interact extensively and

have a fixed orientation relative to one another.

More than 20 protein side chains located in

helices 1 and 2 of RBD3, in helix 2 of RBD4,

and in the interdomain linker form a hydro-

phobic core between the two domains (Fig. 3).

Mutations of only three side chains within

helix2 of RBD4 are sufficient to abolish this

interdomain interaction (fig. S3). As a result of

this orientation, RBD34 can bind two pyrim-

idine tracts within the same RNA only if they

are separated by a linker sequence. We found

that an RNA with a spacer of 15 nucleotides

between two CUCUCU hexamers is bound

with the highest affinity (16) (fig. S4). This

distinguishes PTB RBD34 from other proteins

with two consecutive RBDs, such as poly(A)

binding protein (PABP) (19), Sex-lethal (20),

or nucleolin (21), in which both domains bind

immediately adjacent stretches on a continuous

RNA with high affinity. Hence, PTB RBD34

has the capacity to bring two distantly located

pyrimidine tracts to a distance as close as 30 )
(the minimum distance that separates the two

RNAs across the protein) and induce RNA

looping (Fig. 4A).

PTB has been implicated in the splicing

repression of several short alternative exons (1).

RNA binding sites for PTB tend to be clus-

tered in the surrounding intron sequences but

can be found within the regulated exon itself.

The location and the number of these binding

sites differ, but in most cases (7, 22), it is

important that multiple PTB binding sites are

present. These multiple PTB binding sites can

be positioned both upstream and downstream

of the alternative exon (14, 23–27) or of a

branch point (28). One model for how PTB

represses splicing is that PTB loops out the

exon or the branch point by binding several

pyrimidine tracts upstream and downstream.

This in turn prevents binding of spliceosomal

components or their subsequent assembly with

later components (1). These models usually

involve the dimerization of PTB. However,

recent studies indicate that PTB may not

always dimerize to repress splicing (7). It was

also shown that PTB is a monomer in solution

(5, 10). Our structural work and the foot-

printing results obtained for PTB on exon 9

of the g-aminobutyric acid-g2 (GABA-g2) pre-
mRNA (6) let us propose a model in which

only a single PTB molecule is necessary to

loop out a branch-point adenine (Fig. 4B).

Based on this initial topology, we con-

structed several other models based on identi-

fied PTB binding sites, showing how PTB

loops out alternative exons (Fig. 4, C to F).

The models with two PTB molecules explain

the cooperativity observed in binding studies

with such RNAs (5). All these structural

models highlight the critical role shown for

RBD4 in splicing repression (6), because

removing RBD4 prevents RNA looping around

the branch point or the alternative exon.

Our findings suggest that it would be

relatively easy for a PTB-repressible exon to

emerge during evolution. Because each consti-

tutive intron contains a long uracil-rich pyrim-

idine tract as part of its 3¶ splice-site consensus

sequence, spontaneous mutations into cyto-

sines (three U to C mutations would be suf-

ficient) would create strong binding sites for

PTB RBD1, 2, and 3, and a weaker one for

U2AF that binds preferentially to poly(U)

sequences (13). This mutated 3¶ splice site

combined with a short pyrimidine sequence

(containing UC or CC dinucleotides that serve

as binding sites for RBD4) in the nearby exon

or intron would result in an ideal binding site

for PTB to form an RNA loop. Such 3¶ splice-

site mutations could convert a constitutive

exon into an alternative exon repressed by

PTB (Fig. 4, C and G). It is notable that

alternative exons containing PTB binding sites

in the 3¶ splice site can often be made

constitutive by C to U changes in the poly-

pyrimidine tract (15, 24, 29–31) .

We found that PTB is both a sequence-

specific RNA binding protein with a preference

for CU tracts and an RNA remodeler with an

ability to bring separated pyrimidine tracts into

proximity. This dual capacity could allow PTB

to antagonize U2AF binding, as seen in some

systems, and also to loop out essential RNA

elements, as seen in other systems. These

structural findings are also interesting in rela-

tion to the role of PTB in IRES-mediated

translation, where PTB is thought to have an

RNA chaperone activity (32, 33).
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Three-State Folding of a
Single Protein Molecule
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We used force-measuring optical tweezers to induce complete mechanical
unfolding and refolding of individual Escherichia coli ribonuclease H (RNase H)
molecules. The protein unfolds in a two-state manner and refolds through an
intermediate that correlates with the transient molten globule–like interme-
diate observed in bulk studies. This intermediate displays unusual mechanical
compliance and unfolds at substantially lower forces than the native state. In a
narrow range of forces, the molecule hops between the unfolded and inter-
mediate states in real time. Occasionally, hopping was observed to stop as the
molecule crossed the folding barrier directly from the intermediate, demon-
strating that the intermediate is on-pathway. These studies allow us to map
the energy landscape of RNase H.

Protein folding remains a major unsolved

challenge for modern molecular biology. The-

oretical studies emphasize the potential hetero-

geneous nature of the process; however,

traditional bulk biochemical experiments often

mask this complexity in their inherent ensemble

averaging. For instance, many proteins are

observed to populate partially structured con-

formations early during the folding process

(1, 2). These so-called burst-phase intermedi-

ates (I) are often formed within the dead time of

the measuring instrument (usually milliseconds)

and therefore cannot be characterized directly.

Thus, controversy remains about whether these

intermediates are on-pathway and productive

to protein folding, or are off-pathway and do

not lead directly to the folded state (2, 3). It is

also unclear whether these intermediates con-

stitute distinct thermodynamic states or simply

represent a redistribution of the unfolded

ensemble when exposed to native conditions

(4). These issues can be addressed with the

use of single-molecule manipulation to fol-

low in real time the trajectories of individual

protein molecules during mechanically in-

duced unfolding/refolding processes.

Previous single-molecule manipulation

studies have used the atomic force microscope

(AFM) to characterize the mechanical unfold-

ing and refolding of tandem repeats of globular

protein domains (5–11). Although informative,

this approach has been limited to characteriz-

ing the high-force unfolding behavior of

proteins. It has been difficult to observe the

refolding process directly or to monitor the

equilibrium between the folded and unfolded

states using this method, in part because of the

high spring constants of commercially avail-

able cantilevers and the correspondingly high

loading rates they exert. In contrast, optical

tweezers, with considerably reduced mechan-

ical stiffness and loading rates, can overcome

these limitations, as shown in RNA unfolding

studies (12). Optical tweezers have been used

to mechanically unfold the multiglobular

protein titin (5, 13); although the resulting

data revealed the overall mechanical unfold-

ing response of the molecule, the heteroge-

neous composition of this protein obscured

the unfolding of the individual globular

domains and refolding could not be observed

directly.

Here, we report the complete force-induced

unfolding and refolding trajectory of a single

molecule of the E. coli protein ribonuclease H*

Q4C/V155C (14) (referred to herein as RNase

H) with the use of force-measuring optical

tweezers (15). RNase H is a 155-residue,

single-domain protein whose structure, stabil-

ity, and folding mechanism have been exten-

sively characterized using bulk biochemical

techniques. The central portion of the poly-

peptide forms the core of the protein (Fig. 1A),

being both the first region to fold (16) and the

most stable region of the native structure (17).

This observation and additional kinetic and

mutagenesis studies support the hypothesis that

RNase H folds via a hierarchical mechanism,

in which the most stable regions of the native

structure form first during folding (3, 18). It

has been impossible, however, to demonstrate

this behavior directly with traditional ap-

proaches. This wealth of both equilibrium
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