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ABSTRACT

KH (hnRNP K homology) domains, consisting of ~70
amino acid residues, are present in a variety of
nucleic-acid-binding proteins. Among these are
poly(C)-binding proteins (PCBPs), which are impor-
tant regulators of mRNA stability and posttranscrip-
tional regulation in general. All PCBPs contain three
different KH domains and recognize poly(C)-
sequences with high affinity and specificity. To
reveal the molecular basis of poly(C)-sequence
recognition,owe have determined the crystal struc-
ture, at 1.6 A resolution, of PCBP2 KH3 domain in
complex with a 7-nt DNA sequence (5-AACCCTA-3)
corresponding to one repeat of the C-rich strand of
human telomeric DNA. The domain assumes a type-
| KH fold in a Baafpoa configuration. The protein-DNA
interface could be studied in unprecedented detail
and is made up of a series of direct and water-
mediated hydrogen bonds between the protein and
the DNA, revealing an especially dense network
involving several structural water molecules for the
last 2nt in the core recognition sequence. Unlike
published KH domain structures, the protein crys-
tallizes without protein-protein contacts, yielding
new insights into the dimerization properties of
different KH domains. A nucleotide platform, an
interesting feature found in some RNA molecules,
was identified, evidently for the first time in DNA.

INTRODUCTION

The family of poly(C)-binding proteins (PCBPs), which is
comprised of five members in mammalian cells, namely
hnRNP K and PCBP1-4 (also known as aCP1-4; PCBP1
and PCBP2are also known as hnRNP El and E2,
respectively), has a wealth of functions attributed to

them (1,2). Among these are transcriptional and transla-
tional silencing and enhancement. Furthermore, they play
a role in mRNA stabilization and splicing and seem to be
linked to apoptotic and developmental pathways and the
regulation of viral function (3).

Examples of different PCBP functions have been
intensely studied, with the effects on mRNA stability
being among the earliest to be investigated. It has been
noted that the high stability of a-globin mRNA, needed
for optimal translation, is linked to the binding of PCBPs
to pyrimidine-rich sequences within the 3’-UTR that leads
to the formation of a so-called a-complex (3,4). Similar
stabilizing effects through PCBP binding can be observed
for the mRNAs of collagen-a1 (5,6), tyrosine hydroxylase
(7), erythropoietin (8) and others. Diminution of the
amount of expressed protein, which interestingly is also
mediated by PCBPs, is achieved by translational silencing,
as seen in 15-lipoxygenase mRNA (9-11).

PCBPs are also connected to developmental processes
and viral replication. It was shown that the 5-UTR of the
Poliovirus genomic RNA harbors two binding sites for
PCBP1 or PCBP2. Binding of PCBP2 to one of the sites,
a C-rich internal bulge sequence known as loop B RNA
within the internal ribosomal entry site (IRES) element, is
required for cap-independent translation of the viral RNA
(12-16). Binding of PCBP1 or 2 to the other site, a C-rich
loop in the stem-loop B domain within a so-called
cloverleaf-like RNA structure located at the very 5-end
of the 5-UTR, stabilizes the genomic RNA, inhibits
translation and switches the viral genomic RNA to a
template for RNA replication (14,17). Unlike PCBP-
binding sites within 3’UTRs of the cellular mRNAs, the
two viral C-rich recognition sequences are presented in the
context of a structured RNA, as demonstrated by our
NMR structures of two sequence variants of the loop
B RNA (18).

A splice variant of PCBP4 (termed MCG10) has been
shown to promote apoptosis and cell cycle arrest in G2-M
phase upon forced expression in human cells, possibly via
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Figure 1. (A) Schematic diagram of the domain structure of human poly(C) binding protein-2 (PCBP2). Similar domain structures are observed in
other members of the PCBP family. (B) Sequence alignment of the three KH domains from different PCBPs. Alignments were carried out using the
program ClustalX. The sequence shown for PCBP2 KH3 corresponds to residues 285-359in the full-length protein. The actual construct for
crystallization has an artificial lysine before Ala285. Secondary structures of the KH3 domain were based on the crystal structure.

interaction between PCBP4 and the C-rich RNA template
sequence of human telomerase. Since its expression is
normally induced in a p53-dependent manner, it repre-
sents a potential mediator of p53 tumor suppression (19).
The functional roles of PCBPs in RNA regulation will
certainly expand further. It was shown, for example, that
PCBP2 associated with 160 mRNA species in vivo in a
human hematopoietic cell line (20), suggesting a general
significance of PCBPs in posttranslational regulation.

Additionally, PCBPs are able to bind to DNA
sequences as well and seem to play a role in the more
proximal events of gene expression, namely transcrip-
tional regulation. For example, transcriptional activation
can be observed upon binding of hnRNP K to the
promoter of the human c-myc gene and the SV40 early
promoter (21,22), whereas transcriptional silencing is seen
during the repression of thymidine kinase, supposedly
achieved through hnRNP K-mediated inhibition of the
binding of other transcription factors to the promoter of
the gene (23).

Despite this wealth of function, a unifying theme of
PCBPs is their ability to interact tightly with poly(C)
sequences of both RNA and DNA. This ability is
conferred by the presence of three copies of a conserved
RNA-binding motif termed KH domain (hnRNP K
homology domain), whereby different nucleic-acid-
binding specificities can be observed for different KH
domains. The common arrangement of these domains
within the primary sequence of the PCBPs is the close
spacing of two domains at the N-terminus and a
C-terminal KH domain that is separated from the
previous two by a linker of variable length (see Figure
1A) (1). Considering the plethora of different functions

established for the PCBPs, it remains a striking question
as to how these diverse functions can be traced back to the
interplay between the different KH domains, regulating
nucleic-acid-binding specificity as well as the potential
interaction with different downstream protein partners.
This question gains even more gravity considering the
strong sequence conservation between the different KH
domains present in PCBPs (see Figure 1B), suggesting
similar behavior.

To reveal the molecular details of sequence-specific
nucleic acid recognition and protein—protein interactions
entailing PCBP KH domains, we have so far employed
both NMR and X-ray crystallography (24,25; Du et al.,
manuscript submitted). We report in this paper the high-
resolution crystal structure of the PCBP2 KH3 domain in
complex with a 7nt C-rich DNA sequence corresponding
to one repeat of the C-rich strand of human telomeric
DNA. At a resolution of 1.6 A, this represents the highest
resolution structure of a KH domain—nucleic acid inter-
action so far. The structure reveals a complex combination
of molecular interactions involved in specific recognition
of the DNA sequence in unprecedented detail. While
similarities to the other previously reported PCBP KH
domain—nucleic acid crystal structures (26) are apparent,
the current structure has a number of features that have
not been described in any of the previous complexes; some
of these features are likely to be important functionally.

MATERIALS AND METHODS
Cloning

The gene that encodes the KH3 domain of human PCBP2
was amplified by PCR using appropriate primers and



a plasmid containing the gene for full-length PCBP2.
The amplified gene was cloned between Nde I and Xho I
sites of the plasmid vector pET 24a. The cloned plasmid
was transformed into a BL21(DE3) strain of Escherichia
coli (Stratagene). The protein was over-expressed with a
sequence of MKH¢K attached to the N-terminus of the
native sequence (Ala285-Thr359).

Sample preparation and crystallization

N-terminal His-tagged PCBP2 KH3 was over-expressed in
the BL21(DE3) strain of E. coli (Stratagene). For Se-Met-
labeled protein, the bacteria were grown in M9
minimal medium until they reached an ODgqo of 0.6-0.8,
whereupon leucine, isoleucine, lysine, phenylalanine,
threonine and valine were added to the culture to
inhibit methionine biosynthesis. After 30 min, r-seleno-
methionine (50mg/l) was added, followed by IPTG
(isopropyl-B-p-thiogalactopyranoside) to a final concen-
tration of 0.06 mM to induce expression of the Se-Met-
labeled protein at 12°C overnight. Cells were harvested
and resuspended in 200-mM NaCl and 20-mM HEPES,
pH 7.5 and lysed by sonication. After purification by
Ni-NTA resin (QIAGEN), the His-tag was removed
by the TAGzyme system from QIAGEN, and the
sample was concentrated to a final concentration
of about 4mg/ml protein with the help of an Amicon
Ultra-5K centrifugal device. Crystals of the PCBP2
KH3-DNA (5-AACCCTA-3) complex formed from a
solution with a 1:1.2 protein:DNA ratio and were
obtained by hanging-drop vapor diffusion against 2M
ammonium sulfate, 80mM lithium sulfate, 100 mM
CAPS, pH 8.18 and 5% glycerol at 22°C. Orthorhombic
crystals grew to useful size within about 5 days with
diffraction to 1. 55A. The crystals are in space group R32
(a=81. 07 A, b=38lI. O7A c=287. 82A) with one protein—
DNA complex per asymmetric unit.

Data collection, structure determination and refinement

A single SAD data set was collected at the peak
wavelength of the selenium K absorption edge from a
single frozen selenomethionine-containing crystal using
Beamline 8.3.1 of the Advanced Light Source (ALS) at
Berkeley National Laboratory. A native data set was also
collected on the same crystal with longer exposure time
(55s). The SAD data set and native data set diffract to 1.75
and 1.55 A resolution, respectively. Diffraction intensities
were integrated and reduced by using the program
DENZO and were scaled using SCALEPACK (27). The
selenium atom was located using CNS (28). An inter-
pretable electron density map at 1.6 A was obtained after
solvent flattening. The model was built by MOLOC (29)
and Coot (30). Refinement was performed using Refmac5
within the CCP4 program suite (31) to an R factor of
20.5% (Rpree =24.4%). The final model includes the
protein residues 286-359 (PCBP2 numbering is used)
and one DNA molecule with 7 nt. Analysis of the structure
shows that all parameters are well within expected values
at this resolution (see Table 1). The coordinates for the
PCBP2 KH3-DNA complex have been deposited in the
Protein Data Bank (pdb code 2P2R). Structure figures
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Table 1. Crystallographic refinement statistics

Crystal data KH3-DNA

Space group R32

Unit cell dimensions (A) a=281.07
b=281.07
¢=187.82

A 1

X-ray data collection statistics

Wavelength QA) (SeMet SAD Peak) 0.979462

Resolution (A) 60.0 — 1.55

Observed reflections 272583

Unique reflections 15516

Completeness (last shell) (%) 98.5 (84.66)

Ruerge (%)° (last shell) 3.3 (38.2)

I/c (last shell) 22.8 (7.3)

Phasing and refinement statistics

Resolution (A) 40.0 - 1.6

Reflections in working set 13842

Reflections in test set (5%) 723

cryst (A)) 205

Riree (%)° 244

RMSD bonds (A) 0.009

RMSD angles (°) 1.334

Mean B-factors (A ) 28.9

4z is the number of equivalent structures per asymmetric unit.
meerge:Z\Ihk1—<Ihk1> |/> I, where Iy is the measured intensity
of hkl reflection and </y,> is the mean of all measured intensity of hkl
reflection.

CRcryst - thl‘ ‘F()bs‘ - ‘Fcu]c‘ ‘thl‘Fnbs‘s Where Fobs iS the observed
structure factor amplitude and F, is the structure factor calculated
from model. Ry is computed in the same manner as is Ry, With the
test set of reflections (10%).

were generated using PyMol (W. L. DeLano, The PyMOL
Molecular Graphics System (2002) on the World Wide
Web http://www.pymol.org).

RESULTS
Overall protein structure

The protein—-DNA complex crystallized in space group
R32 with only one protein—DNA complex per asymmetric
unit. Electron density is present for residues 286-359 in the
76-amino-acid construct as well as all 7 residues of the
DNA molecule and 86 water molecules. The overall
structure of the complex is depicted in Figure 2A.

The PCBP2 KH3 adopts a typical type-I KH domain
fold (32-36) of a Pl-al-a2-p2-f3-a3 configuration.
The three [-strands (residues 289-295, 320-323 and
331-338) form an antiparallel B-sheet with a left-handed
twist and a spatial order of B1-B3-B2, which is packed
against the three a-helices (residues 297-303, 308-317 and
341-356). The invariable GXXG loop, here Gly304-
Arg305-GIn306-Gly307, is located between ol and o2;
the variable loop Ala324-Ser330 lies between B2 and B3.
The core of the protein consists almost exclusively
of hydrophobic residues, ensuring a tight fold as well
as forming the hydrophobic floor of a narrow groove
where DNA binding can take place (see Figure 2B).
The groove is defined by the juxtaposition of helices
ol and o2, the connecting GRQG loop and strands
B2 and P3 together with the connecting variable loop;
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Figure 2. Overall structure of the PCBP2 KH3-DNA complex. (A) Structure of the complex in one asymmetric unit. The DNA and protein are
colored orange and deep blue, respectively. (B) Surface representation of the protein showing the nucleic-acid-binding groove. Positively charged,
negatively charged, uncharged hydrophilic and hydrophobic residues are colored blue, red, yellow and green, respectively. The floor of the nucleic-
acid-binding groove is mainly defined by hydrophobic residues. The DNA in the complex is colored orange. The first three residues from a
symmetry-related DNA (labeled A1*, A2* and C3*) are shown in dark teal and are stacking on top of the complex DNA. See text for details.

residues contacting the DNA emanate from all of these
structural elements.

Crystal contacts and overall DNA structure

Interestingly, no protein—protein contacts were observed
in the crystal. Instead, crystal contacts were solely formed
by base stacking interactions of DNA molecules from
adjacent asymmetric units. Adel of the heptanucleotide
stacks on Cyt3 of a symmetry-related DNA and vice
versa, leading to the formation of quite an interesting
structure entailing six nucleotide residues (see Figure 2B).
A remarkable feature of this structure is the arrangement
of Ade2 and Cyt3. Those two consecutive bases were
found to be coplanar with the N3 position of Ade2
forming an intramolecular hydrogen bond with the N4
amino group of Cyt3. This feature is reminiscent of the
adenosine platform motif that was first observed in
the crystal structure of the P4-P6 domain of the group I
self-splicing intron (37). Other types of platforms have
been reported subsequently. A conserved AU platform
important for protein recognition was reported in the
ribosomal protein S8-RNA complex (38). The same type
of platform also occurs in the HIV-1 RNA packaging
signal (39). A GU platform in a GUA triple in the sarcin/
ricin loop of 23S large ribosomal subunit RNA has also
been documented (40). To our knowledge, however, no
AC platform has been reported for DNA so far, and
platform-like structures have been limited to examples
derived solely from RNA.

To illustrate the close relationship between our
DNA structure and previously documented RNA
platform structures, we have compared it with an
AA and an AC platform found in the crystal struc-
ture of the 50S ribosomal subunit of Haloarcula
Marismortui (41) (see Figure 3). The overall geometry is
very similar; the overlay (see Figure 3B) in particular

exhibits the similarity between the different platform
structures.

Overview of the DNA binding

Recognition of the DNA is achieved by the combination
of a set of different interactions including hydrogen bonds,
electrostatic interactions, van der Waals contacts and
shape complementaritics. The DNA orients in such a way
that its 5'- and 3’-ends contact the C and the N-terminal
regions of PCBP2 KH3 domain, respectively. This relative
spatial relationship between a KH domain and its nucleic
acid target is conserved among all reported KH domain-
DNA/RNA complex structures. The phosphate backbone
of the DNA is located mainly on the left ridge of the
binding groove [as seen by looking at the DNA with the &’
end on top (see Figure 2A)]. Only a few close contacts of
positively charged residues namely Arg305 and Arg314
with the backbone can be found. This finding is somewhat
different from our previous structure of PCBP2 KHI in
complex with the same DNA (24), where the left ridge of
the nucleic-acid-binding groove is predominantly occupied
by four positively charged amino acids (three lysines and
an arginine). In the current case, however, the backbone is
mainly contacted via a set of hydrogen bonds, both
directly and water-mediated. Three phosphate backbones
of the DNA are involved. These are: Cyt4 O2P contacting
the GIn306 amide, a Cyt3 O1P water 12 Gly300 amide
bridge and Ade7 O1P, which is bridged by water 40 and
water 22 to the Ile321 carbonyl and amide, respectively
(see Figure 4).

As shown in Figure 2B, a cluster of hydrophobic
isoleucine residues 299, 303, 310 and 323 defines the
floor of the binding groove, which contacts the riboses
and bases of Cyt4 and Cyt5, the central two residues of the
core-recognition motif of the DNA. Residues at these
positions are highly conserved among the KH domains
(see Figure 1). An Ile to Asn mutation in the second KH
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Figure 3. (A) Comparison between the structure of Ade2 and Cyt3 of our crystallization DNA (top) and Ade 441 and Ade 442 from the crystal
structure of the 50S ribosomal subunit of Haloarcula marismortui (bottom). Hydrogen bonds are depicted as yellow dashed bars, atoms are color-
coded light blue, red, grey, white and dark blue for nitrogen, oxygen, carbon, hydrogen and phosphorous, respectively. (B) Top: Overlay of the
structure of Ade2 and Cyt3 of our crystallization DNA (red) and Ade 441 and Ade 442 from the crystal structure of the 50S ribosomal subunit of
H. marismortui (blue). Bottom: Overlay of our DNA (red) and Ade2532 and Cyt 2533 from the crystal structure of the 50S ribosomal subunit of
H. marismortui (blue).

Figure 4. Stereo view of the PCBP2 KH3-DNA complex structure. The dense network of hydrogen bonds (yellow dashed bars) involved in DNA—
protein interaction is shown. Red spheres represent structured water molecules that participate in the hydrogen-bonding network. The DNA and
protein are colored orange and deep blue, respectively. Protein residues that participate in hydrogen bond interaction with the DNA are shown
in stick representation.

domain of FMRP, at a position corresponding to network of DNA—protein interaction (see next section for
Ile310in PCBP2 KH3, leads to a particularly severe case details).
of Fragile-X mental retardation.

The variable loop remains remarkably open upon DNA
binding. Only the first two residues of the loop, Ala324 Adel does not interact with the protein directly. The base
and Asn325, participate in the dense hydrogen-bonding of Adel is sandwiched between the base of Ade2 from the

Specific recognition of the crystallization DNA
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same DNA on one side and the base of Cyt3 from a
symmetry-related DNA on the other side (see Figure 2B).

Ade2 lies on top of helix al; its base is stacked with that
of Adel. The N7 position of Ade2 forms a water-mediated
hydrogen bond with the side-chain of Asp297. The N3
position of Ade2 forms an intramolecular hydrogen bond
with the N4 amino group of Cyt3. The bases of Ade2 and
Cyt3are coplanar, but their Watson-Crick functional
groups are not facing each other (see Figures 2A and 5A).

The base of Cyt3 also lies on top of helix a1, inside a
cleft formed between the invariable GRQG loop and helix
a3. It is stacked with the Gly300-Cys301 peptide plane on
one side and the base of Adel from a symmetry-related
molecule on the other (see Figure 2B). All three of the
Watson-Crick positions of Cyt3are involved in intra- or
intermolecular hydrogen bonds. Besides the intramolecu-
lar bond mentioned previously, the O2 and N3 groups of
Cyt3 are contacted by the side chain of Lys309 from helix
a2 (see Figure 5A). Formation of these hydrogen bonds
makes the placement of a cytosine residue at this position
more favorable than other residue types.

Cyt4 is the only nucleotide in the complex that has no
stacking interaction with other bases. It occupies a center
position of the nucleic-binding groove, with its ribose and
hydrophobic edge of the base involved in hydrophobic
contacts with the hydrophobic floor of the groove (see
Figure 2B) and its Watson-Crick functional groups
pointing to the right side of the groove (see Figure 5B).
Here, it gets contacted by Arg333 that is conserved among
all PCBP KH domains (see Figure 1B). Similar to other
PCBP KH domain—-DNA/RNA complex structures
(24,26), the side chain of Arg333 reaches out from B3 to
form two hydrogen bonds with the O2 and N3 acceptors
of the base. The extended conformation of the Arg gets
stabilized by two hydrogen bonds to the backbone
carbonyl of Asn324. The base of Cyt4 is further contacted
at its N4 amino group by an intramolecular hydrogen
bond to the O1P phosphate group of Cyt3 and a water
molecule that bridges to the side chain of Arg333 and the
backbone carbonyl of Asn296 (see Figure 5B). This set
of hydrogen bonds is only compatible with a Cytosine at
this position.

Base-stacking interaction is observed among the last
three residues (Cyt5, Thy6 and Ade7) of the crystallization
DNA (see Figure 2A). In the vicinity of CytS and Thy®6, as
many as seven structural water molecules could be found
participating in a dense network of hydrogen bonds
joining the DNA and the protein (see Figure 4).

Specific recognition of Cyt5 is achieved by a set of
hydrogen bonds involving the Watson-Crick positions
similar to Cyt4. The side chain of Arg314 is protruding
from the C-terminal end of helix o2 to donate two
hydrogen bonds to the O2 position. The N4 amino group
is involved in two hydrogen bonds: one to the backbone
oxygen atom of Ile323 and one water mediated to the
side chain of Asn325. Finally, the Cyt5 N3 gets bridged
by a water molecule to the I1e323 backbone amide (see
Figure 5C). This network of hydrogen-bonding interac-
tions should allow only cytosine to be recognized at this
position.

For Thy6, the O2 group and the two Watson-Crick
positions N3 and O4are all involved in direct or water-
mediated hydrogen bonds (see Figure 5D). The O2 group
forms a hydrogen bond to the side-chain of Lys322.
N3 forms a hydrogen bond with water molecule #14 that
bridges to the side-chain of Asn325 and the backbone
carbonyl of Ile323. O4 is contacted by two water
molecules 31 and 16, which bridge to OIP of Cyt5 and
OD1 of Asn325, respectively.

Ade7 is the last nucleotide in the crystallization DNA.
Two direct hydrogen bonds are observed from the side
chains of Lys322 and Asn325 to N3 and N1 groups of
Ade7, respectively (see Figure 5D).

DISCUSSION

Several other KH domain—nucleic acid co-crystal struc-
tures are available for comparison with our current
structure. These include: the 2.4 A structure of NOVA2
KH3in complex with a SELEX RNA stem-loop (42); core
recognition sequence 5-UCAC-3’, the 1.8 A structure of
hnRNP K KH3in complex with a 6-nt DNA (26); core
recognition sequence: 5'-TCCC-3/, and the 1.7/2.1/2.6 A
structures of PCBP2 KHI1 in complex with a 7-nt DNA
and a 12-nt DNA/RNA, respectively (1, Du et al., in
preparation); and core recognition sequences 5'-ACCC-3'
and 5-CCCT/U-3'.

Although the sequences of the KH domains and the
recognized DNA/RNA are different from case to case, a
comparison of all these crystal structures clearly reveals
some common structural features of KH domain—nucleic
acid interaction. First of all, the structures of the KH
domains are very similar to each other, with the possible
exception of the variable loop. For PCBP2 KH]1, several
residues from the variable loop interact with the nucleic
acid target; but for other KH domains, the variable loop
has little contact with the DNA/RNA.

Secondly, a core DNA/RNA recognition motif consist-
ing of four nucleotides is observed in all structures. Each
of the core motifs assumes a similar conformation. The
bases and riboses of corresponding nucleic acid residues
are similarly oriented and occupy virtually the same
location within the nucleic-acid-binding groove. Structural
similarities of both the KH domain and the nucleic acid
core recognition motif make it clear that each residue of
the recognition motif can only contact a defined set of
amino acid residues whose presence in the vicinity of the
nucleotide is dictated by the conserved KH domain
structure. The properties of those amino acid residues
decide specificity of the recognition.

Except for the NOVA2 KH3-RNA complex, all of the
crystal structures are of complexes between KH domains
of the PCBP family proteins and nucleic acids. Although
each of the core recognition motifs recognized by the
PCBP KH domains contains a triple-C sequence, the
placement of the triple-C sequence in the binding groove
is not the same in every structure. The triple-C sequence
can be found either at positions 1-3 or 24 of the
tetranucleotide core recognition motif. Whatever the
case is, the second and third positions are always occupied
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Figure 5. Stereo views of detailed hydrogen-bonding interactions between the DNA and PCBP2 KH3. Coloring schemes are identical to those in
Figure 3. 2Fo-Fc electron density map contoured at 1o is shown in green for the DNA and light blue for the protein side chains that participate in
intermolecular hydrogen bonds. (A), (B), (C) and (D) are for hydrogen bonds to Ade2/Cyt3, Cyt4, Cyt5 and Thy6/Ade7, respectively.
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by cytosines. Specific hydrogen bonds for the recognition
of these two cytosines seem conserved among all the
structures. Two arginine side chains (Arg314 and
Arg333in PCBP2 KH3) are critical for the hydrogen-
bonding networks. These two arginines are absolutely
conserved among all the KH domains of the PCBP
proteins. Every one of the PCBP KH domains should
therefore be able to recognize at least two cytosines, at the
second and third positions of the nucleic-acid-binding
groove. Residues at the first and fourth positions of the
tetranucleotide core recognition motif for PCBP KH
domains are less restrictive in terms of the type of
nucleotide that could be accommodated. At the first
position, every nucleotide type except guanosine has been
found; at the fourth position, all pyrimidine residues
(T/U/C) are compatible. No conserved hydrogen-bonding
interaction between the protein and the nucleic acid is
observed at the first and fourth positions.

As the highest resolution KH domain—nucleic acid
crystal structure, the current structure reveals how the
DNA is recognized by the KH domain in unprecedented
detail. Most outstandingly, six out of the seven nucleotides
of the crystallization DNA form hydrogen bonds, either
directly or water-mediated, with the protein. Furthermore,
for all four nucleotides in the core recognition motif (Cyt3
to Thy6), all of the potential hydrogen-bond-forming
functional groups of the bases (not just the Watson-Crick
groups) are actually involved in hydrogen bonds (see
Figure 5). Such a high degree of intermolecular hydrogen-
bonding interaction is not observed in any of the
previously reported KH domain—nucleic acid structures.
The number of structured water molecules (at least 10)
involved in the hydrogen bond network responsible for
DNA-protein recognition has also not been seen before.
The structure provides a good example to highlight the
importance of water molecules in both specific and
nonspecific protein—nucleic acid interactions. Defining
these kinds of water molecules would be a very difficult,

if not impossible, task for structure determination of
protein—nucleic acid complexes by NMR.

The proteins of the PCBP family contain three KH
domains (see Figure 1A). By determining the structures of
PCBP2 KH1 and KH3 domains with the same human
telomeric C-rich strand DNA (24), we show that different
KH domains from the same protein can recognize the
same DNA sequence. Based on the conservation of
residues critical for specific recognition, it is most likely
that the KH2 domain can also engage in specific nucleic
acid interactions. Since most of the known PCBP targets
contain tandem poly(C) sequences, it would be very
interesting to see how these targets are recognized by the
multiple KH domains from the same protein, and how the
KH domains rearrange as a result of nucleic acid binding.
Currently, it may be noted that although both KHI1 and
KH3 domains interact with the same DNA sequence, the
KH3 domain forms more intermolecular hydrogen bonds
with the recognized DNA. This may translate into a
difference in the affinity of interaction. It is reasonable to
speculate that the KH domain—nucleic acid interaction
with higher affinity may serve to anchor the PCBP protein
to the target DNA/RNA, allowing the other two KH
domains to interact properly with their particular poly(C)
motif within the tandem sequences.

Another potentially significant difference between the
PCBP2 KHI and KH3 domains revealed by our crystal
structures is that the KH1 domain can form a presumably
very stable homodimer via a protein interaction interface
located on the molecular surface opposite to the nucleic-
acid-binding groove (24); no protein—protein interaction
is observed in the KH3 crystal structure, however. Such
a difference in the ability of the KH domains to participate
in protein—protein interactions is most likely dictated by
different surface properties of the domains. As shown in
Figure 6, the KH1 domain has a surface that shows strong
hydrophobic properties, allowing extended hydrophobic
interactions in the KH1 homodimer that buries 1188 A of

Figure 6. Surface representations of the three KH domains in the PCBP proteins. Left: crystal structure of the PCBP2 KHI domain. Middle:
a homologous model (built by the program Modeller based on the crystal structure of PCBP2 KHI) of the PCBP2 KH2 domain. Right:
crystal structure of the PCBP2 KH3 domain from the present study. Positively charged, negatively charged, uncharged hydrophilic and hydrophobic
residues are colored in blue, red, yellow and green, respectively. Note the large, continuous hydrophobic surface area (in green) of the KH1 and

KH2 domains.



solvent-accessible surface area in each monomer and
providing a strong driving force for formation of the
dimer. A model of the PCBP2 KH2 domain also shows
a similar continuous, extended hydrophobic surface,
suggesting that the KH2 domain may also participate in
protein—protein interactions similar to KH1. For the KH3
domain, the presence of a number of hydrophilic residues
from o3, including Ser357, Ser356, Asn352, GIn348,
Ser345, as well as Thr293 from B1 (see also Figure 1B),
disrupts the hydrophobic surface as seen in the KHI
crystal structure and the KH2 model. Although the KH
domains assume a similar overall structure and bind
nucleic acids via a common binding groove, differences
in specific protein—nucleic acid and protein—protein
interactions may provide a molecular basis for differen-
tiated functional roles of the KH domains.

A very interesting feature seen in the current structure is
the unusual DNA arrangement with Ade2 and Cyt3in the
form of an AC platform (see Figure 3). In structured RNA
molecules, those secondary structure motifs serve to
disrupt the regular helical geometry and are important
to expose functional groups capable of forming hydrogen
bonds, thus creating potential binding sites for ligands or
other interaction partners. To our knowledge, this is the
first time a platform structure has been reported for DNA.
It remains to be elucidated whether this finding has
functional implications and might occur in vivo in order to
restructure DNA molecules upon PCBP binding, or
whether it is merely an effect depending on the formation
of crystal contacts via adjacent DNA molecules (see
Figure 2B).

Unfortunately, crystals of a protein-RNA (5'-
AACCCUA-3) complex, grown under the same condi-
tions as the protein-DNA complex, dissolved the instant
the crystallization well was opened, so no diffraction data
were collected. Consequently, it could not be determined if
the AC platform is induced in RNA molecules upon
PCBP2 KH3 binding as well.

Our crystal structures clearly show that both the KH1
and KH3 domains can bind the C-rich strand of human
telomeric DNA repeat in vitro. A recent study performed
in the lab of Elizabeth H. Blackburn shows that PCBP1
is one of the nucleic-acid-binding proteins present in
the human telomere—telomerase complex (unpublished
results, personal communication). Further studies are
required to reveal whether the molecular interactions we
depicted in our structures also occur in vivo and how
PCBP proteins might be involved in telomere—telomerase
regulation.
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