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Structure of a Construct of a Human Poly(C)-binding Protein
Containing the First and Second KH Domains Reveals Insights
into Its Regulatory Mechanisms”™
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Poly(C)-binding proteins (PCBPs) are important regula-
tory proteins that contain three KH (hnRNP K homology)
domains. Binding poly(C) D/RNA sequences via KH domains
is essential for multiple PCBP functions. To reveal the basis
for PCBP-D/RNA interactions and function, we determined
the structure of a construct containing the first two domains
(KH1-KH2) of human PCBP2 by NMR. KH1 and KH2 form an
intramolecular pseudodimer. The large hydrophobic dimer-
ization surface of each KH domain is on the side opposite the
D/RNA binding interface. Chemical shift mapping indicates
both domains bind poly(C) DNA motifs without disrupting
the KH1-KH2 interaction. Spectral comparison of KH1-KH2,
KH3, and full-length PCBP2 constructs suggests that the
KH1-KH2 pseudodimer forms, but KH3 does not interact
with other parts of the protein. From NMR studies and mod-
eling, we propose possible modes of cooperative binding tan-
dem poly(C) motifs by the KH domains. D/RNA binding may
induce pseudodimer dissociation or stabilize dissociated
KH1 and KH2, making protein interaction surfaces available
to PCBP-binding partners. This conformational change may
represent a regulatory mechanism linking D/RNA binding to
PCBP functions.

Poly(C)-binding proteins (PCBPs)* are KH (hnRNP-K-ho-
mology) domain-containing proteins that specifically recog-
nize poly(C) D/RNA sequences (1, 2). There are five PCBPs in
mammalian cells: PCBP1-4 and hnRNP K. Each PCBP con-
tains three KH domains: two consecutive domains at the N
terminus and a third domain at the C terminus; an intervening
sequence of variable length is present between the second and
third domains (Fig. 1A).

* This work was supported, in whole or in part, by National Institutes of Health
Grant Al46967 (to T.L.J.). The costs of publication of this article were
defrayed in part by the payment of page charges. This article must there-
fore be hereby marked “advertisement” in accordance with 18 U.S.C. Sec-
tion 1734 solely to indicate this fact.

The atomic coordinates and structure factors (code 2JZX) have been deposited in
the Protein Data Bank, Research Collaboratory for Structural Bioinformatics,
Rutgers University, New Brunswick, NJ (http://www.rcsb.org/).

The chemical shift assignments reported in this paper have been deposited in the
BioMagResBank under BMIRB accession number 15049.

" To whom correspondence should be addressed: Dept. of Pharmaceutical
Chemistry, 600 16th St., Genentech Hall, University of California, San Fran-
cisco, CA 94143-2280. Tel.. 415-476-1916; Fax: 415-502-8298; E-mail:
james@picasso.ucsf.edu.

2 The abbreviations used are: PCBP, poly(C)-binding proteins; KH, K homol-
ogy; UTR, untranslated region; PDB, Protein Data Bank; R.M.S.D., root mean
square deviation.

OCTOBER 17, 2008 +VOLUME 283 +NUMBER 42

PCBPs regulate gene expression at various levels, including
transcription, mRNA processing, mRNA stabilization, and trans-
lation, among others. For example, specific binding of hnRNP K
and PCBP1 to the single-stranded pyrimidine-rich promoter
sequence of the human c-myc gene and mu-opioid receptor
(MOR) gene, respectively, activates transcription (3, 4).

Binding of PCBP1 or PCBP2 to cellular mRNAs harboring
tandem poly(C) motifs within the 3’-UTRs stabilize these
mRNAs, including a-globin, B-globin, collagen-al, tyrosine
hydroxylase, erythropoietin, rennin, and hTERT mRNAs
(5-13). In the case of a-globin mRNA, it was established that
the stoichiometry of the RNA-protein complex (the a-com-
plex) is 1:1, and a minimum RNA sequence of 20-nt (5'-
CCCAACGGGCCCUCCUCCCC-3") is necessary and suffi-
cient for forming the complex (14).

Interaction of two PCBPs, hnRNP K, and PCBP1/2, with a
multiply tandem C-rich sequence (differentiation control ele-
ment, DICE.) within the 3’-UTR of 15-lipoxygenase (LOX)
mRNA leads to translational silencing of the mRNA in eryth-
roid precursor cells (15-17). DICE contains 10 gapless C-rich
repeats. The sequence for one repeat is 5'-CCCCACCCUCU-
UCCCCAAG-3'. A minimum of two repeats is required for
efficient translational suppression.

PCBPs can also activate translation of cellular mRNAs. For
example, binding of PCBP1 to an 18-nt C-rich sequence (5'-
CUCCAUUCCCACUCCCU-3') within the 5-UTR of folate
receptor mRNA up-regulates its translation (18). Binding of
PCBP1/2 to the acute box cis-element in human heavy ferritin
mRNA 5’-UTR also enhances translation (19).

Besides cellular mRNAs, PCBPs also participate in regulating
critical viral RNA functions. Binding of PCBP1/2 to two cis-
acting C-rich sequence-containing RNA elements within the
5'-UTR of poliovirus mRNA (also the genomic RNA) is critical
for regulation of cap-independent translation and replication of
the viral RNA (20 -24).

The mechanistic details are not well understood for any of
the PCBP functions. What emerges as a common feature is the
binding of PCBPs to C-rich sequence motifs (often present in
tandem) of the target D/RNAs. The molecular basis of PCBP
KH domains-D/RNA interactions has been revealed by a num-
ber of crystal structures of individual KH1 or KH3 domain from
PCBPs in complex with C-rich D/RNA sequences (25-28).
However, there are no structures with KH2.

Little is known about the events subsequent to any KH
domain-D/RNA interaction. Pertinent to this point, there are
no structures of PCBP constructs containing more than one KH
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285-359), and the “full-length” (res-
idues 11-359). The proteins were
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(MKH(K; all but the last K could be
removed by TAGzyme from Qia-
gen). The proteins were overex-
pressed in the BL21(DE3) strain of
Escherichia coli (Stratagene). The
preparation of properly folded
PCBP2 KH1-KH2 proteins involved
refolding from denatured proteins
obtained from inclusion bodies.
Methods for refolding and isotope
labeling of the KH1-KH2 construct

FIGURE 1. Sequence and structure of PCBP2 KH1-KH2. A, domain structure of PCBP2. Similar domain struc-
tures are observed in other PCBPs. B, sequence alignment of the KH1-KH2 domains from human PCBPs. Sec-
ondary structures for PCBP2 KH1-KH2 were based on the NMR structure. Residues that define the hydrophobic
interfaces for KH1-KH2 interaction are marked with * signs above the one-letter codes. The conserved arginine
residues involved in specific recognition of two consecutive cytosine bases are marked with # signs. C, left:
backbone traces of the NMR ensemble of the 12 lowest-energy conformers of PCBP2 KH1-KH2. The orange
ovals indicate the three less well-defined loop regions: the variable loops within the KH1 and KH2 domains, and
the linker between the two domains. Middle and right, two different views of a ribbon presentation of the
lowest energy structure of PCBP2 KH1-KH2. The KH1 and KH2 domains are colored blue and red, respectively,

have been described previously (28).
For most samples, the final NMR
buffer contains 50 mm deuterated
sodium acetate (pH 5.4), 2 mm dithi-
othreitol, 0.1 M EDTA, in either 90%
H,0/10% D,O or 100% D,O. Prep-

the linker is colored green. The secondary structural elements are labeled.

domain. While studies suggest that protein-protein interac-
tions occur and are vital for function, e.g. see Ref. 28), knowl-
edge about how PCBPs engage in protein-protein interaction is
also very limited. While a protein-D/RNA interaction seems
essential for initiating the sequence of events, protein-protein
interactions most likely are responsible for connectivity to var-
ious functions in most cases. It is therefore important to explore
the missing link between protein-D/RNA and protein-protein
interactions.

To address these critical issues regarding the mechanisms of
PCBP functions, we have determined the solution structure of
the N terminus-half of human PCBP2 containing the KH1 and
KH2 domains (corresponding to residues 11-169 of the full-
length protein, referred to as PCBP2 KH1-KH2 herein). The
sequence of the construct, as well as homologous sequences
from other PCBPs, is shown in Fig. 1B. We have also investi-
gated D/RNA binding properties of the KH1-KH2 construct by
chemical shift mapping. Spectral comparison of the KH1-KH2,
KH3, and full-length protein constructs provides insights into
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aration of the KH3 construct has
also been described previously (27).
For the full-length construct, pro-
tein expression was induced with 0.1 mm isopropyl-B-p-thio-
galactopyranoside at Ago, = 0.6—0.8 at 10 °C for 48 h before
harvest. The His-tagged proteins present in the supernatant
were purified using Ni-nitrilotriacetic acid resin. The purified
proteins were concentrated and buffer-exchanged by centrifu-
gation. DNA oligonucleotides were purchased from Integrated
DNA Technology. Samples of the KH1-KH2-DNA complexes
were prepared by titrating a solution of DNA into a solution
of the KH1-KH2 protein (molar ratio 2:1) at low concentra-
tion (~10 uMm), and subsequently concentrating to ~0.5 mm.
It was found that mixing the DNA with protein and subse-
quent concentration of the complex led to some precipita-
tion, presumably due to nonspecific aggregation. For this
reason, the accurate DNA/protein molar ration for the NMR
sample could not be determined.

NMR Spectroscopy and Structure Refinement—Data for
structure determination of KH1-KH2 were collected on three
isotopically labeled samples: uniformly "*C/'°N, '*C/**N with
60% random fractional deuteration, and **C/**N/>H/(Ile/Leu/
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sion angle restraints were derived
from TALOS (31). Generic hydro-
gen bond distance restraints were

e e il

200 -

= utilized for regions of regular sec-
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- characteristic NOE patterns and
chemical shifts characteristic of the
secondary structure.  Structure
refinement was carried out by sim-
ulated annealing in torsion angle
space using established procedures
implemented in the program
XPLOR-NIH (32). NMR restraint
violations and structure quality
were analyzed via the programs
AQUA and PROCHECK_NMR
(33). The final ensemble of struc-
tures contains the twelve lowest
energy conformers, from 50 ran-
domized initial structures; all calcu-
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FIGURE 2. Plots of backbone amide "*N T, (top) and T, (bottom) relaxation times as a function of residue
number in PCBP2 KH1-KH2. The NMR-derived secondary structures of the protein construct are shown above
the relaxation parameter plots. Dashed vertical lines highlight the three flexible loop regions (the variable loops
of KH1 and KH2, as well as the linker between KH1 and KH2).

Val)-methyl-protonated KH1-KH2. For most of the NMR
experiments, the MKH.K-tag was not removed. All NMR
experiments were performed on a Varian Inova spectrometer,
operating at 600 MHz for protons, equipped with a cryoprobe.
Spectra were processed with NMRPipe/NMRDraw (29) and
analyzed with SPARKY (30). All NMR experiments were car-
ried out at 25 °C. 'H, **N, and "*C resonance assignments were
achieved using standard double and triple resonance experi-
ments. Interproton distance restraints were derived from a
number of '°N or '*C-separated NOESY three-dimensional
experiments. NOE-derived inter-proton distance restraints
were classified into four categories with a lower bound of 1.8 A
and an upper bound of 2.7, 3.5, 5.0, and 6.0 A corresponding to
strong, medium, weak, and very weak NOEs, respectively. Tor-
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lated structures converge to the
same fold.

For the measurements of the lon-
- gitudinal relaxation time (7;) and
transverse relaxation time (7,) of
the backbone amide "N nuclei, a
series of ">’N-HSQC spectra with
varied relaxation delays were used
(10, 60, 110, 280, 440, 610, 880,
1320 ms for T; 10, 30, 50, 70, 90,
110, 130, 150 ms for 7,). The
relaxation experiments were per-
formed on a ’N-labeled sample at
298 K. Relaxation parameters
(reported in Fig. 2) were calculated
by fitting peak heights measured
with the program SPARKY (30).
Structure figures were generated
using PyMol (DeLano, W. L. The
PyMOL Molecular Graphics Sys-
tem (2002).

RESULTS

PCBP2 KHI-KH2 Exists as a
Monomer in Solution—The PCBP2 KH1-KH2 protein (with a
removable N-terminal His tag) was expressed in inclusion bod-
ies. Properly folded proteins suitable for structural study were
obtained by refolding. To investigate whether refolded KH1-
KH2 is in monomeric or multimeric states, we employed the
following method. Two KH1-KH2 samples, one unlabeled and
the other '*N-labeled, were prepared by refolding. For the *N-
labeled sample, the His tag was removed. Equal amounts of
unlabeled (with His tag) and *°N-labeled (without His tag) sam-
ples were mixed and denatured in 8 M urea. The denatured
protein mixtures were then refolded. The refolded proteins
were recovered from the refolding solution by Ni-NTA resin. If
the refolded proteins were in multimeric states, the sample
recovered by the resin would contain both the His-tagged unla-
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TABLE 1
NMR and structure determination statistics for PCBP2 KH1-KH2
NOE-derived distance restraints 1319
Intra-residue 297
Sequential 495
Medium range (i+2 to i+5) 317
Long range (>i+5) 210
Total hydrogen bond restraints® 170
Total torsion angle restraints 256
Deviations from idealized covalent geometry
Bonds (A) 0.0019 = 0.0008
Angles (°) 0.3376 = 0.0081

Impropers (°) 0.2228 + 0.0115

Backbone R.M.S.D. from mean structure (A)”

Secondary structure region 0.85

All but the linker 1.18
Ramachandran plot analysis®

Residues in most favored regions (%) 83.2

Residues in additional allowed regions (%) 13.1

Residues in generously allowed regions (%) 2.4

Residues in disallowed regions (%) 1.3

“Includes two restraints per hydrogen bond.
b Averaged over the 12 accepted structures.
¢ Checked by PROCHECK_NMR (33).

beled and tag-removed '°N-labeled proteins. SDS-PAGE elec-
trophoresis and NMR experiments showed that only the His-
tagged unlabeled protein was present in the recovered sample,
indicating that no intermolecular protein-protein interaction
took place during refolding: the refolded KH1-KH2 is in a
monomeric state. Results from gel filtration chromatography
also suggested that KH1-KH2 exists as a monomer (data not
shown).

Structure and Dynamics of PCBP2 KHI1-KH2—Nearly com-
plete "H/">C/**N chemical shifts assignments for PCBP2 KH1-
KH2 were obtained and deposited in the BioMagResBank
(BMRB accession number 15049). The structure was deter-
mined using distance restraints derived from NOE measure-
ments, torsion angle restraints derived from TALOS, as well as
generic hydrogen bond restraints for regular secondary struc-
ture elements. Structure calculation statistics are summarized
in Table 1. The structure ensemble and two views of the lowest
energy structure as a representative are shown in Fig. 1C.

In PCBP2 KH1-KH2, both the KH1 and KH2 domains adopt
the classical type-I KH fold, which consists of three a-helices
and three B-strands arranged in the order 81-al-a2-B2-B3-a3.
The conserved GXXG invariable loop (*°GKKG and '"*GKGG
for KH1 and KH2, respectively) is located between al and a2;
the variable loop (Ser*°~Pro®® and Ala***~Thr'*? for KH1 and
KH2, respectively) is between 2 and 33 (Fig. 1, B and C). The
three B-strands form an antiparallel B-sheet, with a spatial
order of B1-B3-B2; the three a-helices are packed against one
side of the B-sheet. Regions of the secondary structures and
GXXG loops are well defined. But the variable loops within the
two KH domains and the linker between the two KH domains
are not. These loop regions of the molecule most likely are
relatively flexible (Fig. 1C).

Our previous work on crystal structures of the PCBP2 KH1
domain in complex with D/RNAs (26, 28) revealed that the
KH1 domain could engage in KH1-KH1 homodimerization.
The protein interaction interface is a large and continuous
hydrophobic surface comprised of residues from the B1-strand
and a3-helix. It is clear from the present structure that the KH2
domain also has a hydrophobic surface comparable to that of
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the KH1 domain (Fig. 3A, left and middle). The two hydropho-
bic surfaces of the KH1 and KH2 domains interact with each
other, resulting in an intramolecular KH1-KH2 association that
buries 1528 A2 of molecular surface from the two KH domains.
The buried surface area is significantly larger than the esti-
mated minimal area of 1200 A” required for a stable protein-
protein complex (34, 35).

The KH1 and KH2 domains are arranged in a head-to-toe
manner. The protein-protein interaction is defined by the anti-
parallel positioning of the longest a-helix (a3) and B-strand
(B1) in the protein domains (Fig. 3B). A number of hydrophobic
residues from these structural elements are involved in hydro-
phobic protein-protein interaction (Fig. 3, A and B). KH1-KH2
association also brings the two three-stranded antiparallel
B-sheets of the KH domains together in such a way that a six-
stranded antiparallel B-sheet is formed (Fig. 1C, right). Amide-
amide NOEs between Arg'” and Val'®?, Leu'?, and Arg'®"! were
observed (28), characteristic of antiparallel 3-strands.

While hydrophobic forces are clearly the driving impetus for
KH1 interaction with KH2, other factors, such as shape
complementarities, hydrogen bonds, and electrostatic interac-
tions may also play a role. There are two generic hydrogen
bonds between backbone carbonyl and amide groups of the
Arg'”/Val**® and Arg'®'/Leu'® pairs of the interdomain antipa-
rallel B-sheet. The guanidino groups of Arg'”/Arg'®', and the
e-amino group of Lys'®® may mediate electrostatic interactions
between the KH1 and KH2 domains (Fig. 3, A and B). Substan-
tial interactions between the KH1 and KH2 domains show that
both domains harbor a genuine protein interaction interface.

Structures of type-I KH domain-D/RNA complexes (25, 27,
28, 36-40) show that type-I KH domains recognize their
D/RNA targets using a common binding interface, which is
mainly defined by helices a1, a2, and strand $2. This D/RNA
binding interface is located on the molecular surface opposite
the protein interaction interface. Interaction of the KH1 and
KH2 domains results in placement of the two D/RNA binding
interfaces of the KH1 and KH2 domains on opposite molecular
surfaces in the structure of PCBP2 KH1-KH2, far from each
other (Fig. 44). Modeling of the bound D/RNA can readily be
achieved by comparison with the complexes entailing a single
KH domain.

The 14-residue long linker (Ser®* to Pro””) between the KH1
and KH2 domains does not assume a regular secondary struc-
ture (Fig. 1C). This region of the molecule is the most ill-defined
due to lack of constraints. However, chemical shifts for all of the
linker residues were assigned. Indeed, residues from the linker
region in general yielded stronger resonance signals than resi-
dues from the KH domains, indicating that the linker region
probably experiences a higher degree of internal mobility.

To characterize the backbone dynamics of the PCBP2 KH1-
KH2 construct, we measured the *°N longitudinal and trans-
verse relaxation times (7', and T,) of the protein construct. The
experimental T, and T, values for 131 residues are shown in Fig.
2. The construct contains 158 native residues including 6 pro-
lines. T, and T, values for 21 other residues could not be deter-
mined due to either absence of cross-peak or spectral overlap.

It is apparent that the measured T, and T, values indicate a
rather non-uniform dynamic behavior of the protein construct.
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FIGURE 3. The dimerization interfaces of the KH1 and KH2 domains. A, surface representations for the
protein-interacting interfaces of the KH1 (left) and KH2 (middle) domains. For comparison, the corresponding
surface of the KH3 domain (PDB ID: 2P2R) is also shown (right). The surfaces are colored as followed: C/S and
C/S-bound hydrogen atoms are green, N and N-bound hydrogen atoms are blue, O and O-bound hydrogen
atoms are red. Note the large, contiguous hydrophobic surface area (green) of the KH1 and KH2 domains. On
the surfaces of the KH1 and KH2 domains, the B1-strand and a3-helix from the interacting KH2 and KH1
domains are also shown as ribbon and sticks (in orange; only side chains involved in direct KH1-KH2 contacts
are shown. The positively charged functional groups of the lysine and arginine residues are colored deep blue).
B, stereo-view of the dimerization interfaces defined by the anti-parallel positioning of strand 81 and helix a3
of the two domains. The KH1 and KH2 domains are colored blue and red, respectively. The side chains of the

Structure of the KH1-KH2 Construct of Human PCBP2

KH3

molecular motion. Residues from
the other secondary structural ele-
ments of the two KH domains in
general show higher 7, and lower T,
values than the averages, indicating
that these secondary structural ele-
ments are tightly packed in the indi-
vidual KH domains, with reduced
molecular mobility.

Comparison with the Two Previ-
ous Structures of Tandem KH
Domains—There are two published
structures of tandem type-I KH
domains: the KH3-KH4 domains of
the FUSE-binding protein (FBP) in
complex with single-stranded DNA
(38) and the KH1-KH2 domains of
fragile X mental retardation protein
(FMRP) (42). In the crystal structure
of FMRP KH1-KH2, the linker
between the two domains has only
one residue (Glu) separating the last
a-helix of KH1 and the first
B-strand of KH2 (Fig. 4B). Com-
pared with most other published
structures of type-I KH domains
(25-28, 36-40, 43-48), the KH1
domain in FMRP has a relatively
short a3-helix (~3 helical turns; the
typical length is ~5 helical turns).
These structural features may
impose some degree of rigidity on
the relative orientation between the
two KH domains. In solution, FMRP
KH1-KH2 exists as a monomer.

In the NMR structure of FBP
KH3-KH4 in complex with DNA
(Fig. 4C), the relative orientation
between the two KH domains

residues located at the dimerization interface are shown as sticks; protons are not shown for clarity. The view is

similar to that in the middle panel of Fig. 2A.

Excluding the terminal residues, there are four stretches of
amino acids that show lower-than-average T values, corre-
sponding to the variable loop of KH1, the linker between KH1
and KH2, the GXXG and variable loops of KH2, respectively
(Fig. 2, top). Most residues from the two variable loops and the
linker also show higher-than-average T, values (Fig. 2, bottom).
These data clearly indicate that the two variable loops within
the KH domains and the linker region between the KH domains
experience higher backbone mobility than other parts of the
molecule. Residues in the linker region exhibit some of the low-
est values of 7, and highest values of T’,. A stretch of 10 amino
acids (Ser®® to Arg”®®) within the linker has an average T, value
of 176 ms, doubling the average T, value for the entire protein
construct (88 ms). Overall, the relaxation data show that the
linker region between the two KH domains is the most flexible
part of the molecule. Within the two KH domains, the variable
loop in each of the domains experiences increased internal
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should be well defined given the

large number of RDC constraints
(38). However, 30 amino acids in the linker region between
KH3 and KH4 domains, as well as four nucleotides between the
two bound DNA motifs were not included in the deposited
coordinates, presumably due to lack of assignments or struc-
tural restraints. Missing linker regions in both protein and
DNA, the actual distance between the two KH domain-DNA
complexes could not be determined. Obviously, there is
no protein-protein contact between the two KH domains
(Fig. 4C).

The relative orientation between the KH1 and KH2 domains
in PCBP2 KH1-KH2 is dramatically different from the orienta-
tions in the two previously published structures (Fig. 4, A-C).
Moreover, stable protein-protein interaction between the two
KH domains is observed only in the structure of PCBP2 KH1-
KH2. In FMRP KH1-KH2, protein-protein contacts between
the two domains are negligible. The difference in the orienta-
tion of the two KH domains in the structures also leads to dif-
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A

FIGURE 4. Comparison of three structures of tandem type-1 KH domains. A, NMR structure of PCBP2 KH1-
KH2 from the present study, with modeled poly(C) DNAs bound in the nucleic acid binding grooves. B, crystal
structure of FMRP KH1-KH2 (PDB ID: 2QND). C, NMR structure of FUB KH3-KH4 in complex with a single-
stranded DNA (PDB ID: 1J4W). The N-terminal and C-terminal KH domains are colored blue and red, respec-

domains may correspond to differ-
ent modes of nucleic acid recogni-
tion and regulatory mechanisms.
Interaction of PCBP2 KHI-KH2
with Poly(C) Motifs—In the struc-
ture of PCBP2 KH1-KH2, both KH
domains have their D/RNA binding
interfaces fully exposed (Fig. 4A).
To test whether the KH domains in
PCBP2 KH1-KH2 can bind poly(C)
sequences, we titrated PCBP2 KH1-
KH2 with 7-nt and 12-nt DNA oli-
gomers containing one or two
C-rich motifs (5'-AACCCTA-3’
and 5'-AACCCTAACCCT-3').
The sequences correspond to 1 and
2 repeats of the human C-rich
strand telomeric DNA. Our previ-
ous studies showed that both of
these DNA sequences were able to
bind to the KH1 and KH3 domains
of PCBP2 (26-28, 40). Both DNA
oligomers caused resonance broad-
ening and chemical shift changes of
PCBP2 KH1-KH2. We were able to
assign most of the backbone
'H/'N/'*C resonances of PCBP2
KH1-KH2 in the presence of the
7-nt DNA. Severe resonance broad-

tively. The linker region between the two KH domains is colored green. For FUB KH3-KH4 in complex with DNA

and PCBP2 KH1-KH2 with modeled DNAs, the DNAs are colored magenta.

ferent presentations of the D/RNA binding interfaces, which
may correspond to different modes of cooperative target rec-
ognition by the KH domains. The two D/RNA binding inter-
faces in FBP KH3-KH4 have similar orientations, as do the two
bound DNA motifs. The two D/RNA binding interfaces in
FMRP KH1-KH2 are in close proximity to each other on the
same side of the molecular surface (Fig. 4B, the surfaces facing
outward). D/RNA motifs bound to the two KH domains should
have somehow similar overall orientations.

In contrast to the two previous structures, the two D/RNA
binding interfaces in PCBP2 KH1-KH2 are far from each other,
on opposite sides of the molecular surface; the two D/RNA
binding interfaces are also oriented opposite to one another.
D/RNA motifs bound to the KH1 and KH2 domains in the
structure of PCBP2 KH1-KH2 would therefore have a ~180°
difference in their backbone orientations (Fig. 44). It should be
noted that the structures of PCBP2 KH1-KH2 and FMRP KH1-
KH2 are both for the proteins without ligands. Binding D/RNA
targets may lead to conformational changes on the relative spa-
tial relationship of the KH domains. While the very short linker
in FMRP KH1-KH2 would limit the achievable conformational
space, the 14 amino acid linker in PCBP2 KH1-KH2 would
allow a relatively large expanse of conformational space to be
explored. Comparison of the available tandem KH domain
structures suggests that different properties of the KH domains,
linkers, and relative orientations between the tandem KH
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ening caused by titration with the

12-nt DNA prevented assignments

of the protein in the presence of the
12-nt DNA. It is possible that the 12-nt DNA binds to two
PCBP2 KHI1-KH2 molecules simultaneously, leading to
aggregation.

As shown in Fig. 5, A and B, the 7-nt poly(C) DNA caused
some significant chemical shift changes for both the KH1 and
KH2 domains. These changes are mapped to residues that
define the D/RNA binding groove; residues located on the pro-
tein interaction interfaces experienced little change in chemical
shifts. These data indicate that both the KH1 and KH2 domains
can interact with the 7-nt poly(C) DNA using the conserved
D/RNA binding interface; binding of the DNA does not inter-
fere with protein-protein interaction between the KH1 and
KH2 domains.

There was no experimentally determined structure of a
PCBP KH2 domain prior to this study. It has been reported that
KH2 domains from PCBP1, PCBP2, and hnRNP-K, when
expressed as an individual domain from E. coli, could not bind
poly(C) homo-oligomers as judged by gel shift assay (49). The
present study not only provides the first structure of a PCBP
KH2 domain, but also shows that it can interact with poly(C)
motifs, most likely in a mode very similar to KH1-D/RNA inter-
action. The ability of the KH2 domain to recognize the poly(C)
motif is fully expected. The two arginine residues in KH1 and
KH3 domains responsible for specific recognition of the two
central cytosine bases within the poly(C) motifs (25-28) are
conserved in the KH2 domains (Fig. 1B, labeled with # signs).
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FIGURE 5. A and B, chemical shift changes of PCBP2 KH1-KH2 caused by DNA
binding. A, overlay of two ">N-TROSY-HSQC spectra of PCBP2 KH1-KH2 in its
free form (cyan) and DNA-bound form (red). The spectra were recorded at
25°C in a 90% H,0/10% D,0 buffer containing 50 mm sodium acetate (pH
5.4), 1 mm dithiothreitol. Examples of significant chemical shift changes for
residues of the KH1 and KH2 domains are indicated by arrows. B, composite
chemical shift differences (in ppm) between DNA-bound and free KH1-KH2
plotted against residue numbers. The composite difference is calculated as:
((AL)? + (0.154 X Ay)? + (0.256 X Aca))'"?, where A is the chemical shift
difference value in ppm (41). The amide proton, amide nitrogen, and Ca car-
bon chemical shift differences are calculated as: A = value in DNA bound
form — value in free form. Significant chemical shift changes (bigger than the
dashed cut-off line) are mapped to the structures of the KH1 and KH2
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Because D/RNA targets of PCBPs often contain multiple
poly(C) motifs, clarifying the D/RNA binding specificity of the
KH2 domain is critical in understanding how the full-length
PCBPs may interact with the D/RNA targets, and how D/RNA-
protein interaction may regulate the functions of PCBPs.

Spatial Arrangement of the Three KH Domains in Full-length
PCBP2—W e have previously determined the solution structure
of PCBP2 KH1 domain (40) and crystal structures of PCBP2
KH1 and KH3 domains in complex with poly(C) D/RNA oli-
gomers (26 —28). With results from the current study, it is clear
that all three KH domains in PCBP2 adopt the same character-
istic type-1 KH domain fold and have the ability to bind poly(C)
sequences using similar D/RNA interacting interfaces. Inter-
estingly, while KH1 and KH2 domains both have a hydrophobic
molecular surface involved in protein-protein interaction, the
corresponding molecular surface in the KH3 domain is much
more hydrophilic (Fig. 34, right). In all three previous crystal
structures of PCBP2 KH1-D/RNA complexes we determined
(26, 28), the KH1 domain self-associated via the hydrophobic
molecular surface to form a homodimer. In contrast, the KH3
domain existed as a monomer in the crystal structure of KH3-
DNA complex (27). In solution, the KH1 domain and KH3
domain should also exist as dimer and monomer, respectively,
as suggested by results from gel filtration chromatography (data
not shown). Different characteristics of the KH domains, in
conjunction with their relative locations in the primary
sequence, may decide how the three KH domains assemble in
the full-length PCBP2 protein.

To gain insight into the spatial arrangement of the three KH
domains in full-length PCBP2, we compare the '*N-HSQC
spectra of full-length PCBP2, KH1-KH2, and KH3 constructs.
As shown in Fig. 5C, nearly all cross-peaks for back-bone amide
N-H correlations from the KH3 construct overlay precisely
with cross-peaks from the full-length PCBP2, indicating that
the chemical environment experienced by KH3 in the context
of the full-length protein is very similar to that experienced by
the isolated KH3 domain. The KH3 domain in the full-length
protein most likely does not interact with other parts of the
protein in a significant way. The fact that all KH3 cross-peaks
could be found in the spectrum of the full-length PCBP2 pro-
tein also indicates that the KH3 domain as a whole experiences
a higher degree of molecular mobility than the KH1-KH2
domains (see below for more details about the KH1-KH2
domains).

For the KH1-KH2 construct, more than 86% of the cross-
peaks for backbone amide N-H correlations (130 of the 151
observable cross-peaks) either overlay precisely or are very
close to (chemical shift differences <0.2 ppm for **N and <0.02
ppm for 'H) cross-peaks from the full-length PCBP2 construct.
There are two possible reasons why ~14% of the cross-peaks
from the KH1-KH2 construct do not overlap corresponding
cross-peaks in the spectrum of the full-length PCBP2 construct.

domainsin red. C, spectral comparison of the full-length PCBP2 with the KH1-
KH2 and KH3 domains. Shown is an overlay of three "> N-TROSY-HSQC spectra
for the full-length PCBP2 construct (black), the KH1-KH2 construct (cyan), and
the KH3 construct (red). The green circle denoting a crowded region in the
spectrum of the full-length PCBP2 construct shows little chemical shift dis-
persion relative to unfolded protein.
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First, the corresponding cross-peaks may not appear in the
spectrum of the full-length construct. The spectrum of the
PCBP2 construct was acquired on a *°N-labeled/non-deuter-
ated sample (we were not able to obtain a deuterated sample,
probably due to the need to induce protein expression at a very
low temperature, and the very low expression level of soluble
proteins). The PCBP2 construct is a large molecule (>37 kDa)
by NMR standards. Without deuteration, we might expect that
some of the cross-peaks could not be observed in the '°N-
HSQC spectrum of this construct. As shown in Fig. 2, even in
the isolated KH1-KH2 construct, some of the residues from the
regular secondary structural elements of the two KH domains
already show relatively short T, values (~50 ms). The T, values
of these residues should decrease even further in the context of
the full-length construct, since the molecular mass of the full-
length PCBP2 construct is more than double that of the KH1-
KH2 construct. Second, the corresponding cross-peaks may
indeed experience chemical shift changes with concomitant
line broadening in the ">"N-HSQC spectrum of the full-length
PCBP2 construct due to transient interactions of those
residues.

No matter what the scenario is, substantial spectral similar-
ities between the PCBP2 KH1-KH2 construct and the full-
length PCBP2 construct strongly suggest that the KH1-KH2
interaction evident in the solution structure of PCBP2 KH1-
KH2 almost certainly is present in the full-length PCBP2. It is
important to note that this kind of KH1-KH2 interaction need
not be intra-molecular. It is not difficult to envisage a scenario
in which the KH1 and KH2 domains of one PCBP2 molecule
interact with the respective KH2 and KH1 domains of another
PCBP2 molecule, resulting in a PCBP2 homodimer containing
two sets of KH1-KH2 interactions. In our hand, the full-length
PCBP2 construct eluted from a gel-filtration column with
molecular mass corresponding to a monomer (data not shown).
Presence of an intramolecular KH1-KH2 interaction in the full-
length PCBP2 construct is most consistent with our NMR and
chromatographic data.

As shown in Fig. 5C, many HSQC cross-peaks from full-
length PCBP2 have no matching cross-peaks in spectra from
KH1-KH2 and KH3. Most of these cross-peaks are found in a
crowded region (green circle) with little chemical shift disper-
sion. This implies that the residues are in an unstructured
region, undoubtedly corresponding to the ~120-amino acid
intervening sequence between the KH2 and KH3 domains. In
the absence of a structure for a full-length PCBP protein, our
NMR data provide critical insights into the spatial arrangement
of the three KH domains in the full-length PCBP2 protein.

DISCUSSION

Prior to the present study, no structure had been reported for
protein-protein interactions between two different type-I KH
domains or between a type-I KH domain and another protein.
The present structure confirms our hypothesis (28) that some
type-I KH domains can harbor a genuine protein-protein inter-
action interface in addition to the established D/RNA binding
interface; these KH domains can assume dual functional roles
in protein-protein and protein-D/RNA interactions. Sequence
conservation among the PCBP proteins (Fig. 1B) indicates that
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the KH1 and KH2 domains in other PCBPs should possess
properties similar to the PCBP2 KH1 and KH2 domains.

Most of the identified D/RNA targets for PCBPs harbor
repetitive C-rich motifs. In several cases where the minimum
binding sequence has been determined, three C-rich motifs
are present, with a few intervening residues between the
motifs. Examples include: a-globin mRNA, 5'-CCCAACG-
GGCCCUCCUCCCC-3" (14) (potential C-rich motifs with
the four core recognition residues for KH domain binding are
underlined); folate receptor mRNA, 5'-CUCCAUUCCCACU-
CCCU-3' (18); 15-LOX mRNA, 5'-CCCCACCCUCUUCCCC-
AAG-3' (15-17). We have established that all three KH
domains of PCBP2 have the ability to bind poly(C) motifs, so it
is very likely that all three KH domains contribute to D/RNA
binding when the target contains tandem poly(C) motifs. A
previous study on Drosophila P-element somatic inhibitor pro-
tein (PSI) showed that all of its four tandem KH domains were
necessary for maximal binding affinity, and the four KH
domains bound the RNA substrate cooperatively (50). Such
cooperative binding would increase both specificity and affinity
of the protein-RNA interaction.

We modeled how the PCBP2 KH domains might coopera-
tively interact with D/RNA targets containing multiple triple
poly(C) motifs. It became readily apparent that the presence or
absence of the KH1-KH2 intramolecular pseudodimer has a
profound impact on possible modes of cooperative binding.
Formation of the KH1-KH2 pseudodimer places the D/RNA
interacting interfaces of the two domains on opposite molecu-
lar surfaces (Fig. 44). Given the short intervening sequence
(typically 2—-3 nucleotides) between two tandem poly(C) motifs,
it is impossible for the KH1 and KH2 domains to bind two
tandem poly(C) motifs simultaneously without dissociation of
the KH1-KH2 pseudodimer. It is stereochemically possible for
the KH1-KH2 pseudodimer to bind the two terminal poly(C)
motifs and the KH3 domain to bind the middle motif (Fig. 6A4).
However, this may not be energetically favorable. It is known
from previous structures of KH domain-D/RNA complexes
that the core motifs recognized by the KH domains consist of
four residues with a characteristic conformation; base-stacking
is also frequently observed for flanking residues (25, 27, 28,
36 —40). Keeping the tetranucleotide core motifs in their char-
acteristic bound conformations, not to mention the typically
stacked flanking residues, would stress the intervening nucleo-
tides to assume unusual backbone orientations. This binding
mode, if it really occurred, would also mask the protein-protein
interaction interface of the KH1 and KH2 domains from inter-
action with other protein partners. This model thus cannot
explain the dependence of PCBP functions on D/RNA binding.

An alternative mode of cooperative binding is based on dis-
ruption of the KH1-KH2 pseudodimer. Without the con-
straints imposed by KH1-KH2 pseudodimer formation, there
would be different ways to match the three KH domains with
the three poly(C) motifs. The most straightforward would be
for the KH domains and poly(C) motifs to arrange in a sequen-
tial manner with the KH1, KH2, and KH3 domains recognizing
the 3'-end, middle, and 5'-end poly(C) motifs, respectively (Fig.
6, B and C). (It is not necessary for the three KH domains to
assume the simple linear orientation as the schematic drawing
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FIGURE 6. Schematic diagrams illustrating possible modes of cooperative
D/RNA binding by the PCBP2 KH domains. The KH1, KH2, and KH3 domains
in PCBP2 are all capable of binding poly(C) D/RNA motifs. The KH1 and KH2
domains also harbor a protein-protein interacting interface. The D/RNA tar-
get contains three tetranucleotide C-rich motifs (represented as black trian-
gles); the intervening sequences between the C-rich motifs typically have 2-3
nucleotides. The presence or absence of the KH1-KH2 intra-molecular
pseudodimer has a profound impact on possible modes of cooperative bind-
ing. A, in the presence of a KH1-KH2 pseudodimer, cooperative binding
requires the KH1 and KH2 domains to bind the two terminal C-rich motifs, and
the KH3 domain to bind the middle C-rich motif. The question mark indicates
that structural features (if any) of the intervening sequence between the KH2
and KH3 domains are not known. B, KH1, KH2, and KH3 domains bind to the
3’-end, middle, and 5’-end C-rich motifs, respectively. Dissociation of the
KH1-KH2 pseudodimer exposes the protein-interacting interfaces of the KH1
and KH2 domains for interaction with other proteins that are functional part-
ners of PCBP2. C, dissociated KH1 and KH2 domains could also interact with
the KH2 and KH1 domains of another PCBP protein, leading to homo- or
heterodimerization of PCBPs.

might suggest.) This binding mode imposes minimal stress on
the linker regions of both the protein and bound D/RNA. The
protein-interacting interfaces of both the KH1 and KH2
domains are fully exposed, enabling them to engage in protein-
protein interactions with other protein partners of PCBP2 (Fig.
6B) or dimerization with another PCBP protein (Fig. 6C). This
mode of cooperative binding suggests possible regulatory
mechanisms for PCBP functions. Binding tandem poly(C)
motifs may induce dissociation of the KH1-KH2 intramolecu-
lar pseudodimer, but they certainly should stabilize the KH1
and KH2 domains once the pseudodimer is dissociated. As a
result, the protein-interacting surfaces of the KH1 and KH2
domains become available for interaction with other proteins.
Of course, this could provide the connection to regulating var-
ious cellular functions.

Binding D/RNA targets by the KH domains of PCBPs is an
essential event in the mechanisms of most (if not all) PCBP
functions. However, the subsequent events that link D/RNA
binding to various functional consequences are not known.
Because no other functional protein motifs are present in
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PCBPs except the three KH domains, PCBPs most likely act as
adaptor or recruiter proteins that require other proteins for
function, at least in most cases. For example, it was shown that
poly(A)-binding protein (PABP) was critical for the
mRNA-stabilizing function of PCBP1/2 in the a-complex.
PCBP1/2 interacts with PABP directly, but the interaction is
dependent on RNA binding to PCBP1/2. It was suggested that
RNA binding might expose a protein interaction domain (51).
Results from our present study reveal attractive possible mech-
anisms to link cooperative D/RNA binding to protein-protein
interaction. Dual D/RNA and protein binding functionalities of
two tandem KH domains and their relative spatial relationship
are key to these mechanisms.

Accession Numbers—The structure and parameters depos-
ited at the Protein Data Bank have been assigned PDB ID 2]JZX
and RCSB ID RCSB100500.
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