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RNA recognition motif (RRM) domains bind both nucleic acids and
proteins. Several proteins that contain two closely spaced RRM domains
were previously found in protein complexes formed by the cap region of
human topoisomerase I, a nuclear enzyme responsible for DNA relaxation
or phosphorylation of SR splicing proteins. To obtain molecular insight into
specific interactions between the RRM proteins and the cap region of topo I
we examined their binary interactions using the yeast two-hybrid system.
The interactions were established for hnRNP A1, p54nrb and SF2/ASF, but
not for hnRNP L or HuR. To identify the amino acid pattern responsible for
binding, experimental mutagenesis was employed and computational
modelling of these processes was carried out. These studies revealed that
two RRM domains and six residues of the consensus sequence are required
for the binding to the cap region. On the basis of the above data, a structural
model for the hnRNPA1–topoisomerase I complex was proposed. The main
component of the hnRNP A1 binding site is a hydrophobic pocket on the
β-surface of the first RRM domain, similar to that described for Y14 protein
interacting with Mago. We demonstrated that the interaction between RRM
domains and the cap region was important for the kinase reaction catalyzed
by topoisomerase I. Together with the previously described inhibitory effect
of RRM domains of SF2/ASF on DNA cleavage, the above suggests that the
binding of RRM proteins could regulate the activity of topoisomerase I.

© 2007 Elsevier Ltd. All rights reserved.
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Introduction

The RNA recognition motif (RRM) domain is a
common eukaryotic RNA-binding motif identified
by two short conserved sequences called RNP-2
and RNP-1, separated by 25–35 residues.1 They form
a four-stranded β-sheet backed by two α-helices,

which makes a surface with side-chains exposed for
the base-binding. The surface is used for a sequence-
specific recognition of RNA or DNA, as in the case of
hnRNPA1 that binds both types of nucleic acid.2

Besides nucleic acid binding, RRM domains are
involved in diverse protein–protein interactions.
RRM domains recognize either another RRM
domain, as for Drosophila sex-lethal protein,3 or a
different structure of the protein partner. The latter is
the case for complexes formed by Y14 and Mago,4–6

PABP and Paip2,7 SF2/ASF and p32,8 and SF2/ASF
and viral e4orf4.9 Two kinds of interface involved in
the protein interactions have been identified for
RRMs. The first is a pocket between two α-helices at
the back of the surface built by β-strands, which can
be penetrated by ligand-W.10 This structure is
universal for complexes formed by RRMs called
U2AF homology motifs (UHMs), present in several
proteins involved in pre-mRNA processing, as well
as DNA repair and signal transduction.10 The other
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polypyrimidine tract-binding protein (PTB)-associated
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2/alternative splicing factor; topo I, human topoisomerase
I; TS10, single-stranded (TAAGGGT)10 oligonucleotide;
UP1, unwinding protein 1; Y2H, yeast two-hybrid system.
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interface is the RRM β-sheet surface used by Y14 in
the binding of two α-helices of protein Mago.4–6 It is
not known whether the structure of the complex
formed by Y14 and Mago is unique for this protein
pair or common for interactions employing RRMs.
In previous work,11 we found that SF2/ASF used

its RRMs to bind human topoisomerase I (topo I).
topo I is the main enzyme responsible for DNA
relaxation,12,13 and it is a protein kinase specific for
serine/arginine motifs present in essential splicing
factors, including SF2/ASF.14 Interaction of topo I
with the kinase substrate SF2/ASF inhibits the DNA
cleavage that is a key step in the relaxation re-
action.15,16 topo I is a single polypeptide of 765 amino
acid residues, and composed of four domains; the
N-terminal domain, the core domain, the linker
domain and the C-terminal domain.12 The core
domain is further divided into three subdomains
that form two distinct lobes in the three-dimensional
structure of topo I: the cap region, containing sub-
domains I and II, and subdomain III. The cap region,
comprising residues 215–433 of topo I, is involved
directly in DNA binding,17 and it is one of two sites
of interaction of topo I with SF2/ASF, which binds
directly to the tandem of closely spaced RRMs.11

Earlier, we showed that besides SF2/ASF, several
other proteins that contain a tandem of RRMs are
present in complexes formed by the cap region
when incubated with the HeLa nuclear extract.18 If
the identified proteins interact directly with the cap
region, two interesting hypotheses emerge. First,
because the proteins do not have the UHM sig-
nature,10 a novel mode of interaction with a protein
partner would be possible for this group of the RRM
proteins. Next, because a putative region of the
interaction for the RRM proteins is also involved in
the binding of the substrates for both topo I
activities,11,17 the regulatory role for the RRM
proteins could be considered. The purpose of this
study was to test the above hypotheses. We show
here, using a yeast two-hybrid system (Y2H) and
site-directed mutagenesis, that interaction of the
RRM proteins with the cap region requires a specific
amino acid pattern present in the first of two closely
spaced RRM domains. On the basis of the above, we
built a structural model for the complex that pointed
to the hydrophobic pocket formed on the β-sheet
surface as the main component of the binding site.
We show that a similar pocket is used by Y14 to
recognize the Mago protein, suggesting a common
mode of interaction. We demonstrate that binding of
the RRM proteins influences the kinase activity of
topo I, suggesting a regulatory role.

Results

Binary interactions between RRM proteins and
the cap region

The selection of proteins to be tested in Y2H was
based on the list of ten RRM proteins that had

been found in the complexes formed by the cap
region with proteins present in the nuclear extract
from HeLa cells.18 Because of the high level of
sequence identity between RRM domains of hnRNP
A1, hnRNP A2/B1 and hnRNP A3,19 and between
p54nrb and the C terminus of PSF,20 we selected only
one protein from each group, hnRNPA1 and p54nrb,
and we excluded nucleolin and hnRNP R from the
analysis. Our earlier experiments performed for
SF2/ASF indicated that two closely spaced RRM
domains were required for binding to the cap
region.11 Therefore, four RRM domains present in
nucleolin and three RRMdomains present in hnRNP
Rdid not allow for a simple recognition ofwhich pair
was responsible for the interaction. Finally, the initial
analysis was performed for five proteins: hnRNPA1,
hnRNP L, HuR, p54nrb and SF2/ASF.
All proteins selected to be tested were expressed

from pACT2 vector in the yeast strain PJ69-4a
(Figure 1(a)). The interaction between Fos and Jun
served as a positive control (not shown). The
analysis performed for growth on both –His and
–Ade selection plates, as well as for β-galactosidase
specific activity, provided coherent results (Figure
1(b)). It revealed interaction of the cap region with
hnRNP A1, p54nrb and SF2/ASF, but excluded
interaction with hnRNP L and HuR. When the
specific activity of β-galactosidase was examined,
the highest level of activity was found for the
interaction between the cap region and hnRNP A1.
Proteins selected in this work for the Y2H test

contain two closely spaced RRM domains, which is
the motif required for the interaction between SF2/
ASF and the cap region,11 as we found previously.
To determine whether the interaction of RRM pro-
teins with the cap region of topo I needs two RRM
domains, we performed Y2H analysis using frag-
ments of hnRNPA1, including RRM1, RRM2 or both
RRM domains (2×RRM). The assay confirmed that
both RRM domains were required for the interaction
(Figure 1(b)).

Residues of RRM domains potentially
responsible for the interaction

We assumed that residues responsible for the
interaction between the RRM proteins and the cap
region should be selected from among those that
were different for interacting and non-interacting
proteins. To identify such residues, amino acid
sequences were compared. An alignment of the
interacting proteins was used to reveal close amino
acid similarities and identities that were found for 46
residues of the proteins (Figure 2). Next, similar
alignments were carried out for hnRNPA1 and each
non-interacting protein. The latter alignments
yielded 23 residues that were different for the
interacting and non-interacting proteins, and could
be considered as possible sites for the interaction.
Because of the known 3D structure of hnRNP

A1,21,22 this protein was selected for all further
computational approaches and experimental muta-
genesis. For the sake of simplicity, the numbering of
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Figure 2. The step-by-step alignment of RRM domains of the interacting and non-interacting proteins. hnRNP A1
[PDB], secondary structure for the RRM domains of hnRNP A1. Residues identical with or similar to the interacting
proteins are highlighted in blue. Residues different for the interacting proteins and at least one of the non-interacting
proteins (differential residues) are highlighted in red.

Figure 1. Interaction of the RRM proteins with the cap region of topo I in Y2H system. (a) Expression of the tested
proteins in PJ69-4a yeast strain. (b) A representation of growth on plates lacking: histidine (–His), adenine (–Ade) and of
β-galactosidase reporter specific activities. BD, binding domain; Cap, the cap region of topo I; RRM1, first RRM domain of
hnRNP A1; RRM2, second RRM domain of hnRNP A1; 2xRRM, two RRM domains of hnRNP A1.
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residues present in hnRNP A1 (SwissProt P09651)
are used in the work for a site identification.
The further procedure employed to reveal RRM

residues potentially responsible for the interaction
of hnRNP A1, p54nrb and SF2/ASF with the cap
region included a search for pockets and cavities on
hnRNPA1, computational alanine scanning and site-
directedmutagenesis carried out for selected residues.
In the first step, a map of binding pockets and

cavities of hnRNP A1 was generated both with
the hydrophobic binding free energy-based (Q-
SITE Finder23) and solvent accessibility surface

(CASTp24) approaches (Table 1). Next, we used
the RosettaInterface25 computational alanine scan-
ning approach for docking clusters of the topo I –
hnRNP A1 complex. We retained a cutoff of
ΔΔGbind>1 kcal·mol−1 to identify hotspot residue
mutations that were predicted to destabilize the
interface when mutated to alanine. The RosettaIn-
terface hotspot residues as well as the RRM
domains alignment data were loaded into a map
of the binding pockets and cavities of the hnRNP
A1 protein (Table 1). It resulted in a list of seven
residues (E10, Q11, K14, F16, F22, D41 and F56)

Table 1. Potential binding sites of the hnRNP A1 protein determined using the CASTp and Q-SITE Finder applications

Residues different for the interacting proteins and at least one of the non-interacting proteins, are in bold. Residues that are predicted to
destabilize the interface significantly when mutated to alanine (ΔΔGbind>1 kcal·mol−1) are highlighted in grey.

1101RRM–Topoisomerase I Interaction
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that (i) were different between interacting and
non-interacting proteins, (ii) were included in the
binding pockets of hnRNP A1, and (iii) destabi-
lized the interface between hnRNP A1 and topo I
significantly when substituted for alanine. All of
the identified residues form the largest pocket of
hnRNP A1 (Table 1, P25 and S1).
In the final step, we performed experimental

site-directed mutagenesis of selected residues to
alanine and searched for interactions of the
mutants with the cap region in the Y2H assay.
The Y2H assay indicated that five hnRNP A1
mutants, E10A, Q11A, K14A, F16A and F56A, did
not interact with the cap region (Figure 3).
Mutants F22A and, to lesser extent, D41A,
exhibited partially lowered activity of β-galactosi-
dase; however, both mutants grew on –Ade and –
His plates (not shown).

Structural model of the hnRNP A1–topo I
complex

The experiments described in the preceding section
indicated that E10A, Q11A, K14A, F16A and F56A
were the residues located within the RRM domain of
hnRNPA1 that mediated its interactionwith topo I. To
build a structural model, we selected docking clusters
that were the most consistent with the above experi-
mental results. A detailedmodel of the complexes was
created applying visual modelling with the VMD
program,26 followed with structure relaxation using
the NAMD MD package (Figure 4).27 Two hydro-
phobic patches were found at the hnRNP A1–topo I
interface; a socket of residues F16, F56 and F58 within
the first RRM domain of hnRNP A1, and the
corresponding M319 within the cap region of topo I
(Figure 5(a)). The next components of the binding site

Figure 3. Interaction of alanine
mutants of hnRNP A1 with the cap
region and the cap mutants with
hnRNP A1 in the Y2H system.
hnRNPA1 and Cap, wild-type pro-
teins. Other abbreviations as for
Figure 1. The activities of β-galac-
tosidase of the mutants are referred
to that of hnRNP A1:Cap.

1102 RRM–Topoisomerase I Interaction
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in the topo I–hnRNPA1 complex are two salt-bridges
formed between hnRNP A1:E10 and topo I:K310, as
well as hnRNP A1:K14 and topo I:E314. (Figure 5(b)
and (c)). Also, double hydrogen bonding between
hnRNPA1:Q11 and topo I:Q318 (Figure 5(d)) provides
some contribution to the complex stabilization. The
calculated structure of Q-Q hydrogen bonding
is characterized by the following parameters: (i) the
distances |NE2–OE1|=2.9 Å, |H–OE1|=1.85 Å,
(ii) an angle<NE2, H, OE1=175.7°, in agreement with
statistical data.28 Studies on protein crystal structures
indicate that such H-bond interactions between
glutamine or asparagine side-chains are common for
protein complexes.29,30 The most important, approx-
imate energy contribution of the interactions to the free
energy of the binding are as follows: [topo I:K310]:
[hnRNP A1:E10], −9.0 kcal·mol−1; [topo I:E314]:
[hnRNP A1:K14], −9.0 kcal·mol−1; [topo I:Q318]:
[hnRNP A1:Q11], −3.5 kcal·mol−1; [topo I:M319]:
[hnRNPA1:F16, F56, F58], −14.5 kcal·mol−1.
The model excludes F22 and D41 from the binding

site of the complex, even though alanine mutants at
both residues exhibited partially lowered β-galacto-
sidase activity in the Y2H test (Figure 3). Different

Figure 4. The structural model of the topo I-hnRNPA1
complex. Topo I is coloured yellow, hnRNP A1 pink.

Figure 5. Interactions that stabilize the topoI-hnRNP A1 complex. Topo I is in yellow, hnRNP A1 is in pink. (a) The
hydrophobic pocket composed of topo I:M319, hnRNP A1:F16, hnRNP A1:F56 and hnRNP A1:F58. (b) The hydrogen
bonding between topo I:Q318 and hnRNPA1:Q11. (c) The charge interaction, topo I:K310–hnRNPA1:E10. (d) The charge
interaction topo I:E314–hnRNP A1:K14.

1103RRM–Topoisomerase I Interaction
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reasons could be considered for each residue.
Although D41 is in close proximity of topo I, there is
no basic residue in the neighbourhood to create a salt-
bridge. However, a weak hydrogen bond with
hydrophilic side-chains (e.g. topo I:Q307) could be
formed and slightly increase the stability of the
complex. This bond would not exist in the D41A
mutant. As concerns F22, it is distant from the
expected binding site, hydrophobic and exposed to
the solvent. Substitution of the large aromatic ring for
the small alanine side-chain in the F22A mutant could
alter thermal movements of hnRNPA1 protein and a
solvent accessibility surface, eventually resulting in a
slightly decreased stability of the complex.
According to the model presented here, the inter-

face involved in the interaction with the cap region is
limited to the first RRM domain of hnRNP A1,
whereas the pull-down experimentswith SF2/ASF11

and the Y2H tests with hnRNPA1 indicate that two
RRM domains are required for the binding.
In order to interpret the experimental findings,

computations of relative binding free energies were
carried out. The binding free energies, ΔGtotal, were
approximated with the sum of mean-field, electro-
static Poisson–Boltzmann,ΔEelect, non-polar (hydro-
phobic) ΔGnonp and entropic, ΔGentropic, contri-
butions. For details of representative theoretical
approaches see e.g. Froloff et al.31, Antosiewicz
et al.32, Baker et al.33 and Gruziel et al.34 Descriptions
of the implemented model and computational de-
tails are presented in Materials and Methods.
The electrostatic contributions to the free energy of

binding of topo I with hnRNPA1 and with the single
RRM domain, are similar. However, the solvent-
accessible surface area (SASA) decreases more in the
first case, which results in stronger stabilization of
the [topo I]:[hnRNP A1] complex by the non-polar
(hydrophobic) interactions (Table 2). The difference
in the binding free energies of [topo I]:[hnRNP A1]
and [topo I]:[RRM] is about 22.5 kcal·mol−1.

Experimental verification of the model

The model revealed several residues potentially
involved in the interaction that had not been

examined for their significance for the binding.
First, it shows hnRNP A1:F58, which builds the
hydrophobic pocket together with hnRNP A1:F16
and hnRNP A1:F56 (Figure 5(a)). hnRNP A1:F58
was not selected initially for the site-directed
mutagenesis or tested in the Y2H assay because
it is conserved in the interacting proteins as well
as in the non-interacting HuR (Figure 2). The
effects of F58 substitution for alanine were tested
in the Y2H assay, which confirmed its crucial role
in the binding (Figure 3). Next, we tested four
residues of topo I identified by the model, forming
the RRM-topo I binding site: K310, E314, Q318 and
M319. Substitutions of the first three residues for
alanine indicated that they are necessary for the
interaction (Figure 3). In contrast, the M319A
mutant of the cap region exhibited only slightly
lowered β-galactosidase activity in the Y2H test.
Probably, it resulted from the hydrophobic char-
acter of alanine, which partly replaced methionine
in the binding process in the hydrophobic pocket.

Effects of alanine substitutions on the stability
of the hnRNP A1 protein and the hnRNP
A1–topo I complex

The strategy used in this work for selection of
putative interacting residues was to substitute them
for alanine and to test mutated proteins in Y2H.
This strategy assumed that alanine substitution of
critical residues did not destroy the structure of
hnRNP A1, and altered only its interaction with the
cap region.
To evaluate a possible effect of alanine substitu-

tions on the stability of the hnRNP A1 protein, we
used the existing data on the structure of RRM
proteins, as well as experimental data for the
hnRNP A1 mutant. Out of six residues involved
in the topo I binding, E10, Q11 and K14 are not in
the RNP consensus sequences that determine a
basic structure of the RRM domain.1 The natural
alanine mutants at these sites can be found among
proteins recognized as RRM proteins (Figure 6(a)).
The remaining residues F16, F56 and F58 are
located in the RNP motifs critical for the RRM
structure. The natural substitutions for alanine at
sites corresponding to F16 and F58 are A67 and
A174 in human U2AF 35 and TAP proteins,
respectively (Figure 6(a)), for which the RRM
structures have been confirmed experimentally.1

To examine the effect of the alanine substitution at
residue F56, we examined the specific ability of the
mutated hnRNP A1 to recognize single-stranded
oligonucleotide carrying ten contiguous telomeric
repeats (TS10).2 The experiment used UP1, a
shortened derivative of hnRNP A1, instead of the
complete protein. UP1 encompasses both RRM
domains but is devoid of the C-terminal glycine-
rich region, which is largely unstructured and can
interfere with interactions of the recombinant
hnRNP A1.2 In the gel mobility-shift assay, UP1
forms specific complexes with TS10 similar to the
complete hnRNP A1 (Figure 6(b)).

Table 2. Theoretical, relative free energies of binding
ΔGnonp (kcal·mol− 1)

Protein complexes ΔEelect ΔGnonp ΔGentropic ΔGtotal

[Topo I]:[hnRNP A1] 40.3 −61.2 8.0 −12.9
[Topo I]:[RRM1] 38.2 −36.6 8.0 9.6
[Y14]:[Mago] 18.0 −30.3 4.8 −7.5

ΔGtotal≈ΔEelect+ΔGnonp+ΔGentropic+C, where C is a constant,
ΔEelect is the electrostatic Poisson–Boltzmann binding energy
computed with APBS.35 ΔGnonp and ΔGentropic are the non-polar
(hydrophobic) and entropic terms, respectively. ΔGnonp was com-
puted from the change of the solvent-accessible surface area
(ΔSASA) upon complex formation, ΔGnonp≈γ ΔSASA, ΔGentropic is
the protein side-chain conformational entropy loss upon binding.
ΔGentropic≈B NRburied–res, where NRburied–res is the number of
residues buried upon binding for each protein (ten for the first
and second complex, and six for the third one). For parameters
and details of the theoretical model see Materials and Methods.

1104 RRM–Topoisomerase I Interaction
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Although the interaction between UP1 and telo-

meric DNA involves all of the phenylalanine
residues present in RNP motifs, F56 forms only
weak van der Waals contacts with backbones of the
bases that do not seem to be critical for the stability
of the complexes.35 On the other hand, the undis-
rupted RRM1 is necessary for the interaction.36 The
gel mobility-shift assay (Figure 6(b)) showed that
complexes with TS10 were formed by UP1 WT and
UP1 F56A at similar concentrations of protein,
pointing to a lack of disruption of the RRM1
structure by alanine substitution at F56.
We expected that alanine substitutions in the

mutant proteins that made them unable to bind with
the cap region should alter the molecular surface of
the protein, i.e. the solvent-accessible surface. To
examine this, we carried out a comparative visual
analysis of the shape of the solvent-accessible
surfaces, computed with DS Visualizer, with a
probe radius of 1.4 Å. The change of the charged
side-chains of hnRNP A1:K14 and hnRNP A1:E10
residues for the uncharged alanine, destroys salt-
bridges vital for the stability of the complex. The
substitution of hnRNP A1:Q11 makes the complex
unstable due to the following effects: (i) change of
the solvent-accessible surface and (ii) impossibility
of the hydrogen bond recreation (Figure 7(a)).
Finally, the substitution of the large hydrophobic
aromatic rings for small alanine side-chains at
hnRNP A1:F16, hnRNP A1:F56 or hnRNP A1:F58,
causes breaking of the hydrophobic pocket and
makes the potential topo I:M319 binding impossible
(Figure 7(b)–(d)).

Role of the RRM-binding site in the kinase
activity

An obvious question is whether the binding of
hnRNP A1 to the RRM-binding site of topo I de-
scribed above has any physiological significance. In
previous work, we demonstrated that binding of
the tandem RRM domains of SF2/ASF is respon-
sible for inhibition of DNA cleavage catalyzed by
topo I.11 Here, we tested the effect of UP1 and its
mutated form UP1 F56A on the kinase activity of
topo I.
We demonstrated that substitution of F56 for

alanine resulted in substantial reduction of the
interaction between recombinant proteins in the
pull-down test (Figure 8(a)), similarly to what had
been observed for proteins synthetized in yeast in
the Y2H assay (Figure 3). Next, we found that UP1
competed with SF2/ASF in binding to topo I and
inhibited the kinase reaction (Figure 8(b), lanes 2–4).
However, the latter effect was reduced significantly
when UP1 F56A was used instead of UP1 WT
(Figure 8(b), lanes 5–7).

Other RRM proteins that use a similar mode of
binding

The model of the hnRNP A1-topo I complex
presented here raises the question of whether the
described mode of binding to the partner protein is
unique to hnRNP A1 or common among the RRM
proteins. Since the model originated from the
observation that SF2/ASF and p54nrb bound to the

Figure 6. Stability of RRM do-
mains with alanine substitutions
used in this work. (a) Natural ala-
nine substitution in RRMproteins at
positions corresponding to hnRNP
A1: 10, 11, 14, 16 and 58. The align-
ment of hnRNP A0, RBMP 15B and
PABP 5 has been taken from the
Prosite documentation PDOC00030;
the alignment of U2AF 35 and TAP
from Maris et al.1 (b) The gel
mobility-shift assay was done with
labelled TS10 (approximately 25
fmol) and GST-tagged proteins:
hnRNP A1 (3 pmol), UP1 or UP1
F56A. Increasing amounts of UP1
or UP1 F56A (0.16, 0.33 and 1 pmol)
were used.

1105RRM–Topoisomerase I Interaction
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cap region in a way similar to that of hnRNPA1, we
tested whether these two proteins fulfilled the
conditions of the model. In order to predict protein
complexes of topo I with SF2/ASF and p54nrb,

knowledge-based modelling was employed. The
structural models obtained were then superimposed
with the structure of RRM1 of hnRNPA1 within the
complex with the cap region of topo I (Figure 9(a)).
Three aromatic phenylalanine residues of the hy-
drophobic pocket are structurally conserved in all
proteins analysed, except a substitution of hnRNP
A1:F16 for Y18 in SF2/ASF. However, SF2/ASF:Y18
can also serve as a pocket wall, as it still contains an
aromatic and hydrophobic phenyl ring (Figure 9(b)).
Similarly, hnRNP A1:K14 corresponds to SF2/ASF:
R16 or p54nrb:R75. Since the basic character of this
residue and its geometric position are conserved, it
is able to create the salt-bridge. Also Q11 - hydrogen
bonding is structurally conserved in all three
proteins, since hnRNP A1:Q11 has its counterparts
in the form of SF2/ASF:N13 and p54nrb:Q72
residues. Each of these glutamine/asparagine side-
chains creates geometrically similar complexes with
the same topo I:Q318 residue. Only the charge
interaction of hnRNPA1:E10 is not conserved in the
proteins examined, since the aforementioned resi-
due is substituted for SF2/ASF:N12 and p54nrb:T71.
Nevertheless, both SF2/ASF:N12 and p54nrb:T71 are
able to participate in hydrogen bonding with topo I:
K310 and topo I:E314, which should stabilize the
protein complex.
To evaluate the significance of the residues listed

above for stability of the [SF2/ASF]:[topo I] com-
plex, computational alanine scanning was per-
formed. As shown in Table 3, alanine substitution

Figure 8. Competition between UP1 and SF2/ASF for
the binding site of the kinase substrate. (a) Pull-down
assay for binding of proteins to the cap polypeptide. Each
sample contained 1 nmol of the indicated GST-tagged
protein as the bait and 1 nmol of His-tagged cap as the
probe. Western blot was performed with anti-His anti-
bodies. (b) Phosphorylation of SF2/ASF by topo I in the
presence of UP1 or UP1 F56A. Each sample contained 12
pmol of His-tagged SF2/ASF, topo I and increasing
amounts (24, 48 and 72 pmol) of the competing GST-
tagged protein.

Figure 7. The change of the solvent-accessible surface in four hnRNP A1 mutant proteins. The surfaces of the wild-
type (yellow) and the mutant protein (red) were superimposed. (a) Q11A, (b) F16A, (c) F56A,(d) F58A.
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for almost all residues changed the free energy of the
complex by ≥1 kcal·mol−1, indicating their signifi-
cance for the complex stability.
Whereas the interaction surface in the RRM1 do-

main of SF2/ASF is very similar to that of hnRNP
A1, the orientation of the RRM2 is less obvious. In
contrast to hnRNP A1, the loop connecting RRM1
and RRM2 domains in SF2/ASF contains a cluster of
nine glycine residues (Figure 2), which could make
the orientation of both domains more flexible.
Out of several protein–protein interactions de-

scribed for the RRM domains,1 only the interaction
between RRM protein Y14 and Mago4–6 uses the
β-sheet and resembles the one that was found for
topo I and hnRNP A1, subsequently extended to
SF2/ASF and p54nrb. Moreover, three hydrophobic
residues, F56, Y116 and L118, used by Y14 to bind
Mago,6 are at structural positions similar to F16, F56

and F58 used by hnRNP A1 to bind the cap region
(Figure 10(a)). They form a hydrophobic pocket
penetrated by Mago: L136 (Figure 10(b)), similar to
the hydrophobic pocket on the β-sheet surface of
hnRNPA1, which interacts with topo I:M319 (Figure
5(a)). As calculated, alanine substitution for all Y14
residues building the pocket and for Mago:L136
could destabilize the complex (Table 3). One should
note that the computed hydrophobic component in
the [Y14]:[Mago] interaction is significantly weaker
in comparison to the [topo1]:[hnRNPA1] interaction
(Table 2). In turn, the electrostatic contribution
prefers [Y14]:[Mago], locating finally the latter com-
plex in between [topo I]:[hnRNP A1] and [topo I]:
[RRM1].

Discussion

Two basic conclusions emerge from the present
study. The first is that several RRM proteins use the
β-sheet surface as the interface for interaction with
topo I. The other is that the above interaction plays a
role in the kinase activity of topo I.
Two of the residues (E10 and Q11) used by RRM1

of hnRNP A1 to bind the cap region are in helix α0
close to the β-sheet surface 22; the other two (K14
and F16) are in the β1 and (F56 and F58) β3 strands
of the sheet. This agrees with the model in which the
RRM domains of hnRNP A1 can interact with each
other, but the intramolecular interaction occurs
through the α-helices and leaves the β-sheet surface
free for the binding of nucleic acids or proteins.22 A
key component of the interaction of hnRNPA1 with
the cap region is a hydrophobic pocket formed by
three phenylalanine residues. A similar pocket is
used by RRM of Y14 for the interaction with Mago.
On the other hand, the residues involved in the non-
hydrophobic interactions are different in hnRNPA1
and in Y14. The above observations suggest that the
three residues that produce a hydrophobic pocket

Figure 9. Binding of SF2/ASF and p54nrb to the cap
region. (a) Structural superposition of the SF2/ASF and
p54nrb models with the hnRNP A1 structure. The model is
limited to the cap region of topo I and RRM1 of the ligand
proteins. (b) Structural superposition of residues building the
hydrophobic pocket on the β-surface. The ligand proteins in
(a) and (b) are coloured as follows: SF2/ASF, green, p54nrb,
blue, hnRNPA1, pink; topo I is in yellow.

Table 3. Computational alanine scanning for SF2/ASF-
topo I and Y14-Mago complexes

Residues that form a hydrophobic pocket are highlighted in grey.
All residues involved in the binding are shown for SF2/ASF-topo
I and only those building the hydrophobic interaction for
Y14-Mago. The model of the complex described here was used
for SF2/ASF-topo I and PDB:1p27 for Y14-Mago. Energy values
are in kcal·mol−1.
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could be involved in several interactions of different
RRM proteins, whereas the specificity of the inter-
actions could be determined by additional binding
residues. It remains to be determined whether this
model of the interaction is common among RRM
proteins or is limited to the proteins described here.
It should be stressed that the aromatic or hydro-
phobic residues at positions corresponding to
hnRNP A1 F16, F56 and F58 are often found in
RRM domains that interact with proteins.
The consensus sequence established in this work

for the RRM domains required for binding the cap
region is indexed as in hnRNPA1: polar residues at
positions 10 and 11, a basic residue at position 14,
and phenylalanine or tyrosine at positions 16, 56 and
58. Besides the proteins identified here as interacting
with the cap region, only a few others fulfil the
sequence consensus. This group includes proteins
initially considered to be very similar either to
hnRNPA1 (hnRNPA2/B1 and hnRNPA3) or p54nrb

(PSF) and, additionally, to paraspeckle protein 1
(PSP1). The latter protein shares about 50% sequence
identity with PSF and p54nrb, and forms a complex
with p54nrb.37 Thus, when looking for the possible
partners that interact with the cap region of topo I
through their RRM domains, three groups of
proteins should be considered: SF2/ASF, hnRNP
A/B proteins as well as a group including PSF,
p54nrb, and PSP1. Out of these proteins, only PSP1
was not found in the complexes formed in vitro by
the cap polypeptide.18 On the other hand, several
observations suggest a possible in vivo interaction
between the remaining proteins and topo I. SF2/
ASF is in contact with topo I during spliceosome
assembly,38,39 PSF and p54nrb copurify with topo I.40

As concerns hnRNP A1 and topo I, both proteins
preferentially bind telomere DNA.41,42

The analysis of the protein partners raises the
question of why four RRM proteins, HuR, hnRNP L,
hnRNP R and nucleolin, were found in the com-
plexes formed by the cap polypeptide,18 although
they did not fulfil the binding consensus. We found
that HuR, hnRNP L and hnRNP R (not shown) did

not interact directly with the cap region in the Y2H
system. Thus, an indirect interaction should be con-
sidered. Such a scenario is possible because all four
proteins were shown to interact directly with several
other proteins present in the complexes formed
by the cap polypeptide (see the Human Protein
Reference Database).
When looking for a possible physiological role for

the interaction between RRM domains and the cap
region of topo I it should be noted that the
interaction influences both activities of topo I and
thus could be considered as a regulatory factor.
Firstly, it has been found that SF2/ASF inhibits the
DNA cleavage catalyzed by topo I11,16 because of
binding of its RRM tandem domains.15 Next, we
observed in this work that the interaction between
the RRM tandem and topo I is vital for the kinase
activity. Detailed mechanism that explains the role
of the interaction in the inhibition of the DNA
cleavage and phosphorylation activity of topo I
requires further clarification. Despite this, the results
presented here and in our previous paper,11 point to
the interesting possibility that the RRM proteins
interacting with the cap region, SF2/ASF and
hnRNP A1, could subtly regulate the relaxation
and the kinase activities of topo I. This idea could
be relevant to the reported changed levels of both
SF2/ASF and hnRNP A1 in neoplastic cells.43–45

It should be noted that the interaction described
here implies a competition between topo I and
nucleic acid binding to RRM proteins. Out of six
hnRNPA1 residues involved in the interaction with
the cap region, five (Q11, K14, F16, F56 and F58) also
contact telomeric DNA.22 Although there is no
evidence that such a competition for hnRNP A1
occurs between topo I and telomeric DNA, some
observations suggest that other RRM proteins could
use the same β-sheet surface for the interaction with
both nucleic acids and proteins. Interaction of RRM
domains of PABP with Paip2 is accompanied by
inhibition of poly(A) RNA binding,7,12 and interac-
tion of p32 with SF2/ASF blocks functions of the
latter protein as a splicing factor.8

Figure 10. Comparison of hy-
drophobic pockets used by hnRNP
A1 and Y14 for interaction with
partner proteins. (a) Alignment of
Y14 and hnRNP A1 fragments in-
cluding residues building hydro-
phobic pockets. Residues building
a hydrophobic pocket are high-
lighted in grey. Other residues in-
volved in the interaction with the
partner protein are underlined. (b)
The hydrophobic pocket composed
of Y14:F76, Y14:Y116, Y14:L118 and
Mago:L136.
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Materials and Methods

Yeast two-hybrid assay

Constructs prepared using plasmids pACT2 (Gal4AD)
and pAS2-1 (Gal4BD) (Clontech) were transformed into
the yeast strain PJ69-4a.46 hnRNP A1, p54nrb and HuR
sequences were amplified from cDNA generated using the
Invitrogen system with total RNA isolated from HeLa
cells and subcloned into the pACT2 vector. The RRM1
(residues 1–96 according to SwissProt P09651), RRM2
(residues 104–183) and 2×RRM (residues 1–183) fragments
were generated by PCR from the pACT-hnRNP A1
template. The primers used are shown in Table 4. Mutant
clones were sequenced to exclude possible errors intro-
duced during PCR. pACT-SF2, pACT-Jun and pAS-Fos2
were obtained as described.11 The hnRNP L cDNAwas a
kind gift from Dr Shouhong Guang, University of
Wisconsin. The cap cDNA was subcloned directly into
the pAS2-1 vector. Interacting clones were selected for
growth on plates lacking histidine or adenine and the level
of β-galactosidase activity was measured as described by
Clontech. Expression of the fusion proteins in yeast was
confirmed by Western blotting using anti-HA monoclonal
antibodies (Santa Cruz).

Site-directed mutagenesis

All mutations corresponding to single amino acid
substitutions were introduced using DpnI-mediated
site-directed mutagenesis with the pACT-hnRNP A1 or
pAS-cap plasmids as a template, using the QuikChange®
site-directed mutagenesis kit, as described by the manu-
facturer (Stratagene). The primers used are shown in Table
4. Mutant clones were sequenced to exclude possible
errors introduced during PCR.

Pull-down assay

The cDNA for UP1 and UP1 F56Awere amplified from
pACT vectors carrying wild-type hnRNPA1 or hnRNPA1
F56A, cloned into pGEX-4T-1 and expressed into Escher-
ichia coli BL21(DE3). Expression of His-tagged cap,
purification and the pull-down assay were performed as
described.11

Electrophoretic mobility-shift assay

hnRNPA1 cDNAwas cloned into pGEX-4A vector and
expressed as described above. UP1 and UP1F56A were
additionally purified on mono Q and hnRNP A1 on
heparin-agarose columns. The mobility-shift assay was
done as described.2 The TS10 oligonucleotide used in the
assay consisted of ten repeats of telomeric sequence
(TTAGGG)10.

Kinase assay

The topo I kinase activity was measured using SF2/ASF
and [γ-32P]ATP (5000Ci·mmol−1; Amersham) as substrates
as described.14 His-tagged UP1 and UP1 F56A cDNAwere
cloned into the pQE30 vector and expressed as described.11

Different amounts of His-tagged UP1 or UP1 F56A had
been added before addition of topo I. The proteins were
analysed using SDS/10% polyacrylamide gels, dried and
exposed for 12 h using Rentgen XS-1 (Foton) films.

In silico analyses

Themultiple sequence alignment of RRM domains of the
proteins examined was generated using CLUSTALX with
default parameters.47 Manual adjustments were introduced
on the basis of pairwise alignments of non-interacting
proteins and hnRNP A1 and the known 3D structure of
hnRNPA1 (PDB 1u1k), as well as the results of secondary
structure prediction and tertiary fold recognition for other
proteins. A map of binding pockets and cavities of the
hnRNPA1 protein was generated with the Q-SITE Finder23

and CASTp24 applications. RosettaInterface25 was used for
alanine scanning.Ab initiodocking calculationswere carried
out using the GRAMM and DOT programs as described.18

Refinement of the hnRNP A1- topo I complex and
estimation of binding free energy contributions

Docking clusters of the topo I-hnRNP A1 complex
obtained from the GRAMM and DOT ab initio calculations
that were the most consistent with the site-directed
mutagenesis data were selected for further analysis. The
selected structural models constitute a subset of the
hnRNP A1 residues that were found to be important for
the binding. The final hnRNP A1–topo I structural model
was created by applying visual modelling using the VMD
program.26 The topo I surface was analyzed in order to
find residues of topo I that are complementary for the
hnRNP A1 sites. Regarding criteria for the complementa-
rity, the presence of hydrophobic clusters and the ability to
create salt-bridges and hydrogen bonds were applied. The
predicted structural complex was protonated at pH 7.0
and solvated in the water box. Na+ and Cl– were added to
neutralize the total charge. Topology was generated with
VMD 1.8.4 plug-ins, and the CHARMM 27 force-field was
applied for further simulations.
The structure equilibrations were carried out applying

MD simulations with the NAMD package.27 The simula-
tions were carried out using the Langevin dynamicsmodel
with a constant temperature of 310 K and a pressure of
1013.25 hPa. In some simulations, additional harmonic
constraints for distances or dihedrals were applied, i.e. to
stabilize some long-term effects resulting from hydropho-
bic interactions (phenylalanine hydrophobic pocket), or for
interactions that were not reproduced precisely by the
applied force-field (glutamine–glutamine double hydro-
gen bonds). The contribution of the glutamine–glutamine
double hydrogen bonding was computed quantum-
mechanically with the DMol3 program (Accelrys). The
salt-bridge energies were computed by applying a semi-
empirical formula that accounts for the screening of the
electric field.48 Hydrophobic interactions were based on
the Solvent Accessibility Surface Area model.34,49

Homology modelling and superposition of the
SF2/ASF, p54nrb models

Knowledge-based modelling was employed to predict
the structures of the SF2/ASF and p54nrb proteins. The
known 3D structures of related family members (PDB
template files u1k, 1l3k, and 1pgz) were found and the
reference structurewas alignedwith the target sequence by
using the Accelrys Discovery Studio Protein Modeling
tool. The refined sequence–structure alignment was used
to construct a 3D model with a successive model evalu-
ation. The structures were verified with a DS Verify
Structure tool with a good scoring and further optimized
by MD (NAMD). The optimized SF2/ASF and p54nrb

1109RRM–Topoisomerase I Interaction



Aut
ho

r's
   

pe
rs

on
al

   
co

py

models were superimposed with the hnRNPA1 structure
within the complex with topo I. The docked structures
were equilibrated by applying MD with constraints
preserving hydrophobic and hydrogen bond interactions,
which might not be reproduced sufficiently precisely by
the force-field. The equilibrated complexeswere visualized
withDSVisualizer and further analysed by superimposing
and comparing the binding sites of the examined proteins.

Estimation of the binding free energy

For an overview of methods and applications used in
this study see e.g. Froloff et al.,31 Antosiewicz et al.32 and
Gruziel et al.34

The binding free energies inwater were computed for the
following complexes: (i) topo I with the hnRNPA1 protein;
(ii) topo I with the RRM1 fragment; and (iii) Mago with the
Y14 protein (PDB 1p27). Before the binding free energy
calculations, the designed geometries of the complexeswere
relaxed using the energyminimization andMD simulations
with the scalable molecular dynamics (NAMD†)27 and Vi-
sual Molecular Dynamics. (VMD‡),26 simulation packages.
Following the study by Trylska et al.,51 the total binding free
energy (ΔGtotal) was approximated as the sum of the
following contributions:

DGtotalcDEelect þ DGnomp þ DGentropic þ C

†http://www.ks.uiuc.edu/Research/namd/
‡http://www.ks.uiuc.edu/Research/vmd/

Table 4. Primers used in this study

Protein Primers Restriction endonucleases

A. Yeast two-hybrid
hnRNPA1 5′-CTTGGATCCTCATGTCTAAGTCAGAGTCT-3′ EcoRI/BamHI

5′-TGACGAATTCTTAAAATCTTCTGCCACT-3′
SF2/ASF 5′-AAAGGATCCTCATGTCGGGAGGTGGTGTGAT-3′ EcoRI/BamHI

5′-AAAGAATTCGTTATGTACGAGAGCGAGATCTGC-3′
p54 5′-ACGGGATCCTCATGCAGAGTAATAAAACTTT-3′ EcoRI/BamHI

5′-ACGAATTCTTAGTATCGGCGACGTTT-3′
HuR 5′-AGCGAATTCTCATGTCTAATGGTTATGA-3′ EcoRI/XhoI

5′-TTTCTCGAGTTTATTTGTGGGACTTGTT-3′
hnRNP L 5′-AAAGGATCCTAATGTCGCGGAGGCTGCTG-3′ EcoRI/BamHI

5′-AAAGAATTCTTAGGAGGCGTGCTGAGCA-3′
RRM1 5′-CTTGGATCCTCATGTCTAAGTCAGAGTCT-3′ EcoRI/BamHI

5′-TATGAATTCTCATCTTTGAGAATCTTCTCT-3′
RRM2 5′-AAAGGATCCTCAAGATATTTGTTGGTGGCA-3′ EcoRI/BamHI

5′-TGTGAATTCTCATTGCTTTGACAGGGCTTT-3′
2xRRM 5′-CTTGGATCCTCATGTCTAAGTCAGAGTCT-3′ EcoRI/BamHI

5′-TGTGAATTCTCATTGCTTTGACAGGGCTTT-3′
Fos2 5′-AAAGAATTCTCTCCAGAAGAAGAAGAGA-3′ EcoRI/BamHI

5′-AAAGGATCCCTTACTCTTCTGGGAAGCCCA-3′
Jun 5′-AAAGGATCCTCCGGATCGCCCGGCTCGA-3′ EcoRI/BamHI

5′-AAAGAATTCGTTACTAGTGGTTCATGACTTTCTG-3′

B. Pull-down assay
UP1/UP1F56A 5′–CGTAGGATCCATGTCTAAGTCAGAGTCT–3′ BamHI/Sal I

5′–TACGGTCGACTCATCGACCTCTTTGGCTGGAT–3′

C. Mutagenesis
hnRNPA1 residues
E10A 5′-GAGTCTCCTAAAGAGCCCGCACAGCTGAGGAAGCTCTTC-3′

5′-GAAGAGCTTCCTCAGCTGTGCGGGCTCTTTAGGAGACTC-3′
Q11A 5′-TCTCCTAAAGAGCCCGAAGCGCTGAGGAAGCTCTTCAT-3′

5′-ATGAAGAGCTTCCTCAGCGCTTCGGGCTCTTTAGGAGA-3′
K14A 5′-GAGCCCGAACAGCTGAGGGCGCTCTTCATTGGAGGGTT-3′

5′-AACCCTCCAATGAAGAGCGCCCTCAGCTGTTCGGGCTC-3′
F16A 5′-ACAGCTGAGGAAGCTCGCCATTGGAGGGTTGAGC-3′

5′-GCTCAACCCTCCAATGGCGAGCTTCCTCAGCTGT-3′
F22A 5′-TTCATTGGAGGGTTGAGCGCTGAAACAACTGATGAGAG-3′

5′-CTCTCATCAGTTGTTTCAGCGCTCAACCCTCCAATGAA-3′
D41A 5′-GGGGAACGCTCACGGCCTGTGTGGTAATGAG-3′

5′-CTCATTACCACACAGGCCGTGAGCGTTCCCC-3′
F56A 5′-ACCAAGCGCTCTAGGGGCGCTGGGTTTGTCACATATGC-3′

5′-GCATATGTGACAAACCCAGCGCCCCTAGAGCGCTTGGT-3′
F58A 5′-TCCAGGGGCTTTGGGGCTGGGTTTGTCACATAT-3′

5′-ATATGTGACAAACCCAGCCCCAAAGCCCCTGGA-3′

D. topo I residues
K310A 5′-GAGCCAGTATTTCGCAGCCCAGACGGAAGCTC-3′

5′-GAGCTTCCGTCTGGGCTGCGAAATACTGGCTC-3′
E314A 5′-CAAAGCCCAGACGGCAGCTCGGAAACAGATG-3′

5′-CATCTGTTTCCGAGCTGCCGTCTGGGCTTTG-3′
Q318A 5′-GACGGAAGCTCGGAAAGCGATGAGCAAGGAAGAG-3′

5′-CTCTTCCTTGCTCATCGCTTTCCGAGCTTCCGTC-3′
M319A 5′-GGAAGCTCGGAAACAGGCGAGCAAGGAAGAGAAAC-3′

5′-GTTTCTCTTCCTTGCTCGCCTGTTTCCGAGCTTCC-3′
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where ΔEelect is the electrostatic Poisson–Boltzmann bind-
ing energy in water, ΔGnonp and ΔGentropic and are non-
polar (hydrophobic) and entropic terms, respectively, andC
is a constant.
The electrostatic binding energy ΔEelect of a complex

was computed as the difference of the energy of the com-
plex minus the energies of the monomers, with all energies
computed using the grid of the complex, with fixed origin
and orientation. The energies were computed using the
Adaptive Poisson-Boltzmann Solver (APBS§)33 software
for evaluating the electrostatic properties of nanoscale
biomolecular systems. The following parameters were
assumed: 0.1 M salt concentration, T=300 K, the protein
dielectric constant εp=4, and the solvent dielectric constant
εs=80. Other parameters were set to default values.
The non-polar binding free energy ΔGnonp was esti-

mated multiplying the change of the solvent-accessible
surface area (ΔSASA) upon complex formation by an
average tension coefficient, γ, of 19 cal·mol−1·Å−2, which
was applied in studies of large conformational changes in
calmodulin by Yang et al.50 ΔSASAwas computed using the
Accelrys Discovery Studio Visualizer∥.
ΔGentropic is the protein side-chain conformational

entropy loss upon binding. ΔGentropic≈B NRburied–res,
where NRburied–res is the number of residues buried upon
binding for each protein. The B coefficient was assumed to
be 0.8 kcal/mol per residue buried.51
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