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Abstract: Analysis of arginine methylation, which affects
specific protein interactions in eukaryotic cells, requires
access to methylated protein for biophysical and biochem-
ical studies. Methylation of heterogeneous nuclear ribonu-
cleoprotein K (hnRNP K) upon co-expression with protein
arginine methyltransferase 1 in E. coli was monitored by
mass spectrometry and found to be identical to the modifi-
cation of hnRNP K purified from mammalian cells. Recom-
binant non-methylated and arginine-methylated hnRNP K
(MhnRNP K) were used to characterize self-aggregation
and nucleic acid binding. Analytical ultracentrifuga-
tion and static light scattering experiments revealed
that hnRNP K methylation does not impact reversible
self-aggregation, which can be prevented by high ionic
strength and organic additives. Filter binding assays were
used to compare the binding of non-methylated and hn-
RNP K to the pyrimidine repeat-containing differentiation
control element (DICE) of reticulocyte 15-lipoxygenase
mRNA 3’ UTR. No affinity differences were detected for
both hnRNP K variants. A series of oligonucleotides car-
rying various numbers of C, motifs at different positions
was used in steady state competition assays with fluores-
cently-labeled functional differentiation control element
(2R). Quantitative evaluation indicated that all hnRNP K
homology domains of hnRNP K contribute differentially
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Introduction

Heterogeneous nuclear ribonucleoprotein K (HnRNP K)
was first described as part of nuclear ribonucleoprotein
(RNP) complexes associated with heterogeneous nuclear
RNA (Pinol-Roma et al., 1988; Matunis et al., 1992). The
protein contains three hnRNP K-homology (KH) domains
consisting of 65-70 amino acids (Gibson et al., 1993;
Siomi et al., 1993; Dejgaard and Leffers, 1996; Musco
et al., 1996). KH domains represent the most prominent
RNA-binding domains besides the RNA recognition motif
(Ostareck-Lederer et al., 1998; Clery et al., 2008). They are
conserved from yeast to mammals, and there are some
structural differences in prokaryotes (Valverde et al.,
2008). The functional relevance of KH domain binding to
ssDNA and ssRNA has been shown in systematic analy-
ses (Braddock et al., 2002; Makeyev and Liebhaber, 2002;
Backe et al., 2005; Messias et al., 2006). Two structural
variants with a common Boof core (Grishin, 2001) were
determined for KH domains. The type I fold (B,o,0.,8,8,0t,)
of hnRNP K KH3 binds nucleotides in a cleft between
B-sheets and o-helices (Baber et al., 1999; Messias and
Sattler, 2004). Structural information was obtained from
X-ray and nuclear magnetic resonance analyses of KH3
in complex with CT-rich DNA (Backe et al., 2005; Messias
et al., 2006). Sequential evolution of ligands by expo-
nential enrichment experiments indicated high-affinity
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KH3 binding to UC_, RNA (Thisted et al., 2001). HnRNP K
and the two highly homologous proteins, hnRNP E1 and
hnRNP E2 (82% identity) (Kiledjian et al., 1995; Leffers
et al., 1995; Ostareck et al., 1997; Messias et al., 2006),
constitute the main poly(C)-binding activity in mamma-
lian cells. Nucleic acid binding affinities of full-length
proteins are in the nanomolar range, while K values for
isolated KH domains are micromolar (Backe et al., 2005;
Sidiqi et al., 2005). This indicates stabilized interactions
in the full-length protein. The presence of several RNA-
binding domains is a typical feature of RNA-binding
proteins, which complicates the analysis of substrate
specificity and the contribution of individual domains to
RNA-binding affinity.

Besides KH domains, hnRNP K bears an N-terminal
bipartite nuclear localization signal and hnRNP K-spe-
cific nuclear shuttling signal, which confer bi-direc-
tional nuclear—cytoplasmic transport capacity (Michael
et al., 1995, 1997). HnRNP K is implicated in the regu-
lation of mRNA synthesis, processing and translation.
Regulation of c-Myc (Michelotti et al., 1996; Tomonaga
and Levens, 1996) and eIF4E gene transcription (Lynch
et al., 2005) by hnRNP K depends on ssDNA-binding
activity and oligo(CT) promoter motifs (Michelotti et al.,
1996). The importance of ssDNA-protein interactions
has been supported in recent analyses of R-loop-forming
sequences (Thomas et al., 1976), where transient DNA/
nascent RNA hybrids leave the non-template strand
unpaired at transcription sites (Ginno et al., 2012;
Wongsurawat et al., 2012). R-loop-forming sequences
were detected at c-Myc gene translocation sites in
lymphoma (Duquette et al., 2005; Kanno et al., 2005).
HnRNP K also contributes to p53-dependent tran-
scription regulation in DNA damage response (Huarte
et al., 2010). There, phosphorylation by ATM kinase
antagonizes hnRNP K ubiquitination and proteasomal
degradation (Moumen et al., 2005, 2013). In a global
analysis (Venables et al., 2008), and specifically in Bcl-x
pre-mRNA processing (Revil et al., 2009), functions of
hnRNP K in alternative splicing became evident.

Furthermore, hnRNP K functions in mRNA-specific
translation regulation. In erythroid precursor cells, DDX6
recruits reticulocyte-15-lipoxygenase (r15-LOX) mRNA
to translational inactive mRNPs (Naarmann et al., 2010)
until newly-synthesized r15-LOX is required to initiate
mitochondria breakdown as terminal step in erythrocyte
differentiation (Maretzki et al., 1986; van Leyen et al.,
1998). HnRNP K and hnRNP E1 bind pyrimidine repeats
in the differentiation control element (DICE) of r15-LOX
mRNA 3’UTR. Both proteins inhibit translation initiation
(Ostareck et al., 1997, 2001). Phosphorylation by c-Src and
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cleavage by caspase-3 lead to release of hnRNP K from the
DICE as a prerequisite for the initiation of r15-LOX syn-
thesis (Ostareck-Lederer et al., 2002; Messias et al., 2006;
Adolph et al., 2007; Ostareck-Lederer and Ostareck, 2012;
Naarmann-de Vries et al., 2013). In addition, hnRNP K
and hnRNP E1 stimulate c-Myc protein synthesis by direct
interaction with a C-rich sequence in the internal ribo-
some entry site of c-Myc mRNA (Evans et al., 2003).

Protein arginine dimethylation is a common post-
translational modification in eukaryotes. Protein arginine
methyl transferases (PRMTs) catalyze the methyl-group
transfer from S-adenosylmethionine (SAM) to substrate
arginines (Gary and Clarke, 1998; Bedford and Richard,
2005; Bedford and Clarke, 2009). Type I PRMTs mediate
asymmetric N¢, N°- and type II PRMTs symmetric N¢, N*¢-
arginine dimethylation. Protein arginine N-methyltrans-
ferase 1 (PRMT1) generates the majority of asymmetric
dimethylarginine residues (Tang et al., 2000).

Among other hnRNPs, hnRNP K was shown to contain
methylated arginine residues (Liu and Dreyfuss, 1995;
Huang et al., 2002). Ong et al. (2004) detected dimethyla-
tion of R296 and R299, but the asymmetric state and quan-
titative distribution were not described. Furthermore, the
biological function of hnRNP K methylation remained
elusive. Mass spectrometry analysis and Edman degra-
dation of hnRNP K purified from HeLa cells identified
five quantitatively asymmetrically dimethylated arginine
residues (R256, R258, R268, R296, and R299). In addi-
tion, R303 was asymmetrically dimethylated in <33% and
R287 was monomethylated in <10% of purified hnRNP K
(Ostareck-Lederer et al., 2006). PRMT1 was identified as
the only enzyme that catalyzes quantitative asymmet-
ric hnRNP K arginine dimethylation in vitro and in vivo
(Ostareck-Lederer et al., 2006). After in vitro methylation
of recombinant hnRNP K by PRMT1, R296 and R299 were
also identified as asymmetrically dimethylated by mass
spectrometry (Chiou et al., 2007).

Arginine methylation did not influence the RNA-bind-
ing activity of hnRNP K, its translation inhibitory function
or cellular localization. The hnRNP K interaction with
tyrosine kinase c-Src was, however, diminished resulting
in inhibition of c-Src activation and hnRNP K phospho-
rylation (Ostareck-Lederer et al., 2006). These findings
support a role of arginine methylation in the regulation of
protein—protein interaction.

Immunoprecipitation and in vivo reporter assays
suggest a modulating function of hnRNP K methyla-
tion on p53 co-activator activity (Chen et al., 2008; Chan
et al.,, 2009). HnRNP K methylation in DNA damage
response increased the affinity for p53 and inhibition of
methylation attenuated p53 promoter recruitment (Chen
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et al., 2008). The binding of hnRNP K to Epstein-Barr
virus nuclear antigen 2 requires hnRNP K methylation
(Gross et al., 2012). The interaction domains of both
proteins bear asymmetrically dimethylated arginines.
Association with hnRNP K enhances the Epstein-Barr
virus nuclear antigen 2-dependent activation of the
viral latent membrane protein 2A promoter (Gross et al.,
2012).

The in vitro analysis of arginine methylated pro-
teins is challenging, due to limited access to modified
protein. Here, we present a feasible technique for large-
scale preparation of recombinant methylated hnRNP K.
The comparison of quantitatively methylated hnRNP K
prepared by that method with non-methylated protein
revealed that the modification has no effect on reversible
hnRNP K aggregation. Furthermore no impact on RNA
binding could be detected. Quantitative comparison of
a series of ssDNA and ssRNA ligands demonstrated com-
binatorial binding of hnRNP K KH domains to multiple
C motifs.

Results

Expression of quantitatively arginine meth-
ylated hnRNP K in Escherichia coli

To analyze the impact of hnRNP K arginine methylation
on its interaction with other proteins (Bomsztyk et al.,
2004) and hnRNP K self-association (Kim et al., 2000)
biochemically, sufficient amounts of quantitatively meth-
ylated protein are required. To overcome this limitation,
an in vivo expression system that provides the capacity for
efficient and specific quantitative methylation was devel-
oped. Methylated hnRNP K suitable for interaction studies
was generated by co-expression from a tricistronic plasmid
that encoded PRMT1 and hnRNP K in a 2:1 ratio in Escheri-
chia coli. To facilitate quantitative arginine methylation
by PRMT1, induced protein expression was blocked at dif-
ferent times by erythromycin treatment and methylation
was extended under continued cultivation (Figure 1A).
Methylated hnRNP K and non-methylated hnRNP K
expressed in the absence of PRMT1 were partially purified
by His-affinity chromatography (Figure 1B, lower panel).
To determine the methylation status of purified hnRNP K,
[“C]SAM was used as methyl donor in a PRMT1-dependent
in vitro methylation assay. Reduced [“C]-methyl incorpo-
ration reflects increased arginine methylation of the puri-
fied protein (Ostareck-Lederer et al., 2006; Fronz et al.,
2008). Prolonged protein synthesis resulted in slightly
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enhanced hnRNP K methylation (Figure 1B, lanes 1-10 and
Figure 1C). Extended E. coli cultivation following erythro-
mycin-mediated inhibition of mRNA translation, however,
substantially enhanced methylation state of the protein,
resulting in hardly detectable [“C]-methyl incorporation
in vitro (Figure 1B, lanes 11-20 and Figure 1C). In contrast,
[“C]-methyl incorporation in non-methylated hnRNP
K approached 100%, as calculated from the number of
in vivo methylated arginine residues (Ostareck-Lederer
et al., 2006) (Figure 1B, lanes 21-25 and Figure 1C).

For subsequent experiments, quantitatively methyl-
ated hnRNP K (MhnRNP K) and non-methylated hnRNP
K were expressed on 6 liter fermentation scale for 4 h and
cultivation of E. coli was extended for 2 h following eryth-
romycin treatment (see Materials and methods). Proteins
were purified to homogeneity on a His-affinity matrix
followed by conventional hydroxyapatite and cation
exchange chromatography (Figure 1D, left panel). Argi-
nine methylation was confirmed with antibodies that
detect asymmetrically dimethylated arginine, ¥*hnRNP
K or non-methylated hnRNP K specifically (Naarmann
et al., 2008; Gross et al., 2012) (Figure 1D, right panel).
To identify methylated arginine residues, electrospray
ionization quadrupole time of flight mass-spectrometry
of tryptic peptides and Mascot® analysis were employed.
Identified peptides covered 82% of the total hnRNP K
sequence (Figure 1E). Methylated peptides identified
all arginine residues previously shown to be quantita-
tively asymmetrically dimethylated by PRMT1 in vivo
(R258, R256, R268, R296 and R299) (Ostareck-Lederer
et al., 2006). Whereas these residues were exclusively
dimethylated, arginine 271 and 316 were detected in their
unmodified as well as in their mono- and dimethylated
forms. Other arginines, including those identified earlier
as partially methylated, R303 and 287 in HeLa cells were
not modified (Ostareck-Lederer et al., 2006). Since the
mass of full-length hnRNP K could not be assessed,
the in vitro methylation assay was used to calculate
the average number of methyl groups per protein. The
number of methyl groups transferred to non-methylated
hnRNP K was determined based on the [“C]-signal fol-
lowing calibration to [“C]SAM (Kolbel et al., 2012). When
11 (+2) methyl groups were incorporated, hnRNP K meth-
ylation was saturated (Figure 1F). This number matches
the results of in vivo methylation analyses (Ostareck-
Lederer et al., 2006). Recombinant MhnRNP K modi-
fied by PRMT1 co-expression was barely methylated in
the in vitro assay. After 3 h, less than one methyl group
was incorporated per molecule, indicating that MethnRNP
K was nearly quantitatively methylated by optimized
PRMT1 co-expression in E. coli (Figure 1F).
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Figure1 Recombinant expression and purification of quantitatively arginine methylated hnRNP K ("thnRNP K).

(A) Schematic representation of hnRNP K expression, PRMT1-catalyzed arginine methylation and purification from E. coli. (B) HnRNP K was
either co-expressed with PRMT1 under the conditions indicated above the gel (lanes 1-20), or by itself (lanes 21-25) and purified. The
various preparations were then methylated with purified PRMT1 in vitro; [*“C]-labeled S-adenosylmethionine served as methyl donor. Three
ug hnRNP K and 0.6 ug PRMT1 were used per assay, and aliquots were withdrawn after 15-180 min. Incorporation of [**C]-methyl groups was
analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis and autoradiography. Coomassie staining of hnRNP K served as
the loading control. (C) Quantification of the data shown in (B). (D) Purified recombinant hnRNP K and "hnRNP K were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis and analyzed by Coomassie staining (left panel) and by Western blotting (right panel)
with the antibodies indicated: ‘a-adm-R’ indicates antibody directed against asymmetrically dimethylated arginine; ‘a-non-R"thnRNP K’ is
an antibody specifically directed against unmethylated hnRNP K; and ‘a-hnRNP K’ is an antibody that recognizes hnRNP K independently

of its methylation status. (E) Methylated arginine residues in recombinant "thnRNP K were identified by mass spectrometry. Arg 256, 258,
268, 296 and 298 (red R) were quantitatively asymmetrically dimethylated, Arg 271 and 316 (red R) were mixtures of unmodified as well as
mono- and di-methylated residues. (F) Purified hnRNP K and "thnRNP K were methylated in vitro as in (B). The autoradiograph is shown in
the upper panel and [*“C]-S-adenosylmethionine normalized quantification is shown in the lower panel.
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Reversible aggregation of non-methylated
hnRNP K and "thnRNP K

Self-aggregation of purified hnRNP K at low ionic
strength was detected in the ultraviolet-absorption profile
(Figure 2A). The methylation status did not affect aggre-
gation (data not shown; see below), but aggregation
was resolved under increased monovalent ion concen-
tration (Figure 2A). To monitor the aggregation process,
hnRNP K was titrated from a 1 M KCl stock solution into
low salt buffer, and static light scattering was determined
at A=320 nm (Figure 2B). At reduced KCl concentrations,
hnRNP K aggregate formation increased. The scatter
signal immediately reached its maximum and remained
constantly high at 150 mm KCl, indicating very fast aggre-
gation of both M*hnRNP K and non-methylated hnRNP K
(Figure 2B). When the salt concentration in the starting
buffer (50 mM KCl) was increased to 500 mMm, hnRNP K
aggregation was immediately resolved (Figure 2C). The
aggregation remained unchanged when 150 mm KCI was
substituted by 150 mM KAc and slightly increased by the
addition of 50 mm urea (Figure 2D). However, aggregation
was strongly reduced in the presence of di-, tri- or tetra-
carboxylic acids (Figure 2D). Sucrose or trehalose (10%
w/v) decreased aggregation to a similar extent to citrate
(Figure 2D). Analytical ultracentrifugation in optimized
buffer (300 mm KCl, 20 mm Tris-HCI pH 8.0, 50 mM potas-
sium citrate, 10% sucrose) revealed that hnRNP K was
monodisperse (Figure 2E, left panel) and sedimented as a
monomer (Figure 2E, right panel). Sedimentation velocity
experiments proved that below 0.5 mg/ml hnRNP K potas-
sium citrate could be omitted to solubilize hnRNP K (data
not shown). Several lines of evidence support the notion
that hnRNP K aggregation is reversible:

(i) increasing ionic strength resulted in reversed
aggregation measured by light scattering (Figure 2B
and C); and

(i) hnRNP K was purified under conditions that favored
aggregation, but subsequent ultracentrifugation
in optimized buffer revealed its monomeric state
(Figure 2E).

Interaction of hnRNP K with nucleic acids

To investigate whether hnRNP K methylation influences
its nucleic acid binding properties, we monitored the
interaction with DICE RNA (Ostareck-Lederer et al., 1994).
Recombinant MthnRNP K and non-methylated hnRNP
K as well as both native protein variants purified from
PRMT1"/* or PRMT1/ mouse embryonic stem (ES) cells were
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analyzed. In vitro-synthesized [*’P]-labeled DICE RNA was
used to determine the apparent dissociation constants in
filter-binding experiments (Figure 3). For both variants,
MethnRNP K and non-methylated hnRNP K, an apparent
K, of 4 nm was detected at 300 mm KCI (Figure 3A). Due to
the repetitive nature of the DICE RNA sequence, multiple
protein binding leads to stronger RNA retention on the filter
and induces increased deviations from the simple binding
isotherm at high protein concentration. At 300 mm KCl,
however, arginine methylation does not detectably influ-
ence RNA-binding affinity. At 1 M KCl the apparent affinity
dropped to a K , of 150 nm, and ¥'hnRNP K binding shows
slightly elevated salt sensitivity. The binding isotherm did
not match a bimolecular binding characteristic at 50 mm
KCl, as evident from an apparent Hill-coefficient below
one (Figure 3A). This cannot be attributed to a different
binding mode, but explained by reversible salt-dependent
hnRNP K aggregation: because aggregation is concentration-
dependent, the fraction of hnRNP K active in RNA binding
is expected to increase at reduced concentration, which
would result in apparent negative cooperativity. The
same deviation from a bimolecular binding isotherm was
observed for hnRNP K purified from ES PRMT1* or ES
PRMT1/ cells (Figure 3B). Aggregation of recombinant and
purified cellular hnRNP K (see the Materials and methods
section) could not be compared directly due to the limiting
yield from eukaryotic cells.

Since arginine methylation has little or no effect on
hnRNP K association with RNA, non-methylated protein
was used for all subsequent binding experiments. To elu-
cidate how multiple KH domains contribute to the high
affinity for DICE RNA, we investigated the mode and
sequence dependence of hnRNP K association with differ-
ent nucleic acids. The DICE consists of a ten-fold repeated
pyrimidine-rich sequence (190 nts) (Ostareck-Lederer
et al., 1994). One repeat (IR) (CCC CAC CCU CUU CCC
CAA G) is sufficient for hnRNP K binding and two repeats
(2R, 38 nts) are necessary and sufficient for translation
regulation of reporter mRNAs (Ostareck et al., 1997). 5’-flu-
orescently labeled DNA (°™*2R) or RNA (*42R) oligonu-
cleotides were used to measure steady state dissociation
constants (K,) (Figure 4). HnRNP K titration to a constant
amount of "YA2R or ™A2R resulted in concentration-depend-
ent fluorescence quenching (Figure 4A). Fluorescence
changes were correlated to hnRNP K concentration and K|
values of 2-6 nM were extracted from the exact solution of
a reversible bimolecular association (Figure 4A, see Mate-
rials and methods). To avoid aggregation, reactions were
performed in 300 mm KCI, 20 mm Tris-HCI pH 8.0, 10%
sucrose. Binding curves were almost identical between
MethnRNP K and non-methylated hnRNP K (Figure 4A).
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Figure 2 Analysis of reversible hnRNP K aggregation.

(A) Absorption spectra of recombinant non-methylated hnRNP K in 20 mm TrisHCl pH 8.0, 10% glycerol containing the KCl concentration
indicated. (B) Light-scattering analysis of arginine methylated or non-methylated hnRNP K in 20 mm TrisHCl pH 8.0, 5% glycerol. Protein
was diluted to 1 um in a stirred glass cuvette in 2 ml with KCl added to the final concentration indicated. The addition of hnRNP K, which
lasted no longer than 6 s started 45 s after the start of recording. (C) Light-scattering analysis of non-methylated hnRNP K as in (B) except
that the starting buffer contained 50 mm KCl and was increased to 500 mm where indicated. (D) Light-scattering analysis of non-methylated
hnRNP K in the presence of the additives indicated was performed as in (B), except that the buffer was 150 mm KCl, 20 mm TrisHCl pH 8.0,
5% glycerol. The 600-second data point is plotted. Potassium acetate was substituted for KClin an additional experiment, as indicated.

(E) Ultracentrifugation of non-methylated hnRNP K in optimized buffer (300 mm KCl, 20 mm TrisHCl pH 8.0, 50 mMm citric acid, 10% sucrose).
Left panel: Sedimentation velocity was plotted every 20 min at A=278 nm. The S, .. of hnRNP K was calculated as 2.3. Right panel: Absorp-
tion profile at A=278 nm after equilibrium sedimentation for 6 days at 10 000 rpm, 20°C and single solute fit. The native molecular weight
m calculated according to Buschmann et al. (2013), see Materials and methods) indicates the presence of monomeric hnRNP K.

apparenl)

The slight preference detected for DNA and the lack of dis-  observed by others (Braddock et al., 2002). The quenching
crimination between DNA and RNA are in agreement with  characteristics are well described by the bimolecular asso-
the nucleic acid binding characteristics of isolated KH3 ciation model, but the data could also fit to two sequential
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Figure 3 Salt-dependent association of hnRNP K with DICE RNA in
filter-binding assays.

(A) Apparent dissociation constants of recombinant hnRNP K or
MethnRNP K and [*?P]-labeled DICE RNA were determined by filter
binding experiments as described in the Materials and methods.
The complex (PL) is plotted against protein concentration (P ). Data
were fitted to the equation shown (inset) except for the titration at
50 mm KCl, which was not fitted. (B) Filter-binding experiments with
MethnRNP K or non-methylated hnRNP K purified from ES PRMT1*/* or
ES PRMT1/- cells, respectively. Data were fitted to the Hill equation
(inset) instead of to a hyperbolic equation (dashed curve).

bindings, with a K, of 1 nm for the first and 30 nm for the
second event (data not shown, Materials and methods).
This is relevant in the context of experiments described
below.

The repetitive nature of the C motifs in 2R might allow
binding by more than one hnRNP K molecule, if the first
binding event leaves a second site accessible. We followed
hnRNP K assembly on a single nucleic acid ligand by
intrinsic protein fluorescence. Titrating a 38 nt DNA oli-
gonucleotide (CCCAAA, Table 1) into a 500 nMm hnRNP K
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solution did not change the intrinsic protein fluorescence
(Figure 4B). Thus, the association of hnRNP K with nucleic
acids per se does not lead to a change in protein fluores-
cence. In contrast, when the d2R oligonucleotide with six
C motifs was used, intrinsic fluorescence increased up to
a molar ratio of 2:1 hnRNP K:d2R. Further oligonucleo-
tide addition decreased the fluorescence to the original
1:1 ratio (Figure 4B). This can be explained by enhanced
intrinsic protein fluorescence due to protein dimerization
on the nucleic acid. The maximum signal at a 2:1 molar
ratio indicates that two hnRNP K molecules assemble on
one d2R oligonucleotide. We cannot exclude the possibil-
ity that more proteins associate with one 2R element, but
this theory is not supported by the results of the following
experiments. The prompt decline in intrinsic fluorescence
in the second half of the titration curve suggests that
the first binding event is favored over the second. When
hnRNP K was titrated into a higher concentration of f¥42R
(125 nM), a biphasic behavior of the binding isotherm
was observed (Figure 4C). This could not be discerned
in the titration with a lower oligonucleotide concentra-
tion (Figure 4A) and clearly deviates from a bimolecular
binding mode (Figure 4C). Titration was done at nearly
equimolar concentrations, therefore data points were
fitted to the exact solution of a sequential binding model
(Figure 4C, see Materials and methods). With the first dis-
sociation constant was set to 5 nM, the second dissociation
constant was calculated as 30 nM. Given the small differ-
ence in the two binding events, the two binding motifs are
not very different or the second association is favored by
cooperativity.

To get more insight into the requirements of the
minimal binding motif, we used a competition assay
(Figure 5A) based on the detection of hnRNP K associating
with ®42R. An equimolar mixture of 25 nm hnRNP K and
RNADR was pre-incubated, and a competing oligonucleo-
tide (Table 1) was subsequently titrated into the solution.
The fluorescence signal alteration was fitted to the exact
solution of a competition experiment (Wang, 1995), and
the K for each oligonucleotide was extracted (Figure 5B,
C and D and Table 1; see Materials and methods). Depend-
ing on the affinity of hnRNP K for the different oligonu-
cleotides, the competition was almost complete or only
partial. For poorly binding oligonucleotides, the small
fraction of competed ™A2R permits only extrapolation of
the K values.

From a comparison of the K values in Table 1, several
conclusions can be drawn. First, (A)38 is almost not bound,
demonstrating that hnRNP K has a strong preference to
recognize bases and the sugar-phosphate backbone is not
sufficient for binding. Second, an (A),, ligand with one
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C, motif is poorly bound, independent of the position of
the C, motif. Finally, the affinity to the ligand increases
with the number of C, motifs.
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Figure 4 Binding of recombinant ™*hnRNP K and non-methylated
hnRNP K to pyrimidine-repeat DNA and RNA oligonucleotides.

(A) Association of hnRNP K with fluorescein-labeled desoxy 2R
(°NA2R) or carboxyfluorescein (Fam)-labeled 2R (***2R) oligonu-
cleotides causes fluorescence quenching. HnRNP K variants were
titrated into 5 nm dye-labeled oligonucleotide, and fluorescence
alteration was recorded, normalized and plotted against protein
concentration. For the determination of dissociation constants,
data were fitted to equation 1 (see Materials and methods). (B) The
intrinsic protein fluorescence indicates hnRNP K dimerization. Non-
fluorescent oligonucleotides d2R and CCCAAA (Table 1) were titrated
into a 500 nm hnRNP K solution. Intrinsic protein fluorescence was
measured and corrected for volume change (see Materials and
methods). Relative fluorescence changes were plotted against
oligonucleotide concentrations. (C) HnRNP K associates with ™A2R
in a biphasic mode. Fluorescence titration was performed as in (A)
except ™A2R was 125 nm. The data fit to a sequential binding mode
shown by the continuous line; a bimolecular association would
match the dashed line. Data plotted to logarithmic scale are shown
in the inset.

The increase in the affinity of longer homopolymers
for a binding protein is predicted to be Kapp:(l-m+1)*Kmin
by the von Hippel model, where K, is the association
constant of polymer I, K the intrinsic binding constant
for the minimal ligand (m), [ the length of the polymer
and m the minimal number of bound nucleotides (Kelly
et al., 1976; Mackereth et al., 2011). The empirical relation-
ship between the number of binding sites and affinities
is based on the fact that the association is entropically
(statistically) favored by multiple binding possibilities
(see Supplementary Figure S1). This allows the extrac-
tion of the minimal binding motif of a protein by com-
parison of apparent and predicted affinities (Kelly et al.,
1976). The same argument applies to hnRNP K ligands
with multiple distinct binding sites such as C, motifs in
an inert poly(A) environment. Here, the affinity of a ligand
with one binding site for a protein with one RNA binding
domain is expected to increase by a factor of three when
two binding sites are added. The increase in affinity for
ligands containing two, three, four, five or six C, motifs
compared to one C, motif is approximately 15, 130, 750,
5500, and 22 000, respectively (Table 1). These factors are
much higher than predicted for a single domain interac-
tion. This strongly suggests the contribution of more than
one domain of hnRNP K in the binding event.

Assuming a two-domain interaction, two modes
of interaction can be envisioned. If the domains are
‘restricted’ with respect to each other and associate with
two adjacent C, motifs in an obligatory coupled fashion,
an affinity increase of three- and five-fold is predicted
when the number of C, motifs is increased from two to
four and six. K values in Table 1 prove this model false.
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Table1 Summary of the competition assays, as shown in Figure 5B-D.
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Name Sequence K, [nm] R? Abs. error C, motifs Group mean
m2R CCCCACCCCAAACCCCAAACCCCACCCCAAACCCCAAA 1.0 0.998 0.3 6 1
d2R CCCCGCCCTCTTCCCCAAGCCCCGCCCTCTTCCCCAAG 2.2 0.999 0.5 6

CACCCC CCCCAAAAAAAACCCCAAACCCCACCCCAAACCCCAAA 3.6 0.997 1.2 5 4
CCCACC CCCCACCCCAAACCCCAAAAAAAACCCCAAACCCCAAA 4.1 0.997 1.2 5 4
CCCCAA CCCCACCCCAAACCCCAAACCCCAAAAAAAAAAAAAAA 16 0.999 4 4 28
CACCAC CCCCAAAAAAAACCCCAAACCCCAAAAAAAACCCCAAA 24 0.998 5 4 28
CCAACC CCCCACCCCAAAAAAAAAAAAAAACCCCAAACCCCAAA 45 0.999 12 4 28
CCCAAA CCCCACCCCAAACCCCAAAAAAAAAAAAAAAAAAAAAA 108 0.994 18 3 168
CACCAA CCCCAAAAAAAACCCCAAACCCCAAAAAAAAAAAAAAA 102 0.994 23 3 168
CCACAA CCCCACCCCAAAAAAAAAACCCCAAAAAAAAAAAAAAA 122 0.994 30 3 168
CCAACA CCCCACCCCAAAAAAAAAAAAAAACCCCAAAAAAAAAA 176 0.995 42 3 168
CCAAAC CCCCACCCCAAAAAAAAAAAAAAAAAAAAAACCCCAAA 300 0.994 60 3 168
AACACC AAAAAAAAAAAACCCCAAAAAAAACCCCAAACCCCAAA 124 0.997 25 3 168
ACAACC AAAAACCCCAAAAAAAAAAAAAAACCCCAAACCCCAAA 181 0.996 40 3 168
CACACA CCCCAAAAAAAACCCCAAAAAAAACCCCAAAAAAAAAA 231 0.992 55 3 168
CA9C AAAAAAAAAACCCCAAAAAAAAACCCCAAAAAAAAAAA 1590 0.993 540 2 1350
CA7C AAAAAAAAAAACCCCAAAAAAACCCCAAAAAAAAAAAA 1625 0.996 550 2 1350
CA 5C AAAAAAAAAAAACCCCAAAAACCCCAAAAAAAAAAAAA 1655 0.996 550 2 1350
CA3C AAAAAAAAAAAAACCCCAAACCCCAAAAAAAAAAAAAA 1369 0.996 450 2 1350
CAlC AAAAAAAAAAAAAACCCCACCCCAAAAAAAAAAAAAAA 837 0.992 260 2 1350
Cq AAAAAAAAAAAAAAACCCCCCCCAAAAAAAAAAAAAAA 1000 0.993 420 2 1350
C " AAAAAAAAAAAAAAAACCCCCCAAAAAAAAAAAAAAAA 5950 0.999 1500 1 6000
C 4 AAAAAAAAAAAAAAAAACCCCAAAAAAAAAAAAAAAAA 36 000 0.992 10 000 1 22200
C 4A3 " CCCCAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 16 000 0.993 4000 1 22200
A3 aC " AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACCCC 14 000 0.937 8000 1 22200
A AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 200 000 0.966 200 000 0

38

Names of the oligonucleotides used in the competition assay are listed in the first column, sequences in the second, with cytidine residues
marked in red. Competition data were fitted using the analytic solution of a competition experiment (Wang, 1995) and K -values were
extracted (column 3). R?is the correlation coefficient of the fits depicted in Figure 5. The absolute error (Abs. error) error was calculated by
combining errors in experiments as well as in concentrations. ‘Group average’ is the average K of all ligands containing the same number

of C, motifs (indicated in bold).

If the domains associate with any two C, motifs indepen-
dently, the elevated affinities for ligands containing mul-
tiple motifs can be calculated by the laws of combination
(n!/(n-k)!), where n is the number of C, motifs and k is the
number of domains (Supplementary Figure S1). For ligands
with two, four and six C, motifs, the model would predict
combinations of 4!/2!=12 and 6!/4!=30. These numbers
have to be divided by the combinations of two domains on
two C, motifs (2!), therefore affinity increases of six-fold
and 15-fold, respectively, are expected. The experimen-
tally observed increases, however, were approximately
50-fold and 1350-fold. This suggests that this model is not
valid either.

A ‘restricted’ interaction with three domains again
predicts an affinity increase of two-, three- and four-fold
for an increase in the number of C, motifs from three to
four, five and six. These predicted differences in affinity
do not match the observed data (Table 1). On the basis of
calculations explained for the two independent domains
above, the independent association of three domains with

three C, motifs predicts a four-, ten- and 20-fold affinity
increase for ligands with four, five and six C, motifs. The
observed factors six, 40 and 160 do not deviate dramati-
cally but still do not match the theoretical values very well.

Structural studies of the homologous hnRNP E2 show
that KH domains 1and 2 act as one structural unit. The two
binding sites on the RNA must be separated by more than
five nucleotides (Du et al., 2008). Conservation between
hnRNP K, hnRNP E1 and hnRNP E2 (Messias et al., 2006)
suggests that the same is true for hnRNP K.

To test the affinity of the KH1-KH2 tandem domain
and the impact of spacing, we employed the natural
occurring caspase-3 cleavage product of hnRNP K (hnRNP
K(ng)), which bears KH1 and KH2 but lacks KH3 (Naar-
mann-de Vries et al., 2013) (Supplementary Figure S2). We
used again a fluorescence quenching competition assay to
elucidate the affinities of DNA ligands with two differen-
tially spaced C, motifs. The binding of hnRNP K, . to 19
nts "NACAC (CCC CAA AAA AAA CCC CAA A) was competed
poorly with an oligonucleotide containing two C, motifs
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spaced by one nucleotide. Increasing the spacing from
five to nine nucleotides revealed improved competition,
which declined when the spacing was further extended.
This supports the contribution of two interacting domains
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Figure 5 Equilibrium association of hnRNP K with repetitive C,
motifs.

(A) Scheme of the competition assay. Association of hnRNP K with
RNA2R results in a fluorescence quenching, which is relieved upon
addition of competitor that sequesters hnRNP K on non-fluorescent
oligonucleotides. (B) Equimolar amounts (25 nm) of hnRNP K and
RNA2R were pre-incubated in 2 ml buffer F as in Figure 4B. Increasing
concentrations of the non-fluorescent competing oligonucleotides
indicated were added, and changes in fluorescence signal were
plotted against the titrated oligonucleotide concentration. Ligands
bearing zero to six C, motifs are indicated in the legend and depicted
in Table 1. Lines indicate the best fit for a given dataset (Wang, 1995).
(C) Competition as in (B) with oligonucleotides containing three, four
and five differentially-spaced C, motifs. (D) Competition as in (B)
with oligonucleotides containing one, two and three C, motifs.

with restriction to an optimal distance of the binding sites
in the DNA ligand (Supplementary Figure S2).

The affinity of the KH1-KH2 tandem domain and KH3
for oligonucleotides containing three C, motifs was ana-
lyzed in filter-binding competition assays (Supplementary
Figure S3). In that assay the interaction of hnRNP K with
FNA2R was competed by d2R with a K of 3.2 nM, comparable
to fluorescence quenching (KD of 2.2 nM, Table 1). Besides
d2R, a selected number of competitors each bearing three
C, motifs was assessed for competition of hnRNP K .,
and KH3 binding to ®™*2R (Supplementary Figure S3).
The affinity of hnRNP K, showed a moderate distance
dependence for the ligands tested, whereas KH3 did not
react differentially to ligands with altered arrangements
of C, motifs (Supplementary Figure S3).

The 170 amino acids separating the KH3 domain from
KH1-KH2 are presumed to be flexible. KH3 is therefore
likely to bind independently without spatial restrictions.
This predicts a binding mode in which the KH1-KH2
tandem domain can bind to two motifs separated by at
least five nucleotides and KH3 binds to individual motifs.

For a ligand containing tree adjacent C, motifs (e.g.,
CCCAAA, Table 1) the likely combinations of hnRNP Ks
domains is reduced to two. The resulting quantitative
model predicts six-, 18- and 40-fold increased affinities for
ligands containing four, five and six C, motifs as opposed
to three C, motifs (for details, see Materials and methods
and Supplementary Figure 1B). The observed factors (6, 40
and 160) approximate the theoretical calculations reason-
ably well and slightly better than the model of three inde-
pendent domains.

In summary, the experimental data are most easily
explained by a participation of all three KH domains in
the binding of ligands containing multiple C, patches,
and hence three C, motifs can be considered the minimal
binding motif for hnRNP K. This is consistent with in vitro
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studies showing that recombinant hnRNP E1 (Reimann
et al., 2002) and hnRNP K (Ostareck et al., 1997) bind to 1R
(CCC CACCCU CUU CCC CAAG).

The binding model, referred to hereafter as ‘K-combi-
nation mode’, proposes that: (i) the affinity of a multido-
main protein to a ligand increases due to combinatorial
interactions if the individual binding sites of the domains
are exchangeable; and (ii) the positions of the domains
on a nucleic acid can vary due to the independence of the
association.

The data in Table 1 also show that hnRNP K can asso-
ciate with the ligand CCCAAA (KD 108 nm), which contains
all its three C, motifs clustered on one side. This supports
the assumption that the association of one hnRNP K mol-
ecule with three of the six C motifs in the 2R sequence
leaves the remaining C motifs accessible for a second
hnRNP K molecule (Figure 4B and C). Direct fluorescence
measurement resulted in a K, of the second association of
~30 nM. This small difference (30 nM versus 108 nM) pro-
vides evidence that the cooperativity between the associa-
tion of the first and second hnRNP K molecule with the 2R
sequence is low, with a AAG’ of 3.1 kJ/mol.

Discussion

Production of methylated hnRNP K

The recombinant expression of arginine methylated pro-
teins in E. coli has previously been reported for two yeast
proteins, Sbplp and Stm1p, which were co-expressed with
yeast type I arginine methyltransferase (Hmtlp) (Hsieh
et al., 2007). In our hands, a simple co-expression from a
bicistronic plasmid did not result in quantitative hnRNP K
methylation. We thus modified the method and expressed
PRMT1 and hnRNP K from a tricistronic plasmid in a 2:1
ratio. In addition, an extended incubation after inhibi-
tion of translation was necessary for complete methyla-
tion (Figure 1). All arginine residues previously shown to
be quantitatively asymmetrically dimethylated by PRMT1
invivo (R256,R258, R268, R296 and R299) (Ostareck-Lederer
et al., 2006) were detected. The recombinant preparation
of methylated hnRNP K is cheaper and less time-consum-
ing than either purification of the protein from a natural
source or in vitro methylation with purified enzymes and
SAM. As the method is based on conventional protein
expression in E. coli, it can presumably be adapted to
other PRMT1 substrates and other PRMTs, if substrate and
enzyme are soluble in E. coli and sufficiently stable during
prolonged incubation in the presence of erythromycin.
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The recent development of expressed protein ligation
methods enables covalent linkage of chemically synthe-
sized and modified peptides to expressed proteins as an
additional alternative to prepare quantitatively methyl-
ated protein (Tripsianes et al., 2013).

Reversible aggregation controls protein
activity

Protein aggregation is usually associated with an irre-
versible loss of function due to unfolding of the protein
(Kiefhaber et al., 1991). Aggregation reduces the concen-
tration of active protein and converts the protein solution
into an undefined mixture, to which classical mass action
analysis cannot be applied. During the preparation of
recombinant hnRNP K, it became evident that the protein
aggregates in low salt buffer (Figure 2A). The aggregation
was reversible, however, and thus probably not related
to unfolding (Figure 2B and C). Although aggregation
can be suppressed at 1 M KCl, we analyzed additives that
establish more physiological conditions for classical bio-
physical analyses. Poly-carboxylic acids like citrate and
EDTA were quite effective as stabilizers even at low con-
centrations (10-20 mM) (Figure 2D). These compounds
might shield charge differences on the protein surface, a
process not fully understood yet. The stabilizing effects of
sucrose and trehalose have been studied extensively. They
are supposed to arise from increased difference in solu-
bilization energy of the denatured versus the native state
due to unfavorable exposure of the peptide backbone to
the solvent (Auton et al., 2011). Sucrose therefore forces
folding of unstructured parts of the protein, which other-
wise would be prone to aggregation (Baskakov and Bolen,
1998). Under optimized buffer conditions, hnRNP K is
monodisperse and sediments as a monomer in analytical
ultracentrifugation (Figure 2E).

RNA interaction of hnRNP K

MethnRNP K and non-methylated hnRNP K either expressed
as recombinant proteins or purified from PRMT1** or
PRMT1/ ES cells did not show differences in DICE binding
(Figure 3A and B) or binding to a ®™A2R oligonucleotide
(Figure 4A), which was consistent with earlier observa-
tions (Ostareck-Lederer et al., 2006). To study the mecha-
nism of RNA binding by hnRNP K in vitro, non-methylated
hnRNP K was analyzed.

The high affinity of hnRNP K for C-rich oligonucleo-
tides depends on the presence of multiple C motifs, which
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serve as KH domain binding sites. The very low affinity of
hnRNP K for poly(A) suggests that at least adenines are
excluded from recognition motifs. A sequential evolution
of ligands by exponential enrichment study with hnRNP
K resulted in the selection of strongly folded oligonucleo-
tides that contained only one C motif in single-stranded
loops. The affinity of hnRNP K was estimated to be
~50 nM (Thisted et al., 2001). This affinity is lower than
that of the ligands that bear multiple C, motifs, but higher
than that of ligands with a single C, motif in an unstruc-
tured environment (Table 1). Thus, it is possible that
hnRNP K can bind nucleic acid ligands in different modes.
The data from the competition assay show the complex
nature of single-stranded RNA high-affinity binding.

The ‘K-combination mode’ provides a model for inter-
preting multivalent protein ligand interactions, but still is an
oversimplification that neglects the motif spacing and steric
hindrance of the domains. Due to the flexible nature of RNA,
independent RNA association of multiple domains may be
supported by appropriate RNA folding. The conservation of
KH1 and KH2 between hnRNP K, hnRNP E1 and hnRNP E2
suggest that they function as a tandem domain (Du et al.,
2008). The RNA-binding surfaces of the KH1-KH2 tandem
domain require the two binding motifs in the nucleic acid to
be separated by more than five nucleotides (Du et al., 2008).
To further verify the participation of all tree KH-domains in
ligand binding, we determined the sedimentation velocity
of hnRNP K in complex with either a 19 nt DNA ligand con-
taining two (CAC) or three C, motifs (CCC) (Supplementary
Figure 4). The apparent S-value of hnRNP K alone was ~2.3,
and in complex with CAC the approximate S-value was ~2.5.
Surprisingly the hnRNP K and CCC complex sedimented at
~3.4 S, but also in heavy complexes at ~10.5 S. Using equilib-
rium sedimentation we were unable to prove that the 2.5 S
and 34 S complexes had the same mass due to the insta-
bility of the 3.4 S complex (Supplementary. Figure 4). Given
the small change in the S-value of hnRNP K compared to
the mixture of hnRNP K and CAC, the increased S-value of
hnRNP K and CCC possibly results from a change in confor-
mation rather than stoichiometry.

In ultraviolet-crosslinking studies employing isolated
domains (KH1, KH2 and KH3) of hnRNP K, only KH3 did
bind to the 190 nts DICE RNA (Messias et al., 2006). Struc-
tural analyses revealed a stoichiometry for KH3 and 1R
(CCC CAC CCU CUU CCC CAA G) of 2:1 and for the (UCC
CCA A) 1R fragment of 1:1 (Backe et al., 2005). The isolated
KH3 domain has a micromolar affinity for the 1R frag-
ment (Backe et al., 2005). In contrast, full-length hnRNP
K binds a nucleic acid ligand containing three C, motifs
with an affinity of ~100 nm (Table 1). As KH3 is separated
from KH1-KH2 by a flexible linker of 170 amino acids,
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the considerations of Shamoo et al. (1995) suggest that
the KH1-KH2 tandem domain has a higher affinity for a
nucleic acid ligand containing two C, motifs than the KH3
domain for an isolated C, motif. This conclusion is sup-
ported by yeast three hybrid data with individual and
combined hnRNP K KH domains, which showed stronger
binding of the KH1-KH2 tandem domain compared to
individual KH domains (Klimek-Tomczak et al., 2004).
Comparing in vitro DICE binding of isolated KH3 and the
KH1-KH2 tandem domain revealed specific binding of
KH3, whereas the KH1-KH2 tandem domain exhibited
weak DICE binding and non-specific interaction with
control RNA (Naarmann-de Vries et al., 2013).

The determination of equilibrium affinities of hnRNP
K for different ligands in vitro permits a direct view on the
sequence-dependent association of the protein with RNA.
However, in the context of cellular hnRNP K interactions,
which are modulated by post-translational modifications
and components in dynamic mRNPs, functional validation
of sequence specificity and individual domain contribution
is required (Ostareck-Lederer et al., 2002, 2006; Adolph et al.,
2007; Ostareck-Lederer and Ostareck, 2012; Naarmann-de
Vries et al., 2013). The specificity of KH3 binding is supported
by loss of hnRNP K DICE binding following phosphorylation
of KH3 Y458 (Messias et al., 2006). Tyrosine phosphorylation
abrogates hnRNP K dependent translation regulation in vitro
(Messias et al., 2006) and in vivo (Ostareck-Lederer et al.,
2002). Finally, 1R with three C motifs is required for hnRNP
K binding, but 2R is necessary and sufficient for translation
repression (Ostareck et al., 1997), which is in agreement with
the ‘K-combination mode’ of RNA binding.

Materials and methods

Plasmids

The coding region of hnRNP K (GenBank:AAB20770.1; Ostareck et al.,
1997) was polymerase chain reaction (PCR)-amplified with primers
#1 and #2 to introduce Nhel and Xhol restriction sites and cloned into
pet28 (Novagene, Darmstadt, Germany). The tricistronic expression
construct was cloned sequentially based on pET28b-PRMT1 (Zhang
and Cheng, 2003; a kind gift from X. Cheng). The plasmid was used
to amplify the ribosome-binding site and PRMT1 coding region and
to insert a Xhol site at either end with primers #3 and #4. The PCR-
product was cloned into Xhol of pET28b-PRMT1 to generate a bicis-
tronic PRMT1 expression plasmid. The ribosome binding site, His-tag
coding sequence and coding region of hnRNP K was amplified from
pet28-His-hnRNP K with primers #5 and #6, and the PCR-product was
cloned in the Sall site of the bicistronic PRMT1 plasmid to generate
the tricistronic T7-expression construct (pET-PKP). All plasmids were
verified by sequencing. The primers are listed in Table 2.
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Protein expression and purification

E. coli expression for experiments shown in Figure 1A-C and lysis
were performed as described in Moritz and Wahle (2014), except
induction was for 4 h at 22°C. Preparation of hnRNP K for all of the
following experiments was performed under fermentation condi-
tions at 37°C in 6 1 M9 minimal medium supplemented with glucose
(0.4% w/v), thiamine (1 mg/1), biotin (3 mg/1), kanamycin (30 mg/1)
and micronutrients SL-4 and SL-6 (Pfennig and Lippert, 1966). At
0D, ..=2 the culture was continuously fed with glucose (10% w/v)
and NH,CI (10% w/v). At OD =30 the culture was cooled to 20°C,
and expression was induced for 4 h with 0.5 mm isopropyl -D-1-
thiogalactopyranoside. Erythromycin (30 mg/1) was added and fer-
mentation continued for 2 h. Cells were harvested by centrifugation
(30 min, 4000 g, 4°C).

E. coli lysates containing hnRNP K were cleared by centrifuga-
tion (1 h, 30 000 g, 4°C), applied to a 5 ml Ni-nitrilotriacetic acid
column (Qiagen, Hilden, Germany) and washed with lysis buffer
[600 mm KCI, 20 mm Tris-HCI pH 8.0, 20 mm imidazole, 3 mm MgCL,
10% (w/v) glycerol] adjusted to 1 m KCl until the column eluate had
A, ..<0.4. Proteins were eluted with a linear imidazole gradient to
500 mM in lysis buffer (30 ml). HnRNP K-containing fractions were
identified by Coomassie staining. They were pooled and immediately
loaded onto a 10 ml hydroxyapatite column (Biorad, Munich, Ger-
many) equilibrated in buffer A (300 mm KCl, 20 mM imidazole pH 8.0,
10% (w/v) sucrose). Bound hnRNP K was eluted with a linear potas-
sium phosphate gradient in buffer A (up to 100 mm K,PO, in a 50 ml
gradient). Pooled hnRNP K fractions were diluted drop-wise into 20
mM TrisHCI pH 8.0, 10% (w/v) sucrose to a conductivity of <10 mS/
cm (15°C) and immediately loaded onto a 5 ml MonoQ column (GE
Healthcare, Solingen, Germany) equilibrated in buffer B (150 mm
KCl, 20 mm TrisHCI pH8.0, 10% (w/v) sucrose). A linear gradient of
35-500 mM KCI (buffer B) eluted bound hnRNP K. HnRNP K concen-
tration was determined by measuring the absorbance at A=280 nm
using an extinction coefficient of 39 430 M’ cm”

ES cell extract fractionation

Murine embryonic stem cells (ES) PRMT1*/* and ES PRMT1/ cells
(Pawlak et al., 2000) were cultured as described (Ostareck-
Lederer et al., 2006), and extract was prepared as in Fronz
et al. (2008). To achieve efficient elimination of nucleic acids
from the preparation of both M*hnRNP K and non-methylated
hnRNP K, which were purified for RNA- and DNA-binding experi-
ments, the procedure included four subsequent chromatogra-
phy steps as follows: 100 ml lysate was dialyzed against buffer C2

Table 2 Primers used in polymerase chain reaction amplification.

Primer # 5’ sequence

aaaGCTAGCGAAACTGAACAGCCAGAAG
aaaCTCGAGTTAGAATCCTTCAACATCTG
aaaCTCGAGAACTTTAAGAAGGAGATATACCATG
TTTCTCGAGTTCAGCGCATCCGGTAGTCGG
tttGTCGACAACTTTAAGAAGGAGATATACCATG
tttGTCGACCCGGATCATCAGTGGTG

AN~ WN P
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(50 mm KCl, 50 mm TrisHC1 pH 7.4, 1 mm EDTA, 1 mm dithiothreitol
(DTT), 10% glycerol) and centrifuged (1 h, 20 000 g), and the super-
natant (2 g total protein) was loaded onto a DEAE-Sepharose fast
flow column (150 ml; GE Healthcare, Solingen, Germany) equili-
brated in buffer C2. Proteins were eluted with a linear KCl gradient
(1.5 1) to 500 mM. Fractions containing hnRNP K were pooled, dia-
lyzed against buffer D (50 mm KCl, 50 mm HEPES pH 7.4, 1 mm EDTA,
1 mMm DTT, 10% glycerol), and applied to a Macroprep-S column (50
ml; GE Healthcare, Solingen, Germany). Proteins were eluted by a
linear gradient (500 ml) to 500 mmM KCI. Pooled hnRNP K contain-
ing fractions were dialyzed against buffer E (100 mm KCl, 20 mm
imidazole pH 7.2, 1 mm MgCl,, 1 mm DTT, 10% glycerol) and applied
to a hydroxyapatite column (25 ml; Biorad, Munich, Germany). The
column was washed with three volumes buffer E, and proteins were
eluted by a shallow gradient (70 ml) to 100 mM potassium phosphate
pH 74 followed by a steep gradient (10 ml) to 500 mM potassium
phosphate in buffer E. HnRNP K-containing fractions were pooled,
dialyzed against buffer F1 (100 mm KCl, 20 mM TrisHCI pH 7.4, 1 mMm
DTT, 10% glycerol) and applied to a Blue-Sepharose column (1 ml;
GE Healthcare, Solingen, Germany). Proteins were eluted by a gradi-
ent (12 ml) to 2.5 M KCl in buffer F1. The concentration of hnRNP K
in pooled fractions was estimated by Coomassie staining calibrated
with recombinant hnRNP K.

Light scattering and fluorescence
experiments

Analysis of protein aggregation was performed on a Fluoromax-4
spectrofluorometer (Horiba, Jobin Yvon, France). For light-scattering
experiments at A=320 nm (slit width 2 nm), 50 ul of hnRNP K (70 um)
in 1 M KCI, 20 mM TrisHCI pH 8.0, 10% glycerol was diluted into 2 ml
of the buffer indicated and scattered light [cps] was measured over
time.

Intrinsic fluorescence was measured in buffer F2 (300 mm potas-
sium chloride, 20 mm TrisHCI pH 8.0, 10% sucrose, 1 mm DTT) at 20°C
with excitation at A=295 nm and emission at A=355 nm and slit widths
of 2nm and 3 nm. Continuous fluorescence of a 2.5 ml stirred 500 nm
hnRNP K solution was recorded while the oligonucleotide indicated
was titrated. Total fluorescence was corrected for volume change.
Inner filter effect was smaller than 2% at the highest oligonucleotide
concentration. Relative fluorescence to a buffer control titration was
plotted against oligonucleotide titration.

Fluorescence of oligonucleotides P2R and ®™A2R was meas-
ured (excitation at A=488 nm, emission at A=518 nm; slit widths
1-4 nm and 2-4 nm) in buffer F2 including 20 U/ml ribolock (Fer-
mentas, Vilnius, Lithuania) and 15 pg/ml His-SUMO protein as com-
petitor to reduce surface adsorption and was corrected for volume
change and dynamic quenching. Relative fluorescence was plotted
against the analyte concentration. Bimolecular equilibrium disso-
ciation constants (K;) were derived by fitting the data points with
SigmaPlot® (SPSS Inc.) to equation 1:

AF=AFmax* (KD+Rl+LO)_ (I<J)_+_I::)+Lo)2 P *L (1)
L, 2 \ 4 o

were P =hnRNP K and L =oligonucleotide concentration.
Extraction of the second equilibrium dissociation constant K,
according to the sequential association/dissociation reaction:
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L+P< o 5Q+pc 2 4R
L*P *P
led to Km=7; KDz =QT

which was achieved by converting mass action laws to the third
power equation 2 (Spinka and Moritz, unpublished).

0=P’+(2*L -P,+K,,)*P*+(K, ,*a+K, *K  )*P-K, *K *P,
a=L -P

070 (2)
and fitting the data to the two alternate physically meaningful solu-
tions to equation 2.

For competition experiments, the relative fluorescence of *42R
was plotted against the competitor concentration. Data points were
fitted with SigmaPlot® (SYSTAT GmbH, Erkrath, Germany) using the
exact solution of a simple competition (Wang, 1995):

o] [P i [P0

Ke+{ P’ Ka+| P]

where P is hnRNP K, A is ®™A2R, B is the competitor oligonucleotide,
PB is the non-fluorescent hnRNP K-competitor complex and PA the
hnRNP K-8¥42R complex.

Calculations of affinity increases avoiding KH1-KH2 on adja-
cent C, motifs were as follows. Combination of three domains on
four C, motifs=4!/1! subtracted by 12 forbidden combinations due to
space limitations=12 divided by two allowed combinations of three
domains on tree adjacent C, motifs=6. Combination of three domains
on five C, motifs=(5!/2!-24)/2=18. Combination of three domains on
six C, motifs=(6!/3!-40)/2=40.

Filter-binding assays

Filter-binding experiments were performed on nitrocellulose mem-
brane as described in Kuhn et al. (2003) and Wabhle et al. (1993) with
DICE RNA prepared according to Ostareck et al. (1997). Data points
were either fitted to a simple hyperbole equation or a Hill equation
given in the inset of the corresponding graphs, where P, is the total
protein concentration, PL the signal for the complex and K , the con-
centration at half of the maximal signal (PL__) (Figure 3A and 3B).

‘max

Mass spectrometry analysis

Peptides of methylated hnRNP K were generated and analyzed by
capillary high-performance liquid chormatography-coupled elec-
trospray ionization quadrupole time of flight mass-spectrometry
(Ultima Waters, Milford, MA, USA) as described (Naarmann et al.,
2010; Naarmann-de Vries et al., 2013). Peptide assignments and data
analysis were performed by Mascot® (Matrix Science, London, UK).

Analytical ultracentrifugation

Ultracentrifugation was carried out as described in Buschmann et al.
(2013) with minor modifications. HnRNP K was dialyzed against
300 mm KCl, 20 mM TrisHCI pH 8.0, 50 mM potassium citrate and 10%
sucrose. Velocity sedimentation was performed at 40 000 rpm 20°C.
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Equilibrium sedimentation was carried out at 10 000 rpm at 20°C for
6 days. All sedimentation data were analyzed using Sedfit software
(National Institutes of Health, Bethesda, MD, USA) (Schuck, 2000).

Methylation assays

Protein arginine methylation was determined by analysis of [“C]-
methyl group incorporation as described (Ostareck-Lederer et al.,
2006; Fronz et al., 2008), or by Western blot assays with methylation-
specific antibodies (Naarmann et al., 2008; Gross et al., 2012).
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