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ABSTRACT

The 3’ ends of animal replication-dependent histone mRNAs are formed by endonucleolytic cleavage of the primary
transcripts downstream of a highly conserved RNA hairpin. The hairpin-binding protein (HBP) binds to this RNA

element and is involved in histone RNA 3

hairpins are reflected in the specificity of RNA binding. The

" processing. A minimal RNA-binding domain (RBD) of
has no similarity with other known RNA-binding motifs was identified in human HBP [Wang Z-F et al.,
1996, 10:3028-3040]. The primary sequence identity between human and
pared to 38% for the full-length proteins. We analyzed whether differences between
C. elegans HBP and its RBD recognize only their cognate
RNA hairpins, whereas the human HBP or RBD can bind both the mammalian and the
selectivity of C. elegans HBP is mostly mediated by the first nucleotide in the loop, which is C in
all other metazoans. By converting amino acids in the human RBD to the corresponding

~73 amino acids that

Genes & Devy,
Caenorhabditis elegans RBDs is 55% com-
C. elegans and human HBP and

C. elegans hairpins. This
C. elegans and U in
C. elegans residues at places

where the latter deviates from the consensus, we could identify two amino acid segments that contribute to selectivity

for the first nucleotide of the hairpin loop.

Keywords: RNA-binding domain; RNA—protein interaction; stem-loop-binding protein

INTRODUCTION

Replication-dependent histone mRNAs are not poly-
adenylated, but are formed at the 3’ end by an endo-
nucleolytic cleavage of the primary transcripts. This
nuclear cleavage event requires two cis-acting ele-
ments: a purine-rich sequence (or spacer element)
downstream of the cleavage site that is recognized by
the U7 small nuclear ribonucleoprotein (snRNP) through
RNA-RNA base pairing (Mowry & Steitz, 1987a; Cot-
ten et al., 1988; Soldati & Schumperli, 1988; Bond et al.,
1991) and a conserved 26-nt sequence containing a
hairpin that interacts with a factor called hairpin-binding
protein (HBP) or stem-loop-binding protein (SLBP)
(Mowry & Steitz, 1987b; Vasserot et al., 1989; Melin
etal., 1992; Wang et al., 1996; Martin et al., 1997). The
cleavage of histone pre-mRNA requires a third factor,
termed heat-labile factor (HLF) that has not been well

Reprint requests to: Daniel Schimperli, Institut fur Zellbiologie,
Universitat Bern, Baltzerstrasse 4, 3012 Bern, Switzerland; e-mail:
daniel.schuemperli@izb.unibe.ch.

3Present address: EMBL-Grenoble Outstation, Protein-DNA inter-
action group, c/o ILL BP 156, 38042 Grenoble Cedex 9, France.

characterized (Gick et al., 1987). Besides histone RNA
3’ processing, the hairpin is also essential for nuclear
export, translation, and stability regulation of histone
MRNAs (reviewed in Marzluff, 1992; Marzluff & Han-
son, 1993; Wittop Koning & Schiumperli, 1994; Muller &
Schiumperli, 1997). As HBP is also present on polysome-
associated histone mRNA (Pandey et al., 1991; Dom-
inski et al., 1995), it is thought to control most, if not all,
posttranscriptional aspects of histone gene expression
and regulation.

The sequence of the hairpin element in vertebrate
and C. elegans histone genes varies both in the loop
and in the sequences flanking the hairpin. One differ-
ence in the loop is the nucleotide at position 1 of the
U-rich 4-nt loop. In all other species, including humans,
there is a U at this position, whereas in C. elegans it is
a C (Marzluff, 1992; Marzluff & Hanson, 1993; Wittop
Koning & Schumperli, 1994). The situation is reversed
at the 3’ end of the loop where the C. elegans hairpin
has a U, whereas in other species, this nucleotide is
less well conserved but most often a C.

Human, mouse, Xenopus, and C. elegans HBPs have
been identified that bind specifically to this histone RNA
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hairpin element (Wang et al., 1996, 1999; Martin et al.,
1997). An ~73-amino-acid minimal RNA-binding do-
main (RBD) of HBP has been characterized by deletion
analysis (Wang et al., 1996). This RBD has no obvious
primary sequence homology with other RNA-binding
motifs characterized so far (Burd & Dreyfuss, 1994;
Draper, 1995, 1999). The RBD also encompasses a
short 67-amino-acid region (residues 9-75 in Fig. 1)
that is the most conserved part among the known an-
imal HBPs (Wang et al., 1996, 1999; Martin et al., 1997).
In this region, C. elegans and human HBP are 55%
identical, whereas the overall sequence identity be-
tween these two proteins is 38%. This is lower than the
~63% identity in the RBD between the human HBP
and Xenopus SLBP2, the most distantly related verte-
brate HBPs. Here we have determined experimentally
whether these differences between C. elegans and hu-
man HBPs are reflected by and contribute to a selec-
tive RNA binding. These experiments revealed that the
C. elegans HBP binds with great preference to C. ele-
gans hairpin RNA, and that the C. elegans RBD is
responsible for this preference. Human HBP, on the
other hand, as well as the human RBD, did not show a
strong preference for either vertebrate or C. elegans
hairpin RNA. Binding reactions with mutant hairpin RNAs
demonstrated that the first nucleotide in the loop is an
important specificity determinant for the binding of the
C. elegans RBD to its cognate RNA. To identify amino
acid sequence elements involved in this binding spec-
ificity, we have changed single or multiple residues in
the human RBD to the corresponding C. elegans se-
quence and tested these chimeric proteins for RNA
binding. This approach enabled us to identify two amino
acid segments of HBP that participate in RNA binding
through interaction with specific nucleotides in the hair-
pin loop.

ceHBP
hsHBP
mmHBP
xISLBP1
xISLBP2
consensus .5 ......

E Michel et al.

RESULTS

The RNA-binding domain of C. elegans HBP
is sufficient to discriminate against binding
to mammalian hairpin RNA

To know if the difference between human and C. ele-
gans RBD sequences was reflected by different spec-
ificities for histone hairpin RNAs, we produced human
and C. elegans HBP in vitro and tested these proteins
in electrophoretic mobility shift assays (EMSA) with 32P-
labeled RNAs containing either a mammalian or a C.
elegans histone mRNA hairpin. The mammalian hair-
pin illustrated in Figure 2 as mmHPs RNA is derived
from the mouse histone H4.12 gene (Meier et al., 1989).
The C. elegans sequence referred to here as ceHP
RNAis from the C. elegans H4-3.2 gene (Roberts et al.,
1989). The ceHPs RNA, a shorter variant of ceHP RNA,
shows the same binding properties as the longer C.
elegans substrate but has a reduced propensity to di-
merize (Fig. 2).

Interestingly, although human HBP bound equally well
to the mmHPs and ceHPs RNAs (Fig. 3B, lanes 2 and
5), the C. elegans HBP bound almost exclusively to
ceHPs RNA (Fig. 3B, lanes 3 and 6). This difference
remained when HBP fragments lacking either the C- or
N-terminal sequences flanking the RBD were used
(Fig. 3A,B). Truncated proteins derived from human
HBP formed complexes with both mmHPs (Fig. 3B,
lanes 8 and 9) and ceHPs RNA (Fig. 3B, lanes 13 and
14), whereas complexes with protein fragments de-
rived from C. elegans HBP were only observed with
ceHPs RNA (Fig. 3B, lanes 15 and 16). We observed
multiple bands with proteins containing the human
N-terminus (Fig. 3B, lanes 2, 5, 8, and 13). Some of
these complexes may have arisen either from modified

.ETDE AVL.RRQKQI NYGKNTIAYD RYIKEVPRHL R.

helix 1

helix 2

L al

helix 3

FIGURE 1. Sequence alignment of the minimal RNA-binding domains (RBDs) of histone hairpin binding proteins (HBPS).
The numbering of residues indicated at the top reflects the 82 amino acid RBD peptides of human and C. elegans HBP used
in this study. Amino acids identical in at least three of the five HBPs analyzed are indicated with white text in black boxes
and shown again in the consensus sequence. The minimal 73-amino-acid RBD defined for human HBP by Wang et al.
(1996) is emphasized by a line below the consensus sequence. Three a-helical regions predicted by the PHDsec program
(Rost & Sander, 1993, 1994; see Martin et al., 2000) are indicated by double arrows. ce: C. elegans; hs: human; mm: mouse;
xl: X. laevis. Note that X. laevis has two HBP-like proteins—SLBP1, related to the mammalian nuclear RNA processing
factor HBP, and SLBP2, involved in storing translationally inactive maternal histone mRNAs in the oocyte (Wang et al.,

1999).
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FIGURE 2. Histone hairpin RNAs used in this work. The mammalian (mmHPs) and the C. elegans (ceHPs or ceHP) RNA
sequences are derived from the mouse H4.12 gene (Meier et al., 1989) and the C. elegans H4-3.2 gene (Roberts et al.,
1989), respectively. The ceHPs has a shorter flanking sequence than the ceHP RNA and gray dashed lines indicate the
deletion. The sequence differences between the ceHP and mmHPs RNAs are shown in gray in the C. elegans sequence.
Mutant RNAs: The mm-ceHP has the sequences flanking the mammalian hairpin structure and the C. elegans hairpin
sequence; ce-mmHP has the C. elegans flanking sequence and the mammalian hairpin sequence. ceHP-Uloop and
ceHP-CUUCIoop RNAs have only one mutation at the fourth and first positions of the C. elegans hairpin sequence,
respectively.
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FIGURE 3. RNA-binding domains of human and C. elegans HBP bind with similar specificity to the respective full-length
proteins to mammalian and C. elegans hairpins. A: Schematic representation of the hairpin-binding protein. The central
black region is the RBD used in this study. Double arrows indicate truncated HBP variants lacking either the C- or the
N-terminal sequences flanking the RBD. B: In vitro-binding assays. The indicated full-length or truncated HBPs made in vitro
were incubated with %?P-labeled mmHPs or ceHPs RNAs as described in Materials and Methods. The protein—-RNA
complexes were separated from free RNA by nondenaturing gel electrophoresis (EMSA). Free RNAs are shown in lanes 1,
7, and 17 for mmHPs and in lanes 4, 12, and 20 for ceHPs. Additional complexes obtained with the hs HBP (lanes 2 and
5) and hs Nt-RBD (lanes 8 and 13) preparations are most likely the result of modified proteins or minor translation products.
The mobility difference between the complexes formed by hs RBD with mmHPs (lane 18) or ceHPs RNA (lane 21) may be
due to the different sequences and conformations of the two RNAs and was also observed in other experiments (see Figs. 5

and 6).
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proteins (i.e., posttranslational modifications) or from
minor translation products (i.e., internal translation ini-
tiation), but all of them showed identical binding behav-
ior. We thus concluded that the structural elements
responsible for the discrimination of the C. elegans HBP
against binding to mmHPs RNA must be located within
its RBD.

This was confirmed in binding studies with the hu-
man HBP fragment encompassing the minimal RBD
and the corresponding C. elegans protein fragment il-
lustrated in Figure 1. In this article, we refer to these
shorter proteins as human (hs) and C. elegans (ce)
RBD, respectively. As expected, the hs RBD was able
to form complexes with both ceHPs and mmHPs RNA
(Fig. 3B, lanes 18 and 21), whereas the ce RBD inter-
acted only with its cognate RNA substrate and not with
the mmHPs RNA (Fig. 3B, lanes 19 and 22). We then
determined dissociation constants (K,) for the human
and C. elegans RBDs as described in Materials and
Methods and in the legend to Figure 4. The hs RBD
bound to both mmHPs and ceHPs RNAs with a K, of
~4 nM (Fig. 4A and Table 1). The ce RBD displayed a
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FIGURE 4. Determination of dissociation constants for the inter-
action of human (A) and C. elegans (B) RBDs with mouse and C.
elegans RNA hairpins. The indicated in vitro-synthesized RBDs
(4.4 nM) were incubated with increasing amounts of 2P-labeled mm-
HPs or ceHPs RNAs as described in Materials and Methods. The
protein—RNA complexes were separated from free RNA by nonde-
naturing gel electrophoresis (EMSA) and the amount of complexed
RNA was determined by Phosphorlmager. Plotted is the amount of
RNA bound at each RNA concentration versus the RNA concentra-
tion, allowing for a direct reading of the dissociation constant Ky
(whose values are listed in Table 1). Experiments were done at least
in duplicate, and shown are the means, flanked by the highest and
lowest values at each RNA concentration. Symbols used for the two
RNAs are defined in the insert of A.

F. Michel et al.

TABLE 1. Binding of human and C. elegans RBDs and human RBD
mutants to mmHPs and ceHPs RNAs

mmHPsP ceHPsP
Binding Max Max

ratio® Ky binding Ky binding
Protein (mmHPs/ceHPs) (nM) (fmol) (nM) (fmol)
hs RBD 1.03 4 21 4 19
ce RBD 0.05 >7) nd 3 8
mut3 0.50 =7 nd 5 22
mut? 0.39 (>8) nd 6 9
mut9 12 3 2.8 =7 nd

2The RNA—protein complexes from Figure 6 and from two further
identical experiments were quantitated by Phosphorimager and the
average ratios of mmHPs complexes to ceHPs complexes are listed.

bDissociation constants and maximal binding activities were read
from Figure 4 (hs and ce RBD) and from similar graphs (mut3, mut
7, and mut9). Where no saturation was reached within the range of
RNA concentrations tested, a minimal value for Ky is listed in brack-
ets and the maximal binding is given as nd.

slightly higher affinity for ceHPs RNA (K, ~ 3 nM).
However, its binding to mmHPs RNA was very weak
(Fig. 4B) and, as no clear-cut saturation was reached
within the range of RNA concentrations tested, the Ky
for mmHPs RNA could not be determined accurately.
Nevertheless, the data indicate that the K; must be
bigger than 7 nM (see Table 1). As is shown in Figure 7,
these differences in binding behavior persisted over a
wide range of salt concentrations. All these results clearly
indicate that the C. elegans RBD was sufficient to dis-
criminate against binding to mammalian hairpin RNA.

The nuclectides in the histone hairpin loop
are important for sequence discrimination

To further investigate this difference in binding speci-
ficity between the human and C. elegans HBPs and
RBDs, we tried to identify which features of the RNA
hairpins were responsible for this differential recogni-
tion. Because the two RBDs behaved similarly to the
full-length HBPs, we decided to use them for further
experiments. We first produced two chimeric RNA mol-
ecules, mm-ceHP and ce-mmHP, where the sequences
flanking the hairpin were exchanged (Fig. 2). We used
these two RNAs in an EMSA with both C. elegans and
human RBD. The hs RBD bound both RNAs (Fig. 5A,
lanes 5 and 8) in addition to the original mmHPs and
ceHP RNAs (Fig. 5A, lanes 2 and 11). In contrast, the
ce RBD bound only mm-ceHP RNA and the original
ceHP RNA (Fig. 5A, lanes 6 and 12), that is, the RNAs
with the C. elegans hairpin sequence, but not ce-
mmHP or mmHPs RNAs (Fig. 5A, lanes 3 and 9), in-
dicating that the contribution of the flanking sequences
to the specificity of binding was only moderate (see
guantitation in Fig. 5B).

We therefore concentrated our analysis on the
hairpin itself. The hairpin RNA sequence is highly
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FIGURE 5. Nucleotides in the hairpin loop are important for the high RNA binding selectivity of the C. elegans RBD.
A: Electrophoretic mobility shift assays using the different RNAs described in Figure 2 and the human and C. elegans RBDs.
The designation at the top of each panel indicates the RNA. The RNAs were incubated without protein (/), with human RBD
(hs), or with C. elegans RBD (ce) as described in Materials and Methods. The protein—RNA complexes were separated from
free RNA by nondenaturing gel electrophoresis (EMSA). B: Summary of binding data. The resultant RNA—protein com-
plexes (from A) were quantified by Phosphorimager. The average of at least three independent determinations of the
relative binding (mmHPs RNA = 100% for the hs RBD; ceHP RNA = 100% for the ce RBD) is represented in this diagram;
hs and ce RBDs are shown with white and black bars, respectively; error bars indicate standard deviations.

conserved. One difference between nematode and ver-
tebrate histone hairpins is the nucleotide at position 1
of the U-rich 4-nt loop. In vertebrates, it is invariably a
U; in contrast, C. elegans is the only exception among
all metazoans where a C is found at this first position
(Marzluff, 1992; Marzluff & Hanson, 1993; Wittop Kon-
ing & Schumperli, 1994). To test whether a U at this
position inhibits ce RBD binding, we replaced it by a U
in the ceHP sequence, to produce ceHP-Uloop RNA
(Fig. 2). Whereas the hs RBD was able to bind to this
RNA, complex formation with the ce RBD was greatly
reduced to ~5-10% of complexes formed with ceHP
RNA (Fig. 5A, lanes 14 and 15; Fig. 5B). This indicated
that a C at the 5’ position of the histone hairpin loop is
crucial for the binding of the C. elegans RBD, whereas
the human RBD can bind to the hairpin irrespective of
the kind of pyrimidine present at this position.

A second difference between the vertebrate and C.
elegans hairpins is the nucleotide at the fourth position
of the hairpin loop. All C. elegans histone genes have
a U, whereas vertebrate histone genes can have any
nucleotide, but most often have a C at this position. To
test whether this nucleotide is important for the se-
guence discrimination of the C. elegans RBD, we
replaced it by a C in ceHP RNA, to produce ceHP-
CUUCIoop RNA (Fig. 2). Both hs and ce RBDs were
able to form complexes with this RNA (Fig. 5A, lanes 17

and 18; Fig. 5B), indicating that this residue was not
important for sequence discrimination. For the human
RBD, ceHP-CUUCIoop RNA (Fig. 5A, lane 17) was the
least efficient substrate (~75% binding compared to
ceHP RNA; Fig. 5B), indicating that replacing the U at
position 1 in the loop by a C also slightly affected RNA
binding.

Identification of amino acids in the human
and C. elegans RBD contributing
to RNA binding specificity

To identify which features of the RBD are involved in
the recognition of the critical U or C nucleotides in the
RNA hairpin loop, we tested whether replacing specific
amino acids with the corresponding C. elegans ones
would render the human RBD more selective for C.
elegans hairpin RNA. Based on the alignment of the
five known HBP sequences shown in Figure 1, a con-
sensus sequence of the RBD was derived (Figs. 1 and
6A). All residues shown in the consensus sequence
are present in at least three of the five proteins. Of the
32 amino acids of the C. elegans RBD that deviate
from the consensus, 13 (indicated by gray boxes in
Fig. 6A) were investigated. The others were not ana-
lyzed, either because at least one of the vertebrate
proteins also deviated from the consensus at this
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FIGURE 6. Analysis of RNA binding selectivity of human RBD mutants with amino acid sequence replacements making
them more similar to the C. elegans RBD. A: For the human and C. elegans RBDs, only the amino acids that differ from the
consensus sequence are shown. Gray boxes indicate the amino acids exchanged in this study. The minimal 73-amino-acid
RBD defined for human HBP by Wang et al. (1996) is emphasized by underlining of the consensus sequence. Three
a-helical regions predicted by the PHDsec program (Rost & Sander, 1993, 1994; see Martin et al., 2000) are indicated by

double arrows. For the hs RBD mutants (mutl to mut16) only

the mutated residues are shown. Asterisks indicate the three

most interesting mutants described in the text. B: Electrophoretic mobility shift assay. The human RBD (hs), the C. elegans
RBD (ce), and the different mutant RBDs (1-16) were incubated with 3?P-labeled mmHPs (m) or ceHPs (c) RNAs as
described in Materials and Methods. The protein—-RNA complexes were separated from free RNA by EMSA. Free mmHPs
and ceHPs RNAs alone are shown in lanes 1 and 2, respectively.

position or because the residues were at the very
C-terminal border of the RBD. The amino acids of the
human RBD within each of the five gray boxes shown
in Figure 6A were replaced with the corresponding C.
elegans residues using mutagenic oligonucleotide prim-
ers in site-directed mutagenesis (see Materials and
Methods). Combinations of two or more primers al-
lowed the construction of more complex exchanges. In
some cases, additional changes not corresponding to
the primer sequence were detected by sequencing. All
the resulting proteins (mutl to mutl6, shown in Fig. 6A)
were tested for their ability to bind the mmHPs and
ceHPs RNA by EMSA (Fig. 6B). Although the in vitro
translation of the different polypeptides was monitored
by 3°S-methionine incorporation followed by SDS-PAGE
and autoradiography (data not shown), this does not
mean that equal amounts of active proteins were used
and hence comparative conclusions between different
proteins should not be drawn. However, the main pur-
pose of this experiment was to analyze the relative

binding of a given protein to different RNAs, for which
it was sufficient that active protein be available. The
experiments were done in triplicates and the amount of
complexed RNA was determined for each reaction.

As already observed in Figures 3-5, the human
RBD bound both RNA molecules with similar efficiency
(Fig. 6B, lanes 3 and 4). The average ratio between the
amount of complex formed with mmHPs RNA and that
formed with ceHPs RNA was 1.03 (Table 1). The C.
elegans RBD that bound exclusively to its own RNA
(Fig. 6B, lanes 5 and 6) had a corresponding average
ratio of 0.05 (Table 1).

Mutant RBDs where all the sequence elements were
exchanged to make them most similar to the C. el-
egans RBD (mut12), or where all except QKQ (amino
acids 19-21) were exchanged (mutll), were not able
to bind either RNA (Fig. 6B, lanes 17-20), although
both proteins were added in significant amounts (data
not shown). This was surprising because we expected
these peptides to behave similarly to the C. elegans


http://www.rnajournal.org

Downloaded from www.rnajournal.org on February 14, 2006

RNA binding specificity of histone hairpin binding protein

RBD, and it suggested that in these mutants we had
disrupted essential contacts or destabilized the struc-
ture of the protein.

Two single amino acid replacements, in mutl (Fig. 6B,
lanes 7 and 8) and mut5 (lanes 11 and 12), did not
significantly alter the binding behavior compared to the
hs RBD, as the ratios of complex formation for these
mutants were 1.16 and 1.14, respectively.

In contrast, mut7 (replacing the sequence YGKNT
(amino acids 24-28) by RAKEK in combination with
E9C) had almost lost the ability to bind to mmHPs RNA
(Fig. 6B, lanes 13 and 14; average ratio of complex
formation 0.39, Table 1). Replacement of only YGKNT
(24-28) by RAKEK resulted in a protein (mut3) with
increased binding to ceHPs or reduced binding to mm-
HPs RNA but that still bound both RNAs (Fig. 6B, lanes 9
and 10; ratio of 0.5, Table 1). Both mutants point to the
sequence YGKNT (24-28) as being important for bind-
ing specificity. Exchanging amino acids YGKN(24-27)
by RAKE (mutl3), or by RGKE (mutl6) resulted in
proteins that exhibited a similar but weaker shift in se-
lectivity, as these two mutants showed a slight prefer-
ence for binding to ceHPs RNA (Fig. 6B, lanes 21-22
and 25-26; ratios of 0.77 and 0.85, respectively). Only
mutl4, where the same sequence was changed to
RGKEK, had a binding behavior almost indistinguish-
able from the hs RBD (Fig. 6B, lanes 23 and 24; aver-
age ratio of 1.08).

Interestingly, replacing the sequence FKKY (amino
acids 55-58) with LINF (mut9) strongly increased the
preference of the RBD for the mmHPs RNA (Fig. 6B,
lanes 15 and 16) to the extent that the ratio of complex
formation increased to the average value of 12 (Table 1).
This result indicates that by replacing this sequence,
we have created an RBD with an increased selectivity
for mammalian hairpin RNA.

We next determined dissociation constants for the
complexes formed between the mut3, mut7, and mut9
RBDs and mmHPs and ceHPs RNAs. The methods
used were identical to the ones described for the hs
and ce RBDs in Figure 4. The mut9 RBD bound to mm-
HPs with a similar or slightly stronger affinity as hs
RBD, but the maximal binding was reduced to ~2.8
fmol (Table 1). The binding to ceHPs was about 3.5-
fold weaker averaged over the entire range of concen-
trations tested (0.9—-19.6 nM) and, because no saturation
was reached, the K, could not be determined precisely
(Table 1). This confirmed that mut9 bound with a marked
preference for mmHPs over ceHPs RNA. For the mu-
tant RBDs mut3 and mut7, the affinity for the ceHPs
RNA was slightly lower (~5 and 6 nM, respectively)
than that of either hs RBD or ce RBD for the same
substrate. The maximal binding of mut3 and mut7 to
ceHPs RNA was comparable to that of hs RBD and ce
RBD, respectively. However the binding of both mutant
RBDs to mmHPs RNA compared to the binding to ce-
HPs RNA was reduced at all concentrations (approxi-
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mately twofold for mut3 and threefold for mut7) and
saturation was not reached with these proteins. This
again resulted in a difficulty in determining binding
constants (Table 1), but confirmed the earlier results
presented in Figure 6 that these mutants bound pref-
erentially to ceHPs RNA. For all those combinations
where the data did not allow a precise determination of
K, values, the lowest possible values based on these
experiments are listed in Table 1.

Finally, we tested the possibility that the observed
differences in binding could be dependent on the par-
ticular salt concentrations used. We varied the salt con-
centration from only the amount carried over from the
in vitro translation system (~15 mM potassium ace-
tate) up to 1,000 mM KCI. Complex formation showed
only a slight increase towards the lower salt concen-
trations, but was virtually constant between 300 and
1,000 mM salt (Fig. 7). Most importantly, the relative
binding behavior of the different RBDs did not change
over the range of salt concentrations tested. In this

% RNA bound

0 200 400 600 800 1000

- B: binding to ceHPs

% RNA bound

0 200 400 600 800 1000
KCI concentration (mM)

FIGURE 7. RNA complex formation of different RBDs at varying salt
concentrations. The in vitro-synthesized human, C. elegans, and mut3,
mut7, and mut9 RBDs (4.4 nM) were incubated with 4.9 nM 32P-
labeled mmHPs (A) or ceHPs (B) RNAs either without salt (15 mM
value) or in 50 mM KCI (see Materials and Methods). Subsequently,
the samples were supplemented with KCI to yield the indicated con-
centrations and further incubated for 20 min on ice prior to analysis
by EMSA. Plotted are the binding efficiencies (in percentage of RNA
bound) against the different KCI concentrations. Symbols used for
the different RBDs are defined in the insert of A.
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experiment, the hs RBD bound slightly better to mm-
HPs than to ceHPs (binding ratio averaged over all salt
concentrations = 1.42). For mut9, the binding ratio was
4.44, that is, the protein showed a strong preference for
binding to mmHPs RNA at all salt concentrations tested.
The other RBDs preferentially bound to ceHPs RNA
with the preference decreasing in the order ce RBD,
mut7, mut3 (binding ratios of 0.03, 0.21, and 0.50, re-
spectively). The absolute levels of binding observed in
this experiment were consistent with the results of the
RNA titrations presented in Figure 4 and Table 1.

The above results identified two sequence elements
in the human RBD that are important for selective RNA
binding, the first element YGKNT (24—28) that is changed
in mut3 and mut7 and the second one FKKY (55-58)
that is replaced by the corresponding C. elegans se-
guence in mut9. We therefore wanted to know whether
the new discrimination between C. elegans and verte-
brate hairpins displayed by these mutants also in-
volved the first nucleotide in the hairpin loop. The results
of EMSA using the mutant RNAs described in Figure 2
are summarized in Figure 8. The binding of mut7 and
mut9 proteins to ceHP and mmHPs RNAs, respec-
tively, were defined as 100%. The mut7 protein bound
preferentially to all RNAs containing a C at the first
position of the loop, that is, ceHP, mm-ceHP, and ceHP-
CUUCIoop, and thus displayed a similar and almost as
strong selectivity as the C. elegans RBD. A similar but
less pronounced preference for RNAs with a C at the
first position of the loop was also found for mut3 (data
not shown). In contrast, the mut9 protein showed a
strong preference for mmHPs and ce-mmHP over mm-
ceHP and ceHP RNA. It also displayed a preference for
ceHP-Uloop over ceHP-CUUCIoop RNA, but both this
preference and the absolute binding to ceHP-Uloop
RNA were less pronounced in comparison to ce-mmHP
and mmHPs RNAs.

100

80 4

40 1

% binding

20

ceHP ceHP-Uloop ceHP-
CUUCloop

mm-ceHP  ce-mmHP

FIGURE 8. Summary of the binding of mut7 (white bars) and mut9
(black bars) RBDs to various hairpin RNAs shown in Figure 2. The
RNA-protein complexes were quantitated from three independent
experiments by Phosphorlmager. The experiment indicates that the
new selectivity of both mutant RBDs is mostly for the pyrimidine at
the first position in the hairpin loop.
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We have therefore identified two sequence ele-
ments, YGKNT (24-28) and FKKY (55-58), in the hu-
man RBD that are important for RNA—protein interaction.
Changing these elements to the respective C. elegans
sequences increased the ability of the RBD to discrim-
inate between the vertebrate and C. elegans hairpin
RNAs albeit with opposite effects. The experiments also
indicated that both elements affect RNA-binding selec-
tivity mostly through the first nucleotide in the loop.

DISCUSSION

RNA binding of C. elegans HBP and its RBD is
highly selective for a cytosine at the first
position of the histone hairpin loop

So far, HBP (or SLBP) cDNAs have been cloned from
three vertebrates (human, mouse, and Xenopus lae-
vis) and from the nematode worm C. elegans (Wang
et al., 1996, 1999; Martin et al., 1997). All these pro-
teins bind very strongly to the 3’ end of their respective
histone mRNAs. The RBD, defined for human HBP by
deletion analysis (Wang et al., 1996), is the most con-
served region among the different proteins (Miller &
Schumperli, 1997), but does not show obvious homol-
ogies with other known RNA-binding motifs (Burd &
Dreyfuss, 1994; Draper, 1995, 1999). A main objective
of this work was, therefore, to obtain first insights into
what determines the specificity of this RNA—protein
interaction.

The binding target for HBP, the hairpin structure at
the 3’ end of animal histone mMRNAs, has been highly
conserved in evolution (Marzluff, 1992; Marzluff & Han-
son, 1993; Wittop Koning & Schumperli, 1994; Miller
& Schiumperli, 1997). However, the sequences at the
3’ end of C. elegans histone mRNAs show a number
of important deviations from those of other metazo-
ans. First, not only the hairpin and the following 4 nt,
but also 12 nt preceding the hairpin are virtually in-
variant among C. elegans histone genes (Wittop Kon-
ing & Schimperli, 1994). In comparison, the conserved
region preceding the hairpin is shorter and more vari-
able in vertebrates (the main characteristic of this re-
gion being the absence of Gs). Second, the sequence
flanking the hairpin on the 3’ side is ACA?/y in C.
elegans, ACCA in sea urchins and ACCCA in verte-
brates. Moreover, the C. elegans histone hairpins all
have a C at the first position of the loop, whereas an
invariant U is found at this position in all other meta-
zoans. Finally, C. elegans seems to lack a well-
conserved downstream or spacer element. The best
candidate so far is the sequence #/,AAUCC (Wittop
Koning & Schimperli, 1994), which has, however not
been confirmed experimentally, since the C. elegans
U7 snRNA, supposed to interact with this sequence,
has not yet been identified.
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Here we have exploited the availability of cloned
cDNAs for human and C. elegans HBP to analyze if the
two proteins display similar or different RNA binding
specificities. Interestingly, the C. elegans HBP bound
very selectively to its own, but not to a vertebrate hair-
pin, and this high selectivity was preserved when only
the C. elegans RBD was analyzed (Fig. 3). This selec-
tivity was not the result of misfolding of the C. elegans
RBD, as it bound to ceHPs RNA with similar affinity as
the human RBD (Fig. 4) and because the binding se-
lectivity was observable over a wide range of salt
concentrations (Fig. 7). We further showed that the
nucleotide at the first position was mostly responsible
for the exclusive binding of the C. elegans HBP and its
RBD to its cognate RNA hairpin and that this nucleotide
had to be a C (Fig. 5). In contrast, exchanging the
sequences flanking the hairpin only slightly reduced
the binding of the C. elegans RBD.

This highly selective binding behavior of the C. el-
egans HBP and its RBD contrasted with that of human
HBP. Both human HBP and its RBD bound about equally
well to all the mammalian, C. elegans, and chimeric
hairpins analyzed (Figs. 3 and 5). Previous studies had
shown that the sequence of the stem and the se-
guences immediately flanking the hairpin were critical
determinants for mammalian HBP binding but that the
conformation of the loop was not critical (Pandey et al.,
1991, 1994; Williams & Marzluff, 1995). However, when
the conserved uridine at the first position of the loop
was mutated to guanosine, the resulting RNA showed
only 15% binding to HBP present in mouse myeloma
nuclear extract (Williams & Marzluff, 1995). We re-
cently found a similar but slightly weaker reduction in
binding of recombinant human HBP to the same hair-
pin mutation (Martin et al., 2000). Thus mammalian
HBPs are apparently sensitive to substitution of the
first U in the loop by a purine, whereas a U-to-C sub-
stitution is well tolerated (Fig. 5). Moreover, our present
data demonstrate that the sequences flanking the ver-
tebrate hairpin can be replaced by their C. elegans
counterpart without changing the binding behavior of
the human RBD. However, it must also be mentioned
that other residues, notably at the base of the stem, are
very critical for binding of mammalian HBP to the RNA
hairpin (Pandey et al., 1994; Williams & Marzluff, 1995;
Martin et al., 2000).

The high selectivity of the C. elegans HBP and its
RBD for the nature of the pyrimidine at the first position
of the hairpin loop is rather surprising. Uracil and cy-
tosine differ only in two side groups of the pyrimidine
ring and, as discussed above, mammalian HBP binds
equally well to hairpin RNAs containing either type of
pyrimidine. This strongly suggests that the C. elegans
RBD must make additional, specific contacts with the
cytidine in the first position of the loop and/or form
structures that prevent the binding of hairpins contain-
ing a different nucleotide at this position.
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Two sequence elements in the RBD
conferring selectivity for the first
position of the histone hairpin loop

Based on a consensus sequence derived from align-
ment of the five known HBP sequences across the
highly conserved RBD (Fig. 1), we converted single
amino acids or short oligopeptides from the human to
the C. elegans RBD sequence by site-directed muta-
genesis. This mutational analysis was carried out to
identify amino acids that may mediate the highly se-
lective RNA binding displayed by the C. elegans RBD.
Our results revealed two sequence elements in the
human RBD, YGKNT (amino acids 24-28) and FKKY
(55-58), that, when changed to the corresponding C.
elegans sequence, led to a more restrictive binding
selectivity (Figs. 6-8).

By converting the sequence YGKNT to RAKEK (mut3
and mut7), we observed a decreased binding to the
mammalian RNA compared to the C. elegans hairpin.
A less pronounced selectivity was obtained in mutl13
and mutl6 where YGKNT was converted to RAKET
and RGKET, respectively, whereas the binding behav-
ior of mutl4 (RGKEK) was not changed compared to
the original human RBD (Fig. 6). Thus, although sev-
eral changes in this sequence affected RNA binding
selectivity, these effects were variable, depending on
which amino acids were altered. In contrast, converting
the sequence FKKY into LINF (mut9) dramatically in-
creased the preference of this mutant for the mamma-
lian hairpin, and binding to the C. elegans RNA was
lost almost completely. This latter finding was remark-
able, because we had hereby obtained an RBD with a
new binding specificity not displayed by either wild-
type human HBP or any of the other HBP polypeptides
analyzed so far.

All three altered selectivity mutants, mut3, mut7, and
mut9, still bound to the preferred RNA hairpins with
affinities comparable to the wild-type hs and ce RBDs
(Table 1) and the binding selectivity was conserved
over a wide range of salt concentrations (Fig. 7). This
indicated that we were dealing with true alterations in
binding specificity and not simply with misfolding or a
general loss of activity of the proteins.

Interestingly, both types of increased selectivities rep-
resented by these mutants discriminated between the
different RNAs mostly on the basis of the first nucleo-
tide of the loop (Fig. 8; data not shown). The RBD of
mut7 (and mut3) bound more selectively to RNAs that
had a C at the first position, whereas mut9 preferen-
tially recognized RNA hairpins with a U at the first po-
sition of the loop.

To discuss the possible implications of these findings
in more detail, it is important to consider briefly other
well-defined RNA—protein interactions (reviewed in Burd
& Dreyfuss, 1994; Draper, 1995, 1999). A first class of
RNA binding proteins, exemplified by HIV Rev and Tat
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proteins or the bacteriophage A N protein, use arginine-
rich a-helices or B-ribbons to interact with accessible
parts of the major groove of an RNA A-helix. Most of
the contacts are electrostatic or involve hydrogen bonds,
but stacking interactions, especially with aromatic side
chains, are also frequently seen. Other proteins, for
example those containing the widespread ribonucleo-
protein or RNA recognition motif (RRM), interact with
more exposed parts of an RNA such as loops and
bulges. The RRM forms a B-sheet surface that con-
tacts the RNA mostly through positively charged and
aromatic side chains of solvent-exposed amino acids
(Nagai et al., 1990; references in Burd & Dreyfuss,
1994).

We have previously analyzed HBP using the PHD-
sec program (Rost & Sander, 1993, 1994) that allows
the prediction of protein secondary structure, based on
phylogenetic comparisons of primary amino acid se-
qguences. This program proposes with high confidence
the presence of three a-helical regions within the RBD,
two closely spaced 12 and 9 amino acid long helices in
the N-terminal half connected by a loop with a 15 amino
acid helix in the C-terminal half (Martin et al., 2000).
Interestingly, the two sequence elements identified in
this work are localized in the strands connecting the
proposed helices (Fig. 6). The N-terminal YGKNT se-
quence is located between the putative helices 1 and
2, and the C-terminal sequence FKKY is closer to
helix 3. In contrast, five of six previously isolated mu-
tations that eliminated or reduced binding of the full-
length human HBP to mmHPs RNA were located in the
predicted a-helical regions 1, 2, and 3 (Martin et al.,
2000). In the context of this secondary structure pre-
diction, it is possible that one or more of the proposed
helices contact the major groove of the short RNA stem
region and that one or both identified elements in the
putative connecting strands interact with the presum-
ably exposed base at the first position of the RNA loop,
as is suggested by our present data.

Considering the chemical nature of the two amino
acid sequence elements identified in this paper, both
the human and the C. elegans version of the N-terminal
element contain positively charged and aromatic amino
acids (YGKNT and RAKEK, respectively; correspond-
ing residues underlined). Thus both versions are good
candidates for making specific contacts with RNA. In
contrast only the human version of the C-terminal ele-
ment is rich in positively charged and aromatic amino
residues (FKKY), whereas the C. elegans sequence
contains only one aromatic amino acid (LINF). Thus,
changing the sequence FKKY to LINF may have caused
a loss of protein—RNA contacts. If this is the case, how-
ever, how could this alteration have brought about a
new specificity for the mammalian version of the hair-
pin with U at the first position of the loop?

One possibility is that the human sequence YGKNT
recognizes preferentially a U residue at the first posi-
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tion of the loop, whereas the corresponding C. elegans
element RAKEK binds preferentially to hairpin RNAs
with a C at the first position. Consistent with this, mut7
and mut3 bind more strongly to RNAs whose loop be-
gins with C. We further postulate that the second hu-
man RBD sequence FKKY binds to other features of
the RNA that are common to human and C. elegans
hairpins, or generally enhances RNA binding by some
other means and that the corresponding C. elegans
sequence LINF has lost this ability. The mammalian
FKKY sequence should therefore increase the binding
of the corresponding RBD and allow it to bind to RNAs
containing the nonspecific pyrimidine at the first posi-
tion of the loop as is indeed the case for hs RBD as well
as for mut7 and mut3. In contrast, in the presence of
the C. elegans-specific LINF sequence, we observe an
exclusive binding behavior, either to hairpins loops be-
ginning with U when the first element is YGKNT (mut9)
or to loops beginning with C when the first element is
RAKEK (ce RBD).

In support of this concept, the sequence YGKNT
is conserved in all four vertebrate HBP sequences,
whereas the FKKY sequence is conserved in mouse
HBP and Xenopus SLBP1, but not in Xenopus SLBP2,
where the corresponding sequence is SKKY. However,
it remains possible or even likely that other amino acids
differing between the human and C. elegans RBDs
also play a role in RNA recognition.

In conclusion, we have identified two amino acid se-
guence elements that contribute to the sequence se-
lectivity displayed by the RBD of C. elegans HBP. Most
of the binding selectivity obtained when changing
either of these elements from the human to the C. ele-
gans sequence is due to discrimination for the pyrimi-
dine present in the first position of the histone hairpin
loop. Future experiments aimed at defining which chem-
ical groups of the RBD interact with this important nu-
cleotide may serve as a starting point for a structural
model of the HBP-hairpin complex.

MATERIALS AND METHODS

Nucleic acids

The hairpin RNAs (nucleotides of the stem are under-
lined) mmHPs (5'-GGACAAAAGGCCCUUUUCAGGGCC
ACCC; previously called wtHPs RNA (Martin et al., 2000)),
ceHP (5'-GGAACCGAACCCAACGGCCCUCUUUAGGGCC
ACAA), mm-ceHP (5'-GGACAAAAGGCCCUCUUUAGGGCC
ACCC), ce-mmHP (5'-GGAACCGAACCCAACGGCCCUU
UUCAGGGCCACAA), ceHP-CUUCIloop (5’-GGAACCGA
ACCCAACGGCCCUCUUCAGGGCCACAA), ceHP-Uloop (5'-
GGAACCGAACCCAACGGCCCUUUUUAGGGCCACAA)
(Fig. 2B), and ceHPs (5'-GGAACCCAACGGCCCUCUUU
AGGGCCACAA) (see Fig. 2 and text) were transcribed from
partly double-stranded oligonucleotides by T7 RNA polymer-
ase (Milligan et al., 1987). Uniformly labeled RNA was made
by including «-3?P-UTP in the transcription reaction and pu-
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rified by denaturing polyacrylamide electrophoresis. RNA con-
centrations were determined by the amount of a-32P-UTP
incorporated into the RNA. RNA was stored in H,O at —20 °C.

Strains

Plasmids were amplified in E. coli strain XL1-blue. The single-
stranded DNA for the site-directed mutagenesis was made in
E. coli strain CJ236 (dut, ung, thi, relA; pCJ105[Cmr]).

Site-directed mutagenesis

Site-directed mutagenesis was performed as described
(Kunkel, 1985). Mutations in the human RBD were intro-
duced using the oligonucleotides hRBD-E9 (5'-TTCATCTG
TGCAAAAGTCAGC), hRBD-QKQ (5'-ATCTCCCTCGATC
TCCTCATT), hRBD-YGeNT (5'-GTAGGCAATTTTCTCCTT
CGCACGGTTG), hRBD-FKKY (5'-TCGACTAAAGTTTATAA
GTTTATTAGG), and hRBD-L69 (5'-CACCTTCCATTTTT
TGATTTG). Combinations of the different primers were
annealed to single-stranded DNA isolated from phage parti-
cles produced by the infection of E. coli strain CJ236 trans-
formed with pBluescript KS (—) phagemid containing the
human RBD cDNA with helper phage M13KO7. Second-
strand synthesis was performed using T4 DNA polymerase
and the DNA was then introduced into E. coli strain XL1-blue.
The introduction of mutations was confirmed by DNA se-
guencing (see below).

Proteins

Primers hbf9 (5'-GCCTCGAGATGTCTACTGTGC) and hbfl11l
(5"-TGCTCGAGTCATTCCGCTGGAGGA) and primers hbf9
and hbfl2 (5'-TGCTCGAGCAGTTAGCTCATGG) were used
to amplify from human HBP cDNA (Martin et al., 1997) the
RBD (hs RBD) and the RBD plus the C-terminal region (hs
RBD-Ct), respectively (Fig. 3A). Primers celeg-1 (5'-CACGA
AGACTCGAGATGGAAGAGCCGAC) and celeg-2 (5'-GTAT
GGACCTCGAGTCATGGCTCCTCTCC), primers celeg5’ (5'-
GGCGCCTCGAGCGCCTAAAAAAATGGC) and celeg-2, and
primers celeg-1 and celeg3’ (5'-GAAGGAACTCGAGTAT
CTTTAGTGCGACG) were used to amplify from C. elegans
HBP cDNA (Martin et al., 1997) the corresponding ce RBD,
ce Nt-RBD, and ce RBD-Ct fragments, respectively. Amplifi-
cation products were cut with Xhol, gel-purified, and ligated
into the Xhol site of pBluescript KS (—). The template for hs
Nt-RBD had previously been isolated as a nonsense muta-
tion at Q208 in the human HBP cDNA (Martin et al., 2000).

Proteins were synthesized in vitro in wheat germ extract as
described by the supplier (Promega) in 50 wl, using 1.5 ug
of linearized plasmids. For analysis by SDS-PAGE, °°S-
methionine-labeled proteins were precipitated by trichloro-
acetic acid (10-15% v/v), washed twice with acetone, and
resuspended in 20 uL of SDS-PAGE loading buffer. Proteins
were analyzed by 15% SDS-PAGE. Detection of proteins
was by Phosphorimager.

High-yield protein synthesis for the experiments described
in Figures 4 and 7 and Table 1 was done with RNA prepared
in vitro using T7 RNA polymerase. For translation in wheat
germ extract, the protocol of the manufacturer (Promega)
was modified such that the concentrations of the amino acids
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was 120 uM, except for leucine, which was at 80 uM, and
methionine, which was at 40 uM. Synthesis was done in
100 ulL in the presence of 35S-methionine for 2 h as de-
scribed by the manufacturer. Proteins were analyzed by 12.5%
Tris-tricine gel electrophoresis (Schagger & von Jagow, 1987)
and visualized by autoradiography of dried gels. Protein bands
were excised and the fraction of 3°S methionine incorporated
into protein was determined by comparison with an aliquot of
the wheat germ reaction mixture. Protein yields were calcu-
lated taking into account the numbers of methionine present
in each product and the protein concentrations in the trans-
lation mixture were 18.4, 20.5, 16.4, 22, and 25.3 nM for hs
RBD, mut3, mut7, mut9, and ce RBD, respectively.

Sequencing

DNA sequencing was done with the oligonucleotide T7 primer
(5'-AATACGACTCACTATAG) labeled at the 5’-end with
IRD41, using the Thermo Sequenase fluorescent labeled
primer cycle sequencing kit with 7-deaza-dGTP (Amersham).
Sequences were analyzed on an automatic sequencer (Licor
4200).

Binding assays

Twenty-seven femtomoles 32P-labeled RNA were incubated
with 5 wulL of the in vitro-made protein in a final volume of
10 uL of 10 mM Tris-HCI (pH 7.5), 50 mM KCI, 1 mM DTT,
10% glycerol, 1 ug/uL yeast tRNA, 1 unit/uL RNasin (Pro-
mega) for 20 min on ice. As a control, RNAs were incubated
in the same buffer with 5 uL of translation mix that had been
incubated without plasmid. The reaction products were ana-
lyzed directly by EMSA as described (Schaller et al., 1997).
Products were visualized by autoradiography or by Phospho-
rimager (Molecular Dynamics).

For the determination of affinity constants in Figure 4 and
Table 1, 5 uL binding reactions containing tRNA and RNasin
as described above were set up using 4.4 nM protein pre-
pared by the high-yield synthesis protocol. Where necessary,
mock translation mixture was added to keep the amount of
wheat-germ extract added to the reaction constant. Either mm-
HPs or ceHPs RNA was then added at the indicated concen-
tration and the mixture was incubated on ice and subsequently
analyzed by EMSA as described above, except that a Fuji
Phosphorimager was used for quantitation.

For the salt titration shown in Figure 7, reactions were set
up at 50 mM KClI or without KCI (~15 mM K acetate is carried
over from the translation mixture) using 4.4 nM protein pre-
pared by the high-yield synthesis protocol and 4.9 nM RNA.
Subsequently, 3.5-uL aliquots were either left unchanged or
supplemented with KCI to 100, 200, 400, 600, or 1,000 mM,
and incubated for a further 20 min on ice prior to analysis by
EMSA as described above.
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