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The Nova family of proteins are target antigens in the autoimmune
disorder paraneoplastic opsoclonus-myoclonus ataxia and contain
K-homology (KH)-type RNA binding domains. The Nova-1 protein
has recently been shown to regulate alternative splicing of the a2
glycine receptor subunit pre-mRNA by binding to an intronic
element containing repeats of the tetranucleotide UCAU. Here, we
have used selection-amplification to demonstrate that the KH3
domain of Nova recognizes a single UCAY element in the context
of a 20-base hairpin RNA; the UCAY tetranucleotide is optimally
presented as a loop element of the hairpin scaffold and requires
protein residues C-terminal to the previously defined KH domain.
These results suggest that KH domains in general recognize tet-
ranucleotide motifs and that biological RNA targets of KH domains
may use either RNA secondary structure or repeated sequence
elements to achieve high affinity and specificity of protein binding.

In eukaryotes, transcription of pre-mRNA is followed by a
series of processing steps, including mRNA splicing, polyad-

enylation, export, localization, translation, and degradation.
RNA-protein interactions are central in all of these pathways,
and RNA binding proteins are often key regulators of posttran-
scriptional gene expression. The elucidation of how RNA bind-
ing proteins interact with RNA is thus critical to the under-
standing of these aspects of mRNA processing.

One of the most common protein motifs involved in RNA
binding is the K-homology (KH) domain, originally described in
the protein hnRNP-K (1). The KH domain consists of approx-
imately 70 amino acids and includes a conserved hydrophobic
core, an invariant Gly-X-X-Gly motif, and an additional variable
segment; isolated KH domains of approximately this length
are competent to bind ribohomopolymers (2–4). Over 50 KH
domain-containing proteins have been identified; notably, many
of these proteins contain multiple KH domains andyor other
known RNA binding domains, such as the RNA recognition
motif. NMR structural studies of individual KH domains re-
vealed a conserved baabba fold (3, 5), and high-resolution x-ray
structures have additionally permitted the visualization of the
Gly-X-X-Gly and variable loops (6).

How KH domain proteins function requires understanding how
they interact with RNA and the roles these interactions play in the
context of a presumably complex and multicomponent regulatory
system. The mammalian KH domain proteins KSRP and SF1, the
yeast KH protein MER-1, and the Drosophila KH domain protein
PSI have all been implicated in regulating mRNA splicing (7–10).
The heterogeneous nuclear RNP proteins hnRNP K and hnRNP E
have been shown to play important roles in mRNA stabilization and
mRNA translational control (11–13). The proteins ZBP-1 and
Vera, which each contain two RNA recognition motif domains and
four KH domains, have been shown to play a role in localizing
specific mRNAs within the cell cytoplasm (14, 15). The absence of
the mammalian KH domain protein FMR-1 is associated with the
fragile-x mental retardation disorder, and a single amino acid
mutation within its second KH domain impairs RNA binding and
leads to a particularly severe form of mental retardation in humans

(16–18). The functional roles of several of these KH domain
proteins have been linked to their recognition of pyrimidine-rich
sequences within their target RNAs, but we have yet to understand
in detail how the specificity of RNA recognition is achieved and
what other protein factors, if any, are necessary for KH domain
protein function.

The Nova-1 and Nova-2 proteins (4, 19, 20) each contain three
KH domains and are closely related to the hnRNP-K and
hnRNP-E proteins (21). Nova proteins are exclusively expressed
in CNS neurons and are the target antigens in the autoimmune
neurological disorder paraneoplastic opsoclonus myoclonus
ataxia. We have previously used RNA selection-amplification
(SELEX) (22, 23) to identify RNA stem loops containing the
element (UCAUY)3 as high affinity targets of Nova-1 (24) and
have shown that Nova-1 specifically interacts with an intronic
element of the same sequence in the pre-mRNA of the a2 glycine
receptor subunit (24). Using both genetic and biochemical
means, we have demonstrated that Nova-1 binding to this
intronic site in the a2 glycine receptor can control the relative
utilization of the two downstream, alternatively spliced exons 3A
and 3B (25). Additionally, selection-amplification experiments
with Nova-2 revealed a consensus of GAGUCAU in a stem loop
as a high-affinity target of the protein (20).

High-resolution x-ray structures of the third KH domain from
Nova-1 and Nova-2 have been solved (6). This particular KH
domain of Nova was chosen for structural study because it has been
shown to be both necessary and sufficient for binding of the
(UCAUY)3 RNA motif (24). For the purposes of obtaining a Nova
KH3yRNA co-crystal, we have again used RNA selection-
amplification to determine a high-affinity RNA target for the
isolated Nova KH3 domain, and we report here the results of that
screen. The RNA molecules selected using Nova KH3 contain a
single UCAY element that lies within the loop of a 20-base hairpin
structure. We have performed extensive mutagenesis on this mol-
ecule, confirming the strict requirement of the UCAY and its
presentation within the context of a stem loop as necessary for
recognition by Nova KH3. We have determined that several amino
acids C-terminal to the previously defined KH domain are neces-
sary for RNA binding, and we demonstrate that the specificity and
affinity of this RNA:protein interaction is preserved in the full-
length Nova protein. These results have led to the co-crystallization
of Nova-2 KH3 and one of the RNAs from this selection (26), and
this structure shows excellent agreement with the mutagenesis and
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protein domain mapping studies reported here. Finally, we com-
pare the Nova KH3 RNA ligand to known RNA sequences that
interact with KH domain proteins and suggest that KH domains
recognize RNA targets based on a minimal four-base RNA se-
quence element. This interaction is weak, in both the energetic and
informational sense, and specificity for targets is likely achieved
through the use of multiple KH domains within the same protein,
the presence of multiprotein complexes on the RNA target, or, as
demonstrated in the case of the Nova KH3 RNA target, an
entropically favorable presentation of the core tetranucleotide to
the KH domain.

Materials and Methods
KH Domain Expression and Purification. The KH3yC-terminal do-
mains from human Nova-1 (amino acids 423–510) and human
Nova-2 (amino acids 406–492) were expressed and purified as in
the work by Lewis et al. (6). The smaller protein fragments were
prepared in an identical fashion. The proteins were assayed by
electrospray mass spectrometry for correct molecular weight,
circular dichroism for correct protein folding, and dynamic light
scattering for monodispersity.

Selection-Amplification. The synthetic oligonucleotide template
59-TCCCGCTCGTCGTCT [25N] CCGCATCGTCCTCCCT-
39, where ‘‘N’’ indicates random incorporation of all four nucle-
otides, was prepared for first round transcription by using
Klenow fragment (Amersham Pharmacia) and the oligonucle-
otide primer 5GL, 59-GAAATTAATACGACTCACTATAGG-
GAGGACGATGCGG-39. RNA was transcribed to yield ap-
proximately 8 nmol of full-length product (and approximately
1014 unique RNA molecules) for first round selection. Selection-
amplification was performed essentially as described by Tuerk
and Gold (22). Binding reactions were carried out by using the
buffer 1 3 BB [200 mM KOAcy50 mM TriszOAc, pH 7.7y5 mM
Mg(OAc)2], and RNA:protein molar ratios varying from 5:1 at
the beginning of selection to 250:1 at the end of selection.
Partitioning was performed with 0.45-mm nitrocellulose filters
(Millipore). Selected RNA was reverse transcribed by using the
oligonucleotide primer 3GL, 59-TCCCGCTCGTCGTCTG-39,
and AMV-RT (Promega). Amplification of the library for the
following rounds used mildly mutagenic PCR conditions using
primers 5GL and 3GL, 1 mM dNTPs, and 7.5 mM Mg(OAc)2.

Measurement of RNA-Protein Binding. Binding dissociation con-
stants were measured either by a nitrocellulose filter binding
assay (27) or by gel shift assay. For filter binding, 50-ml reactions
containing 50–100 fmol of RNA internally labeled with 32P and
concentrations of Nova-1 or Nova-2 KH3 in 3-fold dilutions
typically ranging from 33 mM to 45 nM were mixed in 1 3 BB
and were incubated at 10 min for 25°C, followed by filtering and
washing. For gel shifts, binding reactions were modified as
follows: 1 3 GS buffer [50 mM KOAcy50 mM TriszOAcy10 mM
DTTy5 mM Mg(OAc)2y30 mg/ml tRNA] was substituted for 1 3
BB; reaction volume was 20 ml; reaction temperature was 4°C;
and Ficoll 400-DL (Sigma) was added to a final concentration of
2.5%. Samples were run on 8%, 37.5:1 acrylamide:bisacrylamide
gels at 4°C and 100 V. Dissociation constants were determined
graphically by plotting the fraction of bound RNA versus the log
of the protein concentration (28).

Transcription of Oligonucleotide Templates. The template for the
20-mer RNA 10021 was prepared by using the oligonucleotide
59-GCGGGGTGATCTTAGGTCCGCTATAGTGAGTCG-
TATTA-39. Oligonucleotides for all 10021 mutants are based on
this sequence. The 10021 template was annealed to the oligo-
nucleotide 59-TAATACGACTCACTATAG-39 for transcrip-
tion, and RNA synthesis carried out by using either a-32P-UTP
or -CTP in standard transcription buffer (Stratagene) supple-

mented with 80 mgyml PEG 8000 (Sigma). Transcripts were
size-purified by using 20% denaturing PAGE.

Results and Discussion
Selection-Amplification of RNA for Nova KH3. The protein domains of
Nova-1 (residues 423–510) and Nova-2 (residues 405–492) used for
RNA selection-amplification include the KH3 domain and the
remaining C-terminal extension of each Nova protein (the KH3-c
constructs in Fig. 1A). These two Nova fragments are 81% identical,
containing seven conservative amino acid changes, and both pro-
teins bound the round 0 pool of RNA with a Kd of greater than 10
mM. Although the previous x-ray structures of Nova lacked this
C-terminal addition (Fig. 1A; KH3-a constructs) limited proteolysis
of full length Nova-1 in the presence of a (UCAUY)3 RNA
indicated that this C-terminal protein fragment was protected by
RNA binding, and thus possibly necessary for high-affinity RNA
binding to Nova KH3 (6).

The two Nova KH3 protein fragments were assayed for
binding to a (UCAUY)3-containing 21-mer (mSB2), previously
identified by using selection-amplification with full-length No-
va-1, and an identical RNA in which the core recognition
sequence had been mutated to (UAAUY)3 (mSBD16) (24).
Although the isolated Nova KH3 domain retained a clear ability
to bind and discriminate the wild-type UCAU-containing se-
quence from the mutant RNA, the overall Kd of the interaction

Fig. 1. (A) Schematic representation of the Nova-1 and Nova-2 KH3 domain
constructs used in this study. The boxed region indicates the KH domain (6).
Amino acids that vary between Nova-1 and Nova-2 are underlined in the Nova-2
sequence. Arrows indicate the C-terminal residue in the ‘‘a,’’ ‘‘b,’’ and ‘‘c’’ forms
of each protein. The longest KH3 forms, c, were used for the selection-
amplification of RNA. (B) Filter binding assays with Nova-2 KH3. The first graph
displays thebindingofa21-merRNAthatcontainsaUCAUYtriplet repeat (mSB2)
and a mutant RNA (mSBD16), which contains a UAAUY triplet. The second graph
depicts thebindingoftheselection-amplificationround0pool (preselection)and
the clone 1-11-01, which was isolated from round 11 of the selection. For clarity,
allbindingassaysdepictedemployNova-2KH3,althoughNova-1KH3behaved in
an identical fashion in all situations tested (data not shown). (C) Gel shift assays
using Nova-2 KH3 with the round 0 pool and the selected clone 1-11-01.
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was approximately 10 mM (Fig. 1B), over 200-fold less than the
Kd of the same RNA with full length Nova, and unsuitable for
co-crystallization trials. To select an RNA with a higher affinity
for the isolated Nova KH3 domain, we used a library with 25
random positions and performed selection-amplification indi-
vidually on both Nova-1 KH3 and Nova-2 KH3 for 11 rounds.
Fig. 1B shows that the affinity of the round 0 pool for Nova-2
KH3 was detectable by filter binding at concentrations of protein
approaching 10 mM, but this interaction appeared quite non-
specific as measured by gel-shift assay (Fig. 1C).

The selected pools were cloned and sequenced at rounds 9, 10,
and 11, and an aligned sequence set of the most abundant clones is
displayed in Fig. 2. The largest sequence class (31% of the total),
made up of sequences from both the Nova-1 and Nova-2 KH3
selections, is termed motif I. This set is characterized by a conserved
bipartite sequence element GGACC[n3]WUCAYCCCC in which
W is A or U, Y is U or C, and [n3] can be any three bases (29). The
‘‘phylogenetic’’ analysis of this motif’s secondary structure suggests
that these sequences form a 5- to 10-base pair stem-loop structure
shown in Fig. 3A. Clone 1-11-01, which contains both the conserved
sequence element and a 10-base stem, binds the Nova KH3 domain
with a Kd of approximately 500 nM by both filter binding and
gel-shift assay (Fig. 1 B and C). A second class of selected
sequences, motif II, contains an almost identical conserved bipar-
tite element GGAAC[n13]WUCAYCCCC, differing primarily in
the distance between the two conserved elements. Motif II can be
base-paired to give a stem-bulge-stem structure that is remarkably
similar in secondary structure to that of motif I, with a second stem
replacing the three variable positions of the motif I loop (Fig. 3A).
The full length motif II clone 2-11-10 binds with a similar Kd to that
of the motif I clones (data not shown). Another 22% of the cloned
sequences contained a core UCAU or UCAC element (sometimes
multiple elements), but we have not assessed their secondary
structures in detail (data not shown). An additional class appeared
not to bind the Nova KH3 domain but show modest affinity for the
selection-amplification partitioning matrix. Finally, seven orphan
sequences could not be classified into any motif.

Nova KH3 Binds a Hairpin Loop Containing UCAY. We have made a
detailed analysis of the interaction of the motif I type clones with
the Nova KH3 domain. To determine the minimum RNA element
necessary for specific binding to Nova KH3, a series of deletions to
the putative 10-base stem of motif I clone 1-11-01 was performed.
A 20-mer RNA, identical to 1-11-01 but with only a four-base stem,
termed 10021 (Fig. 3B), was able to bind to both Nova-1 and Nova-2
KH3 with a Kd of 500 nM, identical to that of the full length parent
clone (Fig. 3D). This core 20-base RNA was then used as a template
for mutational studies. Thirty-five single point mutations in 10021,
including all single base changes within the loop region of the
conserved bipartite element ACC[n3]AUCACC, were tested. Fur-
thermore, we assayed several changes to the nonconserved loop
region of the molecule and within the four-base stem. All muta-
tional analysis was carried out by gel-shift assay using Nova-2 KH3-c
(Fig. 1), but identical results were obtained with Nova-1 KH3-c
(data not shown).

The results of the mutational study are presented in Fig. 3C.
The binding characteristics of the mutants are classified into
three categories: ‘‘tolerated,’’ with a small to nondetectable
difference in binding to Nova KH3 (, 5 fold); ‘‘poor binders,’’
with significant change in affinity (. 50 fold); and ‘‘nonbinders,’’
in which there was no detectable binding at all at the highest
concentration of protein used (. 33 mM). Gel-shift autoradio-
grams of 10021 and a representative mutant from each of
the three categories of binding to Nova-2 KH3 are shown in Fig.
3D. Within the first half of the bipartite ACC[n3]AUCACC
element (A5-C7), a substitution of any of the three positions to
a pyrimidine is well tolerated; purine substitutions either se-
verely effect binding (A53G; C73A) or eliminate binding
altogether (C63G,A; C73G). In the second half of the
ACC[n3]AUCACC element (A11-C16), mutations as a whole are
not tolerated. Within the ‘‘core’’ UCACC sequence, only 2 of 15
point mutations retain significant binding to Nova KH3. At three
positions, C13, A14, and C16, all nine possible point mutants
completely destroy the interaction between the RNA and the
protein. At positions U12 and C15, pyrimidine substitutions are

Fig. 2. Results of selection amplification using Nova-1 and Nova-2 KH3 domains. The first digit of each clone number indicates the clone’s origin as from the
Nova-1 or Nova-2 selection, the second two digits indicate the selection round number (9, 10, or 11), and the last two digits the individual clone number.
Sequences are arranged in motifs according to sequence homology. Lowercase letters indicate the fixed sequence of the selection-amplification RNA. The core
UCAY Nova KH3 recognition element is indicated by boldface in each sequence. Conserved nucleotides (including the two first base pairs of the conserved motif
I and II stem) are underscored with dashes, and potential base pairing interactions are indicated by a solid underscore. Sequences from individual clones that
appear to be identical are represented only once, with the number of individual isolates indicated in parentheses after the sequence.
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tolerated, but purines either cause severe binding impairment or
complete loss of RNA binding. Thus, the UCACC core is clearly,
by mutational criteria, the most important region of the RNA for
Nova KH3 recognition, with the C13-A14 dinucleotide being
absolutely necessary for binding.

The stem nucleotides of 10021 also play an important role in
binding to Nova KH3. The base pair most proximal to the loop,
G4C17, was first assayed by reversing the bases to form the pair
C4G17. This substitution did not bind Nova KH3. Interestingly,
the mutant G4U17, which replaces a G-C pair with a G-U pair,
completely eliminated binding. Mismatches in this base pair
result in poor binding (G43A,C), or abolish binding altogether
(C173G). This asymmetry in mutation severity implicates C17
in a more important role in Nova KH3 recognition than G4, but
clearly, base pairing of these two nucleotides is required for best

binding. The identity of the preceding base pair, G3C18, is also
critical, with the reverse pair C3G18 severely affecting binding.
However, the C183U mutation, which substitutes a G-U pair
for a G-C pair, does not significantly impair protein binding. The
next base pair, C2G19, could be altered to either an A-U or U-A
pair with no penalty on protein binding. The most distal base pair
was not tested for mutations. We hypothesize that the contri-
bution of the two distal base pairs is for purely structural
(entropic) reasons, and that the stem as a whole is important in
constraining the conformation of the loop and especially the
UCAYC core.

Finally, we find that point mutations within the variable U8-G10
region of the loop do not seem to affect Nova KH3 binding,
although we have not exhaustively probed these positions. In
contrast, deletion of two or three bases (DA9-G10 or DU8-G10)
within this region abolishes protein binding, and even a single-base
deletion (DG10) severely affects the protein-RNA interaction.
Thus, it is likely that these bases function as a ‘‘spacer’’—providing
the appropriate geometry of the loop for recognition by Nova KH3
(data not shown).

Full-Length Nova Also Specifically Recognizes the 10021 RNA. Previ-
ous data from our laboratory has demonstrated that the KH3
domain of Nova-1 is necessary and sufficient for binding to the
sequence UCAY in RNA (24). To test whether the RNA ligands
raised against Nova KH3 alone are capable of binding to full-length
Nova protein, we performed filter binding assays with the complete
Nova protein. The 10021 RNA binds full length Nova-1 with a Kd
of approximately 8 nM, as shown in Fig. 4A. The stronger binding
seen with full length protein may be attributable to dimerization of
the full-length Nova-1 protein in solution, as suggested by dynamic
light scattering experiments (H.A.L. and S.K.B., unpublished ob-
servation); the greater apparent Kd would reflect the presence of a
second binding site for the 10021 RNA on the same Nova-1yNova-1
complex combined with the underlying binding equilibrium of the
Nova protein dimer. Alternatively, the RNA might in fact bind
more strongly to the KH3 domain in the context of the entire
protein. To test whether the interaction with the 10021 RNA and
full-length Nova-1 is specific, we also assayed the binding of the

Fig. 3. (A) Putative secondary structures of the motif I and II sequences.
Uppercase letters represent the conserved nucleotides found in each sequence
set. (B) Predicted secondary structure of 10021. (C) Table of the 10021 muta-
tional analysis. The sequence of 10021 is displayed vertically at the left of the
table. Point mutations at each nucleotide position are categorized into three
classes according to their effect on the RNA’s dissociation constant with Nova
KH3: less than 5-fold decrease, greater than 50-fold decrease, and no binding
at all to Nova KH3. Dissociation constants were measured by gel-shift assay.
Listed at the bottom of the table are additional mutational changes to the
10021 stem. (D) Autoradiograms of gel-shift assays with the 20-mer RNA 10021
and selected point mutants. Nova-2 KH3-c protein is titrated from left to right
by three-fold dilutions starting at 37 mM; additional conditions are described
in Materials and Methods. A representative of each category of mutational
defect is shown. A113C is a tolerated mutation (3-fold decrease in affinity),
A113G is a poor binder (100-fold decrease in affinity), and C153G is a
nonbinder.

Fig. 4. (A) Nitrocellulose filter binding assay of the 10021 RNA and a point
mutant RNA against full length Nova-1. The 10021 RNA binds full length
Nova-1 with a Kd of approximately 5 nM; the point mutant 20-mer U123A
binds with a Kd of .250 nM. (B) Mapping the minimal protein domain of Nova
KH3 necessary to bind the 10021 RNA. Protein is titrated from left to right by
3-fold dilutions starting at 37 mM. The top gel shift assay shows the binding of
10021 to the full C-terminal fragment of Nova-2 KH3 (N2 KH3-c). The binding
of 10021 to Nova-2 KH3-b (which lacks four C-terminal amino acids) is identical
to the c construct. The middle gel-shift autoradiogram is the identical 10021
RNA assayed with the Nova-2 KH3-a protein, which is lacking the 15 C-terminal
amino acids. The bottom autoradiogram is the same 10021 RNA assayed with
the second KH domain of Nova-2 (N2 KH2).
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U123A point mutant RNA, a poor binder for Nova KH3. This
RNA shows approximately 50-fold less affinity for the full-length
protein than 10021 (Fig. 4A). Thus, the specificity of the Nova KH3
interaction for 10021 is intact even in full-length Nova-1. It is
unlikely that the higher affinity of the 10021 RNA for full-length
Nova-1 is caused by interaction with the KH1 and KH2 domains
(see Fig. 4B and Conclusions).

RNA Binding by Nova KH3 Requires Residues C-Terminal to the KH
Domain. Because our proteolysis protection data indicated that a
UCAY RNA protected both regions of the KH3 domain and the
adjacent C terminus from digestion, we explored what fragment of
Nova KH3 was necessary to retain binding to the 10021 RNA. Fig.
4B displays gel shifts using the 10021 RNA with two Nova-2 KH3
constructs and the Nova-2 KH2 domain. The 10021 RNA binds the
full C-terminal KH3 construct (KH3-c) with a Kd of approximately
500 nM. The dissociation constant using the N2 KH3-b construct
(Fig. 1A), which is lacking the four terminal amino acids, binds
10021 identically (data not shown). However, when the N2 KH3-a
construct is used, which lacks the 15 most C-terminal amino acids,
binding to 10021 is lost (Fig. 4B). This is an important observation
because the Nova-2 KH3-a protein contains the entire KH domain
as defined previously by protein sequence alignment (6). Thus, in
the 11 amino acids that lie C-terminal to the defined KH domain
are residues that directly or indirectly interact with the 10021 RNA,
and are possibly necessary for recognition of in vivo RNA targets
of Nova. The Nova-2 KH2 domain (Fig. 4B) also completely fails
to bind the 10021 RNA.

The 10021 RNA as a General Tetranucleotide Scaffold for KH Domain
Recognition. The Nova KH3 domain is a fully functional RNA
binding domain, capable of a highly sequence-specific interaction
with RNA. Our selection-amplification experiments demonstrate
that the core element of RNA recognition depends on the presence
of the tetranucleotide UCAY, and this element is best presented to
Nova KH3 in the context of a 12 base loop defined as
ACC[n3]WUCAYC. An RNA target from this selection was re-
cently co-crystallized with the Nova-2 KH3 domain (26), and
precisely confirms the conclusions of this present study. The crystal
structure reveals the core UCAY of the RNA gripped in a
‘‘molecular vise’’ formed by the cleft between the invariant and
variable loops of the Nova KH3 domain (Fig. 5). The vast majority

of the RNA-protein contacts occur within the segment AUCAC
(A11-C15), the RNA itself is in the predicted hairpin conformation,
and there are additional stacking interactions continuing from the
four-base stem through the next two nucleotide pairs, A5-C16
(which also forms one hydrogen bond), and C6-C15. A11 contacts
an arginine in the 15-residue C-terminal fragment of Nova KH3;
this contact explains the requirement of the C-terminal extension
for high affinity binding to RNA (26).

The selection-amplification, mutagenesis, and co-crystal stud-
ies suggest that the minimal 20-base 10021 RNA hairpin is an
optimal ‘‘scaffolding’’ for the presentation of the core UCAY to
Nova KH3, one that is likely to be reflected in biologically
relevant Nova RNA targets. To examine the biological implica-
tions of the selection-amplification results, we examined the
published examples of RNA sequences that have been shown to
interact with the KH domain proteins Nova-1, hnRNP-E,
hnRNP-K, ZBP-1, and branchpoint binding proteinySF1.
hnRNP-E1 and E2 are members of a protein complex (the
a-complex) that bind to the 39 untranslated region (UTR) of the
a-globin gene and can stabilize the mRNA (13, 30). Similarly, a
section of the 15-lipoxygenase 39 UTR, which contains a 19-base
pyrimidine-rich repeated motif, can be crosslinked to hnRNP-E1
and K and is necessary and sufficient to confer translational
silencing of a message by the two proteins (12, 31). Also, a
27-base sequence of the 39 UTR of b-actin has been shown to
specifically crosslink to ZBP-1; this ‘‘zip-code’’ sequence ele-
ment is necessary and sufficient to confer localization of the
b-actin message to the leading edge of fibroblasts. (15). The yeast

Fig. 5. Structure of the Nova-2 KH3 domain with the 10021 RNA as presented
by Lewis et al. (26). The RNA (bases 1–10 and 16–20 in gray) assumes the
predicted hairpin conformation, with AUCAC (A11-C15) responsible for the
majority of the contacts with the protein (in white). The colored AUCAC lies in
a cleft formed by the KH domain invariant (in light purple) and variable (in
light blue) loops; the bases make extensive contacts with an underlying
aliphatic a helixyb sheet binding platform.

Fig. 6. (A) Table of KH domain binding elements from b-actin (15), a2-glyR
pre-mRNA (24, 25), 15-lipoxgenase (12, 31), and a-globin 39 UTRs (35), and a
canonical pre-mRNA branchpoint (34, 36). Uppercase letters represent the min-
imal sequence element necessary for interaction with the cognate KH domain
protein. Boxed sequences indicate nucleotides most important for interaction
with the protein, as determined by mutagenesis or deletion analysis. The UCAC
sequence of 10021, which interacts directly with Nova KH3, is shown in red. Base
pairing for 10021 is indicated by arrows; possible base pairing for the b-actin 39
UTR element is indicated by the dashed arrows. (B) Sequence and putative
secondarystructureof10021andthe ‘‘10021-scaffold’’RNAzip,which isbasedon
the b-actin RNA sequence. Changes to the 10021 molecule are indicated in blue;
changes that are known to disrupt Nova KH3 binding are boxed in red. (C) Gel
shift assay with 10021 and the zip 10021-scaffold RNA. Only 10021 forms a shifted
complex with Nova KH3-c (protein concentration is 1 mM).

5744 u www.pnas.org Jensen et al.



branchpoint binding protein and its mammalian orthologue SF1
(32) bind the conserved pre-mRNA branchpoint sequence
UACUAAC (33) (in which the underlined A is the branchpoint)
during commitment-complex formation in splicing.

Fig. 6A displays the RNA targets for these KH domain
proteins, along with the 10021 RNA. The boxed nucleotides in
each figure indicate those bases most critical for KH domain
binding andyor biological function. The b-actin RNA contains a
GGACU element followed by ACACCC repeats (Fig. 6A). The
GGACU-ACACCC elements are strikingly similar to the 10021
bipartite loop sequence, and the b-actin RNA can be base paired
to form a hairpin that would place these RNA elements in a
manner spatially equivalent to the motif I and II sequences for
Nova KH3 (Fig. 6B). Thus, perhaps the 10021 scaffolding may be
used in some biological targets of KH domain proteins. Despite
the remarkable overall structural and sequence similarity be-
tween the zip element and 10021, Nova KH3 is able to absolutely
discriminate between them (Fig. 6C). Therefore, the scaffolding
may be an optimal strategy for the presentation of the core
tetranucleotide to a KH domain. The RNA elements from
a2-glyR, a-globin, 15-lipoxygenase, and the pre-mRNA branch-
point do not suggest any obvious secondary structures but do
share with 10021 a small pyrimidineyadenine element that is
likely the core recognition element for their cognate KH domain
proteins. A different strategy might be used by a2-glyR and
15-lipoxygenase targets, which repeat their core sequence ele-
ments from 3–10 times (see below).

Conclusions
An unexpected result of this study was the finding that the
previously defined KH domain of Nova KH3 was not capable of
high affinity binding of the 10021 RNA, requiring the addition
of a number of amino acids C-terminal to the KH domain. The
co-crystal structure revealed that A11 of 10021 interacts with an
arginine residue seven amino acids C-terminal to the KH domain
(6). A similar result was found for branchpoint binding protein,
in which a construct retaining 31 amino acids C-terminal to the
KH domain preserved specificity for the branchpoint sequence
whereas the KH domain by itself did not (34). Thus, at least for
some KH domain proteins, residues proximal to the defined KH
domain may be critical for proper RNA recognition.

The selection-amplification results for Nova KH3 agree well
with previous SELEX experiments for the full length Nova-1 and
Nova-2 proteins, in which UCAU was found as necessary for high
affinity binding to the proteins (20, 24). The protein contacts
made by the UCAY sequence in the Nova KH3 co-crystal cannot
be duplicated by the Nova KH1 and KH2 domains (26), and
biochemical data suggests that Nova KH3 is sufficient for
binding of the full length Nova-1 SELEX targets (this study and
ref. 24). Our preliminary selection-amplifications results suggest
that Nova KH1 and KH2 recognize different RNA targets
(K.B.J., K.M., and R.B.D., unpublished observations).

Finally, we have obtained data that implicates Nova-1 in the
regulation of alternative splicing of the a2 glycine receptor subunit
(25). The target recognized by Nova-1 in the glycine pre-mRNA is
an intronic (UCAU)3 element, and, although it contains the
absolutely conserved UCAY core necessary for Nova recognition,
in secondary structure it resembles more closely the in vivo targets
of hnRNP-E and hnRNP-K than it does the 10021 hairpin of the in
vitro selection experiments. It is likely that recognition of small
RNA target sequences by KH domains in vivo involves several
strategies. First might be the coordinate use of several KH domains
within the same protein to select several small sequence elements
in a longer RNA sequence. High affinity binding would be achieved
only if several KH domains are able to bind to their individual core
targets. Second, sequences such as the (UCAU)3 repeat of the a2
glycine receptor subunit, or the 19-base element in the 15-
lipoxygenase 39 UTR, might be recognized by a dimer or tetramer
of a KH domain protein, which is rendered energetically favorable
by multiple KH-RNA interactions, and by protein dimerization.
Finally, KH domain proteins might participate in protein-protein
interactions with other RNA binding proteins, with recognition
achieved coordinately by the two (or several) RNA binding
proteins.
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