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ABSTRACT
Drosophila P-element somatic inhibitor protein (PSI) regulates splicing of the P-element transposase pre-mRNA by binding a
pseudo-splice site upstream of the authentic splice site using four tandem KH-type RNA binding motifs. While the binding
domains and specificity of PSI have been established, little is known about the contributions of each PSI KH domain to overall
protein stability and RNA binding affinity. Using a construct containing only the RNA binding domain of PSI (PSI-KH03), we
introduced a physiologically relevant point mutation into each KH domain of PSI individually and measured stability and RNA
binding affinity of the resulting mutant proteins. Although secondary structure, as measured by circular dichroism spectroscopy,
is only subtly changed for each mutant protein relative to wild type, RNA binding affinity is reduced in each case. Mutations in
the second or third KH domains of the protein are significantly more deleterious to substrate recognition than mutation of the
outer (first and fourth) domains. These results show that despite the ability of a single KH domain to bind RNA in some systems,
PSI requires multiple tandem KH domains for specific and high-affinity recognition of substrate RNA.
Keywords: PSI; FMR1; KH domain; CD; alternative splicing

INTRODUCTION
Sequence- and structure-specific recognition of RNA targets is a hallmark of proteins involved in pre-messenger
RNA splicing and other kinds of RNA processing. The
hnRNP K-homology (KH) domain has emerged as one of
the most prevalent protein motifs responsible for RNA
binding in these systems (Siomi and Dreyfuss 1997; Adinolfi et al. 1999). Despite extensive research on the structure and RNA recognition properties of individual KH
domains, it is not yet clear how the multiple KH domains
found in many proteins contribute to recognition of specific RNA targets. A particularly well-characterized example is
the fruit fly Drosophila melanogaster P-element somatic
inhibitor (PSI), a 97-kDa, four-KH-domain protein that is
responsible for alternative splicing of P-element transposase
pre-mRNA in somatic tissues (Siebel and Rio 1990; Adams
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et al. 1997). P-element transposition is suppressed in nongermline cells because PSI binds to a pseudo-5¢ splice site
in the transposase pre-mRNA, leading to an alternatively
spliced variant of the mRNA that encodes a shortened,
repressor form of the transposase (Siebel et al. 1992; Fig.
1). Interestingly, PSI is required for Drosophila viability
(Adams et al. 1997; Labourier et al. 2002), supporting an
essential role of this protein as a splicing regulator.
The N-terminal region of PSI contains four KH motifs
that are required for specific binding to the pseudo-splice
site sequence (Fig. 1B). A C-terminal glutamine-rich AB
motif interacts with the U1 snRNP, possibly to prevent its
binding to the correct splice site in transposase pre-mRNA
(Siebel et al. 1995; Labourier et al. 2001; Ignjatovic et al.
2005). Only the 4-KH region of PSI is required for Drosophila viability, though flies possessing a PSI version that
lacks the AB motif display behavioral defects and male
sterility (Labourier et al. 2002).
Like PSI, numerous other proteins possess multiple KH
motifs that contribute to RNA and protein recognition. For
example, the human PSI homolog KSRP contains both the
four-KH domain region and the AB motif and is involved
in alternative splicing of the neuron-specific c-src premRNA among other functions (Gherzi et al. 2004; Hall et
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other proteins such as the splicing factor
SF1, and when placed in proteins with
two KH domains, the effect of this mutation seems to be attenuated (Rain et al.
1998; Liu et al. 2001; Pozdnyakova and
Regan 2005). We show here that mutation of individual KH domains of PSI
results in similar and relatively modest
effects on protein secondary structure,
as analyzed by circular dichroism (CD)
spectroscopy, but differential defects in
RNA substrate binding affinity and specificity. These findings indicate that the
tandem KH domains of PSI interact to
create high affinity RNA binding contacts
to substrate RNAs.
RESULTS

FIGURE 1. Mechanism of alternative splicing regulation of Drosophila P-element somatic
inhibitor (PSI) protein. (A) Productive splicing of Drosophila P-element pre-mRNA in germline cells leads to the translation of an 87-kDa transposase protein. Alternative splicing in
somatic cells leads to inclusion of intron 3. A stop codon (*) located in intron 3 prevents
translation of the full-length transposase protein, resulting in a truncated 67-kDa protein
that acts to repress transposition. (B) In germline cells, U1 snRNP (U1) binds to the actual
5¢-ss (AS) or the F1 pseudo-splice site with approximately equal affinity. PSI, which binds to
the F2 pseudo-splice site, recruits U1snRNP to the F1 pseudo-splice site in addition to
preventing U1snRNP binding to the actual site, thus preventing spliceosome formation.

al. 2004; Linker et al. 2005). The protein vigilin, which is
involved in a diverse array of functions including heterochromatin formation as well as RNA editing, contains 15
KH-domain repeats (Goolsby and Shapiro 2003; Wang et
al. 2005). Additionally, some proteins, such as the fragile X
related protein FMR1p, combine KH domains with other
RNA binding motifs, such as the RGG box or RRM (Siomi
and Dreyfuss 1997). The presence of multiple such binding
motifs may enable recognition of a broad set of target
sequences (Bomsztyk et al. 2004), as well as provide exquisite substrate specificity for a particular nucleic acid or protein target (Worbs et al. 2001; Gherzi et al. 2004).
Despite the importance of multiple KH domains to the
biochemical function of many proteins, most studies on the
structure and the function of KH domains have focused on
proteins containing just one or two KH motifs. To gain
insight into their roles in protein structural integrity and
RNA recognition within the context of a larger protein, a
single I-to-N mutation was introduced into each of the four
KH domains of PSI individually, and the properties of the
resulting proteins were investigated. This point mutation of a
highly conserved isoleucine, first identified in the fragile X
syndrome-associated protein FMR1p, disrupts the overall
fold and RNA binding abilities of some KH domains
(Musco et al. 1996, 1997; Lewis et al. 1999). However, in
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Mutagenesis, expression, and
purification of wild-type and
mutant PSI-KH03 proteins

The minimal RNA binding domain of
PSI, PSI-KH03, was identified by sequence homology to known KH-domain-containing proteins and by truncation of full-length PSI protein (Labourier et al. 2001; Fig. 2A). This
construct includes three ‘‘type I’’ KH
motifs, KH1, -2, and -3, that are each expected to exhibit
a baabba secondary structure of 70 residues followed by
a 40-residue linker region, and a fourth degenerate KH
domain, KH0, near the N terminus (Siebel et al. 1995;
Grishin 2001; Labourier et al. 2001; Fig. 2B). The KH0
domain does not contain the conserved GXXG loop motif
found in other KH domains, but sequence alignments
(Altschul et al. 1990) reveal 31% identity to several KH
domains, including those of KSRP (Min et al. 1997), and
includes the conserved isoleucine residue corresponding to
Ile304 in FMR1p. The 42-kDa PSI-KH03 protein is readily
overexpressed and purified from bacterial cell cultures and
was used as the basis for the mutagenesis and characterization presented here.
To determine the requirements for substrate recognition
and binding of the PSI-KH03 protein, an isoleucine residue
strictly conserved in the four KH domains of PSI and highly
conserved throughout KH domains present in other proteins
(Fig. 2B) was mutated to asparagine. This Ile-to-Asn mutation
corresponds to the mutation found in the second KH domain
of the FMR1 protein of a patient with fragile X syndrome (De
Boulle et al. 1993). Here, each domain of the PSI-KH03 RNA
binding region was separately mutated to yield the following
proteins: I145N, I234N, I338N, and I449N, corresponding to
mutations in KH0, KH1, KH2, and KH3, respectively. Expres-
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FIGURE 2. PSI construct and sequence info. (A) A comparison of the full-length PSI protein
and the construct used for binding experiments in this study. (B) Alignment of KH domains
from several proteins showing conserved residues and secondary structure motifs. Arrow
denotes location of conserved Ile residue mutated to Asn in individual PSI KH domains.
Secondary structure was based on that observed by Lewis et al. (2000).

sion and purification of these mutant proteins followed the
same basic procedure as for wild-type PSI-KH03 protein (see
Materials and Methods); however, the mutant proteins were
found to be less resistant to proteolysis than the wild-type
counterpart, and the overall yields of these proteins were
lower than wild-type PSI-KH03. In all cases, the proteins
were purified to homogeneity as detected by Coomassiestained SDS-PAGE gel electrophoresis.
KH03 mutant proteins maintain secondary structure
To determine if the mutations made in PSI-KH03 alter the
secondary structure of the protein, CD spectroscopy was
performed on the wild-type and mutant PSI-KH03 proteins.
The far-UV wavelength scan of wild-type PSI-KH03 reveals a
spectrum characteristic of a protein containing a mixed a/b
structure, with a minimum at 222 nm, suggesting a high
amount of helical character (Fig. 3A). This agrees well with
known structures of KH domains, as well as previously published spectra of single and tandem KH domains (Musco et al.
1996, 1997; Pozdnyakova and Regan 2005). As a control for
denatured protein, a second data set was taken of the wildtype protein at 90 C, yielding a spectrum with a large degree
of random coil. CD spectra of PSI-KH03 bound to RNA do
not reveal any differences relative to wild-type protein alone

(data not shown), suggesting there is no
global change in secondary structure upon
RNA binding. However, this does not
rule out local RNA-induced conformational changes that are undetectable by
CD. Each of the mutant PSI-KH03 proteins yields a spectrum with characteristics similar to that of the wild type at
25 C, although the magnitude of the
spectrum is reduced for each of the mutant proteins (Fig. 3A). Additionally, the
two proteins with mutations in the Nand C-terminal KH domains, I145N and
I449N, respectively, show subtle changes
in the 208-nm region relative to wild type,
which could be due to slight differences in
the secondary structure of these domains.
Repeated experiments show similar trends
in the spectra, and the averages of the
molar ellipticity at 222 nm reveal differences that are outside of one standard
deviation of the average (Fig. 3B). This
suggests that the differences observed in
the spectra between wild-type and mutant PSI-KH03 are real and not due to experimental variability.
PSI-KH03 mutant I234N displays
altered thermal stability

To determine the effect of the Ile-to-Asn mutations on
the stability of the PSI-KH03 construct, the thermal
denaturation of each protein was measured by loss of
CD signal (Porello et al. 1998). The change in ellipticity
at 222 nm over a temperature range of 15–80 C was
measured for the wild-type and each of the four point
mutant protein variants. The raw data were converted to
fractional change in ellipticity, and the melting temperature (Tm) was determined as the temperature at which
50% of the total change in ellipticity was observed (Fig.
4). Cooperative melting is observed for each protein,
and three of the four mutant proteins yielded curves
very similar to that of the wild-type protein. Indeed,
the Tm values calculated from these experiments reveal
that for all enzymes but I234N, the Tm is 53 C (Table
1). In contrast, the I234N mutant has a Tm value of
46 C, 7 C lower than that observed for the other proteins. Taken together, these CD studies show that while
three of the mutant proteins display overall fold and
thermal stability similar to wild-type PSI-KH03, mutation of the second KH domain of the protein affects
global stability to a greater degree than the other
domains. This suggests the second KH domain of
KH03 plays a more important role in maintaining PSI
structural integrity than the other three domains.
www.rnajournal.org
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FIGURE 3. CD wavelength spectra of PSI-KH03 and mutant proteins (A) Far-UV CD wavelength scan of wild-type KH03 (native and denatured)
and the four mutant proteins. (.) WT, (~) I145N, () I234N, (u) I338N, (~); I449N, (*) WT denatured. (B) Absolute molar ellipticity at 222 nm.

KH03 substrate affinity is dependent on RNA length
Electrophoretic gel mobility shift assays were performed with
the PSI-KH03 wild-type protein to determine the equilibrium dissociation constants (Kd) of PSI-KH03 with different
lengths of substrate RNA (Fig. 5A). The RNA substrate
sequences were chosen based on the D11 69-nt RNA sequence
originally used to probe the specificity of PSI (Siebel and Rio
1990). The PSI29 and PSI21 sequences represent truncations
of the original D11 sequence that contain the F1 and F2
pseudo-splice sites required for PSI binding (Fig. 1B). In
addition, a 59-nt sequence (PL2) was used to test the nonspecific binding affinity of PSI-KH03 to RNA. In previous
studies, the PL2 oligonucleotide was unable to compete for
binding with labeled D11 RNA and so should be an adequate
measure of nonspecific RNA binding (Siebel and Rio 1990).
The results (Fig. 5B,C) show similar affinities for the D11
and PSI29 sequences (Table 2). In addition, the Kd obtained for
D11 RNA is similar to that reported previously (Amarasinghe
et al. 2001). However, affinity of PSI-KH03 for the 21-nt
sequence, PSI21, was reduced ninefold over PSI29. This translates to a 1.6 kcal/mol free energy difference between PSI21
and D11 RNA based on sequence length alone. The difference
in binding affinity could be due to nonspecific binding of other
PSI-KH03 proteins to the longer RNA sequences. However,
this significant reduction in binding affinity could also imply
that a sequence longer than that provided by the F1 and F2
pseudo-splice sites is required for high-affinity binding. The
latter hypothesis is supported by the work of Siebel et al. (1992,
1994), who showed that PSI will bind to RNA sequences
mutated in the F1 and F2 splice sites, indicating recognition
of sequences outside of the pseudo-splice sites.

in KH0 (I145N), KH1 (I234N), KH2 (I338N), and KH3
(I449N). The data reveal that mutation of any one of the four
KH domains leads to reduced binding affinity for the PSI29
substrate (Table 3). However, mutations of the internal
domains (I234N and I338N) cause a much more pronounced
reduction in binding affinity than mutation of the N- (I145N)
or C-terminal (I449N) domains. While mutation of KH0 or
KH3 leads to a five- or sevenfold decrease in RNA binding
affinity, respectively, mutation of KH1 or KH2 causes a corresponding 59- or 23-fold reduction. The diminished binding
affinity of I234N (in KH1), in particular, is consistent with its
reduced Tm as determined from CD measurements. This suggests that the second KH domain of KH03 has a greater impact
on overall protein stability and binding affinity than the other
three domains.
Reduction in substrate binding affinity is not due
to a loss of protein activity
To test whether the observed loss of RNA binding affinity in
the PSI mutant proteins results from lower fractions of
functional molecules in these samples, titration experiments
to determine the quantity of protein active for RNA binding

All four KH domains are needed for PSI-KH03
high-affinity RNA substrate recognition
To determine the effect of the I-to-N mutation on substrate
binding affinity of each KH domain of PSI-KH03, native gel
mobility shift assays were performed on proteins mutated
286

RNA, Vol. 12, No. 2

FIGURE 4. Tm measurements on KH03 and mutant proteins. (.)
Wild-type protein, (u) I145N, (¤) I234N, (gray ~) I338N, (*) I449N.
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TABLE 1. Tm calculations of wild-type and mutant PSI-KH03
proteins
Enzyme
Wild type
I145N
I234N
I338N
I449N

Tm ( C)a
52
52
46
53
52

a
All Tm measurements are the average of at least three separate
experiments; errors are 61 C.

were performed with PSI-KH03 and PSI29 RNA (Fig. 6).
Using concentrations of protein and RNA at least 25-fold
above the measured Kd values, wild-type PSI-KH03 binds
completely to RNA at a protein:RNA ratio of 0.4:1 (Table 4)
as calculated from the stoichiometric equivalence point of the
data fit. In contrast, both PSI-KH03 variants with a point
mutation in an internal KH domain (I234N or I338N) require
a protein:RNA ratio of 1:1 for complete complex formation.
The PSI-KH03 variants containing a point mutation in the Nor C-terminal KH domain (I145N or I449N) require a protein:RNA ratio between 0.5:1 and 1:1 for full complex formation. These data show that all of the protein samples tested
contain fractions of active molecules within twofold of each
other. While reduced activity of the mutant proteins may
explain the differences observed in the CD spectra (Fig. 3),
the 5- to 59-fold reductions in binding affinity of these mutant
enzymes must be due to something other
than a lower fraction of active molecules
in the experiment. Interestingly, the titration data advocate that each wild-type
PSI-KH03 molecule binds on average to
two RNA molecules, and the decreased
activity seen with the mutant proteins
could reflect a loss of ability to bind multiple RNA molecules rather than a lower
active fraction.

PSI-KH03. The results of this study provide a plausible explanation for why PSI, and possibly other proteins, use multiple
RNA binding motifs for high affinity substrate recognition.
Mutation of a highly conserved isoleucine residue located
in the second KH domain of FMR1p (Ile 304) (Fig. 2B) was
originally linked to fragile X syndrome (De Boulle et al. 1993).
In many studies on single KH domains, mutation of this
residue to asparagine disrupts the global fold of the domain
in vitro (Musco et al. 1996, 1997; Lewis et al. 1999). However,
in the context of an extended domain, such as the KH-QUA2
domain of splicing factor SF1 or in the 2-KH domain-containing protein dFXRP (the Drosophila homolog to FMR1p),
the effect of this mutation on secondary structure is minimal
(Liu et al. 2001; Pozdnyakova and Regan 2005). These data
argue that elements outside the KH motif in native proteins help maintain overall protein structure. Nonetheless, in
dFXRP, the Ile-to-Asn mutation leads to significant defects in
protein function both in vivo and in vitro (Wan et al. 2000;
Pozdnyakova and Regan 2005). The data obtained on PSIKH03 suggest this holds true for larger constructs as well.
Mutation of the individual KH domains leads to relatively
minor disruptions of protein secondary structure, as detected
by CD spectroscopy, and thermal stability is maintained at
wild-type levels for mutations in all domains except KH1
(I234N). However, RNA binding affinity is reduced in PSIKH03 for all of the mutant proteins tested, with the most
severe effects occurring in the internal KH1 (I234N) and KH2
(I338N) domains.

DISCUSSION
In D. melanogaster, PSI is a vitally important splicing regulator. The protein uses
four KH domains to distinguish and bind
target RNA sequences in somatic cells, but
contributions of individual KH domains
in PSI to substrate affinity and discrimination remain unknown. Using a construct containing just the four KH
domains of PSI (PSI-KH03), we have
addressed this issue by individually
mutating each domain and measuring
the differences in secondary structure
and binding affinity relative to wild-type

FIGURE 5. Binding affinity (Kd) experiments on KH03 and RNA. (A) RNA sequences used.
(Full length) D11 sequence, (italics) PSI29, (underlined italics) PSI21. The positions of the F1
and F2 pseudo-splice sites are shown. (B) Representative native gel of wild-type KH03 binding
to PSI21 RNA substrate. The Kd calculated from this experiment was 229 nM. (C) Plot of
binding isotherms comparing wild-type KH03 on three separate substrates. (u) D11, (~)
PSI29, (*) PSI21, (¤) PL2.
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TABLE 2. Binding (Kd) data of wild-type PSI-KH03 on RNA sequences of varying length and sequence context
RNA

Kd (nM)a

DDG (kcal/mol)

D11
PSI29
PSI21
PL2

11 6 3
22 6 7
200 6 30
1300 6 300

n/ab
0.38
1.6
2.6

a

All binding determinations are averages of at least four separate
experiments. Errors are reported as one standard deviation from the
average.
b
Not applicable.

Recent structures of KH domains bound to nucleic acid
have shown that the conserved isoleucine residue makes
specific contacts to substrate nucleic acid (Lewis et al.
2000; Liu et al. 2001; Braddock et al. 2002a,b). It follows
that mutation would lead to altered binding affinity, even
when secondary structure is not affected. Indeed this is the
case for SF1, where the Ile-to-Asn mutation causes a 50%
decrease in binding affinity relative to wild type (Rain et al.
1998). In the Xenopus protein Vg1RBP, which contains four
KH motifs localized to two didomains, mutations in any of
the individual KH domains reduce RNA binding by a factor
of two or less (Git and Standart 2002). The effect is more
pronounced in PSI, where the magnitude of the effect
depends on the domain that is mutated. Binding effects of
mutations in the flanking KH domains, KH0 and KH3, are
not as severe (five- to sevenfold) as the effect of mutating
the inner domains, KH1 and KH2 (59- and 23-fold, respectively), suggesting the internal domains are more important
for substrate recognition than the outer domains. As with
Vg1RBP, highest affinity binding is achieved with all four
PSI-KH03 domains intact.
Several reasons have been proposed to explain the presence of multiple KH domains in proteins. In the X-ray
crystal structures of NusA transcription factor protein
from Mycobacterium tuberculosis (Gopal et al. 2001) and
Thermotoga maritima (Worbs et al. 2001), three RNA binding motifs (one S1 and two KH motifs) form a rigid surface
for binding of an extended sequence of RNA. Additionally,
multiple domains can be used to bind multiple substrates.
The three KH domains of hnRNP K bind both ssDNA and
RNA substrates, providing a very diverse functionality for
this protein (Bomsztyk et al. 2004). The KH domains of
Nova-1 have been proposed to provide a surface for interor intramolecular self-association (Ramos et al. 2002), and
the KH3 domain of KSRP is responsible for interactions
with the exosome (Gherzi et al. 2004), implicating a role in
protein–protein interactions for these domains as well.
For PSI, two previous studies support a role for multiple
KH domains in targeting a longer and more specific RNA
sequence than could be distinguished by a single KH
domain. Microarray analysis of several proteins involved
288
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in pre-mRNA splicing shows that PSI affects the smallest
number of splicing events of all the proteins tested in the
study, suggesting a narrow target specificity for PSI relative
to other splicing factors (Blanchette et al. 2005). Additionally, work by Siebel et al. (1994) shows that RNA substrate
specificity for PSI extends beyond the pseudo-splice sites
located in exon 3 of Drosophila P-element transposase premRNA. This is supported in the current work by the ninefold increase in Kd for substrates that include sequence
elements 5¢ of the pseudo-splice sites (PSI21 vs. PSI29)
(Fig. 4; Table 2). Taken together, these studies implicate
the multiple KH domains of PSI in increasing binding
affinity for a relatively small number of target substrates.
Mutation of the N-terminal KH domain of PSI, KH0,
shows the smallest overall effect on substrate binding. KH0
is degenerate in that it retains 31% identity to other KH
domain sequences but lacks the conserved GXXG motif
involved in substrate binding (Fig. 2B). Several other proteins have been found to contain degenerate KH domains,
such as human vigilin protein (Musco et al. 1996), though
the purpose of these domains is unknown. Musco et al.
(1996) suggested these domains could help modulate binding affinity. This would be very important for PSI in choosing between the authentic and the pseudo-splice sites
present in P-element transposase pre-mRNA. Additionally,
KH0 could be involved in nonspecific RNA recognition;
while it lacks the GXXG motif, identity to other KH
domains reveals that it most likely shares the same global
fold and could contact the phosphate backbone of RNA.
This does not eliminate the possibility that KH0 is involved
in interactions with other proteins recruited to the pseudosplice site. For instance, PSI could directly bind to hrp48, a
splicing factor that associates with the pseudo-splice sites in
the P-element transposase pre-mRNA (Siebel et al. 1992).
The introduction of a missense mutation into the individual KH domains of Drosophila PSI has yielded insight
into the role multiple KH domains play in stability and
substrate affinity of this protein. The presence of this mutation reveals a decrease in RNA binding affinity for PSI, the
severity dependent on the domain mutated. Previous work

TABLE 3. Equilibrium dissociation constants (Kd) and free-energy
differences (DDG) for binding of wild-type and mutant PSI-KH03
proteins to PSI29
Enzyme
Wild-type
I145N
I234N
I338N
I449N
a

Kd (nM)a

DDG

22 6 7
100 6 30
1300 6 200
500 6 100
160 6 20

n/a
0.84
2.3
1.7
1.1

All Kd measurements are the average of at least three separate
experiments, with errors reported as one standard deviation from
the average.
b
Not applicable.
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butanol and stored at 20 C. PSI29 was isolated by in vitro
transcription from a linearized plasmid encoding the PSI29
sequence flanked by a 5¢-hammerhead ribozyme and a 3¢-hepatitis
delta virus ribozyme (Ferre-D’Amare and Doudna 1996).
T7 transcription (D11) and SP6 transcription (PL2) of plasmids
containing the sequence for D11 and PL2 RNA were performed as
previously described (Siebel and Rio 1990). All transcribed RNAs
were CIP treated as per the manufacturer’s protocol (NEB). All
RNA sequences were 5¢-32P end-labeled using T4 polynucleotide
kinase (NEB) as per the manufacturer’s protocol and gel-purified
on a 12%–15% denaturing polyacrylamide gel. Labeled RNA was
extracted and ethanol precipitated prior to storage at 20 C. The
nucleotide sequences for PL2, PSI21, PSI29, and D11 RNA are
listed in Figure 5A.
FIGURE 6. Titration experiments to determine active protein fraction. Wild-type or mutant PSI-KH03 was added to RNA in the ratios
described. (.) Wild-type PSI-KH03, () I145N, (u) I234N, (^)
I338N, (~) I449N. Each experiment was repeated two to four times,
with one data set represented in the plot.

on the role of this mutation in structure and activity of KH
domain-containing proteins has mainly focused on systems
containing only one or two domains. This work shows that
this mutation can have varied effects on a protein with four
KH domains, yet reveals a necessity for all domains for
highest affinity substrate recognition.

MATERIALS AND METHODS
Enzyme cloning
The pSV272 plasmid containing the wild-type KH03 region of PSI
places the sequence for KH03 downstream of a (His)6 affinity tag,
a maltose binding protein, and a Tobacco etch virus (TEV) protease site. Point mutations in the KH03 construct were made using
QuikChange site-directed mutagenesis (Stratagene) and the following primers:

I145N, 5¢-ccagtaacgacaccaacacccacatccagg-3¢,5¢-cctggatgtgg
gtgttggtgtcgttactgg-3¢;
I234N, 5¢-ggcggcgataccaataaacagctg caggag-3¢,5¢-ctcctgcagct
gtttattggtatcgccgcc-3¢;
I338N, 5¢-caaaggcggcgacatgaaccgtaaaatacaaactgag-3¢,5¢-ctca
gtttgtattttacggttcatgtcgccgc ctttg-3¢;
I449N, 5¢-cgcggcggtgagaccaacaagctgatcaaccag-3¢,5¢-ctggttga
tcagcttgttggtctcaccgccgcg-3¢.
All clones were verified by gene sequencing.

RNA preparation
The PSI21 sequence was ordered from Dharmacon and purified by
ion exchange HPLC on a Nucleopac PA-100 column (Dionex).
The RNA was dissolved in HPLC buffer A (20 mM NaOAc, 20
mM LiClO4, and 10% AcCN) and eluted using a gradient with
HPLC buffer B (20 mM NaOAc, 600 mM LiClO4, and 10%
AcCN). The fractions containing RNA were precipitated with N-

Mutant PSI-KH03 overexpression and purification
Plasmids containing the genes for wild-type PSI-KH03 or the PSIKH03 mutant proteins were transformed into BL21(DE3)pLysS
cells. Approximately 6 L of cells were grown in LB media at 37 C
to an absorbance at 600 nm of 0.6. IPTG was added to a final
concentration of 1 mM, and the cells were incubated at 30 C for
an additional 3 h. Cells were harvested and resuspended in Buffer A
(20 mM HEPES at pH 7.5, 1 M NaCl, 10% glycerol, 0.1% Triton
X-100) to a final volume of 5 mL/g of cells. Cells were frozen at 80 C.
Cells were thawed, sonicated, and centrifuged (25,000g for 15
min). The supernatant was removed and filtered through a 0.45
mm membrane filter before loading onto a 5-mL HiTrap Chelating
column (Amersham Biosciences) charged with 100 mM NiSO4
and equilibrated in Buffer A. A gradient (Buffer A containing 5–
250 mM imidazole) was run, and the (His)6-MBP-TEV-KH03
construct eluted around 75 mM imidazole. The fractions containing protein were combined, concentrated slightly, and TEV protease was added to cleave the (His)6-MBP-TEV construct from
KH03 protein. The protein construct including TEV protease was
dialyzed against Buffer A overnight.
To remove the (His)6-MBP-TEV sequence, the dialyzed protein
was reapplied to the nickel-charged HiTrap column in 10 mM
imidazole, and the eluant containing cleaved PSI-KH03 was collected. The eluant was then dialyzed against Buffer B (25 mM MES
at pH 6.5, 50 mM KCl, 1 mM EDTA, 1 mM DTT, 1 mM TCEP,
5 mM methionine, and 10% glycerol). The dialyzed protein was
loaded onto a column containing Poros HiS resin (2.3 mL;
Applied Biosystems, Inc.) equilibrated in Buffer B, and eluted in
Buffer B containing 1 M KCl. The protein eluted at 240 mM KCl.

TABLE 4. Stoichiometric activity titrations of wild-type and mutant
PSI-KH03
Enzyme
Wild type
I145N
I234N
I338N
I449N

Eq. Pt.a
0.37 6 0.03
0.716 0.05
0.8 6 0.2
0.8 6 0.2
0.54 6 0.05

a
All measurements of the stoichiometric equivalence point are the
average of two to four separate experiments, with errors reported as
one standard deviation from the average.
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Fractions containing protein were combined and concentrated.
Glycerol was added to 20% total volume, and the protein was
subsequently stored in small aliquots at 80 C. Homogeneous
purification was verified by SDS-PAGE.

where [B] and [F] are the concentrations of protein-bound and free
RNA, respectively; C is the total binding capacity; and Kd is the
apparent dissociation constant. The Kd values reported are the
averages of at least three separate experiments.

Wild-type KH03 overexpression and purification

Protein activity titration experiments

Wild-type KH03 was expressed and purified as above except after
purification through Poros-HS; the fractions were combined, dialyzed into Buffer C (40 mM HEPES at pH 8.0, 200 mM KCl, 1 mM
EDTA, 10% glycerol, 1 mM DTT, 1 mM TCEP, 5 mM methionine), and purified over a Superdex 200 gel filtration column
(Amersham Biosciences). The fractions containing protein were
combined and concentrated. Glycerol was added to 20% final
volume, and protein aliquots were stored at 80  C.

Experiments were performed in a manner similar to that of
Rambo and Doudna (2004). Briefly, 2.5 pmol of 32P-5¢-endlabeled PSI29 was added to unlabeled PSI29 for a total of 100
pmol RNA (wild-type PSI-KH03, I145N, I449N), 125 pmol RNA
(I338N), or 300 pmol RNA (I234N). PSI-KH03 wild-type or
mutant protein was added to the RNA in protein:RNA molar
ratios of 0.25:1, 0.5:1, 1:1, 1.25:1, 1.5:1, 1.75:1, and 2.0:1. The
protein and RNA were diluted in PSI binding buffer to a total
volume of 10 mL. The samples were incubated at 4 C for 30 min
and loaded onto a 4.2% native gel as described above. Dried gels
were exposed to a storage phosphor screen overnight, and the
autoradiogram was quantitated in ImageQuant 5.2. The data
were normalized for the amount of RNA bound and fit to Equation 3
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r þ Kd þ n  ðr þ Kd þ nÞ2 4rn
ð3Þ
y¼
2n

CD wavelength scans and Tm measurements
CD spectroscopy was performed on wild-type and mutant KH03
proteins using an Aviv 62 spectrophotometer. All wavelength
spectra were measured in a 1-cm quartz cuvette, scanning a
range of 290–200 nm. Proteins were diluted into CD buffer (12.5
mM potassium phosphate at pH 7.5, 50 mM KCl, 0.5 mM EDTA,
2.5% glycerol) to a final concentration of 1 mM as determined by
the Bradford method (Bradford 1976). The ellipticity values for
each protein were subsequently converted to mean residue molar
ellipticity, and the spectra were plotted in Microsoft Excel. Melting
temperatures (Tm values) were obtained by measuring the CD
signal at a fixed wavelength of 222 nm. The temperature was
increased from 15 C to 80 C in steps of 1 or 2 with an equilibration time of 1 min between steps. The data were converted to
fractional ellipticity and fit to Equation 1
y¼

½min þðmax  minÞ
ð1 þ e½kðxTm Þ Þ

ð1Þ

in the program GraFit (Erithacus software). The temperature at
which 50% of the total ellipticity was lost was defined as the Tm
(Porello et al. 1998).

Equilibrium dissociation constant (Kd) measurements
Electromobility gel shift assays to determine equilibrium binding
dissociation constants (Kd) for wild-type and mutant KH03 enzyme
were performed as described (Amarasinghe et al. 2001). Briefly, the
protein was serially diluted into binding buffer (25 mM HEPES at pH
7.6, 100 mM KCl, 10 mg/mL heparin, 0.05% NP-40, and 6% glycerol)
and added to RNA kept at a concentration well below the observed Kd
(100 pM–1 nM, depending on the enzyme and RNA sequence used).
The samples were left to equilibrate at 4 C for 30 min, and subsequently loaded onto a 4.2% acrylamide gel (4.2% 29:1 bis:acrylamide,
50 mM Tris, 50 mM glycine, 5% glycerol). The gel was run at 10 W for
45 min, dried, and exposed overnight to a Molecular Dynamics
storage phosphor screen. The autoradiogram was quantitated in
ImageQuant v.5.2 (Molecular Dynamics) and the data were fit to
the equation for single-site binding (Equation 2) using GraFit
½B  ¼
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C ½F 
K d þ ½F 

ð2Þ

where y, the fraction of RNA bound, is plotted against r, the molar
ratio of [KH03]:[RNA]. N is the stoichiometric equivalence point,
and Kd is the apparent dissociation constant.
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