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ABSTRACT

We have investigated the role in the fold and RNA-binding properties of the KH modules of a hydrophobic to asparagine
mutation of clinical importance in the fragile X syndrome. The mutation involves a well-conserved hydrophobic residue close
to the N terminus of the second helix of the KH fold (�2(3) position). The effect of the mutation has been long debated: Although
the mutant has been shown to disrupt the three-dimensional fold of several KH domains, the residue seems also to be directly
involved in RNA binding, the main function of the KH module. Here we have used the KH3 of Nova-1, whose structure is known
both in isolation and in an RNA complex, to study in detail the role of the �2(3) position. A detailed comparison of Nova KH3
structure with its RNA/KH complex and with other KH structures suggests a dual role for the �2(3) residue, which is involved
both in stabilizing the hydrophobic core and in RNA contacts. We further show by nuclear magnetic resonance (NMR) studies
in solution that L447 of Nova-1 in position �2(3) is in exchange in the absence of RNA, and becomes locked in a more rigid
conformation only upon formation of an RNA complex. This implies that position �2(3) functions as a “gate” in the mechanism
of RNA recognition of KH motifs based on the rigidification of the fold upon RNA binding.
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INTRODUCTION

The fragile X syndrome—the most common form of inher-

ited mental retardation—is a dominant dysfunction associ-

ated with the anomalous expansion of a CGG triplet near

the promoter of the FMR1 gene (for review, see Kaufmann

2002). In most of the fragile X patients, the expansion leads

to silencing of the gene with consequent absence of the

FMR1 protein (FMRP) in the affected individuals. How-

ever, expression of the protein containing an I304N mis-

sense mutation was observed in a single patient with an

unusually severe phenotype (De Boulle et al. 1993). The

mutation concerns a highly conserved hydrophobic amino

acid in the second of two copies of a K-homology (KH)

domain, an RNA-binding motif that occurs in more than

100 proteins involved in RNA regulation (Gibson et al.

1993; Siomi et al. 1993).

Understanding the effect of the I304N mutation in the

KH modules and which loss of function it might cause in

the cell is of high interest both in view of its clinical im-

portance and, more in general, for rationalizing its role in

the KH fold. However, although several studies have inves-

tigated the behavior of the I304N mutant, an unambiguous

comprehension of its importance is still lacking. Mutation

of the residue in full-length FMRP was shown to result in

complete or partial impairment of the RNA-binding prop-

erties of the protein (Siomi et al. 1994; Feng et al. 1997;

Brown et al. 1998). The mutant protein no longer associates

with translating poly-ribosomes, and becomes part of

smaller abnormal mRNP (Feng et al. 1997). Furthermore,

translation inhibition of various mRNA is observed in vivo

and in vitro with wild-type FMRP but not with the mutant

protein (Laggerbauer et al. 2001). The I304N mutant also

seems to inhibit oligomerization of FMRP, suggesting that

the second KH has a role in homo-association. Introduction

of the mutation in isolated KH domains from FMRP and

Nova-1 led to an unfolded protein (Musco et al. 1997; Lewis

et al. 2000), supporting the hypothesis that the conserved

hydrophobic residue is essential for the fold stability of a

functionally important domain of FMRP. However, muta-

tion of the corresponding residue in isolated KH of the

Splicing factor 1 (Sf1) preserves the fold but impairs RNA

binding (Liu et al. 2001). Consistently, the conserved resi-

due makes direct contact with the RNA in all the high-

resolution structures of KH–nucleic acid complexes now

available (Lewis et al. 2000; Liu et al. 2001; Braddock et al.

2002a, 2000b).

Does the conserved residue have an essential structural

role in the domain stability or is it mostly implicated in
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RNA recognition? In the present article, we have addressed

this question first comparing the currently available struc-

tures of KH domains, using them to rationalize the func-

tional information. We have then focused on the KH3 from

Nova-1 as a paradigm. Nova KH3 is one of the few ex-

amples for which the structures of both the isolated domain

and of a KH/RNA complex are available (Lewis et al. 1999,

2000). Our choice was also suggested by the observation of

an unusual behavior of L447 (the residue corresponding to

I304 in FMRP) in the NMR spectrum of Nova-1 KH3: The

resonance of the amide proton of L447 could not be iden-

tified (Ramos et al. 2002). Here, we show that the appar-

ently contradictory data on the function of the conserved

residue stem from its dual role in protein stability and RNA

recognition. Based on our NMR evidence, we suggest a

mechanism that clarifies the role of this residue in RNA

recognition.

RESULTS AND DISCUSSION

Comparison of the known KH structures suggests a
dual role of �2(3) position

A bulky hydrophobic amino acid (a leucine or an isoleucine

in most of the sequences, rarely a short-chain hydrophobic

residue, never an aromatic) is present in the whole KH

family at a position equivalent to I304 in FMRP (Fig. 1A).

Inspection of the currently available structures of KH do-

mains shows that this residue lies in the first turn of helix

�2 (position �2(3); Fig. 1B). The side chain is part of the

domain hydrophobic core and is completely buried: The

exposed surface areas of residues in �2(3) are around 20Å2

with the side chain pointing towards the protein interior.

Evidence from our group and from others (Musco et al.

1996; Lewis et al. 1999) conclusively shows that mutation of

position �2(3) strongly destabilizes the fold in several KH

domains, leading to unfolding of the isolated domain. The

only exception is that of the KH domain of Sf1 (Liu et al.

2001). This exception can, however, be rationalised because

the fold of the KH domain is most likely stabilized by the

presence of the contiguous QUA2 motif, which packs

against the KH domain (Fig. 1C). In all the high-resolution

KH structures, the amide proton of the residue in �2(3) is
hydrogen bonded with the oxygen of the residue in position

i-7 [where i is the residue number in �2(3)]. However, the

crystallographic B factors of Nova KH3 show that, in the

isolated Nova KH3 structure, L447 in �2(3) is significantly
more flexible than in the KH3/RNA complex (Lewis et al.

1999, 2000).

Because it is inaccessible to the outside, it is difficult to

believe that I304 of FMRP KH2 can easily be involved in

protein–protein contacts and promote dimerization or self-

aggregation directly as suggested by Laggerbauer et al.

(2001). A much more likely explanation is that mutation of

KH2 causes unfolding of this domain, which leads to a

drastic change of the shape of the full-length FMRP mol-

ecule, thus preventing self-association of other regions of

the protein.

No major structural rearrangement is observed upon

RNA complexation (Fig. 1C). The RNA inserts in a groove

formed between �2 and �3. The side chain of the leucine/

isoleucine in �2(3) packs against an adenine (Lewis et al.

2000; Liu et al. 2001; Braddock et al. 2002a, 2002b). The

sequence conservation of all the residues involved in RNA

binding indeed suggests that the mechanism of recognition

observed in the currently known complexes can be gener-

alized to the whole KH family. Because of the close inter-

action of the �2(3) hydrophobic residue with RNA in the

complex, this position must be very important for RNA

binding, so that mutation must reduce significantly the

binding affinity. This prediction is consistent with the ob-

servation that when the mutation is introduced into the

KH-QUA construct of Sf1, the protein is not able to bind to

RNA although retaining its fold (Liu et al. 2001).

We can therefore confidently expect that the I304N mu-

tant of FMRP must lose completely the RNA-binding prop-

erties associated to KH2, such as polysomal association

(Feng et al. 1997). The inability of the I304N mutant to

associate with translating ribosomes would explain the in-

creased shuttling activity of the mutant as compared with

the wild-type protein (Tamanini et al. 1999). This, however,

does not affect the absolute RNA binding capability of the

protein (Feng et al. 1997; Brown et al. 1998) as FMRP is a

multidomain protein whose individual domains are all able

to recognize RNA in vitro (Adinolfi et al. 1999). Other

regions can contribute to RNA binding, thus compensating

for the loss of function of KH2.

L447 of Nova-1 KH3 is in exchange in the absence
of RNA

In our previous work on the characterization of Nova-1

KH3 RNA-binding properties (Ramos et al. 2002), we did

not succeed in identifying the resonance of the amide pro-

ton of L447 in the NMR spectra, even when all distinguish-

able peaks had been assigned (Fig. 2A). Only 3 backbone

amide resonances out of 76 could not be identified, 2 of

them (G443 and T480) being in exposed and flexible re-

gions of the molecule (Ramos et al. 2002). In contrast, the

amide of L447 is part of a well-defined secondary structure

element and the neighboring resonances could be readily

identified. We then explored the possible causes of the miss-

ing resonance.

The possibility of an unusual chemical shift of the amide

proton of this residue in the isolated protein domain seems

unlikely, as no aromatic residues are in spatial proximity.

Accordingly, the peak could not be identified even at large

sweep-widths. Because the chemical shifts of the H� pro-

tons of residues in the position equivalent to L447 in other

KH domains are all remarkably similar (3.74 ± 0.07 ppm)
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irrespective of the amino acid type (leucine or isoleucine),

we tried to identify the H� to side chain connectivities of

L447 in the homo-nuclear NOESY and TOCSY spectra

(data not shown). However, no spin system seemed to be

consistent with the presence of a leucine in the range be-

tween 3.65 and 3.88 ppm.

Finally, to discard the possibility that resonance overlap

could mask the L447 amide resonance, a selectively labeled

sample was produced by adding to the minimal medium a

mixture of the 20 natural amino acids where only leucine

was 15N labeled. An 15N HSQC spectrum recorded on a

sample of purified protein is shown in Figure 2B. The peak

FIGURE 1. (A) Sequence alignment of the KH constructs whose structure is currently known. Sequence alignment was obtained by the Clustalx
program (Thompson et al. 1997). The sequences are labeled with the names of the corresponding PDB entries: 1dtj and 1ec6 correspond to the
isolated and the complexed Nova KH3 constructs respectively (Lewis et al. 1999, 2000); 1vih, 2fmr, 1hh2-1 and 1hh2-2 are the sequences of vigilin
KH6 (Musco et al. 1996), FMRP KH1 (Musco et al. 1997), and of the two KH repeats of NusA (Worbs et al. 2001); 1khm and 1j5k span the
sequences of the isolated and complexed hnRNP K KH3, respectively (Baber et al. 1999; Braddock et al. 2002a); 1k1g is the sequence of the
complexed Sf1 (Liu et al. 2001). A star indicates position �2(3). The consensus sequence as given by SMART is indicated in the first row
(Consensus). The secondary structure of Nova is indicated in the last row (Secst). The DSSP convention was used (Kabsch and Sander 1983). (B)
A ribbon representation of the KH fold. The coordinates of Nova KH3 have been used (Lewis et al. 1999). Red ribbons and blue arrows indicate
the � helices and the � strands, respectively. The side chain of position �2(3) is shown in green and underlined by a yellow circle. (C) Structure
comparison of KH structures. The protein backbones are displayed as a ribbon, and the �2(3) conserved amino acid is displayed in full. The
structures were superposed by the Dali server (Holm and Sander 1993) and displayed by InsightII (Accelerys). (Left) Superposition of the free
(cyan ribbon) and RNA complex (magenta ribbon with the RNA indicated in green) structures of Nova-2 KH3 (Lewis et al. 1999, 2000). (Middle)
Superposition of the free (yellow ribbon) and RNA complex (blue ribbon with the RNA indicated in red) structures of the KH3 of hnRNP-K
protein (Baber et al. 1999; Braddock et al. 2002a). (Right) KH-QUA2 structure in complex with RNA (green ribbon with the RNA in pink; Liu
et al. 2001).
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intensities were normalized against the intensities of corre-

sponding peaks observed in an 15N HSQC spectrum re-

corded on an 15N uniformly labeled sample of Nova-1, to

correct for line width differences. The results (Fig. 2C) show

that the peaks observed in the spectrum of the selectively

labeled sample can be divided in three classes based on their

normalized intensities. Four peaks have a value between

0.97 and 1.02. These peaks had previously been assigned as

four of the five leucine amides in the protein. Fourteen

peaks have a value of between 0.38 and

0.27. These peaks correspond to reso-

nances previously assigned as the am-

ides of the 14 isoleucines and valines

present in the construct. The remaining

peaks, with intensities lower than 0.2,

correspond to amides of a number of

different amino acids, all previously

identified. A degree of labeling of iso-

leucines and valines and other amino

acids is expected, as transamination

mechanisms cannot be completely

eliminated.

These results clearly indicate that only

four leucines are identifiable in the

HSQC spectrum of Nova-1 KH3. If the

resonance of L447 amide overlapped

with one of the peaks observable by

transamination in the selectively labeled

spectrum, it should have a significantly

lower intensity than that of other leu-

cines. A peak broadening to the limit of

disappearance strongly suggests that this

residue is in chemical or conformational

exchange (or in a mixture of both).

Varying the temperature (in the range

5°C–65°C) and/or the magnetic field (in

the range 500 to 800 MHz), two factors

that should influence the exchange

properties, did not reveal the appear-

ance of new peaks in the spectra (data

not shown).

A similar although not so dramatic

effect was observed in FMRP KH1 and

in Vigilin KH15: resonance broadening

in the 1H-dimension (but not of the 15N

dimension as demonstrated by the 15N

relaxation values) was observed in the

homo-nuclear and 15N HSQC spectra

(Fig. 3; Musco et al. 1996, 1997).

�2(3) has a dual role in stabilizing
the fold and recognizing RNA

Next, we investigated whether the reso-

nance of the L447 amide is identifiable

in the HSQC spectrum of a KH3–RNA complex (Fig. 2D).

The RNA sequence used is the same identified as RNA1 and

described in Ramos et al. (2002). The backbone assignment

of the complex was accomplished using 15N-edited NOESY

and HNCA spectra. The amide resonance of L447 is clearly

visible at 7.1 ppm and 127.3 ppm (1H and 15N frequencies,

respectively); the line width both in the 1H and 15N dimen-

sions is comparable with that of the other amide peaks. 15N

T1 (646 ms) and T2 (63.9 ms) and heteronuclear 15N NOE

FIGURE 2. Comparison of the spectra of Nova-1 KH3 free and in an RNA complex recorded
at 500 MHz and 25°C. (A) 15N HSQC spectrum of the free protein. (B) 15N HSQC of a 15N
leucine selectively labeled sample of free Nova-1 KH3. (C) Plot of the normalized (see Materials
and Methods) values of peak intensities of the spectrum in A versus the sequence of the protein.
The peaks with intensities close to 1 are those boxed in Figure 2B. (D) 15N HSQC spectrum of
a 1:1 Nova-1 KH3/RNA1 complex.
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(0.65) values observed at 500 MHz for the L447 amide

resonance are close to the average values of Nova-1 KH3

amides in secondary structure elements (Ramos et al. 2002).

Thus, L447 is in a stable conformation when the protein is

bound to the RNA. The phenomenon leading to the broad-

ening of the resonance observed in the free protein is no

longer occurring, suggesting that the residue is locked in a

more rigid conformation.

We have previously demonstrated that RNA recognition

of Nova-1 KH3 occurs through a rigidification of the overall

fold of the protein upon binding, presumably necessary to

decrease the entropic step linked to binding (Ramos et al.

2002). Our present observations indicate that L447 is an

integral part of this process, suggesting a detailed mecha-

nism of the KH/RNA recognition: The amide proton reso-

nance is in exchange (likely both conformational and

chemical) in the absence of RNA to allow insertion of the

RNA in the groove between �2 and �3. This local flexibility
becomes unnecessary once the complex is formed. Confor-

mational exchange of this residue in the free protein can

ensure accessibility of the binding groove without perturb-

ing the protein structure. A local “breathing” of position

�2(3) is also supported by the B-factors of this residue in

the crystal structure of Nova KH3, which are close to the

values observed in loop regions (Lewis et al. 1999, 2000).

In conclusion, the dual function of position �2(3) con-
stitutes yet another example of how RNA binding may be

achieved through subtle tuning of the mechanism of rec-

ognition.

MATERIALS AND METHODS

RNA and protein preparation

The RNA1 oligonucleotide was synthesized

in vitro using T7 polymerase and synthetic

DNA templates using established techniques

(Varani et al. 1996). The Nova-1 KH3 con-

struct, which spans amino acids 421–496 of

the Nova-1 sequence, was expressed in BL21

pLysS cells as His-tagged proteins and iso-

lated using a two-step standard purification

procedure as previously described (Ramos et

al. 2002). 15N labeled and 15N,13C double-

labeled protein was obtained by growing the

cells in M9 minimal media supplemented

with 15N-labeled ammonium sulphate and
13C-labeled glucose. 15N leucine selectively

labeled protein was obtained as described in

Biekofsky et al. (2002) but for the use of 15N

leucine rather than 15N isoleucine. Briefly,

the cells were grown in M9 minimal media

supplemented with 13C-labeled glucose and

a mixture of 19 unlabeled and 1 (leucine)
15N-labeled amino acids. The large excess of

amino acids is known to reduce transami-

nase expression and therefore scrambling.

Expression of the protein was significantly

increased by the amino acid cocktail and 12 mg/L of pure protein

were obtain from 5 L of cell culture.

Nuclear magnetic resonance spectroscopy and
resonance assignment

NMR spectra were recorded in the temperature range between 5°C

and 65°C on Varian INOVA and UnityPlus spectrometers oper-

ating at 500, 600, and 800 MHz 1H frequency. Full assignment of

free and bound Nova KH3 backbone resonances at 25°C was ob-

tained as previously described (Ramos et al. 2002) using standard

methods (Marion et al. 1989; Grzesiek and Bax 1992a, 1992b).

Water suppression was achieved by the WATERGATE pulse-se-

quence (Piotto et al. 1992; Sklenar et al. 1993). The spectra were

processed and zero-filled to the next power of two using the

NMRPIPE program (Delaglio et al. 1995). Baseline correction was

applied when necessary. The spectra were analyzed using the Felix

(MSI) and XEASY programs (Bartels et al. 1995). HSQC spectra

were recorded for uniformly 15N-labeled and 15N-leucine selec-

tively labeled samples of Nova-1 KH3 at 1.3 mM concentration.

The peak intensities in the leucine labeled spectra were normalized

with respect to the intensity of peaks in the uniformly labeled

spectra.

Relaxation data were recorded at 500 MHz on a Varian Unity-

plus-500 spectrometer using standard sequences (Kay et al. 1992).

Peak intensities as a function of delay time were extracted from the

spectra and normalized to the intensity of the first time point

using the NMRPIPE/NMRDRAW package. The values of T1 and

T2 and 15N-1H NOE values were obtained using a standard pro-

cedure, as described for Nova-1 KH3 (Ramos et al. 2002).

FIGURE 3. Close-up of a 15N HSQC spectrum recorded at 500 MHz and 25°C on a sample
of free FMRP KH1. The peaks are labeled according to the assignment of Musco et al. (1997).
Position �2(3) is here labeled I26.
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