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Introduction. The structures of a number of small �/�
RNA-binding proteins with diverse biological functions are
known.1 Their topologies and the locations of the RNA-
binding sites vary considerably, consistent with the plastic-
ity of RNA due to base pair mismatches, bulges, and loops.
Yet the protein-binding surfaces can be recognized be-
cause they are enriched with positively charged residues
that either form salt bridges with the negatively charged
RNA or contribute favorably to the electrostatic environ-
ment. Protein regions that exhibit conformational flexibil-
ity are also good candidates for RNA-protein interactions
because binding is usually accompanied by some mutual
conformational adjustments.1 We have determined the
crystal structure of HI1333 (YhbY) from Haemophilus
influenzae, a protein annotated as hypothetical in se-
quence databases. We propose that this protein and its
close sequence relatives (25 in the nonredundant sequence
database at the time of writing) comprise a new class of
RNA-binding proteins.

Materials and Methods. The gene encoding HI1333
was amplified from Haemophilus influenzae KW20 genomic
DNA and cloned into pRE12 for expression in E. coli MZ1.
Cells were grown in LB media containing ampicillin (50
�g/mL) at 32°C until the A650 reached 0.4 and diluted with
an equal volume of fresh LB media kept at 60°C, achieving
42°C where protein induction occurs. Cells were broken by
passage through a French press and cell debris removed by
centrifugation at 100,000 � g for 1 h. The protein was
purified by a combination of DE-52 anion-exchange chroma-
tography and cation exchange on a Shodex CM-2025 HPLC
column. Fractions containing the protein were pooled, concen-
trated, and dialyzed against 20 mM NaPO4, pH 7.0, 100 mM
NaCl to achieve a final protein concentration of 18 mg/mL.
The molecular weight of the protein was confirmed by
MALDI-TOF mass spectroscopy, and dynamic light scatter-
ing indicated that the protein is monomeric in solution.

Crystals of HI1333 belonging to space group P21 (with
cell dimensions of a � 30.6 Å, b � 51.9 Å, c � 59.1 Å, � �
102.2° and two molecules in the asymmetric unit) ap-
peared in a few days at room temperature in hanging-drop
vapor diffusion experiments using 5 �L of protein (18

mg/mL in 20 mM NaPO4, pH 7.0, 100 mM NaCl), 1.5 �L
15% heptane-1,2,3-triol, and 3.5 �L well solution (29–30%
PEG 4000, 100 mM Tris pH 8.0, 10 mM CaCl2). Diffraction
data at 100 K on cryoprotected crystals (using perflu-
oropolyether) oil MW � 2800 and 32% PEG 4000, 100 mM
Tris, pH 8.0, 15 mM CaCl2, 6.1% heptane-1,2,3-triol, 15%
glycerol) were collected on the IMCA-CAT beamlines (17-ID
and 17-BM) at the Advanced Photon Source (Argonne
National Laboratory, Argonne, IL). In addition to the 1.37
Å native data, two MAD data sets were collected at 1.85 Å.
One set for a platinum derivative was obtained by soaking
crystals in cryosolution augmented with 2 mM K2PtCl4 for
3 days before flash-cooling, and the second set for a
bromide derivative was obtained by soaking crystals for
90 s in a 1 M NaBr cryosolution.

All data sets were processed with the HKL Suite3 and
scaled by using SOLVE4 (MAD data) and XPREP5 (native
data). Heavy atom sites were found by using SOLVE4 and
CNS.6 The SOLVE phases derived from the combined
MAD data sets were modified by the program RESOLVE7

and used to produce a high-quality electron density map
into which the two molecules in the asymmetric unit were
built with use of the program O.8 Initial refinement using
all the native data from 25.9 to 1.37Å was performed with
CNS, which was followed by refinement with SHELX-979

using anisotropic displacement parameter refinement. Na-
tive data processing statistics and refinement statistics
are shown in Tables I and II, respectively.

Results and Discussion. HI1333 is a 99 amino acid
�/� protein consisting of a four-stranded mixed �-sheet
sandwiched between two helices on one side and one helix
on the other [Fig. 1(a)]. The packing of molecules in the
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crystal is consistent with a monomeric protein. The two
molecules in the asymmetric unit are quite similar with a
main-chain atom root mean square deviation (RMSD) of

0.4 Å and an all-atom RMSD of 0.9 Å. The largest
deviations occur in a region with high crystallographic
temperature factors that involves two loops and a type 1�
reverse turn: residues 26–28 (between �1 and �2), resi-
dues 52–59 (between �2 and �3), and residues 78 and 79
(reverse turn between �3 and �4). These differences are
attributable to crystal-packing interactions.

All residues except Glu46 fall into the most favored
(92.4%) or additionally allowed (6.5%) regions of a Ram-
achandran plot.10 The electron density for Glu46 is well
defined, showing that the main-chain adopts a strained
conformation (� � 72°, � � 	57°).

The distribution of electrostatic charges on the surface
of the protein reveals a region rich in positively charged
residues that includes the exposed �-sheet above �1 and
continues around the edge of �3 to include a portion of �3
[Fig. 1(b)]. It is also this region of the protein that exhibits
the best conservation of residues among HI1333 sequence
relatives [Fig. 1(c)]. The extensive basic region and the
correlation with amino acid conservation suggest that the
function of HI1333 involves binding of nucleic acids.

Another surface region that contains conserved residues
includes a number of hydrophobic residues and Glu46 (the
sterically strained residue is seen as an isolated red spot in
Figure 1(b). The residues involved define a small pocket. In
the HI1333 sequence family, position 46 is occupied mostly
by a glutamic acid and in a few cases by a glycine residue.
The pocket would be larger with a glycine at this position.
The backbone conformation of residue 46 and the amino
acid conservation pattern suggest that this region is

TABLE I. Data Processing Statistics

Space group
Cell dimensions

P21

Native a � 30.6, b � 51.9, c � 59.1, � � 102.2
Br a � 30.8, b � 52.2, c � 58.2, � � 104.1
Pt a � 30.9, b � 52.4, c � 58.4, � � 104.4

No. of molecules/asymmetric unit 2

Native Br w1 Br w2 Br w3 Br w4 Pt w1 Pt w2 Pt w3
Wavelength (Å) 0.91840 0.91963 0.92017 0.91990 0.90632 1.07149 1.07196 1.05518
Resolution (Å) 1.37 1.85 1.85 1.85 1.85 1.86 1.86 1.86
No. of observations 246633 57935 58254 57300 57644 105273 105918 108119
Unique

reflectionsa
38069 15418 15422 15412 15418 14820 14824 14868

Completeness (%)b 99.9 (100) 100 (99.9) 100 (100) 99.9 (99.5) 100 (99.7) 96.1 (62.4) 96.4 (65.3) 97.1 (72.5)
Rsym (I)b,c 0.031 (0.271) 0.051 (0.363) 0.044 (0.337) 0.058 (0.453) 0.055 (0.481) 0.067 (0.258) 0.067 (0.263) 0.064 (0.293)

I/�� 14.0 10.5 10.8 9.0 8.8 9.8 9.8 9.4
Anomalous and dispersive R-factors (%)d

Br w1 Br w2 Br w3 Br w4 Pt w1 Pt w2 Pt w3
Br w1 4.0 1.9 1.7 1.9 Pt w1 4.8 3.2 3.6
Br w2 2.6 1.7 2.8 Pt w2 4.3 3.6
Br w3 4.5 2.2 Pt w3 4.4
Br w4 3.7
aFriedel pairs are treated as independent reflections for derivative data.
bValues in parentheses are for the highest resolution bin (1.42–1.37Å for native data, 1.92–1.85Å for Br data, and 1.92–1.86Å for Pt data).
cRsym � 
hkl[
j�Ij 	 
I��)/
j�Ij�].
dR � [
hkl(�Fobs� 	 ��Fcale�)/
hkl(��Fobs�)], where �F is the observed (obs) or calculated (calc) dispersive (off-diagonal elements) or Bijvoet difference
(diagonal elements) of data used in the phasing routine (from low resolution to 1.86Å for Pt w1 and w3, 2.1 Å for Pt w2, 2.3 Å for Br w1 and w3, 2.5
Å for Br w2 and w4).

TABLE II. Refinement Statistics

Resolution (Å) 25.9–1.37
Wavelength (Å) 0.9184
Unique reflections (F � 0) 38052
Completeness (%) 99.9
No. of protein atoms 1554
No. of glycerol molecules 7
No. of water molecules 264
Rwork

a 0.138 (0.132)
Rfree

a 0.221 (0.213)
RMSDb from ideal geometry

Bond lengths (Å) 0.011
Bond angle distances (Å) 0.030

Average B factor (Å2)
Molecule A 26
Molecule B 32
Glycerol 65
Water 42

Ramachandran plot (%)
Most favored 92.4
Allowed 6.5
Generously allowed 0.0
Disallowed 1.2

aThe crystallographic R-factor, R � (
hkl�Fobs� 	 k�Fcalc�/
hkl�Fobs�).
Rwork is calculated for the reflections used in refinement. Rfree is
calculated for a randomly selected 8% set of reflections not included in
the refinement. The values in parentheses are for reflections with F �
4�(F).
bRMSD, root-mean-square deviation.
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functionally important as well, possibly involved in protein-
protein interactions.

HI1333 was selected as a target for a structural genom-
ics project (http://s2f.carb.nist.gov/) because the homolo-
gous proteins were annotated hypothetical. Sequence anal-
ysis using Psi-Blast11 on the nonredundant database
shows now that two of the close relatives (E values after
the first cycle of Psi-Blast of 2e	6 and 5e	6) have vaguely
based annotations of RNA binding with no reference to
experimental work. The third iteration cycle reveals re-
mote homology to CRS1 from maize, a large protein
involved in gene splicing.12 The homology extends over 87
of the protein’s 715 amino acids, with 22% sequence
identity. Gene splicing implies interactions with RNA.

A number of small �/� RNA-binding protein structures
share a similar protein architecture to HI1333 [Fig. 1(d)],
although the actual combination of topology and surface
charge distribution of HI1333 are unique. The closest
structural homologues obtained by using DALI13 are the
C-terminal domain of the translation initiation factor IF3
(IF3-C)14 and YhhP, a protein implicated in cell division.15

However, the sequence similarity of the structurally aligned
residues is low: 16% and 6% identical residues, respec-
tively. Moreover, the pattern of conservation does not
correlate with that of the HI1333 sequence family, and the
most basic area of both IF3 and YhhP is on the opposite
side of the protein compared with that of HI1333.

As the manuscript was prepared for publication, the
coordinates of YhbY from E. coli were deposited in the
PDB (1LN4, Ostheimer et al., to be published). This
structure is very similar to HI1333, consistent with the
high-sequence identity. The title of this entry states that

the protein is a representative of a new class of RNA-
binding proteins.

Another RNA-binding domain with an �/� fold is the KH
domain characterized by a conserved VIGXXGXXI se-
quence. Although type I and type II KH domain proteins
share some sequence homology with HI1333, their topolo-
gies are different,16 and neither matches that of HI1333
[Fig. 1(d)]. The positively charged regions of the KH
domains are centered on the GXXG loop and include the
helices on either side of this loop along with the outer
�-strand adjacent to this region. HI1333 and its sequence
homologues have the GXXG found in KH domains, but
they tend to replace the isoleucine after the second glycine
with a charged or polar residue. The structure of HI1333 in
this region also differs from that of the KH domain with a
short segment in extended conformation replacing the
short helical section of the KH domain. Despite these
topological and structural differences, the conserved GXXG
of HI1333 may, like the GXXG of the KH domain, be
involved in binding RNA.

Finally, we note that the completed genome of Arabidopsis
thaliana17 contains many middle-size and large proteins
that exhibit sequence homology spanning much of the HI1333
domain as seen in CRS1.12 Oryza sativa (rice) contains such
domains as well. We propose that these proteins contain
RNA-binding domains, and therefore are involved in activi-
ties related to RNA. At this time, there are no HI1333
sequence homologues in mammalian genomes.
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Fig. 1. Structure of HI1333. a: Ribbon diagram of HI1333 colored according to the progression of the
polypeptide chain from blue (N-terminus) to red (C-terminus). b: Charge distribution on the surface of HI1333 in
the same orientation as shown in (a). Colors are from blue to red for basic to acidic residues. The surface for the
conserved Glu46 can be seen as a red spot to the lower right of center on the charge distribution plot. With the
exception of the continuation of the basic region on the bottom left (�3) onto the back face of the protein, the
face hidden from view shows fewer basic residues. c: Residue conservation distribution, colored from purple
(no conservation) to green (high conservation), in the same orientation as in (a). The larger conserved patch
correlates with the positively charged region, and the smaller patch defines a small pocket that includes Glu46
and several hydrophobic residues. This may indicate a region of protein-protein interactions. d: Topology
diagrams. Left: HI1333 (1JO0), IF3-C (1TIG), and YhhP (1DCJ) (�1 is missing or not well defined in 1TIG and
1DCJ, respectively). Center: Type I KH domain (IKHM). Right: Type II KH domain, residues A186–A283
(IEGA). Helices are depicted as circles and �-strands are shown as triangles.
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