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In prokaryotes, Hfq regulates translation by modulat-
ing the structure of numerous RNA molecules by
binding preferentially to A/U-rich sequences. To eluci-
date the mechanisms of target recognition and transla-
tion regulation by Hfq, we determined the crystal
structures of the Staphylococcus aureus Hfq and an
Hfq—-RNA complex to 1.55 and 2.71 A resolution,
respectively. The structures reveal that Hfq possesses
the Sm-fold previously observed only in eukaryotes
and archaea. However, unlike these heptameric Sm
proteins, Hfq forms a homo-hexameric ring. The
Hfq—RNA structure reveals that the single-stranded
hepta-oligoribonucleotide binds in a circular conform-
ation around a central basic cleft, whereby Tyr42 resi-
dues from adjacent subunits stack with six of the
bases, and GInS8, outside the Sm motif, provides key
protein—-base contacts. Such binding suggests a mech-
anism for Hfq function.
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Introduction

The bacterial Hfq protein was first identified as a host
factor required for the replication of Q8 RNA bacterioph-
age (Fernandez et al., 1968; Miranda et al., 1997; Schuppli
et al., 1997; Su et al., 1997). Hfq proteins identified in
several bacteria reveal that it is strikingly conserved and
highly abundant; it has been estimated that there are
30 000—-60 000 copies per Escherichia coli cell, localized
primarily to the cytoplasm with ribosomes (Kajitani et al.,
1994). Since its original discovery, it has been established
that Hfq is a pleiotropically acting RNA-binding protein
that is required for the degradation of some mRNA
transcripts and the efficient translation of others (Kajitani
et al., 1994; Azam et al., 2000). Hfq targets several
mRNAs for degradation by binding to their poly(A) tails
and stimulating poly(A) adenylation (Hajnsdorf and
Régnier, 2000). It also represses mRNA translation by
preventing ribosome binding, as observed for OmpA
mRNA (Vytvytska et al., 2000). In addition, Hfq has been
shown to interact with several small untranslated RNA
regulatory molecules such as OxyS, DsrA, RprA and
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Spot42, and is required for RNA regulation of the ¢* gene
by OxyS, DsrA and RprA (Zhang et al., 1998; Majdalani
et al., 2001; Sledjeski et al., 2001; Wassarman et al.,
2001). Recent data show that Hfq promotes contacts
between the OxyS and Spot42 molecules and their target
RNAs, suggesting that Hfq assists in bimolecular
RNA-RNA interactions (Mgller et al., 2002; Zhang
et al., 2002). Moreover, studies carried out to identify
additional small RNAs found that Hfq interacts with over
half of these RNA molecules (~9 RNA species)
(Wassarman et al., 2001). The importance of Hfq is
underscored further by the diverse pleiotropic effects
caused by interruption of its gene, which include
decreased growth rate, sensitivity to UV light and
mutagens, and increased cell length (Tsui et al., 1994;
Muffler et al., 1997).

Despite the important role that Hfq plays in translational
processes, the molecular details of how it mediates such a
range of functions through its interactions with RNA
molecules is unknown. Because it appears to modulate
RNA structures, it has been suggested that Hfq may
function as an RNA chaperone (Muffler et al., 1997,
Schuppli et al., 1997). Alternatively, because Hfq binding
to mRNA poly(A) tails causes poly(A) polymerase to
become processive, it has also been postulated that Hfq
might be related to the eukaryotic poly(A)-binding protein II
(Hajnsdorf and Régnier, 2000). New data have demon-
strated clearly that Hfq forms a ring-like structure (Mgller
et al., 2002; Zhang et al., 2002). This finding and the fact
that Hfq plays wide-ranging roles in RNA metabolism has
led to the recent suggestion that Hfq may be similar
structurally and functionally to eukaryotic Sm proteins.
These proteins participate in many different RNA-pro-
cessing reactions through their interactions with U-rich
target RNAs (Branlant et al., 1982; Achsel et al., 1999;
Salgado-Garrido et al., 1999; Bouveret et al., 2000;
Tharun et al., 2000; Pillai et al., 2001).

Sm proteins contain two conserved regions termed the
Sml and Sm2 motifs. These motifs are separated by a
region, which is not conserved in its sequence or length,
and named the variable region (Cooper et al., 1995;
Hermann et al., 1995; Séraphin, 1995). Crystal structures
of Sm proteins reveal that they contain an N-terminal
o-helix followed by a twisted five-stranded [B-sheet. This
fold is remarkably conserved among eukaryotes and
archaea (Kambach et al., 1999; Mura et al., 2001; Toro
et al., 2001; Collins et al., 2002). In these structures, the
Sm fold oligomerizes to form heptamers; the archaeal
proteins AF-Sml and AF-Sm2 from Archaeoglobus
fulgidus, SmAP from Pyrobaculum aerophilus and
Lsmo from Methanobacterium thermoautotrophicum all
form homo-heptameric rings (Mura et al., 2001; To6ro
et al., 2001; Collins et al., 2002), whilst the human Sm
proteins B, Dy, D5, D3, G, E and F form a hetero-heptamer
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Structures of Hfq and an Hfg-RNA complex

Table I. Selected crystallographic data for the apo Hfq structure determination

Crystal Native 2 (SSRL) Native 1 K,PtCly

Space group P2, P2, P2,

Cell constants (A) a=67.0 a = 68.5 a=68.8
b =90.0 b =90.7 b=912
c=677 c=69.0 c=69.1
B =98.0° B =96.8° B =97.0°

Temperature (K) 100 298 298

Resolution (A) 22.4-1.55 68.1-2.78 68.1-2.72

Total reflections (no.) 460 147 47 080 39 936

Unique reflections (no.) 111 857 18 886 17 240

Overall Ry, (%)* 4.6 9.0 9.8

Overall I/o(]) . 7.6 10.9 9.5

High resolution shell (A) 1.60-1.55 2.87-2.78 2.82-2.72

Ryym (%) 15.8 37.1 25.1

I/o(D) 4.7 1.9 1.5

Phasing power® 1.81

Rcullisc 0.51

Riso (%)1 25.7

Heavy atom sites (no.) 12

Overall figure of merit® 0.23

Refinement statistics: native 2

Completeness (%) 99.8

Resolution (A) 22.40-1.55

Ryork/Riree (%)f 23.7/25.9

R.m.s.ds

Bond angles (°) 1.57

Bond lengths (A) 0.013

B-values (A?) 33

<B> (A?) 23.9

Solvent/acetate molecules 592/5
Ramachandran analysis

Most favored (%/no.) 94.4/636

Additional allowed (%/no.) 5.6/38

Generously allowed (%/no.) 0.0/0

Disallowed (%/no.) 0.0/0

Reym = LU — Il Elnia, where Inyg) is the observed intensity and Iy is the final average value of intensity.
YPhasing power = r.m.s.(IFy|/E), where |F},| = the heavy atom structure factor amplitude and E = residual lack of closure error.
“Reunis = ZIIFp(obs)l — [Fy(calc)ll/ZIFL(obs)l for centric reflections, where |Fy,(obs)l = observed heavy atom structure factor amplitudes and |Fy(calc)l =

calculated heavy atom structure factor amplitude.

4Riso = ZlF | — IF,I/ZIF,), where IF,| is the protein structure factor amplitude and IFl is the heavy atom derivative structure factor amplitude.
°Figure of merit = <IZP(0t)e'®%ZP(o)l>, where o is the phase and P(a) is the phase probability distribution.
Ruork = ZNFopsl = IFeqic/EIF gpgl and Rpree = ZlF gyl — I1Fcqill/EIF o), where all reflections belong to a test set of 5% of the data randomly selected and

not used in the atomic refinement.

(Walke et al., 2001). The details of how these protein
complexes recognize and modulate RNA are not clear.
However, the recent structure of AF-Sm1 with a small
uridine oligonucleotide, although disordered, revealed
some insight into RNA binding by Sm proteins (Toro
et al., 2001).

The fact that Sm and LSm (Sm-like) proteins are found
in all eukaryotic and archaeal cells (Cooper et al., 1995;
Hermann et al., 1995; Séraphin, 1995; Salgado-Garrido
et al., 1999) and are highly conserved between these
kingdoms has led to the suggestion that the Sm family may
have evolved from a early ancestor and, thus, Sm proteins
may be present in bacteria. Here we report the crystal
structures of the Staphylococcus aureus Hfq and an
Hfg—RNA complex. These structures reveal that Hfq
does indeed possess an Sm fold. However, unlike other
described Sm proteins, Hfq forms a functional hexamer.
Importantly, the Hfg—RNA structure demonstrates how it
recognizes RNA and suggests how Hfq alters RNA
structure, thus providing unifying insight into the multiple
roles of Hfq in RNA metabolism.

Results and discussion

Overall structure of Hfq

The structure of the full-length 8.9 kDa (77 residue)
S.aureus Hfq protein was determined by single isomor-
phous replacement (SIR) using a platinate derivative
(K,PtCly) (see Materials and methods, Table I). The
current structure has an Ry and Ry 0f 23.7 and 25.9%,
respectively, to 1.55 A resolution. Hfq forms a symmetric
hexameric ring with a diameter of ~65 A and width of
~23 A (Figure 1). The hexamer has a doughnut shape with
a central hole ~12 A in diameter at the smallest constric-
tion (Figure 1B). These dimensions are similar to, but
smaller than, those obtained from recent electron micro-
scopy studies on the E.coli Hfq protein (Zhang et al.,
2002). Each subunit consists of an N-terminal o helix (o1,
residues 7-18), followed by five B-strands (B1, residues
20-25; B2, residues 30-39; B3, residues 43-48; P4,
residues 53-57; and PB5, residues 60-66) (Figure 1A).
Residues 1-6 are disordered in all but one subunit, and
C-terminal residues 67-77 are missing in all subunits.
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A

Fig. 1. The structure of Hfq. (A) Structure of the Hfq monomer shown
as a ribbon diagram. Secondary structural elements are labeled, as are
the first (N) and last (C) residues observed. Figures 1A-C, 2B-D, 3A,
4B and C and 6 were made with Swiss-PdbViewer and rendered with
POVRAY (Guex and Peitsch, 1997, POVRAY, Persistence of Vision
Raytracer version 3.1 http://www.povray.org). (B) Structure of the Hfq
hexamer with each subunit colored differently. (C) The two Hfq hex-
amers in the crystallographic asymmetric unit. This view is rotated 90°
to (B) along the vertical axis in the plane of the paper. Interactions be-
tween the two rings are made by residues from the hydrophobic surface
of each hexamer (see Figure 5B).

There are two hexamers in the crystallographic asymmet-
ric unit (ASU) (Figure 1C), and the 12 subunits are
essentially identical with root mean square deviations
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(r.m.s.ds) between ~0.22 and 0.60 A (0.31, 0.34, 0.34,
0.31, 0.40, 0.26, 0.37, 0.40, 0.22, 0.47 and 0.60 A) for all
corresponding Car atoms. The larger r.m.s.d. of 0.60 A for
one subunit is due to slight structural differences observed
within its variable region turn (residues 49-52), which is
the only region to display any structural variation among
the subunits. The two hexamers in the ASU are also
essentially identical, superimposing with an r.m.s.d. of
0.64 A, and stack back to back (Figure 1C).

Hfq contains an Sm fold

Sequence comparisons between Hfq and other Sm proteins
reveal a region of homology within the Sml motif
(Figure 2A). Specifically, Hfq and Sm proteins share a
conserved pattern of hydrophobic residues as well as
a highly conserved acidic residue (Asp40 in Hfg). A
distinctive conservation between these proteins corres-
ponds to a glycine, which is located in the middle of (32
and is critical to maintain the highly distorted Sm fold.
However, a hallmark of the Sm1 motif, not shared by any
Hfq protein, is a conserved asparagine residue near the
N-terminus of B3. In contrast to the Sml motif, the
C-terminal region of Hfq shows no strong sequence
homology to the Sm2 motif of any Sm protein. For
example, it is missing the RG motif at the end of B4 which,
like the Sm1 asparagine, is a hallmark of the Sm2 motif.
However, there are several potential sequence conserva-
tions between hydrophobic residues.

Though Hfq and LSm proteins exhibit faint sequence
similarity to the Sm family of proteins, the crystal structure
reveals that Hfq does indeed contain the distinctive Sm
fold, which consists of a bent five-stranded antiparallel
[-sheet capped by an N-terminal o-helix and separated by
a variable region (Figure 2B). Structural superimpositions
illustrate the strong similarity between Hfq and the
archaeal AF-Sml, M.thermoautotrophicum Lsma,
human B, human D5, human D; and human D, protelns
which result in r.m.s.ds of 1.2, 1.3, 1.2, 1.5, 1.7 and 1.5 A
for 55, 55, 55, 51, 54 and 58 corresponding Co. atoms,
respectively (Figure 2C). Especially striking is that the
structures of the Sm1 and ‘Sm?2’ regions of these proteins
are nearly identical.

Hfq is a hexameric Sm protein

The dimer interface between subunits in Hfq buries
1333 A2 of accessible protein surface. The Hfq dimer
interface is formed, in part, by contacts between residues
from ol and the turn between B2’ and B3’ (where
" indicates the other subunit) (Figure 3A). In addition, the
side chain of Leu54” from P4’ also contributes to this
hydrophobic interface. B1 and B2 stack against the back of
B5" and B1’, with Phe26 from Bl and Phe39 from B2
anchoring this interaction. A key stabilizing dimer inter-
action is the intersubunit continuity of the 3-sheet by the 4
and B5’ interface. This creates the continuous 30 stranded
[B-sheet of the hexamer (Figure 1B). A series of hydrogen
bonds between Tyr56 (4) and Tyr63” (B5’) effectively
latches this interface together (Figure 3).

Two structural properties set Hfq apart from the other
Sm proteins. First, Hfq contains only a very short turn
between its Sm1 and ‘Sm2’ motifs (Figure 2B), whereas in
other Sm proteins, not only are B-strands B3 and 4
extended to form a longer antiparallel sheet, but the region
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Fig. 2. Hfq is an Sm protein. (A) Structure-based sequence alignment of prokaryotic Hfq proteins (first 18 proteins) with the archaea AF-Sm1, and the
human Sm proteins B, D3, D; and D,. The alignment was based on an optimized superimposition (shown in C). The secondary structural elements of
the Hfq protein are shown above the alignment and colored as in (B), where the non-Sm motifs, the N-terminal helix o1 and the variable region loop
are colored yellow, the Sm1 motif region is colored blue and the ‘Hfq Sm2 motif” is colored green. Both Sm motifs are boxed. Hfq residue Gly34, the
sole conserved residue amongst Hfq and the Sm proteins, is blocked in red. Every 10th S.aureus Hfq residue is numbered. Highly conserved hydropho-
bic residues found in all Sm proteins within the Sm1 region are indicated by a lower case h, and the two highly conserved glycine and aspartic acid
residues within the Sm1 motif are indicated by G and D, respectively. The absolutely conserved glutamine of helix ol that is important for base recog-
nition and the highly conserved tyrosine (or phenylalanine) are blocked in light green in the Hfq proteins, whilst the signature asparagine of the eukar-
yotic Sm proteins at the start of B3 is blocked in blue green. Within the Sm2 region, the ‘Hfq Sm2 motif YKH’ is colored light green, whilst the
invariant RG dipeptide of the eukaryotic/archaea Sm2 motif is colored blue green. This figure was made with Alscript (Barton, 1993). (B) Ribbon dia-
gram of an Hfq subunit colored to highlight the Sm1 and Hfq Sm2 motifs. The Sm1 motif is colored blue and the Sm2 motif is green to match the se-
quence alignment. Regions outside the two motifs, i.e. helix ol and the variable region, are colored yellow. The conserved glycine, Gly34, is colored
red. (C) Superimpositions of the structures of the AF-Sml of archaea (blue), the human SmB (cyan), and the D, (magenta) and D, (red) subunits onto
Hfq (yellow). The resulting r.m.s.ds are 1.2 A for 55 Co atoms, 1.2 A for 55 Cat atoms, 1.7 A for 54 Co atoms and 1.5 A for 58 Cot atoms, respect-
ively. These superimpositions clearly point out the remarkable structural similarity within the Sm1 and Sm2 motifs of these proteins and the much
abbreviated variable region of Hfq (indicated by a yellow asterisk). (D) Comparison of an Hfq dimer (blue) with the human D3;-B dimer (red) after
superimposition of the human B subunit onto an Hfq monomer (where the Hfq dimer is rotated in the horizontal by ~180° relative to the magenta/yel-
low dimer in Figure 1B). The less rotated (denoted by an arrow) dimer interface of Hfq might contribute to its hexameric oligomerization, in contrast
to the heptameric oligomerization observed in the other Sm proteins, which contain large variable regions.

connecting these strands consists of a long turn or loop the dimer interface. Though the abbreviated variable
(Figure 2A and C). Secondly, Hfq oligomerizes to form a region in Hfq appears to be important in its oligomeriza-
hexamer rather than a heptamer. The present study tion preference, more subtle contributions may also play a
suggests that these two features may be correlated in the role in the oligomerization state of Sm and Sm-like
oligomerization of Hfq. Specifically, when an Hfq subunit proteins. Indeed, a complete understanding of the factors
is superimposed onto a subunit of any Sm protein, the that govern oligomerization of Sm proteins will require
absence of a large variable region within the Hfq subunit further structural studies.

allows the neighboring subunit (i.e. of a dimer) to rotate

closer. Such rotation is precluded in the other Sm proteins An internal, circular single-stranded

where the presence of a significant variable region RNA-binding site

structure impinges on the nearby dimer subunit The doughnut-shaped structure and cavity dimensions of
(Figure 2D). Not surprisingly, residues from the variable Sm proteins and the 10 A resolution cryo-electron
regions of these Sm proteins contribute to the formation of microscopy (EM) structure of the spliceosomal Ul small
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Fig. 3. The Hfq dimer interface. (A) A cross-eyed stereo view of contacts within the Hfq dimer interface. One subunit is red and the other yellow.
Interacting residues are shown as ball and sticks, and are labeled. (B) Simulated annealing 2F, — F, composite omit map (calculated with a starting
temperature of 1500 K) contoured at 1.86 showing the Tyr63 and Tyr56” ‘kissing’ interactions that contribute to dimer and hexamer oligomerization.

This figure and Figure 4A were made using O (Jones et al., 1991).

nuclear ribonucleoprotein particle have led to the idea that
these proteins thread single-stranded RNA through their
central hole (Kambach et al., 1999; Stark et al., 2001). To
elucidate the mechanism of Hfg—RNA binding and,
therefore, how Hfq functions to modulate RNA structure,
we carried out crystallization trials of Hfq and several A/
U-rich RNA sequences which bind Hfq (Figure 4). Data
quality crystals of Hfq bound to the ribo-oligonucleotide
5’-AUUUUUG-3" were obtained. This and similar RNA
sequences were chosen for crystallization experiments
because recent footprinting studies on Spot42 RNA
demonstrated that Hfq binds to U-rich regions (usually
stretches that contain four or five uridines) that are
surrounded by a 5° A and a 3’ G (Mgller et al., 2002).
Notably, 5-AUUUUUG-3’ is also the canonical sequence
recognized by Sm complexes (Kambach et al., 1999; Stark
et al., 2001). The structure of the Hfg—RNA complex was
solved by molecular replacement using the apo Hfq
hexamer as a search model. Following initial refinement of
the molecular replacement solution, clear F, — F, differ-
ence density was observed for the seven nucleotides of the
single-stranded RNA molecule (Figure 4A). The current
model has been refined to Ryoi and Ryee values of 20.4
and 26.6%, respectively, to 2.71 A resolution.
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In the Hfqg—RNA structure, the RNA is bound in a
circular, unwound, manner around the pore of the Hfq
hexamer within a basic patch, which is observed on only
one face of the hexamer (Figure 5A). This highly basic
surface is circumscribed by an electronegatively charged
region. The opposite side of the hexameric ring, used in
crystal packing in both the apo and RNA-bound Hfq
structures, is predominantly non-polar (Figure 5B). The
AUUUUU nucleotides bind in separate, but linked binding
pockets, which spiral around the pore (Figure 4B). Due to
the symmetry of the interactions involving the uridines and
adenine, it is possible that there is some disorder in which
these nucleotides partially occupy all six sites. However,
the electron density, in the initial F, — F, difference map
and subsequent omit maps, indicates that the 3’-guanosine
exits the back of the pore in a preferential position. In this
location, there are no specific contacts to the guanine base,
which instead is encircled by the side chains of His58 from
three Hfq subunits and Leu27 from two subunits, whilst its
03’ hydroxyl contacts waters bound around the pore.
Notably, the position of the guanine O3” hydroxyl is not
located ideally to allow extension of an RNA molecule
through the pore, but rotation of the RNA chain would
permit continued threading. Alternatively, the position of
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Fig. 4. Structure of an HfG—RNA complex. (A) Initial F,, — F, difference electron density map calculated following one round of SA of the Hfg—RNA
complex before inclusion of the RNA. The trace of the Co backbone of the Hfq hexamer is shown in light blue. The difference map (green mesh) is
contoured at 3.4c. (B) Ribbon diagram of the Hfg—-RNA complex with the RNA represented as a CPK model. The oxygen, nitrogen, carbon and phos-
phorus atoms of the RNA are colored red, blue, gray and yellow, respectively. Also shown as balls and sticks are the Tyr42 residues from each sub-
unit, which stack with the RNA bases. (C) A ribbon diagram of the overlay of the RNA-free (blue) and RNA-bound (yellow) Hfq hexamers. The shift
of the loops within the Hfq pore upon RNA binding, which enlarges the pore from 12 to 15 A, is highlighted by blue and yellow double-headed ar-
rows. (D) Binding isotherms of Hfq to AUUUUUG (RNA-U) (plotted as pink plus signs), AAAAAAG (RNA-A) (cyan triangles), ACCCCCG
(RNA-C) (green diamonds), AGGGGGG (RNA-G) (blue squares), dAJAJAdAdAdAdG (DNA-A) (red circles) and double-stranded DNA (black
Crosses).

Fig. 5. Electrostatic surface representation of Hfq in the Hfg—-RNA complex. (A) Electrostatic surface representation of the RNA-binding side of the
Hfq hexamer. Blue is electropositive and red is electronegative. The RNA is shown as a stick model, with oxygen, nitrogen, carbon and phosphorus
atoms colored red, blue, white and yellow, respectively. The RNA-binding surface is clearly electropositive. Both (A) and (B) were made with
GRASP (Nicholls et al., 1991). (B) Electrostatic surface representation of the opposite side of the Hfq hexamer, which highlights its non-polar charac-
ter. This surface packs against itself in both RNA-bound and RNA-free Hfq crystal forms (see Figure 1C).
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Fig. 6. RNA recognition by Hfq. Cross-eyed stereo view of the 5" adenine- and uracil-binding pockets. Hydrogen bonds are shown as black lines. All
residues that contact the nucleotide are located within the Sm1 and Sm2 motifs (shown as sticks), with the exception of conserved residue GIn8,
which is located on helix ol and colored according to atom type (blue, red and yellow for nitrogen, oxygen and carbon).

the guanosine might be the simple consequence of the
small RNA used in this study. Thus, it is not possible to
determine from this structure whether Hfq threads RNA
through its pore. Clearly, additional structures of Hfq
bound to longer RNA sites are needed.

Interestingly, although very similar (the r.m.s.d. be-
tween all corresponding Co. atoms = 1.4 A), the RNA-
bound and apo Hfq structures display significant differ-
ences (Figure 4C). Namely, aside from small conforma-
tional differences in the variable region loops (which are
also observed in the apo structure alone), loop 5 of the
central binding ring at the mouth of the pore, which
contains the conserved YKH motif, shifts appreciably in
each subunit upon RNA binding. This leads to the
expansion of the central pore from 12 A in apo Hfq to
15 A at the closest distance between loops (Figure 4C).
Because this conformational change widens the pore at its
smallest constriction, threading of the RNA through the
pore could be facilitated.

The Hfqg Sm1 and Sm2 motif: conserved residues
mediate RNA interactions

The Hfg—RNA structure reveals that Hfq utilizes residues
from the Sm1 and Sm2 motifs from two adjacent subunits
to build the six nucleotide-binding pockets (Figure 6).
There are no intramolecular base stacking interactions
within the RNA nucleotides, all of which adopt the C2’
endo conformation. The C2’ endo sugar pucker allows
the bases to take a more extended conformation and fit into
the individual binding pockets. A striking aspect of the
Hfq—RNA interaction is the circularly permuted stacking
of the extended RNA bases within the binding pore such
that each base is sandwiched between two Tyr42 side
chains, which are located on loop 3 (Figures 4B and 6).
Residue Tyr42 is within the Sm1 motif, and examination
of other Hfq protein sequences reveals that all Hfq proteins
contain either a tyrosine or, more commonly, a phenyla-
lanine at this position (Figure 2A). The presence or
absence of the hydroxyl moiety appears to be of little
functional consequence. In the AF-Sm1-RNA complex,
the tyrosine (phenylalanine) is replaced by a histidine,
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which also stacks against the RNA bases (Tor6 et al.,
2001).

One additional residue from the Hfq Sm1 motif, Lys41,
also contributes to RNA binding via both its carbonyl
oxygen and side chain amino group. Specifically, in each
binding pocket, the Lys41 carbonyl oxygen interacts with
the N1 atom of each uracil ring and the N9 of the adenine
moiety, helping to anchor the bases into their binding
pockets (Figure 6). In addition, the Lys41 side chain stacks
with the base and contacts the O4 oxygen of some uracils.
A possible role for Lys4l is to discriminate against
cytidine by donor (N6)— donor (N4) clash. Unexpectedly,
a key residue that dictates Hfq—RNA binding specificity is
not found within its Sml or Sm2 motif. Instead, this
residue, GInS8, is located near the N-terminus of o1, from
which its Ne and Og atoms contact the O2 and N3 atoms of
the uracil base, respectively (Figure 6). Thus, it is not
surprising that this residue is absolutely conserved among
Hfq proteins and is, in fact, the only conserved residue
within the ol helix (Figure 2A). In contrast, the key
specificity-determining residue of the AF-Sml protein
appears to be the conserved asparagine within the Sml
motif (Toro et al., 2001).

Residues within the ‘Hfq Sm2 motif’, namely the highly
conserved KH motif, which is located on loop 5 and faces
the pore, also contact the RNA. The lysine of the KH
motif, Lys57, hydrogen-bonds with the uracil O2 atom,
thus adding to the complement of base contacts in the
complex and imparting additional discrimination against
guanines. The imidazole side chain of conserved residue
His58 makes contacts with the phosphate oxygens of one
nucleotide as well as the ribose 02’ hydroxyl of the
adjacent nucleotide. The latter contact would significantly
disfavor DNA binding (Figure 6). Each phosphate is also
anchored in the binding pocket by a water coordinated by
the amide nitrogens of Lys57 and His58 and the carbonyl
oxygen of Tyr42.

Hfq interacts with the 5" adenine nucleotide in a similar
manner but with some differences. In comparison with
uracil, the larger adenine base better fills the Hfq base-
binding pocket, suggesting a role for size, surface and
shape complementarity. The Ne of GIn8 and the N of



Lys57 contact the adenine N3 in a manner analogous to the
contacts to the O2 of uracil. The longer adenine base also
stacks more optimally with the aliphatic atoms of the
Lys41 side chain (Figure 6). The Hfg—RNA structure
underscores the cardinal importance of protein—base
contacts in protein interactions with single-stranded RNA.

Hfq-RNA as a model for Sm-RNA interactions
Recent structures of protein—RNA complexes have begun
to reveal important details of these interactions, but the
rules that govern specific complex formation are not yet
clear. Emerging themes are the use of B-strands as RNA-
binding scaffolds and the involvement of phenylalanine
and/or tyrosine residues in base stacking with single-
stranded RNA targets (Deo et al., 1999; Handa et al.,
1999; Allain et al., 2000; Wang and Tanaka-Hall, 2001).
Hfq shares these overall features; its structure is composed
predominantly of B-strands, and Tyr42 plays a key role in
RNA binding by stacking with the RNA bases. In gross
overall terms, the Hfg—RNA complex shares some simi-
larity with the TRAP-RNA complex (Antson et al., 1999)
in that both oligomeric proteins adopt a symmetric ring
and bind their RNA targets in a periodic circular pattern.
Yet, in contrast to TRAP, which wraps its single-stranded
RNA target like a belt around its outside surface, Hfq
encases its RNA in a circularly permuted fashion within its
central pore. As Hfq is clearly an Sm protein, it can be
postulated that its mechanism of RNA recognition might
be utilized by all members of the Sm protein superfamily.
This is supported by the similarities in the structures of the
AF-SmI1-RNA and our Hfq—-RNA complex. Indeed,
although the RNA in the AF-Sm1-RNA structure (T6ro
et al., 2001) was disordered (continuous density was not
observed for more than three nucleotides), the nucleotides
in that structure were bound similarly around the center of
the pore, and were in the extended C2” endo conformation
(T6r6 et al., 2001).

Nucleotide-binding specificity of Hfq

The additive base contacts provided by Hfq residues GInS8,
Lys4l and Lys57 discriminate against cytosine. In
addition, the presence of the GIn8 side chain in the
binding pocket suggests that guanine-containing nucleo-
tides, in which the base is in the anti conformation, would
bind poorly due to steric clash between the GIn8 side chain
and the N2 guanine atom. On the other hand, as revealed
by the structure, adenine is well accommodated by the Hfq
base-binding pockets. Such preferences are consistent with
accumulating data indicating that Hfq prefers A/U-rich
RNA sequences (Zhang et al., 1998, 2002; Majdalani et al.,
2001; Sledjeski et al., 2001; Wassarman et al., 2001;
Mgller et al., 2002). Moreover, the His58 contact to the
02’ hydroxy of the ribose rings as well as the shape
complementarity between Hfq pocket residues and the 02’
hydroxyl group would disfavor DNA binding by Hfq
(Takada et al., 1997). Indeed, only one study has suggested
that Hfg may bind to DNA. However, the low affinity
DNA binding in that study was reported to be non-specific,
which sharply contrasts with results obtained from RNA-
binding studies. Moreover, this study did not demonstrate
that purified Hfq alone could bind DNA. More consistent
with our Hfg—RNA structure are studies demonstrating
that Hfq is localized mainly with ribosomes in the cytosol,

Structures of Hfq and an Hfqg-RNA complex

which is consonant with its important RNA-binding
translational regulatory roles (Kajitani et al., 1994;
Azam et al., 2000).

To address directly the nucleic acid-binding preferences
of Hfq, we carried out equilibrium dissociation binding
studies using a fluorescence anisotropy/polarization (FA)-
based binding assay (Lundblad et al., 1996). FA is a
solution-based technique to determine protein—nucleotide
and protein—protein affinities. This method permitted us to
measure the affinities of several oligoribonucleotides
including that crystallized in complex with Hfq,
AUUUUUG (RNA-U), and oligoribonucleotides in
which the five uracils were substituted by five adenines
(RNA-A), five guanines (RNA-G) or five cytosines
(RNA-C). In addition, the affinity of the oligodeoxyribo-
nucleotide dAdAdAdAdAdAdG (DNA-A) was deter-
mined. The equilibrium dissociation constant, K4, of Hfq
for RNA-A and RNA-U was 30.5 = 1.5 and 56 = 2.4 nM,
respectively (Figure 4D). In contrast, RNA-C, DNA-A and
a double-stranded DNA control showed no binding.
RNA-G displayed very weak binding that was not
saturated at Hfq concentrations as high as 4000 nM
(Figure 4D). These binding data demonstrate high affinity
binding of A- or U-rich RNA sequences and no physio-
logically relevant DNA binding to Hfgq, and are in
agreement with our assertions derived from the
Hfgq—RNA crystal structure. Consistent with these binding
data, only RNA-U and RNA-A crystallize with Hfq (see
Materials and methods).

Implications for Hfq function

Hfq has been proposed to act as an RNA chaperone by its
ability to modulate RNA structure. Such a role is
supported by the finding that Hfq appears to denature the
secondary structure of the 3’ end of the QB RNA positive
strand (Fernandez er al., 1968; Miranda et al., 1997,
Schuppli et al., 1997; Su et al., 1997). Hfq also affects the
structure of the 5’-untranslated region of the rpoS gene,
whereby it melts out the secondary structure of the
translation inhibitor hairpin formed in this region at 37°C
(Brown and Elliot, 1996; Muffler e al., 1996; Cunning
et al., 1998). The structure of DsrA is also modulated by
Hfq binding. Sledjeski and co-workers suggested that Hfq
unfolds the first stem—loop of DsrA, thus aiding its binding
to the RpoS mRNA leader sequence at low temperatures
(Sledjeski et al., 2001). Thus, Hfq may promote
RNA-RNA complex formation. Recent data have now
demonstrated that, indeed, Hfq facilitates RNA-RNA
interactions. Specifically, when Hfq binds to OxyS, a small
untranslated RNA regulatory molecule, the interaction of
OxyS with its target RNA, fhiA, is facilitated (Zhang et al.,
2002). This interaction prevents ribosome binding to the
fhIA mRNA, thus repressing its translation. Further, Hfq
has been demonstrated to increase the interaction between
the small regulatory antisense RNA, spot42 RNA and galK
mRNA, thereby down-regulating the translation of the
message (Mgller et al., 2002). Thus, the regulation of
translation by the mediation of RNA-RNA interactions is
a critical function of Hfq.

One mechanism by which Hfq can promote RNA-RNA
interactions as well as its other functions can be inferred
from the Hfqg—RNA structure. Simply, when Hfq binds
single-stranded RNA, the target site RNA is unwound
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Table II. Selected crystallographic data for the Hfq—RNA structure
determination

Space group C222,
Cell constants (A) a=80.9,b=1156,c=101.8
Temperature (K) 298
Resolution (A) 2.71
Overall Ryyp, (%)* 6.4
Overall I/o(1) 6.2
Total reflections (no.) 40 717
Unique reflections (no.) 11 950
High resolution shell (A) 2.80-2.71
Ryym(%)? 36.7
I/o(D) 2.0
Refinement statistics

Completeness (%) 90.3

Resolution range (A) 40.4-2.71

Ryork (%)°/Riree (%)° 20.4/26.6
R.m.s.ds

Bond angles (°) 1.20

Bond lengths (A) 0.007

B-values (A?) 2.7

<B protein> (A?) 65.1

<B RNA> (A?%) 73.5

Solvent (no.) 29
Ramachandran analysis

Most favored (%/no.) 86.9/291

Additional allowed (%/no.) 11.9/40

Generously allowed (%/no.) 1.2/4

Disallowed (%/no.) 0.0

*Reym = L — Tyl Elnia, where Iy is the observed intensity and
Ly is the final average value of intensity.

PRuork = ZFgpgl = 1Fcuicl/EIF gl

“Riree = ZlF gpsl — IFcarcll/Z1F ogl, where all reflections belong to a test set
of 5% of the data randomly selected and not used in atomic refinement.

within its central pore. The structure indicates that Hfq
could accommodate A/U-rich binding sites of up to six
nucleotides. Such binding and unwinding would strongly
destabilize surrounding RNA structures that are located
several nucleotides on either side of a binding site, thereby
permitting new RNA-RNA interactions, which were
precluded previously by intramolecular secondary struc-
ture. This supposition is supported by the finding that Hfq
binding to its target site within the OxyS RNA destabilizes
a short stem—loop structure, which is located within a few
nucleotides from its binding site (Zhang et al., 2002).

In conclusion, the structure of Hfq has revealed that it is
an Sm protein, despite its lack of strong sequence
homology to other Sm proteins and its homo-hexameric
oligomerization. The Hfg—RNA structure reveals a strik-
ing circular binding mode of the RNA within the central
basic pore of Hfq, suggesting a mechanism by which Hfq
modulates RNA structure, thus providing insight into its
diverse, pleiotropic functions.

Materials and methods

Crystallization and data collection: S.aureus Hfq

The full-length (77 residue) S.aureus Hfq protein was overexpressed in an
E.coli Ahfq derivative of the ER2566 strain using the intein system
(Impact-CN TM, New England Biolabs) and purified as described (Mgller
et al., 2002). Prior to crystallization, the protein was dialyzed extensively
into a solution of 150 mM NaCl, 25 mM Tris pH 7.5 and 0.5 mM EDTA,
to remove excess dithiothreitol (DTT). For crystallization, 20 mg/ml Hfq
was mixed 1:1 with a reservoir of 2.5 M ammonium sulfate, 0.4 M acetic
acid pH 4.6. The crystals take the space group P2;. X-ray intensity data
for the initial native and all derivatives were collected on an R-AXIS IV
imaging plate system at 298 K and processed with BIOTEX. Cryo-
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protection conditions subsequently were established in which the crystals
are suspended in 30% 2-methyl-2,4-pentanediol (MPD), 0.4 M acetic acid
pH 4.6 for 2 min before placing in a liquid nitrogen stream. A 1.55 A
resolution intensity data set was collected at the Stanford Synchrotron
Radiation Laboratory (SSRL) beamline BL 9-1 at 100 K and processed
with MOSFLM.

Structure determination and refinement of S.aureus Hfq

The Hfq structure was solved by SIR using data from a crystal that was
soaked in a 1 mM potassium tetrachloroplatinate solution for 2 days
(Table I). The ASU contains two Hfq hexamers, and two sets of six heavy
atoms sites (12 total sites) were obtained by difference Patterson and
difference Fourier methods. Each set of six is arranged with a near perfect
6-fold symmetry. Heavy atom parameters were refined, multiple
isomorphous replacement (MIR) phases calculated and density modifi-
cation carried out using PHASES-95 (Furey and Swaminathan, 1997)
(Table I). The handedness was determined by inspection of the electron
density maps. The initial solvent-flattened SIR map revealed most of the
[-strands of each hexamer, which were built into the map using O (Jones
etal., 1991). Phase combination using this partial model greatly improved
the density and permitted the rest of the model to be traced. The two
hexamers were then subjected to simulated annealing (SA) using CNS
(Briinger et al., 1998), followed by multiple cycles of SA and positional/
thermal parameter refinement in CNS and rebuilding in O (Jones et al.,
1991). The Ryork and Rgee converged to 21.0 and 28.9%, respectively,
using all data to 2.75 A resolution. This model was used as the starting
model for refinement against the 1.55 A resolution cryo data. Because of
significant changes in the unit cell dimensions upon freezing, the structure
was repositioned by molecular replacement using EPMR (Kissinger et al.,
1999). This model was then subjected to rigid body refinement in CNS
followed by SA/positional/thermal parameter refinement. Despite the fact
that residues C-terminal to 66, which are not conserved in Hfq proteins,
are disordered, the Ryg.. converged to 25.9%. The final model includes
residues 6-66 of eight subunits, 6-65 of three subunits, 1-66 of one
subunit, five acetate molecules and 592 water molecules; it has excellent
stereochemistry (Table I) and no Ramachandran outliers (Laskowski
et al., 1993).

Crystallization and data collection: Hfg—-RNA complex

For co-crystallization trials, Hfq was dialyzed as described and mixed at
various ratios with a variety of oligoribo- and oligodeoxyribonucleotides.
Data quality crystals were obtained with 5-AUUUUUG-3" (RNA-U), by
combining 0.5-1 mM Hfq and | mM RNA, followed by addition of an
equal volume of 10% polyethylene glycol (PEG) monomethyl ether 550,
100 mM KCl, 15 mM magnesium chloride and 50 mM Tris pH 7.5. The
crystals take the space group C222;. X-ray intensity data were collected at
SSRL, beamline BL 9-1 at 298 K and processed with MOSFLM.
Attempts were also made to crystallize Hfq with DNA-A, RNA-A,
RNA-C and RNA-G. Thus far, only Hfg—(RNA-U) and small
Hfq—(RNA-A) crystals have been obtained.

Structure determination and refinement of the

Hfqg-RNA structure

The Hfg—RNA structure was solved with the molecular replacement
program MolRep in the CCP4 package (CCP4, 1994). The initial R-factor
was 43.0%. The molecular replacement model was subjected to rigid
body refinement followed by SA, after which an electron density map was
calculated. The F, — F. map clearly revealed density for all phosphates
and six bases of the RNA (Figure 4A). The RNA was built into the model
and refined in CNS (Briinger ef al., 1998). The ASU contains one Hfq
hexamer and a 7mer RNA fragment. Following multiple cycles of SA/
positional/thermal parameter refinement to 2.71 A resolution, the model
converged to an Ry of 20.4% and an Ry, of 26.6%. The final model
includes residues 6-65 of two subunits, residues 6-66 of four subunits, 7
nucleotides and 29 solvent molecules, and has excellent stereochemistry
(Table II).

Fluorescence anisotropy/polarization

Fluorescence anisotropy/polarization measurements were collected with
a PanVera Beacon Fluorescence Polarization System. Samples were
excited at 490 nm and emission was measured at 530 nm. 5'-
fluoresceinated oligonucleotides were purchased from Oligos Etc.
(Wilsonville, OR). The binding buffer used for all measurements
contained 20 mM sodium phosphate pH 7.0, 150 mM NaCl and 0.5 mM
EDTA. Hfq (in 50 mM Tris 7.5, 150 mM NaCl) was serially titrated into
the cuvette, which contained 1.5 nM 5’-fluoresceinated oligonucleotide.
The measurements were performed at 298 K. Samples were incubated 15 s



prior to each measurement, ensuring equilibrium binding. The data were
plotted using Kaleidagraph, and the generated curves were fit by non-
linear least squares regression assuming a bimolecular model such that
the Ky values represent the protein concentration at half-maximal
oligonucleotide binding. The fluoresceinated RNA-C, DNA-A and
double-stranded DNA (top strand F-GAAAAAGAAAAGCTTTGC-
TTAGGG/plus a complementary strand without a 5’-fluorescein label)
showed no binding even at Hfq concentrations >3000 nM. The
fluoresceinated RNA-G oligonucleotide showed very weak and
unsaturable binding up to 4000 nM Hfq. This latter binding isotherm
was normalized to those obtained for the fluoresceinated RNA-U and
RNA-A curves by assuming the same mP,x.

Coordinates

Coordinates and structure factors for the apo Hfq and the Hfqg—RNA
complex have been deposited with the Protein Data Bank under the
accession codes 1QK1 and 1QK2.
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