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RNA binding by Hfq and ring-forming
(L)Sm proteins
A trade-off between optimal sequence readout and RNA
backbone conformation

Oliver Weichenrieder

Department of Biochemistry; Max Planck Institute for Developmental Biology; Tiibingen, Germany

Keywords: Hfq, Sm, LSm1, LSm8, sRNA, riboregulation, RNA 3'-end recognition, RNA deadenylation, RNA chaperone

The eukaryotic Sm and the Sm-like (LSm) proteins form a
large family that includes LSm proteins in archaea and the Hfg
proteins in bacteria. Commonly referred to as the (L)Sm pro-
tein family, the various members play important roles in RNA
processing, decay, and riboregulation. Particularly interesting
from a structural point of view is their ability to assemble into
doughnut-shaped rings, which allows them to bind preferen-
tially the uridine-rich 3’-end of RNA oligonucleotides. With
an emphasis on Hfqg, this review compares the RNA-binding
properties of the various (L)Sm rings that were recently co-
crystallized with RNA substrates, and it discusses how these
properties relate to physiological function.

Heptamer-forming (L)Sm Proteins Have
a Conserved Nucleotide Binding Pocket

Sm proteins were originally identified as the targets of auto-
antibodies from the Sm (Stephanie Smith) serotype of patients
with systemic lupus erythematosus.! Soon thereafter they were
found to be part of the spliceosomal U snRNPs*? and to bind
to internal, uridine-rich RNA sequences of the U snRNAs*
around which they form heteroheptameric Sm rings.’> A series
of other Sm-like proteins were identified in eukaryotic species
and were suggested to assemble into at least two additional het-
eroheptameric rings, the cytoplasmic LSm1-7 ring involved in
mRNA decay, and the nuclear LSm2-8 ring that binds to the
3'-end of the U6 snRNA (Fig. 1).* However, the first fully
assembled LSm ring to be crystallized was the homoheptam-
eric ring formed by the LSm protein AfSm1 from the archacon
Archaeoglobus fulgidus’ AfSml can be regarded as a simplified
prototype for the Sm fold (Fig. 1A and B), which consists of
an N-terminal a-helix that packs against a five-stranded half-
open B-barrel’ The structure of the AfSml ring confirmed
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that the suggested assembly of (L)Sm proteins into heptam-
ers’ via the outer B-strands (B4 and B5) was correct (Fig. 1A
and B). Furthermore, the structure demonstrates how one uri-
dine per LSm monomer is recognized in a specific nucleotide
binding pocket (Fig. 1A and C). The uridine base is sandwiched
between H37 and R63 as the upper and lower m-stacking part-
ners. Its Watson-Crick edge is read out by hydrogen bonds to
N39 on B-strand B3, explaining why uridines are a preferred
substrate. The highly conserved R63 can also reach and rec-
ognize the ribose on the RNA backbone, whereas D65 on the
L(B4-B5) loop seems to limit the space of the backbone phos-
phates inside the pore of the ring. This nucleotide binding
pocket is not present in all LSm proteins,*”! but it is conserved
in ring-forming Sm and LSm proteins from eukaryotes, and
therefore, amino acids will frequently be referred to in the fol-
lowing by their position in the AfSml protein.

The Structure of Hexameric Hfq Reveals
Modified Nucleotide Binding Pockets
at the Subunit Interfaces

The Hfq protein was originally identified as a bacterial host
factor for the QP phage replication.! Since then, it has been
implicated in numerous processes in bacterial RNA metabo-
lism and by now it is probably one of the best studied RNA
binding protein in bacteria, which has recently been reviewed
extensively.'*?! Its most prominent role is in riboregulation by
bacterial small RNAs (sSRNA). The realization that Hfq shares
the Sm-fold came relatively late,”>* because Hfq sequences
lack an important sequence signature that commonly identi-
fies eukaryotic and archaeal (L) Sm proteins®®** and that results
from their conserved nucleotide binding pocket (Fig. 1A, C,
and E). Moreover, the Hfq protein assembles into homohexa-
22,23

meric rings?®?# rather than into heptamers, as confirmed by

the first crystal structures.”>*® These structures also revealed
a modified nucleotide binding pocket as compared with the
heptameric (L)Sm proteins (Fig. 1A, C, and E).* Whereas
F42 from the prototypic Escherichia coli (Ec) Hfq (the struc-

tural equivalent of H37 in AfSml) still provides a stacking
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’ Figure 1. For figure legend, see page 539.

platform for the base, and whereas H57 (the equivalent of D65
in AfSm1l) still is in a position to contact the RNA backbone,
the equivalent of N39 is missing. Instead, the Watson-Crick
edge of a bound uridine is read out by Q8* on helix al from the
neighboring Hfq monomer (indicated by the asterisk). Q8* is
highly conserved among Hfq proteins and assisted in base rec-
ognition by K56* and Q41*. The pocket shows a preference for
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uridine, but can also accommodate cytidine and adenine.?¢2$-3

It is rather clear by now however that it strongly discriminates
against guanine.?**? In the hexamer, the six-nucleotide bind-
ing pockets are located in close proximity on the inner rim of
the so-called proximal surface of the ring. Collectively, they are
also referred to as the proximal RNA binding site (Fig. 2).
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Figure 1 (see opposite page). Alignment and structure of crystallized ring-forming (L)Sm and Hfq proteins. (A) Structure-based sequence alignment.
Secondary structure elements and numbering above and below the alignment are from the AfSm1 and StHfq proteins, respectively. Only the crystal-
lized (L)Sm-core of each protein is aligned. The numbers preceding each sequence refer to the aligned residues and to the total length of each protein.
They also indicate the presence and size of C-terminal extensions. The crystallized sequences of StHfq and EcHfq are identical. Positions involved in RNA
or nucleotide binding are boxed. Blue: Stacking partners for the nucleobase in the proximal site. Hydrogen bonds to the RNA backbone in the case of
R63 and its (L)Sm homologs. Red: Base recognition by hydrogen bonds in the proximal site. Green: Constriction of the RNA backbone in the proximal
site and RNA 3'-end recognition in the case of Hfg. Yellow: Conserved “R"-site on the distal surface of Hfg; Q33 in EcHfq: “A"-site on the distal surface of
EcHfq, not present in many gram-positive bacteria. Gray: Conserved uridine-site on the outer rim of the proximal surface of Hfg and of archaeal LSm
proteins, plus members of the basic patch on the lateral surface of StHfq and EcHfg (R16, R17, R19, K47) that is less well conserved in gram-positive
bacteria. Sequence information is from the respective PDB files listed by PDB-ID, chain-ID, resolution, and species: Sm1, 1i4k_A,° 2.50 A, Archaeoglobus
fulgidus, Af; LSm1-7, 4c92_ABCDEFG,** 2.30 A, and 4m75_A,%52.95A, Saccharomyces cerevisiae, Sc; LSm8, 4m77_A,% 3.11 A, Saccharomyces cerevisiae, Sc;
Sm proteins, 2y9a_ABCDEFG,* 3.60 A, Homo sapiens, Hs; EcHfq, 2ylc_A,* 1.30 A, Salmonella typhimurium, St and Escherichia coli, Ec; PaHfq, 4j6y_A,?
2.14 A, Pseudomonas aeruginosa, Pa; SaHfq, 1kq2_A,* 2.71 A, Staphylococcus aureus, Sa; BsHfg, 3ahu_A,* 2.20 A, Bacillus subtilis, Bs; SsHfq, 3hfo_A,”
1.30 A, Synechocystis ssp., Ss. (B) LSm monomer and homoheptamer. The monomer of the archaeal AfSm1 protein® is shown with a-helices in red and
B-strands in green. N39 (sticks) marks the nucleotide binding pocket shown in (C). The loop L(4-f5) forms a short 3-10 helix that is highly conserved.
The protomers in the heptameric ring are colored with in white, gray and yellow, and helices in red for orientation. The diameter of the pore is 16.5 A
(proximal view), using the C3 atom of D65 as a reference. (C) Nucleotide binding in the proximal site of an LSm protein. Uridine recognition is shown for
AfSm1,° with optimal geometry for hydrogen bonds (dotted red). Important side chains are shown as sticks with nitrogens in blue and oxygens in red.
The asterisk and double asterisk mark the preceding and following protomer in the 5'-3' direction of the bound RNA, respectively. (D) Hfg monomer and
homohexamer. Compared with the AfSm1 protein, the monomer of the bacterial StHfq protein?® reveals an extended a-helix a1, a loop L(B2-B3) that has
a distinct structure, and a variable loop L(33-p4) that is very short. Q8 (sticks) marks the modified nucleotide binding pocket shown in (E). The diameter
of the pore is 12.2 A (proximal view), using the CP atom of H57 as a reference. (E) Nucleotide binding in the proximal site of Hfq. Uridine recognition
by hexameric StHfg* is structurally distinct from (L)Sm proteins and involves residues from two neighboring protomers. Base recognition geometry is
rather poor, a potential consequence of the constricted RNA backbone conformation. A conserved water molecule is shown as a blue sphere (see also
Fig. 2). H57 is positioned close to the 3'-oxygen of the ribose. The alignment was done with the help of ESPRIPT,"? structural analysis and figures were

done with the help of COOT'" and PYMOL (http://www.pymol.org).

The Proximal RNA Binding Site on Hfq Hexamers
Preferably Binds to the 3'-Ends of RNA

An initial crystal structure of Hfq from the gram-positive bac-
terium Staphylococcus aureus (Sa) revealed how the proximal RNA
binding site can bind to an oligonucleotide (5-AUUUUUG-3’)
with internal uridines that was derived from the RNA binding
site? of the eukaryotic Sm ring on U snRNAs. In this structure,
the six-nucleotide binding pockets of the SzHfq ring are occu-
pied by the first six residues of the oligonucleotide, whereas the
3'-terminal guanine is expelled (Fig. 2A).%

Subsequent binding studies with Salmonella typhimurium
(St) Hfq demonstrated however that the proximal site
binds uridine-rich oligonucleotides much better if the
3'-terminal nucleotide is a uridine.” In this case, the 3'-ter-
minal nucleotide occupies one of the binding pockets and the
3'-hydroxyl group of the last ribose in the chain is directly rec-
ognized by H57, as indicated by a high-resolution crystal struc-
ture of SfHfq in complex with hexauridine (5'-UUUUUU-3/,
Fig. 2B). The same recognition is possible with an adenine or
cytidine in the terminal position, whereas phosphate modifi-
cation of the 3’ hydroxyl group leads to a strong reduction of
affinity.?”

The crystal structure also reveals a much more constricted
backbone conformation than observed with the SaHfq complex
and a different binding register for the phosphate and ribose moi-
eties that is likely triggered by the positioning of the 3'-terminal
hydroxyl group (Fig. 2A and B).” These differences indicate a
general difficulty to accommodate the RNA backbone in the
constricted space of the pore and a trade-off between optimal
nucleotide binding and optimal backbone geometry. Indeed,
such a trade-off might also explain the poor base-recognition

geometry observed in the crystal structures’®*3* and it might
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be another reason for Hfq hexamers to preferably bind RNA
3'-ends, where the strain on the RNA backbone is reduced.

Regarding Hfq function, the realization that Hfq binds RNA
3'-ends***! was particularly important, because it suggested and
explained how Hfq protects and stabilizes RNA transcripts with
uridine-rich 3’-ends resulting from Rho-independent transcrip-
tion termination.** These transcripts include the small regulatory
sRNAs for the function of which Hfq plays a central role.!>1416:18-20

The trade-off between nucleotide binding and an optimal
backbone geometry can also lead to more complex modes of
oligonucleotide binding that might quite frequently occur in
nature, but are hard to crystallize and observe. A good example
is the remarkable crystal structure of a 5'-AUUUUUUA-3’ oli-
gonucleotide bound in the proximal site of EcHfq (Fig. 2C, the
crystallized sequence of EcHfq is 100% identical to StHfq).*
The structure demonstrates once more the preference of the
proximal site for RNA 3'-ends and it shows how an adenine
is recognized and tolerated at the 3’-end. Furthermore, the
3'-hydroxyl group is indeed recognized by H57 in the way as
suggested before,” and a magnesium ion plays a crucial role
in the stabilization of the irregular conformation of the RNA
backbone (Fig. 2C). Intriguingly, only four of the six nucleotide
binding pockets are occupied, and the corresponding uridines
are either looped out (Fig. 2C, protomer 4) or participate in the
stabilization of the RNA backbone (Fig. 2C, protomer 1) by a
hydrogen bond from the N3 position to the last phosphate five
nucleotides downstream.

In summary, the preference of the proximal RNA binding site
for RNA 3’-ends over internal RNA sequences likely results from
the direct recognition of the 3"-hydroxyl group and from the pos-
sibility to engage the nucleotide binding pockets with less strain
on the phosphoribose backbone and with more contacts to the
protein surface.
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A Sa Hfq - proximal site

Figure 2. RNA binding and 3'-end recognition in the proximal site of Hfq. Left panels: Overview, with the protein as transparent surfaces (ring orienta-
tion as in Fig. 1D). Right panels: Zoom, with the protein as cartoon. (A) Dilated RNA conformation and an expelled 3'-end on SaHfq.? Hfq protomers are
colored in white and gray and numbered clockwise for orientation. RNA is shown as sticks with a backbone cartoon that is colored with a gradient from
light to dark blue to indicate the 5'-3' direction. Nucleotides that reside in specific binding pockets are in red, the expelled terminal guanine is in dark
blue. Dark blue spheres indicate conserved water molecules that, in the dilated conformation, contact the phosphates of the RNA backbone (hydrogen
bonds dotted red). (B) Constricted RNA conformation on StHfq.? The constricted conformation allows the recognition of the 3'-end by H57 (residue and
dotted hydrogen bond in lime). The conserved water molecules contact the ribose of the RNA backbone. (C) Mixed RNA conformation on EcHfq.*° The
irregular backbone alternates between the dilated and constricted conformations as illustrated by the contacts to the conserved waters. One of the
uridines (dark blue) is expelled from its pocket, and another uridine (light blue) stabilizes the backbone conformation by a hydrogen bond (lime) to the
last phosphate in the RNA chain. The 3'-hydroxyl group of the terminal adenine is recognized via a hydrogen bond to H57 (both in lime). The stabilizing
Mg?*-ion and its coordination are also shown in lime, the remaining hydrogen bond network as dotted red lines.
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The Distal Surface of Hfq Hexamers
Binds Adenine-Rich RNAs

EcHfq also binds oligo-(A) tracts with high affinity.!¢3%
This has been puzzling until it was realized that the distal surface
of the Hfq hexamer provides a second RNA binding surface,*
and crystal structures revealed how adenine-rich oligonucleotides
are recognized (Fig. 3).>*° Each subunit contains a conserved
nucleotide binding pocket (originally termed the “R” site)®® that
allows the base to stack on the aromatic Y25 and that is lined by
Q52, S60, and T61 to recognize the Watson-Crick edge (Fig. 1A,
sequence and numbers according to EcHfq). Experimentally,
the “R7-site has been shown to be highly selective for adenine,
although other nucleotides might occasionally be accommodated
as well 283741

The “R7-site pockets allow EcHfq to recognize every third ade-
nine of an oligo- (A) tract (Fig. 3A),% whereas the “R”-site pockets
on Hfq hexamers from Bacillus subtilis (Bs), Staphylococcus aureus,
and probably many other gram-positive bacteria recognize every
second adenine (Fig. 3B).”% In the latter case, the nucleotide
that links two recognized adenines (linker nucleotide) frequently
seems to adopt the rare syn-conformation, but linker nucleotide
identity does not seem to be conserved between species. In the
case of EcHIfq, there are two linker residues between the adenines
in the “R’site pockets. The first one of these protrudes into
the bulk solvent and is not recognized specifically, whereas the
second one fits into an additional shallow and adenine-specific
binding pocket that is not present in BsHfq and SzHfq and that
reads out the Hoogsteen-edge of the base via contacts to the pep-
tide-backbone of Q33 on B-strand 32 (Figs. 1A and 3).

As a consequence, the Hfq hexamers from Escherichia coli and
related gram-negative bacteria preferably bind RNA sequences
with an (5'-ANA-3") signature on their distal surface, whereas
Hfq hexamers from many gram-positive bacteria seem to prefer
a (5'-AN-3')  signature.””***" Furthermore, at least four Hfq
subunits need to be engaged for an optimal binding, and longer

oligo-(A) tracts can be bound cooperatively by Hfq hexamers.'*%*

Additional RNA Binding Surfaces on
Hfq Hexamers are Responsible for the
Specific Recognition of Regulatory sRNA

Small regulatory RNAs in bacteria (sSRNAs) are characterized
by (1) a usually 5"-terminal “seed” sequence that is complementary
to the target mRNA, (2) a central sRNA “body,” and (3) a 3'-ter-
minal stem-loop structure that ends in an oligo-(U) tail as a con-
sequence of Rho-independent transcription termination.!”324344
The size and shape of the RNA body varies considerably among
sRNAs and they frequently contain additional uridine-rich
stretches that alternate with small, often only transiently stable
base-pairs and stem-loop structures.**® Nevertheless, Hfq rec-
ognizes these SRNAs specifically and distinguishes them from
other RNAs in the cell.?>?34% With the described RNA bind-
ing properties of the proximal and distal surfaces of the Hfq
ring, the specificity of the recognition and the protection of the
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A EcHiq - distal surface

Figure 3. RNA binding on the distal surface of Hfg. (A) Recognition of an
RNA with a (5'-ANA-3') signature on EcHfq.*® Transparent surfaces of Hfq
protomers are colored in white and gray and numbered counterclock-
wise to relate the arrangement to Figure 2. RNA is shown as sticks with a
backbone cartoon that is colored with a gradient from light to dark blue
to indicate the 5'-3' direction. Nucleotides that reside in specific binding
pockets are in dark red (conserved “R"-site) and light red (‘A™-site for the
second linker nucleotide), the unbound linker nucleotide is in blue. (B)
Recognition of an RNA with a (5'-AN-3'), signature on BsHfq,* a represen-
tative from a gram-positive bacterium. Nucleotides that reside in spe-
cific binding pockets are in dark red (conserved “R"-site), the unbound
linker nucleotide is in blue.

22,23,42,43,50-52 were hard

entire sSRNA body from nuclease attack'®
to explain.

This situation changed with the realization that certain
sRNAs still bind Hfq even when their 3'-end is blocked by a cyclic
phosphate and even when the proximal and distal RNA binding
surfaces of the Hfq hexamer are mutated or occupied by other
small oligonucleotides.** Obviously, there had to be additional
RNA-binding surfaces on Hfq (Fig. 4) that were subsequently
identified to include a basic patch on the lateral surface of each
Hfq protomer. On StHfq and EcHfq, the basic patch consists of
R16, R17, R19, and K47, and it is conserved primarily in gram-
negative bacteria (Figs. 1A and 4A).” Furthermore, an addi-
tional uridine binding site was identified by crystallography on

RNA Biology 541



A PaHfq - proximal rim & lateral sites

Figure 4. Additional RNA binding surfaces on Hfg and (L)Sm proteins.
(A) RNA binding on the outer rim of the proximal surface and on the lat-
eral surface of Hfq. Transparent surfaces of Hfq protomers are colored in
white and gray and numbered for orientation. A conserved uridine bind-
ing site on the proximal surface of bacterial PaHfq (Pseudomonas aeru-
ginosa) is colored in purple (corresponding to F39 in EcHfq).?® The areas
corresponding to the basic patch on the lateral surface of StHfq are
colored in dark blue (corresponding to R16, R17, R19, K47 in StHfq and
EcHfq).?? The basic patch allows the specific recognition of regulatory
sRNAs and catalyzes base-pair formation and exchange. The uridines
co-crystallized with PaHfq are shown as red sticks. (B) Conservation of
the uridine binding site on an archaeal LSm heptamer.>* The surface of
the additional protomer in the homoheptameric ring of the archaeal
PaSm1 (Pyrococcus abyssii) protein is shown in yellow. The conserved
uridine binding site is colored in purple (corresponding to Y34 in AfSm1)
and the bound uridines are shown as red sticks. Other nucleotides and
the RNA backbone of the co-crystallized oligomers are drawn in blue as
described before.

the outer rim of the proximal surface in Pseudomonas aeruginosa
(Pa) Hiq, where the base stacks on the aromatic F39 in 3-strand
2 (F39 in EcHfq) and where specificity is achieved by hydrogen
bonds from the Watson-Crick edge of the uridine to the peptide
backbone of the amino acid (Figs. 1A and 4A).*® This uridine
binding site is close to the basic patch and may indeed be quite
conserved, because it is also found in the crystal structure of the
heptameric LSm ring of the PzSml protein from the archacon
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Pyrococcus abyssii (Y34 in AfSm1) that was co-crystallized with a
heptauridine (5-UUUUUUU-3’) oligonucleotide (Fig. 1A and
4B).28%

Importantly, the basic patch is accessible by oligonucleotides
both from the proximal and from the distal surface of hexameric
Hfq,*>% and the respective arginines with their intrinsic ability
to stack and pair with nucleotide bases were shown by mutational
analysis to participate actively in the nucleation of RNA helices.**
Consequently, the basic patch (possibly extended by F39) may
therefore not only bind and expose single-stranded uridine-rich
sequences from the SRNA body, but it may also recognize and
stabilize transient base-pairs and stem-loop structures as they
occur within the sSRNA body or between the seed and target
sequences as they begin to anneal.*>*

Multiple Roles of Hfq in Riboregulation

Given the abundance of Hfq in the bacterial cell and its rather
general and structure-specific RNA binding properties, it is not
surprising that Hfq has been identified in a very large number of
regulatory processes where RNA is involved.'*'#1¢120 The most
important functions and selected examples are listed below with
increasing complexity (Fig. 5).

Protection against and recruitment of nucleases

One of the easiest ways for Hfq to affect RNA stability and
gene expression is the attachment to an RNA molecule and its
protection from nuclease attack. For example, it has long been
known that Hfq stabilizes A-tracts and oligo-(A) tails, which
likely happens via the distal surface and arguably in a coop-
erative manner.'®*3>45"7 Furthermore, the proximal binding
site can protect the 3'-oligo-(U) ends of Rho-independent tran-
scripts from the attack of PNPase,’” and uridine-rich sequences
that are present in the interior of both mRNAs and sRNAs and
are protected from RNaseE probably because they interact with
the additional RNA-binding surfaces of Hfq.'®***! In partic-
ular, many sRNAs are strongly destabilized in the absence of
qu'22,23,52

On the other hand, Hfq also interacts with PNPase and
RNaseE,'>13195859 potentially even directly.?” In the case of the
RyhB sRNA, this property of Hfq is exploited specifically for the
targeted degradation of sodB mRNA by RNaseE. This works
even in the absence of sodB mRNA translation, outlining a path-
way of active, SRNA-induced mRNA degradation.®!

Rapid recycling of sSRNAs on Hfq

In the bacterial cell, the amount of Hfq is considered to
be limiting such that numerous sRNAs compete for Hfq
binding.?*4¢62-¢4 Consequently, the ability of Hfq to rapidly
exchange bound sRNAs while maintaining a high binding
affinity and specificity becomes an important property.*”¢*
This property allows Hfq to act like a hub, integrating dif-
ferent SRNA responses and it allows the cell to switch rapidly
between the regulation by different sRNAs, simply because
freshly induced sRNA molecules will displace previous
sRNAs from Hfq, leading to their rapid degradation.?*44¢.62-64
Mechanistically, the dynamic interaction with sRNAs and
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their rapid competitive displacement can be
explained by a “peeling” mechanism, where
the sSRNA disengages the lateral surfaces con-
secutively one by one rather than breaking
all of the contacts with Hfq in a single
step. 262

Induction of conformational changes

Another important function of Hfq is its
action as an RNA chaperone,”** inducing
conformational changes in the bound RNA.
A recent example of a positional effect is
from the 5" leader sequence of rpoS mRNA,
where the distal surface of Hfq binds to an
upstream (5-ANA-3"), motif and stabilizes
an RNA conformation that allows sRNAs
(DsrA, RprA, ArcZ) to act on a downstream
target site.” Alternatively, Hfq may also
interfere directly with the formation of an
inhibitory secondary structure and expose
the bound nucleotides in a conformation that
is optimal for base-pairing with a target RNA
as suggested for the lateral binding surface of
Hfq.

Assistance of SRNA targeting

A single Hfq ring can stably bind two
RNA molecules at the same time, such as
an oligo-(A),, RNA on the distal surface
and a RybB sRNA that is 3’-anchored in the
proximal site and covers several of the basic
patches.”> Consequently, Hfq can stimulate

A competing Roles of Hfq in riboregulation

sRNA

Nuclease protection and recruitment
Rapid exchange of sRNAs

Induction of RNA conformation
Assistance of sRNA targeting
Catalysis of base-pair formation

region

nuclease

B Hfq/sRNA C mRNA targeting complex

complex

S

Figure 5. Roles of Hfg in riboregulation. (A) Schematic structure of an sSRNA with a 5'-terminal
seed region and a 3'-terminal terminator stem-loop structure. sSRNAs compete rapidly for Hfq
binding (blue arrow). (B) Hfg/sRNA complex. The sRNA is shown with its 3'-end anchored in
the proximal site of Hfg and its body adapted to the lateral sites (small red arrows). (C) mRNA
targeting complex with an mRNA bound to the distal surface of Hfq. The lateral sites assist in
the (de-) formation of base-pairs (red asterisks). The topology of the complexes may vary from
case to case;”? the directionality of the RNA on the proximal and distal surfaces of Hfq corre-

sRNA targeting not only by conformational

sponds to the crystal structures. Figure modified from Sauer, et al.*?

activation, but also by bringing the binding
partners closely together in a ternary sSRNA-
Hfq-mRNA complex that should exist at least transiently before

further conformational changes and downstream events take
place.!”?¢4270 Indeed, many mRNAs that are known sRNA tar-
gets contain adenine-rich (5'-ANA-3") motifs in their 5-UTRs
close to the translation start site,'***%7! supporting the notion
that Hfq actively assists bound sRNAs to associate with their
mRNA targets.

Direct catalysis of base-pair formation

Finally, the basic patch not only recognizes transient base-
pairs and stem-loops as part of the SRNA body,>* but the
respective arginine residues also promote RNA-helix formation
between distinct RNA oligonucleotides that are anchored on the
proximal and distal surfaces of the Hfq hexamer, respectively. In
this sense, the basic patch has enzyme-like active site properties,
stabilizing initial base-pairs as a transition state.*

Future Challenges Regarding Hfq

It becomes clear from this list that the contribution of
Hfq to riboregulation is highly complex and variable for each
RNA partner, and this will continue to present a challenge for
future investigations. Mutational approaches in vivo reveal
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considerable differences on how individual sSRNAs interact with
Hfq,”* an observation which is supported by structural studies
in solution.”>”* However, to capture the dynamics of sSRNA Hfq
interactions requires novel approaches such as single molecule
techniques. These would also allow it to address the roles of the
presumably disordered C-terminal extensions that are present
in many gram-negative bacteria (Fig. 1A). In the simplest view,
these C-terminal tails might act as a “molecular bumper” or as a
protective cage around a bound sRNA, but more specific roles in
riboregulation have also been suggested.”>”®

Furthermore, the roles of Hfq in many bacterial species
may differ substantially from what has been learned from the
gram-negative species that have been studied most intensively.
For example, in the Hfq hexamers from the gram-positive
Staphylococcus aureus, the C-terminal tails are short, the basic
patch on the lateral surface is only poorly conserved (Fig. 1A),%
and the distal surface reveals an altered mode of RNA recogni-
tion.”” Functional assays suggest a much less prominent role of
Hfq-bound sRNAs in Staphylococcus aureus riboregulation.””’®
Another example is cyanobacterial Hfq (Synechocystis, SsHfq)
that appears not to be involved in riboregulation at all” and
many bacterial pathogens such as Helicobacter pylori do not
even encode a protein with an Sm fold.®*8! It shall be highly
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interesting to learn how riboregulation is achieved in these
species.

Finally, in species where Hfq does exist, its impact on the
molecular biology of the entire system deserves particular atten-
tion.® Indeed, the entire transcriptome is affected by the pres-
ence of Hfq, because RNA molecules have not only evolved to
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positively engage the protein and exploit it for riboregulation,
but apparently also to prevent the inadvertent association with
Hfq by chance. Examples can be seen by the underrepresen-
tation of (5-ANA-3") stretches in protein coding regions of
mRNAs*”" or in the sequestration of the uridine-rich 3'-tail
into a stable stem-loop structure in GlmY sRNA to prevent
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Figure 6 (see opposite page). RNA binding in the proximal sites of eukaryotic Sm and LSm heteroheptamers. (A) The Sm ring.?” All seven nucleotide
binding pockets are specifically occupied by the residues from the Sm-site in U snRNAs. The human Sm ring was co-crystallized with engineered U1
or U4 snRNA, which continues through the pore to the distal side. Right panel: Superposition of the seven nucleotide binding pockets including their
nucleotide ligands, illustrating the strong variation and frequently suboptimal base-recognition geometry. The upper and lower stacking partner as
well as the central asparagine are labeled and numbered in brackets according to the sequence in AfSm1. (B) The LSm2-8 ring.®¢ Only four of the nucleo-
tide binding pockets are specifically occupied by uridines from the bound oligonucleotide (red sticks). The 3'-terminal nucleotide contacts both LSm3
and LSm6 with good base-recognition geometry in the LSm3 pocket. Right panel as in (A). The LSm2-8 ring is highly similar to the LSm1-7 ring, which
has LSm8 (yellow) exchanged against LSm1 and which has been crystallized in the absence of RNA®*% (sequences for both rings are from Saccharomyces
cerevisiae). (C) Left panel: Superposition of the LSm2-8 ring (RNA from light to dark blue) onto the Sm ring (RNA from light to dark red), emphasizing the
similarity of the protein backbone (shown as cartoon) and illustrating the differences in RNA binding. Right panel: Superposition of the LSm2-8 ring
(RNA from light to dark blue) onto the LSm1-7 ring (no RNA bound), illustrating the LSm1 C-terminal helix that obstructs the central pore on the distal

surface of the ring. The position of Pat1-binding on LSm2 and LSm3 of the LSm1-7 ring is indicated.

Hfq association in the context of amino sugar pathway
regulation.®

The Recognition of RNA 3'-Ends by
Eukaryotic (L)Sm Proteins

Recently, crystal structures became available of the LSml1-
7848 and the LSm2-8 ring,* the latter also in complex with a
short RNA oligonucleotide (5'-GCUUUU-3’). Together with
the previously published structures of the Ul and U4 snRNPs

that contain the Sm ring,¥%

these data allow a first comparison
of the hetero-heptameric rings from eukaryotic species (Fig. 6),
especially with respect to the mechanism of RNA 3'-end recogni-

tion that has been demonstrated for Hfq.>!

The Sm Ring in U snRNPs

The Sm ring (Fig. 6A) is specialized for the recognition
of the Sm site on U snRNAs,* which is a single-stranded and
defined RNA sequence (5-AUUUUUG-3’" in the crystallized
structures®”®), located internally, in between base-paired parts
of U4 RNA that are fixed above and below the Sm ring. As a
consequence, the Sm ring needs to assemble around the Sm site
on U snRNAs, a process for which several assembly factors have
been identified in mammalian cells.””*' The Sm ring consists of
the protomers SmE, SmG, SmD3, SmBB’, SmD1, SmD2, and
SmF, listed in the order of engagement by the RNA in the 5" to
3" direction. The RNA enters via the protomer SmE from the
proximal surface and exits via the protomer SmF before thread-
ing through the pore to the distal side (Fig. 6A). Each protomer
binds a nucleotide in its binding pocket. The pockets are in the
same structural positions as in the archaeal AfSml prototype
(Fig. 1C) and the amino acid corresponding to asparagine N39
that contacts the nucleotide at the Watson-Crick edge is strictly
conserved. Similarly conserved is R63, the arginine that serves as
the lower m-stacking partner and that contacts the phosphoribose
backbone. An exception is SmE that binds the adenine at the
RNA entrance and which contains a lysine instead. The upper
m-stacking partner corresponding to H37 in AfSm1 is less well
conserved, but it provides m-electrons for base-stacking in all cases
except SmD1, which contains a serine (Fig. 1A). Importantly, the
pockets reveal considerable variation in the orientation of their

www.landesbioscience.com

RNA Biology

binding partner, even for the five central uridines where not every
Watson-Crick edge is read out with optimal geometry (Fig. 6A).5
Similar to the situation in bacterial Hfq (Fig. 1E), there appears
to be a trade-off between optimal base recognition by the con-
served asparagine and an ideal backbone conformation in the
constricted space of the pore. For the Sm ring, the placement of
the phosphoribose backbone inside the narrow pore might pose
a particular challenge because it assembles around an internal
RNA binding site with the need to accommodate the continuing
3'-sequence. As a consequence, the more limited conformational
freedom of the RNA molecule in the absence of a 3"-end might
be the reason why none of the bases is in an optimal position with
respect to the interacting asparagine (N39 in AfSm1).

The LSm2-8 Ring

In contrast to the Sm ring, the LSm2-8 ring (Fig. 6B) assem-
bles in the absence of RNA’ and it specifically recognizes the
processed 3'-end of the spliceosomal U6 snRNA, which termi-
nates with five uridines and a 2’-3'-cyclic phosphate instead of
the usual 3"-hydroxyl group.”® This substrate specificity is remi-
niscent of the bacterial Hfq rings, only that a terminal phosphate
decreases the affinity in the case of Hfq, whereas it increases the
affinity in the case of the LSm2-8 ring.?*** Based on sequence
similarity, the LSm protomers (LSm5, LSm7, LSm4, LSmS8,
LSm2, LSm3, and LSm6) can be aligned to the corresponding
Sm protomers (SmE, SmG, SmD3, SmBB’, SmD1, SmD2, and
SmF), and they assemble in the same order (Fig. 1A).% The pref-
erence for uridines is reflected by conserved nucleotide binding
pockets, with the exceptions of LSm7 and LSm8, which lack the
aromatic m-stacking partner in the upper position, and especially
LSm5, where the lower m-stacking partner, the highly conserved
arginine (R63 in AfSml), is replaced by a serine (Fig. 1A and
C). The LSm2-8 ring was co-crystallized with 5'-GCUUUU-3’
and 5-GCUUU-3" RNA oligonucleotides that terminate with
a 3’-hydroxyl group.®® The structures reveal that the 3'-terminal
uridine of these substrates is preferentially bound by the LSm3
protomer (Fig. 6B), which shows the best base-recognition geom-
etry and permits a contact between the 2’ hydroxyl group of the
terminal ribose and the conserved arginine of LSm6. LSm3 is
the last protomer in the 5'-3" direction of the RNA where this
contact is possible. If LSm6 accommodated the terminal uridine,
LSm5 could not provide the corresponding contact because it

545



lacks the arginine.®® Uracil base recognition geometry deterio-
rates with increasing distance from the 3'-end,*® consistent again
with the notion that increasing conformational constraints on
the phosphoribose backbone lead to suboptimal use of the uracil
binding pockets (Fig. 6B and C). As a consequence, substrates
with terminal uridines are preferred over substrates with internal
uridines, and uridine substitutions in the terminal position have
the strongest effect on affinity,* as previously observed for Hfq.”

However, the present structures do not show how the physi-
ological RNA substrate with its five terminal uridines and the
2'-3'-cyclic phosphate”® would fit into the ring. Zhou, et al.*
argue that LSm3 could also accommodate the cyclic phosphate if
the conserved arginine from LSm6 adjusts its position. However,
there is an attractive alternative where the additional uridine
would enter the empty binding pocket on LSm6, placing the ter-
minal phosphate for specific recognition into the space that is left
by the missing arginine from LSm5. In this case, all five uridines
of the substrate would be recognized without the need to change
the path for RNA entry into the LSm ring between the LSm7 and
LSm4 protomers. It should be easy to experimentally distinguish
between these two alternatives.

The LSm1-7 Ring

Whereas the Sm ring and the LSm2-8 ring form specific and
stable complexes with spliccosomal U snRNAs in the nucleus,
the LSm1-7 ring is not involved in mRNA splicing.®® Instead,
it plays an important role in cytoplasmic mRNA decay, linking
mRNA deadenylation to decapping.”**> LSm1-7 binds and pro-
tects the 3'-ends of deadenylated mRNA substrates and it initi-
ates mRNA decapping most likely through its interaction with
the structured, C-terminal domain of the decapping activator
Pat1,’%%7 with which it forms a stable complex that has recently
been crystallized (Fig. 6C).%

LSm1-7 appears to recognize a variety of RNA 3’-ends.”!
It participates in the 3'-oligouridinylation-dependent decay of
mRNAs”% that has been described for the special case of mam-
malian histone mRNAs,' for the mRNAs of certain proteins
in the yeast Saccharomyces pombe, and for many oligoadenyl-
ated mRNAs in the plant Arabidopsis thaliana.'** Most impor-
tantly, however, LSm1-7 is thought to trigger the decapping
of 3'-oligoadenylated mRNA decay intermediates, which result
from mRNA deadenylation by the PAN2-PAN3 and CCR4-
NOT complexes in the mRNA 5"-3" decay pathway.'®*'% Such
decay intermediates can be recognized directly by the LSm1-7/

106 Byrthermore,

Patl complex, as suggested by in vitro analysis.
very recent data suggest that oligoadenylated mRNA decay
intermediates may get oligouridinylated quite frequently also in
mammalian cells,'” providing an additional explanation for the
association of the LSm1-7 ring with these RNA substrates.
Structurally, the LSm1-7 ring is highly similar to the LSm2-8
ring, with an rmsd of 0.89 A for the entire ring (461 Ca atoms)
and an rmsd of 0.97 A for the alternative protomers LSm1 and

LSm8 (54 Ca atoms).® Similar to the C-terminal extension of

546

RNA Biology

LSm8, the LSm1 C-terminal extension is positioned to obstruct
the pore on the distal side of the ring, probably preventing an
RNA 3'-end from exiting on this side.** In the case of LSml,
the C-terminal extension forms a long helix that lies across the
pore, reaching out for the distal surface of the LSm6 protomer
(Fig. 6C).**® The nucleotide binding pocket of LSm1 is intact
and, in contrast to LSm8, even contains an aromatic m-stacking
partner in the upper position again (Fig. 1A). Consequently, both
the LSm1-7 and the LSm2-8 ring present an arc of six putative
nucleotide binding pockets that starts with LSm7 and ends with
LSm6, with the notable exception of LSm5 that lacks the oth-
erwise highly conserved arginine in the lower stacking position
(R63 in AfSml, see above and Fig. 1A). It is therefore surprising
that LSm1-7 binds octauridine (5-UUUUUUUU-3’) with an
affinity of only -2 pM, i.e., ~100-fold less well than the LSm2-8
ring.®

Although at present one can only speculate about the cause
of the reduced affinity, an increased difficulty to accommodate
the phosphoribose backbone in the constricted space of the pore
might be a possible explanation. It is possible that even minor
differences in the relative orientation of the nucleotide binding
pockets have important effects. More likely, however, residues
inside the pore, like the bulky E107 of LSm1 (S59 in LSm8, D65
in AfSm1, Fig. 1A) might obstruct the path of the RNA back-
bone, promoting it to loop out of the LSm ring and preventing
the consecutive interaction of more than two to three nucleotides
with their pockets. Such a scenario is feasible as illustrated by the
crystal structure of the EcHfq ring with 5-GUUUUUA-3' RNA
(Fig. 2C).** This structure also provides an example of how an
adenine can be accommodated in the 3'-terminal position, and it
demonstrates how an upstream uridine can help to stabilize the
RNA backbone of the terminal nucleotides by a hydrogen bond
from its N3 position.

The described scenario therefore would not only account
for the lower affinity of the LSm1-7 ring for uridine-rich RNA
3'-ends,® but it also suggests how the LSm1-7 ring could recog-
nize 3’-ends on oligoadenylated mRNA.!* In this case, the ring
would simultaneously bind two or three upstream uridines, as
are frequently found near the end of mRNA 3’-UTRs,'* and one
to three 3’-terminal adenines that could fit the nucleotide bind-
ing pockets reasonably well. The intermediate nucleotides would
be looped out like the single uridine in the EcHfq structure
(Fig. 2C), increasing the difficulty to bind both elements simul-
taneously with an increasing number of adenines in the loop.
Like this, the LSm1-7 ring could sense and protect the 3'-end of
the RNA molecule and distinguish oligoadenylated from polyad-
enylated substrates, which in vitro are known to bind less well.!¢
Additional contributions that increase substrate specificity and
compensate for the generally lower RNA affinity of the LSm1-7
ring probably come from Patl (Fig. 6C). Patl associates with the
protomers LSm2 and LSm3**'® and also binds RNA indepen-
dently.’® Again, it should be fairly easy to test whether the recon-
stituted LSm1-7 ring still recognizes the 3'-terminal nucleotide
on its suggested RNA substrates and what are the contributions
of the Patl protein.
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Final Remarks

The present overview demonstrates that Hfq and the ring-
forming (L)Sm proteins share many common principles. These
include the common protein fold and the assembly into hexa-
meric and heptameric rings with similar RNA recognition prin-
ciples on the proximal surface. Hfq and LSm rings are suited
particularly well to recognize and bind RNA 3’-ends, combining
direct sequence readout with the recognition of the 3'-terminal
ribose and RNA backbone distorsion.

However, many rings also acquired highly specialized func-
tions. In eukaryotes, this includes the sequence-specific Sm ring,
where the RNA continues through the central pore, but also rare
LSm proteins that assemble with the described ones into modi-
fied rings of novel function.® In archaea, even the most basic
RNA binding functions of the LSm rings remain to be explored,
whereas bacterial Hfq rings are probably the functionally most
diverse members of the family.”?" In many species, Hfq has
become a central player in riboregulation and has evolved addi-
tional RNA binding surfaces on the distal and lateral surfaces
of the ring. It remains an important challenge to determine

precisely how Hfq recognizes its sSRNA partners in these species.
Furthermore, the interactions of Hfq and of the other (L)Sm
rings with additional, modulating protein partners like RNaseE
and Patl is just at the beginning to be understood in molecular
terms.

Clearly, there still is much to be learned on how these tiny
rings express their power to rule the RNA world.
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