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SPECIAL FOCUS REVIEW
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The RNA chaperone Hfq is a key player in small RNA (sRNA)-
mediated regulation of target mRNAs in many bacteria. The
absence of this protein causes pleiotropic phenotypes such as
impaired stress regulation and, occasionally, loss of virulence.
Hfg promotes rapid sRNA-target mRNA base pairing to allow
for fast, adaptive responses. For this to happen, sRNAs and/or
mRNAs must be bound by Hfg. However, when the intra- or
extracellular environment changes, so does the intracellular
RNA pool, and this, in turn, requires a correspondingly rapid
change in the pool of Hfg-bound RNAs. Biochemical studies
have suggested tight binding of Hfg to many RNAs, indicating
very slow dissociation rates. In contrast, the changing pool
of binding-competent RNAs must compete for access to this
helper protein in a minute time frame (known response time
for regulation). How rapid exchange of RNAs on Hfq in vivo
can be reconciled with biochemically stable and very slowly
dissociating Hfg-RNA complexes is the topic of this review.
Several recent reports suggest that the time scale discrepancy
can be resolved by an “active cycling” model: rapid exchange
of RNAs on Hfq is not limited by slow intrinsic dissociation
rates, but is driven by the concentration of free RNA. Thus,
transient binding of competitor RNA to Hfg-RNA complexes
increases cycling rates and solves the strong binding/high
turnover paradox.

Introduction

Not long ago, adaptive or developmental changes in gene
expression—irrespective of organism—were almost exclusively
actributed to transcriptional regulation. Today, we know that
post-transcriptional control is equally important. The plethora
of regulatory RNAs discovered in genome-wide searches some
10 years ago in bacteria, archea and eukaryotes' has added an
additional layer of regulatory complexity. Bacterial small RNAs
(sRNAs) are a structurally heterogeneous group of RNAs which,
when induced under specific conditions, generally act by base-
pairing to mRNA targets to either repress or activate protein
expression.®” Most bacteria probably encode hundreds of sSRNAs.
Similar to their eukaryotic counterparts, the miRNAs, they
often have multiple targets and, since transcription factor (TF)
mRNAs are often among these, this indirectly extends target
space to encompass regulons under the control of the TF in ques-
tion (e.g., ref. 7). Thus, it has been argued that in, for instance,
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Escherichia coli, about half of the genes may at some point or
another be subject to regulation by sSRNAs.® For this, however,
most sSRNAs (at least in many Gram-negative bacteria) require a
helper protein.

Hfq was discovered almost 50 years ago as an essential co-
factor for Qff (RNA bacteriophage) replication.” This protein
1013 and each

monomer carries the signature Sm motif of its eukaryotic coun-

forms homohexameric doughnutlike structures,

terparts, the heteroheptameric Sm and Sm-like proteins. Akin to
these proteins, Hfq is an avid RNA binder, and this property
suggests that it is well-equipped for a functional involvement in
RNA transactions.

Trans-encoded (only partially target-complementary) bacte-
rial SRNAs often require Hfq for regulatory potency. Hfq can
protect RNAs from degradation, promote high sRNA-mRNA
association rates, or act as an RNA chaperone to render folded
structures open for interaction (for a recent review, see ref. 14).
Studies on simple model RNAs additionally demonstrated Hfq’s
annealing and strand-displacing activities (e.g., refs. 15-17). Not
surprisingly, Ahfg strains display pleiotropic phenotypes such as
impaired stress responses, population behavior changes, altered
metabolic regulation and loss of virulence."*®* The fraction of
genes whose expression is affected by the presence/absence of
Hfq differs between bacterial species, but tends to range from
5-25%.%%* Though other effects on gene expression are plau-
sible (Hfq interacts with RNA polymerase, Rho factor, poly-A
polymerase I, ribosomal protein S1, RNase E, PNPase and oth-
ers®?), the primary role of this protein is in sSRNA-mediated
control." In line with this, numerous sSRNAs and mRNAs have
been found in complex with Hfq in vivo (see below).

A general requirement for all Hfg-related RNA transactions
is the need to rapidly exchange binding partners, i.e., to cycle
sRNAs and/or mRNAs on the Hfq pool. This review addresses
this issue, which arose from paradoxical results: RNA-Hfq com-
plexes have very low intrinsic dissociation rates in vitro, sug-
gesting that cycling should be slow, but newly induced sRNAs
3031 To properly
address this problem and its solution, I will give a short back-
ground on Hfq: its binding surfaces, RNA binding properties
and its effect on RNA-RNA pairing.

promote target effects in vivo within 1-2 min.

Hfq Structures, Binding Surfaces and RNA Binding

Structures of Hfq are covered more extensively elsewhere in this
issue. In brief, crystal structures of the core regions of hexameric
Hfq from several bacteria and archaea have been published.!*-!>32-%5
The Hfq ring structure displays two faces—denoted proximal
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and distal—with distinct properties and preferences for spe-
cific RNA substrates. The distal face of E. coli Hfq avidly binds
single-stranded RNA with ARN (A, adenosine; R, purine; N,
any nucleotide) motifs; each monomer binds one motif, and up
to 18 nt can be accommodated on the hexamer.”® A co-crystal
structure of Staphylococcus aureus Hfq shows a U-rich RNA oligo
bound on the inner rim of the proximal face, with one nucleo-
tide contact per monomer." More recently, it was reported that
Salmonella typhimurium Hfq binds U-rich 3" ends of RNAs (e.g.,
Rho-independent terminators). The specific binding pocket for
the 3"-hydroxyl group is located on the proximal face of the Hfq
monomers, as shown in a high-resolution crystal structure.*
3'-end binding increases affinity and significantly enhances the
regulatory efficiency of sSRNAs.>

The two Hfq faces with their different RNA sequence/nucle-
otide preferences suggest a scenario in which sSRNAs—most
often carrying U-rich internal motifs and a U-tailed termina-
tor”’—preferentially bind the proximal face,®® whereas mRNA
targets—with A-rich motifs often found in 5-UTRs and ribo-

some-binding sites'>%

—are preferentially bound on the distal
face. Face preferences have been established for several artificial
and natural RNAs, primarily by using mutant Hfq proteins
with amino acid changes in critical positions, and by competi-
tion assays (e.g., refs. 38, 40 and 41). Though some RNAs show
almost exclusive face specificity, others clearly are capable of
binding either face, or both simultaneously (e.g., refs. 42-44).
Furthermore, a recent study identified the outer rim of Hfq as
a third important, and distinct, interaction region for RNAs.
Multiple lateral surface contacts of sSRNA body sequences, with
the 3'-end usually still anchored on the proximal face, were sup-
ported by the effects of introduced amino acid changes.” This
important result indicates that a simple two-face model may
not adequately reflect binding modes. Finally, many but not
all bacteria encode Hfq with positively charged unstructured
C-terminal extensions. Their functional implications are con-
troversial; some labs have observed a requirement for mRNA
binding and riboregulation,*“** others failed to see effects
upon deletion of the C-terminal domain.*

Several Binding Sites—For What?

The different surface regions on Hfq—proximal, distal, lateral,
and perhaps within the C-termini—and their presence in a
homohexameric arrangement, probably confer a favorable prop-
erty for interactions with potentially thousands of sequence- and
structure-wise different RNAs. Most single-stranded, unstruc-
tured RNA segments bind Hfq, likely at the sites at which their
sequence patterns fit surface patches with appropriate specifici-
ties. Hence, not surprisingly, a survey of the literature shows
that almost any sSRNA, mRNA and artificial RNA tested does
bind Hfgq, often with very high affinity (sub- to mid-nanomolar
K -values, e.g., refs. 38, 42 and 49). Accordingly, the majority of
enterobacterial SRNAs and more than 1,200 mRNA species can
be pulled out in Hfg-co-IP experiments,®****! and similar results
have been obtained in other bacteria.?”** So how does Hfq bind-
ing affect the fate and activities of all these RNAs?
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Two effects are well established. The first concerns meta-
bolic stability of bound RNAs. Many sRNAs are unstable in the
absence of Hfq (e.g., refs. 51, 53 and 54), likely because they
need protection from degradation by RNase E and exoribo-
nucleases;”® RNase E and Hfq have similar binding preferences
for unstructured AU-rich sequences®® and a 3'-terminal U of a
terminator becomes inaccessible in the proximal face pocket of
Hfq.>* The second effect is on sSRNA-target mRNA interactions.
Biochemical experiments strongly indicate that, in most cases,
Hfq increases cognate SRNA-mRNA association rates,***” even
though stabilization of RNA-RNA duplexes (i.e., a K -effect) has
been suggested as an alternative explanation.

For fast sSRNA-target RNA binding, the two partners have
to meet on Hfq, and we assume here one hexamer sandwiched
between the two RNAs. Other stoichiometries have been
reported>% but are omitted from this discussion. High affin-
ity of each RNA alone reflects the sum of the energetic contri-
butions of several monomeric sites, on whatever binding surface
that matches the RNA in question. For simultaneous binding
of two RNAs, many arrangements are possible (see above). In a
certainly oversimplified scenario, based on some in vitro experi-
ments, SRNAs bind to the proximal face, and mRNAs containing
(ARN), or AAYAA motifs, generally enriched near start and stop
codons,” to the distal face. Since steric clashes are not predicted
when both faces are occupied by RNAs,”® Hfq can be regarded
as the platform on which simultaneously bound RNAs meet.
For subsequent base-pairing, the RNA-Hfq contacts should not
block the complementary sequences in both RNAs, but rather be
in close vicinity.®"* Thus, simultaneous binding of two RNAs
(e.g., refs. 17, 45, 46 and 63) provides high local concentration
of both interactants. Unfolding of RNA structure elements by
the RNA chaperone (e.g., refs. 39 and 64), and presentation of
extended and flexible RNA segments, would then allow for a
sampling of sequence space and the rapid annealing of comple-

mentary sequences to form the heteroduplex.!>17>765-¢7

Exchanging RNAs on Hfq
In Vitro—The Need for Rapid Cycling

Since sRNAs and mRNAs must meet on Hfq to experience a
pairing rate-increasing effect, and the time span from induction
of an sRNA to observed major effects on target gene expression is
short (1-2 min®**'), RNAs must rapidly exchange on Hfq. Given
the approximate time frame, one can ask whether the biochemi-
cal properties of Hfq can account for in vivo regulation. Many
labs have conducted binding studies with Hfq and their favorite
sRNA and target mRNA substrates.>*38-40:42:49.55.60.64.68-71 The djs-
sociation constants (K,) measured, though varying dependent
on the identity of the RNA in question and the experimental
conditions, generally ranged from mid- to sub-nM. Hence,
binding is very tight, and dissociation rates should therefore be
low. If true, this would create problems in an in vivo setting.
We can consider, in principle, two conditions. In the first sce-
nario, which by now has good experimental support, binding-
competent RNAs are in molar excess over Hfq hexamers, and

essentially all Hfq will be RNA-bound (refs. 42, 53 and 72 and
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Figure 1. Passive and active cycling models. Resident RNAs (blue) are replaced by competing RNAs (red) on Hfg. Yellow circles highlight important dif-
ferences. (A) Entry of red RNA requires prior dissociation of the Hfg-RNA complex and is limited by the intrinsic dissociation rate constant k.. (B) Red
RNA binds to RNA-Hfq complex. Cycling rates depend on the concentration of free red RNA and the second order association rate constant k. See

see below). At low Hfg-RNA dissociation rates, newly induced
sRNAs (or other RNAs) can only slowly access their share of
the Hfq pool and, thus, the fast kinetics of regulation cannot be
accounted for. In a second scenario, we can assume instead that
Hfq is in excess over binding-competent RNA. If so, nascent
sRNAs/target RNAs can bind to the free Hfq pool. However,
though solving the problem of Hfq access, other problems arise.
For instance, if sRNAs have to meet their target mRNAs on
Hfq, a free Hfq pool would decrease the probability of find-
ing the correct RNA partner, since RNAs would statistically be
mostly distributed as single RNA-Hfq complexes. Furthermore,
Hfq excess would entail sluggish responses upon environmental
change. If conditions change during growth or stress responses,
new sets of induced sRNAs should replace those that presently
occupy Hfq and have become inadequate. The “new” sRNAs
would easily find empty Hfq, however, “old” sRNAs would be
permitted to linger on and cause misregulation. Thus, I argue
that cycling of RNAs on Hfq is needed in scenarios that involve
RNA or Hfq molar excess. As will be shown below, available data
suggest that, at least in enterobacteria, Hfq is indeed saturated

with RNA.

RNA Concentration-Driven Exchange
of RNAs on Hfq—‘Active Cycling’

Even though tight RNA-Hfq binding had been observed in vitro,
the paradoxical implications of this took some time to be recog-
nized. Low K -values suggest very slow RNA-Hfq dissociation
rates. In a conventional “passive” model, a bound RNA must first
dissociate before a second RNA can be granted access to the same
binding site (Fig. 1A). Thus, exchange cannot be faster than the
intrinsic Hfq-RNA dissociation rate, irrespective of the concen-
tration of any competing RNA. At low K -values, where half-lives
may exceed an hour, replacing one RNA with another one would
therefore occur on the same time scale, clearly not in accor-
dance with in vivo response times. In light of this inconsistency,
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it seemed appropriate to consider alternative models that might
account for rapid cycling of RNAs on Hfq.

In principle, simultaneous transient binding of two RNAs
should be feasible even on the same face of Hfq. The hexameric
character of this protein, and the fact that model RNAs can con-
tact several subunits (even all six) in an equivalent fashion,” sug-
gests a way by which RNA exchange could be driven by the free
RNA concentration. In fact, early studies of the hexameric termi-
nation factor Rho suggested RNA-driven displacement of bound
RNA substrates.”>”* Hence, if this were to apply to Hfq, release of
resident RNAs would follow second-order rather than first-order
kinetics. Initial observations suggested this,”® and strong sup-
port for such an “active cycling” model (Fig. 1B) has since been
obtained.**** The key experiments in these three papers used
filter binding experiments and/or surface plasmon resonance.
This is important since a clear-cut effect of added competitor
RNA on dissociation rates of preformed Hfq-RNA complexes
is difficult if not impossible to quantify by traditional gelshift
assays; intrinsic (no free RNA added) dissociation rate constants
need to be measured by very high dilution of the complex. The
results in references 38, 42 and 43 collectively demonstrated that
intrinsic dissociation of RNA-Hfq complexes is very slow, often
at half-lives of > 150 min. This corresponds to k -values of 1-4
x 10 s for various sSRNA- or mRNA-Hfq complexes.**** Upon
addition of competitor RNA, the dissociation rate of the resident
RNA was vastly increased. The competitive potency varied with
respect to the identity of the competitor and the resident RNA
(see below), but, strikingly, almost all tested sSRNAs and mRNAs
substantially increased the dissociation rate of any resident RNA
(sRNA or mRNA). Titration experiments showed that the dis-
sociation rate increased as a function of competitor concentra-
tion. Already at far below pM competitor RNA concentration,
half-lives of Hfq-RNA complexes dropped from > 150 min to
1-5 min,* thus reconciling in vitro biochemistry with the in vivo
time frame of regulation. Importantly, the observed second-order
kinetics (association rate constant ~10° Ms? “24%) implies the
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Figure 2. Reversible rearrangement rates limit cycling rates when free RNA is abundant. (A) Pathway of replacement of resident (blue) by competitor
RNA (red) on Hfq. The picture highlights the strict reversibility and indicates intermediate steps. Dissociation of either RNA is assumed to occur from a
one subunit-bound state (yellow circles, left and right). Middle yellow circle: one of several states in which RNAs swop monomeric-binding sites; subse-
quent states implied by dashed arrows. (B) Schematic graph showing the competitor RNA dependence of the dissociation of resident RNA from Hfg. In
the lower range, the apparent dissociation rate constant k_ increases as a function of competitor RNA concentration. On the plateau, where binding
sites are saturated, first-order rearrangement kinetics becomes limiting. See text for details.

transient formation of Hfq complexes with two RNAs as shown
in Figure 1B.

The important features of the active cycling model can be
summarized as follows: RNAs residing on Hfq are on average
in simultaneous contact with several subunits. A free competitor
RNA initially contacts single unoccupied subunits on the same
Hfq face. Throughout a series of reversible replacement steps,
single subunit binding sites are swopped between RNAs. These
steps do not require external energy*’® and likely involve very
small AAG® values since incremental contributions of RNA ele-
ments to subunit binding are similar. Rapid dissociation of one,
or the other, RNA occurs from an unstable one-monomer-bound
state that probably only involves one remaining RNA-Hfq sub-
unit contact (Fig. 2A); this is a rare occupancy state, explaining
the low apparent £ -values. Experiments combined with mathe-
matical modeling showed, in addition, that cycling rates initially
are a function of competitor concentration but, at saturation,
become limited by the first-order rearrangement rates* (Fig. 2B).
For many competitor RNAs already at =100 nM concentration,
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corresponding to merely ~100 molecules in an E. coli cell, cycling
is pushed into a minute time frame. In other words, the model
explains how changes in the population of RNA-Hfq complexes
rapidly follow the changes in the cellular RNA pool.

From Simple to More Complicated

Even though active cycling explains RNA exchange on Hfq in
general, quantitative variations have been observed. For instance,
some RNAs compete better than others with a given Hfg-bound
RNA.?4 Poor competitors may be easy to interpret. IstR-1 is
an sRNA that counteracts SOS-induced toxicity,”” and does not
require Hfq (C. Unoson, unpublished). Accordingly, it is a poor
Hfq binder and fails to promote dissociation of bound RNAs*
(though see ref. 38 for a partially conflicting result). In some
cases, face preferences come into play. Poly(A) and ompF mRNA
cannot displace the Hfq-bound sRNA MicA, but compete effi-
ciently with Hfg-bound ompA mRNA. This suggests that poly
(A) and ompF have an almost exclusive binding preference for
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the distal face; ompA is preferentially bound on the distal, but
MicA on the proximal face (A. Fender, unpublished). Strikingly
though, many RNAs in the set tested in ref. 42 displaced RNAs
from either face. This can be rationalized by non-exclusive face
preferences; experiments with Hfq face mutants showed that
binding of a given RNA is rarely abolished, but often weakened
(e.g., refs. 38 and 40). From this, we tentatively conclude that
competition occurs primarily on the same face, as shown sche-
matically in Figure 2A. The wide range of competition-profi-
cient RNAs that displace both distal and proximal face-bound
RNAs*2 suggests that most RNAs have face-preferences but can
occupy additional binding surfaces when the preferred sites are
unavailable. For RNAs that may wrap around to simultaneously
contact both faces, competition could be more complex.?"** Also,
the recent reports on sSRNA binding to lateral surfaces,” and the
anchoring of 3'-ends,** suggests additional paths by which bind-
ing and competition is accomplished, and may explain why the
competitive power of an RNA does not simply correlate with its
binding affinity (see below).

What happens after sSRNAs and mRNAs pair on Hfq? It has
been suggested that ternary complexes with base-paired RNAs
are unstable, and that Hfq is rapidly released,” which would
facilitate cycling. However, OxyS-fhlA-Hfq ternary complexes
are stable (K -value of ~20 nM*®), as are RyhB-sodB-Hfq com-
plexes, from which the RyhB-sodB pair can be chased by addition
of free sodB RNA.” Intrinsic dissociation of the MicA-ompA pair
from Hfq is very slow (half-life > 250 min*?) but again can be
chased by several RNAs. It is reasonable to assume that many if
not most ternary complexes are stable because falling off requires
detachment of the RNA pair from at least two binding surfaces.
All this suggests that RNA concentration not only drives disso-
ciation of binary, but also ternary RNA-Hfq complexes.

A recent paper reported results which potentially have impli-
cations on binding and cycling. Hfq hexamers are suggested to be
surprisingly unstable in vitro, with subunits in dynamic exchange
and a monomer-hexamer equilibrium constant of ~0.8 uM.”®
This seems at odds with Hfq-RNA binding at low K -values®®*4
when using Hfq concentrations of 5-10 nM** or sub-nM,* i.e.,
conditions where Hfq should be almost exclusively monomeric.”®
Similarly, in single molecule FRET experiments, RNA-RNA
dissociation and annealing was measured at 2-10 nM Hfq con-
centrations.”” Hfq monomer-RNA complexes have, to my knowl-
edge, never been detected, and should to be too unstable based
on the energetics of subunit-RNA interactions. Whether RNA-
mediated stabilization of the hexameric state can account for the
observed stability of complexes at very low Hfq concentrations
needs to be assessed.

RNA Binding, Cycling and
Competition on Hfq In Vivo

Moving from the test tube to the living cell, we encounter a pau-
city of data. In vivo Hfq concentrations are somewhat uncertain.
Reported estimates in E. coli range from 400-10,000 hexamers
per cell (about 0.4-10 wM).*# Co-IP studies, followed by profil-
ing of the Hfg-bound RNAs, have uncovered numerous sRNAs,
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mRNAs and other RNAs.2024°05282 Collectively, the vast number
of different RNAs bound, and a back-of-the-envelope calculation of
their approximate copy number, suggests that binding-competent
RNAs are in molar excess over Hfq, and that there is no substan-
tial free Hfq pool. Moreover, saturation of Hfq is experimentally
supported by two in vivo studies.”®”2
of SRNA-mediated repression was enhanced by overexpression of

For instance, the magnitude

Hfq, suggesting that this protein is limiting under wild-type con-
ditions.”> Also, rifampicin run-out experiments in wild-type cells
often show biphasic decay kinetics for sSRNAs (unpublished); the
two phases tentatively suggest one Hfg-bound fraction (protected,
slow decay) and one unable to access Hfq (unprotected, fast decay).

Exchange of RNAs on the cellular Hfq pool has been demon-
strated. For instance, profiling showed extensive changes in the
composition of the Hfg-bound RNA pool upon ectopic overex-
pression of a single SRNA® and during bacterial growth.” In a
different approach, Moon and Gottesman®® addressed competi-
tion between sRNAs for limiting Hfq. Overexpression of a given
sRNA impacted on the effect of other Hfq-dependent sRNAs,
measured as effects on expression of their targets. The same con-
clusion has been reached in ref. 72. This implies replacement of
resident sSRNAs by induction of a competitor, i.e., cycling. Both
approaches®* also suggest that competition and exchange of
sRNAs is not always proportional to the RNAs” binding affinity
to Hfq, in line with, e.g. ref. 38. Unfortunately, so far, quantita-
tive assessments of cycling rates in vivo appear hard to come by,
and time-resolved analyses of RNA changes on the Hfq pool are
urgently needed. In qualitative terms, effects of SRNA induction
on activity and/or stability on other RNAs suggest favorable and
unwanted consequences. On the one hand, replacing previously
needed sSRNAs with those that are currently in use generates faster
adaptive responses, in particular, since most “ejected” sRNAs
experience accelerated decay. On the downside, off-target effects,
and misregulation of other sSRNA regulons is a possibility.”

A further twist is suggested by Hussein and Lim.”? They
found that overexpression of unmatched sRNAs and target
RNAs as competitors partially decreases the regulatory effect of
a different SRNA-mRNA pair, measured by output from a GFP
reporter. Matched competitor pairs gave smaller effects. This was
interpreted as an accelerated liberation of Hfq upon competitor
sRNA-target RNA pairing, leading to higher free Hfq concentra-
tions and, thus, availability for the sSRNA that silenced the target
fusion gene. For unmatched competitors, longer dwelling times
and, thus, Hfq sequestration was assumed. Though it is intrigu-
ing that partnering on Hfq may increase cycling, it would be
useful to assess the levels of the competitor RNAs on and off Hfq
directly, under the same conditions. This might clarify whether
the different effects with matched and unmatched competitor
pairs primarily stem from altered dissociation rates or different
competitor concentrations; coupled degradation of paired RNAs
has been reported®** and might be relevant here.

Open Questions and Conclusions

The last years have taught us about the importance of Hfq for
sRNA-target RNA regulation, and biochemical experiments have
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provided a framework for how Hfq binds to and affects bound
RNAs. In this review, much has obviously been simplified, and
it is clear that recent discoveries have not yet been adequately
incorporated in how we conceptualize Hfq-RNA transactions.
For instance, a two-face model cannot properly account for
the available binding surfaces on Hfq. Taking into account lat-
eral binding and effects that depend on C-terminal extensions
may explain why binding and competition effects can differ.
Biochemical studies, perhaps using single-molecule methods,”
and preferably employing natural SRNA and mRNA substrates
rather than short oligo-RNAs, may be useful to study Hfq activi-
ties. In particular, a major challenge lies in mapping of contact
points on Hfq throughout the binding of an RNA and during
the steps of cycling.

The realization that cycling of RNAs is an important aspect
of Hfq’s global effects on regulation is a step forward. However,
in vivo studies that critically test the quantitative aspects known
from in vitro cycling experiments are not yet available. The pau-
city of spatial and temporal information especially limits our
understanding of Hfq-RNA binding, cycling and sRNA-target
RNA interactions in the cell. Since most results are based on
bulk experiments, we have little knowledge of where Hfq and
RNAs meet. For instance, RNAs and proteins can have specific
intracellular localization. Some bacterial mRNAs have been pos-
tulated to crowd near their genes,* and Hfq may be either pre-
dominantly localized near the cellular membrane or distributed
throughout the cell (e.g., refs. 85 and 86). In all experiments in
which parameters are averaged over a bulk population, the effects
of specific localization of RNAs and/or Hfq are hidden and not
resolved. Similarly, transcriptional bursting can lead to signifi-
cant temporal cell-to-cell differences in concentrations of sSRNA
and target, and may generate significant noise.*” Thus, if cells
differ significantly in their RNA pool over time, stochastic effects
should affect Hfq binding and competition patterns, i.e., cycling,
but will stay under the radar in most experiments.

Cycling of RNAs on Hfq must also impact on patterns of
sRNA-dependent multi-target regulation. Theory predicts that
target effects occur hierarchally,® which should reflect both rela-
tive SRNA-target RNA association but also Hfq occupancy of the
relevant RNAs. Since sSRNAs and mRNAs are not statistically

acquired by Hfq, but predominantly will enter through compe-
tition, cycling kinetics must affect the overall pattern of target
expression upon sSRNA induction.

Another elusive question concerns why some RNAs do not
require Hfq for regulatory efficiency. For instance, plasmid-
encoded antisense RNAs are Hfg-independent (ref. 89 and
unpublished), perhaps because of their high association rate
constants,” which permit close to diffusion-limited binding. In
contrast, many trans-encoded sSRNAs display 10-100-fold lower
association rate constants and, therefore, may need Hfq. In other
bacteria such as, e.g., Staphylococcus aureus, Hfq is present but
appears to have no impact on sSRNA regulation.”” It is even more
puzzling that a truncated variant of RyhB in E. co/i has lost its
Hfq requirement for stability as well as regulation.”* What this
tells us is yet unclear, but the experiment highlights our incom-
plete understanding of Hfq dependence. So, how does RNA-
mediated regulation work in bacteria that lack Hfq altogether?
It is possible that alternative proteins (e.g., ref. 93) can step in as
functional analogs. Alternatively, selection may have driven the
evolution toward fast kinetics RNA-RNA binding pathways in
these bacteria, as is the case for Hfg-independent antisense-target
RNA pairs in E. coli (CopA/T, RNAI/II, IstR1-#sB).

In summary, Hfq is a key player in sSRNA-target RNA inter-
actions, and beyond. Its major impact on global regulation, ulti-
mately affecting traits important for fitness, is based on its many
interactions with RNA molecules. This, and the issue of cycling
of RNAs on Hfq discussed in this review, has highlighted the
dynamic and complex web of changing interactions that under-
lie adaptive responses. The properties of Hfq eluded to here are
reminiscent of other multimeric RNA-binding proteins in bac-
teria (e.g., Rho®"), and may well provide a framework for an
understanding of Lsm proteins in eukaryotes.
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