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Escherichia coli Hfq has distinct interaction surfaces for

DsrA, rpoS and poly(A) RNAs

Peter ] Mikulecky!, Meenakshi K Kaw?, Cristin C Brescia?, Jennifer C Takach!, Darren D Sledjeski? &

Andrew L Feig!

The bacterial Sm-like protein Hfq facilitates RNA-RNA interactions involved in post-transcriptional regulation of the stress
response. Specifically, Hfq helps pair noncoding RNAs (ncRNAs) with complementary regions of target mRNAs. To probe the
mechanism of this pairing, we generated a series of Hfq mutants and measured their affinity for RNAs like those with which Hfq
must associate in vivo. We tested the mutants’ DsrA-dependent activation of rpoS, and their ability to stabilize DsrA ncRNA
against degradation in vivo. Our results suggest that Hfq has two independent RNA-binding surfaces. In addition to a well-known
site around the core of the Hfq hexamer, we observe interactions with the distal face of Hfq, a new locus with which mRNAs and
poly(A) sequences associate. Our model explains how Hfq can simultaneously bind a ncRNA and its mRNA target to facilitate the
strand displacement reaction required for Hfq-dependent translational regulation.

Hfq protein from Escherichia coli was first described in connection
with QB-phage replication!?. Hfq has recently emerged as a cen-
tral player in post-transcriptional gene regulation as mediated by
bacterial ncRNAs3-°. Escherichia coli Hfq mutants show disrupted
signaling in stress response pathways”®, arising from the need for Hfq
to mediate base-pairing between regulatory ncRNAs and their mRNA
targets. Examples of these partnerships include DsrA-rpoS”%10,
OxyS-fhlA'12, OxyS-rpoS'3, RprA-rpoS', RyhB-sodB'>17 and Spot42-
galETKM'8,

Complexes between ncRNAs and their mRNA targets function in

@several ways. Most commonly, complexed structures lead to trans-

lational activation or repression by remodeling mRNA regulatory
regions containing the ribosome-binding site (RBS) and/or start codon.
Alternatively, the interaction can enhance decay of the target mRNA!6 or
simply block translation'!. Clearly, Hfq facilitates base-pairing between
ncRNAs and their targets, but how it does so is poorly understood. How
the chaperone function relates to other Hfq activities such as the control
of poly(A) tail elongation'®?% and regulation of mRNA stability?!?? is
also unknown.

Hfq shares sequence similarity to the eukaryotic Lsm proteins
In the Conserved Domain Database?® Hfq is listed under the Sm and
Sm-like protein family as well as among the eubacterial Hfgs. An align-
ment of the conserved Lsm and Hfq motifs shows that the Sm1 and
Sm2 regions overlap with the Hfq motif (Fig. 1). Crystallographic
characterization of Hfq revealed a classical Sm fold, as predicted
from sequence alignment and homology modeling?”-*°. Whereas
eukaryotic Sm proteins form heteroheptameric rings**-32, Hfq forms
homohexamers similar to the archaeal Sm proteins®>34. RNA-binding
contacts are observed for both Hfq and Sm proteins in cocrystal struc-

23-27

tures with short (A+U)-rich oligonucleotides, and show that these
small RNA substrates interact with their protein partners in a similar
manner (Fig. 1).

Two parallel but nonexclusive models have been proposed to explain
how Hfq promotes intermolecular base-pairing. In the first model,
Hfq acts explicitly as an RNA chaperone, partially unfolding one or
both RNAs3>3%, In the second model, Hfq binds both RNAs, increas-
ing their local concentration to induce the interaction. Several studies
have probed RNA structural changes upon Hfq binding. DsrA ncRNA
showed no substantial secondary structure changes®”. The rpoS mRNA
5’ untranslated region (5" UTR) was not assayed for structural changes in
this study, but more recent work indicates that the rpoS leader sequence
also remains unchanged upon binding Hfq (R. Lease and S. Woodson,
Johns Hopkins University, personal communication).

Several studies suggested that more than one RNA can simul-
taneously assemble onto Hfq. Work by two groups has recently
shown that stable ternary complexes containing DsrA, rpoS mRNA
and Hfq can form (PJ.M., E. Espinosa, Indiana University, and A.L.E,
unpublished data; R. Lease and S. Woodson, Johns Hopkins University,
personal communication). These complexes represent product-like states
wherein the two RNAs are already base-paired with one another on Hfq.
Similar ternary complexes have been observed in coimmunoprecipitation
experimentszs. It seems possible, therefore, that the single RNA-
binding site observed crystallographically is not sufficient for Hfq’s
ability to promote intermolecular base-pairing.

We addressed these questions through a mutational analysis of Hfq,
probing in vitro binding to several model RNAs that represent species
with which Hfq must interact. Hfq mutants were assayed in vivo using
a reporter assay and RNA lifetime experiments. Together, the results
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Figure 1 Sequence alignments and structure of Hfq. (a) Sequences 1412.11 and 1923.1 are

entries from the conserved domain database representing the superfamily of Lsm proteins and Hfq,
respectively. The two conserved domains have been aligned to properly juxtapose the motifs present in
both protein families. Sequence elements in red represent the most highly conserved portions of the
domain. HfqEC is the E. coli Hfq protein, colored based on an alignment of 25 bacterial Hfq homologs
showing complete identity and sequence similarity in red and green, respectively. Above the alignment,
triangles mark sites where RNA is known to interact with Lsm proteins and diamonds indicate known
RNA-binding interactions with Hfg. The bottom line of the alignment shows the sites mutated as

part of the study; P, location on the proximal face; D, location on the distal face; C, central cavity
mutation. Numbering is provided for reference and is based on the E. coli Hfq sequence. Secondary
structure information derives from the crystal structure of HfgEC (PDB entry 1HK9)27. (h) Space-
filling representation of the HfqEC crystal structure (PDB entry 1HK9) color-coded with the sequence
conservation data from the HfgEC alignment in a. The distal face representation shows the same image
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Hfq 130D, Hfq Q53A and Hfq S60A mutations
represent sites on the distal face of the Hfq
hexamer. All mutants were expressed as
His,-tag fusion proteins. In control experiments,
the Hiss-tag had no substantial effect on the
binding properties of Hfq in vitro (as assayed
by gel shift and calorimetry) and His¢-tagged
Hfq fully complements an hfg~ strain in vivo.

RNA-binding properties of mutant Hfgs
Previous data from our labs suggested that two
or more RNA-binding surfaces might be pre
sent on Hfq*”. When poly(A) was used in an
attempt to compete away DsrA in a gel shift
assay, a supershift was observed rather than
competitive binding37. Therefore, to assess
the effect of these mutations on RNA binding,
several different RNA substrates were tested,
including DsrA, RNA-U (a 7-nucleotide (nt)
RNA with the sequence AU;G), rpoS mRNA 5
UTR and A,; (a 27-nt synthetic poly(A) oligo-
mer). DsrA and RNA-U represent the ncRNAs,
all of which contain (A+U)-rich sequences as
part of their minimal binding element. This
comparison is reinforced by the fact that short
poly(U) RNAs have been shown to supplant
DsrA in competitive binding experiments?’.
rpoS mRNA 5 UTR and A,, represent the
target mRNAs regulated by the ncRNA,
corresponding to the 5" and 3’ termini of the
mRNA, respectively.

RNA binding was probed using gel mobil-
ity shift assays and isothermal titration calor-
imetry. In the case of DsrA, the RNA shifts,
and then supershifts, as it binds first one then a
second equivalent of Hfq hexamer (Fig. 2a).
The rpoS mRNA 5" UTR construct that we used

rotated 180° relative to the proximal face around a vertical axis in the plane of the page. (¢) Space-
SY9)filling representation of the HfqEC crystal structure upon which the composite RNA binding data from
able 1 have been superimposed.

also probably binds at least two equivalents of
the Hfq hexamer. Because the initial species
never accumulates significantly we have treated

support a model wherein at least two independent RNA-binding sites
exist on the Hfq hexamer, and juxtaposition of bound RNAs facilitates
base-pairing.

RESULTS

Hfq mutagenesis

To identify amino acids essential for RNA binding, we constructed a
series of E. coli Hfq missense mutants (Fig. 1). Hfq Y55A, Hfq K56A and
HfqH57A contain mutations that cluster around the central cavity of the
hexamer, a region that interacts with short (A+U)-rich sequences in the
Hfq—RNA cocrystal structure?®. Other mutants, such as Hfq D40A, Hfq
Q41A and Hfq F42A lie along the proximal surface of the torus. Minimal
binding site studies have shown that Hfq preferentially binds (A+U)-
rich sequences adjacent to double-stranded regions®”-3%. Thus, these sites
represent a potential contact surface for the duplex were it to lay down
onto Hfq adjacent to the site at which the (A+U)-rich sequence binds.
Hfq Q8A and Hfq D9A represent a series of highly conserved residues that
lie on the proximal face of the torus that might contact RNAs a bit far-
ther from the central cavity. Finally, the Hfq Y25A, Hfq Y25N, Hfq Y25D,

the rpoS mRNA-binding data as a single transi-
tion providing an apparent K (Fig. 2b).

We consolidated the data from the 4 RNA substrates for each mutant
Hfq, represented as the AAG relative to binding wild-type Hfq (Fig. 2c).
DsrA binds to wild-type Hfq with an affinity of 21 + 1 nM (reported
as hexamer, 126 nM monomer). Under the same conditions, the
second binding event occurs with a K of 94 nM (reported as hexamer,
564 nM monomer). This value is within two-fold of those previously
determined®”. DsrA affinity is affected by residual RNA often found to
copurify with Hfq. The RNase A treatment in the current purification
significantly reduced residual RNA and is probably the origin of the
tighter affinities measured here.

Most of the mutations had relatively small effects on DsrA-binding affin-
ity (Table 1), the largest being on the order of 20-fold decreased affinity,
corresponding to a AAG of ~1.8 kcal mol ™. The modest effects of the point
mutants could have resulted from polyvalent interaction between the larger
RNAs and Hfq masking defects in one of the binding domains®’. If this were
true, the smaller RNAs (RNA-U and A,,) would provide a more sensitive
gauge of whether the residue participates in the RNA-protein interaction.

Under the same gel conditions, RNA-U exhibits poor affinity for the
wild-type Hfq hexamer (2.5 = 0.2 uM hexamer, 15 UM monomer).
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Table 1 Comparison of in vitro affinity data with in vivo activities for Hfq mutants

Ky (nM hexamer)

Mutant RpoS Hfg rpoS::lacZ DsrA
DsrA@ RNA-U mRNA Ay accum. assay tip
5 UTR (min)
Wild type 21+1 2,500 = 200 49+1 39=x1 Yes 5.7+0.7 55+ 3P
94 +5
Q8A 19x1 2,400 £ 100 271 24+1 Yes 3.2x0.2 -
48 £ 2
D9A 14+1 320+ 40 35+2 36+1 Yes 7x1 -
o 56 + 1
£ Y25A 19x1 - 32=x1 196 + 3 Yes - -
g 35+1
£ vosN 1541 - 2441 229 42 Yes 45406 -
e 372
% Y25D l6x1 - 221 224 £2 Yes 4.0x£0.9 -
< 38+1
§ 130D 26+1 - 35+1 363 +3 Yes 5.2+0.9 -
£ 41+2
% D40A 271 760 + 90 46 1 361 No 0.8+0.1 -
= 88+ 2
o Q41A 25+1 2,100 + 100 702 26+1 Yes 6.4+0.9 -
3 98+4
(3 F42A 31+1 3,500 + 300 50+ 1 401 Impaired 25+0.2 -
g’ 95+ 4
% Q53A - - - - Yes 3.0£0.6 -
i —
E Y55A 82+4 >20,000 82+3 1156+2 Yes 0.8+0.1 29+5
o 1,600 + 100
% Y55W 47 £ 1 >10,000 45+ 1 691 Yes 45+0.8 -
= 121+8
g K56A 101+2 >20,000 104 +3 59+1 Yes 1.0+0.2 0.9+0.1¢
I 2249
© H57A 44 £ 1 >20,000 53+1 55+1 Yes 5.4+0.5 -
108 +3
I59A - - - - Yes 4.2+0.5 -
Ve S60A - - - - Yes 5.0+0.3 -
@Y%D Y55A 194 + 94 >20,000 206 + 6 270+ 12 - - -
Y25D Y55W 341 >10,000 54 +1 400 + 4 - - -
106 +7
Y25D K56A 84 +3 >60,000 77 +2 177 +£3 - - -
320+ 24
130D Y55A 190 + 344 >20,000 270 £ 22 590 + 11 - - -
130D Y55W 4112 >20,000 55+1 312+9 - - -
110+ 13
130D K56A 52+ 1 >60,000 71+2 280 + 10 - - -
190 £ 19

2DsrA exhibits two sequential transitions—a shift and a supershift. The first value corresponds to K; and the second value to the supershift, K,. Close inspection of the rpoS mRNA 5-UTR
shifts reveals two apparent shifted species similar to those seen with DsrA. However, the two transitions are sufficiently coupled that they cannot be fit separately. °Hfq strains have a DsrA t;,,
of 5+ 2 min. These data show a biphasic time dependence. A total of 90% of the DsrA RNA decays with a t;/, of 0.9 min. The final 10% of the RNA shows a much longer t,,, ~35 min. 9No
clear distinction between K; and K, behavior was possible owing to abnormal smearing of the bands. Data were fit to a single transition.

This result is consistent with minimal binding studies that have shown
Hfq preferentially binds (A+U)-rich sequences adjacent to base-paired
elements®’. Despite the weak interactions, binding is perturbed by
specific mutations. Hfq D9A showed eight-fold tighter binding to RNA-
U. Mutant proteins Hfq Y55A, Hfq Y55W, Hfq K56A and Hfq H57A were

sufficiently defective that no binding was observed, even at the highest
protein concentrations.

Because RNA-U bound so weakly, we compared its affinity to those
of a pair of RNAs that should not specifically bind Hfqg—the substrate
and ribozyme strands of hammerhead ribozyme 16 (ref. 39). These
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Figure 2 /n vitro analysis of RNA binding to mutant Hfq proteins. (a) Gel shift experiments showing the binding of wild-type Hfq to DsrA, RNA-U, rpoS mRNA
5" UTR and A,;. (b) Quantification of the gel shift experiments in a. (b) Quantification of the gel shift experiments in a. Closed circles, DsrA Ky; open circles,
RNA-U; closed squares, rpoS mRNA 5 UTR; open squares, A,;. Lines represent nonlinear least-squares fitting to a cooperative binding model. (¢) Histogram
showing the free energy of binding relative to wild-type (WT) Hfq for each Hfg mutant. AAGs between —0.5 and 0.5 kcal mol-! indicate insignificant effects
on RNA binding. Asterisks indicate data that are lower limits of the actual effect as the interactions were too weak to be measured. Blue, DsrA-Hfqg;

red, DsrA—(Hfqg),; green, RNA-U; brown, rpoS mRNA 5" UTR; lavender, Ayy.

RNAs showed no gel shift behavior up to 30 uM Hfq monomer. The
interaction of RNA-U with the mutant Hfgs clearly approaches that of
pure nonspecific binding under these conditions. At the same time, the
deleterious effects of mutations within the Sm2 core motif suggest that
RNA-U binding occurs at the crystallographically observed site.

With respect to rpoS mRNA 5" UTR binding, the collection of muta-

@ tions we prepared showed few effects. The largest defect observed across

the series, with Hfq K56A, was only two-fold. This result indicates that
perhaps not all RNAs bind via the central core and the Sm2 motif. Distal
face mutations also did not significantly affect rpoS mRNA 5’-UTR bind-
ing. Two double mutants (Hfq Y25D Y55A and Hfq I30D Y55A) that
combine defects in the Sm2 motif with those on the distal face show
reduced affinity for rpoS mRNA 5" UTR, however. These data suggest
that rpoS mRNA 5" UTR may interact with both faces of Hfq.

Very different results were observed in the case of A,; binding. Gel
shift experiments measured an affinity of 39 + 1 nM for wild-type
Hfq hexamer (234 nM in monomer). Of the proximal face mutants,
the most impaired was Hfq Y55A, but this protein had only a three-
fold effect on binding. These results suggest that the Sm2 region at
the center of the torus does not interact in any significant way with
A,; and is consistent with the additive binding behavior previously
observed between DsrA domain II and poly(A)?’. The distal face
mutants showed different behavior, however. Mutations at Tyr25 and
Ile30 affected A, binding, leading to a ten-fold loss in affinity for Hfq
Y25D and Hfq I30D. Double mutants showed no additional changes
in affinity for A,; when Sm2 motif changes were combined with dis-
tal face mutations. We therefore infer that poly(A) interacts with the
distal face of Hfq.

Competition experiments reveal two independent binding sites
Previous experiments with wild-type Hfq showed what seemed to
be mutual binding of A,; and DsrA to Hfq*. In light of the results
described above, we carried out a series of competition experiments
using gel shift assays to look at the effect of A,, addition to binary com-
plexes containing either DsrA or rpoS mRNA 5" UTR prebound to Hfq
(Fig. 3 and Table 2). We observed markedly different behavior for wild-
type Hfq, Hfq Y25D and Hfq K56A. Concomitant binding of A,; and
either DsrA or rpoS mRNA 5" UTR was observed at concentrations of
wild-type Hfq sufficient to promote the formation of the DsrA—(Hfqy),
species, consistent with our previous findings®’. When the distal face
mutant Hfq Y25D was used, additive binding was completely abolished,
indicating that A, binding was independent of DsrA and rpoS mRNA
5" UTR (data not shown). When the Sm2 mutant Hfq K56A was used, a
third outcome resulted. The addition of A, displaced DsrA; it similarly
displaced rpoS mRNA 5" UTR, albeit less efficiently. The band resulting
from DsrA displacement by A,, migrated more slowly in the native gel
than unbound DsrA, with mobility similar to that of DsrA dimer (data
not shown).

The competition experiments lead to two conclusions. First, Hfq
K56A binds DsrA improperly, allowing for competition by A,,. Second,
this abnormal binding mode possibly leads to altered folding of the
ncRNA and assembly of DsrA dimers—a trait that could lead to adverse
consequences in vivo.

Isothermal titration calorimetry
An alternative way to measure Hfq-RNA interactions is with isother-
mal titration calorimetry (ITC)*°~42, This method offers several advan-
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of E. coli (Fig. 4). Expression of this reporter
requires both transcription and translation of
rpoS”. The assay tests for two phenomena. First,
plasmid-borne mutant Hfgs must accumulate,
and second, they must facilitate proper post-
transcriptional regulation of rpoS. Because
DsrA is the predominant ncRNA involved in
the translational regulation of rpoS at low tem-
peratures, all assays were conducted at 30 °C
(ref. 44). To prevent overexpression of Hfq, the
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Figure 3 Native gel analysis showing the effect of A,; addition to the DsrA—(Hfqg), complex. DsrA—
(Hfqg), was preassembled at appropriate concentrations of Hfq (based on the measured affinity
constants in Table 2) using 32P-labeled DsrA before the addition of unlabeled A, (0, 0.03, 0.1, 0.3,

1 or 3 uM). Gels compare the behavior of wild-type (WT) Hfq to Hfq Y25D and Hfq K56A as labeled. A
supershifted species is observed (arrow) only in the case of WT Hfq. For Hfq Y25D, the addition of A,;
had no effect on DsrA binding. For Hfq K56A, A, displaced DsrA in the form of the homodimer, DsrA,,

based on its gel migration against authentic standards.

mutants were expressed under control of the
inducible araBAD promoter®>. In agreement
with previous work’, in the absence of arabi-
nose or with vector alone, very little Hfq accu-
mulated (Fig.4b) and RpoS::LacZ expression
was low (Fig. 4c). Addition of 150 UM arabinose
induced wild-type expression levels of Hfq and
normal translation of RpoS::LacZ (Fig. 4c).

As misfolded proteins tend to be degraded

K56A

tages over the gel shift experiments. Reaction stoichiometry is more
readily determined from the data. Furthermore, detailed thermo-
dynamic information is obtained more accurately than from electro-
phoretic methods, because the enthalpic contribution of the free energy
is measured directly.

A typical ITC experiment is shown in Supplementary Figure 1 online.
Consistent with the gel shift experiments, DsrA, rpoS mRNA 5” UTR
and poly(A) showed tight binding to Hfq hexamer with K values in
the low nanomolar range. Because of the weak interaction between Hfq
and RNA-U (~2.5 uM from gel shift analysis), we could not achieve the
necessary sample concentrations to study its binding accurately using
this method. Hfq Y55A showed a 50-fold reduction in binding affinity
whereas the Hfq K56A showed a 30-fold reduction in binding affinity
for DsrA, whereas Hfq H57A had nearly wild-type affinity. Both results
are consistent with the gel shift experiments (Supplementary Table 1
online).

The apparent stoichiometries from the ITC experiments are consis-

QD
@tent with Hfq acting as a preformed hexamer and binding a single equi-

valent of DsrA or rpoS mRNA 5" UTR. Thus, the ITC data imply that the
binding of a second equivalent of Hfq to an RNA (K,) may result from
working under trace RNA conditions, as typically done in gel shift assays.
An unexpected result was observed in poly(A) experiments, however.
Fitting of the ITC data suggests that A 4 (a shorter, 18-nt poly(A) RNA
was used in these experiments to diminish the likelihood that multiple
Hfgs might bind to the longer RNA*?) binds two identical sites per Hfq
hexamer.

Binding enthalpies (AH®) of —40 to —80 kcal mol~! were measured
for the same three substrates with corresponding binding entropies
(AS®) of =100 to =250 cal mol~! K~! (Supplementary Table 1 online).
These values show that the enthalpy of the interaction is quite favorable,
but largely offset by highly unfavorable entropy. As these parameters
combine the energetic contribution of the binding phenomenon with
any potential RNA rearrangements, a detailed interpretation requires
further study.

Accumulation and complementation analysis of Hfq mutants

Within a living cell, the interaction of Hfq with mRNAs and ncRNAs is
much more complex than that probed with our in vitro model system.
To determine whether the Hfq mutants function in vivo we used an

and cleared from the cell, western blotting was

used to ensure that mutant Hfgs accumulated
normally at the same arabinose concentration. Most of the mutants
provided normal expression under these conditions, as can be seen for
representative mutants like Hfq Y55A and Hfq K56A. Hfq D40A and
Hfq F42A (Fig. 4b, lanes 6 and 7) showed abnormal accumulation, how-
ever. Circular dichroism (CD) and dynamic light scattering verified that
these proteins fold and hexamerize in vitro, but they may be sufficiently
destabilized to pose a problem in vivo. Because there was a significant
decrease in the Hfq concentration in these cells, any loss of activity in
the reporter complementation assay (Fig. 4c) could result from either
defective RNA binding or decreased protein accumulation.

As expected from the in vitro experiments, Hfgs containing muta-
tions in the Sm2 motif, including Hfq Y55A and Hfq K564, did not
complement the hfg~ phenotype. As these proteins were present at
wild-type levels based on western blot analysis, these results suggest
that loss of in vivo activity for these mutants was not due to decreased
accumulation. Notably, Hfq H57A and Hfq Y55W, mutants that do not
bind RNA-U but retain wild-type DsrA and rpoS mRNA 5" UTR affinity
in vitro, retained their in vivo activity. This finding suggests that the small
changes in DsrA binding observed in vitro for Hfq Y55A and Hfq K56A
are more diagnostic of the in vivo behavior than RNA-U binding. Other
mutations within the phylogenetically conserved Sm2 region showed
no defects in our assay.

Table 2 Summary of A,; competition experiments

Complex Mutant [Hfq] QOutcome upon
(nM hexamer) A,7 competition

DsrA-Hfqg

Wild type 42 No effect

Y25D 25 No effect

K56A 125 Abnormal competition
DsrA-(Hfqg),

Wild type 125 Supershift

Y25D 83 No effect

K56A 250 Abnormal competition
rpoS—(Hfqg),

Wild type 83 Supershift

Y25D 50 No effect

K56A 125 No effect
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Assessment of DsrA stability in vivo

RNA lifetime analysis has been used as another measure of Hfq activity
in vivo”1638, In the presence of Hfq, DsrA has been shown to degrade
significantly more slowly than when Hfq is absent’. We measured DsrA
lifetimes for both Hfq mutants that had significantly reduced activ-
ity in complementation assays that could not be explained by simple
accumulation defects. Hfq Y55A and Hfq K56A show markedly differ-
ent behavior after inhibition of transcription with rifampicin (Fig. 5).
Whereas Hfq Y55A led to long-lived RNA similar to wild-type Hfq, in the
presence of Hfq K56A, DsrA degraded rapidly. The behavior occurred
with biphasic kinetics. DsrA degraded in the fast phase, accounting for
~90% of the total, was less stable than in the absence of Hfq entirely. The
remaining 10% of the RNA was reasonably long-lived.

DISCUSSION

=W Site-directed mutagenesis was used to probe the interaction between

Hfq and four RNAs that represent some of the ncRNAs and mRNAs
with which Hfq interacts in vivo. The effects of these mutations were
assayed both in vitro and in vivo. Sites of mutation were chosen based on
structural and phylogenetic information. Structurally, we can group the
mutants into three categories: those affecting the central cavity (Y55A,
K56A and H57A), the proximal face (Q8A, D9A, D40A, Q41A, F42A
and I59A) or the distal face (Y25X, 130X, Q53A and S60A). Notably,
mutations at these loci had distinct effects on behavior, both in vitro
and in vivo.

Two central cavity mutations severely impair function

Previous studies had implicated the central cavity as essential for Hfq
and Sm protein function. Only two cavity mutants, Hfq Y55A and Hfq
K56A, showed consistent in vitro defects in binding to DsrA. Both muta-
tions target highly conserved residues within the Sm2 motif. Mutations

Figure 5 Lifetime analysis of DsrA in vivo. Data are based on QRT-PCR for
wild-type (WT) Hfg and selected mutants using primers specific for full-
length DsrA. Solid lines (Hfq mutants) and dashed lines (Hfq and hfg") are
least-squares fits to the data from which the half-lives were calculated. Hfg
K56A has been fit to a double-exponential decay whereas the other data are
fit to a single-exponential model.
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Figure 4 Assay for in vivo accumulation and rpoS activation. (a) Schematic
diagram of the reporter construct used for the Hfq complementation assay.
(h) Western blot showing the accumulation of Hfq in vivo. In the control
lanes, + and — refer to the presence or absence of 150 uM arabinose,

added to induce Hfq from an araBAD promoter. Vector represents the pBAD
plasmid4® without the hfg gene. The Hfq lane shows the endogeneous Hfq
levels in an hfg* strain of E. coli. (¢) Histogram showing the results of in vivo
translational activation of the RpoS::LacZ fusion protein for wild-type (WT)
and mutant Hfq proteins. Values <4 are considered significant defects based
on the error in this assay. B-gal, B-galactosidase activity.

at other conserved Sm2 residues (His57, Ile59 and Ser60) did not sig-
nificantly impair in vitro or in vivo behavior.

The minimal substrate RNA-U showed much greater sensitivity to Sm2
region mutations, whereas rpoS mRNA 5" UTR and A,; were unaffected.
The known RNA-binding cavity along the inner rim of the Hfq
hexamer thus seems only to interact with the (A+U)-rich elements of the
ncRNAs, and does not represent the primary binding surface for poly(A)
sequences or mRNAs. Additional RNA-binding surfaces must be present
on Hfq, supporting the idea that Hfq functions by colocalizing ncRNAs
and their mRNA targets. Hfq probably facilitates the strand exchange
reaction largely by putting the RNAs in close proximity, and possibly by
presenting appropriate interaction surfaces toward one another.

The DsrA half-life experiments provide an additional window into
the complexities of the Hfq system. Previous work has shown that in
the absence of Hfq DsrA stability is markedly decreased in vivo’. This
effect is thought to be due to the overlap of the Hfq-binding and RNase
E cleavage sites on DsrA. Although both Hfq Y55A and Hfq K56A are
inactive for DsrA-mediated regulation of rpoS, their abilities to stabilize
DsrA in vivo are diametrically opposed. Hfq Y55A behaves like wild-
type Hfq whereas Hfq K56A provides DsrA almost no protection from
RNase E. The notable ability of Hfq Y55A to stabilize DsrA suggests that,
although DsrA binds to Hfq Y55A in vivo, it cannot correctly interact
with rpoS mRNA. This difference between Hfq Y55A and Hfq K56A
could relate to the stability of a ternary complex involving Hfq, DsrA
and rpoS mRNA (P.J.M., E. Espinosa, Indiana University, and A.L.F,
unpublished data).

Proximal face mutations show few specific effects

Most of the proximal face mutations showed little effect on in vitro and
in vivo activity. Where disagreement was observed (Hfq D40A and Hfq
F42A), the data are rectified by protein accumulation defects in vivo.
Although it is unclear why these two mutants fail to accumulate, the
result clearly explains their inability to complement the hfg~ strain.
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Distal face mutations alter binding only to poly(A)

Distal face mutants were generated to test the hypothesis that RNA- or
protein-binding interactions might occur on that face®’. Hfq Y25D and
Hfq I30D bound A, with five- to ten-fold reduced affinity, but did not
show altered binding to any of the other three RNA substrates.

The distal face mutants complemented the rpoS activation func-
tion of wild-type Hfq in vivo, and effectively bound DsrA and rpoS
mRNA 5 UTR in vitro. Hfq is known to be involved in modulating
polyadenylation, however. Because all mutations that altered poly(A)
bindinglocalized to the distal face, one might infer that polyadenylation
control uses this surface of the protein. Further studies are required to
find whether these mutations differentially affect polyadenylation.

Archaeal Sm proteins are believed to aggregate into long rodlike struc-
tures?®. Even in the absence of extended rods, a dodecameric structure
could have explained well how Hfq hexamers bring together RNAs in
a pairwise fashion. Such a model requires the distal face to be involved
in an Hfq-Hfq contact. The addition of six aspartates in lieu of hydro-
phobic residues at this potential interaction surface should have been
quite destabilizing were such face-to-face dodecamerization important.
Our results do not absolutely preclude the formation of such species,
but they do argue against it.

rpoS mRNA 5’-UTR binding remains mysterious

An unresolved issue from this work is where rpoS mRNA binds Hfq.
The work of Lease and Woodson indicates that several U-rich sequences
within the rpoS mRNA 5" UTR become protected from nuclease diges-
tion upon Hfq binding (R. Lease and S. Woodson, Johns Hopkins
University, personal communication). Such results imply an interaction
with the central cavity, but our data suggest that, if the mRNA binds
the central cavity, additional contacts must mask effects of the Y55A
and K56A mutations. In addition to the 5 UTR used in these studies,
rpoS mRNA in vivo would contain the coding region and the 3" UTR.
Does the mRNA naturally contact both faces of Hfq? If so, additional
binding determinants might be present along the exterior edge of the
torus. Our current study has not probed those regions. Furthermore, the
C-terminal extension of Hfq could contribute to RNA binding in ways
we have not yet recognized.

T Implications for understanding Sm and Lsm proteins

&

@ How do these data reflect on our understanding of the eukaryotic Sm

and Lsm proteins, with which Hfq shares a common ancestor? In the
Pyrococcus abyssi Sm1 core complex, RNA was shown to bind facially,
near the end of strand B2 (ref. 47), and binding was significantly
impaired in a Y34V mutant. This binding surface corresponds to the L3
region in the Sm1 motif of Hfq, adjacent to Asp40, Gln41 and Phe42.
Although the mutations at these sites do not exhibit the marked RNA-
binding defect seen in the P. abyssi Sm1 system, the accumulation defect
of Hfq D40A implies that this region along the proximal face of the torus
is still critical for function of the resulting RNP complex. The eukaryotic
SmG protein uses this L3 region to contact RNAs in spliceosomal small
nuclear ribonucleoprotein (snRNP) cores*®4°, Our data are consistent
with a second site of contact between the RNAs and Hfq, but the exact
location of the L3 contacts may have evolved after the homohexameric
Hfq complex diverged to form the heteromeric aggregates observed in
modern spliceosomes. Current models of Ul snRNPs also imply signifi-
cant contact between the duplex regions of the RNA and the outer rim
of the torus. Further exploration will probe these surfaces.

In summary, these experiments reveal that Hfq contains at least two
distinct RNA-binding surfaces. Mutations that alter ncRNA binding
affinity cluster around the Sm2 domain, but do not significantly per-
turb affinity for rpoS mRNA 5" UTR. Additionally, distal face mutations

are the only ones tested that affect A,, binding. Poly(A) RNA binding
therefore uses contacts on the back face of the torus. Such an organi-
zation could spatially and functionally separate Hfq’s effects on poly-
adenylation from those mediating base-pairing between ncRNAs and
their mRNA targets.

METHODS

Plasmid construction for rpoS mRNA 5" UTR. The 5" UTR from E. coli rpoS
(nucleotides —134 to +3) was obtained by PCR using the primers rpoSA1 and
rpoSA2 (Supplementary Table 2 online) using Pfu Turbo (Stratagene). The PCR
product was ligated into pUC19 using BamH1 and EcoRI. The resulting DNA
was transformed into XL-10 Gold cells (Stratagene). Plasmid pJEF-10301 was
isolated by miniprep (Qiagen) and sequenced. Large-scale isolation of plasmid
DNA was done using the Qiagen Gigaprep protocol, and the vector was prepared
for runoff transcription by exhaustive digestion with Sspl.

RNA preparation for in vitro binding. RNA-U, Az and A, were purchased from
Dharmacon Research and deprotected following the manufacturer’s protocol.
RNA quality was assessed by denaturing PAGE and gel-purified as necessary.
Other RNAs (DsrA and rpoS mRNA 5" UTR) were transcribed in vitro and gel-
purified as described?”.

Site-directed mutagenesis. Using the QuikChange procedure (Stratagene), all
mutants were prepared in two separate backgrounds. The pET-21b background
has a C-terminal Hisg-tag and was used for in vitro analysis. The pBAD24 back-
ground is under an arabinose promoter system and was used for in vivo analysis.
All mutations were verified by sequencing.

Hfq expression and purification. Wild-type Hfq is heat-stable and the stan-
dard purification protocol exploits this property?>*’. As several of the mutant
proteins were found to be heat-sensitive, all mutants (as well as wild-type Hfq)
were purified by Co?*-affinity chromatography, using a C-terminal Hisq-tag.
Expression was induced by addition of 1 mM IPTG to cultures grown to Az,
= 0.4-0.6. Induction proceeded for 4 h at 37 °C before harvesting. Cell pellets
(0.5-1 equivalents) were resuspended in 25 ml lysis buffer (50 mM HEPES, pH 7.5,
500 mM NH,Cl, 20 mM imidazole, 5% (w/v) glycerol) with EDTA-free Complete
protease inhibitor cocktail (Stratagene) and lysed by ultrasonication. Lysate was
treated with DNase I (100 U) and RNAse A (100 pg) and incubated on ice for 1 h.
Centrifugally clarified lysate was passed over a Hi-trap metal chelation column
(Amersham-Pharmacia) preloaded with CoSO,. The column was washed with
five volumes of lysis buffer, then five volumes of wash buffer 1 (50 mM HEPES,
pH 7.5,1 M NH,CI, 5% (w/v) glycerol). Hfq was eluted with five volumes of
elution buffer 1 (50 mM HEPES, pH 7.5, 500 mM NH,CI, 250 mM imidazole,
5% (w/v) glycerol) followed by five volumes of elution buffer 2 (50 mM HEPES,
pH 7.5,8 M urea, 1 M NH,Cl, 50 mM EDTA, 5% (w/v) glycerol). Protein was con-
centrated to 0.5-1.0 mg ml~! and dialyzed against storage buffer (50 mM HEPES,
pH 7.5, 250 mM NH,CI, 1 mM EDTA, 10% (w/v) glycerol). Concentrations of
protein and any residual RNA were assessed by the Warburg-Christian method?!.
Purity was assessed by SDS-PAGE. Mutants were checked by CD spectroscopy
using a Jasco-J715 spectrometer and by dynamic light scattering using a Malvern
Nano-S Zetasizer to ensure proper folding and oligomerization relative to wild-
type Hfq.

Electrophoretic mobility shift assays. 5" end-labeled RNAs were annealed at
90 °C for 120 s, cooled to 37 °C, and incubated with Hfq for 30 min in 50 mM
HEPES, pH 7.5, 250 mM NH,Cl. Immediately before loading, samples were
diluted with an equal volume of native loading buffer (10% (w/v) sucrose, xylene
cyanol, bromophenol blue) or denaturing loading buffer (7 M urea, 1x TBE,
xylene cyanol, bromophenol blue). Samples (15 ul) were resolved at 5 W on either
5% (w/v) polyacrylamide native gels or 5% (w/v) polyacrylamide/7 M urea gels.
Dried gels were visualized by phosphorimaging (Molecular Dynamics) using a
Typhoon 9210 imaging system (Amersham-Pharmacia). Quantification was done
using ImageQuant 5.2 (Molecular Dynamics) and Kaleidagraph 3.0 (Synergy).
Data were fit using nonlinear least-squares analysis to a cooperative binding model.
Cooperativity values (1) tended to fall between 2 and 3. Higher n-values yielded
comparable goodness-of-fit parameters. In the case of the A, competition assays,
complexes of DsrA or rpoS mRNA 5 UTR with Hfq were preassembled.
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Isothermal titration calorimetry. Calorimetry was done on a MicroCal VP-ITC.
Samples were dialyzed into reaction buffer (50 mM HEPES, pH 7.5, 250 mM
NH,CI, 10% (w/v) glycerol) and degassed before loading each experiment. RNAs
(21-25 uM) were titrated into 1.4 ml of 0.6-3.5 uM Hfq hexamer over 35 8-pl
injections with constant stirring at 310 r.p.m., 4-min injection spacings, and
thermostatting at 25 °C. Data were corrected by subtraction of a baseline defined
by the terminal 10—15 injection points after saturation of the binding event. Data
were analyzed using Origin 7.0 (MicroCal) as described™2.

Western blot analysis. Total cellular extracts of E. coli were separated on tris-
tricine SDS 16% (w/v) polyacrylamide gels®> and electroblotted®* to PVDF
membrane. Equal loading across lanes was verified by staining with Ponceau
S (Sigma). The membrane was probed with rabbit anti-Hfq polyclonal anti-
sera’. Antibody—antigen complex was visualized with goat anti-rabbit immuno-
globin horseradish-peroxidase-conjugated antibody (Pierce) and ECL reagent
kit (Pierce).

Purification of RNA for half-life studies. DsrA half-life was determined as
described®”:°, Cultures of wild-type and hfg~ strains were grown at 30 °C to
Agpo=0.4-0.6. Rifampicin (100 pg ul™! final concentration) was added and cells
were collected at the indicated time points. These samples were added imme-
diately to prechilled tubes containing 0.1 volume phenol stop solution (5% (v/
v) buffered phenol, pH 7.4, in ethanol)*®. Cells were pelleted, resuspended in
200 ul TE (10 mM Tris, pH 8.0, 1 mM EDTA), and passed over QIAshredder mini
columns (Qiagen). RNA was extracted with Trizol reagent (Invitrogen), precipi-
tated with isopropoanol, and washed with 75% (v/v) ethanol. RNA was incubated
with 30 U of RQ1 DNase (Promega) at 37 °C for 20 min followed by DNase
inactivation at 60 °C for 10 min. Trizol extraction and isopropanol precipitation
were repeated before resuspension of RNA in RNase-free water. Concentrations
were determined by measuring absorbance at 260 nm.

Quantitative RT-PCR (QRT-PCR). Relative RNA concentrations were deter-
mined by quantitative RT-PCR using a Roche LightCycler TagMan PCR system
(Applied Biosystems). Primer and probe design was based on the E. coli dsrA
and 55 RNAs using Primer Express 1.5 (ABI). The dsrA primers and probes were
designed to detect only full length DsrA. Primers and probes were chemically
synthesized (IDT). Probes were 5" end-labeled with 6-carboxyfluorescein and 3
end-labeled with ‘black hole quencher’ BHQ1 (Biosearch Technologies). Each
10 pl RT-PCR mixture contained 50 ng RNA, LightCycler-RT-PCR reaction mix
hybridization probe (Roche), LightCycler RT-PCR enzyme mix (omitted in RT-
negative reactions), 300 nM each of the forward and reverse primers, and 250 nM
Tagman probe. Both RT-positive and RT-negative reactions were tested in dupli-

S19) cate. Reactions were performed using a Roche LightCycler with optimized cycle

conditions. DsrA RNA abundance relative to 5S ribosomal RNA was determined
using the —~AACt method as described by the manufacturer (ABI). 5S RNA was
used as the internal control.

Invivo RpoS::LacZ fusion activity. RpoS::LacZ fusion activity was determined as
described”. Briefly, cells were grown at 30 °C in LB medium with the appropriate
antibiotic. Total B-galactosidase units were determined as described®” and plotted
against the culture Ag,. The slope of the linear regression (differential rate of
expression) was used as the specific activity. Mutant activities were determined
at least three times and s.d. calculated.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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