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Hfq is a nucleic acid-binding protein that functions as a global regulator of
gene expression by virtue of its interactions with several small, non-coding
RNA species. Originally identified as an Escherichia coli host factor required
for RNA phage Qb replication, Hfq is now known to post-transcriptionally
regulate bacterial gene expression by modulating both mRNA stability and
translational activity. Recently shown to be a member of the diverse Sm
protein family, Hfq adopts the OB-like fold typical of other Sm and Sm-like
(Lsm) proteins, and also assembles into toroidal homo-oligomers that bind
single-stranded RNA. Similarities between the structures, functions, and
evolution of Sm/Lsm proteins and Hfq are continually being discovered,
and we now report an additional, unexpected biophysical property that is
shared by Hfq and other Sm proteins: E. coli Hfq polymerizes into well-
ordered fibres whose morphologies closely resemble those found for
Sm-like archaeal proteins (SmAPs). However, the hierarchical assembly of
these fibres is dissimilar: whereas SmAPs polymerize into polar tubes (and
striated bundles of such tubes) by head-to-tail stacking of individual homo-
heptamers, helical Hfq fibres are formed by cylindrical slab-like layers that
consist of 36 subunits arranged as a hexamer of Hfq homo-hexamers
(i.e. protofilaments in a 6!6 arrangement). The different fibrillar
ultrastructures formed by Hfq and SmAP are presented and examined
herein, with the overall goal of elucidating another similarity amongst the
diverse members of the Sm protein family.
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Hfq is a phylogenetically conserved RNA-binding
protein that was recently found to function as a
key post-transcriptional regulator of bacterial gene
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expression. Discovered as an Escherichia coli host
factor required for activity of RNA bacteriophage
Qb replicase,1 the highly abundant Hfq protein
(z90 mM intracellularly)2 coordinates several
aspects of bacterial RNA metabolism (e.g. mRNA
decay pathways), with its function typically being
of a passive rather than active/catalytic nature
(e.g. binding poly(A) tails and protecting mRNA
from RNase E digestion3). Hfq also has been found
to be a nucleoid-associated protein, thus suggesting
a possible role in DNA packaging.4,5 The regulatory
activities of Hfq are frequently mediated by small,
non-coding RNAs (sRNA), which can be considered
as bacterial analogs of the diverse families of
microRNAs that were recently uncovered as crucial
regulatory elements in eukaryotic gene expression.6
d.
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The pleiotropic effects of Hfq upon bacterial gene
expression are illustrated by the fact that disruption
of the E. coli hfq gene affects cell viability in
numerous ways, including heightened UV sensi-
tivity and decreased growth rates.7 These dele-
terious phenotypes are linked to the role of Hfq in
modifying the gene expression patterns of bacteria
subjected to environmental stresses. In particular,
Hfq is required for the regulatory function of various
sRNA “riboregulators” (such as DsrA, OxyS, and
RprA) that mediate the production of an RNA
polymerase subunit (ss) specific to stationary-phase
survival by virtue of base-pairing between the
sRNAs and the corresponding ss transcript (i.e.
rpoS mRNA).8 Indeed, this demonstrates the general
principle that the global/downstream effects of Hfq
are often achieved via interactions with sRNAs.
Other examples of protein pathways regulated by
Hfq-mediated coupling of a regulatory sRNA to a
particular target RNA (typically an mRNA such as
rpoS) include the combinations OxyS/Hfq/fhlA,
{DsrA, OxyS, RprA}/Hfq/rpoS (ss), and Spot42/
Hfq/galK, where {braces} indicate a set of multiple
possible mRNA or sRNA binding partners, mRNA
targets are italicized, and regulatory sRNAs are
underlined (reviewed by Masse et al.9); note that Hfq
may also operate by directly interacting with
upstream regulatory elements of mRNA, as in the
case of the 5 0 untranslated region of ompA mRNA.10

Hfq fulfils these sRNA-related functions by
various mechanisms. For example, Hfq can alter
the stability of mRNA transcripts, either secondary
structural elements within those transcripts11 or the
contacts are mediated by residues lying on both faces of the
the equatorial rim of the SmAP1 heptamer participate in inte
the 1JRI structure (broken green lines) or between the pair of S
(see also Figure 4(e) and (f)). For the sake of clarity, a single S
style of a ribbon cartoon, and equatorial planes are drawn as
degradation of the transcripts themselves,3 and can
also increase or decrease the translational activity
associated with certain mRNAs, possibly via
direct interactions with 30 S ribosomal
proteins.12 Likewise, Hfq also modulates sRNA
stabilities.13 Despite the wealth of recent
information about the roles of Hfq in bacterial
physiology, many details of the molecular mechan-
isms underlying its biological activities are unclear.

Current molecular-level understanding of Hfq
activity stems from the recent finding that it is an
Sm-like protein. Other members of the phylogene-
tically well-conserved (but functionally diverse) Sm
family include the Sm-like archaeal proteins
(SmAPs) and the canonical eukaryotic Sm and
Lsm proteins that function in such tasks as pre-
mRNA splicing,14 mRNA decapping and decay,15

and telomere maintenance.16 The relationship
between Hfq and Sm proteins was first suggested
by weak sequence similarities between the
N-terminal regions of the z80–120 residue Hfq
and Sm proteins, was further corroborated by
phylogenetic, biophysical, fold recognition, and
homology modelling studies of E. coli Hfq,17–20

and has been definitively established by crystal
structures of Hfq hexamers from Staphylococcus
aureus,21 E. coli,22 and Pseudomonas aeruginosa.23 As
with Sm proteins, Hfq monomers adopt an OB-like
fold consisting of five strongly bent, antiparallel
b-strands capped by an N-terminal a-helix, and
individual protomers assemble into cyclic quater-
nary structures perforated by a cationic pore
(Figure 1). Whereas non-bacterial Sm proteins
Figure 1. Tertiary and quaternary
structures of Hfq and other Sm-like
proteins. Nearly perpendicular
views of the 3D structures of
hexameric (a) E. coli Hfq protein
and (b) heptameric Sm-like
archaeal protein Mth SmAP1 are
illustrated as tubular splines that
trace the Ca backbones (monomeric
subunits are delimited by broken
grey lines). In these renditions,
residue-specific tube diameters
vary inversely with the minimum
distance between a given residue
and all of its nearby oligomeric
neighbors within the 3D structures
of the Hfq fibres and SmAP tubes
(likewise, color is graded from
blue/white/red). Thus, besides
providing an overview of the
similarities and differences
between the tertiary and quater-
nary structures formed by Hfq and
SmAP monomers and oligomers,
this Figure also indicates that
the majority of inter-oligomeric

disc-shaped Hfq hexamer. In addition, residues forming
r-heptamer contacts, either within the asymmetric unit of
mAP tubes that associate along the crystallographic ðc axis
mAP1 monomer is illustrated in (b) in the more common
filled (a) hexagons or (b) heptagons.
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form toroidal heptamers and hexamers (homomeric
or heteromeric), all known Hfq structures assemble
as disc-shaped homohexamers.

Besides revealing a eubacterial branch of the Sm
protein family, identification of Hfq as a member of
this family implies that additional features may be
conserved between Hfq and other Sm proteins.
Emerging similarities in terms of sequence, struc-
ture, and function include (i) the aforementioned
identity of the Hfq and Sm folds, (ii) the conserved
property of assembling into characteristic ring-
shaped oligomers, and (iii) the fact that Hfq
preferentially binds to adenine-rich and uridine-
rich single-stranded RNA (e.g. the UAU4 tract just
upstream of the Shine–Dalgarno sequence in ompA
mRNA24). As with oligouridine binding sites for Sm
proteins, these Hfq recognition sites are only
weakly sequence-specific, and are generally flanked
by at least one stem–loop secondary structural
element. Apart from minor variations, the general
mode of ssRNA-binding within the central cationic
pore appears to be conserved between the S. aureus
Hfq hexamer21 and SmAP heptamers.22,25 Unlike
traditional Sm proteins, Hfq also binds poly(A)
RNA,3 probably by presenting different binding
sites for the various classes of RNA (mRNA, sRNA,
poly(A)) with which it interacts.26 The wide variety
of Hfq/ssRNA interactions and diversity of its
RNA-related activities suggest that the primary
biochemical function of Hfq may be as an RNA
chaperone. Consistent with this are the surprising
discovery of an ATPase activity for E. coli Hfq,12 the
potential of Hfq to unfold local regions of RNA,11,24

and the requirement of Hfq for the activities of a
broad range of sRNAs. Similar functionality as a
generic, single-stranded nucleic acid-binding pro-
tein has been conjectured for the ancestral SmAPs.27

The work reported here further explores simi-
larities and differences between Hfq and other Sm
proteins by describing an unexpected biophysical
property shared between these proteins: E. coli Hfq
polymerizes into well-ordered fibres that closely
resemble those found for SmAPs.27 However, Hfq
and SmAP fibres are assembled in different
manners; whereas SmAPs polymerize into polar
tubes via head-to-tail stacking of homo-heptamers,
helical Hfq fibres are formed by slab-like layers that
consist of 36 monomers hierarchically arranged as
a hexamer of homo-hexamers. Combined with
existing Hfq and SmAP crystal structures, examin-
ation of these fibrillar ultrastructures by infrared
(IR) spectroscopy and electron microscopy (EM)-
based image analysis has enabled construction of
the 3D structural models presented herein.
Results

FTIR spectroscopy of hexameric Hfq reveals
fibrillar aggregates rich in b-sheet content

Biophysical properties of the Hfq hexamer shown
in Figure 1 have been characterized by a variety of
means, most recently including vibrational spec-
troscopy.28 As a continuation of such efforts, the
secondary structural content of the full-length
E. coli Hfq hexamer was probed in vitro by
attenuated total reflectance-Fourier transform
infrared (ATR-FTIR) spectroscopy, and a represen-
tative example of these spectra over the absorption
range most sensitive to protein secondary structural
features (i.e. the conformationally sensitive amide I
region) is shown in Figure 2 (spectra were recorded
in 2H2O so as to alleviate interference from
overlapping H2O bands). The broad absorption
band in the amide I region lies at roughly
1730)1530 cmK1, and arises from the numerous
absorption bands associated with individual
secondary structural components, as well as
vibrational coupling between such components.
Thus, further analysis of Hfq IR spectra necessitated
resolution of this broad band into its various
components. Prior to doing so by spectral deconvo-
lution, an initial estimate of the number and relative
contributions of secondary structural components
was made by computing the second derivative
spectrum (not shown); peak positions were sub-
sequently assigned to different types of secondary
structural elements as indicated in the legend to
Figure 2 (see also Table 1).29–31

Detailed analysis of Hfq spectra proceeded by
resolution enhancement via Fourier self-deconvolu-
tion,32 thereby producing a set of component peaks.
Iterative least-squares curve-fitting was used to
maximize the agreement between the amide I
absorption region of the observed spectrum and
the overall spectrum computed from these fitted
Gaussian peaks, the summation being restricted to
those components with maxima lying within the
amide I region. A first round of iterations was
performed based on the initial assignment of
secondary structural elements to frequency ranges
(Figure 2) in order to minimize the root-mean-
square error. Minimum and maximum wave
numbers were then fixed for these ranges and a
second iterative round was used to optimize peak
intensities (i.e. agreement between the calculated
and overall observed spectrum); eight distinct
bands were identified in this second stage. The
fitted peaks centered at 1556 cmK1 and 1585 cmK1

were included in the curve-fitting but not in
evaluating the relative secondary structural
contents because they arise from side-chain absorp-
tion and are not part of the amide I region.33,34 The
fraction of a particular secondary structural element
was calculated as the integrated intensity (area) of
that peak, normalized by the overall peak area in
the amide I region. Table 1 lists the peak positions,
their assignments and estimated secondary struc-
tural contents. The strong peak at 1636 cmK1

confirms the antiparallel b-sheet content of the
protein. We note that the fractional secondary
structural contents determined at these relatively
high (fibrous) concentrations are consistent with the
34(G2)% b-strand and 10(G1)% a-helix values
reported by Arluison et al.28 for Hfq at lower



Figure 2. Secondary structure of fibrillar Hfq by FTIR spectroscopy. An ATR-FTIR spectrum of fibrillar Hfq is shown,
as measured experimentally (dotted line; recorded in 2H2O) and as computed from the sum of components determined
by least-squares curve-fitting (continuous line). The spectrum is centered near the amide I region (z1650 cmK1), and
positions of individual absorption bands corresponding to various secondary structural elements are indicated: a-helix
(a), 1660–1650 cmK1; antiparallel b-sheet (be), 1636–1630 cmK1 and 1685–1675 cmK1; b-turns (b ), 1675–1670 cmK1;
irregular/random coil (§), 1648–1640 cmK1; and aggregated b-sheet (b ), 1628–1605 cmK1 (see Table 1 for peak positions,
assignments, and estimated secondary structure contents). Note the excellent agreement between experimental and
computed curves, and that the predominant feature of this spectral region is the intense shoulder at 1609 cmK1 that is
characteristic of aggregated b-sheets found in other fibrillar proteins.
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concentrations (i.e. solution samples devoid of
fibres). Both the initial qualitative procedure and
this more detailed deconvolution approach
revealed the predominant feature of the amide I
region to be an intense band centered at 1609 cmK1

(b , Figure 2), consistent with the spectral features
of aggregated b-sheet structures that are typically
found in fibrillar proteins.29,35,36

A 3D model for helical Hfq fibres based on EM
and image analysis

Discovery of the substantial b-aggregated signa-
ture in the FTIR spectra of soluble E. coli Hfq
spurred further investigation of these samples by
electron microscopy. The (unexpected) polymeri-
zation of Hfq into bundles of well-ordered,
unbranched fibres is shown in the transmission
electron micrograph in Figure 3. The fact that both
Hfq and SmAP fibres formed under solution
conditions not too dissimilar from physiological
conditions provided additional motivation for
investigating these fibrillar ultrastructures (as
detailed in Materials and Methods, no denaturants,
chaotropic agents, or otherwise harsh treatments
were required for fibrogenesis). Negatively stained
samples reproducibly displayed similarly ordered
and unbranched structures, and such fibrillar
morphologies are presumably a general feature of
Hfq polymerization (see Discussion). Because of
their highly regular appearance, image analysis
techniques were used to further investigate the
ultrastructure of these fibres and to provide
constraints for construction of an atomically
detailed 3D structural model.

Analysis of the Hfq EM images proceeded by
calculation of their diffraction patterns (i.e. Fourier
transformation to a power spectrum), and revealed
that these Hfq fibres possess helical symmetry
(Figure 3). Transforms of the EM images display
roughly equivalent resolutions in the equatorial and
meridional directions (Figure 3(b)), and the slightly
higher resolution along the meridian (i.e. parallel with
the helical fibre axis) probably results from greater
intra-fibrillar order compared to lateral (inter-
fibrillar) packing of the helical fibres. A diffraction
resolution of 23 Å was estimated via a spectral
signal-to-noise criterion,37 and Figure 3(c) illus-
trates an isodensity surface of the Hfq fibre model
(Figure 3(d) and (e)) after filtering at this resolution.
Further image analysis proceeded by established
methods of image alignment, clustering-based
classification of subimages (as done in single-
particle analysis of cryo-EM images), and class-
averaging, as detailed in Materials and Methods
and the legend to Figure 3. Combined with the
standard theory for diffraction by helical struc-
tures,38,39 these data revealed the helical pitch (P)
to be 245 Å and the corresponding vertical spacing
between consecutive helical subunits (h) to be 40 Å
(Figure 3(b)). Assuming an integral number of
subunits per helical turn, the number of hexameric



Table 1. Analysis of hexameric and fibrillar Hfq by FTIR spectroscopy

Absorption bands (cmK1) Secondary structure component Hfq oligomeric state (%)

Monoments a Hexameric Fibrillar

1670 b-turn (b ) 7 7 8
1650-1659 a-helix (a) 14 11 9
1640-1641 irregular/random coil ( ) 46 48 11
1636-1640, 1680 antiparallel b-sheet (be) 33 34 34
1609 aggregated b-sheet (b ) ND ND 38

ATR-FTIR spectra of both fibrillar and hexameric Hfq samples were analyzed by the deconvolution and curve-fitting procedure
described in Method, with secondary structural elements assigned to particular frequency bands within the amide I absorption region
as given in the first two columns. Narrow ranges (or single peaks) of absorption maxima are listed. and fractions of corresponding
secondary structures are provided as percentages in the last two columns (ND, not detectable). The major difference between hexameric
and fibrillar states is an increase in the spectral component characteristic of aggregated b-sheets (1609 cmK1 in the fiber, with an
attendant decrease in the percentage of irregular/random coil component (see also Figure 1).

a Calculated from the 3D structure of E. coli Hfq (1HK9) and listed as the average value over the six monomers in the a.u.
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Hfq subunits per helical pitch repeat (NZP/h) is
z36. Other computed parameters of the averaged
major class image include a helical diameter of
170 Å (see also Figure 3(a)).

Putative 3D models for Hfq fibres were initially
built by trial-and-error so as to be consistent with
these helical parameters. The final model was
constructed by rigid-body transformation of the
E. coli Hfq hexamer crystal structure and sub-
sequent refinement by energy minimization, and
is illustrated in Figure 3(d) and (e). This structure
optimizes the agreement between computed model
transforms (Figure 3(b), right) and the helical
diffraction patterns computed for the original EM
images (Figure 3(b), left), and consists of Hfq
hexamers stacked at a tilt angle of 37.78 with respect
to the fibre axis (corresponding to an h of z40.5 Å,
for which Pz240 Å). Alternative fibre models, such
as one in which individual layers consist of a perfect
6-fold rotationally symmetric arrangement of Hfq
hexamers, were not as consistent with the EM and
image analysis data. The helical pitch is indicated as
a dotted yellow line in the coarse-grained represen-
tation of Figure 3(d), and the packing of Hfq
hexamers along the length of the fibre is illustrated
in the axial view of Figure 3(e). A quantitative view
of the interactions between Hfq hexamers within
the fibre can be obtained by considering the
distribution of distances of interatomic contacts
between a given hexamer and its six nearest
neighbors, and such a representation (Figure 1(a))
reaffirms that most of the residues that mediate
inter-hexamer contacts lie along both faces of the
disc-shaped hexamer.
A 3D model for tubular SmAP fibres based on
EM, image analysis, and crystallography

The polymerization of SmAPs into well-ordered
fibres, and the further association of these fibres into
the striated bundles shown in Figure 4(a), were
discovered by transmission EMs, as reported.27

Analysis of SmAP EM images proceeded in a
similar manner as described above for Hfq.
Diffraction patterns obtained by Fourier transform-
ation of fibre images revealed strong peaks on an
apparently first-order layer-line, with a corresponding
real-space repeat length of 42 Å (Figure 4(b)). In
contrast to the Hfq fibres, a plausible starting model
for these SmAP fibres already exists in the form of a
2.8 Å resolution crystal structure: of the various
crystal habits of Mth SmAP1, heptamers are
arranged in tubes within the crystal lattice of this
orthorhombic form (P212121; PDB code 1JRI) via the
head-to-tail stacking of disc-shaped heptamers.

The prominent feature of the Fourier-transformed
diffraction pattern resulting from such a stacked
arrangement of heptamers into tubes (Figure 4(c)) is
an z42 Å spacing between the equator and the first
intense layer-line (Figure 4(d)), which corresponds
closely to the z40 Å height of most SmAP
heptamers. Transforms of the observed
(Figure 4(b)) and modelled (Figure 4(d)) fibrillar
lattices are in qualitative agreement, although more
detailed features in the layer-lines of the crystal
lattice-derived model are absent from the experi-
mental diffraction patterns (such additional fine
structure in the equatorial layer-line may corre-
spond to, e.g., interference fringes arising from
lateral packing of SmAP tubes). As done for the 3D
model of Hfq fibres, interactions between hepta-
meric subunits of the polymer were analyzed by
surveying interatomic contacts between a given
SmAP1 heptamer and the 14 neighbors that
surround it in the quasi-hexagonal crystal lattice
of Figure 4(e). Quantification of heptamer/heptamer
contact distances within a single SmAP1 tube as
well as between tubes is represented in Figure 1(b),
thus illustrating such features as the edge–edge
contacts between the two SmAP1 heptamers of a
single asymmetric unit of 1JRI (broken green lines
in Figure 1(b)). As with Hfq, most of the short-range
contacts are mediated by facial residues.
Discussion and Conclusions

We initially detected the in vitro polymerization
of full-length E. coli Hfq into soluble aggregates by
virtue of characteristic features in its FTIR spectra.



Figure 3. Structural model of
fibrillar Hfq from EM and image
analysis. (a) Transmission EMs of
E. coli Hfq reveal bundles
of regular, unbranched fibres.
(b) Fibre images were analyzed by
alignment and clustering, and aver-
aged power spectra of a single
windowed subimage from the
major class of observed fibres
(hS(f)Obsi) are shown in the left
panel. Note the good agreement
between this hS(f)Obsi and the trans-
form derived from resolution-fil-
tered back-projections of the best
candidate 3D structural model ((b),
right panel). Putative models such
as those shown in (c) were based
upon layer-line spacings in these
spectra, as indicated in (b). Two
views of a refined, atomically
detailed 3D model for Hfq fibres
are shown in (d) and (e). Hfq
hexamers are illustrated as hexago-
nal plates, with the color ramped
from blue (nearest)/green
(furthest). In order to convey the
overall architecture of individual
layers and inter-layer packing
within each fibre, various hexamers
from the 12th and 13th layers are
rendered as solvent-accessible sur-
face areas or as ribbon cartoons. The
dotted yellow line in (e) spans a
distance of z245 Å, and presum-
ably corresponds to the strong
layer-line spacing in (b).
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This was possible because of the general principle
that the highest amplitude normal modes of
vibration of protein backbones are sensitive to
local conformational and structural features (e.g.
hydrogen bonding strength and directionality of
amide groups), making these transitions useful as
sensitive gauges of such properties as secondary
structural composition and orientation.39 As with
other molecules, transitions between ground state
vibrational levels of proteins occur in the IR
region, and the amide I absorption band (lying
at roughly 1730)1530 cmK1) is particularly
useful in resolving different types of protein
secondary structures, including a-helices, parallel
and antiparallel b-sheets, b-turns, and irregular/
random coil regions (Table 1). Moreover, higher-
order structures formed from interactions between
secondary structural motifs (e.g. intermolecular b/
b-strand contacts) often can be distinguished by
their unique IR spectral features, which ultimately
arise from vibrational couplings between subunits
of an oligomer that are non-existent in the
monomeric state (b regions can be distinguished
due to slight differences between inter- and
intramolecular b/b-strand contacts in terms of
hydrogen bonding strength and the typical number
of residues involved in such interactions35,36,40,41).
As an example of this, IR spectra of specimens
containing aggregated b-sheets typically exhibit a
characteristic component centered around
1609 cmK1.

Analysis of the amide I absorption band of
soluble Hfq by spectral deconvolution and curve-
fitting reveals that the higher-frequency shoulder of
the overall peak arises from such an aggregated
b-sheet component (Figure 2). Quantification of the
secondary structural components (Table 1) shows
that the same overall structure is maintained in the
fibrillar state, leading us to conclude that soluble
Hfq self-assembles into fibres without disruption of
secondary structure. This property is in contrast to
the likely mechanism underlying the formation of
other b-rich polymers (e.g. amyloid fibrils), which
may self-assemble via large conformational changes
in the constituent proteins. Indeed, it has become
clear that a common feature of the assembly
pathways for many b-rich protein fibrils and
aggregates involves conversion of a helical segment
of the monomeric protein into a b-strand that then
helps mediate the self-association of monomers into
a highly ordered, regular structure,42 although
other proteins predisposed to form b-rich fibres



Figure 4. Confirmation of a crystallographically derived model for SmAP fibres. The polymerization of SmAPs into
bundles of well-ordered, unbranched fibres was revealed by negative-stain transmission EMs such as those shown in (a).
White arrows demarcate an individual SmAP fibril, and individual heptamers are visible in the background of the EM
field. Agreement between (b) the averaged power spectra computed from the EM data (c) and from a putative structural
model can be assessed by comparing (b) (observed) and (d) (model). The layer-line spacing is consistent with the model
shown in (c), which in turn is identical with the orthorhombic crystal lattice formed by Mth SmAP1 (1JRI) and illustrated
in (e). Unit cell edges (red) contain eight SmAP1 heptamers, and their head-to-tail stacking is illustrated by the zoomed-
in portion (broken blue line), which is rendered as transparent surfaces in (f).
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may do so via rapid growth from an initial cross-b
spine nucleus.43 Thus, although the intense b band
near 1620–1610 cmK1 is a shared feature of the FTIR
spectra of Hfq fibres and amyloid-like fibrils, the
overall 3D architecture and mode of assembly of
these fibrillar structures is entirely different, and the
b band is an apparently generic feature of the FTIR
spectra of b-rich protein assemblies.

Our finding that hexameric Hfq self-assembles
into higher-order fibrillar structures corroborates
the recent report of well-ordered tubular filaments
formed by SmAP heptamers.27 However, further
investigation of the morphologies of these fibres via
EM and image analysis reveals that the polymeri-
zation properties of Hfq and SmAP result in vastly
different architectures: whereas SmAPs polymerize
into polar tubes (and striated bundles of such
tubes) by head-to-tail stacking of individual homo-
heptamers (Figure 4), helical Hfq fibres hierarchi-
cally assemble from cylindrical slab-like layers that
consist of 36 subunits arranged as a hexamer of Hfq
homo-hexamers (Figure 3). Also, we note that the
packing of hexamers within the lattice of the E. coli
Hfq crystal structure (1HK9, solved in hexagonal
space group P61 with one hexamer per a.u.) results
in tubes of Hfq hexamers that are similar to those
formed in an orthorhombic crystal structure of Mth
SmAP1 heptamers (1JRI), the primary difference
being that Hfq hexamers are not nearly as tilted
with respect to the overall tube axis. Such
large-scale ultrastructural differences between Hfq
fibres and other Sm-like protein assemblies suggest
(but certainly do not establish) significant differ-
ences in any in vivo functions for these polymers. As
would be expected from purely geometric consider-
ations for the packing of ellipsoidal, disc-shaped
objects, most of the inter-oligomeric contacts for
both Hfq and SmAP are mediated by residues that
form the apical faces of these oligomers (Figure 1).
Because such packing in Hfq fibres and SmAP tubes
occludes most of the known functionally relevant
surface patches (e.g. RNA-binding Hfq residues
discussed by Mikulecky et al.26), it is likely that
these Sm polymers do not retain the same biological
activities as their constituent hexamers and hepta-
mers.

Self-association of Sm-like proteins such as Hfq
and SmAPs into cyclic oligomers is an established
property of this protein family and is strongly
linked to the various RNA-related physiological
functions of Sm proteins. The higher-order
assembly of these closed hexamers or heptamers
into extended fibrillar (Hfq) and tubular (SmAP)
ultrastructures now appears to be a generic feature
of these proteins too, although the biological
significance of these polymers is less clear. Lack of
definitive in vivo relevance may explain why the
polymerization of Sm-like proteins has been a
relatively obscure and hitherto overlooked property
of this protein family, but we note that fibre-
formation is reconcilable with several possible
physiological functions (e.g. sequestering mRNAs
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or the store of Hfq itself, creating high local
densities of cognate RNAs, etc.). In this regard, we
also note that: (i) fibre formation in our experiments
is compatible with known intracellular concen-
trations of some Sm-like proteins (e.g. z10–20 mM
hexamer for E. coli Hfq;44); and (ii) polymerization
occurs in the absence of RNA, and is therefore an
intrinsic feature of these proteins (not an RNA-
induced artefact). We have found that higher-order
Hfq oligomers (possibly fibrillar) are capable
of RNA-binding as assayed by electrophoretic
mobility shift assays (EMSA) (unpublished data
and Supplementary Figure 1), so any physiological
roles for Hfq and Sm polymers are probably linked
to their RNA-binding properties in vivo. Also in
connection with putative in vivo functions, it is
known that nucleoid-associated Hfq may influence
DNA packaging by polymerizing onto regions of
DNA rich in A-tracts.5 Finally, we note that Sm-like
proteins are not the sole example of RNA-binding
proteins that polymerize into fibres; similar
biochemical (RNA-binding) and biophysical
(polymerization) properties have been reported
for the HIV Rev protein,45–47 which is thought to
form helical polymers that function in coating viral
nucleic acids. Further elucidation of questions
regarding the in vivo existence of Hfq and Sm
fibres, their potential biological activities, and
mechanistic aspects of their polymerization (e.g.
kinetics, reversibility) will significantly advance our
preliminary state of knowledge about these higher-
order assemblies of Hfq and Sm-like proteins.
Materials and Methods

Unless specified otherwise, all reagents were
purchased from Sigma or Merck-Biochemicals.
Preparation of Hfq and SmAP fibres

E. coli Hfq was over-expressed as described,28 and
purified by affinity chromatography as follows: cells
from post-induction cultures were resuspended in 10 ml
of a buffer containing 20 mM Tris–HCl (pH 7.8), 0.5 M
NaCl, 10% (v/v) glycerol, 0.1% (v/v) Triton X-100, 10 ml
DNase I (10 mg/ml), and a protease inhibitor cocktail
(EDTA-free Complete mini, Roche Diagnostic) at 4 8C.
The suspension was passed through a French press
(1200 bar, 20,000 psi) and lysed cells were cleared by
centrifugation at 15,000g for 30 min. The supernatant was
heated at 80 8C for 15 min, followed by centrifugation at
15,000g for 30 min. Imidazole–HCl (pH 7.8) was added to
a final concentration of 1 mM, and the resulting solution
was applied to a 1 ml Ni2C-NTA column (Qiagen). The
resin was sequentially washed with approximately 15
column volumes of (i) 20 mM Tris–HCl (pH 7.8), 0.3 M
NaCl, 20 mM imidazole, and then (ii) 50 mM sodium
phosphate (pH 6.0), 0.3 M NaCl. The Hfq protein was
then eluted in a buffer containing 20 mM Tris–HCl
(pH 7.8), 0.3 M NaCl, 0.5 M imidazole. Hfq-containing
fractions were dialyzed against poly(A) buffer (50 mM
Tris–HCl (pH 7.5), 1 mM EDTA, 5% (v/v) glycerol)
supplemented with 50 mM NH4Cl. After centrifugation,
the supernatant was applied to a 5 ml poly(A) Sepharose
column (Amersham Biosciences), and the resin was
washed with a poly(A) rinse buffer (poly(A) buffer
C1.0 M NH4Cl); Hfq was eluted in a gradient of the
rinse buffer supplemented with 8.0 M urea. Hfq-contain-
ing fractions were then dialyzed against poly(A) buffer
containing 50 mM NH4Cl and 0.1% (v/v) Triton X-100,
and the protein was stored at 4 8C (typically at 1–2 mg/
ml). Fibrous Hfq was produced by dialysis of protein
samples (at a concentration of z5 mM hexamer) into a
buffer consisting of 5 mM Tris–HCl (pH 8), 5 mM NaCl,
and 0.005% (w/v) dodecyl-b-D-maltoside (buffer HfqIR),
followed by lyophilization and re-suspension in water.

The expression and purification of Methanobacterium
thermautotrophicum strain DH (Mth) SmAP1 also has been
described in detail;27 fibrous Mth SmAP1 was obtained in
the course of preparing 0.5 mg/ml (z9 mM heptamer)
protein samples in 10 mM Tris (pH 7.5), 60 mM NaCl for
electron microscopy on carbon-coated parlodion film.
Hfq was found to be soluble at concentrations of at least
30 mg/ml (0.4 mM hexamer) in most buffers, and,
similarly, Mth SmAP1 could be concentrated to greater
than 50 mg/ml (0.8 mM heptamer) without visible
precipitation. Finally, we note that solution conditions
for Hfq and SmAP fibrogenesis were not optimized in
terms of yield or fibre quality/homogeneity.
Infrared spectroscopy

Fourier transform IR (FTIR) spectra of Hfq were
recorded with a Perkin-Elmer system 2000 infrared
spectrophotometer equipped with a multiple-reflection
attenuated total reflectance (ATR) system. Samples of Hfq
protein that had been dialyzed into buffer HfqIR were
lyophilized and then dissolved in 2H2O (!99.8% purity;
from Euriso-Top CEA) at a protein concentration of
15 mg/ml. An 18 ml sample of the protein solution was
deposited under dry air on the ZnSe crystal of the ATR
device (12 internal reflections) and covered with another
ZnSe plate. Twenty-five scans were typically accumulated
at a nominal resolution of 2 cmK1, and buffer HfqIR
spectra recorded under conditions identical with those of
the protein sample were automatically subtracted. Data
treatment consisted of two-point baseline correction,
Fourier self-deconvolution, and second derivative
calculation, and was performed with the Perkin-Elmer
Spectrum software. Iterative least-squares curve-fittings
of spectral components (modelled as Gaussian line
shapes) were performed using Grams (Galactic Software).
The method used to estimate the secondary structure
content of Hfq was similar to that described,48 in which
the fraction of a particular secondary structural element is
taken as the sum of integrated intensities of the
corresponding Gaussian components (i.e. bands with
maxima falling within the frequency range assigned to
the structural element of interest) divided by the total area
of all bands over the entire frequency range. Absorption
bands were assigned as described by Krimm et al.40 and
Barth & Zscherp.41 In brief, the band centered at
1653 cmK1 is due to the amide I vibrational mode
(essentially the symmetric )C]O/ stretching of
backbone carbonyl amides), while the band centered at
1550 cmK1 is attributed to amide II vibrations (essentially
a deformation mode resulting from a combination of
amide N–H in-plane bending and CKN stretching
motions). The fine structures of both bands are sensitive
to local protein conformation, with the amide I band
being most frequently used in determining protein
secondary structure content.
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Electron microscopy and image analysis

Aliquots of Hfq that had been analyzed by FTIR
spectroscopy in order to confirm the presence of
absorption bands characteristic of aggregated b-sheets
(z1610 cmK1; see Table 1) were diluted 100-fold,
adsorbed to 300-mesh carbon-coated grids, and then
stained with 1% (w/v) uranyl acetate. Samples were
visualized in a Philips CM120 transmission electron
microscope (Philips; Eindhoven, Netherlands) operating
at an accelerating voltage of 120 kV. Twenty images were
recorded at a nominal magnification of 60,000! and
average defocus of K1300 nm by using a 1024 byte Gatan
ssCCD. A total of 122 fibre-containing subimages (each of
256!256 pixels) were windowed from the original 1024!
1024 dataset, and discrete, clearly defined fibrous speci-
mens from each image were masked and registered to a
horizontal reference before computing their Fourier
transforms (FTs). Power spectral images (S(f)) were
calculated from the complex modulus of these trans-
forms, and such images were then rotationally aligned
and classified into groups via an unsupervised self-
organizing mapping algorithm.49 In order to increase
signal intensities of Bragg reflections, an averaged power
spectrum hS(f)i was computed from the power spectra of
87 single images belonging to the major class, as proposed
by Watts et al.45 The helical pitch (P) and inter-subunit
spacing (h) were then calculated from hS(f)i via the
standard theory for diffraction from a helical (one-
dimensional) point lattice.38,50 An improved, averaged
image was computed from sub-images of fibres corre-
sponding to individual major-class images after rotational
and translational alignment, and final helical parameters
were determined from this final image. This averaged
image was also used to estimate a helical radius (r) of
z8.5 nm and a resolution value of 2.3 nm by using a
spectral signal-to-noise criterion.37 All steps of this single-
particle image analysis procedure were performed within
the Xmipp software package.51

Candidate 3D models of Hfq fibres were generated by
positioning the X-ray crystallographic structure of
hexameric E. coli Hfq (PDB code 1HK922) into 3D
locations, which increased the correlation between
power spectra calculated from projection images of the
model (S(f)Model) and the averaged experimentally
observed spectra (hS(f)Obsi). More specifically, positioning
of Hfq hexamers and calculation of synthetic EM
projection images (using the Spider software52) was
followed by filtering of the synthetic images to the
resolution limit computed from the experimental EM
images. Computed power spectra of these filtered images
ðSðf ÞfiltModelÞ were then compared to corresponding experi-
mental spectra (S(f)obs)), and the 3D model was manually
refined by rigid-body transformations of the hexamer
until more optimal agreement was obtained (i.e. mini-
mization of the difference between S(f)obs and Sðf ÞfiltModel
subject to the constraint of consistency with the helical
parameters P, h, and r). This heuristic procedure was
iteratively applied until only minimal model improve-
ment was attained.
† http://pymol.sourceforge.net
Model refinement and analysis

A final stage of model refinement included gross
geometric/stereochemical correction of the crystallo-
graphically derived fibre structure (e.g. de-bumping
atomic clashes), followed by more careful potential
energy minimization to relax Hfq monomers into a
conformation more likely to be adopted in the fibrillar
state. The energy of the model was reduced in vacuo with
respect to the Amber FF03 forcefield (12 Å cut-off for non-
bonded interactions) over the course of O5000 steps of
steepest descent (earlier cycles) and conjugate gradient
(later cycles) minimization in Amber v8.0.53 The starting
structure consisted of three layers of the fibre (corres-
ponding to 6!6!3Z108 independent 1HK9 monomers),
and a final multi-layered fibre model was built by
superimposing the relaxed/minimized middle layer
upon adjacent layers in both directions along the helical
axis (rather than imposing one-dimensional periodic
boundary conditions along the fibre axis). Implicit in this
method is the assumption that only interactions within G1
layer are energetically significant (layers are separated by
O50 Å, so this is likely to be a valid approach).

A 3D model for SmAP fibres was derived by two
approaches: (i) using the quasi-hexagonal packing of Mth
SmAP1 heptamers in the P212121 crystal form described
by Mura et al.,27 and (ii) by applying the same EM and
image analysis-based approach described above for Hfq.
The only difference in the case of SmAP1 was that starting
images used to construct this model were extracted from
the electron micrographs of Mth SmAP1 described by
Mura et al.27 by digitization using a LeafScan 45 linear
CCD scanner with a 25 mm window spacing.

The molecular modelling toolkit54 and Python scripts
were utilized for coordinate transformations and manip-
ulations involving large numbers of subunits (e.g. a single
fibre layer of 36 Hfq monomers), and the programs
Pymol† and VMD55 were utilized along with their
respective Python and Tcl application programming
interfaces in order to compute and analyze the crystal
lattices and intermolecular contact distances used in
creating Figure 1. Pymol was also used to generate all
Figures involving illustrations of protein structures
(i.e. Figures 1, 3 and 4).
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