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ABSTRACT. Hfg is a RNA-binding protein inEscherichia colithat plays an essential role in post-
transcriptional regulation of mMRNAs by facilitating pairing of noncoding RNAs (ncRNAs) to mRNA
target sites. Recent work has provided evidence Ehabli Hfq has two distinct RNA-binding surfaces.

In this study, a comparative sequen&tructure analysis difq genes in bacterial genomes was employed

to identify conserved residues that may be involved in binding RNA. A covariance of residue properties
at neighboring positions 12 and 39 and conserved surface residues with high propensities at binding sites
of RNA-binding proteins suggested several sites for HRINA interactions. On the basis of these
predictions, eight mutant Hfq proteins were produced and their interactions were examined with the 38
nucleotide (nt) domain Il of DsrA ncRNA (Dsi#) and Ais by a gel-mobility shift assay, fluorescence
anisotropy, and fluorescence quenching. Mutations on the proximal surface of Hfg had a small affect on
Hfqg binding to Ajs (<2-fold), while the mutations Y25A and K31A on the distal surface decreased affinity

to Asg by 100-fold in solution. Mutations F39A and R16A on the proximal surface reduced affinity to
DsrAp; by 6—8-fold, while other mutations on the distal or proximal surfaces affected affinity to fAsrA

by <2-fold using the gel-mobility shift assay. The F39A/L12F double mutation partially regained the
affinity for DsrAp; lost by the F39A mutation. The latter observation is consistent with the implied
importance of an aromatic residue at position 12 or 39 suggested by the sequence covariance. Titration
experiments indicate a 2:1 HIRNA stoichiometry for the strong binding complexes of Hfq with either

Aig or DsrAp and suggests that RNA-induced dimer formation of Hisg a common feature of
Hfg—RNA interactions.

Hfq is a highly conserved and abundant RNA-binding  Sequence and structure analysis has shown that Hfq is a
protein in bacteria. It was originally discovered as an host member of Sm protein familys( 6, 8, 20, 21). This family
factor in Escherichia coli(also called HF-I) required for  of proteins includes the Sm and Sm-like (LSm) proteins
bacteriophage QRNA replication (, 2). Later, it was shown  found in eukaryotes and archea. Eukaryotic Sm proteins are
to be a global regulator of bacterial metabolism because dis-involved in a variety of RNA-processing events including
ruption of thehfq gene causes a pleiotropic phenotye ( pre-mRNA splicing 22), telomere replication 23), and
The broad impact of the protein appears to stem from its MRNA degradation Z4). Members of this protein family
role in regulating the stability and/or translation of MRNAs share a highly conserved Sm motif that dictates a common
from a number of genes that respond to environmental stressolding domain, enabling Sm proteins to assemble into a
(4, 5). Many regulatory noncoding RNAs, such as DsrA, donut-like heptamer25, 26). Structural studies show that
OxyS, RprA, and Spot 42, require Hfg as an essential com- Hfg also forms a donut-like oligomer but with six rather than
ponent in their regulation of MRNA translatio6-9). The seven subunitst( 27—29).
functional interactions between these small RNAs and their  Crystal structures of complexes formed by Si@aphylo-
target mRNA sites are greatly decreased in the absence oftoccus aureusifq andArchaeoglobus fulgidusSm proteins
Hfq, suggesting a cooperative interaction between Hfqg, the with 5—7 nucleotide (n) U-rich oligonucleotides reveal that
mMRNA site, and the ncRNA1Q, 11). One mRNA that is these two proteins share similar features in binding to this
regulated by several ncRNAs in conjunction with Hfq is the sequenceZ7, 30). In both cases, the RNA molecules are
rpoS mRNA (6, 7, 9, 12—15). This mRNA encodes the bound to one side of the protein (proximal surface, Figure
stationary phase factor o° of RNA polymerase. Hfg has  2) in a circular path near the central cavity. Most of the
also been shown to affect the in vivo stability and post-trans- oligonucleotide bases stack adjacent to the periodically

criptional expression of mMRNAs from tleenpA mutS miaA repeated side chain of a residue located in loop 3 of
andhfggenes 4, 16). Hfq is also involved in regulating the  neighboring subunits (Tyr at position 42 in Hfg and His at
addition of poly(A) tails onto mMRNAs1(7—19). position 37 in LSm). A short U-rich segment (PUAYGPuU)

: - - is a common sequence within RNAs bound by Sm proteins
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a number of RNAs bound b¥. coli Hfq such as DsrA,
Spot42, RydC, and the RpoS mRNA target regisrg( 10,

Sun and Wartell

Mutations F39A and R16A on the proximal surface
reduced Hfq affinity to Dsrg, by 6—8-fold using the gel-

32, 33). These observations suggest that an unpaired U-richmobility shift assay, while other mutations on the proximal

stretch, 4-6 nt long, is part of a RNA motif bound by Hfq.

While some structural details of HfeRNA binding have
been revealed and multiple functional roles for Hfq in

and distal surfaces affected the appakenby <2-fold. Hfq
with a F39A/L12F double mutation partially regained the
affinity for DsrAp; lost by the F39A mutation. The latter

molecular mechanisms governing its functions remain un-

clear. Evidence indicates that Hfg can act as a RNA
chaperone and modulate the RNA structi@4) (Studies also
show that Hfg may act as a “matchmaker” to facilitate
RNA—RNA complex formation 10, 11, 35) or polyadeny-
lation of MRNAs (7). How Hfq recognizes its RNA targets,
the surface patches involved in binding RNA, and the
stoichiometry of Hfg-RNA complexes is not well-under-
stood.

A recent study by Mikulecky et al. suggested tRatcoli
Hfg has distinct interaction surfaces for DsrA and poly(A)
sequences3p). Mutant Hfgq proteins were generated with

aromatic group at this site based on the covariance observed
at these two positions ihfq genes. Differences in affinity
between wild-type (wt) and mutant Hfq for Dssf\ were

not, however, detected using fluorescence anisotropy.

MATERIALS AND METHODS

Sequence Analysis and Structural ModeliBgQAST (38)
searches were carried out against the Microbial Genome
database at NCBI (http://www.ncbi.nlm.nih.gov/cig-bin/
Entrez/genome_table_cgi), usiig coli Hfq or A. fulgidus
Sm-1 sequences as the query. The multiple alignments were
constructed by CLUSTAL W 39) using the output of

single-site changes on the proximal surface near the centraBLAST searches. Mapping the location of residues onto the

cavity, on the proximal surface at a larger radius from the

E. coliHfqg surface employed the crystal structure determined

central cavity, and on the distal surface. Mutations changing by Sauter et al.Z8).

Tyr at position 25 and lle at position 30 on the distal surface

decreased Hfq binding toAby about 10-fold using a gel-

shift assay, but they had little affect on binding to DsrA.
Two cavity mutants (Y55A and K56A) showed decreased
binding to DsrA. Several other mutations on the proximal
surface (e.g., F42A, Q8A, and Q41A) did not have a

Purification and Characterization of wt and Mutant Hfg.
The Impact-CN intein system (New England Biolabs, Bev-
erly, MA) was used to purify Hfg proteins. THe. coli hfg
gene was amplified by PCR using oligonucleotides EC-N
(5-GGTGGTTGCTTCCAACATGGCTAAGGGGCAAT-
CTTTACAAGATC-3') and EC-C (6TTATTCGGTTTCT-

significant effect on Hfg binding to DsrA using a gel-shift TCGCTGTCCTGTT-3 as primers ané. coli chromosomal
assay. Because the U-rich stretch of DsrA is protected from pna as the template. PCR products were digested &

nucleases b¥. coli Hfq binding and studies witB. aureus
Hfg andE. coli Hfq imply that a U-rich segment binds to

and cloned into é&5apg—Smad digested pTYB11 plasmid.
Protein purification was carried out according to the recom-

the proximal surface, other contacts between DsrA and the nandation of the manufacturer using strain ER2566. The

E. coli Hfg proximal surface may exist.
To identify potential RNA-binding sites on Hfg, a com-

lysis/iwash buffer that was used contained 20 mM Tris (pH
8.3) ard 1 M NaCl. Triton X100 was added at 0.1%. The

parative sequence and structure analysis of over 300 bacteriathitin column was extensively washed with this buffer prior
hfg genes was carried out. Residues with a high propensityto incubation of the column with this buffer plus 40 mMm

at proteinr-RNA binding sites that were highly conserved

dithiothreotol. The eluted protein was concentrated and

and mapped onto the Hfq surface were determined. Thebuffer-exchanged to 0.5 M NaCl and 20 mM Tris at pH 8.3
influence of several of these residues on RNA binding was using centrifugation filtration units.

examined by generating eight mutant Hfg proteins and
characterizing their interactions with two target RNAs: the
38 nt domain Il of DsrA (DsrA,) shown to bind Hfq 83)
and Ais. The gel-mobility shift assay, fluorescence anisot-
ropy, and fluorescence quenching were employed.

Under conditions in which Hfq is a hexamer in solution,
titration experiments indicated that Hfq binds to Dgjor
Aiswith a 2:1 Hfg/RNA stoichiometry. This stoichiometry

Plasmids containing mutartifq genes were generated
using the QuikChange Mutagenesis Kit from Stratagene
according to the instructions of the manufacturer. The
mutations F39A, F42A, F39A/F42A, F39A/L12F, QB8A,
R16A, Y25A, and K31A were produced in thég gene using
the following oligonucleotides: F39A,'B5GGCAAAT-
CGAGTCTGCTGATCAGTTCGTGATCCTGTTG-3 and
5'-CAACAGGATCACGAACTGATCAGCAGACTCGAT

is the same as that previously noted for the strong binding TTGCCC-3; F42A, 3-CGAGTCTTTTGATCAGGCCGT-
complex with the complete 87 nt DsrA and a 140 nt segment GATCCTGTTGAAAAACACGG-3 and 3-CCGTGTTT-

of the RpoS mRNA 10). These results suggest a common
feature of Hfq binding to RNA. Mutations on the proximal
surface of Hfg had a small influence on Hfqg binding tgsA
(=2-fold), while two mutations on the distal surface Y25A
and K31A decreased affinity to.Aby approximately 100-
fold in solution. This result confirms that the distal surface
is specific for polyA binding 86) and shows that Lys at
position 31 is an important element in this binding specificity.
Mutations on this patch of the distal surface may influence
the function of Hfq in regulating polyA addition to mMRNAs

(37).

TTCAACAGGATCACGGCCTGATCAAAAGACTCG-
3; F39A/F42A, 3-CGAGTCTGCTGATCAGGCCGTGATC-
CTGTTGAAAAACAC-3" and 3-GTGTTTTTCAACAG-
GATCACGGCCTGATCAGCAGACTCG-3 L12F/F39A,
5'-CAATCTTTACAAGATCCGTTCTTCAACG-
CACTGCGTCGGG-3 and 3-CCCGACGCAGTGCGTT-
GAAGAACGGATCTTGTAAAGATTG-3; Q8A, 5-GGC-
TAAGGGGCAATC TTTAGCAGATCCGTTCCTGAACG-
C-3 and 3-GCGTTCAGGAACGGATCTGCTAAAGAT-
TGCCCCTTAGCC-3 R16A, 3-5CCTGAACGCACTG-
GCTCGGGAACGTGTTCC-3and 3-GGAACACGTTC-
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CCGAGCCAGTGCGTTCAGG-3 Y25A, 5-GAACGT- modes of 473 and 520 nm, respectively. Band intensities
GTTCCAGTTTCTATTGCTTTGGTGAATGGTA- were evaluated using Alphalmager 950 software. Gel-
TTAAGCTG-3 and 3-CAGCTTAATACCATTCACCA- mobility shift experiments were also carried out wittP
AAGCAATAGAAACTGGAACACGTTC-3'; and K31A, 5'-end-labeled Dsrdy. The DsrA, molecule was 5end-
5'-TTTATTTGGTGAATGGTATTGCGCTGCAA- labeled using®P-ATP and T4 polynucleotide kinase and
GGGCAAATCGAGTC-3 and B-TTTATTTGGTGAATG- purified from the ATP using a Bio-Spin P-30 column (Bio-
GTATTGCGCTGCAAGGGCAAATCGAGTC-3 Plasmid Rad, Inc.). The concentration of the purified RNA was
constructs were verified by DNA sequencing. The same determined by comparing its band intensity with the labeled
procedure used to purify wt Hfg was used to purify the unpurified RNA of a known concentration.

mutant proteins. Fluorescence MeasuremenBuorescence measurements
All proteins showed the 11 kD monomer band by sodium were performed on an ISS spectrofluorimeter. The solution
dodecyl sulfate-polyacrylamide gel electrophoresis (SBS  that was employed contained 20 mM Tris (pH 8.3) and 0.5
PAGE) with purity estimated to be95% from Commassie M NaCl. Emission spectra of the intrinsic fluorescence of
blue staining. A faint band at 66 kD was occasionally Hfq proteins because of its tyrosines were scanned from 290
observed. It has been attributed to incomplete denaturationto 3900 nm with excitation at 277 nm. Fluorescence quenching
of the hexamer prior to loading the gel lané0). Silver experiments were carried out with Q. of wt or mutant
staining showed no other bands. Analytical sedimentation Hfq at 54M (in hexamer) and serially adding:& aliquots
velocity Centrifugation showed that qu exists as a hexamer of 10uM (unlabeled) Ag until saturation of quenching was
species £97%) in 0.5 M NaCl and 20 mM Tris (pH 8.3)  reached. The observed intensities at 305 nm were corrected
(Correia, J., Sun, X., and Wartell, R. M., unpublished data). for the loss of signal because of dilution Rt is the corrected
This solvent was used in the RNA-binding studies described fluorescence of the free protein aRds the Signa| when an
below. Ultraviolet (UV) absorbance at 276 nm of qu in amount of Asg is added, the percent quenchin@' is
5.5 M guanidinium hydrochloride and agueous solution was expressed a® = (F° — F)/F°. The possibility of the inner-
used to determine molar concentratioA$, @2). Extinction  filter effect disturbing the measurement was examined by
coefficients of 3850 M* cm™* at 280 nm or 4250 M* cm™* adding aliquots of As to a tyrosine solution with similar
at 276 nm were employed for all Hfq proteins except Hfd- fluorescence intensity as the Hfq solution. No change in the
Y25A. For Hfg-Y25A, the extinction coefficient employed  tyrosine emission intensity was observed. The titration of

was 2833 M* cm* at 276 nm. For some Hfq preparations, Hfq with a DNA oligomer also gave no significant quenching
a DEAE column was employed to remove contaminating (<59).

260 nm absorbing mlatena-ﬂg). L Fluorescence anisotropy measurements were carried out
UV spectra were also used to assess RNA contamination.; room temperature (25C) in the 20 mM Tris (pH 8.3)

Pure Hfq was assumed to have a spectrum predicted,y g 5\ NaCl solvent. The L format was employed with
empirically from the composition of its amino acids and the excitation monochromator at 490 nm and emission

studies with grev;)ous proteind). The R'\llA fconéamitrjlant monochromator at 517 nm. Anisotropy values were obtained
we}s assumed to besA Ulsmg ﬁxperlmenta Hiq absorbance 4y, the average of 10 iterations, using an integration time
values at pairs of wavelengths from 255 to 280 nm, & tWo- ¢ 1 5 for each measurement. Slits (2 mm) were employed

component analysis gave-6% RNA. Because a similar 15 m\m pandwidth). The wt and mutant Hfg proteins were
analysis of the UV spectrum of ribonuclease A gave similar serially titrated ind a 3 mLcuvette that contained 2 mL of

results, RNA contamination appeared minimal. CD spectra 5 FAM—A 5 0r 5 nM of B-OG-514-labeled Dsry,. The

from 200 to 300 nm were similar for the Hfq proteins and 5| fiyorescent intensity and emission spectra gfshowed

consistent with a previous spectrusg(. = no significant change with Hfq binding after accounting for
RNA Oligonucleotides and Gel-Mobility Shift ASSRINAS the dilution. The Dsrf,; molecule showed a-35% decrease

were purchased commercially and purified by HPLC. The j, intensity in addition to the dilution effect after adding 600
gel-mobility shift experiment and fluorescence anisotropy Hfq.

piperments e i Sarbonioresten (o™ Analysis of Furescence Anisoropy Daio mocels
UUUUUAAGUGCUUCUUGCUUAAGCAAGUUUC) with were gmployed in the analysis of the equilibrium binding of
Oregon Green-514 (OG-514) linked to its &nd. RNA Hfg with the RNA molecules. One model assumed a 1:1
concentrations were determined by absorbance readings a omplex forms bet_w_een a Hiq hexamer and_ RNA mc_JIecuIe.
260 and 494 nm. For some gel-mobility shift assaysylL0 n equation (_1e_scr|b|ng the fluorescence anisotropy in terms
of FAM—A or OG-514-DsrAp; was mixed with the of the dissociation constafy and other parameters of the
indicated amounts of wt or mutant Hfg proteins to give a experiment can be derived4) and is given by eq 1

total volume of 20uL in a binding buffer of 20 mM Tris ) 1

(pH 8.3) and 0.5 M NaCl. The Dsi was heated for 3 A=A+ (A~ ANB — [ —4RPI7}2R (1)

min at 85°C and quick-cooled on ice for 10 min prior to

mixing with the proteins. Reactions were incubated at 25 whereff = R + P; + Kq. A is the measured anisotropy of
°C for 10 min, whereupon 2L of loading buffer (0.25% the fluorescent RNA during the titratiod; and A, are the
bromophenol blue, 0.25% xylene cyanol FF, and 40% anisotropy of the free and bound RNA, respectively; and
glycerol) was added. Samples were run on a 6% PAG in R andP; are the total concentrations of RNA and the Hfq
0.5x TBE with 4% glycerol at room temperature at 120 V. hexamer, respectively. A nonlinear least-squares fit of the
After electrophoresis, the gel was scanned using a Fuijifilm equation to the data was made fitting the paramefgrs
Image Reader FLA-3000 using the excitation and emission and K.
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The second model assumed that the Hfg hexamer bindshigh propensities at RNA-binding sites, we note that Phe or
RNA in a two-step reaction. The binding reaction is described Tyr at positions 11, 25, 39, 42, and 55 and Lys or Arg at
by a dissociation constait; for binding one Hfg hexamer 3, 16, 17, 31, 47, and 56 are highly conserved. Figure 2
to RNA and a dissociation constamt, for binding a shows the exposure of these residues on the proximal and
subsequent Hfq hexamer distal surfaces oE. coli Hfq as well as the edge-on or side

] view of the structure. Residues in only one of the six sub-

R+ P=RP withK, = (R)(P)/(RP) (2a)  units are labeled for clarity in parts A and B of Figure 2,

and residues in only one of the six subunits are shown in

RP+ P=RP,with K, = (RP)(P)/(RB)  (2b) Figure 2C.

) ) Phe 11 is located near the outer rim of the structure. It is

Data were fit to the second model using BIOEQS, (46). not visible when viewing the proximal or distal surfaces but
This numerical algorithm performs a least-squares fit to the g exposed in the side view. Lys 47 is also at the outer rim
anisotropy data with the parameters corresponding to theof the structure, and its side-chain atoms in subunit B are

sta}ndard state free energies relatedKioand K, and the ~10 A from the side-chain atoms of Phell in subunit A
anisotropies of the free RNA, the 1:1 complex, and the 2:1 (Figure 2C). This Phel1-Lys47 pair is reminiscent of the
complex. In general, the anisotropy of the free RNA was pne and Lys pairs on the outer rim of TRAP protein subunits

fixed to the experimental value, and the remaining four that interact with RNA base&(). Viewed from the proximal

parameters fit to the data. surface, Phe42, Tyr55, and Lys56 cluster near the cavity and
RESULTS Phe39, Lys16, and Lys17 form a radial-oriented patch near

the outer part of this surface (Figure 2A). Lys3, which was

SequenceStructure Analysisldentifying Potential RNA-  not visualized in the crystal structure Bf coli Hfg (28),
Binding Sites in Hfg Protein$revious work has shown that  extends from the proximal surface. Tyr25 and Lys31 are
RNA-binding proteins divide into two main classes based adjacent to each other on the distal surface.
on their mode of RNA recognitiond). Groove binding Evidence that several of these residues are involved in Hfg
proteins were designated as class | and position a secondarybinding to RNA is indicated from previous work. The crystal
structure element such as arhelix or a loop into a groove  structure ofS. aureusHfq and AUsG shows residues at or
of an RNA helix. 3-Sheet-binding proteins, designated as adjacent to positions corresponding to 42, 55, and 56
class I, utilize 3-sheet surfaces to create binding pockets interacting with this RNA. Mikulecky et al.36) showed that
that bind unpaired RNA bases. Hfq iggassheet-rich protein  althoughE. coli Hfg binds much more weakly to A& (Kqg
(a a helix followed by five 8 strands), suggesting that its ~ 2 uM) thanS. aureudHfq [Kq ~ 50 nM (27)], the Y55A
RNA-binding sites have characteristics of class Il RNA- and K56A mutant forms oE. coli Hfg each reduce affinity
binding proteins. This form of binding was observed in the to this RNA by about 10-fold. We note however that the
crystal structure of the ALG oligomer with theS. aureus mutation F42A inE. coli Hfq did not significantly affect
Hfq (27). Statistical analysis of 32 proteirRNA complexes Hfg binding to AWLG or DsrA (36). Substitution of Lys3
indicates that RNA-binding proteins have a preference for with several residues disrupted the Hfqg function jfi RNA
contacting guanine and uracil and that the residues lysine,virus replication $1). On the distal surface d&. coli Hfq,
tyrosine, phenylalanine, isoleucine, and arginine have the mutations at Tyr25 and nearby 1le30 reduced Hfq affinity
highest propensities at RNA-binding sitess). to Az7, implicating this surface in polyA binding36).

Using the above observations as guidelines, we soughtto Covariance of Residue Properties at Spatially Adjacent
identify potential RNA-binding sites oE. coli Hfq by Positions It was noted during the alignment of Hfqg
determining surface locations containing residues with high sequences that approximately 4% of the Hfg sequences did
propensities at RNA-binding sites (i.e., Lys, Phe, Tyr, and not have a Phe or Tyr at position 39. Figure 1B lists four of
Arg) and that are highly conserved among bacterial Hfg the bacterial sequences with this property. In each case, a
proteins. Inherent in this analysis are the assumptions thatsmaller side chain replaced the aromatic residue expected at
Hfg binds RNA using its hexamer surfaces, the structures position 39 and, simultaneously, Tyr replaced the highly
of different Hfg are very similar, and the RNA-binding sites conserved Leu at position 12. These two positions, 12 and
of different Hfq proteins are at the same locations. A multiple 39, are adjacent to each other in the Hfq structure at the
alignment of Hfq sequences was built based on a search ofsame radial distance from the center of the hexamer (Figure
over 300 completed or partially completed eubacterial 2). A covariance of side-chain properties appears to be
genomes available at the NCBI database using BLAST. Theneeded at these highly conserved positions. This observation
core of theE. coli Hfq sequence (from residues-72) was supports the notion that an aromatic residue at or near
used as the query sequence. More than half of the bacteriajposition 39 is important for the Hfg function.
genomes contain at least one gene that is readily identified One Hfg sequence listed in Figure 1B is from the archeal
as Hfqg. Figure 1A shows the alignment of Hfg sequences speciesMethanococcus jannaschirhis is the only archeal
from amino acid positions-167 for a limited number of  species found to date to contain lafgy gene while missing
microbial genomes separated into bacterial groups by phy-Sm genesZ8). A phylogenetic analysis shows that this
logenetic analysis4Q). In a few bacterial species, two or jannaschii gene belongs to a single phylic clade in the
three distinct copies of Hfq were found. They are designated evolutionary tree of Hfg, separated from other bacterial
in Figure 1 by letters A, B, and C. species (data not shown). Thus, there is no evidence for

As has been previously noted,(49), a number of lateral gene transfer from bacteria. Results described in the
positions have strikingly conserved residues or residues with Appendix indicate that a single aromatic group at the surface
similar chemical properties. Focusing on amino acids with patch of residues 39 and 12 in Hfq finds a close counterpart
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A. o LI Bl L2 B2 L3 P3 L4 P4 L5 PS5

e 2 EEEE———  EE——
VILLENT-VSQMVYKHAISTVVPSR-

S.enterica
E.coli MAKGQSL VILLKNT-VSQMVYKHAISTVVPSR-
K.pneumoniae MAKGQSL VILLENT-VSQMVYKHAISTVVPSR-
Y.pestis VILLKNT-VSQMVYKHAISTVVPSR-
S.flexineri VILLKNT-VSQMVYKHATISTVVPSR-
A.vinelandii VILLENT-VSQMVYKHAISTVVPSR-
S.oneidensis VILLKNT-VSQMVYKHAISTVVPAR-
I.loihiensis MAKGQTLE VVLLKNT-VSQMVYKHATISTVVPAR-
P.aeruginosa ILLKNT-VSQMVYKHAISTVVPSR-
¥ .fastadiosa LLRNT-VSQMVYKHAISTVVPAR-
* *
B.mallei A VVLLRNT-VTQMVYKHAISTVVPAR-
B.pertussis VVLLRNT-VTQMVYKHAISTVVPAR-
R.metaliduranA MSNKGQLL VVLLRNT-VTQMVYKHATISTVVPAR-
R.gelatinosus MSNKGQLL®DPFLNLLEKEHVPVSI VVLLRNT-VTQMVYKHAISTVVPGR-
Polaromonas ( VVLLENT-VTQMVYKHATISTIVPGR-
N.europaea VVLLEKNS-VTQMVYKHAISTIVPAK-
N.meningitis LVNGILQGQVES VVLLRNTSVTQMVYKHAISTIVPAR-
* *
B.henselae KQKISLTIBLVNGVIRLTGIVTSIEDNECVLLRRDGHAQLVYKHAISTIMPGQ -
S.meliloti KQKISLTIBLINGVISLTGVVTSIGDNECVLLRRDGHSQLVYKHATISTIMPGQ -
A.tumefaciens KQKISLTIBLINGVIRLTGVVTSDNECVLLRRDGHSQLVYKHAISTIMPGQ-
M.magnetacticum --RAQNLODTFLN KNKIPLTIBLVNGVILQGVVIWEIDNECVLLRRDGHSQLVYKHAISTIMPGH -
C.crescentus KSKTPLTIBLVNGVIMLOGVVSWIDNECVLLRRDGOSQLVYKHATISTIMPAQ-
S.pomeroyi KTKVPVTIBLINGVIMLOGVITWEDNECVLLRRDGOSQLVYKHAISTIMPAQ-
N.aromaticivorans-KGONLEDLFLNHLEKNKIPVTMELVKGVISLOQGIVTWIEDNESILLRRDGOSQLVYKHATISTIMPGQ -
* * *
B.anthracis A  MKQSINIEDQFLNQLEKENTFVTLILLNGFELRGLIKGEDNETVLLETEGKQQLIYKHAISTFVPQK-
B.halodurans MKSSVNI@, LLNGFOLRGLVKGIZDNETVILETEGKQQLVYKHATISTFAPQR -
L. innocua MKQGGQGLODYYLNQLIEIKEKI LATVIALTNGFOLRGRVVSEDNE TVLLDVEGKQQLVFKHATISTFSPQK -
L.monocytogene MKQGGQGLEDYYLNQLEKEKILATVEALTNGFELRGRVVSEHDNETVLLDVEGKQQLVFKHATISTFSPQK-
B.subtilis MKPINI®DQFLNQIKKENTYVTVIALLNGFELRGOVKGIIDNETVLLESEGKQQLIYKHATISTFAPQK-
O.iheyensis MAQSVNI®DQYLNQLIKNHISVTVIALTNGF@LRGLV DNETVLLETDGKQQLIFKHAISTFSPVK-
C.perfringens MNKSINNL@DIFLNN. LVNGVELKGIVKGIEDSETVVLDSDGKQQLVYKHATISTVSPAK-
S.aureus MIANENI®DKALENFIYA FLNGF@MKGVIEEMDKY VVSLNSQGKQHLIYKHAISTYTVET -
B. * * *
B.anthracis B MYLEHLQDELMKQIKEEKGIVTIFLKSGVRIVGEIVAIDKETVLMLVDGKQQLIYKQAISTIMKZ
B.thuringiensis MYLEHLQEELMKQIKEEKGIVTIFLKSGVRIVGEIVAIDKETVLMLVDGKQQLIYKQAVSTIMK
B.anthracis C MHTQED KLIEEQRLVTIFLINGVRVPGIIIAVDKESVLVSSHGKQQFIYKHAISTVSL
B. cereus C MHTQEDFMKKLIEEQRLVTIFLINGVRVPGIIIAVDKESVLVSSNGKQQFLYKQAISTVSL
B. cereus B ----YLEHLQEELMKQIKEEKGIVTIFLKSGVRIVGEVVAIDKETVLMLVDGKQQLIYKQAVSTIMK
M.jannaschii IPNFEMARRLNGKK-VKIFLRNGEVLDAEVTGVSNYEIMVKVGDRNLLVFKHAIDYIEY - -
T SO DU S BT ST DU SO B S DR
10 20 30 40 50 60

Ficure 1: Multiple alignment of 38 representative bacterial Hfg coding regions. Residues from 1 to 67 are shown for most proteins. The
location of secondary-structure elements of Hfg proteins are shown as lines above the sequendedix; L, loop; andg, § strand. (A)

Hfg sequences are grouped according to bacterial clades. If a genome of a species has several distinct copitsgefntheeach is
designated with letters A, B, etc. Residues shown as black or white letters with a colored background are conserved surface-exposed
residues identified as potential RNA-binding sites. (B) Hfg sequences with a covariant switch of aromatic/aliphatic residues at positions 12
and 39.

in the structurally similar Sm proteins and covariance at the Ais. Domain Il of DsrA competes with the intact DsrA and
adjacent positions is also observed. contains the U-rich region implicated in HfdPsrA binding
Effect of Hfq Mutations on RNA BindinGuided by the (33). It is missing RNA regions that increase affinity for wt
above analysis, we examined the effect of several Hfq surfaceHfd. This smaller RNA may be more sensitive to specific
residues on RNA binding. Eight mutalt coli Hfq proteins ~ mutations at the sites where it binds,sAepresents the'3
were constructed and expressed as described in the Materialterminal segment of several mMRNAs known to be regulated
and Methods. Six of the mutant proteins, designated Hfg- by Hfq (17, 18).
Q8A, Hfg-R16A, Hfg-F39A, Hfg-F42A, Hfq-F39A/F42A, Gel-Mobility Shift Assay of HfgRNA BindingFigure 3A
and Hfg-L12F/F39A, are on the proximal face of the shows gel-shift experiments of wt Hfq and several mutant
hexamer. Two mutant proteins, Hfg-Y25A and Hfg-K31A, Hfq proteins with As. The wt Hfg, Hfg-F39A, and Hfg-
are located in the distal face. The two RNA targets employed F42A show similar behavior. Increasing amounts of protein
were DsrAy (domain Il of DsrA, nucleotides 2360, and initially shifts Ajgto a low mobility complex (§) and then
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Proximal

Ficure 2: Proximal, distal, and edge-on surface views of Ehe
coli Hfg structure 28). Color-coded and labeled residues are
potential RNA-binding sites from sequencgtructure analysis. K3

is not observed in the crystal structure, but its approximate position
in one subunit is indicated in the edge-on view.

to the complex labeled £LGel-shift experiments of the other
mutant Hfg proteins were similar to wt Hfq with two
exceptions. Hfg-K31A (bottom panel of Figure 3A) showed
only a small decrease in intensity of the fregs Band with
increasing Hfq and no well-defined complex bands. A similar
result was obtained with Hfg-Y25A (not shown). Both Tyr25

Sun and Wartell

observed between wt Hfg and the complete DstB)(The
second panel of Figure 4A indicates that Hfg-F39A has a
lower affinity for DsrAp . Intensity of the unbound Dsih
band was observed at protein concentrations where no free
DsrAp; bands were detected for wt Hfg. Additionally, the
bands at the position of the complexes were more diffuse,
indicating that complexes of Hfg-F39A and DsiAdissoci-

ate more readily in the gel. The third panel shows results
with Hfg-R16A, which were similar to Hfg-F39A. The
bottom panel of Figure 4A shows the gel-shift experiment
of Hfg-L12F/F39A binding to Dsrg,. The relative amount

of the free DsrA, band decreased more rapidly with
additions of Hfg-L12F/F39A than with equal amounts of
Hfg-F39A. This double mutation partially restored the
binding defect caused by F39A.

Figure 4B displays the fraction of bound DsfAas a
function of the Hfg concentration assessed from the change
in intensity of free DsrA, bands. The concentration at which
Fg = 0.5 (Fos) for wt Hfq was 470 nM. Most mutant Hfqg
proteins had aFgs value between 550 nM and AM;
however, for Hfg-R16A, the value was 2uM, while the
midpoint for Hfg-F39A and Hfq-F39A/F42A was 3;8M.

The 6-8-fold increase in the apparei§ for Hfg-R16A and
Hfg-F39A compared to wt Hfg suggests that these sites
interact with DsrAy;. The observation that the double-mutant
Hfg-L12F/F39A increased the affinity for DsgA relative

to Hfg-F39A supports the notion suggested from the bioin-
formatics analysis that an aromatic group at this location is
functionally important.

Gel-shift experiments using fluorescent-labeled Dgrat
100 nM produced better defined, ®ands, but the results
were otherwise qualitatively similar to Figure 4 (data not
shown). Figure 5 shows results from a gel-shift assay carried
out with 1uM DsrAp; and wt Hfg. The @ complex reached

and Lys31 are situated on the distal face of the hexamera maximum intensity at a molar ratio of 2:1 HfQsrAp
structure (Figure 2B). Tyr25 and the adjacent lle30 have beenand was constant until M Hfqe before its intensity

previously identified to be important for binding,A(36).
The results confirm the importance of Tyr25 in binding

decreased in conjunction with the increased intensity of
slower mobility complexes. A similar saturating ratio of 2:1

oligoA and demonstrate that Lys31 is also needed to interactwas observed by Lease and Woodsag) (for the strong
with polyA sequences. Figure 3B summarizes the change inbinding complex formed by wt Higand the complete DsrA

the fraction of Agin the free Ag band as a function of the
Hfq concentration for the wt and eight mutant Hfq proteins
examined.

The experiments conducted in Figure 3 employed the
fluorescent FAM-A15 and used a total RNA concentration
of 250 nM. Because this is well above the estimatgaf
the wt Hfg—A15 complex measured from a gel-shift assay
(36) and fluorescence anisotropy (results below), it should
reflect stoichiometric binding. The titration ofAwith wt
Hfg saturated the Ccomplex at a ratio of HfgAs of
approximately 2:1 (Figure 3A). Although an accurate evalu-
ation of this ratio was not established from the gel data, two

at high concentrations.

Fluorescence Anisotropy Measurements of -HRINA
Binding. Fluorescence anisotropy was employed to analyze
the binding affinity of the wt and mutant Hfg proteins with
the RNAs. Figure 6A shows the anisotropy change for 2 nM
Ajswith an increasing concentration of wt Hfq. The dashed
line shows the nonlinear least-squares fit of a 1:1 model of
Hfq binding to Aig to the data. The inability of this model
to accurately fit the data indicates a more complex binding
interaction.

The numerically based equilibrium binding algorithm,
BIOEQS, was employed to analyze the anisotropy data using

independent approaches described below are consistent witta model in which the RNA can bind one Hfcand

a 2:1 ratio for Hfq hexamer/y in the strong binding
complex.

Figure 4A shows gel-mobility shift experiments of wt and
several mutant Hfq proteins to DssA Radioactively labeled
DsrAp; was used in these experimentsaa& nM concentra-
tion. The wt Hfq initially shifts unbound Dsr#\ to a low
mobility complex (G) and then shifts the RNA to lower
mobility complexes with increasing amounts of Hfg. The
observation of several gel-mobility complexes was previously

subsequently a second Hfdrhe solid line in Figure 6A
shows the least-squares fit of this model to the data. The
quality of the fit is considerably improved with)& of 1.3.

The free energies evaluated correspond to dissociation
constants for binding the first and second kéd 10.1 and

4.7 nM, respectively. Confidence limit testing of the recov-
ered free energies gave deep quadratic well-like plotg of
versus free energy, with minimums at both evaluated free
energies.



Hfqg Interactions with RNA Biochemistry, Vol. 45, No. 15, 20061881

- 200 nM 2uM Hexameric Hfg ia
WT ' 44— (; ]
W -G —e— %l
Qe F30A s/ /7
w 08 |-—¥—— F42A /i /B
= —-—7-— - F30A/F42A ; .
< — —= —  L12F/F39A I s/ % /
S —.—O—.— QBA /i | i
g 0s{ [——&— RieA il
—0—— K31A L il
= S * 1Y Y i / /
ﬁ :
S 0.4 -
—— 2
< \ls “5
e
F39A "' <+« C, L 02
o «
0.0 -
0 0.2 04 06 08 1.0 2.0
[Hfq hexamer] (uM)
—— <« A
F42A : + C;
--..U“"*“
et —— <4 A
K31A
S ————————— |\

Ficure 3: (A) Binding of wt and three mutant Hfq to A by the gel-shift assay. Concentration of Hfq from left to right in nanomolars
hexamer: 0, 200, 400, 600, 800, 1000, 1200, 1400, 1600, and 2000. (B) Fractigglmiuhd as a function of the Hfq concentration for
wt and eight mutant Hfq.

Figure 6B shows the results of anisotropy experiments for A rough estimate oKy based on a 1:1 binding model gave
two of the mutant Hfq proteins, Hfg-F39A and Hfg-K31A. Ky = 1.3uM for these two single-site mutations, indicating
As expected from the gel-shift experiments, Hfg-F39A binds a ~100x decrease in affinity.

Ajg similarly to wt Hfg, while Hfg-K31A shows very weak Figure 7 shows the results of fluorescence anisotropy
binding. Table 1 summarizes equilibrium dissociation con- experiments of wt Hfg binding to Dsi#. The fluorescence
stants evaluated from the analyses of the anisotropy mea-anisotropy reached a plateau betwee00 nM and 1..uM
surements. In all cases, except for Hfg-K31A and Hfg-Y25A, Hfge and then increased slightly to another plateau with
the two-step binding model was needed to produce a goodadditions of Hfg above 1.1uM. The overall anisotropy

fit to the anisotropy curves and binding was in the nanomolar change was considerably less than observed for Hfq binding
range. For wt Hfg and four of the mutant Hfq, the analysis to A;s. The second plateau, although quite small, was
yielded binding constants for the second bound gHfat reproduced in several experiments. Given the signal-to-noise
were 2-10-fold lower thanK;. Analyses of data for Hfg-  of the data, we could not discriminate between 1:1 and 2:1
L12F/F39A, Hfg-Q8A, and Hfg-F39A/F42A produced simi-  binding models for Hfgbinding DsrAy, based on the quality

lar Kz andK; values. For the two proteins, K31A and Y25A, of fit. If one assumes a 1:1 binding model, the least-squares
the anisotropy change was barely higher than the backgroundfit to the first plateau region using eq 1 yield&d ~ 470
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Ficure 4: (A) Binding of wt and three mutant Hfg to Dspf by the gel-shift assay. Hfq concentrations from left to right in micromolars
hexamer: 0, 0.05, 0.1, 0.2, 0.5, 1.0, 2.0, 4.0, 6.0, and 10.0. (B) Fraction ofpboAind as a function of the Hfg concentration for wt and
eight mutant Hfqg.

nM (— in Figure 7). If one uses all of the date-(- in Figure Hfqg is to monitor the fluorescence quenching of Hfg as a
7), the best fitkq is approximately uM. Fitting either all function of the RNA concentration. DeHaseth and Uhlenbeck
of the data or just the first plateau region to the two-step showed that polyA binding quenches Hfq fluorescer&® (
binding model using BIOEQS yielded a dissociation constant 53). E. coliHfg has a moderate intrinsic fluorescence because
of Ky ~ 440 nM for binding the first HfgandK,; ~ 1.9uM of its three tyrosines Tyr25, Tyr55, and Tyr83. Tyr25 is
for binding a second HfgHowever, confidence limit testing  located on the distal surface of the hexamer; Tyr55 is located
indicated thak, could not be accurately resolved. near the central cavity close to the proximal surface; and
Surprisingly, the titration of Dsrdy with the mutant Hfq Tyr83 is in the unstructured C-terminal end.
proteins produced anisotropy curves similar to that for wt  Figure 8A shows the fluorescence emission spectrum of
Hfg. The anisotropy change as a function of the Hfg-F39A wt Hfgq at 5uM (hexamer). The titration of f decreased
concentration is shown in Figure 7 as Data for the other  the fluorescence of Hfg until a saturation levet13% at
mutant Hfg were similar. The data were not consistent with 305 nm) was reached. Quenching may result from the
an 8-fold reduction in affinity indicated by the gel-shift stacking of an adenine base with exposed Tyr and/or the
experiments. The discrepancy between the anisotropy meaitransfer of the Tyr hydroxyl group proton to an acceptor on
surements and gel-shift experiments with regard to binding A;s and formation of the nonfluorescent tyrosinate anion.
wt and mutant Hfq to Dsry is discussed below. Figure 8B plots the percent quenching as a function of the
Fluorescence Quenching Measuremedtdifferent ap- ratio of Aygwt Hfg. The value of [Ag/[Hfqe] at the break
proach that can be employed to investigate RNA binding to point in the curve is 0.5, consistent with a 2:1 stoichoimetry
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FIGURES: (A) Gel-shift assay of wt Hfq binding to ZM DsrAp,. FiGURE 6: (A) Fluorescence anisotropy data ofgAs a function

Hfge (in micromolars) from left to right are 0, 0.2, 0.4, 0.8, 1.2,  of the wt Hfq concentration. The solid line is a least-squares fit of
1.6, 2.0, 2.4, 2.8, 3.2, 3.6, and 4.0. Weak band above the freea two-step binding model using BIOEQS. The dashed line is a least-
DsrAp band is the dimer of this RNA. (B) Fraction of the Band squares fit of a 1:1 binding model described by eq 1. (B) Anisotropy
intensity divided by its maximum intensity as a function of the data of Ag as a function of F39A-Hfqm) and K31A-Hfq ().
molar ratio of Hfg/DsrAp. Solid lines are a least-squares fit of a two-step binding model to
F39A-Hfq data and a 1:1 binding model to K31A-Hfqg data.

of Hfge/A1s. Similar results were obtained for the other
mutant Hfq proteins with the exceptions of Hfg-Y25A, Hfg- Table 1. Equilibrium Dissociation Constants Evaluated for wt and

K31A, and Hfg-Q8A. Mutant Hfg Binding to As Using Fluorescence Anisotropy
The fluorescence of Hfg-Y25A and Hfg-K31A was Hfq Ks® (nM) Kz* (nM) Hfg  K° (M)

quenched by only 12 and 15%, respectively, at saturating wt 10.1£1.2 473+ 0.8 K31A >1.6

amounts of Ag and showed no clear break points in the F39A 8.7 0.75 Y25A  >13

titrations. These results indicate weaker binding af ¥ ',;}éi/ F39A ;‘f 3.221

these mutant proteins, consistent with the data from the g39a/F42a 8.3 8.27

mobility shift assay and anisotropy measurements. The Q8A 12.0 14.7

fluorescence intensity of free Hfg-Y25A was about one-third _R16A 14.9 3.0

that of wt Hfg at the same concentration. Reduced intensity 2 The solvent was 0.5 M NaCl and 20 mM Tris (pH 8.3Binding
is expected for this Hfg missing the surface-exposed Tyr25. constants were evaluated by a nonlinear Igast-squares fit of data to a
Free Hfg-Q8A had about 140% higher fluorescence intensity Wo-Step binding model with BIOEQSBinding constants were

. estimated by a nonlinear least-squares fit of data to a 1:1 binding model
compared to wt Hfg at the same concentration. using eq l-y a g

The latter observation can be understood in terms of two
crystal structures of Hfg and the effect that a Q8A mutation
may have on Tyr55. The crystal structure Bf coli Hfg
reveals that GIn8 in one subunit is adjacent to Tyr55 in a
neighboring subunit 28). Additionally, a recent high-
resolution structure of Hfg fronPseudomonas aeruginosa
shows a conserved hydrogen bond between the OH grou
of Tyr55 and OEL1 of GIn8 that stabilizes thehelix in Hfg .

(29). In wt E. coli Hfq, it is likely that the fluorescence of tnoegﬁgrii?e“Z?%Cfgf"tl'_%zsfﬂo?jfﬁé;feL_’SA’ and rtgohad a
Tyr55 is quenched because of the hydrogen bond between
its hydroxyl group and GIn8. The GIn to Ala substitution piscyssION

appears to release the hydroxyl group of Tyr55, increasing

the fluorescence originating from this residue and the overall The results on the interaction of;fwith wt and mutant
fluorescence of the protein. The percent quenching of Hfg- Hfg proteins indicate that this RNA sequence interacts

Q8A fluorescence at saturating amounts g was~60%
compared to 7375% for wt Hfg. This is qualitatively
consistent with the notion that the quenching effect ef A

is due to its interaction with Tyr25. Because this residue
contributes less to the overall fluorescence of Hfg-Q8A than
Pto wt Hfq, the saturation quenching percentage is expected
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Ficure 7: Fluorescence anisotropy of DssAas a function of wt
Hfq (M) and F39A-Hfg ). The solid line is best fit of a 1:1 model
to wt Hfq data up to 1100 nM Hfg and the dashed line is a best
fit to 1500 nM.
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Ficure 8: (A) Fluorescence emission spectra of B0of wt Hfq
at 5uM with 0, 2, and 4uL of A,gat 50uM added. (B) Percentage
of quenching measured at 305 nm as a function af]{ffqe).

specifically with residues on the distal surface of Ehecoli

Sun and Wartell

adjacent to Tyr25, also produces a major reduction in Hfg
binding to a polyA sequence. Several studies indicate that
Hfq is required for the regulation of MRNA polyadenylation
(17, 24, 37). This activity requires Hfqg interacting with polyA
polymerase and its ability to preferentially bind to tHeB8d

of Rho-independent transcripts prior to polyadenylatibr).(
The role of the high affinity of Hfg proteins to polyA
sequences in regulating polyadenylation of mRNAs is
uncertain. Studies suggest that Hfg binding to polyA tails
protects the mRNA from ribonuclease degradatidi).(If

this is the case, the Y25A and K31A mutants would be
expected to influence polyadenylation-dependent mRNA
decay in vivo.

The gel-shift experiments of 4 in the presence of an
increasing Hfg concentration showed the existence of two
protein—~RNA bands designatedGand G (Figure 3A).
Using concentrations greater than the value of the equilibrium
dissociation constant, the 6and saturated at a stoichiometry
of approximately 2:1 for wt Hfg/A15 and then decreased as
the G band increased. The fluorescence anisotropy data on
Hfg binding to A required a model in which two Hiq
molecules bind one A to obtain a good fit of theory to the
experiment. In addition, fluorescence quenching of wt Hfg
by Aig at micromolar concentrations also indicated a 2:1
Hfge/A1s stoichiometry. This stoichiometry differs from the
value obtained previoushB6) from isothermal titration calor-
imetric measurements that indicated a 1:2 g complex.
Although we do not know the cause for this difference, we
note that a different solvent was employed in this study.

A very faint band that was faster in mobility than the
C; band was detected at Hf@oncentrations lower than
those employed in Figure 3A; however, it never exceeded
5% of the total RNA and disappeared above 200 nMgHfq
(data not shown). This faint band may correspond to a 1:1
Hfge/A1s complex. Its absence as theléand became evident
implies that Hfg binds As with positive cooperativity. The
anisotropy data (Table 1) also suggests a positive cooper-
ativity for binding Hfg; to Ass. Ky is always higher than or
similar toKo. If A g has two identical binding sites for Hig
a microscopic cooperativity constdat as defined by Ackers
et al. 64) is equal to &K,/K;, and values ok;, > 1 represent
positive cooperativity. A calculation indicates that the
positive cooperativity inferred from the anisotropy measure-
ments is less than that indicated by the gel-shift data.

If we employ theK; andK; values from Table 1 for wt
Hfg and calculate the relative amount ofsfexpected in a
1:1 Hfg/A1s complex for the concentrations employed in
the gel-shift assay, one predicts a much higher maximum
(~20%) than is observed. Although gel conditions may
enhance RNA-induced dimerization of Hftas suggested
above), the solution studies ongargue against this being

Hfg. The gel-shift assay, fluorescence anisotropy, and solely due to the gel conditions. The relative mobility of the
fluorescence quenching experiments all showed that muta-C, band in Figure 3A and its appearance at the expense of

tions on the proximal surface of Hfq (F39A, F42A, Q8A,
R16A, F39A/F42A, and L12F/F39A) had a relatively
minimal effect on binding As, while single-site mutations
Y25A and K31A on the distal surface reduced affinity by
100-fold or more. The results are consistent with the
conclusion of Mikulecky et al.36) that polyA sequences
bind specifically to the distal surface.

In addition to confirming the importance of Tyr25, our

the G band indicates complexes of Hfand Ajs with a
higher Hfg/RNA stoichiometry than €

The 2:1 stoichiometry determined for the strong binding
complex of Hfg and Ajg was also determined for the;C
complex of Hfg and DsrAy, from Figure 5. This same value
was previously observed for the strong binding complex of
Hfge with the 87 nt DsrA and 140 nt RpoS RNA%Q, 36).
This common stoichiometry for RNAs of different lengths

results demonstrate that a mutation to Lys31, which is and sequence suggests that it is a common feature @f Hfq
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LNLVLDDCVEIDE- -DSE-VRLGRVLIRGDSVTLISPA
LNVVLADAEMIQD- - GEVVKRYGKIVIRGDNVLAISPT
LNVVLADAEMVQD- - GEVVKKYGKIVIRGDNVLAISPT
LNVVLANAELLQD- - GEVVKKYGKIVIRGDNVLAISPT
NVVIE--------- GE----- DTTIIRGDNVVTIKP-

P.aerophilum 1 LLLEDAEEITI- - -DGNVYKRGTMVVRGENVLFISPV
T.volcanium 1 NVVLONASEIIN--GENKGVFDRILVRGDNVIFVSPS
T.acidophilum 1 NIVLONASEIIN--GENKGVYDRVLVRGDNVIFVSPS
F.acidarmanus 1 NLVLENATETIN- -NENKGTFSMMLLRGDNIIFVSPP
M.acetivorans 1 NLVLDNAEELRD--GEVVSKFSSVVIRGDNVVYVSE -
M.mazei 1 NLVLDNAEELRE- -GEVVSKFSSVVIRGDNVVYVSE -
M.barkeri 1 NLVLDNAEELRE - -GEVVSKFGSVVIRGDNVVYVSP-
M.thermauto. 1 NLVLNDAEELED--GEVTRRLGTVLIRGDNIVYISPE-
S.solfataricus 1 NLVLSDSEEIQS- -DGSGKKLGTIVIRGDNVILISPL
S.tokodaiil 1 NLVLENSEEVMS - -DGSTRKVGTIIIRGDNVILVSPM
A.pernix 1 LNIILGDAEEIGE--TSI-RRLGLTLVRGDSVVVITPA
A.fulgidus 1 NLVLLDAEEIQN- -GEVVRKVGSVVIRGDTVVEVSPA
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A.gambiae SmF -MPINPKPEYLNGLTGKPVIIKLKWG-HEYKGFLVSEYDGYMNMOLANTEEFVD - - GONTGHLGEVLIRCNNVLYIRGI
S.cerevisiae SmF MOPVNPKPULKGLVNHRVGVKLKFNSTEYRGTLVSMDNYFNLOLNEAEEFVA- -GVSHGTLGEIFIRCNNVLYIREL
E.cuniculi SmF -ARENPKOIELORMKNRSVRVALKWG - QVYEGTLVA FNILLDECTE-RE--GEASVKIGEVSIRCNNIKRICEV
E.multilocularis Lsmé -QKQTPR KLIIGRPVVVKLNSG-ADYRGVLISWDGY¥MNVVLEQTEEYVE- - GQLENKYGDTFIRGNNVFYISTQ
A.thaliana Lsmé GTTKTE KSIRGRPVIVKLNSG-VDYRGTLTCRDGYMNIAMEQTEEYVN- - GQLKNKYGDAFIRGNNVLYISTV
C.elegans LSm2
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Ficure 9: (A) Multiple alignment of archeal Sm proteins built up using a genome BLAST search. Each archeal genome contains either one

or two copies of a Sm protein, termed as@and Snf, and numbered 1 and 2, respectively. (B) Covariance between Leu9 and Phe/Tyr34
observed in Sm proteins of eukaryotes as well as archaea. A BLAST search was made against the nonredundant archaea and eukaryotic
database using the $hprotein of M. thermoautotrophicunas a query sequence. The covariance founkl.ithermoautotrophicunsm3

was observed ifD. melanogasteSmF,A. thalianaLsm6, andC. elegand.sm2.

binding to RNA. Dimerization of Hfgappears to be induced
for RNA binding to a patch on the distal surface;sfas
well as for RNA binding that is influenced by residues on
the proximal surface and not the distal surface [Ds88) (
and DsrAy, (this study)]. The above observations may
indicate that RNA-induced dimerization of Hftnay utilize

however, several factors may contribute to it. The anisotropy
change observed for the fluorescently labeled Rsrédpon

Hfq binding is relatively small. Calculations using the model
described by eq 1 indicate that a-3-fold difference in the
apparentKy for Hfg variants would be difficult to detect.
Another factor worth noting is that the gel-shift experiment

more than one type of dimerization interface. Recent work is a pseudo-equilibrium method. Although this method is

has shown that Higcan form fibers in which each hexamer

more sensitive than the anisotropy measurements for quan-

can partially stack on another hexamer using interactions ontifying Hfg—RNA complexes, it may be discriminating

both surfacesy5). A crystal structure of th&. aureudHfqge
exhibits distat-distal surface interactions between two kifq

with seven nucleotide oligomers bound to their proximal
surfaces. Sm-like proteins form crystals in which small RNAs

are sandwiched between two Sm-like protei86)(

Gel-shift studies of Hfg binding to Dsi# indicated that
the F39A and R16A mutations affect the affinity of Hfq to
DsrAp; and imply that these residues interact with this RNA.
These two mutations reduced the appatenby 6—8-fold

(assuming a 1:1 model), while other single-site mutations

altered the apparety by 2-fold or less. The ability of the
L12F/F39A-Hfq to partially restore the affinity of Hfq to
DsrAp; supports the notion that Phe39 is involved in DsrA
binding. It is consistent with the bioinformatics analysis,

between binding intermediates or complexes existing in the
gel assay that are not prevalent under equilibrium conditions
in solution.

During the time RNA-protein complexes enter the gel
and separate from free RNA and protein, the low ionic
strength running buffer is exchanging with the 0.5 M
Na'-loading buffer lowering the ionic strength. The elec-
trophoresis process in the gel also results in dissociation of
Hfg—DsrAp; complexes at the 2 nM RNA concentration
used to evaluate binding constants. This was evident from
the intensity between the free RNA band and theb@nd
and the broad bands observed for the complexes with the
mutant Hfg proteins (Figure 5a). An investigation of Hfg
DsrAp; interactions in low ionic strength solutions and an

indicating that an aromatic residue at this surface location evaluation of dissociation and association rates of wt and

is important for the Hfq function.

mutant Hfq for DsrAy, may illuminate the discrepancy.

Contrary to the gel-shift studies, the fluorescence anisot- APPENDIX

ropy experiments with Dsréy did not show a significant

difference between the binding of the wt and mutant Hfq
proteins. This discrepancy is not currently understood;

The covariance described in the Results of an aromatic
residue and small aliphatic residue at positions 39 and 12 in
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bacterial genomes was also observeijannaschii.This

is the first and thus far only archeal species found to contain
a hfg gene and no Sm gene. All other archeal species
examined to date have Sm-type proteins that form stable
heptamer oligomers. It is of interest to examine if the

covariance exhibited by the archéal jannaschiiHfq occurs

in Sm proteins and whether other surface residues conserve

in Hfq are preserved in Sm proteins.
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The exact evolutionary relationship between Hfq and Sm REFERENCES

proteins in bacteria, archaea, and eukaryotes is still not clear,
but the most generally accepted view is that the Sm proteins
in archaea and eukaryotes evolved from a common ancestor

that diverged from bacterial Hf@l9). It has been found that

Hfg and Sm proteins have many similar functions, such as
serving as a host factor for RNA virus replication, participat-
ing in RNA degradation, and facilitating RNA duplex

formation 6, 56). The function(s) of this protein family

appears to have been conserved during evolution, even
though its oligomeric form changed from hexamer to
heptamer. One may thus anticipate that some residues that
are conserved and functionally important in Hfg may have

counterparts in Sm proteins.

To examine this hypothesis, a multiple alignment of
archeal Sm proteins was built up using a genome BLAST
search (Figure 9A). Each archeal genome contains either one

or two copies of a Sm protein, termed as &@nd Snp,

and numbered 1 and 2, respectively. In all of theoSm
proteins, the three residues that correspond to Leul2, Phe39,
and Phe42 on the proximal surface of Hfg are highly
conserved but with His, the dominating residue at position
37 (corresponding to Phe at position 42 in Hfq). The
covariant switch of residue properties at positions equivalent

to 12 and 39 was observed in a Brrotein of Methano-
bacteriaum thermoautotrophicunin contrast, the highly

conserved positively charged Arg residues at positions 16
and 17 in Hfg were not observed in these Sm proteins. A

previous study on th®l. thermoautotrophicur®mo protein

also noticed that the spatially adjacent Leu9 and Phe34 12.
(corresponding to Leul2 and Phe39 in Hfg) are a highly
conserved hydrophobic pair in archaea and suggested that

this region may be involved in a protefprotein interaction

(57). Recently, however, Thore et al. showed that Tyr34 in

a crystal structure oPyrococcus abysssmo. protein can
form contacts with RNA %8). Mutating this residue to Val

reduced the binding of this Simprotein to the Sm consensus

RNA oligomer.

Figure 9B shows that the covariance between Leu9 and
Phe/Tyr34 is observed in Sm proteins of eukaryotes as well
as archaea. A BLAST search was made against the nonre- 15
dundant archaea and eukaryotic database using thg Sm
protein ofM. thermoautotrophicuras a query sequence. The

covariance found inM. thermoautotrophicunSm3 was
observed inDrosophila melanogasteEmF, Arabidopsis
thaliana Lsm6, andCaenorhabditis eleganksm2. If one

examines the residues on the distal surface of the Sm proteins
listed in Figure 9, the counterpart of the three polyA binding
residues Tyr25, lle30, and Lys31 in Hfq are not found. This
is consistent with the observation that almost all RNAs
known to interact with Sm proteins are U-rich RNA. No

A-rich RNA has been reported.
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