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A B S T R A C T

Hfq is an abundant RNA-binding bacterial protein that was first identified in E. coli as a required host

factor for phage Qb RNA replication. The pleiotrophic phenotype resulting from the deletion of Hfq

predicates the importance of this protein. Two RNA-binding sites have been characterized: the proximal

site which binds sRNA and mRNA and the distal site which binds poly(A) tails. Previous studies mainly

focused on the key residues in the proximal site of the protein. A recent mutation study in E. coli Hfq

showed that a distal residue Val43 is important for the protein function. Interestingly, when we analyzed

the sequence and structure of Staphylococcus aureus Hfq using the CONSEQ server, the results elicited

that more functional residues were located far from the nucleotide-binding portion (NBP). From the

analysis seven individual residues Asp9, Leu12, Glu13, Lys16, Gln31, Gly34 and Asp40 were selected to

investigate the conformational changes in Hfq–RNA complex due to point mutation effect of those

residues using molecular dynamics simulations. Results showed a significant effect on Asn28 which is an

already known highly conserved functionally important residue. Mutants D9A, E13A and K16A depicted

effects on base stacking along with increase in RNA pore diameter, which is required for the threading of

RNA through the pore for the post-translational modification. Further, the result of protein stability

analysis by the CUPSAT server showed destabilizing effect in the most mutants. From this study we

characterized a series of important residues located far from the NBP and provide some clues that those

residues may affect sRNA binding in Hfq.

� 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Hfq is an abundant RNA-binding bacterial protein that was first
identified as a host factor required for replication of Qb RNA
bacteriophage [1]. In bacterial cells, Hfq appears to function as a
global regulator of gene expression. The pleiotrophic phenotype
resulting from the deletion of Hfq predicates the importance of this
protein. The RNA-binding protein Hfq is involved in stress response
and virulence of several Gram-negative pathogens [2–8] and
Gram-positive pathogens [9], probably due to its roles as mediator
in small RNA (sRNA)–mRNA and their mRNA targets [10,11].
Genome analysis shows that Hfq-like proteins are conserved in
many (but not all) Gram-negative and Gram-positive bacteria [12].
* Corresponding author.
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Staphylococcus aureus is a Gram-positive pathogen responsible
for a wide variety of human infections, ranging from superficial
skin and wound infections to deep abscesses, septicemia, or toxin-
associated syndromes [13]. The type of infection caused by S.

aureus depends on virulence factors and stress response pathways
present in infectious strains, and reflects the coordinated action of
numerous regulators [14]. S. aureus encodes one Hfq-like protein
whose structure has been already described with a molecular
weight of 8.9 kDa. It is speculated that the Hfq protein is probably
less abundant in S. aureus than in E. coli. Currently the only
available crystal structure for the Hfq–RNA bound form is the
complex between S. aureus Hfq and the hepta-oligoribonucleotide,
AU5G and is available in the PDB databank having PDB ID:1KQ2,
resolved at 2.71 Å. It has provided basic information on how RNA
can interact with riboregulator. The structure shows a clear picture
of the binding mechanism of adenosine and uridine-rich stretch
with Hfq. The RNA expands and fills the proximal site, central pore
region of the hexamer, and binds in a circular manner except for
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Fig. 1. Crystal structure arrangement details of S. aureus Hfq chains and bound RNA. (a) Secondary structure representation of Hfq, showing each chain in different colors and

the bound RNA shown as stick model. (b) Shows the surface representation of the Hfq with the well-stacked RNA in stick model.
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the 30-guanosine, which is located at the entrance of the pore
(Fig. 1). Each of the six potential AU nucleotide-binding pockets is
composed of residues from two adjacent subunits. Both uridine
and adenosine bind similarly, whereby their nucleobases stack
against the aromatic side chain of residue Tyr42 and the same
residue from a neighboring subunit [15].

One of the first connections between the ability of Hfq to bind
small ncRNAs and its role in post-transcriptional regulation
become evident in studies on OxyS. It is a 109 nucleotide
regulator of the oxidative stress response. This sRNA was shown
to bind directly to Hfq and thereby increase OxyS RNA
interaction with rpoS mRNA as a part of its mechanism to
inhibit rpoS translation [16,17]. Until now only two RNA-binding
sites have been characterized in E. coli: proximal site which
binds with sRNA and mRNA, and distal site which binds to
poly(A) tails. Reports indicate that S. aureus Hfq does not bind to
poly(A) with high affinity at the distal face of the pore comparing
to the E. coli Hfq which has exceedingly high positive charge at
the distal side [18].

A recent mutation study showed that in E. coli Hfq a distal
residue Val43 plays an important role in the function of the
protein. Several studies have aimed at identifying the key residues
at the functional regions of Hfq [19]. When we analyzed
the sequence and structure of the S. aureus Hfq protein by the
CONSEQ server [20], it was interestingly found to have
some structural and functional residues that were located far
from the proximal part of the protein. Molecular dynamics (MDs)
simulation study has been employed to examine the structurally
and functionally important residues that are far from the
nucleotide-binding portion (NBP) which may lead to the
destabilization of the RNA–protein complex and hence
the protein function and mechanism. We performed two 3 ns
MD simulations of the Hfq protein with and without RNA to study
the influence on conformation by the presence of RNA on the
protein. The sequence of RNA used in the simulation is a hepta-
oligoribonucleotide—50-A-U-U-U-U-U-G-30 with the terminals
capped. Also we performed seven individual 3 ns MD simulation
runs of the Hfq–RNA complex, with each system having point
mutation of one residue on each monomer at a time of the seven
residues picked from the server analysis to study the importance
of residues far from NBP using AMBER force field. Mutations were
done to each monomer and hence the single mutant was really a
hexamutant, which was employed for our study.

Overall, this study is aimed to unveil the role of the chosen
distant residues in protein conformation and RNA binding through
MD simulation and CONSEQ/CUPSAT analyses.
2. Methods

2.1. Sequence analysis by CONSEQ server

The CONSEQ program server (http://conseq.bioinfo.tau.ac.il)
[20] was used to determine the highly conserved structurally and
functionally important residues from the sequence reflected by
means of the multiple sequence alignments of Hfq homolog
proteins. This server compares the sequence of a reference protein
with proteins deposited in Swiss-Prot in order to find homologs.
The number of PSI-BLAST iterations and the E value cutoff used
were 1 and 0.001, respectively. There were 256 PSI-BLAST hits
obtained, 107 of them were unique sequences and the calculations
were performed on the 50 homolog sequences with the lowest E

value. All of the sequences that were found to be evolutionarily
related with the Hfq proteins in the data set were used in
conservation scoring. Briefly, the CONSEQ server assigns a
conservation score to each residue taking into account the
evolutionary relationships among the family of homologs. The
scores are normalized as that the average score is zero, and
negative and positive deviations represent the degrees of
conservation and variation, respectively.

2.2. Molecular dynamics simulation

The GROMACS package [21,22] was used to perform MD
simulations, while the protein and water molecules are described
by parameters from AMBER99 [23] and TIP3P [24] force fields,
respectively. Hydrogens were added and the protonation state of
ionizable groups was chosen appropriate to pH 7.0. A solvent cubic
box with length 12 nm was generated to perform the simulations
in an aqueous environment. Six Na+ or Cl� counter-ions were
added by replacing water molecules to ensure the overall charge
neutrality of the simulated system. The particle mesh Ewald (PME)
method was applied to accurately determine the long-range
electrostatic interactions [25]. A grid spacing of 1.2 Å for the fast
Fourier transform calculation and VdW interactions were con-
sidered by applying a cutoff of 9 Å. A constant temperature and
pressure for the whole system (300 K and 1 bar) are achieved with
the Berendsen thermostat [26] and Parrinello and Rahman [27]
barostat. The systems were subjected to a steepest descent energy
minimization process until a tolerance of 1000 kJ/mol, step by step.
The time step for the simulations was set to 2 fs. Then during the
system equilibration process the protein backbone was frozen and
the solvent molecules with counter-ions were allowed to move
during a 50 ps position restrained MD run under NPT conditions at

http://conseq.bioinfo.tau.ac.il/


Table 1
The system details for the molecular dynamics simulation study.

No. System details No. of TIP3P

water added

No. of Cl�

ion added

No. of Na+

ions added

1 Hfq (apo) 20551 6

2 Hfq + RNA 20494

3 Hfq(D9A) + RNA 20514 6 –

4 Hfq(L12A) + RNA 20505 – –

5 Hfq(E13A) + RNA 20525 6

6 Hfq(K16A) + RNA 20507 – 6

7 Hfq(Q31A) + RNA 20504 – –

8 Hfq(G34A) + RNA 20493 – –

9 Hfq(D40A) + RNA 20541 6 –
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300 K. The well equilibrated structure was then used for the 3 ns
production runs. Bonds between heavy atoms and corresponding
hydrogen atoms were constrained to their equilibrium bond
lengths using the LINCS algorithm [28,29]. During the production
Fig. 2. CONSEQ server prediction of highly conserved exposed, buried, functional

and structural residues, according to the neural-network algorithm for the S. aureus

Hfq protein sequence is shown. Residue coloring is based on the conservation scale.

Fig. 3. Representation of monomer structure showing the location of the seven

residues, Asp9, Leu12, Glu13, Lys16, Gln31, Gly34 and Asp40. Only a monomer

structure was displayed in secondary structure format in order to clearly show the

relative position of the residues from the nucleotide-binding portion (NBP).
phase, the coordinate data were written to the file every pico
second (ps).

2.3. Simulation model system setup

A series of MD simulation calculations were carried out for the
Hfq protein with and without bound RNA and also along with the
seven mutants of D9A, L12A, E13A, K16A, Q31A, G34A and D40A
that were considered on the Hfq hexamer (every single mutant was
made on each monomer of the hexamer to form the hexamutant)
based on the CONSEQ server prediction. A hepta-oligoribonucleo-
tide (50-A-U-U-U-U-U-G-30) with end terminals capped was used
for simulation. The summary for the different model systems is
listed in Table 1. In each system the charge of the protein was
neutralized by adding Na+ or Cl� ions modulated by AMBER99 and
systems were finally solvated with approximately 20500 TIP3P
water molecules.

2.4. Mutant protein stability prediction using CUPSAT server

The protein stability for each point mutation on the Hfq protein
was predicted using CUPSAT prediction server (http://cupsat.tu-
bs.de/) [30]. This tool predicts the changes in protein stability upon
the point mutations. The prediction model uses amino acid-atom
potentials and torsion angle distribution to assess the amino acid
environment of the mutation site. Additionally, the prediction
model can distinguish the amino acid environment using its
Fig. 4. Degree of conservation scores for each residue in Hfq protein sequence. The

seven residues are labeled.

Fig. 5. Time dependence of the root mean square deviation (RMSD) for the protein

backbone atoms during the simulation in Hfq–RNA complexes of all the systems.

http://cupsat.tu-bs.de/
http://cupsat.tu-bs.de/
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solvent accessibility and secondary structure specificity. It uses
protein environment specific mean force potentials to predict the
protein stability. In case of unfavorable torsion angles, the atom
potentials may have higher impact on the stability of Hfq–RNA
complex which results in destabilizing the system. The CUPSAT
server includes the overall stability change calculated using the
atom and torsion angle potentials together, the adaptation
(favorable or unfavorable) of the observed torsion angle combina-
tion and the predicted DDG. The negative and positive predicted
DDG values mean the destabilizing and stabilizing effect,
respectively. Overall stability of the Hfq mutants bound with
Fig. 6. Time dependence of the RMSD for the backbone atoms of each monomer (
RNA is calculated based on atom potentials and torsion angle
potentials. The predicted stability energy (DDG) values for each of
the point mutant systems were analyzed separately.

3. Results and discussions

3.1. Prediction of structurally and functionally important residues

located distant from NBP using CONSEQ server

The S. aureus Hfq sequence was analyzed using the CONSEQ
server which predicted the highly conserved and exposed
chain) of the Hfq hexamer during the simulation for all the complex systems.



Fig. 7. The root mean square fluctuation (RMSF) with respect to each residue of the

Hfq protein during the simulation for all the mutant systems with reference to the

wild-type complex. Blue dots represent the exact position of each specific

hexamutants.
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functional and buried structural residues for the given sequence.
Based on the result, the seven residues Asp9, Leu12, Glu13, Lys16,
Gln31, Gly34 and Asp40 were selected and then considered for
mutation and MD simulation study (Figs. 2 and 3). It so happens
that these seven residues are not directly involved in the RNA
binding because they are located far from the NBP. Nonetheless the
seven residues predicted to be functionally and structurally
important by the CONSEQ server. This is very interesting result
to us and hence the mutation study was carried out. However, their
role in the influence of the RNA binding to the Hfq protein remains
unclear until now.

In order to estimate the degrees of conservation of each residue
the normalized conservation score of the residues of protein were
calculated (Fig. 4). The negative and positive deviations represent
the conservations and variations, respectively. The result shows
that the seven residues are strongly conserved in the protein. Most
of the highly conserved functional and structural residues far and
near to the nucleotide-binding portion have negative deviations.
Many of the structurally and functionally important residues are
directly involved in the nucleotide-binding mechanism.

3.2. MD simulation studies for the model systems

MD simulations were performed to (i) study the conformational
changes taking place in Hfq with bound RNA and (ii) to investigate
the importance of the seven residues located far from NBP of Hfq.
During simulation, the RMSD and RMSF of the individual monomers,
bases and protein backbone of the systems were monitored. The
RMSD values versus simulation time of all the Hfq systems were
increased gradually until first 1 ns. After this time, the values of the
Hfq–RNA complex and mutant complexes E13A, K16A, Q31Q, G34A
and D40A were stabilized, whereas the values of the mutant
complexes D9A and L12A continued to gradually increase and
reached a stable level after nearly 2 ns. The mutants L12A and D9A
showed little more deviation than the other systems (Fig. 5). The
stability of each chain (monomer) of the Hfq hexamer movements
were also observed separately and it was found that during the
simulation the chain I deviated considerably after 1 ns in the mutant
D9A and also in mutant L12A the chains B and I deviated significantly
(Fig. 6). It seems that these differences explain the overall RMSD
difference for mutants D9A and L12A in Hfq bound RNA compared to
native complex and other mutants in Fig. 5.

The average residue fluctuations of the proteins were observed
by calculating room mean square fluctuation (RMSF). Each mutant
system individual residue fluctuations were compared to the wild-
type Hfq–RNA complex residue fluctuations (Fig. 7). Not much
difference was found in the residue fluctuation and only minor
displacement was found in D9A and L12A mutants. We also
noticed a considerable change in the chain I and K residues of the
mutants. In general only the variable loop region residues undergo
a displacement more than 0.2 nm. It is noted that most mutants
restrain the fluctuation of chain K residues especially Asn28. The
Asn28 is highly conserved functionally important residue, which
reads the hydrogen bond donors and acceptors of the adenine ring
together with Gln52 [18]. The functional and structural impor-
tance of this chain K and Asn28 residue in particular is unknown
yet. Our analysis reveals that some residue mutations can influence
the movement of that particular residue.

The movement of bases of the RNA nucleotides was also
monitored during the simulation time (Fig. 8). The wild-type Hfq
and mutants D9A, E13A and K16A had major movement in the
bases comparing to its original position. The deviation of Guanine
base is obvious as it is the only residue that was found hanging in
the middle of the Hfq pore, all other bases are well stacked between
aromatic side chains of Tyr42 residue of neighboring subunits/
monomers. Our study shows clearly that in mutations D9A, E13A
and K16A the base stacking have been greatly affected, which may
be due to the influence of mutation on the base stacking residue
Tyr42 of the monomers whose aromatic side chain has moved from
its original position, which provided the stacking atmosphere for
the adenine and uridine nucleobases. This led to the conclusion
that the mutants D9A, E13A and K16A may have an influence on
the base stacking, although the residue mutated were located far
from the NBP. The Hfq pore diameter was also examined since a
specific pore diameter is required for the threading of RNA through
the pore for the post-translational modification (Table 2). The pore
diameter was calculated by measuring the distance from the center
of atom of one of the pore lining residue from the highly conserved
YKHAI motif of one chain to the exactly opposite chain and the
same pore lining residue. Here we have used residue His58 of the
YKHAI motif of chain A and the exactly opposite chain K to
calculate the pore diameter. The arrangements of chains in S.

aureus Hfq are shown in Fig. 1. The pore diameter of the wild-type
Hfq–RNA complex is between 1.2 and 1.4 nm, but we found that
the pore diameter increased to about 1.7 nm in the mutants L12A
and E13A during the simulation. Hence it is inferred that the
mutants L12A and E13A may enhance or weaken the post-
translational modification, more specifically the assembly/remo-
deling of RNA–protein complexes and hence threading of RNA
through the pore.

3.3. Prediction of protein mutant stability using CUPSAT server

We studied the effect of each point mutation on the Hfq protein
by the CUPSAT server. Destabilization of the Hfq–RNA complex
was observed probably due to the unfavorable torsion angles, and
the atom potentials. Hence the overall stability of the Hfq mutants



Fig. 8. Time dependence of the RMSD of each base of the ribonucleotide (AU5G) bound to Hfq during the simulation for all the systems.
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bound with RNA is calculated based on atom potentials and torsion
angle potentials. The result revealed that most mutants, except for
Q31A were destabilized by the mutation effect. The predicted
destabilizing energy (DDG) values show that the mutants G34A
(�3.93 kcal/mol), L12A (�2.11 kcal/mol), E13A (�1.23 kcal/mol)
and D9A (�1.21 kcal/mol) have significant influence on Hfq by the
point mutation (Table 3). According to CUPSAT server, a negative
DDG value is indicative of protein destabilization which is
predicted based on the stability changes in protein upon point
mutation accurately by measuring the free energy difference
between folded and unfolded state DDG. This can be translated, as
those residues are very important for the protein to function and
may play a role in the RNA binding and assembly/remodeling of
RNA–protein complexes.



Table 2
Hfq pore diameter for all the systems averaged over the last 2 ns in the simulation

time.

No. System details Average pore

diameter (nm)

1 Hfq + RNA 1.28

2 Hfq(D9A) + RNA 1.42

3 Hfq(L12A) + RNA 1.69

4 Hfq(E13A) + RNA 1.57

5 Hfq(K16A) + RNA 1.45

6 Hfq(Q31A) + RNA 1.52

7 Hfq(G34A) + RNA 1.56

8 Hfq(D40A) + RNA 1.45

Table 3
Predicted protein destability for all the seven point mutations (hexamutants)

analyzed by the CUPSAT server.

Mutant Overall Stability Torsion Predicted DDG

(kcal/mol)

D9A Destabilizing Favorable �1.21

L12A Destabilizing Favorable �2.11

E13A Destabilizing Unfavorable �1.23

K16A Destabilizing Favorable �0.28

Q31A Stabilizing Unfavorable 0.51

G34A Destabilizing Unfavorable �3.93

D40A Destabilizing Unfavorable �0.47

Table 4
Interaction energies calculated between Hfq and RNA of the complexes for all the

systems.

No. System details Interaction

energya (kcal/mol)

van der Waals

energy (kcal/mol)

1 Hfq + RNA �590.8 �173.3

2 Hfq(D9A) + RNA �544.4 �156.0

3 Hfq(L12A) + RNA �646.7 �166.1

4 Hfq(E13A) + RNA �519.6 �138.3

5 Hfq(K16A) + RNA �578.4 �161.9

6 Hfq(Q31A) + RNA �589.9 �163.9

7 Hfq(G34A) + RNA �611.6 �154.8

8 Hfq(D40A) + RNA �575.9 �143.0

a Sum of van der Waals energy and electrostatic interaction energy. The values of

electrostatic interaction energies are not shown.
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3.4. Analysis of interaction energy in the Hfq–RNA complexes

The interaction energies between the mutant Hfq and RNA
complexes were also examined with the conformation which is
most similar to the averaged structure during the simulation time.
It is noted that the most favorable or strong interaction was found
in L12A mutant whereas the E13A mutant showed the weakest
interaction. Those differences were mostly due to differences in the
van der Waals interaction energy between Hfq and RNA (Table 4).
This indicates that these two mutations cause most significant
changes compared to the native or wild-type form and other
mutants. This result suggests that the residues Leu12 and Gln13
should be conserved as the native form for the protein function and
furthermore that the both residues may play an important role on
the assembly/remodeling of RNA–protein complexes.

Through nine MD simulations and the CONSEQ/CUPSAT
analyses we substantiate the seven residues effect on RNA binding
and reveal residues Asp9, Leu12, Gln13 and Gly34 located far from
the NBP which may have an effect on Hfq mechanism.

4. Conclusions

Our objective of this study was to uncover some important
residues which are located far from the NBP but may have a
conformational and functional effect on Hfq mechanism. In order to
achieve the goal, at first the CONSEQ server analysis was performed
for the S. aureus Hfq sequence to find the structurally buried and
functionally exposed important residues and finally the seven
residues were selected. The seven residues selected for our study
have high conservation scores based on evolutionary relationship
among the family of homologs, and they are all predicted to have
structural and/or functional importance for the protein by the
server. There may be other residues whose mutations may have
similar effect. But our intention was to target only those residues
that are far from the NBP and are functionally and structurally
important residues of Hfq. Hence we have chosen all the residues
that are far from the NBP and are predicted to be functionally and
structurally important based on the conservation scores. And then
nine MD simulations were introduced for the wild-type and the
seven mutants which were constructed by the point mutation at the
seven residues (every single mutant here is a hexamutant) in order
to investigate the residue and mutation effect for those seven
residues. The results revealed the crucial role of the mutants D9A,
E13A and K16A on the base stacking by disrupting the aromatic
stacking of the Tyr42 residue of the adjacent subunits/monomers
and on the increase in RNA pore diameter in mutants L12A and E13A,
which is required for the threading of single stranded RNA through
the pore for the post-translational modification.

Also the Asn28 which is an already known functionally
important residue of Hfq was observed to be the most dynamically
stable residue in chain K from all the mutants. Furthermore, the
protein stability change caused by the point mutations was
observed by the CUPSAT server analysis. The results showed
destabilization effect for the most mutants except for Q31A. The
destabilization value was observed to be high in the mutants D9A,
L12A, E13A and G34A. This suggests that the residues Asp9, Leu12,
Gln13 and Gly34 located distant from the NBP may be important
for Hfq function and mechanism in S. aureus Hfq.

The interaction energies observed between the mutant Hfq and
RNA complexes showed most favorable or strong interaction in
L12A mutant and a weak interaction scenario in the E13A mutant.
It means that these two mutations probably have significant effect
on the Hfq–RNA complex compared to the native form and other
mutants. Our study and the corresponding result suggest the
importance of the residues Leu12 and Gln13 to be well conserved
in the native form for the protein function and furthermore that the
both residues may play an important role on the assembly/
remodeling of RNA–protein complexes. Hence our study reveals
that, few mutations affect the RNA interaction with the Hfq protein
and some affect the overall stability of the protein. Additional in
vivo analysis is essential for the confirmation of the mutant effect
on the Hfq protein function and mechanism.

In conclusion, this study provides a direction to proceed in
analyzing the structure function relationship of the important
sRNA- and mRNA-binding proteins focusing on some of the key
residues far from the NBP of Hfq apart from the already known
residues.
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