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RNase II is the prototype of a ubiquitous family of enzymes
that are crucial for RNA metabolism. In Escherichia coli this
protein is a single-stranded-specific 3�-exoribonuclease with
a modular organization of four functional domains. In
eukaryotes, the RNase II homologue Rrp44 (also known asDis3)
is the catalytic subunit of the exosome, an exoribonuclease com-
plex essential for RNA processing and decay. In this work we
have performed a functional characterization of several highly
conserved residues located in the RNase II catalytic domain to
address their precise role in the RNase II activity. We have con-
structed a number of RNase II mutants and compared their
activity and RNAbinding to the wild type using different single-
or double-stranded substrates. The results presented in this
study substantially improve the RNase II model for RNA degra-
dation. We have identified the residues that are responsible for
the discrimination of cleavage of RNA versus DNA. We also
show that theArg-500 residue present in the RNase II active site
is crucial for activity but not for RNA binding. The most prom-
inent finding presented is the extraordinary catalysis observed
in the E542Amutant that turns RNase II into a “super-enzyme.”

Exoribonuclease II (RNase II)5 is one of the major exoribo-
nucleases involved in the degradation of RNA (1). This protein
degrades RNA hydrolytically in the 3� to 5� direction, releasing
5�-nucleotide monophosphates in a processive manner. Its
activity is sequence independent but sensitive to secondary
structures, and poly(A) is the preferential substrate for this

enzyme (2–6). In Escherichia coli RNase II is responsible for
90% of the hydrolytic activity in crude extracts (7). Moreover,
its expression is differentially regulated at the transcriptional
and post-transcriptional levels (8–10), and the protein can be
regulated by environmental conditions (10). The E. coli enzyme
is the prototype of awidespread family of exoribonucleases, and
RNase II homologues can be found in prokaryotes and
eukaryotes (11). In the nucleus and in the cytoplasm of eukary-
otic cells, RNase II homologues (Rrp44/Dis3) are part of the
exosome, an essential multiprotein complex of exoribonucle-
ases involved in processing, turnover, and quality control of
different types of RNAs (12). Rrp44 is the only catalytically
active nuclease in the human and yeast core exosome (13, 14).
Moreover, it was recently demonstrated that apart from the
RNB catalytic domain, Rrp44p has a second nuclease domain,
the PINc domain, that confers endonucleolytic activity to the
protein (15, 16). In prokaryotic cells, apart from RNase II, there
is an additional RNase II-like enzyme, RNase R, that is involved
in RNA degradation and RNA and protein quality control (17–
20). RNase R has also been shown to be required for virulence
(21).
The determination of E. coli RNase II structure (22–24)

showed that, contrary to the sequence predictions, RNase II
consisted of four domains; they are two N-terminal cold shock
domains (CSD1 and CSD2) involved in RNA binding, one cen-
tral RNB catalytic domain, and a third RNA binding domain at
the C terminus, the S1 domain (Fig. 1A). Inside RNase II the
RNA contacts the enzyme at two different and non-contiguous
regions, the anchoring region (formed by the three RNA bind-
ing domains) and the catalytic region (buried inside the cata-
lytic domain) (22, 25). The shortest RNA molecule able to
retain contacts with these two regions simultaneously is a
10-nucleotide fragment, and this is also the minimum length
necessary to maintain the processivity of the enzyme (22, 25,
26). Therefore, simultaneous binding of substrate to both sites
is necessary for a processive degradation. Moreover, the struc-
ture of the RNA-bound complex revealed a tight packing of the
five 3�-terminal nucleotides in the catalytic cavity, mediated by
the conserved aromatic residues Tyr-253 and Phe-358 (22).
When the RNA substrate is shorter than 5 nucleotides the
required packing of the bases can no longer occur, impeding the
translocation of the RNA and generating the typical 4-nt frag-
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ment as the end-product for RNase II. A mutational analysis of
E. coli RNase II has been reported (26), confirming the crucial
role of Tyr-253 in setting the end-product of RNase II degrada-
tion. In addition, this analysis showed that conserved acidic
residues in the active site can have a different role during the
degradation mechanism (26).
RNase II is specific for RNA. However, although it does not

degrade DNA, it is still able to bind it. DNA oligonucleotides
have been shown to act as reaction inhibitors of the E. coli
RNase II, suggesting that both DNA and RNA compete for the
same binding sites of the enzyme (25). Previous reports have
demonstrated that the ribose specificity of RNase II is not for
the scissile bond but for the nearby nucleotides (22, 25). The
presence of a ribose between positions 2 through 5 from the
3�-end of the RNA substrate is required for cleavage to occur
(25). The crystal structure of the RNase II-RNA-bound com-
plex (22) revealed direct contacts between the residues Asp-
201, Tyr-313, andGlu-390 and theO2� ribose oxygens of nucle-
otides in positions 2, 4, and 6 (Fig. 1B). Such interactions seem
to be responsible for the proper orientation of the RNA at the
catalytic cavity and may account for the specificity of RNA ver-
sus DNA in RNase II.
Structural data also revealed that there are two other con-

served residues at the active site that seem to be crucial for
RNase II activity, Arg-500 and Glu-542 (22). In the RNA-com-
plexed structure, the Arg-500 is positioned between the two
nucleotides at the 3�-end interacting with their phosphate
backbones (Fig. 1B). It was postulated that Arg-500 could assist
in catalysis by fixing the phosphodiester bond at the cleavage
position and enhancing the susceptibility of the leaving phos-
phorous atom to a nucleophilic attack (22). Glu-542 is in close
proximity to the nitrogen atoms of the leaving nucleotide (Fig.
1B) andwas suggested to facilitate the elimination of this nucle-
otide upon phosphor-ester cleavage by pulling it out of the
base-stacked position (22).
In this report we analyze the role of some of these highly

conserved amino acids in RNase II activity. We studied the
function of Asp-201, Tyr-313, and Glu-390 in the cleavage dis-
crimination of RNA versusDNA. Our results showed that only
Tyr-313 and Glu-390 are crucial for RNA specificity of RNase
II. We also demonstrate that Arg-500 is essential for RNase II
activity, but it is not involved in RNA binding. Moreover, the
most prominent findings presented are the extraordinary catal-
ysis and binding abilities observed in the E542A mutant that
turns RNase II into a super-enzyme.

EXPERIMENTAL PROCEDURES

Materials—Restriction enzymes, T4 DNA ligase, Pfu DNA
polymerase, and T4 polynucleotide kinase were purchased
from Fermentas. Unlabeled oligonucleotide primers were syn-
thesized by STAB Vida, Portugal.
Strains—The E. coli strains used were DH5� (F� fhuA2

�(argF-lacZ)U169 phoA glnV44 �80 �(lacZ)M15 gyrA96
recA1 relA1 endA1 thi-1 hsdR17a) (27) for cloning experiments
and BL21(DE3) (F� rB� mB

� gal ompT (int::PlacUV5 T7 gen1
imm21 nin5) (28) for expression and purification of enzymes.
Construction of RNase II Mutants by PCR Overlapping—The

point mutations Y313F, Y313A, E390A, R500K, R500A, and

E542A, the double mutations D201N/Y313F, D201N/E390A,
and Y313F/E390A, and the triple mutation D201N/Y313F/
E390A were introduced into pFCT6.9 (10) or in the pFCT6.9/
D201N (26) by PCR overlapping (29).
The primers used in this study were the following (base

changes are indicated in small letters): forward primer
Y313Fa, 5�-GCAAAGCTtGTGTtTGACCAGGTTTCT-
GAC-3�, and reverse primer Y313Fb; 5�-GTCAGAAACCTG-
GTCAaACACaAGCTTTGC-3�; forward primer, Y313Aa,
5�-GCAAAGCTtGTGgcTGACCAGGTTTCTGAC-3�, and
reverse primer, Y313Ab; 5�-GTCAGAAACCTGGTCAgcC-
ACaAGCTTTGC-3�, forward primer, E390Aa, 5�-CCAAC-
CGTATCGTCGctGAAGCGATGATTGCC-3�, and reverse
primer, E390Ab, 5�-GGCAATCATCGCTTCagCGACGAT-
ACGGTTGG-3�; forward primer, R500Ka, 5�-CCACCTGG-
ACgTCGCCGATCaagAAATATG-3�, and reverse primer,
R500Kb, 5�-CATATTTcttGATCGGCGAcGTCCAGGTGG-
3�; forward primer, R500Aa, 5�-CGCCACCTGGACTTCGCC-
GATCgcTAAATA-3�, and reverse primer, R500Ab, 5�-CCATA-
TTTAgcGATCGGCGAAGTCCAGGTG-3�; forward primer,
E542Aa, 5�-CGCCGgCTCAACCGGATGGCAGcACGTGAT-
GTT-3�, and reverse primer, E542Ab, 5�-AACATCACGTgCTG-
CCATCCGGTTGAGcCGGCG-3�. All mutant constructs were
confirmed by DNA sequencing at STABVida, Portugal.
Overexpression and Purification of Wild Type RNase II and

Mutants—The plasmid used for expression of wild-type
E. coli histidine-tagged RNase II protein was pFCT6.9 plas-
mid (10). This plasmid contains the rnb gene cloned into
pET-15b vector (Novagen) under the control of �10 pro-
moter, allowing the expression of the His6-tagged RNase II
fusion protein.
All other plasmids bearing mutations were transformed into

BL21(DE3) E. coli strain (Novagen) to allow the expression of
the recombinant proteins. Cells were grown at 37 °C in 100 ml
of LB medium supplemented with 150 �g/ml ampicillin to an
A600 of 0.45 and then induced for 2 h by addition of 1 mM

isopropyl 1-thio-�-D-galactopyranoside. Cell cultureswere pel-
leted by centrifugation and stored at �80 °C.

Purification of all proteins was performed by histidine affin-
ity chromatography using HiTrap Chelating HP columns (GE
Healthcare) and the AKTA fast protein liquid chromatography
system (GE Healthcare) following the protocol previously
described (30, 31). Briefly, cell suspensions were lysed using a
French press at 9000 p.s.i. in the presence of 0.1 mM phenyl-
methylsulfonyl fluoride. The crude extracts were treated with
Benzonase (Sigma) to degrade the nucleic acids and clarified by
a 30-min centrifugation at 10,000 � g. The clarified extracts
were then added to aHiTrap chelating-Sepharose 1-ml column
equilibrated in buffer A (20 mM Tris-HCl, 0.5 M NaCl, pH 8, 20
mM imidazole and 2 mM �-mercaptoethanol). Protein elution
was achieved by a continuous imidazole gradient (from 20–500
mM) in buffer A. The fractions containing the purified protein
were pooled together, and buffer was exchanged to buffer B (20
mM Tris-HCl, pH 8, 100 mM KCl, and 2 mM �-mercaptoetha-
nol) using a desalting 5-ml column (GE Healthcare). Eluted
proteins were concentrated by centrifugation at 15 °C with
Amicon Ultra Centrifugal Filter Devices of 30,000 molecular
weight cutoff (Millipore). Protein concentration was deter-
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mined by spectrophotometry, and 50% (v/v) glycerol was added
to the final fractions before storage at �20 °C. 0.5 �g of each
purified protein was applied in a 8% SDS-PAGE and visualized
by Coomassie Blue staining (Fig. 1C).
Activity Assays—Exoribonucleolytic activity was assayed

using different RNA oligoribonucleotides as substrates (30): a
poly(A) chain of 35 nt as a single-stranded substrate, a 30-mer
oligoribonucleotide (5�-CCCGACACCAACCACUAAAAAA-
AAAAAAAA-3�) annealed to the complementary 16-mer oli-
godeoxyribonucleotide (5�-AGTGGTTGGTGTCGGG-3�) as a
double-stranded substrate with a 3�-single-stranded extension,
and the DNA-RNA chimeric substrates Chi1 (5�-dTdTdTdTd-
TdTdTdTdTdTdTrCrCdTdT-3�) and Chi2 (5�-dTdTdT dTd-
TdTdTdTdTdTdTrCdTrCdT-3�). All the oligoribonucleotides
were labeled at the 5�-end with [�-32ATP] and T4 polynucle-
otide kinase and further purified withMicrocon YM-3 Centrif-
ugal Filter Devices (Millipore) to remove the non-incorporated
nucleotides. The hybridization between 30-mer and 16-mer
oligomers was performed in a 1:1 (mol:mol) ratio in the Tris
component of the activity by 5 min of incubation at 68 °C fol-
lowed by 45 min as room temperature. The exoribonucleolytic
reactions were carried out in a final volume of 10 �l containing
30 nM concentrations of substrate, 20 mM Tris-HCl, pH 8, 100
mM KCl, 1 mM MgCl2, and 1 mM dithiothreitol. The amount of
each enzyme added to the reactionwas adjusted to obtain linear
conditions and is indicated in the respective figures (Figs. 2–4).
Reactions were started by the addition of the enzyme and incu-
bated at 37 °C. Samples were withdrawn at the time points indi-
cated in the figures (Figs. 2–4), and the reactionwas stopped by
adding formamide-containing dye supplemented with 10 mM

EDTA. Reaction products were resolved in a 20% polyacrylam-
ide, 7Murea and analyzed by autoradiography.Autoradiograms
were scanned, and the densities of the bands were quantified
using ImageQuant 5.0 software. The exoribonucleolytic activity
of the enzymes was determined by measuring and quantifying
the disappearance of the substrate from gels in several distinct
experiments, and each value obtained represents themean of at
least three independent assays. The specific activity of each
enzyme is given as the nmol of substrate consumed/min/nmol
of protein at 37 °C. Results obtained are shown in Table 1.
Formal Kinetic Analysis—To determine the 3�-5� exoribo-

nuclease rates of the WT and the E542A mutant, the reactions
were carried out in 20 mM Tris-HCl, pH 8, 100 mM KCl, 1 mM

MgCl2, and 1 mM dithiothreitol using the 35-nt poly(A) RNA
oligonucleotide as a substrate. Preliminary assays (not shown)
showed that product formation proceeded linearly at the pro-
tein concentrations and for the incubation times used in the
experiments reported here. As such, the protein activities were
measured at the following substrate concentrations: 10, 25, 50,
100, 150, 200, 250 and 300 nM. The protein concentrations used
were 5 pM and 0.1 fM for theWTand the E542Amutant, respec-
tively. The reactions were carried out at 37 °C for 2 min with
these protein concentrations as under these conditions less
than 20% of substrate was degraded. Reactions were stopped by
adding formamide-containing dye supplemented with 10 mM

EDTA. Reaction products were resolved in a 20% polyacrylam-
ide, 7Murea and analyzed by autoradiography.Autoradiograms
were scanned, and the densities of the bands were quantified

using ImageQuant 5.0 software. The amount of product was
calculated by using the original substrate concentration and the
final ratio of remaining substrate and product formed. Lin-
eweaver-Burk plots (32) were used to estimate kinetic parame-
ters: Km, Vmax, and kcat. Each value obtained represents the
mean of at least three independent assays, and the S.D. was
calculated from these data sets.
Surface PlasmonResonanceAnalysis-BIACORE—Biacore SA

chips were obtained from Biacore Inc. (GE Healthcare). The
flow cells of the SA streptavidin sensor chip were coated with a
low concentration of the following substrates. On flow cell 1 no
substrate was added so this cell could be used as the control
blank cell. On flow cell 2 a 5�-biotinylated 25-nucleotide RNA
oligomer (5�-CCCGACACCAACCACUAAAAAAAAA-3�)
was added to allow the study of the protein interaction with a
single-stranded RNAmolecule. On flow cell 3 a 5�-biotinylated
16-nucleotide DNA oligomer (5�-AGTGGTTGGTGTCGGG-
3�) was added to allow the study of the protein interaction with
a single-stranded DNA molecule. On flow cell 4 a 5�-biotiny-
lated 35-nucleotide poly(A) oligomer was added to allow the
study of the protein interaction with a single-stranded RNA
molecule composed only of adenosines. The target RNA and
DNA substrates were immobilized on flow cells 2 and 3 by
injecting 20�l of a 500 nM solution of the target RNAorDNA in
1 M NaCl at a 10 �l/min flow rate as described in previous
reports (31, 33). The biosensor assay was run at 4 °C in 20 mM

Tris-HCl, pH 8, 100 mM KCl, 1 mM dithiothreitol, and 25 mM

EDTA. The proteins were injected over the flow cells for 2 min
at concentrations of 10, 20, 30, 40, and 50 nMusing a flow rate of
20 �l/min. All experiments included triple injections of each
protein concentration to determine the reproducibility of the
signal and control injections to assess the stability of the RNA
or DNA surface during the experiment. Bound protein was
removedwith a 60-s washwith 2MNaCl, which did not damage
the substrate surface. Data from flow cell 1 were used to correct
for refractive index changes and nonspecific binding. Rate con-
stants and equilibrium constants were calculated using the BIA
EVALUATION 3.0 software package according to the fitting
model 1:1 Languimir binding.
Modeling of Wild-type RNase II and E542A Mutant—Using

standard comparative modeling methods and the software
DeepView (34), three-dimensional models of wild-type E. coli
RNase II (RNB/ECOLI) and E542A mutant proteins were built
up from the x-ray structure (PDB code 2IX1 (22)) of RNase II
D209N mutant complexed with a 13-nt poly(A) RNA.
Molecular Dynamics (MD) Simulation of the E542A Mutant

and RNase II Models Based on the 2ix1 Structure—To obtain a
fine-grained theoreticalmodel ofwild-typeRNase II andE542A
mutant enzymes bound to a 13-nt poly(A) RNA, a 4-ns MD
simulation was performed. To readjust side chains and domain
conformations, the recreation was calculated using the
PMEMD module of the AMBER9 package (35, 36) and the
parm99 parameter set from this distribution. Dynamically sta-
bilized 2IX1 crystal structure model of RNase II in complex
with RNA described elsewhere (26) was taken into consider-
ation for subsequent molecular dynamics trajectory analyses.
The details on MD methodology applied to the models were
described (26).
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MD Models of the Wild-type RNase II and E542A Mutant
Proteins Bound to RNA—Theoretical models of RNase II wild-
type andE542Amutant enzymes bound to a 13-nt poly(A)RNA
were, respectively, built up from an energy-minimized average
structure of the stabilized molecular dynamics simulation of
the x-ray structure of RNase II D209Nmutant complexed with
a 13-nt poly(A) RNA (PDB code 2IX1 (22)), previously pub-
lished (26). To obtain biophysically consistentmodels, 4-nsMD
simulations were performed with each model. Calculations
were done by using the PMEMD module and the parm99
parameter set in the AMBER9 package (35, 37, 38). MD simu-
lations of both RNase II systems included the four RNase II
domains (CSD1, CSD2, RNB, and S1), the RNA molecule, and
the magnesium atom of the active center reported in the real
structure of D209N mutant. To neutralize the electrostatic
charge of the system, Na� counterions were placed in a shell
around the system using a grid of coulombic potentials. Elec-
trostatically neutralized complexes where then embedded in a
truncated octahedron solvation box, keeping a distance of 12 Å
between the limits of the box and the closest atom of the solute.
Both counterions and solvent were added using the LEAPmod-
ule in AMBER9. Initial relaxation of each complex was com-
pleted by performing 10,000 steps of energy minimization with
a cut-off of 10.0 Å. Initial heating and equilibration were per-
formed simultaneously by raising the temperature in two stag-
es; a first one from 0 to 5 K to induce a slow adaptation of the
system to the force field represented in parm99 and a second up
to 298 K in 200-ps continuous heating phases. During this pro-
cedure stage velocities were reassigned at each new tempera-
ture according to the Maxwell-Boltzmann distribution, and
positions of the C� and P atoms of the solute were constrained
with a force constant of 20 Kcal�mol�1 to impede spurious dis-
organizations of protein and RNA backbone structures. During
the last 100 ps of the equilibration phase of the MD, the force
constant was reduced stepwise down to 0 for all constrained
atoms to progressively allow the stabilization of the system.
Consecutively, a MD simulation of 4 ns over the complete sys-
tems was completed.

RESULTS

Comparing the Exoribonucleolytic Activity of the Different
Mutant Proteins—E. coliRNase II is the prototype of the RNase
II superfamily of exoribonucleases, and this protein has shown
to be a good studymodel for all familymembers, as they share a
similar mode of action (15, 26, 39–41). To better understand
the reaction mechanism of E. coli RNase II and the processes
underlying the specificity of RNAcleavage, we constructed a set
of single, double, and triple mutants of RNase II and studied
their effect in RNA binding and in catalytic activity. We intro-
duced the following point mutations in RNase II: Y313F,
Y313A, E390A, R500A, R500K, and E542A, the double muta-
tions D201N/Y313F, D201N/E390A, and Y313F/E390A, and
the triple mutation D201N/Y313F/E390A. All these mutant
proteins were introduced in E. coli BL21(DE3) and were over-
produced by isopropyl 1-thio-�-D-galactopyranoside induc-
tion. The optimal induction conditions were standardized for
each mutant by analysis of protein production and solubility at
different times of isopropyl 1-thio-�-D-galactopyranoside

treatment. All the mutants were shown to be more than 80%
soluble after induction, except for R500K, which was mainly in
the insoluble fraction (data not shown). All the mutant pro-
teins, with the exception of R500K were, purified (Fig. 1C) as
described under “Experimental Procedures.” The exoribonu-
cleolytic activity of the purified mutant proteins was analyzed
and compared with the wild type by performing activity assays
using two different types of RNA substrates as described under
“Experimental Procedures.”
As previously demonstrated, the wild-type enzyme was

able to degrade the single-stranded RNA substrate, and the
end-product was a 4-nt fragment (26, 42) (Fig. 2). With the
R500A mutant the shortest product observed was a 11 nt,
even with 1000 nM concentration after a 30-min reaction.
The double mutant D201N/Y313F was only able to degrade a
few nucleotides in the conditions tested (1000 nM concen-
tration of protein in a 30-min reaction). Previous reports had
shown that D201N mutant accumulated a 10–11-nt frag-
ment as a major degradation product, although longer reac-
tion times resulted in the usual 4-nt fragment as a secondary
product (26). This is probably because of a higher dissocia-
tion rate of RNA fragments shorter than 11 nt. A similar
behavior was also observed for the double D201/E390A and
triple D201N/Y313F/E390A mutants, which confirm the
important role played by Asp-201 in the RNase II activity.
Y313F, Y313A, Y313F/E390A, and E542A generated a 4-nt
fragment like wild-type RNase II (Fig. 2). In the conditions
tested (1 nM concentrations of protein in a 10-min reaction),
the E390A mutant was able to degrade the substrate until it
reached a 6-nt fragment (Fig. 2). However, in more extreme
conditions (i.e. longer reaction times and/or higher enzyme
concentrations) the mutant was also able to reach the typical
final end-product of 4 nt (data no shown).
When the substrate tested was a double-stranded molecule

with a 3�-single-stranded extension (16–30ds), the wild-type
enzyme degraded the single-stranded portion, generating
23–25-nt oligomers (30). This shows that the enzyme stalls 7–9
nt before reaching the double-stranded region (30, 42) (Fig. 3).
Similarly,most of themutant enzymes rendered products rang-
ing between 21 and 25 nt in length behaving like the wild-type
does against secondary structures. TheD201N, D201N/E390A,
and R500A mutants, however, generated longer products than
the wild type, with 26–27 nt in length. The E542A mutant was
able to go closer to the double-stranded portion of the RNA,
rendering a 19-nt product.
The exoribonucleolytic activity of wild-type and mutant

enzymes was determined by measuring the substrate disap-
pearance from the activity gels (Table 1). The results obtained
suggested that although fully conserved in all domains of life,
Glu-390 is not essential for RNase II catalysis because the activ-
ity of E390A was very similar to that of the wild-type enzyme
(0.30 and 0.36 nmol�min�1�nmol�1 for the wild-type and
E390A mutant, respectively) (Table 1). In the case of Tyr-313,
its substitution by Phe did not alter the enzymatic activity,
whereas its replacement by an Ala resulted in a 100-fold reduc-
tion (Table 1). These observations imply that the aromaticmoi-
ety of Tyr-313, but not the hydroxyl group, is important for the
maintenance of the enzymatic activity. Accordingly, the exori-
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bonucleolytic activity of the double mutant Y313F/E390A was
not affected by the presence of the two mutations simulta-
neously (Table 1). As previously reported, the activity ofD201N
was highly impaired (only 0.2% of the activity of wild-type
enzyme), confirming the importance of this residue in RNase II
activity (26). This effect was also reflected in the D201N/Y313F
and the D201N/Y313F/E390A mutants, which showed less
than 0.1% of the activity present in the wild type (Table 1).
However, theD201Nmutation did not have such a pronounced
effect on the activity of the double mutant D201N/E390A,
which had a very similar specific activity to the wild type (0.30
and 0.31 nmol�min�1�nmol�1 for the wild type and D201N/
E390A doublemutant, respectively) (Table 1). Thismutant was
able to degrade the poly(A) substrate in a very processive man-
ner until generating the 10-nt oligomer, as does the wild-type
enzyme. However, further degradation of this 10-nt oligomer
into shorter products seemed to occur with much more diffi-
culty, and higher concentrations of enzyme were required to
generate the typical 4-nt product. One explanation for the
results obtained is the possible reconstitution of the catalytic
site around the Mg2� atom and the D201N, induced by the
E390Amutation. The electrostatic environment in the catalytic
center and in the cleft has to be preserved for the enzyme to
continue to function; as such, an uncertain number of casual
rearrangements might have taken place.

The Arg-500 residue seems to be very important for the
RNase II activity, as the R500A mutant showed more than a
40,000-fold reduction in activity when compared with the wild
type (7.0 � 10�6 versus 0.30 nmol�min�1�nmol�1) (Table 1). In
fact, the side chain of this residue interacts with the phosphate
backbone of the two nucleotides at the 3�-end of the RNAmol-
ecule, and it was postulated to assist in catalysis by fixing the
phosphodiester bond at the cleavage position and enhancing
the susceptibility of the leaving phosphorous atom to a nucleo-
philic attack (22). Its substitution by Ala would, therefore, pre-
vent such an interaction, resulting in the inactivation of the
enzyme.
Finally, the substitution of the Glu-542 by Ala rendered a

mutant version of the RNase II that wasmuchmore active than
thewild-type enzyme, withmore than a 100-fold increase in the
exoribonucleolytic activity. This residue is in close proximity to
the leaving nucleotide and was suggested to facilitate the elim-
ination of this nucleotide upon phosphor-ester cleavage by
pulling it out of the base-stacked position (22). The elimination
of the cleaved nucleotide from the catalytic cavity is essential
for the enzymatic process to continue, and an alanine residue in
this position seems to facilitate this process even more.
Determination of RNA Dissociation Constants (KD) by Sur-

face Plasmon Resonance Analysis—To determine the contribu-
tion of each residue in RNA binding, we calculated the dissoci-

FIGURE 1. RNase II and mutant proteins. A, linear representation of RNase II domains with the specification of the position of the conserved residues within
RNB domain. B, atomic interactions scheme between RNA and protein residues. Hb indicates hydrogen bonds up to 3.2 Å, and vdW indicates van der Waals
interactions up to 3.6 Å. The labeling of the nucleotides starts from the 3�-end of the RNA, inversely to previous reports where the nucleotides at the 3�-end was
labeled as nt 13 (22). C, purity of the enzymes. 0.5 �g of purified His6-RNase II, His6-D201N, His6-Y313F, His6-Y313A, His6-E390A, His6-D201N/Y313F, His6-D201N/
E390A, His6-Y313F/E390A, His6-D201N/Y313F/E390A, His6-R500A, and His6-E542A were applied and visualized by Coomassie Blue staining. Molecular weights
of standard proteins are indicated on the left.

Key Residues for RNase II Degradation Mechanism

20490 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 31 • JULY 31, 2009



ation constants (KD) of the wild-type and the mutant proteins
by surface plasmon resonance analysis with Biacore 2000 using
two different single-stranded RNA substrates as described
under “Experimental Procedures.” The results obtained are
presented in Table 2. The dissociation constants for the 25-mer
single-stranded RNA substrate of the wild-type RNase II and
D201N enzymes were previously determined (6.5 � 0.4 and
11.4 � 0.7 nM, respectively) (26). When assaying the 25-mer
single-stranded RNA substrate, almost all the mutant proteins
tested in this work showed KD values similar to that of the
wild-type enzyme, except for the E542A mutant. This mutant
enzymepresented a significant increase in RNAbinding affinity
with a much lower KD value when compared with the wild type
(0.5 � 0.08 versus 6.5 � 0.4 nM) (Table 2). When a poly(A)
substrate was used almost all enzymes showed a moderate
reduction onKD values, indicating a higher affinity for this sub-
strate. When compared with the wild type, most of the mutant
enzymes showed no significant differences in KD values except
for the triple mutant, which showed a 9-fold reduction in

poly(A) binding affinity. Once more, the E542A mutant pre-
sented a significant increase in RNA affinity for poly(A), with a
�20-fold higher KD value when compared with that of the wild
type (Table 2). The same result was obtained by electrophoretic
mobility shift assay, with this mutant showing RNA-protein
complex formation at much lower protein concentration than
wild-type enzyme (supplemental Fig. S1). This means that the
high level of activity of this mutant is, at least in part, because of
a higher RNA binding affinity than the wild type.
Kinetic Analyses ofWild-type andE542AMutant—Given the

extraordinary properties of the E542A mutant, we wanted to
better characterize its catalytic properties. With this aim, we
performed a kinetic analysis of this E542Amutant and thewild-
type enzyme and determined their kinetic parameters. The
experiments were carried out using the poly(A) RNA substrate
as described under “Experimental Procedures.” The results
obtainedwere plotted, and the reaction proceeded according to
a Michaelis-Menten equation, as indicated by linearity in the
Lineweaver-Burk plots (32) (data not shown). From this plot we

FIGURE 2. Exoribonuclease activity with single-stranded RNA substrate; comparison of wild-type and mutant proteins. Activity assays were performed
as described under “Experimental Procedures” using a poly(A) chain of 35 nt as substrate. The mutants used and their respective protein concentrations are
shown. The wild-type enzyme was used as control. Samples were taken during the reaction at the time points indicated, and reaction products were analyzed
in a 20% polyacrylamide, 7 M urea gel. Control reactions with no enzyme added (Ctrl) were incubated at the maximum reaction time for each protein. Length
of substrates and degradation products are indicated in the figure.

Key Residues for RNase II Degradation Mechanism

JULY 31, 2009 • VOLUME 284 • NUMBER 31 JOURNAL OF BIOLOGICAL CHEMISTRY 20491

https://doi.org/10.1074/jbc.M109.020693


determined the kinetic parameters, Vmax, Km, and kcat for
the wild type and the E542A mutant, which are presented in
Table 3. The Km values obtained were 1.25 � 0.17 �M for the
wild type and 0.30 � 0.05 �M for E542A (Table 3), suggesting
that the E542A mutation significantly increased the affinity of
RNase II enzyme for thepoly(A) substrate andconfirming thedata
obtained from the KD values. In addition, the kcat value of the
E542A mutant was also much higher than that of the wild type
(�200,000-fold), thus giving a final kcat/Km ratio of �1,000,000-
foldhigher in theE542Amutant than in thewild type (Table3).All
thesedataexplainwhytheE542Amutant ismuchmoreefficient in
catalysis than the wild-type enzyme, confirming that, in fact, sub-
stitution of Glu-542 by Ala resulted in a super-enzyme.
Can the Discrimination of RNA Versus DNA by RNase II Be

Dictated by Three Conserved Residues?—It was previously
described that residues Asp-201, Tyr-313, and Glu-390 are
involved in ribose binding (22); therefore, they are probably

FIGURE 3. Exoribonuclease activity with ds16 –30 substrate; comparison of wild-type and mutant proteins. Activity assays were performed as described
under “Experimental Procedures” using a 30-mer oligoribonucleotide hybridized to the complementary 16mer oligodeoxyribonucleotide, thus obtaining the
corresponding double-stranded substrate 16 –30ds. The mutants used and their respective protein concentrations are shown. The wild-type enzyme was used
as control. Samples were taken during the reaction at the time points indicated, and reaction products were analyzed in a 20% polyacrylamide, 7 M urea gel.
Control reactions with no enzyme added (Ctrl) were incubated at the maximum reaction time for each protein. Length of substrates and degradation products
are indicated in the figure.

TABLE 1
Specific exoribonucleolytic activity of wild-type and mutant
enzymes
Exoribonucleolytic activity was assayed using a 35-nt poly(A) chain as substrate.
Activity assays were performed in triplicate as described under “Experimental Pro-
cedures.” Each value represents nmol of substrate oligoribonucleotide consumed
permin and per nmol of protein, and the exoribonucleolytic activity of thewild-type
enzyme was taken as 100%.

Protein Protein activity Relative activity

nmol min�1 nmol�1 %
WT RNase II 0.30 � 0.04 100
Y313F 0.35 � 0.04 117
Y313A 	0.01 1
E390A 0.36 � 0.03 120
D201N 	0.01 0.2
D201N/Y313F 	0.01 	0.1
D201N/E390A 0.31 � 0.06 103
Y313F/E390A 0.33 � 0.01 110
D210N/Y313F/E390A 		0.01 		0.1
E542A 33.75 � 3.90 11,250
R500A 		0.01 		0.1
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important for the specificity of RNA cleavage. Particularly and
starting from the 3�-end of the RNA molecule, Tyr-313 and
Asp-201 interact with the O2�-ribose oxygen of the second
nucleotide, and Glu-390 interacts with the O2�-ribose oxygen
of the fourth nucleotide (Fig. 1B). To determine the role of these
residues in the discrimination of RNA versusDNA, the activity
of thesemutantswas assayedusing twodifferent 15-nt chimeric
DNA-RNA oligomers. In the first chimeric substrate (Chi1),
the 3rd and 4th positions from the 3�-end are occupied by ribo-
nucleotides (rC) and the other 13 are deoxyribonucleo-
tides (dT) (5�-dTdTdTdTdTdTdTdTdTdTdTrCrCdTdT-3�),
whereas in the second substrate (Chi2) the ribonucleotides are
located in the 2nd and 4th positions from the 3�-end (5�-dTdT-
dTdTdTdTdTdTdTdTdTrCdTrCdT-3�). Our data showed
that RNase II is only able to cleave DNA bases when having a
ribose in the 2nd or the 4th positions. The results demonstrate
that, with the Chi1 substrate, wild-type RNase II was only able
to cleave three nucleotides, rendering a final degradation prod-
uct of 12 nt (Fig. 4A). After the first cleavage event the RNA
translocates, and the riboses now occupy the 2nd and 3rd posi-
tions. Because one of the riboses is still in the 2nd position,
cleavage can pursue. The riboses then move to positions 1 and
2, and cleavage is still allowed. Finally, once there is only one
ribose present, in the 1st position, cleavage halts. This explains
why after three cleavage events the 12-nt fragment is released.
With the Chi2 substrate only one cleavage event occurred with
wild-type RNase II, converting the 15-mer into a 14-mer oligo-
nucleotide (Fig. 4B and supplemental Fig. S2). After this first
and unique cleavage event, the RNA translocates, the two ribo-
ses then occupy the 1st and the 3rd positions, and the enzyme is
not able to continue degradation. Therefore, RNase II has a
strict requirement for a ribose in the second and/or the fourth
nucleotides from the 3�-end of the molecule and not in other
positions, as previously described (43). This fact confirms that

the specific contacts observed in the RNase II structurewith the
O2� oxygen at these positions are essential for RNase II activity.
The substitution of the Asp-201 by Asn inhibited the degra-

dation activity with both DNA-RNA substrates used (Fig. 4).
However, this mutant has also been shown to be highly inactive
in degradation of a poly(A) RNA substrate (with 0.2% of the
wild-type activity) because of the role of Asp-201 inMg2� coor-
dination (22, 26) (Fig. 2 and Table 1). Its role as anMg2� ligand
at the active site of RNase II is so critical for the activity of the
enzyme that we are unable to see the actual contribution of this
residue in the interaction with the second ribose. The E390A
mutant presented a similar degradation efficiency over an RNA
substrate, like that of the wild type. However, this mutant was
not able to degrade the Chi1 DNA-RNA substrate (Fig. 4A).
The substitution of Glu-390 by Ala, which probably prevents
the interaction with the 4th ribose, abolished the activity, con-
firming that the presence of a ribonucleotide in the 3rd position
cannot support activity. With the Chi2 substrate, the E390A
behaved like the wild type, although with less efficiency (Fig.
4B). Therefore, it seems that the single establishment of con-
tacts with the ribose of 2nd nucleotide is enough to support
catalysis to a certain extent. The importance of contacts
between protein residues and the ribose of the 2nd nucleotide
of the substrate for RNA recognition and cleavage was con-
firmed by mutations introduced in Tyr-313. Based on the crys-
tal structure, the side chain of this residue is hydrogen-bonded
to the O2� oxygen of ribose of the 2nd nucleotide. Its substitu-
tion by Ala prevented the degradation of the Chi1 substrate,
and the ability of the enzyme to degrade the Chi2 substrate was
highly reduced, even at high protein concentrations (Fig. 4).
This reduction seems to be similar to that observed with the
poly(A) RNA substrate (Table 1). However, Y313F was shown
to be highly active in degradation of both chimeric substrates
(Fig. 4), even more active than the wild type over the Chi2.
Furthermore, with this second substrate, Y313F was able to
perform more than one cleavage event, behavior that was also
observed in the Y313F/E390A double mutant (Fig. 4B and sup-
plemental Fig. S2). Therefore, it seems that the absence of the
side-chain hydroxyl group in Phe-313 could favor the degrada-
tion of certain substrates. The presence of a Phe instead of a Tyr
may induce a local rearrangement of the nucleotides and/or the
protein residues at the catalytic cavity, thus allowing the estab-
lishment of new contacts with a ribose in the 3rd or the 1st
positions of the substrate. Such contacts, which are not present
in the wild type, allow the enzyme to proceed in degradation of
the Chi2 substrate even in the absence of the canonical interac-
tions with the 2nd or the 4th riboses.
Determination of DNA Dissociation Constants (KD) by Sur-

face Plasmon Resonance Analysis—We wanted to explore the
effect of these residues, Asp-201, Tyr-313, andGlu-390, in gen-

TABLE 2
RNA binding affinity of wild-type and mutant enzymes
The dissociation constants (KD) were determined by surface plasmon resonance
using BIACORE 2000 with a 25-nt RNA oligomer (5�-Biotin-CCCGACACCAAC
CAC UAA AAA AAA A-3�) and 35-nt poly(A) RNA oligomer.

Proteins
25-mer ssRNA Poly(A) ssRNA
KD Relative KD KD Relative KD

nM nM
WT RNase II 6.5 � 0.4 1.0 1.3 � 0.4 1.0
D201N 11.4 � 0.7 1.8 1.1 � 0.1 0.8
Y313F 12.9 � 2.4 2.0 4.4 � 0.1 3.4
Y313A 17.1 � 0.8 2.6 4.2 � 0.7 3.2
E390A 8.7 � 1.4 1.3 2.3 � 0.4 1.8
D201N/Y313F 3.4 � 0.3 0.5 4.4 � 0.6 3.4
D201N/E390A 17.8 � 1.7 2.7 1.6 � 0.1 1.2
Y313F/E390A 7.3 � 0.3 1.1 6.0 � 0.7 4.6
D201N/Y313F/E390A 22.1 � 7.2 3.4 12.0 � 2.9 9.2
R500A 10.9 � 1.2 1.7 3.3 � 0.6 2.5
E542A 0.5 � 0.08 0.1 0.06 � 0.005 0.05

TABLE 3
3�-5�-Exoribonuclease kinetic constants of wild-type and E542A mutant enzymes
The exoribonuclease rates were measured at different substrate concentrations using a 35-nt poly(A) chain as substrate, as indicated under “Experimental Procedures.”

Proteins Vmax Km kcat kcat/Km

�M.s�1 �M s�1 �M�1.s�1

WT RNase II 0.25 � 0.02 1.25 � 0.17 0.41 � 0.01 0.23 � 0.06
E542A (1.14 � 0.48) � 104 0.30 � 0.05 (8.08 � 0.84) � 104 (2.36 � 0.38) � 105
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FIGURE 4. Exoribonuclease activity with DNA-RNA chimeric substrates; comparison of wild-type and mutant proteins. Activity assays were performed
using two 15-mer chimeric substrates as described under “Experimental Procedures.” A, activity assays with Chi 1 (5�-dTdTdTdTdTdTdTdTdTdTdTrCrCdTdT-3�)
were the 3rd and 4th positions from the 3�-end are occupied by ribonucleotides (rC), and the other 13 are deoxyribonucleotides (dT). B, activity assays with Chi2
(5�-dTdTdTdTdTdTdTdTdTdTdTrCdTrCdT-3�) were the 2nd and 4th positions from the 3�-end are occupied by ribonucleotides, and the other 13 are deoxyri-
bonucleotides. The mutants used and their respective protein concentrations are shown. The wild-type enzyme was used as control. Samples were taken
during the reaction at the time points indicated, and reaction products were analyzed in a 20% polyacrylamide, 7 M urea gel. Control reactions with no enzyme
added (Ctrl) were incubated at the maximum reaction time for each protein. Length of substrates and degradation products are indicated in the figure.
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eral DNA binding affinity. For this purpose we determined the
KD values by surface plasmon resonance using a DNA sub-
strate. The results obtained (Table 4) showed that all mutants
tested have a similar DNA affinity as the wild type. with the
exceptions of E390A and Y313A derivatives, which showed a
�9-fold and a 
100-fold reduction, respectively (Table 4).
These results confirm that the contact of Tyr-313 and Glu-390
with the 2nd and 4th riboses are important not only for catalysis
but also for a proper substrate binding at the catalytic cavity in
the absence of the canonical interactions.
Our data indicate that inside the cavity the unique specific

contacts for ribose established by RNase II are those with the
2nd and 4th nucleotides from the 3�-end of the RNAmolecule.
Moreover, these contacts are necessary and sufficient for cleav-
age to occur, and therefore, they seem to be responsible for the
RNA specificity versus DNA in RNase II.

DISCUSSION

E. coli RNase II is the model of the RNase II family of
enzymes, whose homologues are present in all three domains of
life (1, 11, 12, 44, 45). The resolution of the structure of E. coli
RNase II in the RNA-free and bound complex constituted a
significant breakthrough (22, 24). The structural study together
with biochemical analysis helped to explain certain aspects of
the enzyme activity and led to the proposal of a model for RNA
degradation by RNase II that can be extrapolated to other fam-
ily members (13, 15, 22, 26, 41). However, some essential fea-
tures remain unknown.
The structure of the D209N mutant complexed with a 13-nt

poly(A) oligomer revealed specific contacts of several residues
at the active site with the RNA oligomer, with most of these
residues highly conserved in RNase II-like enzymes of all
domains of life (22). To identify the specific role of these amino
acids and verify their precise function in RNase II activity, we
introduced several single, double, and triple mutations in resi-
dues Asp-201, Tyr-313, Glu-390, Arg-500, and Glu-542 and
studied the exoribonucleolytic activity and substrate binding
ability of the corresponding mutant proteins.
The results obtained in this report revealed that, except for

the Glu-542, none of the residues analyzed is crucial for RNA
binding, as only slight differences in RNA binding affinity (KD
values) were observed upon mutation (Table 2). However, the

Glu-542 residue is very important in the prevention of the bind-
ing to the substrate, as its substitution by an Ala causes the
protein to bind RNA more tightly than the wild-type enzyme.
Moreover, our data demonstrate that, among the residues
mutated in this study, Arg-500 plays a central role in catalysis.
The R500A mutation practically inactivated the enzyme,
although the protein was still able to bind RNA efficiently. A
similar result had previously been obtained when mutating the
conserved Asp-209 into an Asn (6, 26). Comparable results
were obtained with the double mutant D201N/Y313F and the
triple mutant D201N/Y313F/E390A, which also have their
activities highly impaired.
The results obtainedwith R500A support the essential role of

this residue in assisting catalysis (22). Arg-500 has been
described as interacting with the phosphate backbone of the
two nucleotides at the 3�-end of the substrate (Fig. 1B). It was
suggested that the role of Arg-500 could be to fix the phos-
phodiester bond at the cleavage position, enhancing the suscep-
tibility of the phosphorous atom of the leaving nucleotide to a
nucleophilic attack. To confirm our experimental results, we
performed a computational model of the putative binding
mode of a 13-nt poly(A) RNA fragment to RNase II wild-type
enzyme based on the x-ray structure of RNase II D209N-RNA-
bound complex (22). The model obtained gave us precious
information about the interactions established between the
RNA substrate and protein residues and helped to clarify cer-
tain aspects (Fig. 5A). For instance, the computational model
predicts that in the wild-type enzyme, the guanidinium group
in the Arg-500 residue would contact directly with the phos-
phate of nt 2 from the 3�-end, stabilizing its position. This con-
formation keeps the enzyme catalytically competent and allows
the outgoing nucleotide to remain coordinated with the mag-
nesium atom and the rest of the active center elements. Thus,
the model shows that changes in this position could induce an
extensive reorganization of the region that would turn the
enzyme catalytically incompetent, which correlates with the
experimental results obtained for mutant R500A and confirms
the hypothesis previously postulated (22).
The RNase II structure showed that Tyr-313, Asp-201, and

Glu-390 hydrogen-bonded with the O2�-ribose oxygen of two
nucleotides in the RNAmolecule (Fig. 1B). Because this oxygen
is absent in a deoxyribose, the three residues were postulated to
be involved in RNA discrimination versus DNA.
Previous studies showed that Asp-201 residue was very

important for RNase II activity but not for substrate binding
(26). In this report we performed new experiments with the
previously constructed D201N mutant, and we demonstrated
that this mutant enzyme was unable to degrade DNA-RNA
chimeras. The computational model performed in this report
helped to explain all experimental data obtained with the
D201N mutant, showing that different groups of the aspartate
participate in different contacts. The carboxylic of its side chain
coordinates the Mg2� ion that is essential for catalysis, and
therefore, its substitution by asparagine led to the loss of activ-
ity. However, interaction with the O2�-ribose is mediated by
polar contacts with the carbonyl oxygen in the backbone trace,
indicating that any other residue could account for such inter-
action as long as the substrate and protein residue conforma-

TABLE 4
DNA binding affinity of wild-type and mutant enzymes
The dissociation constants (KD) were determined by surface plasmon resonance
using BIACORE 2000with a 16-nt DNAoligomer (5�-Biotin-AGTGGTTGGTGT
CGG G-3�).

Proteins
16-mer ssDNA

KD Relative KD

nM
WT RNase II 8.7 � 0.7 1.0
D201N 15.9 � 2.4 1.8
Y313F 6.9 � 0.3 0.8
Y313A 

100 

100
E390A 75.7 � 8.8 8.7
D201N/Y313F 6.4 � 0.5 0.7
D201N/E390A 12.8 � 2 1.5
Y313F/E390A 12.0 � 0.4 1.4
D201N/Y313F/E390A 10.7 � 0.3 1.2
R500A 14.2 � 0.2 1.6
E542A 6.1 � 0.3 0.7
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tion is conserved. Therefore, although the actual contribution
of Asp-201 to the RNA cleavage specificity cannot be deci-
phered with the D201N mutant because of its inactivation,
computational model confirms the postulated contact between
this residue and the 2nd ribose of theRNAmolecule. According
to our results Tyr-313 and Glu-390 seemed to be two essential
contacts that RNase II establishes with the ribose of the sub-
strate, demonstrating that these residues are responsible for the
RNA cleavage specificity.
Substitution of Glu-390 by Ala caused a significant loss of

activity over the chimeric substrates but did not affect degrada-
tion of a RNA molecule. The model predicts polar contacts
between the ribose 2�-OH and the carbonyl oxygens of the glu-
tamic. Thismeans that its replacement byAla should not desta-
bilize the interaction. However, Glu-390 is also involved in

polar contacts with neighboring
arginine residues through its side
chain. Therefore, E390A mutation
will probably induce local confor-
mational changes that may prevent
the hydrogen bond formation
between Ala (smaller residue than
Glu) and the second ribose oxygen.
The loss of this interaction would
have a drastic effect in degradation
of the chimeric substrate, where
other canonical interactions may
not be occurring. In the case of Tyr-
313, our experimental results sug-
gested that its aromatic moiety but
not its hydroxyl group is crucial for
activity and for RNA specificity of
RNase II, as the Y313A but not
Y313F mutation produced a drastic
reduction of RNA and DNA-RNA
substrate degradation efficiency. In
fact, the computational modeling
predicts contacts between the Tyr-
313 aromatic ring and theOHof the
ribose, but the hydroxyl group of
the Tyr-313 does not participate in
such interactions, confirming this
hypothesis. In addition, our results
demonstrate that the contact with
Tyr-313 (or Phe) is critical for the
degradation of DNA-RNA chimeric
substrate and that this single con-
tact is able to support catalysis of
DNA bases. Therefore, the pres-
ence of a ribose in positions 2 or 4
from the 3�-end of the nucleic acid
is the unique requirement for
RNase II to perform degradation.
RNA specificity shown by this
ribonuclease resides in these two
positions and interaction with
Tyr-313 and Glu-390.
Finally, Glu-542 was shown to

play a very important function in RNase II. The carboxylic
group of this glutamate is in close proximity to the nitrogen
atoms of the leaving nucleotide, and the establishment of one or
more hydrogen-bonds between them could facilitate the elim-
ination of this nucleotide after cleavage, thus allowing the deg-
radation process to continue. Thus, Glu-542 seemed to be very
important for the degradation to occur. Our experimental
results demonstrate that its substitution by Ala resulted in a
110-fold increase in RNA degradation efficiency compared to
the wild-type enzyme (Table 1) and a 10–20-fold increase in
RNA affinity (Table 2). Moreover, the kinetic data suggest that
this mutant not only has a much higher affinity for the poly(A)
RNA substrate but also presents a much higher catalytic rate,
confirming its role in the catalytic event. Such intriguing results
led us to perform computational modeling with the E542A

FIGURE 5. Modeling of RNase II and E542A mutant proteins in RNA-bound conformations. To obtain
biophysically consistent models, minimal energy average structures of both models were obtained from sta-
bilized trajectories of 4-ns molecular dynamics. Figures in sticks were depicted with Pymol© (DeLano Scientific
LLC, San Carlos, CA). A, stereo diagram of wild-type protein active center showing Glu-390, Tyr-313, Arg-500,
and Asp-201 residues from the RNB domain. Significant polar contacts distances and relative positions of Mg2�

atom and outgoing RNA nucleotides (nt 1) are also represented. Hydrogen bonding between the Glu-390
backbone trace carbonyl oxygen and nt 3 ribose 2�-OH group could be responsible for RNA versus DNA recog-
nition. Mutation to alanine would have introduced soft changes in local RNB conformation that could affect
RNA discrimination in chimeric substrates. The guanidinium phosphate-hydrogen-bonding network between
Arg-500 and nt 2 would essentially result in stabilizing the catalytic complex while keeping the outgoing
nucleotide conformation correct. Catalytic competence of mutant R500A would result in being completely
abolished. Long range hydrogen-� facial interactions between nucleotide nt 12 and Tyr-313 or Phe-313
mutant aromatic side chains could contribute to avoiding harmful interactions in the active center during
procession and/or catalysis. B and C, modeled conformations of the poly(A) RNA strand in the RNB domain
procession cleft in the wild-type and Ala-542 mutant RNase II proteins, respectively. As depicted in B, after 4 ns
of MD simulation, the RNB domain of RNase II Ala-542 mutant could be able to deploy 6 stacked nucleotides
(from nt 8 to 2) in progression, ready for cleavage. As shown in C, the same region in the wild-type model could
only allocate 4 nucleotides (from nt 5 to 2) simultaneously in the cleft during a catalytic event. Substitution in
position 542 of the negatively charged glutamic side chain for the smaller neutral methyl group of alanine
could significantly reduce both electrostatic and steric surfaces in the RNA binding interface.
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mutant enzyme with the RNA bound and compared it with the
model of the wild type. The model predicts that substitution of
the negatively charged glutamic acid side chain for a short qua-
si-apolar alanine residue seems to induce a subtle conforma-
tional change in the C� backbone of the RNB domain itself that
leads to a reorganization of its RNA binding interface (Fig. 5B).
Comparing the E542A mutant and wild-type models in this
region (Fig. 5B), the RNA bound to E542A mutant shows that
nucleotides in positions ranging from 2 to 8 are set out in a
stable stacked conformation. In comparison, the wild-type
model presents only nucleotides 2–6 in a similar conformation.
The efficiency of E542A mutant to deploy 50% more residues
within the catalytic domain in the model could determine an
increased capability of binding the RNA substrate by the RNB
domain during catalysis than the RNase II wild type. In addi-
tion, the higher degree of organization and density of packing of
the nucleotide chain in the E542Amutant could favor the RNA
translocation upon cleavage, leading to higher degradation effi-
ciency. These two aspects together may, therefore, be respon-
sible for the high enzymatic activity experimentally determined
of this mutant.
The results we present in this study substantially improve the

RNase II model for RNA degradation. We have identified the
residues that are responsible for the discrimination of cleavage
of RNA versusDNA,which are fully conserved in all domains of
life.We also show that the Arg-500 residue, present in RNase II
active site, is crucial for activity but not for RNA binding.
Finally, we report a very interestingmutant that acts as a super-
enzyme, in which the substitution of Glu-542 by Ala leads to an
outstanding catalytic efficiency, because of the high increase of
both the exoribonucleolytic activity and substrate binding.
Because Rrp44/Dis3 protein (an RNase II homologue) is the

only catalytically active nuclease in the exosome, the under-
standing of the degradationmechanismwill have a large impact
in future studies of the exosome. Moreover, the recent deter-
mination of the structure of yeast Rrp44 showed that E. coli
RNase II is a good study model (39, 40). Also, yeast Rrp44/Dis3
has a similar linear arrangement of domains in the sequence
when compared with E. coli RNase II. Both proteins share a
high degree of identity as their conservation is the highest at the
active site. This suggests that these two exoribonucleases share
a similar hydrolytic mechanism (40). As such, the results from
this report on RNase II mutants can be extrapolated for the
comprehension of the mode of action of other members of the
RNase II family.
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