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ABSTRACT: The ribonuclease III superfamily represents a structurally distinct group of double-strand-
specific endonucleases with essential roles in RNA maturation, RNA decay, and gene silencing. Bacterial
RNase III orthologs exhibit the simplest structures, with an N-terminal nuclease domain and a C-terminal
double-stranded RNA-binding domain (dsRBD), and are active as homodimers. The nuclease domain
contains conserved acidic amino acids, which inEscherichia coliRNase III are E38, E41, D45, E65,
E100, D114, and E117. On the basis of a previously reported crystal structure of the nuclease domain of
Aquifex aeolicusRNase III, the E41, D114, and E117 side chains ofE. coli RNase III are expected to be
coordinated to a divalent metal ion (Mg2+ or Mn2+). It is shown here that the RNase III[E41A] and
RNase III[D114A] mutants exhibit catalytic activitiesin Vitro in 10 mM Mg2+ buffer that are comparable
to that of the wild-type enzyme. However, at 1 mM Mg2+, the activities are significantly lower, which
suggests a weakened affinity for metal. While RNase III[E41A] and RNase III[D114A] haveKMg values
that are∼2.8-fold larger than theKMg of RNase III (0.46 mM), the RNase III[E41A/D114A] double
mutant has aKMg of 39 mM, suggesting a redundant function for the two side chains. RNase III[E38A],
RNase III[E65A], and RNase III[E100A] also require higher Mg2+ concentrations for optimal activity,
with RNase III[E100A] exhibiting the largestKMg. RNase III[D45A], RNase III[D45E], and RNase
III[D45N] exhibit negligible activities, regardless of the Mg2+ concentration, indicating a stringent functional
requirement for an aspartate side chain. RNase III[D45E] activity is partially rescued by Mn2+. The potential
functions of the conserved acidic residues are discussed in the context of the crystallographic data and
proposed catalytic mechanisms.

The enzymatic cleavage of double-stranded (ds) RNA is
an obligatory step in the maturation and decay of many
coding and noncoding RNAs in eukaryotic and prokaryotic
cells. The processing of dsRNA1 also is a required step in
RNA interference and related RNA-dependent gene silencing
mechanisms (1, 2). The primary agents of dsRNA cleavage
belong to the highly conserved and structurally distinct
ribonuclease III superfamily (1-3). Studies onEscherichia
coli RNase III (4) have provided useful insight into a
conserved mechanism of dsRNA processing, and also have
revealed an essential involvement of RNase III in bacterial
RNA metabolism and gene regulation (1, 3-5). E. coli
RNase III can function as a maturation nuclease, cleaving

precursors to rRNAs, tRNAs, and mRNAs either to create
the mature species directly or to provide intermediates that
undergo subsequent processing events (3, 5). E. coli RNase
III also participates in RNA degradation pathways. For
example, RNase III cleavage of a double-helical element
within the 5′-untranslated region of its own mRNA promotes
the rapid destruction of the RNA, providing negative
autocontrol (6, 7). RNase III participates in gene regulation
by cleaving duplex structures created by antisense RNA
binding to the target RNA sequence (8). In most if not all
of these reactions, the RNAs undergo site-specific cleavage,
with the target phosphodiester(s) identified by a combination
of substrate sequence and structural elements (1, 3, 5).

RNase III superfamily members are characterized by
conserved structural domains. Bacterial RNase III orthologs
possess the simplest structures, with the∼230-amino acid
polypeptide containing an N-terminal nuclease domain and
a C-terminal dsRNA-binding domain (dsRBD), the latter
being defined by the presence of the conserved dsRNA-
binding motif (dsRBM) (9, 10) (Figure 1A). The dsRBD is
important for E. coli RNase III activity in ViVo and in
standard reaction conditionsin Vitro (11). However, a
truncated form ofE. coli RNase III containing only the
nuclease domain can cleave the substrate in the presence of
low salt and Mn2+, and retains double-strand specificity (12).
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A crystallographic analysis of the nuclease domain ofAquifex
aeolicus RNase III reveals a homodimeric structure that
exhibits a novel all-R fold (13). The subunit interface is
proposed to provide the dsRNA binding site (13).

The mechanism of cleavage of dsRNA by RNase III is
only partly understood, but a growing body of biochemical
and structural data indicates that the mechanism is common
to all superfamily members. For every RNase III ortholog
so far examined, target site phosphodiesters are hydrolyzed
to provide 5′-phosphate, 3′-hydroxyl product termini. The
cleavage reaction is dependent on a divalent metal ion, with
Mg2+ as the preferred species (1, 5, 14). Enzyme kinetic
studies indicate that the reaction nucleophile is a metal-bound
hydroxide (15). The homodimeric nuclease domain ofA.
aeolicus RNase III contains two metal binding sites at
opposite ends of the subunit interface (13). The sites include
the side chains of several acidic residues, which inE. coli
RNase III are E38, E41, D45, E65, D114, and E117. Se-
quence alignment (Figure 1B) indicates a strong conservation
of these residues among bacterial RNase III orthologs. Three
of the residues (E41, D114, and E117) interact with a metal
ion (Figure 2), and are expected to be important for activity
by providing a binding site for the required metal cofactor.
In fact, conversion of E117 to alanine virtually abolishes

E. coli RNase III activity in Vitro (16), and the E117D,
E117Q, and E117K mutations, also expected to disrupt metal
binding, are catalytically defective (16-18). The functional
contributions of the other conserved acidic residues, including
E100, which is not adjacent to the metal binding site, have
not been assessed. We present here a biochemical analysis
of E. coli RNase III mutants with alanine substitutions of
conserved acidic residues in the nuclease domain.

EXPERIMENTAL PROCEDURES

Materials.Water was deionized and distilled. Chemicals
and reagents were molecular biology grade and were
purchased from Sigma or Fisher Scientific. Standardized 1
M solutions of MgCl2 and MnCl2 were obtained from Sigma.
Nonradioactive ribonucleoside 5′-triphosphates were obtained
from Amersham-Pharmacia Biotech, while [γ-32P]ATP (3000
Ci/mmol), [R-32P]UTP (3000 Ci/mmol), and [R-32P]CTP
(3000 Ci/mmol) were purchased from Perkin-Elmer. Restric-
tion enzymes, Vent DNA polymerase, and T4 polynucleotide
kinase were obtained from New England Biolabs. Calf
intestine alkaline phosphatase was obtained from Roche
Molecular Biosciences. T7 RNA polymerase was purified
in-house as described previously (19). Oligodeoxynucleotides
used for PCR mutagenesis or in transcription reactions (see

FIGURE 1: Domain structure and conserved amino acids in bacterial ribonuclease III. (A) Domain structure. Residue numbers refer to the
E. coli RNase III polypeptide. The conserved acidic residues analyzed in this study are given above the diagram. (B) Sequence alignment
of nuclease domains. For convenience, the alignment does not include sequences that are N-terminal to the signature sequence (NERLEFLGD-
[S/A]). Thus, forE. coli RNase III, the first residue shown is H36. Highly conserved acidic side chains are indicated by reverse highlighting,
with the apparent invariant residues highlighted in black. Several sequence deviations relevant to this study were noted: (i) Ef V at
position 65 inT. maritimaRNase III, (ii) a six-amino acid deletion that includes residue 100 inA. aeolicusRNase III, and (iii) Ef Q at
position 38 and Ef I at position 100 inM. penetransRNase III and Df S at position 114 inH. pylori RNase III (E. coli RNase III
numbering system used). We have verified the sequences of theT. maritimaandA. aeolicusRNase III genes, and also found that both
proteins in purified form are catalytically activein Vitro (W. Meng and A. W. Nicholson, unpublished results). Since only a single nucleotide
change would be required for the E38Q difference inM. penetransRNase III, a sequencing error cannot be ruled out. For the E100I
difference, two nucleotide changes would be necessary, so it is reasonable to assume that this substitution is real. InH. pylori RNase III,
the D114S difference also would entail two nucleotide changes.

Carboxyl Side Chain Involvement in RNase III Function Biochemistry, Vol. 43, No. 41, 200413055



below) were obtained in deprotected form from Invitrogen,
and were further purified by denaturing gel electrophoresis
(20).

Construction, OVerproduction, and Purification of RNase
III Alanine Mutants. E. coliRNase III mutants were purified
in an N-terminally His6-tagged form (20). Construction of
the RNase III mutant genes used a two-step PCR procedure
as previously described (16, 18). Briefly, the pET-15b(rnc)
plasmid template contained theE. coli RNase III (rnc) gene
cloned between theNdeI and BamHI sites. First-step PCR
employed Vent DNA polymerase and the mutagenic oligo-
nucleotide paired with either thernc gene 5′-end primer or
3′-end primer, as appropriate (oligonucleotide sequences are
available upon request). Second-step PCR used the gel-
purified product of the first reaction paired with thernc 5′-
end primer or 3′-end primer, as appropriate, to generate the
full-length mutant gene. The gel-purified product was cloned
into theNdeI andBamHI sites of pET-15b, and recombinant
plasmids were isolated fromE. coli DH10B cells (Invitrogen)
that were electroporated with aliquots of ligation reaction
mixtures. Mutations were verified by DNA sequencing. To
overproduce the protein, the recombinant plasmids were
introduced intoE. coli BL21(DE3)rnc105, recA cells (20).
The recA allele served to suppress recombination between
host and plasmid sequences. Thernc105allele (G44D) (21,
22) abolished the activity of the chromosomally encoded
RNase III, which otherwise could compromise the analysis
of RNase III mutants with low-level activities (20). RNase
III mutant overproduction was induced by IPTG treatment
of mid-log bacterial cultures grown in LB with ampicillin
at 37°C (20). Following further growth with aeration for 4
h at 37°C, cells were collected by centrifugation and stored
at -20 °C prior to further use. To ensure that the desired
RNase III mutant was overproduced, the plasmid was
purified from an aliquot of the cell culture and thernc gene
was sequenced. Protein was purified as described previously
(20) from the soluble portion of sonicated cell extracts using

Ni2+ affinity chromatography (His-Bind resin, Novagen).
SDS-PAGE analysis indicated a protein purity of at least
90%, and the preparation was free of any adventitious
ribonucleolytic activity. Proteins were stored at-20 °C in
buffer [30 mM Tris-HCl (pH 7.9), 500 mM NaCl, 0.5 mM
DTT, and 0.5 mM EDTA] containing 50% glycerol. Protein
concentrations did not appreciably change under these
conditions. The N-terminal His6 tag was not removed, as it
has a negligible effect on RNase III activity (20). For
convenience, His6-RNase III [or His6-RNase III mutant] is
termed RNase III (or specific RNase III mutant).

Substrate CleaVage Assay.R1.1 RNA (Figure 3A) was
synthesized in internally32P-labeled form as described
previously (20), by transcription of an oligodeoxynucleotide
template using T7 RNA polymerase and in the presence of
either [R-32P]CTP or [R-32P]UTP (final specific activity of
100 Ci/mol). R1.1 RNA (5′-32P-labeled) was obtained by
treatment of dephosphorylated (nonradioactive) R1.1 RNA
with T4 polynucleotide kinase and [γ-32P]ATP (3000 Ci/
mmol) (20). Radiolabeled R1.1 RNA was purified by gel
electrophoresis and stored at-20 °C in 10 mM Tris-HCl
(pH 7.5) and 1 mM EDTA. Cleavage assays were carried
out essentially as described previously (20), with substrate
treated to a heating-snap cooling step prior to use. Cleavage
assay buffer consisted of 200 mM NaCl, 30 mM Tris-HCl
(pH 7.5), 0.1 mM EDTA, and divalent metal ion as indicated.
Assays involved incubation of RNA with enzyme for 5 min
at 37°C, and the reaction was initiated by adding the divalent
metal ion as indicated. Reaction mixtures were incubated at
37 °C for the indicated times, and then reactions were
stopped by adding EDTA (final concentration of 20 mM).
Additional aspects of the cleavage assays, including the
RNase III concentrations, are given in the appropriate figure
legends or table footnotes. Reactions were analyzed by
electrophoresis on a 12% polyacrylamide gel containing 7
M urea. Reactions were visualized by phosphorimaging
(Typhoon 9400 System, Amersham Biosciences) and quan-
titated using ImageQuant (12, 18, 20). Kinetic analyses and
curve fitting were carried out using Kaleidagraph (version
3.5).

Substrate Binding Assay.Gel mobility shift assays were
carried out essentially as described previously (20). Briefly,
5′-32P-labeled R1.1 RNA (3000 Ci/mmol) was incubated with
RNase III in binding buffer (20) supplemented with 5 mM
CaCl2. Aliquots of the reactions were electrophoresed at∼5
°C in a 6% polyacrylamide gel containing TBE buffer, also
supplemented with 5 mM CaCl2. Binding reactions were
visualized by phosphorimaging (20). The apparent dissocia-
tion constants (K′D values) of the R1.1 RNA-RNase III
complexes were determined as described previously (18, 20).

RESULTS

Catalytic ActiVities of the RNase III[E41A] and RNase
III[D114A] Mutants. The A. aeolicusRNase III E40 and
D107 side chains (corresponding to those of E41 and D114,
respectively, inE. coli RNase III) interact with a divalent
metal ion (13) (Figure 2). To assess the side chain require-
ments for activity, E41 and D114 were separately changed
to alanine. The mutant proteins were able to be overproduced
in soluble form, and in purified form exhibited gel electro-
phoretic mobilities essentially identical to that of the wild-

FIGURE 2: Positions of conserved acidic amino acids and the
divalent metal ion binding site in the homodimeric nuclease domain
of A. aeolicusRNase III. The structure is based on an X-ray
diffraction study (13) and shows the positions of the residues that
correspond to E38, E41, D45, E65, D114, and E117 ofE. coli
RNase III (residue numbers given in parentheses). The Mn2+ ion
is represented by the solid red sphere.
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type polypeptide (MW∼ 28 000) (data not shown). The
RNase III mutants were tested for their ability to cleave a
small model substratein Vitro. R1.1 RNA (Figure 3A) is
based on the R1.1 processing signal of bacteriophage T7 (23).
The 60 nt RNA is cleaved by RNase III at a single site within
the internal loop, providing two products, 47 and 13 nt in
size (20). Since it was possible that the two RNase III
mutants could exhibit an altered dependence on divalent
metal ion, the cleavage assays assessed activity at 10 and 1
mM Mg2+. The 10 mM concentration is significantly higher
than that needed to fully support the wild-type enzyme (∼1
mM) (4, 18), while the 1 mM value approximates the free
Mg2+ concentrationin ViVo (24). In both experiments, the
monovalent salt concentration was the physiologically rel-
evant value of 200 mM (20).

The RNase III[E41A] and RNase III[D114A] mutants are
able to cleave R1.1 RNA in the presence of 10 mM Mg2+

(Figure 3B, lanes 5 and 9). The cleavage patterns are identical
to that of the wild-type enzyme (Figure 3B, lane 3),
indicating that the canonical cleavage site of R1.1 RNA
(Figure 3A) is recognized by both RNase III mutants. A
different behavior is seen at 1 mM Mg2+, where the RNase
III[E41A] mutant exhibits a diminished activity (Figure 3C,
compare lane 5 with lane 3). The RNase III[D114A] mutant
also shows diminished activity (Figure 3C, lane 9), albeit to
a lesser extent in this experiment than that seen with RNase

III[E41A]. A quantitative assessment of the altered Mg2+-
dependent behaviors was obtained by measuring the extent
of substrate cleavage as a function of Mg2+ concentration,
which allowed determination of theKMg (12). Table 1 gives
theKMg values for the RNase III[E41A] and RNase III[D114A]
mutants, which are both∼2.8-fold higher, respectively, than
the KMg of the wild-type enzyme. To assess whether the
E41A and D114A mutations affect other aspects of catalytic
function, the steady-state kinetic parameters (Km and kcat)
and catalytic efficiencies (kcat/Km) were determined at 10 mM
Mg2+ (Table 1). Under these conditions, RNase III[D114A]
is kinetically indistinguishable from the wild-type enzyme,
while RNase III[E41A] exhibits a 5-fold lowerkcat, but a
Km only slightly different from that of RNase III. While the
largerKMg suggests a reduced affinity for Mg2+, the reduced
kcat for RNase III[E41A] indicates a catalytic defect that is
not fully restored at 10 mM Mg2+ (see also Discussion).

The relatively modest effects of the E41A and D114A
mutations were unexpected, since theA. aeolicusRNase III
structure shows each side chain to be engaged with the bound
metal ion (Figure 2) (13). However, the structure also reveals
that an adjacency of the E41 and D114 side chains, raising
the possibility that the relatively minor effects of alanine
substitution may reflect the ability of each side chain to
functionally compensate for the absence of the other. To
examine this possibility, the RNase III[E41A/D114A] double

FIGURE 3: Catalytic activities of RNase III alanine mutants in the presence of 10 or 1 mM Mg2+. (A) Sequence and secondary structure
of R1.1 RNA (60 nt). The arrow indicates the RNase III cleavage site, the utilization of which provides two products, 47 and 13 nt in
length. (B) Cleavage assays of the RNase III[E38A], -[E41A], -[D45A], -[E65A], -[E100A], and -[D114A] mutants carried out in the
presence of 10 mM MgCl2. Assays used internally32P-labeled R1.1 RNA and 20 nM enzyme (see Experimental Procedures). Reaction
mixtures were incubated at 37°C for 5 min before addition of Mg2+, and reactions were allowed to proceed for 15 s before addition of
EDTA to the mixtures (see Experimental Procedures). Reaction mixtures were electrophoresed in a 15% polyacrylamide gel and were
analyzed by phosphorimaging: lane 1, R1.1 RNA (no incubation); lane 2, R1.1 RNA incubated with Mg2+ in the absence of RNase III;
lane 3, R1.1 RNA incubated with RNase III in the absence of Mg2+; and lanes 4-9, reactions using the RNase III[E38A], -[E41A],
-[D45A], -[E65A], -[E100A], and -[D114A] mutants, respectively. (C) Same experiment as in panel B, except that the reaction buffer
contained 1 mM MgCl2.
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mutant was purified and its activity examined. In contrast
to the single mutants, the double mutant exhibited a poor
ability to cleave R1.1 RNA at 10 mM Mg2+ as well as at 1
mM Mg2+ (data not shown). The measuredKMg of 39 mM
for RNase III[E41A/D114A] is 85-fold higher than that of
the wild-type enzyme, and also is substantially larger than
would be predicted on the basis of an additive effect onKMg

by the single alanine substitutions (Table 1). The behavior
of the double mutant is consistent with a compensatory ability
of the E41 and D114 side chains in binding metal ion (see
the Discussion).

Catalytic Properties of the RNase III[E38A] and RNase
III[E65A] Mutants.TheA. aeolicusRNase III E37 and E64
side chains (corresponding to E38 and E65, respectively, of
E. coli RNase III) are at the subunit interface (Figure 2),
with the E37 side chain from one subunit within hydrogen
bonding distance of the backbone amide hydrogen of residue
E64 from the other subunit. However, neither side chain
interacts with the bound metal (Figure 2) (13). It was
suggested that the two side chains participate in one of the
proposed dual hydrolytic mechanisms (13). A cleavage assay
shows that RNase III[E38A] and RNase III[E65A] can cleave
R1.1 RNA at 10 mM Mg2+ (Figure 3B, lanes 4 and 7,
respectively). The catalytic efficiency of each mutant at 10
mM Mg2+ is comparable to that of the wild-type enzyme
(Table 1). Both mutants exhibit a lower level of activity at
1 mM Mg2+ (Figure 3C, compare lanes 4 and 7 with lane
3), and theKMg values for RNase III[E38A] and RNase
III[E65A] are 3.4- and 2.8-fold higher, respectively, than the
KMg of RNase III (Table 1). We conclude that E65 and E38
are not essential for catalytic activityin Vitro, but that
substitution by alanine causes a requirement for a higher
Mg2+ concentration for optimal activity. The implications
of these behaviors with respect to potential functional roles
for the E38 and E65 side chains are discussed below.

Analysis of the D45 Side Chain.Compared to the other
mutations, substitution of D45 with alanine has the most
severe effect on activity. Thus, RNase III[D45A] does not
detectably cleave R1.1 RNA in the presence of 1 or 10 mM
Mg2+ (Figure 3B,C, lane 6). However, the use of high
enzyme concentrations (500 nM) and extended reaction times
(30 min) yielded a small amount of cleavage of R1.1 RNA
(data not shown). This allowed an estimation of the catalytic
efficiency of RNase III[D45A], using the relationship in

which the ratio of initial rates corresponds to the ratio of
catalytic efficiencies (25). Determined in this manner, the
catalytic efficiency of RNase III[D45A] (Table 2) is∼30000-
fold lower than that of the wild-type enzyme. The ability of
RNase III[D45A] to bind substrate was examined by a gel
shift assay. To provide a comparison with the wild-type
enzyme, the assay used Ca2+ instead of Mg2+ such that
substrate binding could be examined in the absence of
cleavage (16). The gel shift assay (Figure 4) reveals that
RNase III[D45A] can bind R1.1 RNA in a manner compa-
rable to that of the wild-type enzyme, with measuredK′D
values of 3.9 and 4.5 nM, respectively. The retention of
substrate binding ability by RNase III[D45A] is consistent
with the observation that the dsRBD is the primary deter-
minant of substrate binding (12).

The behavior of RNase III[D45A] suggests that the
aspartic acid is involved in an aspect of the catalytic step.
RNase III[D45E] and RNase III[D45N] were examined to
gain information about the side chain functional require-
ments. The D45E mutation allows evaluation of the impor-
tance of functional group position, while the D45N mutation
allows evaluation of the requirement for an ionizable

Table 1: ApparentKMg Values and Steady-State Kinetic Parameters of theE. coli RNase III[E38A], -[E41A], -[E65A], -[E100A], and
-[D114A] Mutants

WT E38A E41A E65A E100A D114A E41A/D114A

KMg (mM)a 0.46( 0.02 1.58( 0.13 1.25( 0.25 1.27( 0.08 2.48( 0.27 1.35( 0.08 39( 14
kcat (min-1)b 8.4( 0.9 5.4( 0.9 1.9( 0.2 5.9( 0.1 43.4( 4.5 9.9( 0.1 ndc

Km (nM)b 66 ( 11 54( 12 41( 9.5 56( 7 544( 91 71( 12 ndc

kcat/Km (×107 M-1 min-1) (10 mM Mg) 13 10 4.7 11 7.9 14 -
kcat/Km(rel.) (10 mM Mg2+) [1.0] 0.77 0.36 0.85 0.61 1.08 -
kcat/Km(rel.) (1 mM Mg2+) [1.0] 0.17 0.05 0.16 0.11 0.52 -

a KMg values were determined as described in ref12 and involved cleavage assays using 20 nM RNase III (or RNase III mutant) and internally
32P-labeled R1.1 RNA (200 nM). The extent of substrate cleavage generally was within 30%. The gel electropherograms were analyzed with
ImageQuant and the data subjected to least-squares curve fitting using Kaleidagraph (version 3.5). Curve fitting used the relationY ) A[Mg]/(KMg

+ [Mg]), whereY is the extent of cleavage,A the maximal extent of cleavage, and [Mg] the Mg2+ concentration. This relation assumes a single
affinity class of metal binding sites and makes no assumption about the number of metal ions required for activity (12). The reportedKMg values
are the average of three experiments, and the standard errors of the mean are provided.b kcat and Km values were determined as described in
Experimental Procedures, using cleavage assays involving internally32P-labeled R1.1 RNA, 20 nM RNase III (or RNase III mutant), and a buffer
containing 10 mM Mg2+. Nonlinear least-squares curve fitting was carried out using Kaleidagraph and applying a Michaelis-Menten kinetic
scheme (12). The reported values are the average of three experiments, and the standard errors of the mean are also provided.c Not determined.

Table 2: Steady-State Kinetic Parameters andKMn Values for
RNase III[D45] Mutants

WT D45A D45E D45N

[Mg2+]
kcat (min-1)a (8.4) ndd ndd (nd)d

Km (nM)a (66) ndd ndd (nd)d

kcat/Km (M-1 min-1) (1.3× 108) 4.4× 103 4.2× 103 -
[Mn2+]

kcat (min-1)b (nd)d 0.02 0.03 0.03
Km (nM)b (nd)d 820 630 1100
kcat/Km (×104 M-1 min-1) (nd)d 2.4 4.8 2.7
KMn (mM)c [0.2-0.5] 25( 9 2.8( 0.5 18( 3

a Steady-state kinetic parameters were determined using internally
32P-labeled R1.1 RNA, 10 mM Mg2+, and an enzyme concentration of
20 nM. The extent of substrate cleavage was limited to<30%. WT
enzyme kinetic constants were from Table 1. The activities of the D45A,
D45E, and D45N mutants were too low to accurately determinekcat or
Km. However, the catalytic efficiencies could be estimated (see the
Results).b Kinetic constants were determined at 100 mM Mn2+. The
wild-type enzyme activity was negligible in the presence of 100 mM
Mn2+. c KMn values were determined as described in footnote a of Table
1. TheKMn for the wild-type enzyme is an estimate, due to inhibition
by Mn2+ at concentrations of>1 mM (see also the Results).d Not
determined.
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carboxylic acid. Both mutants are defective in their ability
to cleave R1.1 RNA, at either 1 or 10 mM Mg2+ (Figure
5A, compare lanes 4-7 with lane 3). Although the activity
of RNase III[D45E] in Mg2+-containing buffer was too low
to accurately determine the kinetic parameters, the catalytic
efficiency was able to be estimated as described above. The
RNase III[D45E] catalytic efficiency (at 10 mM Mg2+) is
∼30000-fold lower than that of the wild-type enzyme, and
is similar to the low catalytic efficiency of RNase III[D45A]
(Table 2). Gel shift assays (not shown) confirmed the
retention of substrate binding affinity for each mutant, with
measuredK′D values of 5.0 and 2.5 nM for RNase III[D45E]
and RNase III[D45N], respectively. We conclude that the
catalytic activity ofE. coli RNase III requires a precisely
positioned carboxylic acid side chain at position 45.

Mn2+-Dependent Catalytic ActiVities of the D45 Mutants.
The catalytic activity ofE. coli RNase III is supported by
Mn2+, with a concentration of∼1 mM conferring optimal
activity (4, 12, 18). Since Mn2+ rescues the activity of RNase
III[E117D] (18), it was worth determining whether the
activities of the D45 mutants also could be rescued by Mn2+.
RNase III[D45A] and RNase III[D45N] cleave R1.1 RNA
in the presence of either 1 or 10 mM Mn2+, with the 10 mM
concentration supporting a higher level of activity (Figure
5A, lanes 8-11). RNase III[D45E] cleavage of R1.1 RNA
also is supported by Mn2+ (Figure 5A, compare lanes 5 and
9), and the Mn2+ concentration dependence of RNase
III[D45E] activity is shown in Figure 5B. TheKMn values
of RNase III[D45N] and RNase III[D45A] (Table 2) are
∼60- and 80-fold larger, respectively, than the estimatedKMn

of ∼0.3 mM for wild-type RNase III, while theKMn for
RNase III[D45E] is only 10-fold larger than that of RNase
III. These data show that alteration of the D45 side chain
perturbs the ability of Mn2+ to function as a cofactor, but
with the D45E mutation having the smallest effect (see also
the Discussion). Table 2 provides theKm and kcat values
(determined at 100 mM Mn2+) for cleavage of R1.1 RNA
by RNase III[D45A], RNase III[D45E], and RNase III[D45N].
For each mutant, thekcat is ∼400-fold lower and theKm >10-
fold larger than that of the wild-type enzyme (measured at
1 mM Mn2+). Thus, near-saturating Mn2+ concentrations do
not fully rescue the defective activities of the D45 mutants.

Catalytic BehaVior of RNase III[E100A].Sequence align-
ment (Figure 1B) reveals a glutamic acid at position 100 in
all but two of the orthologs.A. aeolicusRNase III exhibits
a six amino acid deletion in this region, while theMyco-
plasma penetransRNase III sequence carries an Ef I
change. The E100 side chain is not involved in the metal
binding site, at least in the absence of substrate, and it has
been noted that theA. aeolicusRNase III segment encom-
passing this position exhibits a greater degree of conforma-
tional mobility than the rest of the polypeptide (13). Similar
to the other alanine mutants, RNase III[E100A] activity is
comparable to that of wild-type enzyme at 10 mM Mg2+

FIGURE 4: Substrate binding ability of RNase III[D45A]. The gel
shift assay was performed as described in Experimental Procedures
using 5′-32P-labeled R1.1 RNA. The binding reaction buffer, as well
as gel and electrophoresis buffers, included 5 mM CaCl2. Reaction
mixtures were incubated at 37°C for 5 min, placed on ice, and
then electrophoresed in a 6% polyacrylamide gel. Reactions were
visualized by phosphorimaging: lane 1, no protein added; lanes
2-5, RNase III at 0.7, 1.5, 2.9, and 8.7 nM (dimer), respectively;
and lanes 6-10, RNase III[D45A] mutant at 0.7, 1.4, 2.2, 2.9, and
8.6 nM, respectively. “Free” indicates the position of R1.1 RNA,
while “Bound” indicates the position of the R1.1 RNA-RNase III
complex.

FIGURE 5: Catalytic behaviors of RNase III[D45E] and RNase III[D45N] in the presence of Mg2+ or Mn2+. (A) R1.1 RNA cleavage
reactions. Assays were performed as described in Experimental Procedures, using internally32P-labeled R1.1 RNA and an enzyme concentration
of 500 nM (dimer). The buffer consisted of 30 mM Tris-HCl (pH 7.5), 200 mM NaCl, and divalent metal ion as indicated. The cleavage
time was 30 min at 37°C. Reactions were stopped with EDTA, and mixtures were electrophoresed in a 15% polyacrylamide-urea gel and
analyzed by phosphorimaging (see Experimental Procedures): lane 1, R1.1 RNA incubated with 10 mM Mg2+ (no enzyme); lane 2, R1.1
RNA incubated with 10 mM Mn2+ (no enzyme); lane 3, R1.1 RNA incubated with RNase III (20 nM) in the presence of 10 mM Mg2+ at
37 °C for 30 s; lanes 4, 5, 8, and 9, RNase III[D45E] action on R1.1 RNA in the presence of Mg2+ or Mn2+; and lanes 6, 7, 10, and 11,
reactions involving RNase III[D45N] action on R1.1 RNA in the presence of Mg2+ or Mn2+. (B) Mn2+ concentration dependence of RNase
III[D45E] catalytic activity. The Mn2+ concentration dependence of RNase III activity is indicated by the dotted line (data taken from ref
12). The two curves cannot be directly compared with respect to absolute activities, due to differing experimental conditions. However, the
important feature is the inhibitory action of Mn2+ on RNase III.
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(Figure 3B, compare lane 8 with lane 3), but is significantly
lower at 1 mM Mg2+ (Figure 3C, compare lane 8 with lane
3). The KMg for RNase III[E100A] is 5-fold greater than that
of wild-type enzyme (Table 1), and is the largest KMg value
of all the examined single alanine mutants. The steady-state
kinetic parameters of RNase III[E100A] also are qualitatively
distinct from the other mutants. Thekcat of 43.4 min-1 and
Km of 544 nM (10 mM Mg2+) (Table 2) are 5-fold and 8-fold
greater, respectively, than the corresponding values for wild-
type enzyme. Thus, while the catalytic efficiency is com-
parable to that of wild-type enzyme, the value reflects a
higher turnover rate constant coupled with an apparently
weaker affinity for substrate.

DISCUSSION

This study has described the in vitro catalytic activities
of E. coli RNase III mutants carrying alanine substitutions
of conserved acidic residues within the nuclease domain. All
of the mutants (with the exception of RNase III[D45A]-
see below) are active in vitro and exhibit the same cleavage
site specificity as wild-type enzyme. However, these mutants
require distinctly higher Mg2+ concentrations for full activity.
The crystal structure of theA. aeolicusRNase III nuclease
domain suggests different sources of the altered metal ion
dependencies. The E41 and D114 side chains ofE. coli
RNase III are expected to coordinate the Mg2+ ion. Changing
either residue to an alanine would be expected to perturb
metal binding, which is consistent with the higher KMg values,
compared to that of RNase III. While the catalytic activity
of RNase III[D114A] is essentially the same as wild-type
enzyme at 10 mM Mg2+, the apparent permanently reduced
kcat of RNase III[E41A] suggests that the E41 side chain may
have an additional function separate from metal ion binding.

A functional redundancy of the E41 and D114 side chains
is indicated by the substantially higher KMg of RNase
III[E41A,D114A] compared to the KMg values of the
corresponding single mutants. One scenario is that the loss
of either side chain is functionally compensated by a
monodentate to bidentate switch in metal coordination by
the other side chain (Figure 6). Such compensation would
be unavailable to the double mutant. A relaxed requirement
for an aspartic acid at position 114 is suggested by the
Helicobacter pyloriRNase III sequence (Figure 1B), which

contains a serine in place of aspartic acid at this position.
Finally, neither the E41 nor the D114 side chain exhibits
the same degree of functional importance as the E117 side
chain, which engages in a bidentate interaction with metal
ion (Figure 6), and whose mutation to alanine has a severe
effect on activity which is not compensated by high Mg2+

concentrations (16, 18). Direct measurement of metal ion
binding affinities and structural analyses of the alanine
mutants will be necessary to evaluate side chain contributions
to metal binding.

The low catalytic activity of RNase III[D45A]in Vitro
(this study) andin ViVo (13), along with the apparent
invariance of this residue (Figure 1B), suggests an important
functional role. The low activities of RNase III[D45N] and
RNase III[D45E] indicate a strict requirement for a precisely
positioned carboxylic acid. A function in catalysis is sug-
gested by the proximity of theA. aeolicusRNase III D44
side chain to a water molecule that is coordinated to the metal
ion (see Figures 2 and 6) (13). The dependence of the
reaction rate on the metal pKa indicates that a metal-bound
hydroxide is the reaction nucleophile (15). It is therefore
possible that the D45 side chain may serve to deprotonate
the metal-bound water, creating the reactive species. Thus,
RNase III[D45N] with the weakly basic aspartamide group
is expected to be ineffective in this task, while the methylene
shift in RNase III[D45E] could interfere with water activation
by moving the carboxylic acid to a functionally suboptimal
position. Finally, the low-level activity of RNase III[D45A]
may reflect either activation of the water solely by metal or
the involvement of an alternative protein moiety (or another
water molecule).

The support of RNase III[D45E] activity by Mn2+ is
reminiscent of the rescue of RNase III[E117D] activity by
the same metal (18). However, the catalytic efficiency of
the RNase III[D45E]-Mn2+ holoenzyme is∼2700-fold
lower than that of the RNase III-Mg2+ holoenzyme,
indicating a suboptimal catalytic capacity for the former
holoenzyme. Also, it is known that Mn2+ concentrations
greater than∼1 mM suppress RNase III activityin Vitro,
and that the E117 side chain is involved in the Mn2+

inhibitory site (4, 12, 18). Figure 5B suggests that RNase
III[D45E] is not inhibited by Mn2+ and that, by inference,
the D45 side chain may also be involved in the inhibitory
site. However, the much lower catalytic efficiency of RNase
III[D45E], coupled with a relatively highKMn value, leaves
open the possibility that the Mn2+ inhibitory site is not
affected by the D45E mutation.

RNase III[E38A] and RNase III[E65A] exhibit elevated
KMg values. Since the E38 and E65 side chains do not interact
with the bound metal ion (Figure 2), the cause of the altered
Mg2+ dependence for these mutants is unclear. The two
residues appear to be structurally (and perhaps functionally)
interdependent, since the side chain of theA. aeolicusRNase
III residue corresponding to E38 is hydrogen-bonded to the
backbone amide hydrogen of the residue corresponding to
E65 from the other subunit. It is possible that the E38 side
chain stabilizes the subunit interface and perhaps also
positions the E65 side chain. TheM. penetransRNase III
ortholog contains a glutamine instead of a glutamic acid at
position 38 (Figure 1B). However, as noted elsewhere (13),
the glutamine side chain also is capable of engaging in a
hydrogen bond. The retained activity of RNase III[E38A]

FIGURE 6: Metal ion interactions of the E41, D45, D114, and E117
side chains and potential functional redundancy of E41 and D114
side chains. (A) Interaction of acidic side chains with Mg2+, also
showing a probable hydrogen bond between the D45 side chain
and the water-bound metal (13, 26). (B) Potential functional
compensation of the E41 side chain for the D114A mutation. The
filled red circle represents the metal ion, and the filled black circles
represent water molecules. A weakened metal ion affinity due to
the D114A mutation could be compensated as shown by a mono-
dentate to bidentate switch in metal ion coordination by the E41
side chain. A similar scenario is possible for the E41A mutation.
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suggests that the proposed intersubunit hydrogen bond is
dispensable, at leastin Vitro. It was reported that RNase
III[E38V] is defective in ViVo (13). This may reflect a
requirement for a higher Mg2+ concentration, since the
structurally similar RNase III[E38A] mutant has a 3.4-fold
higherKMg than the wild-type enzyme (see also below).

It has been proposed (13) that the two phosphodiesters at
a dsRNA target site are cleaved using separate chemistries,
with each involving separate constellations of side chains.
One of the proposed dual hydrolytic mechanisms involves
E38 and E65, although the specific features were not
presented (13). Our results neither support nor refute such a
possibility, except that if the E38 and E65 side chains have
catalytic roles, they are dispensablein Vitro. The reported
defective in ViVo activity of RNase III[E65A] (13) may
reflect the requirement for an increased Mg2+ concentration,
since this mutant has an∼3-fold greaterKMg than the wild-
type enzyme.Thermotoga maritimaRNase III contains a
valine at the position corresponding to E65 (Figure 1B).
However, a glutamic acid occupies an adjacent position, and
we have shown that purifiedT. maritima RNase III can
cleave R1.1 RNAin Vitro (A. Pertzev and A. W. Nicholson,
unpublished experiments).

RNase III[E100A] exhibits a steady-state kinetic behavior
that is qualitatively distinct from that of the other mutants.
Thus, thekcat and Km values (10 mM Mg2+) are ∼5- and
∼9-fold greater, respectively, than those of wild-type RNase
III. It is possible that weakened substrate binding, as
suggested by the higherKm, may also cause a faster rate of
product release. If so, this would explain the higherkcat for
RNase III[E100A]. In this regard, a single-turnover kinetic
analysis ofE. coli RNase III established that the rate-limiting
step occurs after the hydrolysis event (15). RNase III[E100A]
is similar in behavior to the previously characterized RNase
III[G97E] mutant, which requires a higher Mg2+ concentra-
tion for full activity in Vitro (25). The cause of the altered
Mg2+ dependence in this case also is unclear, but it may be
related to the behavior of RNase III[E100A], since the two
residues are near each other. It was noted that the segment
of the A. aeolicusRNase III polypeptide containing E100
and G97 exhibits a significantly greater degree of structural
mobility compared to the rest of the protein, and that this
mobility is reduced in the presence of a divalent metal ion
(13). Ji and co-workers have proposed that divalent metal
ion stabilization of this region is important for optimal
activity (13). However, the function of this segment in RNase
III action remains to be determined.

It was also reported that the clustering of the six conserved
carboxylic acid side chains creates a high negative charge
density in the vicinity of the two proposed active sites (13).
Perhaps the requirement for an increased Mg2+ concentration
for at least some of the alanine mutants, such as E38 and
E65, may represent a compensation for a general decrease
in negative charge density, which in turn would weaken the
overall metal binding affinity. Given aKMg of 0.46 mM, the
ability of RNase III to act as an efficient catalystin ViVo,
with an intracellular Mg2+ concentration of∼1 mM (24),
may render thein ViVo action of this enzyme sensitive to
mutations that perturb metal ion affinity in an even relatively
modest manner. Such mutations may include those that
reduce negative charge density without altering catalytically
essential side chains.

NOTE ADDED IN PROOF

Following submission of this paper, ref27 showed that
the E. coli RNase III[E38A] and RNase III[E65A] mutants
were catalytically active in 3 mM Mg2+ buffer and that the
RNase III[D45A] mutant exhibited negligible activity. These
results are essentially in agreement with the results of our
study.
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