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ABSTRACT. The ribonuclease Ill superfamily represents a structurally distinct group of double-strand-
specific endonucleases with essential roles in RNA maturation, RNA decay, and gene silencing. Bacterial
RNase Il 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, whichEscherichia coliRNase Ill are E38, E41, D45, E65,
E100, D114, and E117. On the basis of a previously reported crystal structure of the nuclease domain of
Aquifex aeolicuRkRNase lll, the E41, D114, and E117 side chaingotoli RNase Il are expected to be
coordinated to a divalent metal ion (Mgor Mn2"). It is shown here that the RNase IlI[E41A] and
RNase I1I[D114A] mutants exhibit catalytic activiti@s vitro in 10 mM Mg?+ buffer that are comparable

to that of the wild-type enzyme. However, at 1 mM #gthe activities are significantly lower, which
suggests a weakened affinity for metal. While RNase I1I[E41A] and RNase 11I[D114A] K¥¢eralues

that are~2.8-fold larger than th&kMd of RNase Ill (0.46 mM), the RNase II[[E41A/D114A] double
mutant has &M9 of 39 mM, suggesting a redundant function for the two side chains. RNase IlI[E38A],
RNase III[E65A], and RNase III[E100A] also require higher WMgoncentrations for optimal activity,

with RNase III[E100A] exhibiting the largestMd. RNase IlI[D45A], RNase IlI[D45E], and RNase
[1I[D45N] exhibit negligible activities, regardless of the Rtgconcentration, indicating a stringent functional
requirement for an aspartate side chain. RNase IlI[D45E] activity is partially rescued®y M 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 precursors to rRNAs, tRNAs, and mRNAs either to create
an obligatory step in the maturation and decay of many the mature species directly or to provide intermediates that
coding and noncoding RNAs in eukaryotic and prokaryotic undergo subsequent processing evedit§) E. coli RNase
cells. The processing of dsRNAlso is a required step in  1ll also participates in RNA degradation pathways. For
RNA interference and related RNA-dependent gene silencingexample, RNase Ill cleavage of a double-helical element
mechanismsl( 2). The primary agents of dsRNA cleavage within the B-untranslated region of its own mRNA promotes
belong to the highly conserved and structurally distinct the rapid destruction of the RNA, providing negative
ribonuclease Il superfamilyl(-3). Studies orEscherichia  autocontrol 6, 7). RNase IlI participates in gene regulation
coli RNase Il @) have provided useful insight into a by cleaving duplex structures created by antisense RNA
conserved mechanism of dsRNA processing, and also havepinding to the target RNA sequenc®).(In most if not all
revealed an essential involvement of RNase Ill in bacterial of these reactions, the RNAs undergo site-specific cleavage,

RNA metabolism and gene regulatio, 3—5). E. coli  with the target phosphodiester(s) identified by a combination
RNase I can function as a maturation nuclease, cleaving of substrate sequence and structural elemeipts, ).
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EcoliRRCTS620 HVERLBF LGS 1L S YV AN AL YHRFPRVDBGD NS RMRATLYRGNTL AELAREFE- - -LGECLRLGPGLKSGGF RRES IL A TVIBAL IGGVFL
RaeolicusAAC0T049 HYBTLEFLGYALVNFF IVDLLVQYSPNKRYGF LS PLEAYL ISEEFFNLLAQKLE —- ~LHKF IRTKRGE-- —- —KINETIIGOVF[BALWARVYT
TmaritimaQ9x0I6 SHEKLBFLGAVLELFVCE IL YEKYPEAEGGD L ARVES AL ASEEVL ANVSRKMN- - - LGKFLFLGKGEKTGGRDRDS IL AAF[BALL ALIYL
StyphimuriumARA92440 mERUEF LS 1L FV T ANAL-SRFPRVDEGD HS RURD PLVRGNTL AELAREFD -~ - LGECLRLGP GELKSGGF RRES TL AN TVBAL IGGVFL
VcholeraeAAF95603 RL| FL.c-ﬂsI1.5nrmDELYRRFPKVNQGDNSRHRATL\;RGNTL.AELGREFD— ——L.GDYL.KL.GPGELKSGGFRRDS ILAAVIEATIGATYL
Mmeningitid HNBRFISFVGSS ILNY TV ARNLF D AFPKL TGELS RLRASLYNEGVL AEMAAEMN- - -VGDGL YLGAGHLKSGGF RRPS IL A ABANF AAVSF
HinfluenzaeRdARCZ21692 HNERLHFL GESILNFTIAMLYHQFP RCMBGELSRMRATLVREPTLATLARQFE---LGDYHSLGSGELKNGGFRRES IL I CVEJ\.IIGJ\.MSL
Paeruginosadnac04159 MNERLEFLGIATLNFV IGEALF HHF PQARBGOLSRLRARLVEGE TL ALL ARGFE-——VGD YLRLGS GBLKSGGF RRES IL AN AMBAL IGATYL
MlepraeCaC30612 THERLEFLGEAVLSL T ITDELFRREP DRSEGDL AKL RASVVNTQAL ATVARNLS DGGLGVYLLL GRGETNTGGADKSS TL ANGHESLLGATYL
CjejuniCRBT3623 ifRLF L o AvLDLYVGE YLF HEF KD ABGDLS KL RAALVNEKSF ARTANSLN---LGDF ILUSY AENNGoRERPS 1Ll aLflaTToa THL
HpyloriZ26695ARAD0TTZS NNERLFL. C-HAVLGLVIGEL.LYHKF YOYDEGKLS KLREASIVS AHGF THLAKATA---LODYLRVSS SEEISNGREKPS ILS AFAL MAGUYL
ChurnetiiARR69690 RLEF LGS VLGF T TASELYQRRPOARGDLS RMRASMVNGD EL AQMS TKLG—- - INEYLOLGVGOKSGGKRRES ILANALBT IVGA TYT
TpallidumARC65778 HNERNEFL j.wm.w.m.nc LYRALPDSHYGDLAKTKAVLYS TDTLSD IALSLR-- - IDHYLLLGKGEL SGGRHKKAIL I M‘EJ\.\?IGJ\.LFL
SpneumoniaeREARKII930  HMARLEFLGMAVLOLLISEYLYKKYPRKPRGDLSKLRANIVREESL AGF ARDCQ--—FDQF IKLGKGREKSGGRNRDTIL GAFAFLGALLL
SpyogenesAAK33526 HNERLEFLGAVLOL T ISEYLF AKYPKKTIBGD NS KL RSN IVREESL AGFSRF CS - - ~F DAY IKLGKGEEKSGGRRRDT ILGILFAFLGALLL
SaureusN3I15BAB42328 ]{NERLEFL C-EAVLE LTVSRYLFDEHPNL PﬂGNLTK MRATIVCEPSLVIFANKIG--~ L.NEHILL.GKGHE KTGGRTRPSLIS AF‘EAF IGALYL
BburgdorferiARCET040 wRLBF LS VLNL T ITDHL YR TYPHRSBGELS KARS Y IVSEDSLSN TARE IN---LGS Y TLLGRGEESNDGRNKKG TL Al a 1farveatvL
CviolaceumARrQS59738 NNRFIFVGS TLNY TVARMLYDOFPOL TGELS RLRANLVNGNTL AE T AHELK—--LGD YL YLGEGELKSGGFNRES TLANALBATF aavsF
BsubtilisBE69693 DHBRLFL G AVLELTISRFLF AKYP ANSGDLTKLRAAIVCEPSLYSLAHELS —- ~FGDLVLLGKGENTGGRKRP ALL ANVF[SAF IGALYL
BhaloduransBABOGZ08 DNERLFLGEAULEL:WS QYLYKAFEQNSGDNTKLRASIVCEPSL AQLAEELH---FGELVLLGKGEYENTGGRERPALL A vrﬂs FVGALYL
MpenetransBAC44156 TYERLFLGEWISKL ISEFLFm-KSLDEQKNTEInmLVNSE IFKKASEELG- --LLDYAFIGKGENLENDTKK- - IKA Lrnncur I

Ficure 1: Domain structure and conserved amino acids in bacterial ribonuclease lll. (A) Domain structure. Residue numbers refer to the
E. coli RNase Il 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 llI, 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 notedV @} E

position 65 inT. maritimaRNase I, (ii) a six-amino acid deletion that includes residue 108.iaeolicusRNase lll, and (iii) E—~ Q at

position 38 and E— | at position 100 inM. penetransRNase Ill and D— S at position 114 irH. pylori RNase Il E. coli RNase I
numbering system used). We have verified the sequences df. thmaritimaand A. aeolicusRNase Il genes, and also found that both
proteins in purified form are catalytically actiire vitro (W. Meng and A. W. Nicholson, unpublished results). Since only a single nucleotide
change would be required for the E38Q differencevinpenetransRNase Ill, 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 substitutionts pgddrifRNase 111,

the D114S difference also would entail two nucleotide changes.

A crystallographic analysis of the nuclease domaiA@difex
aeolicus RNase lll reveals a homodimeric structure that
exhibits a novel alla fold (13). The subunit interface is
proposed to provide the dsRNA binding sitiS).

E. coli RNase Il activityin vitro (16), and the E117D,
E117Q, and E117K mutations, also expected to disrupt metal
binding, are catalytically defectivd§—18). The functional
contributions of the other conserved acidic residues, including

The mechanism of cleavage of dsRNA by RNase IIl is E100, which is not adjacent to the metal binding site, have
only partly understood, but a growing body of biochemical not been assessed. We present here a biochemical analysis
and structural data indicates that the mechanism is commonof E. coli RNase Ill mutants with alanine substitutions of
to all superfamily members. For every RNase Il ortholog conserved acidic residues in the nuclease domain.
so far examined, target site phosphodiesters are hydrolyze
to provide 5-phosphate, '3hydroxyl product termini. The dEXPERIMENTAL PROCEDURES
cleavage reaction is dependent on a divalent metal ion, with  Materials. Water was deionized and distilled. Chemicals
Mg?" as the preferred specie, (5, 14). Enzyme kinetic and reagents were molecular biology grade and were
studies indicate that the reaction nucleophile is a metal-boundpurchased from Sigma or Fisher Scientific. Standardized 1
hydroxide @5). The homodimeric nuclease domain Af M solutions of MgC} and MnC}, were obtained from Sigma.
aeolicus RNase Ill contains two metal binding sites at Nonradioactive ribonucleosidé-Biphosphates were obtained
opposite ends of the subunit interfad@); The sites include  from Amersham-Pharmacia Biotech, whijleJ?P]JATP (3000
the side chains of several acidic residues, whiclEircoli Ci/mmol), [a-*?P]JUTP (3000 Ci/mmol), andd-3?P]CTP
RNase lll are E38, E41, D45, E65, D114, and E117. Se- (3000 Ci/mmol) were purchased from Perkin-Elmer. Restric-
guence alignment (Figure 1B) indicates a strong conservationtion enzymes, Vent DNA polymerase, and T4 polynucleotide
of these residues among bacterial RNase Il orthologs. Threekinase were obtained from New England Biolabs. Calf
of the residues (E41, D114, and E117) interact with a metal intestine alkaline phosphatase was obtained from Roche
ion (Figure 2), and are expected to be important for activity Molecular Biosciences. T7 RNA polymerase was purified
by providing a binding site for the required metal cofactor. in-house as described previoushg). Oligodeoxynucleotides
In fact, conversion of E117 to alanine virtually abolishes used for PCR mutagenesis or in transcription reactions (see
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FiIGURE 2: Positions of conserved acidic amino acids and the
divalent metal ion binding site in the homodimeric nuclease domain
of A. aeolicusRNase Ill. The structure is based on an X-ray
diffraction study (3) and shows the positions of the residues that
correspond to E38, E41, D45, E65, D114, and E11Eotoli
RNase Il (residue numbers given in parentheses). Thé"Nom

is represented by the solid red sphere.

below) were obtained in deprotected form from Invitrogen,

Sun et al.

Ni%* 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-a20 °C in
buffer [30 mM Tris-HCI (pH 7.9), 500 mM NacCl, 0.5 mM
DTT, and 0.5 mM EDTA] containing 50% glycerol. Protein
concentrations did not appreciably change under these
conditions. The N-terminal Higag was not removed, as it
has a negligible effect on RNase Il activity2(). For
convenience, HisRNase Il [or Hig-RNase Il mutant] is
termed RNase Il (or specific RNase Il mutant).

Substrate Cleeage AssayR1.1 RNA (Figure 3A) was
synthesized in internally??P-labeled form as described
previously 0), by transcription of an oligodeoxynucleotide
template using T7 RNA polymerase and in the presence of
either [0-32P]CTP or p-*?P]JUTP (final specific activity of
100 Ci/mol). R1.1 RNA (5%P-labeled) was obtained by
treatment of dephosphorylated (nonradioactive) R1.1 RNA
with T4 polynucleotide kinase and/{?P]JATP (3000 Ci/
mmol) (20). Radiolabeled R1.1 RNA was purified by gel
electrophoresis and stored -a20 °C in 10 mM Tris-HCI
(pH 7.5) and 1 mM EDTA. Cleavage assays were carried
out essentially as described previoushp) with substrate
treated to a heatingsnap cooling step prior to use. Cleavage
assay buffer consisted of 200 mM NaCl, 30 mM Tris-HCI
(pH 7.5), 0.1 mM EDTA, and divalent metal ion as indicated.

and were further purified by denaturing gel electrophoresis Assays involved incubation of RNA with enzyme for 5 min

(20).

Construction, @erproduction, and Purification of RNase
Il Alanine Mutants. E. colRNase Il mutants were purified
in an N-terminally Hig-tagged form 20). Construction of

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).

the RNase Il mutant genes used a two-step PCR procedureadditional aspects of the cleavage assays, including the

as previously described , 18). Briefly, the pET-15b(rnc)
plasmid template contained tie coli RNase Il ¢nc) gene
cloned between thdldd and BanHI sites. First-step PCR
employed Vent DNA polymerase and the mutagenic oligo-
nucleotide paired with either thec gene 5-end primer or

RNase Il 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-

3'-end primer, as appropriate (oligonucleotide sequences arejtated using ImageQuant2, 18, 20). Kinetic analyses and
available upon request). Second-step PCR used the gelcurve fitting were carried out using Kaleidagraph (version

purified product of the first reaction paired with thec 5'-
end primer or 3end primer, as appropriate, to generate the
full-length mutant gene. The gel-purified product was cloned
into theNdd andBanHl| sites of pET-15b, and recombinant
plasmids were isolated frof. coliDH10B cells (Invitrogen)
that were electroporated with aliquots of ligation reaction

3.5).

Substrate Binding Assagel mobility shift assays were
carried out essentially as described previougly).(Briefly,
5'-3?P-labeled R1.1 RNA (3000 Ci/mmol) was incubated with
RNase Il in binding buffer Z0) supplemented with 5 mM
CacClb. Aliquots of the reactions were electrophoresed &t

mixtures. Mutations were verified by DNA sequencing. TO oc in 4 6% polyacrylamide gel containing TBE buffer, also

overproduce the protein, the recombinant plasmids were

introduced intoE. coli BL21(DE3Ync105 recA cells 20).

supplemented with 5 mM CaglBinding reactions were
visualized by phosphorimagin@@). The apparent dissocia-

TherecAallele served to suppress recombination between 45 constants K'o values) of the R1.1 RNARNase i

host and plasmid sequences. ThelO5allele (G44D) 21,

22) abolished the activity of the chromosomally encoded
RNase lll, which otherwise could compromise the analysis
of RNase Il mutants with low-level activitie2(). RNase

Il 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

complexes were determined as described previodsi20).

RESULTS

Catalytic Actiities of the RNase I[lI[E41A] and RNase
[II[D114A] Mutants. The A. aeolicusRNase Ill E40 and
D107 side chains (corresponding to those of E41 and D114,
respectively, inE. coli RNase Ill) interact with a divalent
metal ion (L3) (Figure 2). To assess the side chain require-

RNase Il mutant was overproduced, the plasmid was ments for activity, E41 and D114 were separately changed

purified from an aliquot of the cell culture and thec gene

to alanine. The mutant proteins were able to be overproduced

was sequenced. Protein was purified as described previouslyn soluble form, and in purified form exhibited gel electro-

(20) from the soluble portion of sonicated cell extracts using

phoretic mobilities essentially identical to that of the wild-
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FicUrRE 3: Catalytic activities of RNase Il alanine mutants in the presence of 10 or 1 m&t.Mg) Sequence and secondary structure

of R1.1 RNA (60 nt). The arrow indicates the RNase Il cleavage site, the utilization of which provides two products, 47 and 13 nt in
length. (B) Cleavage assays of the RNase IlI[E38A], -[E41A], -[D45A], -[E65A], -[E100A], and -[D114A] mutants carried out in the
presence of 10 mM MgGl Assays used internall§?P-labeled R1.1 RNA and 20 nM enzyme (see Experimental Procedures). Reaction
mixtures were incubated at 3T for 5 min before addition of Mg, 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 wfithiivthe absence of RNase llI;

lane 3, R1.1 RNA incubated with RNase Il in the absence ofignd lanes 49, 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 MgGl

type polypeptide (MW~ 28 000) (data not shown). The
RNase Il mutants were tested for their ability to cleave a
small model substratan zitro. R1.1 RNA (Figure 3A) is
based on the R1.1 processing signal of bacteriophag23)7 (
The 60 nt RNA is cleaved by RNase Il at a single site within
the internal loop, providing two products, 47 and 13 nt in
size Q0). Since it was possible that the two RNase |llI

II[E41A]. A quantitative assessment of the altered Vg
dependent behaviors was obtained by measuring the extent
of substrate cleavage as a function of ¥goncentration,
which allowed determination of thH€M9 (12). Table 1 gives
theKM9 values for the RNase IlI[E41A] and RNase [lI[D114A]
mutants, which are botk2.8-fold higher, respectively, than
the KM of the wild-type enzyme. To assess whether the

mutants could exhibit an altered dependence on divalentE41A and D114A mutations affect other aspects of catalytic
metal ion, the cleavage assays assessed activity at 10 and function, the steady-state kinetic parametdfs and K.ay)

mM Mg?*. The 10 mM concentration is significantly higher
than that needed to fully support the wild-type enzymé (
mM) (4, 18), while the 1 mM value approximates the free
Mg?* concentratiorin vivo (24). In both experiments, the
monovalent salt concentration was the physiologically rel-
evant value of 200 mM20).

The RNase IlI[E41A] and RNase IlI[[D114A] mutants are
able to cleave R1.1 RNA in the presence of 10 mM2Mg

and catalytic efficienciesk{/Km) were determined at 10 mM
Mg?" (Table 1). Under these conditions, RNase IlI[D114A]
is kinetically indistinguishable from the wild-type enzyme,
while RNase [lII[E41A] exhibits a 5-fold lowek., but a
Km only slightly different from that of RNase Ill. While the
largerkMd suggests a reduced affinity for Mg the reduced
keat for RNase 1lI[E41A] indicates a catalytic defect that is
not fully restored at 10 mM Mg (see also Discussion).

(Figure 3B, lanes 5 and 9). The cleavage patterns are identical The relatively modest effects of the E41A and D114A

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 Ill mutants. A
different behavior is seen at 1 mM Nig where the RNase

III[E41A] mutant exhibits a diminished activity (Figure 3C,

compare lane 5 with lane 3). The RNase IlI[[D114A] mutant
also shows diminished activity (Figure 3C, lane 9), albeit to

mutations were unexpected, since theaeolicusRNase Il
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

a lesser extent in this experiment than that seen with RNaseexamine this possibility, the RNase III[E41A/D114A] double
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Table 1. ApparenkKMd Values and Steady-State Kinetic Parameters oftheoli RNase IlI[E38A], -[E41A], -[E65A], -[E100A], and
-[D114A] Mutants

WT E38A E41A E65A E100A D114A  E41A/D114A
KM (mM)2 0.46+£0.02 1.58+0.13 1.25+0.25 1.2740.08 2.48+0.27 1.35:0.08 39+ 14

Keat (Min-2) 8.4+09 54409  1.9+02  59+01  43.4+45 9.9+0.1 nd

Km (NM)? 66+ 11 54412 41495 5647 544491 71+ 12 nc

KealKm (x 107 M~1 min~?) (10 mM Mg) 13 10 4.7 11 7.9 14 -
KealKm(rel.) (10 mM Mg) [1.0] 0.77 0.36 0.85 0.61 1.08 -~
kealKm(rel.) (1 mM M@) [1.0] 0.17 0.05 0.16 0.11 0.52 -

aKMd values were determined as described in2find involved cleavage assays using 20 nM RNase Ill (or RNase Il 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=reddltigi/( KM9
+ [Mg]), where Y is the extent of cleavagé, the maximal extent of cleavage, and [Mg] the WMgoncentration. This relation assumes a single
affinity class of metal binding sites and makes no assumption about the number of metal ions required for &2Yivitye( reporteckM9 values
are the average of three experiments, and the standard errors of the mean are ptdvidedd K, values were determined as described in
Experimental Procedures, using cleavage assays involving inteffallgbeled R1.1 RNA, 20 nM RNase Il (or RNase Il mutant), and a buffer
containing 10 mM M§". Nonlinear least-squares curve fitting was carried out using Kaleidagraph and applying a Miekbeglten kinetic
scheme 12). The reported values are the average of three experiments, and the standard errors of the mean are alsé Noiwvigéermined.

mutant was purified and its activity examined. In contrast Table 2: Steady-State Kinetic Parameters KN Values for
to the single mutants, the double mutant exhibited a poor RNase III[D45] Mutants

ability to cleave R1.1 RNA at 10 mM Mg as well as at 1 WT D45A D45E  D45N
mM Mg?" (data not shown). The measurktf9 of 39 mM Mg?*]

for RNase IIl[E41A/D114A] is 85-fold higher than that of Keat (Min—1)2 (8.4) nd ncd (ndy
the wild-type enzyme, and also is substantially larger than ~ Km(M)}* (66) nd' nd (ndy!
would be predicted on the basis of an additive effeckt# el (M~ (1.3x10) 44x10° 42x10° —

by the single alanine substitutions (Table 1). The behavior " (min-1p (ndy 0.02 0.03 0.03
of the double mutant is consistent with a compensatory ability K, (nM)® (ndy 820 630 1100
of the E41 and D114 side chains in binding metal ion (see  Keal/Km (x10*M~*min~%) (ndy 2.4 4.8 2.7
the Discussion). KM (mM)e [0.2-0.5] 25+9 2.8+05 18+3

Catalytic Properties of the RNase III[E38A] and RNase a Steady-state kinetic parameters were determined using internally

. $2P-labeled R1.1 RNA, 10 mM Mg, and an enzyme concentration of
III[E65A] Mutants. The A. aeolicusRNase Il E37 and E64 0 nM. The extent of substrate cleavage was limitec<80%. WT

side chains (corresponding to E38 and E65, respectively, ofenzyme kinetic constants were from Table 1. The activities of the D45A,
E. coli RNase Ill) are at the subunit interface (Figure 2), DA45E, and D45N mutants were too low to accurately deterrkiger
with the E37 side chain from one subunit within hydrogen Km. However, the catalytic efficiencies could be estimated (see the
bonding distance of the backbone amide hydrogen of residueResuIts).b Kinetic constants were determined at 100 mMa¥nThe

. - . . wild-type enzyme activity was negligible in the presence of 100 mM
E64 from the other subunit. However, neither side chain Mn2*+, ¢ KMn yvalues were determined as described in footnote a of Table

interacts with the bound metal (Figure 2)3. It was 1. TheKMn for the wild-type enzyme is an estimate, due to inhibition
suggested that the two side chains participate in one of theby Mn?* at concentrations of1 mM (see also the Results)Not

proposed dual hydrolytic mechanisnis$). A cleavage assay  determined.
shows that RNase IlI[E38A] and RNase III[E65A] can cleave
R1.1 RNA at 10 mM M§" (Figure 3B, lanes 4 and 7, which the ratio of initial rates corresponds to the ratio of
respectively). The catalytic efficiency of each mutant at 10 catalytic efficiencies Z5). Determined in this manner, the
mM Mg?" is comparable to that of the wild-type enzyme catalytic efficiency of RNase II[D45A] (Table 2) is30000-
(Table 1). Both mutants exhibit a lower level of activity at  fold lower than that of the wild-type enzyme. The ability of
1 mM Mg?* (Figure 3C, compare lanes 4 and 7 with lane RNase II[D45A] to bind substrate was examined by a gel
3), and theK™d values for RNase III[E38A] and RNase  shift assay. To provide a comparison with the wild-type
lI[E65A] are 3.4- and 2.8-fold higher, respectively, thanthe enzyme, the assay used Xdnstead of Mg* such that
KM of RNase IlI (Table 1). We conclude that E65 and E38 substrate binding could be examined in the absence of
are not essential for catalytic activityn witro, but that cleavage 16). The gel shift assay (Figure 4) reveals that
substitution by alanine causes a requirement for a higherRNase 11I[D45A] can bind R1.1 RNA in a manner compa-
Mg?" concentration for optimal activity. The implications rable to that of the wild-type enzyme, with measui€g
of these behaviors with respect to potential functional roles values of 3.9 and 4.5 nM, respectively. The retention of
for the E38 and E65 side chains are discussed below. substrate binding ability by RNase 11I[D45A] is consistent
Analysis of the D45 Side Chaiompared to the other  with the observation that the dsRBD is the primary deter-
mutations, substitution of D45 with alanine has the most minant of substrate bindindl®).
severe effect on activity. Thus, RNase Ill[D45A] does not  The behavior of RNase IlI[D45A] suggests that the
detectably cleave R1.1 RNA in the presence of 1 or 10 mM aspartic acid is involved in an aspect of the catalytic step.
Mg?* (Figure 3B,C, lane 6). However, the use of high RNase IlI[D45E] and RNase III[[D45N] were examined to
enzyme concentrations (500 nM) and extended reaction timesgain information about the side chain functional require-
(30 min) yielded a small amount of cleavage of R1.1 RNA ments. The D45E mutation allows evaluation of the impor-
(data not shown). This allowed an estimation of the catalytic tance of functional group position, while the D45N mutation
efficiency of RNase Ill[D45A], using the relationship in allows evaluation of the requirement for an ionizable
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FiGure 4: Substrate binding ability of RNase IlI[[D45A]. The gel

shift assay was performed as described in Experimental Procedures

using 3-32P-labeled R1.1 RNA. The binding reaction buffer, as well
as gel and electrophoresis buffers, included 5 mM gaR&#action
mixtures were incubated at 3T for 5 min, placed on ice, and
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Mn?*-Dependent Catalytic Actfities of the D45 Mutants.
The catalytic activity ofE. coli RNase Il is supported by
Mn2*, with a concentration of~1 mM conferring optimal
activity (4, 12, 18). Since Mi#* rescues the activity of RNase
I[E117D] (18), it was worth determining whether the
activities of the D45 mutants also could be rescued by'Mn
RNase 11I[D45A] and RNase [lI[D45N] cleave R1.1 RNA
in the presence of either 1 or 10 mM KM with the 10 mM
concentration supporting a higher level of activity (Figure
5A, lanes 8-11). RNase IlI[D45E] cleavage of R1.1 RNA
also is supported by Mn (Figure 5A, compare lanes 5 and
9), and the MA" concentration dependence of RNase
[II[D45E] activity is shown in Figure 5B. Th&M" values
of RNase IlI[D45N] and RNase II[[D45A] (Table 2) are
~60- and 80-fold larger, respectively, than the estimé&téd
of ~0.3 mM for wild-type RNase llI, while th&kM" for
RNase III[D45E] is only 10-fold larger than that of RNase
[ll. These data show that alteration of the D45 side chain

then electrophoresed in a 6% polyacrylamide gel. Reactions werepertyrbs the ability of M to function as a cofactor, but

visualized by phosphorimaging: lane 1, no protein added; lanes

2—-5, RNase Ill at 0.7, 1.5, 2.9, and 8.7 nM (dimer), respectively;

with the D45E mutation having the smallest effect (see also

and lanes 610, RNase IlI[D45A] mutant at 0.7, 1.4, 2.2, 2.9, and the Discussion). Table 2 provides ti&, and k.o values
8.6 nM, respectively. “Free” indicates the position of R1.1 RNA, (determined at 100 mM M) for cleavage of R1.1 RNA

while “Bound” indicates the position of the R1.1 RNARNase |l by RNase III[D45A], RNase IlI[D45E], and RNase III[D45N].
complex. For each mutant, thie,is ~400-fold lower and thé&, >10-
carboxylic acid. Both mutants are defective in their ability fold larger than that of the wild-type enzyme (measured at
to cleave R1.1 RNA, at either 1 or 10 mM Kig(Figure 1 mM Mn?%). Thus, near-saturating Mhconcentrations do
5A, compare lanes-47 with lane 3). Although the activity ~ not fully rescue the defective activities of the D45 mutants.
of RNase IlI[D45E] in Md*-containing buffer was too low Catalytic Behaior of RNase IlI[E100A].Sequence align-

to accurately determine the kinetic parameters, the catalyticment (Figure 1B) reveals a glutamic acid at position 100 in
efficiency was able to be estimated as described above. Theaall but two of the orthologsA. aeolicusRNase Ill exhibits
RNase III[D45E] catalytic efficiency (at 10 mM Mg) is a six amino acid deletion in this region, while tivyco-
~30000-fold lower than that of the wild-type enzyme, and plasma penetran&Nase Il sequence carries an—£ |

is similar to the low catalytic efficiency of RNase 1lI[D45A] change. The E100 side chain is not involved in the metal
(Table 2). Gel shift assays (not shown) confirmed the binding site, at least in the absence of substrate, and it has
retention of substrate binding affinity for each mutant, with been noted that thA. aeolicusRNase Ill segment encom-
measured'p values of 5.0 and 2.5 nM for RNase ll[D45E]  passing this position exhibits a greater degree of conforma-
and RNase [lI[D45N], respectively. We conclude that the tional mobility than the rest of the polypeptid&3j. Similar
catalytic activity ofE. coli RNase Il requires a precisely to the other alanine mutants, RNase IlI[E100A] activity is
positioned carboxylic acid side chain at position 45. comparable to that of wild-type enzyme at 10 mM Mg

Mg Mn Mg Mg Mn
A - - WT D45E D4ASN DA5E D45N B

[M](mM) 10 10 10 1 10 1 10 1

R1A—>
5>

50 T T T

0 1 10

T —— —————
—

Percent of Substrate Cleavage

3

1 2 3 4 5 6 7 8 9 101

[Mn™*] (mbg

FicUrRE 5: Catalytic behaviors of RNase IlI[D45E] and RNase IlI[D45N] in the presence of"Mg Mn?t. (A) R1.1 RNA cleavage
reactions. Assays were performed as described in Experimental Procedures, using iftBrwiigled R1.1 RNA and an enzyme concentration

of 500 nM (dimer). The buffer consisted of 30 mM Tris-HCI (pH 7.5), 200 mM NacCl, and divalent metal ion as indicated. The cleavage
time was 30 min at 37C. Reactions were stopped with EDTA, and mixtures were electrophoresed in a 15% polyacrylarealgel and
analyzed by phosphorimaging (see Experimental Procedures): lane 1, R1.1 RNA incubated with 10?mdvenzyme); lane 2, R1.1

RNA incubated with 10 mM M#A" (no enzyme); lane 3, R1.1 RNA incubated with RNase Ill (20 nM) in the presence of 10 mivl atig

37°C for 30 s; lanes 4, 5, 8, and 9, RNase IlI[D45E] action on R1.1 RNA in the presencefdid/n?"; and lanes 6, 7, 10, and 11,
reactions involving RNase 11I[D45N] action on R1.1 RNA in the presence offMg Mn2*. (B) Mn?* concentration dependence of RNase
III[D45E] catalytic activity. The MA" concentration dependence of RNase Il 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 Mnon RNase .
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(D45 contains a serine in place of aspartic acid at this position.
A —c© B c© Finally, neither the E41 nor the D114 side chain exhibits
0. e O _[E41] °---.. 0o the same degree of functional importance as the E117 side
o 7 ;F’ o e chain, which engages in a bidentate interaction with metal
s ion (Figure 6), and whose mutation to alanine has a severe
Q o ? effect on activity which is not compensated by high g
/77 o€ N concentrations16, 18). Direct measurement of metal ion
(E117] D114] binding affinities and structural analyses of the alanine

FIGURE6: Metal ion interactions of the E41, D45, D114, and E117 Mutants wi.II bg necessary to evaluate side chain contributions
side chains and potential functional redundancy of E41 and D114 to metal binding.

side chains. (A) Interaction of acidic side chains with¥galso ~ The low catalytic activity of RNase [lI[D45A]n vitro
showing a probable hydrogen bond between the D45 side chain(this study) andin vivo (13), along with the apparent
and the water-bound metally 26). (B) Potential functional —inyariance of this residue (Figure 1B), suggests an important
compensation of the E41 side chain for the D114A mutation. The . A
filled red circle represents the metal ion, and the filled black circles functional role. The low activities of RNase IlI[D45N] and
represent water molecules. A weakened metal ion affinity due to RNase llI[D45E] indicate a strict requirement for a precisely
the D114A mutation could be compensated as shown by a mono-positioned carboxylic acid. A function in catalysis is sug-
dentate to bidentate switch in metal ion coordination by the E41 gested by the proximity of thA. aeolicusRNase Il D44
side chain. A similar scenario is possible for the E41A mutation. side chain to a water molecule that is coordinated to the metal
ion (see Figures 2 and 6)1%). The dependence of the

(Figure 38, compare lane 8 with lane 3), but is significantly reaction rate on the metaKgp indicates that a metal-bound

+ (Ei ;
lower at 1 mM Mg (Figure 3C, compare lane 8 with lane hydroxide is the reaction nucleophil&f). It is therefore

3]2.v3'ilhdeitl<"‘9efornlz?Nrg:e_ll_lI[bE|1010A] |ns dsi'fc:rl]d gi;?atgt;garrut:at possible that the D45 side chain may serve to deprotonate
0 ype enzyme (Table 1), and is the large a the metal-bound water, creating the reactive species. Thus,

of all the examined single alanine mutants. The steady-state : . .
L Sl RNase [lI[D45N] with the weakly basic aspartamide group
kinetic parameters of RNase IlI[E100A] also are qualitatively is expected to be ineffective in this task, while the methylene

distinct from the other mutants. They of 43.4 min* and o . . e

+ i i shift in RNase llI[D45E] could interfere with water activation
Kr”‘ OT[ 5r4? nM (ﬁR/rTMtwgn )trgTabI;er 2) arﬁdSinfol\c/i almd ﬁ‘ffl\:\j/nd- by moving the carboxylic acid to a functionally suboptimal
greater, respectively, than the correspo g vaiues 1o position. Finally, the low-level activity of RNase I[[[D45A]

type belnzym?]. Th?S' .‘Iléh'le the catalyt|cheff|C|T:ncy '; com- may reflect either activation of the water solely by metal or
parable to that of wild-type enzyme, the value reflects a the involvement of an alternative protein moiety (or another
higher turnover rate constant coupled with an apparently
weaker affinity for substrate water molecule).
: The support of RNase IlI[D45E] activity by Mh is
DISCUSSION reminiscent of the rescue of RNase III[E1_17D]_ a}ctivity by
the same metall®). However, the catalytic efficiency of
This study has described the in vitro catalytic activities the RNase III[D45E}Mn?* holoenzyme is~2700-fold
of E. coli RNase Il mutants carrying alanine substitutions lower than that of the RNase #HMg?" holoenzyme,
of conserved acidic residues within the nuclease domain. All indicating a suboptimal catalytic capacity for the former
of the mutants (with the exception of RNase [lI[D45A] holoenzyme. Also, it is known that Mh concentrations
see below) are active in vitro and exhibit the same cleavagegreater than~1 mM suppress RNase Il activitin vitro,
site specificity as wild-type enzyme. However, these mutants and that the E117 side chain is involved in the #¥n
require distinctly higher Mg concentrations for full activity.  inhibitory site @, 12, 18). Figure 5B suggests that RNase

The crystal structure of thA. aeolicusRNase Il nuclease  1lI[D45E] is not inhibited by Mri#* and that, by inference,
domain suggests different sources of the altered metal ionthe D45 side chain may also be involved in the inhibitory
dependencies. The E41 and D114 side chaing&.otoli site. However, the much lower catalytic efficiency of RNase
RNase Il are expected to coordinate the@¥ign. Changing [II[D45E], coupled with a relatively highkM" value, leaves

either residue to an alanine would be expected to perturbopen the possibility that the Mnh inhibitory site is not

metal binding, which is consistent with the highéfdvalues, affected by the D45E mutation.

compared to that of RNase Ill. While the catalytic activity RNase IlI[E38A] and RNase III[E65A] exhibit elevated

of RNase Ill[D114A] is essentially the same as wild-type KMd values. Since the E38 and E65 side chains do not interact

enzyme at 10 mM Mg, the apparent permanently reduced with the bound metal ion (Figure 2), the cause of the altered

k.ot 0f RNase III[E41A] suggests that the E41 side chain may Mg?* dependence for these mutants is unclear. The two

have an additional function separate from metal ion binding. residues appear to be structurally (and perhaps functionally)
A functional redundancy of the E41 and D114 side chains interdependent, since the side chain ofAh@eolicusRNase

is indicated by the substantially higherMK of RNase [l residue corresponding to E38 is hydrogen-bonded to the

II[E41A,D114A] compared to the K9 values of the backbone amide hydrogen of the residue corresponding to

corresponding single mutants. One scenario is that the lossE65 from the other subunit. It is possible that the E38 side

of either side chain is functionally compensated by a chain stabilizes the subunit interface and perhaps also

monodentate to bidentate switch in metal coordination by positions the E65 side chain. Tiv. penetransRNase |l

the other side chain (Figure 6). Such compensation would ortholog contains a glutamine instead of a glutamic acid at

be unavailable to the double mutant. A relaxed requirement position 38 (Figure 1B). However, as noted elsewhé&®}, (

for an aspartic acid at position 114 is suggested by the the glutamine side chain also is capable of engaging in a

Helicobacter pyloriRNase Ill sequence (Figure 1B), which hydrogen bond. The retained activity of RNase IlI[E38A]
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suggests that the proposed intersubunit hydrogen bond iSNOTE ADDED IN PROOF

dispensable, at leash vitro. It was reported that RNase
III[E38V] is defective in vivo (13). This may reflect a
requirement for a higher Mg concentration, since the
structurally similar RNase IlI[E38A] mutant has a 3.4-fold
higher KMd than the wild-type enzyme (see also below).

It has been proposed3) that the two phosphodiesters at
a dsRNA target site are cleaved using separate chemistries;

Following submission of this paper, r&f7 showed that
the E. coli RNase IlI[E38A] and RNase IlI[E65A] mutants
were catalytically active in 3 mM MY buffer and that the
RNase IlI[D45A] mutant exhibited negligible activity. These
results are essentially in agreement with the results of our
study.

with each involving separate constellations of side chains. ACKNOWLEDGMENT

One of the proposed dual hydrolytic mechanisms involves
E38 and EG65, although the specific features were not

We thank Xinhua Ji for insightful comments on this study,

presentedX3). Our results neither support nor refute such a and Alexandre Pertzev and Wenzhao Meng for assistance
possibility, except that if the E38 and EG5 side chains have with several of the experiments. We also thank Rhonda

catalytic roles, they are dispensalievitro. The reported
defectivein vivo activity of RNase IlI[E65A] (3) may
reflect the requirement for an increased#igoncentration,
since this mutant has an3-fold greateikKM9 than the wild-
type enzymeThermotoga maritimeéRNase Il contains a
valine at the position corresponding to E65 (Figure 1B).
However, a glutamic acid occupies an adjacent position, and
we have shown that purified. maritima RNase Il can
cleave R1.1 RNAn 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. 3.

Thus, thek.y and K, values (10 mM Mg") are ~5- and
~9-fold greater, respectively, than those of wild-type RNase
Ill. It is possible that weakened substrate binding, as
suggested by the high&, may also cause a faster rate of

product release. If so, this would explain the higkggfor 5.

RNase [I[[E100A]. In this regard, a single-turnover kinetic
analysis oft. coliRNase Il established that the rate-limiting
step occurs after the hydrolysis eveti), RNase I1[[E100A]

is similar in behavior to the previously characterized RNase
II[G97E] mutant, which requires a higher Migconcentra-
tion for full activity in vitro (25). The cause of the altered

Mg?" dependence in this case also is unclear, but it may be 8.

related to the behavior of RNase II[[E100A], since the two
residues are near each other. It was noted that the segment
of the A. aeolicusRNase Il polypeptide containing E100
and G97 exhibits a significantly greater degree of structural

9

mobility compared to the rest of the protein, and that this 10.

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

[l action remains to be determined.

It was also reported that the clustering of the six conserved 12

carboxylic acid side chains creates a high negative charge
density in the vicinity of the two proposed active sité8)(
Perhaps the requirement for an increased™gncentration

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 14.

overall metal binding affinity. Given EM9 of 0.46 mM, the
ability of RNase IIl to act as an efficient catalyist vivo,
with an intracellular Mg" concentration of~1 mM (24),
may render then 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 1
reduce negative charge density without altering catalytically
essential side chains.

13.

Nicholson for a critique of the manuscript, and other
members of the laboratory for their advice and support.
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