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ABSTRACT. The activities of the eight mutant proteins B§cherichia coliRNase HI, in which the four
carboxylic amino acids (ASp GIu*8, Asp’®, and Asp®¥) involved in catalysis are changed to Asn (GIn)

or Ala, were examined in the presence of ¥MnOf these proteins, the E48A, E48Q, D134A, and D134N
proteins exhibited the activity, indicating that @land Asp**are dispensable for Mh-dependent activity.

The maximal activities of the E48A and D134A proteins were comparable to that of the wild-type protein.
However, unlike the wild-type protein, these mutant proteins exhibited the maximal activities in the presence
of >100uM MnCl,, and their activities were not inhibited at higher Mrconcentrations (up to 10 mM).

The wild-type protein contains two Mh binding sites and is activated upon binding of one?Mion at

site 1 at low (1 uM) Mn?* concentrations. This activity is attenuated upon binding of a secorfd Mn
ion at site 2 at high$10 M) Mn2* concentrations. The cleavage specificities of the mutant proteins,
which were examined using oligomeric substrates at hightMoncentrations, were identical to that of
the wild-type protein at low M&I concentrations but were different from that of the wild-type protein at
high M?™ concentrations. These results suggest that on&"lm binds to the E48A, E48Q, D134A,

and D134N proteins at site 1 or a nearby site with weaker affinities. The binding analyses ofthe Mn
ion to these proteins in the absence of the substrate support this hypothesis. WAieioiMis used as

a metal cofactor, the Mt ion itself, instead of GItf and Asp34, probably holds water molecules required

for activity.

Ribonuclease H (RNase H) hydrolyzes only the RNA lacking all functional RNases H (RNases H1 and H2) exhibits

strand of the RNA/DNA hybridX). The enzyme is ubiqui-  altered sensitivities to hydroxyurea, ethyl methanesulfonate,
tously present in various organisms. On the basis of the and caffeine §). These results suggest that RNases H are
difference in the amino acid sequences, they are classifiedinvolved in important cellular processes. In fact, RNases H
into two major families, type 1 and type 2 RNasesZ13). have been suggested to be involved in DNA replication,
Bacterial RNase Ht,eukaryotic RNase H1, and the RNase repair, and/or transcription6¢9). However, their physi-
H domain of retroviral reverse transcriptase (RT) are the ological roles remain to be fully understood. In contrast, the
members of type 1 RNases H. Bacterial RNases HIl and HIll, retroviral RNase H activity has been shown to be required
archaeal RNase HIl, and eukaryotic RNase H2 are theto convert genomic RNA to double-stranded DNA and is,
members of type 2 RNases H. A single archaeal genometherefore, indispensable for proliferation of retroviruseg).(

contains a single gene encoding RNase H (RNase HIl),  comparison of the crystal structures®f coli RNase HI
whereas single bacterial and eukaryotic genomes often(ll’ 12) and Thermococcus kodakaraengtase Hil (3),
contain multiple genes encoding different RNase3H A which are members of type 1 and type 2 RNases H
Bacillus subtilis mutant lacking all functional RNases H respectively, revealed that these two enzymes share a ma,in
(RNases HIl "?md. HHI). exhibits allethal grovx_/th phenotype chain fold c,onsisting of a five-strandeggtsheet and two

(4). An Escherichia colmutant I_at;kmg all functional RNas_e; o-helices. In addition, steric configurations of the four acidic

H (RNases HI and Hil) exhibits a tempe.ra.ture-sensnwe active site residues are conserved in these two structures.
growth phenotype4). A Saccharomyces cerisiae mutant These results suggest that type 1 and type 2 RNases H
hydrolyze substrates through a similar mechanism. In addi-
" Dedicated to the memory of the late Dr. Motohisa Oobatake. tion to these RNases H, various functionally unrelated

*To whom corr_tle'spkondence slhould be anresse_d. Tel/RB¢-6- enzymes, such as resolvadel)( integrase 15, 16), trans-
683%'57;5’5'UEn'iTe"’:'s'ity_a”aya@m S-€ng.osaka-u.ac.p. posase17), exonuclease 11118), and ribonuclease 11110©),

$ Present address: Department of Materials Chemistry and Engi- Fecognize double-stranded nucleic acids and hydrolyze
nee_ring, College Qf Engineering, Nihon University, Tamura-machi, phosphodiester bonds to generatepbosphate and '3
Koﬂrmaeri?glui?\'/‘gé?t'ya 963-8642, Japan. hydroxy termini. A characteristic common to these enzymes,

L Abbreviations: RNase HI, ribonuclease HI; RT, reverse tran- Which are members of the polynucleotidyl transferase su-
scriptase; CD, circular dichroism. perfamily, is a high negative-charge density at the active site,
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Ficure 1: Comparison of metal ion coordination i coli RNase
HI. (A) The E. coliRNase HI variant with the Ly$$— Ala mutation
was crystallized in the presence of 1 mM Ma(24) (Protein Data
Bank code 1G15). (BE. coli RNase HI was crystallized in the
presence of 100 mM MgC} (23) (Protein Data Bank code 1RDD).
These structures are drawn with the program RasMol.

to which divalent metal ion(s) bind. Therefore, understanding
of the catalytic mechanism of one RNase H, regardless of

whether it is a type 1 or type 2 enzyme, would offer insight

on the catalytic mechanism of the entire superfamily. In this

study, we usecE. coli RNase HI as a model system for

investigating the catalytic mechanism of RNase H because
the enzyme has been the most extensively studied for
structures and functions among the proteins of the RNase H

family (6, 20).

E. coliRNase HI is composed of 155 amino acid residues

(21) and requires MY and Mr#* for activity (22). Deter-
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These residues have been identified as the active site residues
by mutational 81—33) and structurall1, 12, 34, 35) studies.
However, the roles of these residues have so far been
analyzed almost exclusively for Mtrdependent activity.

In this report, we show that Gléiand Asp3* are not
required for Mi*-dependent activity oE. coli RNase HI.
Comparison of the cleavage specificities of the mutant
proteins with those of the wild-type proteins in one-metal
and two-metal forms, as well as the binding analyses of the
Mn2* ion, strongly suggest that one Kion binds at site
1 or a nearby site of the mutant proteins at and Asp3*
with weaker affinities. On the basis of these results, we
discuss the catalytic mechanism for Mrlependent activity.

EXPERIMENTAL PROCEDURES

Materials. The wild-typeE. coli RNase HI protein and
its active site mutants (D10N, D10A, E48Q, E48A, D70N,
D70A, D134N, and D134A) were previously overproduced
and purified 81, 33). In these mutant proteins, A¥pis
replaced by Asn (D10N) or Ala (D10A), Gltiis replaced
by GIn (E48Q) or Ala (E48A), Asfd is replaced by Asn
(D70N) or Ala (D70A), or Asp® is replaced by Asn
(D134N) or Ala (D134A). Restriction enzymes and modify-
ing enzymes for recombinant DNA technology were obtained
from Takara Shuzo Co., Ltd.yf¥?P]JATP (>5000 Ci/mmol)
was from Amersham, an€rotalus durissusphosphodi-
esterase was from Boehringer Mannheim. Other chemicals
were of reagent grade.

Cells and PlasmidsPlasmid pJAL600, for the overpro-

mination of the crystal structure of the enzyme in complex duction of the wild-type protein, was previously constructed

with Mg?" (23) or Mn?* (24) indicates that the enzyme
contains either a single Mgrbinding site or two MA*-
binding sites (sites 1 and 2) (Figure 1). Metal titration
experiments using NMR26), CD (26), and direct calorim-
etry (27) also suggest that a single Kfgion binds to the
enzyme. Of the two M#i-binding sites, site 1, which is
similar to the Md@*-binding site, is formed by Asf, Glu*8,
and Asp? and site 2 is formed by Adpand Asp34 These

(36). Competenk. coliHB101 cells [F, hsd520 (g~, mg™),
recAl3 ara-14, proA2 lacY], galK2, rpsL20(Sm), xyl-5,
mtl-1, supE44 A~] were from Takara Shuzo Co., Ltd.
Mutations The mutantrnhA genes encoding the mutant
proteins E48A/D134N and E48A/D134A, in which the codon
for Glu*® (GAG) is changed to GCG for Ala and the codon
for Asp'3* (GAT) is changed to AAT for Asn or GCT for
Ala, were constructed by PCR as described previolggy. (

sites are equivalent to those detected in the cocrystal of theThese mutantnhAgenes were substituted for the wild-type

RNase H domain of HIV-1 RT with Mi (28).
The Mr?*- and M@ *-dependent activities d. coli RNase

rnhA gene in plasmid pJAL600, to generate plasmids
pJAL48A134N and pJAL48A134A. For overproduction of

HI differ with respect to the dependence of enzyme activity the mutant proteins E4A8A/D134N and E48A/D134A coli

on the respective metal ion concentratiod, (29). The
enzyme exhibited the maximal M+ and Mg*-dependent
activities in the presence of-5 uM MnCl, and~5 mM
MgCl,, respectively. The Mit-dependent activity is de-
creased at higher Mngtoncentrations. On the basis of these

HB101 was transformed with plasmid pJAL48A134N or
pJAL48A134A. Overproduction and purification were per-
formed as described previousI$6).

The protein concentration was determined from the UV
absorption, with the assumption that these mutant proteins

results, an activation/attenuation model has been proposediave the same absorption coefficiefts”** = 2.0, as that

(30). According to this model, binding of one Mhor Mg?*

of the wild-type protein 7). The cellular production level

ion at site 1 is required for enzyme activation, and binding and the purity of these mutant proteins were estimated by

of a second M#'" ion at site 2 is inhibitory. A second Mg

15% SDS-PAGE (38), followed by staining with Coomassie

ion does not bind to site 2, probably because the binding Brilliant Blue.

affinity of Mg?" is much lower than that of M.

According to a general acitcbase mechanism currently
proposed for the catalytic function &f coli RNase HI 80),
Asp'® and AspP provide ligands for metal binding; Hi%
accepts a proton from the attacking@® molecule which
acts as a general base; A¥holds this HO molecule; GI&
anchors a second,B molecule that acts as a general acid;
the metal ion forms an outer sphere complex with the 2
hydroxyl group of the substrate through agtHmolecule.

Enzymatic Actiity. The RNase H activity was determined
at 30°C for 15 min by measuring the radioactivity of the
acid-soluble digestion product from thd-labeled M13
DNA/RNA hybrid, as previously describe®%). The stan-
dard assay solution contains 10 mM Tris-HCI (pH 8.0) or
10 mM MES-NaOH (pH 5.5), 50 mM NacCl, 1.4 mM
2-mercaptoethanol (2-ME), 0.05 mg/mL bovine serum
albumin (BSA), and the indicated concentrations (OM—

10 mM) of MnCk or 10 mM MgCb. For the analysis of pH
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dependence, 10 mM sodium acetate (pH43%), 10 mM the metal ion. The&y, Kg, andKy, values were calculated
MES—NaOH (pH 5.77.3), 10 mM Tris-HCI (pH 7.3-9.2), from curve fitting of theAAG versusa, data on the basis of
or 10 mM glycine-NaOH (pH 9.2-10.2) was used as the a least-squares analysis.

assay buffer. One unit was defined as the amount of enzyme  Binding Analysis of M# by Direct Titration Calorimetry
producing lumol of acid-soluble material per 15 min at 30  Experiments were performed on a Microcal ultrasensitive
°C. The specific activity was defined as the enzymatic vpP-ITC (isothermal titration) calorimeter (MicroCal Inc.).
activity per milligram of protein. The instrumentation and software for data acquisition/
Cleavage of Oligomeric SubstrateShe 12 bp RNA/DNA  analysis were VPViewer IPC and Microcal Origin (version
hybrid and 29 bp DNA-RNA—DNA/DNA duplex were  5) respectively. Data points were collected every 2 s. Each
prepared by hybridizing 12 b§°P-cggagaugacgg-and 29 binding isotherm was determined following 25 automatic
b 5-3P-AATAGAGAAAAAGaaaaAAGATGGCAAAG-3 injections from an 25QiL injection syringe containing 50
with 1.5 molar equiv of the complementary 12 and 29 b mM Tris-HCI (pH 7.5), 50 mM NacCl, and-24 mM MnCl,
DNAs, respectively, as described previousB).(In these into the reaction cell (1.4301 mL) containing 50 mM Tris-
sequences, RNA and DNA are represented by lower caseHCI (pH 7.5), 50 mM NaCl, and 58100xM protein at 30
and upper case letters, respectively. The reaction conditions°C. Injection volumes (5:L) were delivered over an 10 s
were the same as that described for the hydrolysis of thetime interval with 4 min between injections to allow complete
M13 DNA/RNA hybrid. The substrate concentration was 1.0 equilibration. Background buffer was the same for both
uM. The hydrolysates were separated on a 20% polyacryl- solutions to minimize heat changes from mixing. The data
amide gel containig 7 M urea and were analyzed with  curves were obtained using the resting baseline determined
Instant Imager (Packard). The hydrolysates were identified by the software. Data from two or three independent
by comparing the migration on the gel with that of oligo- experiments were averaged. Control experiments in the

nucleotides generated by partial digestior?%f-labeled 12 absence of enzyme were used to determine the background
b RNA or 29 b DNA-RNA—DNA with snake venom heats of dilution.

phosphodiesteraséq). Determination of MA™ Content The wild-type and mutant
Circular Dichroism SpectraThe CD spectra were mea-  nroteins were dissolved in 50 mM Tris-HCI (pH 7.5)
sured on a J-725 spectropolarimeter from Japan Spectro¢ontaining 50 mM NaCl and 10 mM Mngland then
scopic Co,, Ltd., at 25C in 10 mM sodium acetate (PH  gjalyzed against the same buffer containingd® MnCl,.
5.5). The protein concentration was 0.13 mg/mL and-15  The number of MA ions remaining bound to the protein

mg/mL, and an optical path length of the cell was 2 MM afier dialysis was determined by atomic absorption spec-
and 10 mm, for the measurement of far-UV and near-UV rometry on a Jarrel-Ash A-8500 Mark Il spectrometer.

CD spectra, respectively.

Binding Analysis of Mfi by Monitoring a Change in  RESULTS
Protein Stability Thermal denaturation curves and the
temperature of the midpoint of the transitiof,] were Mn**-Dependent Actities of the Actie Site Mutants. E.
determined by monitoring the change in the CD value at coli RNase HI requires only a few micromolar concentrations
220 nm as described previous#dj. Proteins (0.13 mg/mL) ~ of Mn*" for activity at pH 8.0. However, if the binding
were dissolved in 50 mM glycinreNaOH buffer (pH 9.0) affinity of the Mr?* ion to the protein were greatly reduced
containing 20% glycerin, 2.8 M urea, and various concentra- by the mutation, the resultant mutant protein would exhibit
tions (0-50 mM) of MnCh. The free energy change of the activity only in the presence of higher concentrations of
unfolding (AG) at the T, of the wild-type protein was  Mn*". Therefore, the enzymatic activities of the active site
calculated by the relationshigG(T) = AH(T) — TAY(T), mutants D10A, D10N, E48A, E48Q, D70A, D70N, D134A,
as described previous|y2§). and D134N were determined at pH 8.0 in the presence of

The dissociation constants of the Mrion were calculated ~ various concentrations of Mn£(0.1 uM—10 mM). These
in two ways on the basis of the following assumptions: (1) activities were not measured atl0 mM MnCk because
a single Mi#* ion binds to the protein with the dissociation Mn?" is not fully soluble at alkaline pH at such a high
constant oKy, and the unfolding equilibrium of the protein ~ concentration. All of these mutant proteins, except for
in the presence of Mii follows a two-state mechanism D134N, which is as active as the wild-type protein, do not
represented by N> D + L; (2) two Mn2* ions bind to the exhibit the enzymatic activity in the presence of MgOf
protein with the dissociation constants Kf; andKg,, and ~ these mutant proteins, the D10A, D10N, D70A, and D70N
the unfolding equilibrium of the protein in the presence of proteins did not exhibit the activity at any condition
Mn2* follows a three-state mechanism represented by €xamined. The other mutant proteins exhibited theMn
NL, <= NL + L < D + 2L. In these equations, N and D  dependent activities. However, the dependence of the activity
represent the proteins in the native and denatured statesPn the Mr¥* concentration varied greatly for these proteins
respectively, and L represents the #¥nconcentration.  (Figure 2A).
According to Schellmar4Q), the relationship amongAG, The wild-type protein exhibited the maximal specific
a., andKq is given byAAG = AG(L) — AG(L=0) = RT activity of 15.2 units/mg at 0.6M MnCl, and lower specific
In(1 + [a ]/Kg), and that amonq\AG, a., Kgi, and Kg activities at>1 uM MnCl,. Its specific activity at 1 mM
is given by AAG = AG(L) — AG(L=0) = RT In(1 + MnCl, was 4.2% of the maximal Mri-dependent activity,
[a)/Ka1 + [a¥Kq1Kaz]). AAG represents the difference in - which is 12% of the maximal Mij-dependent activity. The
the free energy changes of unfolding of the protein in the D134N protein was also activated at very low #n
presence AG(L)] and absenceAG(L=0)] of Mn?*, at the concentrations but was not inhibited at higher icon-
Tn of the wild-type protein, and, represents the activity of  centrations. Consequently, it exhibited the maximal specific
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as described in Experimental Procedures by using the M13 DNA/
RNA hybrid as a substrate. The activity of the wild-type protein
was determined in the presence of either/\V5(®) or 1 mM (O)
MnCl,. The activities of the E48AA) and D134N [J) proteins
were determined in the presence of 1 mM MxnCl

from a 1 L culture was +2 mg for these mutant proteins.
The far- and near-UV CD spectra of these mutant proteins
were nearly identical to those of the wild-type protein (data
not shown), suggesting that the protein conformation was
not markedly changed by introducing these double mutations.
The E48A/D134A protein exhibited little enzymatic activity
at any condition examined. In contrast, the E48A/D134N
protein exhibited the activity at 1 mM MnCl, (Figure 2A).
[MNCly] (uM) Its specific activity at 10 mM MnGlwas 1.5 units/mg.
Mn?"-Dependent Actity at Acidic pH.The E48A, E48Q,

Ficure2: Dependence of RNase H activity on Mreconcentration. . g
The RNase H activity was determined at 3D for 15 min in 10 D134A, and E48A/D134N proteins exhibit the RNase H

mM Tris-HCI (pH 8.0) (A) or 10 mM MES-NaOH (pH 5.5) (B) activity only at high MR concentrations, s_uggesting 'that
containing 50 mM NaCl, 1.4 mM 2-mercaptoethanol, 0.05 mg/mL the mutations at Gif or Asp** reduce the binding affinity
BSA, and the indicated concentrations (N —10 mM) of MnCl, of Mn?* to the protein. These mutations probably alleviate

B S BRSO Sl 1 G o LA o o 5 . e S e
Figure 2B, because the activities of these mutant proteins were €ither alter the geometry of chelating groups of #¥ror

below the background level at any Knconcentration examined. ~ change the identities of the specific chelating groups at the

Key: (®) wild type; (») E48A; (a) E48Q; @) D134A; O) D134N; active site.

(x) E4BA/D134N. At acidic pH, one would expect that the wild-type protein
o ) would exhibit activity similar to that of the mutant protein

activity of 33-38 units/mg at10uM MnCl. These results a5 negative-charge repulsion at the active site is alleviated.

Specific activity (units/mg)

are consistent with those previously reported, (30), Therefore, the enzymatic activities of the wild-type and
although the optimum Mt concentration for the activity  mytant proteins were analyzed at pH 5.5, an arbitrarily
of the wild-type protein is shifted from 2 to BM t0 0.5 chosen pH in the acidic range, in the presence of various

#M. In contrast, the E48A, E48Q, and D134A proteins concentrations of MnGI(0.1 xM—10 mM). Of them, the
required much higher concentrations of Mrfor activity. wild-type, E48A, and D134N proteins exhibited the activity
As the result, the E48A protein exhibited the maximal at any M+ concentration examined (Figure 2B). The wild-
specific activity of 10.8 units/mg at 10tM MnCland was  type protein exhibited the maximal specific activity of 4.7
not inhibited at higher M#" concentrations. The E48Q and units/mg at 1 mM MnGJ, which is comparable to that
D134A proteins apparently did not exhibit the maximal Jetermined at 10 mM MgGI(4.9 units/mg), and was not
activity even at 10 mM MnGJ because their activities kept  inhibited at higher MA" concentrations. The E48A and
increasing as the M concentration increased. The specific p134N proteins apparently did not exhibit the maximal
activities of the E48Q and D134A proteins at 10 MM MaCl  activity even at 10 mM MnGl| because their activities kept
were 1.2 and 5.5 units/mg, respectively. increasing as the M concentration increased. The specific
Enzymatic Actiities of Double Mutant ProteinsTo activities of the E48A and D134N proteins at 10 mM MgaCl
examine whether thE. coliRNase HI variants with double  were 1.1 and 24.2 units/mg, respectively.
mutations at GIff and Asp3* still exhibit the Mrf*- The pH dependence of the activity was also analyzed for
dependent activities, the E48A/D134A and E48A/D134N the wild-type protein in the presence of either @M or 1
proteins were constructed. The cellular production levels of mM MnCl, and the E48A and D134N proteins in the
these mutant proteins were lower than that of the wild-type presence of 1 mM MnGI(Figure 3). The wild-type protein
protein by 5-10 times, and the amount of protein purified in the presence of 0.aM MnCl,, as well as the mutant
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Ficure 4: Autoradiograph of cleavage reaction products. Hydrolyses of'tlebBled 12 bp RNA/DNA hybrid with the wild-type (A) and
mutant (B) proteins were carried out at 30 for 5 or 10 min at pH 8.0 (10 mM Tris-HCI) or pH 5.5 (10 mM MESIaOH). The enzyme
species, the amount of the enzyme used, and the reaction time are indicated above each lane. Condition’s:, @#&u¥hMnClI, at pH

8.0; high Mr?*, 1.0 mM MnC}, at pH 8.0; pH 5.5, 1 mM MnGlat pH

5.5; Mg@*, 10 mM MgCh at pH 8.0. Products were separated on

a 20% polyacrylamide gel contaigry M urea as described in Experimental Procedures. The concentration of the substratévis 1.0
represents the products generated by partial digestion of the 12 b RNA with snake venom phosphodiesteraserniihal 3esidue of
each oligonucleotide generated by the partial digestion with snake venom phosphodiesterase is shown along the gel.

A

3-ggcaguagaggc-5
5-CCGTCATCTCCG-3'

B

3-ggcaguagaggc-5
5-CCGTCATCTCCG-3'

Ficure 5: Graphical representation of sites and extents of cleavages
by RNase H. The cleavage sites of the 12 bp RNA/DNA hybrid
with the wild-type protein in the presence of Qb1 (A) or 1 mM

(B) MnCl, are shown as representatives. The cleavage sites with
the E48A, E48Q, D134A, and D134N proteins are not shown,
because they are nearly identical to those with the wild-type protein
in the presence of 0.6M MnCl,. Differences in the size of the
arrows reflect the relative cleavage intensities at the indicated

0.5 uM MnCl,. The E48A, E48Q, D134A, and D134N
proteins also cleaved it with a similar sequence specificity
at pH 8.0 in the presence of 1 mM MnClOn the other
hand, the wild-type protein cleaved this substrate preferen-
tially at u7-g8 and a9-c10 at pH 8.0 in the presence of
1 mM MnCl,.

The 29 bp DNA-RNA—DNA/DNA substrate has been
reported to be cleaved ly. coli RNase HI at the middle of
the tetraribonucleotide at pH 8.0 in the presence of 10 mM
MgCl; (2). All of the wild-type and mutant proteins cleaved
this substrate at the same site at any condition examined (data
not shown).

Mn?* Binding Monitored by a Change in Protein Stability
To examine whether the elimination of the negative charge

positions. Deoxyribonucleotides are denoted with upper case letters,at position 10, 48, 70, or 134 affects Kirbinding, binding

and ribonucleotides are denoted with lower case letters.

proteins in the presence of 1 mM Mn{Clexhibited the
maximal activities at pH 89, and their activities greatly

of the Mr?* ion to the wild-type and mutant proteins was
analyzed by monitoring the changes in the protein stability
as described previously for binding of the kgon (26).

decreased as the pH decreased below 7, as did the wild-The AAG value, which is the difference between thé&

type protein in the presence of 10 mM Mg22, 35, 43).

In contrast, the wild-type protein exhibited the maximal
activity at pH 6 in the presence of 1 mM MnCIThese
results indicate that high Mh concentrations do not
significantly contribute to the inhibition of the activity of
the wild-type protein at acidic pH.

Cleavage of Oligomeric Substrates in the Presence of
Mn?t. To examine whether the cleavage specificity of the
enzyme is altered by changing a metal cofactor or by the
mutation at GI&® and Asp®4, 12 bp RNA/DNA substrate
and 29 bp DNA-RNA-DNA/DNA substrate were cleaved
by the wild-type and mutant proteins in the presence of'Mn
The results are shown in Figure 4 and summarized in Figure
5. It has been reported that the wild-type protein hydrolyzes
the 12 bp RNA/DNA substrate at multiple sites, but
preferentially at a6-u7 and a9-c10, at pH 8.0 in the presence
of 10 mM MgCk (44). The protein cleaved this substrate
with a similar sequence specificity either at pH 5.5 in the
presence of 1 mM MnGlor at pH 8.0 in the presence of

value of the wild-type or the mutant protein in the presence
of the Mr?* ion and theAG value of the wild-type protein

in the absence of the Mhion, is shown as a function of
the Mr#™ concentration for each protein in Figure 6. From
these data, two different dissociation constalts andKgs,
were calculated on the assumption that two?Mions bind

to the wild-type protein in its native state. Likewise, the
dissociation constar{y was calculated on the assumption
that one MA* ion binds to the mutant proteins. These values
are summarized in Table 1. Thg value for binding of the
Mn2* ion to the wild-type protein was also calculated to be
5.48uM on the assumption that one Khion binds to the
protein. This value is similar to thKy; value (5.08«M),
suggesting that binding of the first Mh ion mainly
contributes to the increase in the protein stability uporfMn
binding. For each protein, the plots @&AG versus the
concentration of the Mk ion, in which theAAG values
were calculated by using thekg values (for mutant proteins)
or Kg1 and Kgp, values (for wild type), fit well with the
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Ficure 6: Plot of AAG as a function of the concentration of added Mndlhe AAG values were calculated from theT,, values as
previously described2@). Symbols indicate the experimental data®) (wild type; (x) D10N; (o) E48A; (a) E48Q; ¢+) D70N; @)
D134A; @) D134N; (v) E48A/D134A; (v) EA8A/D134N. The lines represent the best fit to the experimental data calculated by using
Mn2* dissociation constants of these proteins according to the equation given in Experimental Procedux@ss Taale is the difference
between theAG value of the wild-type or mutant protein in the presence of thé'Mon and theAG value of the wild-type protein in the
absence of the Mt ion. The data are commonly expressed in panetsCAwhich differ from one another only in the abscissa scale
(MnCl; concentration). The plots for E48Q, E48A, D134N, D134A, E48A/D134N, and E48A/D134A are removed from panel A, and the
plots of D10ON and D70N are removed from panels B and C, for clarification.

Table 1: Dissociation Constants of &m Time (sec)
Ka (uM) 0 2000 4000 6000
protein stability calorimetry 245 ' !
wWT 5.08 Kqp) 4.32 I
1100 Ka2) ND° 24.0 |
D1ON 8820 ND o
D10A ND no binding k3
E48A 52.3 9.14 T o35 |
E48Q 46.5 ND g
D70N 2250 ND
D134A 25.2 ND
D134N 27.3 ND 23.0 1
E48A/D134N 1310 ND
E48A/D134A 330 131
5
2 The binding of Mi* to the protein was analyzed by monitoring a 22 ol
change in the protein stability upon Kmbinding, as described in

Experimental Procedures. The dissociation constants of ttfé Mn

were calculated on an assumption that two?Mions bind to the wild-
type protein with the dissociation constantaf andKgq, or one M+

ion binds to the mutant proteins with the dissociation constamtqof
Errors are within 10% of the values reportédhe binding of M&*

to the protein was analyzed by direct calorimetry as described in
Experimental Procedures. Errors are within 12% of the values reported.
¢ND: not determined.

kcal/mole of injectant

experimental data (Figure 6). The dissociation constants for
the binding of the M#" ion to the D10N and D70N proteins 0 1 2 3
were increased by 1.% 10°- and 4.4x 1(>-fold, respec- Molar ratio

tively, as compared to thakK(,) of the wild-type protein. o . , o
These results suggest that the binding affinity of the?Mn FiGure 7: Titration of E. coli RNase HI with Mi3*. The titration

. h 9 | d d by the eliminati f calorimetry was carried out at pH 7.5 and 30 as described in
lon to the protein Is greatly reduced by the elimination of g, narimental Procedures. The raw data are shown in upper panel
the negative charge at either position 10 or position 70. The and the integrated data in the lower panel. The line in the lower

dissociation constants for the binding of Rnion to the panel represents the optimal fit to the data.
E48A, E48Q, D134A, D134N, E48A/D134A, and E48A/
D134N proteins are increased by 10-, 9.2-, 5.0-, 5.4-, 65-, Calorimetric Titration with Mi*. Binding of the Mr¥*
and 260-fold, respectively, as compared to that) of the ion to the wild-type, D10A, E48A, and E48A/D134A
wild-type protein. These results suggest that the binding proteins was also analyzed by direct titration calorimetry.
affinity of the Mr?* ion to the protein is also reduced by the Heat changes upon Mn binding were not observed for
elimination of the negative charge at either position 48 or D10A but observed for other proteins, indicating that the
position 134, but to a lesser extent. Mn?* ion does not bind or poorly binds to the D10A protein.
The number of the Mit ions which remained bound to  The results obtained for the wild-type protein are shown in
the protein after dialysis was determined by atomic absorp- Figure 7, as a representative. From these results, the number
tion spectrometry to be 0.9% 0.05 for wild type, 0.07+ of the Mr¢* ion bound to the protein was calculated to be
0.03 for D10A, 0.94+ 0.05 for E48A, and 0.2% 0.04 for 1.07 + 0.04 for wild-type, 0.90+ 0.04 for E48A, and
E48A/D134A. 0.59 + 0.15 for E48A/D134A proteins. The dissociation
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constant of the M# ion for binding to the wild-type protein
(4.32uM), which may represent that of the first Kinion,

was comparable to that determined by monitoring a change
in protein stability upon M#" binding. As compared to this
value, theKy values for binding of the Mt ion to the E48A

and E48A/D134A proteins were increased by 2.1- and 30-
fold, respectively (Table 1). The dissociation constant of the
second MA' ion could not be determined, because the
protein was precipitated upon titration with Kfnwhen the
concentrations of the protein and Mn@lere increased by

10 times. It is necessary to increase these concentrations by
at least 10 times to detect a weak interaction between the
second MA" ion and the protein.

DISCUSSION

Physiological Role of the Second Metal-Binding Sltee
physiological significance of the second metal-binding site
(site 2) remains to be determined. However, the E48A and
D134A proteins did not complement the temperature-
sensitive growth phenotype of tinehA mutant strairk. coli
MIC3001 @5) (data not shown). These mutant proteins
exhibit the RNase H activity at high Mh concentrations,
at which the activity of the wild-type protein is attenuated
upon binding of the second Mnh ion. Therefore, the
concentration of the M ion in the bacterial cells may be
too low to activate these mutant proteins and convert the
wild-type protein to the two-metal form.

Possible Catalytic Mechanism of RNase HI in the Two-
Mn?* Form. E. coliRNase HI contains two metal-binding

Tsunaka et al.

sites (Figure 1). It has been proposed that oné™Nbm binds
to the “activation” site (site 1) at low M concentrations
(<1 uM) and the second Mt ion binds to the “attenuation”
site (site 2) at high Mf concentrationsX10uM), whereas
only one Mdg" ion binds to site 1, even at high Mg
concentrationsX0.5 mM) 24, 30). However, the protein is
not fully inactivated upon binding of the second Mrion,

4 R ! .
His124 OI 2 Méz:,
Pe ~J =~ Asp70
Asp134™ N0 Aspio b
B Ry o. B
08 \O—!-I
e L Water A
H-0-  O=Psgs H-Q
Hydroxide ion % (ol K H
\ ’ N
Vo R, _. Glu4s
Mn?* Mn2* ~
Asp134” /| s T ASp70
Asp10 !
c R,-l o B
N
HN 083 O-H
/ \\N'/-\ ﬁ\O;FI,/\H_éWaIerA
X H=O 7 Y05
WaterB “~. O~ | ) H
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e 2+
.-* 1\ " ~Asp70
Asp10 1

Ficure 8: Proposed catalytic mechanisms Bf coli RNase HI.
Possible catalytic mechanisms B&f coli RNase HI in one-Mg"

(A), two-Mn2* (B), and one-MA"™ (C) forms are represented
schematically. Water A and Water B represent the water molecules
that act as a general acid and a general base, respectively. A catalytic

as indicated by the fact that it retained 3.5% of the maximal mechanism of the protein in one-Rfgform (A) has previously

activity even at 10 mM MnGl In addition, the cleavage

specificity of the protein determined at pH 8.0 and 1 mM
MnCl, was slightly, but significantly, different from that

determined at pH 8.0 and 0:8/1 MnCl; or 10 mM MgCk
(Figures 4 and 5). In addition, bolg,:andK, values of the

protein determined in the presence of high concentrations
of Mn?t were reduced significantly as compared to those
determined in the presence of low concentrations ofMn

(30). These results strongly suggest that, in terms of its

catalytic mechanism, the protein in the two-Mnform

been proposedf). In a catalytic mechanism of the protein in two-
Mn2+ form (B), all four conserved acidic residues, A3pGIu*e,
Asp’®, and Asp®4, are required for coordination with two Mn
ions. Hig?*is not shown because it may not be involved in catalysis.
The second M# ion which coordinates with ASf and Asp34,
instead of Hi&?4 facilitates the formation of an attacking hydroxide
ion. In a catalytic mechanism of the protein in oneaiform (C),
Asp'® and Asp? are required for coordination with one N¥fion.
Glu*8 and Asp3* are not shown because they are dispensable for
activity. Hist?* activates the water B molecule as a proton pump.

(30) concentrations but does not seriously affect it at high

exhibits activity distinguishable from that of the protein in  Mn2* concentrations30).

the one-MA" form.

Atomic absorption spectrometry and direct titration cal-

A possible catalytic mechanism for the activity of the orimetry indicated that one Mhn ion tightly binds to the

protein in two-Mrf* form is shown in Figure 8B. According
to this mechanism, the second Mrion, instead of Hi¥*,

protein. The binding of the second Fion to the protein
was not detected by these analyses, probably because the

facilitates the formation of an attacking hydroxide ion, as binding affinity of the second Mt ion is much lower than

reported for the 3to 5 exonuclease4@). His'** has been

that of the first M@™ ion. The dissociation constant of the

proposed to act as a proton pump and activate an attackingirst Mn?* ion was determined to be 4.32M by direct

H,O molecule (general base) when Mds used as a metal
cofactor (Figure 8A) Z20). However, this function of Hig*
may be inhibited upon binding of the second Mron at
site 2, because Hi& is located in the vicinity of this site.

In fact, the Hid?* — Ala mutation greatly reduces the

activities of the protein at high Mg (32) and low Mrf*

titration calorimetry and 5.0&M by thermal denaturation
experiments. The dissociation constant of the?Mign has
previously been determined to be 200 (27) or 710uM
(26). Therefore, the binding affinity of the first Mh ion
was shown to be higher than that of the ¥Mgon by ~100
fold. This difference in binding affinity may account for the
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difference in the maximal number of the Ktnhand Mg* stability have suggested that the carboxyl group of*&Giki
ions bound to the protein. not responsible for Mg binding (26).

Possible Catalytic Mechanism of RNase HI in the One- A possible catalytic mechanism for the activity of the
Mn?* Form. It has previously been reported that tBecoli protein in the one-Mfi form is shown in Figure 8C. The
RNase HI variant, which lacks the C-terminal helix contain- protein is activated upon binding of one Rtror Mg?" ion
ing Asp'34 (47), and the HIV-1 RT variant, in which Gt at site 1 or a nearby site. However, the catalytic mechanisms
(corresponding to GH§ of E. coliRNase Hl) is replaced by  of the enzyme upon binding of each ion may be different
GIn (48), do not exhibit the Mg -dependent activity but  from each other, because @&lwand Asp3* are dispensable
exhibit the Mr#*-dependent activity. These findings support for Mn?"-dependent activity. It has been proposed that&Glu
our conclusion in this report that Gfuand Asp3* are (26) and Asp®* (35) are required to hold ¥ molecules
dispensable for Mit-dependent activity oE. coli RNase that act as a general acid and general base, respectively
HI. Furthermore, these results, as well as those obtained from(Figure 8A). However, these residues are required to hold
the binding analyses of the Mh ion, indicate that the  H,O molecules only when Mg is used as a metal cofactor.
carboxyl groups of As}§ and Asg° are responsible for M When Mr#t is used as a metal cofactor, the ¥rion itself
binding. The importance of two carboxylates, which are may hold these kD molecules (Figure 8C). The role of the
corresponding to Asf and AspP of E. coli RNase Hl, for metal ion in catalytic function varies for Mg and Mr?*,
Mn?* binding have also been reported for HIV-1 RZ9( probably because Mh is a transition metal and coordinates
and the RNase H domain of Moloney murine leukemia virus with a different geometry than Mg.

RT (50). It has been reported that the latter protein has a  Binding of Mt lon at Acidic pH.The wild-type, E48A,
strong preference for M (51). Therefore, it would be  and D134N proteins exhibited the ¥nrdependent activities
informative to examine whether all four conserved acidic at pH 5.5 as well but only at high Mh concentrations
residues in this protein are required for activity. (Figure 2B). Because the cleavage specificity of the wild-

The E48A, E48Q, and D134A proteins exhibited the type protein at pH 5.5 and 1 mM Mngis nearly identical
Mn?*-dependent activities only at high Mnconcentrations  to that at pH 8.0 and 0.6M MnCl, (Figures 4 and 5), and
(Figure 2A). Atomic absorption spectrometry and direct its maximal specific activity at pH 5.5 is 30% of the maximal
titration calorimetry indicated that one Mhion binds to Mn?*-dependent activity at pH 8.0, these activities may
the E48A and E48A/D134A proteins. Determination of the represent those of the proteins in the one?Mform. The
dissociation constant of the Mhion by direct titration Mn?* ion probably binds to site 1 or a nearby site with much
calorimetry and thermal denaturation experiments indicated weaker affinity at pH 5.5. At acidic pH, one or more
that the binding affinity of the M# ion to the protein is carboxylates at the active site may be protonated such that
reduced by 210 times by the mutation at GRior Asp+34 the geometry of the chelating groups of Mnbecomes
Therefore, the mutations at Gftand Aspg** equally reduce  similar to that of the mutant protein at alkaline pH. Indeed,
the binding affinity of the MA" ion, probably because they the wild-type protein exhibited activity at pH 5.5 similar to
alter the geometry of chelating groups of Mror change that of the mutant protein at pH 8.0. Alternatively, the
chelating groups at the active site, and thereby only permit specific chelating groups at the active site are changed,
binding of one MA™ ion to the protein, even at high Mh another possible scenario that may explain the lower binding
concentrations. It is unlikely that these activities represent affinity of the mutant proteins for M.
that of the enzyme in the two-Mh form, because the Validity of Catalytic MechanismsThe catalytic mecha-
cleavage specificities of these mutant proteins are nearlynisms mentioned above may be valid, because they are
identical to that of the enzyme in the one-metal form (Figures proposed not only on the basis of structural and biophysical
4 and 5), and the maximal specific activities of the E48A studies of the proteins in the absence of the substrate but
and D134A proteins are comparable to that of the wild-type also on detailed studies of the enzymatic properties of a
protein (Mr?*-dependent activity) (Figure 2A). variety of the active site mutants. However, the protein

Because GHf and Asp3* are constituents of site 1 and exhibited maximal MAt-dependent activity at lower Mh
site 2, respectively (Figure 1), the question arises whetherconcentrations than that predicted from the dissociation
the E48A and D134A proteins are activated upon binding constant of MA™ determined in the absence of the substrate
of one Mrf* ion at site 1 or site 2. To answer this question, (Figure 2A). It has also been reported that bothkheand
it will be necessary to determine the crystal structure of these K., values of the protein are reduced significantly upon
mutant proteins in complex with Mh. However, the E48A  binding of the second Mt ion (30). These results suggest
and D134A proteins are not distinguishable from each other, that binding affinity of the MA" ion is increased in the
in terms of maximal specific activity (Figure 2A) and presence of the substrate, probably because the negative-
cleavage specificity of the substrate (Figures 4 and 5), charge density at the active site is increased upon binding
suggesting that both mutant proteins share a commotf Mn of the substrate and, reciprocally, that the a¥nion
binding site. If the MA*-binding site were shifted by 4 A,  strengthens the interaction between the protein and substrate.
which is the distance between site 1 and site 2, the cleavageTherefore, the binding sites and dissociation constants of the
specificity and/or the specific activity of the enzyme would metal ions and the number of the metal ions bound to the
be significantly altered. Therefore, it seems likely that the protein may be altered in the absence of the substrate. To
E48A, E48Q, and D134A proteins are activated upon binding understand a role of the metal cofactor in catalytic function,
of one Mr?* ion at site 1 or a nearby site. According to the it will be necessary to determine the crystal structure of the
crystallographic studie®8, 24), Glu*® provides a ligand for ~ protein in complex with a substrate and a metal cofactor.
both Mg+ and Mr#t bindings at site 1. However, M§ The crystal structure of HIV-1 RT in complex with an
titration experiments monitored by a change in protein RNA/DNA hybrid containing a polypurine tract (PPT) has
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recently been determine®2). This structure is consistent
with a model for the complex betwedf coli RNase HI
and the RNA/DNA hybrid $3). According to this structure,

a structural element termed “RNase H primer grip” deter-
mines the trajectory of the RNA strand in relation to the
RNase H active site by interacting with the DNA strand.
The RNA strand can contact with the active site only when
an RNA/DNA substrate has an appropriate minor groove

width. Because PPT has an unusually narrow minor groove,

the RNA strand is located too far from the active sit@(A
away) to be hydrolyzed, although Hi§ which is corre-
sponding to Hi¥* of E. coli RNase HlI, contacts the RNA

strand at a scissible phosphate group.
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