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ABSTRACT: A genetic method for isolating a mutant enzyme of ribonuclease HI (RNase HI) fromThermus
thermophilusHB8 with enhanced activity at moderate temperatures was developed.T. thermophilusRNase
HI has an ability to complement the RNase H-dependent temperature-sensitive (ts) growth phenotype of
Escherichia coliMIC3001. However, this complementation ability was greatly reduced by replacing Asp134,
which is one of the active site residues, with His, probably due to a reduction in the catalytic activity.
Random mutagenesis of the gene encoding the resultant D134H enzyme, followed by screening for second-
site revertants, allowed us to isolate three single mutations (Ala12 f Ser, Lys75 f Met, and Ala77 f Pro)
that restore the normal complementation ability to the D134H enzyme. These mutations were individually
or simultaneously introduced into the wild-type enzyme, and the kinetic parameters of the resultant mutant
enzymes for the hydrolysis of a DNA-RNA-DNA/DNA substrate were determined at 30°C. Each
mutation increased thekcat/Km value of the wild-type enzyme by 2.1-4.8-fold. The effects of the mutations
on the enzymatic activity were roughly cumulative, and the combination of these three mutations increased
the kcat/Km value of the wild-type enzyme by 40-fold (5.5-fold inkcat). Measurement of thermal stability
of the mutant enzymes with circular dichroism spectroscopy in the presence of 1 M guanidine hydrochloride
and 1 mM dithiothreitol showed that theTm value of the triple mutant enzyme, in which all three mutations
were combined, was comparable to that of the wild-type enzyme (75.0 vs 77.4°C). These results
demonstrate that the activity of a thermophilic enzyme can be improved without a cost of protein stability.

Enzymes from thermophilic organisms are generally more
stable but less active than their mesophilic counterparts at
moderate temperatures, despite the strong resemblance in
their structures and functions (1-3). Comparative studies
on hydrogen-deuterium exchange of thermophilic and
mesophilic enzymes (4), as well as those on dynamic motion
(5), have suggested that reduction in the conformational
flexibility is responsible for the hyperstability and poor
enzymatic activity at moderate temperatures of thermophilic
enzymes. Introductions of a series of the amino acid sub-
stitutions around the active site of barnase (6), T4 lysozyme
(7), and thermolysin (8) have also shown that the protein
stability increased in proportion to the decrease in the
enzymatic activity. However, in vitro evolution studies have
recently shown that the activity and stability of enzymes are
not correlated with each other (9-13). Thus, it is contro-
versial as to whether thermophilic enzymes acquire hyper-
stability at the cost of enzymatic activity.

In vitro evolution (directed evolution) is an efficient
technique for engineering protein variants with altered
functions. This technique has also been used to probe the
relationships between the stability and activity of enzymes.
By using this method, the stability ofBacillus subtilisesterase
was increased by 14°C in Tm, without any reduction in

enzymatic activity at moderate temperatures (9). Likewise,
the enzymatic activities ofB. subtilissubtilisin E (10) and
horse heart myoglobin (11) were increased by 256-fold in
kcat/Km and 24.7-fold ink1 (rate constant for H2O2 oxidation
of metmyoglobin) without any reduction in protein stability.
In addition, mutant enzymes ofB. subtilissubtilisin E (12)
and Bacillus stearothermophiluscatalase I (13), in which
both the activities and stabilities were increased, have been
isolated. These results suggest that enzymes from mesophiles
and moderate thermophiles are not optimized with respect
to activity and stability. However, it remains to be determined
whether this hypothesis is valid for the enzymes from
extreme thermophiles. In fact, in vitro evolution of hyper-
thermostable indoleglyceryl phosphate synthase from an
extreme thermophileSulfolobus solfataricusgenerated mu-
tant enzymes, which are more active at low temperatures
but less stable than the wild-type enzyme (14). To gain more
information about the activity-stability relationships of
hyperthermostable enzymes, we used a similar technique to
isolate mutant enzymes ofThermus thermophilusRNase HI1

with enhanced activity at moderate temperatures.
T. thermophilusRNase HI, which specifically hydrolyzes

the RNA strand of RNA-DNA hybrids, is composed of 166
amino acid residues and acts as a monomer (1, 15). The
enzyme had been simply designated as RNase H, until
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RNases H were classified into two families (type 1 and type
2 RNases H) (16). T. thermophilusRNase HI is a type 1
enzyme whose amino acid sequence is 52% identical to that
of E. coli RNase HI, which has been most extensively studied
for structures and functions among various RNase H enzymes
(17-19). The three-dimensional structure ofT. thermophilus
RNase HI (20) highly resembled that ofE. coli RNase HI
(21-23). In addition, all the active site residues are conserved
and positioned similarly in these two structures, suggesting
thatT. thermophilusRNase HI is indistinguishable fromE.
coli RNase HI in the enzymatic functions, except for protein
stability. The former is more stable than the latter by 33.9
°C in Tm at pH 5.5 in the presence of 1.2 M GdnHCl and by
11.8 kcal/mol in∆G at 25°C and 14.1 kcal/mol in∆G at
50 °C (1).

To isolate mutant enzymes ofT. thermophilusRNase HI
with enhanced activity generated by random mutagenesis,
an appropriate selection system is required. Because a system
to determine the RNase H activity by an in situ assay is not
available, we decided to develop a genetic system.E. coli
strain MIC3001 with thernh-339::cat andrecB270(Ts)
mutations, which shows an RNase H-dependent temperature-
sensitive (ts) growth phenotype (24), was used for this
purpose. This strain would be effective to screen for
functional RNase HI mutants in vivo, because the structural
genes of type 1 RNases H fromT. thermophilusHB8 (15),
Saccharomyces cereVisiae (25), Crithidia fasciculata(26),
andTrypanosoma brucei(27) and type 2 RNases H fromE.
coli (28), Streptococcus pneumoniae(29), andPyrococcus
kodakaraensisKOD1 (30) were successfully cloned via their
ability to complement the ts phenotype of this strain. Because
T. thermophilusRNase HI efficiently complements the ts
phenotype ofE. coli MIC3001, we need to construct a mutant
enzyme first, which cannot or can only poorly complement
the ts phenotype ofE. coli MIC3001 due to a reduction in
the enzymatic activity. Screening for second-site revertants
would allow us to identify the amino acid substitutions that
make this mutant enzyme functional in vivo. These amino
acid substitutions are expected to increase the activity of the
wild-type enzyme. By using a similar genetic method, we
have previously succeeded in identifying a number of
mutations that increase the thermal stability ofE. coli RNase
HI (31). E. coli RNase HI complements the ts phenotype of
E. coli MIC3001, whereas the truncated protein 142-RNase
HI, which lacks the 13 C-terminal residues, cannot comple-
ment it due to a great reduction in the stability. Eight of
eleven single-amino acid substitutions that make 142-RNase
HI functional in vivo enhanced the thermal stability of the
wild-type enzyme.

Here we report that the Asp134 f His mutation greatly
reduced the catalytic activity ofT. thermophilusRNase HI,
and the resultant mutant enzyme D134H could only poorly
complement the ts phenotype ofE. coli MIC3001. Random
mutagenesis, followed by screening for second site revertants,
allowed us to isolate three single-amino acid substitutions,
Ala12 f Ser, Lys75 f Met, and Ala77 f Pro, that increase
the catalytic efficiency (kcat/Km) of T. thermophilusRNase
HI. Combinations of these mutations cumulatively increased
the catalytic efficiency of the enzyme without seriously
affecting the stability. These results indicate that the activity
of an enzyme from extreme thermophiles is not always
inversely correlated with its stability.

EXPERIMENTAL PROCEDURES

Materials. Restriction enzymes and modifying enzymes
for recombinant DNA technology were from Takara Shuzo
Co., Ltd. Guanidine hydrochloride (GdnHCl) was from ICN
Biomedicals Inc. Phosphocellulose (P-11) was from What-
man. [γ-32P]ATP (>5000 Ci/mmol) was obtained from
Amersham.E. coli RNase HI was previously purified (32).

Cells and Plasmids.Plasmid pJAL700T, for the overpro-
duction of T. thermophilusRNase HI, was constructed
previously (1). This plasmid bears the wild-typernhA gene
under the control of the bacteriophageλ promoters PR and
PL, the cIts857 gene, and the bacteriophage fd transcription
terminator.E. coli MIC3001 [F-, supE44, supF58, lacY1
or ∆(lacIZY)6, trpR55,galK2, galT22,metB1, hsdR14(rK-,
mK

+), rnh-339::cat,recB270] was previously constructed
(24). Competent cells ofE. coli HB101 [F-, hsdS20(rB-,
mB

+), recA13, ara-13, proA2, lacY1, galK2, rpsL20(Smr),
xyl-5, mtl-1, supE44,leuB6, thi-1] and plasmid pBR322 were
from Takara Shuzo Co., Ltd.E. coli cells were grown in
Luria-Bertani medium (33) containing 50 mg/L ampicillin.

Plasmid Construction.Plasmid pBR600, which was used
for the complementation assay, was constructed by the
following procedures. ThernhAgene in plasmid pJAL700T
was amplified by PCR using primers 1 and 4 as 5′- and 3′-
primers, respectively, and primers 2 and 3 as 3′- and 5′-
mutagenic primers, respectively, as described previously for
the construction of the mutantE. coli RNase HI proteins
(34). The sequences of these primers are shown in Figure 1.
The sequence complementary to the 134th codon, which is
represented by NNN in the sequence of primer 2, is CTG
for Asp in this case. These sequences were designed to
silently eliminate theMluI site encompassing the sequences
encoding Lys3-Val5 and silently introduce the uniqueSstII
andMluI sites encompassing the sequences encoding Pro1-
Arg2 and Glu131-Val133, respectively. After digestion by
EcoRI andHindIII, the PCR fragment was ligated into the
EcoRI-HindIII sites of plasmid pBR322 to generate plasmid
pBR600. The promoter for thernhA gene in this plasmid
remains to be determined. The plasmid pBR600 derivatives,
which contain the mutantrnhA genes with a series of
substitutions at codon 134, were constructed by the same
procedures, except that primer 2 with a different sequence
was used. The sequence of primer 2 was designed so that
the GAC codon for Asp134 was changed to CAT for His,
GAA for Glu, CAA for Gln, TCC for Ser, ACC for Thr,
GTC for Val, ATC for Ile, and CTC for Leu. The mutant
enzymes of T. thermophilusRNase HI at Asp134 are
designated as D134X, and the mutantrnhA genes encoding
these mutant enzymes are designated asrnhA134X, where
X represents the amino acid residue substituted for Asp134.
Plasmid pJAL700TM and its derivatives for the overproduc-
tion of T. thermophilusRNase HI and its mutants were
constructed by replacing the smallNdeI-SalI fragment of
pJAL700T with those of pBR600 (Figure 1).

All the primers were synthesized by Sawady Technology
Co., Ltd. PCR was performed in 25 cycles with Perkin-Elmer
GeneAmp PCR System 2400, using Vent DNA polymerase
from New England Biolabs, Inc. The nucleotide sequences
of all the wild-type and mutantrnhAgenes were determined
by the dideoxy chain termination method (35).
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Random Mutagenesis.Random point mutations were
introduced into the 5′-terminal 400 bp DNA fragment of the
rnhA gene by the DNA shuffling method (36). This DNA
fragment was first amplified from plasmid pBR600 by PCR
using primers 1 and 2 (primer 2 with the GAC codon for
the 134th residue) (Figure 1). Taq DNA polymerase (Takara
Shuzo Co., Ltd.), instead of Vent DNA polymerase, was used
for it, because the fidelity of the former is better than that
of the latter. This DNA fragment was digested into the 50-
100 bp fragments by DNase I in the presence of the Mg2+

ion, and then subjected to a primerless PCR using the Taq
DNA polymerase to reassemble the DNA fragment. This
DNA pool, obtained by the first round of DNA shuffling,
was used as a template in PCR with primers 1 and 2. After
digestion byEcoRI and MluI, the resultant 400 bp PCR
fragment was ligated into theEcoRI-MluI site of plasmid
pBR600H, in which the GAC codon for Asp134 of the rnhA
gene was changed to CAT for His. Because this codon is
located downstream of theMluI site (Figure 1), the mutant
enzymes screened for second-site revertants always contain
the Asp134 f His mutation, in addition to the mutations
introduced by random mutagenesis. We did not carry out
the second round of DNA shuffling, because desirable
suppressor mutations were introduced into thernhA gene
by the first round of DNA shuffling. For the overproduction
of the mutant enzymes without the Asp134 f His mutation,

the 400 bpNdeI-MluI fragments of the plasmid pBR600H
derivatives were substituted for the corresponding fragment
in pJAL700TM. The plasmids for the overproduction of the
single-mutant enzymes A12S, K75M, and A77P, in which
Ala12, Lys75, and Ala77 were replaced with Ser, Met, and
Pro, respectively, were designated as pJAL12S, pJAL75M,
and pJAL77P, respectively.

Screening for the mutantrnhA genes that complemented
the ts phenotype ofE. coli MIC3001 was carried out as
described previously (37). E. coli MIC3001 cells were
transformed with the plasmid pBR600H derivatives by
electroporation using a Bio-Rad Gene Pulser, as described
previously (38). The transformants were spread on two Luria-
Bertani medium-agar plates with 5 g/L NaCl and 50 mg/L
ampicillin, because the ts phenotype of MIC3001 is less
pronounced at higher NaCl concentrations (24). One was
incubated at 42°C, and the other was incubated at 30°C.
The colonies grown at 42°C were selected, and the plasmid
pBR600H derivatives were isolated from each clone. After
it had been confirmed that each plasmid suppressed the ts
phenotype ofE. coli MIC3001, the nucleotide sequences of
the mutantrnhA genes were determined.

Combinations of ActiVating Mutations.Plasmid pJAL75M/
77P for the overproduction of the double-mutant enzyme
K75M/A77P was constructed by site-directed mutagenesis
using PCR, as described previously for the construction of

FIGURE 1: Construction of plasmids pBR600 and pJAL700TM. In plasmid pJAL700T, which was used as a template for PCR, the structural
gene ofT. thermophilusRNase HI (large arrow) is under the control of the bacteriophageλ promoters PR and PL. Nucleotide sequences
together with amino acid sequences of primers 1-4 (small arrows), which were used as 5′- and 3′-mutagenic, 5′-mutagenic, and 3′-primers
for PCR, are indicated. Numbers in the amino acid sequences represent the positions of amino acids in the primary structure ofT. thermophilus
RNase HI.
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the mutantE. coli RNase HI proteins (34). Primers 1 and 4
shown in Figure 1 were used as 5′- and 3′-primers,
respectively, and appropriate primers, instead of primers 2
and 3, were used as mutagenic primers. These mutagenic
primers were designed so that the codon for Lys75 was
changed from AAG to ATG for Met and the codon for Ala77

was changed from GCC to CCC for Pro. pJAL12S, pJAL75M,
pJAL77P, and pJAL75M/77P contain the uniqueSacI site
encompassing the sequences encoding Glu48-Leu49. There-
fore, plasmids pJAL12S/75M, pJAL12S/77P, and pJAL12S/
75M/77P for the overproduction of the double-mutant
enzymes A12S/K75M and A12S/A77P and the triple-mutant
enzyme A12S/K75M/A77P were constructed by replacing
the smallSacI-SalI fragment of plasmid pJAL12S with the
corresponding fragments of plasmids pJAL75M, pJAL77P,
and pJAL75M/77P, respectively.

OVerproduction and Purification.The overproducing
strains were constructed by transformingE. coli HB101 with
the plasmid pJAL700TM derivatives. Cultivation of these
strains and overproduction and purification of the mutant
enzymes were carried out as described previously for the
wild-type enzyme (39), except that all the purification
procedures were carried out in the presence of 1 mM
dithiothreitol (DTT). The protein concentration was deter-
mined from UV absorption, assuming that all the mutant
enzymes obtained in this experiment have the sameA280

0.1%

value (1.6) as that of the wild-type enzyme (1). The
production levels of the mutant enzymes and their purities
were estimated by subjecting whole cell lysates and purified
samples to SDS-PAGE on a 15% polyacrylamide gel (40),
followed by staining with Coomassie Brilliant Blue.

RNase H Assay.The enzymatic activity was determined
in 10 mM Tris-HCl (pH 8.0) containing 10 mM MgCl2, 50
mM NaCl, 1 mM DTT, and 50µg/mL bovine serum albumin
at 30 or 60°C by using a32P-labeled 29 bp DNA-RNA-
DNA/DNA as a substrate. The 29 b DNA-RNA-DNA (5′-
AATAGAGAAAAAGaaaaAAGATGGCAAAG-3′), in which
DNA and RNA are represented by uppercase and lowercase
letters, respectively, and the 29 b DNA, which is comple-
mentary to this 29 b DNA-RNA-DNA, were kindly
donated by ID Biomedical Corp. The preparation of the32P-
labeled 29 bp DNA-RNA-DNA/DNA substrate and the
quantitative analyses of the products separated with a 20%
polyacrylamide gel containing 7 M urea using an Instant
Imager from Packard were carried out as described previ-
ously (30). One unit was defined as the amount of the
enzyme producing 1µmol of products per minute. The
specific activity was defined as the enzymatic activity per
milligram of protein. For the determination of the kinetic
parameters, the concentration of the32P-labeled 29 bp DNA-
RNA-DNA/DNA substrate was varied from 0.2 to 10µM
such that it spanned theKm value. The amount of the enzyme
was controlled carefully such that the fraction of the substrate
hydrolyzed did not exceed 30% of the total. Under this
condition, the amount of the product increased in proportion
to the increase in the amount of the enzyme or the reaction
time.

Circular Dichroism Spectra.The CD spectra were re-
corded on a J-725 automatic spectropolarimeter from Japan
Spectroscopic Co., Ltd., at 30°C in 10 mM sodium acetate
(pH 5.5) containing 0.1 M NaCl and 1 mM DTT. For the
measurement of the far-ultraviolet (UV) CD spectra (200-

260 nm), the protein concentration was approximately 0.13
mg/mL and a cell with an optical path length of 2 mm was
used. For the measurement of the near-UV CD spectra (240-
320 nm), the protein concentration was 0.5-1.0 mg/mL and
a cell with an optical path length of 10 mm was used. The
mean residue ellipticity,θ, which has units of deg cm2

dmol-1, was calculated by using an average amino acid
molecular weight of 110.

Thermal Denaturation.The thermal denaturation curves
and the temperature of the midpoint of the transition,Tm,
were determined as described previously (41) by monitoring
the change in the CD value at 220 nm. The enzymes were
dissolved in 20 mM sodium acetate (pH 5.5) containing 1
M GdnHCl and 1 mM DTT. The protein concentration was
approximately 0.13 mg/mL, and a cell with an optical path
length of 2 mm was used. The enthalpy change of unfolding
at theTm (∆Hm) and the entropy change of unfolding at the
Tm (∆Sm) were calculated by van’t Hoff analysis. The
difference in the free energy change of unfolding between
the mutant and wild-type enzymes, at theTm of the wild-
type enzyme (∆∆Gm), was estimated by the relationship
given by Becktel and Schellman (42) (∆∆Gm ) ∆Tm∆Sm).
∆Tm is the change inTm of a mutant enzyme relative to that
of the wild-type enzyme. The∆Sm value of the wild-type
enzyme was determined to be 0.269 kcal mol-1 K-1 from
four independent experiments with errors of(0.04 kcal
mol-1 K-1. This value was used for the calculation of the
∆∆Gm values.

RESULTS

Mutations at Asp134. We have previously shown that Asp134

of E. coli RNase HI is involved in a catalytic function, but
nine amino acid residues (Asn, His, Glu, Gln, Ser, Thr, Val,
Ile, and Leu) are permissive at this position (37). All the
resultant mutant enzymes retained the ability to complement
the ts phenotype ofE. coli MIC3001. However, the comple-
mentation abilities of these mutant enzymes, which were
estimated from the sizes of the colonies ofE. coli MIC3001
transformants grown at 42°C, were correlated with the levels
of their enzymatic activities. These results prompted us to
examine whether the mutations at Asp134 of T. thermophilus
RNase HI equally reduce the catalytic activity of the enzyme
and thereby reduce its complementation ability. All the amino
acid residues that have been shown to be permissive at
position 134 ofE. coli RNase HI, except for Asn, were
substituted for Asp134 of T. thermophilusRNase HI, and the
effects of these mutations on the complementation ability
of the enzyme were analyzed. The effect of the Asp134 f
Asn mutation was not analyzed, because the D134N enzyme
is expected to retain almost full activity as did theE. coli
RNase HI variant with this mutation (43). Interestingly, all
the mutant enzymes, except for the D134H enzyme, in which
Asp134 was replaced with His, lost the complementation
ability, suggesting that these mutant enzymes are not
functional in vivo. The D134H enzyme retained a low level
of complementation ability, as compared to that of the wild-
type enzyme. WhenE. coli MIC3001 transformants with
pBR600 and pBR600H, in which the wild-type and D134H
enzymes are produced, were grown on the plates at 42°C
for 18 h, the former formed colonies whereas the latter did
not. E. coli MIC3001 transformants with pBR600H formed
colonies only when they were grown at 42°C for more than
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24 h. We used the D134H enzyme for screening of second-
site revertants.

Enzymatic ActiVity and Thermal Stability of the D134H
Enzyme.To confirm that the reduction in the complemen-
tation ability of the D134H enzyme is due to the reduction
in its catalytic activity, the enzymatic activity and thermal
stability of the purified D134H enzyme were determined and
compared with those of the wild-type enzyme. The kinetic
parameters of the wild-type and D134H enzymes were
determined at 30°C using the 29 bp DNA-RNA-DNA/
DNA substrate. This substrate is suitable for determining the
kinetic parameters of the RNase HI enzymes, because it is
cleaved byE. coli RNase HI at a unique position in the
middle of the four-adenosine sequence (30). T. thermophilus
RNase HI and its variants constructed in this experiment also
cleaved it at this position (data not shown). The results are
summarized in Table 1. The Asp134 f His mutation resulted
in a large reduction in thekcat value, along with a slight
reduction in theKm value. As the result, the catalytic
efficiency (kcat/Km) of the D134H enzyme, which was only
∼9% of that of the wild-type enzyme, was decreased due to
the reduction in the hydrolysis rate (kcat).

The thermal denaturation curves of the wild-type and
D134H enzymes were measured by monitoring the change
in the CD values at 220 nm at pH 5.5 in the presence of 1
M GdnHCl and 1 mM DTT. Both enzymes were shown to
unfold reversibly in a single cooperative fashion under this
condition (data not shown). The thermodynamic parameters
of these enzymes are summarized in Table 2. TheTm value
of the wild-type enzyme (77.4°C) was identical with that
determined previously at pH 5.5 in the presence of 1 M
GdnHCl and 20 mM 2-mercaptoethanol (39), suggesting that
the thermal denaturation curve of the wild-type enzyme
obtained in this experiment represents that of the enzyme in
a reduced form. The D134H enzyme was more stable than
the wild-type enzyme by 2.0°C in Tm and 0.54 kcal/mol in
∆Gm, suggesting that the Asp134 f His mutation is not
unfavorable for the conformational stability. The far-UV CD
spectrum of the D134H enzyme was basically identical with

that of the wild-type enzyme, suggesting that the protein
conformation was not markedly changed by the mutation.

Screening for Suppressor Mutations.The screening for
second-site revertants of a mutant protein often results in
the reversion of the original point mutation, rather than
yielding true second-site reversions. Therefore, we introduced
random mutagenesis into the upstream region of the codon
134 in thernhA134Hgene, to avoid the reversion of the
original point mutation at codon 134. This region encom-
passes the sequences encoding amino acid residues at
positions 7-128 (Figure 1). WhenE. coli MIC3001 trans-
formants were examined for their growth at 42°C, the
transformants which form colonies in 18 h were obtained
with a frequency of 1 in 104. Plasmid DNAs were isolated
from 10 colonies grown at 42°C (strains 1-10), and the
DNA sequences of the mutantrnhA134H genes were
determined. The results are summarized in Table 3. Strains
2 and 10 produced the same variant of the D134H enzyme
with a single Ala77 f Pro mutation. Likewise, strains 5 and
8 produced the D134H enzyme variants with single Lys75

f Met and Ala12 f Ser mutations, respectively. Other strains
produced the D134H enzyme variants with double and
quadruple mutations, in which either the Ala12 f Ser, Lys75

f Met, or Ala77 f Pro mutation is always included. The
complementation levels of the enzyme variants with double
or quadruple mutations were similar to or below those of
the enzyme variants with single mutations. These results
strongly suggest that, of the 11 mutations isolated in this
experiment, only the Ala12 f Ser, Lys75 f Met, or Ala77 f
Pro mutation can suppress the effect of the Asp134 f His
mutation on the complementation ability of the enzyme. To
analyze the effects of these mutations on the activity and
stability of the wild-type enzyme, the mutant enzymes with
these suppressor mutations alone were constructed, purified
to give a single band on SDS-PAGE, and characterized for
activities and stabilities. We have not purified and biochemi-
cally characterized the mutant enzymes with both suppressor
and Asp134 f His mutations.

Enzymatic ActiVities of Mutant Enzymes.The kinetic
parameters of the mutant enzymes, in which suppressor
mutations were individually introduced or combined, were
determined at 30°C using the 29 bp DNA-RNA-DNA/
DNA substrate and compared with those of the wild-type
enzyme. The results are summarized in Table 1. The Ala12

Table 1: Kinetic Parameters of the Wild-Type and Mutant
Enzymesa

enzyme
Km

(µM)
kcat

(min-1)

kcat/Km

(µM-1

min-1)
relative
kcat/Km

hypothetical
relative
kcat/Km

wild-type 7.8 4.9 0.63 1.0 1.0
D134H 3.3 0.18 0.055 0.087
A12S 1.5 4.5 3.0 4.8
K75M 6.1 8.0 1.3 2.1
A77P 3.3 7.3 2.2 3.5
A12S/K75M 1.1 12 11 17 10
A12S/A77P 1.3 15 12 19 17
K75M/A77P 2.0 20 10 16 7.4
A12S/K75M/A77P 1.1 27 25 40 35

a The enzymatic activity was determined at 30°C for 15 min in 10
mM Tris-HCl (pH 8.0) containing 10 mM MgCl2, 50 mM NaCl, 50
µg/mL bovine serum albumin, and 1 mM DTT, by using32P-labeled
29 bp DNA-RNA-DNA/DNA as a substrate. The kinetic parameters
were determined by a least-squares fit of the data obtained from the
Lineweaver-Burk plots. The relativekcat/Km was calculated by dividing
thekcat/Km value of the mutant enzyme by that of the wild-type enzyme.
Hypothetical relativekcat/Km values were calculated by multiplying the
relativekcat/Km values of the single-mutant enzymes with constituent
substitutions. Errors are within 30% for theKm andkcat values reported,
which are the averages of two independent experiments.

Table 2: Thermodynamic Parameters of the Wild-Type and Mutant
Enzymesa

enzyme
Tm

(°C)
∆Tm

(°C)
∆Hm

(kcal/mol)
∆∆Gm

(kcal/mol)

hypothetical
∆∆Gm

(kcal/mol)b

wild-type 77.4 94.3
D134H 79.4 2.0 101.3 0.54
A12S 76.0 -1.4 86.7 -0.38
K75M 78.2 0.8 93.2 0.22
A77P 71.7 -5.7 77.2 -1.53
A12S/K75M 76.8 -0.6 103.4 -0.16 -0.16
A12S/A77P 71.0-6.4 87.3 -1.72 -1.91
K75M/A77P 75.6 -1.8 90.5 -0.48 -1.31
A12S/K75M/A77P 75.0-2.4 100.5 -0.65 -1.69

a Errors are within(0.5°C for Tm, (15 kcal/mol for∆Hm, and(0.2
kcal/mol for ∆∆Gm. b Hypothetical∆∆Gm values represent the sum
of the ∆∆Gm values of the single-mutant enzymes with constituent
substitutions.
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f Ser mutation decreased theKm value by 5.2-fold without
seriously affecting thekcat value. The Lys75 f Met mutation
increased thekcat value by 1.6-fold without seriously affecting
the Km value. The Ala77 f Pro mutation decreased theKm

value by 2.4-fold and increased thekcat value by 1.5-fold.
Accordingly, all of these mutations increased thekcat/Km value
of the wild-type enzyme by 2.1-4.8-fold. These results
indicate that all the suppressor mutations, which restored
normal complementation ability to the D134H enzyme,
enhanced the catalytic efficiency of the wild-type enzyme
at moderate temperatures. Combination of these suppressor
mutations generated more active mutant enzymes withkcat/
Km values that were higher than that of the wild-type enzyme
by 16-40-fold (Table 1). Of them, the A12S/K75M/A77P
enzyme, which contains all three suppressor mutations,
exhibited the highest catalytic efficiency. Thekcat/Km value
of this triple-mutant enzyme was comparable to the hypo-
thetical value, which was calculated assuming that the effect
of each suppressor mutation on the enzymatic activity is
cumulative. Thekcat/Km values of the A12S/K75M and
K75M/A77P enzymes were higher than the hypothetical
values, but only by at most 2-fold. Thus, the effect of each
suppressor mutation on the enzymatic activity was roughly
cumulative.

To examine whether the mutant enzymes with suppressor
mutations are more active than the wild-type enzyme at
elevated temperatures as well, the specific activities of the
wild-type and A12S/K75M/A77P enzymes were determined
at 30 and 60°C using the 29 bp DNA-RNA-DNA/DNA
substrate (Table 4). This triple-mutant enzyme was chosen
as a representative, because it exhibited the highest activity
at 30 °C. The specific activity of this mutant enzyme was
higher than that of the wild-type enzyme by∼20-fold at both
30 and 60°C, suggesting that combination of three suppres-
sor mutations enhanced the enzymatic activity ofT. ther-
mophilus RNase HI at its optimum temperature. The
optimum temperature ofT. thermophilusRNase HI has not
been determined, because the duplex form of the substrate
is denatured at temperatures higher than 70°C.

Thermal Stability.To analyze the effects of the suppressor
mutations on the protein stability, the thermal denaturation
curves were measured by monitoring the change in the CD
values at 220 nm (Figure 2). All mutant enzymes were shown
to reversibly unfold in a single cooperative fashion. The
thermodynamic parameters of these mutant enzymes, which
were obtained by assuming that these enzymes unfold via a
two-state mechanism, are summarized in Table 2. Of the
single-mutant enzymes, only the A77P enzyme was consid-
erably less stable than the wild-type enzyme by 5.7°C in
Tm and 1.53 kcal/mol in∆Gm, indicating that the Ala77 f
Pro mutation considerably decreased the protein stability,
whereas other mutations did not seriously affect it. However,
the K75M/A77P and A12S/K75M/A77P enzymes, which
contain both the Lys75 f Met and Ala77 f Pro mutations,
were less stable than the wild-type enzyme only by 1.8 and
2.4 °C in Tm and 0.48 and 0.65 kcal/mol in∆Gm, respec-
tively. These results suggest that the destabilization effect
of the Ala77 f Pro mutation is compensated by the Lys75 f
Met mutation, which does not seriously affect the protein
stability by itself. The Ala12 f Ser mutation did not
compensate for this destabilization effect, because the A12S/
A77P enzyme was less stable than the wild-type enzyme by

Table 3: Complementation Levels of the Revertants of the D134H Enzyme and Mutations Contained in These Revertantsa

strain
number

complementation
level

mutations with amino
acid substitutions

mutations without
amino acid substitutions

1 + + Ala12 f Ser (GCCf TCC) Ala52 (GCCf GCT)
Lys122 f Arg (AAGf AGG) Val116 (GTG f GTA)

2 + + Ala77 f Pro (GCCf CCC) Cys13 (TGC f TGT)
3 + Ala12 f Ser (GCCf TCC) Glu48 (GAG f GAA)

Leu35 f Pro (CTCf CCC)
Ala93f Val (GCGf GTG)
Arg117 f Cys (CGCf TGC)

4 + Lys75f Met (AAG f ATG)
His119f Tyr (CACf TAC)

5 + + Lys75 f Met (AAG f ATG) Leu25 (CTC f CTT)
6 + + Ala40f Pro (GCCf CCC) Leu25 (CTC f CTT)

Lys75 f Met (AAG f ATG) Ala93 (GCGf GCA)
7 + Glu64 f Gly (GAGf GGG) Leu25 (CTC f CTT)

Ala77 f Pro (GCCf CCC)
8 + + Ala12 f Ser (GCCf TCC)
9 + Lys75 f Met (AAG f ATG)

Glu105 f Gly (GAGf GGG)
10 + + Ala77f Pro (GCCf CCC) Phe28 (TTC f TTT)

a The complementation level was estimated from the size of the colonies ofE. coli MIC3001 transformants at 42°C (++ for large and+ for
medium sizes).E. coli MIC3001 transformants with plasmid pBR600 gave large colonies, whereas those with plasmid pBR600H gave small colonies.
The codons with mutations are shown in parentheses, in which underlined residues are the substituted nucleotides. The mutations, which alone may
not be able to improve the complementation ability of the D134H enzyme, are shown in italics.

Table 4: Comparison of Specific Activities of the Wild-Type and
A12S/K75M/A77P Enzymesa

enzyme
temperature

(°C)
specific activity

(units/mg)
relative
activity

wild-type 30 0.029 1.0
60 0.78 27

A12S/K75M/A77P 30 0.59 20
60 15 517

a Specific activities were determined at 30 and 60°C for 15 min by
using32P-labeled 29 bp DNA-RNA-DNA/DNA as a substrate under
the conditions described in the footnote of Table 1. The enzymes and
substrates were preincubated for 5 min at designated temperatures. One
unit was defined as the amount of the enzyme producing 1µmol of
products. The concentration of the substrate was 1µM. Errors are within
30% for the reported values, which are the averages of two independent
experiments.
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6.4 °C in Tm and 1.72 kcal/mol in∆Gm. To evaluate the
cooperative effects of the Lys75 f Met and Ala77 f Pro
mutations on the protein stability more quantitatively, the
hypothetical∆∆Gm values were calculated for the multiple-
mutant enzymes by simply adding the∆∆Gm values of the
single-mutant enzymes with constituent substitutions (Table
2). The∆∆Gm values of the A12S/K75M and A12S/A77P
enzymes were almost identical with the hypothetical values.
In contrast, the∆∆Gm values of the K75M/A77P and A12S/
K75M/A77P enzymes were higher than the hypothetical
values by∼1 kcal/mol in∆Gm.

CD Spectra. The far-UV CD spectra of all mutant
enzymes, except for those of the K75M/A77P and A12S/
K75M/A77P enzymes, were indistinguishable from that of
the wild-type enzyme (data not shown). All spectra gave a
broad trough with a minimum [θ] value of approximately
-12500 around 210-215 nm. However, the spectra of the
K75M/A77P and A12S/K75M/A77P enzymes, which were
similar to each other, were different from that of the wild-
type enzyme in the 220-235 nm region (Figure 3a). In this
region, the former spectra were sharper than the latter
spectrum. As a result, the former spectra gave another small
minimum with a [θ] value of approximately-2500 at 235
nm, whereas the latter spectrum did not. This difference may
be produced by conformational changes of the aromatic
residues, because the spectrum of the K75M/A77P or A12S/
K75M/A77P enzyme in the 200-220 nm region, which
reflects the content of the secondary structures of the protein,
is similar to that of the wild-type enzyme, and because a
positive contribution of the tryptophan residue to the CD
spectrum at 228 nm has been reported (44). In fact, the near-
UV CD spectra of the K75M/A77P and A12S/K75M/A77P
enzymes, which reveal the three-dimensional environments
of the aromatic residues, were slightly different from that of
the wild-type enzyme (Figure 3b), whereas those of other
mutant enzymes were basically the same as that of the wild-
type enzyme (data not shown). These results suggest that
the simultaneous introduction of the Lys75 f Met and Ala77

f Pro mutations causes a local conformational change, but

only to a small extent. Thus, all the mutations did not
seriously affect the overall structure of the enzyme.

DISCUSSION

Strategy for Enhancing Enzymatic ActiVity. In this study,
we employed suppressor mutation methods to improve the
enzymatic activity ofT. thermophilusRNase HI. This method
includes complementation of the RNase H-dependent ts
phenotype ofE. coli MIC3001. Of the eight mutant enzymes,
in which Asp134 was replaced with various amino acid
residues, only the D134H enzyme complemented the ts
phenotype ofE. coli MIC3001, but with poor efficiency.
Because the enzymatic activity of the D134H enzyme must
be close to the critical level of RNase H activity, which is
required to complement the ts phenotype ofE. coli MIC3001,
a slight increase in the enzymatic activity would be sufficient
to improve the complementation ability of this mutant
enzyme. In fact, screening for the second-site revertants of
the D134H enzyme allowed us to isolate three suppressor
mutations that improved the catalytic efficiency of the wild-
type enzyme by only 2.1-4.8-fold. In contrast, attempts to
isolate second-site revertants of other mutant enzymes, such

FIGURE 2: Thermal denaturation curves of the wild-type and mutant
enzymes. The apparent fraction of unfolded protein is shown as a
function of temperature. Thermal denaturation curves of the wild
type and all of the mutant enzymes were determined at pH 5.5 in
the presence of 1 M GdnHCl and 1 mM DTT by monitoring the
change in the CD value at 220 nm, as described in Experimental
Procedures. The curves of the wild-type (9), A77P (0), A12S/
A77P (O), K75M/A77P (4), and A12S/K75M/A77P (b) enzymes
are shown as representatives.

FIGURE 3: CD spectra of the wild-type and mutant enzymes. The
CD spectra of the wild type and all mutant enzymes were measured
as described in Experimental Procedures. (a) The far-UV CD
spectrum of the K75M/A77P enzyme (thin line) is shown in
comparison with that of the wild-type enzyme (thick line). The far-
UV CD spectrum of the A12S/K75M/A77P enzyme is basically
the same as that of the K75M/A77P enzyme. The far-UV CD
spectra of all other mutant enzymes are basically the same as that
of the wild-type enzyme. (b) The near-UV CD spectrum of the
A12S/K75M/A77P enzyme (broken line) is shown in comparison
with that of the wild-type enzyme (thick line). The near-UV CD
spectrum of the K75M/A77P enzyme is similar to that of the A12S/
K75M/A77P enzyme, whereas those of other mutant enzymes are
similar to that of the wild-type enzyme.
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as D134E and D134Q, have been so far unsuccessful (data
not shown). In addition, none of the suppressor mutations
of the D134H enzyme were sufficient to make these mutant
enzymes functional in vivo, even when all of them were
combined (data not shown). Therefore, the enzymatic activi-
ties of other mutant enzymes must be lower than the critical
level by more than 40-fold. These results are consistent with
the previous ones wherein the Asp134 f His mutation reduced
the enzymatic activity ofE. coli RNase HI by only 40%,
whereas other mutations dramatically reduced it by more than
100-fold (37). The complementation abilities of theT.
thermophilusRNase HI variants were always lower than
those of the correspondingE. coli RNase HI variants,
probably because the enzymatic activity ofT. thermophilus
RNase HI in theE. coli cells is much lower than that ofE.
coli RNase HI. The specific activity ofT. thermophilus
RNase HI determined under its optimal condition, except
for the temperature, has been reported to be lower than that
of E. coli RNase HI by 5-fold at 30°C (1).

Ala12 f Ser Mutation.The Ala12 f Ser mutation improved
the affinity of the enzyme for the substrate, without seriously
affecting the hydrolysis rate and thermal stability of the
enzyme. Ala12 is located in theâA strand and exposed to
the solvent (Figure 4a). This residue is replaced with Ser in
E. coli RNase HI. Because other residues around this residue
from Phe8 to Gly21 are fully conserved inE. coli RNase HI,
the Ala12 f Ser mutation makes the sequence of a peptide
segment from Phe8 to Gly21 identical with that ofE. coli
RNase HI. Structural and mutational studies ofE. coli RNase
HI revealed that Asp10, Glu48, Asp70, His124, and Asp134 form
the active site (19). According to the latest model for the
catalytic mechanism of the enzyme (45), His124 accepts a
proton from an attacking H2O molecule that acts as a general
base. Asp134 holds this H2O molecule. Glu48 anchors the H2O
molecule that acts as a general acid. Asp10, as well as the
main chain carbonyl oxygen of Gly11, provides coordinating
groups for binding of the catalytically essential Mg2+ ion.
Asp70 governs the conformation of Asp10. In addition, a large
cleftlike depression, which extends from the negatively
charged active site to the positively chargedRIII helix and
the following loop, has been proposed to form the substrate
binding site (19). Cys13, Asn16, Thr43, Asn44, and Asn45

located in this depression have been shown to be involved
in substrate binding (46). All of these residues involved in
the catalytic function and substrate binding are conserved
in T. thermophilusRNase HI. Of them, Asp10, Gly11, Cys13,
and Asn16 are located in a peptide segment from Phe8 to
Gly21. Therefore, it seems likely that the Ala12 f Ser
mutation causes a conformational change, which is favorable
for the amino acid residues involved in substrate binding.
This conformational change must be subtle, because the far-
and near-UV CD spectra of the A12S enzyme were almost
identical with those of the wild-type enzyme. It is unlikely
that Ser12 of the A12S enzyme forms a hydrogen bond with
the substrate and thereby improves the affinity of this mutant
enzyme for the substrate, because the substrate titration
experiment using NMR previously indicated that Ser12 of
E. coli RNase HI is not directly involved in substrate binding
(46).

Lys75 f Met and Ala77 f Pro Mutations.The Lys75 f
Met mutation increased the hydrolysis rate of the enzyme,
without seriously affecting the affinity for the substrate and

stability of the enzyme. In contrast, the Ala77 f Pro mutation
increased both the hydrolysis rate and the affinity of the
enzyme for the substrate, but at a cost of protein stability.
Neither mutation seriously affected the protein structure.
Lys75 and Ala77, which correspond to Arg75 and Gly77 of E.
coli RNase HI, respectively, are located in theRII helix,
which extends from Tyr73 to Glu80 (Figure 4a). This helix,
together with theRI andRIV helices and theâE strand, forms
a hydrophobic core of the protein (20). In addition, this helix
has been proposed to form the substrate binding site (46),
although none of the specific interactions between this helix
and substrate has been identified. Thus, this helix is structur-
ally and functionally important. Nevertheless, six of the eight
residues in this helix, which include Leu74 and Phe78 that
form the hydrophobic core, are not conserved inE. coli
RNase HI. As the result, theRII helix of T. thermophilus

FIGURE 4: Three-dimensional structure ofT. thermophilusRNase
HI. (a) The backbone structure ofT. thermophilusRNase HI,
determined by Ishikawa et al. (20), was drawn with the program
RasMol. Arg2 and Thr147 represent the N- and C-terminal residues
in this crystal structure, respectively, because the N-terminal region
from Met-4 to Pro1 and the C-terminal region from Pro148 to Ala161

have not been defined by crystallographic analyses, probably due
to structural disorder. The side chains of Ala12, Lys75, and Ala77,
as well as the types of amino acid substitutions that enhance the
catalytic efficiency of the enzyme, are indicated. In addition, the
side chains of the active site residues (Asp10, Glu48, Asp70, His124,
and Asp134) are shown. (b) The backbone structure around Lys75

and Ala77 is shown. The side chains of these residues as well as
those of Trp85, Trp104, Phe120, and Lys122 are shown. The numbers
indicate atomic distances (angstroms). This crystal structure ofT.
thermophilusRNase HI has been deposited in the Brookhaven
Protein Data Bank under accession number 1RIL.
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RNase HI is shifted away from the molecular center by more
than 1 Å ascompared to that ofE. coli RNase HI (20). This
shift has been suggested to be one of the factors that are
responsible for the high stability and low activity ofT.
thermophilusRNase HI at moderate temperatures as com-
pared to those ofE. coli RNase HI (20).

Lys75 is exposed to the solvent, although the methylene
groups in the side chain of this residue seem to make
hydrophobic contacts with Phe120 (Figure 4b). In addition,
this amino group probably makes an electrostatic interaction
with that of Lys122 (Figure 4b). Phe120 and Lys122 are located
in theâE strand (Figure 4a). The loop following thisâ strand
contains His124. Because it has been suggested that the
flexibility of this loop is important in positioning His124 to
catalyze the hydrolytic reaction (20), the Lys75 f Met
mutation may alter the interaction between theâE strand
andRII helix and thereby induces a favorable conformational
change of His124. The Lys75 f Met mutation did not seriously
affect the protein stability, probably because the positive
charge repulsion between Lys75 and Lys122 does not con-
tribute to protein stability.

Ala77 is almost fully buried inside the protein molecule.
The Ala77 f Pro mutation destabilized the protein, probably
due to the intrinsic destabilization of theRII helix by the
introduction of the proline residue. Because this helix is
involved in a putative substrate binding site and located close
to the active site, a slight conformational change in this helix
may induce favorable conformational changes of both the
active site and substrate binding site. It has previously been
reported that the conformational difference in theRII helix
betweenT. thermophilusand E. coli RNases HI accounts
for a small shift of the side chain of Asp70 (20).

CooperatiVity in the Effects of Mutations.The effects of
the Lys75 f Met and Ala77 f Pro mutations on protein
stability, as well as those on protein conformation, are
cooperative and not simply independent. These cooperative
effects of the mutations are not surprising, because Lys75

and Ala77 are located close to each other. The CD spectra
shown in Figure 3 suggest that the conformations of the
aromatic residues are altered, only when these mutations are
simultaneously introduced. In the vicinity of Ala77, two
tryptophan residues (Trp85 and Trp104) are located (Figure
4b). In addition, Tyr73, Trp81, and Trp90 are located around
this region. Therefore, it seems likely that the conformation
of the RII helix was significantly changed when the Lys75

f Met and Ala77 f Pro mutations were simultaneously
introduced, and this change forced these aromatic residues
to change their configurations. The elimination or introduc-
tion of the interactions that specified this conformational
change remained to be determined. However, this confor-
mational change is favorable for protein stability, because
the K75M/A77P enzyme was more stable than the A77P
enzyme by 3.9°C in Tm and 1.05 kcal/mol in∆Gm. The
effects of the Lys75 f Met and Ala77 f Pro mutations on
the enzymatic activity were roughly cumulative, indicating
that a conformational change caused by the simultaneous
introduction of these mutations was not unfavorable for
activity as well.

Stability-ActiVity Relationships.In this study, we showed
that the enzymatic activities ofT. thermophilusRNase HI
at both low and high temperatures were improved without a
cost of protein stability. This result suggests that hyperther-

mophilic enzymes are not optimized in their activities even
under their physiological conditions. Then the question arises
of whether an increase in enzymatic activity ofT. thermo-
philus RNase HI is accompanied by an increase in confor-
mational flexibility. We have previously shown that the
thermal stability ofE. coli RNase HI could be improved
without serious loss of enzymatic activity (47). Hydrogen-
deuterium exchange analyses of theE. coli RNase HI variant,
which is more stable than the wild-type protein by 20.2°C
in Tm, have shown that an increase in stability does not cause
global changes in the backbone dynamics on fast and slow
time scales (48). This result may suggest that proteins are
not always stabilized at a cost of conformational flexibility.
Hydrogen-deuterium exchange studies can be applied to
analyze the conformational flexibility ofT. thermophilus
RNase HI, because the backbone amide hydrogens of this
protein have recently been assigned by using heteronuclear
NMR spectroscopy (49). Therefore, it would be informative
to analyze the conformational flexibility of theT. thermo-
philusRNase HI variant with enhanced catalytic efficiency
and compare it with that of the wild-type enzyme. These
studies will facilitate the understanding of the relationships
of stability, activity, and flexibility of enzymes in more detail.
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