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ABSTRACT: A genetic method for isolating a mutant enzyme of ribonuclease HI (RNase HI)Tr@rmus
thermophilusHB8 with enhanced activity at moderate temperatures was develdopiermophiluskRNase

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*Asp
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 mutationd{AtaSer, Lys®>— Met, and Ald” — 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 DNARNA—DNA/DNA substrate were determined at 3C. Each
mutation increased the./Knm value of the wild-type enzyme by 2:14.8-fold. The effects of the mutations

on the enzymatic activity were roughly cumulative, and the combination of these three mutations increased
the keaf K value of the wild-type enzyme by 40-fold (5.5-fold ka.). Measurement of thermal stability

of the mutant enzymes with circular dichroism spectroscopy in the preséhdé guanidine hydrochloride

and 1 mM dithiothreitol showed that tfig, 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°Tj.4These 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 enzymatic activity at moderate temperatur@s Likewise,
stable but less active than their mesophilic counterparts atthe enzymatic activities oB. subtilissubtilisin E (L0) and
moderate temperatures, despite the strong resemblance ilmorse heart myoglobinl) were increased by 256-fold in
their structures and functiond3). Comparative studies k../Kn and 24.7-fold irk; (rate constant for kD, oxidation
on hydrogen-deuterium exchange of thermophilic and of metmyoglobin) without any reduction in protein stability.
mesophilic enzymesj, as well as those on dynamic motion In addition, mutant enzymes &. subtilissubtilisin E (2)

(5), have suggested that reduction in the conformational and Bacillus stearothermophilusatalase | 13), in which
flexibility is responsible for the hyperstability and poor both the activities and stabilities were increased, have been
enzymatic activity at moderate temperatures of thermophilic isolated. These results suggest that enzymes from mesophiles
enzymes. Introductions of a series of the amino acid sub- and moderate thermophiles are not optimized with respect
stitutions around the active site of barnag T4 lysozyme to activity and stability. However, it remains to be determined
(7), and thermolysin &) have also shown that the protein whether this hypothesis is valid for the enzymes from
stability increased in proportion to the decrease in the extreme thermophiles. In fact, in vitro evolution of hyper-
enzymatic activity. However, in vitro evolution studies have thermostable indoleglyceryl phosphate synthase from an
recently shown that the activity and stability of enzymes are extreme thermophil&ulfolobus solfataricugenerated mu-

not correlated with each othe®{13). Thus, it is contro- tant enzymes, which are more active at low temperatures
versial as to whether thermophilic enzymes acquire hyper- but less stable than the wild-type enzyrnd)( To gain more
stability at the cost of enzymatic activity. information about the activitystability relationships of

In vitro evolution (directed evolution) is an efficient hyperthermostable enzymes, we used a similar technique to
technique for engineering protein variants with altered isolate mutant enzymes dhermus thermophilu8Nase Ht
functions. This technigque has also been used to probe thewith enhanced activity at moderate temperatures.
relationships between the stability and activity of enzymes. T, thermophilusRNase HI, which specifically hydrolyzes
By using this method, the stability &acillus subtilisesterase  the RNA strand of RNA-DNA hybrids, is composed of 166
was increased by 14C in Tn,, without any reduction in  amino acid residues and acts as a monomer¥). 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 EXPERIMENTAL PROCEDURES
2 RNases H) 16). T. thermophilusRNase HI is a type 1 ) o o
enzyme whose amino acid sequence is 52% identical to that Materials. Restriction enzymes and modifying enzymes
of E. coliRNase HI, which has been most extensively studied for recombinant DNA technology were from Takara Shuzo
for structures and functions among various RNase H enzymesCo0., Ltd. Guanidine hydrochloride (GdnHCI) was from ICN
(17—19). The three-dimensional structurebfthermophilus ~ Biomedicals Inc. Phosphocellulose (P-11) was from What-
RNase HI R0) highly resembled that of. coli RNase HI ~ man. [-**P]JATP (>5000 Ci/mmol) was obtained from
(21—23). In addition, all the active site residues are conserved AmershamE. coli RNase HI was previously purifie®).
and positioned similarly in these two structures, suggesting Cells and PlasmidsPlasmid pJAL700T, for the overpro-
thatT. thermophiluRNase Hl is indistinguishable frofs. duction of T. thermophilusRNase HI, was constructed
coli RNase HI in the enzymatic functions, except for protein previously (). This plasmid bears the wild-typ@hA gene
stability. The former is more stable than the latter by 33.9 under the control of the bacteriophageromoters R and
°CinTmat pH 5.5 in the presence of 1.2 M GdnHCl and by P, the ck®%7 gene, and the bacteriophage fd transcription
11.8 kcal/mol inAG at 25°C and 14.1 kcal/mol il\G at terminator.E. coli MIC3001 [F~, sufE44, sugF58, lacY1l
50°C (D). or A(laclZY)6, trpR55,galk2, galT22, meB1, hscR14(Kk ",

To isolate mutant enzymes @t thermophilusRNase Hl mk ™), rh-339::cat,recB270] was previously constructed
with enhanced activity generated by random mutagenesis,(24). Competent cells of. coli HB101 [F~, hsd520(g",
an appropriate selection system is required. Because a systemg*), recA13, ara-13, proA2, lacY1, galk2, rpsL20(Sni),
to determine the RNase H activity by an in situ assay is not xyl-5 mtl-1, supgE44, leuBs, thi-1] and plasmid pBR322 were
available, we decided to develop a genetic systémcoli from Takara Shuzo Co., LtcE. coli cells were grown in
strain MIC3001 with thernh-339::cat andrecB270(Ts)  |uria-Bertani medium33) containing 50 mg/L ampicillin.
mutations, which shows an RNase H-dependent temperature- Plasmid ConstructiorPlasmid pBR600, which was used

sensitive (ts) growth phenotype4), was used for this for the complementation assay, was constructed by the

Rinctional RNase Hl mutants in vive, because the suructural 01010 procecres. ThanhAgene in plasrmic pJAL700T
’ was amplified by PCR using primers 1 and 4 asand 3-

genes of type 1 RNases H from thermophilusHB8 (15), : . . )
Saccharomyces cersiae (25), Crithidia fasciculata(26), primers, 'respectlvely, and primers 2 anq 3 3‘53“.’ 3
andTrypanosoma brucdR7) and type 2 RNases H fro mutagenic primers, respectively, as described previously for
21Typ yp ' the construction of the mutari. coli RNase HI proteins
coli (28), Streptococcus pneumoniged), and Pyrococcus (34). The sequences of these primers are shown in Figure 1
kodakaraensi&OD1 (30) were successfully cloned via their ' d P gure L.
" . . The sequence complementary to the 134th codon, which is
ability to complement the ts phenotype of this strain. Because represented by NNN in the sequence of primer 2. is CTG
T. thermophilusRNase HI efficiently complements the ts fof ASD in thig case. These s?a Lences F\)Nere de7si ned to
phenotype oE. coliMIC3001, we need to construct a mutant pint : . q ; 9
enzyme first, which cannot or can only poorly complement S|Iently eliminate theviul site encompassing the sequences
the ts phenotype dE. coli MIC3001 due to a reduction in encoding !.y%—VaI5 and sﬂently introduce the unlq@stl
the enzymatic activity. Screening for second-site revertants 2?32'\/';[;' ds'tgﬁ}se]n_c\?;?g?srség%éxvsggui?feis(;gggggrigg;o
ould allo to identify the amino acid substitutions that . ’ : . .
wou WUus f0 1 ity ! 1€l SUbSTLTIONS EcoRIl andHindlll, the PCR fragment was ligated into the

make this mutant enzyme functional in vivo. These amino ) . . ;
acid substitutions are expected to increase the activity of theECCRI_H'ndIII sites of plasmid pBR322 to gengrate plas.mld
pBR600. The promoter for thenhA gene in this plasmid

wild-type enzyme. By using a similar genetic method, we . X . o
haveygreviouily sugceedegd in ident%ying a number of femainsto be determined. The plasmid pBR600 derivatives,
which contain the mutantnhA genes with a series of

mutations that increase the thermal stabilityrotoli RNase .
HI (31). E. coli RNase HI complements the ts phenotype of substitutions at codon 134, were constructed by the same

E. coli MIC3001, whereas the truncated protein 142-RNase Procedures, except that primer 2 with a different sequence
HI, which lacks the 13 C-terminal residues, cannot comple- Was used. The sequence of primer 2 was designed so that

ment it due to a great reduction in the stability. Eight of € GAC codon for Asp* was changed to CAT for His,

eleven single-amino acid substitutions that make 142-RNaseCAA for Glu, CAA for Gin, TCC for Ser, ACC for Thr,
HI functional in vivo enhanced the thermal stability of the CTC for Val, ATC for lle, and CTC for Leu. The mutant

wild-type enzyme. enzymes of T. thermophilusRNase HI at Asp* are

Here we report that the A& — His mutation greatly designated as D134X, and the mutarrhlA genes encoding
reduced the catalytic activity of. thermophilusRNase HI,  theseé mutant enzymes are designatednas 134X Whlere
and the resultant mutant enzyme D134H could only poorly X represents the amino acid residue substituted for'#sp
complement the ts phenotype Bf coli MIC3001. Random Elasm|d pJAL7OOTM_ and its derivatives for the overproduc-
mutagenesis, followed by screening for second site revertantsion Of T. thermophilusRNase HI and its mutants were
allowed us to isolate three single-amino acid substitutions, constructed by replacing the smaltd—Sal fragment of
Alal2 — Ser, Lyg5 — Met, and Ald” — Pro, that increase pJAL700T with those of pBR600 (Figure 1).
the catalytic efficiency K.afKm) of T. thermophilusRNase All the primers were synthesized by Sawady Technology
HI. Combinations of these mutations cumulatively increased Co., Ltd. PCR was performed in 25 cycles with Perkin-Elmer
the catalytic efficiency of the enzyme without seriously GeneAmp PCR System 2400, using Vent DNA polymerase
affecting the stability. These results indicate that the activity from New England Biolabs, Inc. The nucleotide sequences
of an enzyme from extreme thermophiles is not always of all the wild-type and mutanmhhA genes were determined
inversely correlated with its stability. by the dideoxy chain termination metho85j.
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Ficure 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 bacterioplageomoters B and R. Nucleotide sequences
together with amino acid sequences of primergt{small arrows), which were used ds &nd 3-mutagenic, 5mutagenic, and'3primers

for PCR, are indicated. Numbers in the amino acid sequences represent the positions of amino acids in the primary skcubemaabhilus

RNase HI.

Random MutagenesisRandom point mutations were the 400 bpNdd —Mlul fragments of the plasmid pBR600H
introduced into the 'Ssterminal 400 bp DNA fragment of the  derivatives were substituted for the corresponding fragment
rnhA gene by the DNA shuffling method6). This DNA in pJAL700TM. The plasmids for the overproduction of the
fragment was first amplified from plasmid pBR600 by PCR single-mutant enzymes A12S, K75M, and A77P, in which
using primers 1 and 2 (primer 2 with the GAC codon for Ala'?, Lys’™, and Ald” were replaced with Ser, Met, and
the 134th residue) (Figure 1). Taq DNA polymerase (Takara Pro, respectively, were designated as pJAL12S, pJAL75M,
Shuzo Co., Ltd.), instead of Vent DNA polymerase, was used and pJAL77P, respectively.
for it, because the fidelity of the former is better than that  Screening for the mutamhhA genes that complemented
of the latter. This DNA fragment was digested into the-50 the ts phenotype oE. coli MIC3001 was carried out as
100 bp fragments by DNase | in the presence of thé'Mg described previously3(). E. coli MIC3001 cells were
ion, and then subjected to a primerless PCR using the Taqgtransformed with the plasmid pBR600H derivatives by
DNA polymerase to reassemble the DNA fragment. This electroporation using a Bio-Rad Gene Pulser, as described
DNA pool, obtained by the first round of DNA shuffling, previously 88). The transformants were spread on two Luria-
was used as a template in PCR with primers 1 and 2. After Bertani medium-agar plates with 5 g/L NaCl and 50 mg/L
digestion byEcoRIl and Mlul, the resultant 400 bp PCR  ampicillin, because the ts phenotype of MIC3001 is less
fragment was ligated into thEcoRI—Mlul site of plasmid pronounced at higher NaCl concentratiog))( One was
pBR600H, in which the GAC codon for A&jf of thernhA incubated at 42C, and the other was incubated at 3D.
gene was changed to CAT for His. Because this codon is The colonies grown at 42C were selected, and the plasmid
located downstream of thdlul site (Figure 1), the mutant pBR600H derivatives were isolated from each clone. After
enzymes screened for second-site revertants always contaiit had been confirmed that each plasmid suppressed the ts
the Asg3* — His mutation, in addition to the mutations phenotype oE. coli MIC3001, the nucleotide sequences of
introduced by random mutagenesis. We did not carry out the mutantrnhA genes were determined.
the second round of DNA shuffling, because desirable Combinations of Actiating MutationsPlasmid pJAL75M/
suppressor mutations were introduced into thBA gene 77P for the overproduction of the double-mutant enzyme
by the first round of DNA shuffling. For the overproduction K75M/A77P was constructed by site-directed mutagenesis
of the mutant enzymes without the A8b— His mutation, using PCR, as described previously for the construction of
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the mutantE. coli RNase HI proteins34). Primers 1 and 4
shown in Figure 1 were used as-5and 3-primers,

Hirano et al.

260 nm), the protein concentration was approximately 0.13
mg/mL and a cell with an optical path length of 2 mm was

respectively, and appropriate primers, instead of primers 2 used. For the measurement of the near-UV CD spectra{240
and 3, were used as mutagenic primers. These mutageni®20 nm), the protein concentration was-0150 mg/mL and

primers were designed so that the codon for Bysas
changed from AAG to ATG for Met and the codon for Ala
was changed from GCC to CCC for Pro. pJAL12S, pJAL75M,
pJAL77P, and pJAL75M/77P contain the unigBad site
encompassing the sequences encoding®lLeu*®. There-

a cell with an optical path length of 10 mm was used. The
mean residue ellipticityf, which has units of deg ctn
dmol!, was calculated by using an average amino acid
molecular weight of 110.

Thermal DenaturationThe thermal denaturation curves

fore, plasmids pJAL12S/75M, pJAL12S/77P, and pJAL12S/ and the temperature of the midpoint of the transitidp,

75M/77P for the overproduction of the double-mutant

were determined as described previoudly) oy monitoring

enzymes A12S/K75M and A12S/A77P and the triple-mutant the change in the CD value at 220 nm. The enzymes were
enzyme A12S/K75M/A77P were constructed by replacing dissolved in 20 mM sodium acetate (pH 5.5) containing 1

the smallSad —Sal 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 transformigcoliHB101 with
the plasmid pJAL700TM derivatives. Cultivation of these

M GdnHCI 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 theTy, (AHR,) and the entropy change of unfolding at the
Tm (AS;) were calculated by van't Hoff analysis. The
difference in the free energy change of unfolding between

strains and overproduction and purification of the mutant the mutant and wild-type enzymes, at the of the wild-
enzymes were carried out as described previously for thetype enzyme AAG,), was estimated by the relationship

wild-type enzyme 39), except that all the purification

given by Becktel and Schellmad?) (AAGh, = ATRASy).

procedures were carried out in the presence of 1 mM ATy, is the change iy, of a mutant enzyme relative to that

dithiothreitol (DTT). The protein concentration was deter-

of the wild-type enzyme. ThAS, value of the wild-type

mined from UV absorption, assuming that all the mutant enzyme was determined to be 0.269 kcal mhd{~* from

enzymes obtained in this experiment have the sapé'”

value (1.6) as that of the wild-type enzymé).( The

four independent experiments with errors £0.04 kcal
mol~! K~1. This value was used for the calculation of the

production levels of the mutant enzymes and their purities AAG, values.

were estimated by subjecting whole cell lysates and purified

samples to SDSPAGE on a 15% polyacrylamide gel(@),
followed by staining with Coomassie Brilliant Blue.
RNase H AssayThe enzymatic activity was determined

in 10 mM Tris-HCI (pH 8.0) containing 10 mM Mggl50
mM NaCl, 1 mM DTT, and 5@:g/mL bovine serum albumin
at 30 or 60°C by using &P-labeled 29 bp DNARNA—
DNA/DNA as a substrate. The 29 b DNARNA—DNA (5'-
AATAGAGAAAAAGaaaaAAGATGGCAAAG-3), in which

RESULTS

Mutations at Asp* We have previously shown that Adfp
of E. coli RNase Hl is involved in a catalytic function, but
nine amino acid residues (Asn, His, Glu, Gin, Ser, Thr, Val,
lle, and Leu) are permissive at this positidd’). All the
resultant mutant enzymes retained the ability to complement
the ts phenotype dE. coli MIC3001. However, the comple-
mentation abilities of these mutant enzymes, which were

DNA and RNA are represented by uppercase and lowercaseestimated from the sizes of the coloniesofcoli MIC3001

letters, respectively, and the 29 b DNA, which is comple-
mentary to this 29 b DNARNA—DNA, were kindly
donated by ID Biomedical Corp. The preparation of #ie-
labeled 29 bp DNA-RNA—DNA/DNA substrate and the

transformants grown at £Z, were correlated with the levels
of their enzymatic activities. These results prompted us to
examine whether the mutations at A¥mwf T. thermophilus
RNase HI equally reduce the catalytic activity of the enzyme

guantitative analyses of the products separated with a 20%and thereby reduce its complementation ability. All the amino
polyacrylamide gel containing 7 M urea using an Instant acid residues that have been shown to be permissive at
Imager from Packard were carried out as described previ- position 134 ofE. coli RNase HI, except for Asn, were

ously 30). One unit was defined as the amount of the
enzyme producing Jtmol 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 #fe-labeled 29 bp DNA
RNA—DNA/DNA substrate was varied from 0.2 to 1M
such that it spanned th&, value. The amount of the enzyme

substituted for Asp* of T. thermophiluiRNase HI, and the
effects of these mutations on the complementation ability
of the enzyme were analyzed. The effect of the Bsp~

Asn mutation was not analyzed, because the D134N enzyme
is expected to retain almost full activity as did tge coli
RNase HI variant with this mutatio8). Interestingly, all

the mutant enzymes, except for the D134H enzyme, in which

was controlled carefully such that the fraction of the substrate Asp'®* was replaced with His, lost the complementation
hydrolyzed did not exceed 30% of the total. Under this ability, suggesting that these mutant enzymes are not
condition, the amount of the product increased in proportion functional in vivo. The D134H enzyme retained a low level
to the increase in the amount of the enzyme or the reactionof complementation ability, as compared to that of the wild-

time.
Circular Dichroism SpectraThe CD spectra were re-

type enzyme. Wheik. coli MIC3001 transformants with
pBR600 and pBR600H, in which the wild-type and D134H

corded on a J-725 automatic spectropolarimeter from Japanenzymes are produced, were grown on the plates &C42

Spectroscopic Co., Ltd., at 3C 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

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 22 for more than
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Table 1: Kinetic Parameters of the Wild-Type and Mutant Table 2: Thermodynamic Parameters of the Wild-Type and Mutant

Enzyme$ Enzymes
Keal Km hypothetical hypothetical
Km keat ~ (uM™t relative  relative Tm ATnm AHm AAGh AAGn
enzyme @M) (Min™Y) min 1)  kealKm Keal Km enzyme (°C) (°C) (kcal/mol) (kcal/mol) (kcal/molf
wild-type 7.8 4.9 0.63 1.0 1.0 wild-type 77.4 94.3
D134H 3.3 0.18 0.055 0.087 D134H 794 2.0 1013 0.54
A12S 15 45 3.0 4.8 A12S 76.0 -1.4 86.7 —0.38
K75M 6.1 8.0 1.3 2.1 K75M 782 0.8 93.2 0.22
A77P 3.3 7.3 2.2 3.5 A77P 71.7 5.7 77.2 —1.53
A12S/K75M 11 12 11 17 10 A12S/K75M 76.8 -0.6 1034 —0.16 —0.16
A12S/A7TP 1.3 15 12 19 17 A12S/ATTP 71.0-6.4 87.3 —-1.72 —1.91
K75M/A77P 20 20 10 16 7.4 K75M/AT7P 75.6 —1.8 90.5 —0.48 —-1.31
A12S/K75M/A77P 1.1 27 25 40 35 A12S/K75M/A77P 75.0—2.4  100.5 —0.65 —1.69

@ The enzymatic activity was determined at @ for 15 min in 10
mM Tris-HCI (pH 8.0) containing 10 mM MgG| 50 mM NaCl, 50 kcal/mol for AAG. ® Hypothetical AAGr, values represent the sum
ug/mL bovine serum albumin, and 1 mM DTT, by usifi-labeled of the AAG,, values of the single-mutant enzymes with constituent
29 bp DNA-RNA—DNA/DNA as a substrate. The kinetic parameters  substitutions.
were determined by a least-squares fit of the data obtained from the
Lineweaver-Burk plots. The relativé./Km was calculated by dividing . . )
thekea/Knm value of the mutant enzyme by that of the wild-type enzyme. that of the wild-type enzyme, suggesting that the protein

aErrors are withint0.5°C for Ty, +15 kcal/mol forAH,, and+0.2

Hypothetical relativé.a/Knm values were calculated by multiplying the
relative keafKm values of the single-mutant enzymes with constituent
substitutions. Errors are within 30% for thg andk.. values reported,
which are the averages of two independent experiments.

conformation was not markedly changed by the mutation.
Screening for Suppressor MutatiorBhe screening for

second-site revertants of a mutant protein often results in

the reversion of the original point mutation, rather than

24 h. We used the D134H enzyme for screening of second-Yielding true second-site reversions. Therefore, we introduced

site revertants.

Enzymatic Actiity and Thermal Stability of the D134H
EnzymeTo 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

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 7128 (Figure 1). Wheik. coli MIC3001 trans-
formants were examined for their growth at 4€, the
transformants which form colonies in 18 h were obtained

parameters of the Wi|d_type and D134H enzymes were with a frequency of 1 in 10 Plasmid DNAs were isolated

determined at 30C using the 29 bp DNARNA—DNA/

from 10 colonies grown at 42C (strains +10), and the

DNA substrate. This substrate is suitable for determining the DNA sequences of the mutanhhA134H genes were
kinetic parameters of the RNase HI enzymes, because it isdetermlned. The results are summarized in Table 3. Strains

cleaved byE. coli RNase HI at a unique position in the
middle of the four-adenosine sequen86)(T. thermophilus

2 and 10 produced the same variant of the D134H enzyme
with a single Ald” — Pro mutation. Likewise, strains 5 and

RNase HI and its variants constructed in this experiment also8 produced the D134H enzyme variants with single Bys
cleaved it at this position (data not shown). The results are — Met and Ald?— Ser mutations, respectively. Other strains

summarized in Table 1. The ASp— His mutation resulted
in a large reduction in thé, value, along with a slight
reduction in theK; value. As the result, the catalytic
efficiency K./Km) of the D134H enzyme, which was only

produced the D134H enzyme variants with double and
quadruple mutations, in which either the Ma~ Ser, Lys®

— Met, or Ala’” — Pro mutation is always included. The
complementation levels of the enzyme variants with double

~99% of that of the W||d_type enzyme, was decreased due to OF quadruple mutations were similar to or below those of

the reduction in the hydrolysis rat&.).
The thermal denaturation curves of the wild-type and

the enzyme variants with single mutations. These results
strongly suggest that, of the 11 mutations isolated in this

D134H enzymes were measured by monitoring the changeexperiment, only the Afé — Ser, Lys® — Met, or Ala’" —
in the CD values at 220 nm at pH 5.5 in the presence of 1 Pro mutation can suppress the effect of the Asp~ His

M GdnHCI and 1 mM DTT. Both enzymes were shown to Mmutation on the complementation ability of the enzyme. To
unfold reversibly in a single cooperative fashion under this analyze the effects of these mutations on the activity and
condition (data not shown). The thermodynamic parametersstability of the wild-type enzyme, the mutant enzymes with
of these enzymes are summarized in Table 2. Thealue these suppressor mutations alone were constructed, purified
of the wild-type enzyme (77.4C) was identical with that o give a single band on SBS’AGE, and characterized for
determined previously at pH 5.5 in the presence of 1 M activities and stabilities. We have not purified and biochemi-
GdnHCI and 20 mM 2-mercaptoethan8B), suggesting that  cally characterized the mutant enzymes with both suppressor
the thermal denaturation curve of the wild-type enzyme and Asp*— His mutations.

obtained in this experiment represents that of the enzyme in Enzymatic Actiities of Mutant EnzymesThe kinetic

a reduced form. The D134H enzyme was more stable thanparameters of the mutant enzymes, in which suppressor
the wild-type enzyme by 2.6C in T, and 0.54 kcal/mol in mutations were individually introduced or combined, were
AGp, suggesting that the A$f — His mutation is not determined at 30C using the 29 bp DNARNA—DNA/
unfavorable for the conformational stability. The far-UV CD DNA substrate and compared with those of the wild-type
spectrum of the D134H enzyme was basically identical with enzyme. The results are summarized in Table 1. Thé?Ala
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Table 3: Complementation Levels of the Revertants of the D134H Enzyme and Mutations Contained in These Revertants

strain complementation mutations with amino mutations without
number level acid substitutions amino acid substitutions
1 ++ Alal?— Ser (GCC— TCC) Ala5? (GCC— GCT)
Lys'?2— Arg (AAG— AGG) Vall'*(GTG— GTA)
2 ++ Ala’”— Pro (GCC— CCC) Cys®(TGC—TGT)
3 + Ala'2— Ser (GCC— TCC) Glu*® (GAG — GAA)
Lew>— Pro (CTC— CCC)

Ala®*— Val (GCG— GTG)
Argt’— Cys (CGC— TGC)

4 + Lyss— Met (AAG — ATG)
His!*— Tyr (CAC— TAC)

5 ++ Lys’s— Met (AAG — ATG) Lews (CTC— CTT)

6 ++ Ala*— Pro (GCC— CCC) Lews (CTC— CTT)
Lys”®— Met (AAG — ATG) Ala® (GCG— GCA)

7 + Glus*— Gly (GAG— GGG) Lews (CTC— CTT)
Ala’”— Pro (GCC— CCC)

8 ++ Alal2— Ser (GCC— TCC)

9 + Lys”— Met (AAG — ATG)
Glul%— Gly (GAG— GGG)

10 ++ Ala”— Pro (GCC— CCC) Phé8 (TTC—TTT)

aThe complementation level was estimated from the size of the coloniEs afli MIC3001 transformants at 42 (++ for large and+ for
medium sizes)E. coliMIC3001 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.

- _Ser mUtation_ decreased tKg value by 5.2-fold With_OUt Table 4: Comparison of Specific Activities of the Wild-Type and
seriously affecting thé, value. The Ly® — Met mutation A12S/K75M/ATTP Enzymeés

increased th&:, value by 1.6-fold withput seriously affecting temperature  specific activity  relative
the K, value. The Ald” — Pro mutation decreased tig, enzyme (°C) (units/mg) activity
value by 2.4-fold and increased they value by 1.5-fold. wild-type 30 0.029 1.0
Accordingly, all of these mutations increased khgK, value 60 0.78 27
of the wild-type enzyme by 2:14.8-fold. These results AL2S/K75M/ATTP 30 0.59 20
indicate that all the suppressor mutations, which restored 60 15 °17

normal complementation ability to the D134H enzyme,  ®Specific activities were determined at 30 and°60for 15 min by
enhanced the catalytic efficiency of the wild-type enzyme using®?P-labeled 29 bp DNARNA—DNA/DNA as a substrate under

s e conditions described in the footnote of Table 1. The enzymes and
at moderate temperatures. Combination of these SLJppres“:’ogzjbstrates were preincubated for 5 min at designated temperatures. One

mutations generated more active mutant enzymeskth it was defined as the amount of the enzyme producipgnl of
K values that were higher than that of the wild-type enzyme products. The concentration of the substrate wall1Errors are within
by 16-40-fold (Table 1). Of them, the A12S/K75M/A77P  30% for the reported values, which are the averages of two independent
enzyme, which contains all three suppressor mutations, &XPeriments.
exhibited the highest catalytic efficiency. Tkg/Kn value
of this triple-mutant enzyme was comparable to the hypo- Thermal StabilityTo analyze the effects of the suppressor
thetical value, which was calculated assuming that the effectmutations on the protein stability, the thermal denaturation
of each suppressor mutation on the enzymatic activity is curves were measured by monitoring the change in the CD
cumulative. Thek./Kn values of the A12S/K75M and  values at 220 nm (Figure 2). All mutant enzymes were shown
K75M/A77P enzymes were higher than the hypothetical to reversibly unfold in a single cooperative fashion. The
values, but only by at most 2-fold. Thus, the effect of each thermodynamic parameters of these mutant enzymes, which
suppressor mutation on the enzymatic activity was roughly were obtained by assuming that these enzymes unfold via a
cumulative. two-state mechanism, are summarized in Table 2. Of the
To examine whether the mutant enzymes with suppressorsingle-mutant enzymes, only the A77P enzyme was consid-
mutations are more active than the wild-type enzyme at erably less stable than the wild-type enzyme by &7in
elevated temperatures as well, the specific activities of the T, and 1.53 kcal/mol iAG,, indicating that the Al¥ —
wild-type and A12S/K75M/A77P enzymes were determined Pro mutation considerably decreased the protein stability,
at 30 and 60 C using the 29 bp DNARNA—DNA/DNA whereas other mutations did not seriously affect it. However,
substrate (Table 4). This triple-mutant enzyme was chosenthe K75M/A77P and A12S/K75M/A77P enzymes, which
as a representative, because it exhibited the highest activitycontain both the Ly§ — Met and Ald” — Pro mutations,
at 30°C. The specific activity of this mutant enzyme was were less stable than the wild-type enzyme only by 1.8 and
higher than that of the wild-type enzyme $0-fold at both 2.4°Cin Ty and 0.48 and 0.65 kcal/mol iNG,, respec-
30 and 60°C, suggesting that combination of three suppres- tively. These results suggest that the destabilization effect
sor mutations enhanced the enzymatic activityTotther- of the Ala’” — Pro mutation is compensated by the [%s~
mophilus RNase HI at its optimum temperature. The Met mutation, which does not seriously affect the protein
optimum temperature of. thermophilusRNase HI has not  stability by itself. The Al& — Ser mutation did not
been determined, because the duplex form of the substratecompensate for this destabilization effect, because the A12S/
is denatured at temperatures higher tharfC0 A77P enzyme was less stable than the wild-type enzyme by
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Ficure 2: Thermal denaturation curves of the wild-type and mutant 150 T T T
enzymes. The apparent fraction of unfolded protein is shown as a
function of temperature. Thermal denaturation curves of the wild 100 | -
type and all of the mutant enzymes were determined at pH 5.5 in
the presencefdl M GdnHCI and 1 mM DTT by monitoring the 50 4

change in the CD value at 220 nm, as described in Experimental
Procedures. The curves of the wild-ty®)( A77P (), A12S/
A77P (O), KT5M/AT7P (»), and A12S/K75M/A77P®) enzymes

(6]

0

are shown as representatives. 50 L |
6.4 °C in T, and 1.72 kcal/mol inAG,,. To evaluate the 100 N
cooperative effects of the L{s— Met and Ald” — Pro

mutations on the protein stability more quantitatively, the -150 : ' '
hypotheticalAAG;, values were calculated for the multiple- 240 260 280 300 320
mutant enzymes by simply adding theG,, values of the Wavelength (nm)

single-mutant enzymes with constituent substitutions (Table Ficure 3: CD spectra of the wild-type and mutant enzymes. The
2). TheAAG, values of the A12S/K75M and A12S/A77P  CD spectra of the wild type and all mutant enzymes were measured
enzymes were almost identical with the hypothetical values. 23'3233%'%%% %%emeﬁté" eir;;rigur(?hsih (ﬁzle;hii Tsahroij\é icr:1D
In contrast, theAAGy, values of the K75SM/A77P and A12S/  comparison with that of the wild-type enzyme (thick line). The far-

K75M/A77P enzymes were higher than the hypothetical UV CD spectrum of the A12S/K75M/A77P enzyme is basically

values by~1 kcal/mol in AGy. 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

CD Spectra.The far-UV CD spectra of all mutant of the wild-type enzyme. (b) The near-UV CD spectrum of the

enzymes, except for those of the K75M/A77P and A12S/ A12S/K75M/A77P enzyme (broken line) is shown in comparison

K75M/A77P enzymes, were indistinguishable from that of with :hat Offme &Vyg[\?ff\%eﬁzyme (thiCk_”r}F)-tTf:ﬁ Te?EU\'/MCZ%/
the wild-type enzyme (data not shown). All spectra gave a SPectrum ot the enzyme IS simiiar to that of the

broad trough with a minimumé] value of approximately Eﬁwﬁgiﬁaﬂﬂ'ﬁg Wvﬁgi;epzséﬂgifng other mutant enzymes are
—12500 around 216215 nm. However, the spectra of the

K75M/A77P and A12S/K75M/A77P enzymes, which were ©nly to a small extent. Thus, all the mutations did not
similar to each other, were different from that of the wild- Seriously affect the overall structure of the enzyme.

type enzyme in the 220235 nm region (Figure 3a). In this

region, the former spectra were sharper than the IatterDISCUSSlO'\I
spectrum. As a result, the former spectra gave another small Strategy for Enhancing Enzymatic A6ty. In this study,
minimum with a p] value of approximately-2500 at 235  we employed suppressor mutation methods to improve the
nm, whereas the latter spectrum did not. This difference may enzymatic activity ofl. thermophilu|RNase HI. This method

be produced by conformational changes of the aromatic includes complementation of the RNase H-dependent ts
residues, because the spectrum of the K75M/A77P or A12S/phenotype oE. coli MIC3001. Of the eight mutant enzymes,
K75M/A77P enzyme in the 206220 nm region, which  in which Asp3* was replaced with various amino acid
reflects the content of the secondary structures of the protein,residues, only the D134H enzyme complemented the ts
is similar to that of the wild-type enzyme, and because a phenotype ofE. coli MIC3001, but with poor efficiency.
positive contribution of the tryptophan residue to the CD Because the enzymatic activity of the D134H enzyme must
spectrum at 228 nm has been report#éd).(In fact, the near-  be close to the critical level of RNase H activity, which is
UV CD spectra of the K75M/A77P and A12S/K75M/A77P  required to complement the ts phenotypd&otoli MIC3001,
enzymes, which reveal the three-dimensional environmentsa slight increase in the enzymatic activity would be sufficient
of the aromatic residues, were slightly different from that of to improve the complementation ability of this mutant
the wild-type enzyme (Figure 3b), whereas those of other enzyme. In fact, screening for the second-site revertants of
mutant enzymes were basically the same as that of the wild-the D134H enzyme allowed us to isolate three suppressor
type enzyme (data not shown). These results suggest thamutations that improved the catalytic efficiency of the wild-
the simultaneous introduction of the '§s—~ Met and Ald’ type enzyme by only 2:14.8-fold. In contrast, attempts to

— Pro mutations causes a local conformational change, butisolate second-site revertants of other mutant enzymes, such
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as D134E and D134Q, have been so far unsuccessful (data a

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 A%p— His mutation reduced
the enzymatic activity oE. coli RNase HI by only 40%,
whereas other mutations dramatically reduced it by more than
100-fold @7). The complementation abilities of thé.
thermophilusRNase HI variants were always lower than
those of the corresponding. coli RNase HI variants,
probably because the enzymatic activityTofthermophilus
RNase HlI in thekE. coli cells is much lower than that ¢.

coli RNase HI. The specific activity off. 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 30C (1).

Alal?— Ser MutationThe Ala?— Ser mutation improved
the affinity of the enzyme for the substrate, without seriously
affecting the hydrolysis rate and thermal stability of the
enzyme. Al&? is located in theSA strand and exposed to
the solvent (Figure 4a). This residue is replaced with Ser in

E. coliRNase HI. Because other residues around this residue

from Phé to Gly?* are fully conserved ift. coliRNase HI,

the Alal? — Ser mutation makes the sequence of a peptide
segment from PHeto Gly?! identical with that ofE. coli
RNase HI. Structural and mutational studiesotoli RNase

HI revealed that Asp, Glu*8, Asp®, His'?4 and Asp®*form

the active site 19). According to the latest model for the
catalytic mechanism of the enzymd5j, His'?* accepts a
proton from an attacking #0 molecule that acts as a general
base. Asp* holds this HO molecule. GI¢f anchors the kD
molecule that acts as a general acid. &sps well as the
main chain carbonyl oxygen of Giy provides coordinating
groups for binding of the catalytically essential Mgon.
Asp’® governs the conformation of A¥pIn addition, a large
cleftlike depression, which extends from the negatively
charged active site to the positively charged helix and

the following loop, has been proposed to form the substrate
binding site 9). Cys® Asn'é, Thr*3, Asr*4, and Asr®
located in this depression have been shown to be involved
in substrate binding4@). All of these residues involved in
the catalytic function and substrate binding are conserved
in T. thermophiluRNase HI. Of them, Asl§, Gly!?, Cys=3,

and Asi® are located in a peptide segment from Ptee
Gly?t. Therefore, it seems likely that the Afa— Ser

Hirano et al.
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Ficure 4: Three-dimensional structure ®f thermophilusRNase

HI. (a) The backbone structure df. thermophilusRNase Hl,
determined by Ishikawa et al2@), was drawn with the program
RasMol. Arg and Thi#4” represent the N- and C-terminal residues
in this crystal structure, respectively, because the N-terminal region
from Met ™ to Prd and the C-terminal region from Pf§to Alal6!

have not been defined by crystallographic analyses, probably due
to structural disorder. The side chains of ®laLys’>, and Ald?,

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 (Bsglu*8, Asp’®, His!?4,

and Asp?®¥) are shown. (b) The backbone structure around’tys
and Alg” is shown. The side chains of these residues as well as
those of Tr@®, Trp'% Phé?’, and Ly422 are shown. The numbers
indicate atomic distances (angstroms). This crystal structuiie of
thermophilusRNase HI has been deposited in the Brookhaven
Protein Data Bank under accession number 1RIL.

stability of the enzyme. In contrast, the Ala> Pro mutation
increased both the hydrolysis rate and the affinity of the

mutation causes a conformational change, which is favorableenzyme for the substrate, but at a cost of protein stability.

for the amino acid residues involved in substrate binding.

Neither mutation seriously affected the protein structure.

This conformational change must be subtle, because the farLys’ and Ala’, which correspond to Ar§ and Gly” of E.

and near-UV CD spectra of the A12S enzyme were almost
identical with those of the wild-type enzyme. It is unlikely
that Set? of the A12S enzyme forms a hydrogen bond with
the substrate and thereby improves the affinity of this mutant

coli RNase HI, respectively, are located in thd helix,

which extends from Ty? to GIU® (Figure 4a). This helix,
together with thexl andalV helices and th@E strand, forms
a hydrophobic core of the proteig@). In addition, this helix

enzyme for the substrate, because the substrate titratiorhas been proposed to form the substrate binding 4#ig (

experiment using NMR previously indicated that Besf
E. coliRNase Hl is not directly involved in substrate binding
(46).

Lys’> — Met and Ald” — Pro Mutations.The Lys®> —
Met mutation increased the hydrolysis rate of the enzyme,
without seriously affecting the affinity for the substrate and

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 L&uand Phé that
form the hydrophobic core, are not conservedBncoli
RNase HI. As the result, thell helix of T. thermophilus
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RNase Hl is shifted away from the molecular center by more mophilic enzymes are not optimized in their activities even
than 1 A ascompared to that dt. coli RNase HI 20). This under their physiological conditions. Then the question arises
shift has been suggested to be one of the factors that areof whether an increase in enzymatic activity afthermo-
responsible for the high stability and low activity af philus RNase HI is accompanied by an increase in confor-
thermophilusRNase HI at moderate temperatures as com- mational flexibility. We have previously shown that the
pared to those oE. coli RNase HI 20). thermal stability ofE. coli RNase HI could be improved
Lys’ is exposed to the solvent, although the methylene without serious loss of enzymatic activit¢q). Hydrogenr-
groups in the side chain of this residue seem to make deuterium exchange analyses of Eheoli RNase Hl variant,
hydrophobic contacts with PK& (Figure 4b). In addition,  which is more stable than the wild-type protein by 202
this amino group probably makes an electrostatic interactionin T, have shown that an increase in stability does not cause
with that of Lys'?? (Figure 4b). Ph&%and Lys??are located  global changes in the backbone dynamics on fast and slow
in the SE strand (Figure 4a). The loop following thisstrand time scales48). This result may suggest that proteins are
contains Hi&** Because it has been suggested that the not always stabilized at a cost of conformational flexibility.
flexibility of this loop is important in positioning Hig* to Hydrogenr-deuterium exchange studies can be applied to
catalyze the hydrolytic reaction2Q), the Lys®> — Met analyze the conformational flexibility of. thermophilus
mutation may alter the interaction between i strand RNase HI, because the backbone amide hydrogens of this
andall helix and thereby induces a favorable conformational protein have recently been assigned by using heteronuclear
change of Hi¥* The Lyg®>— Met mutation did not seriously = NMR spectroscopy49). Therefore, it would be informative
affect the protein stability, probably because the positive to analyze the conformational flexibility of the. thermo-
charge repulsion between Lysand Ly$%? does not con-  philusRNase HI variant with enhanced catalytic efficiency
tribute to protein stability. and compare it with that of the wild-type enzyme. These
Ala’’ is almost fully buried inside the protein molecule. studies will facilitate the understanding of the relationships
The Ald” — Pro mutation destabilized the protein, probably of stability, activity, and flexibility of enzymes in more detail.
due to the intrinsic destabilization of thdl helix by the
introduction of the proline residue. Because this helix is ACKNOWLEDGMENT
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