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General Introduction 

Understanding the stability-activity-structure relationships of proteins are 

expected to provide valuable information, which facilitate the understanding for 

the molecular basis of protein stability and enzymatic activity. This molecular 

basis of proteins will establish a general strategy to evolve enzymes so that they 

exhibit desirable thermal stability and enzymatic activity. These improved 

enzymes can meet the industrial expectations and develop new techniques and 

materials useful in various fields , such as medicine and chemical industry. For 

this purpose, it is believed to be a promising strategy to focus on a given pair of 

thermophilic and mesophilic proteins and to elucidate the mechanisms by 

which these two proteins exhibit different stabilities and activities. To 

understand the stability-activity-structure relationships of thermophilic enzymes 

at the atomic levels, crystal structures of a number of the thermophilic enzymes 

have been determined by X-ray analyses and compared with those of their 

mesophilic counterpa吋s. Since the active-site structures 01 the thermophilic and 

mesophilic enzymes and most of their physicochemical characteristics are 

shown to be similar, the thermophilic and mesophilic enzymes are generally 

assumed to share the common catalytic mechanism. 

Thermophilic enzymes are generally more stable but less active than their 

mesophilic counterpa同s 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 highly thermal stability and poor 

enzymatic activity at moderate temperatures of thermophilic enzymes. In 

addition , introductions of a series of the amino acid substitutions around the 

active site of barnase (6) , T4 Iysozyme (7) , and thermolysin (8) have also shown 

that the protein stability increased in propo吋ion to the decrease in the enzymatic 

activity. This may lead to the suggestion that enzymes can not acquire both 

highly enzymatic activity at moderate temperatures and highly thermal stability. 
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However, this suggestion has not always been suppo吋ed experimentally. For 

example, site-directed mutagenesis studies have demonstrated that the thermal 

stabilities of mesophilic enzymes can be increased significantly without cost of 

their enzymatic activities at moderate temperatures (9 ・ 12). Recently, in vitro 

evolution studies have also shown that the activity and stability of enzymes are 

not correlated with each other (13-17). More information on the stabilityｭ

activity-structure relationships of enzymes is required to establish a method to 

improve the activity or stability of an enzyme. 

Ribonuclease H (RNase H) .is an enzyme that specifically hydrolyzes RNA 

strand of RNA/DNA hybrid (18) , and is thought to be involved in synthesis and 

removal of RNA primers which are required for DNA replication , and in 

elimination of RNAs which are misincorporated into DNA strands. The enzyme 

has been used as a tool for recombinant DNA technology. For example, it is 

used to synthesize cDNA, because it efficiently degrades and removes mRNA 

that is used as a template for the synthesis of cDNA. In addition , RNase H is 

used for removal of polyA-tail and editing of RNA. An artificial RNA restriction 

enzyme by covalently attaching DNA oligomers to E. coli RNase HI was 

constructed previously, and it cleaved RNA in a sequence-specific manner 

(19). 

RNase HI from extreme thermophile Thermus 的ermophilus HB8 (士

的ermophilus RNase HI) and E. coli RNase HI have been used as a pair of 

thermophilic and mesophilic proteins to elucidate the mechanisms by which 

thermophilic enzymes acquire unusual thermostability (9・ 12). 士的ermophilus

and E. coli RNases HI are composed of 166 and 155 amino acid residues, 

respectively, and both act as a monomer (1 , 20). According to the classification 

proposed by Ohtani et al. (21) , in which RNases H are classified into two major 

families (Type 1 and Type 2 RNases H), these enzymes are members of the 

Type 1 RNase H family. of various RNases H, E. coli RNase HI , which shows the 

amino acid sequence identity of 520/0 to て thermophilus RNase H 1, has been 

most extensively studied for structures and functions (22・24). 士 thermophilus

and E. coli RNases HI are an ideal thermophilic/mesophilic protein pair to 
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analyze the stabilization mechanisms of proteins, because the crystal structures 

of these enzymes are available (25 ・28) and their conformational stabilities can 

be analyzed thermodynamically (1 , 9, 29). The three-dimensional structure of T 

thermophilus RNase HI (28) highly resembled to that of E. coli RNase HI (25-27) 

(Fig. 1). In addition , all of the amino acid residues involved in the active-site and 

substrate-binding site are conserved and positioned similarly in these two 

structures , suggesting that T thermophilus RNase HI is indistinguishable from E. 

coli RNase HI in the enzymatic functions (Fig. 2, 3) , except for protein stability. 

The former is more stable than the latter by 33.9 oC in Tm at pH 5.5 in the 

presence of 1.2 M GdnHCI , and by 11.8 kcal/mol in ~G at 25 oC and 14.1 

kcal/mol in Ll_G at 50 oC (1). However, only E. coli RNase HI has so far been 

mutated to identify the amino acid substitutions that make T thermophilus 

RNase HI more stable than E. coli RNase HI. Therefore , I decided to make 

mutational studies of T. thermophilus RNase HI to elucidate the stabilityｭ

activity-structure relationships of て thermophilus RNase HI. Because high 

tolerance to thermal denaturation often makes thermophilic enzymes useful for 

industrial purposes , these studies may also allow us to develop a novel method 

to apply T thermophilus RNase HI for industrial purposes. 

Fig. 1. Stereo view 01 the crystal structure 01 T. thermophilus RNase HI (thick 
lines) superimposed onto that of E. coli RNase HI (thin lines). 

AII of the αーca巾onsfor E. col佖Nase HI and the α咽carbons from Arg2 to Th r147 for T. thermophilus 
RNase HI are shown. 
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Fig. 2. Schematic representation 
of the model for the complex 
between E. coli RNase HI and 
RNAlDNA hybrid. 
The positions of amino acid residues that 
are involved in the catalytic reaction or in 
the binding with the cat剖ytically-essential

Mg2+ ion are shown. The basic prot山sion

region is also indicated. For the secondary 
structure of an RNA/DNA hybrid , which 
assumes an intermediate , heteromerous 
duplex structure , between A-form and Bｭ
form structures, the DNA po代ion is shown 
as an open strand and the RNA po出on as 
a solid strand. 

Chapter 2 focuses on a stability-activity relationship of this enzyme. In this 

chapter, I succeed in identifying three single amino acid substitutions, 

Ala 12• Ser, Lys75• Met, and Ala77• Pro , that increase the catalytic efficiency 

(kcaIKm) of 士 thermophilus RNase HI with in vitro evolution study. Combinations 

of these mutations show 40-fold increase in the catalytic efficiency of this 

enzyme without seriously affecting its thermal stability. Therefore , these results 

indicate that the activity of an enzyme from extreme thermophile is not always 

inversely correlated with its stability. 

Chapter 3 focuses on an application of this enzyme. In this chapter, I 

construct a DNA-linked RNase H using T. thermophilus RNase HI (DNA-linked 

TRNH) , which cleaves RNA site-specifically at high temperatures. This DNAｭ

linked TRNH cleaves the 15・mer RNA more effectively than the DNA-linked 

RNase H using E. coli RNase HI at the temperatures higher than 50 oC. 

Therefore, DNA-linked TRNH may be useful for the cleavage of RNA molecules 

with highly ordered structures at high temperatures, at which such structures of 

RNA molecules will be thermally denatured. 

1¥ A Glu嶋

J01Fj Ftrio 
Fig. 3. A proposed catalytic mechanism of E. coli RNase H 1. 

Involvements of amino acid residues and the Mg2
+ ion in a gene阻I acid-base mechanism for the 

hydrolysis of the P-03' bond of the RNA are presented schematically. 

This thesis consists of following three chapters. 

Chapter 1 focuses on a stabilization factor of T. thermophilus RNase HI. In 

this chapter, to identify factors that contribute to the thermal stability of this 

protein , I construct the protein variants with a series of carboxy卜terminal

truncations and Cys • Ala mutations. The results indicate that the formation of a 

disulfide bond between Cys41 and Cys149 contributes to the protein stability by 

6・7 oC in Tm• This disulfide bond is not formed in vivo , but is spontaneously 

formed in vitro during the purification process in the absence of a reducing 

reagent. Therefore , the difference in the in vivo stability between T. 

thermophilus and E. coli RNases HI must be -25 oC in Tm• 

4 只
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Chapter 1. A Stabilization F actor of T. thermophilus RNase H I 

Stabilization 01 Ribonuclease HI 1rom Thermus thermophilus H B8 

by the Spontaneous Formation 01 an Intramolecular Disulfide Bond 

1.1 Introduction 

RNases HI from Thermus thermophilus HB8 and E. coli have been used as a 

thermophilic/mesophilic protein pair for analyses of the stabilization 

mechanisms of proteins. By replacing amino acid residues of E. coli RNase HI 

with those from 士約ermophilus RNase H I (9・ 11) or by introducing random 

mutagenesis into the E. coli RNase HI sequence (30) , four amino acid 

substitutions that may contribute to the higher stability of T. thermophilus RNase 

HI as compared to that of E. coli RNase HI have been identified. They are Gly23 

• Ala, His62 • Pro, Va174 • Leu, and Lys95 • Gly, which increase the stability of 

E. coli RNase HI by 1.8, 4.1 , 3.3 and 6.8 oC in Tm, respectively, at pH 5.5 in the 

presence of 1.0 M GdnHCI. Crystallographic (11 ,31) and theoretical (32 , 33) 

studies for the E. coli RNase HI variants with either one of these mutations, 

except for that with the GIy23 • Ala mutation , allowed us to propose that the 

introduction of the proline residue into the turn region (His62 • Pro) , the cavity-

filling mutation (Va174 • Leu) , and the replacement of the left-handed helical 

residue with Gly (Lys95 • Gly) are effective to increase the protein stability. In 

addition , the thermostabilizing effects of the five mutations, including these four 

mutations, were shown to be additive (12). However, the combination of the four 

stabilizing mutations can increase the stability of E. coli RNase H I by at most 

only 16.0 oC, which is less than the half of the difference between the Tm values 

01 T. 的ermophilus and E. coli RNases HI. Additional stabilizing factors , which 

have yet to be unidentified , must contribute to the stability of T. thermophilus 

RNase HI. 

The strategy to identify the factors that make T. thermophilus RNase HI more 
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stable than E. col� RNase HI so far employed , is to introduce amino acid 

substitutions into E. coli RNase HI and look for thermostabilizing mutants. Any 

mutant T. thermophilus RNase HI protein has not been constructed for this 

purpose. However, because stabilizing forces or interactions are often 

generated from the multiple interactions, they are not always created by 

introducing a single amino acid substitution into E. coli RNase HI. On the other 

hand , it may be relatively easier to impair such forces or interactions by 

introducing a single amino acid substitution into T thermophilus RNase HI. The 

accumulation of this information will be helpful to identify these stabilizing 

forces or interactions. In addition , mutational studies of T thermophilus RNase 

HI may provide an answer to the question as to whether the difference in the in 

vitro stability between T thermophilus and E. coli RNases HI reflects the 

difference in the in vivo stability between them, because protein stability is often 

affected by modifications in vitro , such as a disulfide bond formation. 

Proteins from thermophilic sources usually have less cysteine residues than 

do the mesophilic counterpa吋s (34). However, T thermophilus RNase HI , which 

contains four cysteine residues, has one more cysteine residue than does E. 

coli RNase HI (Fig. 1 ・ 1). Therefore , there is a chance that the formation of a 

disulfide bond contributes to enhance the Tm value of this protein. It has been 

shown that all three cysteine residues in E. coli RNase HI exist in free forms and 

the mutations of these residues to Ala do not seriously affect the enzymatic 

activity (35). Two of the four cysteine residues (Cys 13 and CYS63) in T. 

thermophilus RNase HI are conserved in the sequences of these enzymes. 

Cys 13 is located at the A゚ strand and is relatively buried inside the protein 

molecule. CYS63 is located at the loop between the αI helix and the D゚ strand 

and is exposed to the solvent. The other two cysteine residues (CyS41 and 

Cys 149) are located at the turn between the ゚ C strand and the αI helix, and at the 

C-terminal region , respectively. S ince て thermophilus RNase HI is present in a 

reducing environment, all of the cysteine residues must exist in reduced forms 

in vivo. Structural and biochemical characterizations of the recombinant protein 

7 



purified from E. coli suggested that they exist in reduced forms in vitro as well (1 , 

28). Namely, the backbone structure of the protein , which is available for the 

residues from Arg2 to Thr147 , clearly shows that Cys 13 and CYS63 exist in reduced 

forms. In addition , because structural disorder of the carboxyl-terminal (C-

terminal) 14 amino acid residues, including Cys 149, in the electron density map 

(28) , it is unlikely that a disulfide bond is fully formed between Cys41 and Cys 149. 

Chemical modification with 5 ， 5'-dithiobis-(2・nitrobenzoic acid) (DTNB) has also 

suggested that all of the cysteine residues exist in reduced forms (1). However, 

these results cannot rule out the possibility that a disulfide bond is formed 

between Cys41 and Cys 149 at a different conditions, especially those in which 

thermal denaturation of the protein is examined. 

In the C-terminal region of T. thermophilus RNase HI, four proline residues 

are clustered at the positions of 148, 150, 151 , and 154, whereas, no proline 

residues are located at the corresponding region of E. coli RNase HI. It has 

been repo内ed that the thermophilic proteins have more proline residues than 

mesophilic proteins (36). In fact, proline residues have been shown to 

contribute to increasing protein stability when they are located at the ゚ -sheet or 

the turn/loop region , because the entropy of the unfolded state of the protein is 

decreased (37). Therefore , I have decided to introduce a series of the 

truncations into the C-terminal region of T. thermophilus RNase HI, to analyze 

the role of the proline and cysteine residues located in this region on the protein 

stability. 
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Fig. 1 -1. Structure 01 T. thermophilus RNase H 1. 
(司 This stereo view of the backbone structure of T. thermophilus RNase HI, determined by 
Ishikawa et aJ. (28), was drawn with the prog悶mRasMol. Numbers 陪P陪sent the pos出onsof the 
amino acid residues, which sta同 from -4 for the initiator methionine of the protein. The initiator 
methionine starts at -4 , because the T. thermophilus RNase HI sequence contains an additional 
four residues at the N-terminus as compared to the E. coliRNase HI sequence (1). Arg2 and Thr147 

represent the N and C-terminal residues in this crystal structure. The side chains of Cys 13, CYS4¥ 

and CYS63 are indicated by solid lines. The Cαatoms of the active site residues (Asp 10, Glu 48, and 
ASp70) are also indicated by solid lines. This crystal structure of T. thermophilus RNase HI has been 
deposited in the Protein Data 8ank, with the accession number 1 RIし (b) The amino acid 
sequence of T. thermophilus RNase HI, determined by Kanaya and I也ya (1) , is shown. The ranges 
of the fiveα-helices and the five -゚strands a陪 shown along the sequence. AII four cysteine 
residues, at positions 13, 41 , 63, and 149, are shown in boldface, and the three catalytically 
essential ca巾oxylates (Asp 10, GI伊， and ASp70) are underlined. The N-terminal region from Mer4 to 

Pro 1 and the C-terminal region from Pro 148 to Ala16
¥ which have not been defined by 

crystallographic analyses, probably due to structural disorder, are boxed. 
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1. 2 Experimental Procedures 

Mater僘ls - Restriction enzymes and modifying enzymes for recombinant 

DNA technology were from Takara Shuzo Co., Ltd. Guanidine hydrochloride 

(GdnHCI) of ultra pure grade was from ICN Biomedicals Inc. Phosphocellulose 

(P-11) was from Whatman. Lysyl endopeptidase (LEP) was from Wako 

Chemical CO., Ltd. Acetylated bovine serum albumin was from Bethesda 

Research Laboratories. 

Cells and Plasmids - Plasmid pJAL 700T for the overproduction of T. 

的ermophilus RNase HI was constructed previously (1). This plasmid bears the 

wild-type rnhA gene under the control of the bacteriophage λpromoters P R 

and PL, the c1ts857 gene, and the bacteriophage fd transcription terminator. 

Competent cells of E. coli HB1 01 (F-, hsd S20, recA 13, ara ・ 14， proA2, lac Y1 , 

gal K2, rps L20(stり， xyl-5， mtl・ 1 ， sup E44, leuB6， 的j・ 1) were from Takara Shuzo 

Co.. Ltd. 

Mutagenes﨎 - The mutant rnhA genes, encoding the T. thermophilus 

RNase HI variants with a series of the C-terminal truncations, were constructed 

by PCR using a 5' primer with an Ndel site and 3' mutagenic primers with Sall 

sites. The sequence of the 5' primer was 5'ｭ

GCGAATTCCATA 7lGAATCCATCACCTAGAAAA・3' ， where the initiation codon 

of the rnh gene is shown in italic type and the underlined bases show the 

position of the Ndel site. The 3' mutagenic primers were designed to replace the 

codon forthe amino acid residue 144, 146, 148, 149, 150, 152, 154, or 156 with 

the TAA termination codon. Their sequences were 5'-GCGTCGACTTA・(B)n-3 ' I 

where the sequence complementary to the termination codon of the rnh gene is 

shown in italic type, and the underlined bases show the position of the San site. 

(B)n represents the 18-19 bases with the sequences that are complementary to 

the 3'-terminal region of the rnhA gene. The truncated proteins are designated 

as TRNH[.ð.X], where X represents the truncated at the C-terminus. For example , 

TRN H[� 150-161] represents the truncated protein lacking the C-terminal 12 

residues from positions 150 to 161. 

ユ 0

The mutant rnhA genes, encoding the mutant proteins, in which single or 

multiple Cys • Ala mutations were introduced into either the wild-type protein 

or TRNH[ð150・161] ， were constructed by PCR using a 5' primer with an Ndel 

site , a 3' primer with a Sa/l site , and 5' and 3' mutagenic primers, as described 

previously for the construction of the mutant E. coli RNase HI proteins (38). The 

sequence of the 5' primer was mentioned above. The sequence of the 3' primer 

were 5'-GCGTCGACCTTAAAGGTGGGGCTTTCCCGGTCC-3' for the full-size 

mutant protein and 5'_ GCGTCGACTIAGCAGGGCGTTTTGGCCTGGGAC-3' 

for the TRNH[� 150・ 161] mutant proteins, where the underlined bases show the 

positions of the Sa/l sites. The mutagenic primers were designed so that the 

codons for Cys 13 and CYS41 were changed from TGC to GCC for Ala , and the 

codon for CYS63 was changed from TGC to GCA for Ala. Since the 3' primer 

includes the sequence complementary to the codon for Cys 149, the TGC codon 

for Cys 149 was changed to GCC, for the construction of the TRNH[� 150・ 161] 

derivatives, in which Cys 149 is replaced by Ala. The mutant rnhA genes , 

encoding the TRNH[ð150・ 161] variants with a series of substitutions at the Cｭ

terminus (Cys 149) , were constructed by PCR using the 5' primer mentioned 

above and the 3' mutagenic primers with the sequences of 5'_ 

GCGTCGACTTANNNGGGCGnnGGCCTGGGAC-3' , where the underlined 

bases show the position of the Sall site and NNN represents the sequence 

complementary to the codon for the mutated residue. The 3' mutagenic primers 

were designed so that the TGC codon for Cys149 was changed to TCC for Ser, 

ACC for Thr, GTC for Val , and ATC for lIe. The resultant derivatives of the wildｭ

type protein and TRNH[.ð.150・ 161] are designated as X'-TRNH and X'ｭ

TRNH[.ð.150・ 161] ， respectively, in which X' represent(s) the amino acid 

residue(s) at position(s) 13, 41 , 63, and/or 149 (one-Ie社er notation). For 

example , A 149-RNase HI represents the mutant protein in which Cys 149 of the 

wild-type protein is replaced by Ala, and A 13A63_ TRNH[.ð. 150・ 161] represents the 

mutant protein in which Cys13 and Cys63 of TRNH[ð150・161] are replaced by 

Ala. 

AII primers were synthesized by Sawady Technology CO., Ltd. PCR was 
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pe斤ormed for 25 cycles with Perlくin Elmer GeneAmp PCR 8ystem 2400, using 

Vent DNA polymerase from New England Biolabs, Inc. AII of the nucleotide 

sequences of the mutant rnh genes were confirmed by the dideoxy chain 

termination method (39). After digestion by Ndel and Sa/l , the PCR fragments 

were ligated into the Ndel-Sall sites of the plasmid pJAL700T to construct the 

expression vectors for the mutant proteins. The overproducing strains were 

constructed by transforming E. coli HB101 with the resultant expression 

vectors. 

Overproduction and Purification - Cultivation of the E. coli HB101 

transformants with the plasmid pJAL700T derivatives, overproduction of the 

truncated and mutant proteins, and preparations of the crude extracts (Iysates) 

from cells were carried out as described previously for those of the wild-type 

protein (1). However, the following purification procedures were slightly 

modified , as described below. For the purification of the wild-type , truncated , 

and mutant proteins, except for TRNH[~148-161] ， ammonium sulfate was 

added to the crude Iysates to the concentration of 800/0 , and the resultant 

precipitates were collected by the centrifugation at 15,000 x 9 for 30 min at 4 oC. 

They were then suspended in 40 ml of 10 mM Tris-HCI (pH 7.5) containing 1 

mM EDTA (TE bu仔er) ， dialyzed against the TE buffer using a Dialysis 

Membrane (8 ize 20) from Viskase 8ales Corporation , and applied to a column 

(3 mり of P-11 equilibrated with the TE buffer. After washing the column with the 

TE buffer, the enzyme was eluted from the column with a linear gradient of NaCI 

from 0 to 0.5 M in the TE buffer. The protein fractions eluted at an NaCI 

concentration of approximately 0.3 M were pooled. For the purification of 

TRNH[企148・ 161] ， 1 M sodium acetate (pH 5.5) was added to the crude Iysate to 

the concentration of 20 mM. This solution was applied to a column (3 ml) of P-

11 equilibrated with 20 mM sodium acetate (pH 5.5) containing 0.2 M NaCI. 

After washing the column with 20 mM sodium acetate (pH 5.5) containing 0.2 M 

NaCI , the enzyme was eluted from the column with a linear gradient of NaCI 

from 0.2 to 1 M in 20 mM sodium acetate (pH 5.5). The protein fractions eluted at 

an NaCI concentration of approximately 0.7 M were pooled. 

12 

The protein concentration was determined from UV absorption , assuming 

that the mutant proteins obtained in this experiment have the same A2800・ 1 % value 

of 1.6 as that of the wild-type protein (1). The cellular production levels of the 

mutant (truncated) proteins and their purities were estimated by subjecting 

whole cell Iysates to 8DS-PAGE on a 15 % polyacrylamide gel (40) , followed 

by staining with Coomassie Brilliant 8lue. The molecular weight of each 

truncated protein was estimated byapplying an aliquot of the purified sample to 

a column (1.6 x 100 cm) of 8ephacryl 8-300 (Pharmacia) equilibrated with 10 

mM Tris-HCI (pH 7.5) containing 0.1 M NaCI. The fractions of 2.5 ml were 

collected. 官1e flow rate was 10 ml/h. Bovine serum albumin (67K) , ovalbumin 

(43K) , chymotrypsinogen A (25K) , and RNase A (13.7 K) were also applied 

individually to the column as standard proteins. 

RNase H Activity - The enzymatic activity was basically determined in 10 

mM Tris-HCI (pH 8.0) containing 10 mM MgCI 2 , 50 mM NaCI , 1 mM 2 ・

mercaptoethanol (2・Me) ， and 100μg/ml bovine serum albumin at 30 oC by 

measuring the radioactivity of the acid-soluble digestion product from a 3H_ 

labeled M 13 RNAlDNA hybrid, as described previously (29). The concentration 

of 2・Me was changed to 0 or 100 mM, when the effect of 2・Me on the enzymatic 

activity was analyzed. 

Circular Dichroism Spectra - The CD spectra were measured on a J・

720W automatic spectropolarimeter from Japan 8pectroscopic Co. , Ltd. at 

10 oC in 10 mM Tris-HCI (pH 7.5) containing 1 mM EDTA. 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 

(250・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 the 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 
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for the calculation of the ~~Gm values. The theoretical curves for unfolding were temperature of the midpoint of the transition , Tm, were determined as described 

drawn on the assumption that the protein unfolds by a two-state mechanism, 

using the experimentally determined Tm and ~Hm values, and the ~Cp value of 

1.79 kcal/mol determined for E. coli RNase HI (42). 

previously (9) by monitoring the change in the CD value at 220 nm. The proteins 

were dissolved in 20 mM sodium acetate (pH 5.5) containing 1 M guanidine 

protein The described. specifically unless (GdnHCI) , hydrochloride 

concentration was approximately 0.13 mg/ml and a cell with an optical path 

8 
length of 2 mm was used. The enthalpy change of unfolding at the Tm (~Hm) and 

6 the entropy change of unfolding at the Tm (~Sm) were calculated by van't Hoff 
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analysis. The difference in the free energy change of unfolding between the 

。
Tm of the wild勾pe protein (~~Gm)' was mutant and wild-type proteins, at the 

-2 estimated by the relationship given by 8ecktel and Schellman (41) , ~~Gm = 
-4 

-6 

� Tm ，~Sm (wild-type protein). ~ Tm is the change in Tm of a mutant protein relative 

-8 
to that of the wild-type protein. Becktel and Schellman pointed out that it was 

Fig. 1 ・ 2. The relationship between changes in melting temperature and changes in free energy. 
An explanation of the terms in this figure is given in the text. 

possible to relate the ~ Tm to ~~Gm' This is demonstrated in Fig 1 ・ 2. The slanting 

lines are the curves for ~G of the wild-type and the mutant proteins. These lines 

Peptide-mapping analysis - Proteins were digested in 0.1 M Tris-HCI (pH 

cross the abscissa at their Tm• The �.�.Gm is a vertical line connecting the two 

cu rves at Tm of the wild-type and the mutant proteins. S ince a~ G/JT = -~S ， the 
9.0) at 37 oC for 1 h with Iysyl endopeptidase (LEP) at an enzyme/substrate ratio 

of 1 :50. The resultant peptides were separated by reverse-phase HPLC on a 
slopes of the two curves at their Tm are their 一企 Sm' If the stability curve of the 

Cosmosil ODS column (4.6 mm x 150 mm) from トJACALAI tesque using a HPLC mutant protein can be approximated as a straight line , slope =企~Gm/~Tm or 

apparatus from Shimadzu LC-10A. The molecular weight of each peptide was 

analyzed byan on-Iine mass spectrometry equipment LCQ from Finnigan MAT, 

~~Gm = ~ Tm ，~Sm (mutant protein). If the stability curves can be assumed as a 

using electrospray ionization. 
parallel , the ~Sm for the mutant protein can be approximated by the ~Sm for the 

wild-type protein , ~~Gm = ~ Tm ，~Sm (wild-type protein). Generally, the error in 

the �.Sm value is greater than the error in the Tm value. Moreover, the ~Sm value 

for the wild-type protein is generally known with greater ceはainty than the ~Sm 

value for the mutant protein. Therefore , I estimated ~~Gm values for all of the 

mutant proteins by using ð~Gm = ~ Tm.~Sm (wild-type protein). The ~Sm value of 

four 

independent experiments with errors of :t0.04 kcal/(mo卜 K). This value was used 

kcal/(mol.K) from 0.437 be to determined was protein wild-type the 
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truncated proteins of the indicated that all Sephacryl S ・300with filtration 1. 3 Results 

existed in a monomeric form , like the wild-type protein. 

Fig. 1 ・3. P roductions 
proteins in cells. 
The production levels of the T. thermophilus 

RNase HI variants with the C-terminal 
truncations in cells were 加alyzed by 15 % 

SDS-PAGE for the wild-type protein (Ianes 8・

10), TRNH[ß149・161] (Ianes 5 ・7)，加d

TRNH[�144-161] (Ianes 2 ・4). The gel was 
stained with Coomassie Brilliant Blue. Lanes 2, 

5, 8: whole cell extract; lanes 3, 6, 9: soluble 
fraction obtained after sonication Iysis; and 
lanes 4, 7, 10: insoluble fraction obtained after 
sonication Iysis. Size mar1<er proteins in lane 1 
are phosphorylase b for 94K, bovine serum 
a1bumin for 67K, ovalbumin for 43K, carbonic 
anhydrase for 30K, trypsin inhibitor for 20K, 
and α-Iactalbumin for 14K. 

T of structure backbone The Design Truncations C-Terminal 
truncated of 

的ermophilus RNase HI, which has been determined for the residues from Arg2 

to Thr147 with a 2.8 A resolution (28) , as well as the amino acid sequence of the 
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protein , are shown in Fig.1 ・ 1 . Since my initial purpose was to understand the 
10 9 8 7 6 5 4 3 2 

94K 
67K 

43K 

30K 

role of the C-terminal residues in the protein stability and the enzymatic activity, 

I decided to construct mutant proteins with a series of the C-terminal truncations. 

20K 

14K 

The mutant proteins TRNH[ó148-161 トTRNH[ó156-161] were constructed to 

analyze the roles of cysteine and proline residues located at the C-terminal 

were 

constructed to analyze the tolerance of the enzyme for the additional C-terminal 

truncations. 

TRNH[� 146-161] and TRNH[�144-161 ] prote匤s 昨lutantThe reglon. 

Sおbility and Activity of Truncated Proteins - To analyze the effects of the Purif兤ations of Truncated proteins - AII of the truncated proteins that were 

C-terminal truncations on the protein stability, the thermal denaturation curves after form soluble a In recovered were coli HB1 01 , E overproduced in 

were measured by monitoring the change in the CD values at 220 nm (Fig. 1 ・more truncated forms showed a tendency to sonication Iysis, although the 

Fig. 1-4. Thermal denaturation curves 
of the wild-type and truncate d 
proteins. 
The apparent fraction of unfolded protein is 
shown as a function of temperature. Thermal 
denaturation curves 01 all proteins were 
determined at pH 5.5 in the presence of 1 M 
GdnHCI by monitoring the change in the CD 
value at 220 nm, as described under 
“Experimental Procedures". The curves of the 

wild-type ( ・ )， TRNH[� 1 50・161] (0), 

TRNH[ð149・161] (. ), TRNH[゚146-161] (口)，

and TRNH[� 144-161] (ム) proteins are shown. 
as representatives. The theoretical curves for 
unfolding were drawn as described in 
Experimental Procedures. 

4). accumulate in an insoluble form (Fig. 1 ・3). It has previously been shown that the 

wild-type protein in the crude Iysate obtained after sonication Iysis binds to P-11 

at pH 5.5 in the presence of 8 M urea but does not bind to it in the absence of 8 
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40 

M urea (1). Since C-terminal truncations may alter a property of the protein , I 

have examined whether the truncated proteins bind to P-11 in the absence of 8 

60 
M urea. Consequently, I found that only TRNH[�148-161] bound to P-11 in the 

absence of 8 M urea. In addition , I found that the wild-type and all of the other 

20 truncated proteins bound to it if they had been precipitated by the addition of 

ammonium sulfate beforehand. The reason TRNH[ó148・ 161] effectively bound 

100 90 80 70 60 50 40 sulfate ammonlum without the and urea of 8 M P-11 , in the absence to 
Temperature (OC) 

precipitation , remains to be determined. The purification yields were roughly 

25 % for the wild-type and all of the truncated proteins. The amounts of the 

proteins purified from 1-L culture , which gradually decreased as the size of the 
S ince the truncated proteins of T thermophilus RNase HI were constructed 

HI, and the coli RNase E. to identify factors that make it more stable than 

trunca1ed region increased and ranged from 11 10 22 mg for 1hese proteins. Gel 
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Protein Relative Tm L¥Tm L¥Hm 必~
Activity 
(%) (OC) (OC) (kcal/mol) (kcal/mol) 

100 83.7 155 
100 83.3 -0.4 94 -0.2 
100 82.0 -1.7 105 ー 0.7

92 80.0 -3.7 89 -1.6 
92 80.9 -2.8 109 -1.2 

74 72.0 -11.7 135 -5.1 
69 68.1 -15.6 87 -6.8 

70 69.1 -14.6 104 -6.4 
45 66.7 司 17.0 86 -7.4 

The truncated protein TRN H[Ll150 ・ 161] was less stable than the wild-type 

protein only by 2.8 oC in Tm and 1.2 kcal/mol in ~Gm' whereas TRNH[~149・ 161 ] 

was less stable than the w匀d-type protein by 11.7 oC in Tm and 5.1 kcal/mol in 

~Gm・ The enzymat兤 activ咜ies of these truncated proteins were 92 % and 74 % of 

that of the wild-type enzyme. These results indicated that the C-terminal 

truncations of up to 12 residues did not seriously affect either the protein 

stability or the enzymatic activity, but additional truncation of Cys149 

considerably decreased the protein stability without seriously affecting the 

enzymatic activity. Since the stabilit冾s and enzymatic act咩it冾s of the truncated 

proteins gradually decreased as the number of the truncated residues 

匤creased beyond 13, but those of TRN H[~ 144-161] were comparable w咜h 

those of TRNH[Ll149・ 161] ， further truncations of up to five residues again did not 

seriously affect the protein stability or the enzymatic act咩ity. The far-and nearｭ

UV CD spectra of the truncated proteins suggested that the C-terminal 

truncations of up to 18 residues d冝 not seriously influence the secondary and 

te同iary structures of the protein (Fig. ト5). These results indicate that none of the 

four prol匤e residues clustered in the C-terminal region contributes to either the 

enzymat兤 activity or the thermal stability of the protein , but Cys 149 greatly 

contributes to the protein stability. 

stabilities of a variety of the thermostabilizing mutants of E. coli RNase HI have 

been analyzed in the presence of 1 M GdnHCI at pH 5.5, the stabilities of the T 

thermophilus RNase H I mutants were analyzed under these conditions. The 

enzyme was shown to reversibly unfold in a single cooperative fashion at these 

conditions with the Tm value of 83.7 oC. This value was 1.6 oC higher than that 

previously repo吋ed ， because the thermal denaturation curve of the enzyme was 

previously measured at pH 5.5 in the presence of 1.2 M GdnHCI, instead of 1 M 

GdnHCI (1). The thermodynamic parameters of the truncated proteins, as well 

as their enzymatic activit冾s relat咩e to that of the wild-type protein , are 

summarized in Table 1 ・ 1.

Table 1 ・ 1

Enzymatic activities and thermodynamic parameters of mutant proteins with C-terminal 
truncations 
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The enzymatic activity wぉ determined at 30 "c for 15 min in 10 n制 Tris-HCI (pH 8.0) containing 1 0 
mM MgCI2, 50 mM NaCI, 100 悶Iml bovine serum albumin, and 1 円制 2・mercaptoethanol ， by using 

M13 RNNDNA hybrid ぉ asubstrate. The specific activity of the wild-type protein (WT-TRNH) was 
-2.0 units/mg in this condition. Relative activity was calculated by dividing the enzymatic activity of 
the mutant protein by that of the wild-type protein. The melting temperature , Tm, is the 
temperature of the midpoint of the therrnaJ-denaturation transition. The difference in the melting 
temperature between the wild-type and mutant proteins (゚ Tm) is caJculated ぉ Tm(mutant protein) 
- Tm(WT-TRNH). L¥Hm is the enth剖pychange of unfolding at Tm calculated by van't Hoff 加alysis.

The change in the free energy of unfolding of the mutant protein relative to that of the wild-type 

protein 仏ßGm) was estimated by the relationship given by Becktel and Schellman (41): M~ = 
L\ 7ム . L¥Sm (WT-TRNH). The 企 Sm value of 0.437 kcal/( mol'K), which wぉ deterrnined from four 

independent experiments with erro陪 of :t: 0.04 kcal/( mo卜 K) ， was used for the calculation of the 
M~ values. Errors are within 30 % for the enzymatic activity，土 0.5 "C for Tm, :t: 15 kcal/mol for t>.Hm, 

and :t 0.2 kcal/mol for M~. 
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Fig. 1 ・ 5. CD spectra of the wild-type and truncated proteins. 

The CD spectra of the wild-type and 剖1 truncated proteins we陪 measured as described under 
“ Experimental Procedurωn. The far-UV (Ieft) 釦d near-UV (付ght) CD spectra of the wild-type 

protein (solid line) and TRNH[゚  144-161] (broken line) are shown. The spectra of 剖I othe r 
truncated proteins are slightly different from those of the wild-type protein, but with a lesser extent 

than are those of TRNH[゚  144・ 161].
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Stabilities and Activities of Cys Mutants - To examine whether Cys 149 

contributes to the protein stability by forming a disulfide bond , the TRNH[~150-

161] variants with single or multiple Cys • Ala mutations, as well as A149-RNase 

HI, in which Cys 149 of the wild-type protein is replaced by Ala, were constructed. 

If a disulfide bond involving CYS149 as one pa同ner contributed to the protein 

stability, then the mutation of a cysteine residue that is the other paけner would 

reduce the protein stability. The purification procedures for the Cys mutants 

were identical to those for the parent proteins, and the amounts of the mutant 

proteins purified from 1 ・L cultures were roughly the same as those of the parent 

proteins. The stabilities and activities of these Cys mutants are summarized in 

Table 1 ・2. The mutation of Cys41 or Cys149 in TRNH[~150・ 161] decreased the 

protein stability by 8.4-9.2 oC in Tm (3.7-4.0 kcal/mol in ~Gm)' whereas the 

mutation of either Cys 13 or CYS63 decreased it by only 0.8 ・2.1 oC in Tm (0 .4・0.9

kcal/mol in ~Gm)' Similar phenomena were observed for the TRNH[~150・ 161] 

variants with multiple Cys • Ala mutations. Namely, the double mutant protein 

A13A63-TRNH[~150・ 161] ， which contains only two cysteine residues (Cys41 and 

Cys 149) , was less stable than TRNH[~ 150・ 161] by only 2.4 oC in Tm (1.1 kcal/mol 

in ~Gm)' whereas the Cys-free mutant protein A13A41A63A149_TRNH[~150・ 161] 

was less stable than it by 12.0 oC in Tm (5.2 kcal/mol in ~Gm)' The difference in 

Tm between A13A63_TRNH[~150・ 161] and A13A41A63A149_TRNH[企150・ 161] 

(9.6 OC) was comparable to that between TRNH[~150・ 161] and A41_ 

TRNH[~150・ 161] or C149_TRNH仏150・ 161].ln addition , A149-RNase HI was less 

stable than the wild勾pe protein by 9.0 oC in Tm (3.9 kcal/mol in ~Gm)' These 

results strongly suggest that the disulfide bond formed between Cys41 and 

Cys 149 contributes equally to increasing the stabilities both of TRN H[� 150・ 161] 

and the wild-type protein. Among the various Cys mutants, only those in which 

Cys 13 was replaced by Ala had considerably less enzymatic activity than the 

wild-type protein , suggesting that only Cys13 is important for the enzymatic 

activity. 

20 

Table 1 ・ 2

Enzymatic activities and thermodynamic parameters 01 the 士 thermophilusRNase HI and TRNH 
[Ô150・161] variants 

Protein 

WT-TRNH 
WT-TRNH (reduced) a 
A149_TRNH 

TRNH[ð.. 150・ 161] 
A 13_ TRNH [Ô150・ 161] 

A41_ TRNH [Ô150・ 161] 

A 63_ TRNH [Ô150・ 161] 
A 149_ TRNH [Ô150・ 161]

A 13A回-TRNH[ô150・ 161] 
A 13A回-TRNH [Ô150・ 161] (oxidized)b 

N3A63_ TRNH [Ô150・ 161] (reduced)a 
N3A41A63A149_ TRNH [Ô150・ 161] 

S哨-TRNH[Ô150・ 161] 

|湖-TRNH[Ô150・ 161] 

T'特-TRNH[Ô150・ 161] 

V'49-TRNH [ô150・ 161] 

Relative 了。n

Activity 

(%) (OC) 

100 83.7 

100 77.4 

100 74.7 

100 80.9 

17 80.1 

92 71.7 

99 78.8 

87 72.5 

11 78.5 
9 78.5 

11 71.6 

18 68.9 

129 73.1 

115 74.6 

168 75.0 

139 75.8 

�m �..Hm 仏~

(OC) (kcal/moり (kcal/mol) 

155 

-6.3 94 -2.8 

-9.0 117 -3.9 

109 

-0.8 106 -0.4 

-9.2 143 -4.0 

-2.1 112 -0.9 

-8.4 135 ー 3.7

-2.4 110 -1.1 

-2.4 112 -1.1 

-9.3 93 -4.1 

-12.0 124 -5.2 

-7.8 121 -3.4 

-6.3 125 -2.8 

-5.9 126 -2.6 

-5.1 139 -2.2 

The enzymatic activities and the thermal stabilities of the T. thermophilus RNase HI and TRNH 

[ð..150・161] variants were determined as described in the legend 10r Table 1. The relative activity 

01 the T. thermoph匀us RNase HI variant (A 149_TRNH) wぉ calculated by dividing the enzymatic 

activity of th is mutant proteins by that 01 the wild-type protein. The relative activities of the TRNH 
[ð.. 150・ 161] variants were calculated by dividing the enzymatic activity of the mutant protein by that 

of TRNH [Ô150・ 161]. Likewise, the � Tm value is calculated ぉ Tm(mutant protein) 一九州T-TRNH)

10r A湘-RNase HI and ぉ Tm(mutant protein) 一九σRNH [ô150・161]) 10r the TRNH [ô150・161] 

variants. The M~ value is calculated ぉ MG'n= � Tm ,ôSm (WT-TRNH) for A湖-TRNH and ぉ M~

(mutant protein) -M~σRNH [Ô150・ 161]) for the TRNH [ô150・161] variants, in which the 品仏

(mutant protein) 加d MG'n σRNH [ô150・161]) values we陪 calculated as M~ = ﾔ Tm • �..Sm 

(WT-TRNH). Errors are the same ぉ those described in the legend for Table 1-1. 
aThe enzymatic activity wぉ determined in the presence of 100 mM 2・Me 釦d the thermal 

denaturation curve was measured in the presence of 20 mM 2・Me.

吋he protein was therm剖Iy denatured and then renatured at room temperature. The enzymatic 
activity was determined in the absence of 2・Me.
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reduced CYS41 was detected , as expected (Fig. 1 ・6a) .only the peptide w咜h Disulfide Bond Identification - To identify a putative disulfide bond in 

Attempt to isolate A13A63_TRNH[~150・ 161] in a reduced form have thus far been analyses or TRNH[~150・ 161] ， pept冝e-mapping protein either the wild-type 

unsuccessful , because it is unstable in the absence 01 a reducing reagent and were carried out. When these proteins were digested by Iysyl endopeptidase 

reducing reagent is oxidized forms when the an is gradually converted to (LEP) at pH 9.0, peptides with a variety of disulfide bonds, including Cys 13_CyS 13, 

removed. Since the enzymatic activities of the reduced and oxidized forms of 

A13A63_TRNH仏150・ 161] ， relative to that 01 the parent truncated proteín , were 

similar to each other (Table 1 ・2) ， the format卲n of the disulfide bond between 

Cys41-Cys41, Cys63_Cys63, and Cys149_Cys149, were produced (data not shown). In 

addition , all four k匤ds of the peptides with reduced cysteine residues were 

the and protein wild-type the that indicate results These produced. 

Fig. 1 ・6. S e paration of Iysyl 
endopeptidase digests of A13A63_ 
TRNH[ß150 ・ 161] in reduced and 
oxidized forms on reverse-phase 
HPLC. 
The mutant protein A 13A回-TRNH[ß150 ・

161] purified from E. coliwas digested by 
Iysyl endopeptidase (LEP) in the 
presence (司 or absence (b) of 1 mM 2・Me

as described under “Experimental 
Procedures". Likewise , A 13A63_ 
TRNH[ß150・161] ， which was thermally 
denatured and then renatured at room 
temperature , was digested by LEP (c). 
The resultant LEP digests (0.5 nmol) 
were applied on a Cosmosil ODS column 
(4.6 x 150 mm) equilibrated with 10 % 

(v/v) solvent B in solvent A. Elution was 
peバormed by raising linea付y the 
concentration of solvent B in solvent A 
from 10 % to 60 % (v/v) in 25 min. Solvent 
A was aq. 0.1 % (v/v) trifluoroacetic acid 
and solvent B was acetonitrile containing 
0.05 % (v/v) trifluoroacetic acid. The flow 
rate was 1.0 ml/min. The peptides were 
detected by UV at 230 nm. The 
molecular weight of each peptide was 
determined by an on-line mass 
spectrometry. The straight line 
represents the concentration of solvent 
B. AII peptides which we陪 eluted from 
the column were identified, and only the 
peptides with free Cys4¥ disulfide bond 
between two Cys4¥ and that between 
Cys41 and Cys 149 are shown by arrows, 

which a陪 accompanied by "41" I “ 41 ・ 41 ", 
and “41 ・149ヘ respectively.

Cys41 and Cys 149 did not ser卲usly affect the enzymatic activity. TRNH[~150・ 161] mutant protein contain a disulfide bond , but the peptide with 

of the accelerat卲n the 01 because not stable, are bond disulfide this 

sulfhydryl/disulfide exchange react卲ns upon proteolysis. A仕empts to digest the 

a protein with LEP or other proteases at a pH lower than 7 , which would suppress 

60 
0.05 the sulfhydryl/disulfide exchange reactions , have thus far been unsuccessful , 

because the protein is not effectively cleaved under these conditions. Therefore , 

A13A63_ Since LEP. with A 13A63_TRNH[~150・ 161] digest to decided 

TRNH[~150・ 161] contains on Iy two cysteine residues at positions 41 and 149, 

the sulfhydrγI/disulfide exchange reactions occur only when the disulfide bond 

(
〉
\
〉
)
白

V
E
g
-
o
ωポ

。

is paはially formed between these cysteine residues. When it was digested by 

0.05 LEP and the resultant peptides were analyzed by reverse-phase HPLC, the 
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peptide with reduced Cys41 and the peptides with the disulfide bond between 

Cys41 and Cys41 and between Cys41 and Cys 149 were detected (Fig. 1 ・6b). In this 

case, the peptide with reduced Cys 149 and that with the disulfide bond between 

。

Cys 149 and Cys 149 should be generated by the LEP digestion, but they must elute 

in the flowthrough fraction of the reverse-phase column , probably because of 

0.05 their poor hydrophobicities. In contrast, when A13A63_TRNH[~150・ 161] ， which 

was temperatu res , mild at renatured then and was thermally denatured 

digested by LEP, only the peptide with the disulfide bond between Cys41 and 

Cys 149 was detected (Fig. 1 ・6c). These results suggest that the disulfide bond 

10 between Cys41 and Cys 149 is pa同ially (-800/0) formed in A13A63_TRNH[~150・ 161 ], 

when the protein was purified in the absence of a reducing reagent, but was 

Retention time (min) A13A63_ 

TRNH[~150・161] was digested by LEP in the presence of a reducing reagent, 

When denatured. thermally was protein the once formed fully 
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S伯bility in the Presence of Reducing Reagent-To examine whether the 

cleavage of the disulfide bond formed between CYS41 and Cys 149 influences the 

protein stability, the thermal denaturation curves for the wild-type protein , 

A13A63_TRNH[.ð.150 ・ 161] ， and A13A41A63A149_TRNH[.ð.150・ 161] were measured in 

the presence of 20 mM 2-Me. The addition of 2-Me decreased the stabilities of 

thewild-type protein and A13A63_TRNH[.ð.150・ 161] by 6.3 and 6.9 oC in Tm (2.8 

and 3.0 kcal/mol in .�.Gm) , respectively (Table 1-2), but did not seriously affect the 

stability of A13A41A63A149_TRNH[.ð.150・ 161]. These results suggest that the 

disulfide bond formed between Cys41 and Cys149 increases the protein stability 

by 6・7 oC in Tm and -3 kcal/mol in .ð.Gm • 

Stabilities of the TRNHμ 150・ 161J Variants at Cys149 - The mutation of 

Cys41 or Cys149 to Ala decreased the protein stability by -9 oC in Tm and -4 

kcal/mol in .ð.Gm, whereas the cleavage of the disulfide bond by the addition of 

2-Me decreased it by only 6・7 oC in Tm and -3 kcal/mol in .ð.Gm・ These results 

suggest that the thiol groups of these cysteine residues contribute to increase 

the protein stability by 2・3 oC in Tm and -1 kcal/mol in .ð.Gm ・ To clarify the 

mechanism, by which the thiol group increases the protein stability, mutant 

proteins of TRNH[.ð.150・ 161] ， in which Cys149 was replaced by several other 

amino acid residues, were constructed and their thermal denaturations were 

analyzed. The results are summarized in Table 1 ・2. The decrease in the protein 

stability by the mutation of Cys 149 to Val , Th r, or lIe (5-6 oC in Tm and 2.2 ・2.6

kcal/mol in .�.Gm) was comparable to that due to the cleavage of the disulfide 

bond , whereas the decrease in the protein stability by the mutation of Cys149 to 

Ser (7.8 oC in Tm and 3.4 kcal/mol in .�.Gm) was comparable to that due to the 

mutation of Cys 149 to Ala. A characteristic common to the structures of Val , Thr, 

and lIe is that they have nonpolar methyl groups at the y position. Therefore , 

these results suggest that the thiol group of Cys 149 can be replaced by a methyl 

group without seriously affecting the protein stability. The thiol group of CYS149 

may contribute to the protein stability by 2-3 oC in Tm and -1 kcal/mol in .�.Gm by a 

hydrophobic effect. The enzymatic activities of these TRN H[.ð.150・ 161] 

24 

derivatives ranged from 87 % to 168 % of that of TRNH[.ð.150・ 161]. It remains to 

be determined why all of these mutant proteins, except for A149_TRNH[150・ 161 ]，

are more active than TRNH[.�.150-161] . 
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1. 4 D iscussion 

StabiJization Mechanisms of T thermophilus RNase HI-It has previously 

been shown that the sum of the local stabilizing forces or interactions, which are 

independent of one another, account for half of the difference in the in vitro 

stability between the T thermophilus and E. coli RNases HI (9, 12). In this study, 

1 showed that a disulfide bond formed between Cys41 and Cys149 account for 6・

7 oC, which is roughly one-fifth of the difference in the in vitro stability between 

these proteins. Since the Tm value of E. coli RNase HI is 52.0 oC at pH 5.5 in the 

presence of 1 M GdnHCI (12) , the difference in the in vitro stability between て

thermophilus and E. coli RNases HI is 31.7 oC in Tm under these conditions. 

Therefore , the difference in the in vivo stability between these proteins must be 

-25 oC in 九. This means that sum of the stabilizing factors identified thus far 

(16 oC in Tm) (12) already accounts for two・thirds of the difference in the in vivo 

stability between these proteins, if the difference in the Tm values is compared. 

Further mutagenesis studies mayallow us to identify additional interactions that 

can account for the remaining difference in the in vivo stability between these 

prote匤s. 

Stabilization by Disulfide Bond - The disulfide bond is one of the structural 

elements of proteins. It is usually involved in protein stabilization (43) , 

predominantly by reducing the entropy of the unfolded state of proteins (chain 

entropye汗ect) (44-46). It has been reported that the conformational entropy of 

the unfolded protein is decreased in propo吋ion to the increase in the natu ral 

logarithm of the number of the residues in the loop forming disulfide bond (47 , 

48). 1 showed that the formation of the disulfide bond between Cys41 and Cys 149 

increased the protein stability by 6・7 oC in Tm• This value is comparable to those 

repo同ed for the mutant proteins of T4 Iysozyme, in which a single artificial 

disulfide bond was introduced into various positions, so that the sizes of the 

loop formed by the cross-link ranged from 27 to 155 amino acid residues (48). 

The formation of the disulfide bond between Cys41 and Cys 149 in T thermophilus 
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RNase HI did not seriously affect the enzymatic activity, suggesting that the 

formation of this disulfide bond does not seriously affect either the substrate 

binding or the conformation of the active-site. In fact, a model for the threeｭ

dimensional structure of E. coli RNase HI complexed with the substrate 

indicates that Arg41 , which is corresponding to CYS41 in T thermophilus RNase 

HI , is not involved in the substrate-binding site (49). 

Identification of a Disulfide Bond in A'3A63
_ TRNH[t1 150・ 161J - Peptide 

mapping analysis is often used to identify a disulfide bond in a protein molecule. 

However, it is not straigh甘0附ard if the protein contains both reduced and 

oxidized cysteine residues , as T 的ermophilus RNase HI does , because the 

cysteine residues involved in the disulfide bond are rapidly exchanged with the 

reduced cysteine residues upon proteolysis. In this case , the reduced cysteine 

residues should be chemically modified by a thiol-blocking reagent to prevent 

the sulfhydrylfdisulfide exchange reaction. However, Cys 13 of T thermophilus 

RNase HI in the native state , which should be a reduced form , was not 

effectively modified , probably because this residue is relatively well buried 

inside the protein molecule (data not shown). Therefore , I constructed A 13A63_ 

TRNH[i\150・ 161] ， which contains only two cysteine residues at position 41 and 

149 , to provide conclusive evidence that a disulfide bond is formed between 

these residues. Identification of both the reduced and oxidized form of A 13A63_ 

TRNH[i\150・ 161] by peptide mapping analysis (Fig. 1 ・6b) suggests that the 

disulfide bond between Cys41 and Cys 149 is not formed in vivo , but is 

spontaneously formed in vitro during the purification process in the absence of 

a reducing reagent. A similar phenomenon has been observed for elongation 

factor Ts from T 的ermophilus (50 ,51). An intermolecular disulfide bond , 

which contributes to increasing the thermal stability of this protein without 

seriously affecting the enzymatic activity (50) , is not formed in vivo but is formed 

in vitro in the absence of a reducing reagent (51). 
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Possible Involvement of cis-trans Isomerization of Pr014B in the Formation of 

a Non-Cross-Linked Prote匤 - It has been reported that T. thermoph匀us RNase 

HI exists in a reduced form in the absence of a reducing reagent and urea , 

when it was purified in the presence of 8 M urea (1). As analyzed by CD , the 

secondary structure of this protein is not denatured in the presence of 8 M urea 

(1). However, because the backbone structure of the C-terminal region of this 

protein has not been defined by crystallographic analysis (28) , this region may 

be locally unfolded in the presence of 8 M urea, and kept unfolded even when 

urea is removed. Since this region staはs from Pro 148 , Pro 148 may assume a cis 

conformation , and c﨎-trans isomerization of this residue may c陪ate structural 

disorder in this region , thereby disturbing the formation 01 a disul1ide bond 

between Cys41 and Cys149. It has been repoパed that c﨎-trans isomerization of 

Pro often creates an additional , very slow phase in the kinetic processes of 

protein unfolding and refolding (52・54). Crystallographic studies of the wild-

type protein in an oxidized form , with a single disulfide bond between Cys41 and 

Cys 149, will be necessary to prove this hypothesis. 

The existence 01 two forms of T. thermophilus RNase HI evokes a question 

as to whether the thermal denaturation curve previously measured represents 

that of the protein in a reduced form or oxidized form. However, because the 

thermal denaturation curve of the protein in a reduced form was nearly identical 

to that of the protein in an oxidized form (data not shown) , the thermal 

denaturation curve 01 the protein in a reduced form must reflect that of the 

protein in an oxidized form. The thermal denaturation curve was measured by 

monitoring the change in the CD values as the temperature was increased. 

Therefore , the formation of the disulfide bond between Cys41 and Cys 149 may be 

accelerated at high temperatures and completed prior to the initiation of thermal 

denaturation , probably due to a dramatic increase in the rate of cis-trans 

isomerization of Pr0 148
• In fact , the peptide mapping analysis for A13A63

_ 

TRNH[~ 150-161] indicated that the disulfide bond was fully formed between 

Cys41 and Cys 149 , when the protein was thermally denatured (Fig. 1-6c). 
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Tolerance to C-terminal Truncations - There are two conflicting reports on 

the tolerance of E. coli RNase HI to the C-terminal truncations. Haruki et al. (30) 

have shown that the truncated proteins of E. coli RNase HI with Asn 143 at the C-

terminus (143 ・RNase HI) is functional , but that with Met142 at the C-terminus 

(142-RNase HI) is non-functional in vivo. Analyses for the production levels and 

biochemical properties of a series of the mutant proteins with C-terminal 

truncations have suggested that 142・RNase HI is non-1unctional in vivo 

because 01 a dramatic decrease in the protein stability. In addition , the truncated 

proteins with Asn 143, Thr145, and Leu146 at the C-termini could not be purified in 

an amount sufficient for biochemical characterizations, because their 

production levels in cells were quite poor. In contrast, Goedken et al. (55) have 

shown that the truncated protein of E. coli RNase HI with Lys 122 at the C-terminus 

(RNH~E) can be overproduced in E. coli and purified from cells, although it is 

recovered in an insoluble form. This truncated protein is less stable than the 

intact protein and lost Mg2+-dependent activity. However, despite of the fact that 

it does not contain His124 and ASp134, which have been shown to be catalytically 

impoはant (Page 4 Fig. 3) (56, 57), it exhibited Mn2+-dependent activity. Because 

T. 的ermophilus RNase HI is more stable than E. coli RNase HI, it is expected 

that T. thermophilus RNase HI is functionally more tolerant to C-terminal 

truncations than is E. coli RNase HI. In fact, cellular production level of the 

truncated protein of 士 thermophilus RNase HI with Ser143 at the C-terminus 

(TRNH[~ 144-161]) was almost identical with that of the wild-type protein , 

although half of the protein was recovered in an insoluble form after sonication 

Iysis (Fig. 1 ・2). The truncated protein TRNH[~144-161] retains 45 % of the 

enzymatic activity of the wild-type protein and is still more stable than E. coli 

RNase HI by -17 oC in Tm • 有国refore ， it would be informative to analyze the 

effect of the C-terminal truncations beyond the residues 143-161 on the stability 

and activity of T. thermophilus RNase HI. 
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Enzymatic Activities of Cys Mutants ー The mutation of Cys 13 to Ala 

considerably decreased the enzymatic activity of T. thermophilus RNase H 1. It 

has previously been shown that this mutation increased the Km value of E. coli 

RNase HI by 13.5 fold , but did not seriously alter its k己at value (49) , suggesting 

that this mutation impairs the substrate binding of E. coli RNase HI without 

seriously a仔ecting the hydrolysis rate. Therefore , it is unlikely that Cys 13 is 

involved in the catalytic function of 士約ermophilus RNase HI. Instead , as 

proposed for Cys 13 of E. coli RNase HI (49) , the main chain carbonyl oxygen of 

this residue may be engaged in the substrate binding through hydrogen 

bonding. The mutation of Cys13 to Ala may affect the substrate binding of T 

thermophilus RNase HI more profoundly than that of E. col� RNase HI and 

thereby decrease its enzymatic activity. It is notable that A 13A41A63A 149_ 

TRNH[~150・161] is more active than the reduced form of A13A63_TRNH[~150・

161] by -50 % (Table 1 ・2). This observation is surprising , because both of the 

single mutations of Cys41 to Ala and Cys 149 to Ala slightly decrease the 

enzymatic activity of TRN H[~ 150-161]. S ince Cys41 is located relatively close to 

Cys 13, the decrease in the enzymatic activity caused by the mutation of Cys 13 to 

Ala may be compensated , to some extent, by the conformational change 

caused by the mutation of Cys41 to Ala. 
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1. 5 Conclusion 

In this chapter, 1 showed that none of the proline residue clustered in the Cｭ

terminal region of T. 的ermophilus RNase HI contributed to the thermal stability 

of the protein. However, a disulfide bond formed between Cys41 and Cys 149 

accounted for 6・7 oC in Tm and -3 kcal/mol in ~Gm. This disulfide bond was not m 

formed in vivo , but was spontaneously formed in vitro during the purification 

process in the absence of a reducing reagent. These results suggest that the 

difference in the in vivo stability between T thermophilus and E. col� RNases HI 

must be -25 oC in Tm. 
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Chapter 2. Enhancement of T. thermophilus RNase H I Activity 

Enhancement of the Enzymatic Activity of Ribonuclease HI from 

Thermus thermophilus HB8 with a Suppressor Mutation Method 

2. 1 Introduction 

In chapter 1, I have identified and extracted one of the factors that are 

responsible for the difference in the in vitro stability between T. thermophilus 

and E. coli RNases HI. In this chapter, to understand the stability-activity 

relationship of T. thermophilus RNase HI in more detail , 1 a口empted to evolve its 

mutant enzymes with enhanced activity by using an in vitro evolution method. 

In vitro evolution (directed evolution) is an efficient technique to engineer 

protein variants with altered functions. This technique has also been used to 

probe the relationships between stability and activity of enzymes. By using this 

method, the stability of 8acillus subtilis esterase was increased by 140C in Tm , 

without any reduction in enzymatic activity at moderate temperature (13). 

Likewise , the enzymatic activities of 8. subtilis subtilisin E (14) and horse heart 

myoglobin (15) were increased by 256・fold in kcalKm and 24.7・fold in k1 (rate 

constant for H202 oxidation of metmyoglobin) , respectively, without any 

reduction in protein stability. In addition, mutant enzymes of 8. subtilis subtilisin 

E (16) and 8. stearothermophilus catalase 1 (17) , 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 hyperthermophiles. In fact, in vitro 

evolution of hype同hermostable indoleglyceryl phosphate synthase from an 

extreme thermophile Sulfolobus solfataricus generated mutant enzymes, which 

are more active at low temperatures but less stable than the wild-type enzyme 

(58). In order to get more information on the activity-stability rel蚯ionships of 

hype吋hermostable enzymes, I used a similar technique to isolate mutant 
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enzymes of T. thermophilus RNase H I with enhanced activity at moderate 

temperatures. 

To isolate mutant enzymes of T. thermophilus RNase 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, I decided to develop a genetic system. E. coli strain 

MIC3001 with the rnhA-339::cat and recB270(Ts) mutations, which shows an 

RNase H-dependent temperature-sensitive (ts) growth phenotype (59) , 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 

from T. thermophilus HB8 (3) , Saccharomyces cerevisiae (60) , Crithidia 

白sciculata (61) , and Trypanosoma brucei (62) , and Type 2 RNases H from E. 

coli (63) , Streptococcus pneumoniae (64) , and Pyrococcus kodakaraensis 

KOD1 (65) were successfully cloned by their ability to complement the ts 

phenotype of this strain. Because T. thermophilus RNase HI efficiently 

complements the ts phenotype of E. coli MIC3001 , I need to construct a mutant 

enzyme first , which cannot or can only poorly complement the ts phenotype of E. 

coli MIC3001 due to a reduction in the enzymatic activity. Screening for 

second-site reveはants would allow me 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 , It has previously been succeeded in identifying a number of 

mutations that increase the thermal stability of E. coli RNase HI (30). E. col� 

RNase HI complements the ts phenotype of E. coli MIC3001 , whereas the 

truncated protein 142・RNase HI , which lacks the C-terminal 13 residues, cannot 

complement 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. 
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2. 2 Experimental Procedures HI and its mutants were constructed by replacing the small Ndel-Sall fragment 

of pJAL700T with those of pBR600 (Fig. 2・ 1). 

SalI Hょ ndIII

3 ・ -CTTTCGGGGTGGAAATTC註早足立旦主主CGCG-5 ・

Materials 一 [y_32P]ATP (>5000Ci/mmol) was obtained from Amersham. 

Cells and Plasmids - E. coli MIC3001 (F, supE44 , supF58 , lacY1 or 

~(IacIZY)6 ， trpR55 , galK2 , ga庁'22 ， met81, hsdR14(rK-, mK+), rnh-339::cat , 

recB270) was previously constructed (59). Plasmid pBR322 were from Takara 

Shuzo Co.. Ltd. 

Plasmid Construction - Plasmid pBR600, which was used for the 

complementation assay, was constructed by the following procedures. The 

rnhA gene 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 in Chapter 1 for the construction of the 

mutant T. thermophilus RNase HI proteins. The sequences of these primers are 

shown in Fig. 2・ 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 the Mlul site 

encompassing the sequences coding for Lys3-Val5 and silently introduce the 

unique Ss~1 and Mlul sites encompassing the sequences coding for Pro 1_Arg2 

and Glu131_VaI133, respectively. After digestion by the EcoRI and Hindlll , the PCR 

fragment was ligated into the EcoRI-Hindlll sites of plasmid pBR322 to generate 

plasmid pBR600. The promoter for the rnhA gene in this plasmid remains to be 

determined. The plasmid pBR600 derivatives, which contain the mutant rnhA 

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 Asp 134 was 

changed to CAT for His, GAA for Glu , CAA for Gln , TCC for Ser, ACC for Thr, 

GTC for Val , ATC for lIe and CTC for Leu. The mutant enzymes of T. 

thermophilus RNase HI at ASp134 are designated as X134_TRNH , and the mutant 

rnhA genes encoding these mutant enzymes are designated as rnhA 134X, 

where X represents the amino acid residue substituted for Asp 134. Plasmid 

pJAL700TM and its derivatives for the overproduction of T. thermophilus RNase 
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Fig. 2 ・ 1. Construction 01 plasmids pBR600 and pJAL700TM. 
In plasmid pJAL 700T, which was used as a template for PCR, the structuraJ gene of T. 

thermophilus RNase HI (Iarge arrow) is underthe control of the bacteriophageλpromote陪 P R
and PL• Nucleotide sequences together with amino acid sequences of the p 同mers 1-4 (small 
arrows), which were used as 5'-, 3'-mutagenic, 5'-mutagenic, and 3'-primers for PCR, a陪 indicated .

Numbers in the amino acid sequences represent the positions of amino acids in the primary 
structure of 士 thermophilusRNase HI. 
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Random Mutagenesis - Random point mutations were introduced into the 

5'-terminal 400・bp DNA fragment of the rnhA gene by DNA shuffling method 

(66). 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) (Fig. 2-1). 

Taq DNA polymerase (Takara 8huzo Co., Ltdふ instead of Vent DNA 

polymerase, was used for it, because the fidelity of the former is lower 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 ONA 

pool , obtained by the first round of DNA shuffling , was used as a template in 

PCR with primers 1 and 2. After digestion by the EcoRI and Mlul , the resultant 

400-bp PCR fragment was Iigated into the EcoRI・Mlul 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 the Mlul site (Fig. 2・ 1) ， the mutant 

enzymes screened for second-site revertants always contain the Asp 134• His 

mutation , in addition to the mutations introduced by random mutagenesis. I did 

not carry out the second round of DNA shuffling, because desirable suppressor 

mutations were introduced into the rnhA gene by the first round of DNA shuffling. 

For the overproduction of the mutant enzymes without the Asp 134• His mutation, 

the 400・bp Ndel-Mlul fragments of the plasmid pBR600H derivatives were 

substituted for the corresponding fragment in pJAL700TM. The plasmids for the 

overproduction of the single mutant enzymes A 128, K75M, and A77P, in which 

Ala 12, Lys75 , and Ala77 were replaced by 8er, Met, and Pro , respectively, were 

designated as pJAL 128, pJAL75M, and pJAL77P, respectively. 

8creening for the mutant rnhA genes that complemented the 也 phenotype

of E. coli MIC3001 was carried out as described previously (57). E. coli 

MIC3001 cells were transformed with the plasmid pBR600H derivatives by 

electroporation using a Bio-Rad Gene Pulser, as described previously (67). The 

transformants were spread on two Luria-Bertani medium-agar plates with 5 

g/Iiter NaCI and 50 mg/liter ampicillin , because the ts phenotype of MIC3001 is 

less pronounced at higher NaCI concentrations (59). One was incubated at 
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42 oC and the other was incubated at 30 oC. The colonies grown at 42 oC were 

selected and the plasmid pBR600H derivatives were isolated from each clone. 

After confirming that each plasmid suppressed the ts phenotype of E. coli 

MIC3001 , the nucleotide sequences of the mutant rnhA genes were 

determined. 

Combinations of Activating Mutations - Plasmid pJAL 75M177P for the 

overproduction of the double mutant enzyme M75p77-TRNH was constructed by 

site 閉 directed mutagenesis using PCR. Primers 1 and 4 shown in Fig. 2-1 were 

used as 5'-and 3' -primers, respectively, and appropriate primers , instead of 

primers 2 and 3, were used as mutagenic prime陪. 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. pJAL 128 , 

pJAL 75M , pJAL77P, and pJAL75M177P contain the unique Sacl site 

encompassing the sequences coding for Glu48_Leu49. Therefore , plasmids 

pJAL 128175M, pJAL 128177P and pJAL 128175M177P for the overproduction of 

the double mutant enzymes S12M75_TRNH and 8 12p77_TRNH , and triple mutant 

enzyme 812M75p77_TRNH were constructed by replacing the small Sacl-Sall 

fragment of plasmid pJAL 128 with the corresponding fragments of plasmid 

pJAL75M, pJAL77P, and pJAL75M/77P, respectively. 

Overproduction and Purification - The ove巾roducing strains were 

constructed by transfonning E. coli HB101 with the plasmid pJAL700TM 

derivatives. Cultivation of these strains, and overproduction and purification of 

the mutant enzymes were carried out as described in Chapter 1 (68) , except 

that all the purification procedures were carried out in the presence of 1 mM 

DTT. 

RNase H Assay ーThe enzymatic activity was determined in 10 mM Tris-

HCI (pH 8.0) containing 10 mM MgCI2, 50 mM NaCI , 1 mM OTI, and 50μg/ml 

bovine serum albumin at 30 or 60 oC by using a 32P-labeled 29・bp ONA-RNAｭ

DNAlDNA as a substrate. The 29田base DNA-RNA-DNA (5 ' 

AATAGAGAAAAAGaaaaAAGATGGCAAAG・3' ), in which DNA and RNA are 
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represented by uppercase and lowercase le口ers ， respectively, and the 29・base

DNA, which is complementary to this 29・base ONA-RNA-DNA, were kindly 

donated by 10 8iomedical Corp. The preparation of the 32P-labeled 29・bp

DNA-RNA-DNA/ONA substrate and the quantitative analyses of the products 

separated with a 20 % polyacrylamide gel containing 7 M urea using a Instant 

Imager from Packard were carried out as described previously (65). One unit 

was defined as the amount of the enzyme producing 1μmol of products per min. 

The specific activity was defined as the enzymatic activity/mg of protein. For the 

determination of the kinetic parameters, the concentration of the 32P-labeled 

29・bp DNA-RNA-DNA/DNA substrate was varied from 0.2 to 10μM such that it 

spanned the Km value. The amount of the enzyme was controlled carefully such 

that the fraction of the substrate hydrolyzed did not exceed 30 % of the total. In 

this condition , the amount of the product increased in propo而on to the increase 

in the amount of the enzyme or the reaction time 

Circular Oichroism Spectra - The measurements of CD spectra were 

carried out as described in Chapter 1 , except that all of the CD spectra were 

measured at 300C in 10 mM sodium acetate (pH 5.5) containing 0.1 M NaCI and 

1 mM DTT. 

Thermal Oenaturation - The thermal denaturation curves and the 

temperature of the midpoint of the transition , Tm, were determined as described 

in Chapter 1 , by monitoring the change in the CD value at 220 nm. The proteins 

were dissolved in 20 mM sodium acetate (pH 5.5) containing 1 M guanidine 

hydrochloride (GdnHCI) and 1 mM OTT. 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 the Tm (!:iHm) and the entropy change 

of unfolding at the Tm (!:iSm) were calculated by van't Hoff analysis. The 

difference in the free energy change of unfolding between the mutant and 

wild-type proteins, at the Tm of the wild-type protein (!:iðGm) , was estimated by 

the relationship given by 8ecktel and Schellman (41) , !:i!:iGm = !:i Tm.�m (wildｭ

type protein). The � m value of the wild-type protein was determined to be 
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0.269 kcal/(mol.K) from four independent experiments with errors of :t0.04 

kcal/(mol.K). This value was used for the calculation of the �G m values. 
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2. 3 Results 

Mutations at ASp'34 ー It has previously been shown that Asp 134 of E. coli 

RNase HI is involved in a catalytic function , but nine amino acid residues (Asn , 

His, Glu , Gln , Ser, Th r, Val , lIe, and Leu) are permissive at this position (57). AII 

the resultant mutant enzymes retained the ability to complement the ts 

phenotype of E. coli MIC3001. However, the complementation abilities of these 

mutant enzymes, which were estimated from the sizes of the colonies of E. coli 

MIC3001 transformants grown at 42 oC , were correlated with the levels of their 

enzymatic activities. These results prompted me to examine whether the 

mutations at Asp 134 of T. thermophilus RNase HI equally reduce the catalytic 

activity of the enzyme and thereby reduce its complementation ability. AII the 

amino acid residues that have been shown to be permissive at position 134 of E. 

coli RNase HI, except for Asn , were substituted for Asp 134 of T. thermophilus 

RNase HI, and the effects of these mutations on the complementation ability of 

the enzyme were analyzed. The e行ect of the Asp 134• Asn mutation was not 

analyzed , because the N134_TRNH enzyme, in which Asp 134 is replaced by Asn , 

is expected to retain almost full activity, as did the E. coli RNase HI variant with 

this mutation (69). Interestingly, all the mutant enzymes, except for the H134
_ 

TRN H enzyme , in which Asp 134 was replaced by His, lost the complementation 

ability, suggesting that these mutant enzymes are not functional in vivo. The 

H134_TRNH enzyme retained low complementation ability, as compared to that 

of the wild-type enzyme. When E. coli MIC3001 transformants with pBR600 and 

pBR600H , in which the wild-type and H134_TRNH enzymes are produced , were 

grown on the plates at 42 oC for 18 h, the former formed colonies, whereas the 

la杭er did not. E. coli MIC3001 transformants with pBR600H formed colonies , 

only when they were grown at 42 oC for more than 24 h. I used the H134_TRNH 

enzyme for screening of second-site reve吋ants.
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Enzymatic Activity and Thermal Stability of H'34_ TRNH enzyme - To 

confirm that the reduction in the complementation ability of the H134_TRNH 

enzyme is due to the reduction in its catalytic activity , the enzymatic activity and 

thermal stability of the purified H134_TRNH enzyme were determined and 

compared with those of the wild-type enzyme. The kinetic parameters of the 

wild-type and H134_TRNH enzymes were determined at 30 oC using the 29・bp

DNA-RNA-DNAlDNA substrate. This substrate is suitable to determine the 

kinetic parameters of the RNase HI enzymes, because it is cleaved by E. coli 

RNase HI at a unique position in the middle of the tetra-adenosines (65). て

thermophilus RNase HI and its variants constructed in this experiment also 

c1eaved it at this position (data not shown). The results are summarized in Table 

2-1 . The Asp 134• His mutation resulted in a large reduction in the ~ωvalue ， 

along with a slight reduction in the Km value. As the result , the catalytic efficiency 

(kcaIKm) ofthe H134_TRNH enzyme , which was only -9 % of that ofthe wild-type 

enzyme, was decreased due to the reduction in the hydrolysis rate (kcat)' 

Enzyme 

WT-TRNH 
H'34_TRNH 

Table 2 ・ 1

Kinetic Parameters of the Wild-type and H34-TRNH Enzymes 

Km 
(μM) 

7.8 

3.3 

kcat 
(minぺ)

4.9 

0.18 

kcalKm 
(μM-1 .minぺ)

0.63 

0.055 

Relative 

九IKm

1.0 

0.087 

The enzymatic activity was determined at 300C for 15 min in 10 mM 丁目s-HCI (pH 8.0) containing 10 
mM MgCI2, 50 mM NaCI, 50 ドg/ml bovine se則m a1bumin , and 1 mM DアT， by using 32p ・labeled

29・bp DNA-RNA-DNA/DNA ぉ a substrate. The kinetic pararneters were determined by a least-
squares fit of the data obtained from the Lineweaver-Burk plots. The relative 九a/Km wぉ calculated

by dividing the ら/Km v剖ue of the mut加t enzyme by that of the wild-type enzyme. Errors are 
within 30 % for the Km and kcat values reported , which are the averages of two independent 
experiments. 
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The thermal denaturation curves of the wild-type and H134_TRNH enzymes 

were measured by monitoring the change in the CD values at 220 nm at pH 5.5 

in the presence of 1 M GdnHCI and 1 mM DTT. 80th 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・2. The Tm value of the wild-type enzyme (77.4
0C) was identical with that 

determined in Chapter 1 at pH 5.5 in the presence of 1 M GdnHCI and 20 mM 

2 ・mercaptoehtanol ， suggesting that the thermal denaturation curve of the wildｭ

type enzyme obtained in this experiment represents that of the enzyme in a 

reduced form. The H134_TRNH enzyme was more stable than the wild 圃type

enzyme by 2.0 oC in Tm and 0.5 kcal/mol in i1Gm, suggesting that the ASp134• 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 is not markedly changed by 

the mutation. 

Table 2 ・ 2

Thermodynamic Parameters of the Wild-type and H叩-TRNH Enzymes 

Enzyme Tm �.Tm �.Hrr M~ 
(OC) (OC) (kcal/mol) (kcal/mol) 

WT-TRNH 77.4 94 
H134_TRNH 79.4 2.0 101 0.5 

The �.Sm value of the wild-type protein was detennined to be 0.269 kcaV(mol.K) from four 
independent experiments with erro陪 of :t0.04 kcal/(mol.K). Errors a陪 the same as those described 
in the legend for Table 1-1. 
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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 , random 

mutagenesis was introduced into the upstream region of the codon 134 in the 

rnhA 134H gene, to avoid the reversion of the original point mutation at the 

codon 134. This region encompasses the sequences encoding amino acid 

residues at positions 7-128 (Fig. 2・ 1). When E. coli MIC3001 transformants 

were examined for their growth at 42 oC, the transformants which form colonies 

in 18 h, were obtained with a frequency of 1/104
, Plasmid DNAs were isolated 

from 10 colonies grown at 42 oC (strains 1-10) and the DNA sequences of the 

mutant rnhA 134H genes were determined. The results are summarized in 

Table 2・3. Strains 2 and 10 produced the same variant of the H134_TRNH 

enzyme with single Ala77• Pro mutation. Likewise, strains 5 and 8 produced the 

H134_TRNH enzyme variants with single Lys75• Met and Ala 12• Ser mutations, 

respectively. Other strains produced the H134_TRNH enzyme variants with 

double and quadruple mutations, in which either the Ala 12• Ser, Lys75• Met, or 

Ala77• 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 eleven mutations isolated in this experiment, only the 

Ala 12• Ser, Lys75• Met, or Ala77• Pro mutation can suppress the effect of the 

ASp134• 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. I have not purified and biochemically characterized the 

mutant enzymes with both suppressor and ASp134• His mutations. 
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Table 2 ・ 3

Complementation Levels of the Revertants of the H'34_TRNH Enzyme and Mutations Contained in 
these Revertants 

Strain 
number 

#1 

#2 

#3 

#4 

#5 

#6 

#7 

#8 

#9 

#10 

Complementation Mutations with 
level amino acid substitutions 

+ + Ala '2 → Ser(~CC →士CC)
Lys '22 • Arg(MG• AQG) 

+ + Ala77 → Pro~CC → QCC) 
+ Ala'2 → Ser~CC → ICC) 

Le♂ → Pro(C~工C→ CQC)
A/.♂→ Val(GQG → GIG) 
Arg717 → Cys(QGC →工GC)

+ Lys75 → Met(A企G→ AIG)
His119 → Tyr(:豆~C →工AC)

+ + Lys万→ Met仏企G→ AIG)
十 + Ala40 • Pro(QCC • QCC) 

Lys万→ Met仏企G→ AIG)
+ GIif4 → Go/(G~G→ GQG) 

Ala力→ Pro(~CC → QCC)
+ + Ala '2 → Ser~CC → ICC) 
+ Ly♂→ Met(A企G→ AIG)

Glu1CJ5 → Gly(G~G→ GQG) 
+ + Ala77→ Pro~CC → QCC) 

Mutations without 
amino acid substitutions 

Ala52 (GCQ • GCI) 
Val"6(GT.Q• GTA) 
Cys13σGQ → TGI) 

Glu綿(GA~→ GAA)

Leu25(CTQ → CT士)
Leu25(CTQ → CT士)
A岡田(GC~ → GC企)

Leu25(CTQ → CT士)

PheæσTQ→廿1)

Complementation level was estimated from the size 01 the colonies 01 E. coli MIC3001 
t ransformants 副 42 oC (“++" 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 under1ines represent 
the substituted nucleotides. The mutations, which alone may not be able to improve the 
complementation ability of the H'34_TRNH enzyme, a陪 shown in italics. 
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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 oC using the 29・bp DNA-RNA-DNAlDNA 

substrate and compared with those of the wild-type enzyme. The results are 

summarized in Table 2-4. The Ala 12• Ser mutation decreased the Km value by 

5.2 fold without seriously a仔ecting the kcat value. The Lys75• Met mutation 

increased the kcat value by 1.6 fold without seriously a仔ecting the Km value. The 

Ala77• Pro mutation decreased the Km value by 2.4 fold and increased the kcat 

value by 1.5 fold. Accordingly, all of these mutations increased the kcalKm 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 

H134_TRNH enzyme, enhanced the catalytic efficiency of the wild-type enzyme at 

moderate temperatures. Combination of these suppressor mutations generated 

more active mutant enzymes with the kcalKm values that were higher than that of 

the wild-type enzyme by 16・40 fold (Table 2-4). of them, the S12M75p77_TRNH 

enzyme , which contain all three suppressor mutations, exhibited the highest 

catalytic e刊ciency. For the multiple mutant enzymes, hypothetical relative 

kcalKm values were obtained by assuming that each effect of suppressor 

mutation on the enzymatic activity was independent and cumulative. The results 

indicated that the kcalKm values of all the multiple mutant enzymes were higher 

than their hypothetical values, but only by at most 2 fold , mainly due to the 

cooperative increases in their kcat values. Thus, the each effect of suppressor 

mutation on the enzymatic activity was roughly cumulative, while all the 

combinations created cooperative effect on the hydrolysis rate. 

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 S12M75p77_TRNH enzymes were 

determined at 30 and 60 oC using the 29・bp DNA-RNA-DNAlDNA substrate 

(Table 2・5). This triple mutant enzyme was chosen as a representative of the 

mutant enzymes, because it showed the highest activity. The specific activity of 
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this mutant enzyme was higher than that of the wild-type enzyme by -20 fold 

both at 30 and 60 oC , suggesting that combination of three suppressor 

mutations enhanced the enzymatic activity of て thermophilus RNase H I at its 

optimum temperature. The optimum temperature of て thermophilus RNase HI 

has not been determined , because the duplex form of the substrate is 

denatured at the temperatures higher than 70 oC. 

Enzyme 

WT-TRNH 
S12_TRNH 

M乃-TRNH

pT7-TRNH 
S'2M乃-TRNH

S12pπ-TRNH 

M乃p力-TRNH

S 12M万P T7-TRNH

Table 2 ・ 4

Kinetic Parameters of the Wild-type and Mutant Enzymes 

K 円、 九at 九a/Km Relative 
(μM) (min") (μM'.min") kca/Km 

7.8 4.9 0.63 1.0 
1.5 4.5 3.0 4.8 
6.1 8.0 1.3 2.1 

3.3 7.3 2.2 3.5 
1.1 12 11 17 
1.3 15 12 19 
2.0 20 10 16 
1.1 27 25 40 

Hypothetical 

relative kca/ Km 

1.0 

10 
17 
7.4 

35 

The enzymatic activities and kinetic p卸ヨmeters of the wild-type and mut加t enzymes were 
determined as described in the legend for Table 2・1. HypotheticaJ relative 九a/Km vaJues were 
calculated by multiplying the relative 九/Kmvalues of the single mutant enzymes with constituent 
substitutions. Errors a陪 the same as those described in the legend for Table 2-1. 

Table 2 ・ 5

Comparison of Specific Activities of the Wild-type and S 12M75P刀-TRNH Enzymes 

Enzyme Temperature Specific activity Relative 
(OC) (U/mg) activity 

WT-TRNH 30 0.029 1.0 
60 0.78 27 

S'2M75pT7_TRNH 30 0.59 20 

60 15 517 

Specific activities were determined at 30 and 60 OC for 15 min by using 32P-labeled 29・bp pNAｭ

RNA-DNA/DNA as a substrate under the conditions described under legend for 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 
substrate was 1μM. Errors are the same as those described in the legend for Table 2-1. 
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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 (Fig. 2 ・2). AII 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 in a two state mechanism, are 

summarized in Table 2・6. Of the single mutant enzymes, only the p77-TRNH 

enzyme was considerably less stable than the wild-type enzyme by 5.70C in Tm 

and 1.5 kcal/mol in ~Gm' indicating that the Ala77• Pro mutation considerably 

decreased the protein stability, whereas other mutations did not seriously affect 

it. However, the M75p77-TRNH and S12M75p77_TRNH enzymes, which contain 

both the Lys75• Met and Ala 77• Pro mutations, were less stable than the wildｭ

type enzyme only by 1.8 and 2.40C in Tm and 0.5 and 0.7 kcal/mol in ~Gm' 

respectively. These results suggest that the destabilization effect of the 

Ala77• Pro mutation is compensated by the Lys75• Met mutation , which does 

not seriously affect the protein stability by itself. The Ala12• Ser mutation did not 

compensate this destabilization effect, because the S12p77-TRNH enzyme was 

less stable than the wild-type enzyme by 6.40C in Tm and 1.7 kcal/mol in ~Gm' To 

evaluate the cooperative effects of the Lys75• Met and Ala 77• Pro mutations on 

the protein stability more quantitatively, the hypothetical M Gm values were 

calculated for the multiple mutant enzymes by simply adding the MGm values of 

the single mutant enzymes with constituent substitutions (Table 2・6). The M Gm 

values of the S12M75_TRNH and S12p77-TRNH enzymes were almost identical 

with the hypothetical values. In contrast, The MGm values of the M
75p77_TRNH 

and S12M75p77_TRNH enzymes were higher than the hypothetical values by -1 

kcal/mol in ~Gm' 
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CD spectra - The far-UV CD spectra of all mutant enzymes, except for 

were enzymes , S 12M75p77 -TRN H and M75p77 -TRN H the of those 

indistinguishable from that of the wild-type enzyme (data not shown). AII spectra 

gave a broad trough with the minimum [8] value of --12 ,500 around 210・215

nm. However, the spectra of the M75p77_TRNH and S12M75p77_TRNH enzymes, 

which were similar with each other, were different from that of the wild-type 

enzyme in the 220-235 nm region (Fig. 2・3a). In this region , the former spectra 

result, the former spectra gave were sharper than the latter spectrum. As a 

another small minimum with the [8] value of --2 ,500 at 235 nm, whereas the 

latter spectrum did not. This difference may be produced by conformational 

Fig. 2 ・ 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 
GdnHCI and 1 mM 01寸 by monitoring 
the change in the CO value at 220 nm, 
as described under “ Expe rime ntal 
Procedures". The curves of the 

wild-type (・)， p77-TRNH (口)， S12p77
_ 

TRNH (0), M75p刀-TRNH (ム)， and 

S 12M汚p力-TRNH (・) enzymes 

shown as representatives. 
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changes of the aromatic residues , because the spectrum of the M75p77 -TRNH or 

S 12M75p77_TRNH 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, 

CD the to residue of the tryptophan positive contribution a and because 
Table 2 ・ 6

Thermodynamic Parameters of the Wild-type and Mutant Enzymes spectrum at 228 nm has been repoはed (70). In fact, the near-UV CD spectra of 

three-the reveals which enzymes, and S12M75p77_TRNH M75p77_TRNH the Hypothetical 
M~(kcal/moりa

M~ 
(kcallmoり

!iHm 
(kcallmol) 

!iTm 

(OC) 
T m 

(OC) 
Enzyme 

dimensional environments of the aromatic residues, were slightly different from 

that 01 the wild-type enzyme (Fig. 2-3b) , whereas those 01 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• Met and 
-0.2 
-1.9 

-1.3 

・ 1.7

Ala77• Pro mutations causes a local conformational change, but only to a small 
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77.4 

76.0 

78.2 

71.7 

76.8 

71.0 

75.6 

75.0 

WT-TRNH 
S12_TRNH 

M75-TRNH 
P77-TRNH 
S 12M万-TRNH

S12p77-TRNH 
M汚P77-TRNH

S 12M万p刀-TRNH extent. Thus, all of three suppressor mutations and their combinations did not 

seriously affect the overall structure of the enzyme. Errors are the same 笛 those described in the legend for Table 1 ・ 1 . 

aHypothetical M~ values represent the sum of the M~ values of the single mutant enzymes with 
constituent substitutions. 
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2. 4 D iscussion 

Fig.2 ・3. CD spectra of the wildｭ
type and mutant enzymes. 
The CD spectra of the wild-type and all 
mutant enzymes were measured as 
described under “ Experimental 
Procedures". (司 The far-UV CD 

spect山m of the M75p77_TRNH enzyme 
(thin line) is shown in compa巾on with 
that 01 the wild-type enzyme (thick line). 
The far-UV CD spectrum of the 
S12M75p77_TRNH enzyme is basicaJly the 
same as that of the M75p77_TRNH 

enzyme. The far-UV CD spectra 01 all 
other mutant enzymes are basicaJly the 
S剖118 as that of the wild-type enzyme. 
(b) The near-UV CD spect山m of the 
S 12M万P 77-TRNH enzyme (broken line) is 
shown in compa同son with that of the 
wild-type enzyme (thick line). The nearｭ
UV CD spectrum of the M75p77_TRNH 
enzyme is similar to that 01 the 
S 12M75p力-TRNH enzyme, whereas 
those of other mutant enzymes are 
similar to that of the wild-type enzyme. 

Strategy to Enhance Enzymatic Activity - In this study, I employed 

suppressor mutation methods to improve the enzymatic activity of 士

thermophilus RNase HI. This method includes complementation of the RNase 

H-dependent ts phenotype of E. coli MIC3001. of the eight mutant enzymes, in 

which ASp134 was replaced by various amino acid residues , only the H134_TRNH 

enzyme complemented the ts phenotype of E. co/i MIC3001 , but with poor 

efficiency. Because the enzymatic activity of the H134_TRNH enzyme must be 

close to the critical level of RNase H activity, which is required to complement 

the ts phenotype of E. co/i 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 H134_TRNH 

enzyme allowed me to isolate three suppressor mutations that improved the 

catalytic efficiency of the wild-type enzyme only by 2.1-4.8 fold. In contrast, 

a社empts to isolate second-site reve吋ants of other mutant enzymes, such as 

E134_TRNH and Q134_TRNH , have been so far unsuccessful (data not shown). In 

addition , none of the suppressor mutations of the H134_TRNH enzyme were 

sufficient to make these mutant enzymes functional in vivo , even when all of 

them were combined (data not shown). Therefore , the enzymatic activities of 

other mutant enzymes must be lower than the critical level by more than 40 fold. 

These results are consistent with the previous ones that the Asp 134• His 

mutation reduced the enzymatic activity of E. coli RNase HI only by 40 0/0 , 

whereas other mutations dramatically reduced it by more than 100 fold (57). 

The complementation abilities of the て thermophilus RNase HI variants were 

always lower than those of the corresponding E. coli RNase H I variants, 

p robably because the enzymatic activity of T. 的ermophilus RNase HI in the E. 

coli cells is much lower than that of E. coli RNase HI. 
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Ala 12• S er Mutation - The Ala 12• Ser mutation improved the affinity of 

the enzyme for the substrate , without seriously affecting the hydrolysis rate and 

thermal stability of the enzyme. Ala 12 is located in the ゚ A-strand and exposed to 

the solvent (Fig. 2-4a). This residue is replaced by Ser in E. coli RNase HI. 

Because other residues around this residue from Phe8 to Gly21 are fully 

conserved in E. coli RNase HI, the Ala 12• Ser mutation makes the sequence of 

a peptide segment from Phe8 to Gly21 identical with that of E. co/i RNase HI. 

Structural and mutational studies of E. coli RNase HI revealed that ASp10, GIU48 , 

ASp70, His 124, and Asp 134 form the active-site (24). According to the latest model 

for the catalytic mechanism of the enzyme (Page 4 Fig. 3) (71) , His 124 accepts a 

proton from an attacking H20 molecule that acts as a general base. Asp 134 hold 

this H20 molecule. GIU48 anchors the H20 molecule that acts as a general acid. 

Asp 10, as well as the main chain carbonyl oxygen of Gly11 , provide coordinating 

groups for binding of the catalytically-essential Mg2+ ion. ASp70 governs the 

conformation of ASp10. In addition , a large c1eft-like depression , which extends 

from the negatively charged active-site to the positively charged αIII-helix and 

the following loop , has been proposed to form the substrate binding site (24). 

Cys13, Asn16, Th~3 ， Asn44, and Asn4510cated in this depression have been shown 

to be involved in substrate binding (49). AII of these residues involved in the 

catalytic function and substrate binding are conserved in T. thermophilus 

RNase HI. of them, ASp10, Gly1¥ Cys13, and Asn16 are located in a peptide 

segment from Phe8 to Gly21. Therefore, it seems Iikely that the Ala 12• Ser 

mutation causes a conformational change, which is favorable for the amino acid 

residues involved in the substrate binding. This conformational change must be 

subtle , because the far-and near-UV CD spectra of the S12_TRNH enzyme were 

almost identical with those of the wild-type enzyme. It is unlikely that Ser12 of the 

S 12_TRN H 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. 

col� RNase HI is not directly involved in the substrate binding (49). 
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a Lys75• Met 

Ala12• Ser 

Fig. 2 ・4. Three-dimensional structure of T. thermophilus RNase H 1. 
(a) The backbone structure of T. therrnophilus RNase HI, determined by Ishikawa et a1. (28), was 

drawn with the program RasMol. Arg2 and Thr147 represent the N-and C-terminal residues in this 
crystal structure , because the N-terminal region from Me門o Pro 1 and the C-terminaJ region from 
Pro 148 to Ala'61 have not been defined by crystaJlographic an剖yses ， probably due to structuraJ 
disorder. The side chains of Ala12, LYS75, and Ala77, as well as the types of the amino acid 
substitutions that enhance the catalytic efficiency of the enzyme，百'e indicated. In addition , the 
side chains of the active-site residues (Aspペ Gluベ Asp汽 Hism，卸d ASp134) are shown. (b) The 
backbone structure around Lys75 and Ala77 﨎 shown. The side cha匤s of these resídues, as well as 
those of Trp竺 Trp1ω ， Phe'aJ, and Lys122 are shown. The numbers indicate atomic distance (ﾁ). This 
crystal structure of T. thermophilus RNase HI has been deposited in the Brookhaven Protein Data 
Bank under accession number 1 RIし
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Lys75• Met and Ala 77• Pro Mutations - The LYS75• 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• Pro 

mutation increased both the hydrolysis rate and affinity for the substrate of the 

enzyme, 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 

between LYS75 and Lys 122 does not contribute the protein stability. 

Ala77 is almost fully buried inside the protein molecule. The Ala77• Pro 

mutation destabilized the protein, probably due to the intrinsic destabilization of 

the αII-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, 

slight conformational change of this helix may induce favorable conformational 

changes of both active-site and substrate binding site. It has previously been 

reported that conformational difference in the αII-helix between T. thermophilus 

and E. coli RNases HI accounts for a small shift of the side-chain of ASp70 (28). 

RNase HI, respectively, are located in the αII-helix ， which extends from Tyr73 to 

GluBO (Fig. 2-4a). This helix, together with αト and αIV-helices and ßE-strand , 

form a hydrophobic core of the protein (28). In addition , this helix has been 

proposed to form the substrate-binding site (49) , although none of the specific 

interactions between this helix and substrate has been identified. Thus, this 

helix is structurally 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 in E. coli RNase HI. As the result, the αII-helix of T 

的ermophilus RNase HI is shifted away from the molecular center by more than 

1 A as compared to that of E. coli RNase HI (28). This shift has been suggested 

to be one of the factors that are responsible for the high stability and low activity 

of て thermophilus RNase HI at moderate temperatures as compared to those of 

E. coli RNase HI (28). 

しys75 is exposed to the solvent, although the methylene groups in the side 

chain of this residue seem to make hydrophobic contacts with Phe120 (Fig. 2-4b). 

In addition , this amino group probably makes an electrostatic interaction with 

that of Lys122 (Fig. 2 ・4b). Phe120 and Lys122 are located in the ゚ E-strand (Fig. 2・

4a). The loop following this -゚strand contains His 124. Because it has been 

suggested that the flexibility of this loop is important to position His 124 to catalyze 

the hydrolytic reaction (28) , the Lys75• Met mutation may alter the interaction 

between the E゚-strand and αII-helix and thereby induces a favorable 

conformational change of His124. The Lys75• Met mutation did not seriously 

affect the protein stability, probably because the positive-charge repulsion 

Cooperativity in the Effects of Mutations - The effect of each mutation on 

enzymatic activity are roughly cumulative , but all the combinations show a 

cooperative increase in the hydrolysis rate. This cooperative increase may be 

caused by the introduction of Lys75• Met or Ala77• Pro mutations, which 

increase the hydrolysis rate, because these mutations may induce the favorable 

conformational changes of the active-site residues, His 124 or ASp70. In addition , 

since the backbone of Ala 12 connects with that of catalytic residue, Asp 10, there 

is a possibility that the Ala 12• Ser mutation combined with other mutations may 

also induce a favorable conformational change of the active-site , despite the 

fact that this mutation alone does not seriously affect the hydrolysis rate. 

Therefore, persisting conformational changes of active-site may account for the 

cooperative increase in the hydrolysis rate , when each suppressor mutation is 

combined with each other. 

The effects of the LYS75• Met and Ala77• 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 Fig. 2-3 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 (Fig. 2-4b). In addition , 

54 R
d
 

R
J
 



Tyr73 , Trp81 , and Trp90 are located around this region. Therefore , it seems likely 

that the conformation of the αII-helix was significantly changed when the 

Lys75• Met and Ala77• Pro mutations were simultaneously introduced and this 

change forced these aromatic residues to change their configurations. The 

elimination or introduction of the interactions that specified this conformational 

change remained to be determined. However, this conformational change is 

favorable for protein stability, because the M75p77-TRNH enzyme was more 

stable than the p77-TRNH enzyme by 3.9 oC in Tm and 1.0 kcal/mol in � m 

Stability -Activity Re伯tionships - In this study, 1 showed that the enzymatic 

activities of て thermophilus RNase HI at both lowand high temperatures were 

improved without a cost of protein stability. This result suggests that 

hype吋hermophilic enzymes are not optimized in their activities even at their 

physiological conditions. Then the question arises whether an increase in the 

enzymatic activity of 士 thermophilus RNase HI is accompanied byan increase 

in the conformational flexibility. It has previously been shown that the thermal 

stability of E. coli RNase HI could be improved without serious loss of enzymatic 

activity (12). Hydrogen-deuterium exchange analyses of the E. coli RNase HI 

variant, which is more stable than the wild-type protein by 20.20C in Tm, have 

shown that an increase in stability does not cause global changes in the 

backbone dynamics on fast and slow time scales (72). 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 of T. thermophilus RNase HI, because the backbone 

amide hydrogens of this protein have recently been assigned by using 

heteronuclear NMR spectroscopy (73). Therefore, it would be informative to 

analyze the conformational flexibility of the T. 的ermophilus RNase HI variant 

with enhanced catalytic efficiency and compare with that of the wild-type 

enzyme. These studies will facilitate the understanding for the relationships of 

stability, activity, and flexibility of enzymes in more detail. 
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2. 5 Conclusion 

In this chapter, 1 showed that the Asp 134• His mutation greatly reduced the 

catalytic activity of T. thermophilus RNase HI and the resultant mutant enzyme 

H134_TRNH could only poorly complement the ts phenotype of E. coli MIC3001. 

Random mutagenesis, followed by screening for second-site revertants , 

allowed me to isolate three single amino acid substitutions, Ala12• Ser, 

Lys75• Met, and Ala77• Pro , that increase the catalytic efficiency (kcaIKm) of T. 

thermophilus RNase 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. 
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Chapter 3. A DNA-linked RNase H with T. thermophilus RNase H I 

Efficient C leavage of RNA at H igh Temperatures by a Thermostable 

DNA-linked Ribonuclease H r---r- S ベ，Cys'"

o弘、 “ /，，0、 N'

{とH.J，
CO 
NH 

ctL-o-@G-T-C・A-T-C・T-C・C .OH
叫OH 3'- C・A-GUfG-AGG 5

1 1 

Fig. 3 ・ 1. Structure of the d 9 ・A13AfiJA 133C135-RNase H. 

The d9-mer is covaJently attached to Cys135, which is substituted for Glu , through a linker. The r9-
mer hybridized to the d9 ・merpoバion of the d9-A 13A田'A133Cl35-RNase H, which is shown in an italic 
type, is cleaved at the site shown by a thick arrow. Cleavage sites of the r9-mer with the unmodified 
enzyme + d9-mer are shown by thin arrows. 

3. 1 Introduction 

In the previous chapters , I have analyzed the stability-activity-structure 

relationships of T. thermophi!us RNase HI. In this chapter, 1 constructed a DNA-

linked RNase H by crosslinking a DNA oligomer to T. thermophiJus RNase HI, to 

examine this hybrid enzyme is more useful than that constructed using E. co!i 

RNase HI for the site-specific cleavage of RNA at high temperatures. 

It has previously been shown that the d9・A1 3A63A133C135_ERNH ， in which the 

9-mer DNA with a sequence of 5'-GTCATCTCC-3' is crosslinked to E. co!i 

RNase H 1, cleaves an RNA oligomer in a sequence-specific manner (Fig. 3-1) 

(19). The d9・A13A63A133C 135_ERNH could also cleave 132-and 534-base RNAs, 

which were prepared by run-off transcription and contained a single target 

sequence, at the unique site within the target sequence (74). The usefulness of 

a DNA-linked RNase H for the cleavage of a specific mRNA has also been 

repoはed (75). In addition to DNA-linked RNase H, DNA-linked RNase A (76) 

and staphylococcal nuclease (77, 78) have been shown to cleave RNA siteｭ

specifically. However, DNA-linked RNase H has advantages over these DNAｭ

linked enzymes in specificity and catalytic efficiency. DNA-linked RNase H 

cleaves the RNA 0 円Iy within the target sequence hybridized to the DNA adduct , 

which directs the RNase H poはion to the RNA (Fig. 3・2). Moreover, the cleaved 

product of the RNA readily dissociates from the DNA adduct due to a reduced 

stability of RNAlDNA hybrid , and thereby the DNA-linked enzyme can perform 

multiple turnovers. 

Fig. 3 ・ 2. A model 10r the mode of action 01 a DNA-linked RNase H. 

The specificity and catalytic efficiency of DNA-linked RNase H have been 

shown to be affected by the size of the linker between the enzyme and DNA (79) , 

and the size of DNA adduct (80). Of the various DNA-linked RNases H with 

different linkers in size , ranging from 18 to 27 A, that with a 27 A linker cleaved 

an oligomeric RNA substrate with the highest efficiency and site-selectivity. 

Li kewise , of the various DNA-linked RNases H with different DNA adducts in 

size , ranging from 7・mer to 9・mer， that with an 8・mer DNA adduct most 

efficiently cleaved RNA site-specifically at 30 oC. In this case , the cleavage 

site was changed, such that the RNA substrate was cleaved at the site, which is 

located 5 residues downstream from the 5'-end of the RNAlDNA hybrid. 
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However, it remained to be determined whether a ONA-linked RNase H with 

altered function can be constructed by using RNases H from different sources, 

such as RNase HI from T. thermophilus, as a catalytic component of ONA-linked 

RNase H. 8ince T. thermophilus RNase HI is more stable than E. coli RNase HI 

by 33.9 oC in Tm (1 ), a ONA-linked RNase H with T. thermophilus RNase HI as a 

catalytic component (DNA-linked TRNH) may be useful to cleave RNA in a 

sequence-specific manner at high temperatures, at which a ONA-linked RNase 

H with E. coli RNase HI as a catalytic component (DNA-linked ERNH) will be 

thermally denatured. 
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3. 2 Experimental Procedures 

Materials The 15・mer RNA with a sequence of 5'-

AAAAGAAAAGGGGGG・3' (PPT-RNA) was from Takara 8huzo Co. , Ltd. The 

15・mer ONA (5' ・CCCCCCT下打cnn・3') complementary to the PPT-RNA 

(d15 ・mer) ， and the d15・merwith aminohexyl (C6) linker at the 5'-terminus (5'-

amino 圃linked ONA) were synthesized by Vector Research Co., Ltd. N-(Eｭ

maleimidecaproyloxy)succinimide was from Dojindo Laboratories. Crotalus 

durissus phosphodiesterase was from Boehringer Mannheim. The E. col� 

RNase HI variant, A13A63A133C135_ERNH , in which all cysteine residues (Cys13, 

cyS63, and CyS133)were substituted by Ala and G|U135was substituted by Cys, 

was prepared previously (19). 

Preparation of T. thermophilus RNase HI mu臼nお- Site-directed 

mutagenesis was carried out as described in Chapter 1 using a 5' -primer with 

the Ndel site , a 3' -primer with the San site, and 5' and 3' mutagenic primers. 

The mutagenic primers were designed so that the codon for Cys 13 was changed 

from TGC to TCG for Ser, the codon for CyS63was changed from TGC to GCA for 

Ala, and the codon for Ar9135was changed from CGG toTGC for cys.After the 

digestion by Ndel and San, the PCR products were ligated to the Ndel-Sall site 

of plasmid pJAL700T to construct expression vectors for the triple mutant 

enzyme 8 13A63C135_TRNH with the Cys13 • Ser, cyS63 • Ala, and Arg135 • Cys 

mutations, the double mutant enzyme A63C135_TRNH with the CYS63 • Ala and 

Ar9135 • Cys mutations, and the single mutant enzyme A63_TRNH with the Cys 

• Ala mutation alone. 

The overproducing strains were constructed by transforming E. coli HB1 01 

with the resultant expression plasmids. Cultivation of the E. col� HB101 

transformants with the plasmid pJAL700T derivatives, and overproduction and 

purification of the mutant enzymes were carried out as described in Chapter 1. 

Construction of DNA-linked RNases H - The 5'-maleimide-d15・mer was 
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synthesized by the reaction between the 5'-amino-linked DNA and N-(Eｭ

maleimidecaproyloxy)succinimide as previously described (19). Coupling 

reactions between the S 13A63C135_TRNH , the C13_TRNH , or the A13A63A133C135_ 

ERNH and the 5 ' -male im ide-d15 ・mer， and the purification of the resultant 

DNA-linked RNases H (d15・S 13A63C 135_TRNH ， d15 ・C 13_TRNH ， or d15・

A13A63A133C135_ERNH , respectively) , were also carried out as previously 

described (19). These DNA-linked RNases H have a 27 A linker [maleimideｭ

(CH2 )S ・CONH-(CH2)6-] '

Enzymatic activity-The RNase H activity was determined at 30 oC for 15 

min in 20μ1 of 10 mM Tris-HCI (pH 9.0) containing 1 mM MgCI2 and 50μg/ml 

acetylated bovine serum albumin (for T. thermophilus enzyme) or 10 mM Trisｭ

HCI (pH 8.0) , containing 10 mM MgCI2 , 50 mM NaCI , 1 mM 2 ・mercaptoethanol ，

and 50μg/ml acetylated bovine serum albumin (for E. coli enzyme) by 

measuring the radioactivity of the acid-soluble digestion product from the 

substrate , 3H-labeled M 13 RNAlDNA hybrid, as previously described (29). One 

unit is defined as the amount of enzyme producing 1μmol of acid-soluble 

material/min. The specific activity was defined as the enzymatic activity/mg of 

protein. The protein concentration was determined from the UV absorption at 

280 nm, assuming that the mutant enzymes have the same A28001%values as 

those of the wild-type enzymes (1.6 for T, thermophilus RNase HI (1) and 2.02 

for E. coli RNase HI (35)). The concentrations of the DNA-linked enzymes were 

also determined from the UV absorption at 280 nm assuming that the molar 

absorption coefficients of the d15・S13A63C135_TRNH ， d15-A63_TRNH , and d15 ・

A13A63A133C135_ERNH are 1.47 x 105, 1.47 X 105, and 1.53 x 105, respectively. 

These values are the sum of the molar absorption coefficients of the enzyme 

(2.9 x 10
4 
for the T. thermophilus RNase HI derivatives and 3.5 x 10

4 
for the E. 

coli RNase HI derivative) and the d15・mer(1.18 × 105).

Cleavage 0' oligonucleotide substrate - The PPT-RNA was 32p・labeled at 
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the 5' -end and was used as a substrate representing a single-strand RNA. This 

substrate (10 pmol) was hydrolyzed with the DNA-linked enzyme or the mixture 

of the unmodified enzyme and the unlinked d 15 ・mer (molar ratio of 1:1) at 

various temperatures in 10μ1 of the same buffer as for the digestion of M13 

RNAlDNA hybrid. Prior to the reaction , the enzyme solution was incubated at 

each temperature for 15 min. The hydrolysates were separated on a 20 0/0 

polyacrylamide gel containing 7 M urea and were analyzed with Instant Imager 

(Packard). These hydrolysates were identified by comparing their migrations on 

the gel with those of the oligonucleotides generated by the pa附al digestion of 

the 32P_labeled PPT-RNA with snake venom phosphodiesterase (81). 
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Fig. 3 ・ 3. Three-dimensional 
structure of T. thermoph匀us 

RNase HI. 
The backbone structure of T 

thermophilus RNase HI, 
determined by Ishikawa et aJ. (27) , 
was drawn with the program RasMol. 

Ar92and Thr147represent the N-and 

C-terminal residues in this crystal 
structure , because the N-terminal 

-4 1 

region from Met to Pro and the C-

terminaJ region from Pro 1相 to Ala 
have not been defined by 
crystallographic an aJyses, probably 
due to structuraJ disorder. The side 

chains of CyJ, CyS41'cyJ, md 
Arg135'as well as those of the 
active-site residues (Asp 10, Glu 48, 
ASp70, His 124, and Asp 134), are 

indicated. This crystal structure of T. 
the庁ηophilus RNase HI has been 
deposited in the Brookhaven 
Protein Data Bank under accession 
number 1 RIし

3. 3 Results and Discussion 

Design of mutations - DNA-linked ERNH has been constructed by cross-
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Arg2 linking a DNA oligomer to the cysteine residue substituted for Glu 135 (19) based 

。con the model for enzyme-substrate complex (49). The crystal structure of T 

thermophilus RNase HI indicates that Arg 135 is located at the equivalent position 

to Glu 135 of E. coli RNase HI (Fig. 3・3). Therefore , I decided to substitute Cys for 

イV
Arg135 

this arginine residue. In order to crosslink a DNA oligomer specifically to the 

thiol group at position 135, other free thiol groups should be eliminated. In fact, 

'; i.\ '. ~ ~ 
I 巳

""<;: ~ r.. ー ー・、

司トfor the construction of DNA-linked ERNH, all three cysteine residues with free 

thiol groups were replaced by Ala to make the thiol group of Cys 135 unique. T 

thermophilus RNase HI contains four cysteine residues at positions 13, 41 , 63 , 

and 149. The localizations of these cysteine residues, except for that of Cys 149, 

Fig. 3・3.shown in HI are in the crystal structure of T thermoph匀us RNase 

41 . _ 149 
However, it seems desirable to leave Cys" and Cys"-unchanged , because 

these residues contribute to the protein stability by spontaneously forming a 

disulfide bond between them in the absence of a reducing reagent (Chapter 1). 

Activities of the mu臼nt enzymes ー The activities of the wild-type and HI T thermophilus RNase In addition , it has previously been shown for the 

M13 mutant enzymes of T thermophilus RNase HI for the hydrolysis of the variant, which lacks the C-terminal 12 residues , that the Cys 63 • Ala mutation 
RNA/DNA hybrid are summarized in Table 3-1 , in comparison with those of E. 

coli RNase HI. The Cys63 • Ala mutation did not seriously affect the enzymatic 

activity of T thermophilus RNase HI as expected. Comparison of the specific 

Ala 

mutation greatly reduces it (Chapter 1). Therefore , I decided to replace Cys 13 

and Cys 63 with Ser and Ala, respectively. The Cys 13 • Ser mutation is expected 

一争the CyS13 does not seriously affect the enzymatic activity, whereas 

activities of the A63_TRNH and A63C135_TRNH indicates that the Arg
135

• Cys 

to affect the enzymatic activity less seriously than the Cys 13 • Ala mutation , 
mutation reduced the enzymatic activity of the A63_TRNH by 53 0/0. Likewise , 

comparison of the specific activities of the A63C135_TRNH and S13A63C135_TRNH addition to the more conservative than the latter. In because the former is 

indicates that the Cys 13 • Ser mutation reduced the enzymatic activity of the 

A63C135.TRNH by 84%.Because the Cys13 • Ala mutation has been repo吋ed to 

resultant triple mutant enzyme S13A63C135_TRNH , the double and single mutant 

enzymes A63C135_TRNH and A63_TRNH were constructed to analyze the effect of 

the individual mutations on the enzymatic activity. 

reduce the enzymatic activity of T thermophilus RNase HI by 830/0 (Table 1 ・2) ，

the Cys13 • Ser and CyS13 • Ala mutations reduced the enzymatic activity of T 
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thermophilus RNase HI bya similar extent. Mutational and structural studies of 

E. coli RNase HI have suggested that Cys 13 is engaged in substrate binding 

through the formation of a hydrogen bond between the main chain carbonyl 

oxygen of Cys 13 and the substrate (49). S light conformational change of this 

oxygen atom caused by the mutation may result in a great reduction in the 

enzymatic activity of T thermophilus RNase H 1. However, these mutations do 

not seriously affect the catalytic function of ε coli RNase HI (35). 

Table 3 ・1

Specific activities of the mutant and ONA-linked enzymes for the hydrolysis of the M13 RNA/DNA 
hybrid 

Enzyme Mutation Specific activitya Relative activityb 
(units/mg) (%) 

WT-TRNH 1.6 100 
A回-TRNH C図→A 1.5 94 
d15・Affi-TRNH 0.011 0.69 (0.73) 
A包C1a5-TRNH cffi• A. Rl35• C 0.70 44 
S 13A図Cl35_TRNH C13• S ,C63• A, Rl35• C 0.11 6.9 
d15-S 13A包Cl35_TRNH 0.011 0.69 (10) 
WT-ERNH 14.3 100 
A'3A臼A133Cl35_ERNH C13• A ,C63• A, Cl33• A, E135• C 5.3 37 
d15・A13A図A133C'35_ERNH 0.60 4.2 (11) 

aErrors are the same as those described in the legend for Table 1 ・ 1.

片岡 relative activity was calculated by dividing the specific activity of the mutant or DNA-linked 
enzyme by that of the corresponding wild-type enzyme. The relative activity (%) of each DNAｭ
linked enzyme to that of its parent mutant enzyme was shown in parenthesis. 

Construction of ONA-linked RNases H - 8ecause DNA-linked RNase H 

cleaves the RNA substrate when its DNA adduct forms a RNAlDNA hybrid with 

the substrate, any DNA oligomer can be linked to RNase H. In this study, I chose 

the d15・mer， which is complementary to the PPT sequence of HIV・ 1 RNA, as a 

DNA adduct. This PPT sequence is not degraded by the RNase H activity of 

reverse transcriptase (RT) during the synthesis of the minus-strand DNA and 

serves as a primer for the synthesis of the plus-strand DNA (82). The DNA-

linked RNase H with a nonadeoxyribonucleotide (d9 ・mer) adduct was 

previously constructed (19). However, DNA-linked RNases H with the d15・mer
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adduct is more suitable than those with the d9 ・mer adduct to compare the 

activities of DNA-linked ERNH and TRNH , because the 15・bp RNAlDNA hybrid 

must be more stable than the 9・bp RNAlDNA hybrid. Itakura et al. (83) have 

repo巾d that the Tm value 01 the oligomeric DNAlDNA duplex increases as its 

size and GC content increase. The Tm value of the d9・mer/r9・mer hybrid has 

been repo吋ed to be 49 oC (19) , indicating that this substrate is not stable at the 

temperatures higher than 50 oC. 

The d15・S13A63C135_TRNH ， d15・A63_TRNH ， and d15・A13A63A 133C135_ERNH 

were constructed by linking the d15・mer through a 27 A linker to Cys 135 of the 

S13A63C135_TRNH , CYS13 of the A63・TRH ， and Cys 135 of the A 13A63A 133C135_ERNH, 

respectively. Comparison of the enzymatic activities of these DNA-linked 

RNases H for the hydrolysis of the M13 RNAlDNA hybrid with those of the 

unmodified parent enzymes indicated that crosslinking of the d15・mer to the 

enzyme greatly reduced the activity (Table 3・ 1) ， probably because the DNA 

adduct interferes with the binding of the RNAlDNA substrate to the enzyme. 

However, the enzymatic activities of the d15圃S13A63C135_TRNH and d15・

A13A63A133C135_ERNH were -100/0 of those 01 the unmodified parent enzymes, 

whereas the enzymatic activity of the d 15・ A63_TRNH was 0.7 % of that of the 

A63_TRNH. The inhibitory effect of the DNA adduct linked to Cys 13 is much larger 

than that linked to Cys 135, probably because Cys 13 is located more closely to the 

substrate binding site. A large cleft-Iike depression , which extends from the 

negatively charged active-site formed by ASp10, GIU48, ASp70, His124, and ASp134 to 

the positively charged αIII-helix and the following loop (Fig. 3・3) ， has been 

proposed to form a substrate binding site of the enzyme (49). 
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sωility - The stability of the d15・S13A63C135_TRNH against irreversible 

heat inactivation was compared with that of the d15・A13A63A133C135_ERNH by 

measuring the residual activities of these enzymes after heating at various 

temperatures for 15 min , in 10 mM  Tris-HCI (pH 7.5) containing 0.1 M NaCI , 1 

mM  EDTA, 10 0;0 glycerol , and 0.1 mg/ml of bovine serum albumin (Fig. 3-4). 

The residual activity was determined at 30 oC by using the PPT-RNA as a 

substrate. The d15-S13A63C135_TRNH almost fully retained its activity after 

heating at 90 oC. In contrast, the d15・A13A63A133C135_ERNH lost 50 % of its 

activity after heating at 50 oC and was almost fully inactivated after heating at 

60 oC. These results indicate that the d15 ・S13A63C135_TRNH is much more stable 

than the d15・A13A63A133C135_ERNH. 

examined for the comparative purpose. The results obtained at 650C were 

shown in Fig. 3 ・5A and summarized in Fig. 3・58， as representatives. 
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T emperature rC) Fig.3 ・5. Cleavage of the PPT-RNA by the ONA-linked enzymes. 

(A) Autoradiograph of cleavage reactions. The hydrolyses of the 5' end-Iabeled PPT-RNA (10 

pmoり with the ONA-linked enzymes or the mixture of the unmodified enzyme and the d15・mer

were carried out at 65 "c for 15 min and the hydrolysates were separated on a20 % polyacrylamide 

gel containing 7 M urea as described under Materials and methods. The concentration of the 

substrate is 1.0μM. Lane 1, pa吋al digest of the PPT-RNA with snake venom phosphodiesterase; 

lane 2, untreated PPT-RNA; lane 3, hydrolysate of the PPT-RNA with the mixture of 3.1 ng (0.16 
pmol) of the S 13A63C 1お-TRNH and 0.16 pmol of the d15-mer ONA; lane 4, hydrolysate of the 
PPT-RNA with 0.078 ng (0.004 pmol) of the d15・S13A63C135_TRNH; I釦e 5; hydrolysate of the 

PPT-RNA with 16 ng (0.8 pmol) of the d15・A63-TRNH. (8) The sites and extents of cleavages by 

the ONA-linked and unlinked enzymes. Cleavage sites of the PPT-RNA with the mixture of the 

S 13A回C1お-TRNHand d15・mer (a), with the d15・S 13A図C惜-TRNH (b) , and with the d15・A包-TRNH (c) 

are shown by arrows. Oitterence in the size of arrows reflects the relative cleavage intensities at the 

indicated position. The cleavage sites of this substrate with A 13A63A 133C13S_ERNH and d15・
A 13A63N33C13S_ERNH were a1most identical with those with S13A63C13S_TRNH and d15・S13A63C135_

TRNH, respectively. The upper and lower sequences represent RNA and DNA, respectively. The 

positions of the S 13A図C1札TRNH are indicated for the RNA/DNA hybrids formed between the 

PPT -RNA and the d15・mer linked to the enzyme. 

Fig. 3 ・4. Stability against irreversible heat inactivation. 
The d 15-8 13A臼C13S_TRNH (closed CÍJ即le) and d15・A13A63A 133C135_ERNH (open circle) were 

incubated for 15 min at the temperatures indicated, in 10 mM Tris-HCI (pH 7.5) containing 0.1 M 

NaCI, 1 mM EDTA, 10 % glycerol, and 0.1 mg/ml bovine serum albumin 釦d determined for the 

residual activities by using PPT-RNA as a stJbstrate at 30 "C. The concentrations of these 

enzymes were 0.16μg/m l. 

Cleavage of PPT・RNA - To examine whether and how the d15・

S 13A63C135_TRNH, d15・ A63_TRNH ， and d15・A13A63A133C135_ERNH cleave the 

single-stranded RNA, the 15・base PPT -RNA labeled at its 5' -end was used as a 

substrate. The cleavage of this substrate with the mixture of the unmodified 

parent enzyme and the unlinked d15・mer (molar ratio of 1:1) was also 
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The d15・S13A63C135_TRNH cleaved the PPT-RNA preferably at two positions, 

A6・A7 and A8・A9 ， and less preferably at two positions, G5・A6 and A7・A8. Thus, 

four phosphodiester bonds located between G5 and A9 of the PPT-RNA are 

susceptible to the cleavage with the d15-S13A63C135_TRNH. In contrast, 

additional four phosphodiester bonds, which are located between A9 and G13 

at the 3'-terminal region of the PPT-RNA, were c1eaved by the mixture of the 

S13A63C135_TRNH and the unlinked d15・me r. These results suggest that the 

crosslinking of the d15・merto the enzyme restricts the interaction between the 

enzyme and the RNA/DNA substrate. The linker between the enzyme and the 

d15・mer must form a loop in order to bring the RNA/DNA hybrid in contact with 

the active-site of the enzyme. This loop might prevent the cleavage of the PPTｭ

RNA at its 3'-terminal region , because of a steric constraint. In addition , Fig. 3・

5B indicates that the major cleavage site nearest the 5'-end of the PPT-RNA is 

the phosphodiester bond between the 6th and 7th residues from its 5'-end. This 

result is consistent with the proposal that the DNA residues complementary to 

the RNA residues , which are located six or seven residues upstream from the 

cleavage site, interact with the basic protrusion of the enzyme (84, 85). 

The cleavage modes of the PPT-RNA with the d15・S13A63C135_TRNH and the 

mixture of the S13A63C135_TRNH and d15・mer at different temperatures, and 

those with the d15・A13A63A133C135_ERNH and the mixture of the A13A63A133C135_ 

ERNH and d15・mer at the temperatures lower than 50 oC were basically 

identical with those shown in Fig. 3・5. However, the d15・A63_TRNH cleaved the 

PPT-RNA as did the mixture of the A63_TRNH and the unlinked d15-mer, but with 

a greatly reduced efficiency (Fig. 3・5A) ， suggesting that this DNA-linked 

enzyme cannot cleave the PPT-RNA hybridized to its DNA adduct in an 

unimolecular fashion , but cleaves the PPT-RNA hybridized to the DNA adduct 

of another d15・A63_TRNA molecule in a bimolecular fashion. 

The d15-S13A63C135_TRNH and d15・A1 3A63A133C 135_ERNH showed the 

highest specific activities for the hydrolysis of the PPT-RNA at 65 oC and 50 oC , 

respectively (Fig. 3・6). The former was 1.8 fold higher than the latter. As a result , 

the d15-S 13A63C135_TRNH c1eaves the PPT-RNA more e仔ectively than the d 15-

A 13A63A 133C135_ERNH at the temperatures higher than 50 oC. The optimum 

temperatu re of the d 15・A13A63A133C135_ERNH is clearly governed by the 

thermostability of the ONA-linked enzyme. In contrast, the optimum temperature 

of the d15・S13A63C135_TRNH seems to be governed by the stability of the 

enzyme-linked RNAlDNA hybrid , because the d15・S13A63C135_TRNH is highly 

stable as shown in Fig. 3-4. 
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Fig. 3 ・6. Optimum temperatures 01 the DNA-linked enzymes. 
The enzymatic activities of the d15・S 13A63C 1お-TRNH (solid circle) and d 15・A 13A63A 1おC1お-ERNH
(open c叝cle) for the hydrolysis of the PPT-RNA we陪 determined for 15 min at the temperatu陪S

indicated , in 10 mM Tris-HCI (pH 9.0) containing 1 mM MgCI2 and 50μg/ml acetylated bovine 

se山malbumin (ford15-S 13A図Cl35_TRNH)or in 10 mM T巾-HCI (pH 8.0)containing 10 mM MgCI2 , 

50 mM NaCI, 1 mM 2 ・mercaptoethanol， ar叶 50μg/ml acetylated bovine se山malbumin (for d15 ・
A 13A回A 1おC1お-ERNH). Prior to the reaction , the enzyme solution was incubated at each 
temperature for 15 min. 
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The specific activities of the DNA-linked enzymes and unmodified parent 

enzymes determined by using the PPT-RNA as a substrate at 30 oC and 65 oC 

are summarized in Table 3・2 . The specific activities of the unmodified enzymes 

represent those determined for the mixture of the unmodified enzyme and the 

unlinked d15・mer (molar ratio of 1:1). The specific activity of the S 13A63C135_ 

TRNH (0.016 u/mg) was 48 % of that of the A13A63A133C135_ERNH (0.033 u/mg) at 

30 oC (Table 3・2). This result is inconsistent with that obtained by the M13 

RNAlDNA hybrid as a substrate , which shows that the specific activity of the 

S13A63C135_TRNH (0.11 u/mg) is 2.1 % of that of the A13A63A133C135_ERNH (5.3 

u/mg) at 30 oC (Table 3-1). When the PPT-RNA was used as a substrate, a large 

excess amount of the RNA substrate is present over DNA, and a multiple 

turnover of hybridization of the DNA to the RNA substrate is required for efficient 

hydrolysis. In contrast, when the M13 RNAlDNA was used as a substrate , the 

hybrid is already formed and is hydrolyzed without the hybridization process. 

Therefore , these results suggest that T. thermophilus RNase HI possesses an 

ability to promote the formation of RNAlDNA hybrid. 

The specific activities of the d15-S13A63C135_TRNH and d15・A13A63A133C135_

ERNH determined at 30 oC were higher than those of the S13A63C135_TRNH and 

A 13A63A 133C135_ERNH by 8 fold and 20 fold , respectively (Table 3・2) ， indicating 

that crosslinking of the d15・mer to the enzyme increased the activity of the 

enzyme. Because the d15・mer was crosslinked to the enzyme such that the 

PPT-RNA hybridized to this d15・mer is positioned in a close proximity to the 

substrate-binding and active-site of the enzyme, these DNA-linked enzymes 

would immediately cleave the PPT-RNA once it formed a RNAlDNA hybrid. This 

enhancement of the enzymatic activity by the crosslinking became more 

remarkable at 65 oC for the S13A63C135_TRNH, because the activity of the d15・

S 13A63C135_TRNH was increased by 25 fold at 65 oC, whereas that of the 

S 13A63C135_TRNH was unchanged at 65 oC. As a result, the specific activity of the 

d15・S13A63C135_TRNH was higher than that of the S13A63C135_TRNH by 210 fold 

at 65 oC. It has previously been repoバed that the specific activity of T. 

thermophilus RNase HI for the hydrolysis of the M13 RNAlDNA hybrid 
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determined at 70 oC was 14・fold higher than that determined at 37 oC. 

Therefore, the specific activity of the S 13A63C135_TRNH was unchanged at 65 oC , 

probably because the d15・mer may not form a stable hybrid with the PPT-RNA 

at 65 oC. Alternatively, a large excess amount of the PPT-RNA over DNA may 

inhibit the activity of the S 13A63C135_TRNH more seriously at 65 oC than at 30 oC. 

Unlike the crosslinking of the S13A63C135_TRNH or A13A63A133C135_ERNH , that of 

the A63_TRNH greatly reduced its activity (data not shown) , indicating that Cys 13 

is not a suitable for crosslinking. 

Table 3 ・ 2

S pecific activities of the DNA-linked and unlinked enzymes for the hydrolysis of the PPT -RNA at 
different temperatures 

Enzyme Specific activitya 

S 13A包Cl35_TRNH

d15・S13A63Cl35_TRNH

A 13A臼A133Cl3S_ERNH 
d15“ A 13A 63A '33Cl35_ERNH 

(units/mg) 
30 CC 65 CC 

0.016 

0.13 

0.033 
0.66 

0.016 

3.3 

<0.01 

<0.01 

aThe specific activity of the S 13A63C'お-TRNH or A13A引133Cl35_ERNH was determined by 
hydrolyzing the PPT-RNA by the mixture of this enzyme and the unlinked d15 ・mer(molar ratio of 
1:1). Errors are the same as those described in the legend for Table 1-1. 

It is noted that the PPT-RNAld15・mer hybrid, which must not be cleaved by 

the RNase H activity of HIV・ 1 RT, is cleaved by E. coli or T. thermophilus RNase 

HI. It has been proposed that RNases H recognize a RNAlDNA hybrid as a 

substrate because it assumes an H-form structure (86). The minor groove width 

in the H-form structure is larger and smaller than those in the B-form and A-form 

structures , respectively (86). However, structural studies have recently shown 

that a PPT-RNAlDNA hybrid assumes an A-form, instead of an H-form, structure 

(87 ， 88). 行lis may be the reason why the RNase H activity of HIV-1 RT cannot 

cleave a PPT-RNAlDNA hybrid. However, it remained to be determined whether 

a PPT-RNAlDNA hybrid assumes an H-form structure upon binding to E. coli or 

T. thermophilus RNase HI, or these RNases H recognize the structure of a 

RNAlDNA hybrid in a less strict manner. 
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3. 4 Conclusion 

In this chapter, I constructed the d15・S13A63C135_TRNH and d15・

A 13A63A 133C135_ERNH , in which the 15 ・mer DNA with a sequence 

complementary to the polypurine-tract (PP1) sequence of HIV-1 RNA is 

a社ached through a 27 A linker to Cys 135 of the T. thermophilus and E. coli 

RNases HI mutants. I showed that the d15・S13A63C135_TRNH cleaved the 15・mer

RNA with the PPT sequence more effectively than the d15・A13A63A 133C135_ERNH 

at the temperatures higher than 50 oC. Therefore , DNA-linked TRNH may be 

useful for the cleavage of RNA molecules at high temperatures, at which highly 

ordered structures of RNA molecules will be thermally denatured. 
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General Conclusion 

In this thesis , I focused on the stability and activity of T. thermophilus RNase 

HI to get more information on the stability-activity-structure relationships of this 

enzyme. 

In chapter 1, to identify factors that contribute to the thermal stability of T 

thermophilus RNase HI, protein variants with a series of carboxyトterminal

truncations and Cys • Ala mutations were constructed , and their thermal 

denaturations were analyzed by CD. The results indicate that Cys41 and Cys149 

contribute to the protein stability, probably through the formation of a disulfide 

bond. Peptide mapping analysis for the mutant protein with only two cysteine 

residues , at positions 41 and 149, indicated that this disulfide bond was pa吋ially

formed in a protein purified from E. coli in the absence of a reducing reagent but 

was fully formed in a thermally denatured protein. These results suggest that the 

thermal stability of T. thermophilus RNase HI, determined in the absence of a 

reducing reagent, reflects that of an oxidized form of the protein. Comparison of 

the thermal stabilities and the enzymatic activities of the wild-type and truncated 

proteins, determined in the presence and absence of a reducing reagent, 

indicates that the formation of this disulfide bond increases the thermal stability 

of the protein by 6・7 oC in Tm and approximately 3 kcal/mol in � m without 

seriously affecting the enzymatic activity. Since T. thermophilus RNase HI is 

present in a reducing environment in cells , this disulfide bond probably is not 

formed in vivo but is spontaneously formed in vitro in the absence of a reducing 

reagent. Therefore , the ditference in the in vivo stability between T 

thermophilus and E. coli RNase HI must be -25 oC in Tm. 

In chapter 2, a genetic method to isolate a mutant enzyme of T. thermophilus 

RN ase H I with enhanced activity at moderate temperatu res was developed. T 

thθrmophilus RNase HI has an ability to complement the RNase H-dependent 

temperature-sensitive (ts) growth phenotype of E. coli MIC3001. However, this 

complementation ability was greatly reduced by replacing Asp 134, which is one 

of the active-site residues, with His, probably due to a reduction in the catalytic 
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activity. Random mutagenesis of the gene encoding the resultant D134H 

enzyme, followed by screening for second-site revertants , allowed me to isolate 

three single mutations (Ala 12• Ser, LyS75• Met, and Ala 77• 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 oC. Each mutation 

increased the kca/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 kca/Km value of the wild-type 

enzyme by 40 fold (5.5 fold in k山). Measurement of thermal stability of the 

mutant enzymes with CD in the presence of 1 M GdnHCI and 1 mM DTT 

showed that the Tm value of the triple mutant enzyme, in which all three 

mutations were combined , was comparable to that of the wild-type enzyme 

(75.0 oC vs. 77.4 OC). These results demonstrate that the activity of a 

thermophilic enzyme can be improved without a cost of protein stability. 

In chapter 3, to construct a DNA-linked RNase H, which cleaves RNA siteｭ

specificallyat high temperatures, the 15・mer DNA, which is complementary to 

the polypurine-tract sequence of human immunodeficiency virus-1 RNA (PPT-

RNA) , was crosslinked to the unique thiol group of Cys 135 in the T thermophilus 

RNase HI variant. The resultant DNA-linked enzyme (d15 ・S13A63C135_TRNH) ， as 

well as the d15・A13A63A133C135_ERNH ， in which the RNase H po吋ion of the d15・

S 13A63C135_TRNH is replaced by the E. coli RNase HI variant, cleaved the 15・mer

PPT-RNA site-specifically. The mixture of the unmodified enzyme and the 

unlinked 15 ・mer DNA also cleaved the PPT-RNA but in a less strict manner. In 

addition , this mixture cleaved the PPT-RNA much less effectively than the 

DNA-linked enzyme. These results indicate that the crosslinking limits but 

accelerates the interaction between the enzyme and the RNA/DNA substrate. 

The d15-S13A63C135_TRNH cleaved the PPT-RNA more effectively than the d15・

A 13A63A 133C135_ERNH at the temperatures higher than 50 oC. 判1e d15-

S 13A63C135_TRNH showed the highest activity at 65 oC , at which the d15 ・
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A13A63A133C135_ERNH showed little activity. Therefore, DNA-linked TRNH may be 

useful for the cleavage of RNA molecules with highly ordered structures. DNA-

linked ERNH cannot cleave these RNA molecules, because its DNA adduct 

cannot hybridize to the target sequence. Thermal denaturation and renaturation 

of these RNA molecules in the presence of DNA-linked TRNH may facilitate this 

hybridization and thereby facilitate the sequence-specific cleavage of these 

RNA molecules, because DNA-linked TRNH will not be denatured at these 

temperatures. 

From these results , following conclusions were drawn. 

1. It has been suggested that a decrease in cysteine residues contributes to 

the thermostability of enzymes from thermophilic bacteria (34) , because a 

spontaneous formation of a non-natural disulfide bond of which formation is 

accelerated at high temperatures, is often unfavorable for the 

thermostability of a thermophilic enzyme. However, T thermophilus RNase 

HI is effectively stabilized by the spontaneous formation of the disulfide 

bond. Thus, the spontaneous formation of the disulfide bond does not 

always destabilize a thermophilic enzyme. 

2. The thermostability of 士的ermophilus RNase HI can be improved without a 

cost of the enzymatic activity by the introduction of a disulfide bond. 

Likewise, the enzymatic activity of this enzyme at moderate temperatures 

can be improved without a cost of the thermostability by in vitro evolution 

method. Thus, the activity and stability of a thermophilic enzyme is not 

always inversely correlated with each other, as well as those of a 

mesophilic enzyme. 

3. The oxidized fonn of 士 thermophilus RNase HI, which is stabilized by 6-7 oC 

in Tm, or the triple mutant enzyme, which is activated by 40 fold in 九IKm ，

may be more useful than the reduced form or the wild-type enzyme, as a 

tool for recombinant DNA and RNA technologies. In fact, DNA-linked 

enzyme constructed using the oxidized form of T thermophilus RNase HI 

was shown to be useful as an artificial RNA restriction enzyme at high 

temperatures. 
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